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Origin of the photoemission intensity oscillation of C60
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The photon-energy dependences of photoemission intensities of C60 were quantitatively calculated by the
single-scattering approximation for the final state and theab initio molecular orbital calculation for the initial
state. The calculated results agreed well with the measured intensity oscillation in the photon-energy range of
hn518– 110 eV. The calculation by the plane-wave approximation for the final state also gave similar oscil-
lations, which suggests that the oscillations are independent of the accuracy of the final state. These results
indicated that the oscillations originate from the interference of photoelectron waves emanating from the 60
carbon atoms, i.e., the multicentered photoemission with the phase difference of each wave. Further, the
analytical calculation with a simplified spherical-shell-like initial state revealed that the spherical structure of
C60 molecule and its large radius dominate the oscillations.@S0163-1829~98!04431-2#
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I. INTRODUCTION

Because of the unique molecular structure like a spher
shell, C60 has attracted much interest and its electronic str
ture has been extensively studied.1–5 Ultraviolet photoelec-
tron spectroscopy~UPS! offers detailed information on the
electronic structure of valence states, and many studie
C60 have been carried out.6–8 Recently, much attention ha
been paid to the phenomenon observed by Benninget al. for
thin films of C60.

9 The photoemission intensities of the hig
est occupied molecular orbital~HOMO! and the next-HOMO
~NHOMO! states exhibit remarkable oscillations with the i
cident photon energy in the range ofhn510– 120 eV. Such
oscillation has not been observed in other molecular sol
Since the symmetry of the HOMO and NHOMO states
odd ~ungerade! and even~gerade!, respectively, and the os
cillation of each state shows an opposite phase, they m
tioned that the final states retain the distinct molecular ch
acter and symmetry, and the oscillations can be qualitativ
explained by the parity selection rule. Wuet al.also reported
the corresponding intensity oscillations in the single crys
of C60.

10 In addition to the discussion about the selecti
rule, they pointed out that the final-state effects are v
strong in C60. The gas phase UPS measurements of C60 were
carried out by Liebshet al. and the oscillations found in th
solid phase were also observed.11

From theoretical points of view, Xu, Tan, and Becker fi
reported two simple models to explain these oscillatio
in C60.

12 They approximated the initial- (c i) and final-
(c f) state wave functions asc i5Rl i

(r )Yl imi
(u,f) and c f

5Rl f
(r )Yl fmf

(u,f) with the radial and angular parts in th

spherically symmetric potential of C60, and calculated the
energy positions of the cross-section minima by using on
the allowed states (l f5 l i21). Although their calculated re
PRB 580163-1829/98/58~8!/4927~7!/$15.00
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sults matched fairly well with the observed oscillations, t
approximation omittingl f5 l i11 is rough as discussed i
this paper. They concluded that the oscillations origin
from a specific ability of C60 to form a spherical standing
wave of the final state by the interference inside the m
ecule. As mentioned by themselves, however, more deta
and quantitative studies are required to confirm the origin
the oscillations.

We measured the angle-resolved ultraviolet photoelec
spectra~ARUPS! of C60 thin films in the photon-energy
range of hn518– 110 eV, and calculated thehn depen-
dences of the differential photoionization cross sections
changing the degree of approximation for the final and ini
states. First we carried out the numerical calculations by
single-scattering approximation for the final state with theab
initio molecular orbital~MO! calculation for the initial state,
where the angular parameters for the incident light and
photoelectron momentum were identical with the experim
tal conditions. It is noted that such quantitative calculatio
considering the scattering effects, to our knowledge, h
not been reported yet for C60. Next, we simplified only the
final state, and calculated the photoionization cross sect
by using the plane-wave final state. Further, we appro
mated the MO initial state by a spherical-shell-like state, a
derived a simple formula for the differential photoionizatio
cross section of C60. The measured and these calculated
sults gave us a clear understanding of the origin of the os
lations.

