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Abstract. A theoretical study of photoionization from the outermost orbitals of Be, Mg and Ca atoms
endohedrally confined in C60 is reported. The fullerene ion core, comprised of sixty C4+, is smudged
into a continuous jellium charge distribution, while the delocalized cloud of carbon valence electrons plus
the encaged atom are treated in the time-dependent local density approximation (TDLDA). Systematic
evolution of the mixing of outer atomic level with states of the C60 valence band is found along the sequence.
This is found to influence the plasmonic enhancement of atomic photoionization at low energies and the
geometry-revealing confinement oscillations at high energies in significantly different ways: (a) The extent of
enhancement is mainly determined by the strength of atomic ionization, giving the strongest enhancement
for Be even though Ca suffers the largest mixing. But (b) strongest collateral oscillations are uncovered
for Ca, since, relative to Be and Mg, the mixing causes the highest photoelectron production at confining
boundaries of Ca. The study paints the first comparative picture of the atomic valence photospectra for
alkaline earth metallofullerenes in a dynamical many-electron framework.

PACS. 61.48.-c Structure of fullerenes and related hollow and planar molecular structures – 33.80.Eh
Autoionization, photoionization, and photodetachment – 36.40.Cg Electronic and magnetic properties of
clusters

1 Introduction

Laboratory techniques to entrap atoms and molecules in
carbon fullerenes, forming endofullerenes, have seen recent
improvements [1], increasing the feasibility of conducting
spectroscopic experiments on endofullerenes in gas phases.
In particular, measurements on photon induced ionization
of these systems, as well as the empty fullerene but us-
ing the same technique, has become very visible over past
years [2–4]. On the theoretical side, increasingly frequent
studies on the topic of interactions of endofullerenes with
external stimuli, namely, single photon [5,6], multiphoton
[7] and fast charged particle [8] fields have been reported,
resulting in a steady growth of fundamental spectroscopic
knowledge of atoms in a stable, material confinement, en-
riching the versatility of fullerene research. In addition,
the spectroscopic information of endofullerenes is partic-
ularly valuable in the context of prospective technological
applications of these systems in the fields from quantum
computations [9] to photovoltaics [10] to the drug delivery
[11].

Theoretical methods employed to obtain photoioniza-
tion results for endofullerenes can be classified in four

groups: (i) A simple semiclassical approach using the idea
of a dynamical screening of the dielectric fullerene shell has
produced a good qualitative description of the low energy
photoemissions from the central atoms [12]. (ii) Impor-
tant insights of energy dependent oscillations in atomic
emissions at higher energies were obtained through calcu-
lations in which the confining C60 is modeled by static po-
tentials, such as, zero-width delta-function potential [13]
or finite-width square-well potential [14,15]. However, in
either approach above, C60 electrons are completely omit-
ted. Moreover, in the square well model, the width and
depth of the potential can in principle be arbitrarily cho-
sen as long as they together produce the measured C60

electron affinity, giving the potential a semi-empirical qual-
ity. (iii) Employing a one-center expansion type density
functional scheme valence and core photoemissions of sev-
eral guest atoms have also been performed [16]. While
this approach is particularly superior in the single elec-
tron ground and continuum state description, by explic-
itly treating the truncated icosahedral structure of C60,
the electronic collective motion was completely omitted.
(iv) Finally, a method developed by our group that de-
termines the ground state structure of delocalized elec-
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tron cloud, formed by the valence electrons of fullerene
carbon atoms, moving in a jellium background of equiva-
lent positive charge [17] in a local density approximation
(LDA) framework. Photoionization results emanated from
this LDA method, and from its time dependent (TDLDA)
version at appropriate energies where many-electron ef-
fects dominate, have agreed well with experiments both
in low energy plasmonic [2,17] and high energy oscilla-
tory [18] regions for free C60. Further, it has recently been
shown that the oscillation signals in the Fourier recipro-
cal space of our single photoionization TDLDA results for
Xe@C60 [19] in the Xe 4d giant resonance range are qual-
itatively well reproduced [20] by the double photoioniza-
tion measurements of Xe@C60

+ [4]. Particular other in-
sights obtained from our TDLDA method include the pre-
diction of (a) the oscillator strength transfer from the C60

plasmon to enhance the ionization of the confined atom
[21,22], (b) the existence of atom-fullerene hybrid levels
of unusual spectral behavior [23], and (c) the significant
reverse-modification of captor fullerene’s own ionization
signal by the encaged atom [24].

