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Thelocal spin-density functional theory withanopti mizedef fectivepotential andself-interaction cor rec
tionisusedto study theen ergy structureof hol low at omsor ionsinthebulk of metal lic materi als. Theenergy
structureof conductionelectronsinthebulk of metal licmaterial istreated by thejellium model. Based on this
method, wehavestudied theemit ted x-ray spectraof Ar** hol low at omsandionsinthebulk of Agaswell asin
thevac uum. By com par ing theen ergy spectraof Ar™ hol low at omsor ionsin the vac uum and in the bulk of
Ag,wecanil lustratetheconductionelectronscreening ef fect. Our cal culatedx-ray spedraof Ar% hol low at-
omsor ionsinthebulk of Agisinreason ableagree ment with theex per i ment.

I. INTRODUCTION

Theinter action of highly charged ions (HCI) with sur-
facesisasubjectof increasinginterest."*Basically, three
stepsareinvolvedintheinter action of HCI with sur faces: (1)
thefor mation of hol low at omsorionsabovesur faces; (2) the
decay of hol low at omsor ionsat or below sur facesand (3) to-
tal neutral izationof hol low at omsor ionsinthebulk of mate-
rials.* Thefor mation of hol low at omsor ionsisstrongly re-
latedtothe HCI’ sim pact velocity, in ci dent an gleand other
dynamicparameters.*Inthefi nal neutral ization step, hol low
at omsor ionsemit the Au ger electrons™® or x-rays.”® The
emittedx-ray canprovidestaticinfor mationof hol low at oms
orionsinthebulk of materi asfromtheen ergy posi tionand
thedy namicinfor mationfromthespectral intensity. Usualy,
the Hartree-Fock method isusedto study theen ergy structure
of hol low at omsor ionsinavac uum,*®** which can not pro-
videthedetailedinfor mation of hol low at omsor ionsinthe
bulk of materi als. Theconductionelectronscreening ef fect
was first stud ied by Zaremba et al.*? by use of the den sity
functional theory. Recently, Arnauetal . haveused thelocal
density functional theory to study theenergy structureof hol-
low at omsandionsinthebulk of metal licmateri as. Thead-
van tage of thismethod isthat theto tal en ergy of the N-elec-
tronsystemisafunctionof thetotal electrondensity. Similar
tothetradi tional lo cal density functional theory,™ such a
method containsaspuri ous self-interaction en ergy, which

should beremovedintheex act cal culation. Toremovethe
self-interactionenergy, weusethelocal spindensity approx i
mationwithanopti mizedef fectivepotential andselfinter ac
tion cor rection (LSDA/OEP-SIC) method.*>*" Such a meth-
od has been suc cessfully ap plied to study the atomic en ergy

structurebothinthenon-relativistic'®andrel ativistic'® cases.
Dif fer ent from at omsor ionsin avac uum, hol low at omsor

ionsinthebulk of metal licmateri alsinter actwithfreeelec-
tronsintheconductionbandaswell. Theconductionelectron
istreated by thejellium model at present. The ad van tages of

our method are: 1) we uselo cal spin-densityapproximation,

whichal lowsusto study the spin po lar ized hol low at omsor

ionsinthebulk of metal lic materi als; (2) we usethe op ti

mized ef fectivepotential with self-interaction cor rectionfor

bound electrons, which can completely re move the self-

interactionenergy for bound electrons.

Based onthismethod, wehave studied theenergy struc-
ture of N ionsin the bulk of Al.*® Now, wewill study the en-
ergy structureof Ar% ionsinthebulk of Ag, theemit ted x-ray
energy fromK'LYM* to K’LY"*M*configurationsandsoon. We
will giveabrief descriptionof ourtheoreti cal methodin Sec.
Il and present our resultsand discussionin Sec. I11.

