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The lo cal spin-density func tional the ory with an op ti mized ef fec tive po ten tial and self-interaction cor rec -
tion is used to study the en ergy struc ture of hol low at oms or ions in the bulk of me tal lic ma te ri als. The en ergy
struc ture of con duc tion elec trons in the bulk of me tal lic ma te rial is treated by the jellium model. Based on this
method, we have stud ied the emit ted x-ray spec tra of Arq+ hol low at oms and ions in the bulk of Ag as well as in 
the vac uum. By com par ing the en ergy spec tra of Arq+ hol low at oms or ions in the vac uum and in the bulk of
Ag, we can il lus trate the con duc tion elec tron screen ing ef fect. Our cal cu lated x-ray spec tra of Arq+ hol low at -
oms or ions in the bulk of Ag is in rea son able agree ment with the ex per i ment.

I. IN TRO DUC TION

The in ter ac tion of highly charged ions (HCI) with sur -
faces is a sub ject of in creas ing in ter est.1-3 Ba sically, three
steps are in volved in the in ter ac tion of HCI with sur faces: (1)
the for ma tion of hol low at oms or ions above sur faces; (2) the
de cay of hol low at oms or ions at or be low sur faces and (3) to -
tal neu tral iza tion of hol low at oms or ions in the bulk of ma te -
ri als.1 The for ma tion of hol low at oms or ions is strongly re -
lated to the HCI’s im pact ve loc ity, in ci dent an gle and other
dy namic pa ram e ters.4 In the fi nal neu tral iza tion step, hol low
at oms or ions emit the Au ger elec trons5,6  or x-rays.7-9 The
emit ted x-ray can pro vide static in for ma tion of hol low at oms
or ions in the bulk of ma te ri als from the en ergy po si tion and
the dy namic in for ma tion from the spec tral in ten sity. Usually,
the Hartree-Fock method is used to study the en ergy struc ture 
of hol low at oms or ions in a vac uum,10,11 which can not pro -
vide the de tailed in for ma tion of hol low at oms or ions in the
bulk of ma te ri als. The con duc tion elec tron screen ing ef fect
was first stud ied by Zaremba et al.12 by use of the den sity
func tional the ory. Re cently, Arnau et al.13 have used the lo cal
den sity func tional the ory to study the en ergy struc ture of hol -
low at oms and ions in the bulk of me tal lic ma te ri als. The ad -
van tage of this method is that the to tal en ergy of the N-elec -
tron sys tem is a func tion of the to tal elec tron den sity. Sim i lar
to the tra di tional lo cal den sity func tional the ory, 14  such a
method con tains a spu ri ous self-interaction en ergy, which

should be re moved in the ex act cal cu la tion. To re move the
self-interaction en ergy, we use the lo cal spin den sity ap prox i -
ma tion with an op ti mized ef fec tive po ten tial and self in ter ac -
tion cor rec tion (LSDA/OEP-SIC) method.15-17  Such a meth -
od has been suc cess fully ap plied to study the atomic en ergy
struc ture both in the non-relativistic16 and rel a tiv is tic18 cases. 
Dif fer ent from at oms or ions in a vac uum, hol low at oms or
ions in the bulk of me tal lic ma te ri als in ter act with free elec -
trons in the con duc tion band as well. The con duc tion elec tron 
is treated by the jellium model at pres ent. The ad van tages of
our method are: 1) we use lo cal spin-den sity ap prox i ma tion,
which al lows us to study the spin po lar ized hol low at oms or
ions in the bulk of me tal lic ma te ri als; (2) we use the op ti -
mized ef fec tive po ten tial with self-interaction cor rec tion for
bound elec trons, which can com pletely re move the self-
 interaction en ergy for bound elec trons.

Based on this method, we have stud ied the en ergy struc -
ture of Nq+ ions in the bulk of Al.19  Now, we will study the en -
ergy struc ture of Arq+ ions in the bulk of Ag, the emit ted x-ray 
en ergy from K1LyMx to K2Ly-1Mx con fig u ra tions and so on. We 
will give a brief de scrip tion of our the o ret i cal method in Sec.
II and pres ent our re sults and dis cus sion in Sec. III.

