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Oscillations in the Photoionization Cross Section of C60
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Recent photoelectron spectroscopy results from gas phase C60 exhibit the same partial cross sectio
variation with photon energy as has been observed in its solid phase. We assume that the va
originate from a fullerene specific ability to form a spherical standing wave of the final state ele
by intramolecular interference or virtual reflection at the center of the photoionized molecule.
calculated photon energies of the cross section minima based on the boundary conditions of the s
wave agree fairly well with experimental data. [S0031-9007(96)00143-3]

PACS numbers: 36.40.Cg, 33.80.Eh
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The study of the electronic properties of fulleren
has attracted much attention [1–4] over the years.
interesting phenomenon reported for the first time
Benninget al. [3] and later by Wuet al. [4] is the strong
variation of the photoelectron line intensities of the hig
est occupied molecular orbital (HOMO) and HOMO
bands of solid phase C60. Each maximum of an odd stat
(HOMO) is matched by a minimum in intensity of a
even state (HOMO-1) as seen in Fig. 1. This pheno
enon might be due to large variations in the density
states (DOS) of empty odd and even final states. To
knowledge, such large variations of the DOS extending
to 120 eV have not been observed in solid state pho
mission so far.

Surprisingly, recent photoelectron spectroscopy (PE
measurements of gas phase fullerenes show very sim
intensity variations [5,6] as the solid phase fullerenes.
though more measurements in smaller steps are desi
for a detailed comparison, the periodicity and the deg
of variation are virtually the same. This indicates that t
observed variations are not genuinely related to the D
of solid C60, and a molecular interpretation may be mo
appropriate. However, a calculation using molecular
bitals with alternating symmetries and free-electron-l
final states also failed to describe the observed osc
tions, even qualitatively [4]. In this Letter, a new expl
nation of the cross section variations is proposed ba
on the specific geometry of the fullerenes, i.e., the nea
spherical cage structure of the C60 molecule.

This explanation attributes the variation of the ph
toionization cross section to the possible formation
spherical standing waves of the final state electrons
side the molecule. An incoming spherical electron wa
moving towards the center of the molecule may be v
tually reflected there, producing an outgoing wave wh
then forms a standing wave. This effect may be cons
ered as intramolecular interference. The amplitude of
final state wave function at the spherical shell (r . R,
whereR is the radius of the skeleton of C60) changes pe-
riodically with the wave number and thus with the fin
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energy. Since the initial wave functionCi of the de-
localized valence electrons is distributed mainly arou
r , R, the photoionization matrix elementkCf jp̂jCil
must also change periodically. This is reflected by t
corresponding partial cross section. It is approxima
that the potential of the electron is spherical symmet
Therefore, the electron has a definite angular momen
slmd, and the final state wave function can be written
Cf ­ RfsrdYlmsu, fd. To begin our examination of the
partial cross section modulation, we assume an extrem
simple potentialUsrd which equals a constants2Umd in-
side the molecule (or inside the solid) and vanishes o
side. As a result, the radial wave function inside has
form of a spherical Bessel function

Rf , jlskmrd , (1)

FIG. 1. Photoemission intensity variations as a function
final state energysEf ­ E 1 IPHOMOd with respect to the
HOMO level. The intensities from solid C60 from Ref. [3]
(open and filled circles) are normalized to that of peakB (peak
4) which originates from a mixture of odd and even sta
[8]. The data from Ref. [4] (dashed and dotted line) have be
normalized to the relative intensities of Ref. [6] before the ra
with respect to peakB was taken. The bar diagram indicate
the minima positions in the partial cross sections (model A).
© 1996 The American Physical Society



VOLUME 76, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 6 MAY 1996

n
g

e

r
in
o

-

.
a
r
i

n
fo

al

v

o
t

ry
e
n
is

e
y

a
i

te
d
ial

ly

ve
e

wherekm ­
1
h̄

p
2msE 1 Umd andE is the electron’s ki-

netic energy, or, in other words, the final electron e
ergy with reference to the vacuum level. The ener
E at the PES intensity minima is given byjlskmRd ­ 0
in both the gas and the condensed phase. Taking th
nal state angular momentumlf ­ 4 (from HOMO) or 3
(from HOMO-1) (discussed further later), the final ene
gies at the intensity minima are easily calculated us
the above equation. The only free parameter in the ab
formula is the potentialUm, becauseR is known to be
3.54 Å. The best fit from the experimental data yields
value forUm ­ 17.5 eV . The final energies (with refer
ence to the initial HOMO levelEf ­ E 1 7.61 eV) cal-
culated semiempirically are shown by the bars in Fig
and are listed in the first column of Table I. (Note th
only the final energies within the range 20–100 eV a
listed). The experimental sequence of minima given
the third column agrees quite well with the calculatio
particularly considering the simple approximation used
the potential.

