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The calculations of the spin-polarized M, ;VV (where VV is valence-valengeiuger-electron emission
following a core-hole excitation by polarized photons from the potassium surface has been performed. The spin
polarization of the KM, 3VV Auger electrons depends on the energy of the incident circularly polarized
radiation due to the mixing of 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 ong.S0163-182608)05531-3

[. INTRODUCTION cluded in the simple atomic model. These are spin-dependent
Auger matrix elements, local valence-band structure in the
It is well known that Auger electron spectroscopy pro- presence of the core hole, and diffraction of the outgoing
vides information on the characteristics of chemical bondsAuger wave on the atoms of the crystal.
and the electronic structures of solftsRecently the devel- In Sec. Il we describe the theoretical model used for cal-
opment of the angle-resolved and spin-resolved spectrgsulations. In the following sections we analyze in detail the
scopic techniques makes it possible to perform more detailegrocess of formation of the KM, VV Auger spectra for
investigations of the spatial and energy distribution of thevarious levels of approximations used in the theoretical
electronic states as well as their symmetrymodel. In Sec. Il we discuss the connection between photo-
characterizatiori* It has been shownthat spin-polarized electron, core-hole, and Auger-electron spin polarization, re-
Auger-electron spectroscopy is a powerful probe of localspectively. In Sec. IV we discuss the results provided by the
magnetic properties of solids, and it has been successfullgtomic model? taking into account, however, Auger transi-
applied to the study of ferromagnetic materi&l$However, tion matrix elements. Finally, in Sec. V the calculated local
if the circularly polarized radiation is used for the excitation valence-band structure for potassium crystal is considered
of the Auger process, the primary core hole has a preferretbr the K atom in the ground state as well as for the K atom
spin orientation. As a result, one obtains the spin-polarizedhaving a $ core hole and the role of the valence-band states
Auger emission also from nonmagnetic materials. This couldhaving different symmetry in the formation of the shape of
be an additional source of information on electronic states irthe Auger spectra is shown. This step-by-step consideration
solids. of the Auger-electron emission give us an opportunity to
In Refs. 10 and 11 the spin-dependent core-valenceseparate the processes that contribute to the formation of the
valence(CVV) Auger decay in alkali metals has been stud-Auger-electron flux and determine its intensity and spin po-
ied. It has been shown that the measured Auger-electron splarization. Conclusions are drawn in Sec. VI.
polarization correlates with the symmetry of the unoccupied
conduction ban_d reached in the primary ph_otoexcitation. The Il. BASIC EQUATIONS AND DETAILS
obtained experimental results have been interpreted qualita- OF CALCULATIONS
tively using an atomic model and Auger transition selection
rules. This simple model describes the behavior of the The theoretical model and the main approximations used
Auger-electron spin polarization with increasing energy offor the description of the Auger process have been given in
incident photons, but predicts considerably higher values foRefs. 12 and 13. Here we present the general expressions
spin polarization than the measured ones. used for the calculation of the spin-polarized Auger-electron
We have performed the theoretical study of the spindintensity.
polarized Auger-electron emission from the potassium sur- We assume the CVV Auger process to be a three-step
face excited by circularly polarized radiation. The aim of ourprocess. These steps are the followirig: an atom in the
work is to remove the discrepancies between theory and exsolid is excited by the incident photon and the core-hole state
periment taking into account effects that have not been inis createdyii) Auger decay of the core hole, which is filled
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by an electron from the occupied valence band while another . .

valence electron is lifted into an unoccupied state; il Ia'(k):J' | ,(E¢, K)dE;= > Ng,Ng,{MPgq,, (4

this Auger electron moves through the crystal to the surface 9192

and escapes into the vacuum. At this way it can be scattereghere n, is the occupation number for the corresponding

at the atoms of the crystal. valence subband. The spin-polarization of the Auger elec-
Let us consider the electron states involved in the CVVirons is obtained from the calculated spin-polarized intensi-

Auger transition: a core state(quantum numberg.,l ¢, uc) ties (2) as

and two valence statesg;,g, (quantum numbers

l12,my2,012). The escaping Auger electrdfinal statg is =1

described by a sum over spherical waves characterized by PAEZﬁ- ()

guantum numberk(=1,m) ando. The core holeg. pro- T

duced in the photoemission process have different weightsor the integral spin polarization the corresponding integral

determined by the dipole transition probability and especiallyintensities(4) should be inserted into expressits).

