
PHYSICAL REVIEW B 68, 205405 ~2003!
Polarization-dependent angular photoelectron distribution of solid C60
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We present angle- and polarization-dependent photoelectron spectra of solid C60 recorded over a large range
of emission angles. The bands derived from the three highest molecular orbitals are very similar in their
angular distribution and show a strong dependence on both light polarization direction and sample orientation.
We show that a molecular emission pattern modified by solid-state effects accounts for the observations.
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I. INTRODUCTION

Angle-resolved photoemission~ARPES! has served as th
primary tool to investigate the electronic structure of no
materials for several decades.1 Of particular current interes
are correlated systems like the high-temperature super
ducting oxides and molecular solids. It is the question
intensity with which photoemission experiments have
most difficulty in establishing absolute values. However,
spectral intensity constitutes one of the more interesting
puts in the study of, e.g., strongly correlated materials.2 Re-
cently a reexamination of the role of the light polarizati
clarified fundamental differences between theory and exp
ment for high-temperature superconductors.3

It is therefore clear that a detailed knowledge of the r
of light polarization in solid-state photoemission is fund
mental for a systematic improvement of our understanding
novel materials. Our present focus is the electronic struc
of solid C60, which is one of the most well-studied molec
lar materials. It has been a topic of immense interest in
own right,4–6 as well as being the starting point for unde
standing the fulleride superconductors.5,7,8 The difficulty in
detecting solid-state effects in the line shapes of s
spectra9–13 could be taken as tacit confirmation of the pr
posal that, due to orientational disorder and the large
cell, such effects should be small.14,15

At the same time, the molecular nature of the pho
energy-9,16 and final-state-dependent11,13 cross sections for
solid C60 photoelectron spectra~PES! was appreciated earl
on. When the same photon-energy dependencies were
sured for the gas phase,17 it became clear that the observe
variations were almost unaltered between free and solid C60.
Another important expression of this symmetry emerges
the angular PES cross sections of gas phase C60.17–19These
results suggest that the molecular symmetry is of great
portance for the electronic states up to kinetic energies o
least 100 eV,20–22 and one can ask if this property is als
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preserved in the condensed phase.
We report ARPES of solid C60, and detect molecula

photoemission angle- and light polarization-dependent cr
section variations. We find that the solid-state cross sec
can, to first order, be described by a molecularb parameter,
which is the primary result of this work. At the same time,
is apparent that scattering in the solid significantly modifi
the angular distribution. We analyze the role of inelastic sc
tering in a continuum model and taking the finite size of t
molecules into account. We tentatively suggest that the m
lecular dimension could cause elastic scattering to be ef
tively nonisotropic for molecular solids. Finally, we point o
the role of light polarization for metallic molecular system
in determining the proportion of inelastically scattered ph
toelectrons in PES.

II. EXPERIMENT

The experiments were carried out at Beamline 33
MaxLab.23 The end station is equipped with a goniomete
mounted electron energy analyzer. The emission could
varied over 2p radians, with tighter constraints for certa
sample orientations. By scanning the polar angle with
step-size spectra were taken in the plane defined by the
polarization and incidence directions. The plane of inciden
and emission was always perpendicular to the sample
face. The analyzer acceptance angle was set to62°. The
spot size of the synchrotron light on the sample was app
2(h)31(v) mm2 in normal incidence. The effective apertu
of the analyzer has a diameter of 1.5 mm at the sam
surface. The photon energy was 110.07 eV, calibrated
measuring the highest occupied molecular orbital~HOMO!
structure excited by first- and second-order light. T
kinetic-energy scale was calibrated with the ionizati
potential24 of the HOMO of 6.9 eV. The overall energy reso
lution is 80 meV. The spectra are normalized to the light flu
which was measured as photocurrent on a gold mesh pla
©2003 The American Physical Society05-1



p
th
is

th
th

r-
.

th

a
ro
e
e

en
e

Fi
he

tr
p
t i
h
he
le

ig

te

io
de
of
py

r
wi

u-
o

le

ec
l

er-
r
ns
he

in-
on
the
be

all

tial

est
t
tic
ton

-
the

dis-
with

J. SCHIESSLINGet al. PHYSICAL REVIEW B 68, 205405 ~2003!
in the beamline in front of the analysis chamber. The sam
was prepared in a standard UHV preparation chamber wi
base pressure of 4310210 mbar, the pressure of the analys
chamber was 6310211 mbar. C60 was sublimed from a
Knudsen cell onto an atomically clean Al~110! surface, held
at room temperature during deposition. The diameter of
substrate was 10 mm. Subsequent to deposition
multilayer C60 film was annealed for 4 min at 200 ° C. Du
ing measurements the sample was at room temperature

