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HREELS (Sakamotet al., 1998) and PES (Kondet al., 1999).

The HREELS study reports that the interaction has an ionic char-
acter from the measurement of the vibrational excitations ofpa C
molecule, in which the following assumption is used. That is, the
energies of the vibrational excitations of gs@olecule shift lin-
early with the amount of the charge transferred to the lowest un-
occupied molecular orbital (LUMO) of adg molecule (Rice &
Choi, 1992). On the other hand, PES indicates that the interaction
has a strong covalent character from the observation of the bonding
orbital between g molecules and the Si(001) surface. This con-
tradiction whether the interaction at 500 K is ionic or covalent, is
not resolved until now.

On metal surfaces, the character of the interaction is discussed
whether a partial occupied LUMO is observed or not in the PES
spectra (Chaset al, 1992; Tsueiet al., 1997; Maxwellet al.,
1998). On Si surfaces, though the behavior of the charge trans-
fer is observed using PES, no peak derived from the LUMO has
been observed yet because of the small cross section of the partial
occupied LUMO and/or the small amount of the charge transferred
from the Si(001) surface. The near edge x-ray absorption fine struc-
ture (NEXAFS) is a suitable technique to elucidate the behavior
and contribution of the LUMO to the interaction with the Si(001)

We report here the temperature-dependent unoccupied molecusairface and solve the contradiction due to the direct observation

orbitals (MO’s) of Go molecules adsorbed on a Si(001)«®
surface measured using near edge x-ray absorption fine struct
(NEXAFS). At 300 K, the NEXAFS spectrum reveals that the inter
action between a 1.0 monolayer (ML343ilm and a Si(001) surface
is mainly the van der Waals force. After annealing the samples

of the unoccupied molecular orbitals of gs@nolecule. In this pa-
wer, we present the temperature-dependent NEXAFS spectsa of C
molecules adsorbed on the Si(001 )@ surface.

at Experiment

500 K, we observe an increment in the full-width at half-maximum\exAFS measurement was carried out in a ultrahigh-vacuum
of unoccupied MO’s, which indicates the change of the interactioqyy) system at the soft x-ray beam line BL-7A of the Pho-

Moreover, the lowest unoccupied molecular orbital (LUMO) shiftson Factory of the High Energy Accelerator Research Organiza-
to the higher photon energy side and the intensity of the LUMO+{ion, Tsukuba, Japan. The UHV system consists of an analysis
relative to that of the LUMO+3 decreases in the NEXAFS specchamber and a sample preparation one. The analysis chamber is
trum. These results suggest that the strong interaction inducedgfuipped with a low energy electron diffraction (LEED) system
500 K has a covalent character, to which the LUMO+1 contributeg,,g 4 quadropole mass spectrometor. The preparation chamber was
Keywords: Si(001) surface ; Fullerenes ; NEXAFS. used for the deposition ofggmolecules. The pressures were below

1x 10~ Torr in the analyzer chamber and below 10~° Torr in

the preparation one. We obtained the polarization-dependent C-K
1. Introduction edge NEXAFS spectra by partial electron yield detection with a
The interaction of fullerenes with semiconductor and metal surfétarding voltage of 100 V. The x-ray incident angles wete3%’
faces is important to understand their physical and chemical proggd 75 for the measurement of the polarization-dependence rela-
erties and to develop their new material functions. The recent obliVe 0 the surface normal direction. The energy resolution of the
servation of epitaxial silicon carbide (SiC) formations by the ther-NEXAFS measurement was 0.5 eV. All measurements were per-

mal reaction of Go molecules with a Si surface (Hamza al,  formed at 300 K. )
1994) has increased an interest in the interaction betwagn C '€ P-type Si(001) substrate (1000-cm) was first prepared

molecules and the Si surface. Extensive experimental studies haggemically following the Shiraki method (Ishizuka & Shiraki,
been performed on a Si(001)%2) surface, using scanning tun- 1986) and then introduced into the UHV chamber. The sample was

neling microscopy (STM), high-resolution eIectron-energy-|oss.0utgassed at 1150 K for 10 minutes and annealed at 1520 K for 5

spectroscopy (HREELS) and photoelectron spectroscopy (PES).seconds by resistive heati_ng, to get a clean reconstructed Si(001)-
Using STM, Go molecules are observed to adsorb selectively(21) surface. The cleanliness of the sample was checked by the

between the dimer-rows at a coverage lower than 1.0 monolaydPservation of a sharp2l pattern using LEED. We spontaneously

