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Photoionization of Xe inside C60: Atom-fullerene hybridization, giant cross-section enhancement,
and correlation confinement resonances
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Steven T. Manson
Department Physics and Astronomy, Georgia State University, Atlanta, Georgia 30303

(Received 5 November 2009; published 19 January 2010)

A theoretical study of the subshell photoionization of the Xe atom endohedrally confined in C60 is presented.
Powerful hybridization of the Xe 5s state with the bottom edge of C60 π band is found that induces strong
structures in the 5s ionization, causing the cross section to differ significantly from earlier results that omit this
hybridization. The hybridization also affects the angular distribution asymmetry parameter of Xe 5p ionization
near the Cooper minimum. The 5p cross section, on the other hand, is greatly enhanced by borrowing considerable
oscillator strength from the C60 giant plasmon resonance via the atom-fullerene dynamical interchannel coupling.
Beyond the C60 plasmon energy range the atomic subshell cross sections display confinement-induced oscillations
in which, over the large 4d shape resonance region, the dominant 4d oscillations induce their “clones” in all
degenerate weaker channels known as correlation confinement resonances.
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I. INTRODUCTION

One of the unique features of carbon fullerenes, Cn, is their
internal empty space. The size of this void ranges from about
a quarter of a nanometer to a few nanometers in diameter.
Such structure of fullerenes intuitively implies that an atom
or a molecule or a cluster or even a smaller fullerene can be
stuffed into it so as to alter the molecular properties of the
compound. This results in the synthesis of a brand-new family
of materials—the endohedral fullerenes, more concisely the
endofullerenes, A@Cn [1]. These are a very stable form of
nanoscopic molecular matter that can exist even at the room
temperature. Since such entrapments are easier to sustain than
the traditional field entrapments, like laser cooling or magneto-
optical trap, endofullerenes are unique candidates to study not
only the greatly modified spectroscopy of the confined atom
but also the effects of hybridization of the localized atomic
electron inside the fullerene with the delocalized fullerene
electrons surrounding it.

Intense research is being carried out in variedly different
fields to explore applications of endofullerenes in nanotech-
nology. It has been shown that they can serve from being
the fundamental units in designing a quantum computer
[2] to the carriers of pinpoint medication delivery at the
diseased human tissue [3]. Possibilities also exist for these
materials to be the agents for improved superconductivity
[4]. Very recently, choosing endofullerenes as the acceptor
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materials in organic photovoltaic devices, a novel route toward
higher power consumption efficiency is achieved [5]. The
knowledge of the spectroscopy of the confined species and
associated hybridization, therefore, becomes valuable to assess
the potential and the limitation of such applications. From
the basic science perspective, the synthesis of endofullerenes
has so far not been industrial enough to spawn sufficient
fundamental measurements. There however have been some
recent photoabsorption experiments involving lanthanide end-
ofullerenes using the synchrotron radiation by two groups.
Measurements of the singly- and doubly-positively charged
photoion yield are carried out by one group for Ce@C+

82 [6],
Dy@C82 [7], and Pr@C82 [8]. More recently, experiments by
another group has detected large modifications in the atomic
4d oscillator strength distribution in Ce@C+

82 ion [9,10].
On the theoretical side there has been a large body of

research over the past decade on the photoionization of various
atomic endofullerenes. While the ionization process is treated
by a number of differing many-body methods, the C60 shell
is modeled at various levels of approximations. As for the
simplest one, a Dirac delta-function type spherical attractive
potential is used to model C60 while the ionization is treated
by the random-phase approximation with exchange (RPAE)
scheme. A number of calculations have emerged using this
model [11]. Spherical attractive potentials of finite depth and
a thickness roughly about 2.0 a.u. has also been employed to
represent the C60 shell in other studies; the depth is calibrated
by reproducing the known electron affinity of C60 giving a
semiempirical qualification of this potential. The photoioniza-
tion is treated by the RPAE method by one group [12], and
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by the relativistic random-phase approximation (RRPA) by
another [13]. Using a similar finite potential for C60 another
calculation has been recently reported in RPAE by indirectly
determining the continuum waves by matching at the fullerene
boundaries [14]. A review of these studies is presented in
Ref. [15]. All these calculations qualitatively suggest a rather
ubiquitous oscillation in the ionization cross section of the
confined atom that originates from the reflection of the
ejected atomic electron from the cage. But, by not including
the fullerene electrons, two important effects are completely
omitted in these static model-potentials: (i) the mixing between
atomic and fullerene electronic wave functions resulting in
hybridization, and (ii) the dynamical effect of the collective
motion of fullerene electrons on the atomic ionization.

