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The photon-energy dependences of valence-band photoemission spectra have been investigated for mono-
layer, submonolayer, and multilayegJilms on Ag111). The intensity ratios of the highest and next-highest
occupied molecular orbitalshe HOMO and NHOMQ of the films are found to oscillate with the same period
as the incident photon energy is varied, but the amplitude of the oscillation is smaller with lower film coverage.
Since the characteristics of the molecular orbitals gf i@ the monolayers are considerably different from
those of the thick film due to the charge-transfer interaction between the metallic surface and the molecule the
observation opposes the proposal in which the oscillation is entirely dependent on the nature of the empty and
occupied states involved in the photoemission process. The results instead support the photoelectron interfer-
ence model by Hasegavea al. [Phys. Rev. B8, 4927(1998]. Variation of the oscillation amplitude withgg
coverage is explained in terms of hybridization of the HOMO and NHOMO with the surface. Depositing C
onto Ag(111) held at a high temperature produces a single-phas@¥2+/3) R30° Gy, monolayer. Angle-
resolved photoemission experiments reveal changes in the relative intensities of the two bands with the
azimuth-emission angle, measured with respect to the symmetry axes of the ordered monolayer. The intensity
modulation is due to anisotropic scattering of photoelectrons along various molecular axes.

DOI: 10.1103/PhysRevB.67.155415 PACS nunider79.60—i, 68.43—h, 33.70.Fd

[. INTRODUCTION intensity modulations of the HOMO and NHOMO were still
obtained. This suggests that the oscillation is not genuinely
The electronic properties of fullerenes have been the subrelated to the exact nature of the photoelectron initial and
ject of intensive research over the years since the discovefjnal states as in the proposed models byeXal, but to the
of Cgo. One interesting phenomenon in the photoemission ofinique near-spherical structure of fullerenes. To date, the
fullerenes, which has not been observed for any other maPhoton-energy dependences of photoemission intensities
lecular solids, is that the intensities of the highest and nextbave been observed on thickgilms"* and single crystal3.
highest occupied molecular orbitallOMO and NHOMQ In this paper, we present more detailed studies on monolayer
show distinct oscillations as the incident photon energy iand submonolayer films to confirm the origin of the intensity
varied!~® As the HOMO and NHOMO levels of ggaccom- ~ modulations. The issue is investigated by examining the
modate 10 and 18 electrons, respectivedyratio of 5:9 is valence-band photoemission spectra of the low-coverage and
expected for the photoemission intensities of the lines if théhick films as a function of photon energy. Adsorbeg, C
photoionization cross sections were identical. Howevermolecules on the metal surfaces retain essentially their mo-
strong oscillations of the photoelectron intensities with pho-lecular structure, but the electronic states are modified by the
ton energy are found in both the solid state as well as the ga8bstrate-adsorbate interaction. It is proposed that if the ori-
phase of the fullerengThe oscillations were initially attrib- gin of the intensity oscillation is only the molecular charac-
uted to the symmetry difference between the molecular orteristic, the same photon-energy dependence is expected for
bitals (odd HOMO and even NHOM®! however, detailed the monolayer and submonolayer films.
calculations based on this model showed inconsistency with Ag(111) has been chosen as the substrate for the present
experimental dat3A few different approaches have arisen to study for two reasons. First, as for @d1) and Au11l) on
explain the phenomenon by considering effects of interactioivhich detailed studies of the electronic structures of ad-
between the photoelectrons originating from the moleculesorbed G, have been carried out previousl§ Ag(111) sur-
Xu et al® first calculated the energy positions of the cross-face possesses low emission background around the Fermi
section minima based on two models of potential energy fofevel, and any peak due to charge transfer { €an be
the electron final state, and suggested the oscillation as beirgfsily observed. Moreover, the advantage of Ag over other
due to interference between the photoelectrons that leads fwble metals is that thetband lies at a higher binding energy
the formation of a spherical standing wave of the final statethan the Cu and Au bands by about 2 eV, so that the
However, Hasegawat al.* by usingab initio methods to HOMO and NHOMO peaks hardly overlap with the Agl 4
determine the differential cross sections for the HOMO andband, in contrast to the Cu and Au substrates. This allows
NHOMO, showed that the intensity oscillation originates more accurate determination of the HOMO and NHOMO
from the interference of the individual photoelectron wavesintensities from low-coverage & films. Second, scanning
emanating from each carbon atom of thg €age. Although  tunneling microscopySTM) studies reported two in-phase
the calculated results by Hasegagtaal. rely on the approxi- incommensurate structures with different growth orientations
mation of a simplified spherical-shell-like initial state, the and a commensurate (3x2.3) R30° structure for g

