PHYSICAL REVIEW A 73, 013201 (2006)

Photoionization of atoms encapsulated in endohedral ions A@Cg
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Results of a theoretical study of photoionization cross sections and photoelectron angular asymmetry pa-
rameters of atoms confined by positively Cgj or negatively Cg; charged fullerene shells are presented. For
negatively charged Cg, entirely new confinement resonances, termed Coulomb confinement resonances, that
dominate the spectra of the encapsulated atoms are predicted. In addition, the effect of a negative Cg shell is
to move some of the oscillator strength of the encapsulated atom from the discrete excitation region into the
continuum. For positively charged Cgy, the situation is much different; no Coulomb confinement resonances
occur in the photoionization spectrum of the encapsulated atom, and charging the shell positively does nothing
to the photoionization cross section (as a function of photon energy) except to increase the threshold energy.
The findings result from model Hartree-Fock calculations of 1s photoionization of Ne confined by neutral,

negative, and positive Cg.

DOLI: 10.1103/PhysRevA.73.013201

I. INTRODUCTION

Endohedral fullerenes A @Cgy—the nanostructure forma-
tions wherein a multielectron atom A is trapped inside a hol-
low fullerene cage Cqy—are a subject of significant interest
in recent years [1,2], because they exhibit properties that can
lead to important applications in nanostructure science and
technology. For example, it has been shown that Cg, confine-
ment could have some unique advantages in isolating the
atom from its environment, thereby providing a building
block for the qubits of the quantum computer [3]. A number
of theoretical studies have explored the response of atoms A
encapsulated in Cg, cages to ionizing electromagnetic radia-
tion, and phenomenology has been uncovered such as reso-
nances in photoionization cross sections and photoelectron
angular distributions of encapsulated atoms [4—10] termed
confinement resonances [7] (see also a recent review paper
[11] on this subject).

So far, however, the spectroscopy of confined atoms has
been, perhaps, experimentally rather difficult to perform, and
theoretical predictions have far outstripped experiment. It is
likely that this situation will change, and that laboratory in-
vestigations of the spectroscopy of confined atoms will be-
come available to test the theoretical predictions. In the
meantime, we turn our attention to filling in aspects of the
problem that so far have been ignored, such as the photoion-
ization spectrum of the atom encapsulated inside a charged
C%j shell: the endohedral ion A@Cgj. At this point in time,
nothing is really known about these spectra, but their prop-
erties will clearly be of importance to understand given that
investigations of endohedral ions, e.g., N@Cgf [12-14] (and
references therein) have been under way for some time now.
When spectroscopy of such confined atoms becomes experi-
mentally developed, it will be a matter of significant impor-
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tance to the understanding to be capable of distinguishing
which part of the photoionization spectrum of charged
A@CZ; is due to its confining Cgj shell, and which to photo-
ionization of the trapped atom A alone.

It is precisely the aim of this paper to explore theoretically
features of the photoionization spectra of atoms encapsulated
inside both endohedral positive ions (cations) and negative
ions (anions), A@Cg;. We focus on uncovering effects that
can occur in the photoionization process rather than to make
the most precise calculations possible. To accomplish this
end, we choose a system that is easier for us to study—
Ne@Cgi—and we investigate 1s photoionization of the con-
fined Ne. The choice is dictated by a number of reasons. To
begin with, neutral endohedral fullerenes with encapsulated
noble gas atoms do exist [15], and there is no reason that
noble gas endohedral cations and anions should not exist as
well. Secondly, the deepest ls shell is clearly the least af-
fected by the confining shell, and we use it to the advantage
of our qualitative theory. Moreover, the choice of the deepest
atomic shell with the ionization threshold of hundreds or
more electron volts makes it possible to ignore completely
the effect of dynamical screening in the photoionization of a
confined atom by a fullerene shell [10]; the effect is very
strong at photon energies around 24 eV, but rapidly falls off
to negligible at much higher energies.

