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Theoretical description of the Fano effect in the angle-integrated valence-band photoemission
of paramagnetic solids
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A theoretical description of the Fano effect in the angle-integrated valence-band photoemission of paramag-
netic solids is presented that is based on the one-step model of photoemission and relativistic multiple-
scattering theory. Applications to fcc-Cu led to a very satisfying agreement with recent experimental data that
show the Fano effect, i.e., a finite spin-polarization for the spectra is found for excitation with circularly
polarized radiation. As can be demonstrated by model calculations, this finding is caused by the presence of
spin-orbit coupling. To allow for a more detailed discussion of the spectra a simplified description of the Fano
effect is presented that treats spin-orbit coupling as a perturbation.
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I. INTRODUCTION

Recently there has been much interest in experime
based on magnetic circular dichroism as a tool to study
electronic structure of magnetic materials.1,2 Without doubt
the most prominent example for this is the magnetic circu
dichroism in x-ray absorption~MCXD! that allows us to
probe in an element specific way the spin and orbital m
netic moments of the absorber atom by making use of
so-called sum rules.3–6 In the case of photoemission, circula
dichroism has also been extensively investigated for c
levels7,8 as well as the valence band.7,9–11In discussing their
first MCXD spectra, recorded at the FeK edge, Schu¨tz
et al.12 pointed out that the magnetic dichroism can be tra
back to the Fano effect, i.e., the creation of spin-polariz
electrons in an excited state when circularly polarized rad
tion is used for excitation. For paramagnetic—this means
the present context not spontaneously spin-polarized—so
the spin polarization of the excited electron is just reverse
the helicity of the radiation is reversed. For ferromagne
solids, on the other hand, this does not apply any more
cause of the spin-dependent electronic structure and as a
sequence magnetic circular dichroism is observed.

Originally, the Fano effect was predicted by Fano13,14 to
occur for free atoms as a consequence of spin-orbit coup
and the selection rules connected with circularly polariz
radiation. This was demonstrated by Heinzmannet al. for
free Cs atoms15 and also for poly-crystalline Cs films.16 Later
on, the Fano effect, that is sometimes called optical s
orientation, was observed in many different systems suc
semiconductors and adsorbates.17,18A corresponding theoret
ical description for the experiment on paramagnetic so
was presented by Koyama and Merz19 on the basis of the
three-step model of photoemission. Later theoreti
work20,21 was based on the more advanced one-step m
that does not have to rely on an artificial decomposition
the photoemission process into three distinct steps. Co
0163-1829/2001/63~14!/144421~7!/$20.00 63 1444
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sponding theoretical investigations provided a rather deta
and accurate description of the available spectroscopic
stemming from angle-resolved valence-band photoemis
measurements on single crystals. In particular it allowed
explain the observation of a spin polarized photo elect
current for linearly polarized light and low-symmetry su
faces. A survey of the theoretical description of sp
polarization effects in the angle-resolved photoemiss
from nonmagnetic solids has been given recently by Fe
and Henk.22 The corresponding experimental investigatio
have been reviewed by Schneider and Kischner.23

In this paper we provide a detailed analysis of the Fa
effect in the valence-band photoemission of paramagn
solids, based on the one-step model of photoemission
relativistic multiple-scattering theory. By dealing with th
multiple-scattering process in real space, we have a v
simple expression for thek-integrated spin resolved valence
band photoemission spectra, with which we can make ac
rate quantitative comparison with recent spin resolved cir
larly polarized data of polycrystalline Cu metal b
Ghiringhelli et al.24 To discuss the resulting spectra in som
detail, we perform model calculations by treating the sp
orbit coupling as a perturbation, thereby arriving at a ve
transparent explanation for the observed spin polarizatio

II. THEORETICAL FRAMEWORK

A. Fully relativistic calculation of the photo current

As mentioned above a rather sophisticated fully relativ
tic description of spin and angle-resolved photoemission
been developed during the last years by seve
groups.20,21,25,26This is based on the one-step model and r
resents the electronic Green’s function by making use of
multiple scattering or Korringa-Kohn-Rostoker~KKR! for-
malism. By dealing with the multiple-scattering problem
real space, a very simple expression could be derived
©2001 The American Physical Society21-1
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Ebert and Schwitalla26 for the spin resolved and angle
integrated valence-band photoemission spectra of ferrom
netic solids.

