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Many-body shake-up in Auger neutralization of slow Ar" ions at Al surfaces
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Electron emission by 130-430-eV Aion impact on polycrystalline Al surfaces is studied extending the
theory of Auger neutralization to include the singular response of the metal conduction band to the sudden
change of charge in the incoming hole state, following its neutralization. The effect is manifested in the
high-energy tail of the electron energy distributions, where the theory accounts very well with experiments.
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I. INTRODUCTION (iii) final-state lifetime;

L . . iv) shift in atomic energy of the projectile near the sur-
Neutralization of ions at the surface of a solid converts th ( .) 9y prol

potential energy carried by incoming projectiles into electron
excitation and emission. Since the theoretical foundation
laid by Hagstrun 1], potential electron emissiofiPEE) has

been long discussed in terms of two-electron, Auger-type
processes, such as Auger neutralizatiéiN) and resonant
neutralization followed by interatomic Auger de-excitation tralized ion.

(RN+AD) [1-4]. In AN, the electrostatic repulsion between Effects(i)—(vi) have already been recognized and extensively

two target elec_trons !eao_ls to one of the electr_ons tun_neling tQtudied[l,?]; specifically, component§) andiii) produce a
neutralize the incoming ion, and the other being excited. Regqminant Lorentzian broadening, yielding a common inter-

cent studies have shown that the energy released by ion nedaction pointii.e., a ‘magic energ$) for spectra acquired at

tralization at metal targets can also produce collective exCigifrerent ion kinetic energief?]. The Fermi edge singularity

tations in the conduction band, such as surface plasmongij) can be treated by the theory of Mahan, Nozieres, and De
whose decay occurs predominantly by excitation of a S'ngl%ominicis(MND) [6] developed for x-ray studidg].

conduction electron(plasmon-assisted neutralizatiofs]). We measured the kinetic energy distributions of electrons
From this perspective, u_nderstandmg how the potenual ®Muring the impact on Al surfaces of 130—430-eV*Aons
ergy of an incoming ion is transferred to the solid relates tO(Sec. 1), whose neutralization is not mediated by plasmon

important aspects of fundamental physics. Furthermore, slow, qitation[5] and involves only the ground state of the pro-
ions neutralized outside the target provide a unique probe fqgjjes. In fact, although far from the surface the energies of
eIecFronlc excitations conflned_ just to the surface region|gest excited states of Ar are nearly degenerate with the
making the spectroscopy of emitted electrons one of the MOgterm; energy of Al, the interaction with the surface yields a
surface sensitive tools to study solids. positive shift of about 1.5 eV, making negligible the prob-
In this paper, we reconsider the theory of AN for slow, gjjity for RN+AD processes. We observed that inclusion of

singly charged, positive ions at metal targets and discuss afze Fermi edge singularity is needed to adequately reproduce
other collective excitation, known dermi edge singularity ¢, high-energy behavior of the spect&ecs. Il1-\}.
[6]: the sudden change of charge of the projectile leads to a

rearrangement of the ground state of conduction electrons on Il. EXPERIMENTS
a long time scale; this final-state effect parallels the sudden
creation of a core hole by absorption of a soft x-ray photor\0
[6,7] and reflects in the broadening of the distributions of
ejected electrons with kinetic ener@y for a given incident
ion velocity.

We present measuremeti@ec. 1) and calculation$Secs.
[l and 1V) showing that each distribution is broadened by
the following components:

(i) asymptotic behavior of the matrix elements of the Au-
ger potential,

(i) initial-state lifetime;

(v) shift of the Fermi surface in the reference frame of the
f)rojectile;

(vi) electron-phonon interaction at room temperature;
(vii) nonorthogonality between initial and final states due
to the sudden switching of a localized potential in the neu-

The experimental setup was described previo]yAr*
ns were produced in an electron bombardment source op-
erated at low electron energi€30 eV) to prevent significant
contamination of the ion beam with doubly charged ions.
The surface of the samples were normal to the axis of the
spectrometer and at 12° with respect to the ion beam direc-
tion. The spectrometer was operated at a constant pass en-
ergy of 50 eV (and therefore an approximately constant
transmission over the measured electron energy jaaige
with a resolution of 0.2 eV. The high-purity polycrystalline
Al surfaces were sputter cleaned by 4-keV"Aons at 12°
glancing incidence.