In our study, we perform calculations using Hartree-Fock
(HF) wave functions to include charged confinement effects
as a first step in understanding which aspects of the photo-
ionization spectra are most interesting to study in greater
depth. One important finding of the research is the observa-
tion of strong confinement resonances, termed Coulomb con-
finement resonances, which dominate the photoionization
and photoelectron angular distribution spectra of encapsu-
lated atoms inside a negatively charged Cgj cage. Another
unexpected finding observes the redistribution of oscillator
strengths of encapsulated atoms between the discrete and
continuum spectrum depending on the magnitude and sign of
the charge on a fullerene shell.
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The atomic system of units (e=fi=m,=1) is used through-
out the paper.

II. THEORY

Our model approach to treat charged endohedral
fullerenes A@Cgj follows closely the approach previously
used in various studies of neutral endohedral fullerenes (see,
e.g., Refs. [5,11,16-18]).

First, for neutral Cg, the atom A is placed at the geometri-
cal center of the shell. This is reasonable, since experimental
studies of endohedral atoms A @Cg, show that noble gas at-
oms [15] and group-V atoms [19] are, as a rule, located at the
center of the fullerene cage without any charge transfer to the
cage. It is the very small van der Waals forces that cause the
atom to be located at the center of the cage. These van der
Waals forces are quite weak, compared to atomic (Coulomb)
forces, so that they do not alter the ground state wave func-
tion of the encapsulated atom A appreciably. Since we con-
sider the endohedral fullerene Ne@Cgj in this paper, we can
reliably take the position of the Ne atom to be at the center of
Cgo- The Cg, cage itself is modeled by a spherical, short-
range, attractive shell-potential, V*¢¢(r), of inner radius r,,
depth U, and thickness A:

—Uy<0, ifrsr.+A,
V(r) = . (1)
0, otherwise.

In accordance with Ref. [20], the radius r.~3.04 A
~5.8 au. and the thickness A=1A =1.9 a.u., whereas
U,=8.22 eV [5]; this choice reproduces the experimental
electron affinity of 2.65 eV for Cg, [21].

Second, to account for effects of a charged shell Cgj, we
assume that the extra charge z is evenly distributed over the
entire outer surface of Cg,. Correspondingly, the entire model
potential V<//(r) in the case of charged Cgg is

VI (r) = Vese(r) + V(r), 2
where V<(r) is the potential due to the charge on Cgy,
z .
, if0sr=sr.+A,
re+A
Vi(r) = : 3)

-, otherwise.
;

Third, as in Ref. [5], to find electronic wave functions
Bum@)=1r""P,(r)Y,,(0, $) and electronic energies €,, of the
encapsulated atoms (where n=e€ for continuum states), we
incorporate the potential V//(r) into the ordinary HF equa-
tions for a free atom (see, e.g., Ref. [22]). Correspondingly,

N * ’
[—é—z+veff(r)}¢,»(r)+2 JM
2 r o J r=r'|

XL ) h(r) = (e () Jdr'" = €:(r). 4)

Fourth, to calculate photoionization spectra of the con-
fined atoms due to the radiation of frequency w, the HF wave
functions and energies, solutions of Eq. (4), are plugged into
the ordinary formulae for photoionization cross sections
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FIG. 1. Angles 6 and ¢ in Egs. (6) and (8) as relative to the
photoelectron momentum p, photon momentum k, and photon po-
larization vector e.

o,(w) and photoelectron angular do,,;/(w)dQ) distributions
for free atoms (see, e.g., Ref. [22]).

