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Confinement resonances in photoelectron angular distributions from endohedral atoms
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Both dipole and nondipole angular distribution parameters for photoelectrons emitted from the endohedral
Ne @ Gy, atom are investigated within both the framework of the Dirac bubble potential model and spherical,
short range potential well of finite thicknead'. It is demonstrated, fors] 2s, and 2 photoelectrons of Ne,
that because the fullerene shell acts as a resonator in this process, the energy dependence of the photoelectron
angular distribution parameters differ considerably from that of the free Ne atom. For confined Ne, in contrast
to the isolated Ne atom, these parameters as a function of photon energy acquire a significant resonance
structure, owing to oscillations in the photoionization matrix elements induced by the fullerene shell.
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I. INTRODUCTION atoms of the G, cage, the actual potential of thegan be

The aim of this paper is to study how the Jullerene replac_ed by an effective potgntial apting on the _electron like
shell influences the dipole and nondipole parameters of th@ continuous medium. For this medium one can introduce the
photoelectron angular distribution resulting from photoion-concept of the coefficient of reflection or refraction of an
ization of atoms encapsulated insidg,d.e., endohedral at- electronic wave(see, e.g., Ref[14]). Therefore, it is ex-
oms,A@ Cqo. pected that the slow photoelectron will perceive the fullerene

Calculations performed in a number of papgfs-11] cage G as an unstructured semitransparent spherical shell
demonstrate that the fullerene shell acts as a resonator, caubat generates a reflected electronic wave inside the sphere
ing the appearance of resonances termedfinementeso- and a transmitted wave outside. This was conclusively dem-
nanceg12] in the energy dependence of the total photoion-onstrated earlief15] where the photoelectron angular distri-
ization cross sections of the atom, which without thg, C bution was calculated forA@ Cg, photoionization near
shell would be structureless and smooth. It has also beefireshold. The fullerene cage was realistically represented as
found [13] that the encapsulation of a hydrogen at¢on a set of nonoverlapping atomic potentials due to each of the
hydrogenic ion leads to the appearance of resonance struc80 carbon atoms; it was found that, for low energy photo-
ture in nondipole photoelectron angular distribution param-€lectrons, the shape of the photoelectron angular distribution
eters. However, the effect of thesgcage on photoelectron coincides with the differential photoionization cross section
angular distribution asymmetry parameters of an endohedraf an isolated atom. This is possible only when the photo-
nonhydrogenic atomA@ Cg,, has not yet been studied. To electron moves in a spherically symmetric potential. Conse-
remedy this situation, we investigate photoelectron angulaguently, for low energy photoelectrons, the fullerene cage
distribution asymmetry parameters upon photoionization ofCe is perceived by the photoelectron as a structureless,
the 1s, 2s, and 2 subshells of Ne in endohedral Ne@,C  spherical potential welV(r). In the present paper, we deal

The description of the interaction of electromagnetic ra-only with the case of low energy photoelectrons, i.e., we
diation with fullerene-like molecules is a much more com-restrict ourselves to the consideration of near-threshold
plicated theoretical problem than that for an isolated atomphotoionization. Thus, replacing the actual potential of the
Therefore, to get some idea of the influence of the fullerendullerene cage by a central potential is a reasonable approxi-
shell surrounding an encapsulated atom, considerable simplination.
fications are useful. One of simplifications comes from the Experimental studies of endohedral atofk& Cs, show
fact that the radius of the fullerene cage is significantly big-that noble gas atom4.6] and group-V atom§l7], are, as a
ger than the radius of any subshell of the encapsulated atorrule, located at the center of the fullerene cage without any
Thus, to a good approximation, wave functions of the boundatharge transfer to the cage. It is the very small van der Waals
atomic electrons in an endohedralatom are the same as forces that cause the atom to be located at the center of the
those in the isolated atoy. As for the carbon atoms from cage. These van der Waals forces are quite weak, compared
the Gy, cage, their role is only to modify the final state of the to atomic(Coulomb forces, so they do not alter the ground
photoionization process, the molecular continuum wavestate wave function of the atorA appreciably. Since we
function. consider the endohedral fullerene Ne@ @n this paper,

