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Theoretical description of spin-resolved appearance potential spectroscopy

H. Ebert and V. Popescu
Institute for Physical Chemistry, University of Munich, Theresienstrasse 37, D-80333 Mu¨nchen, Germany

~Received 28 May 1997!

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 detail.@S0163-1829~97!03344-4#
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I. INTRODUCTION

Appearance potential spectroscopy~APS! was developed
about two decades ago by Houston and Park.1–3 Since then,
it was successfully used as a component selective probe
unoccupied electronic states in solids and at surfaces.4,5 Sim-
ply spoken, APS is an inverse Auger electron spectrosc
~AES! experiment; i.e., one records the rate of core h
creation, using either emitted fluorescence radiation or Au
electrons, as a function of the energy of a primary incom
electron beam. Accordingly, APS turned out to be especi
suited to study surface-specific problems such as adsor
systems.6,7 Kirschner extended the application of APS to t
study of magnetic systems by using a spin-polarized prim
electron beam.8 His experiment on Fe was later refined b
Dose and co-workers and extended to other bulk material9,10

as well as surface systems.11

For the counterpart of APS, the CVV core-valenc
valence~CVV! AES, it was recognized quite early that th
corresponding signal intensity primarily supplies a meas
for the self-convolution of the density of states~DOS! below
the Fermi energyEF .12 In analogy, APS is in general as
sumed to map this quantity for unoccupied states aboveEF .9

This interpretation triggered the development of deconvo
tion techniques meant to derive DOS curves from exp
mental APS spectra that can be compared to correspon
theoretical curves obtained from band-structu
calculations.13,14 However, a more satisfying and unambig
ous way to discuss APS spectra is to calculate them dire
starting from a proper description of the underlying ele
tronic structure. In recent years several such theoret
schemes have been developed by various groups,15–18 em-
phasizing again the close relationship of CVV AES a
APS. Nearly all of the former theoretical investigations stre
the importance of many body or correlation effects for t
APS spectra~see in particular the overview given in Ref. 18!.
In particular, the conditions for which satellites may split o
from the essentially bandlike basic spectrum has been in
tigated by Nolting and co-workers.15–17

In the following, an alternative theoretical approach
deal with spin-resolved APS spectra of magnetic mater
will be presented. It consists essentially in an appropr
extension of the description of CVV AES developed by Ho¨r-
560163-1829/97/56~20!/12884~9!/$10.00
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mandingeret al.19 Within the approach to be described a
exchange and correlation effects are treated in an effec
way within the framework of local spin-density-function
theory that is used as a basis to calculate the underly
electronic structure. In contrast to the previous theoret
description of APS, more emphasis is laid here on the det
of the band structure and the involved matrix elements. A
will be demonstrated below, satisfying agreement can
achieved that way with spin-resolved experimental spe
for Fe and Ni, which obviously show no correlation-induc
satellites.

II. EXPRESSION FOR THE APS SIGNAL INTENSITY

In deriving an expression for the APS signal intensity
relativistic effects will be ignored in the following. This
means in particular that the spin-orbit splitting for the co
states involved will not be accounted for. In addition, it w
be assumed that the signal is exclusively determined by
central APS transition, i.e., the detection mode, e.g., fluo
cence yield or Auger electron current, has no influence on
intensity and energy dependence. With these assumpt
one can start from the standard expression for the Au
process transition probability20

P5
2p

\ (
a1 ,a2 ,a3 ,a4

uD2Eu2d~E32E11E42E2! ~1!

and useP as a direct measure for the APS signal. In Eq.~1!
Ei ( i 51, . . . ,4! are the energies corresponding to the vario
involved single-particle statesca i

with quantum numbers

a i , while D andE are Coulomb matrix elements given by

D5E d3r 1E d3r 2ca1
* ~rW1!ca2

* ~rW2!
e2

urW12rW2u
ca3

~rW1!ca4
~rW2!,

~2!

E5E d3r 1E d3r 2ca1
* ~rW1!ca2

* ~rW2!
e2

urW12rW2u
ca4

~rW1!ca3
~rW2!.

~3!

