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Modulations of valence-band photoemission spectrum from C60 monolayers on Ag„111…
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The photon-energy dependences of valence-band photoemission spectra have been investigated for mono-
layer, submonolayer, and multilayer C60 films on Ag~111!. The intensity ratios of the highest and next-highest
occupied molecular orbitals~the HOMO and NHOMO! 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 of C60 in 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 Hasegawaet al. @Phys. Rev. B58, 4927~1998!#. Variation of the oscillation amplitude with C60

coverage is explained in terms of hybridization of the HOMO and NHOMO with the surface. Depositing C60

onto Ag~111! held at a high temperature produces a single-phase (2A332A3) R30° C60 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 number~s!: 79.60.2i, 68.43.2h, 33.70.Fd
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I. INTRODUCTION

The electronic properties of fullerenes have been the s
ject of intensive research over the years since the disco
of C60. One interesting phenomenon in the photoemission
fullerenes, which has not been observed for any other
lecular solids, is that the intensities of the highest and ne
highest occupied molecular orbitals~HOMO and NHOMO!
show distinct oscillations as the incident photon energy
varied.1–6 As the HOMO and NHOMO levels of C60 accom-
modate 10 and 18 electrons, respectively,7 a ratio of 5:9 is
expected for the photoemission intensities of the lines if
photoionization cross sections were identical. Howev
strong oscillations of the photoelectron intensities with ph
ton energy are found in both the solid state as well as the
phase of the fullerene.2 The oscillations were initially attrib-
uted to the symmetry difference between the molecular
bitals ~odd HOMO and even NHOMO!;1 however, detailed
calculations based on this model showed inconsistency
experimental data.3 A few different approaches have arisen
explain the phenomenon by considering effects of interac
between the photoelectrons originating from the molecu
Xu et al.8 first calculated the energy positions of the cro
section minima based on two models of potential energy
the electron final state, and suggested the oscillation as b
due to interference between the photoelectrons that lead
the formation of a spherical standing wave of the final sta
However, Hasegawaet al.,4 by using ab initio methods to
determine the differential cross sections for the HOMO a
NHOMO, showed that the intensity oscillation originat
from the interference of the individual photoelectron wav
emanating from each carbon atom of the C60 cage. Although
the calculated results by Hasegawaet al. rely on the approxi-
mation of a simplified spherical-shell-like initial state, th
0163-1829/2003/67~15!/155415~6!/$20.00 67 1554
b-
ry
f

o-
t-

s

e
r,
-
as

r-

th

n
.

-
r

ing
to
.

d

s

intensity modulations of the HOMO and NHOMO were st
obtained. This suggests that the oscillation is not genuin
related to the exact nature of the photoelectron initial a
final states as in the proposed models by Xuet al., but to the
unique near-spherical structure of fullerenes. To date,
photon-energy dependences of photoemission intens
have been observed on thick C60 films1,4 and single crystals.3

In this paper, we present more detailed studies on monola
and submonolayer films to confirm the origin of the intens
modulations. The issue is investigated by examining
valence-band photoemission spectra of the low-coverage
thick films as a function of photon energy. Adsorbed C60
molecules on the metal surfaces retain essentially their
lecular structure, but the electronic states are modified by
substrate-adsorbate interaction. It is proposed that if the
gin of the intensity oscillation is only the molecular chara
teristic, the same photon-energy dependence is expecte
the monolayer and submonolayer films.