(ML), and grow with the layer-plus-island growth mode above 1_ocooled_ _down the samples to 300 K for several mlnute_s_, bgfore the

ML at 300 K (Wanget al.,, 1993; Chen & Sarid, 1995). The cover- deposmon_o_f (Z;o_molecu_les. The method about they@urification

age of the 1.0 ML corresponds to the adsorption of two molecule@"d deposition is described elsewhere (Sakarabé, 1999).

in the 4x 3 super lattice on the Si(001) surface (Wanal., 1993; . )

Klyachko & Chen, 1995). HREELS (Sut al, 1997) and PES 3. Results and discussion

(Sakamotoet al., 1999) measurements show that the interactionFigure 1 shows the C-K edge NEXAFS spectra measured at 300

between the 1.0 ML & film and the Si(001)-(21) surface is K. (@) and @) are the NEXAFS spectra of the 5.0 and 1.0 Mk C

mainly the van der Waals force. After annealing the 1.0 M{g C films adsorbed on a clean Si(001)x<(2) surface, respectively. The

film at 500 K, a strong interaction is reported to be induced usingspectrum in ¢€) is obtained after annealing the 1.0 MLsdfilm
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adsorbed Si(001) surface at 500 K. The x-ray incident angle wadata and the results of the fitting, respectively. The components
0° for all spectra in Fig. 1, because no polarization-dependencdecomposed in the fitting procedure are also indicated in Fig. 2.
is observed due to the high symmetry of g @nolecule. All In Table 1, we show the parameters used in the fitting procedure.
spectra are normalized by the intensity at 290 eV after subtracteBrom the fitting results, we know that the LUMO+1 remains at 500
the background and then divided by the clean Si(001) surfac&. Regarding the FWHM, the FWHM of the LUMO+1 becomes
spectrum. In Figs. H) and ), we observe the resonance peaksmuch broader than those of other unoccupied MO’s. The FWHM
from the C & core level to the unoccupied molecular orbitals of the LUMO+1 changes from 0.50 to 0.85 eV and that of the
(MO’s) of a Gso molecule at photon energies of 284.9, 286.3,LUMO from 0.60 to 0.65 eV. Moreover, the LUMO+1 seems to
286.8, 288.7, 291.3, 292.3 and 293.2 eV. Taking into accounibecome smaller and shifts 0.1 eV to the higher photon energy side.
the photon energies of the unoccupied MO’s reported previously,
(Tsuei et al, 1997, Maxwellet al., 1998), the 284.9-, 286.3-,
286.8- and 288.7-eV peaks are assigned to be the lowest unoc-
cupied molecular orbital (LUMO), the second one (LUMO+1),
the third one (LUMO+2) and the fourth one (LUMO+3), re-
spectively. The LUMO and LUMO+1 are threefold degenerate
MO'’s that havet;, andtig symmetries in thé, point group, re-
spectively. The NEXAFS spectrum ifb)(has the same peak po-
sitions and the same energy profile as thatah Since a 5.0

ML film is considered to be a bulk g, this result indicates that

the 1.0 ML G film interacts weakly with the Si(001) surface.
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Figure 2
The results of the deconvolution of the NEXAFS spectra in Fig. 1. De-
tails are explained in the text.

Intensity (arb.

