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Theoretical study of the spin-polarized Auger-electron emission from K caused
by circularly polarized light
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The calculations of the spin-polarized KM2,3VV ~where VV is valence-valence! Auger-electron emission
following a core-hole excitation by polarized photons from the potassium surface has been performed. The spin
polarization of the KM2,3VV Auger electrons depends on the energy of the incident circularly polarized
radiation due to the mixing ofs andd waves in the photoelectron final states. Furthermore, it has been shown
that taking into account the different orbital symmetry of the valence electrons in the screening cloud can affect
significantly the value of the Auger-electron spin polarization. The quantitative agreement of the calculated
results with the experiment has been achieved. The connection between photoelectron, core-hole, and Auger-
electron spin polarization, respectively, is discussed. It has been shown that these quantities can have quite
different values. Whereas the photoelectron spin polarization can be simply expressed in terms of the core-hole
spin polarization, the Auger-electron spin polarization may even have equal or opposite sign as compared to
the core-hole one.@S0163-1829~98!05531-3#
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I. INTRODUCTION

It is well known that Auger electron spectroscopy pr
vides information on the characteristics of chemical bon
and the electronic structures of solids.1,2 Recently the devel-
opment of the angle-resolved and spin-resolved spec
scopic techniques makes it possible to perform more deta
investigations of the spatial and energy distribution of
electronic states as well as their symme
characterization.3,4 It has been shown5 that spin-polarized
Auger-electron spectroscopy is a powerful probe of lo
magnetic properties of solids, and it has been success
applied to the study of ferromagnetic materials.6–9 However,
if the circularly polarized radiation is used for the excitati
of the Auger process, the primary core hole has a prefe
spin orientation. As a result, one obtains the spin-polari
Auger emission also from nonmagnetic materials. This co
be an additional source of information on electronic state
solids.

In Refs. 10 and 11 the spin-dependent core-valen
valence~CVV! Auger decay in alkali metals has been stu
ied. It has been shown that the measured Auger-electron
polarization correlates with the symmetry of the unoccup
conduction band reached in the primary photoexcitation. T
obtained experimental results have been interpreted qua
tively using an atomic model and Auger transition select
rules. This simple model describes the behavior of
Auger-electron spin polarization with increasing energy
incident photons, but predicts considerably higher values
spin polarization than the measured ones.

We have performed the theoretical study of the sp
polarized Auger-electron emission from the potassium s
face excited by circularly polarized radiation. The aim of o
work is to remove the discrepancies between theory and
periment taking into account effects that have not been
PRB 580163-1829/98/58~7!/4173~9!/$15.00
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cluded in the simple atomic model. These are spin-depen
Auger matrix elements, local valence-band structure in
presence of the core hole, and diffraction of the outgo
Auger wave on the atoms of the crystal.

In Sec. II we describe the theoretical model used for c
culations. In the following sections we analyze in detail t
process of formation of the KM2,3VV Auger spectra for
various levels of approximations used in the theoreti
model. In Sec. III we discuss the connection between pho
electron, core-hole, and Auger-electron spin polarization,
spectively. In Sec. IV we discuss the results provided by
atomic model,10 taking into account, however, Auger trans
tion matrix elements. Finally, in Sec. V the calculated loc
valence-band structure for potassium crystal is conside
for the K atom in the ground state as well as for the K ato
having a 3p core hole and the role of the valence-band sta
having different symmetry in the formation of the shape
the Auger spectra is shown. This step-by-step considera
of the Auger-electron emission give us an opportunity
separate the processes that contribute to the formation o
Auger-electron flux and determine its intensity and spin p
larization. Conclusions are drawn in Sec. VI.

II. BASIC EQUATIONS AND DETAILS
OF CALCULATIONS

The theoretical model and the main approximations u
for the description of the Auger process have been given
Refs. 12 and 13. Here we present the general express
used for the calculation of the spin-polarized Auger-elect
intensity.

We assume the CVV Auger process to be a three-s
process. These steps are the following:~i! an atom in the
solid is excited by the incident photon and the core-hole s
is created;~ii ! Auger decay of the core hole, which is fille
4173 © 1998 The American Physical Society
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4174 PRB 58YU. KUCHERENKO AND P. RENNERT
by an electron from the occupied valence band while ano
valence electron is lifted into an unoccupied state; and~iii !
this Auger electron moves through the crystal to the surf
and escapes into the vacuum. At this way it can be scatt
at the atoms of the crystal.

Let us consider the electron states involved in the C
Auger transition: a core statec ~quantum numbersj c ,l c ,mc)
and two valence statesg1 ,g2 ~quantum numbers
l 1,2,m1,2,s1,2). The escaping Auger electron~final state! is
described by a sum over spherical waves characterized
quantum numbersL(5 l ,m) ands. The core holesmc pro-
duced in the photoemission process have different weig
determined by the dipole transition probability and especia
by the polarization of the light. The spinorsx1 andx2 con-
tribute to the wave function of the hole stateu j cl cmc& with
different weighting factors. This is a source of the spin p
larization of the photoelectron. It is usual to say that the c
hole has a prefered spin. The spin polarization of the h
states is transferred then to the Auger electron via ma
elementM of the Auger process:

M ~Ls,cug1 ,g2!5^ f Ls ,cuVug1 ,g2&2^ f Ls ,cuVug2 ,g1&.
~1!