Here the quantum numbersa1 and a2 specify the initially
occupied core and incoming low-energy electron diffracti
12 884 © 1997 The American Physical Society
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56 12 885THEORETICAL DESCRIPTION OF SPIN-RESOLVED . . .
~LEED! states, respectively, including their spin charact
The band states labeled by the quantum numbersa3 anda4,
on the other hand, are initially unoccupied; i.e., their energ
E3 andE4 lie above the Fermi energy. This energetic situ
tion is sketched in Fig. 1 together with the so-called dir
and exchange transitions represented by the matrix elem
D andE, respectively.

In evaluating the matrix elementsD andE as well as the
sum over the substates distinguished by the quantum n
bersa i in Eq. ~1!, we closely follow the formalism devel
oped by Ho¨rmandingeret al. to deal with CCV and CVV
AES.21,19 Because APS can be viewed as an inverse CV
AES experiment, it is obvious that the main difference to
investigations of these authors is that states taken to be
cupied in the former case are unoccupied in the later and
versa. In addition, the stateca2

is a true LEED state and no
a time-reversed LEED state as for AES. Furthermore,
cause we want to supply a description for the spin-resol
APS for spin-polarized systems, spin-selection rules for
matrix elementsD and E will be taken explicitly into ac-
count, in contrast to the work of Ho¨rmandingeret al.21,19

To calculate the transition probabilityP in Eq. ~1! it is
advantageous to split the square of the difference ofD andE
as

P5
2p

\ (
a1

(
a2

(
a3

(
a4

@ uDu21uEu222 Re~D* E!#

3d~E32E11E42E2!@12 f ~E3!#@12 f ~E4!#, ~4!

with f (E) the Fermi function. Using the explicit expressio
for D in Eq. ~2! one gets for the first term

D~E2!25(
a1

(
a2

(
a3

(
a4

uDu2d~E32E11E42E2!

5(
a1

(
a2

(
a3

(
a4

E d3r 1E d3r 2E d3r 18

3E d3r 28ca1
* ~rW1!ca2

* ~rW2!
1

urW12rW2u

3ca3
~rW1!ca4

~rW2!ca1
~rW18!ca2

~rW28!
1

urW182rW28u

3ca3
* ~rW18!ca4

* ~rW28!d~E32E11E42E2!. ~5!

This expression can be simplified by twice making use of
identity

(
a

ca~rW,Ea!ca* ~rW8,Ea!d~E2Ea!

52
1

p(
s

ImGs~rW,rW8;E!, ~6!

with Gs(rW,rW8;E) the spin-resolved single-particle Green
function. This quantity is a 232 matrix with respect to the
spin indices. Because we ignore spin-orbit coupling and
sume collinear spin magnetism, this matrix is diagonal.
the same reason, the statesca have pure spin character an
r.
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the Green’s function can be split unambiguously into tw
spin contributionsGs that have nonzero elements only in th
upper left or lower right corner, respectively@see Eqs.~8!
and ~9!#:

D~E2!25
1

p2(a1
(
a2

(
s3

(
s4

E dE4E drW1E drW2

3E drW18E drW28ca1
* ~rW1!ca2

* ~rW2!
1

urW12rW2u

3ca1
~rW18!ca2

~rW28!
1

urW182rW28u
ImGs3

~rW1 ,rW18 ;E3!

3ImGs4
~rW2 ,rW28 ;E4!, ~7!

whereE3 is restricted byE35E22E41E1. Using multiple
scattering theory to represent the Green’s functions one h22

ImGs~rW,rW8;E!5Im(
L,L8

ZLs
i ~rW,E!tLL8,s

i i ZL8s
i

~rW8,E!†.

~8!

Here it has been assumed that the spatial variablesrW and rW8
are restricted to the Wigner-Seitz cell at atomic sitei . The
functionsZLs

i (rW,E), with L standing for the set of quantum
numbers (l ,ml), are solutions to the Schro¨dinger equation for
the potential well at sitei , which is assumed to be spherical
symmetric. Adopting in addition the atomic sphere appro
mation by replacing the Wigner-Seitz cell by the Wigne
Seitz sphere,ZLs

i (rW,E) may be written as

ZLs
i ~rW,E!5Zls

i ~r ,E!YL~ r̂ !xs , ~9!

with YL( r̂ ) being a complex spherical harmonic andxs a
Pauli spinor. HereZls

i (r ,E) is normalized according to sca
tering theory;22 i.e., it joins smoothly toj l t l

