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Spin-dependent screening and Auger neutralization of Heions in metals
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The screening of a Heion embedded in a paramagnetic electron gas is studied using density functional
theory within the local spin density approximation. We calculate the induced electron density and the induced
density of states for each spin orientation, parallel and antiparallel to that of the electron bound t6 ibe. He
Our results show that the screening is preferably due to parallel spin electrons, especially for low electron
densities of the medium. In a second step, the rates for Auger neutralization &fianHe an electron gas are
calculated, paying special attention to their dependence on the spin of the electron excited in the Auger process.
The results obtained are used to interpret experiments in which the spin polarization of the emitted yield is
measured when a Heprojectile is neutralized in front of a metal surface.
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I. INTRODUCTION hole. Nevertheless, it has been claimed that as much as the

core hole can be treated as an external potential, the method
The study of the screening of a point impurity in an elec-should be physically soun.0].

tron gas plays a central role in the characterization of the Another important problem treated within this scheme is
interaction of probe particles with metal targets. The firstthe interaction of slowly moving ion projectiles in different
approaches to this problem were based on linear responsharge states with solids. In this case, the static approxima-
theory, and studied the effect of improving the description oftion is valid for ion velocities below the Fermi velocity of the
the dielectric functiori1,2]. Nevertheless, it was soon real- metal electrons. The strong perturbation induced by the in-
ized that a static real charge represents a strong perturbati@@ming ion is calculated within DFT, as explained above,
for the system, and that nonlinear approaches are necess&@%d its charge state is described by introducing vacancies in
in order to properly characterize the rearrangement of théhe bound KS orbitals. This approach has been used to study
electron density it inducei8,4]. In this respect, density func- the neutralization of the incoming ion via Auger processes
tional theory(DFT) has been successfully used in the de-[15-17, the charge state dependence of the energy loss
scription of the nonlinear screening of heavy impurities in[18—20, and the induced kinetic electron emissif#i] in
metals [5—7]. The method consists in solving the self- (€ interaction of multicharged ions with metals.

consistent Kohn-ShartkS) equations[8,9] for the special In this work, we present a detailed analysis of the screen-

- . . ing of a He ion in a paramagnetic electron gas. Since the
case of a stafic impurity of chargé, embedded in a free He" ion constitutes a spin-polarized object, special attention
electron gagFEG).

will be paid to the fact of how this affects the screening

In sgveral Studies, the KIS orblt.als havc—: begn usid n SEharacteristic, or in other words, what the degree of spin
approximate way as monoelectronic wave functions. Accor polarization of the induced density screening cloud is. As an

ingly, a number of _err]npty orhbitlals r_:]ra]\y be fixed ri]nhordebr 10 application, we also study the Auger neutralization process
mimic impurities with core holes. This approach has been,,q 1, the value of the Auger rates depends on the spin of

widely and _successfully applied to .the study of core—electroqhe excited Auger electron. This study is relevant in connec-
photoemlssmr[lO—lZ] and cglcglaﬂ_ons of core-hole Auger tion with recent experimental results in which a strong spin
widths [13]. More recently, similar ideas have been used to

. h I £ 1h lid —— polarization of the emitted electrons is measured when slow
Incorporate the crystalline nature of the solids using the soye+ jong are neutralized in their interaction with paramag-
calledab initio band structure of the solid to explain detailed , ..:

f KLV A i Sildl. Th blem is th netic metal surfacef22,23.

eatures o Auger spectra in S114]. The problem is that The problem of calculating Auger rates for the
DFT is only strictly valid for the ground state of each sym-

AR : . deexcitation-neutralization of He ions incident on a metal
metry. Hence, within this framework, there is not a theoreti-g | .t~ <o has been widely treated in literat{@d—33. These
cal justification to treat the excited state with an empty corg, .« analyze different aspects of the Auger process for the

general case of unpolarized projectiles and honmagnetic sur-
faces. In short, we can assert that deep knowledge has been
*Electronic mail: wapalocm@sg.ehu.es achieved about the value of the rates at large atom-surface
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separations, but that difficulties arise at typical physisorptiorthe large rearrangement of electronic charge induced by the
distances, which are the important ones in the experiments @farticle in its vicinity. DFT within the local density approxi-
Refs. [22,23. A reason for that is the strong perturbation mation(LDA) has proven to be successful in the calculation
represented by the projectile. This problem was treated iof such a displacement of electronic chafer]. For spin-
great detail in Ref{31] for unpolarized projectiles, i.e., with- dependent properties, the local spin densgit$D) approxi-