Using this TDLDA method we present herein the re-
sults of a comparative study of the photoionization of the
first three alkaline earth metal atoms, Be, Mg and Ca, in
C60. We consider the atoms located at the center of the
C60 shell. In contrast to the case of alkali atoms, where
the transfer of atomic outer electrons to the shell off-sets
the atom’s central position, in Be@C60 and Mg@C60 there
is no electron transfer from the metal to the cage [25]. For
Ca@C60 the situation is still unclear with the possibility
of a partial transfer from Ca 4s which may keep its atomic
identity at least partly intact [25]. Therefore, we include
Ca in our selection and explore, along the sequence, the
evolution of the effect of the C60 plasmons as well as oscil-
latory energy-modulations on the captured atom’s valence
emission. The only previous study [16] was limited to the
non-plasmonic effects and without the confining geometry
based analysis of the oscillations.

2 Description of the methodology

2.1 The ground state

Density functional theory is used to describe the ground
state electronic structure of the compounds using the same
methodology employed earlier [17,21]. The jellium poten-
tial representing 60 C4+ ions is constructed as a uniform
charge density over a spherical shell with radius R and
thickness Δ, augmented by a constant potential V0 to in-
sure quantitative accuracy [26]. R is taken to be the known
radius of C60, 3.54 Å. The nucleus of the confined atom is
placed at the center of the sphere. The Kohn-Sham equa-
tions for the system of a total of 240+N electrons (N = 4
for Be, N = 12 for Mg, N = 20 for Ca, and 240 delo-
calized electrons from C60) are then solved to obtain the
ground state wave function in the local density approxi-
mation (LDA), and the parameters V0 and Δ are deter-
mined by requiring both charge neutrality and obtaining
the experimental value, 7.54 eV, of the first C60 ionization
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Fig. 1. (Color online) (a) Average radial LDA potentials for
systems: Be@C60, Mg@C60, and Ca@C60. The radial deriva-
tive of the potential, a measure of the photoionizing force, is
shown for the case of Mg@C60. The valence levels of the three
confined atoms, and some high-lying π and σ levels of C60 are
indicated. (b) Radial probability densities of free and confined
atomic levels. The positions of inner and outer edges of the
C60 hull are also indicated.

potential. This procedure yields a value of Δ of 1.5Å, in
excellent agreement with the value inferred from experi-
ment [18].

In addition, we include an appropriate correction to
eliminate unphysical electron self-interactions for the i-th
subshell that render the LDA potential orbital-specific [6],

V i
LDA(r) = Vjel(r)− Zatom

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, atomic 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 interaction
is non-local), we employ a widely used parametric formu-
lation [27]. The successes and limitations of this jellium-
based description of C60 vis-á-vis experiments and quan-
tum chemical calculations are discussed earlier [17], how-
ever no method can possibly beat the ease and ability of a
jellium-approach to describe photoionization processes of
nanometric finite systems by including important electron
correlations.

Table 1 lists LDA single-electron configurations of Be@C60,
Mg@C60 and Ca@C60 using Coulomb notations, and iden-
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Table 1. Ground state configurations of the endofullerene compounds.

Be@C60 Mg@C60 Ca@C60

1s (Be 1s) 1s (Mg 1s) 1s (Ca 1s)
2s (C60 1s + a weak atomic node) 2s (Mg 2s) 2s (Ca 2s)
3s (C60 2s + a weak atomic node) 2p (Mg 2p) 2p (Ca 2p)
4s (Be 2s + two shell nodes) (2s@ Be) 3s (C60 1s + two weak atomic nodes) 3s (Ca 3s)
higher � states are C60 states 3p (C60 2p + one weak atomic node) 4s (C60 1s + three weak atomic nodes)

4s (C60 2s + two weak atomic nodes) 3p (C60 2p + two weak atomic nodes)
4p (C60 3p + one weak atomic node) 4p (Ca 3p + one weak shell node)
5s (Mg 3s + two shell nodes) (3s@ Mg) 5s (C60 2s + three weak atomic nodes)
higher � states are C60 states 5p (C60 3p + two weak atomic nodes)

6s (Ca 4s + two shell nodes) (4s@ Ca)
higher � states are C60 states

Table 2. Valence binding energies (eV) of free and confined
atoms.