Furthermore, when the wavelength of the slow photoelecbased on the above results, we can reliably take the position
tron significantly exceeds the distances between the carbarf the Ne atom to be at the center of the cage.
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An important feature of the § potential well is the pres- regularuy(r) and irregularvy(r) solutions of this equation.
ence of a shallow level—shallow compared with the effec-The coefficients of the linear combination are defined by
tive depth of this well. According to the experimental datamatching conditions for the wave functions imposed on the
[18], the electron affinity of the Gpis 1 ~2.65 eV while the  surface of the spherical shell, i.e.,ratR. Then, both a wave
effective depth of the weN/,=8.2-11.5 eV[8,11]. This al-  function phase shif$j(k), due to the electron scattering on
lows us to describe the wave function of the slow photoelecthe s-function potential, and the factd@, (k) are given by
tron inside and outside the fullerene shell by correctly chosen
boundary conditions that depend only on experimental pa-
rameters; the fullerene’s raditsand electron affinity. The uZ(R)
situation here is similar to nuclear physics, where low energy tan §(k) = Ug(R)vg(R) — KIAL’
nucleon scattering can be described by a logarithmic deriva-
tive of the wave functiorf19]. It is well known that a suit-
able mathematical method to impose the necessary boundary
conditions is to introduce into the Schrodinger equation the Dy(K) = [1 - Uk'(R)tan a(k)]cosa(k), 2)
so-called Dirac bubble-potenti®ir) =-V,4(r —R) instead of Uq(R)
the actual G potential. This potential has been used previ-
ously to describe photodetachment of negativg Gons
[20], elastic scattering of slow electrons by fullererjgg],
and confinement resonances in the dipole angle-integrat

photoionization cross sections of endohedral atén@ G, and throughout the text the atomic system of uitits m

[9,1Q. N ; S .
In this paper, we use the Dirac bubble potential to study ¢~ 1) is used} Note, in derivation of Eq(2) we took into

the dependence of the dipoRfw) and nondipoley(w) pa- a_lcco_unt that the \’Nronslfian of the radial Schrédinger equa-
rameterq22] of the photoelectron angular distribution from tion is Wk':uk'(r)vk'gr)__u‘f,'(r)vk'(r):k¢.O' .
endohedral atoms on photon energy\We demonstrate that __AS 10ng as the “size,” of the atomic subshell is smaller
these parameters, as functions of the photon energy, acquifa®" the size of the &, the matrix elements for electron
significant resonance structures, making them large, owing t§@nsitions to the continuum are formed near atom A, i.e.,
the appearance ebnfinementesonances in the photoioniza- well inside the G, cage. Therefore, these amplitudes coin-

tion matrix elements induced by the spherical shell potentiafide With the amplitudes of the corresponding transitions in
of Ceo, the free atom except for the multiplicative facior(k). Be-

For photoelectrons of energy higher than that of near€ause of the coupling between the oscillations of the wave
threshold photoelectrons, the noncentral nature of the md¥nctions inside and outside the cage, the coefficiéntk)
lecular potential[5,6,15 due to the G, shell becomes im- have a resonance character. Therefore, there are resonances,

portant. As a consequence, this may lead to the appearang@e confinement resonances, in the transition matrix elements
of additional resonancesroelecular resonances arising in for endohedral atoms that translate into resonances in the
the photoionization spectra of endohedral atdf§]. Both  total photoionization cross secti¢,10. .

types of resonances, confinement and molecular resonances, !t iS evident that for the same reason the confinement
should coexist in the spectra independently, unless they agesonances will appear also in the dipole and nondipole

cidently overlap which is unlikely because each should béSymmetry parameters. As noted, this was seen for endohe-
important in a different energy region. dral hydrogenic atoms and iorf43]. The expressions for