II. EXPERIMENT

ARUPS measurements were carried out by using the s
chrotron radiation source at the beamline BL8B2 of the U
SOR storage ring in Institute for Molecular Science~IMS!.
In the preparation chamber~base pressure;1029 Torr), pu-
4927 © 1998 The American Physical Society
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4928 PRB 58SHINJI HASEGAWA et al.
rified C60 was evaporated onto a cleaved highly oriented
rolytic graphite substrate. The film thickness was estima
to be about 150 Å with a quartz thickness monitor. Aft
transferring the sample film to the measurement cham
~base pressure.4310210 Torr), the ARUPS were mea
sured at room temperature with varying the incident pho
energy in the range ofhn518– 110 eV. The angular param
eters were kept at the incidence angle of photonsa50° and
the take-off angle of photoelectronsu550° measured from
the surface normal. The calculations ofhn dependences o
ARUPS were carried out on the IBM SP2 computer at
Computer Center of IMS.

III. RESULTS AND DISCUSSION

A. Measured ARUPS

The upper spectrum in Fig. 1 shows the measured ARU
of C60 thin film at the photon energyhn545 eV. The
HOMO and NHOMO bands are observed separately fr
the other valence bands. Despite the fact that the spec
was measured in the solid phase, the distinct band shap
each band is similar to that observed in the spectra of
phase C60.

11 This similarity suggests the weakness of t
intermolecular interaction of C60 in the thin film. The lower
curve in Fig. 1 shows the calculated density of states~DOS!.
The longitudinal bar represents the binding energyEb of
each state calculated by the STO-5G MO method.13 The
Gaussian broadening of each state with the width of 0.58
gives the DOS curve, where 0.58 eV came from the obser
bandwidth of the HOMO state. The DOS curve correspo
well with the measured ARUPS and indicates that thep
dominant HOMO and NHOMO states are made up ofhu and
hg1gg orbitals inI h point group, respectively. Although th
quantitative comparison with ARUPS should be made by
photoemission intensities as previously reported by us,14–16

we used here the DOS curve only to examine the accurac
the present MO calculation for the initial state.

Figure 2 shows the measuredhn dependence of ARUPS
on the thin films of C60 in the binding energy region of 4.5–
eV. The spectrum at eachhn was normalized by the pea
area of the NHOMO band that was estimated by the le

FIG. 1. Valence band ARUPS and DOS of C60. The energy
levels of the initial MO are shown by the longitudinal bars. T
DOS curve was calculated by the Gaussian broadening of the
ergy levels with the width of 0.58 eV. HOMO (hu) and NHOMO
(hg1gg) are thep dominant states.
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square fit with a Gaussian function. The HOMO band exh
its a remarkable intensity variation with maxima and minim
in the photon-energy region ofhn518– 110 eV, which is
almost the same as reported previously.9–11 In the next sec-
tion, the measuredhn dependence is quantitatively studie
by the comparison with the calculated photoemission int
sities.

B. Comparison between calculated and measured
photoemission intensities

The basic ARUPS theory by considering the single a
multiple scattering effects was already developed
detail.17,18 We have modified their formula for the weakl
interacting molecular solids within the single-scattering a
proximation for the final state,14 and the differential photo-
ionization cross sectiondsn(kn)/dr̂ of the nth molecular
orbital at the given incident photon energyhn is represented
by

dsn~kn!/dr̂}knhnuAtot
n ~kn!u2, ~1!

Atot
n ~kn!}(

a
(
Xa

DaCXa
n e2 ikn•Ra(

L
YL* ~R̂!MLXa

1(
a

(
bÞa

(
Xa

DbCXa
n e2 ikn•Rb(

L
(
L8

YL8
* ~R̂!

3tb
l 8~kn!GL8L~Rb2Ra!MLXa , ~2!

MLXa~kn!52~2 i ! leid l
a
r l

a~kn!E YL~ r̂ !ê• r̂YXa~ r̂ !dr̂ ,

~3!

n-

FIG. 2. Measured ARUPS of thin films of C60 in the photon-
energy region ofhn518– 110 eV. The incidence angle of photon
a50°, and the take-off angle of photoelectronsu550°.
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r l
a~kn!5E Rl~knr ! f la~r !r 3dr, ~4!

YXa~ r̂ !5(
ma

n~ma!YLa~ r̂ !, ~5!

tb
l 8~kn!52~e2id

l 8
b

21!/2ikn , ~6!

GL8L~Rb2Ra!524p ikn

3(
L9

~2 i ! l 9~21! l 2 l 81m8hl 9
~1!

~knRab!