by the polarization of the light. The spinoxs. andy_ con- For our calculations we consider a geometry similar to

tribute to the wave function of the hole stdfgl u.) with  that used in the experiment of Stoppmaensl.'° where the

different weighting factors. This is a source of the spin po-K M, VV spectra have been measured. Auger-electron

larization of the photoelectron. It is usual to say that the coremission was excited from the surface of thick potassium

hole has a prefered spin. The spin polarization of the holéayers by photoionization with the circularly polarized radia-

states is transferred then to the Auger electron via matrixion of positive helicity having the energy varied in the range

elementM of the Auger process: 12-24 eV. The experimental data were obtained for the nor-
mal incident light and electron emission within an accep-
M(Lo,cl91,92) =(fLe,CIVI91,92) —(fLoClVIg2,91)- tance cone of-5° around the surface normal. According to

this experimental setup in the calculations the axis of quan-
It contains the expectation value of the Coulomb interactiortization was chosen parallel to the photon wave vector, thus
and the corresponding exchange integral. opposite to the surface normal.
The expression for the spin-polarized intensity of the Au- The experimental KMVV spectra presented in Refs. 10
ger electrons in a directios(e=k=r/r, k=ke, k=E;)  and 11 could not be resolved M,VV and M3VV contri-
can be written in the form butions due to the small value of the spin-orbit splitting of
the 3py», and 33, levels (equal to 0.27 eV as compared
. ’ with the 2-eV width of the Auger peakWe have calculated
I,,(Ef,k)=g <MU>9192f Dgl(Ef+EC_8)Dgz(8)d8’ both Auger spectra, and the superpositionM§VV and
e ) M 3VV spectra taking into account the difference in the bind-
) _ ) ing energies of the 8 sublevels has been considered as a
whereDg(#) is the local partial density of stat¢®OS) (g final result for comparison with the experiment. Thp,3
denotes a set of quantum numbers characterizing the valengge nole has another possibility for Auger decay, namely
electron stateand the integration is performed over the oc- ihe Coster-Kronig ,M 5V transition. This core-hole decay
cupied_part of the valence band. This_expression is obtained competitive with the considereld ,VV one, but it could
assuming the Auger matrix elements independent on the ey, expected that for small spin-orbit splitting of thp 8ub-

ergy of the valence states. 5 levels the probability of theVl,M3V transition decreases
Auger transition probabilitiegM?), 4, can be expressed rapidly.

as We simulate the potassium surface with a system of
5 muffin-tin potentials. The spherically symmetric potentials in
) . . ! , .
<Mg—>glg2:2WMc(€ahw) E BL,(K)M(La,c|gy,92)| - the atormc :pheres were calculated usmg- the Mattheiss
e L constructiont® For the exchange and correlation part of the

(3 potential the Barth-Hedin approximati$rwas used. The di-
pole matrix elements and the Auger matrix elements were
_  calculated using scalar relativistic wave functions. Taking
stateu. in the core shelt. It depends on the polarizatian  into account the relaxation of electron states by the core hole
and the energyi » of incoming photonsB, (k) is the scat-  the Auger matrix elementd) were obtained using the wave
tering path operator. It is the same expression that describégnctions calculated including the core-hole potential
the electron scattering in low-energy electron diffraction andyhereas for the dipole matrix elements the wave functions of
photoelectron diffraction? ™ It contains the expresssions the ground state were used.
for the direct wave, as well as the single and the multiple |n the present work we have studied Auger-electron emis-
scattering contributions. The effect of the electron diffractionsjon provided by the direct Auger wave from the emitter in
on the Auger electrons depends also on the posRi@ithe the bulk of the crystalwithout scattering effecis In this
atom emitting the Auger electron in the crystal lattice with case the scattering path operator has a form
respect to the surface. ThuB,depends orR and the Auger
intensity is a sum over contributiorig) for different sitesR. BL,(K)=i""Y_(K). (6)

In order to obtain the integral intensity of the considered
CVV transition we have to integrate the spectral inten€ly The calculations including processes of the Auger-electron
over the region of Auger-electron energigs. This gives diffraction are now in progress.

WMC(E,ﬁw) is the photoionization probability for the electron
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TABLE I. The photoelectron intensitieg®) for the p,,, and p5, level, respectively, for circularly polar-
ized light with positive helicity. The axis of quantization is parallel to the photon wave vector.

