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Direct calculation of valence-band Auger emission: Spin polarization of Auger electrons
from a potassium (110 surface
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We report calculations on spin-polarized Auger electron emission from the valence band of a potassium
(110 film. In treating this process we use &helectron scheme that is based on a generalized version of
density-functional theory. The transition rate is determined by explicitly evaluating the transition matrix ele-
ments that contain the four states involved. The core and valence states are obtained from a self-consistent
full-potential linearized augmented plane wave calculation or{1d8 multilayer. In the experiments that the
present calculations refer to, the particular oriented core-hole state is created by photoexcitation using circu-
larly polarized light. The observed energy spectrum and the angular dependence of the spin polarization of the
emitted Auger electrons can be simply related to the character of the spinor-hole state. We compare our results
for normal incidence of the light to the pertinent experiments on the Auger spin polarization referenced to the
spin of the incoming photons. The results are in fair agreement with each [H04:63-18207)02940-9

Auger electron spectroscopy represents one of the stamransition within that framework we largely rely on the work
dard characteristic techniques in the study of the compositionf Aschenbact? As for the electronic states of the crystal,
of bulk materials and their interfacésThere are numerous we employ the FLAPWwIEN95 codé® to calculate the itin-
theoretical studies on the interconnection of the Auger specerant valence and semicore states. The method requires a
trum and the electronic structure of materialy’ The  subdivision of the crystal into sufficiently large but nonover-
present study was motivated by experiments by Stoppmanrapping concentric sphere@tomic sphergs around the
et al!® on spin-resolved Auger transitions that involve two atomic nuclei and an interstitial region between these
itinerant states of the valence band @10 alkali-metal spheres. Inside the atomic sphere the one-electron state of
films. By using circularly polarized light in creating a core band indexn is given by
hole below that valence band, one generates a one-particle 1
spinor state of a well-defined total angular momentum with (e, ,k,f)ZE 2 C(Lny)(fn KR (€ ,r)YL(F)XU ,
respect to the direction of the incoming light. The theory and L »=0 "
the calculation we shall be presenting rest on a golden-rule— . @
type treatment of the spin-resolved Auger transition wheravhere spherical harmonics are denotedviyr), L= (I,m).
the valence states are itinerant. They are determined within@he quantityy,,_ represents a unit spinor for the spin orien-
scalar-relativistic full-potential linearized augmented plane;gion o,=*+1. The functionR,o(e; ,r) is regular at the ori-

wave (FLAPW) calculation’® The results we obtain for the gin and'solves the radial part of the Kohn-Sham—tggs-
spin polarization show fair agreement with the experiment. type) equation for E=¢ and Ryy(,r) denotes its

Both the initial and final Auger states are excit@dutu-  qmalized energy derivative. To study the screening effect

ally degenerate N-electron states that can be describedy the core hole on the Auger emission, we have carried out
within a generalized density-function@BDF) theory.(Fora 5 seif.consistent calculation for a fixed ole where the
general discussion of excitations within that framework Se&creening is accounted for by including one additional va-
Refs. 20 and 2}.The key idea of GDF theory resides in |once electroR®25

mapping the interactingN-electron system onto that of a = aq nas been shown by Chattdfjand more recently for

noninteractingN-electron system having the same Spin-ihe gpin-resolved case by Aschenb&&the Auger transition

_resqlved ont_e-_partlcle densities as the orlglr_1al one_but MOVe_te P can be cast into the golden-rule form
ing in a modified external potential. The noninteracting wave '

function has the form of a Slater determinant. The approach

used in the following is based on the assumption that the?d(a,d)x >, |Mi;’d'Ua'msa)(k’n’;k,n)|25(ed—en,(k’)

transition matrix elements describing the Auger process can, k' k,n’,n
to a good approximation, be calculated by using the pertinent 7aMs,
initial- and final-state determinants instead of the true e (K
en(K) + €a). v

N-electron wave function. As a consequence, the following
calculations concern only one-electron states by which thesdere oq= £ 1 refers to the two spin orientations of the out-
Slater determinants differ. In describing the spin-resolvedjoing electron with respect to the spin direction of the in-
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coming photon that creates the core-hole state and is circand
larly polarized. The spin quantum number of the core-hole

spinor statay,(r) is denoted bynsa (= +3) referring to the

total angular momentum,=1,+ ms, of the spin-orbit split W (0 (r)¢( S)*(f’)lﬂ (r")
core-hole doublet states. The spinor componéhip” and g(Ms) = f f d b c drdr’. (5)
“down” ) with respect to the spin of the incoming photon are Eanc r—r