Finally, since we focus on photon energies that are
~1 keV, we use the dipole approximation for the calculation
of the total photoionization cross section of a nl subshell of
the atom. For photoelectron angular distributions, we go be-
yond the dipole approximation by accounting for electric
dipole-quadrupole interference effects as well, since a recent
striking discovery has shown that these (usually ignored),
nondipole effects are often big even at as low photon ener-
gies as hundreds or even tens of eV [23]. Correspondingly,
for the total o,,,(w) and differential do,;/d() photoionization
cross sections of a nl subshell of the atom, we write [24]

4772 aNnI

o(w) = mw[mi] +(+1)D%,], (5)

@_@[H@

0 " an 5 (3 cos® 6— 1)} +AE,,, (6)

where the latter equation assumes 100% linearly polarized
light. In these equations, « is the fine structure constant, N,
is the number of electrons in a nl/ subshell, D,,; is a radial
dipole photoionization amplitude,

D1¢1=f P g1 (r)rP,(r)dr, (7)
0

B, is the dipole photoelectron angular asymmetry parameter,
and AE,, is the nondipole (i.e., electric dipole-quadrupole)
interference term,

AE,= %(5,,# Yo cOs* B)sin @ cos ¢. (8)
T

In the latter equation, the spherical angles 6 and ¢ are de-
fined in relation to the direction of the photon momentum Kk,
photoelectron momentum p, and photon polarization vector
e, as in Fig. 1. From Ref. [24], for nonrelativistic ns photo-
ionization, ,,=2, 6,,=0, whereas

Qns%d

ns—p

Yns = 3k COS( Na— 77[)) . (9)

Here, 7, and 7, are phase shifts of partial éd and €p photo-

electron wave functions, correspondingly, whereas D is

ns—ep
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FIG. 2. Calculated HF results for the 1s photoionization of free
Ne, as well as that of Ne from neutral Ne@Cg, (z=0) and from the
Ne@Cg, anion with z=-1, -2, -3, and -5 (dotted line), as
indicated.

the radial dipole photoionization amplitude [Eq. (7)] and
Q0,18 the radial quadrupole photoionization amplitude:

Qn.r—>6d=f Ped(r)rzpnl(r)dr- (10)
0

III. RESULTS AND DISCUSSION
A. Endohedral anions: Coulomb confinement resonances
1. Photoionization cross section: oy of Ne

Calculated results for a Ne 1s photoionization cross sec-
tion, o ,(w), from the Ne@C¢, anion (z=-1, -2, -3, and -5)
are shown in Fig. 2 along with calculated data for neutral
Ne@Cy, (z=0) and free Ne. For free Ne, we get a monotoni-
cally decreasing o,(w) with a threshold value of about
0.56 Mb. For neutral Ne@C,, we get confinement reso-
nances in o ,(w) of Ne. Such resonances were predicted and
investigated thoroughly earlier (Ref. [11] and references
therein). Confinement resonances are due to the interference
of the photoelectron waves going directly out, and scattered
off the inner and outer walls of the C¢, confining shell. The
interference due to these three outgoing waves yields a cross
section of the encapsulated atom with maxima and minima
centered roughly about the photoionization cross section of a
free atom.
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FIG. 3. Direct (Hartree) part of the effective potential V¢//(r)
[Eq. (2)] “seen” by a ep electronic wave arising from Ne 1s photo-
ionization of Ne@Cg, for z=-5, -2, -1, 0, and +5.

For an endohedral anion, Ne@Cg, (z<0), the situation is
affected dramatically by increasing the negative charge z on
C¢,. First, as the negative charge on Cg is increased just to
z=—1, there appears a new, strong resonance structure in a
lower-energy wing of o), at Aw=890 eV. As z keeps
growing, the resonance structure is slowly broadening while
slightly decreasing in height and, starting from z=-3, a new,
sharp resonance comes up in o (w) at yet lower energy,
hw=885 eV. Likewise, the formerly discussed strong reso-
nance structure, the new resonance becomes lower and
broader with increasing negative z (compare results for
z=-3 and z=-5).

