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Theoretical description of spin-resolved appearance potential spectroscopy
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A theoretical description of spin-resolved appearance potential spectroscopy is presented on the basis of a
single-particle description of the underlying electronic structure. The final expression for the signal intensity
turns out to be essentially a cross-section-weighted self-convolution of the density of states above the Fermi
energy, in close analogy to the result for core-valence-valence Auger electron spectroscopy. Application of the
formalism presented to bcc Fe and fcc Ni leads to results in very satisfying agreement with corresponding
experimental data. Because this is achieved only by treating the involved transition matrix elements in a proper
way, their properties are discussed in some ddia163-1827)03344-4

. INTRODUCTION mandingeret al!® Within the approach to be described all
exchange and correlation effects are treated in an effective

Appearance potential spectroscoyPS) was developed way within the framework of local spin-density-functional
about two decades ago by Houston and PaflSince then, theory that is used as a basis to calculate the underlying
it was successfully used as a component selective probe f@ectronic structure. In contrast to the previous theoretical
unoccupied electronic states in solids and at surfac&m- description of APS, more emphasis is laid here on the details
p|y Spoken, APS is an inverse Auger electron spectroscop?f the band structure and the involved matrix elements. As it
(AES) experiment; i.e., one records the rate of core holgwill be demonstrated below, satisfying agreement can be
creation, using either emitted fluorescence radiation or Augeachieved that way with spin-resolved experimental spectra
electrons, as a function of the energy of a primary incomindor Fe and Ni, which ObViOUS'y show no correlation-induced
electron beam. Accordingly, APS turned out to be especiallysatellites.
suited to study surface-specific problems such as adsorbate
system$:’ Kirschner extended the application of APS to the Il. EXPRESSION FOR THE APS SIGNAL INTENSITY
study of magnetic systems by using a spin-polarized primary
electron bearfi.His experiment on Fe was later refined by
Dose and co-workers and extended to other bulk matéfials
as well as surface systerts.

For the counterpart of APS, the CVV core-valence-
valence(CVV) AES, it was recognized quite early that the
corresponding signal intensity primarily supplies a measur
for the self-convolution of the density of stat@30S) below

In deriving an expression for the APS signal intensity all
relativistic effects will be ignored in the following. This
means in particular that the spin-orbit splitting for the core
states involved will not be accounted for. In addition, it will
be assumed that the signal is exclusively determined by the
gentral APS transition, i.e., the detection mode, e.g., fluores-
cence yield or Auger electron current, has no influence on its
intensity and energy dependence. With these assumptions

the Fermi energyEr.'? In analogy, APS is in general as- .
sumed to map this quantity for unoccupied states ative one can start from the s;gndard expression for the Auger
process transition probabil?y

This interpretation triggered the development of deconvolu!
tion techniques meant to derive DOS curves from experi- 20
mental APS spectra that can be compared to corresponding P=— E ID—E|?8(E3—E;+E,—E,) (1)

theoretical curves obtained from  band-structure h a.0p705.04
calculations:>**However, a more satisfying and unambigu- gnq useP as a direct measure for the APS signal. In E4.
ous way to discuss APS spectra is to calculate them directIEi (i=1, ... .4 are the energies corresponding to the various

starting from a proper description of the underlying elec-jnyolved single-particle stateg, with quantum numbers
tronic structure. In recent years several such theoretical :

schemes have been developed by various gréupgem- % while D andE are Coulomb matrix elements given by

phasizing again the close relationship of CVV AES and 2

APS. Nearly all of the former theoretical investigations stressD:f d3f1f d3r,0* (1) ¢* (FZ); W, (T, (T),
the importance of many body or correlation effects for the “ 2, 4
APS spectrdsee in particular the overview given in Ref.)18 (2