The spectra were acquired with the sample biased at
*Electronic address: Riccardi@fis.unical.it —-2.5V to separate the contribution of electrons emitted di-
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(Fig. 1). The adequacy of this procedure can be seen bﬁjecmd from Al by 130-430-eV Arions.

comparison with the spectra acquired without the bias volt-

age(Fig. 2). does not affect significantly the high-energy broadening of
The corrected energy distributions of emitted electrons the electron spectra. Furthermore, the exponential tailing

(Fig. 3, show the characteristic features of AN spectrac@nnot be explained in terms of the mechanigpvi), sug-

[1-4]: constant areas, i.e., total electron emission yields, anfesting presence of another broadening effect that will be

a magic energy. At emission energies larger than the 5.3 egxplained in terms of the Fermi edge singulaiii).

magic value, each spectrum follows an exponential trend.

This behavior cannot be ascribed to electrons ejected by ki-

netic energy transfer from the projectile, since previous

measurements—of 1 keV Aimpact on Al surfaces at vary-

ing incident anglg5]—have shown that their contribution

Ill. THEORY

We reexamine the basic interactions in a many electron
system probed by the positively charged background of the
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atomic cores of the ion-metal structure and, unless stated
otherwise, we use atomic units.

A. Hamiltonian

Let R denote the position vector of the projectile in a
reference frame at the surface of the metal. Each electron at
positionr interacts independently with the external potential,

Ve(r,R) =vg(2) +ualr = R) + Ava(r,R), (3.1

where vg(2) is the surface barrier of the metal bap@l,
va(r —R) the effective central field of the impinging id8],
andAwv,(r,R) the change of the surface potential induced by
the positive ion charggl0,11]. Thus the single-particle part
of the Hamiltonian write$e(r ,R)=-V2/2+vg(r ,R) and the
electrostatic repulsion between two electrons, at positions
andr’, respectively, is described by a central potential of the
form vs(|r—r’|) that takes into account the screening of

FIG. 2. Corrected distribution of Fig. 1, shifted backwards by other electrons in the medium.

the bias voltage, and spectrum acquired without the bias voltage. In this spinless approach, the total Hamiltonian is written
The spectra are normalized to the same height.

in second quantization as
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Other interactions such as the one-body intraband scatter-
H(R)=fd3f‘I’T(r,R)hE(F,R)‘I’(hR) ing potential of metal electrons, of matrix elementg,
=(Klve(r,R)|k’), and the two-body electron-electron
= 1 j d3r f B vi(r,R)P(r',R) potential between the band states, of matrix eIemvﬁj@g
2 =(k(K"[vsd|r =r'])|K")|K™), are neglected. The latter needs to
Xvgd|r = r'D¥(r',R)¥(r,R). (3.2 be considered when the plasmon-assisted neutralization

channel—arising from the dynamic screening by the metal

HereW(r,R), the electron field operator in real space, can beélectrons[4]—is active, which is not the case of BAl
expanded over the truncated orthonormal {etk)} of the  where the energy released by neutralization is insufficient to
metal Hamiltoniarhy,(2) =-V?2/2+v4(2), with spectrum{e,},  excite even aj=0 surface plasmofb].
and the eigenfunctiodr |ag(R))=(r -R|ay) of the atomic The exactly solvable part of the reference Hamiltonian
Hamiltonianh, (r —R)=-V?/2+vA(r —R), with eigenenergy (3.2) is H(R)=Ho(R) +Vee(R) that introduces a partition of
&,. hy(2) characterizes the conduction band, of Fermi energghe Fock space into two subspaces: on the one hand, many
er—wave vectorke—and width&, including the continuous electron states with the ion state empty are still constructed
spectrum above the vacuum level and belew0 eV, while by antisymmetrizing the unperturbed $ét|k)}; on the other
ha(r—R) corresponds to the single atomic level active forhand, many electron states with the ion state occupied need
neutralization. to be calculated from the eigenfunctiof(s |ky(R))} of the