III. RESULTS

Angle-dependent spectra of the bands derived from
occupied molecular orbitals~MO’s! of C60 were taken at
light polarization angles of 5° and 45° from surface norm
The spectra were normalized to the intensity of the synch
tron light and acquisition time. One set of ARPES data tak
with light polarization angle of 45° is shown in Fig. 1. Th
overall impression from the data is that the maximum int
sity is found close to the angle of light polarization. In ord
to quantify the angular distribution~AD!, the individual
spectra are modeled with Gaussians, as illustrated in
1~b!. The intensity distributions of the PES peaks from t
HOMO, HOMO-1, and PeakC for the respective light po-
larizations are plotted in Fig. 2. The three highest spec
features have nearly identical angular distributions. Ty
cally, molecular AD’s are displayed as polar plots. Since i
difficult to analyze line shapes in a polar plot, we display t
AD in a cartesian plot and a polar plot in Fig. 2. Clearly, t
ADs are largely determined by the light polarization ang
However, the AD in Fig. 2~a! is approximately symmetric
with respect to the light polarization, whereas that in F
2~b! is not.

For the free molecule, the AD of an emitted particle af
dipole absorption is described by25,26

ds

dV
5

s

4p
@11bP2~cosu!#, ~1!

wheres is the total photoelectric cross section,u denotes the
angle between light polarization and photoelectron emiss
andP2 represents the Legendre polynomial of second or
b reflects the MO symmetry, and can be in the range
21<b<2. For a kinetic energy of 103 eV, the anisotro
value for the HOMO of C60 is calculated27 to beb51.1. We
expect this value to be accurate, based on the good ag
ment achieved in the same calculation at lower energies
experimental data.17–19

In a homogeneous and isotropic medium~continuum ap-
proximation!, the number of photoelectrons will be atten
ated proportionally to the path taken by the photoelectron
its way to the sample surface, and the number of photoe
tronsdN emerging from depthz in directiona can be written
as28

dNa~z!5CS ds

dV DA~a!e2z/(lcosa)dz. ~2!

Here,a is the angle between sample normal and the dir
tion of analysis, the constantC comprises the instrumenta
20540
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factors, density of the sample, and the x-ray flux. The diff
ential cross section (ds/dV) describes the initial molecula
photoemission AD. According to geometric consideratio
the surface areaA(a) intersecting the acceptance cone of t
analyzer increases with the emission angle as 1/cosa. l is
the inelastic mean-free path~imfp! which is the characteristic
distance in the solid that photoelectrons travel between
elastic collisions.29 This expression includes the assumpti
that inelastic scattering removes the photoelectron from
spectral region of interest and that elastic scattering can
neglected. For a semi-infinite sample the integral over
depthz gives*0

`dze2z/l cosa5l cosa. Hence, the AD from a
continuous solid-state sample is proportional to the ini
photoemission intensity

I 5E
0

`

dNa~z!5CS ds

dV Dl. ~3!

FIG. 1. ~a! Angle-dependent valence PES from the three high
MO’s taken with the light polarized at145°. Spectra were taken a
6° intervals, and each is shown directly as a grid line along kine
energy. The photoemission intensity is normalized to the pho
flux and corrected for acquisition time.~b! The 6° emission spec
trum with a fit using a series of Gaussians as shown, illustrating
method used to extract the intensity information for each peak
played in later figures. The peak notations are in accordance
Ref. 40.
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In Fig. 2 we compare the present results with the mole
lar AD for different anisotropy valuesb. Overall the data are
in accordance with the calculations. However, the AD
found are somewhat narrower than the calculatedb51.1.
Furthermore, for 45° light polarization at positive emissi
angles there is an apparent cutoff in the AD. Below we try
explain these differences in terms of the following:~1! the
cutoff as a geometrical limitation and~2! possible scattering
effects due the finite size of the molecules.

~1! We find that the functionA(a) plays an important role
for the 45° data. It is clear that the horizontal light sp
dimension of 2 mm given in Sec. II will be spread out ov
the sample surface by a factor of 1/sin(f), wheref is the
polarization angle. Likewise, the analyzer will accept ele
trons from the sample surface according to 1/cos(a). Certain
limits on both of these factors occur for particular geo
etries. For example, when the light spot has a finite size,
acceptance function of the analyzer has an upper limit.
sample size also places upper limits on both of these fac
The results can be described in the present case as the c
anglesac given in Table I, above whichA(a) is assumed to

FIG. 2. Intensity derived from the spectra excited by light p
larized at the indicated angle. The intensity of the HOM
HOMO-1, and PeakC lines are derived from fits as illustrated i
Fig. 1~b!, with scaling factors applied to enable an assessmen
differences among them, which are seen to be small. The ex
mental results are compared to distributions corresponding to
indicated molecularb values. The insets reproduce the ADs as p
lar plots.
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be constant, as summarized in the following conditions

A~a!5H A0 /cosa a<ac

A0 /cosac a.ac
,

where A0 is the illuminated sample area measured by
analyzer in normal emission. It is clear that forf545° this
cutoff suggests an explanation of the major deviation
tween theb distributions of Fig. 2~b! and experiment. We
have also considered the effects of refraction of
photoelectrons30 on the AD. We find that refraction does no
qualitatively alter the AD in the angular range of the me
sured distributions shown here, although there are mi
quantitative changes for the largest positive angles for
polarization. This effect will therefore be neglected in wh
follows.