212 iAEhl
1 at the

FIG. 1. One-electron excitation scheme for the APS. The arro
represent transitions corresponding to the direct~left! and exchange
~right! matrix elementsD and E, respectively. The labels 1 and
indicate the initially occupied core and incoming LEED states,
spectively, while 3 and 4 are the finally occupied valence-ba
states above the Fermi levelEF .
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12 886 56H. EBERT AND V. POPESCU
Wigner-Seitz radiusr WS, with t l the single-sitet matrix and
j l and hl

1 being the spherical Bessel and Hankel functio
respectively.22

The quantitytLL8,s
i i (E) in Eq. ~8! is the so-called site-

diagonal scattering path operator.22 Because spin orbit wa
neglected, no spin cross terms occur; i.e.,tLL8,s

i i , as well as
Gs , is diagonal with respect to the spin indexs ~see above!.
To simplify the resulting final expressions it will be assum
that tLL8,s

i i is also diagonal with respect toL. Furthermore,
its dependence onml will be ignored. For cubic systems th
former assumption is correct forl<2, while the second one
implies for the following that the difference in the density
states witht2g and eg character will be ignored; i.e., thei
average value will be used. These simplifications allow us
write

ImtLL8,s
i i

~E!'2
p

2l 11
nls

i ~E!Fls
i ~E!21dLL8, ~10!

expressing ImtLL8,s
i i in terms of the angular-momentum re

solved density of statesnls
i for the sitei together with the

corresponding overlap integral

Fls
i ~E!5E

0

r WS
Zls

i ~r ,E!2r 2dr. ~11!

Having represented the final statesca3
andca4

by means
of the Green’s function using multiple scattering theory, t
initial states have to be expressed in a corresponding w
For the statesca1

it is assumed that a complete core sh

specified by the quantum numberl 1 is involved. This means
that in analogy to Eq.~9! one has

(
a1

ca1
~rW,E1!5(

ml 1

(
s1

Rl 1s1
~r ,E1!YL1

~ r̂ !xs1
~12!

with the radial wave functionRl ,s normalized to 1 within the
Wigner-Seitz sphere.

Because APS is dealt with here in its spin-resolved mo
the incoming initial LEED state specified by the wave vec
kW will be taken to have pure spin characters2:

(
a2

ca2
~rW,E2!54p(

L2

i l 2t l 2
i ~E2!

3Zl 2s2

i ~r ,E2!YL2
~ r̂ !YL2

* ~ k̂!xs2
. ~13!

Here the single-scatterer approximation forca2
derived

within multiple-scattering theory23,24 has been used, whic
proved to be very reliable for the relevant energy range
E2.24 For the following it is convenient to replacet lZl in Eq.
~13! by eid lsZ̃ls with the phase shiftd ls related to thet
matrix by t ls521/AEsindlseidls.

Making use of the identity

1

urW12rW2u
5(

l,m

4p

2l11

r ,
l

r .
l11

Ylm~ r̂ 1!Ylm* ~ r̂ 2!, ~14!
,

o

e
y.
l

e,
r

f

the expression forD(E2)2 as well as the corresponding one
for E(E2)2 andD* E(E2) can be evaluated in a similar wa
as it has been done in the case of CVV AES by Ho¨rmand-
inger et al.19 This implies in particular that an integratio
over all directionsk̂ of the wave vector of the incoming
LEED state electron is made24 ~this step is discussed in som
detail in Sec. IV!. This procedure leads to the expression

D~E2!s2

2 5E dE4 (
l 3 ,l 4 ,s3

nl 4s2
~E4!nl 3s3

~E3!(
l 2 ,l

~4p!2

2l11

3~2l 111!~2l 211!S l 4 l l 2

0 0 0D 2S l 1 l l 3

0 0 0D 2

3@ I l~Rl 1s3
Z̃l 2s2

uRl 3s3
Rl 4s2

!#2, ~15!

E~E2!s2

2 5E dE4 (
l 3 ,l 4 ,s4

nl 4s4
~E4!nl 3s2

~E3!(
l 2 ,l

~4p!2

2l11

3~2l 111!~2l 211!S l 3 l l 2

0 0 0D 2S l 1 l l 4

0 0 0D 2

3@ I l~Rl 1s4
Z̃l 2s2

uRl 4s4
Rl 3s2

!#2, ~16!