A new type of approach, recently adopted by us, addresses
these effects. Based on a model used in previous works [16,17]
this approach treats all the valence electrons, four (2s22p2)
from each carbon atom in the fullerene, to form the delocalized
charged cloud. The residual ion-core comprising of all C4+
ions is treated by a classical jellium shell. This approach gave
a fair description of two plasmon-type collective resonances
in the photoionization of empty C60 [18] and its singly-
charged cation [19]. Using this multielectron description of
C60 ab initio calculations for Ar@C60 [20] and Mg@C60 [21]
endofulerenes have revealed remarkably strong enhancements
in the photoelectron intensity from the atomic valence level
which originate from the atom’s dynamical coupling to the C60

giant plasmon resonance. We note that a simple semiclassical
approach using the idea of a dynamical screening of the
dielectric fullerene shell has produced a good qualitative
description of the enhancement [22]. A separate attempt to
account for the enhancement in Xe 5p ionization of Xe@C60

has been made recently, although the dynamical polarizability
of C60 is introduced in an ad hoc manner, since the simple
delta-function model of C60 used in this work omits the
coupling with the collective motion of the delocalized fullerene
electrons [11]. It would therefore be useful to asses how much
enhancement the ab initio calculation brings about for the
Xe@C60 compound and how does the result compare with the
existing calculation with simpler fullerene models.

Very recently our method for the multielectron description
of C60 has predicted atom-fullerene hybrid levels in Xe@C60

with the consequence of dramatic structures in resulting
photoionization cross sections [23]. These dimer-type states
arise from the proximity between the atomic and C60 inner
levels in contrast to the known [24] overlap-induced hybrid
states near the Fermi level of smaller endofullerenes. However,
how this effect might influence the ionization of neighboring
channels of the system is yet to be explored. Furthermore, the
ionization amplitudes of a confined atom are known to exhibit
oscillations from the interference with the atomic electron’s
reflective emission in general, and collateral emission, i.e.,
emission from the delocalized part of the wave function
arising from the hybridization, in particular [25]. It is also
expected that the stronger atomic channel will transfer its own
oscillations to a (degenerate) weaker channel over the spectral
region where strong interchannel coupling is operative. Indeed,
for the photoionization of Xe@C60, using the static potential
model for C60, such an effect is recently predicted over the
4d large shape resonance region where the coupling between

degenerate channels plays important role [12]. It is thus of
interest to examine this effect using a multielectron description
of C60, particularly in the presence of the channels resulting
from the hybrid states.

In this paper, the photoionization of the Xe@C60 end-
ofullerene is considered. Hybrid level cross sections are
compared with published results that omit the hybridization
to assess the observable consequence of the effect. The effect
of the hybridization on the 5p photoelectron asymmetry
parameter is analyzed. The enhancement of the Xe 5p

ionization in confinement is calculated and its dependence
on the plasmon formation mechanism is uncovered. Cross
sections of various atomic channels in the 4d shape resonance
region are analyzed to explore the interchannel transfer of
oscillatory structures.

II. GROUND STATE AND HYBRIDIZATION RESULTS

Density functional theory is used to describe the ground
state electronic structure of Xe@C60 using the same methodol-
ogy employed earlier [18,20]. The jellium potential represent-
ing 60 C4+ ions is constructed as a uniform charge density over
a spherical shell with radius R and thickness �, augmented by
a constant potential V0 to ensure quantitative accuracy [17]. R
is taken to be the known radius of C60, 3.54 Å. The Xe nucleus
is placed at the center of the sphere. The Kohn-Sham equations
for the system of a total of 294 electrons (54 from Xe and 240
from C60) are then solved to obtain the ground state wave
function in the local density approximation (LDA), and the
parameters V0 and � are determined by requiring both charge
neutrality and obtaining the experimental value, 7.54 eV, of
the first C60 ionization potential. This procedure yields a value
of � of 1.5Å, in excellent agreement with the value inferred
from experiment [26].

