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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 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 spectfd dfdlow atoms and ions in the bulk
of Al, as well as in the vacuum. The experimental Auger spectra in the collisior ofvhith 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 iotslCI's) with a sur-  model. The advantages of our method are ttiatwe use
face is a subject of increasing intergst-3]. Basically, three localspindensity approximation, which allows us to study
steps are involved in the interaction of HCI's with surfaces:the spin polarized hollow atoms or ions in the bulk of me-
(1) formation of hollow atoms or ions above the surfag¢@s, tallic materials; and2) we use the optimized effective po-
decay of hollow atoms or ions at or below the Surfaces, an@?ﬂti&' with self-interaction correction for bound electrons,
(3) total neutralization of hollow atoms or ions in the bulk of Which can completely remove the bound electron self-
materials[1]. The formation of hollow atoms or ions is interaction energy. In our calculations, the Auger and x-ray
strongly related to the HCI's impact velocity, incident angle, Spectra ofN?" hollow atomic ions obtained in the vacuum
and other dynamic parametdr. In the final neutralization ~and near the surface show dramatic differences. Based on our
process, hollow atoms or ions emit Auger electrfB§] or x calculated results, the shift and broadeningkdfL Auger
rays[7—9]. The emitted x rays provide static information of spectra fromN°* collisions on the insulating LiF surface, as
hollow atoms or ions in the bulk of materials from the energycompared to those from collisions on the conducting Si sur-
position, and dynamic information from the spectral inten-face, can clearly be understood. Meanwhile, the x-ray spectra
sity. Usually, the Hartree-Fock method is used to study holof a hollow ion in the vacuum can be measured through a
low atoms or ions in vacuurfl0,11], but the method cannot microcapillary experimen{18]. Therefore, our theoretical
provide detailed information about the hollow atom or ion in studies will call for a systematic experimental study of the
the bulk of materials. To investigate the detailed informationx-ray and Auger spectra of hollow atoms or ions in the
of the hollow atom or ion in the bulk of materials, we need tovacuum as well as in the bulk of materials.
take the conduction-electron screening effect into account. The energy structure of the conduction electrons in a me-
The conduction-electron screening effect was first studied bjgllic material can be represented by a jellium mddeé]. In
Zarembaet al. [12] using density-functional theory. Re- the jellium model, the discrete ion cores are replaced by a
cently, Arnauet al. [13] used the local-density-functional homogeneous positive background charge, with the charge
method to study the energy structure of hollow atoms andlensity equal to the conduction-electron density due to the
ions in the bulk of metallic materials. The advantage of thisneutralization requirement. For a given electron densitgn
method is that the total energy of theelectron system is a  effective radiug = (3/(4mp))*?is defined, and the conduc-
functional of the total electron density. Like traditional local- tion electrons are filled up to the Fermi energy=(1/
density-functional theory14], this method contains a spuri- 2r2)(97/4)?2. Using density-functional theory with an opti-
ous self-interaction energy, which should be removed in thenized effective potential and self-interaction correcfibf],
exact calculation. To remove the self-interaction energy, wehe total energy[ p] of a hollow atom or ion in the bulk of
use the local-spin-density-functional method with an opti-metallic materials can be expressed(@®mic units with#
mized effective potential and a self-interaction correction=m=e=1 are used throughout unless explicitly stated oth-
method[15,16. This method was successfully applied to erwise
study the atomic energy structure both in nonrelativigtig]
and relativistic[17] cases. Different from atoms or ions in
the vacuum, hollow atoms or ions in the bulk of metallic E[p]ZTS[p]-i-EXC[pT,pL]+VeXr[p]+JA[p]+ESIC[pb]
materials interact with free electrons in the conduction band.

Here we treat the conduction electron using the jellium ~TLPo] = Exd po,:P0 1= Vexd Pol, (1)
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Here T4 p] is the noninteracting electron kinetic energy,

E.J[p] is the exchange-correlation enerdys'q p,] is the
self-interaction correction for bound electrdri$], ando is
the spin indexspin-up and -down statesp, is the conduc-
tion electron densitypy, the bound electron density, adp
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FIG. 1. The phase shifts of the p, and d partial waves for
KIL? (solid curve$ and K1L® (dashed curvesof the N** hollow
atoms or ions in the bulk of Ald=0.4298 a.u.).