Atomic and metal states am@rthonormalizedas the ion final-state Hamiltonianhy,(z2) =hy(2) +vee(r ,R), with the
approaches the vicinity of the surfac® by introducing the same spectrum of the unperturbed operétp(z). The one-
wave function(r|a(R))=(r |ag(R))~Zr [k)(k|ay(R)) such  electron potential activated by neutralization reads
that

VR =3 0o+ TaRIGR) (33 oodt R [ Sesde -0l R, 39
k

o ) ) and the final states of AN are nonorthogonal to the initial
and annihilations operatofs,} U {c,(R)} satisfy the ordinary  gtate.

algebraic rules of fermion operators.
Substituting the expansiaf3.3) into (3.2) yields

H(R) =Ho(R) + Vu(R) + Vau(R) + Vee(R) - (3.4) The trajectory followed by the projectile is handled clas-
in which sically, thus the dynamic of the system is parametrically time
dependent. In the simplest case, the ion can be assumed to
Ho(R) = e5(R)CL(R)C(R) + >, ecick (3.5 reflect elastically form a plane at distangégfrom surface of
k the target, moving along a straight life=R(t) of incident

refers to the unperturbed electron gas in the truncated orthgS1ocity V=(v;,v,), parallel componenR,(t)=vt and per-

. pendicular componentZ(t)=v  |t|+Z,. Since complete
Z?LTRza)I|s§tjfgﬁﬁ(ké;{§;;la(R))} with spectrumie, U {e(R) knowledge of the eigenfunctions of boliy(z) andhy,(2) is

available, we work in the interaction picture spanned by
R) = V. (R)C(R)c + H.cl, 36 Hy[R(t)] and treat the Auger potentighy[R(t)] of Eq. (3.7)
Vu(R) %{ a(RIC(R)c+ H.cf (3.6 as a small perturbatiofi4].
. ) ) The key quantity in our study is the transition rate,
is the one-body hopping potential of for resonant chargey/r,(s,,v), from the unperturbed ground state of the conduc-
transfer[12], of matrix elements/p(R)=(a(R)|he(r ,R)[K);  tion band|0)y, composed oN band electrons with the ion
, state empty, to all possible excited staigbe,, R(t) )y, with
K
VauR) = 2 {Vig(RIcR)clceco+Hel (3.7 N-2 electrons below the Fermi energy, the ion state occu-
kK’ K" pied, and an excited electron with enekgy> . The initial
denotes the usual Auger potentfd-4] of matrix elements Etate 'Sc'j the %VO‘#“dl Stetlt? dfqu[R(t)]TWeg]’[(s?t?]nen?trﬁy
K o = LA LA o—and each final state diagonalizeX/ —Wwi
Viae R)={Kl(@(R)lusc(|r =r"DIk[k'); and eigenenergyEf[R(t)]. By Fermi’s golden rule,

Vee(R) = 2 Vi (R)ciCo Ch(RICA(R) (3.9 1 -
kK’ :(sk,v) = 2’7Tf

B. Fermi’s golden rule formulation

dt>, elfodt (EfRE)1-Eg}

a f

is a new interaction, of matrix elements\/ﬁk,(R) 2
=(k(a(R)jvsd|r —r'])|a(R))|k’), that describes the sudden X [\(fal e ROIVaulR®]0)[*. (3.10
change of charge due to neutralization of the incident ion andhe MND potential (3.8) modifies significantly the many
injection of a band hole. It has the same structure of theslectron states of the metal, when the atomic level is occu-
MND potential, Wherec;ca is the number operator of the pied, while it acts as a weak perturbation on single-particle
core hole[6]. states. Figure 3 shows that a new broadening mechanism is
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needed to explain the behavior of the energy tails of experi- 1 o y

