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Energy structure of hollow atoms or ions in the bulk of metallic materials

X. M. Tong,1,* D. Kato,1 T. Watanabe,1 H. Shimizu,1 C. Yamada,1,2

and S. Ohtani1,2

1‘‘Cold Trapped Ions’’ Project, ICORP, JST, Axis 3F, 1-40-2 Fuda Chofu, Tokyo 182-0024, Japan
2University of Electro-Communication, Chofu, Tokyo 182-0021, Japan

~Received 17 October 2000; published 13 April 2001!

The local-spin-density functional method, with an optimized effective potential and self-interaction correc-
tion, 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 Nq1 hollow atoms and ions in the bulk
of Al, as well as in the vacuum. The experimental Auger spectra in the collision of N61 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~HCI’s! with a sur-
face is a subject of increasing interest@1–3#. Basically, three
steps are involved in the interaction of HCI’s with surface
~1! formation of hollow atoms or ions above the surfaces,~2!
decay of hollow atoms or ions at or below the surfaces,
~3! total neutralization of hollow atoms or ions in the bulk
materials @1#. The formation of hollow atoms or ions i
strongly related to the HCI’s impact velocity, incident ang
and other dynamic parameters@4#. In the final neutralization
process, hollow atoms or ions emit Auger electrons@5,6# or x
rays @7–9#. The emitted x rays provide static information
hollow atoms or ions in the bulk of materials from the ener
position, and dynamic information from the spectral inte
sity. Usually, the Hartree-Fock method is used to study h
low atoms or ions in vacuum@10,11#, but the method canno
provide detailed information about the hollow atom or ion
the bulk of materials. To investigate the detailed informat
of the hollow atom or ion in the bulk of materials, we need
take the conduction-electron screening effect into acco
The conduction-electron screening effect was first studied
Zaremba et al. @12# using density-functional theory. Re
cently, Arnau et al. @13# used the local-density-functiona
method to study the energy structure of hollow atoms a
ions in the bulk of metallic materials. The advantage of t
method is that the total energy of theN-electron system is a
functional of the total electron density. Like traditional loca
density-functional theory@14#, this method contains a spur
ous self-interaction energy, which should be removed in
exact calculation. To remove the self-interaction energy,
use the local-spin-density-functional method with an op
mized effective potential and a self-interaction correct
method @15,16#. This method was successfully applied
study the atomic energy structure both in nonrelativistic@16#
and relativistic@17# cases. Different from atoms or ions i
the vacuum, hollow atoms or ions in the bulk of metal
materials interact with free electrons in the conduction ba
Here we treat the conduction electron using the jelliu
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model. The advantages of our method are that~1! we use
local-spin-density approximation, which allows us to stud
the spin polarized hollow atoms or ions in the bulk of m
tallic materials; and~2! we use the optimized effective po
tential with self-interaction correction for bound electron
which can completely remove the bound electron se
interaction energy. In our calculations, the Auger and x-
spectra ofNq1 hollow atomic ions obtained in the vacuum
and near the surface show dramatic differences. Based on
calculated results, the shift and broadening ofKLL Auger
spectra fromN61 collisions on the insulating LiF surface, a
compared to those from collisions on the conducting Si s
face, can clearly be understood. Meanwhile, the x-ray spe
of a hollow ion in the vacuum can be measured throug
microcapillary experiment@18#. Therefore, our theoretica
studies will call for a systematic experimental study of t
x-ray and Auger spectra of hollow atoms or ions in t
vacuum as well as in the bulk of materials.

The energy structure of the conduction electrons in a m
tallic material can be represented by a jellium model@19#. In
the jellium model, the discrete ion cores are replaced b
homogeneous positive background charge, with the cha
density equal to the conduction-electron density due to
neutralization requirement. For a given electron densityr, an
effective radiusr s5(3/(4pr))1/3 is defined, and the conduc
tion electrons are filled up to the Fermi energyeF5(1/
2r s

2)(9p/4)2/3. Using density-functional theory with an opt
mized effective potential and self-interaction correction@16#,
the total energyE@r# of a hollow atom or ion in the bulk of
metallic materials can be expressed as~atomic units with\
5m5e51 are used throughout unless explicitly stated o
erwise!

E@r#5Ts@r#1Exc@r↑,r↓#1Vext@r#1JA@r#1ESIC@rb#

2Ts@ro#2Exc@ro↑,ro↓#2Vext@ro#, ~1!

with
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Vext@r#52E Z

r
r~r !dr ,

JA@r#5 1
2 E r~r 8!r~r !

ur 82r u
dr 8dr2E r~r 8!ro

ur 82r u
dr 8dr

1 1
2 E roro

ur 82r u
dr 8dr ,

r~r !5(
s

@rbs~r !1ros1drcs~r !#5rb~r !1ro1drc~r !.