Second, and this is quite striking, each subsequent in-
crease in negative z is seen to add a new, lower-energy part
to the former curve of o,(w) versus photon energy, while
leaving the higher-energy part of the graph almost intact. The
implication is that the effect of placing a negative charge
onto the Cg, surface is to move some of the oscillator
strength of the encapsulated atom from the discrete excita-
tion region into the continuum. In a sense, a negatively
charged shell C;, (z<<0) acts, as it were, a “magnifying glass
(the shell itself) with adjustable index of refraction (the nega-
tive charge on the anion),” because it allows one to “see” the
part of the oscillator strength of a confined atom that other-
wise is hidden for the observer. Note that this effect is similar
but opposite to the effect found some time ago [25] in the
photoionization of inner shells of free positive ions. In the
latter case, the effect of the increasing positive charge of the
ion by removal of outer electrons, as compared to neutral
atoms, was to move some of the oscillator strength of the
atom from the continuum into the discrete excitation region.

To understand these striking features in the behavior of
o,,(w) with increasing negative z, it is helpful to explore the
evolution in the potential V¢/(r), Eq. (2), “seen” by an
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FIG. 4. Nondipole photoelectron angular asymmetry parameter
v15(w) for 1s photoionization of free Ne, Ne from neutral Ne@Cg,
as well as Ne from the endohedral anion Ne@C§, (z<<0), as
indicated.

ejected Ne ls photoelectron for various values of z. The di-
rect (Hartree) part of V¢ is shown in Fig. 3 for various z. For
endohedral anions, V¢ is characterized not only by a com-
mon potential well between r=5.8 and r=7.7 a.u. for all z
(this models the Cg, shell itself), but also by the potential
barrier (split by the well) in the positive plane of V¢//(r). The
latter is owing to the extra potential V*(r) [Eq. (3)], which is
due to the negative charge z on the outer surface of Cg. This
engenders reflection of the continuum photoelectron wave
from the split Coulomb barrier causing additional kinds of
confinement resonances (resonances at iw= 890 and 885 eV
in Fig. 2). We term these resonances “Coulomb confinement
resonances” since they owe their existence to the confine-
ment brought about by the Coulomb potential barrier of the
charged shell. Coulomb confinement resonances dominate
the ordinary confinement resonances (compare, e.g., the lat-
ter at Aw=903 eV with the Coulomb confinement resonance
around 890 eV). It is clear that the position and shape of
Coulomb confinement resonances intimately involves the
Cg shell as well. Thus, Coulomb confinement resonances are
the result of the interference between the direct photoelectron
wave, the reflected wave from the Coulomb barrier, and the
reflected wave from the Cg, shell (well).

As is readily deduced from Figs. 2 and 3, sharp Coulomb
confinement resonances occur when the photoelectron en-
ergy is less than the barrier height. In addition, results for
z=-3 and z=-5 indicate that in the energy region where the
continuum wave has to penetrate the wider part of the Cou-
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FIG. 5. Ne 1s nondipole photoelectron angular asymmetry pa-
rameter y,,(w) along with its various components from Eq. (9)—
the dipole D and quadrupole Q amplitudes and cos A
(A=68,—6))—arising from Ne photoionization in the Ne@ng
anion.

lomb barrier, Coulomb confinement resonances are narrow,
whereas they are much broader at higher energy, when the
wave penetrates the narrow, near the top part of the barrier.
Further, when the energy is above the barrier height, we get
both types of resonances in the continuum: the large Cou-
lomb confinement resonances at lower energies and the ordi-
nary confinement resonance at higher energies. Clearly, this
is a general phenomenon and will be in evidence in the
photoionization of any atom, molecule, or ion, encapsulated
by a negatively charged confinement.

Note further that the cross sections for Ne 1s photoioniza-
tion from the endohedral anion are vanishingly small for
energies below the potential barrier height (Fig. 3), as seen in
Fig. 2, except for the Coulomb confinement resonances. This
phenomenology is due to the Coulomb barrier, which does
not allow the continuum wave functions to penetrate into the
inner region where the 1s wave function has appreciable am-
plitude, thereby causing the overlap and the dipole matrix
elements to be negligible. This too should be a general fea-
ture of photoabsorption by an object encapsulated by a nega-
tively charged confinement.