mental electron energy distributions, above the magic energy. —(2) =27 > AtV (2?8 64(Z) + ek = &40 — £10]
Thus we intend to evaluate the effect of the Fermi edge sin- 2 KKK =7

gularity at the edge of AN, i.e., when the electrons of the (3.16)
initial state, that participate to the process, lie close to the i ) ) i )
Fermi energy. In this case, both the atomic and the excite@Nd the virtual width of the atomic stalte1,12 via hopping
electron, in the final state, are negligibly perturbed by thePfOCeSS€s

one electron potentidl3.9), since their energies, relative to — 2 _

the Fermi energy, are large on the eV scale. For these rea- A4(2) ‘% Vad2)dlea(2) - d. (3.17

sons, we can approximate ] ) . ) )
Finally, we take a simple exponential law, with average life-

fle ROD = cleROIF[RODn-2, (3.1 timeT,, for the probability that the band holes created by AN
h survive recombinatiofil] and we model the electron-phonon
interaction by a Gaussian function of widik [7].
With these prescriptions, we can write

in which [f[R(t)])y_, is an excited state of the metal, wit
time-independent eigenenerdy;, that involves theN-2
band electron that do not participate to AN.

Using Eq.(3.1)) into Eq. (3.10, and approximating the * v
energy of the band holes created by ANetg we obtain(see Ni(eV) = Nop(e | d? > | dtVie [Z(D]]?
the Appendix KK
2 .2
1 © , X F (Ul,t)P (vLi)e—FOt—O'PHt 12
— (&, V) = 2mp(ey) f 20, > | ViR ° -
Ta k"krr —00 X e|f0d7{8k+sa[z(T)]_Sk’_sk”_q.VH}1 (318)
X Fa(V,t)eifbdt’{Sk"'sa[R(t,)]_ak”'Ek'}, (3.1  where the new effect, i.e., the Fermi edge singulapty), is

_ ) _ ) _contained in the propagat¢8.13.
wherep(g) is the density of final states available to excited By Eq. (3.18, N,(&,,v) can be expressed as the convolu-

electrons, tion product
Fa(v,t) = - 0lc[R(0)4(v; 0,0l [R(1)]|0)n-2
(3.13

is the propagator for the atomic electron, in the ground statg, \wnich
of theN-2 band electrons that do not participate to AN, and
U(v;0,t) is the time-development operator for the singular NC V) =N szﬂ e + e (Z) —
potential(3.8), in the interaction picture spanned by the free- 1 (®108:) =No €22 Ugele + 2alZo) = e
electron-gas Hamiltonia(8.5).

The next step is the determination Nf(g,, V), the distri- & —q V] (3.20

bution of electrons excited above the Fermi level by the in- .
. . . . th t f t lect the A
cident ion, being proportional to E¢B.12 that we reexpress Is the spectrum of excited electrons broadened by the Auger

in the reference frame moving with the constant parallel veP otential i), via theinternal functions

locity of the projectile,

N, (g,V) = f“ dx I\P(sk,ek—X,V)B(X,vl), (3.19

K K’

U * d . U
. . er=pten | SeEz0lR, @29
~(eV) = 2mp(ei) f 0> | dfvERTz)]2

a k’,k” —0o0
i (Lat’ "N-epr—grr—q- “ .
x @lodtiexea 20 e =avilE (v | 1), B(e,v,)= f dteie T b 2E (| 1)
(3.19 -
ot
In this relationshipg=k —k’-k” labels the momentum ex- X Py(v |, t)elodrtedZ(Nl-eq0} (329

changed in a single excitation process and the fagtdr

accounts for the shift of the Fermi surface in the movingdenc’tes the broadening function for mechanigis(vi).