Making use of the single-scatterer approximation, i.e.,
noring multiple-scattering events for the final state the res
ing photocurrent with energyE8 and spin characterms is
given in the case of one atom per unit cell by

I ~E,ms ;v,qW ,l!

}Im (
LL9m5m9

CL
2msC

L9

2msH (
L1L2

tL1L2

00 ~E!

3F(
L8

tL8L
0

~E8!ML8L1

qW l GF(
L-

tL-L9
0

~E8!ML-L2

qW l G*
2 (

L8L-L1

tL8L
0

~E8!I L8L1L-
qW l tL-L9

0* ~E8!J , ~1!

where v, qW , and l specify the energy, wave vector, an
polarization of the radiation andE5E82v is the energy of
the initial states. The quantitiesCL

ms are Clebsch-Gordon co
efficients with the indexL5(k,m) combining the relativis-
tic spin orbit and magnetic quantum numbers.27 The elec-
tronic structure of the system is represented by the single
t matrix tLL8

n (E) and the scattering path operatortLL8
nm (E)

connecting lattice sites atRW n and RW m . The corresponding

matrix elementsMLL8
qW l and I LL8L9

qW l are given by26

MLL8
qW l

5E d3r @TZL~rW,E8!#3XqW l~rW !ZL8~rW,E! ~2!

and

I LL8L9
qW l

5E d3r E d3r 8@TZL~rW,E8!#3XqW l~rW !

3ZL8~rW, ,E!JL8
3

~rW. ,E!XqW l
3

~rW8!@TZL9~rW8!,E8!].

~3!

HereZL(rW,E) andJL(rW,E) are the regular and irregular so
lutions to the Dirac equation,XqW ,l(rW)52eaW •AW qW l represents
the interaction of the electrons and the radiation withaW the
vector of Dirac-matrices andAW qW l the vector potential repre
senting the radiation field.27 Finally, T52 isyK is the time
reversal operator. Equation~1! can be used straightforwardl
to calculate the spin-resolved photocurrentI (E,ms ;v,qW ,l)
if circularly polarized radiation is used. This will be denote
in short I l

ms in the following with ms5↑(↓) andl51(2)
for left and right circularly polarized radiation.

To compare the resulting theoretical spectra with exp
ment ~see the next section! various intrinsic and experimen
tal broadening mechanisms have to be accounted for.
represent the various life time effects a Lorentzian broad
ing has been applied with an energy-dependent widthG(E)
14442
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50.0110.02(E2EF)2 eV with EF the Fermi energy. A
Gaussian broadening has been added afterwards usins
50.4 eV.

B. Perturbational treatment of spin-orbit coupling

The scheme sketched above that is based on the f
component Dirac formalism deals with all relativistic effec
in a rigorous way. This means in particular that the effects
spin orbit coupling are properly accounted for. On the oth
hand it is not very transparent and does not allow fo
simple interpretation of the resulting spectra. To overco
this problem a simpler scheme is introduced in the followin

The fully relativistic scheme has been derived in analo
to the nonrelativistic photoemission theory worked out
Durham.28 Starting point of his approach is the followin
expression for the photocurrent:

I ~E,kW ,ms ;v,qW ,l!

}E d3r 1E d3r 2fkWms

final
~rW1 ,E8!†

3XqW l~rW1!Im G= ~rW1 ,rW2 ,E!XqW l
3

~rW2!fkWms

final
~rW2 ,E8!. ~4!