these parameters can be simply obtaif&ddQ from the gen-
eral expressions for the dipole and nondipole asymmetry pa-
rameters derived for free atoms where it is only necessary to
The formulas employed in this paper were derived earliereplace the dipoleR.; and quadrupoleQ., o matrix ele-
[9,10). Therefore, herein, we give only the main results. Forments byRi.; —Dyx1Ri:1 and Qiuz0— Diz2,0Qi2,00 respec-
an atomA located at the center of aggcage, the problem of tively, and the corresponding phase shifts of the photoelec-
calculating the photoelectron wave function in the continuuniron wave functions for the free atof.;(k) andA., o(k) by
reduces, in a one-electron approximation, to solution of ahe sum of the phases;,;— Ap(K)=A.;(K) +8.,(k) and
one-dimensional Schrddinger equation where the Dira (k)_)z (K)=A11r oK)+ Brr o(K)
bubble potential is added to the potential of an isolated atom 22 1£2,0 Ke2,00 - T2, 00 -
A. Evidently, solutions of this equation inside and outside a We focus both on the dipole paramefg ) defining the

i . angular distribution in photoionization of theatomic sub-
sphere of radiuRk correspond to wave functions calculated shells [for s subshells3(w)=2] and nondipole parameter
in the field of an isolated atorA. Therefore, inside the con- " P b

fining potential the continuum wave functiop(r) differs v(w) defining the differential cross section of photoioniza-
. - : tion of thes subshells. For these cades):

from the regular solutiom(r) of the Schrodinger equation

for a free atom only by a normalization factr(k), wherek

is the photoelectron momentum ah the orbital qunatum B <~ %

number. Correspondingly,(r)=D,(k)uy(r). Outside thes ) = 2D-R [D2R, = 2DgRy cos A, — Ag)]
. ) v o Bp(w) 2Ro 202 2052

potential, the functiony,(r) is a linear combination of the (DoRg + 2D3Ry)

1)

where, AL is the jump of the logarithmic derivative of the
e\ﬁave function ar =R given by AL=-2V,=-8(1+coth8R),
Where3=+2l with | being the electron affinity of &. [Here

Il. THEORY AND DISCUSSION
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FIG. 1. Nondipole asymmetry parametgr(e) as a function of
the photoelectron energy=k?2 for 1s photoionization of Ne @ &
calculated within two different approximationgl) the &-potential
model (the present theopy (2),(3),(4) the model of a spherical,
short range potential well of inner radil,, finite thicknessAT,
and depthU, (Ref. [8]), as follows: (2) R,=5.75a.u.,Ug=
-0.3027 a.u., AT=1.89a.u; (3) Rp=6.139a.u., Ug=
-0.5099 a.u.AT=1.0; (4) R,=6.389 a.u.Uy=-0.9515 a.u.AT
=0.5a.u.

wD ~ o~
(o) =62 2 2cos, - Ky,

D, R, (4)
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FIG. 2. Nondipole asymmetry parametex(e) for 2s photoion-
ization of Ne @ G, calculated within thes-potential theoryline 1)
and the SW modd(llines 2, 3, and #with the same choice dR;,,
AT, andUg as in Fig. 1.

a significant resonance in these parameters. Amplitudes of
the resonances rapidly decrease with the growth of the pho-
toelectron energy and almost vanish at about 50 eV.

Also, for comparison with thé-potential model, in all the
presented figures shown are calculated results obtained by
modeling the G, cage by the spherical, short range potential
well (SW) of inner radiusR;,, finite thicknessAT, and depth

wherec is the speed of light. Since the photoelectron angulat)o [8]. These are calculations performed with three decreas-
distribution parameters involve interference among ampli-

tudes of different angular momenta, rather than just the sum
of absolute squares that determines the total photoionization I [32
cross section, one can expect in the energy dependence of
these parameters and, hence, in the photoelectron angular
distributions, more complicated resonance structures than in

the total photoionization cross sections.

Equations(1)—(4) were applied to the photoionization of
the Ne @ Gy endohedral atom. The wave functions of the

free Ne atom in §, 2s, 2p states, and the continuuay(r),

were calculated in the one-electron Hartree—Fock approxima-

tion using the computing codegom [24]. The irregular at
r=0 solutionsv,(r) were calculated, as in Ref®,1(Q], using

dr
u%(r) '

v(r) = ukl(r)Wklf (5

The calculated results of the dipole and nondipole param-
eters for the photoionization of the Ne atom encapsulated in PN

0 Ne@C60

Free Ne s

10

0.5

a Gy shell are presented in Figs. 1-3. The corresponding 0 10 20 30 40 50 60

parameters for the free Ne atom are also given.