In particular, the conditions for which satellites may split off

from the essentially bandlike basic spectrum has been inves- - - e? - -

tigated by Nolting and co-workef8: " E:j dsflf dProy (M)W () == Yy (T1) Yy (T2)-
In the following, an alternative theoretical approach to Iri=rel 3)

deal with spin-resolved APS spectra of magnetic materials

will be presented. It consists essentially in an appropriatédere the quantum numbets, and «, specify the initially

extension of the description of CVV AES developed byrHo occupied core and incoming low-energy electron diffraction
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(LEED) states, respectively, including their spin character. Direct (D) Exchange (E)
The band states labeled by the quantum numbegrand a, 9
on the other hand, are initially unoccupied; i.e., their energies
E; andE, lie above the Fermi energy. This energetic situa-
tion is sketched in Fig. 1 together with the so-called direct
and exchange transitions represented by the matrix elements
D andE, respectively. 4

In evaluating the matrix elemenB andE as well as the Ay i
sum over the substates distinguished by the quantum num- 3 A Ep

bersa; in Eq. (1), we closely follow the formalism devel- /

oped by Homandingeret al. to deal with CCV and CVV
AES 2119 Because APS can be viewed as an inverse CVV-
AES experiment, it is obvious that the main difference to the
investigations of these authors is that states taken to be oc-
cupied in the former case are unoccupied in the later and vice
versa. In addition, the stattza is a true LEED state and not FIG. 1. One-electron excitation scheme for the APS. The arrows

represent transitions corresponding to the diflsdft) and exchange

a time-reversed LEED State as for AES. Furthermore, be; |ght) matrix elementd angE regpectlvely The labels 1 angc]i 2
cause we vyant to ;upply a descrlpt_lon for the spin-resolve dicate the initially occupied core and incoming LEED states, re-
APS_for spin-polarized Sysf[ems' Sp'n'selecf“c_m mles for th(:'Spectively, while 3 and 4 are the finally occupied valence-band
matrix elementsD and E will be taken explicitly into ac-  giates above the Fermi leVE .
count, in contrast to the work of Himandingeret al?11°

To calculate the transition probability in Eq. (1) it is
advantageous to split the square of the differende ahdE
as

1

the Green's function can be split unambiguously into two
spin contributionss, that have nonzero elements only in the
upper left or lower right corner, respectivelgee Eqs(8)
and (9)]:

=—2 > > X [ID|?+|E[?-2 R&D*E)]
al (1/2 a3 (1/4
X S(Eg—E1+Eq—Ep)[1-f(E[1-f(Ep], (4 D2 DE-52 523 dE“f"rlf‘“z

'n' a1 ap 03 0y
with f(E) the Fermi function. Using the explicit expression

for D in Eq. (2) one gets for the first term X f daf dryg (1) gt (fz)%
= 2 ri—rz

D(E»)?=2, 2 X X |D|?8(Es—E;+E4—Ey)

ay ap @z ay X(ﬁal(rl)lﬁaz(rz) T |mGUB(I’1,I'1,E3)

S33S dsrljdsrzfds -

w @ w XIMG,,(I2,r5;Ey), (7
whereEj is restricted byE;=E,— E,+ E;. Using multiple
scattering theory to represent the Green’s functions orf& has

fd3 Fos (M)W, (F) ==

[ —r2|
g g = ) 1 g 2 g ii i gl T
XwaB(rl)lpa4(r2)¢al(rl)wa2(r2)m ImG r.r’ )_ImL X Z (r’E)TLL’,O'ZL’O'(r ’E) '
1712
8

X (F)* (ry)8(Es—E1+E4—Ey). (5
Vo1V (1) 0B B Bam By ) Here it has been assumed that the spatial variabtasdr’
This expression can be simplified by twice making use of theare restricted to the Wigner-Seitz cell at atomic $it&he
identity functionsz} (r,E), with L standing for the set of quantum
numbers [,m,), are solutions to the Schalmger equation for
> (M E) (I E)S(E—E,) the potential well at sité, which is assumed to be spherically
a symmetric. Adopting in addition the atomic sphere approxi-
mation by replacing the Wigner-Seitz cell by the Wigner-