The choice oflf is based on the selection rulelf ­
li 6 1. The angular quantum number of the initi
HOMO-1 statessGg 1 Hgd is li ­ 4 [7,8], and that of the
HOMO statessHud is li ­ 5. For very largelf , the am-
plitude of the final wave function atr ø R should always
be small due to the high centrifugal barrier. (The wa
function is normalized mainly for larger .) Such final
states will not contribute significantly to the photoelectr
spectra. Hence, as a rough approximation, we take
least possiblelf , i.e., lf ­ 4 (excited from HOMO) and
lf ­ 3 (excited from HOMO-1), respectively.

This simple potential, however, is probably not ve
realistic, and the perceived agreement with the exp
mental data could be fortuitous because it does
account specifically for the fact that the initial state is d
tributed aroundr ­ R. In order to correct for this distri-
bution, a potential, which is more realistically experienc
by the photoelectron, is introduced in the following wa
(model B).

(1) The potential energyU of the final electron in the
C60 molecule is still spherical symmetric so that the fin
electron has a definite angular momentum. The rad
variation ofUsrd is depicted in Fig. 2(a).

TABLE I. Final state energies (eV).

Valence orbital Model A Model B Experiment [3]

32 31 34
HOMO 59 59 58

92 93 93

23 23 23
HOMO-1 47 47 46

77 78 76
-
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FIG. 2. (a) Simplified potential energy of the final sta
electron as a function ofr for cases A and B (dotted and soli
lines). (b) Schematic representation of the symmetry of rad
wave functionRisrd of the initial HOMO and HOMO-1 states
along with its derivative.

(2) The centrifugal potential changes rapidly on
inside the hollow moleculesr , R 2 dd and can be
approximated as a constant within the shellsR 2 d ,

r , R 1 dd and as zero outside the shellsr . R 1 dd.
Using this model the radial part of the final state wa

function takes the following different forms in the thre
regions: forr , R 2 d,

Rfsrd ­ Ajlsk0rd ;

for R 2 d , r , R 1 d,

Rf srd ­
B

k0r
sin

√
k0r 2

l
2

p 1 d0
l

!
;

for r . R 1 d,

Rfsrd ­
1

kr
sin

√
kr 2

l
2

p 1 dl

!
; (2)

wherejl is the spherical Bessel function of orderl, and
k0, k0, andk are given by

h̄2k2
0

2m
­ E 1 U00 ,

h̄2k02

2m
­ E 1 U0 2

h̄2lsl 1 1d
2mR2

,

h̄2k2

2m
­ E .

E is the final energy, anddl is the phase shift. The
amplitude in the regionr . R 1 d has been suitably
3539
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normalized. The boundary conditions between adjac
regions lead to the following equations:

Ajl
sk0R 2 k0dd ­

B
k0sR 2 dd

3 sin

√
k0R 2 k0d 2

l
2

p 1 d0
l

!
,

(3)

jlsk0R 2 k0dd 1 k0sR 2 ddj0
lsk0R 2 k0dd

sR 2 ddjlsk0R 2 k0dd

­ k0 cot

√
k0R 2 k0d 2

l
2

p 1 d0
l

!
, (4)

kB sin

"
k0sR 1 dd 2

l
2

p 1 d0
l

#

­ k0 sin

"
ksR 1 dd 2

l
2

p 1 dl

#
, (5)

k0 cot

"
k0sR 1 dd 2

l
2

p 1 d0
l

#

­ k cot

"
ksR 1 dd 2

l
2

p 1 dl

#
, (6)

where j0
lsxd is the derivative ofjlsxd with respect tox.

From these equations,A, B, dl, andd
0
l can be solved as

functions ofk or E, andCf can be determined.
First, we are interested in the periodicity of the cro

section variation. The simplest thing we can do
to determine the final energies at the cross sec
minima, which corresponds tokCf jp̂jCil ­ 0. Here
we argue more rigorously the condition ofRf sRd for
the intensity minima. Consider the Hermitian conjuga
matrix elementkCijp̂x jCflp ­ 0 with p̂x ­ 2ih̄

≠

≠x ­
2ih̄sY1,1 1 Y1,21d ≠

≠r 1 angular derivatives. It can be a
gued that whenk0R .. l the radial derivative dominates
In the energy range of interest,k0R amounts to 20–30
Under this condition the intensity minimum occurs a
proximately when

