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Theory of metastable deexcitation spectroscopy on simple metals
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In this work we investigate the Auger deexcitation process of a slow metastable helium atom (He* ) in its
triplet state on a Na surface. The electronic properties and the Auger rates of the interacting atom-metal system
are calculated self-consistently at any distance of He* from the surface in the framework of the local spin-
density approximation using the embedding Green’s function method. The energy distribution of the emitted
electrons is obtained by integrating the Auger rates along the classical trajectory in the adiabatic approxima-
tion. The analysis of the spin-resolved local density of states shows that the excited atomic states broaden into
resonances already at large atom-surface distances. The calculated atom deexcitation rates are in good agree-
ment with experimental results.

DOI: 10.1103/PhysRevB.68.035408 PACS number~s!: 71.15.Mb, 34.50.Dy, 79.20.2m, 32.80.Hd
M
b

fo
o
e
pr
te

o
ry
tr
to
it
e
th
n
o

an
th
to
er
an
t

p

n
e
ti
o
on

to

ta-

st-
low
an
on
with
tal

i-
ace
ng
er
ree-
ble,

ned
ex-

ed
ing
b-

ce,

ibe
eta-
ent
heir
ted

etal

In
I. INTRODUCTION

Metastable deexcitation spectroscopy~MDS!, sometimes
also denoted as metastable impact~or atom! electron spec-
troscopy, is a useful experimental technique developed
investigate the electronic structure of solid surfaces.1 Recent
developments comprise adsorbate coverage dependent
profiles2,3 and studies on the energy transfer in metasta
adatom-surface interactions.4

In the MDS technique a beam of excited atoms is
cussed on a substrate and electrons are ejected as a c
quence of the deexcitation of the impinging atoms. It is w
established that this phenomenon is essentially an Auger
cess and that the kinetic-energy distribution of the emit
electrons contains information on the electronic structure
the surface.5,6 Unlike photons or electrons used in ordina
electron spectroscopies, metastable atoms do not pene
the bulk of the solid and so MDS gives the opportunity
probe the outermost surface layer selectively. However,
usually quite difficult to obtain information on the surfac
electronic structure from an experimental spectrum since
energy distribution of the emitted electrons depends not o
on the electronic density of states of the surface, but also
the dynamics of the interaction between the excited atom
the substrate. Therefore any theoretical description of
emission spectra should properly account for the metal-a
interaction, which can lead to a modification of the unp
turbed electronic structure of the probe and the target,
also consider the process of the electron emission along
trajectory of the approaching atom. Although some attem
have been made to reproduce the experimental results,7,8 also
within a density-functional theory~DFT! framework,9 an ab
initio approach to treat the interacting metal-atom system
a fully consistent way is still lacking. For this reason releva
problems, such as the deexcitation rates or the most lik
distance from the solid at which the atom deexcites, s
present open questions. We believe that only a detailed c
parison between experimental spectra and theoretical
0163-1829/2003/68~3!/035408~9!/$20.00 68 0354
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could allow one to extract a great deal of information and
realize the full potentiality of this spectroscopy.

In this work we shall concentrate on the Auger deexci
tion of a slow metastable helium atom (He* ) in its triplet
state on a jelliumlike Na metal substrate. It is quite intere
ing to investigate the deexcitation process on such a
work-function metal since it is reasonable to expect that
Auger transition directly causes the deexcitation event
this substrate and no other processes are in competition
this one.1 Moreover, we can compare the experimen
results10 with our theoretical ones to test our approach.

In previous works11,12 we investigated the Auger deexc
tation of atoms chemisorbed on a simple metal surf
within a DFT approach. It is clear that a further challengi
difficulty of the MD process with respect to standard Aug
spectroscopy is the presence of an additional degree of f
dom, the He trajectory. To make such a problem managea
the energy distribution of the ejected electrons is determi
neglecting the effect of the motion of the atom on the de
citation rate~adiabatic approximation!. In this approxima-
tion, we can extend the theory we have developed,11 and
calculate the Auger deexcitation probability of the excit
He atom at different distances from the surface. Then, us
a simple rate equation, we can work out the survival pro
ability of the excited species as a function of the distan
and finally calculate the total deexcitation spectrum.

