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Energy structure of hollow atoms or ions in the bulk of metallic materials
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The local-spin-density functional method, with an optimized effective potential and self-interaction correction, is used to study the energy structure of hollow atoms and ions in the bulk of metallic materials. The
energy structure of conduction electrons in the bulk of metallic material is treated by the jellium model. Based
on this method, we have studied the x-ray spectra and Auger spectra of Nq⫹ hollow atoms and ions in the bulk
of Al, as well as in the vacuum. The experimental Auger spectra in the collision of N6⫹ with an insulating
surface and conducting surface can be well understood based on our studies. Our calculated x-ray and Auger
spectra of hollow atoms or ions in the vacuum and in the bulk of material suggest the need for further
systematic experimental investigation.
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The interaction of highly charged ions 共HCI’s兲 with a surface is a subject of increasing interest 关1–3兴. Basically, three
steps are involved in the interaction of HCI’s with surfaces:
共1兲 formation of hollow atoms or ions above the surfaces, 共2兲
decay of hollow atoms or ions at or below the surfaces, and
共3兲 total neutralization of hollow atoms or ions in the bulk of
materials 关1兴. The formation of hollow atoms or ions is
strongly related to the HCI’s impact velocity, incident angle,
and other dynamic parameters 关4兴. In the final neutralization
process, hollow atoms or ions emit Auger electrons 关5,6兴 or x
rays 关7–9兴. The emitted x rays provide static information of
hollow atoms or ions in the bulk of materials from the energy
position, and dynamic information from the spectral intensity. Usually, the Hartree-Fock method is used to study hollow atoms or ions in vacuum 关10,11兴, but the method cannot
provide detailed information about the hollow atom or ion in
the bulk of materials. To investigate the detailed information
of the hollow atom or ion in the bulk of materials, we need to
take the conduction-electron screening effect into account.
The conduction-electron screening effect was first studied by
Zaremba et al. 关12兴 using density-functional theory. Recently, Arnau et al. 关13兴 used the local-density-functional
method to study the energy structure of hollow atoms and
ions in the bulk of metallic materials. The advantage of this
method is that the total energy of the N-electron system is a
functional of the total electron density. Like traditional localdensity-functional theory 关14兴, this method contains a spurious self-interaction energy, which should be removed in the
exact calculation. To remove the self-interaction energy, we
use the local-spin-density-functional method with an optimized effective potential and a self-interaction correction
method 关15,16兴. This method was successfully applied to
study the atomic energy structure both in nonrelativistic 关16兴
and relativistic 关17兴 cases. Different from atoms or ions in
the vacuum, hollow atoms or ions in the bulk of metallic
materials interact with free electrons in the conduction band.
Here we treat the conduction electron using the jellium