the conduction-electron density changes due to the introduarerged optimized effective potential in E@), we obtain the
tion of the hollow atom or ion. The background energy with- electron-spin density, total energy, and phase shift for each

out the hollow atomic ion is subtracted in Eg). The elec-

tron wave functions can be obtained by solving the

Schralinger equation as

VZ
_7+VSEP(r)}l//ia'(r):Eicrlpio'(r)i (2)
with
r'y+ op(r’ oExdp .p ]
VSEP(r):be( )+ Ope( )dr’+ xel Py L vSI(r)
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Note that r iy (r,K)— 2/ sinkr—I|#/2+ 6;7) when r

—o0; ¢ is the phase shift ankk is the electron momentum

at the Fermi energy.

partial wave.

We have calculated the energy structure of tHg Nons
in the bulk of Al as well as in the vacuum, 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 total-
energy difference of the transition between upper and lower
states. The numerical convergence was checked by increas-
ing 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 choosg, ,,= 30rg, which is equiva-
lent to including 27 000 conduction electrons in the sphere.
The numerical results exhibit almost no change with 15 par-
tial waves and 1000 radial grid points. To study the self-
interaction contribution, we have also performed a calcula-
tion without self-interaction. Generally speaking, the self-
interaction contribution is case dependent. The main self-
interaction 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 tise p, andd partial
waves in the §12p} and 1st2p;$2p? 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 theoren{20], we can conclude that two bound

The bottom. of the Fermi energy is chosen as zero of thetates (%,2s) exist for thes partial wave, one bound state
energy. Equation€2) and(3) can be solved self-consistently. (2p) exists for thep partial wave, and no bound states exist

[Note that the self-interaction correction te¥j'“(r) is con-
structed in the same way as in REL6].] Since both bond

and continuum states are involved in E2), we use a square

grid [r =r,.,{(i/N)?,i=1N/2] in the inner region, which is
optimized for bound electrons, and an equal-space [grid
=rmadd+3rmai —N/2)/(2N),i=N/2+1N] in the outer
region, which is optimized for conduction electrohéis the

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 tH€'L® configuration,

the phase shifts of theandp partial waves decrease mono-
tonically as the electron energy increases, and the phase shift
of the d partial wave increases as the energy increases. For
the KL! configuration, the phase shift of tisgartial wave

number of grid points used in the calculation. Thus we carincreases first, then decreases as the electron energy in-
describe both the bound and conduction electrons more acreases; the phase shifts of fnandd partial waves increase
curately with limited computational efforts. With the con- as the energy increases. From the Friedel sum[&l¢ we
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TABLE |. The x-ray energiegeV) emitted from theK!L? state

T T T
L 11
3 H:e _______ of the N** hollow atoms and ions in the bulk of Al and in vacuum.
1s/2s;2p, 1s;2s2p;, 1s;2p;2p, 1s2p,2p,
Al 414.84 415.12 413.30 412.75
Vacuum 420.34 418.85 419.06 416.70

4nr® Spr)

the energy spectra width within each transition fold
(K", n=1,2,...,6) in thebulk is narrower than that in
I ' ' . . ] the vacuum. All such observations can be explained by the
0' = '2' = '4' = '6' = '8' = '10' = '12 conduction-electron screening effect. Due to the conduction-
(@) electron screening effect, the total energy of a hollow atom
o or ion in the bulk of the material is not very sensitive to the

FIG. 2. Conduction electron density changes due to the pertutotal number of electrons and their configuration, as is the

bation of N'* hollow atoms or ions in the bulk of Al. case in the vacuum.
A more detailed look at Fig. 3 reveals that the order of

see that the screening electron comes fronpthadd partial ~ energy levels changes from the vacuum to the bulk of Al. To
waves forkL! hollow ions, and the electron in thepartial ~ understand the detailed mechanism, we listed the x-ray en-
ergy levels forL? fold. There are four configurations in-

wave is pushed to the outer region. R¢ILS, thes andp
partial-wave electrons are pushed to the outer region, whickiolved in the transition upper states, s;2s,2p,,
is compensated for by the partial-wave electrons. Phase 1s,2s,2p , 1s;2p,2p,, and 1s,2p,2p,. In the vacuum,