This paper is organized as follows. In Sec. II we descr
the main features of the deexcitation mechanism of a m
stable helium atom on a metal surface. In Sec. III we pres
the details of our theoretical approach. The results and t
discussion are reported in Sec. IV. The last section is devo
to the conclusions.

II. DEEXCITATION MECHANISM

It is usual to classify the deexcitation processes at a m
surface according to the values of the work functionF of the
metal and of the ionization potential of the excited atom.
©2003 The American Physical Society08-1
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Fig. 1 we schematically illustrate the two main processes
may occur.1

In each energy level diagram a metallic surface is sho
on the left with a conduction band filled up to the Fer
energy, while the localized well of a closely approachi
excited atom is shown on the right. If the work function
the surface is comparable to or larger than the ioniza
potential of the excited atom, the incident particle can u

FIG. 1. Deexcitation mechanisms:~a! ~upper panel! resonant
ionization~RI! 1 ~lower panel! Auger neutralization~AN!, ~b! Au-
ger Deexcitation~AD!.
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dergo resonant ionization~RI! through tunneling of the elec
tron in the excited state into an unfilled level above the Fe
energy in the metal@Fig. 1~a!, upper panel#. The resulting ion
continues toward the surface where it is neutralized b
conduction electron from the metal. The released energ
imparted to a second~Auger! electron of the metal, which
may be ejected from the surface if the energy transferre
sufficiently large. This second step of the deexcitation, wh
is essentially a core-valence-valence~CVV! Auger transition,
is called Auger neutralization~AN! @Fig. 1~a!, lower panel#.
The second deexcitation mechanism, called Auger deexc
tion ~AD! or Penning ionization, is illustrated in Fig. 1~b!.
This occurs if the incident excited atom ionization potent
is greater than the work function of the metal. In this ca
the RI process is suppressed because there are no e
levels of appropriate energy within the metal. A common a
simplified explanation of this deexcitation process is that
electron of the conduction band of the metal fills the dee
lying hole of the probe atom. Hence the energy produced
this transition is transferred to the electron bound in the
cited state of the atom which is therefore ejected. Accord
to this interpretation, this type of interaction yields an ene
distribution of emitted electrons which is a direct image
the occupied states of the valence band~if the ejection prob-
ability is the same for all electron states!. This suggests a
correlation between MD spectra and those obtained with
traviolet photoemission spectroscopy~UPS!, and, in fact, the
spectral features of MD spectra are usually identified b
comparison with UPS data.1,10

This explanation of the AD process is somewhat overs
plified. In fact, the atom and the substrate retain their in
vidual electronic structure when they are widely separat
However, this is no longer true when the atom is clo
enough to the solid so that its wave function begins to ov
lap the metal surface ones. In this case it is no more stri
meaningful to speak of purely atom’s or metal’s states in
energy range of the conduction band of the solid whose e
tron wave functions overlap with the atomic excited state
the approaching atom. Consequently, the sharp atomic l
broadens into a resonance. It is therefore clear that the d
citation spectrum may significantly depend on the me
atom interaction which can lead to a modification of t
unperturbed local electronic structure. The purpose of
work is to calculate the energy distribution of the emitt
electron when a 23S He is scattered off a low-work-function
metal surface, by calculating the atom-metal electronic pr
erties in a consistent picture.

III. THEORETICAL FRAMEWORK

In this section we illustrate the theoretical model we u
to calculate the Auger deexcitation probability of a slo
metastable 23S helium atom that interacts with a metal su
face described by the jellium model following Ref. 7.

The total probability~number! of electrons produced a
energyE when an excited atom with a hole in its 1s shell
impinges on a metal surface is given by
8-2
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N~E!5E
2`

`

dt P~E,t !n~ t !. ~1!

Here, P(E,t) is the rate per unit energy at which Aug
electrons of either spin are produced at energyE by the core
ionized atom that deexcites at timet, andn(t) is the prob-
ability that the initially ~at t52`) empty 1s state is still
empty at timet. To determine the quantityn(t) we use the
simple rate equation

dn~ t !

dt
52R~ t !n~ t !, ~2!

with the condition thatn(t52`)51. In this equationR is
the total rate at which the Auger electrons of either spin
produced at timet:

R~ t !5E
2`

`

dE P~E,t !. ~3!