1 .. . b .
=— ;2 ImG(r,r";E), (6)  Seitz spherez; ,(r,E) may be written as

with G,(r,r’;E) the spin-resolved single-particle Green’s Lo(NE)=Z1,(r,E)YL(N)Xe ©)
function. This quantity is a 2 matrix with respect to the

spin indices. Because we ignore spin-orbit coupling and aswith Y, (r) being a complex spherical harmonic agg a
sume collinear spin magnetism, this matrix is diagonal. FoPauli spinor. Her&,| (r,E) is normalized accordmg to scat-
the same reason, the staigs have pure spin character and tering theory??i.e., it joins smoothly tgt, 1 \/_hI at the
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Wigner-Seitz radiusys, with t, the single-site matrix and  the expression fob (E,)? as well as the corresponding ones
ji andh," being the spherical Bessel and Hankel functionsfor E(E,)? andD* E(E,) can be evaluated in a similar way
respectively’? as it has been done in the case of CVV AES biriHand-
The quantityT:_lL’ ,(E) in Eq. (8) is the so-called site- inger et al!® This implies in particular that an integration

diagonal scattering path opera?SrBecau§e spin orbit was over all directionsk of the wave vector of the incoming
neglected, no spin cross terms occur; ig%u/ ,» as well as LEED state electron is ma#f(this step is discussed in some
G, , is diagonal with respect to the spin indexsee above  detail in Sec. IV. This procedure leads to the expressions
To simplify the resulting final expressions it will be assumed
that  , , is also diagonal with respect to. Furthermore, ———, (4m)?
its dependence om, will be ignored. For cubic systems the D(E2)02=J dE4l3J§4;03 n,402(E4)n|3a3(E3)|§k 2A+1
former assumption is correct fé=2, while the second one

s N 1\2(10 N 15)\2

0 0 0/\0 0 O

implies for the following that the difference in the density of
states witht,, and e, character will be ignored; i.e., their
average value will be used. These simplifications allow us to

X(2l,+1)(2l,+1)

write X[MR1 0210, R0 R o) T (15)
. Tr . .
Im7', (E)~— n(E)F(E)"6,, 10 (417)2
0 2| + 1 7 a ! 2 = —_—
__ E(Ep)2, J dE4|3§04 n|404(E4)n|302(E3)|§\ 1
expressing Im' , in terms of the angular-momentum re-
Lo i . \ 3 N 1L\2(10 N 1,)\?
solved density of states;, for the sitei together with the X (21,4 1) (21,4 1) 3 2) ( ! 4)
corresponding overlap integral 0 0 0/\0 0 O
XIMRI 6, Z 1y Rty Rige,) 12, (16)

lo

Fi (E)=JrWSZi (r,E)2r2dr (11)
o lo\" .

Having represented the final statgs, and Va, by means D* E(E2)o,= f dE4,324 n|402(E4)n,302(E3)
of the Green’s function using multiple scattering theory, the
initial states have to be expressed in a corresponding way.

2
For the states),, it is assumed that a complete core shell X 2 (4m)7(2l1+1)(22+1)

PRV
specified by the quantum numblgris involved. This means ,
that in analogy to Eq(9) one has SYRPII ls NIl N g
l, N I4\0 0 O
2 Yo, (NED=2 2 Ry, (NEDYL (DX, (12 e N )
1 b 71 X 0 0 0 I (Rl lozzlza'zl R|30'2R|402)
with the radial wave functioR, , normalized to 1 within the LN I e N
Wigner-Seitz sphere. «| ! 4)( 3 2)
Because APS is dealt with here in its spin-resolved mode, 0O 0 0/{0 O O

the incoming initial LEED state specified by the wave vector

g ) _ xIM (R
k will be taken to have pure spin charactey:

Z1,0,]R 0, R1 o) (17)