Be@C60 Mg@C60 Ca@C60

ηs -9.49 -7.92 -6.25
ηs@ -7.57 -5.87 -4.04

tifies the nature of s and p orbitals. Several of these or-
bitals invoke additional radial nodes in order to satisfy the
Pauli exclusion principle. However, with only exceptions of
the atomic valence orbitals, effects of these extra nodes on
the shape of other orbitals are extremely weak, virtually
retaining these orbitals rather pure. The radial compo-
nent of the LDA potentials, calculated by the occupancy
weighted averaging of all the orbitals of an endofullerene,
are presented in Fig. 1(a) for the three systems. As ex-
pected, the depth of the atomic cusp gradually increases
as the size of the atom grows. But the potential in the
C60 shell region remains unchanged. This is because, even
though the orbital-specific potentials (not shown) corre-
sponding to Pauli-modified atomic valence levels do alter
over the shell region, the effect washes out in the aver-
aging process, since these orbitals being s-type hold only
two electrons.

Fig. 1(b) shows the radial probability densities of the
valence electrons which are 2s, 3s and 4s, respectively, for
the three free atoms. We use the symbol ηs@, with η = 2,
3, 4, to denote the levels of the confined atom, while tech-
nically these wavefunctions are 4s, 5s and 6s of the com-
pound system due to the mixing induced by two additional
nodes (Table. 1). As seen in Fig. 1(b), the relative strength
of the mixing grows with the increase of the atomic size,
consequences of which on the photoionization mechanism
over the plasmon active energy region and beyond will be
revealed in the following section. In Fig 1(a), the positions
of the corresponding binding energies of captive atomic
levels are included, the explicit values of which along with
those for free atoms are noted in Table 2, that suggests
the decrease of binding energies from the mixing. We also
show in Fig. 1(a) a few high-lying π (single-noded) and σ
(nodeless) C60 states in order to aid our later discussions.

2.2 The photoionization treatment

A time-dependent LDA (TDLDA) approach [17] 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(Ω)Ylm(Ω′), (2)

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

1

r2
∂

∂r
r2
∂

∂r
− 	(	+ 1)

r2
− VLDA + E

)
Glm(r, r′;E)

=
δ(r − r′)

r2
.(3)

Glm is constructed with homogeneous solutions jl(r;E)
and hl(r;E) of Eq. 3, satisfying boundary conditions at
r = 0 and r = ∞ respectively, as

Glm(r, r′;E) =
jl(r<;E)hl(r>;E)

W [jl, hl]
, (4)

where the Wronskian

W [j, h] = r2[j(r)dh(r)/dr − dj(r)/drh(r)]r=c (5)

and is independent of the arbitrary constant c. Using the
Green’s function, the independent particle (IP) suscep-
tibility 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), (6)

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

teraction of electrons with the linearly polarized light, in-
duces a frequency-dependent complex change in the elec-
tron density. This can, in principle, be written as

δρ(r;ω) =

∫
χ(r, r′;ω) z′dr′, (7)
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where the full susceptibility χ incorporates the dynamical
electron correlation. Using instead the IP susceptibility
(Eq. 6), the induced density can, equivalently, be written
as

δρ(r;ω) =

∫
χ0(r, r

′;ω)δV (r′;ω)dr′, (8)

in which

δV (r′;ω) = z + δV ′(r′;ω)

= z +

∫
δρ(r′;ω)
|r− r′| dr

′+
[
∂Vxc
∂ρ

]
ρ=ρ0

δρ(r;ω), (9)

where the second and third term on the right-hand side,
collectively represented by δV ′, are, respectively, the in-
duced change of the Coulomb and the exchange-correlation
potentials. Obviously, besides including the external per-
turbation z, δV incorporates the dynamical field δV ′ pro-
duced through many-electron interactions and, thereby,
plays the role of an effective perturbation to the molecule.

The photoionization cross section is then finally eval-
uated in terms of δV as the sum of independent sub-
shell cross sections σn�→k�′ , corresponding to a bound-
to-continuum dipole transition n	→ k	′,

σPI(ω)=
∑
n�

σn�→k�′ ∼
∑
n�

2(2	+ 1)|〈φk�′ |δV |φn�〉|2. (10)

Obviously, replacing δV by z in Eq. (10), we find the
independent particle (IP) LDA results of the absorption
and ionization cross sections respectively.