We assume that a given metastable atom, in view of its la
mass compared to the electron one, follows a classical
tion and we only consider thez dependence of the trajector
with thez axis normal to the surface and pointing outside
metal ~the origin of thez axis is taken at the positive back
ground edge of jellium!. Thus we callz(t) the coordinate of
the atom at timet. Of course, in this scattering problem w
have z(t52`)5`. Due to the low kinetic energy of the
approaching atom@tens of meV~Refs. 1 and 10!#, we also
assume that it is possible to neglect the time dependenc
the interaction potential between atom and surface~adiabatic
approximation!. In this way the deexcitation probabilityP
does not depend on time but only on the coordinatez of the
atom and we can evaluateP at a certain distance from th
surface as if the atom were fixed in that position. Thus
can express the total deexcitation probability from Eq.~1! as

N~E!5E
g

dz

v~z!
P~E,z!n~z!, ~4!

whereg is the round trip path on thez axis followed by the
atom in the scattering process,v@z(t)#5dz(t)/dt is the z
component of the velocity of the atom, and the quantitieP
and n are now expressed in terms of the coordinatez. The
rate equation in Eq.~2! becomes

dn

dz
52

R~z!

v~z!
n~z!, ~5!

whereR is the total deexcitation rate when the atom is
cated at a distancez from the surface either before or afte
the impact with the metal. This equation has the solution

n@z~ t !#5expF2E
g[z(t)]

dz8
R~z8!

v~z8!
G , ~6!

where g@z(t)# indicates the path~possibly considering a
round trip part! on thez axis which goes fromz(2`)5` to
the positionz(t) of the particle at timet. Thus the knowledge
of the rate at which Auger electron are produced,P(E,z),
03540
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allows one to obtain the number of Auger electrons,N(E),
per unit energy created at energyE, by an excited He atom
incident on a metal surface@see Eq.~1!#.

It is worth noting that in this treatment we have implicit
assumed that the Auger deexcitation event is the only de
citation process that takes place. If other processes were
volved, in competition with the Auger one, these could affe
the survival probability of the excited atom,n(z), and con-
sequently the total probability of emitted electrons per u
energy,N(E), and should therefore be taken into accoun

Under the previous hypothesis of a normal scattering
ergy conservation process, we can calculate the velocityv(z)
of the atom using the following equation:

1

2
MHev~z!21U~z!5Ekin

i , ~7!

where MHe is the mass of helium,U(z) is the interaction
potential between atom and substrate, andEkin

i is the initial
kinetic energy of the atom.

In order to derive the deexcitation rate,P(E,z), at differ-
ent distances from the surface we extend the approach
used in previous works11,12 to treat spin polarized system
and CVV Auger transitions. Using the Fermi golden rule, w
can write the transition probabilities for the emission of sp
up (↑), P ↑(E,z), and spin down (↓), P ↓(E,z), electrons at
energyE, when an excited He atom is at positionz from the
jellium edge~atomic units are used!. The atom has a hole in
the 1s shell, and we shall assume from now on that a s
down (↓) electron has been removed. Then, integrating o
the Auger wave function solid angle, we obtain13

P ↑~E,z!52p(
a,b

E dk̂uDA↑,C↓,a↓,b↑u2d~E1EC2Ea2Eb!,

~8!

P ↓~E,z!5p(
a,b

E dk̂uDA↓,C↓,a↓,b↓

2EA↓,C↓,a↓,b↓u2d~E1EC2Ea2Eb!. ~9!

The sum of these two contributions gives the deexcitat
rate

P~E,z!5P ↑~E,z!1P ↓~E,z!. ~10!

In Eqs.~8! and~9! the directDA,C,a,b and exchangeEA,C,a,b
matrix elements are given by

DA,C,a,b5E dr1dr2ca* ~r1!cC~r1!
1

ur12r2u
cb* ~r2!cA~r2!