3YL9~R̂ab!E YL~ r̂ !YL9~ r̂ !Yl 82m8~ r̂ !dr̂ ,

~7!

wherekn (5knR̂) is the photoelectron wave vector,R̂ is the
direction of detector, and the origin ofr (5r r̂ ) is put on the
center of each atom. The angular momenta of the initial
final states are denoted byLa5( l a ,ma) and L5( l ,m), re-
spectively.CXa

n is thenth molecular orbital coefficient of the
Slater-type atomic orbitalXa (5s,px ,py ,pz), andRa is the
position of the atoma. MLXa corresponds to the matrix ele
ment that includes the phase shiftd l

a and radial integral
r l

a(kn) calculated in the muffin-tin potentials.Rl(knr ) is the
radial part of the final wave function, andf la(r ) is the radial

part of the initial atomic wave function.tb
l 8(kn) and

GL8L(Rb2Ra) are the single-scattering vertex and the fr
propagator, respectively. The first term in Eq.~2! represents
the self-scattering wave emanating from each atomic s
where the summation witha is carried out over all atoms in
a molecule. This term corresponds to the formula by
independent atomic center approximation.19–21 The second
term represents the single-scattering waves from the atob
in the molecule and the other neighboring molecules.Da is
the phenomenological damping factor due to the inela
effects in the solid, which involves the mean free path
photoelectron.22 kn is related to the photoelectron kinetic e
ergy Ek (5hn2Eb) and inner potential V0 by kn

5A2m(Ek2V0)/\.
The differential photoionization cross section with t

plane-wave final state,dsn
pw(kn)/dr̂ , is given by substituting

d l
a5d l

b50 into Eqs. ~3! and ~6! and using the spherica
Bessel functionj l(knr ) instead ofRl(knr ). Thus we obtain

dsn
pw~kn!/dr̂

}knhnU(
a

(
Xa

DaCXa
n e2 ikn•Ra(

L
YL* ~R̂!MLXa

pw U2

,

~8!

MLXa
pw ~kn!52~2 i ! lr l

a,pw~kn!E YL~ r̂ !ê• r̂YXa~ r̂ !dr̂ ,

~9!

r l
a,pw~kn!5E j l~knr ! f la~r !r 3dr. ~10!
d

e,

e

ic
f

In the plane-wave approximation, the potential by the s
rounding atoms has no effect on the emitting photoelectro
When the kinetic energy of photoelectrons is as low as in
present experiment, such approximation is too simple to
culate the differential photoionization cross section. Ho
ever, we did use it to indicate that the oscillations are in
pendent of the accuracy of the final state.

By using the equations fordsn(kn)/dr̂ anddsn
pw(kn)/dr̂ ,

we calculated thehn dependences of photoemission intens
for the HOMO and NHOMO bands of C60. At room tem-
perature C60 molecule is rotating freely even in the soli
phase.23 Therefore, we carried out the calculations for 5
random molecular orientations with the experimental angu
parametersa50° and u550°, and averaged these resu
for the case of the rotating molecule.24 The values ofCXa

n

and Eb for each band were obtained by the STO-5G M
calculation.13 Since the damping effect of photoelectrons
Da was not so considerable in the present calculations,
following results were obtained without considering this e
fect.

In Fig. 3, the measured and calculatedhn dependences o
the intensity ratio, HOMO/NHOMO, are shown. The sol
squares are the measured result, which includes the da
Fig. 2 and the additional results at the other photon energ
They show the similar oscillation as reported previously
energy positions of the maxima and minima,9,10 while the
intensity ratio is slightly different. The latter is caused by t
different experimental conditions fora and u. The solid
curve represents the calculated intensity ratio by the sin
scattering approximation, where the scattering waves fr
the three neighbor atoms~nearest and second-nearest atom!
in the molecule were considered. It reproduces the meas
energy positions of the maxima and minima reasonably w
The broken curve represents the calculated result by
plane-wave approximation. It also agrees with the measu
oscillation for the energy positions. As shown in Fig. 3, t
period of the energy positions of the maxima and minima
not constant but increases withhn. In both calculations, the
inner potentialV0 was used as an adjustable parameter. T
change ofV0 causes only the shift of the energy positio