II. THE O RET I CAL METHOD

The en ergy struc ture of con duc tion elec trons in a me tal -

Jour nal of the Chi nese Chem i cal So ci ety, 2001, 48, 477-482     477

Spe cial is sue for the Fourth Asian In ter na tional Sem i nars on Atomic and Mo lec u lar Phys ics



lic ma te rial can be stud ied by the jellium model.20 In the
jellium model, the dis crete ion cores are re placed by a ho mo -
ge neous pos i tive back ground with the charge den sity equal to 
the con duc tion elec tron den sity due to the neu tral iza tion re -
quire ment. For a given elec tron den sity , an ef fec tive ra dial
rs = (3/(4 ))1/3 is de fined and the con duc tion elec trons are
filled up to the Fermi en ergy F = 1

2 2rs
(9 /4)2/3. Based on the

den sity func tional the ory with the op ti mized ef fec tive po ten -
tial and self-interaction cor rec tion,16 the to tal en ergy of a hol -
low atom or ion in the bulk of me tal lic ma te ri als (the jellium
model) can be ex pressed as:

(1)

with

Here, Ts[ ] is the non-interacting elec tron ki netic en ergy,
Exc[ ], the ex change-correlation en ergy, ESIC[ b], the self-
 interaction cor rec tion for bound elec trons and , the spin in -
dex (spin-up and spin-down states). 0 is the back ground con -
duc tion elec tron den sity, b , the bound elec tron den sity and

c, the con duc tion elec tron den sity changes due to the in tro -
duc tion of the hol low atom or ion. The back ground en ergy
with out the hol low atom or ion is sub tracted in Eq. (1). The
elec tron wave func tions can be ob tained by solv ing the fol -
low ing Schrödinger equa tion as

(2)

with

(3)

Note that r l (r, k)  2 /  sin(kr - l /2 + 2 l) when r  ,
here l is the phase shift and kf, the elec tron mo men tum at the
Fermi en ergy.

The bot tom of the Fermi en ergy is cho sen as zero of the
en ergy. Eqs. (2) and (3) can be solved self-consistently. Since
both the bond and con tin uum states are in volved in Eq. (2),
we use a non-equal space ra dial grid in the in ner re gion and
an equal space ra dial grid in the outer re gion. The ad van tage
of the grid struc ture is that we can de scribe both the bound
and con tin uum states accurately with lim ited com pu ta tional
ef fort. With the con verged ef fec tive po ten tial in Eq. (3), we
can ob tain the elec tron spin-density dis tri bu tion, to tal en ergy
and phase shift for each par tial wave and so on.

From the the o ret i cal point of view, the im prove ments of 
the pres ent method19 over the pre vi ous one13 are: (1) we use
the lo cal spin-density func tional ap prox i ma tion, which al -
lows us to study the spin-polarized hol low at oms or ions in
the bulk of me tal lic ma te ri als; (2) we in clude ex plic itly
self-interaction cor rec tion for bound elec trons, which can
give a better or bital en ergy and to tal en ergy.16,18,19

III. RE SULTS AND DIS CUS SION

Based on the LSDA/OEP-SIC method, we have cal cu -
lated the en ergy struc ture of Arq+ ions in the bulk of Ag. In the 
cal cu la tion, the con duc tion elec trons are treated by the
jellium model with rs = 1.60. Al though the en ergy struc ture of 
Arq+ hol low at oms or ions is la beled by KnLyMx fol lowed by
the con ven tion in Ref. 13, it still has many con fig u ra tions
within each con fig u ra tion. We listed all the Ly con fig u ra tions
used in the cal cu la tion in Ta ble 1. In prac tice, we cal cu lated
the to tal en ergy for all pos si ble spin com bi na tions within
each Ly con fig u ra tion listed in Ta ble 1. For the Mx con fig u ra -
tions, we fill the M-shell from 3s first and then 3p se quen -
tially for sim plic ity. With such con fig u ra tions, we cal cu lated
the to tal en er gies of tran si tion up per and lower states (with 1 s
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Table 1. The Configurations Used in the Calculation

L1 L2 L3 L4

2s12p1 2s22p1 2s22p2

2p1 2p2 2s12p2 2s12p3

2p3 2p4

L5 L6 L7 L8

2s22p3 2s22p4 2s22p5

2s12p4 2s12p5 2s12p6 2s22p6

2s12p5 2p6



va cancy filled by a 2p elec tron in the up per state), emit ted
x-ray en ergy, screen ing ef fect and phase shift. We will dis -
cuss each in de tail.