In addition, we include an appropriate correction to elimi-
nate unphysical electron self-interactions for the ith subshell
that render the LDA potential orbital-specific [27,28],

V i(r) = Vjel(r) + ZXe
r

+
∫

dr′ ρ(r′) − ρi(r′)
|r − r′|

+ {Vxc[ρ(r)] − Vxc[ρi(r)]}, (1)

where the terms on the right-hand side of the equation
are, respectively, the jellium-electron, Xe nucleus-electron,
electron-electron direct Coulomb, and exchange-correlation
potentials. As the exact form of Vxc is unknown in a
local formalism like LDA (since the exact exchange inter-
action is nonlocal), we employ a widely used parametric
formulation [29].

Occupied single-electron energy levels of the ground state
of empty C60, and the valence 5p level of free Xe are shown
in Fig. 1(a). Note that the harmonic oscillator notation is used
for the C60 levels, which are classified as σ� (n = 1) and π�

(n = 2) where � denotes the orbital angular momentum. Due
to the strong delocalization of the C60 electrons, both σ and
π levels exhibit compact energy spacings producing band-like
formations. In general, all atomic levels become more loosely
bound due to the Coulomb repulsion they experience from
the surrounding C60 electron cloud, and this repulsion effect
is strongest for Xe 5p and 5s states which are physically
closest to the C60 shell electrons. This is seen in the position
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FIG. 1. (Color online) (a) The average radial LDA potential of
Xe@C60. π (n = 2) and σ (n = 1) levels of free C60, and the valence
5p level of free Xe are also shown. In addition, 5p@, corresponding
to the confined Xe, is displayed. (b) Radial wave functions of free
Xe 5p and empty C602p states, and of their counterparts, 5p@ and
@2p in Xe@C60.

of −12.8 eV of free Xe 5p and −10.7 eV of the confined
5p, labeled as 5p@, in Fig. 1(a). (We use, respectively, the
symbols n� and n�@ to denote levels of the free and confined
atom. Likewise we use @n� to represent the level of the
doped C60.) This level shift can favor or oppose the mixing
mechanism between atomic and C60 states that we discuss
below.

Orbital mixing or hybridization may occur when two
systems are joined to form a compound structure. The strength
of the mixing is proportional to the wave function overlap as
well as the energy proximity of the unperturbed free-system
states. Since for C60 a π orbital extends more radially inward
than a σ orbital, the π orbitals induce significantly larger
overlaps with the atomic valence orbitals than the σ orbitals.
The angular momentum of participating orbitals also play an
important role. For instance, Xe 5p is not favored to mix with
π states of higher angular momentum like d and above, simply
because of the appearance of an effective barrier between the
atom and C60 from the difference of the centrifugal potentials
due to the � mismatch. Hence Xe 5p can only mix strongly
with C602p and 2s. However, since the Coulomb repulsion
with the fullerene electrons has made Xe 5p less bound, it
has moved further away from C602p and 2s levels [Fig. 1(a)],
thereby decreasing the mixing. Also, since it is closer to 2p

than 2s, it mixes primarily with C602p. This is seen in Fig. 1(b)
where the 5p of free Xe and 2p of empty C60 are displayed
along with their mixed counterpart 5p@ and @2p. 5p@ has a

diminutive structure across the cage region, and so has 2p@ at
the atomic region, resulting from a very weak mixing. Further,
a close look reveals that 5p@ and @2p are the symmetric
(bonding) and antisymmetric (antibonding) combinations

|5p@〉 = √
α|2p C60〉 + √

1 − α|5p Xe〉, (2a)

|@2p〉 = √
1 − α|2p C60〉 − √

α|5p Xe〉 (2b)

in which, since the mixing parameter α is very small, the
states practically retain their pure character. Similar weak
mixing was also seen before in Ar 3p@ of the Ar@C60

compound [20].
On the other hand, the Xe 5s level interacts predominantly

with the lowest angular momentum level 2s of empty C60π

band, owing to their identical angular momentum character, as
discussed above. Note that the 5s level lies closely below the
π band. Therefore, the Coulomb repulsion between the 5s and
the C60 electrons induces a highly favorable near-degeneracy
between this level and C602s by shifting the 5s level close to
2s. This near-degeneracy is rather accidental since the effect is
exactly opposite to what the repulsion did to 5p that disfavored
the mixing. As a consequence, a strong hybridization results:
Xe 5s and C60 2s states vanish in the compound system in
exchange for the creation of two hybrid states of mixed Xe-C60