characterized byr,=*1 and correspondingly by,=*1
ando.= =1 for the two valence states that we alternatively
denote by, (r) andy(r) whenever a simplified notation is With CCV andCVV Auger transitions one is dealing with a
desirable. The matrix elements on the right-hand side of Ecgore-hole state that is, to a good approximation, confined to
(2) can be split into two portions the pertaining atom. Hence the integration over the
r'-dependent functions may be restricted to the atomic
sphere of that atom. On the other hand, the integral under
consideration may be viewed as a sum of multipole poten-
M(f’d"’a’msa)(k’,n’-k,n)z s 5 S tials that are of sizable magnitude only within that atomic
fi ! abcd 0a:0p " Tc:0g K g . .
sphere as well. We are therefore justified in performing the
(mg) integrals over the- and r’-dependent functions only over
—E_ 205, 0.9, .0,+ (3  the atomic sphere of the atom that contains the core hole.
The core(or semicorg state may be approximated by an

(mg, ) atomiclike two-component spinor

where D( S) and E denote, respectively, the so-called
direct and exchange portlons of the transition matrix ele-

ment, which are defined by (me) (mg )
(=2 g (DX, 6)
(mS> ! !
o) WEO) g = () (r)
Db~ f f [r’—r] drdr’ (4) where
|
[I+3xm; -
e =12 1 Y|ayma(r) for o,=+1
g =R (€)X — (7)
I+3F m, ~
W Y|a'ma+1(r) for 0= — 1
|
and tion is matched smoothly at the sphere onto a linear combi-
nation of a spherical Bessel and a spherical Neumann func-
1 . . tion with a phase shif6, (e4). The direction of the outgoing
ma:mj_—, —j$mj$1, . od . ~
2 electron is characterized by the unit veckgr.
If we employ the expansion
with j denoting the total angular momentum quantum num-
berj=1,+ M. The spmorslf ) satisfy a two-component 1 1 oy
scalar-relativistic KS- -type equatlon with an additional spin- r | :47T|’zm S N Yim(r)Yim(r), - (9)
orbit coupling term.(For details see Ref. 2)7.
The outgoing Auger electron may be described by a time-
reversed low-energy electron diffraction state in the so-callevhere y(r’,r) is defined
single-scatterer approximatith
1l
MESS for r’'<r
Pa(eq, 1) =2 19YF (Kg)e' MR, (e4.1)YL (N Xoy, n(r' =y : (10)
Lq

®) PES for r'>r

with R, (eq,r) denoting again a regular solution to the radial the matrix element® .4 and E,p,q can be cast as a sum
part of the scalar-relativistic KS-type equations. This func-over products of one-dimensional integrals. We define
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1
( '
D, 1, =2 Gl Ll DG Ly L) 5t Z CLy (k)L (ec(KF 1y (Llalbule 10) 8o oy B e
11
whereF ., is shorthand for
Mo ’ ’ 1 rf 1+2
Fvv'(lalarlbrICrld): Rld(edvr )Rlcv(ecrr ) T+ 1 r R| (Ea!r)RIbv'(eb!r)dr
0 r 0 a
o 1
+r"f r—r_—era(ea,r)Rrbyf(eb,r)dr}dr’, (12
r/

with ro denoting the atomi¢muffin-tin) radius of the emit- |ID(* V2 g+ V212 |p(+ V212 |g(+ 122
T+ ” ! H d d d d
ter. The quantrtresG(L ,L,L_) rr]er))resent Geunt rntegrals. pP= orF T 1’2)|2+|D(+ 1’2>|2+|E(*1’2)|2' (17)
The corresponding expressuﬁi %, . is defined in com- Lg L Lg Lq
a-b-c-d

plete analogy to Eq11). With these definitions at hand we
are now in the position to cast the matrix e|emdh];%]zac)j as One reCOgnizes that the pOIarization would be zero if Only
the direct or the indirect Auger process were to occur. For
o 5 (mg.) hole states wheren; = 3 both currentsl . and | _ contain
abcd ; Yy (kd)e' 'a Ed)z E D, Lololy additional expressrons that arise from the fact titgtnow
te Lo has two nonvanishing spinor components. This results in a
different polarization, which, however, would also become

= ilay* (kg€ ‘9Id(fd)D(LmSa) (13)  zero if one could block one of the decay channels.
Lq d d Our calculations on a seven-layét10 potassium film
where were carried out by employing the FLAPWIENY5 cod&®

and using a repeated slab geometry. The experiments by
D(msa)—E E o(ms,) Steppmenn:et al. were performed py shi_ning cireular_ly po-
L= L. larized light on thg110 potassium film with the direction of
d Le Lp a-b-c-d . . . . .
the incoming light being perpendicular to the surface. Hence
Since L, is entirely fixed by the predecessor process, wehe core-holep states were created with a quantization axis
have not displayed this dependence explicitly. Again, theparallel to the surface normal. At the threshold energya

corresponding expression f(E;rEza; is defined completely electron is transferred to the Fermi lewal in the valence
+ -
analogously to Eq(13). band. Because of the dipole selection rile= + 1, the tran