2. Photoelectron angular asymmetry parameters: Yy, of Ne

Results of the calculation of the 1s nondipole photoelec-
tron angular asymmetry parameter v,,(w) [Eq. (9)] for Ne
from the endohedral Ne@Cg, anion (z<<0) along with data
for neutral Ne@C, are presented in Fig. 4. Like the situation
with the photoionization cross section, the neutral shell Cg,
exhibits the ordinary confinement resonances in y,,(w) that
are centered roughly about the free Ne result. With increas-
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FIG. 6. Calculated HF results for the o ,(w) of Ne in neutral
Ne@Cg (represented by the curve on the whole span of the graph),
as well as of Ne in Ne@ng (a part of the graph starting at the
threshold energy of =900 eV and extending towards higher ener-
gies), Ne@ng (a part of the graph starting at the threshold energy
of =910 eV and extending towards higher energies), and Ne@Cj,"

(the part of the graph with a threshold energy of =928 eV).

ing negative charge z on Cg, the threshold value of 7y, (w) is
shifted to lower photon energies where the additional reso-
nance structure—the Coulomb confinement resonance—is
seen at about 887 eV.

From Eq. (9) for y,,(w), it is not obvious whether the
ordinary confinement resonances or the Coulomb confine-
ment resonances in y;,(w) are due to related resonances in
the dipole photoionization amplitude D, in the quadrupole
photoionization amplitude Q, in phase shifts, or due to a
combination of resonance structures. The understanding of
the primary avenue through which confinement resonances
occur in y,(w) is revealed from an examination of Fig. 5,
which makes it clear that both the ordinary and Coulomb
confinement resonances in y;,(w) arise from the confinement
resonances in quadrupole photoionization. Indeed, it is seen
that y,,(w) = y;,(w)/cos A [i.e., y;,(w) is approximately in-
dependent of cos A] and resonances themselves are posi-
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tioned at precisely the same energies as resonances in the
quadrupole photoionization amplitude Q.

B. Photoionization of endohedral cations: Ne@C%, z>0

In contrast to the case of an endohedral anion Ne@Cg,
(z<<0), the potential V</(r) seen by a photoelectron due to
photoionization of the atom encapsulated in an endohedral
cation Ne@Cg, (z>0) does not exhibit a Coulomb potential
barrier. Although this is quite obvious, yet, for illustration
purposes V¢//(r), in which a Ne 1s photoelectron is moving
upon photoionization of the endohedral cation, is shown in
Fig. 3 for z=+5. Because of the absence of the potential
barrier, the photoionization cross section of the atom encap-
sulated in an endohedral cation must be free of Coulomb
confinement resonances. Indeed, this is clearly seen from
Fig. 6, where calculated results for o(w) of Ne in Ne@C¢,,
are shown for z=0, z=+2, +5, and +10. In addition, it is
seen that charging the shell positively (by removal of some
electrons from the neutral Cg, surface) does nothing to the
photoionization cross section (as a function of photon en-
ergy) except to increase the threshold energy. The implica-
tion is that, in direct opposition to the case of endohedral
anions, the only effect of positive C,, as compared to neutral
Cqp, 1s to move some of the oscillator strength of the con-
fined atom from the continuum into the discrete excitation
region. Interestingly, this is a precise analogy to the case of
free positive ions, in which the same effects have been ob-
served [25].

IV. CONCLUSION

The Coulomb confinement resonances in the photoioniza-
tion cross section as well as in the photoelectron angular
asymmetry parameters upon photoionization of the atom en-
capsulated in endohedral anions, and the redistribution of the
oscillator strength of the encapsulated atom between the con-
tinuum and discrete spectrum, as predicted for Ne herein,
should be general and qualitatively similar for any atom con-
fined by charged Cg,. We believe that the precise understand-
ing of said features could have important implications in
future experimental developments of the spectroscopy of
these confined atoms. The data presented herein are intended
to promote the initiation of such developments as well.
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