P 127 Iat w, =t e l? g, ?
%1 , %|Rg|2 %|Rd|2 , %|Rd1|2 % %

-3 5IRd?+ 5[Rdl? 15/Rq|? §IRd*+ 3Rdl? 5 3

Sum §IRJ*+5IRyl? 3IRyl? §IRJ*+5IRyl?

e R

2, . ElR(il2 §|Rd|2 . E|Rc;|2 3 5

3 5|Rd*+ 75[Rdl? ) E|Rdl|2 ?|RS|2+4_15|Rd|2 3 3

-3 3|RJ?+ 55[Rdl? 3R+ 15/Rdl? 0 1

Sum sIRJ>+ 8IRyl? 3IRJZ+ 3[Ryl 5|RJ>+5IRyl?

The local partial DOS and the occupation numbers for the lex1
PE _ = H 2 2
valence subbands were calculated by means of the self- o= ;n KIma|e-€jclcuch® R 8)

consistent linear muffin-tin orbitaLMTO) method*?? in

the atomic sphere approximation and including combined

corrections. The overlapping atomic spheres had radii oY"h?ree.'S the pho'Fon polanzatloreaumt vector, anc}R, the
2572 A. The angular momentum expansion of the basié"’.‘d'al dipole _matrlx element, respectively. According to the
functions for valence states was performed up+®. For dipole selection 'rule.s an electrorj from the,3 or 3py,
the calculation of the local electronic structure of atoms Withlevel can be excited into unoccupiscr d states above the

a core hole the LMTO—Green-function method has beerllzermi level. Calculating the photoelectron intensities for cir-
used?3 24 cularly polarized light with positive helicity we get the re-

sults shown in Table I. The photoelectron spin-polarization
Ppe and the core-hole spin polarizatiéh, are given by

Ill. CORE-HOLE POLARIZATION

PE PE 2 2
If we create a core hole with circularly polarized light the % (= 1ap) % Wy (@, — aj,-)
core hole is spin polarized. This spin polarization is different P = . Py=
from _thel spin polarization o_f the photoelectrons. The spin 2 w, 2 w,
polarization of the core hole is a source of the Auger-electron o "
spin polarization. 9

For example, let the core hole have a positive spin polar-
ization and the two-hole configuration be a singlet. One Using the values of Table | we obtain for tipg,, level
could expectusing a qualitative consideration ojlthat the
Auger-electron spin polarization should be negative, i.e., |Rs|?—|Ry|?
have a sign opposite that of the core hole. Indeed, if the PEZW!
spin-up electron falls from the valence band into the core s d
hole, the spin-down electron is lifted to the Auger state.
However, due to the selection rules involved in the Augerand for theps, level,
transition matrix elements the Auger-electron spin polariza-

1o 1 IRI* IRy

H=3FPETE S T~ 5 ~1— o
3[Ry +2[Ryl?

tion can be quite different from the core-hole spin polariza- 1 |RJ2— Ry
tion; even it can have equal or opposite sign. This behavior Ppg=— 3120 2
will be illustrated by discussing the Ki,3VV Auger tran- |Rs|*+ 2[Ry 11

sition. Especially, we will show that the spin of the Auger

electron can have the same sign as the spin polarization of ; 5 |RJ?—|Ry|?
the core hole even if the two-hole configuration is a spin Py=3Ppe=— 6o 2rom 12
- _ |Rs|“+2|Ry|
singletS=0.
The pyj2, P32 core states have the form For thepy,, level the value ofPpg is equal to+100% or to

—50% if we consider transitions only inte states ord
states, respectively. In these cases the core-hole spin polar-
ization is equal tot+ 33.3% and to—16.7%. If thepg, level

is excited, forPpg the corresponding values are50% and
where theY,, are the spherical harmonics and. is the +25%, whereas forPy they are equal to—83.3% and
two-component spinor. The photoelectron intensity is givent 41.7%. If boths andd channels are taken into accoliyg

by and Py vary between these extremal values.

ilw)=aj, Yi—apXx+ T @ u-Yiueanx-, ()
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It should be noted that the transitions to thetates and to by ag,_(32- Y1-1x-). Thus, in this case the positive spin
the d states lead always to the opposite sign of the spirpolarization of the Auger electron is opposite to the spin
polarization. In the casfR¢|?=|Ry|? these effects are can- polarization of the core hole.
celled, and the core hole is not polarized. Note also that for Summarizing we find that photoelectron spin polarization,
the p4» level the core-hole spin polarization is smaller thancore-hole spin polarization, and Auger-electron spin polar-
that of the photoelectron, whereas for {hg, level it has a ization are quite different quantities, and detailed consider-
considerably higher value. ation of electron-state quantum numbers and selection rules

