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

PACS numbers: 36.40.Cg, 33.80.Eh

The study of the electronic properties of fullerenesenergy. Since the initial wave functioW; of the de-
has attracted much attention [1-4] over the years. Anocalized valence electrons is distributed mainly around
interesting phenomenon reported for the first time byr ~ R, the photoionization matrix elemertV,|p|¥;)
Benninget al. [3] and later by Wuet al. [4] is the strong must also change periodically. This is reflected by the
variation of the photoelectron line intensities of the high-corresponding partial cross section. It is approximated
est occupied molecular orbital (HOMO) and HOMO-1 that the potential of the electron is spherical symmetric.
bands of solid phased: Each maximum of an odd state Therefore, the electron has a definite angular momentum
(HOMO) is matched by a minimum in intensity of an (Im), and the final state wave function can be written as
even state (HOMO-1) as seen in Fig. 1. This phenom¥; = R;(r)Y;,(6, ¢). To begin our examination of the
enon might be due to large variations in the density ofpartial cross section modulation, we assume an extremely
states (DOS) of empty odd and even final states. To ouwimple potentialU(r) which equals a constafit-U,,) in-
knowledge, such large variations of the DOS extending ugide the molecule (or inside the solid) and vanishes out-
to 120 eV have not been observed in solid state photoeside. As a result, the radial wave function inside has the
mission so far. form of a spherical Bessel function

Surprisingly, recent photoelectron spectroscopy (PES) Ry ~ jilkr). (1)
measurements of gas phase fullerenes show very similar '
intensity variations [5,6] as the solid phase fullerenes. Al- Kineti

; . inetic energy (eV)
though more measurements in smaller steps are desirabl 2 10 60 80 100
for a detailed comparison, the periodicity and the degree T L I ’ | ' |
of variation are virtually the same. This indicates that the — 1o} *HOMO-1 |
observed variations are not genuinely related to the DOST |
of solid Cgo, and a molecular interpretation may be more
appropriate. However, a calculation using molecular or-
bitals with alternating symmetries and free-electron-like =
final states also failed to describe the observed oscilla--2 ;5|
tions, even qualitatively [4]. In this Letter, a new expla-
nation of the cross section variations is proposed base(r;“
on the specific geometry of the fullerenes, i.e., the nearly§
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spherical cage structure of the{nolecule. = | - : : i "i'OMO-‘1

This explanation attributes the variation of the pho- e T S T
toionization cross section to the possible formation of 20 40 60 80 100 120
spherical standing waves of the final state electrons in- Final state energy (eV)

Slde.the molecule. An incoming spherical electron WaVe 1. 1. Photoemission intensity variations as a function of
moving towards the center of the molecule may be Vir<inal state energyE; = E + IPyomo) With respect to the

tually reflected there, producing an outgoing wave whichHOMO level. The intensities from solid & from Ref. [3]
then forms a standing wave. This effect may be considtopen and filled circles) are normalized to that of péafpeak

; ; ; ) which originates from a mixture of odd and even states
ered as intramolecular interference. The amplitude of th?s]' The data from Ref. [4] (dashed and dotted line) have been

final Stat_e wave f_unction at the spherical shell= R, normalized to the relative intensities of Ref. [6] before the ratio
whereR is the radius of the skeleton ofe) changes pe-  with respect to peal8 was taken. The bar diagram indicates
riodically with the wave number and thus with the final the minima positions in the partial cross sections (model A).
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wherek,, = %\/Zm(E + U,,) andE is the electron’s ki- U(r)
netic energy, or, in other words, the final electron en- (ev) © UJ'
ergy with reference to the vacuum level. The energy _f“
E at the PES intensity minima is given hy(k,,R) = 0 20{777077 T
in both the gas and the condensed phase. Taking the fi- (a)
nal state angular momentufp = 4 (from HOMO) or 3 40
(from HOMO-1) (discussed further later), the final ener-

gies at the intensity minima are easily calculated using 60
the above equation. The only free parameter in the above

formula is the potential/,,, becauseR is known to be

3.54 A. The best fit from the experimental data yields a  R(r) dR(r
value forU,, = 17.5 eV. The final energies (with refer- H
ence to the initial HOMO leveE, = E + 7.61 eV) cal- (b) /
culated semiempirically are shown by the bars in Fig. 1 , , { ]
and are listed in the first column of Table I. (Note that -3 —ZWR‘\ S22
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-
—
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only the final energies within the range 20-100 eV are
listed). The experimental sequence of minima given in
the third column agrees quite well with the calculation,
partlcularly considering the simple approximation used forg|5 5. (a) Simplified potential energy of the final state
the potential. electron as a function of for cases A and B (dotted and solid
The choice ofl; is based on the selection rulg = lines). (b) Schematic representation of the symmetry of radial
li + 1. The angu|ar quantum number of the initial] wave fu_nct!onR,-(() O_f the initial HOMO and HOMO-1 states
HOMO-1 state$G, + H,)is; = 4[7,8], and that of the 2l0ng with its derivative.
HOMO statesH,) is [; = 5. For very largel;, the am-
plitude of the final wave function at = R should always
be small due to the high centrifugal barrier. (The wave
function is normalized mainly for large.) Such final . \
states will not contribute significantly to the photoelectronInSIde 'the h(;)llow molecule(r <§ _ha) ar;gl cag be
spectra. Hence, as a rough approximation, we take th@PProximated as a constant within the shi@l — & <

least possibld,, i.e., I, = 4 (excited from HOMO) and " <R+ 5.) and as zero ou_tside the She”.> R +9).
I; = 3 (excited from HOMO-1), respectively. Using this model the radial part of the final state wave