Here the initial valence-band states are represented by
Green’s functionG= (rW,rW8,E) and the final statefkWms

final(rW,E8) is

assumed to be a time reversed low-energy electr
diffraction state. Originally this expression was meant to d
with nonmagnetic solids and the influence of spin-orbit co
pling was ignored in addition. These restrictions can be ov
come by working in a two-component formalism; i.e., th
wave functions are set up as spinors andG= (rW,rW8,E) is a 2
32 matrix with respect to the spin indexms . The spin-orbit
coupling is treated as a perturbation in the following. In p
ticular it is assumed that it influences only the initial sta
represented by the Green’s functionG= (rW,rW8,E) but not the
final statesfkWms

final(rW,E8) at relatively high energyE8. In line

with this, spin-orbit induced spin flip transitions are ignor
for the electron-photon interaction operatorXqW l(rW).

Representing the final states using multiple-scatter
theory and using the single-scatterer approximation, one
rives for the spin-resolved and angle-integrated photocur
at

I l
ms5(

L
@ t l~E8!#2E d3r E d3r 8Zl~r ,E8!YL* ~ r̂ !xms

† XqW l~rW !

3Im G= ~rW,rW8,E!XqW l
†

~rW8!Zl~r 8,E8!YL~ r̂ 8!xms
. ~5!

Here t l(E), andZl(r ,E)YL( r̂ )xms
are thel-dependent single

site t matrix and radial wave function for the final stat
YL( r̂ ) is a spherical harmonic withL5( l ,ml) and xms

is a

spinor with spin characterms . Because spin-orbit coupling
1-2
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for the final state as well as spin-flip transitions are igno
only the diagonal elements of the Green’s-function ma
enter the above expression.

The influence of spin-orbit coupling for the valence-ba
states can be accounted for by representing it by a co
sponding perturbation operatorĤSOC5j(rW) lWsW ~Ref. 27!
leading for the 232 Green’s-function matrixG= to

G= 5G= 01G= 0ĤSOCG=
01G= 0ĤSOCG=

0ĤSOCG=
01 . . . , ~6!

with all arguments suppressed. Here

G= 0~rW,rW8,E!5S G0~rW,rW8,E! 0

0 G0~rW,rW8,E!
D ~7!

is the Green’s function for the unperturbated solid for wh
the two spin components are identical. On the basis of
model calculations to be presented below, it is obvious th
is completely sufficient to stop the above expansion after
second term; i.e., to treatĤSOC only in first order. Because
only the spin-diagonal elements ofG= (rW,rW8,E) enter the
above expression forI l

ms it follows immediately that only the
spin diagonal partHSOC

dia 5j(r ) l zsz of the spin-orbit interac-

tion operatorĤSOC has to be considered. The expansion
Eq. ~6! can be dealt with by representing the Green’s fu
tion G0(rW,rW8,E) within the framework of nonrelativistic
multiple-scattering theory:

G= ~rW,rW8,E!5 (
L,L8,ms

Zl~r ,E!YL~ r̂ !xms
tLL8

nm
~E!Zl 8~r 8,E!

3YL8
* ~ r̂ !xms

† 2(
L

Zl~r , ,E!YL~ r̂ !xms

3Jl~r . ,E!YL* ~ r̂ 8!xms

† dnm , ~8!

whereZl(r ,E) andJl(r ,E) are the regular and irregular so
lutions to the radial Schro¨dinger equation with angular mo
mentum characterl. The quantitytLL8

nm (E) is the correspond-
ing scattering path operator that—as for the wa
functions—does not depend on the spin characterms .

The various products in Eq.~8! imply an integration over
the whole space. For the following qualitative discussion
is, however, completely sufficient to restrict the influence
spin-orbit coupling operatorĤSOC

dia to the central atomic site
for which the absorption process takes place. For the s
reason and for the sake of clearness terms connected wit
irregular solutionsJl(r ,E) will be dropped in the following.
With these simplifications the photocurrent can be written

I l
ms}(

L
@ t l~E!#2 (

L1L2
H MLmsL1ms

l MLmsL2ms

l* Im tL1L2
~E!