characters. We designate the hybrid levels as 5s2s and 2s5s,
characterizing two covalent-type Xe-C60 bonds, with binding
energies at −19.3 eV and −17.5 eV, respectively, in Fig. 2(a).
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FIG. 2. (Color online) (a) The average radial LDA potential of
Xe@C60. π (n = 2) and σ (n = 1) levels of free C60, and the 5s level
of free Xe is shown. Also, 5s2s and 2s5s hybrid levels are displayed
along with the confined Ar 3s@ level. (b) Radial wave functions of
free Xe 5s, empty C602s, and the two hybrid states. The free Ar 3s

wave function is also shown for comparison.
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The extent of hybridization is evident from the shape of the
radial wave functions of the two new states in Fig. 2(b). In
fact, the hybridization emerges from a nearly equal mixing
and, therefore, can be described by the combinations, Eqs. (2),
by considering α = 1√

2
to yield

|5s2s〉 = 1√
2

(|5s Xe〉 + |2s C60〉), (3a)

|2s5s〉 = 1√
2

(|5s Xe〉 − |2s C60〉). (3b)

Clearly, each wave function has the probability density
distributed approximately equally over the atomic and the cage
region as Fig. 2(b) suggests. To compare with the situation
involving a smaller noble gas atom, we also show in Fig. 2(a)
the 3s level of Ar confined in C60. Note that this has a
significantly large separation from the π band. Also, the Ar
3s radial wave function, as shown in Fig. 2(b), suggests a
considerably smaller overlap with the empty C602s orbital.
These explain why no significant hybridization was seen
between Ar 3s and C60 [20].

For smaller fullerenes with a larger atom inside, the atomic
valence orbitals overlap very strongly with the fullerene for
simple geometric reason, resulting in strong admixtures. This
overlap further increases for a confined open-shell atom.
Indeed, covalent bondings for systems like Ce@C28 [30] and
Sn,Zr,U@C28 [24] have already been predicted with the hybrid
states forming in the vicinity of the highest occupied fullerene
orbital. In contrast, the hybridization effect presented here
results primarily from the energy proximity of the participating
levels induced by the reduction of the binding of Xe 5s due
to the repulsion force exerted by surrounding C60 electrons,
causing its shift toward the bottom-most level (2s) of the C60π

band.

III. THEORETICAL TREATMENT OF
PHOTOIONIZATION

A time-dependent LDA (TDLDA) approach [18] is used
to calculate the dynamical response of the compound to the
external dipole field z. Since the molecule is rotationally
invariant, the Green’s function for a parameter E can be
expanded in spherical basis:

G(r, r′; E) =
∑
lm

Glm(r, r ′; E)Y ∗
lm(�)Ylm(�′), (4)

where the radial component Glm(r, r ′; E) satisfies the radial
equation(

1

r2

∂

∂r
r2 ∂

∂r
− �(� + 1)

r2
− VLDA + E

)
Glm(r, r ′; E)

= δ(r − r ′)
r2

. (5)

Glm is constructed with homogeneous solutions jl(r; E) and
hl(r; E) of (5), satisfying boundary conditions at r = 0 and
r = ∞, respectively, as

Glm(r, r ′; E) = jl(r<; E)hl(r>; E)

W [jl, hl]
, (6)

where the Wronskian

W [j, h] = r2[j (r)dh(r)/dr − dj (r)/drh(r)]r=c (7)

and is independent of the arbitrary constant c. Using the
Green’s function, the independent particle (IP) susceptibility
is then constructed by the ground state single-electron orbitals
φi and energies εi as

χ0(r, r′; ω) =
∑

i

φ∗
i (r)φi(r′)G(r, r′; εi + h̄ω)

+
∑

i

φi(r)φ∗
i (r′)G∗(r, r′; εi − h̄ω), (8)

where the index i runs over the occupied states only.
The external perturbation z representing the dipole inter-

action of electrons with the linearly polarized light, induces a
frequency-dependent complex change in the electron density.
This can, in principle, be written as

δρ(r; ω) =
∫

χ (r, r′; ω) z′dr′, (9)

where the full susceptibility χ incorporates the dynamical elec-
tron correlation. Using instead the IP susceptibility [Eq. (8)],
the induced density can, equivalently, be written as

δρ(r; ω) =
∫

χ0(r, r′; ω)δV (r′; ω)dr′, (10)

in which

δV (r′; ω) = z +
∫

δρ(r′; ω)

|r − r′| dr′ +
[
∂Vxc

∂ρ

]
ρ=ρ0

δρ(r; ω), (11)

where the second and third term on the right-hand side are,
respectively, the induced change of the Coulomb and the
exchange-correlation potentials. Obviously, besides including
the external perturbation z, δV incorporates the dynamical field
produced through many-electron interactions and, thereby,
plays the role of an effective perturbation to the molecule.