out analyzing spin-dependent effects. These effects were pamation is needed36]. The LSD approximation includes
tially included in Ref.[34] to study the Auger neutralization electronic exchange and correlation effects through approxi-
of a spin-polarized Heion in front of a Cu surface. The mate functionals, keeping the simplicity of a one-particle
author analyzed the influence in the Auger rate of the exequation with a local potential. The starting point are KS
change process due to the indistinguishability of electrongquationg9]

with identical spin. Nevertheless, the Auger rate was calcu-

lated without including the perturbation induced by the ion. {_ V2 + v’eﬁ(r)}cp{(r) =elol(r), (1)

In a ref:ent work, the Auger de-excitation of a metastable 2

2 °SHe" atom in front of a Na surface has been studiés). wherel(r) ande! are the KS wave functions and eigenval-

In this case, thel spin-dependent perturbation induc_ed in thﬁes, respectively. The indéxuns over the two spin compo-
target was also included and was shown to be an mportaq{emsT and |. KS equations are used to obtain, in a self-

effect. - )
o . consistent manner, the electron density of the syst
The organization of the present work is as follows. In Sec. y ystem
Il we focus on the screening characteristics of lites in an nry=> > |¢,f(r)|2, 2)
electron gas. The main features of the model we use are j=1.1 ieocc

described and results for the spin-dependent induced electr

density and the induced density of states are presented f € elelctron density fqr Just spln_—L(_ppln-dowr) gle_c_trons
different values of the electron density of the medium. In" (r) [n*(r)] can be defined in a similar way by limiting the

Sec. Ill we apply these results to the study of the Augersum over occupied states to the required spin component.

neutralization process. The value of the neutralization rates is For the s_pecmc case of a_statlc Hion e_r_nbed_ded na

given as a function of the spin of the excited Auger electronParamagnetic FEG, the effective KS potentigj(r) is com-
This allows us to deduce a spin polarization of the emitted?©Sed Of three terms, namely,

electron yield. We also discuss our results in connection to , 2 dr'[n(r')-ng]

experimental findings. In Sec. IV we give the main conclu- verl(r) =—— f— +udn(r),¢(n)], (3

sions of this work.

Atomic units(a.u) will be used unless otherwise stated. where the first term is the external Coulomb potential created

by the He core, the second term is the electrostatic potential

Il. SPIN-DEPENDENT SCREENING made by the induced density, and the third term is the

The interaction between a static charged particle and axchange-correlation potential, which we calculate using
FEG requires a nonperturbative theoretical description due tthe LSD parametrization of Ref[36]. The potential

r=r’|
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vﬁ(o[n(r),g(r)] is different for each spin componeptlt is a Figure 1 shows the radial electronic density induced in the
function of both the local density(r) and the local spin continuumr?Ani(r) by the spin-polarized Heion embedded
polarization{(r), defined as in a paramagnetic FEG. Different panels correspond to dif-
ferent metal-electron densities;;=1-4a.u. The Hé
[n'(r) = n'(r)] ion with a spin-up bound electron in itss ktate is at the
{r) == T (4)  origin, r=0. In order to illustrate the effect of the spin-
[n'(r) +n'(r)] dependent perturbation in the medium, we distinguish

between the induced electron density with spin parallel
YAnl(r), by solid lineg, and antiparalle[Ank(r), by dashed
lineg), to that of the bound electron. Clearly, from this figure,
We follow the same numerical procedure of some otherthe piling up of electrons around the Héon is a spin-

) : . - dependent phenomenon, particularly for intermediate and
references in the _f|e|(17]. The KS wave fgnctlon@{(r)_are low metallic densitiegr,=2). We observe that close to the
calcglated n_umencally after expansion in the_ spherical harb und electron, the screening is preferable due to electrons
monics basis set, and the set of KS equations are solve parallel spi/An/(r)]. This behavior is simply a manifes-

;elf-cpnsstently using an iterative procedure_. The' ke, tation of the Coulomb interaction and the Pauli principle; in
in which there is only one bound electron, is modeled by

o other words, ofexchange Since the & state and the con-
populating Just one of the two boun_d KS;_ Jstates_ of the tinuum states are well separated in energy and space, we
system(there is one for each spin orientatjomn this way,