It contains the expectation value of the Coulomb interact
and the corresponding exchange integral.

The expression for the spin-polarized intensity of the A
ger electrons in a directione(e5 ǩ5r /r , k5ke, k5AEf)
can be written in the form

I s~Ef ,ǩ!5 (
g1g2

^Ms
2&g1g2

E Dg1
~Ef1Ec2«!Dg2

~«!d«,

~2!

whereDg(«) is the local partial density of states~DOS! (g
denotes a set of quantum numbers characterizing the val
electron state! and the integration is performed over the o
cupied part of the valence band. This expression is obta
assuming the Auger matrix elements independent on the
ergy of the valence states.

Auger transition probabilitieŝMs
2&g1g2

can be expresse
as

^Ms
2&g1g2

5(
mc

wmc
~eW ,\v!U(

L
BLs~ ǩ!M~Ls,cug1 ,g2!U2

.

~3!

wmc
(eW ,\v) is the photoionization probability for the electro

statemc in the core shellc. It depends on the polarizationeW
and the energy\v of incoming photons.BLs(k) is the scat-
tering path operator. It is the same expression that descr
the electron scattering in low-energy electron diffraction a
photoelectron diffraction.14–18 It contains the expresssion
for the direct wave, as well as the single and the multi
scattering contributions. The effect of the electron diffracti
on the Auger electrons depends also on the positionR of the
atom emitting the Auger electron in the crystal lattice w
respect to the surface. Thus,B depends onR and the Auger
intensity is a sum over contributions~2! for different sitesR.

In order to obtain the integral intensity of the consider
CVV transition we have to integrate the spectral intensity~2!
over the region of Auger-electron energiesEf . This gives
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I s~ ǩ!5E I s~Ef ,ǩ!dEf5 (
g1g2

ng1
ng2

^Ms
2&g1g2

, ~4!

where ng is the occupation number for the correspondi
valence subband. The spin-polarization of the Auger el
trons is obtained from the calculated spin-polarized inten
ties ~2! as

PAE5
I ↑2I ↓
I ↑1I ↓

. ~5!

For the integral spin polarization the corresponding integ
intensities~4! should be inserted into expression~5!.

For our calculations we consider a geometry similar
that used in the experiment of Stoppmannset al.,10 where the
K M2,3VV spectra have been measured. Auger-elect
emission was excited from the surface of thick potassi
layers by photoionization with the circularly polarized radi
tion of positive helicity having the energy varied in the ran
12–24 eV. The experimental data were obtained for the n
mal incident light and electron emission within an acce
tance cone of65° around the surface normal. According
this experimental setup in the calculations the axis of qu
tization was chosen parallel to the photon wave vector, t
opposite to the surface normal.

The experimental KMVV spectra presented in Refs. 1
and 11 could not be resolved inM2VV and M3VV contri-
butions due to the small value of the spin-orbit splitting
the 3p1/2 and 3p3/2 levels ~equal to 0.27 eV as compare
with the 2-eV width of the Auger peak!. We have calculated
both Auger spectra, and the superposition ofM2VV and
M3VV spectra taking into account the difference in the bin
ing energies of the 3p sublevels has been considered as
final result for comparison with the experiment. The 3p1/2
core hole has another possibility for Auger decay, nam
the Coster-KronigM2M3V transition. This core-hole deca
is competitive with the consideredM2VV one, but it could
be expected that for small spin-orbit splitting of the 3p sub-
levels the probability of theM2M3V transition decreases
rapidly.

We simulate the potassium surface with a system
muffin-tin potentials. The spherically symmetric potentials
the atomic spheres were calculated using the Matth
construction.19 For the exchange and correlation part of t
potential the Barth-Hedin approximation20 was used. The di-
pole matrix elements and the Auger matrix elements w
calculated using scalar relativistic wave functions. Taki
into account the relaxation of electron states by the core h
the Auger matrix elements~1! were obtained using the wav
functions calculated including the core-hole potent
whereas for the dipole matrix elements the wave functions
the ground state were used.

In the present work we have studied Auger-electron em
sion provided by the direct Auger wave from the emitter
the bulk of the crystal~without scattering effects!. In this
case the scattering path operator has a form

BLs~ ǩ!5 i 2 lYL~ ǩ!. ~6!