Ag~111! has been chosen as the substrate for the pre
study for two reasons. First, as for Cu~111! and Au~111! on
which detailed studies of the electronic structures of
sorbed C60 have been carried out previously,9,10Ag~111! sur-
face possesses low emission background around the F
level, and any peak due to charge transfer to C60 can be
easily observed. Moreover, the advantage of Ag over ot
noble metals is that thed band lies at a higher binding energ
than the Cu and Aud bands by about 2 eV, so that th
HOMO and NHOMO peaks hardly overlap with the Ag 4d
band, in contrast to the Cu and Au substrates. This allo
more accurate determination of the HOMO and NHOM
intensities from low-coverage C60 films. Second, scanning
tunneling microscopy~STM! studies reported two in-phas
incommensurate structures with different growth orientatio
and a commensurate (2A332A3) R30° structure for C60
©2003 The American Physical Society15-1



.
er

ib
to
M
ea
u

n
in
20

ng
m
a
C
r-
om
th
tro

y

an
re

th
iti
er
s
a
al
m
e

le
nc
f
al
th

e
le
s
5
o

sh
-

ular

ant

nd
ed

and

n-

L
o-
his

o-
r

-
ge

d
the
n
ma

een
ith
ent

so-
he
e

tron

es 1

TON-THAT, SHARD, EGGER, DHANAK, AND WELLAND PHYSICAL REVIEW B67, 155415 ~2003!
monolayers on Ag~111!;11,12 however, no low-energy
electron-diffraction ~LEED! patterns could be observed
Here, we report a LEED observation of ordered monolay
which are produced by evaporating C60 while the Ag~111!
substrate is held at a high temperature. The angular distr
tion of the valence-band photoemission for various pho
energies has also been determined, the HOMO and NHO
intensities are found to vary with the emission angle m
sured with respect to the close-packed directions of the
derlying Ag~111! surface.

II. EXPERIMENT

The experiments were performed on BL4.1 of the sy
chrotron radiation source at the Daresbury Laboratory, us
a standard UHV chamber equipped with a Scienta SES
hemispherical electron analyzer~angular acceptance of65°!.
The Ag~111! crystal was prepared by argon-ion sputteri
and annealing cycles at approximately 420 °C, until no i
purities could be detected by photoemission, and sh
LEED patterns of the clean surface were observed.60
~99.9% pure!, purchased from MER corporation and tho
oughly degassed in UHV, was deposited by sublimation fr
a quartz crucible heated at 370 °C in a Knudsen cell with
substrate kept at room temperature. X-ray photoelec
spectroscopy~XPS! was used to determine the C60 coverage
by measuring the photoemission peak ratios of the overla
~C 1s) signal to the substrate~Ag 3d) signal. We defined one
monolayer~ML ! as the saturation coverage produced by
nealing a C60 sample to 350 °C, above the temperature
quired for desorption of the multilayer.10 Sample heating was
effected by electron-beam irradiation on the back of
sample. Ordered monolayers were produced by depos
C60 onto the Ag~111! substrate kept at 280 °C and charact
ized by LEED. The C/Ag intensity ratios of all the film
deposited onto the hot Ag substrate were found to be
proximately the same regardless of deposition time, and
identical to that of the annealed films. This confirms the fil
deposited onto the Ag substrate at 280 °C are monolay
Ultraviolet photoelectron spectroscopy~UPS! spectra of the
films were recorded in the photon energy range ofhn
520– 120 eV at normal emission except for the ang
resolved photoemission measurements, in which the i
dence angle of photonsa520° and the take-off angle o
photoelectronsu530° measured from the surface norm
Binding energies for UPS spectra were referenced to
Fermi edge of the Ag surface.