*Email address: tong@hci.jst.go.jp
1050-2947/2001/63共5兲/052505共4兲/$20.00

model. The advantages of our method are that 共1兲 we use
local-spin-density approximation, which allows us to study
the spin polarized hollow atoms or ions in the bulk of metallic materials; and 共2兲 we use the optimized effective potential with self-interaction correction for bound electrons,
which can completely remove the bound electron selfinteraction energy. In our calculations, the Auger and x-ray
spectra of N q⫹ hollow atomic ions obtained in the vacuum
and near the surface show dramatic differences. Based on our
calculated results, the shift and broadening of KLL Auger
spectra from N 6⫹ collisions on the insulating LiF surface, as
compared to those from collisions on the conducting Si surface, can clearly be understood. Meanwhile, the x-ray spectra
of a hollow ion in the vacuum can be measured through a
microcapillary experiment 关18兴. Therefore, our theoretical
studies will call for a systematic experimental study of the
x-ray and Auger spectra of hollow atoms or ions in the
vacuum as well as in the bulk of materials.
The energy structure of the conduction electrons in a metallic material can be represented by a jellium model 关19兴. In
the jellium model, the discrete ion cores are replaced by a
homogeneous positive background charge, with the charge
density equal to the conduction-electron density due to the
neutralization requirement. For a given electron density  , an
effective radius r s ⫽(3/(4  )) 1/3 is defined, and the conduction electrons are filled up to the Fermi energy ⑀ F ⫽(1/
2r s2 )(9  /4) 2/3. Using density-functional theory with an optimized effective potential and self-interaction correction 关16兴,
the total energy E 关  兴 of a hollow atom or ion in the bulk of
metallic materials can be expressed as 共atomic units with ប
⫽m⫽e⫽1 are used throughout unless explicitly stated otherwise兲
E 关  兴 ⫽T s 关  兴 ⫹E xc 关  ↑ ,  ↓ 兴 ⫹V ext 关  兴 ⫹J A 关  兴 ⫹E SIC 关  b 兴
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Here T s 关  兴 is the noninteracting electron kinetic energy,
E xc 关  兴 is the exchange-correlation energy, E SIC 关  b 兴 is the
self-interaction correction for bound electrons 关16兴, and  is
the spin index 共spin-up and -down states兲.  0 is the conduction electron density,  b the bound electron density, and ␦  c
the conduction-electron density changes due to the introduction of the hollow atom or ion. The background energy without the hollow atomic ion is subtracted in Eq. 共1兲. The electron wave functions can be obtained by solving the
Schrödinger equation as
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Note that r  l  (r,k)→ 冑2/ sin(kr⫺l/2⫹ ␦ l  ) when r
→⬁; ␦ l is the phase shift and k f is the electron momentum
at the Fermi energy.
The bottom of the Fermi energy is chosen as zero of the
energy. Equations 共2兲 and 共3兲 can be solved self-consistently.
关Note that the self-interaction correction term V SIC (r) is constructed in the same way as in Ref. 关16兴.兴 Since both bond
and continuum states are involved in Eq. 共2兲, we use a square
grid 关 r⫽r max (i/N) 2 ,i⫽1,N/2兴 in the inner region, which is
optimized for bound electrons, and an equal-space grid 关 r
⫽r max /4⫹3r max (i⫺N/2)/(2N),i⫽N/2⫹1,N 兴 in the outer
region, which is optimized for conduction electrons. N is the
number of grid points used in the calculation. Thus we can
describe both the bound and conduction electrons more accurately with limited computational efforts. With the con-

FIG. 1. The phase shifts of the s,p, and d partial waves for
K 1 L 1 共solid curves兲 and K 1 L 6 共dashed curves兲 of the Nq⫹ hollow
atoms or ions in the bulk of Al ( ⑀ F ⫽0.4298 a.u.).

verged optimized effective potential in Eq. 共3兲, we obtain the
electron-spin density, total energy, and phase shift for each
partial wave.
We have calculated the energy structure of the Nq⫹ ions
in the bulk of Al as well as in the vacuum. r s of Al metal is
2.07, and the corresponding Fermi energy is 0.430 a.u. The
Auger energy or x-ray energy can be obtained from the totalenergy difference of the transition between upper and lower
states. The numerical convergence was checked by increasing the number of partial waves and the number of radial
grid points. The final results presented in this paper were
calculated with ten partial waves and 440 radial grid points.
In the calculation, we choose r max ⫽30r s , which is equivalent to including 27 000 conduction electrons in the sphere.
The numerical results exhibit almost no change with 15 partial waves and 1000 radial grid points. To study the selfinteraction contribution, we have also performed a calculation without self-interaction. Generally speaking, the selfinteraction contribution is case dependent. The main selfinteraction contribution comes from inner shells. For the
present calculation, the self-interaction correction is about 30
eV for the fully filled K shell, and about 20 eV for half-filled
K shell.
Figure 1 shows phase shifts for the s, p, and d partial
waves in the 1s 1↑ 2 p 1↓ and 1s 1↑ 2 p 3↑ 2 p 3↓ electron configurations.
The phase shifts near zero energy are 2.0, 1.0, and 0.0 for
s, p, and d partial waves, respectively. Based on the
Levinson theorem 关20兴, we can conclude that two bound
states (1s,2s) exist for the s partial wave, one bound state
(2 p) exists for the p partial wave, and no bound states exist
for other higher partial waves. In the vacuum, the number of
bound states is infinite, which is quite different from the case
in the bulk of metallic materials. For the K 1 L 6 configuration,
the phase shifts of the s and p partial waves decrease monotonically as the electron energy increases, and the phase shift
of the d partial wave increases as the energy increases. For
the K 1 L 1 configuration, the phase shift of the s partial wave
increases first, then decreases as the electron energy increases; the phase shifts of the p and d partial waves increase
as the energy increases. From the Friedel sum rule 关21兴, we
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TABLE I. The x-ray energies 共eV兲 emitted from the K 1 L 2 state
of the Nq⫹ hollow atoms and ions in the bulk of Al and in vacuum.