The contribution of the final state to the outgoing currents't'on probability and hence the num_berpy‘,z hOIGS created
per second are determined by thpartial density of states at

o4(Ka) within a cone of angled(l(ky) is proportional to . For circularly polarized light we have, in addition, the
kddQ(kd) The polarization of the outgoing Auger current is selectlon ruleAm= = 1. Because of the forn6) and(7) of
defined by the spinor states, the rate at whigttore-hole statels, + 1)

are created is, by a factgr, less than for states of, = = 3
(14 Hence, at the threshold energy of the core-hole creation pro-
cess the polarization of the outgoing current is strongly

where the plus and minus subscripts correspondte =1.  dominated by Auger transitions that involyg,+ ) core-
To get a rough picture of the origin of the polarization we e states. At higher photon excitation energiescttipartial
reduce temporarily the sum over the valence band iNB4).  gensity of states comes into play, so that one is now dealing

to just one term and describe the outgoing electron by ongith Al=+1 as well, which gives rise to a change of the
partial wave only. If we observe the spin selection rules exyoarizationP.

pressed by the Kronecker symbols in expres$8)nwe then

have foroy=+1 and a hole state associated wjth 3 and
3
m=3
i~ 2

l—1_
BN

The core-hole statds, + ;) practically do not contribute
to the observed Auger emission if one reaches or goes be-
yond their excitation energy because they are immediately
OC|D(+1/2> E +1/2)| (15  blocked by a very fast Coster-Kronig deéds” by which
electrons from thé3,+3) and|3,= 3) states are transferred
and foroy=—1 to those hole states. Despite the negligible contribution of the
| o] D(+1’2)|2+ | E(+1’2)|2 (16) |3,+3) states to the observed Auger current, we have calcu-
- Lq b 1 lated the spin polarization that one would obtain if the pos-

from which we obtain sible Auger processes associated with the stbfes 3),
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FIG. 1. Angular dependence of the spin polarization of the Au-

ger current for the maximum peak in the Auger spectrum. The FIG. 2. Angular dependence of the resulting spin polarization

i _3
results for the different core hold§, —2), |3,— 1), and|%, from the calculations of the two core-hole statgs—3) and

are presented by the solid, short-dashed, and long-dashed curvé%;* 2)- The curves shown pertain to different ratios of the number
respectively(a) shows the case of a screened core hole as explaine@f the pertinent core holes. As in Fig. 1, the curvegdnand (b)

in the text.(b) shows the result for a calculation where the valence®fer to the results with and without the inclusion of core holes.
states have been determined in the ground-state potential without

core holes.

the best agreement with respect to the general tendency of
angular dependence, i.e., going slightly higher with the emis-

|2,—1), and|%,— 1) could be observed individually and if sion angle, is. obtained . if one assumes a ratio

the Coster-Kronig decay would not occur. The result is-12/N-32=1/3 in accord with the above theoretical con-
N B ideration.

shown in Fig. 1, where we have plotted the dependence on N

the emission angle of the Auger spin polarization that refers _The results s_hown in Figs.(d) and_ 4@ have been ob-

to the three core holes. The angle dependence for the cor ined by allowing the seven-layer film to screen the core

3 3\ g L . ) ole in a particular way: The central layer was throughout
hole state|7, — ) displays a distinctly different behavior. o terations assumed to consist solely of K atoms that all

Figure 2 shows the angle dependence of the polarizatiopynained a B core hole and one additional valence electron
for the sum of the Auger currents that are associated with thgistributed over the entire layer system. We have used this
core-hole statelg, — 3) and|3, — 3). The five curves referto screening model as an initial rough approximation to dem-
five ratiosn_,,,/n_3,, wheren_,,, andn_,, pertain to the onstrate the significance of screening. Figurés and 2Zb)
respective number of core holes contributing to the outgoingefer to the case without screening. Obviously, the polariza-
current. The experimental results are marked by closetion is now much smaller. The origin of the enhancement of
squares. Though the curve with a ratin 4,,/n_3,=2/3  polarization by a screened core hole may be seen in the dra-
shows slightly better agreement with the measured data at Ofhatic change of the local partial density of stateBDOS.
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This change consists in a massive reduction of gktgpe by using a more realistic screening model. Work in this di-
LPDOS neareg in favor of thep- andd-type LPDOS, which  rection is under way.

indicates that a valence electron alters sizably the partial-

wave components of its wave function as it goes across an This work was financially supported by the Ministry of
atom containing a screened core hole. It is conceivable thd&ducation, Research and TechnoldMBF) of the Federal
the agreement with the experiment may be further improvedRepublic of Germany.
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