0163-1829/2003/615)/155415%6)/$20.00 67 155415-1 ©2003 The American Physical Society



TON-THAT, SHARD, EGGER, DHANAK, AND WELLAND PHYSICAL REVIEW B67, 155415 (2003

monolayers on A@11);*'? however, no low-energy ' T ' ' ' I
electron-diffraction (LEED) patterns could be observed.
Here, we report a LEED observation of ordered monolayers,
which are produced by evaporating Gvhile the Ag111)
substrate is held at a high temperature. The angular distribu-
tion of the valence-band photoemission for various photon
energies has also been determined, the HOMO and NHOMO
intensities are found to vary with the emission angle mea-
sured with respect to the close-packed directions of the un-
derlying Ag(111) surface.

muitilayer

Intensity (arb. units)

Il. EXPERIMENT

The experiments were performed on BL4.1 of the syn-
chrotron radiation source at the Daresbury Laboratory, using
a standard UHV chamber equipped with a Scienta SES200 clean Ag
hemispherical electron analyz@ngular acceptance df5°). | ! ! ! i !

The Ag111) crystal was prepared by argon-ion sputtering 7 6 5 4 3 2 1 0
and annealing cycles at approximately 420 °C, until no im-
purities could be detected by photoemission, and sharp Binding energy (arb. units)

I(_gEgE;/ paltjtrc.aernsu ?th;f:z dci‘?g; vggcgorviitiggsggée%,oi FIG. 1. Coverage dependence of normal-emission photoelectron
.hI odp » P din UHV d it d% blimation f spectra recorded fromggfilms on Ag111) using a photon energy
oughly degassed in » Was aeposited by sublimation oMy, _ 4 o\/ The first three peaks are labeled in numbers. Features 1

a quartz crucible heated at 370 °C in a Knudsen cell with th%nd 2 correspond to the HOMO and NHOMO of thg, @olecule
substrate kept at room temperature. X-ray photoelectro%spectively_ '

spectroscopyXPS) was used to determine thedToverage

by measuring the photoemission peak ratios of the overlaygeq completely, and the spectrum represents the molecular
(C 1s) signal to the substratég 3d) signal. We defined one pitals of Go. Since the deposition rate was kept-a10
monolayer(ML ) as the saturation coverage produced by anmin per layer, well below the rate that causes significant
nealing a Gy sample to 350 °C, above the temperature r€non-layer-by-layer growtfi,most G, molecules in the 0.5-
quired for desorption of the multilayef.Sample heating was  ang 1-ML films are bound to the Ag surface. The spectra and
effected by electron-beam irradiation on the back of theyeak positions of the films agree well with those published
sample. Ordered monolayers were produced by depos't'”ﬂreviously for G, adsorbed on AQ11).2*14 The first three

Ceo Onto the Ad111) substrate kept at 280 °C and character-features are labeled in numbers. The strong peaks at 2.5 and
ized by LEED. The C/Ag intensity ratios of all the films 3 g gy (labeled 1 and 2, respectively, in Fig) &re the
deposited onto the hot Ag substrate were found to be apyqomoO and NHOMO, which are both derived almost en-
proximately the same regardless of deposition time, and a|SEPrer from the 7-bonding states, whereas a mixturesoind
identical to that of the annealed films. This confirms the films_. states contributes to the peak 3n comparison to the
deposited onto the Ag substrate at 280 °C are monolayer%,un”ayer, the HOMO and NHOMO peaks of 0.5- and 1-ML
Ultraviolet photoelectron spectroscopyPS spectra of the  fjims shift towards the Fermi level by about 0.6 eV and lo-
films were recorded in the photon energy rangehof  cate at binding energies of 1.9 and 3.2 eV, respectively. This
=20-120eV at normal emission except for the angleis characteristic of the first layerggadsorbed on the Ag
resolved photoemission measurements, in which the incCig;iface due to partial filling of the lowest unoccupied mo-
dence angle of photona=20° and the take-off angle of |ecylar orbital(LUMO) of Cg, by electronic charge transfer
photoelectronsy=30° measured from the surface normal. from the metallic substraté:1®

Binding energies for UPS spectra were referenced to the Figure 2 shows the variations in the HOMO/NHOMO in-