1927120217 T40" 1307
- oo Here use has been made of the spin selection rules
> l/faz(ryEz):AfoE |'2t]2(E2) 8y.5.04.5. fOr D, 8, ,.8,, for E, and s, ,. 8,.,. 6,4
ay L2 2%4 13 293 14 12 3%4 13
_ . . for D*E that become obvious from Fig. 1 and that arise
XZ]ZUZ(r,EZ)Y,_Z(r)Y’,_‘Z(k)XUZ. (13 because the interaction operator in Et4) does not couple
states with different spin character. However, one has to

Here the single-scatterer approximation fgr, derived keep in mind that these spin selection rules still allow for

within multiple-scattering theo??* has been used, which SPin mixing of D andE; i.e., the states 1 and 2 or, equiva-
proved to be very reliable for the relevant energy range oféntly, 3 and 4 are allowed to have different spin character.
E,.24 For the following it is convenient to repla¢gz, in Eq.  Corresponding contributions © andE will be denoted by

(13 by €%7,, with the phase shifis,, related to thet ~ (1 1) @nd (1) in the following. As itis also expected from
matrix byt,, = — 1/JEsing, €. Fig. 1, the expressions f@(E,),, andE(E,),, in Egs.(15)
Making use of the identity and (16), respectively, are identical apart from the fact that
the roles of states 3 and 4 are interchanged. Summation over
1 RS A i all quantum numbers_and integration with respecEfoto-
= Hle(rl)Y;#(rz)v (14) gether with the restrictiorE;+E,=E3;+E, leads to the
Iri=ry] A 2h+1yd identity D(E,)3 =E(E,)?,. Finally, the symbols
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SR PR ¥ SR PR
m my, mg/ |ly ls Ig

are the usual Band § symbol€® and the accompanying

radial matrix element$*(f,f,|f5f,) are given by

|A<f1f2|f3f4>=f r%drlf r2drofy(r)fa(ry)

A
r
xrﬁm(mwz). (189)

>

The notation in Eqs(15)—(17) indicates that the radial wave
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IIl. RESULTS AND DISCUSSION

A. Comparison with experiment

The formalism presented above has been implemented
within a Korringa-Kohn-Rostoker band-structure program
package and applied to calculate the spin-resolved APS spec-
tra of bcc Fe and fcc Ni using Eq$15)—(19). Prior to a
comparison of these raw spectra with experiment, however, a
number of points have to be considered.

As a consequence of the transitions shown in Fig. 1, the
core states,, will be unoccupied and the process leading to

a reoccupation of them can be used in experiment to monitor
the APS process. Here one should note that this separation of

functions for the final band states have been normalized to the APS and the monitor processes is not rigorously justified.

1€ R osi ™ Lawesa ! VFlawesy

Collecting all contributions to the transition probability,

one may write the APS intensity in the compact form

E
P(Ep),= JE "WE S Mio(E)Npror(E)Wig o (ELE").
a N
(19

Here we introduced the cross sect¥f, ., (E,E"), which
represents the sum of the various terms in E45—(17) and
has the symmetric form

Wlo’,|’o"(E!EI):Wl’o",lU(E,IE)' (20)
This auxiliary quantity is given in explicit form by

Wi, 110 (E,.EN=2S] |, (EE)+28,,S5 (EE),

(21
with

+1

Sa’|’(r'(E E) (477) (2| +1)2 2)\+1
X[M27, (EE)T 22

SE L (EEN=(4m2(2l,+1) 3, (2l,+1)

PRWY
A 1
_ 1"+ +|1

X(=or [| A |1]

XM (EEOMPY (E'E), (23)

and the renormalized matrix elements

AV
0 0 0/lo 0 0O

XI)\(Rll(r”lea'l R"(T'R|(T)' (24)

M2 (EE)=

lo

This also applies to the assumption that the APS intensity is
independent of the detection mode, i.e., on whether the Au-
ger or fluorescence process is used to monitor APS. In gen-
eral, it is assumed that fluorescence detection gives the most
direct measure for the rate of the central APS transitfon.
Indeed, the experimental data shown below have been ob-
tained using this techniqdfe.