. e focus on the effective electron-electron interaction to explain
the spm_of the electron bognd to the prpjectlle IS f|xed_. As Ghis effect. Thinking in terms of the mean-field formalism
Eggvc?fnttLoen’ellgfthrJSndt?gSrtfj |t|:) tt?]i f;:ilang Igg lih((aT)S%Re?]rt':_ma'one can treat short-range electron correlations by introducing

P local-field corrections to the bare Coulomb interaction be-

Fion. Electron correlation effects make the eleptronic SCre€Mhyeen electrons. In a paramagnetic FEG, these local-field
ing chargeAn(r)=n/(r)-no/2 and the KS effective potential ., o tions depend only on the relative spin of electrons.
ver(r) different for each spin orientation. In the latter, this therefore, one should distinguish between two different
difference is introduced through the spin-dependentinqs of effective electron-electron interactions;, the in-
exchange-correlation term [n(r), (r)]. Let us remark here  tgraction between electrons of parallel spin, and the in-
that the origin of the FEG local magnetization is the spin-teraction between electrons of opposite spin. For parallel
dependent perturbation introduced by the"Hen, as the  gpin electrons, both the Pauli principle and Coulomb corre-
unperturbed FEG is paramagnetic. o lations contribute to the creation of an exchange-correlation
The spin-dependent induced electron denaiti(r) is the  pole, reducing the effectiveness of the short-range part of the
sum of two contributions: that of the continuum KS statescoulomb interaction. For antiparallel spin electrons, how-
Ang(r) plus that of the bound KS statési,(r), if any. Inour  ever, only Coulomb correlations contribute to the creation of
case, Ani(r)=Anl(r)+An(r) integrates to a unit charge, the hole, and therefore, the interaction is not so much re-
providing total screening for the Féon. duced. As a result, the exchange is typically characterized by

The electron density of the unperturbed FEG is denoted b
ng, and the customary one-electron radiyss defined from
1/ng=(4/3)mrd.
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a weaker repulsive interaction between electrons of parallel
spin, i.e., 0<V;;<V,,. This allows us to understand the ef-
fect observed in Fig. 1. In DFT, the correction to the bare
Coulomb interaction is incorporated by thé(r) potential.
In this respect, Gunnarsset al. already showed the validity
of the LSD to reproduce the Hund’s first rule for an open-
shell atom[36]. For instance, in case of a metastable’ He
atom this means that the lowest excited state is the triplet
2 3Sinstead of the singlet 2S. Here, our results indicate that
the metal electrons participating in the screening of the spin-
polarized Hé ion also follow a kind of Hund's first rule that
favors the alignment of electron spins, provided the Pauli
principle is not violated.

In order to get a deeper insight on the screening process,
we have also estimated the integrated induced density for
each spin directiortj=1,|),

Ap (k) (auw)

Ap (k) (au.)

Qjc:47-rfoc dr r2Ani(r). (5)