III. RESULTS AND DISCUSSION

A. Oscillation in the valence-band photoemission spectrum

The valence-band spectra for clean Ag~111! surface, 0.5-
ML, 1-ML, and multilayer films are presented in Fig. 1. Th
peak group between 4 and 7 eV bonding energies in the c
Ag spectrum is due to the Ag 4d band, while the featureles
plateau below 4 eV is primarily due to the delocalizeds
states. As the C60 coverage increases, peaks due to its m
lecular orbitals grow, while the substrate features dimini
For the multilayer~.3 ML’s! films, the Ag features are bur
15541
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ied completely, and the spectrum represents the molec
orbitals of C60. Since the deposition rate was kept at;10
min per layer, well below the rate that causes signific
non-layer-by-layer growth,9 most C60 molecules in the 0.5-
and 1-ML films are bound to the Ag surface. The spectra a
peak positions of the films agree well with those publish
previously for C60 adsorbed on Ag~111!.13,14 The first three
features are labeled in numbers. The strong peaks at 2.5
3.8 eV ~labeled 1 and 2, respectively, in Fig. 1! are the
HOMO and NHOMO, which are both derived almost e
tirely from thep-bonding states, whereas a mixture ofs and
p states contributes to the peak 3.7 In comparison to the
multilayer, the HOMO and NHOMO peaks of 0.5- and 1-M
films shift towards the Fermi level by about 0.6 eV and l
cate at binding energies of 1.9 and 3.2 eV, respectively. T
is characteristic of the first layer C60 adsorbed on the Ag
surface due to partial filling of the lowest unoccupied m
lecular orbital~LUMO! of C60 by electronic charge transfe
from the metallic substrate.13,15

Figure 2 shows the variations in the HOMO/NHOMO in
tensity ratio as a function of the photon energy in the ran
hn520– 120 eV. The 0.5-ML, 1-ML and multilayer films
show similar oscillating behavior with the maxima an
minima occurring at the same energy positions, while
intensity ratios vary with the C60 coverage. Also presented i
the figure are the arrows indicating the maxima and mini
of the calculated HOMO/NHOMO intensity ratios of C60,
taken from Ref. 4. As seen in the figure, the spacing betw
the maxima and minima is not constant but increases w
hn. The calculated energy positions are in good agreem
with the experimental data for the three films, but the ab
lute values of the intensity ratios only match those of t
multilayer film. The oscillation amplitude appears to b

FIG. 1. Coverage dependence of normal-emission photoelec
spectra recorded from C60 films on Ag~111! using a photon energy
hn545 eV. The first three peaks are labeled in numbers. Featur
and 2 correspond to the HOMO and NHOMO of the C60 molecule,
respectively.
5-2



g
re
h
n-
ble
tio
an
n
o
h

le
th
s

itio
e
d
-
A

er
te

e

re
a

t
th
lla
s
it
m

ec-
eri-

the
be
ity
er-
rfer-

es

ent

ers
he
nd

d

s
the
er
s
he
al
ixing
ng
ser

O
ct

the

its
-
the

ugh

no-
les,
or
-
It

elec-
er,
ing

t
-

pa-
in

c-
n
lcu

MODULATIONS OF VALENCE-BAND PHOTOEMISSION . . . PHYSICAL REVIEW B67, 155415 ~2003!
smaller with lower C60 coverage; however, the effect of A
substrate photoemission contributing to the measu
HOMO and NHOMO intensities cannot be discounted. T
main difficulty in determining the photoemission line inte
sities for low-coverage films is the selection of a suita
background for the peaks because of the signal contribu
from the substrate. For the current results, the HOMO
NHOMO intensities of the 0.5- and 1-ML films have bee
obtained after subtraction of a background, which is prop
tional to the clean Ag spectrum recorded with the same p
ton energy.

The common feature of fullerene absorption on nob
metal surfaces is the ionic character of the bonding with
substrate. Such charge-transfer interaction obviously has
nificant effects on the density of states such as the pos
and width of the photoemission lines as well as the deg
eracy of the states~e.g., fivefold degeneracy in HOMO an
ninefold degeneracy in NHOMO!. It is probable that the na
ture of the empty states is affected in a similar manner.
example is when C60 is adsorbed on Ag~111! both the occu-
pied and unoccupied states are shifted towards the F
level.11 The amount of charge transfer has been estima
about 1.7 electrons per C60 molecule adsorbed on th
Ag~111! surface.15 In addition to the filling of the LUMO,
the HOMO and NHOMO bands of the monolayers a
thought to exhibit some degree of hybridization with the v
lence bands of the noble metals.15,16This is evident from the
broadened HOMO and NHOMO peaks in comparison
those of the thick film, as seen in Fig. 1. Nevertheless,
molecular orbitals retain much of the photoemission osci
tion character. The observation that the relative intensitie
the two strongest low-binding energy features oscillate w
identical period over the entire photon energy range e
ployed suggests that the oscillations arenot dependent on the