Now we discuss the Auger-electron intensid) and its  is required to estimate the Auger-electron spin polarization
spin polarizatior(5). We restrict our discussion to the case of qualitatively. Nevertheless, the following discussion will
two valences electrons that are involved in the Auger pro- show that in many cases the Auger-electron spin polarization
cess, thusy;=|0007), 9,=|000,), ng=1. (The detailed is opposite to the core-hole spin polarization.
calculations for this atomic model are presented below, in
Sec. V) It follows from the Auger transition selection rules
that the Auger state is p wave|1mao). Evaluating the ma-  IV. ATOMIC MODEL INCLUDING MATRIX ELEMENTS

trix element(1) we get : . . . .
@ 9 We begin our considerations with the so-called atomic

1 model as it was qualitatively discussed in Ref. 10. One K

M= GRfSRC@Ll{a]-M(—1)“‘(1’2)5m,(1,2),ﬂ atom in the bulk of potassium metal is considered with a
potential equal to the crystal muffin-tin potential of K in the

X(8yg. 8y + =0, 0.8y +)F+ai, (—1)rr12 atomic sphere. After the photoexcitation process the atom
0,09 0'2,+ 0,0y o’l,+ ju— . . .

has a core hole. In the atomic model the screening cloud is
X 8m,~ (112~ u(80,0,00,,~ = 85,0,00,, )} (120  described by an additionalelectron. Thus the valence con-

figuration iss? and the Auger transition creates two holes in
whereR;s andR_ are the radial parts. For normal emission the 4s level.

only m=0 contributes, and Auger transitions are possible As a first step of the Auger process we consider the pri-

including a core state witl = +1/2. mary photoexcitation of the K 8,,, and 35, level by the
Usir;g Eq. (13), quantities given in Table (especially  circularly polarized photon with positive helicity. The prob-
|lajus*=]aj,-|?), and Eq. (3) with Bim,(e)=  apility WMC(E,hw) for this transition is determined by the

=i ﬁ3/4775m,0 the Auger-electron intensity4) for normal

emission is given by square of the dipole matrix elemdisee Eq(8) and Table ].

It depends on the energy of the incoming photon due to the
2 energy dependence of the radial matrix elements. This en-
2 Wu{2|0‘ju+|2 ergy dependence is presented in Fi@) Bnd is quite differ-
ent for the transitions into thes and into thed states.
Whereas just above the Fermi energy of bulk K the transi-
tions intos states have considerably higher probability, the
transitions intod states dominate at higher energies. Note
channel, i.e.|Ry|2=0. From Table | we can see that the core that this result c_ould be obtained even without the band-
. 1 . 3. 3 structure calculation for the unoccupied electron states above
holes are created in tg1~3) level or in the|31- ) and the Fermi level. Continuund wave functions obtained as a
|51—3) levels. Thus in both cases onjy=—1/2 contrib-  solution of the Schidinger equation for a single muffin-tin
utes to the intensity13). potential show increasing amplitude in the intra-atomic re-
For thep,, core state a hole is created only in the= gion for energies close to the resonance. This causes in-
—1/2 level (for |Ry|?=0, Table ), thus the photoelectron creasing transition probabilities from the core levels into
spin polarization is+ 100%. The core-hole spin polarization continuumd states.
(10) is +33.3%. It differs from 100% because a spin-down  The contributions to the probability, (€,%w) are given
party_ is also involved in theu=— 1IZOwav_e functlc_Jr(7_). in Table I. The values are determined by the different factors
From Eq.(13) we getl, =0, th_us+ 10(.M) spin polarization at the spinorgy, andy_ in the core state§,l.,uc). The
g];ghfh':usgpfr: f,fgrricz)gﬁggimg %ﬂggfaetl'ggtr%fntmz\fgr;:?:}etransition intos and d states contr.ibutes with different
eight for separate core statps. Using the radial dipole

same sign. The positive sp|n2polar|zat|dﬂ33.3‘;b of the  atrix elements of Fig. (B) we get an energy dependence of
core hole is determined byry, (i), =2/3> i, (1) w,_as shown(for the 3ps, level) in Fig. L(b). For s,

=1/3 (Table )). But due to the selection rules for the Auger —3/2 and 1/2 the energy dependence is determind®i.

transition only the termav,,_(1/2)- Y10x - Of Eq.(7) can con- 5 : T
tribute to the Auger transition, thus an electron with spin|RS| contributes only fofu..= —3/2 and 1/22' Fro“g Table
it can be seen thaw, =w_,_holds for|Ry|*=|R4|*. But,

down (the opposite of the core-hole polarizatipgoes into
the core hole and the spin-up electron is excited as the eglespite the large factor 0Ry|? for u.=—3/2 the contribu-
caping Auger electron. tion of |Ry|? dominates for energies around 4 eV.

