
PHYSICAL REVIEW A VOLUME 44, NUMBER 3 1 AUGUST 1991

Comments

Comments are short papers which comment on papers of other authors previously published in the Physical Review. Each Comment
should state clearly to which paper it refers and must be accompanied by a brief abstract. The same publication schedule as for regular
articles is followed, and page proofs are sent to authors

Binding of an electron by He and Xe

Cleanthes A. Nicolaides and George Aspromallis
Theoretical and Physical Chemistry Insti tute, Rational Hellenic Research Foundation,

48 Vassileos Constantinou Avenue, 11635Athens, Greece
(Received 19 March 1990; revised manuscript received 24 January 1991)

A recent theoretical paper [Cxuo, Wrinn, and Whitehead, Phys. Rev. A 40, 6685 (1989)] predicted the
existence of ground-state bound negative ions of all the noble gases. In addition, experimental observa-
tions [Haberland, Kolar, and Reiners, Phys. Rev. Lett. 63, 1219 (1989)] suggest the existence of long-
lived Xe . We have examined the cases of He and Xe . For He, we employed Levinson s theorem in
conjunction with published and reliable theoretical e-He elastic-scattering phase-shift results. For Xe
we employed electron-correlation theory in conjunction with multiconfigurational Hartree-Fock and
variational bound-state calculations of total energies. We conclude that these ions do not exist in a
ground configuration.

A recent theoretical article [1] contains the prediction
that all the noble gases, from Rn to He, have stable nega-
tive ions in the ground configuration, (atom) ns S. This
conclusion is based on computational results from an ap-
plication of a generalized local-spin-density functional
theory (GLSDFT), in the nonrelativistic (NR) as well as
in a quasirelativistic (QR) approximation, yielding elec-
tron affinities (EA's) ranging from 0.073 eV for He to
0.171 eV for Rn. Both the NR and QR calculations [1]
yielded positive EA s. In quantitative terms, the relativ-
istic effects changed the EA's of Xe from 0.112 to 0.124
eV and of Rn from 0.116 to 0.171 eV (Table II of Ref.

Since these predictions run counter to current
electronic-structure theory and to experience with com-
putations of small EA's, it is important to determine the
degree of their validity.

If the GLSDFT [1] is so accurate and reliable (the
EA's are computed as differences of statistical total ener-
gies), much of the accumulated knowledge from ad-
vanced polyelectronic theories on the importance of the
details of interelectronic interactions and of relativity to
achieve accuracies of 0. 1 —0.3 eV should be reexamined
critically. Furthermore, if these predictions were correct,
a previously unappreciated or unrecognized binding
mechanism for the additional electron should be operat-
ing, since the combined result of quantities such as
Coulomb repulsion, exchange interaction, and ns-core
correlation based on a theory that starts with Hartree-
Fock functions would seem inadequate. In that case, if
an s electron could bind to a noble gas —especially He
and Ne, whose Fermi sea [2—5] is totally closed and has
no low-lying empty orbitals —then it would certainly

bind to atoms throughout the Periodic Table with more
polarizable or with open-shell zeroth-order structures.

The predictions of Guo, Wrinn, and Whitehead [1]
have one possibly corroborating experimental observa-
tion, published recently [6]. A long-lived Xe ion was
detected, with a lifetime longer than 10 s, but without
an assignment of its state. In other words, it could corre-
spond to a ground configuration or to an exceptionally
long-lived metastable bound excited state [7].

In this paper we report the results of our analysis of
the serious question that the two recent articles [1,6] have
posed, i.e., the existence or not of ground-state negative
ions of the noble gases. We studied two cases, "1s 2l"
He and "5p 6l" Xe (l =0, 1,2, 3). Our conclusion is
that they do not exist.

There is a variety of computational methods and a
number of results that have been published on the subject
of EA's. It is outside the scope of this paper to present
an analysis of their rigor, generality, and efficiency, and
therefore of their suitability for treating the problem of
deciding whether an electron actually binds on the
ground state of the noble gases. However, we point out
that the reliable prediction of EA's must depend on a
theoretical approach that combines all the necessary in-
gredients of electronic-structure-dependent electron
correlation and scattering theory. These criteria are par-
ticularly relevant to the problem at hand [8].

Given the forrnal and practical problems associated
with the above statement, in the quest for a definitive
answer we applied two methods.