R`
0 Rp

f srd ≠

≠r Risrdr2 dr . 0. For the
HOMO and HOMO-1 states, the initial wave function
are derived fromp bonds [3]. So the radial partRisrd
is antisymmetric about the pointr ­ R, and d

dr
Risrd is

symmetric [see Fig. 2(b)]. Thus, if the final state rad
wave function in the regionsR 2 d , r , R 1 dd sat-
isfiesRfsRd ­ 0, i.e. [see Eq. (2)],

k0R 2
l
2

p 1 d0
l ­ np, n ­ 0, 1, 2, . . . , (7)

the cross section will give approximately a minimum
Substituting Eq. (7) into Eq. (4), we get

k0sR 2 ddj0
lsk0R 2 k0dd 1 f1 1 k0sR 2 dd cotk0dg

3 jlsk0R 2 k0dd ­ 0 . (8)

The values ofk or E giving the minimum cross section
can be solved from Eq. (8).
3540
nt

n

l

Although the above formulas were derived for th
gas phase (a single C60 molecule), they also apply
for the solid. Since the energy range of interest
25–120 eV (aboveEF), the mean free path withou
inelastic scattering amounts to,1 nm. The waves
which are elastically scattered by other C60 molecules
are attenuated by both ther22 law and the inelastic
scattering, and can either be neglected at the spher
shell of the photoionized molecule or make relative
featureless contributions to the cross section. Note t
the electron potential energy in the regionr . R 1 d

should be changed from Fig. 2(a). But this does n
influence Eq. (8), and thus the variation of cross sect
has the same period for both the gas phase and s
phase. To solve Eq. (8) one has to assign the poten
parameters. Based on the muffin-tin potential us
for carbon solids [9], the average half thickness
the deep potential shell containing the carbon ato
is estimated to be aboutd ­ 0.5 Å, and the shal-
low potential in the hollow space to be2U00 ­
27.2 eV. The remaining deep potential paramet
U0 is then adjusted to give a best fit to the six fin
state experimental energies at the photoemission c
section minima. The physical meaning of this parame
should not be overemphasized; in our description
plays basically the role of an adjustable paramet
For U0 ­ 78 eV (near best fit in our simple squar
potential model), the numerical values of the final sta
energies (with reference to the HOMO level) for th
cross section minima are listed in the second colu

FIG. 3. Partial cross sections of the three outermost levels
molecular (open and filled circles, and open squares [5,6]) a
solid (dashed [3], dotted [3], dash-dotted [4], and thin so
lines [4]) C60 as a function of photon energy along with the b
diagram for the minima positions of the partial cross secti
modulations (model A). Note that maxima and minima d
not match in the presentation because of the binding ene
difference of the two orbitals (1.28 eV). The total cross secti
used for calibration is derived from experimental data [10,1
and theoretical extrapolations [12,13], the absolute scale be
based on thin film measurements [14] as an upper limit.
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of Table I. They are also displayed in Fig. 3, whi
shows the corresponding partial cross sections of
three outermost orbitals for both gas phase [5,6]
solid [3,4] on a logarithmic scale versus photon ener

The alternating cross section modulations are a
exhibited by other valence photolines (see the five t
most curves in Fig. 7 of Ref. [4]) but less and less p
nounced with increasing binding energy. They fina
disappear for core level photoemission because of the
creasing localization of the corresponding electron d
sity distribution.

Model B, despite being quite simple, is a more rea
tic one than model A, yet agrees equally well with t
experimental results of Benninget al. [3] and Wu et al.
[4]. Also, the potential parameters used in model B h
reasonable values compared to the muffin-tin potentia
carbon solids [9]. This seems to indicate that our conc
sion regarding the origin of the variation of the pho
emission partial cross section is, in principle, corre
This result does not depend on the particular shape o
chosen potential, which may, however, have some ef
on the potential depths.

The variation is determined by the geometry of t
molecule, or, more specifically, the changing overlap
the standing spherical wave of the final state electron w
the initial state wave function, rather than by the elect
DOS at the final state energy. The mechanism of
variation is indirectly related to that of extended x-ra
absorption fine structure (EXAFS), or, more specifica
to valence photoelectron diffraction. One could c
this phenomenon “partial cross section fine structure
to intramolecular interference” or “initial state induce
photoelectron diffraction pattern.”

This phenomenon is closely linked to quantum w
phenomena [15], in particular, quantum well resona
[16], because the standing waves can be considere
eigenstates of a three-dimensional quantum sphere, w
are quenched in photoemission due to the vanishing o
lap with the spherically distributed initial state. Assum
ing the discussed fullerene specific explanation is tr
the described behavior should also be exhibited by o
fullerenes. This can easily be tested by conducting fur
measurements. First results from C70 [17], solid C86, and
solid C90 [18] point to this direction.

In conclusion, we have shown that unusual variatio
in the partial photoionization cross section of the out
most valence orbitals of solid and gaseous C60 can be
explained by a simple model based on the geometric st
ture of this molecule, employing the formation of standi
waves. However, more detailed and quantitative pa
cross section calculations by, e.g., the multiple scat
ing approach, the atomic central field approximation,
molecular orbital theory, along with corresponding me
surements, are needed to validate this model.
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