For the pg, state the core hole can be created in the ~ The values ofw, for the 3py, level have qualitatively
=—23/2 or in thew= —1/2 level. In the Auger intensit{1l3)  the same behavior. At small energies, where the photoelec-
the termag, (12~ Y1ox— is involved, which has the same tron is excited predominantly ints states, the transition
spin polarization as the core hol®,{ is mainly determined probability is determined by..= —1/2, whereas around 4

311
| oI ERstcs

><5%(1/2)50,—+2|am+|25ﬂ,—<1/2)5a,+}- (13

Let us consider the case of the photoexcitation into ghe
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£ _ ] old of the K 3ps, level; then this value decrease with in-
» -40 L ] creasing photon energy to zero at 1.5 eV and-23.9% at

0 1 2 3 4 5 4.75 eV. This behavior qualitatively agrees with the

experiment? the energy point where the spin polarization
changes sign is also very close to the measured data. How-
ever, the absolute values of the Auger-electron spin polariza-
tions in both energy regionévhere they are positive and
pied s (dotted ling and d states(dot-dashed ling (b) excitation ~ Negative are overestimated. Moreover, if we take into ac-
probabilities for sublevelg. of the 3p,, level, and(c) spin polar- ~ count the contributions frorM,VV transitions (which pro-
ization of the core holddashed ling and of the Auger electron Vide a spin-polarization of 60.3% at threshold and of
(solid line) vs the photoelectron enerdyneasured with respect to —44.5% at 4.75 e, the overestimation becomes more con-
the Fermi level. Curves(1) belong to theM,VV transition and(2) siderable. Thus, we have to improve the theoretical model
to theM3VV transition; only the §s) two-hole configuration in the taking into account the valence-band structure of the K
final state is taken into account. metal.

Photoelectron energy (eV)

FIG. 1. (8) Squared radial dipole matrix elements for the photo-
excitation of an electron from the Kmcore level into the unoccu-

eV the transitions from the state with,=1/2 have much
higher probability due to the large value |&y|>.

If we consider transitions from the K@Blevels intos and In order to take into account a realistic valence-band
d states separately, the core-hole spin polarizat®p  structure of K metal we have performed self-consistent band-
(10,12 does not depend on the energy and has the valuestructure calculations by means of the LMTO method.
discussed in Sec. lll. Taking into account both excitation In contrast to a free K atom having one valence electron
channels and the energy dependence of the radial matrix el the spherically symmetrig state, in the crystal the valence
ements we get an energy dependence of the core-hole spitates are described by the Bloch function, which can be
polarization Py as shown in Fig. (). It varies from expanded locally at the atomic site in terms of angular mo-
—50.2% at the threshold to 37.1% at 4.75 eV above thementum. Due to the nonspherical surroundings of the atom
Fermi level for the photoexcitation of thgg, state. For the the contributions with>0 appear even for alkali metals. For
3py, level the corresponding values are equal to 20.1% anthe K metal from the decomposition of the calculated band
—14.8%, respectively. states within the atomic sphere we get the valence electron

The spin polarization of the core-hole state causes theonfigurations®69031%19%73 Therefore for the calculation
spin polarization of the Auger electroRse [Eqg. (5)]. Its  of the Auger-electron intensities at least the contributions
values are modified due to the different energy dependencdsom the electron states @f symmetry should be taken into
of the Auger transition matrix elements and the dipole matrixaccount.
elements, respectively, for all quantum numbggs But in The energy distribution of the valence electron states in
the atomic model for all energies under consideraffpe ~ potassium is shown in Fig. 2. The occupied electron states
has a sign that is equal to that of the core-hole spin polarizahave mostlys symmetry. Theg andd contributions are neg-
tion for the M,VV transition and is the opposite of that for ligible at the bottom of the valence band; however, they in-
the M3VV transition. That means in the atomic modele crease rapidly with increasing energy, and at the Fermi level
has the same sign for both transitions. these contributions are comparable with thas&ymmetry.

Thus, using the simple atomic model we obtain for theJust above the Fermi level the and s densities of states
M;VV transitions the spin polarization of the Auger electron have higher values, but at energies above 1.5deStates
to have the value of 48.6% just above the excitation threshdominate.