The calculations including processes of the Auger-elect
diffraction are now in progress.
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TABLE I. The photoelectron intensities~8! for the p1/2 andp3/2 level, respectively, for circularly polar-
ized light with positive helicity. The axis of quantization is parallel to the photon wave vector.

mc I m↑
PE I m↓

PE wm5I m↑
PE1I m↓

PE ua j m1u2 ua j m2u2

1
2

1
15 uRdu2 4

15 uRdu2 1
3 uRdu2 1

3
2
3

2
1
2

2
9 uRsu21

2
45 uRdu2 1

15 uRdu2 2
9 uRsu21

1
9 uRdu2 2

3
1
3

Sum 2
9 uRsu21

1
9 uRdu2 1

3 uRdu2 2
9 uRsu21

4
9 uRdu2

3
2

2
5 uRdu2 2

5 uRdu2 1 0
1
2

2
15 uRdu2 2

15 uRdu2 4
15 uRdu2 2

3
1
3

2
1
2

1
9 uRsu21

1
45 uRdu2 2

15 uRdu2 1
9 uRsu21

7
45 uRdu2 1

3
2
3

2
3
2

1
3 uRsu21

1
15 uRdu2 1

3 uRsu21
1

15 uRdu2 0 1

Sum 1
9 uRsu21

5
9 uRdu2 1

3 uRsu21
1
3 uRdu2 4

9 uRsu21
8
9 uRdu2
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The local partial DOS and the occupation numbers for
valence subbands were calculated by means of the
consistent linear muffin-tin orbital~LMTO! method21,22 in
the atomic sphere approximation and including combin
corrections. The overlapping atomic spheres had radi
2.572 Å. The angular momentum expansion of the ba
functions for valence states was performed up tol 52. For
the calculation of the local electronic structure of atoms w
a core hole the LMTO–Green-function method has be
used.23,24

III. CORE-HOLE POLARIZATION

If we create a core hole with circularly polarized light th
core hole is spin polarized. This spin polarization is differe
from the spin polarization of the photoelectrons. The s
polarization of the core hole is a source of the Auger-elect
spin polarization.

For example, let the core hole have a positive spin po
ization and the two-hole configuration be a singlet. O
could expect~using a qualitative consideration only! that the
Auger-electron spin polarization should be negative, i
have a sign opposite that of the core hole. Indeed, if
spin-up electron falls from the valence band into the c
hole, the spin-down electron is lifted to the Auger state.

However, due to the selection rules involved in the Aug
transition matrix elements the Auger-electron spin polari
tion can be quite different from the core-hole spin polariz
tion; even it can have equal or opposite sign. This beha
will be illustrated by discussing the KM2,3VV Auger tran-
sition. Especially, we will show that the spin of the Aug
electron can have the same sign as the spin polarizatio
the core hole even if the two-hole configuration is a s
singletS50.

The p1/2,p3/2 core states have the form

u j 1m&5a j m1Y1m2~1/2!x11a j m2Y1m1~1/2!x2 , ~7!

where theYlm are the spherical harmonics andxs is the
two-component spinor. The photoelectron intensity is giv
by
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I ms
PE5 (

l ,m

l c61

z^ lmsueW•eu j cl cmc& z2 uRl u2, ~8!

whereeW is the photon polarization,e a unit vector, andRl the
radial dipole matrix element, respectively. According to t
dipole selection rules an electron from the 3p1/2 or 3p3/2
level can be excited into unoccupieds or d states above the
Fermi level. Calculating the photoelectron intensities for c
cularly polarized light with positive helicity we get the re
sults shown in Table I. The photoelectron spin-polarizat
PPE and the core-hole spin polarizationPH are given by

PPE5

(
m

~ I m↓
PE2I m↑

PE!

(
m

wm

, PH5

(
m

wm~a j m1
2 2a j m2

2 !

(
m

wm

.

~9!

Using the values of Table I we obtain for thep1/2 level

PPE5
uRsu22uRdu2

uRsu212uRdu2
, PH5 1

3 PPE5
1

3

uRsu22uRdu2

uRsu212uRdu2
,

~10!

and for thep3/2 level,

PPE52
1

2

uRsu22uRdu2

uRsu212uRdu2
,

~11!

PH5 5
3 PPE52

5

6

uRsu22uRdu2

uRsu212uRdu2
.

For thep1/2 level the value ofPPE is equal to1100% or to
250% if we consider transitions only intos states ord
states, respectively. In these cases the core-hole spin p
ization is equal to133.3% and to216.7%. If thep3/2 level
is excited, forPPE the corresponding values are250% and
125%, whereas forPH they are equal to283.3% and
141.7%. If boths andd channels are taken into accountPPE
andPH vary between these extremal values.
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It should be noted that the transitions to thes states and to
the d states lead always to the opposite sign of the s
polarization. In the caseuRsu25uRdu2 these effects are can
celled, and the core hole is not polarized. Note also that
the p1/2 level the core-hole spin polarization is smaller th
that of the photoelectron, whereas for thep3/2 level it has a
considerably higher value.

Now we discuss the Auger-electron intensity~4! and its
spin polarization~5!. We restrict our discussion to the case
two valences electrons that are involved in the Auger pr
cess, thusg15u00s1&, g25u00s2&, ng51. ~The detailed
calculations for this atomic model are presented below
Sec. IV.! It follows from the Auger transition selection rule
that the Auger state is ap wave u1ms&. Evaluating the ma-
trix element~1! we get

M5
1

4p
Rf sRcsd l ,1$a j m1~21!m2~1/2!dm,~1/2!2m

3~ds,s1
ds2 ,12ds,s2

ds1 ,1!1a j m2~21!m1~1/2!