~11!

and

EA,C,a,b5E dr1dr2ca* ~r1!cA~r1!
1

ur12r2u
cb* ~r2!cC~r2!,

~12!

where cA is the Auger electron wave function,cC is the
orbital of the initial core hole, andca and cb are the final
valence state hole wave functions~we dropped the spin index
8-3
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for simplicity!. All such wave functions are evaluated sol
ing the Kohn and Sham~KS! equations of DFT in the loca
spin-density approximation~LSDA! by the Green’s function
embedding approach.14 Note that Eqs.~8! and ~9! show that
the emitted Auger electron may have spin up or spin do
with different probabilities, also for a nonmagnetic substra
For a spin-up emitted electron there is only one poss
process, the direct one@Fig. 2~a!#, but for a spin-down one
there are two possible processes, the direct and the exch
one@Fig. 2~b!#. To obtain the initial state with a core hole th
KS equations are solved self-consistently with the constr
that the occupation number of the spin-down 1s core state is
zero. The details about the orbitals and the method we us
treat the sums over the valence states are described in
Appendix.

The same theoretical treatment has been previously u
to calculate the deexcitation spectra of metastable He at
on Ni7 and on Cu.8 In these works, however, the interactio
of the atom with the surface has not be taken into acco
and the deexcitation process was treated using wave f
tions for both, metal and atomic states, which were cal
lated independently. The metal-atom interaction can lead
modification of the unperturbed surface electronic structu
and to take care of this it is necessary to perform a s
consistent calculation of the interacting metal-atom syst
However, the need to account for the metal-atom interac
opens a relevant question about the dynamical effect rel
to the sudden disappearance of the core hole in the final
of a CVV Auger process.15,16In this work we do not conside
this final state effect and we calculate the Auger transit
probability using the electron wave functions of the init
excited state.

IV. RESULTS

In this section we present the results for the deexcita
process of a metastable 23S helium atom (He* ) interacting
with a Na metal surface. This substrate is described b
jellium with r s53.93a0 . Differently from our previous
calculations,11,12 in this case we make use of the LSDA an
solve the Kohn-Sham equation in a sphere of radius
59.0a0 .

FIG. 2. ~a! shows the emission of spin-up electrons and~b! the
emission of spin-down electrons. The full lines indicate the dir
process and the dashed lines the exchange one. The full ci
represent the electrons.
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First of all, in order to test the possibility of describing th
metastable helium atom in its triplet state by using the D
and the LSDA, we have studied the free atom case.
self-consistent solution obtained when the atom is c
strained to have only a spin-up electron in the 1s level is the
triplet state, with two parallel spin-up electrons, one occu
ing the 1s atomic state and the other electron the 2s state.
Our calculated excitation energy of this system, i.e., the
ference between the total energy of the excited ato
E(He* ), and that of the atom in its ground state,E(He), is
given by

E~He* !2E~He!5~258.24178.10! eV519.86 eV.
~13!

This value is in good agreement with the experimental re
of 19.82 eV.1

Now we investigate how the induced density of sta
~IDOS! of both spin populations varies with the adatom d
tance from the metal surface. In the different panels of Fig
we present the IDOS’s for He* at distancesz57.0a0 , z
55.0a0 , andz53.0a0 from the jellium edge. Note that the
1s Helium level always lies below the valence band and i
not shown in the figures. When the atom is far from t
surface, atz57.0a0 @panel ~a!#, the IDOS of the spin-up
population~solid line! displays a narrow peak just below th
Fermi level which is due to the occupied 2s state and a more
pronounced peak at about 1.0 eV aboveEF due to the empty
2p resonance. Observe how the metal-atom interac
broadens the atomic levels into resonances. It is also w
noting that from the values of the ionization potential of
free metastable He atom~about 4.7 eV! and of the work
function of the Na substrate~about 2.7 eV!, one may expect
the 2s resonance to be peaked at a lower energy. In
LSDA calculation such resonance is quite close to the Fe
level and not completely occupied, indicating a small cha
transfer to the substrate. For this reason the 2s electron is
partially delocalized in the metal and the deexcitation p
nomenon also comprises a contribution that can be con
ered as a RI1AN process. Another point that we can obser
is that the spin-down population~dashed line! has no occu-
pied states on the atom, since in this case both, the 2s and
2p, resonances lie much above the Fermi level. As the a
approaches the surface closer and closer@see Figs. 3~b! and
3~c!#, the spin-up 2s resonance broadens and becom
smoother as a consequence of a stronger interaction with
electronic charge of the metal, and slightly shifts to low
energies. Observe that the interaction with the subst
causes also a partial occupation of the spin-down states