[I. THEORETICAL METHOD

Theenergy structureof conductionelectronsinametat
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licmaterial can be stud ied by thejellium model ?° In the
jelliummodel, thediscreteion coresarereplaced by aho mo-

geneousposi tiveback groundwiththechargedensity equal to
theconductionelectrondensity duetotheneutral izationre-

quirement. For agivenelectrondensity p, anef fectiveradial

rs = (3/(4np))**isdefined and thecon duction electronsare
filled up to the Fermi en ergy =¢ = ?152(91‘1:/4)2’3. Based on the
density functional theory withtheopti mizedef fectivepoten

tial and self-interaction cor rection,® thetotal en ergy of ahol-

low atom or ioninthebulk of metal licmateri as(thejellium
model) can beex pressed as:

Elp] =T.[pl+ Eclpys Pyl +Vac pl+ JulP1 +E%[p,]
_Ts[po] - Exc[ poti F'OJ.] _Vext[po]i (1)

with

Valpl = Zp(0)er,
_Lpp(r)p) o PR,
J[p]_zj lrf_rldrdr jlr,_rldrdr
+1J‘ p}°p° dr ‘dr,
290 r'=r|
PI) =3 (P (1) + Py +8p ()

=p,(r)+p, +ap_(r).

Here, T4 p] isthe non-interacting elec tron ki netic en ergy,
Ex[p], the ex change-correlation en ergy, E¥“[p1], the self-
interaction cor rectionfor bound electronsand i, the spin in-
dex (spin-up and spin-down states). p, istheback ground con-
ductionelectrondensity, o, the bound elec tron den sity and
p., theconductionelectronden sity changesduetotheintro-
duction of the hol low atom or ion. The back ground en ergy
with out the hol low atom or ionissub tracted in Eq. (1). The
elec tron wavefunctions can be ob tained by solv ing thefol-
low ing Schrédinger equationas

[_%+VUOEP(r)]Wm(r)=e.nu.riu(r), @
with

! ’ EE 3
VI:IOEP(r)= pr(r )+EEIC(r )drn'+ )c[I:IT I:I_l_]
[r=r| b,

Z
+V3¢ (r)—T+an$,

Poo (1) = > Wi, (MW, (1),
b

Epm(r)=ZE' v, K, Kdk—py. (9
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Notethat riug(r, K) —/2/ msin(kr - 1m/2 + 2m) whenr —ses,
here f isthe phase shift and k, theelectronmomentumat the
Fermi energy.

Thebot tom of the Fermi en ergy ischo sen aszero of the
energy. Egs. (2) and (3) can be solved self-consistently. Since
both the bond and con tin uum statesarein volved in Eq. (2),
we use anon-equal spaceradia gridinthein ner region and
anequal spaceradial gridintheouter region. Thead vantage
of the grid struc tureisthat we can de scribe both the bound
and continuum statesaccurately with limited com putational
ef fort. With theconverged ef fectivepotentia in Eq. (3), we
canobtaintheelectronspin-density distri bution, total energy
and phase shift for each par tial wave and so on.

Fromthetheoreti cal point of view, theimprovementsof
the present method*® over the previ ousone!® are: (1) we use
thelocal spin-density functional ap prox i mation, whichat
lows usto study the spin-polarized hol low at omsor ionsin
the bulk of metallic materials; (2) we include explicitly
self-interaction cor rection for bound elec trons, which can
giveabetter or bital energy andtotal energy.16.181°

1. RESULTSANDDISCUSSION

Based on the L SDA/OEP-SIC method, we have cal cu-
latedtheenergy structureof Ar% ionsinthebulk of Ag. Inthe
calculation, the conduction electrons are treated by the
jellium model withrs=1.60. Al thoughtheenergy structureof
A1 hol low at omsor ionsislabeled by K"LYM* fol lowed by
theconventioninRef. 13, it still hasmany configurations
withineachconfiguration. Welistedall theYconfigurations
usedinthecal culationinTablel. Inpractice, wecal culated
thetotal energy for all possi ble spincom bi nationswithin
each LYconfigurationlistedin Tablel. FortheM*configura
tions, we fill the M-shell from 3sfirst and then 3p sequen
tiallyforsimplicity. Withsuchconfigurations, wecal culated
thetotal ener giesof transi tionup per andlower states(with1ls

Table 1. The Configurations Used in the Calcul ation

Lt L L3 L
2s'2pt 2s%2pt 282p?

2pt 2p? 2s'2p? 2s2p°

2’ 2p!

LS LS L’ L8

2822p° 28p* 25°2p°

2st2p? 2s'2p° 2s'2p® 2g2p°

2s'2p® 2p°
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vacancy filled by a2p electronintheup per state), emit ted
X-ray en ergy, screen ing ef fect and phase shift. Wewill dis-
cusseachindetail.