3dm,2~1/2!2m~ds,s1
ds2 ,22ds,s2

ds1 ,2!%, ~12!

whereRf s andRcs are the radial parts. For normal emissio
only m50 contributes, and Auger transitions are possi
including a core state withm561/2.

Using Eq. ~12!, quantities given in Table I~especially
ua j m1u25ua j m2u2), and Eq. ~3! with B1ms(ez)5
2 iA(3/4pdm,0 the Auger-electron intensity~4! for normal
emission is given by

I s5
3

4pU 1

4p
Rf sRcsU2

(
m

wm$2ua j m1u2

3dm,~1/2!ds ,2
12ua j m1u2dm,2~1/2!ds ,1

%. ~13!

Let us consider the case of the photoexcitation into ths
channel, i.e.,uRdu250. From Table I we can see that the co

holes are created in theu 1
2 12 1

2 & level or in theu 3
2 12 3

2 & and

u 3
2 12 1

2 & levels. Thus in both cases onlym521/2 contrib-
utes to the intensity~13!.

For thep1/2 core state a hole is created only in them5
21/2 level ~for uRdu250, Table I!, thus the photoelectron
spin polarization is1100%. The core-hole spin polarizatio
~10! is 133.3%. It differs from 100% because a spin-dow
part x2 is also involved in them521/2 wave function~7!.
From Eq.~13! we getI ↓50, thus1100% spin polarization
of the Auger electron. The spin polarization of the core h
and the spin polarization of the Auger electron have the
same sign. The positive spin polarization133.3% of the
core hole is determined bya1/22(1/2)1

2 52/3.a1/22(1/2)2
2

51/3 ~Table I!. But due to the selection rules for the Aug
transition only the terma1/22(1/2)2Y10x2 of Eq. ~7! can con-
tribute to the Auger transition, thus an electron with sp
down ~the opposite of the core-hole polarization!! goes into
the core hole and the spin-up electron is excited as the
caping Auger electron.

For the p3/2 state the core hole can be created in them
523/2 or in them521/2 level. In the Auger intensity~13!
the terma3/22(1/2)2Y10x2 is involved, which has the sam
spin polarization as the core hole (PH is mainly determined
n

r

f

n

e

e
e

s-

by a3/22(3/2)2Y121x2). Thus, in this case the positive sp
polarization of the Auger electron is opposite to the sp
polarization of the core hole.

Summarizing we find that photoelectron spin polarizatio
core-hole spin polarization, and Auger-electron spin pol
ization are quite different quantities, and detailed consid
ation of electron-state quantum numbers and selection r
is required to estimate the Auger-electron spin polarizat
qualitatively. Nevertheless, the following discussion w
show that in many cases the Auger-electron spin polariza
is opposite to the core-hole spin polarization.

IV. ATOMIC MODEL INCLUDING MATRIX ELEMENTS

We begin our considerations with the so-called atom
model as it was qualitatively discussed in Ref. 10. One
atom in the bulk of potassium metal is considered with
potential equal to the crystal muffin-tin potential of K in th
atomic sphere. After the photoexcitation process the a
has a core hole. In the atomic model the screening clou
described by an additionals electron. Thus the valence con
figuration iss2 and the Auger transition creates two holes
the 4s level.

As a first step of the Auger process we consider the
mary photoexcitation of the K 3p1/2 and 3p3/2 level by the
circularly polarized photon with positive helicity. The prob
ability wmc

(eW ,\v) for this transition is determined by th
square of the dipole matrix element@see Eq.~8! and Table I#.
It depends on the energy of the incoming photon due to
energy dependence of the radial matrix elements. This
ergy dependence is presented in Fig. 1~a! and is quite differ-
ent for the transitions into thes and into thed states.
Whereas just above the Fermi energy of bulk K the tran
tions into s states have considerably higher probability, t
transitions intod states dominate at higher energies. No
that this result could be obtained even without the ba
structure calculation for the unoccupied electron states ab
the Fermi level. Continuumd wave functions obtained as
solution of the Schro¨dinger equation for a single muffin-tin
potential show increasing amplitude in the intra-atomic
gion for energies close to thed resonance. This causes in
creasing transition probabilities from the core levels in
continuumd states.

The contributions to the probabilitywmc
(eW ,\v) are given

in Table I. The values are determined by the different fact
at the spinorsx1 andx2 in the core statesu j c ,l c ,mc&. The
transition into s and d states contributes with differen
weight for separate core statesmc . Using the radial dipole
matrix elements of Fig. 1~a! we get an energy dependence
wmc

as shown~for the 3p3/2 level! in Fig. 1~b!. For mc

53/2 and 1/2 the energy dependence is determined byuRdu2.
uRsu2 contributes only formc523/2 and21/2. From Table
I it can be seen thatwmc

5w2mc
holds foruRdu25uRsu2. But,

despite the large factor ofuRsu2 for mc523/2 the contribu-
tion of uRdu2 dominates for energies around 4 eV.

The values ofwmc
for the 3p1/2 level have qualitatively

the same behavior. At small energies, where the photoe
tron is excited predominantly intos states, the transition
probability is determined bymc521/2, whereas around 4
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eV the transitions from the state withmc51/2 have much
higher probability due to the large value ofuRdu2.