1 (
L3L4

MLmsL1ms

l ML2msL3ms

SOC MLL4

l*

3Im@tL1L2
~E!tL3L4

~E!#J , ~9!
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where the site index for the site-diagonal scattering opera
tLL8 have been suppressed. In Eq.~9!

MLmsL8m
s8

l
5E d3rZl~r !YL* ~ r̂ !xms

† XqW l~rW !Zl 8~r !YL8~ r̂ !xm
s8

5Rll 8A4p

3
l~21!m@~2l 11!~2l 811!#1/2

3S l 1 l 8

0 0 0D S l 1 l 8

2m l m8
D dmsms8

~10!

is a matrix element of the nonrelativistic electron-photon
teraction operatorXqW l that has been used here in its config
ration formXqW l(rW)}rW•AW qW l . The Wigner 3j symbols

S l 1 l 8

2m l m8
D

immediately imply for circularly polarized radiation (l5
61) the selection rulesl 2 l 8561, ml2ml 85l and ms

2ms850. For the spin-orbit coupling operatorĤSOC
dia one has

the corresponding matrix elements

MLmsL8m
s8

SOC
5E d3rZl~r !Yl* ~ r̂ !xms

† ĤSOC
dia ~rW !Zl 8~r !YL8~ r̂ !xm

s8

5j lmlmsd l l 8dmlml8
dmsms8

, ~11!

with j l the radial part of the matrix element. Restricting t
involved valence-band states to haved character; i.e., by
settingl 15 l 25 l 452, one finally arrives at the rather simp
expression for the photocurrent:

I l
ms5(

l
5

4p

3
~R̄l 2

!2~2l 11!

3S l 1 2

0 0 0D
2

(
m1

S l 1 2

2m l m1
D 2

3(
m2

@N2 Im t2m12m2
1 j̄ lm2msN2

2

3Im~t2m12m2
t2m22m1

!#. ~12!

For the discussion following below we have introduced t
overlap integralN25*r 2dr@Z2(r )#2 for the d electrons and
used the corresponding normalized radial matrix eleme
R̄l 2

5Rl 2
/AN2 and j̄25j2 /N2, respectively.

III. RESULTS AND DISCUSSION

The relativistic approach sketched in the previous sec
has been applied so far only to deal with a number of fer
magnetic binary alloy systems.26,29 For these systems it ha
been predicted that even for the angle-integrated mode t
should occur in general a magnetic circular dichroism. Wh
for the spin-integrated spectra the dichroism should be ra
small in general, it should be quite pronounced for the sp
resolved case. Application of the approach to paramagn
solids is of course possible without modifications and allo
1-3
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in particular to study the Fano effect without additional co
tributions to the spin polarization of the photocurrent due
an intrinsic exchange splitting. The top panel of Fig. 1 sho
corresponding results for the spin- and angle-integrated
lence band x-ray photoemission~VB-XPS! spectra of pure
fcc Cu for a photon energy of 600 eV together with cor
sponding experimental data.

Obviously, the width and shape of the main peak co
nected with the Cud band is reproduced by the calculatio
in a very satisfying way. However, one should also note t
there are some deviations around the Fermi energy and
there is an appreciable secondary electron background
tribution to the experimental spectrum for higher bindi
energies. In Fig. 1 the spin-resolved spectraI

1

ms for excitation
with left circularly polarized radiation (l511) have been
added. These spectra already show that one has a sma
finite spin differenceDI 15I 1

↑ 2I 1
↓ throughout the region o

the d-band complex that changes sign with increasing bi
ing energy. The main features of the spin differenceDI 1 can
be seen more clearly in the lower panel of Fig. 1. This fig
shows in particular that the spin difference amounts to ab

FIG. 1. Top: spin and angle-integrated VB-XPS spectrum of
Cu for a photon energy of 600 eV. Bottom: spin differenceDI 1

5I 1
↑ 2I 1

↓ of the photocurrent for excitation with left circularly po
larized radiation. Theory: full line; experiment: dashed line~Ref.
24!. The upper panel shows in addition the theoretical spin-reso
spectraI 1

↑(↓) .
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5% ~the same normalization has been used for both figur!.
Comparison with the corresponding experimental spin diff
enceDI 1 shows that this is reproduced in a quantitative w
by the fully relativistic calculations. The rather good agre
ment obviously opens the way to a detailed discussion of
experimental spectra by a corresponding analysis of the
oretical results.