A. To tal en er gies of Arq+ ions in the bulk of Ag and in
the vac uum

We have per formed the to tal en ergy cal cu la tions for
Arq+ ions in the vac uum and in the bulk of Ag by LSDA/
OEP- SIC method. To com pare the two cal cu la tions of Arq+

ions in the vac uum and in the bulk of Ag, we can il lus trate the
screen ing ef fect of con duc tion elec trons. Fig. 1 shows the to -
tal en er gies of Arq+ ions in the vac uum as well as in the bulk
of Ag. Gen erally speak ing, the to tal en ergy de creases as the
num ber of bound elec trons in creases. For Ar q+ ions in the
bulk of Ag, the changes of the to tal en ergy with the num ber of 
elec trons in the M-shell are very smooth. For Arq+ ions in the
vac uum, such changes are much rapid than that of Arq+ ions in 
the bulk of Ag. Such ob ser va tion can be un der stood as: when
we add one more elec tron into the sys tem in the vac uum, the
to tal en ergy will de crease rap idly. For Arq+ ions in the bulk of
Ag, due to the neu tral iza tion re quire ment, if we add one more
elec tron, the less ef fect nu cleus charge will at tract less con -
duc tion elec trons, the to tal en ergy changes a lit tle due to the
fact the net charge change around the nu cleus is al most zero.

Also we can see that add ing one more elec tron into the

L-shell will re lease more en er gies than add ing one more elec -
tron into the M-shell as shown in Fig. 1. The en ergy dif fer -
ence for a given hol low atom or ion in the vac uum and the
bulk of ma te rial will be re leased when the hol low atom or ion
ap proaches to the sur face.

The to tal en ergy of Arq+ ions in the bulk of Ag shows a
dra matic change for some given con fig u ra tions as shown in
Fig. 1. This is due to the fact that the short-range po ten tial
changes dra mat i cally when one elec tron is added or re moved
from that con fig u ra tion. De tailed dis cus sion will be pre -
sented in the dis cus sion of phase shifts.

B. X-ray spec trum of Arq+ ions in the bulk of Ag
With the cal cu lated to tal en ergy, we can ob tain the

x-ray tran si tion en ergy as

(4)

for a given con fig u ra tion. The cal cu lated en er gies are shown
in Fig. 2(a) by the solid ver ti cal line. To clearly see the shell
struc ture, we off set one for each band (with the same num ber
of elec trons in the L-shell). We also show the cor re spon dence 
value of Arq+ ions in the vac uum by the dashed ver ti cal line.
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Fig. 1. The to tal en er gies of Arq+ ions in (a) the vac -
uum and (b) the bulk of Ag.

Fig. 2. (a) The cal cu lated x-ray en er gies of Arq+ ions
in the bulk of Ag (solid line) and in the vac -
uum (dashed line), and (b) the ex per i men tal
x-ray spec tra.7
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Note that the dashed line is off set by 4. For the spec tra of Arq+

ions in the vac uum, the en ergy lev els are over lapped for dif -
fer ent bands due to the fill ing of the M-shell. Thus, we can
roughly claim that spec tra in some en ergy re gion cor re sponds 
to the con tri bu tion for a given con fig u ra tion, but not def i -
nitely. The ex per i men tal spec tra can be ex pressed as

(5)

with P(i), the per cent age of a given hol low atom or ion
formed in the bulk of ma te ri als, Rr(i), ra di a tive de cay rate of
the hol low atom or ion, Er(i), tran si tion en ergy of ra di a tive
de cay and , en ergy res o lu tion in the ex per i ments. Here we
use the gaussi an line pro file. In Eq. (5), to re pro duce the ex -
per i ment spec trum, we need static in for ma tion (Rr(i), Er(i))
and dy namic in for ma tion P(i) and ex per i ment en ergy res o lu -
tion . In turn, if we know the ex per i men tal spec trum, we can
ab stract the dy namic in for ma tion based on the cal cu lated
static prop er ties (Rr(i), Er(i)).

For Arq+ ions in the bulk of Ag, the spec tra for given Ly

fold is nar rower than that in the vac uum, and the spec tra for
L8  is clearly sep a rated from other folds. This is due to the con -
duc tion elec tron screen ing ef fect, the same as we dis cussed
above. The ex per i men tal spec tra7  are also shown in Fig. 2(b).
By com par ing with our cal cu lated spec tra, we can roughly as -
sign each peak. The de tailed as sign ment is still im pos si ble
since we do not know the dy nam i cal in for ma tion in volved in
the ex per i ment. To com pare with the ex per i ment spec tra, we
need the per cent age of each hol low atom or ion for a given
con fig u ra tion, which is strongly de pend ent on the ex per i ment 
con di tions, namely, the HCI’s ve loc ity, in ci dent an gle and so
on. But our struc ture cal cu la tion can still pro vide some phys i -
cal in for ma tion and can help the ex per i menter to iden tify the
spec tra.