If we consider transitions from the K 3p levels intos and
d states separately, the core-hole spin polarizationPH
~10,11! does not depend on the energy and has the va
discussed in Sec. III. Taking into account both excitat
channels and the energy dependence of the radial matri
ements we get an energy dependence of the core-hole
polarization PH as shown in Fig. 1~c!. It varies from
250.2% at the threshold to 37.1% at 4.75 eV above
Fermi level for the photoexcitation of the 3p3/2 state. For the
3p1/2 level the corresponding values are equal to 20.1%
214.8%, respectively.

The spin polarization of the core-hole state causes
spin polarization of the Auger electronPAE @Eq. ~5!#. Its
values are modified due to the different energy depende
of the Auger transition matrix elements and the dipole ma
elements, respectively, for all quantum numbersmc . But in
the atomic model for all energies under considerationPAE
has a sign that is equal to that of the core-hole spin polar
tion for theM2VV transition and is the opposite of that fo
the M3VV transition. That means in the atomic modelPAE
has the same sign for both transitions.

Thus, using the simple atomic model we obtain for t
M3VV transitions the spin polarization of the Auger electr
to have the value of 48.6% just above the excitation thre

FIG. 1. ~a! Squared radial dipole matrix elements for the pho
excitation of an electron from the K 3p core level into the unoccu
pied s ~dotted line! and d states~dot-dashed line!, ~b! excitation
probabilities for sublevelsm of the 3p3/2 level, and~c! spin polar-
ization of the core hole~dashed line! and of the Auger electron
~solid line! vs the photoelectron energy~measured with respect t
the Fermi level!. Curves~1! belong to theM2VV transition and~2!
to theM3VV transition; only the (ss) two-hole configuration in the
final state is taken into account.
es

el-
pin

e

d

e

es
x

a-

h-

old of the K 3p3/2 level; then this value decrease with in
creasing photon energy to zero at 1.5 eV and to223.9% at
4.75 eV. This behavior qualitatively agrees with th
experiment;10 the energy point where the spin polarizatio
changes sign is also very close to the measured data. H
ever, the absolute values of the Auger-electron spin polar
tions in both energy regions~where they are positive an
negative! are overestimated. Moreover, if we take into a
count the contributions fromM2VV transitions~which pro-
vide a spin-polarization of 60.3% at threshold and
244.5% at 4.75 eV!, the overestimation becomes more co
siderable. Thus, we have to improve the theoretical mo
taking into account the valence-band structure of the
metal.

V. VALENCE-BAND STRUCTURE

In order to take into account a realistic valence-ba
structure of K metal we have performed self-consistent ba
structure calculations by means of the LMTO method.

In contrast to a free K atom having one valence elect
in the spherically symmetrics state, in the crystal the valenc
states are described by the Bloch function, which can
expanded locally at the atomic site in terms of angular m
mentum. Due to the nonspherical surroundings of the a
the contributions withl .0 appear even for alkali metals. Fo
the K metal from the decomposition of the calculated ba
states within the atomic sphere we get the valence elec
configurations0.612p0.315d0.073. Therefore for the calculation
of the Auger-electron intensities at least the contributio
from the electron states ofp symmetry should be taken int
account.

The energy distribution of the valence electron states
potassium is shown in Fig. 2. The occupied electron sta
have mostlys symmetry. Thep andd contributions are neg-
ligible at the bottom of the valence band; however, they
crease rapidly with increasing energy, and at the Fermi le
these contributions are comparable with that ofs symmetry.
Just above the Fermi level thep and s densities of states
have higher values, but at energies above 1.5 eVd states
dominate.

-

FIG. 2. Partials ~dotted line!, p ~dashed line!, andd contribu-
tions ~dot-dashed line! to the DOS in the K valence band:~a! oc-
cupied electron states, and~b! unoccupied states. Note the differe
scales below and above the Fermi level.
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If we consider the atom with a core hole~initial state for
the Auger process! as an impurity site and perform sel
consistent electronic-structure calculations for this point
fect in a crystal, this results in, for the impurity valence co
figuration,s1.062p0.628d0.278. It can be seen that the core ho
is almost completely screened by the additional electro
charge transferred to the atomic sphere from the surroun
atoms. It should be noted that due to the screening the o
pation numbers are significantly increased for alll states
considered and we could not conclude predominantlys or p
screening as has been done for Mg in Ref. 26. Note e
cially the increased occupation number for valenced-states
due to the transferred screening charge.

In order to describe the shape of the KM2,3VV spectrum
we have to construct self-convolutions of a partial density
states~DOS! @see expression~2!#. According to the final state
rule25 the valence DOS in the final state of the Auger proc
should be used, i.e., the valence band containing two fi
holes. However, the valence hole states in K metal are d
calized and do not perturb the energy distribution of the
lence electrons. Thus the ground-state DOS given in
2~a! could be used for the calculation of self-convolution
But we have to rescale them according to the impurity
lence configuration. The results are shown in Fig. 3~b!.