In Fig. 4 we present the Auger deexcitation spectra of
excited He* atom located at various distances from the s
face. In the figure all energies are referred to the bottom
the valence band. The maximum energy of each Auger sp
trum lies atE52EF2EC , whereEC is the eigenvalue of the
empty 1s state of He* at a given distance from the substrat
So the different energy maxima of the Auger spectra
tained with the atom at various distances are the consequ
of the variation ofEC with the metal-atom separation.

t
les
8-4
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As is well known, the eigenvalues obtained by solving t
KS equation do not allow one to determine the correct
netic energy of the Auger electron. However, we assume
they can provide a reasonable description of the varia
with distance of the binding energy of the core level and
of the energy position of the Auger spectra. The compari
of the line shapes clearly shows a significant dependenc
the Auger transition probability on the distance of the at
from the substrate. In particular, when the atom approac

FIG. 3. He* atom at different distances from the Na surfac
IDOS’s for both spin-up~solid line! and spin-down~dashed line!
populations atz57.0a0 ~a!, z55.0a0 ~b!, and z53.0a0 ~c!. The
dotted line is the Fermi level.
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the surface the deexcitation rate increases as a consequ
of the increasing overlap between atom and metal w
functions. We also observe that the width of these cur
rises as the metal-atom separation decreases. This is e
tially due to the broadening of the 2s resonance~Fig. 3!.

.

FIG. 4. Auger transition rates for the atom atz57.0a0 , 6.0a0 ,
5.0a0 , 4.0a0 , and 3.0a0 .

FIG. 5. Auger transition probabilities for the emission
spin-up~solid line! and spin-down~dashed line! electrons.~a! He*
at z55.0a0 , ~b! He* at z53.0a0 .
8-5
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In Fig. 5 we display the Auger transition probabilities f
the emission of spin-up and spin-down electrons. In parti
lar, we present the results for the atom located at two dif
ent distances from the surface, namely, atz55.0a0 @panel
~a!# and atz53.0a0 @panel ~b!#. Our results show a stron
polarization of the produced Auger electrons. In particu
we find that the probability for the emission of spin-up ele
trons is always significantly greater than that for spin-do
electrons. Such a polarization effect is determined by t
contributions. First, the Auger transition probabilities for t
emission of spin-up and spin-down electrons are determ
by distinct matrix elements. Second, the polarization effec
significantly affected by the difference in the local DOS
between the two spin populations on the metastable He a

In order to calculate the total deexcitation probabil
N(E) @see Eq.~4!#, we have to determine the velocityv(z)
of the metastable He* atom and its survival probability as
function of z, n(z). To evaluate the velocity of the atom
using the energy conservation law~7!, we have to provide an
expression for the interaction potentialU(z) between the
atom and the metal surface. Since at present we are not
to calculate the total energy of an excited atom near
surface, we estimate such an interaction potential using
effective medium theory.17 In particular, we have calculate
by LSDA the total energy of a metastable He* atom embed-
ded in bulk jellium of different electronic densities to sim
late the different atom-surface separations.18 We have fitted
the effective medium theory results by the Morse potenti

Um~z!5a$12exp@2c~z2z0!#%22a, ~14!

where the parametersa, c, andz0 represent the depth of th
well, its width, and the position of the minimum, respe
tively. The fitted values area560 meV, c50.55a0

21, z0

55.2a0 . The minimum of the potential energy is in agre
ment with previous estimates.19 To calculate the velocity we
consider an initial kinetic energy of the metastable atom
Ekin

i 560 meV.10 In this way the turning point of the trajec
tory of the atom isztp53.6a0.