Fermi edge of the Ag surface. tensity ratio as a function of the photon energy in the range
hy=20-120eV. The 0.5-ML, 1-ML and multilayer films
Ill. RESULTS AND DISCUSSION show similar oscillating behavior with the maxima and

minima occurring at the same energy positions, while the
intensity ratios vary with the £ coverage. Also presented in
The valence-band spectra for clean(&tl) surface, 0.5- the figure are the arrows indicating the maxima and minima
ML, 1-ML, and multilayer films are presented in Fig. 1. The of the calculated HOMO/NHOMO intensity ratios of;{;
peak group between 4 and 7 eV bonding energies in the cleaaken from Ref. 4. As seen in the figure, the spacing between
Ag spectrum is due to the Agddband, while the featureless the maxima and minima is not constant but increases with
plateau below 4 eV is primarily due to the delocalizesl 5 hv. The calculated energy positions are in good agreement
states. As the g coverage increases, peaks due to its mowith the experimental data for the three films, but the abso-
lecular orbitals grow, while the substrate features diminishlute values of the intensity ratios only match those of the
For the multilayer(>3 ML's) films, the Ag features are bur- multilayer film. The oscillation amplitude appears to be

A. Oscillation in the valence-band photoemission spectrum
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2 T T T T exact nature of the initial and final states of the photoelec-
—e— Multilayer trons. This clearly indicates that the model based on a spheri-
cal standing wave of the final state is incorrect since the
overlap of the standing wave with the initial states would be
different for the low-coverage and thick films, and intensity
maxima and minima would occur at different photon ener-
gies. Instead, the results support the photoelectron interfer-
ence model of Hasegaved al.* in which the intensity varia-
tion arises from the interference of photoelectron waves
originating from each carbon atom in the sphericg €age.

It is clear that this model does not contradict the current
observation since adsorption on @d1) would have little
effect on the shape and radius of the molecular cage.

The reduced oscillation amplitudes for the monolayers
compared to the thick film could be due to interaction of the
‘4 * 4 * 4 * 4 molecular orbitals with the substrate. Since the HOMO and

| | L NHOMO both have nearly pure character and are formed
40 80 80 100 120 from atomic orbitals pointing in the radial directidh,ad-
sorption of Gy on the Ad111) could cause inhomogeneous
Photon Energy (eV) charge distribution within the molecule and changes in the
state density of the HOMO and NHOMO. The smaller

fop - 2 Intensiy raflo ‘;fﬁ';%“:?&i’;‘\’,g:%'\s"%Egiksai]sdzmg HOMO/NHOMO intensity ratios observed for the ML films
P 9y ges. b are due to higher strength of the hybridization of the

arrows, respectively, indicate the maxima and minima of the calcuy . .
lated intensity ratigextracted from Fig. 3 of Ref.)4 NHOMO. In quantum perturbation treatment of chemical

bonds between an adsorbate and a metal substrate, mixing

smaller with lower G, coverage; however, the effect of Ag would occur between electron states with similar binding
substrate photoemission contributing to the measureg§nergies. As the NHOMO band has the binding energy closer

HOMO and NHOMO intensities cannot be discounted. Thef© that of the Agd band, one should expect the NHOMO
main difficulty in determining the photoemission line inten- Nybridizes considerably more than thl% HOMO. This effect
sities for low-coverage films is the selection of a suitableh@s been observed forgCon Au(110,™ and it was sug-
background for the peaks because of the signal contributiof®Sted that due to symmetry-breaking interaction with the
from the substrate. For the current results, the HOMO an§ubstrate the NHOMO is split into two components, tigg 6
NHOMO intensities of the 0.5- and 1-ML films have beenand 10y, one of which(the 1(g) interacts strongly with
obtained after subtraction of a background, which is proporthe surfacé®!’ The low-density Ag § band is known to
tional to the clean Ag spectrum recorded with the same phoPlay @ negligible role in the hybridization because of its
ton energy. weak interaction with g.'% The fullerene-surface interac-
The common feature of fullerene absorption on noblelion also has effects on the symmetry of the molecules. In the
metal surfaces is the ionic character of the bonding with thénonolayers the molecules interact with the surface through
substrate. Such charge-transfer interaction obviously has si¢ehic bond, and the molecular symmetry is distorted frigm
nificant effects on the density of states such as the positioROint-group symmetry. The reduced symmetry of the mono-
and width of the photoemission lines as well as the degenl@yer molecules relaxes the spectroscopic selection rules,
eracy of the statee.g., fivefold degeneracy in HOMO and leading to availability of final states which are forbidden for
ninefold degeneracy in NHOMPIt is probable that the na- the symmetries in thi, point group. This results in a reduc-
ture of the empty states is affected in a similar manner. Arfion in the oscillation amplitudes for the monolayers. It
example is when g is adsorbed on A@11) both the occu- should be noted here that the UPS escape depth of photoelec-
pied and unoccupied states are shifted towards the Ferr#fions has been estimated to be about one molecular fayer,
levell* The amount of charge transfer has been estimatefflus UPS probes all carbon atoms in the monolayer including
about 1.7 electrons per 4 molecule adsorbed on the the atoms at the interface.
Ag(111) surface'® In addition to the filling of the LUMO,
the HOMO and NHOMO bands of the monolayers are
thought to exhibit some degree of hybridization with the va-
lence bands of the noble metafs:® This is evident from the
broadened HOMO and NHOMO peaks in comparison to Upon deposition of g onto Ag111) substrate held at
those of the thick film, as seen in Fig. 1. Nevertheless, th&80 °C, a (/3% 2/3) R30° LEED pattern is observed. Fig-
molecular orbitals retain much of the photoemission oscilla-ure 3 shows the patterns for clean(Afl) substrate and one
tion character. The observation that the relative intensities ofrdered ML of G, coverage. The pattern of Fig(l8 corre-
the two strongest low-binding energy features oscillate withrsponds to a hexagonal overlayer with an intermolecular sepa-
identical period over the entire photon energy range emration of 10.3 A, about 3% more than the bulk separation in
ployed suggests that the oscillations ot dependent on the  the fullerite crystal(10.004 A.'° No LEED patterns were