FIG. 3. Photon energyhn dependences of photoemission inte
sity ratio of HOMO/NHOMO. The intensity oscillation of the mea
sured results~solid squares! is in good agreement with the calcu
lated curves. The solid line was calculated by the single-scatte
approximation for the final state. The broken line was calculated
the plane-wave approximation for the final state. The initial st
calculated by STO-5G MO method was used for both calculatio
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4930 PRB 58SHINJI HASEGAWA et al.
without changing the period of them. In the present expe
ment, the best fit between the measured and calculated
sults was obtained withV05213 eV, which gives a rough
estimate of the inner potential for the photoionization of th
C60 film. In the low photon energy ofhn518– 55 eV, a bet-
ter agreement for the intensity ratio is obtained by the sing
scattering approximation than by the plane-wave approxim
tion. This is reasonable, since the scattering effect of a low
energy photoelectron is not negligible to calculate th
photoionization cross section quantitatively.17,18 The dis-
agreement of the calculated intensity ratio with the measu
results is found forhn555– 90 eV, but at present we hav
no reliable reason for it.

Both dsn(kn)/dr̂ and dsn
pw(kn)/dr̂ are based on the in-

terference of photoelectron waves, since they are made u
a sum of the individual photoelectron wave from each atom
site Ra with its phase difference. It is mainly caused by th
factor e2 ikn•Ra, andkn depends on the incident photon en
ergy hn. By changing the phase difference withhn, an os-
cillation can occur in the calculation. Therefore, the agre
ment between the calculated and measured results in Fi
suggests that the oscillation originates from the interferen
of photoelectron waves emanating from each atom consti
ing the C60 molecule, i.e., the multicentered photoemissio
from the MO state. Further, it should be noted that the c
culated result by the simplest plane-wave approximation
the final state exhibits the similar oscillation as the measu
one. This points out that the oscillation itself is independe
of the accuracy of the final state. It should be ruled by
specific character of the initial state due to the molecu
geometry of C60. We will clarify this point in the next sec-
tion.

C. Simplified analytical calculation of photoemission
intensities

The specific character of the initial state in C60 can be
understood by the following analytical calculation by simpl
fying the initial MO state to a spherical-shell-like state. Th
formula of dsn

pw(kn)/dr̂ in Eq. ~8! is rearranged by using
dr5r 2dr dr̂ ,

dsn
pw~kn!/dr̂}knhnU(

a
E e2 ikn•Ra

3(
L

~2 i ! l j l~knr !YL* ~R̂!YL~ r̂ !

3 ê–r(
Xa

CXa
n f la~r !YXa~ r̂ !drU2

. ~11!

Using the expansion of a plane wavee2 ikn•r54p(L

(2 i ) l j l(knr )YL* ( k̂)YL( r̂ ) and k̂5R̂, Eq. ~11! becomes

dsn
pw~kn!/dr̂}knhnU(

a
E e2 ikn•~r1Ra!

3 ê•r(
Xa

CXa
n f la~r !YXa~ r̂ !drU2

. ~12!
i-
re-

-
a-
r-
e

d

of
ic

-
. 3
e
t-

l-
r
d
t

a
r

By changing the origin of the wave functions from ea
atomic site to the center of C60 molecule (r→r2Ra), we
obtain

dsn
pw~kn!/dr̂}knhnU E e2 ikn•r ê•rc i~r !drU2

, ~13!

where we simplified the initial state as

c i~r !5(
a

(
Xa

CXa
n f la~r 2Ra!YXa(r2Ra

ˆ ) ~14!

.Q~r !YLi
~ r̂ !. ~15!

Equation~14! is the expression of the linear combination
atomic orbital~LCAO! MO. Since theI h group of C60 mol-
ecule is close to spherical symmetry, the LCAO MO is a
proximated with a simple spherical-shell-like state in E
~15!, and the HOMO (hu) and NHOMO (hg1gg) states are
classified with the labels ofl i55 andl i54.2,3 The radial part
Q(r ) of both states should have one node on the sph
surface due to thep character of both states. By substitutin
Eq. ~15! into Eq. ~13!, the differential photoionization cros
section becomes

dsn
pw~kn!/dr̂}knhnU(

L
YL* ~R̂!~2 i ! l

3E j l~knr !Q~r !r 3drE YL~ r̂ !ê• r̂YLi
~ r̂ !dr̂U2

.

~16!