shifts are also very important for studying the stoppingdue to spin interaction, the energy level o§2d is split
power of the low-energy highly charged ions moving in thesignificantly for spin-up-down and spin-down-down configu-
bulk of metallic material§22—-24. rations, as listed in Table I. Such energy splitting is of the
Figure 2 shows the conduction-electron density changeerder of the energy splitting between the2p and 2p2 con-
near the nucleus. Due to the neutralization requirement, wégurations. In the bulk of Al, the energy splitting due to
see that more conduction electrons move into the inner redifferent spin configurations is much narrower than that of
gion for the less bound-electron case( ') and fewer con- 2s2p and 2?. Therefore, the order of the x-ray energy-level
duction electrons move into the inner region for the mostchanges. This demonstrates an example in which the local-
bound-electron caseK{L®). The conduction electron den- spin-density approximation is more effective than local-
sity shows the Friedel oscillatior21], as shown in Fig. 2.  density approximation. Such a spin-polarized effect can be
Figure 3 shows the calculated x-ray spectra in the bulk ofised to identify the x-ray emitted above or below the surface.
Al and in the vacuum from the total-energy difference be- In the x-ray transition, only one electron changes its state,
tween the transition upper and lower states. We see that trend the total number of bound electrons does not change. In
emitted x-ray energies from the neutralized hollow atomsthe Auger transition, two electrons change their states and
(KL®) in the bulk are almost the same as in the vacuumone of them leaves the hollow atoms or ions. Therefore, such
This can be easily understood, since the conduction-electroa transition should be more sensitive to the environment than
screening effect is less important for neutralized hollow atthe x-ray transitions. Since the Auger electron is measured in
oms. For the most empty hollow iorkK¢L?Y), the x-ray en- the vacuum, the Auger electron energy is calculated by the
ergy shifts significantly to lower energies due to thetotal-energy difference of the transition upper and lower

conduction-electron screening effect. In addition to this shiftstates in the bulk of material, plus the Fermi energy and the
work function of the material. Figure 4 shows the calculated

Auger spectra of N" in the bulk of Al and in the vacuum. In
the Auger spectra, we cannot find a clear band structure for
eachL" fold. The Auger lines in the vacuum cover an energy
J range of 70 eV, and the Auger lines in the bulk of Al cover
an energy range less than 40 eV. Comparing with the experi-
A/ ; mental energy range of 50 €8], we conclude that the Au-
i ger electron is neither emitted from the vacuum nor from the
([ ( bulk of Al. It could be emitted near the surface, and its en-
“ [ ergy structure is strongly modified by the surface electrons.
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in the bulk of Al
In the experiment a broadening and an energy shift of the
L Auger spectra toward the low-energy side has been observed
360 380 400 420 440 whenN®* jons collide with an insulating LiF surface instead
X-ray Energy (V) of a g:onductlng Si su.rface. Due to the much Iowgr electron
density of an insulating surface, the corresponding Auger

spectra resemble the case of electron emission in vacuum

FIG. 3. The x-ray spectra emitted fronfN hollow atoms and
much more than an emission resulting from a conducting

ions in the bulk of Al and in vacuum.
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LA L L AL L tions[6]. Note that if we take transport effects into account,
the Auger spectra will further broaden on the lower-energy
side due to the energy loss when the electrons escape from
in the vacuum the material. We hope that a systematic experimental inves-
tigation both in vacuum and near the surface can be per-
formed in the near future.

To summarize, we have presented a local-spin-density-
functional method with an optimized effective potential and
self-interaction correction to study the energy structure of
highly charged ions in the bulk of metallic material. Using
this method, we have studied the x-ray spectra and Auger
spectra emitted from the®™ hollow atom or ion in the bulk
of Al and in the vacuum. By comparing our calculated Auger
spectra with the experimental of@], we can understand the

FIG. 4. The Auger spectra emitted fronfK hollow atoms and  difference in Auger spectra that results from wheth&f N
ions in the bulk of Al and in vacuum. interacts with the insulating surface or the conducting sur-

face. Due to the energy resolution in the experiment, the
surface. In our calculation, the Auger spectra exhibit athaiIS of our prediction, namely, the ;pin-polarized .effect,.
' : ' ; was not observed. We hope the experiments can refine their
broader structure in the vacuum than bulk of metallic mate- .
. : . “energy resolution to study the effects.
rials. The energy of Auger electrons emitted in the vacuum is
also shifted to the lower-energy side, as shown in Fig. 4. All  The authors would like to thank Professor R. Morgenstern

these features are consistent with the experimental observand Professor J. G. Snijders for helpful discussions.
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