—— 1ML

—o— 0.5 ML

-
)

HOMO/NHOMO intensity ratio

B. Angle-resolved valence-band photoemission
of the ordered ML
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FIG. 3. LEED patternsi(a) clean Ad111) surface (electron
energy=118 eV); and(b) one ordered ML (23x23) R30°
Ceo/Ag(111) (electron energy 32 eV).

found for the Gy monolayers, which were deposited onto
Ag(111) at room temperature and annealed for various dura-

tions. This is in accord with the previous finding that the
(2y3x2/3) R30° structure coexists with some incommen-
surate structures over a large temperature range and that alls

PHYSICAL REVIEW B67, 155415 (2003
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FIG. 4. Schematic showing the (3x2.3) R30°

Ceo/Ag(111) reconstruction. The dashed rhomboid represents the
unit cell. Angle ¢, measured with respect to th221] direction of

the overlayer, is used in the angle-resolved photoemission experi-
ment.

A model of the Gy phase showing the unit cells of the
substrate and the orderegdy@verlayer is presented in Fig. 4.
Also shown in the figure is the azimuthal angke measured
with respect to th¢121] direction of the G, monolayeror
[101] axis of the Ad111) surfacd. Given significant mobil-
ity of Cg On noble-metal surfacé$,one might expect the
molecules in the ordered ML to uniformly adsorb in the ori-
entation that yields the strongest bond to the surface. For
ordered Gy ML's on Al(111) and C{111) the photoelectron
diffraction patterns display a sixfold symmetry, indicating
that the molecule adsorbs on one of its hexaddfis is in
accord with the STM study of &/Cu(111) where threefold
internal molecular contrast has been obseR7dgly analogy
to these adsorbate structures it is also expected that the mol-

ecules adsorb on Agll) with one hexagonal ring facing
towards the surface. There are two reasonable adsorption
sites, namely atop and threefold hollow, foCon the
Ag(111) surface. The model in Fig. 4, which shows the mol-
ules occupy atop sites, is only arbitrary.

nealing increases the proportion of the incommensurate piqre 5 jllustrates the variation in the valence-band pho-

phase$? Despite almost perfect geometrical matchRB0°
phase between the inter-molecular spacing and &Y sur-
face lattice constant, g monolayers grown on Ag1l) at

toemission spectrum of the ordered ML measured with
=30° for the emission angléé=—30°—+30°, using pho-
ton energyhv=45eV. In this figure, the spectra have all

room temperature contain a large proportion of domains wittheen normalized to the maximum of the NHOMO peak at

other orientations R12° and R46°)'? which are poorly

~3.3 eV binding energy. The variation in the intensity of the

lattice-matched with the surface. It is thought that the growttHOMO peak is clearly discernible ag is increased from 0

of these domains is strongly affected by substrate step edges, 30°. It is noted that the spectra of the ordered ML mea-
where the molecules preferentially adsorb and form islandsured at normal emission give identical HOMO/NHOMO in-
at low coverages. At high temperatures, the Ag atoms at stefensity ratios to those of the disordered ML. The spectra of
edges and hence adsorbed molecules have significant mobike ordered ML are found to be identical &t and —¢

ity, leading to growth of islands with the only one favorable

orientation and formation of the commensurate structure irshown in the figure for¢p=

the ordered ML.

emission angles for each photon energy used, an example is
+30°. This indicates sixfold
symmetry in the photoemission of the ordered ML. The
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T T ' ' I 0.5 with other photon energies. It is interesting to realize that
hv of 45, 75, and 110 eV correspond to the energy positions
of the HOMO/NHOMO intensity maxima recorded at nor-
mal emission(see Fig. 2. This clearly indicates a photoelec-
tron interference effect that gives rise to shifts in relative
phases of the photoelectrons, and again supports the model
of Hasegawaet al? It is noted that the intensity variation
with azimuth-emission angle was not observed for the
multilayer and disordered ML films due to lack of an ordered
structure.