Comparing theoretical spectra based on @§) with ex-
periment one furthermore has to account for various lifetime
and apparative broadening mechanisms. This is done in gen-
eral by broadening the theoretical spectra by a Lorentzian of
constant widthl'; to account for the finite lifetime of the
core hole. Finite lifetime effects due to the final band states
are accounted for by using a Lorentzian with an energy-
dependent widtd",(E). Here we follow the suggestion of
Ertl etal.’ assuming a linear increase of the width
I',(E)=vy,(E—Eg) with the distance from the Fermi en-
ergy. Apparative broadening is represented by folding the
resulting spectra with a Gaussian line of widii.® The
broadening parameters used here have been adjusted to some
extent to optimize agreement with experiment starting with
the values suggested by Egt al® As discussed by these
authors, it seems to be most appropriate toleto zero.

This led to the broadening parameters=0.40 eV ! and
W=0.5 eV for Fe andy,=0.15 eV ! andW=0.6 eV for Ni,
respectively. Finally, one has to mention that in experiment
not P(Ez)(,2 itself is recorded, but, because the enefgyis

modulated to improve the signal-to-noise ratio, the APS sig-
nal | is given by the corresponding energy derivative

d (E,+E;—E
1(Ey),= f dE

dE,

X 2 n|lr(E)n|’(r’(E’)Wltr,l'(r'(E!E,)-

’ ’
Lo

(25

Figures 2 and 3 now show the integral and differential

This final expression for the APS signal intensity obviouslytheoretical spin-resolved APS spectra of bcc Fe and fcc Ni
means thatP represents a sum over the folded angular-obtained from Eqs(19) and (25), respectively. The energy

momentum-resolved density of states curwes and n;,

weighted by the cross sectiol4,, |.,,-. The range of energy broadened theoretical

for the folding of both curves is simphE,=
Eb: E2+ El_EFl W|th E,:EZ_E+ El'

Er and

zero for these figures coincides with the onset of the un-
spectra; i.e., it corresponds to
E,—Er=Er—E; and E;=E,=E¢ in Egs. (19 and (25).

The experimental differential spectra that have been added in
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FIG. 2. Integral(top) and differential (bottom) spin-resolved FIG. 3. Same as for Fig. 2, but for fcc Ni.

APS spectra for bcc Fe, calculated using Ed®) and (25). The
differential experimental, spectra stem from Ergtal. (Ref. 9. that give rise to pronounced features in the DOS curves. In
the case of Fe, the peak at 8 eV has been connected k, the

Figs. 2 and 3 were recorded using thg transition. This point?’ while theL, point has been made responsible for the
means that at energies higher than the displayed region tieak at 6 eV in the Ni spectruffi.While the bare DOS
correspondind.,, spectra would follow, shifted by the spin- curves allow us to understand the main features of the APS
orbit splitting of the 2 core levels. For the comparison with spectra, they are not sufficient to explain finer details and in
the theoretical spectra, the experimental spectra have be@articular the relative intensities of the spin-resolved spectra.
aligned with the zero of energy corresponding to an energy his has been demonstrated by Ettal.® who used the bare
of primary electrons of about 705 and 851 eV, respectivelyspin- and angular-momentum-resolved DOS of Fe and Ni to
on an absolute scale. simulate their spin-resolved APS spectra ignoring any cross
Comparing the various spin-resolved theoretical and exsections. Only by introducing and fitting energy-independent
perimental spectra with one another, rather satisfying agregveighting parameters meant to represent the cross sections
ment is found. This implies first of all that there are obvi- could they achieve reasonable agreement with experiment.
ously no prominent correlation-induced features present ifhis means that the cross sections, calculated here in a
the experimental spectra. For that reason it is indeed justifiegarameter-free way, play a central role for the understanding
to interpret the experimental APS spectra primarily as a mea@f the spin-resolved APS spectra. This point will be analyzed
sure for the cross-section-weighted self-convolution of thén more detail in the following subsection.
DOS above the Fermi energy for the systems investigated
here. Because the energy-dependent radial matrix elements
given in Eq.(18) vary quite smoothly with energgsee be-
low), the prominent features of the experimental APS spectra Calculation of integral and differential spin-resolved APS
can be directly linked to corresponding features of the DOSpectra via Eqs(19) and (25), respectively, allows for an
curve. Accordingly, the pronounced peaks at the onset of thebvious decomposition of these spectra into their spin- and
Fe and Ni spectra can be ascribed directly to the high DO%Sngular-momentum-resolved contributions. Corresponding
aroundEg for these elements together with the weightingcurves are given in Figs. 4 and 5 for the differential spectra
step function f(E) in Eq. (4). In line with this interpre- (only these will be discussed in the following because only
tation, the peaks at 8 and 6 eV in Figs. 2 and 3 have beethese are normally recorded in experimem{s one would
ascribed, very similarly to the interpretation of x-ray- expect from the DOS of Fe and Ni, the contributions involv-
absorption spectr®, to critical points in the Brillouin zone ing onlyd states are by far dominating. For the same reason,