The expression for the photocurrentI l
ms given in Eq.~1!

of course allows a straightforward decomposition accord
to the angular momentum character of the final state.
cause the main features of the spectra shown in Fig. 1
connected with thed states and because of the dipole a
proximation used for the matrix elementsMLL8

l @see Eq.~1!#
only d-p andd-f contributions to the difference spectraDI 1

have to been considered. The results in Fig. 2 clearly sh
that thed-p andd-f contributions are of opposite sign for a
photon energies. For a photon energy of about 15 eV b
contributions are of the same order of magnitude and for
reason should more or less cancel one another.@For calcula-
tions of the spectra for low photon energies, multip
scattering events for final states have been accounted fo
replacing the single sitet matrix tLL8(E8) in Eq. ~1! with the
corresponding site-diagonal scattering path opera
tLL8(E8).29 For photon energies higher than 50 eV this do
not influence the spectra, i.e., use of the single-scatte
approximation is well justified.# With increasing photon en
ergy the relative weight of thed-p contribution toDI 1 drops
rapidly and above about 50 eV it contributes in general l
than 10%. Within a nonrelativistic description of the VB
XPS experiment there would be no spin difference at
even for excitation with circularly polarized radiation. This
because the spin-resolved spectraI l

ms are in this case unam

c

d

FIG. 2. Decomposition of the theoretical spin difference of t
photocurrentDI 15I 1

↑ 2I 1
↓ according to the angular momentum

character of the initial and final states for various photon energ
Only the dominatingd-p and d-f contributions are shown. Fo
photon energies>40 eV thed-p contributions have been scaled u
by a factor of 5 or 10, respectively.
1-4
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biguously connected with the two spin subsystems with s
characterms and because these have identical photoemis
cross sections~see below!. This simple situation completely
changes if spin-orbit coupling is considered in addition.

To investigate the mechanism giving rise to the spin d
ferenceDI 1 two types of model calculations have been p
formed that were done in a relativistic way but with th
spin-orbit coupling manipulated. In a first set of calculatio
the relative strength of the spin-orbit couplingxj was varied
between 0 and 1~the value 0 corresponds to the so-call
scalar-relativistic situation without spin-orbit coupling whi
1 represents the situation according to the Dirac equati!.
As can be seen from Fig. 3 the shape of the spin differe
DI 1 hardly changes with the strength of the spin-orbit co
pling xj and the amplitude increases more or less linea
with xj . This clearly demonstrates that the Fano effect i
first-order effect with respect to the spin-orbit coupling. In
second set of calculations the strength of the spin-orbit c
pling was unchanged (xj51) but the spin-orbit coupling wa
split into a part that is diagonal with respect to the sp

FIG. 3. The theoretical results for the spin differenceDI 1 ob-
tained by model calculations. Top: the strength of the spin o
coupling xj has been varied between 0 and 1. Bottom: only
spin-diagonal (zz) and only the spin-mixing (xy), respectively, part
of the full spin-orbit coupling~SOC! has been kept for the calcula
tions.
14442
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(} l zsz),
30 and a part that gives rise to a hybridization of t