D* E~E2!s2
5E dE4 (

l 3 ,l 4
nl 4s2

~E4!nl 3s2
~E3!

3 (
l 2 ,l,l8

~4p!2~2l 111!~2l 211!

3~21! l 31l81 l 1H l 3 l8 l 2

l 4 l l 1
J S l 1 l l 3

0 0 0D
3S l 4 l l 2

0 0 0D I l~Rl 1s2
Z̃l 2s2

uRl 3s2
Rl 4s2

!

3S l 1 l8 l 4

0 0 0D S l 3 l8 l 2

0 0 0D
3I l8~Rl 1s2

Z̃l 2s2
uRl 4s2

Rl 3s2
!. ~17!

Here use has been made of the spin selection r
ds2s4

ds1s3
for D, ds2s3

ds1s4
for E, and ds1s2

ds3s4
ds1s3

for D* E that become obvious from Fig. 1 and that ari
because the interaction operator in Eq.~14! does not couple
states with different spin character. However, one has
keep in mind that these spin selection rules still allow
spin mixing ofD andE; i.e., the states 1 and 2 or, equiv
lently, 3 and 4 are allowed to have different spin charac
Corresponding contributions toD andE will be denoted by
(↑↓) and (↓↑) in the following. As it is also expected from
Fig. 1, the expressions forD(E2)s2

2 andE(E2)s2

2 in Eqs.~15!

and ~16!, respectively, are identical apart from the fact th
the roles of states 3 and 4 are interchanged. Summation
all quantum numbers and integration with respect toE4 to-
gether with the restrictionE11E25E31E4 leads to the
identity D(E2)s2

2 5E(E2)s2

2 . Finally, the symbols
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S l 1 l 2 l 3

m1 m2 m3
D , H l 1 l 2 l 3

l 4 l 5 l 6
J

are the usual 3j and 6j symbols25 and the accompanying
radial matrix elementsI l( f 1f 2u f 3f 4) are given by

I l~ f 1f 2u f 3f 4!5E r 1
2dr1E r 2

2dr2f 1~r 1! f 2~r 2!

3
r ,

l

r .
l11

f 3~r 1! f 4~r 2!. ~18!

The notation in Eqs.~15!–~17! indicates that the radial wav
functions for the final band states have been normalized t
i.e., Rl 3(4)s3(4)

5Zl 3(4)s3(4)
/AFl 3(4)s3(4)

.
Collecting all contributions to the transition probabilit

one may write the APS intensity in the compact form

P~E2!s5E
Ea

Eb
dE (

l ,l 8,s8
nls~E!nl 8s8~E8!Wls,l 8s8~E,E8!.

~19!

Here we introduced the cross sectionWls,l 8s8(E,E8), which
represents the sum of the various terms in Eqs.~15!–~17! and
has the symmetric form

Wls,l 8s8~E,E8!5Wl 8s8,ls~E8,E!. ~20!

This auxiliary quantity is given in explicit form by

Wls,l 8s8~E,E8!52Sls,l 8s8
D

~E,E8!12dss8Sls,l 8s
DE

~E,E8!,
~21!

with

Sls,l 8s8
D

~E,E8!5~4p!2~2l 111!(
l 2 ,l

2l 211

2l11

3@M
ls,l 8s8

l 2 ,l
~E,E8!#2, ~22!

Sls,l 8s
DE

~E,E8!5~4p!2~2l 111! (
l 2 ,l,l8

~2l 211!

3~21! l 81l81 l 1H l 8 l8 l 2

l l l 1
J

3M
ls,l 8s

l 2 ,l
~E,E8!M

l 8s,ls

l 2 ,l8
~E8,E!, ~23!

and the renormalized matrix elements

M
ls,l 8s8

l 2 ,l
~E,E8!5S l l l 2

0 0 0D S l 1 l l 8

0 0 0D
3I l~Rl 1s8Z̃l 2suRl 8s8Rls!. ~24!

This final expression for the APS signal intensity obviou
means thatP represents a sum over the folded angul
momentum-resolved density of states curvesnls and nl 8s8
weighted by the cross sectionsWls,l 8s8. The range of energy
for the folding of both curves is simplyEa5EF and
Eb5E21E12EF , with E85E22E1E1.
1;

-

III. RESULTS AND DISCUSSION

A. Comparison with experiment

The formalism presented above has been implemen
within a Korringa-Kohn-Rostoker band-structure progra
package and applied to calculate the spin-resolved APS s
tra of bcc Fe and fcc Ni using Eqs.~15!–~19!. Prior to a
comparison of these raw spectra with experiment, howeve
number of points have to be considered.