To compute the survival probability~5! we also have to
determine the quantityR(z). This is done using Eq.~3!, i.e.,
integrating in energy the spectra,P(E,z), at the various dis-
tances. Since we have calculated these spectra for a lim
number of positions in the range of distances between 3a0
and 7.0a0 , we need to interpolate our results in this ran
and to continue these for distances above 7.0a0 . The con-
tinuation is performed using an exponential law

R~z!5Aexp~2Bz!, ~15!

where the parametersA andB are obtained by fitting to the
tail of the calculatedR(z) at largez. This exponential law at
large distances follows from the decrease of the Auger
trix element with increasing atom-metal separation which
essentially governed by the exponential decay of the w
function of the metal valence electron involved in t
transition.5,20,21

In Fig. 6 we present the probabilityn(z) that a He* atom
is still in its excited state at a distancez from the jellium edge
@Eq. ~5!#. In particular, the solid line refers to the surviv
03540
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probability when the atom is approaching the surface, wh
the dashed line is that for the atom which is moving aw
from the jellium edge after the scattering process, for norm
incidence. Observe that the deexcitation events occur es
tially in a limited range of distances betweenz53.6a0 ~the
turning point! and z'8a0 . Our result also shows that th
probability that an atom is reflected without deexcitation
'0.5.

There are reasons to believe that our calculated value d
overestimate the exact one.1,3 First of all, as previously ob-
served, in our calculation the metastable helium atom is p
tially ionized even at large distance from the surface. T
result of this is that the fraction of the 2s wave function
which is delocalized in the substrate does not participate
the described decay process and cannot contribute to
emission probability. A second point that we want to stres
that our results are obtained under the hypothesis of nor
scattering: a different angle of incidence should increase
time spent by the atom near the surface and so decreas
survival probability. We have also to consider that the lack
charge neutrality17 in the embedding region may be releva
if the embedding sphere is not large enough to contain
region of space mainly perturbed by the presence of the
atom on the surface. In our calculation a small deficit
electronic charge is present even using a sphere of radis
59.0a0 . Taking a much larger embedding region the acc
racy ~and the computational effort! of the calculation in-
creases and we find that while the shape of the Auger spe
is essentially unaffected, the survival probability slightly d
creases. Finally, another source of inaccuracy in our calc
tion could be the estimate of the interaction potential b
tween atom and surface. Indeed, the effective medium the
usually gives a reasonable description of the main feature
the atom-surface potential, but the quantitative agreem
with the result of a more accurate analysis is not alwa
satisfactory. For example, small variations of the class
turning point can change significantly the final survival pro
ability n(z51`).

At this point we can calculate the total Auger electr
energy distribution using Eq.~4! and compare it with the
experimental result.10 To make such a comparison we ha

FIG. 6. Survival probabilityn(z) of the excited He* atom. The
solid ~dashed! line indicates the survival probability of He* before
~after! the impact with the metal.
8-6
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to take into account the broadening contributions due to
limited instrumental resolution@full width at half maximum
50.15 eV#10 and to the finite lifetimes of both initial and
final states. In this case the latter contribution can be
glected. Indeed, assuming that the Auger decay is the m
important deexcitation process, the lifetime of the initial st
is determined by the transition rateR(z). So the energy
width is less than 0.01 eV~Ref. 22! ~in the range of distance
we considered! and does not affect the line shape. Besid
since the finite lifetime of the final state is due to the holes
the valence band, one expects negligible effects at the to
the emission band and significant broadening in the lo
energy region. However such an effect at lower energie
difficult to observe in the experimental curves because i
largely obscured by secondary electrons.

In Fig. 7 we report the comparison between the theoret
and the experimental results. The energy is referred to
bottom of the valence band and the experimental data h
been shifted in order to align the maxima of the two spec
The experimental profile shows a pronounced peak near
top of the emission band, while the tail at low kinetic ener
is essentially the background contribution due to second
electrons.10 Our theoretical result predicts quite well th
shape of the emission band, but somewhat overestimate
width of the peak at high energy.

V. CONCLUSIONS

In this paper we have presented a fullab initio calculation
of the Auger deexcitation line shape of a slow metastable
atom on a Na metal surface, in which the particle motion
treated in the adiabatic approximation. Our theoretical re
reproduces quite well the characteristic asymmetric shap
the experimental data.23

We wish to stress that differently from previou
approaches7,8,24 which studied deexcitation or neutralizatio
events of atoms at surfaces, we calculate self-consistently
electronic properties of the interacting atom-metal syst
within the DFT framework. This allows for a better descri
tion of the electronic structure than that provided by meth

FIG. 7. 23S He* -deexcitation spectral profile of a Na surfac
The solid line is the theoretical result. The crosses indicate
experimental data.~Ref. 10! The energies are referred to the botto
of the valence band.
03540
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that determine the wave functions of both, metal and atom
states independently or treat the effects of the presence o
atom on the surface perturbatively. On the other hand,
approach does not account for several many-body phen
ena such as the sudden disappearance of the initial core
in the CVV Auger process or the interaction of two co
holes in the valence band.