A. Total energies of Ar% ionsin the bulk of Ag and in
the vacuum

Wehaveper formedthetotal energy cal culationsfor
Ar% ionsin the vac uum and in the bulk of Ag by LSDA/
OEP- SIC method. To com parethetwo cal culationsof Ar®
ionsinthevacuumandinthebulk of Ag, wecanil lustratethe
screening ef fect of conductionelectrons. Fig. 1 showstheto-
tal ener giesof Ar™ ionsin the vac uum aswell asin the bulk
of Ag. Generally speak ing, thetotal en ergy de creasesasthe
num ber of bound electronsin creases. For Ar® ions in the
bulk of Ag, thechangesof thetotal en ergy with thenum ber of
electronsin the M-shell are very smooth. For Ar® ionsinthe
vac uum, such changesaremuch rapid than that of Ar® ionsin
thebulk of Ag. Such ob ser vationcan beunder stood as: when
we add one more elec tron into the systemin the vac uum, the
total energy will decreaserapidly. For Ar* ionsin the bulk of
Ag,duetotheneutral izationrequirement, if weadd onemore
electron, thelessef fect nu cleus chargewill at tract less con-
duction electrons, thetotal energy changesalittleduetothe
fact the net charge change around the nu cleusis al most zero.

Alsowe can seethat add ing one more electroninto the
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Fig. 1. Thetotal energiesof Ar% ionsin (a) the vac-
uum and (b) the bulk of Ag.
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L-shell will releasemoreener giesthanadding onemoreelec-
tron into the M-shell as shown in Fig. 1. The en ergy dif fer-
encefor agiven hol low atom or ionin the vac uum and the
bulk of material will bereleased whenthehol low atomorion
ap proachestothesurface.

Thetotal energy of Ar'" ionsin the bulk of Ag showsa
dramatic changefor somegivenconfigurationsasshownin
Fig. 1. Thisisdueto the fact that the short-range po ten tial
changesdramati cally whenoneelectronisadded or removed
from that configuration.Detailed discussion will be pre-
sented inthedis cussion of phase shifts.

B. X-ray spectrum of Ar® jonsin the bulk of Ag
With the cal culatedtotal energy, wecanobtainthe
X-raytransitionenergy as

v = B[ K'L'M *] = Ejga [K*LM ] 4

foragivenconfiguration. Thecal culatedener giesareshown
inFig. 2(a) by the solid ver ti cal line. To clearly seethe shell
structure, we off set onefor each band (with the same num ber
of electronsintheL -shell). Weal so show the cor respon dence
value of Ar?"ionsin thevac uum by the dashed ver ti cal line.
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Fig. 2. (a) Thecal culatedx-ray energiesof Arions
in the bulk of Ag (solid line) and in the vac-
uum (dashed line), and (b) theex peri mental
X-ray spectra.’
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Notethat the dashed lineisoff set by 4. For thespectraof Ar®

ionsinthevac uum, theen ergy lev elsare over lapped for dif-

fer ent bands due to the fill ing of the M-shell. Thus, we can

roughly claimthat spectrainsomeenergy regioncor responds
tothecontri butionfor agiven configuration, but not def i-

nitely. Theex peri mental spectracanbeex pressedas

I(E) e Ep(i)Rr (i)e &5 /2w, )

with P(i), the percentage of a given hollow atom or ion
formedinthebulk of materi as, R (i), radi ativedecay rateof
the hol low atom or ion, E(i),transi tionenergy of radi ative
decay andt, energy resolutionintheex peri ments. Herewe
usethegaussi anlineprofile. InEq. (5), to re pro ducethe ex-
per i ment spectrum, weneed staticinfor mation (R.(i), E(i))
anddy namicinfor mationP(i) andex peri mentenergy resolu
tiont. Inturn,if weknow theex peri mental spectrum, wecan
ab stract thedy namicinfor mation based onthecal culated
staticproperties(R: (i), E:(i)).

For Ar?"ionsin the bulk of Ag, the spec trafor givenLY
foldisnar rower than that in the vac uum, and the spec trafor
L®isclearly sep arated from other folds. Thisisdueto the con-
duction electron screening ef fect, the sasmeaswediscussed
above. Theex peri mental spectrd areaso shownin Fig. 2(b).
By com paringwithour cal culated spectra, wecanroughly as
signeach peak. Thedetailedassignmentisstill impossi ble
sincewedo not know thedy nami cal infor mationinvolvedin
theex peri ment. Tocom parewiththeex peri ment spectra, we
need the per cent age of each hol low atom or ion for agiven
configuration,whichisstrongly dependentontheex peri ment
conditions, namely, theHCI’ svelocity, inci dentangleand so
on.Butour structurecal culationcanstill providesomephysi-
cal infor mationand canhelptheex peri menter toidentify the
spectra.