Al
Vacuum

FIG. 2. Conduction electron density changes due to the perturbation of Nq⫹ hollow atoms or ions in the bulk of Al.

see that the screening electron comes from the p and d partial
waves for K 1 L 1 hollow ions, and the electron in the s partial
wave is pushed to the outer region. For K 1 L 6 , the s and p
partial-wave electrons are pushed to the outer region, which
is compensated for by the d partial-wave electrons. Phase
shifts are also very important for studying the stopping
power of the low-energy highly charged ions moving in the
bulk of metallic materials 关22–24兴.
Figure 2 shows the conduction-electron density changes
near the nucleus. Due to the neutralization requirement, we
see that more conduction electrons move into the inner region for the less bound-electron case (K 1 L 1 ) and fewer conduction electrons move into the inner region for the most
bound-electron case (K 1 L 6 ). The conduction electron density shows the Friedel oscillation 关21兴, as shown in Fig. 2.
Figure 3 shows the calculated x-ray spectra in the bulk of
Al and in the vacuum from the total-energy difference between the transition upper and lower states. We see that the
emitted x-ray energies from the neutralized hollow atoms
(K 1 L 6 ) in the bulk are almost the same as in the vacuum.
This can be easily understood, since the conduction-electron
screening effect is less important for neutralized hollow atoms. For the most empty hollow ion (K 1 L 1 ), the x-ray energy shifts significantly to lower energies due to the
conduction-electron screening effect. In addition to this shift,

FIG. 3. The x-ray spectra emitted from Nq⫹ hollow atoms and
ions in the bulk of Al and in vacuum.
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the energy spectra width within each transition fold
(K 1 L n , n⫽1,2, . . . ,6) in the bulk is narrower than that in
the vacuum. All such observations can be explained by the
conduction-electron screening effect. Due to the conductionelectron screening effect, the total energy of a hollow atom
or ion in the bulk of the material is not very sensitive to the
total number of electrons and their configuration, as is the
case in the vacuum.
A more detailed look at Fig. 3 reveals that the order of
energy levels changes from the vacuum to the bulk of Al. To
understand the detailed mechanism, we listed the x-ray energy levels for L 2 fold. There are four configurations involved in the transition upper states, 1s ↑ 2s ↑ 2p ↓ ,
1s ↑ 2s ↓ 2 p ↓ , 1s ↑ 2 p ↑ 2 p ↓ , and 1s ↑ 2 p ↓ 2 p ↓ . In the vacuum,
due to spin interaction, the energy level of 2s2p is split
significantly for spin-up-down and spin-down-down configurations, as listed in Table I. Such energy splitting is of the
order of the energy splitting between the 2s2 p and 2p 2 configurations. In the bulk of Al, the energy splitting due to
different spin configurations is much narrower than that of
2s2 p and 2p 2 . Therefore, the order of the x-ray energy-level
changes. This demonstrates an example in which the localspin-density approximation is more effective than localdensity approximation. Such a spin-polarized effect can be
used to identify the x-ray emitted above or below the surface.
In the x-ray transition, only one electron changes its state,
and the total number of bound electrons does not change. In
the Auger transition, two electrons change their states and
one of them leaves the hollow atoms or ions. Therefore, such
a transition should be more sensitive to the environment than
the x-ray transitions. Since the Auger electron is measured in
the vacuum, the Auger electron energy is calculated by the
total-energy difference of the transition upper and lower
states in the bulk of material, plus the Fermi energy and the
work function of the material. Figure 4 shows the calculated
Auger spectra of Nq⫹ in the bulk of Al and in the vacuum. In
the Auger spectra, we cannot find a clear band structure for
each L n fold. The Auger lines in the vacuum cover an energy
range of 70 eV, and the Auger lines in the bulk of Al cover
an energy range less than 40 eV. Comparing with the experimental energy range of 50 eV 关6兴, we conclude that the Auger electron is neither emitted from the vacuum nor from the
bulk of Al. It could be emitted near the surface, and its energy structure is strongly modified by the surface electrons.
In the experiment a broadening and an energy shift of the
Auger spectra toward the low-energy side has been observed
when N 6⫹ ions collide with an insulating LiF surface instead
of a conducting Si surface. Due to the much lower electron
density of an insulating surface, the corresponding Auger
spectra resemble the case of electron emission in vacuum
much more than an emission resulting from a conducting
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FIG. 4. The Auger spectra emitted from N q⫹ hollow atoms and
ions in the bulk of Al and in vacuum.

surface. In our calculation, the Auger spectra exhibit a
broader structure in the vacuum than bulk of metallic materials. The energy of Auger electrons emitted in the vacuum is
also shifted to the lower-energy side, as shown in Fig. 4. All
these features are consistent with the experimental observa-
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