Finally, we point out that we calculate the Auger tran
tion matrix elements without approximations, starting from
single Slater determinant description of the wave functio
of the interacting He* -metal system. These rates are inste
often derived from the knowledge of the local DOS of t
system weighted by suitable terms~more recently also in a
DFT framework!.9 The validity of this approximation has
been discussed since long in the more general realm of C
and CVV Auger transitions.16,23,25 For example, we recal
that it is well accepted that CCV spectra probe the local D
of a screened ionized core hole. Since there is a core ho
the initial and final states, either initial or final state wa
function may be used in calculating the Auger rates with
appreciable difference.11 For a CVV transition, one expect
to get ~final state! information on the local DOS around
neutral atom. However, the effect of the initial ionized co
cannot be neglected, since it crucially affects the Auger ra
entering the golden rule expression. Such a contribut
which can only be included phenomenologically by expr
sions that use the crystal DOS, is correctly accounted for
our approach of the MDS process.
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APPENDIX

The wave functions of the core state and of the Aug
electron involved in the transition are

cC~r !5Rl c ,↓~Ec ,r !Yl c ,mc
~V!, ~A1!

cA~r !5(
l

(
m52 l

l

Rl ,sA
~k,r !Yl ,m~V!Yl ,m* ~ k̂!, ~A2!

whereYl ,m(V) are spherical harmonics andsA is the spin
index. For the Auger electrons we assume a free-part
energy–wave-vector (k) relation,E5k2/2, the energy of the
emitted electron being determined by thed-function energy
conservation in Eqs.~9! and ~8!. More details on the radia
parts of these wave functions are in Ref. 11.

In the calculation of the transition probabilities we have
evaluate the sum over the continuum of all valence sta
This can be performed using the following relationship w
the Green’s function,G(r ,r 8;E), of the system26 ~hereafter
E5E81 id, with E8 the energy belonging to the continuou
spectrum of the system andd a positive, infinitesimal quan-
tity!:

e

8-7
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(
v

d~E2Ev!cv~r !cv* ~r 8!5
1

2p i
@G~r ,r 8;E!

2G* ~r 8,r ;E!#. ~A3!

In this case we need the Green’s functions for both
spin-up and the spin-down populations. In our calculati
each of them is expanded on the linearized augmented p
wave ~LAPW! basis set:14

Gs~r ,r 8,E!5 (
mm8

G mm8
s

~E!xm
s~r !@xm8

s
~r 8!#* , s5↓,↑.

~A4!

Using the identity

d~E1Ec2Ea2Eb!5E ded~e2Ea!d~E1Ec2Eb2e!,

~A5!

one can exploit the relationship of Eq.~A3! and integrating
Eqs. ~8! and ~9! over the full solid angle we obtain the fo
lowing expressions forP ↑(E,z) andP ↓(E,z):

P ↑~E,z!58(
I ,I 8

(
N,N8

(
LA

CL
i8 ,L

n8 ,LA
* CLi ,Ln ,LA

3
1

~2l i11!~2l i811!
SI ,I 8;N,N8

↑
~E!

3M ~ i 8,n8,l A ,l i8 ,l n8 ,↑ !M ~ i ,n,l A ,l i ,l n ,↑ !,

~A6!

P ↓~E,z!58H (
I ,I 8

(
N,N8

(
LA

CL
i8 ,L

n8 ,LA
* CLi ,Ln ,LA

3F 1

~2l i11!~2l i811!
SI ,I 8;N,N8

↓
~E!

3M ~ i 8,n8,l A ,l i8 ,l n8 ,↓ ! M ~ i ,n,l A ,l i ,l n ,↓ !

*Present address: International School for Advanced Stu
~SISSA!, via Beirut 4, 34014 Trieste, Italy.
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