In our Auger intensity calculations for theM2,3VV spec-
trum there are contributions from the Auger transitions t
create in the final-state (ss), (sp), (pp), (sd), (pd), and
(dd) two-hole configuration in the valence band. These c
tributions to the Auger spectrum are shown in Fig. 3~a! for

FIG. 3. Contributions of different two-hole configurations to t
intensity of theM3VV spectrum~a! and to the DOS convolution~b!
for the photoelectron energy 1.5 eV.
-
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the photon energy lifting the photoelectron to 1.5 eV abo
the Fermi level@the case of disappearing spin polarization
Auger electrons in the atomic model, see Fig. 1~c!#. The
dominant contributions to the Auger intensity arise from t
(sd) and (pd) two-hole states due to their higher values
transition matrix elements. Even the contribution of the (dd)
configuration is of the same order of magnitude as that of
(sp) configuration in spite of the smaller occupation numb
of valenced states in comparison to thes andp states. It is
simple to realize the role of the transition matrix elements
the formation of the Auger spectrum if we compare the co
tributions to the spectral intensity with self-convolutions
the partial DOS in Fig. 3~b!.

The theoretical results obtained in Ref. 27 for alkali a
other simple metals show that for core-valence-valence
ger decay of the initialp core hole the processes creating
(sp) two-hole final state have the maximal probability. I
deed, in our calculations the (sp) contribution would be
maximal if we would not take into account thed component
of the valence wave function~in Ref. 27 thed states have no
been involved in the calculations!. But, due to the high val-
ues of the Auger transition matrix elements for final two-ho
configurations containingd states, (sd), (pd), and (dd) con-
tributions become very important.

This can be seen in Fig. 4, which shows the calculated
M2,3VV spectrum. The valenced states in K are significan
in the upper half of the valence band. This leads to the f
that the energy distribution of the total Auger intensity d
fers from the shape of the sum of partial DOS convolutio
~dotted line in Fig. 4!, which is determined mainly by thes
andp states. Therefore the maximum of the KM2,3VV spec-
trums is shifted to higher energies and the width decrease
compared to the DOS convolution. This calculated shape
the spectral line agrees well with the experiment11 where the
maximal value was obtained at the energy 1 eV under
upper edge and the width was about 2 eV.

The spin polarization~5! of the Auger electrons is dis
cussed for the energy-integrated intensity~4! for normal
emission~see Sec. II!. The spin polarization~5! calculated
for the separate terms in the sum of the expression~4! for
each combinationg1 ,g2 is presented in Fig. 5 for differen

FIG. 4. Calculated Auger line profile for the photoelectron e
ergy 1.5 eV~solid line!, and the contributions fromM2VV ~dot-
dashed line! and M3VV ~dashed line! transitions. For comparison
the profile of DOS convolution~dotted line! is shown. Energy zero
was chosen at the top of theM3VV spectrum.
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photoelectron energies. The spin polarization of the total A
ger flux is determined by the most intense (sd) and (pd)
contributions. In theM2VV @Fig. 5~a!# spectrum these con
tribution have the spin polarization of opposite sign in co
parison to (ss), (sp), and (pp) contributions. Auger transi-
tions creating the (sd) two-hole configuration provide highly
polarized Auger electrons, whereas the (pd) configuration
causes the spin polarization of about65% and Auger elec-
trons corresponding to transitions into (dd) two-hole con-
figuration are practically nonpolarized.

In the case of theM 3VV @Fig. 5~b!# spectrum all contri-
butions have the same qualitative behavior of the spin po
ization ~from positive to negative values with increasing e
ergy!. The differences in the spin polarization for th
configurations containingd states are small.

TheL components of the outgoing Auger wave are det
mined by the selection rules. In order to estimate the we
of each component for the specific Auger transition we h
calculated intensity and spin polarization of the Auger em
sion if only one partial contribution of the Auger wave
taken into account@It means that only one term is taken in
account in the sum overL in the expression~3!#. The results
are summarized in Table II. It can be seen, for example,
for the (pd) two-hole configuration the outgoingd wave has
the highest intensity whereas thepurecontributions ofs and
g waves are very small. Note, that in the case of the (sd)
configuration the most intense contribution to theM2VV

FIG. 5. The spin polarization contributions of different two-ho
configurations in the direct Auger wave forM2VV ~a! andM3VV
~b! transitions vs the photoelectron energy. The spin polarization
the (ss) configuration is shown in Fig. 1~c!. Thedd contribution in
~a! is not shown due to insignificant values of the spin polarizati
Results are without scattering contributions.
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spectrum is provided by the outgoingp wave, but thef wave
dominates over thep wave for theM3VV transition. How-
ever, it should be pointed out that the total intensity of t
Auger emission is not equal to the sum of thepurecontribu-
tions of the outgoing partial waves given in Table II due
the interference between different waves. The interfere
contributions appear from the square of the sum overL @see
Eq. ~3!# and could affect essentially the value of the Aug
flux spin polarization~especially if the interference terms fo
spin-up and spin-down states of the Auger electron have
ferent sign!. In the case of noticeable contributions from th
interference terms to the total intensity the value of t
Auger-electron spin polarization cannot be deduced sim
from thepurepartial contributions presented in Table II. Fo
example, if in the case of the (pd) two-hole configuration for
the M2VV transition the smallpure contributions from out-
goings andg waves are neglected and we take into acco
the d wave only, the calculations give a wrong sign of th
Auger-electron spin polarization for this two-hole configur
tion.