~2! Since the effects ofaC on A(a) cannot explain the
narrowed AD for 5° polarization, we are led to consid
other aspects of solid-state scattering. Above we have c
sidered the solid as a continuum of emitters and scatter
Since C60 is a large molecule we will investigate the effec
of its size on the attenuation of the photoelectrons. Thus,
develop a very simple model of the effects of inelastic sc
tering on the AD including the ‘‘granularity’’ of the sample
starting with a single layer. In principle, valence electro
can be emitted from every point of the shell of the molecu
with an initial AD determined by the molecular photoemi
sion described by Eq.~1!. We approximate the molecule
with spheres of the C60 van der Waals radius31 R55 Å and
place the molecules at the nearest-neighbor distance31 of b
510 Å. The trajectories of photoelectrons from the point
emission towards the photoelectron analyzer are pa
blocked by neighboring molecules, as shown in Fig. 3~a!.
The number of electrons reaching the analyzer therefore
pends on the degree of blocking, here modeled as an ove
of the projection of the neighboring molecule onto the sou
molecule. The lengthl (a,m) which characterizes the degre
of blocking can be obtained from the geometry shown in F
3~a!

l ~a,m!5H 0 uau<arccos
2R

mb

2R2mbcosa uau.arccos
2R

mb

; ~4!

with m51,2, . . . theneighbor index.
Figure 3~b! is the view perpendicular to the plane show

in Fig. 3~a!. The fractionF of the source molecule which i
blocked is seen to be

-
,

of
ri-
he
-

TABLE I. Illuminated sample dimension and detection cuto
angle.

f 2 mm/sinf ac

45° 2.8 mm 57.6°
5° .10 mm 81.4°
5-3
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F~a,m!5
2

pR2 S pR22R2
g

2
1hsD ~5!

with

FIG. 3. Schematic of a C60 layer and the influence of the finit
size on the photoemission intensity. The molecules are displaye
dashed circles, with a radiusR55 Å and neighbor distance ofb
510 Å. ~a! Side view in the figure. Molecule M0 is the emitter. F
emission anglesa.0 the nearest-neighbor molecule M1 blocks M
to a degree characterized by the lengthl (a,1). At an emission angle
uau5arccos(2R/2b) the next-nearest-neighbor M2 starts to blo
trajectories from M0. See the text for further discussion.~b! Over-
lapping of molecules as seen by the photoelectron analyzer.
fractional areaF(a,1) which is taken to be blocked in Eq.~5! is
shaded. See the text for more details.
20540
h5R2
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2
,

s5AR22h2,

g52p22d52p22 arccos
h

R
,

l 5 l ~a,m!, defined in Eq.~4!.

Still considering a given source molecule, we define
transmission function of the given layer as

Tintra~a!512 (
m51

`

@pm21F~a,m!2pmF~a,m!#, ~6!

where we have introduced an average blocking probabilitp
for an electron traversing a molecule.

Equation~6! merely reflects the following summation: th
transmission of the unblocked molecule M0 is 1, and
influence of a neighbor is described by the two parts of
sum. The first part subtracts the fractional overlap of M
with M0 from the initial intensity. In the second part th
reduced intensity of the blocked area is added by multiply
the fractional overlap withp.1 The subsequent terms in th
sum are obtained similarly. Whenl (m,a)50 as defined in
Eq. ~4!, the series ends. This derivation is valid for a partic
lar geometry, i.e., for emission along rows of molecules. F
other azimuthal orientations less blocking, and a more co
plicated expression would be obtained.

To estimate the transmission probabilityp we assume an
average path length of the photoelectron through an adja
molecule ofz57 Å and obtain a transmission probabilit
p5exp(27 Å/l). Overlayer core-level spectra32 of C60
show that photoelectrons with a kinetic energy of 115
have a contribution from the first layer of 38%. Assuming
exponential decay an escape depth can be calculated
assume that the core-level photoelectrons are emitted on
erage from the center of the molecules.33 This gives an emis-
sion length of 5 Å for the first layer photoelectrons an
5 Å18Å513 Å for the second layer, with a laye
separation31 of 8 Å. Thus,

I 1st/I surf50.38/0.625e213 Å/l/e25 Å/l5e28 Å/l,

and it follows thatl516.32 Å.
In the literature values between36 4 Å ~escape depth!

and37 8 Å ~electron mean-free path! are reported for 100 eV
kinetic-energy electrons. We will therefore employ a sele
tion of values when testing the ‘‘granularity’’ model in wha
follows. It is clear without a calculation that the highe
angles in a monolayer AD will be suppressed by this mec
nism, as they would in the continuum model of a finit
thickness slab. Recall that the AD of the semi-infinite co
tinuum model is independent of the imfp.