As a consequence of the transitions shown in Fig. 1,
core statesca1

will be unoccupied and the process leading
a reoccupation of them can be used in experiment to mon
the APS process. Here one should note that this separatio
the APS and the monitor processes is not rigorously justifi
This also applies to the assumption that the APS intensit
independent of the detection mode, i.e., on whether the
ger or fluorescence process is used to monitor APS. In g
eral, it is assumed that fluorescence detection gives the m
direct measure for the rate of the central APS transition10

Indeed, the experimental data shown below have been
tained using this technique.9

Comparing theoretical spectra based on Eq.~19! with ex-
periment one furthermore has to account for various lifeti
and apparative broadening mechanisms. This is done in
eral by broadening the theoretical spectra by a Lorentzian
constant widthGc to account for the finite lifetime of the
core hole. Finite lifetime effects due to the final band sta
are accounted for by using a Lorentzian with an ener
dependent widthGv(E). Here we follow the suggestion o
Ertl et al.,9 assuming a linear increase of the wid
Gv(E)5gv(E2EF) with the distance from the Fermi en
ergy. Apparative broadening is represented by folding
resulting spectra with a Gaussian line of widthW.9 The
broadening parameters used here have been adjusted to
extent to optimize agreement with experiment starting w
the values suggested by Ertlet al.9 As discussed by thes
authors, it seems to be most appropriate to setGc to zero.
This led to the broadening parametersgv50.40 eV21 and
W50.5 eV for Fe andgv50.15 eV21 andW50.6 eV for Ni,
respectively. Finally, one has to mention that in experim
not P(E2)s2

itself is recorded, but, because the energyE2 is
modulated to improve the signal-to-noise ratio, the APS s
nal I is given by the corresponding energy derivative

I ~E2!s5
d

dE2
E

EF

E21E12EF
dE

3 (
l ,l 8,s8

nls~E!nl 8s8~E8!Wls,l 8s8~E,E8!.

~25!

Figures 2 and 3 now show the integral and different
theoretical spin-resolved APS spectra of bcc Fe and fcc
obtained from Eqs.~19! and ~25!, respectively. The energy
zero for these figures coincides with the onset of the
broadened theoretical spectra; i.e., it corresponds
E22EF5EF2E1 and Ea5Eb5EF in Eqs. ~19! and ~25!.
The experimental differential spectra that have been adde
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12 888 56H. EBERT AND V. POPESCU
Figs. 2 and 3 were recorded using theL III transition. This
means that at energies higher than the displayed region
correspondingL II spectra would follow, shifted by the spin
orbit splitting of the 2p core levels. For the comparison wit
the theoretical spectra, the experimental spectra have
aligned with the zero of energy corresponding to an ene
of primary electrons of about 705 and 851 eV, respective
on an absolute scale.

Comparing the various spin-resolved theoretical and
perimental spectra with one another, rather satisfying ag
ment is found. This implies first of all that there are obv
ously no prominent correlation-induced features presen
the experimental spectra. For that reason it is indeed just
to interpret the experimental APS spectra primarily as a m
sure for the cross-section-weighted self-convolution of
DOS above the Fermi energy for the systems investiga
here. Because the energy-dependent radial matrix elem
given in Eq.~18! vary quite smoothly with energy~see be-
low!, the prominent features of the experimental APS spe
can be directly linked to corresponding features of the D
curve. Accordingly, the pronounced peaks at the onset of
Fe and Ni spectra can be ascribed directly to the high D
aroundEF for these elements together with the weighti
step function 12 f (E) in Eq. ~4!. In line with this interpre-
tation, the peaks at 8 and 6 eV in Figs. 2 and 3 have b
ascribed, very similarly to the interpretation of x-ra
absorption spectra,26 to critical points in the Brillouin zone