B. Decomposition of the theoretical spectra
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FIG. 4. Spin- and angular-momentum decomposition of the dif- FIG. 5. Same as for Fig. 4, but for fcc Ni.

ferential APS spectra(Ez)(,2 of bce Fe, according to E@25).

those involving minorityd states (I|) are more important more pronounced for the other partial spectra shown in Fig.
than those involving majorityl states(df). This feature is 6. Here one has to note that the energy dependence of the
slightly more pronounced for Ni than for Fe because Ni is across sections stem only from the radial pargiven in Eq.
strong ferromagnet in the sense that its majodtpand is  (18). Because the core state enefgy is fixed and because
more or less filled. Furthermore, one notes that contributionsf energy conservatiori} can be seen as a function of the
labeled with two opposite spin characteris|{ are of the energie€, andE; or E, andE,. Alternatively, one can look
same order of magnitude as those for two equal spin characpon the radial Coulomb matrix elementsas a function of
ters (1T and | |). The reason for this is that thg] contri- E; and E,. Some selected corresponding cross sections
butions do not involve any spin-flip proceéin is a good W, ,,.(E,E’) are plotted in Fig. 7. Here we show only
quantum number; see abgyeut they merely lack the cross cross sections fof | -spin character because those fdr or
termDE in Eqgs.(4) and(17). As one can see in Figs. 4 and | character are very similar concerning their energy depen-
5, contributions involving andp states are important only if dence and relative weight. As expected from the comparison
these involve alsal states, whilepp, ps, andss contribu-  in Fig. 6, one notes an appreciable dependence of the radial
tions are negligible. matrix elements on the energi& and E,. This is most
The various partial spectra shown in Figs. 4 and 5 includgronounced for those involving states. Here one even finds
the proper transition cross sectiong, |.,» according to Eq. a maximum very similar to the finding for the, ;3 x-ray
(21). To demonstrate the role of the weighting cross sectionsbsorptioR® or the spin-orbit coupling matrix elements. The
or matrix elements, respectively, some selected partial speceason for this behavior is the strong variation of theave
tra of Fe are plotted in Fig. 6 together with spectra that havdunction for the relevant range of energy because its charac-
been derived from the DOS curves alone. For comparisorter is gradually changing fromdto 4d, i.e., a radial node
the later ones have been scaled by a constant factor to brirgppears and migrates inward with increasing energy.
the two d d| spectra in coincidence as far as possible. Com- The comparison in Fig. 6 and the cross sections shown in
paring both dd| spectra(with and without cross sectiops Fig. 7 reveal not only the energy dependence of the matrix
one recognizes that there has to be a non-negligible energlements but also the different weight introduced by them for
dependence of the cross sections. This is found to be evehe various partial spectra. To quantify the later point, the
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FIG. 7. Selected spin- and angular momentum resolved cross