For normal emission, the distribution of electrons ejected

frame (v). from the metal writes
Then, we need to consider effects that are outside Fermi
golden’s rule formulation, i.e., the lifetime of initidli) and N(E,v) =T(E)N,(E,v). (3.23

final (iii) states and the effect of the electron-phonon in'[er—It depends on the electron kinetic enerav outside the solid
action at room temperatucei). We introduce the probability P 9y

that the ion ground state survives neutralization, due to botﬁzsk_g and is related tplthe distribution of equteq electrops
Auger and resonant transitions via the escape probability or surface transmission function

[13],
P.(v 1) = /0t {RZW 28200 (315

E
T(E)=0(E)—. 3.24)
which includes the total AN transition rafé,2] ® ( )E+ & ( )
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IV. APPLICATION FIG. 5. Electron spectra of Fig. 3, for the ion incident energies
We apply Egs.(3.20 and (3.22 to Art/Al, using eg= 130-230 eV, are compared with theoretical distributions calculated

-¢p=-4.25eV, k:=0.93au, £=15.95eV, and s°a°= from (1) the basic theory of AN{Il) Hagstrum's model, andll)

~15.76 eV, where energies are measured relative to thgds-(3:20 and(3.22.
vacuum level and thereforig=¢, (Fig. 4). We approximate

the electron-electron potential to the Yukawa form, eV, estimated by the theory of mean free paths of hot holes in
o solids[1].

vedlr =r']) = inll (4.1) This choice of the four parameters corresponds to the dis-

S r=r’|’ tributions of Figs. 5 and 6, broadened by the experimental

. . _ . . energy resolution and labeled I. In the same figures are
in which  is the inverse screE,mng length of the eleCtronshown the experimental spectra and the distributions 1l ob-
gas. Thus the matrix element,, andVy,, can be worked tained from Hagtrum’s convolution modgl] that we de-
out by Fourier transforming in the coordinates parallel to therived in our formulation by neglecting the effect of and
surface[2] and numerically integrating over the coordinatesusing the approximated factorization

perpendicular to the surfacN?(E,v) can be obtained using
Monte Carlo techniques for multiple wave-vector integrals
over(),, k" andk” in Eq. (3.20), where the internal functions 10k &

'’
u:ff,(s) are calculated from the numerical Fourier transform

of [Vie[Z()]2

The basic theory of AN corresponds to the replacement
F,v, ,t)—1 in Egs.(3.18 and(3.22), which leads the ex-
ternal distributiondN(E, v) to depend on four parametei;,
opny M, @andly. Zgy is determined by the constraint that the
external distributions coincide at the experimental magic en-
ergy, yieldingZ,=4 A, and foropy we use the same value of
x-ray studies on Al at room temperature, i.epy~0.1 eV
[7]. Indeed, adjustment with the experiments of all the four
parameters confirmed the estimates #y and opy, and
yielded ©=0.1ke and I'y=0.05 eV. Variation ofu has a
strong influence on the position of the peak\je,,Vv), that
for ©u=<1.0Ckg lies atg,<-2 eV, below the vacuum level.
However, it has a weaker influence on the high-energy tail of S IS TS IS TP B, |« R B B B R
the internal distributions, at,=1 eV above the vacuum 4 4 4 Sanii’ic Energyz(eV)4 6 810
level, so that the external distributio¥(E,v) is not signifi-
cantly affected aE=1 eV. We verified by calculations that ~ FIG. 6. Electron spectra of Fig. 3, for the ion incident energies
this is the case for any choice @f in the range 0.0 <u  330-430 eV, are compared with theoretical distributions calculated
=< 1.0k:. Thereforel'y is the only parameter that needs to be from (1) the basic theory of AN(Il) Hagstrum’s model, andll)
fitted. The value reported above lies in the range 0.01-0.Egs.(3.20 and(3.22.