χ is related to χ0 by the matrix equation

χ = χ0

[
1 − ∂V

∂ρ
χ0

]−1

, (12)

involving the variation of ground state potential V with respect
to the ground state density ρ. Equation (12) can be solved for χ

using the matrix inversion method [31]. δρ and, hence, δV can
then be directly obtained via Eqs. (9) and (11), respectively.

The photoabsorption cross section is then finally evaluated
in terms of δV as

σPA(ω) = 4π2γω
∑
i,j

fi(1 − fj )|〈j |δV (r′; ω)|i〉|2

× δ(h̄ω − εj + εi), (13)

where δV (r′; ω) = δV (r ′; ω)Y10(�) to validate the dipole
selection and fi are Fermi occupation factors. Clearly, the
index j scans the complete set of single-electron excited as
well as continuum states. Setting i to an occupied bound state
(n�) and j to the allowed continuum states (k�′), one can
derive a formal expression for the photoionization cross section
as the sum of independent subshell cross sections σn�→k�′ ,
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corresponding to a dipole transition n� → k�′,

σPI(ω) =
∑
n�

σn�→k�′ ∼
∑
n�

2(2� + 1)|〈φk�′ |δV |φn�〉|2.
(14)

The radial component Pk� of the final continuum wave function
φk� has the appropriate asymptotic behavior:

lim
r→∞ Pk�(r) ∼ lim

r→∞[cos(δ�)F�(kr) + sin(δ�)G�(kr)]

= sin

(
kr − 1

2
π + z

k
ln(2kr) + ζ� + δ�

)
, (15)

where F� and G� are respectively the regular and irregular
spherical Coulomb functions, and ζ� = arg �(� + 1 − iz/k)
is the Coulomb phase-shift associated with the asymptotic
charge z seen by the ejected electron.

Obviously, replacing δV by z in Eqs. (13) and (14), we find
the independent particle (IP) LDA results of the absorption
and ionization cross sections, respectively.

IV. PHOTOIONIZATION RESULTS AND DISCUSSION

A. Ionization of hybrid levels

Photoionization cross sections of the two Xe-C60 hybrid
states, 5s2s and 2s5s, are presented in Fig. 3(a). Since the
hybridization is a ground state effect that alters the initial
wave functions, the independent particle LDA results already
show rich oscillatory structures. As the hybrid orbitals spread
almost equally over the Coulomb (atomic) and the C60 regions
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FIG. 3. (Color online) (a) LDA and TDLDA photoionization
cross sections for the hybrid states 5s2s and 2s5s. Total free C60
and Xe 4d@ cross sections, both in TDLDA, are also shown. The
various ionization thresholds are indicated. (b) 5s2s TDLDA cross
section compared with earlier results [11–13] (5s@) that omit the
hybridization effect.

[Fig. 2(b)], oscillations originate from two separate effects
[25]. First, the outgoing direct ionization amplitude from the
atomic region interferes with two reflected amplitudes from
the inner and outer radii of the cage-wall. This interference
however exists for the ionization from any arbitrary subshell of
a confined atom. The second effect, special for a hybrid state,
is the interference of the direct amplitude with the electron
ejected from inside the cage-wall itself driven by the force from
the rapid radial variations of the potential at the wall-edges.
This later effect must be strong since the hybrid states have
significant electron probability density around the cage-wall.
In general, the LDA curves in Fig. 3(a) are very similar to each
other in structure except for a shallower second minimum
in 5s2s at 72 eV, while for 2s5s this structure is very sharp
appearing at a lower energy (47 eV).