FIG. 2. Intensity ratio of HOMO and NHOMO peaks as a fun
tion of photon energy for different C60 coverages. The up and dow
arrows, respectively, indicate the maxima and minima of the ca
lated intensity ratio~extracted from Fig. 3 of Ref. 4!.
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exact nature of the initial and final states of the photoel
trons. This clearly indicates that the model based on a sph
cal standing wave of the final state is incorrect since
overlap of the standing wave with the initial states would
different for the low-coverage and thick films, and intens
maxima and minima would occur at different photon en
gies. Instead, the results support the photoelectron inte
ence model of Hasegawaet al.,4 in which the intensity varia-
tion arises from the interference of photoelectron wav
originating from each carbon atom in the spherical C60 cage.
It is clear that this model does not contradict the curr
observation since adsorption on Ag~111! would have little
effect on the shape and radius of the molecular cage.

The reduced oscillation amplitudes for the monolay
compared to the thick film could be due to interaction of t
molecular orbitals with the substrate. Since the HOMO a
NHOMO both have nearly purep character and are forme
from atomic orbitals pointing in the radial direction,17 ad-
sorption of C60 on the Ag~111! could cause inhomogeneou
charge distribution within the molecule and changes in
state density of the HOMO and NHOMO. The small
HOMO/NHOMO intensity ratios observed for the ML film
are due to higher strength of the hybridization of t
NHOMO. In quantum perturbation treatment of chemic
bonds between an adsorbate and a metal substrate, m
would occur between electron states with similar bindi
energies. As the NHOMO band has the binding energy clo
to that of the Agd band, one should expect the NHOM
hybridizes considerably more than the HOMO. This effe
has been observed for C60 on Au~110!,16 and it was sug-
gested that due to symmetry-breaking interaction with
substrate the NHOMO is split into two components, the 6gg
and 10hg , one of which~the 10hg) interacts strongly with
the surface.16,17 The low-density Ag 5s band is known to
play a negligible role in the hybridization because of
weak interaction with C60.13 The fullerene-surface interac
tion also has effects on the symmetry of the molecules. In
monolayers the molecules interact with the surface thro
ionic bond, and the molecular symmetry is distorted fromI h
point-group symmetry. The reduced symmetry of the mo
layer molecules relaxes the spectroscopic selection ru
leading to availability of final states which are forbidden f
the symmetries in theI h point group. This results in a reduc
tion in the oscillation amplitudes for the monolayers.
should be noted here that the UPS escape depth of photo
trons has been estimated to be about one molecular lay18

thus UPS probes all carbon atoms in the monolayer includ
the atoms at the interface.

B. Angle-resolved valence-band photoemission
of the ordered ML

Upon deposition of C60 onto Ag~111! substrate held a
280 °C, a (2A332A3) R30° LEED pattern is observed. Fig
ure 3 shows the patterns for clean Ag~111! substrate and one
ordered ML of C60 coverage. The pattern of Fig. 3~b! corre-
sponds to a hexagonal overlayer with an intermolecular se
ration of 10.3 Å, about 3% more than the bulk separation
the fullerite crystal~10.004 Å!.19 No LEED patterns were