The integral of the angular part gives the selection rule ol
5 l i61, and the right-hand side of Eq.~16! can be expanded
to

knhnU~2 i ! l i11E j l i11~knr !Q~r !r 3dr

3(
m

YLi11* ~R̂!E YLi11~ r̂ !ê• r̂YLi
~ r̂ !dr̂

1~2 i ! l i21E j l i21~knr !Q~r !r 3dr(
m

YLi21* ~R̂!

3E YLi21~ r̂ !ê• r̂YLi
~ r̂ !dr̂U2

. ~17!

Further, the following approximation of spherical Bess
function j l(knr ) is made under the present experimental co
ditions. Considering the experimental photon-energy ra
and C60 radius,knr should be about 8–20. In thisknr range,
the well-known asymptotic form of spherical Bessel functi
for knr→` is not adequate. Therefore, we modified t
asymptotic form with a correction factora l i

as

j l i11~knr !5
1

knr
cosH knr 1a l i

2
@~ l i11!11#

2
pJ ,

~18!
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j l i21~knr !5
1

knr
cosH knr 1a l i

2
@~ l i21!11#

2
pJ .

~19!

Figure 4 shows the comparison between the exact sphe
Bessel functions and the approximated ones in Eqs.~18! and
~19!. j 6(knr ) and j 4(knr ) in Fig. 4 are the terms used fo
HOMO (l i55) with the correction factora551.4. j 5(knr )
and j 3(knr ) are for NHOMO (l i54) with a451.0. The ap-
proximated curves~broken lines! coincide fairly well with
the exact functions~solid lines! in the presentknr region. In
the previous photoionization cross section calculation
C60, Xu, Tan, and Becker neglected the term ofl 5 l i11,
because the amplitude of the final wave function for ve
large l should be small.12 This approximation may not be
applicable for the present case as seen in Fig. 4, where
amplitude of j l i11(knr ) and j l i21(knr ) is comparable. Sub
stituting Eqs.~18! and ~19! into Eq. ~17!, we have the ap-
proximated form of

dsn
pw~kn!/dr̂}knhn

3H E 1

knr
cosS knr 1a l i

2
l i

2
p DQ~r !r 3drJ 2

3U(
m

YLi11* E YLi11ê• r̂YLi
dr̂

1(
m

YLi21* E YLi21ê• r̂YLi
dr̂U2

. ~20!

Since the angular termu(m¯1(m¯u2 is independent of
kn , it only contributes to the photon-energy dependence
the cross section as a constant. Thus, we obtain the sim
equation for the differential photoionization cross section

dsn
pw~kn!/dr̂ }

hn

kn
H E cosS knr 1a l i

2
l i

2
p DQ~r !r 2drJ 2

.

~21!

FIG. 4. Exact spherical Bessel functions and approxima
asymptotic functions. The used correction factorsa l i

are a551.4
for j 6(knr ) and j 4(knr ) anda451.0 for j 5(knr ) and j 3(knr ).
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In order to evaluate Eq.~21! by a simple analytical calcula
tion, we approximate the radial part of initial stateQ(r ) by
step functions as shown in Fig. 5,

Q~r !5 H 2j, Rs2D<r<Rs

j, Rs<r<Rs1D
. ~22!

Rs and D stand for the radius of the node in the spheric
shell and the half width of the shell, respectively. Cons
quently, the integral in Eq.~21! is easily solved and the
differential photoionization cross section at a given pho
energyhn can be calculated.

In Fig. 6, the calculatedhn dependences of the photoion
ization cross section for the HOMO and NHOMO stat
are plotted withEk . The solid curves are the results b
the spherical-shell-like initial state and the plane-wa
final state, where we used the parametersRs53.26 Å,
D50.5 Å, and V05210 eV. The values are reasonab
sinceRs53.26 Å is close to 3.54 Å of the radius of C60, and
D50.5 Å was referred to the average half thickness of

d

FIG. 5. An approximated radial wave functionQ(r ). To sim-
plify the present calculation, it has nonzero value forr 5Rs2D
;Rs1D. The node atr 5Rs is due to thep character of the HOMO
and NHOMO states.