0

Note thatQ!+Q.=1. The ratioQ./Q. strongly depends on
the FEG density. At high densities, e.g;71, the screening
is almost equally shared by the spin-up and spin-down elec-
trons. As the FEG density decreases, the contributio@|of FIG. 3. Density of stateap(k) induced in the continuum of a
to the charge balance increases. Thusy e, the screening FEG by a Hé ion as a function of the electron momentkmiTwo
is practically due thg [37]. different values ofrg are shown:rg=2 (upper panel and rs=4
This behavior is a consequence of the dependence of tHeower pane). The correspondingg value is indicated by a vertical
exchange-correlation energy on the FEG den§gg]. At Iine _in each panel. Thick _Iines correspond to the resu!ts obt_ained
high metallic densities, exchange-correlation effects ardVithin the LSD approximation: totalp(k) are shown by thick solid
small because the contribution of the kinetic term to the total%?ﬁj’”An';(?:et;){fsaesnrl'?ﬁ:?g;m; S’Ogg’;&)’i :3’ tlﬁggl_%ifg?:sllc?;sﬁ'on.
comes comparable to the kinetic one, and the exchange ei‘pes)'
fects that favor the alignment of electron spins are important. ] ) . o
As a result, we observe that the alignment is stronger foptates in momentum space induced by the impurity in the
lower FEG densities, provided we are in the range of metalcontinuum,Ap(k). The knowledge ofAp(k) is fundamental
lic densities(1.5<r;<6). in order to understand the properties of the medium since it
Now, let us verify that the spatial distribution of the total governs_its excitatio_n spectra. For instance, atomic-like reso-
screening charggAnd(r)] is practically unaffected by the nances induced by ions in the valence_banql of the F_EG can
spin-dependent response of the medium. To do so, we ald¥ clearly seen as peaked structures in apgk) function
calculate the electron density induced by the' fite using [17]._ Here, we calculat_e the (_Jlensny of states induced in the
the non-spin-dependent LDA. The difference between th&ontinuum for each spin state=1,|) as[17,42
LSD and the LDA prescriptions is based on the way the
exchange-corre_zlation pot_ent'm!c is calculated. The LSD as- Ap(K) = EE (21 + 1)2&'('(), (6)
sumes thaw,. is a function not only of the local charge T dk
density but also of the local spin polarization. On the con-
trary, in the LDA only the local charge density affects the wherek is the electron momentuite=k?/2), | is the angular
exchange-correlation potential and, as a consequence, on@mentum in a partial-wave expansion, afigk) are the
getsAni(r):Ané(r). In Fig. 2, we plot the total radial elec- phase shifts of the KS radial wave functions. Figure 3 shows
tronic densities induced in the continuum, i.e\ng(r) Ap'(k) (dash-dotted linesandAp'(k) (long dashed linesfor
:Anl(r)+An({(r), according to the LSOsolid lineg and to  two representative metallic densitiess2 (upper pangland
the LDA (dash-dotted lingsprescriptions. A comparative rs=4 (lower pane). Thick solid lines correspond to the total
analysis of these results indicates that, regarding the spatidensity of states, i.eAp(k)=Ap!(k)+Ap!(k). The value of
distribution of induced charge, the Hdon is equally the Fermi momentunk: is indicated in each panel by a
screened in a paramagnetic FEG whether or not the spivertical solid line. Forrg=2, the spin-up and -down bands
polarization of its bound electron is taken into account. show a quite similar dependence knin the region of un-
Up to now, we have analyzed the spatial distribution ofoccupied state&> k), the difference betweefip! andAp!
the metallic electrons accounting for the screening processs small and keeps an almost constant value. As is expected,
Next, we focus on a different quantity, namely, the density ofthe spin dependence dfp(k) is stronger forrs=4. The k
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FIG. 4. Schematic representation of the Auger capture process: an electron from the valence band decays to the urscstetpief]l 1
the He ion, whereas a second electron is excited to an unoccupied continuum state. The Auger process can be viewed as the sum of two
channelsia) I'!, in which the electron excited has a spin parallel to that of the electron bound to therHand(b) I'!, in which the spin
of the excited electron is antiparallel. The indistinguishability of electrons gives rise in the latter to the two processes indicated by solid and
by dashed arrows.

structure of both spin bands are differeap! shows reso- Ill. AUGER NEUTRALIZATION OF He * IONS IN METALS

nances ak~0.4 (below kg) and k~0.7 (aboveke). How- The embedding of an ion in a FEG is a useful model to
ever,Ap! increases smoothly withand only presents awide gescribe the interaction between the ion and a metallic me-
resonance aroun#lz. Furthermore, the quantitative differ- djum. In the following, we focus on a specific process in-
ence betweenp' andAp' is remarkably strong in the region yolved in this interaction, namely, the Auger captyfc)
of occupied states, in agreement with the high polarization oprocess for a Heion in a metal bulk. In a simplified picture,
the electron density induced around the'liten for this par-  the Auger process is due to the Coulomb interaction between
ticular value ofrs (see Fig. }. In the unoccupied region, the two electrons of the valence band. One electron decays to the
difference between both spin bands is smaller. empty bound state of the Féon, whereas the second elec-
For the sake of completeness, we also indicate the densityon is promoted to an excited state. The process is schemati-
of states obtained within the LDA by thin solid lines cally shown in Fig. 4. Two different channels contribute to
[total, Ap(k)] and by dotted linegpartial, Ap'(K)=Ap'(K)].  the total AC probability”: (a) capture of a spin-down elec-
In agreement with the results shown in Fig. 2, at high dentron and emission of a spin-up electrbh and (b) capture
sitiesAp(k) is unaffected by the spin-polarized nature of theand emission of spin-down electrohs.
perturbation, even though the screening is not equally shared The AC probability can be calculated in first-order pertur-
between both spin bands. Feog=4, however,Ap(k) is  bation theory. The probability of AC per unit time involving
slightly modified, shifting the resonance to lowlervalues the excitation of an electron of spin orientation parallel to the
when the local spin polarization is taken into account. bound electror(I'") is [34,4Q