V. VALENCE-BAND STRUCTURE
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ey
3 the photon energy lifting the photoelectron to 1.5 eV above
8 0.05 the Fermi leve[the case of disappearing spin polarization of
[ Auger electrons in the atomic model, see Figc)l The
o dominant contributions to the Auger intensity arise from the
(sd) and (pd) two-hole states due to their higher values of
0,00 . transition matrix elements. Even the contribution of tHelY
-4 -3 2 -1 0 configuration is of the same order of magnitude as that of the
Energy (eV) (sp) configuration in spite of the smaller occupation number

of valenced states in comparison to theeandp states. It is

simple to realize the role of the transition matrix elements in
the formation of the Auger spectrum if we compare the con-
tributions to the spectral intensity with self-convolutions of

If we consider the atom with a core hdfimitial state for  the partial DOS in Fig. ®).
the Auger procegsas an impurity site and perform self-  The theoretical results obtained in Ref. 27 for alkali and
consistent electronic-structure calculations for this point deother simple metals show that for core-valence-valence Au-
fect in a crystal, this results in, for the impurity valence con-ger decay of the initiap core hole the processes creating an
figuration, s*%69%62810-278 |t can be seen that the core hole (sp) two-hole final state have the maximal probability. In-
is almost completely screened by the additional electronideed, in our calculations thes)) contribution would be
charge transferred to the atomic sphere from the surroundingnaximal if we would not take into account tllecomponent
atoms. It should be noted that due to the screening the occuwf the valence wave functiofin Ref. 27 thed states have not
pation numbers are significantly increased for lalbtates been involved in the calculationsBut, due to the high val-
considered and we could not conclude predominasitly p ues of the Auger transition matrix elements for final two-hole
screening as has been done for Mg in Ref. 26. Note espe&onfigurations containing states, ¢d), (pd), and dd) con-
cially the increased occupation number for valedestates tributions become very important.
due to the transferred screening charge. This can be seen in Fig. 4, which shows the calculated K

In order to describe the shape of theMk, 3VV spectrum M, 3VV spectrum. The valencd states in K are significant
we have to construct self-convolutions of a partial density ofin the upper half of the valence band. This leads to the fact
stategDOS) [see expressiof?)]. According to the final state that the energy distribution of the total Auger intensity dif-
rule”® the valence DOS in the final state of the Auger procesders from the shape of the sum of partial DOS convolutions
should be used, i.e., the valence band containing two finaldotted line in Fig. 4, which is determined mainly by the
holes. However, the valence hole states in K metal are delandp states. Therefore the maximum of theMg V'V spec-
calized and do not perturb the energy distribution of the vatrums is shifted to higher energies and the width decreases as
lence electrons. Thus the ground-state DOS given in Figcompared to the DOS convolution. This calculated shape of
2(a) could be used for the calculation of self-convolutions.the spectral line agrees well with the experintémthere the
But we have to rescale them according to the impurity va-maximal value was obtained at the energy 1 eV under the
lence configuration. The results are shown in Figdp).3 upper edge and the width was about 2 eV.

In our Auger intensity calculations for thd , V'V spec- The spin polarization(5) of the Auger electrons is dis-
trum there are contributions from the Auger transitions thatussed for the energy-integrated intensf#y for normal
create in the final-states§), (sp), (pp), (sd), (pd), and emission(see Sec. )l The spin polarization(5) calculated
(dd) two-hole configuration in the valence band. These confor the separate terms in the sum of the expres¢brior
tributions to the Auger spectrum are shown in Figg3or  each combinatiomy,,g, is presented in Fig. 5 for different

FIG. 3. Contributions of different two-hole configurations to the
intensity of theM 5VV spectrum(a) and to the DOS convolutiotb)
for the photoelectron energy 1.5 eV.
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spectrum is provided by the outgoipgwvave, but thef wave

30 |- . dominates over the wave for theM;VV transition. How-
& ever, it should be pointed out that the total intensity of the
g 20 - 1 Auger emission is not equal to the sum of fiére contribu-

5 10 [ ] tions of the outgoing partial waves given in Table Il due to
N the interference between different waves. The interference
g, contributions appear from the square of the sum dvésee

g | Eqg. (3)] and could affect essentially the value of the Auger
S0} . flux spin polarizationespecially if the interference terms for
& spin-up and spin-down states of the Auger electron have dif-

20 | . ferent sign. In the case of noticeable contributions from the

interference terms to the total intensity the value of the

-30 Auger-electron spin polarization cannot be deduced simply

30 UL R B L from the pure partial contributions presented in Table Il. For

example, if in the case of th@(l) two-hole configuration for

the M,VV transition the smalpure contributions from out-
goings andg waves are neglected and we take into account
the d wave only, the calculations give a wrong sign of the
Auger-electron spin polarization for this two-hole configura-
tion.