FIG. 6. Calculatedhn dependences of photoionization cro
section. The solid curves were calculated with the spherical-sh
like initial state and the plane-wave final state, whereRs53.26 Å,
D50.5 Å, andV05210 eV. The broken curves were calculated
the STO-5G MO initial state and the single-scattering final st
corresponding to the solid curve in Fig. 3. The results for~a!
HOMO and~b! NHOMO states are plotted withEk .
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4932 PRB 58SHINJI HASEGAWA et al.
deep potential shell for carbon solids,25 andV05210 eV is
almost similar to the typical value estimated in other orga
solids.26,27 The broken curves are the same results as sh
in Fig. 3 calculated by the STO-5G MO initial state and t
single-scattering final state. Note that the broken curves
resent the intensity oscillations for the HOMO and NHOM
states before deriving their ratio in Fig. 3. In spite of t
present rough approximations for the initial and final stat
the simple calculations with Eqs.~21! and~22! give the equal
oscillations as obtained by the more sophisticated calc
tions in regard to the energy positions of maxima a
minima for both states.28 It means that the simplest mod
contains an essential point for the oscillations, that is,
spherical-shell-like initial state due to the specific struct
of C60 dominates the oscillations.

In addition, the radius of the spherical shell is also imp
tant to observe the oscillations in the experimentalhn range.
In order to demonstrate this point, we roughly examine
~21! for the following cases,~i! Q(r ) has a nonzero value
around r 53.5 Å and ~ii ! it has a nonzero value aroundr
51.0 Å. The former is for the case of a large spherical-sh
molecule like C60, while the latter is for a smaller shel
which may correspond to usual organic molecules. Note
Q(r ) does not need to have a node on the sphere. Since
oscillation derived by Eq.~21! is due to the cosine term
cos(kn33.51const) and cos(kn31.01const) are picked ou
for the examination.kn varies in the range of 3 – 6 Å21 un-
der the present experimental conditions. In thiskn range, the
cosine term forr 53.5 Å decreases and increases acros
and an oscillation will be observed indsn

pw(kn)/dr̂ . On the
other hand, the cosine term forr 51.0 Å is hardly changed
due to the longer period of the cosine term, and no osc
tion will appear. The cosine term came from the approxim
tion of the spherical Bessel functionsj l(knr ) in Eqs.~18! and

FIG. 7. Molecular size dependence of spherical Bessel func
j l(knr ). The functions for the differentr value, j 5(kn33.5) and
j 5(kn31.0), are plotted. Thekn range under the present experime
tal conditions was about 3 – 6 Å21 ~shadowed region!.
k

y

e

h

c
n

p-

s,

a-
d

e
e

-

.

ll

at
the

0

-
-

~19!. Thus, the same change can appear inj l(knr ) as shown
in Fig. 7, wherej 5(kn33.5) andj 5(kn31.0) are plotted as
an example.j 5(kn33.5) shows an apparent oscillation in th
rage of kn53 – 6 Å21 ~shadowed region!, whereasj 5 (kn
31.0) shows no oscillation. Therefore, it is concluded th
the essential factors for the oscillations are~1! the molecular
structure of C60 like a spherical shell, and~2! the fairly large
radius of the shell.

IV. CONCLUDING REMARKS

The hn dependences of photoemission intensities of C60
were calculated by the single-scattering approximation a
plane-wave approximation with theab initio molecular or-
bital calculation. To our knowledge, this quantitative calc
lation is the first example for C60. Although the calculated
results by both approximations were in good agreement w
the measured intensity oscillation for the energy positions
maxima and minima, the single-scattering approximati
should be used for the quantitative agreement of the inten
ratio. The comparison between the calculated and meas
results suggested that the oscillations observed in C60 origi-
nate from the interference of photoelectron waves emana
from the 60 carbon atoms constituting the molecule due
the phase difference of each wave. The simple analyt
calculation with the plane-wave final state and the spheric
shell-like initial state revealed that the essential factors
the oscillations are the spherical structure of C60 molecule
and its fairly large radius. The importance of the spheri
structure of C60 was already pointed out by Xu, Tan, an
Becker.12 In addition to this, we found that the large radiu
of C60 makes the oscillation observable in the presenthn
range.

The observed photoemission intensity oscillations in C60
may not be unusual. If a molecule has a nearly spher
structure with a large radius, an intensity oscillation will b
expected. To confirm this point, the measurements ofhn
dependence of ARUPS for other nearly spherical molecu
as carboranes, higher fullerenes, and metallocenes ar
progress.
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