FIG. 6. Comparison of some selected spin- and angularSectionsW, . (E,E’) [see Eq(21)] for bee Fe corresponding to
momentum decomposed differential APS spet{),,, of bcc Fe  Fig. 6, i.e., forl=d; I’=s,p,d; and o=0"=|. These functions
calculated with(full lines) and without (dashed linesthe cross Nave been scaled to have the maximum value/gf 4, (E,E’) at 1.

sections.

cross section®V,,+,(E,E’) as entering in Eqs(19) and Nevertheless, one has to note that also the relative weights
(25) are given in Table | for the most important transitions. obtained from the fitting procedure differ quite strongly from
Here the energieE andE’ have been fixed t&; i.e., the the calculated ones. For this reason, one has to conclude that
data correspond to the onset of the spectra. As one can sdBe fitting approach, while producing the main trend, should
these cross sections once more favor transitions involgding Not be overstressed.

states compared to those involving oslandp states. Here

one §hou|d emphxasize that in contrast to the radial Coulomb IV. CONCLUDING REMARKS

matrix elements®, the cross section®V,, ., collect all

angular-momentum contributions together with the corre- In the formalism presented in Sec. Il the effect of the
sponding angular matrix elements according to HE45)—  spin-orbit splitting of the core states has been ignored. If
(17). As mentioned above, there is no very pronounced spimecessary, this restriction can straightforwardly be removed
dependence for the cross sections to be seen. Comparing thg dealing with these states in a fully relativistic way, ac-
data for Fe and for Ni, one notes that the relative weights otounting for the spin polarization at the same tifhdfter

the various transitions are quite similar for both elementstransforming the corresponding wave functions from the
This finding is in contrast with the results of Eetl al,’ who  standard relativistic #, ) representation & and . are the
fitted weight factors for the bare DOS-derived APS spectraspin orbit and magnetic quantum numbers, respectivtely

to optimize agreement with experiment, obtaining a rathethe nonrelativistic (,m;,ms) representation, the new wave
different distribution of the weights for Fe and Ni this way. functions can be used in the expressions given above. In
Without doubt, the difference in the weights given in Table laddition, relativistic effects for the involved band states
is caused to some extent by the fact that the calculated crogsuld be dealt with in a similar way as has been done for the
sectionsW,,,+(E,E’) are energy dependent and listed CVV AES by Szunyogtet al*° However, according to ex-
here forE=E'=E, while the fitted weights are assumed to perimental experience, not much impact of relativistic effects
be energy independent and meant to represertave to be expected for the systems investigated here. Fi-
W7o (E,E") for the whole relevant range of energies. nally, there seems to be no simple way to observe spin-orbit-
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TABLE 1. Calculated relative cross sectionsV,, ,(E,E') for E=E’'=Egr normalized to
Wi .4,(Er ,Eg) =1 for bce Fe and fcc Ni. The entry 0.0000 means that the value is smaller thefn EOr
the unnormalized cross sectioWg;; 4, (Er ,Eg)re/ Wy ) (Er ,Ef)ni=1.2527 was found. The values given
in parentheses are the weights obtained by Erthl. by fitting the bare DOS-derived APS spectra to
experiment. Those values not listed are fixed by @26).

lo,l"o’ Fe Ni lo,l'o’ Fe Ni

dr,dt 0.2909(0.00 0.2145(0.79 pT.pT 0.0003(0.80 0.0000(0.70
dr,d| 1.0000(1.00 1.0000(1.00 pT.pl 0.0011(0.10 0.0000(0.90
d],d? 1.0000(1.00 1.0000(1.00 pl.pT 0.0011(0.10 0.0000(0.90
d],d| 0.1404(0.18 0.1909(0.22 pl.pl 0.0009(0.80 0.0000(0.70
dT,pt 0.0102(0.00 0.0000(0.00 pT,sT 0.0024(0.00 0.0000(0.00
dr,pl 0.0308(0.28 0.0000(0.295 pT,sl 0.0057(0.00 0.0000(0.00
dl,pt 0.0127(0.28 0.0000(0.29 pl.st 0.0083(0.00 0.0000(0.00
dl.pl 0.0126(0.00 0.0000(0.00 pl,sl 0.0049(0.00 0.0000(0.00
dr,s? 0.0113(0.00 0.0034(0.00 sT,sT 0.0000(0.00 0.0000(0.00
dr,s] 0.0717(0.00 0.0173(0.20 sT,s] 0.0590(0.00 0.0091(0.00
dl,s? 0.0423(0.00 0.0191(0.20 s|,s] 0.0590(0.00 0.0091(0.00
dl,s] 0.0094(0.00 0.0034(0.00 sl|,s] 0.0000(0.00 0.0000(0.00