In order to obtain the intensity ratio of the LUMO, LUMO+1
and LUMO+2, we compare their intensities with that of the
LUMO+3 which is considered to have no change by the thermal
(I NI N A N NS N process. The intensity ratios &fumo/lLumo+s, lumos1/liumo s

280 282 284 286 288 290 292 294 and Il umo+2/lLumo+3 are 2.52, 0.54 and 1.81 for the 1.0 MLsC
Phot on Energy (eV) film at 300 K and 2.54, 0.34 and 1.80 for that at 5001Kwo,

ILUMO+1, ILUMO+2 and |LUMO+3 are the integrated intensity of the

LUMO, LUMO+1, LUMO+2 and LUMO+3, respectively. It is
Figure 1 found that the intensity of the LUMO does not change and that
Igg:ﬁ’g?;;‘;ﬁédgpggizml NOEh;(fZSfilﬁe;cﬁﬁgdb())srz QI?O%E;(("QLF) S of the LUMO+1 decreases by annealing at 500 K. This result sug-
ls(urface at 300 K.d) is obtained after annealing the 1.0 ML film at 500 ?he:tfut&% Lhaes Iﬁglgggnltrict;)urggsl:;eii to the strong interaction and

' On a Cu(111) surface where the interaction of the 1.0 Mb. C

After annealing the 1.0 ML € film adsorbed on the Si(001) film with the substrate is ionic, the intensity of the LUMO is re-
surface, three changes are observed in the spectrum. First, a brogmbted to decrease due to the charge transfer from the substrate
ening in full-width at half-maximum (FWHM) of the unoccupied to the LUMO of a Go molecule (Tsueet al, 1997). In addition,
MO'’s. Second, an apparent disappearance of the LUMO+1. Anthe LUMO shifts to the lower photon energy side on the Cu(111)
third, a 0.1-eV shift of the LUMO to the higher photon energy side.surface. On Al(111) and Al(110) surfaces where the 1.0 Mk C
The broadening in FWHM suggests the removal of the degeneradyim interacts covalently with the substrate, the NEXAFS spectra
of MO's, and therefore that a strong interaction between the 1.8how that the LUMO shifts 0.45 eV to the higher photon energy
ML Ceo film and the Si(001) surface is induced at 500 K. To clarify side with no change in intensity, and the intensity of the LUMO+1
the second and third changes, we deconvolute the NEXAFS spedecreases (Maxwebt al., 1998). In the comparison with these
tra using a least-square fitting method with a Gaussian line shapeetal surfaces, the behavior of the NEXAFS spectra in Figs. 1 and
The result of the deconvolution indicated in Fig. &.i6 the NEX- 2 suggests that the interaction at 500 K has not an ionic character
AFS spectrum of the 1.0 ML & film adsorbed Si(001) surface but a covalent one, to which the LUMO+1 contributes. Taking into
and that in ) is the spectrum obtained after annealing the 1.0 MLaccount the change in relative intensity of the LUMO+1 from 0.54
Ceo film at 500 K. The circles and solid lines are the experimentalto 0.34 and the threefold degeneracy of the LUMO+1, we consider
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that 6-6x<0.54/0.34<2 electrons contribute to the hybridization. 4. Conclusion