spin systems@}( l xsx1 l ysy)#.31 Keeping only the first part,
i.e., suppressing the second spin-mixing part, leads to a
differenceDI 1 that is nearly unchanged as it can be seen
the lower panel of Fig. 3. If the second part is kept inste
the spin differenceDI 1 is rather small and its sign is re
versed with respect to the original curve. These results ar
full accordance with the variation ofDI 1 if the strength of
the spin-orbit coupling is varied. As it can be demonstra
on the basis of the formalism presented in Sec. II BDI 1 is
caused only by the spin-diagonal part of the spin-orbit c
pling operator if it is accounted for to first order. The spi
mixing part, on the other hand, contributes only if it is a
counted for to higher order. Although the first-ord
contribution toDI 1 is obviously by far dominating, the spec
tra in Fig. 3 clearly show several features that have to
ascribed to higher-order contributions; in the upper panel,
amplitude ofDI 1 does not vary strictly linearly withxj , the
zero position at around 3-eV binding energy slightly shi
with xj , and in the lower panel,DI 1 does not vanish if only
the spin-mixing part of the spin-orbit coupling is kept in th
calculations.

The formalism presented in Sec. II B that treats spin-or
coupling as a perturbation allows us to give a rather sim
explanation for the results shown in Figs. 1–3. The first te
N2 Im t2m12m2

in the square brackets of Eq.~12! stems from
the unperturbed system represented by Green’s functionG0.
Because it can be identified with a contribution to thed-like
density of states, one arrives at the usual point of view: in
XPS regime, for which multiple scattering in the final sta
can be ignored, the photoemission spectrum maps the m
element weighted density of states of the conduction ba
Furthermore, one notes that this contribution toI l

ms does not
depend on the spin characterms . This implies that there will
be no spin differenceDI l5I l

↑2I l
↓ whatever polarizationl is

used. In contrast to this, the last term in Eq.~12! is directly
proportional toms and as a consequence a finite spin diffe
enceDI l may occur. This means in particular that the Fa
effect is indeed a first-order effect with respect to the sp
orbit couplingĤSOC as it was indicated by the model calcu
lations~see top panel of Fig. 3!. If the spin-orbit coupling is
ignored for the final states this implies automatically th
only the spin-diagonal partĤSOC

dia of the full operatorĤSOC
has to be considered. Again this is in line with the results
the model calculations presented in Fig. 3 that indicated
the spin mixing part of the spin orbit coupling operator
less important than the spin diagonal part and contribu
only as a higher-order correction. These results make c
that the observed spin differenceDI l , properly normalized
with respect to the total intensityI l , can be seen as a rathe
direct measure for the spin-orbit coupling strengthj. Conse-
quently, one may expect, for example, for Au a spin diffe
enceDI l , that is, according to the ratio of the spin-orb
energy splittingsDESOC of the d-electrons @DESOC(Cu)
50.271 eV,DESOC(Au)51.415 eV#, about a factor of 5.2
higher than for Cu.~Instead ofj we used hereDESOC de-
fined by the difference in the resonance energies of thed5/2
andd3/2 phase shiftsd j , because this quantity does not d
pend on energy; see below.! However, it should be noted tha
for Au higher-order contributions toDI l might get impor-
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J. MINÁR et al. PHYSICAL REVIEW B 63 144421
tant, as it is indicated by the results shown in Fig. 3~bottom!
connected with the spin mixing (xy) part of the full spin-
orbit coupling operatorĤSOC. Finally, it should be empha
sized that the use of theDI l spectrum to determine the spin
orbit coupling parameterj will give only an average value
over the occupied part of the valence band. However,j de-
rived from the radial wave functionRl 52(r ,E) may vary by
a factor of 2 within that region. In additionj derived from
the spin-orbit splitting seen in the dispersion relationE(kW )
depends on the wave vectorkW as well.32 This is clearly dem-
onstrated by experimental data derived from angle-reso
photoemission experiments.33

To allow for a more detailed discussion based on E
~12! we exploited the cubic symmetry of the system stud
here. Using complex spherical harmonicsYL( r̂ ) as basis
functions in Eqs.~5! and ~8! this implies for thed block of
the t matrix the form

t5S c c

a

b

a

c c

D , ~13!

with c5(a1b)/2 and a and b giving rise to thet2g- and
eg-like density of states, respectively. This results in the
lation

5~2l 11!S l 1 2

0 0 0D
2

(
m1

S l 1 2

2m l m1
D 2

3(
m2

m2 Im~t2m12m2
t2m22m1

!