C. Density changes of conductionéectrons

Based on thejellium model, the con duc tion elec trons
arehomo geneousdistrib uted over thewholebulk. Withthe
introducingof Ar* ionsintothematerial, theho mo geneous
electron gaswill be per turbed and the den sity changeisde-
fined as

E|:|c(r) =pc(r)_po' (6)

Sinceinduced potential by Ar*" ionsisof aspheri cal symme-
try, theden sity changeisalso of aspheri cal symmetry; here,
weonly show theradial den sity changes. Fig. 3 showsthe
conductionelectrondensity changeswiththeper tur bation of
Ar®jonsfor KILIM®, K:LIME, KILEBM? and K!LE8MBconfigura:
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tions, respectively, andthecor respondencetransi tionlower
states. Thefour casesrepresentthesit uationsof Ar9" ions
with a most empty L and M-shell elec tronsand full filled L
and M-shell electrons. With the less bound electrons
(K*L*MP®), more con duction elec trons are at tracted to the nu-
cleus, which provideascreeningfield for theouter electrons.

With most bound elec trons (K*L®M®), afew con duc tion elec-
trons are at tracted to the nu cleus. For K'L'M?, due to the
full-filled M-shell electrons, thefreeelec tronisdif fi cult to
pen etrateintothein ner region. Thetotal bound elec tron of

K'L®M? is al most the same asK'L'M?, but with in ner-shell

full-filled, theper turbed electronsareconcentratedrel atively
closeto thenu cleus. It isalso true for the tran si tion lower
states, asshownin Fig. 3(b). Sincethe con duction elec tron

den sity changesstrongly relateto the phase shift, wewill dis
cussthe phase shiftin detail.

D. Phase shifts

Fig. 4 showsthe cal cu lated phase shiftsfor thes, p, d
and f par tial wavesinfour electronconfigurations. Based on
theL evinsontheorem,? we con clude that 3 bound states (1s,
2s, 3s) ex ist for the s par tial wave with the full filled L shell
configurationskK*L®M°, K*L8M8®, and one more s bound state
ap pearsfor K'L*M? and two more sbound states ap pear for
K'L*M°. Inthevac uum, thenum ber of bound statesisinfi nite,

15 ——— 7

4nr? 8p,(r)

r{au.)

Fig. 3. Conduction electronden sity changesfor the
transition(a) ini tial and (b) fi nal states.
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whichisdif fer entfromthecaseinthebulk of metal licmateri-
as. Such thingsalso ap pear inthep, d and f par tial wavesas
shown in Fig. 4. Apart from the p-par tial waveinthe K'L*M°
configuration, al the phaseshiftsof thes and ppar tial waves
decreasemonotonically astheen ergy in creases. The phase
shifts of the d and f par tial wavesin creaseastheenergy in-
creases. For K'L*MPconfiguration, the phase shift of thep
par tial wavein creasesfirst, then de creasesastheenergy in-
creases. From the Friedel sum rule,

Ne=Z-N,=3 (2 +D(@E, &) —F, (0)), (7)

with Z asthe atomic num ber, Ny, the num ber of bound elec-
tronsinthe hol low atom or ion, we can seethat the screening
electron comesfromthed and f par tial waves. Note that we
havecheckedthetotal number of electronswithinr max Sphere,
whichisin good agree ment with Z. The cal cu lated phase
shiftsareasovery im por tant for study ing the stop ping power
of thelow energy HCI mov inginthebulk of metal licmateri-
aIS.23-25

Tosummarize, wehavestudiedtheenergy structureof
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Fig. 4. Phase shiftsof Ar** ionsin the bulk of Al for
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spectively.
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highly chargedionsinthebulk of metal licmateri alsby useof
the LSDA/OEP-SIC method. Theim prove mentsover the ex-
istinglocal density functional method are: (1) weincludethe
lo cal spin-density func tional method which al lowed usto
study the spin-polarized hol low atom or ioninthe bulk of me-
tal licmateri as; (2) weincludethesel f-interactioncorrection

for bound el ec trons, which can re move the self-interaction

explicitly.Ourcal culatedresultsareinreasonableagreement
withtheex periment.’
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