Figure 3(a) also displays the TDLDA results for the hybrid
states. Inclusion of the interchannel coupling in TDLDA
results in three effects: (i) Narrow single-electron autoionizing
resonances appear. Up until 37 eV these spikes correspond to
Xe 5p → ns, nd excitations plus all possible dipole-allowed
excitations in C60 degenerate with the hybrid level continua.
Spikes corresponding to the excitations from inner levels,
4d@, 4p@, and 4s@, appear just before the ionization
thresholds (shown) of these levels. (ii) In addition, below the
Xe 4d@ threshold the coupling of the hybrid state channels
with the C60 channels via TDLDA induces a strong increase
in the hybrid state cross sections as seen in Fig. 3(a). This
occurs owing to the following. The free C60 cross section
(shown) is very large in this region due to the onset of two
collective plasmon resonances centered at 16.5 and 38 eV.
Since each hybrid wave function has about one-half of its
probability density located within the C60 shell region, it
overlaps significantly with the C60 orbitals. As a consequence,
the hybrid state photoionization matrix elements experience
considerable increment �D, that, using the Fano formalism
[32], can be expressed as

�D(E) =
∑
n�

∫
dE′ 〈ψn�(E′)| 1

|r−rn�| |ψ(E)〉
E − E′ Dn�(E′), (16)

where the numerator is a measure of the overlaps, since ψ and
ψn� are, respectively, the hybrid and C60 continuum-channel
wave functions, and Dn� represents all the C60 LDA matrix
elements. Note in Fig. 3(a) that for the 2s5s cross section
TDLDA (which includes this coupling) induces about an order
of magnitude increase in the cross section near the peaks
of each plasmon resonance. (iii) Finally, above the Xe 4d@
ionization threshold the free C60 cross section considerably
weakens and hence a different mechanism plays out from
the coupling with strong 4d@ cross section (shown) that
displays the well-known shape resonance. In general, for free
Xe the 4d shape resonance influences resonance structures
in all degenerate weaker channels owing to the interchannel
coupling. And since the hybrid wave functions have about 50%
of their probability density in the atomic region, they should
also participate in this coupling, leading to modifications in
the results when obtained by TDLDA. This is seen by the
comparison between the LDA and TDLDA cross sections
for the hybrid states above the 4d@ threshold in Fig. 3(a).
Enhancements occur below 124 eV and above 124 eV the
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TDLDA curves are pushed down, reflecting the effect of a
Cooper minimum in the 4d@ cross section at about 175 eV.

In Fig. 3(b) the 5s2s hybrid state cross section is compared
with previous results that are calculated by employing the
δ-function-type [11] and static-potential-type [12,13] models
which omit the Xe-C60 hybridization phenomenon that our
method includes. As seen, while results from these simple
models are in fair accord with each other, sharp disagreements
are noted between them and the present result below 100 eV;
and even above 100 eV there remain significant differences
(note the logarithmic scale). This emphasizes the important
consequence of the hybridization and stresses the need for a
multielectron description of C60.

B. Ionization of valence 5 p level

Photoionization cross sections for the valence 5p level of
free Xe and confined Xe (5p@) calculated in TDLDA are
shown in Fig. 4(a). In the C60 collective resonance (plasmon)
region, below 40 eV photon energy that is, remarkable modi-
fications of the 5p cross section as a result of the confinement
emerge. The most dramatic enhancement occurs around 17 eV,
the position of the C60 giant plasmon. Going higher in energy,
a relatively weaker shoulder-like structure appears between
24 eV and 40 eV. Beyond 40 eV, however, the 5p@ cross
section is seen to oscillate about the (free Xe) 5p result. Similar
enhancements have been found previously for the valence
ionizations of confined atoms of smaller sizes, namely, 3p@
of Ar [20] and 3s@ of Mg [21].
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FIG. 4. (Color online) (a) TDLDA cross sections for the outer
5p subshell of free (5p) and confined (5p@) Xe. The hybrid 5s2s

TDLDA cross section is also shown along with the RPAE result from
Ref. [33]. (b) 5p TDLDA angular distribution asymmetry parameter
for free and confined Xe.

The underlying reason for this enhancement is the transfer
of oscillator strength from the C60 ionization channels to
the atomic 5p channel through the atom-fullerene dynamical
coupling. To scrutinize the mechanism we can resort back to
Eq. (16) that will now represent the leading order correction
to the Xe 5p photoamplitude owing to its interaction with
a number of C60 channels n�. Since the 5p@ wave function
overlaps somewhat with the C60 wave functions [Fig. 1(b)] due
to a weak mixing, this correction term must be nonvanishing.
But why is the correction so strikingly huge as seen in
Fig. 4(a)? This is due to the following reason. The existence of
two plasmon resonances in free C60 implies that a coherent
mixing of various C60 dipole matrix elements forms two
regions of constructive interference via a mechanism of
phase-coherent interchannel coupling [18]. Since the 5p@
ionization channel opens approximately at the onset of the low
energy (giant) plasmon, it must also participate in the process.
Indeed, the correction terms add up coherently, leading to the
dramatic enhancement in the low energy plasmon region. The
higher-energy shoulder structure is a combined effect of
the higher energy plasmon in the C60 channel and a subsequent
suppression due to the Cooper minimum existing in the Xe 5p

channel. The transfer of the oscillator strength from the C60

channels to the Xe 5p channel can be quantified by comparing
the oscillator strength values, 5.1 and 62.8, that the 5p and
5p@ cross sections exhaust in the energy range from the
ionization threshold to 40 eV.