—

Intensity (arb. units)
f=]
ot

bt
=

0.01
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VEL(,’[Z(I)] ~ VES/(ZO)e—AaVLM/Z. (4.2) The mo_difie_d electron di_stribtljtions I, deterr_nine_d with

_ _ _ the numerical internal functlonsi‘k, and reported in Figs. 5
Ay is determined from the average asymptotic slope Ofangd 6, offer the correct exponential trend at higher energies.
In|VE|'f, (2))> over occupied band states, vyielding, We find thatly is now reduced to 0.01 eV, being consistent
=1.83 a.u, which introducesumiversalbroadening function ~With the range of values reported in literatJre. In Fig.
of the ion perpendicular velocity and the atomic level con-5(@), we also show thdrue unbroadened spectruof the
volution of B(ey,v,) with a Lorentzian of constant width ion-metal systenil], i.e., the static response of the target to
A\, . The approximated results II, for the same choicZgf @ projectile at a fixed distanc® from the surface. The latter,
u, opyy, andly, do not differ significantly from the numerical defined by
curves |. In fact, the ion velocity is always less than _ 0
~0.02 a.u., while the target Fermi \)//elocity is ())/.93 a.u. Con- No(B) =TEN(EV —0), (4.7
sequently, the effective occupation of the target states in therosses other theoretical distributions at the magic energy, as
rest frame at velocity, is very well described by the Fermi- predicted by Monreal and Ap€|R].
Dirac distribution and shifted Fermi surface effects are small.

Furthermore, eact\/ﬁl'f,’(zﬂ2 follows a strict exponential law V. CONCLUSIONS
at ion-surface distances typically larger thai5 A. )
In either case, theoretical calculatiofisll) are in excel- In summary, we extended the theory of AN to include the

lent agreement with the main part of experimental distribu-efféct of many-body shake-up of metal electrons due to the
tions of Fig. 3 for electron kinetic energies less thad ev. ~ abrupt change of the surface potential caused by electron
However, the logarithmic scale evidences that the high€@pture by the incident ion outside the surface. The effect is
energy exponential behavior of spectra cannot be reproducdganifested in the high-energy tail of the electron energy dis-

with the known broadening mechanisms. tributions, where the theory accounts very well with mea-
The MND theory[6,7] predicts an asymmetric line shape Surements reported in this work and elsewt{éieAs a cor-
of the form ollary, we expect the effect to be absent in materials with a
, band gap. In such cases, although some form of shake-up
e E'le0 will still occur, the effect on the electron energy distributions

Fwno(E) = O(E') (4.3

T(a)elE'@ L’ will be markedly different because of the absence of a Fermi-
edge singularity.

for photoemitted electrons with enerdy, relative to the

core-hole energy, wher, is a cutoff parameter of the order

of the conduction band width and a singularity index.

Funo(E’) results from the Fourier transform of E(B.13

for a contact core-hole potential perturbing band electrons in - The approximatior{3.11) is reasonable when the energies

a range of widthe, from the Fermi energy6,14]. In the  of both the excited and the atomic electrons in an Auger

present context, we considered a contact potential of thgansition are such that

form (3.8) with the matrix elements

APPENDIX: APPROXIMATIONS INVOLVED IN THE
EVALUATION OF THE AN TRANSITION RATE

. _ lex—ee| > eo(v ), |ea(2) —ed > epv,), (A1)
a Viek(2), if [eg—ew| < &g . . . )
Vi (2) = FF _ , (4.4  wheregy(v,) is the width of the broadening functidd.3),

0, otherwise responsible for the effedwii). In relation with the Af/Al
obtaining for the correlation functioR, the same structure SYyStem, we have shown that the experimental distributions
of the Fourier transform oFyyp, i.€., electrons, in Figs. 3, 5, and 6, are reproduced witv )

av 1) =<1.5 eV. In addition, the maximum shift to the binding en-
F.v, ) = ( 1 ) * (4.5) ergy of the ion level is about1.5 eV, corresponding to the
ar 1+igg(v )t turning distance&,~ 4 A (Fig. 4). Thus|e,(2) - ¢ is gener-