-
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TON-THAT, SHARD, EGGER, DHANAK, AND WELLAND PHYSICAL REVIEW B67, 155415 ~2003!
found for the C60 monolayers, which were deposited on
Ag~111! at room temperature and annealed for various du
tions. This is in accord with the previous finding that t
(2A332A3) R30° structure coexists with some incomme
surate structures over a large temperature range and tha
nealing increases the proportion of the incommensu
phases.20 Despite almost perfect geometrical match inR30°
phase between the inter-molecular spacing and Ag~111! sur-
face lattice constant, C60 monolayers grown on Ag~111! at
room temperature contain a large proportion of domains w
other orientations (R12° and R46°),12 which are poorly
lattice-matched with the surface. It is thought that the grow
of these domains is strongly affected by substrate step ed
where the molecules preferentially adsorb and form isla
at low coverages. At high temperatures, the Ag atoms at
edges and hence adsorbed molecules have significant m
ity, leading to growth of islands with the only one favorab
orientation and formation of the commensurate structure
the ordered ML.

FIG. 3. LEED patterns:~a! clean Ag~111! surface ~electron
energy5118 eV); and ~b! one ordered ML (2A332A3) R30°
C60/Ag(111) ~electron energy532 eV).
15541
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A model of the C60 phase showing the unit cells of th
substrate and the ordered C60 overlayer is presented in Fig. 4
Also shown in the figure is the azimuthal anglef, measured
with respect to the@12̄1# direction of the C60 monolayer@or
@101̄# axis of the Ag~111! surface#. Given significant mobil-
ity of C60 on noble-metal surfaces,12 one might expect the
molecules in the ordered ML to uniformly adsorb in the o
entation that yields the strongest bond to the surface.
ordered C60 ML’s on Al ~111! and Cu~111! the photoelectron
diffraction patterns display a sixfold symmetry, indicatin
that the molecule adsorbs on one of its hexagons.21 This is in
accord with the STM study of C60/Cu(111) where threefold
internal molecular contrast has been observed.22 By analogy
to these adsorbate structures it is also expected that the
ecules adsorb on Ag~111! with one hexagonal ring facing
towards the surface. There are two reasonable adsorp
sites, namely atop and threefold hollow, for C60 on the
Ag~111! surface. The model in Fig. 4, which shows the mo
ecules occupy atop sites, is only arbitrary.

Figure 5 illustrates the variation in the valence-band p
toemission spectrum of the ordered ML measured withu
530° for the emission anglef5230° –130°, using pho-
ton energyhn545 eV. In this figure, the spectra have a
been normalized to the maximum of the NHOMO peak
;3.3 eV binding energy. The variation in the intensity of t
HOMO peak is clearly discernible asf is increased from 0
to 30°. It is noted that the spectra of the ordered ML me
sured at normal emission give identical HOMO/NHOMO i
tensity ratios to those of the disordered ML. The spectra
the ordered ML are found to be identical at1f and 2f
emission angles for each photon energy used, an examp
shown in the figure forf5630°. This indicates sixfold
symmetry in the photoemission of the ordered ML. T

FIG. 4. Schematic showing the (2A332A3) R30°
C60/Ag(111) reconstruction. The dashed rhomboid represents

unit cell. Anglef, measured with respect to the@12̄1# direction of
the overlayer, is used in the angle-resolved photoemission exp
ment.
5-4
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MODULATIONS OF VALENCE-BAND PHOTOEMISSION . . . PHYSICAL REVIEW B67, 155415 ~2003!
HOMO/NHOMO intensity ratio is plotted in Fig. 6 as a func
tion of f for various photon energies betweenhn530 and
110 eV. The most significant change in the HOMO/NHOM
intensity ratio occurs athn545 eV, the ratio gradually de
creases from 1.7 to 1.1 asf goes from 0° to 30°. Less dis
tinct decreases can also been seen aroundhn575 and 110
eV, while the intensity ratio remains almost constant at ab

FIG. 5. Photoemission spectra from the (2A332A3) R30° C60

monolayer on Ag~111!, recorded withhn545 eV at various photo-
emission anglef ~see Fig. 4!. These spectra have been normaliz
to the intensity of the NHOMO peak at 3.3 eV. The spectra off
530° and230° are identical.