=2z > X X

‘pi eocc (p; eocc <p;¢ occ

2
f dr dr'[oL(N) T Tes(r T v(r,r)es(reir) | &ei+eh—el—el), 7

wherev(r,r')=1/|r-r’| is the Coulomb potential, respon- the KS wave function of the unoccupied bound stﬁtér)
sible for the decay. The wave functions of the electrons inwith eigenvalueeg. The wave function of the unoccupied
volved in the transition are approximated by the KS wavestate in the continuum is also approximated by the KS wave
functions j(r) and )(r) of the H&/FEG system, with KS  function ¢}(r) with eigenvaluec].

eigenvaluess! and e}, respectively. We approximate the  The Auger probability per unit time when the spin orien-
wave function of the captured electron in the final state bytation of the excited electron is antiparallel to the bound
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electronl’! needs special care. In this case, the captured electron and the excited electron have the same spin orientation and
are thus indistinguishable particles. Hence, the spatial part of the wave function of the two-electron states involved in the
transition must be antisymmetric, abd can be written a§34,4Q

r=r ¥ 3 3 3

zp:ll_e occ @%eocc <p:l3¢ occ

f dr dr'[oh(n)] T )T u(r, )b gk(r)

2
Sel+eb—gl—el). (8)

- fdr dr '[! (DT Teb(r )T v(r,r)ei(r)es(r)

The first double integral describes the process indicated in Fim.by solid arrows. The last integral corresponds to the
indistinguishable process represented by dashed arrows. Expanding the squardd termbe also written as

2

rl=ry-rk=2z0 > > >

gaﬁeocc (p%EOCC <p%¢occ

fdr dr'[en(NT Lesr T v(r,r)ex(r ) ey(r)

Xdettes—el-eh)-2m 2 D X RE{fdr dr ek (N T Tesr )T v(r,r)es(r ) ei(r)
|

@i eocc 4% €0CC @3¢0CC

X f dr dr’ <pg(r)<pg(r')v(r,r')[<p£<r')]*[<p§(r>]*6<si+s£—si,—sé)}, (9)

wherel"é corresponds to the first term, the one equivalent tdion of this effect can be obtained from the comparisoi of

the expression df !, andT'}, is the second term preceded by andT'} (which does not include the interference tgrin this

the minus sign. case, the difference between the values obtained comes
- The indistinguislhability of the electrons gives rise to theypjquely from the different wave functions entering the ma-
interference ternt™; ., absent in the AC rat€!. The expres- trix_elements ofl"! and rg. As can be deduced from the

int’
?(I)?rrr]w;ﬁ;rtr?[if]cl—{g\t;esg? ?heeeil:\stgr?ebr?r:rcl:idté?rrtlh;o?:”r;i?irq){esuIts of the previous section, this effect is important at low
: ' OO darisat Pelectron densities for which the screening is strongly spin
pear in the so-calle@&°WP derivation at the Hartree level. In ; L :
: T 4Tl dependent. At high densities, the effect is much reduced. On
this case, one ge{89] I'p=I""+I'. he other hand. a furth ducti f1h ludofs due t
The expressions given above for the calculation of the Ad € other hand, a tur ?r reduction ot the valug ois due to
probabilities neglect collective effects in the dynamic re-th€ interference terni,, which accounts for the 'nd'Stf“'
sponse of the system to the electron decay. Nevertheless, agHishability of electrons. A comparison betweEnand Iy
for the range of transition energies that are involved in ouShows that the contribution of this effect to the spin depen-
specific system, these effects should be of minor importancéence of the AC rate is important over all the range of elec-
[42]. Further details on the numerical calculationldfand  tronic densities considered. The interference term comes
't are provided in the Appendix. from the fact that the Auger rate is ruled by the Coulomb
Figure 5 represents the value of the Auger rate as a fundnteraction between electrons(r ,r')=1/|r-r’|, which is a
tion of ro. We show separately the contribution to the totaltwo-body operator. Therefore, it depends on the two-body
rate coming exclusively from the excitation of electrons withdensityn(r,r’), i.e., the probability of finding a pair of elec-
spin-up(I'!, by a thick dash-dotted lineand spin-downT', trons at the positions andr’. In I'!, two spin-down elec-
by a thick dotted ling The total AC rate]'=I''+TI'!, is rep-  trons participate: the one that is excited and the one that is
resented by a thick solid line. In this figure, we also show thecaptured and neutralizes the Hen. Due to the exchange
results obtained without including the interference term: theéhole that surrounds an electron in the conduction band, the
total rateI’y (thin solid line and the partial ratd“(l) (thin ~ probability of finding two electrons with the same spin close
dotted ling. It is observed thak' is much larger thaf'!, and  to each othe(e.g., the two spin-down electrons in the calcu-
that this difference is more important at lower electron dendation of I'!) is reduced compared to the case in which the
sities. The ratid'/T"! increases a factor of 5 as the electrontwo electrons have different spin. In other words, for small
density varies fromrg=2 torg=5. values of|r=r’[, one hasn(r,r')<n(r,r’). This fact is
This difference arises from the contribution of two effects.incorporated in the interference term.
On the one hand, due to the spin-dependent screening ex- In order to quantify the spin dependence of the Auger
plained in the previous section, it is easier to excite spin-ugprocess and the influence of the metal electron density on it,
electrons, because the probability of finding them around thave define the spin polarization of the excitatiég: by the
He" ion is larger(An. > An; close to the iop The contribu-  following expression:
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FIG. 5. rs dependence of the Auger capture rate undergone by a FIG. 6. Spin polarization of the Auger capture rdjg, defined
He" ion. The thick dash-dottedhick dotted line represents the AC  in Eq. (10), as a function of the FEG parametgr The thick solid
rate in which a spin-ugspin-down electron is excitedI™! (FL) (dashedlline indicates the results obtained by the LEIDA) when
The sum of both contributions is shown by a thick solid line. For the interference term is included. The results obtained by LSD if the
comparison, we also show the results obtained when the interfefatter is not considered are shown by a thin solid line.
ence term is not include@ee text for details In this case, the total