Photoelectron energy (eV)

Clearly, the fullerene shell qualitatively alters the depen-
dence of these parameters on the photoelectron energy. For FiG. 3. Dipole asymmetry parametgs,(e) for 2p photoioniza-
the free Ne atom, these parameters are smoothly changingn of Ne @ G, calculated within thes-potential theory(line 1)
with energy. However, for the endohedral Ne atom, the deand the SW modellines 2, 3, and %with the same choice dRj,,
pendence is dramatically different showing the appearance afT, andU, as in Figs. 1 and 2.

023201-3



AMUSIA et al. PHYSICAL REVIEW A 70, 023201(2004)

ing values ofAT (AT=1.89,1.0, and 0.5 a.)jto explore the vector of the radiation. The atof® remains neutral in this
convergence of photoelectron angular asymmetry parametepsocess and is arbitrarily located on the sphere with the cen-
to those calculated within thé-potential model for which, ter at the nucleus of the atod with radius equal to the
naturally, AT=0. For each calculation with the changad@, interatomic distance in this molecule. In lowest order, the
the depthU, of the potential well and its inner radiug, effect of the atomB on the photoionization parameters can
were changed appropriately as well, to keep tBeslectron  be approximated by the introduction of a spherically sym-
affinity in a negatively singly chargedggconstant and equal metric potential that represents the atBsmeared over the
to its experimental valué=2.65 eV. Adjusted values df,  surface of this sphere. Then, the situation for this molecule
and AT are in figure captions. These figures convincinglybecomes, to a large extent, similar to the situation discussed
demonstrate that, with decreasing, results of calculations above for an endohedral atom. For an isolated atom A the
performed within the SW model rapidly converge to resultsratio between the quadrupole and dipole matrix element has
obtained within thes potential, by this showing the equiva- a value of the order of the radius of the ionized atomic sub-
lency between the two models at low photoelectron energieshell, while for the same atom in the molecule this ratio, as
Both models show that the fullerene shell acts as a resonatseen from Eq(4), is multiplied by the ratidD,/D, for the
generating oscillations in the energy dependence of photgjuadrupole and dipole parts of the photoelectron wave func-
electron angular distribution parameters. Note, the calculation. The values ofD; and D,, which are defined by the
tions are extended to photoelectron energies far exceedirgpnditions of reflection and refraction of the photoelectron
the low-energy range of applicability of thé-potential wave function on the potential sphere, are such that this ratio
model, simply to illustrate that confinement resonances in thean be significantly more than one, as demonstrated in Fig. 2.
parameters are fading away rapidly with increasing energy of his resonant enhancement is the likely qualitative explana-
photoelectrons. tion for the significant increase in the nondipole asymmetry

Physically, the origin of the observed confinement resoparameter recently observed in the, Molecule[25]. We
nances is as follows. The photoelectron can escape from tiemphasize that these considerations apply to an ensemble of
atom directly, or be scattered by thg Ghell on its way out. randomly oriented molecules, thereby being equally valid for
When the waves representing these two “pathways” are ifoth hot(high-J rotational statgsand cold(low-J rotational
phase, constructive interference, a resonant enhancement, ggates gases.
sults. When they are out of phase, destructive interference In addition, note that the oscillations of the dipole and
occurs. Since the relative phases of the two waves are energipndipole angular anisotropy parameters, presented herein
dependent, the interference is also energy dependent, whidar Ne in Ne @ G, should be general and qualitatively simi-
is clearly seen in the calculated results. Generally, the physiar for any endohedral atom. We strongly urge the initiation
cal origin of these confinement resonances is the same as thé experimental investigations of these asymmetry param-
cause of EXAFS in the photoabsorption of condensed mattegters to establish the existence of this kind of resonance, the
and the similar phenomenon in diatoniand othey mol-  confinement resonance, which could have important implica-
ecules. The decrease in the resonance structure with incrediens for the interpretation of molecular and condensed mat-
ing photoelectron energy occurs because thg cage be- ter photoelectron studies.
comes more and more transparent to the photoelectron,
thereby decreasing reflection and, thus, interference. ACKNOWLEDGMENTS
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