Here, we have used the assumption that the cross section of thge have studied the temperature-dependent NEXAFS spectra of
LUMO+1 is the same at 300 and 500 K. Thus, due to the strongne 1.0 ML Go film adsorbed on a Si(001)-21) surface. The
interaction, the degeneracy of the LUMO+1 is removed and ongexafrs spectrum of the 1.0 ML & film has the same peak po-
unoccupied MO derived from the LUMO+1 hybridizes with the gjiions and the same profile with that of the 5.0 Mo @Im at 300
dangling bonds of a Si(001) surface. This hybridization leads tq¢_ These results show that the interaction between the 1.0 ML C
the decrease in intensity and the 0.1-eV shift of the LUMO+1 ob+jjjy and the Si(001) surface is mainly the van der Waals force. Af-
served in the NEXAFS spectra. Therefore, we conclude that thg,, annealing the 1.0 ML & film at 500 K, the FWHM'’s of the
interaction between the 1.0 MLecfilm and the Si(001) surface  noccupied MO's increase. The larger FWHM indicates that the
induced at 500 K, has a covalent character, to which the LUMO+X%nq interaction between theddilm and the Si(001) surface is
contributes due to the hybridization with the dangling bonds of thgnquced at 500 K. By the deconvolution of the NEXAFS spectra,
Si(001) surface. Since the LUMO+1 is rep?rted to be the most disye know that the strong interaction at 500 K is originated from the
perse of the occupied and unoccupied MO's okar@olecule, and  pypyrigization between the LUMO+1 and the dangling bonds of the
to contribute to the intermolecular interaction (Jes@l, 1991),  sj001) surface. This suggests that the interaction induced at 500 K
it is reasor_wable to conslder thaF the LUMO+1 plays an importanhas not an ionic character but a covalent character in comparison
role in the interaction with the Si(001) surface. with the cases of the metal surfaces.
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Table 1 - e ., .,
The photon energies, Gaussian width and intensities of the decompog¥ifific Research on the Priority Area "Fullerenes and Nanotubes
component for NEXAFS spectra. by the Ministry of Education, Science, Sports and Culture of Japan.
Photon Gaussian Relative
Energy (eV) Width (eV) Intensity References
Chase, S. J., Bacsa, W. S., Mitch, M. G., Pilione, L. J. & Lannin, J. S.
300K LUMO 284.9 0.60 1.05 (1992).Phys. Rev. B6, 7873-7877.
LUMO+1 286.2 0.50 0.27 Chen, D. & Sarid, D. (1994)Surf. Sci318 74-82.
LUMO+2 286.7 0.77 0.59 Hamza, A. V., BaIOOCh| M. & Moalem, M. (1994$Urf SC|317, L1129-
' ' ' L1135.
LUMO+3  288.7 0.83 0.30 Ishizaka, A. & Shiraki, Y. (1986). Electrochem. So83, 666—671.
500K LUMO 285.0 0.65 0.78 Jost, M. B., Troullier, N., Poirier, D. M., Martins, J. L., Weaver, J. H.,
LUMO+1 286.3 0.85 0.08 Chibante, L. P. F. & Smalley, R. E. (199Bhys. Rev. B4, 1966—1969.
LUMO+2 286.7 0.82 0.42 Klyachko, D. & Chen, D. M. (1995pPhys. Rev. Let5, 3693—-3696.
LUMO+3 288.7 0.95 0.21 Kondo, D., Sakamoto, K., Ushimi, Y., Harada, M., Kimura, A., Kakizaki,

A. & Suto, S. (1999)Jpn. J. Appl. Phys. Sup@88-1, 328—331.
Maxwell, A. J., Buhwiler, P. A., Arvanitis, D., Hasselstn, J., Johansson,

Finally, we mention briefly about the contradiction between M. K. -J., & Martensson, N. (1998 hys. Rev. B7, 7312-7326.

HREELS and PES observed at 500 K. The charge transfer SChe”%Cé{n“]"atﬂ' f&cﬂc;}a'_éé ‘YM(liiﬁ)iagysHRg‘GZ%% 1191\7/\:/%a_k1it?31171§' Kasuya, A

applied in HREELS.assumes that. the.symmetry ofg@rﬁblgcule & Suto, S. (1998)J. Electron Spectrosc. and Relat. Phen@8-91,

does not change. It is not appropriate in the case of the Si(001) sur- gg7_903. o _ o

face, because the change in the symmetry is clearly observed in tl$ékar10§, K"sK?nggé)D'H Ushimi, észafagaé '\g Kimura, A., Kakizaki,
s : : . A. uto, S. (1 Phys. Rev. , 2579—-2591.

NE)_(AFS spectra. In addltlo_n, the LUMO has little contribution to Suto, S., Sakamoto, K., Wakita, T., Hu, C. -W. & Kasuya, A. (198Hys.

the interaction and then a simple charge transfer scheme seems 10 gq,, Bsg 7439-7445.

be not suitable. The behavior of the ionic interaction observed ifsuei, K. -D., Yuh, J.-Y., Tzeng, C. -T., Chu, R. -Y., Chung, S. -C. & Tsang,

PES (Kondcet al., 1999) is considered to be explained not by sim-W K. |>-( (1D99L)'Pr?y3' RGVT- Bsﬁh_l54:112—1|5_|42§- oY, Nishina. Y. & Sak

ple charge transfer but the hybridization of the LUMO+1 with the *'&"9: 7 =2, Masnizume, 1., shinonara, 1., Saito, ., Nishina, . & saku-

. . i, T. (1993).Phys. Rev. B7, 15923-15930.
dangling bonds of the Si(001) surface. rai. T ( )Phys. Rev
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