The 5p cross section of Xe confined in C60 has also
been calculated recently using the δ-function modeling of
C60 [33] which we also present in Fig. 4(a). As seen, except
only for the peak position of the low energy enhancement
this result does not really agree with the present result. In
Ref. [33], the polarization effect of C60 on the central atom
is incorporated by inserting a multiplicative factor in an ad
hoc manner which is expressed as a function of the dynamical
polarizability of C60 determined by the sum rule considerations
making use of the experimental photoeffect cross section
data. This factor modified the cross section and enhanced
a confinement-induced oscillation at about 17 eV region to
produce the giant structure. However, in a linear response
theory, like TDLDA, the dynamical effect of C60 on the 5p@
amplitude can be expressed as the sum of the single electron
(SE) and the collective electron (CE) amplitudes. Referring to
Eqs. (11) and (14) these amplitudes are, respectively,

〈SE〉 ∼ 〈φk�′ |z|φ5p@〉, (17a)

〈CE〉 ∼ 〈φk�′ |δV ′|φ5p@〉. (17b)

Here

δV ′ =
∫

δρ(r′; ω)

|r − r′| dr′ +
[
∂Vxc

∂ρ

]
ρ=ρ0

δρ(r; ω). (18)

Obviously, the cross section σ5p@, which is the coherent
superposition of these amplitudes, can be written as

σ5p@ ∼ |〈SE〉|2 + |〈CE〉|2 + [〈SE〉〈CE〉∗ + 〈SE〉∗〈CE〉],
(19)

where the terms in the square bracket are the interference
contributions. Clearly, in the low-energy region where the
collective motion is very large |〈CE〉|2 dominates, while in
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the high-energy region where the collective motion practically
vanishes |〈SE〉|2 rules; the dynamics at 17 eV must be an
almost pure collective contribution. Only in the decaying part
of each plasmon do the interference terms become important.
This is why the ansatz used in Ref. [33] where the enhancement
in 5p@ cross section is generated by multiplying by a
polarization factor cannot be correct. Note further that, even
at 30 eV, the ansatz gives a 5p@ cross section almost an order
of magnitude larger than the present TDLDA result.

The 5p and 5p@ angular distribution asymmetry parame-
ters calculated in TDLDA are shown in Fig. 4(b). The angular
distribution is calculated from the ratio of the amplitudes
of the dipole channels p → s, d. Note that near the 17 eV
region the angular distribution sees some increment effect
from the confinement, but it is far weaker than the effect
in the cross section in Fig. 5(a). This is because even if
the ionization amplitudes are considerably increased at 17 eV,
their ratio neutralizes the effect to a large extent. However,
the comparison of 5p and 5p@ results suggests significant
modification in the angular distribution profile from the
confinement in the energy range 40–60 eV. This happens owing
to the existence of the 5p Cooper minimum in this region. As
a matter of fact, since the Cooper minimum is in the 5p → d

channel, only the 5p → s channel remains, leading to an
isotropic angular distribution, β = 0. Therefore, the Cooper
minimum is located where β = 0, which occurs at about 47 eV
for 5p, but at about 54 eV for 5p@, as seen in Fig. 4(b). This
shift in the location of the Cooper minimum is due primarily
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FIG. 5. (Color online) LDA (a) and TDLDA (b) cross sections of
free (4d) and confined (4d@) Xe 4d , confined Xe 5p, and the hybrid
states 5s2s and 2s5s over the 4d shape resonance region. 5p@, 2s5s,
and 5s2s results are scaled up to aid the comparison.

to interchannel coupling with the 5s channels. Specifically, the
5s2s and 2s5s hybrid state amplitudes become stronger in this
region [the 5s2s cross section is shown in Fig. 4(a)] and modify
the much weaker 5p@ → d amplitude through interchannel
coupling. This interchannel coupling is not strong enough to
affect the 5p@ → s channel, however. Thus, since the cross
section is 5p@ cross section is dominated by the 5p@ → s

channel in the Cooper minimum region, the 5p@ cross section
is hardly affected. Note that the effect is in essence an indirect
dynamical impact of the hybridization.