For He, we drew our conclusion from the existing in-
formation on e-He low-energy elastic scattering [9] and
from the use of Levinson's theorem (see Ref. [5], p. 156),
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which relates the number of bound states of the potential
formed by the e-He interaction to the phase shift at zero
energy [5c(0)=n~, where n is the number of bound
states]. This choice utilizes the fact that the scattering
calculations on the compact He atom can be based on
wave functions representing reality accurately, so that
there can be no doubt as to the reliability of the predic-
tion based on Levinson's theorem. On the other hand,
one might be less easily convinced about the rigor of such
a zero-energy scattering calculation on the polyelectron-
ic, and hence dificult to treat accurately, Xe —even if
it were available. Thus, in this case we opted for a
bound-state approach, by analyzing electron correlation
and computing the electron amenity as the energy
difference E(N) E(N—+1) [7].

The results of Duxler, Poe, and Labahn [9] have been
obtained at three levels of approximation: static ex-
change, adiabatic exchange, and polarized orbitals. It is
clear from the results —and well known to the experts—
that the phase shift at E =0 goes to vr, and that any im-
provement due to additional correlation effects cannot
change this fact.

A phase shift of ~ implies that the e-He interaction
creates only one bound level, the "1s." However, since
the He 1s shell is occupied, this result does not lead to a
physical state of He . Therefore, since no other one-
electron bound solution exists, the He "1s 2s S" state
is unbound.

From the scattering calculations of the l =1,2 phase
shifts [9], which go to zero as E~0, the same conclusion
is drawn from the higher-l configurations.

As regards Xe, we followed the approach described
in Refs. [2] and [7]. First, we aimed at obtaining con-
verged solutions for Xe at a quasimulticonfigurational
Hartree-Fock (MCHF) level [10] satisfying the virial
theorem, the correct number of nodes, and reasonable or-
bital energies. These criteria were adopted [11]as neces-
sary constraints for the zeroth-order establishment of lo-
calization of diffuse quasibound states, which are found
in the continuous spectrum.

By a combination of analytic and numerical orbital
techniques, we obtained results showing that the addi-
tional electron cannot bind in an s orbital. This con-
clusion is in agreement with that of Haberland, Kolar,

and Reiners [9], which was based on elastic-scattering
data.

Next we looked at higher electron momenta. We ran a
series of small MCHF calculations for the
5s Sp 6p P, 5d D, and 4f F configurations in the
presence of configurations such as 5s 5p 5d 6p,
SsSP 4f Sd, and Ss Sp 6p for P', Ss Sp 5d, SsSp Sd,
and Sp 5d for D, and Sp 4f, and Ss Sp 4f for F,
which are expected to stabilize the lowest root and con-
strain the outer electron from running away. We
searched for solutions with realistic average values of r
for the outer electron (up to 15 a.u.). From this search,
only the P configuration yielded a physically meaningful
HF solution with (r )6 =7.2 a.u. and an energy 2.6 eV
above the HF energy of Xe 5p 'S. We then computed
the (SP6p) 'S, 'P, 'D and the (Ss6@) 'P pair-
correlation energies together with the contributions of
the single orbital excitations Ss~d, Sp +f, and 6—p ~p
[2,7], all of which are absent from the correlation of the
neutral state. This calculation yields a differential energy
that is about 1.6 eV, i.e. much smaller than the 2.6-eV
difference of the HF energies. Due to the electronic
structure of the Xe P and Xe 'S configurations, what
is left of the differential correlation energy cannot make
up for this remainder [12].

In summary, our analysis of the problem of the ex-
istence or not of ground-state bound negative ions of no-
ble gases, which was raised by two recent papers [1,6],
leads to the conclusion that, according to our bound-state
calculations and to published scattering calculations [9]
in conjunction with Levinson's theorem, they do not ex-
ist. (Although only two were examined, the smallest and
a large one, the essential physics must apply to the others
as well. ) On the one hand, this conclusion is not surpris-
ing. On the other hand, given the recently published pre-
dictions of very small electron a%nities by the local-spin-
density functional theory on systems such as the noble
gases [1] or the alkaline earths [13], it appears that a
more critical appraisal of this theory and its capabilities
would be useful.

Finally, given the open question of the existence of
Xe in a long-lived bound excited state, we [14] will re-
port our results from calculations of relativistic autoioni-
zation [7,15,16] elsewhere, as soon as they are conclusive.
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