] From the total intensities we can find according to &j.

_ the spin polarization of both considered Auger spectra. In the
. energy region from 0 to 4.75 eVhote that the “energy”

— means here the energy of the photoelectron state above the

20 -

10 |

10 |

Spin polarization, %
o

20 b

w1 . osd Fermi leve) the spin polarization varies betweerb.9% and
0 Ph ][ | t2 3 ‘{/ 5 +4.4% for theM,VV spectrum and betweet 22.2% and
otoelectron energy (eV) —16.4% for theM 3VV one. It should be pointed out that in

FIG. 5. The spin polarization contributions of different two-hole both cases the spin polarization of the Auger electrons has a

configurations in the direct Auger wave fdt,VV (a) andM;VV sign opposite tp that F)f the correspondlng core hole.
(b) transitions vs the photoelectron energy. The spin polarization for FOr comparison with the experimental data we have to
the (s configuration is shown in Fig.(&). Thedd contribution in ~ overlap the calculated Auger intensities fd4,VV and
(a) is not shown due to insignificant values of the spin polarization.M3VV spectra taking into account that the photoionization
Results are without scattering contributions. threshold for the B4/, level lies at higher photon energies
due to the spin-orbit splitting of the K8level of 0.27 eV.
photoelectron energies. The spin polarization of the total AuAs can be seen from Fig. 6, the calculated results are in good
ger flux is determined by the most intensedf and (pd) guantitative agreement with the experiment, especially for
contributions. In theM,VV [Fig. 5a)] spectrum these con- the low-energy side of the considered energy region and for
tribution have the spin polarization of opposite sign in com-the position of vanishing spin polarization. The total spin
parison to 69), (sp), and (pp) contributions. Auger transi- polarization of the KM, 3VV spectrum starts with 22.2% at
tions creating theqd) two-hole configuration provide highly the 3ps, excitation threshold, falls to 11% at the energy
polarized Auger electrons, whereas thed) configuration where M,VV transition is switching on, then decreases to
causes the spin polarization of abati5% and Auger elec- zero at 1.5 eMthe position of this point is determined only
trons corresponding to transitions intdd) two-hole con- by the condition|Ry|?=|R4|? and does not depend on other
figuration are practically nonpolarized. factors that determine the Auger procedsor higher ener-

In the case of théM;VV [Fig. 5b)] spectrum all contri- gies the spin polarization is negative, the calculated results
butions have the same qualitative behavior of the spin polarhave, however, to some extent higher absolute values than
ization (from positive to negative values with increasing en-experimental ones: about 5% in the experiment and
ergy). The differences in the spin polarization for the —9.7% in the calculations at energy 4.75 eV. Possible

configurations containing states are small. causes for these deviations are discussed below.
TheL components of the outgoing Auger wave are deter-
mined by the selection rules. In order to estimate the weight V1. CONCLUSIONS

of each component for the specific Auger transition we have

calculated intensity and spin polarization of the Auger emis- We have performed the calculations of the NK; sVV

sion if only one partial contribution of the Auger wave is spectra taking into account the spin-dependent Auger transi-
taken into accourfit means that only one term is taken into tion matrix elements and the partial electron-state configura-

account in the sum over in the expressiofi3)]. The results  tion in the valence band. It should be noted that the indepen-
are summarized in Table Il It can be seen, for example, thadlent particle model used in the present calculations provides
for the (pd) two-hole configuration the outgoirdywave has reasonable results even for the region of the excitation ener-
the highest intensity whereas tpare contributions ofs and  gies that is usually considered as a region of the resonant
g waves are very small. Note, that in the case of thd) ( Auger processes. It seems that the strong screening of the
configuration the most intense contribution to thbVV core hole in metals almost removes the difference in the



4180

YU. KUCHERENKO AND P. RENNERT PRB 58

TABLE II. Intensity | (in arb. unit3 and spin polarizatio® (in %) of the partial direct Auger waves for
different two-hole configurationg, ,g, in the K M, 3VV spectrum. Two photoelectron energies are consid-
ered.