Here Ts@r# is the noninteracting electron kinetic energ
Exc@r# is the exchange-correlation energy,ESIC@rb# is the
self-interaction correction for bound electrons@16#, ands is
the spin index~spin-up and -down states!. r0 is the conduc-
tion electron density,rb the bound electron density, anddrc
the conduction-electron density changes due to the introd
tion of the hollow atom or ion. The background energy wit
out the hollow atomic ion is subtracted in Eq.~1!. The elec-
tron wave functions can be obtained by solving t
Schrödinger equation as

F2
¹2

2
1Vs

OEP~r !Gc is~r !5e isc is~r !, ~2!

with

Vs
OEP~r !5E rb~r 8!1drc~r 8!

ur2r 8u
dr 81

dExc@r↑.r↓#

drs
1Vs

SIC~r !

2
Z

r
1Vconst,

rbs~r !5(
b

cbs* ~r !cbs~r !, ~3!

drcs~r !5(
l
E

0

kf
c ls* ~r ,k!c ls~r ,k!dk2ros .

Note that rc ls(r ,k)→A2/p sin(kr2lp/21d lp) when r
→`; d l is the phase shift andkf is the electron momentum
at the Fermi energy.

The bottom of the Fermi energy is chosen as zero of
energy. Equations~2! and~3! can be solved self-consistently
@Note that the self-interaction correction termVs

SIC(r ) is con-
structed in the same way as in Ref.@16#.# Since both bond
and continuum states are involved in Eq.~2!, we use a square
grid @r 5r max( i /N)2,i 51,N/2# in the inner region, which is
optimized for bound electrons, and an equal-space grid@r
5r max/413r max( i 2N/2)/(2N),i 5N/211,N# in the outer
region, which is optimized for conduction electrons.N is the
number of grid points used in the calculation. Thus we c
describe both the bound and conduction electrons more
curately with limited computational efforts. With the con
05250
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-

e

n
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verged optimized effective potential in Eq.~3!, we obtain the
electron-spin density, total energy, and phase shift for e
partial wave.

We have calculated the energy structure of the Nq1 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.
Auger energy or x-ray energy can be obtained from the to
energy difference of the transition between upper and lo
states. The numerical convergence was checked by incr
ing the number of partial waves and the number of rad
grid points. The final results presented in this paper w
calculated with ten partial waves and 440 radial grid poin
In the calculation, we chooser max530r s , which is equiva-
lent to including 27 000 conduction electrons in the sphe
The numerical results exhibit almost no change with 15 p
tial waves and 1000 radial grid points. To study the se
interaction contribution, we have also performed a calcu
tion without self-interaction. Generally speaking, the se
interaction contribution is case dependent. The main s
interaction contribution comes from inner shells. For t
present calculation, the self-interaction correction is abou
eV for the fully filled K shell, and about 20 eV for half-filled
K shell.

Figure 1 shows phase shifts for thes, p, and d partial
waves in the 1s↑

12p↓
1 and 1s↑

12p↑
32p↓

3 electron configurations
The phase shifts near zero energy are 2.0, 1.0, and 0.0
s, p, and d partial waves, respectively. Based on t
Levinson theorem@20#, we can conclude that two boun
states (1s,2s) exist for thes partial wave, one bound stat
(2p) exists for thep partial wave, and no bound states ex
for other higher partial waves. In the vacuum, the numbe
bound states is infinite, which is quite different from the ca
in the bulk of metallic materials. For theK1L6 configuration,
the phase shifts of thes andp partial waves decrease mono
tonically as the electron energy increases, and the phase
of the d partial wave increases as the energy increases.
the K1L1 configuration, the phase shift of thes partial wave
increases first, then decreases as the electron energ
creases; the phase shifts of thep andd partial waves increase
as the energy increases. From the Friedel sum rule@21#, we

FIG. 1. The phase shifts of thes,p, and d partial waves for
K1L1 ~solid curves! and K1L6 ~dashed curves! of the Nq1 hollow
atoms or ions in the bulk of Al (eF50.4298 a.u.).
5-2
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see that the screening electron comes from thep andd partial
waves forK1L1 hollow ions, and the electron in thes partial
wave is pushed to the outer region. ForK1L6, the s and p
partial-wave electrons are pushed to the outer region, wh
is compensated for by thed partial-wave electrons. Phas
shifts are also very important for studying the stoppi
power of the low-energy highly charged ions moving in t
bulk of metallic materials@22–24#.

Figure 2 shows the conduction-electron density chan
near the nucleus. Due to the neutralization requirement,
see that more conduction electrons move into the inner
gion for the less bound-electron case (K1L1) and fewer con-
duction electrons move into the inner region for the m
bound-electron case (K1L6). The conduction electron den
sity shows the Friedel oscillation@21#, as shown in Fig. 2.