From the total intensities we can find according to Eq.~5!
the spin polarization of both considered Auger spectra. In
energy region from 0 to 4.75 eV~note that the ‘‘energy’’
means here the energy of the photoelectron state above
Fermi level! the spin polarization varies between25.9% and
14.4% for theM2VV spectrum and between122.2% and
216.4% for theM3VV one. It should be pointed out that in
both cases the spin polarization of the Auger electrons h
sign opposite to that of the corresponding core hole.

For comparison with the experimental data we have
overlap the calculated Auger intensities forM2VV and
M3VV spectra taking into account that the photoionizati
threshold for the 3p1/2 level lies at higher photon energie
due to the spin-orbit splitting of the K 3p level of 0.27 eV.
As can be seen from Fig. 6, the calculated results are in g
quantitative agreement with the experiment, especially
the low-energy side of the considered energy region and
the position of vanishing spin polarization. The total sp
polarization of the KM2,3VV spectrum starts with 22.2% a
the 3p3/2 excitation threshold, falls to 11% at the energ
where M2VV transition is switching on, then decreases
zero at 1.5 eV~the position of this point is determined onl
by the conditionuRdu25uRsu2 and does not depend on oth
factors that determine the Auger process!. For higher ener-
gies the spin polarization is negative, the calculated res
have, however, to some extent higher absolute values
experimental ones: about25% in the experiment and
29.7% in the calculations at energy 4.75 eV. Possi
causes for these deviations are discussed below.

VI. CONCLUSIONS

We have performed the calculations of the KM2,3VV
spectra taking into account the spin-dependent Auger tra
tion matrix elements and the partial electron-state configu
tion in the valence band. It should be noted that the indep
dent particle model used in the present calculations prov
reasonable results even for the region of the excitation e
gies that is usually considered as a region of the reson
Auger processes. It seems that the strong screening o
core hole in metals almost removes the difference in

r

.
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TABLE II. Intensity I ~in arb. units! and spin polarizationP ~in %! of the partial direct Auger waves fo
different two-hole configurationsg1 ,g2 in the K M2,3VV spectrum. Two photoelectron energies are cons
ered.

M2VV M3VV
E50 eV E54.75 eV E50 eV E54.75 eV

g1 ,g2 Auger wave I P I P I P I P

(ss) p 0.15 60.3 1.50 244.5 0.20 48.7 3.10 223.9

(sp) s 0.28 22.0 2.83 1.5 0.59 4.5 5.96 23.3
d 0.15 7.7 1.47 25.7 0.25 18.9 3.07 211.7

s1d 0.42 28.3 4.31 220.9 0.87 1.5 9.08 21.1

(pp) p 0.13 12.1 1.30 28.9 0.29 4.0 2.77 23.2
f 0.02 12.0 0.19 28.9 0.03 49.8 0.38 232.0

p1 f 0.15 31.9 1.48 223.6 0.30 4.2 3.09 23.0

(sd) p 1.19 24.9 12.08 3.6 0.27 42.2 3.11 227.1
f 0.15 10.3 1.55 27.6 2.45 20.3 25.57 214.5

p1 f 1.35 229.4 13.6 21.7 2.93 27.2 29.07 220.5

(pd) s 0.03 26.6 0.38 4.9 0.08 16.3 0.81 212.1
d 0.96 4.1 9.68 23.0 2.03 21.2 20.48 215.7
g 0.004 6.9 0.04 25.1 0.006 39.8 0.07 226.1

s1d 0.99 21.5 10.05 1.1 2.12 22.1 21.32 216.5
s1d1g 1.00 25.9 10.1 4.3 2.18 22.7 21.48 217.3

(dd) p 0.004 19.0 0.04 214.1 0.01 1.5 0.10 21.1
f 0.26 2.7 2.63 22.0 0.53 26.3 5.36 219.5
h 0.0001 6.7 0.001 24.9 0.0001 49.8 0.001 232.9

p1 f 0.26 1.3 2.68 20.94 0.55 25.9 5.46 219.4
p1 f 1h 0.26 20.08 2.68 0.06 0.55 26.1 5.47 219.7
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initial state of the emitter for the resonant and normal ex
tation.

It has been shown that taking into account the band st
ture in the K metal is very important for an accurate theor
ical description of the Auger-electron intensity and spin p
larization. Due to the high Auger transition probabilities t
processes that create the final (sd) and (pd) two-hole states

FIG. 6. Comparison of the calculated spin polarization of the
M2,3VV spectrum~solid line! with the experimental results~Ref.
10! ~vertical bars!.
i-

c-
t-
-

are dominating for the formation of the parameters of
Auger emission. The processes creating two-hole config
tions other than (ss) lead to the Auger emission with
smaller value of spin polarization. As a result we have o
tained decreased values of the total spin polarization of
Auger electrons as compared to the atomic model.