3 Results and discussions

3.1 Low energy plasmonic region

Fig. 2 shows the TDLDA cross sections for the valence
levels ηs@ of the three confined atoms, along with their
free atomic counterparts, for photon energies up to 30 eV.
(Mounted on the broad cross section shapes of the con-
fined atoms are narrow single-electron autoionizing reso-
nances which are beyond the scope of our discussions.)
First, a confinement induced general trend of the Cooper
minima, appearing at the above-threshold region, to shift
higher in the energy is noted. Second, the energy range
in Fig. 2 is also the region where the C60 giant plasmon
is excited. Therefore, the results also show dramatic en-
hancements in the ionization of confined atoms, peaking
at about 16 eV, which are expected from the atom-C60 dy-
namical multielectron coupling [6,22,21]. However, the de-
gree of this enhancement is clearly different from one sys-
tem to another; in particular 2s@ Be exhibits the largest
cross section while 3s@ Mg the smallest.

In order to uncover the reason of this trend, consider
the TDLDA dipole matrix element in Eq. 10, denoted by
Mηs@, in a decomposed single and multielectron picture:

Mηs@(E) = Dηs@(E) +ΔD(E) (11)

where D is the (LDA) matrix element involving the single
electron operator z. The structure of ΔD, which obviously
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Fig. 2. (Color online) The valence ionization cross sections
corresponding to confined and free atoms, for the three endo-
fullerenes, calculated in TDLDA over the C60 plasmon region.

involves δV ′ [Eq. 9], can be alternatively expressed in the
well known Fano scheme based on a perturbative inter-
channel coupling framework [21] as

ΔD(E) =
∑
n�

∫
dE′

〈ψn�(E
′)| 1

|r
ηs@−rn�| |ψηs@(E)〉
E − E′ Dn�(E

′).

(12)
In Eq. 12, ψηs@(E) and ψn�(E) are the unperturbed fi-
nal continuum channel wave functions of ηs@ and n	 pho-
toionization channels respectively, and the sum is over the
photoionization channels of the atom plus all the delocal-
ized electron (coherent) channels of the C60 shell. Separat-
ing out the atomic channels from the sum and associating
those terms with the LDA matrix element Dηs@ we can
rewrite Eq. 11 as

Mηs@(E) = Matom

ηs (E) +ΔDC60
(E). (13)

where the first term on the right hand side is approxi-
mately the TDLDA matrix element of the free atom and
the second term, represented by Eq. 12 but without the
atomic channels, embodies the plasmonic enhancement.
The ηs@ photoionization cross section,∼ |Mηs@|2, in TDLDA
therefore involves the coherent superposition of the atomic
TDLDA and the enhancement contributions:

σηs@ ≈ σatom

ηs +
[Matom∗

ηs ΔDC60
+Matom

ηs ΔD∗
C60

]
+ΔσC60

(14)
in which ΔσC60

∼ |ΔDC60
|2.

The matrix element within the integral of Eq. 12 is
known as the interchannel coupling matrix element. Going
from Be to Mg to Ca, the increasing mixing of ηs@ initial
state wave function with C60 orbitals [Fig. 1(a)] ensures
increasing overlaps, resulting in higher values of the in-
terchannel coupling matrix elements. However, along the
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same atomic sequence there also arises a different effect
that counters this trend as follows. Fig. 1(b) (and Table. 2)
indicates a gradual decrease of the ηs@ binding energies
from Be to Ca, causing the valence level energetically mov-
ing away from the C60 σ and π occupied bands [indicated
in Fig. 1(b)]. Since the proximity of the ionization thresh-
olds of interacting channels produces stronger overlaps be-
tween their continuum wavefunctions, the effect described
above will lower the value of the coupling from Be to Ca.
It is therefore expected that the competition of these two
compensatory effects will keep the value of ΔDC60

, and
hence ΔσC60

, largely unaltered. Consequently, the com-
parative differences in σηs@ up the sequence will primar-
ily be influenced by the free atomic matrix element Matom

ηs

via the interference term in the square bracket on the
right hand side of Eq. 14. That is exactly what is found:
The free atomic TDLDA matrix elements M must have
increased from Mg to Ca to Be, since their cross sections
in Fig. 2 increase likewise. Therefore, from the above argu-
ment, this must also be the trend for the enhanced cross
sections of the confined atoms, as clearly seen in the same
figure.