FIG. 2. Integral ~top! and differential~bottom! spin-resolved
APS spectra for bcc Fe, calculated using Eqs.~19! and ~25!. The
differential experimentalL III spectra stem from Ertlet al. ~Ref. 9!.
he
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that give rise to pronounced features in the DOS curves
the case of Fe, the peak at 8 eV has been connected to thN1
point,27 while theL7 point has been made responsible for t
peak at 6 eV in the Ni spectrum.28 While the bare DOS
curves allow us to understand the main features of the A
spectra, they are not sufficient to explain finer details and
particular the relative intensities of the spin-resolved spec
This has been demonstrated by Ertlet al.,9 who used the bare
spin- and angular-momentum-resolved DOS of Fe and N
simulate their spin-resolved APS spectra ignoring any cr
sections. Only by introducing and fitting energy-independ
weighting parameters meant to represent the cross sec
could they achieve reasonable agreement with experim
This means that the cross sections, calculated here
parameter-free way, play a central role for the understand
of the spin-resolved APS spectra. This point will be analyz
in more detail in the following subsection.

B. Decomposition of the theoretical spectra

Calculation of integral and differential spin-resolved AP
spectra via Eqs.~19! and ~25!, respectively, allows for an
obvious decomposition of these spectra into their spin-
angular-momentum-resolved contributions. Correspond
curves are given in Figs. 4 and 5 for the differential spec
~only these will be discussed in the following because o
these are normally recorded in experiment!. As one would
expect from the DOS of Fe and Ni, the contributions invo
ing only d states are by far dominating. For the same reas

FIG. 3. Same as for Fig. 2, but for fcc Ni.
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56 12 889THEORETICAL DESCRIPTION OF SPIN-RESOLVED . . .
those involving minorityd states (d↓) are more important
than those involving majorityd states~d↑). This feature is
slightly more pronounced for Ni than for Fe because Ni i
strong ferromagnet in the sense that its majorityd band is
more or less filled. Furthermore, one notes that contributi
labeled with two opposite spin characters (↑↓) are of the
same order of magnitude as those for two equal spin cha
ters (↑↑ and↓↓). The reason for this is that the↑↓ contri-
butions do not involve any spin-flip process~spin is a good
quantum number; see above!, but they merely lack the cros
term DE in Eqs.~4! and~17!. As one can see in Figs. 4 an
5, contributions involvings andp states are important only i
these involve alsod states, whilepp, ps, andss contribu-
tions are negligible.

The various partial spectra shown in Figs. 4 and 5 inclu
the proper transition cross sectionsWls,l 8s8 according to Eq.
~21!. To demonstrate the role of the weighting cross secti
or matrix elements, respectively, some selected partial s
tra of Fe are plotted in Fig. 6 together with spectra that h
been derived from the DOS curves alone. For comparis
the later ones have been scaled by a constant factor to b
the two d↓d↓ spectra in coincidence as far as possible. Co
paring both d↓d↓ spectra~with and without cross sections!,
one recognizes that there has to be a non-negligible en
dependence of the cross sections. This is found to be e

FIG. 4. Spin- and angular-momentum decomposition of the
ferential APS spectraI (E2)s2

of bcc Fe, according to Eq.~25!.
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more pronounced for the other partial spectra shown in F
6. Here one has to note that the energy dependence o
cross sections stem only from the radial partI l given in Eq.
~18!. Because the core state energyE1 is fixed and because
of energy conservation,I l can be seen as a function of th
energiesE2 andE3 or E2 andE4. Alternatively, one can look
upon the radial Coulomb matrix elementsI l as a function of
E3 and E4. Some selected corresponding cross secti
Wls,l 8s8(E,E8) are plotted in Fig. 7. Here we show onl
cross sections for↓↓-spin character because those for↑↑ or
↓↑ character are very similar concerning their energy dep
dence and relative weight. As expected from the compari
in Fig. 6, one notes an appreciable dependence of the ra
matrix elements on the energiesE3 and E4. This is most
pronounced for those involvingd states. Here one even find
a maximum very similar to the finding for theL2,3 x-ray
absorption26 or the spin-orbit coupling matrix elements. Th
reason for this behavior is the strong variation of thed wave
function for the relevant range of energy because its cha
ter is gradually changing from 3d to 4d, i.e., a radial node
appears and migrates inward with increasing energy.