. . . - ally larger than 10 eV. As for the energy of the excited elec-
Such a function seems to be the right candidate to cope wit lon, Eq. (A1) is satisfied fore, =5 eV. This means that

the high-energy discrepancies of the Lorentzian broadenin i S . oo
model. The singularity index depends on the Fourier trans-ghake up electrons participating to AN, in the initial state,

) have energies close tg. Therefore we can limit our estima-
form (ﬁ.'(vL &) of the instantaneous phase shift$] of the tion to their effect on the energy distributions abové eV,
potential (3.9 at e=¢p,

where the basic theory of AN is unable to reproduce the

21 +1) studied experiments.

alv,) = 2 2 @10 1,20 (4.6) Substituting Eqs(3.7) and(3.1)) in Eg. (3.10, we obtain
Calculation ofa, in the Swave approximation, and adjust- -2 F(R)[Ca(R)CVau(R)|O)y
menteg show that both parameters increase with increasing _ K’
v, . a ranges from 0.12 to 0.16, the same order of the esti- kzk Vide (R) n-af(R)[Cie el Oy (A2)
mated value for the singularity indices of the measured 2 ‘
and 2 core lines of Al[7], and 0.9<gy<1.5 eV. sinceg, > eg. Then,
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1 o '
Hewn=2mpley [ [ ol oo
Ta L=

x @it edREOed | 5 VATR(D)]

k' K"

X ool FIR(D][Ce GOy |

(A3)

By the completeness relation over the final stdtHR(t)])},
we can write

; RO Dn-25 RO = [Us(v;0,0 vz, (A4)

where

Uis(v:t, 0) = Te ot KoRA)] (A5)

PHYSICAL REVIEW A 71, 052903(2005

(V t - N<O|Ck//ck/u(v 0 t)ck’(t)ck”(t |O>N (Ag)

k/ K"

is the propagator for the core holes created by AN,

U(v;t,0) = TeX07(v;t,0) (A10)

the time-development operat@k5) in the interaction picture
spanned byC,, andc,(t) =e™'*k'c,. By the linked cluster theo-
rem|[6,16], the many-body diagrarfA9) can be written as

is the time-development operator—in the Scrhédinger

representation—for the one-body Hamiltonian

KIRM]= 2 excle+ 2 Vi [RMcice,
k KK’

(A6)

and7 is the time ordering operat¢L6]. [le(v;O,t)]N_z op-

erates on the subspace of tie 2 metal electrons that do not

partecipate to AN andC,, the diagonal part ofCg[R(t)], is

such that
e B0y = 70| O)y. (A7)

Thus Eq.(A3) can be rewritten in the form
l(8k)=27-rp(8k) f d2Qy f dtelodt {ecrea R
T —00

x 3 el VTR ()]

K ,k”

X > Fk,k,(v 1) k,k[R(t)]

KK

(A8)

Here,

k kH
k/k//(v t) Lk’k”(v t)Fa(V t) (All)
where
Fa(v,1) = \_o(O[U(v;0,0|O)n— (A12)

can be interpreted as atomic electron propagator in the
ground state of a metal band wilh-2 electrons. In fact, it
can be put in the form

Fa(v,1) = \_(0lc[R(0)J4(v; 0,))cl[R(1)]|O}n—2,
(A13)

with U(v;t,0) the time development operator fot/[R(t)],
in the interaction picture spanned WYy [R(t)]. Equation
(A12) converges to Eq4.5) for the contact potential4d.4).

In the same apprOX|mat|orLk,k,
yielding Eq.(3.12.
Using more accurate models for the matrix elements

kk,(R) in Eq.(3.9), LE:k,'(v t) produces another broadening

component to Eq(3.20 that seems to affect negligibly the
high-energy behavior of the electron energy distributions.
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