induced magnetic dichroic phenoméhawithin spin-  the (001) surface of fcc Cu that has been studied recently by
polarized APS using fluorescence detection. Detzel et al!! for various thicknesses of the Fe top layer
In deriving the final expression for the APS signal inten-using spin-polarized APS in the fluorescence detection
sity given in Egs.(19) and (25) it was assumed that the mode. Work along this line is in progress to provide a de-
corresponding experiment is essentially an angulariailed theoretical description for these experiments.
integrating one. This means that, in analogy to the corre-
sponding description of AE%;1%%0 an average has been

taken with respect to the directidnof the incoming LEED
electron[see Eqg.(13)]. This is justified because for the ex-

perimental data shown hérk varies in a range 5-10°. Be-

V. SUMMARY

A theoretical description for spin-resolved APS has been
presented that allows us to express the APS signal as a cross-
cause of this, together with the high energy of the incomin ecthn—welghted self—convolutllon of the . DO.S apove the

- . _ ermi energy. The corresponding expression is quite general
electr'o.n of nearly 1 keV, thk sglecﬂo_n rule for the partial and, because of the element-specific nature of the central
transitions .2_)4 and 2-3 in Fig. 1 is _strongly relaxed.  Apg transition, it may be applied to pure as well as ordered
Therefore, it seems to be more appropriate to take the avely,y gisordered many-component bulk systems. As has been
age with respect tk as it is done in general for valence-band demonstrated, dealing with surface layer systems in a proper
x-ray photoemission spectroscoffy’> Of course, it is way requires only some minor extensions. Finally, further
straightforward to drop this averaging step to get a descriprefinement of the approach presented to account for the spin-
tion for a true angular-resolved experiment performed abrbit coupling of the involved core states as angular resolu-
lower energies. This leads to expressions similar to thosgon in the corresponding experiment has been discussed.
given in Egs.(19) and (25); i.e.,, one still has a self-  Application of the present formalism to calculate spin-
convolution of the DOS abovEg with the weighting cross resolved APS spectra of bcc Fe and fecc Ni led to rather
section now being dependent on the directiaof the incom-  satisfying agreement with experiment. A decomposition of
ing electron. the theoretical spectra into their spin- and angular-

The systems investigated here were treated as bulk sysaomentum-resolved contributions reveal in detail the impor-
tems, ignoring any influence of the surface. A first step to gdance of the involved matrix elements or cross sections. As
beyond this approximation is to calculate the DOS enterindnas been shown, these introduce some additional energy de-
Egs. (19 and (25) in a layer-resolved way for the surface pendence for the various partial spectra and, more important,
region. Summing the individual contributions of every layer strongly influence their relative weight.
weighted according to the mean-free-path length of the in-
coming LEED electron would account for the influence of
the surface to a large extent. However, because the layer-
resolved DOS rapidly approaches that of the bulk when go- The authors would like to thank M. Donath for many
ing away from the surfacésee, e.g., Refs. 33 and )3dot  interesting and helpful discussions. Financial support by the
much difference can be expected for fcc Ni and bcc Fe com&erman Ministry for Education and Reseaf@MBF) under
pared to the present bulk results. On the other hand, th€ontract No. 05 621WMA 9, within the progra@irkular
procedure sketched above seems to be an adequate appro&dtarisierte Synchrotronstrahlung: Dichroismus, Magnetis-
to deal with surface layer systems, for example Fe on top ofmus und Spinorientierungs also acknowledged.
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