The comparison in Fig. 6 and the cross sections show
Fig. 7 reveal not only the energy dependence of the ma
elements but also the different weight introduced by them
the various partial spectra. To quantify the later point,

- FIG. 5. Same as for Fig. 4, but for fcc Ni.
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12 890 56H. EBERT AND V. POPESCU
cross sectionsWls,l 8s8(E,E8) as entering in Eqs.~19! and
~25! are given in Table I for the most important transition
Here the energiesE andE8 have been fixed toEF ; i.e., the
data correspond to the onset of the spectra. As one can
these cross sections once more favor transitions involvind
states compared to those involving onlys andp states. Here
one should emphasize that in contrast to the radial Coulo
matrix elementsI l, the cross sectionsWls,l 8s8 collect all
angular-momentum contributions together with the cor
sponding angular matrix elements according to Eqs.~15!–
~17!. As mentioned above, there is no very pronounced s
dependence for the cross sections to be seen. Comparin
data for Fe and for Ni, one notes that the relative weights
the various transitions are quite similar for both elemen
This finding is in contrast with the results of Ertlet al.,9 who
fitted weight factors for the bare DOS-derived APS spec
to optimize agreement with experiment, obtaining a rat
different distribution of the weights for Fe and Ni this wa
Without doubt, the difference in the weights given in Tabl
is caused to some extent by the fact that the calculated c
sectionsWls,l 8s8(E,E8) are energy dependent and liste
here forE5E85EF , while the fitted weights are assumed
be energy independent and meant to repres
Wls,l 8s8(E,E8) for the whole relevant range of energie

FIG. 6. Comparison of some selected spin- and angu
momentum decomposed differential APS spectraI (E2)s2

of bcc Fe
calculated with~full lines! and without ~dashed lines! the cross
sections.
.

ee,

b

-
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f
.
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r
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nt

Nevertheless, one has to note that also the relative wei
obtained from the fitting procedure differ quite strongly fro
the calculated ones. For this reason, one has to conclude
the fitting approach, while producing the main trend, sho
not be overstressed.

IV. CONCLUDING REMARKS

In the formalism presented in Sec. II the effect of t
spin-orbit splitting of the core states has been ignored
necessary, this restriction can straightforwardly be remo
by dealing with these states in a fully relativistic way, a
counting for the spin polarization at the same time.29 After
transforming the corresponding wave functions from t
standard relativistic (k,m) representation (k and m are the
spin orbit and magnetic quantum numbers, respectively! to
the nonrelativistic (l ,ml ,ms) representation, the new wav
functions can be used in the expressions given above
addition, relativistic effects for the involved band stat
could be dealt with in a similar way as has been done for
CVV AES by Szunyoghet al.30 However, according to ex-
perimental experience, not much impact of relativistic effe
have to be expected for the systems investigated here
nally, there seems to be no simple way to observe spin-or

r-

FIG. 7. Selected spin- and angular momentum resolved c
sectionsWls,l 8s8(E,E8) @see Eq.~21!# for bcc Fe corresponding to
Fig. 6, i.e., for l 5d; l 85s,p,d; and s5s85↓. These functions
have been scaled to have the maximum value ofWd↓,d↓(E,E8) at 1.
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TABLE I. Calculated relative cross sectionsWls,l 8s8(E,E8) for E5E85EF normalized to
Wd↑,d↓(EF ,EF)51 for bcc Fe and fcc Ni. The entry 0.0000 means that the value is smaller than 1024. For
the unnormalized cross sectionsWd↑,d↓(EF ,EF)Fe/Wd↑,d↓(EF ,EF)Ni51.2527 was found. The values give
in parentheses are the weights obtained by Ertlet al. by fitting the bare DOS-derived APS spectra
experiment. Those values not listed are fixed by Eq.~20!.