AC rateTy is indicated by a thin solid line and partiBf by a thin  cess. By comparing LSD&INT to LSDO, we observe that the

dotted line. interference term plays the predominant role over the entire
range of densities. The effect due to the spin-dependent char-
rr-r! acter of the screenin@ompare LSD&INT to LDA&INT) is
Enc= T+l (100 always smaller, although it gains relative importance at low

densities. Surprisingly, around=2, the LSD&INT calcula-
This quantity is related to the average spin polarization of thdion, which includes the two spin-dependent effects, gives a
electrons excited during the Auger capture process. The delightly lower value ofé,c than the LDA&INT calculation,
pendence of,c onrg is represented in Fig. 6. The curves including only the interference term. The reason is that not
shown correspond to three different calculations. The thiclonly the interference terri},, but alsol'j andT"! are modi-
solid line represents the results obtained using LSD to calcufied when using LDA instead of LSD wave functions. There-
late the screening of the Fléon and including the interfer- fore, both the denominator and numerator of EtpD) are
ence term in the calculation df' (we will denote it by modified in a nontrivial way. Nevertheless, as one could ex-
LSD&INT). The dashed line is obtained including the inter- pect, at low densities for which the screening is strongly spin
ference term but calculating the screening within the LDAdependent, the LSD&INT calculation gives the highest value
(LDA&INT ). In this case, the spin dependence of the screemsf &uc.
ing is neglected and all the polarization comes from the in- In the following, we analyze the polarization of the ex-
terference term. Finally, the thin solid line shows the result ofcited electron as a function of its energy. With this aim, we
neglecting the interference term It when the screening is define the energy-dependent Auger raféés;) and I'(e3)
calculated with the LSD prescriptioLSD0). Hence, this that are obtained without making the sum over the unoccu-
curve shows the contribution #c coming exclusively from  pied @5 states in Eqs(7) and(9), respectively. In Fig. 7, we
the spin dependence of the screening. The LSDO results showP(E), the polarization of all electrons excited with en-
the AC rate were already shown in RE39]. Note also that ergies larger than a given valle
the results obtained in the LSD approximation use the pa-
rametrization of Gunnarsson and Lundq\i86]. We have Emax
checked that the use of a different parametrizatidardew
and Wang[43]) introduces differences up to 3% in the spin P(E)=—¢
polarization of the excitatiog,c. This value can be consid- f maxds [T(s3) + THeq)]
ered as an estimate of the error introduced by the LSD ap- E 3 3 3
proximation.