It is well known from photoelectron diffraction28,29 that
the electron scattering affects the spin polarization. The
fore, Auger-electron diffraction should be taken into accou
for the calculation of the spin-polarized Auger-electron em
sion even in the case of nonpolarized scatterers in the cry
if the Auger selection rules allow the outgoing Auger wav
with different quantum numbersl . This does not appear in
the atomic model as mentioned in Ref. 10. In this case
cording to the Auger selection rules there is only ap wave
outgoing from the emitter, and the diffraction of this wave
the surrounding atoms will not change the ratio of spin-
and spin-down intensities. On the contrary, for other tw
hole configurations there are direct Auger waves of differ
symmetry and, consequently, of different partial spin pol
ization. In this case the Auger electron diffraction w
change the contributions of different waves to the intensity
the measured direction of the Auger emission, and this
have an effect on the spin polarization of outgoing Aug
electrons. These scattering processes will be considered
forthcoming work.
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The theoretical model used in the present work descr
quantitatively the experimental results obtained in Ref. 10
should be pointed out that it is possible to significantly i
prove on the calculated values as compared to those prov
by the atomic model. For example, whereas the ato
model gives a spin polarization of the Auger electrons
about 50% at the threshold, taking into account the elec
band structure in the crystal decreases this value by fa
2.5. Our investigations confirm the ideas discussed in Ref
that the spin polarization of the KM3VV Auger electrons
reflects the symmetry of unoccupied electron states ab
the Fermi level at the energy reached in the primary pho
excitation. The position of the energy point where the s
polarization changes its sign, especially, is determined a
rately within the atomic model and is not influenced by ta
ing into account the band structure and scattering effects

Some deviations of the calculated results from the exp
mental ones could be explained by approximations use
the theoretical model. Especially, in the considered re
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nance energy region there are contributions to the spec
intensity from the photoelectrons that are directly excit
from the valence band. For the excitation energies near
3p3/2 threshold the valence photoelectron spectrum overl
the M2,3VV Auger-electron spectrum. The intensity of th
M2VV spectrum could be reduced by the existence of t
competitive Coster-Kronig transition, as it was mention
above. The Coster-Kronig transition could also change
some extent the 3p3/2 core-hole spin polarization. All these
processes require an additional detail consideration
could be a subject of further theoretical investigations.
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8B. Sinković, E. Shekel, and S. L. Hulbert, Phys. Rev. B52,

R15 703~1995!.
9P. Fuchs, K. Totland, and M. Landolt, Phys. Rev. B53, 9123

~1996!.
10P. Stoppmanns, R. David, N. Mu¨ller, U. Heinzmann, H. Grieb,

and J. Noffke, J. Phys.: Condens. Matter6, 4225~1994!.
11N. Müller, R. David, G. Snell, R. Kuntze, M. Drescher, N. Bo¨w-

ering, P. Stoppmanns, S.-W. Yu, U. Heinzmann, J. Viefhaus
Hergenhahn, and U. Becker, J. Electron Spectrosc. Relat.
nom.72, 187 ~1995!.

12P. Rennert and Yu. Kucherenko, J. Electron Spectrosc. R
Phenom.76, 157 ~1995!.
c-

r.

.

.

.
he-

at.

13Yu. Kucherenko and P. Rennert, J. Phys.: Condens. Matter9,
5003 ~1997!.

14J. B. Pendry,Low-Energy Electron Diffraction~Academic Press,
London, 1974!.

15P. A. Lee and J. B. Pendry, Phys. Rev. B11, 2795~1975!.
16C. S. Fadley, Prog. Surf. Sci.16, 275 ~1984!.
17P. Rennert and A. Chasse´, Exp. Tech. Phys.~Berlin! 35, 27

~1987!.
18O. Speder, P. Rennert, and A. Chasse´, Surf. Sci.331-333, 1383

~1995!.
19L.F. Mattheiss, Phys. Rev.133A, 1399~1964!; 134A, 970~1964!.
20U. von Barth and L. Hedin, J. Phys. C5, 1629~1972!.
21O. K. Andersen, Phys. Rev. B12, 3060~1975!.
22H. L. Skriver,The LMTO-Method~Springer, Berlin, 1984!.
23O. Gunnarsson, O. Jepsen, and O. K. Andersen, Phys. Rev. B27,

7144 ~1983!.
24Yu. Kucherenko and A. Perlov, J. Electron Spectrosc. Relat. Ph

nom.58, 199 ~1992!.
25D. E. Ramaker, Phys. Rev. B25, 7341~1982!.
26A. D. Laine, G. Cubiotti, and P. Weightman, J. Phys.: Conden

Matter 2, 2421~1990!.
27C.-O. Almbladh, A. L. Morales, and G. Grossmann, Phys. Rev.

39, 3489~1989!.
28Ch. Roth, F. U. Hillebrecht, W. G. Park, H. B. Rose, and E

Kisker, Phys. Rev. Lett.73, 1963~1994!.
29A. Chasse´ and P. Rennert, J. Phys. Chem. Solids58, 509 ~1997!.