This simple potential, however, is probably not Veryfunction takes the following different forms in the three

realistic, and the perceived agreement with the experiredions: forr <R — 8,
mental data _qould be fortuitous becau_s_e it dogs not Ry(r) = Aji(kor);
account specifically for the fact that the initial state is dis-
tributed around- = R. In order to correct for this distri- forR — &8 <r <R + 6,
bution, a potential, which is more realistically experienced B I
by the photoelectron, is introduced in the following way Ry(r) = kTSiﬂ(k’r -5t 5;’);
(model B). 4
(1) The potential energy of the final electron in the for » > R + 8,
Ceo molecule is still spherical symmetric so that the final
electron has a definite angular momentum. The radial R(r) = isin(kr _ 1 T+ 51>; )
variation of U(r) is depicted in Fig. 2(a). ' kr 2

(2) The centrifugal potential changes rapidly only

where j; is the spherical Bessel function of orderand
ko, k', andk are given by

TABLE I. Final state energies (eV). 2k _
— =FE + Uy,
Valence orbital Model A Model B Experiment [3] 2m
32 31 34 ﬁzklz —E+ Uy — ﬁzl(l + 1)
0 9
HOMO 59 59 58 2m 2mR?
92 93 93 9.2
hk
— =E.
23 23 23 2m
HOMO-1 ;177 ;1; ?g E is the final energy, and,; is the phase shift. The

amplitude in the regiornr > R + & has been suitably
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normalized. The boundary conditions between adjacent Although the above formulas were derived for the
regions lead to the following equations: gas phase (a single ¢& molecule), they also apply
B for the solid. Since the energy range of interest is
TR =5 25-120 eV (aboveEr), the mean free path without
( ) inelastic scattering amounts te-1 nm. The waves
. l which are elastically scattered by otheg,dnolecules
! _ ! _ ! 60
8 sm(kR ko 27T 51)’ are attenuated by both the™? law and the inelastic
(3) scattering, and can either be neglected at the spherical
. 4 shell of the photoionized molecule or make relatively
JitkoR = kod) + kf)(R — 8)jitkoR — kod) featureless contributions to the cross section. Note that
(R — 8)jilkoR — kob) the electron potential energy in the region> R + &

, , , l , should be changed from Fig. 2(a). But this does not
= K'col k'R — k'8 — —m + (], (4)

Aj,(koR — kob) =

influence Eq. (8), and thus the variation of cross section
has the same period for both the gas phase and solid
kB sin|:k’(R +5) — L — 51/} phase. To solve Eg. (8) one has to a_ssign the_ potential
parameters. Based on the muffin-tin potential used
I for carbon solids [9], the average half thickness of
= k/sin|:k(R +6) — e + 51:|, (5) the deep potential shell containing the carbon atoms
is estimated to be abous = 0.5 A, and the shal-
, / l / low potential in the hollow space to be-Uy =
kicot K'(R + 8) — PN + 9 —7.2eV. The remaining deep potential parameter
/ Uy is then adjusted to give a best fit to the six final
= kco{k(R +8)— —7 + 5,] (6) state experimental energies at the photoemission cross
2 section minima. The physical meaning of this parameter
should not be overemphasized; in our description it
plays basically the role of an adjustable parameter.
For Uy = 78 eV (near best fit in our simple square
Spotential model), the numerical values of the final state
energies (with reference to the HOMO level) for the
gross section minima are listed in the second column

where jj(x) is the derivative ofj;(x) with respect tox.
From these equations,, B, §;, and 8, can be solved as
functions ofk or E, and¥, can be determined.

First, we are interested in the periodicity of the cros
section variation. The simplest thing we can do is
to determine the final energies at the cross sectio
minima, which corresponds t¢¥/|p|¥;) = 0. Here
we argue more rigorously the condition &;(R) for

4
the intensity minima. Consider the Hermitian conjugate 107 ' ‘ ' T
matrix element(¥;|p,|¥,)* = 0 with p, = —ih % = 3
—ih(Yy) + Y1,—1);—r + angular derivatives. It can be ar- 10
gued that whert’R >> [ the radial derivative dominates.
In the energy range of interest/R amounts to 20-30. o 10

Under this condition the intensity minimum occurs ap- =
proximately when [ R}(r)= Ri(r)r®dr = 0. For the g 10'
HOMO and HOMO-1 states, the initial wave functions

are derived fromsr bonds [3]. So the radial par;(r) 100 . |
is antisymmetric about the point= R, and di, Ri(r) is P g*m' g%gg;‘?e”t)

symmetric [see Fig. 2(b)]. Thus, if the final state radial 1| "~ ot oo
wave function in the regiotR — 6§ < r < R + §) sat- 10 20 50 100

isfiesR¢(R) = 0, i.e. [see Eq. (2)], Photon energy (e\/)
KR — L 7+ 8 =nm,n=0,12,..., @) FIG. 3. Partial cross sections of the three outermost levels of
2 molecular (open and filled circles, and open squares [5,6]) and

; A ; P solid (dashed [3], dotted [3], dash-dotted [4], and thin solid

the Cross section WIH give approximately a minimum. lines [4]) Cg as a function of photon energy along with the bar
Substituting Eq. (7) into Eq. (4), we get diagram for the minima positions of the partial cross section
k(R — 8)il(koR — kod) + 1 + K(R — §)cotk's modulations (model A). Note that maxima and minima do
ol ik 08) 1 ( ) ] not match in the presentation because of the binding energy
X ji(koR — ko8) = 0. (8) difference of the two orbitals (1.28 eV). The total cross section

. . . used for calibration is derived from experimental data [10,11]
The values ofk or E giving the minimum cross sections and theoretical extrapolations [12,13], the absolute scale being

can be solved from Eq. (8). based on thin film measurements [14] as an upper limit.
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