The variations of the HOMO/NHOMO intensity ratios
with emission anglep are attributed to anisotropic scattering
along various molecular axes. Since all the 60 carbon atoms
of the molecules act as photoemitters, the photoelectrons
emitted from one atom are scattered by other surrounding ion
cores. Previous angle-resolved photoemission studies of the
fullerite crystal have failed to reveal any significant changes
in the intensities of the HOMO and NHOM®¥2 One impor-

Binding energy (eV) tant factor contributing to the absence of intensity modula-
o tion might be the rotational disorder: individualsgCmol-

FIG. 5. Photoemission spectra from the\@x2y3) R30° Gso  ecyles in the solid state spin with rotational correlation times
monolayer on A¢l11), recorded witthy=45 eV at various photo- 4 the order of p2* In contrast, the molecules in ordereg,C
emission anglep (see Fig. 4 These spectra have been normalized ;) . 54sorhed on some single-crystal surfaces are known to
tfstgf 'ntgizgf, of th% NI:OI:AO peak at 3.3 eV. The spectrafol e immobile and have one fixed molecular orientation. In the
a an are \dentica. Ceo/Cu(11l) and Gy/Al(111) ordered ML systems, the

molecules adsorb on a hexagon, which aligns with the sub-
HOMO/NHOMO intensity ratio is plotted in Fig. 6 as a func- strate surface such that its sides are perpendicular and paral-
tion of ¢ for various photon energies betwebm=30 and o 15 the[101] axes of the underlying G11) and A(11),
110 eV. The most significant change in the HOMO/NHOMO (ognectivel§! (the bonding configurations were thought to be
intensity ratio occurs aiw=45eV, the ratio gradually de- gyongly influenced by the molecule-surface interadipn
creases from 1.7 to 1.1 as goes from 0° to 30°. Less dis- STM images of occupied states for an\@x 2,3) R30°
tinct dgcreas_es can also_ been seen argund 75 and 110 Ceo domain on Ag111) have also shown hexagonal shape of
eV, while the intensity ratio remains almost constant at abou{he internal molecular structure, the edges of the hexagon

were observed to align with thElOT] directions of the
Ag(111) surface'! The angular symmetry in valence-band

Intensity (arb. units)

T T T T T

oe--30eV. —e—T75eV photoemission is thus consistent with the adsorption symme-
2r ~-a--45eV —=—90eV |7 try of the molecules in the ordered ML. Although the HOMO
--¢--65e¢V —<—110eV and NHOMO display strong intensity modulations, we did

not observe any sizable changes in the relative intensity of
the LUMO with ¢. This is most likely due to the fact that the
photoelectrons, which are responsible for the LUMO peak,
originate from the charge transferred from the substrate and
are localized in the region close to the substt&fehe orbital
therefore does not have the spherical character of the C
molecule, which is the essential factor in causing the photo-
electron interference. However, analysis of the behavior of
the LUMO peak is difficult due to its weak intensity and
changes in the spectral background. It therefore cannot rule
out the possibility that there are small changes in the LUMO

HOMO/NHOMO intensity ratio

intensity.
0 L : ‘ . ' In conclusion, the photon energy dependences of photo-
0 5 10 16 20 25 30 emission intensities have been investigated for monolayer,

submonolayer and thickggfilms. The intensity ratios of the

HOMO and NHOMO peaks oscillate with the same period,
FIG. 6. Intensity ratio of HOMO and NHOMO peaks as a func- While the amplitude of the oscillation varies withdover-

tion of emission anglep. The decreases in the intensity ratio at age. The results indicate that the oscillations are independent

hv=45, 75, and 110 eV a# increases are clear, while the ratio Of the nature of the initial and final states, and support the

remains almost constant at about 0.5 for other photon endimigs ~ model, in which the oscillation arises from the interference

three typical data sets are shown for=30, 65, and 90 ey of photoelectrons. Depositingggconto Ag111) kept at a

¢ (degree)
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