3.2 High energy oscillatory region

At photon energies above the plasmonic range (roughly
> 50 eV) the valence ηs@ ionization cross sections show
oscillations as a function of the photon energy as seen
in Figs. (3) for the three systems considered; the curves
are seen to oscillate around the corresponding free atom
ηs cross sections. Since the many-electron effects largely
weaken over this energy region, the single-electron LDA
results, obtained by excluding the component δV ′ of the
induced potential in Eq. 9, are enough to describe this
oscillatory behavior. In Figs. 3(a) and (b) we also present
results from Ref. [16] for Be@C60 and Mg@C60 that com-
pare fairly well with the current LDA results within the
limitation of their differences in formalism; for Ca@C60,
Ref. [16] includes a multi-configuration splitting, making
its comparison with our jellium-based result rather diffi-
cult.

Within the LDA framework the physical mechanism
producing the oscillations can be qualitatively described
by the acceleration gauge formalism. In this formalism,
the dipole photoionization amplitude from Eq. 10, but ig-
noring correlations, can be expressed as

Dηs@ ∼
〈
φkp

∣∣∣∣∂V∂r
∣∣∣∣φηs@

〉
, (15)

which embodies the notion that the electron in the po-
tential V (r) requires a force ∂V/∂r to escape the system.
This ionizing force offered by the average radial poten-
tial of the compound is displayed in Fig. 1(a), but only
for Mg@C60, which produces characteristic peaks at the
inner and the outer edges, Ri (= 2.79 Å) and Ro (= 4.29
Å), of the C60 hull, suggesting the possibility of photoe-
missions from these locations. Note further in Fig. 1(a)
that a rather strong force is also available in the central
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Fig. 3. (Color online) LDA cross sections of the confined and
free atomic valence levels for Be@C60 (a), MgC60 (b) and
Ca@C60 (c). For the former two systems previous results by
Stener et al. [16] are also presented for comparison. The Car-
bon 1s ionization threshold is noted.

atomic region where the potential changes rapidly. There-
fore, since the bound wavefunction φηs@ are non-vanishing
over all these force-sites, as is evident from the probabil-
ity densities presented in Fig. 1(b), the photoemissions will
actually occur from all three sites, significantly interfering
with each other owing to the coherence. Additionally, the
reflection of the atomic photoelectrons from the hull edges
will further enrich the interference, adding features in the
modulation that can be best deciphered by the Fourier
photo-spectroscopy[19], as we demonstrate below.

The detailed expressions of the general structure of the
matrix element has been derived earlier [19,28]. Following
Ref. [28], we obtain the ηs@ ionization amplitude at ener-
gies above the C60 plasmon region, as

Dηs@ ∼ Datom

ηs@ (k)

+ Arefl

ηs@(k)
[
e−ikDoe−iV0

2Δ
k − e−ikDi

]

+ Ahull

ηs@(k)e
−i

V0
k

[
aie

−ikRi − aoe
−ikRo

]
, (16)

in which the photoelectron momentum k =
√
2(E − εηs@)

in atomic units, V0 is the average depth of the hull po-
tential, and ai and ao are the values of ηs@ wavefunc-
tion at, respectively, Ri and Ro. In Eq. 16, Datom

ηs@ is very
nearly equal to the ηs matrix element of an isolated atom
and the second term on the right hand side denotes the
reflection induced oscillations in momentum space with
frequencies Di and Do, the inner and the outer diame-
ter of the hull; the factor exp(−iV0 2Δ

k ) rapidly becomes
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Fig. 4. (Color online) Fourier transform magnitudes of
confined-to-free LDA cross section ratios over extended and
limited (up to carbon K edge) energy ranges.

unity with increasing k. The third term on the right hand
side represents the portion of the overlap integral over the
hull region, producing two collateral emissions from the
hull edges, where non-zero ionizing forces exist [Fig. 1(a)];
as evident, these contributions produce two frequencies,
Ri and Ro, in momentum space. Going from confined Be
to Ca, since the ηs@ probability density over the central
region slowly diminishes with its corresponding increase
in the hull region, the values of ai and ao also grow, as
Fig. 1(b) indicates. This evolutionary behavior places, in
general, a larger emphasis on the oscillation character of
the cross section along the sequence - a feature clearly
exhibited in Fig. 3: oscillations are weakest and strongest
respectively for 2s@ Be and 4s@ Ca.