M,V M3VV

E=0 eV E=4.75eV E=0 eV E=4.75eV

01,9,  Auger wave | P | P [ P | P
(s9 p 0.15 60.3 150 —445 020 487 3.10 -23.9
(sp) s 028 —20 283 15 059 45 596 -3.3
d 0.15 7.7 147 -57 025 189 3.07 -11.7
s+d 0.42 283 431 -209 087 15 9.08 -11
(pp) p 0.13 12.1 130 -89 0.29 40 277 -32
f 0.02 120 019 -89 0.03 498 038 —320
p+f 0.15 31.9 148 -236 030 42 309 -3.0
(sd) p 119 -49 1208 36 027 422 311 -27.1
f 0.15 10.3 155 -76 245 203 2557 —145
p+f 135 -294 136 217 293 272 29.07 —205
(pd) s 003 —-66 0.38 4.9 008 163 081 -121
d 0.96 41 9.68 —3.0 203 212 2048 -157
g 0.004 6.9 004 -51 0006 39.8 007 -26.1
s+d 099 -15 1005 1.1 212 221 21.32 —165
s+d+g 1.00 -59 101 43 218 227 21.48 —17.3
(dd) p 0.004 190 004 -141 001 15 010 -11
f 0.26 2.7 263 —2.0 053 263 536 -195
h 0.0001 67 0001 -49 00001 49.8 0.001 —32.9
p+f 0.26 1.3 268 -094 055 259 546 —19.4
p+f+h 026 —0.08 268 0.6 055 261 547 —19.7

initial state of the emitter for the resonant and normal exci-are dominating for the formation of the parameters of the

tation.
It has been shown that taking into account the band strudions other than £s) lead to the Auger emission with a

Auger emission. The processes creating two-hole configura-

ture in the K metal is very important for an accurate theoretsmaller value of spin polarization. As a result we have ob-
ical description of the Auger-electron intensity and spin po-tained decreased values of the total spin polarization of the
larization. Due to the high Auger transition probabilities the AUgEr electrons as compared to the atomic model.

Spin polarization, %

20

the electron scattering affects the spin polarization. There-
-——— fore, Auger-electron diffraction should be taken into account

1 for the calculation of the spin-polarized Auger-electron emis-

T sion even in the case of nonpolarized scatterers in the crystal
7 if the Auger selection rules allow the outgoing Auger waves

T with different quantum numberis This does not appear in
the atomic model as mentioned in Ref. 10. In this case ac-
cording to the Auger selection rules there is onlp avave
outgoing from the emitter, and the diffraction of this wave at
the surrounding atoms will not change the ratio of spin-up

and spin-down intensities. On the contrary, for other two-
|- hole configurations there are direct Auger waves of different
symmetry and, consequently, of different partial spin polar-
i ization. In this case the Auger electron diffraction will

change the contributions of different waves to the intensity in

2 3 4
Photoelectron energy (eV) . . e >
the measured direction of the Auger emission, and this can

FIG. 6. Comparison of the calculated spin polarization of the Khave an effect on the spin polarization of outgoing Auger

M, aVV spectrum(solid line) with the experimental resultRef.  electrons. These scattering processes will be considered in a
10) (vertical barg. forthcoming work.
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The theoretical model used in the present work describesance energy region there are contributions to the spectral
quantitatively the experimental results obtained in Ref. 10. lintensity from the photoelectrons that are directly excited
should be pointed out that it is possible to significantly im-from the valence band. For the excitation energies near the
prove on the calculated values as compared to those providep, , threshold the valence photoelectron spectrum overlaps
by the atomic model. For example, whereas the atomighe M, vV Auger-electron spectrum. The intensity of the
model gives a spin polarization of the Auger electrons of\,vv spectrum could be reduced by the existence of the
about 50% at the threshold, taking into account the electrogompetitive Coster-Kronig transition, as it was mentioned
band structure in the crystal decreases this value by factqfpove. The Coster-Kronig transition could also change to
2.5. Our inVeStigationS Confirm the ideaS discussed in Ref 1gome extent the @3/2 Core_hole Spin po'arization_ All these
that the spin polarization of the K1;VV Auger electrons  processes require an additional detail consideration and
reflects the symmetry of unoccupied electron states abovigould be a subject of further theoretical investigations.
the Fermi level at the energy reached in the primary photo-
excitation. The position of the energy point where the spin
polarization changes its sign, especially, is determined accu-
rately within the atomic model and is not influenced by tak-
ing into account the band structure and scattering effects. We are indebted to Dr. N. Mier for stimulating discus-

Some deviations of the calculated results from the experisions. This work was supported by the German Federal Min-
mental ones could be explained by approximations used iistry for Education and Resear¢BMBF) under Grant No.
the theoretical model. Especially, in the considered reso332-4006-06 HAL 01(8).
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