C. Den sity changes of con duc tion elec trons
Based on the jellium model, the con duc tion elec trons

are ho mo ge neous dis trib uted over the whole bulk. With the
in tro duc ing of Arq+ ions into the ma te rial, the ho mo ge neous
elec tron gas will be per turbed and the den sity change is de -
fined as

(6)

Since in duced po ten tial by Arq+ ions is of a spher i cal sym me -
try, the den sity change is also of a spher i cal sym me try; here,
we only show the ra dial den sity changes. Fig. 3 shows the
con duc tion elec tron den sity changes with the per tur ba tion of
Arq+ ions for K1L1M0, K1L1M8, K1L8M0 and K1L8M8 con fig u ra -

tions, re spec tively, and the cor re spon dence tran si tion lower
states. The four cases rep re sent the sit u a tions of Ar q+ ions
with al most empty L and M-shell elec trons and full filled L
and M-shell elec trons. With the less bound elec trons
(K1L1M0), more con duc tion elec trons are at tracted to the nu -
cleus, which pro vide a screen ing field for the outer elec trons.
With most bound elec trons (K1L8M8), a few con duc tion elec -
trons are at tracted to the nu cleus. For K1L1M8 , due to the
full-filled M-shell elec trons, the free elec tron is dif fi cult to
pen e trate into the in ner re gion. The to tal bound elec tron of
K1L8M0  is al most the same as K1L1M8 , but with in ner-shell
full-filled, the per turbed elec trons are con cen trated rel a tively 
close to the nu cleus. It is also true for the tran si tion lower
states, as shown in Fig. 3(b). Since the con duc tion elec tron
den sity changes strongly re late to the phase shift, we will dis -
cuss the phase shift in de tail.

D. Phase shifts
Fig. 4 shows the cal cu lated phase shifts for the s, p, d

and f par tial waves in four elec tron con fig u ra tions. Based on
the Levinson the o rem,21 we con clude that 3 bound states (1s,
2s, 3s) ex ist for the s par tial wave with the full filled L shell
con fig u ra tions K1L8M0, K1L8M8, and one more s bound state
ap pears for K1L1M8  and two more s bound states ap pear for
K1L1M0. In the vac uum, the num ber of bound states is in fi nite, 

480     J. Chin. Chem. Soc., Vol. 48, No. 3, 2001 Tong et al.

2 2( ( )) / 2 ,( ) ( ) ( ) rE E i
r

i

I E P i R i e

( ) ( ) .c c or r

Fig. 3. Con duc tion elec tron den sity changes for the
tran si tion (a) ini tial and (b) fi nal states.



which is dif fer ent from the case in the bulk of me tal lic ma te ri -
als. Such things also ap pear in the p, d and f par tial waves as
shown in Fig. 4. Apart from the p-par tial wave in the K1L1M0

con fig u ra tion, all the phase shifts of the s and p par tial waves
de crease monotonically as the en ergy in creases. The phase
shifts of the d and f par tial waves in crease as the en ergy in -
creases. For K1L1M0 con fig u ra tion, the phase shift of the p
par tial wave in creases first, then de creases as the en ergy in -
creases. From the Friedel sum rule, 22

(7)

with Z as the atomic num ber, Nb, the num ber of bound elec -
trons in the hol low atom or ion, we can see that the screen ing
elec tron co mes from the d and f par tial waves. Note that we
have checked the to tal num ber of elec trons within rmax sphere, 
which is in good agree ment with Z. The cal cu lated phase
shifts are also very im por tant for study ing the stop ping power 
of the low en ergy HCI mov ing in the bulk of me tal lic ma te ri -
als.23-25

To sum ma rize, we have stud ied the en ergy struc ture of

highly charged ions in the bulk of me tal lic ma te ri als by use of 
the LSDA/OEP-SIC method. The im prove ments over the ex -
ist ing lo cal den sity func tional method are: (1) we in clude the
lo cal spin-density func tional method which al lowed us to
study the spin-polarized hol low atom or ion in the bulk of me -
tal lic ma te ri als; (2) we in clude the self-interaction cor rec tion
for bound elec trons, which can re move the self-interaction
ex plic itly. Our cal cu lated re sults are in rea son able agree ment 
with the ex per i ment.7
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