The determination of the cross section involves inter-
ferences among atomic, reflective and collateral hull ion-
ization modes. Upon squaring the modulus of Eq. 16 we
find

σηs@ ≈ σatom

ηs@ +Datom

ηs@ ⊗Drefl

ηs@ +Datom

ηs@ ⊗Dhull

ηs@, (17)

where Dp ⊗ Dq = Dp∗Dq + DpDq∗ , which represents the
interferences. Note that since both reflective and collateral
effects are generally small relative to the direct ionization,
we have disregarded the quadratic reflective, quadratic
collateral and reflective-collateral interference terms in Eq. 17.
Evidently, the cross section contains the same frequen-
cies as in the matrix element Eq. 16: Di, Do from the
reflective and Ri, Ro from the collateral emissions. This
is in clear contrast to the known oscillations in free C60

[18]. In Fig. 4 the Fourier transform magnitudes (FTM) of
confined-to-free cross section ratios for ηs@ ionizations of
the three systems are shown. These reciprocal spectra yield

four peaks at the expected radial positions. The height of
each peak represents the strength of the respective oscilla-
tion via the factor in front of the corresponding oscillatory
term in Eq. 16. We note the following: (i) The reflective
structures are generally smaller than the collateral ones
for all the systems. This is because while with increas-
ing photoelectron momentum the reflection probability
decreases, a faster electron can better resolve the force
structure at the hull edges. (ii) The collateral peaks be-
come progressively taller going from Be to Ca, since ai and
ao are increasingly larger along the sequence [Fig. 1(b)].
(iii) In general for all three systems the Ro collateral peak
is higher then the Ri peak, since ao > ai without excep-
tions.

State-selective measurements of photoelectrons from
confined atoms can in principle be carried out by the stan-
dard technique of electron spectroscopy. But, the photon
energy must not intrude on the carbon K-shell contin-
uum to ensure that the C4+ core is not ionized. Hence,
we examined if the FTM of cross section ratios for en-
ergies not exceeding 290 eV is capable of delineating the
effect. Barring some off-sets, the peak positions are very
well reproduced (Fig. 3), implying that the effect should
be discernible in the experiment and must be included to
interpret the data.

4 Conclusion

This study of the photoionization of three different alkali
earth atoms confined at the center of a C60 molecule re-
veals a number of insights. The phenomenon of hybridiza-
tion, the mixing of atomic and shell wave functions, is
seen. The details of this hybridization is, however, quite
atom-dependent; it depends upon the proximity of atomic
energy levels to energy levels of the confining C60 of the
same symmetry. In all cases, in the energy vicinity of the
giant plasmon in C60, there is a dramatic enhancement
of the valence cross section of the caged atom, an effect
that is explained in terms of interchannel coupling be-
tween the C60 photoionization channels and the atomic
channels. The analysis reveals the interference with the
atomic ionization amplitude, not the extent of atom-C60

wavefunction mixing, to be the key in determining the
relative enhancement that increases from Mg to Ca to
Be. In addition, well above the plasmonic region, the va-
lence cross sections of all three atoms exhibit confinement
resonances, oscillations engendered by the interference of
photoelectron waves emitted directly with those (i) scat-
tered from the inner and outer boundary of the confining
potential and (ii) emerged directly collaterally from these
boundaries. These oscillations for each of the atoms dif-
fer in detail from one another, but the Fourier transform
of the cross sections reveals geometric information on the
confining shell which is, of course, exactly the same for all
three atoms. However, the orbital-mixing plays a crucial
role in altering the intensity of the collateral oscillation
component which grows maximally for Ca, since the mix-
ing yields the highest number of collateral electrons for
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this system. Unfortunately, owing to the difficulty of pro-
ducing these confined atom systems in quantity, there is
as yet no experimental scrutiny of these systems. It would
be highly desirable to measure these cross sections quan-
titatively and to look at these systems via photoelectron
spectroscopy to separate individual channels. Such studies
could answer many questions as well as privde a bench-
mark for theoretical calculations.

This work is supported by NSF and DOE, Basic Energy Sci-
ences.
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