ls,l 8s8 Fe Ni ls,l 8s8 Fe Ni

d↑,d↑ 0.2909~0.00! 0.2145~0.75! p↑,p↑ 0.0003~0.80! 0.0000~0.70!
d↑,d↓ 1.0000~1.00! 1.0000~1.00! p↑,p↓ 0.0011~0.10! 0.0000~0.90!
d↓,d↑ 1.0000~1.00! 1.0000~1.00! p↓,p↑ 0.0011~0.10! 0.0000~0.90!
d↓,d↓ 0.1404~0.18! 0.1909~0.22! p↓,p↓ 0.0009~0.80! 0.0000~0.70!
d↑,p↑ 0.0102~0.00! 0.0000~0.00! p↑,s↑ 0.0024~0.00! 0.0000~0.00!
d↑,p↓ 0.0308~0.28! 0.0000~0.25! p↑,s↓ 0.0057~0.00! 0.0000~0.00!
d↓,p↑ 0.0127~0.28! 0.0000~0.25! p↓,s↑ 0.0083~0.00! 0.0000~0.00!
d↓,p↓ 0.0126~0.00! 0.0000~0.00! p↓,s↓ 0.0049~0.00! 0.0000~0.00!
d↑,s↑ 0.0113~0.00! 0.0034~0.00! s↑,s↑ 0.0000~0.00! 0.0000~0.00!
d↑,s↓ 0.0717~0.00! 0.0173~0.20! s↑,s↓ 0.0590~0.00! 0.0091~0.00!
d↓,s↑ 0.0423~0.00! 0.0191~0.20! s↓,s↑ 0.0590~0.00! 0.0091~0.00!
d↓,s↓ 0.0094~0.00! 0.0034~0.00! s↓,s↓ 0.0000~0.00! 0.0000~0.00!
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induced magnetic dichroic phenomena31 within spin-
polarized APS using fluorescence detection.

In deriving the final expression for the APS signal inte
sity given in Eqs.~19! and ~25! it was assumed that th
corresponding experiment is essentially an angu
integrating one. This means that, in analogy to the co
sponding description of AES,21,19,30 an average has bee
taken with respect to the directionk̂ of the incoming LEED
electron@see Eq.~13!#. This is justified because for the ex
perimental data shown here9 k̂ varies in a range 5–10°. Be
cause of this, together with the high energy of the incom
electron of nearly 1 keV, thekW selection rule for the partia
transitions 2→4 and 2→3 in Fig. 1 is strongly relaxed
Therefore, it seems to be more appropriate to take the a
age with respect tok̂ as it is done in general for valence-ban
x-ray photoemission spectroscopy.24,32 Of course, it is
straightforward to drop this averaging step to get a desc
tion for a true angular-resolved experiment performed
lower energies. This leads to expressions similar to th
given in Eqs. ~19! and ~25!; i.e., one still has a self-
convolution of the DOS aboveEF with the weighting cross
section now being dependent on the directionkW of the incom-
ing electron.

The systems investigated here were treated as bulk
tems, ignoring any influence of the surface. A first step to
beyond this approximation is to calculate the DOS enter
Eqs. ~19! and ~25! in a layer-resolved way for the surfac
region. Summing the individual contributions of every lay
weighted according to the mean-free-path length of the
coming LEED electron would account for the influence
the surface to a large extent. However, because the la
resolved DOS rapidly approaches that of the bulk when
ing away from the surface~see, e.g., Refs. 33 and 34! not
much difference can be expected for fcc Ni and bcc Fe co
pared to the present bulk results. On the other hand,
procedure sketched above seems to be an adequate app
to deal with surface layer systems, for example Fe on top
-

r-
-

g

r-

-
t
e

s-
o
g

r
-

f
r-
-

-
e
ach

of

the ~001! surface of fcc Cu that has been studied recently
Detzel et al.11 for various thicknesses of the Fe top lay
using spin-polarized APS in the fluorescence detect
mode. Work along this line is in progress to provide a d
tailed theoretical description for these experiments.

V. SUMMARY

A theoretical description for spin-resolved APS has be
presented that allows us to express the APS signal as a c
section-weighted self-convolution of the DOS above t
Fermi energy. The corresponding expression is quite gen
and, because of the element-specific nature of the cen
APS transition, it may be applied to pure as well as orde
and disordered many-component bulk systems. As has b
demonstrated, dealing with surface layer systems in a pro
way requires only some minor extensions. Finally, furth
refinement of the approach presented to account for the s
orbit coupling of the involved core states as angular reso
tion in the corresponding experiment has been discussed

Application of the present formalism to calculate spi
resolved APS spectra of bcc Fe and fcc Ni led to rat
satisfying agreement with experiment. A decomposition
the theoretical spectra into their spin- and angul
momentum-resolved contributions reveal in detail the imp
tance of the involved matrix elements or cross sections.
has been shown, these introduce some additional energy
pendence for the various partial spectra and, more import
strongly influence their relative weight.
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