Figure 3 shows the calculated x-ray spectra in the bulk
Al and in the vacuum from the total-energy difference b
tween the transition upper and lower states. We see tha
emitted x-ray energies from the neutralized hollow ato
(K1L6) in the bulk are almost the same as in the vacuu
This can be easily understood, since the conduction-elec
screening effect is less important for neutralized hollow
oms. For the most empty hollow ion (K1L1), the x-ray en-
ergy shifts significantly to lower energies due to t
conduction-electron screening effect. In addition to this sh

FIG. 2. Conduction electron density changes due to the pe
bation of Nq1 hollow atoms or ions in the bulk of Al.

FIG. 3. The x-ray spectra emitted from Nq1 hollow atoms and
ions in the bulk of Al and in vacuum.
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the energy spectra width within each transition fo
(K1Ln, n51,2, . . . ,6) in thebulk is narrower than that in
the vacuum. All such observations can be explained by
conduction-electron screening effect. Due to the conducti
electron screening effect, the total energy of a hollow at
or ion in the bulk of the material is not very sensitive to t
total number of electrons and their configuration, as is
case in the vacuum.

A more detailed look at Fig. 3 reveals that the order
energy levels changes from the vacuum to the bulk of Al.
understand the detailed mechanism, we listed the x-ray
ergy levels forL2 fold. There are four configurations in
volved in the transition upper states, 1s↑2s↑2p↓ ,
1s↑2s↓2p↓ , 1s↑2p↑2p↓ , and 1s↑2p↓2p↓ . In the vacuum,
due to spin interaction, the energy level of 2s2p is split
significantly for spin-up-down and spin-down-down config
rations, as listed in Table I. Such energy splitting is of t
order of the energy splitting between the 2s2p and 2p2 con-
figurations. In the bulk of Al, the energy splitting due
different spin configurations is much narrower than that
2s2p and 2p2. Therefore, the order of the x-ray energy-lev
changes. This demonstrates an example in which the lo
spin-density approximation is more effective than loc
density approximation. Such a spin-polarized effect can
used to identify the x-ray emitted above or below the surfa

In the x-ray transition, only one electron changes its sta
and the total number of bound electrons does not change
the Auger transition, two electrons change their states
one of them leaves the hollow atoms or ions. Therefore, s
a transition should be more sensitive to the environment t
the x-ray transitions. Since the Auger electron is measure
the vacuum, the Auger electron energy is calculated by
total-energy difference of the transition upper and low
states in the bulk of material, plus the Fermi energy and
work function of the material. Figure 4 shows the calculat
Auger spectra of Nq1 in the bulk of Al and in the vacuum. In
the Auger spectra, we cannot find a clear band structure
eachLn fold. The Auger lines in the vacuum cover an ener
range of 70 eV, and the Auger lines in the bulk of Al cov
an energy range less than 40 eV. Comparing with the exp
mental energy range of 50 eV@6#, we conclude that the Au-
ger electron is neither emitted from the vacuum nor from
bulk of Al. It could be emitted near the surface, and its e
ergy structure is strongly modified by the surface electro
In the experiment a broadening and an energy shift of
Auger spectra toward the low-energy side has been obse
whenN61 ions collide with an insulating LiF surface instea
of a conducting Si surface. Due to the much lower elect
density of an insulating surface, the corresponding Au
spectra resemble the case of electron emission in vac
much more than an emission resulting from a conduct

r-

TABLE I. The x-ray energies~eV! emitted from theK1L2 state
of the Nq1 hollow atoms and ions in the bulk of Al and in vacuum

1s↑2s↑2p↓ 1s↑2s↓2p↓ 1s↑2p↑2p↓ 1s↑2p↓2p↓

Al 414.84 415.12 413.30 412.75
Vacuum 420.34 418.85 419.06 416.70
5-3
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surface. In our calculation, the Auger spectra exhibit
broader structure in the vacuum than bulk of metallic ma
rials. The energy of Auger electrons emitted in the vacuum
also shifted to the lower-energy side, as shown in Fig. 4.
these features are consistent with the experimental obse

FIG. 4. The Auger spectra emitted from Nq1 hollow atoms and
ions in the bulk of Al and in vacuum.
li

ec

,
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tions @6#. Note that if we take transport effects into accou
the Auger spectra will further broaden on the lower-ene
side due to the energy loss when the electrons escape
the material. We hope that a systematic experimental inv
tigation both in vacuum and near the surface can be p
formed in the near future.

To summarize, we have presented a local-spin-dens
functional method with an optimized effective potential a
self-interaction correction to study the energy structure
highly charged ions in the bulk of metallic material. Usin
this method, we have studied the x-ray spectra and Au
spectra emitted from the Nq1 hollow atom or ion in the bulk
of Al and in the vacuum. By comparing our calculated Aug
spectra with the experimental one@6#, we can understand th
difference in Auger spectra that results from whether N61

interacts with the insulating surface or the conducting s
face. Due to the energy resolution in the experiment,
details of our prediction, namely, the spin-polarized effe
was not observed. We hope the experiments can refine
energy resolution to study the effects.
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