Focusing on the LSD&INT calculation, which incorpo- WhereEq,,is the maximum energy for excitation a0
rates the spin-dependent perturbation induced by the ion argbrresponds to the Fermi level. Note thD) is the average
the interference term ifi!, we see that the spin polarization polarizationé,c already shown in Fig. 6. The figure shows
of the excited Auger electrons is very larg0% —90% in that P(E) is an almost constant function with slight varia-
the rangea=2-5a.u). A comparative analysis of the differ- tions at the highest values of the energy. For all densities and
ent curves allows us to deduce the relative importance oénergies the polarization is very high. The lowest value of
these two effects in the spin polarization of the Auger pro-P(E) is around 70% folE=0 andr=2.

dss[FT(Sg) - Fl(83)]
E

: 11
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1 - | - : are proportional to the spin-dependent induced electron den-
| sity of states, they obtain lower values of the polarization
- than ours, consistent with the measurements. Nevertheless,
09| [ 4w = this model neglects the interference term, or, in other words,
: - assumes that the two-body density is the product of two one-
body densities. Note that in the range3—4 a.u.(a reason-
able value of the electron density in the surface/vacuum
areg, our results, without including the interference term,
also give around a 30% polarization. Nevertheless, we have
r=2au. shown that to neglect the interference term is too strong an
7 assumption, since it gives an important reductiod af
In connection with the above discussed disagreement be-
tween the experimental results and the model calculations,
0 : ]'0 : 2'0 : 30 Salmi [34] §hovyed that in order to reproduce the measured
E(eV) lower polarization of_ the yield, it is necessary to take into
account the production of secondary electrons. The excited
FIG. 7. Spin polarization of all electrons excited with an energyAuger electrons produce a cascade of nonpolarized second-
larger thanE [see Eq.(11)]. The electron density of the metal is ary electrons mainly in the lower energy region. This effect
indicated on each curve by the parametefThe energyE is mea-  reduces the polarization at low ejection energies. Note that it
sured from the corresponding Fermi enefy is precisely in the low energy region where our calculation
overestimates the experimental polarization. Therefore, from

We would like to remark that the high values we obtain©Ur results, we infer that the initial excited Auger electrons
for the polarization of the Auger electrons are consistent witt® highly spin polarized, and that this polarization is ob-
those obtained in similar calculations. In Rg34], the po-  Served experimentally only for high ejection energies. The
larization of the Auger electrons was calculated for & e initial polarization is presumably reduced at low energies due
interacting with a Cu surface. The theoretical model pro-{0 S€condary electrons.
posed included the interference term, but neglected the per-
turbation induce_d by the ion. Similar to our case, the results V. CONCLUSIONS
showed very high values of the polarizatighigher than
80%) for the lowest excitation energies. In a recent calcula- In this work, we have studied the screening of a spin-
tion, Bonini et al. [35] obtained the deexcitation rates of a polarized Hé ion in a FEG, using DFT within the LSD
metastable 2S He' atom interacting with a metal surface, approximation. It has been shown that the spin-polarized im-
considering both the induced spin-dependent perturbatiopurity induces a spin polarization of the medium. The screen-
and the interference term. Although not given explicitly, ing is preferably due to electrons with spin parallel to that of
from their Figs. %a) and %b), one can infer values of the the incoming bound electron. The strength of this induced
polarization around 70%. spin polarization of the medium depends strongly on its elec-

In Refs.[22,23, the polarization of the emitted Auger tron density. In the range of metallic densities, the spin po-
electrons when Heions are neutralized in front of different larization is larger for low electron densities. Whereas for
metal surfaces is measured. Although the direction of thé& =1, the screening is almost equally shared by both kinds of
measured polarization of the emitted yield coincides with ourelectrons, forrs=5 practically only electrons with parallel
results(parallel to the spin of the incoming bound elecfron spin participate in the screening.
there exist quantitative differences. The experiment shows a As an application of these results, we have studied the
lower average polarizatiofaround 30%, and only at the spin polarization of the Auger electrons produced during the
highest excitation energies, values of the polarization similaneutralization of a Heion in a metal. Our results indicate a
to ours are obtained. Although our work is devoted to a bulkdarge polarization of the Auger ratg¢krger than 70% fa-
calculation and in the experiment the surface of the metal igoring the excitation of parallel spin electrons. The reason
probed, this cannot be invoked to explain such a disagreder this is twofold: the spin-dependent screening that, close
ment. One may approximate the Auger rates at a given digo the Hé ion, favors the presence of electrons with spin
tance from the surface as the corresponding bulk rates evalparallel to that of the bound electron; and the interference
ated for the value of the electron density at this position. Interm of I'! that incorporates the reduced probability of find-
this case, to mimic the surface Auger rates, one should usag, close to each other, two electrons with the same spin.
the results we obtain for the lowest values of the density, foiThis last effect is the most important in the entire range of
which the polarization takes the highest values. Additionallymetallic densities. Only at the lowest electron densities does
note that the surface calculations of R¢84,35 give values the effect due to the spin-dependent perturbation induced by
of the polarization close to ours. In R¢R2], a theoretical the ion play an important role in the polarization of the rates.
model is also presented in order to estimate the values of thieinally, we point out that our results are consistent with ex-
polarization of the Auger electrons. In this model, the spin-periments, showing a similar high polarization of the yield
dependent perturbation induced by anHien in front of a  for the highest values of the emitted electron energies. Al-
metal surface was calculated. Assuming that the Auger ratebough, for low emitted electron energies, the values of the