C. Ionization in the 4d shape resonance region

For the photoionization of free Xe, a large shape resonance
is created above the 4d threshold from the 4d → kf channel.
The 4d photoionization cross section is much larger than the
degenerate 5p and 5s cross sections of the free Xe in
the resonance region. Consequently, significant interchannel
couplings of 5p and 5s with 4d kick in that induce resonance
structures also in the 5p and 5s channels which appear like
smaller replicas of the resonance in the 4d channel. This
interchannel coupling, when Xe is confined in C60, produces
dramatic effects.

Figure 5(a) shows the free Xe 4d cross section calculated
in LDA that displays a sharp structure immediately above the
threshold from the strong centrifugal barrier effect of the 4d

electron. The LDA 4d@ result, also shown in Fig. 5(a), is seen
to simply oscillate around the 4d result as expected. The LDA
curves for other degenerate channels, namely, 5p@, 5s2s, and
2s5s, for the confined Xe (shown) exhibit similar oscillations.
The TDLDA method, that includes the interchannel coupling,
pushes down, broadens, and blue-shifts to 100 eV the sharp
structure in LDA 4d, and thereby provides the true shape of
the resonance as presented in Fig. 5(b) for the free Xe. The
TDLDA 4d@, as seen in Fig. 5(b), has the average shape
of the free result, plus the superimposed oscillations from
the confinement. Note that for both LDA and TDLDA the
largest oscillation occurs at the maximum of the corresponding
free cross section, since the amplitude of the oscillations are
proportional to the magnitude of the corresponding free atomic
cross section [25].

What transpires for the shape of the TDLDA cross sections
of 5p@, 5s2s, and 2s5s channels, shown in Fig. 5(b),
is however remarkable. Strong couplings enable the 4d@
channel to etch out some of its own oscillations in the cross
sections of these weaker channels. In particular, the structures
at 100 eV and 117 eV are the most prominent ones which
appear in all the curves, seen in Fig. 5(b). This transfer of
confinement resonance oscillations from 4d@ to 5s@ in the 4d

shape resonance region was predicted recently in a calculation
that uses a static model of C60 [12] and termed correlation
confinement resonances. The present results reveal that in a
more realistic multielectron treatment of C60 where 5s loses
its atomic identity the effect still persists. It further shows that
the effect influences the outermost 5p@ ionization also.

V. CONCLUSION

A detailed theoretical study of the photoionization of Xe
endohedrally sequestered in C60 has been carried out. Strong
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atom-fullerene hybridization is shown to occur between the
Xe 5s and the bottom-most π level of C60. The effect emerges
due to the reduction of the 5s electron binding energy from
the repulsion experienced from the C60 delocalized electrons
which moves the level close enough to the bottom of the
π band to induce a ground state (static) coupling from
the near-degeneracy. The mixed character of these hybrid
levels produces particularly interesting ionization behaviors.
The strength of the predicted cross sections are comparable
to those of a pure atomic state making them amenable to
possible measurements. In addition, the coexisting delocalized
character of the hybrids engenders rich oscillatory structures
in the cross section.

A huge boost in the outer valence 5p cross section of Xe
under confinement is uncovered and shown to be due to an
atom-fullerene dynamical coupling that moves a large amount
of oscillator strength from the C60 ionization to the atomic
ionization in the spectral region of C60 collective electron
motions. However, this phenomenon only slightly influences
the 5p angular distribution. But, in the vicinity of the 5p

Cooper minimum it is found that the 5p angular distribution is

greatly affected by the two nearby hybrid channels, pointing
out a collateral consequence of the hybridization.

Finally, in the region of the atomic 4d shape resonance
electron correlation in the form of interchannel coupling is
shown to enable the strong and oscillatory 4d cross section of
confined Xe to transfer two of its oscillations to all other open
channels of Xe, including those of the hybridized states. This
embodies another case of correlation confinement resonances,
where the oscillations in the cross section resulting from
the interference of continuum waves corresponding to direct
ejection, and those reflected from the confining wall being
transferred not only to other degenerate (but weaker) atomic
photoionization channels, but to C60 photoionization channels
as well.
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