5Sll ImS a~4b1a!

25 D . ~14!

For left circularly polarized radiation (l511) the signSll
is 11 for final states withp character (l 51) and21 for a
final states withf character (l 53). This means that the dif
ferent sign for thed-p andd-f contributions toDI 1 ~see Fig.
2! is simply a consequence of the different weights fol
51 andl 53, respectively, occurring in the summations ov
the spin quantum numberm2 in Eq. ~14! (m2 runs from
22 to 12 while all other proceeding terms are positive!.
Because for a given polarizationl the terms in Eq.~14! for
final p and f states differ only in sign, the resulting sp
differenceDI 1 and its energy dependence shown in Fig
stems from the very different energy dependence of the
dial matrix elementsR12 and R32 @see Eq.~10!# for p- and
f-like final states, respectively. If right circularly polarize
radiation (l521) is assumed, the signSll is just reversed;
i.e., one hasSl (21)52Sl (11) . This implies for the spin-
resolved photocurrentsI l

ms the relationshipI 1
↑ 5I 2

↓ and I 1
↓

5I 2
↑ . In particular one has for the spin differenceDI 15

2DI 2 . This means in particular that there is of course
circular dichroism present.
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Finally, one can make use of the identity]G/]E5
2GG for the Green’s function to interpret the right-han
side of Eq.~14!. Ignoring the difference in the density o
statesn(E) with t2g andeg character this expression is sim
ply proportional to the energy derivative of the density
statesn(E). This simple explanation is obviously in line wit
the theoretical spectra shown in Fig. 1. As one can seeDI 1

has a zero at the maximum position ofI 15DI 1
↑ 1DI 1

↓ that
in turn essentially mapsn(E). In addition the asymmetry o
DI 1 is in full accordance with that ofI 1 . Calculations for
paramagnetic bcc Fe and fcc Au supported the conclus
that the spin-orbit induced spin differenceDI 1 essentially
maps the energy derivative of the density of statesn(E).
However, for these two cases no full correspondence for
details of the more structuredDI 1 and dn(E)/dE curves
could be found. Presumably this is because the differe
between thet2g andeg projected density of states cannot b
ignored anymore.

IV. SUMMARY

Results of fully relativistic calculations for the valenc
band photoemission spectra of fcc Cu using circularly po
ized radiation have been presented. These were found to
produce recent experimental data in a very satisfying way
particular the spin-orbit induced spin differenceDI l was
found in very good agreement with experiment. As alrea
observed earlier it turned out that multiple-scattering effe
are important only for photon energies below about 50 e
The use of the single-scatter approximation is therefore w
justified at higher energies. Analysis of the theoretical sp
tra revealed, that for very low photon energies thed-p con-
tribution dominates the spin differenceDI l , while for pho-
ton energies higher than about 50 eV thed-f contribution
represent about 90% of the effect. Because both contr
tions differ in their signDI l changes sign when the photo
energy increases. Model calculations performed in addit
clearly demonstrated the role of the spin-orbit coupling.
particular they revealed that the Fano effect in the ang
integrated VB-XPS is a first-order effect and the spin mixi
part of the spin-orbit coupling operator should normally pl
a minor role. All these findings could be explained in a ve
transparent way by extending Durham’s scheme to deal w
photoemission by treating spin-orbit coupling as a pertur
tion. In addition it could be demonstrated that the spin-or
induced spin differenceDI l essentially reflect the energ
derivative of the density of statesn(E) of the system. From
the results presented one can immediately conclude tha
heavier elements with a stronger spin orbit coupling a m
pronounced spin-differenceDI l has to be observed. This im
plies that spin resolved and angle-integrated valence-b
photoemission can be used as a rather simple and sens
probe to determine the average spin-orbit coupling stren
for the valence-band electrons. It should be applicable
this propose even for multidomain ferromagnets that sh
no net magnetization.
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