r =5au
s

ro= 3au.

P (E)

0.7
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measured polarization are lower than those obtained in the (pé: Rﬁu Y m (Q), (A1)
model calculations, this is presumably due to the unpolariz- «o

ing effect of the cascade of secondary electrons, which aras well as the wave functiong(r) of the continuum states
emitted with low energies. with KS eigenvalues|=k?/2:

k() = 2 R(D)Yim(20) Vi (). (A2)
I,m
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with
APPENDIX L ()
. . . . )= o )
In this Appendix, we provide some details on the calcula- =
tion of the Auger rate$’! andT'! [see Eqs(7) and(9)]. Let  wherer_ (r-) is the minimum(maximumn) betweerr andr’.

us start expanding the wave function of the final bound state Introducing the above expansions into Ed), we obtain
<pg in the spherical harmonic basis set the following expression for the Auger capture réte

(A4)

ke ke o
FT:%ZJ dklkij dk2k§J digki > > X {‘ { 2 drdr’ rr 2Ry (DT TR (1) vi(r,r )R (1R (1)
0 0 ke

11.my 1o,my I3,mg I,m

2
8K — (K + K3 - 283))} , (A5)

X f ererama(Qr)Ylm(Qr)Yllml(Qr) J er’Y;;ms(ﬂr’)Yrm(Qr’)lemz(Qr’)]

where the integrals over theanglesﬂki have been performed analytically, helping to reduce the number of sums over angular
momenta.

The angular integrals ovél, and(),. can be performed analytically as well, in terms of Wigngs@mbols. After summing
over them ianices and making the integral kg by means of the delta function, we obtain the following expression for the
Auger ratel:

16 * 2 . 21,0
r'= > @(Ia,ll,lz,lg;l)f dk; klf dko k5 KIR (11,00, 05:D12 ¢ (AB)
Lislols 0 0
where we have defined the radial integral(l,,l4,1,,13;1), which also depends ok, k,, andk; as
A (PN PPN ) :J drdr’ r?r 2[Ry (NI TR, (1) oi(r,r )R (1R (1), (A7)
the angular coefficien®(l,,l4,l5,13;1) as
Ol llgil) = —— (21, + 1)(21,+ 1)(2l5 + 1)(2] + 1)('“' '1)2<'3' '2>2 (A8)
@23V (g2t 2 3 000/ \000/ "

andk3 askd= (k3 +k3—2¢!)12,

The Auger capture rate when the spin orientation of the emitted electron is antiparallel to the bound electron is made of two
terms:T't =T"§-T'},. The first onel'}, is formally identical tol"!, the only difference being the wave functions that must beused
in the calculation of the radial integral:

R al1l2151) :J drdr’ r?r' 2[Ry (N1 TRy, (X T ui(r,r )R, (R (). (A9)

The interference terrfit

int defined in Eq(9) can be simplified following a similar procedure. We present here only the final
expression
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16 — ke ke
F=— 2 (IQ,ll,lz,lg;l,l')f dklkij di; kG KR (I 1,12 15 DR (o2 . l3i1) 1 (A10)
0

L lolg 0

where a sum over an additional indExis required, and we have defined an angular coeffid&mg,ll,lz,l3;l A7)

_ (=t ’ L1, (IllIa)<|l|’|3>(|2|’la)<|2||3)
@(Ia,ll,lz,lg,l,l)——(477)2 2 +1)@2,+ 125+ )2 +1)(2 +1){|2|,|3} 000/\000/\0oo/ 000/

(A11)

making use of Wigner 3and § symbols.
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