FIG. 6. Intensity ratio of HOMO and NHOMO peaks as a fun
tion of emission anglef. The decreases in the intensity ratio
hn545, 75, and 110 eV asf increases are clear, while the rat
remains almost constant at about 0.5 for other photon energies~only
three typical data sets are shown forhn530, 65, and 90 eV!.
15541
ut

0.5 with other photon energies. It is interesting to realize t
hn of 45, 75, and 110 eV correspond to the energy positi
of the HOMO/NHOMO intensity maxima recorded at no
mal emission~see Fig. 2!. This clearly indicates a photoelec
tron interference effect that gives rise to shifts in relati
phases of the photoelectrons, and again supports the m
of Hasegawaet al.4 It is noted that the intensity variation
with azimuth-emission angle was not observed for
multilayer and disordered ML films due to lack of an order
structure.

The variations of the HOMO/NHOMO intensity ratio
with emission anglef are attributed to anisotropic scatterin
along various molecular axes. Since all the 60 carbon ato
of the molecules act as photoemitters, the photoelectr
emitted from one atom are scattered by other surrounding
cores. Previous angle-resolved photoemission studies o
fullerite crystal have failed to reveal any significant chang
in the intensities of the HOMO and NHOMO.3,23 One impor-
tant factor contributing to the absence of intensity modu
tion might be the rotational disorder: individual C60 mol-
ecules in the solid state spin with rotational correlation tim
of the order of ps.24 In contrast, the molecules in ordered C60
ML’s adsorbed on some single-crystal surfaces are know
be immobile and have one fixed molecular orientation. In
C60/Cu(111) and C60/Al(111) ordered ML systems, the
molecules adsorb on a hexagon, which aligns with the s
strate surface such that its sides are perpendicular and p
lel to the@101̄# axes of the underlying Cu~111! and Al~111!,
respectively21 ~the bonding configurations were thought to
strongly influenced by the molecule-surface interaction25!.
STM images of occupied states for an (2A332A3) R30°
C60 domain on Ag~111! have also shown hexagonal shape
the internal molecular structure, the edges of the hexa
were observed to align with the@101̄# directions of the
Ag~111! surface.11 The angular symmetry in valence-ban
photoemission is thus consistent with the adsorption sym
try of the molecules in the ordered ML. Although the HOM
and NHOMO display strong intensity modulations, we d
not observe any sizable changes in the relative intensity
the LUMO with f. This is most likely due to the fact that th
photoelectrons, which are responsible for the LUMO pe
originate from the charge transferred from the substrate
are localized in the region close to the substrate.10 The orbital
therefore does not have the spherical character of the60
molecule, which is the essential factor in causing the pho
electron interference. However, analysis of the behavior
the LUMO peak is difficult due to its weak intensity an
changes in the spectral background. It therefore cannot
out the possibility that there are small changes in the LUM
intensity.

In conclusion, the photon energy dependences of ph
emission intensities have been investigated for monola
submonolayer and thick C60 films. The intensity ratios of the
HOMO and NHOMO peaks oscillate with the same perio
while the amplitude of the oscillation varies with C60 cover-
age. The results indicate that the oscillations are indepen
of the nature of the initial and final states, and support
model, in which the oscillation arises from the interferen
of photoelectrons. Depositing C60 onto Ag~111! kept at a
5-5
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TON-THAT, SHARD, EGGER, DHANAK, AND WELLAND PHYSICAL REVIEW B67, 155415 ~2003!
high temperature produces a single phase of (2A332A3)
R30° C60 monolayers. The relative intensities of the HOM
and NHOMO from the ordered ML are found to vary wi
azimuth-emission angle. The observation is due to an
tropic scattering of photoelectrons along molecular axes
the molecules in the ordered ML all have the same ads
tion orientation. This also confirms the origin of the intens
oscillation phenomenon as being due to interference of p
toelectrons emitting from the molecule.

*Author to whom correspondence should be addressed. Electr
mail: ct255@eng.cam.ac.uk
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