To obtain the solid-state AD the photoemission intens
from all layers in the sample has to be added, giving

I ~a!5CS ds

dV DTintra~a!A~a! (
n50

`

e2(n)d/(l cosa), ~7!

as

he
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where d58 Å is the layer spacing.31 The resultant photo-
emission intensity distribution is displayed in Fig. 4 for
range ofl values. Since the model above describes the
elastic losses, it reflects the maximum intensity; thus the
culated AD’s are scaled in the figure to be constrained by
experimental values. It turns out that the choice ofl has
little influence on the modification of the AD in the finite
size model, just as in the continuum model.38 Even the ex-
treme valueb52 is not sufficient to explain the AD; see Fig
4~b!. This suggests that inelastic scattering alone is not
ficient to explain the observations. About 28% of the a
below the experimental AD is not covered by the discus
models.

Elastic scattering has been shown to be important i
continuum model, easily accounting for redistributions of t
AD ~Ref. 39! of the order of 20%, and is an effect whic
tends to smear it out. However, this would not explain
deviation observed here, which tends to emphasize the h
intensity region of the expected molecular AD. Hence,
postulate that a continuum model of elastic photoelect
scattering is not adequate to account for our observati
Our primary assumption is that the value ofb already in-
cludes all intramolecular effects on the AD, and we ha

FIG. 4. Comparison of Eq.~7! for a set of imfp with the con-
tinuum approximation Eq.~3! and the experimental AD of the
HOMO: ~a! polarization direction 5°,~b! polarization 45°. The
bars display the statistical error of the experimental data. The
culated AD’s are normalized to match the experimental data at
high emission angles and are corrected for the analyzer spot cu
The continuum AD is shown for the predicted asymmetry param
b51.1, and the maximal value ofb52. The intralayer transmis
sion probability in Eq. 6 is connected to the imfp viap5e27Å/l.
The calculated AD is only mildly sensitive to the imfp.
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shown that inelastic scattering does not appear to explain
observed deviations from the expected value ofb, or even
from the extreme valueb52 in the case of 45° polarization
It therefore seems likely that finite-size effects on the ela
scattering could play an important role. In particular, a ki
of intralayer channeling effect due to the fact that a giv
source molecule is surrounded by a hexagon of nea
neighbors seems plausible.

Since the normal direction corresponds to the direction
least scattering, we speculate that electrons scattered into
jectories close to this direction will be favored to avoid bei
removed from the spectrum by inelastic scattering. A co
putational study of this possibility would be helpful in deci
ing this matter more conclusively, but is beyond the scope
the present work. We note in closing that for the 5° pol
ization data, the intensity is enhanced relative to the mole
lar AD close to the expected peak emission directio
whereas for the 45° polarization data, the enhancemen
between normal and the polarization direction, which wou
seem to allow the mechanism tentatively proposed here.

IV. CONCLUSIONS

We observe a photoelectron intensity AD of solid C60 for
hn5110 eV qualitatively quite close to the expectations
free molecules. In addition to inelastic-scattering effects,
gular cutoff effects due to the sample illumination and ph
toelectron collection geometries are shown to be importa
The difference between the observed and molecularly m
eled AD’s suggests that solid-state effects are significa
However, the observation is not in accordance with expe
tions of a continuum model of isotropic incoherent scatt
ing. We tentatively suggest that elastic scattering in
sample brings about a channeling of the photoelectrons
wards normal emission.

The present result points out important consideratio
when measuring photoelectron spectra of fullerenes
other molecular materials. The symmetry effects in the A
must be considered when determining the mean-free pat
bulk systems.36,37 Adsorbing C60 on a metal surface, and
monitoring the substrate valence-band intensity, implici
assumes that the AD is unaltered after adsorption of the
lecular overlayer, which is trivially true only for core level

For metallic fullerene samples such as K3C60, the effects
elucidated here could become enhanced, since inelastic
tering with a low first plasmon frequency41 does not neces
sarily remove the photoelectron from the spectrum. Thu
becomes increasingly important to make use of the mole
lar distribution when acquiring such data. In particular, me
suring close to normal emission, and especially, close to
direction of polarization, will minimize the effects of inelas
tic scattering on the spectral shapes at low binding energ
We show elsewhere that this is indeed the case for K3C60.42

This aspect holds also for monolayers, since the intrala
inelastic scattering~in the simple model developed here!
damps the high-angle portions of the angular distribution.
anticipate that studies of other molecular materials will be
efit from such considerations.
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