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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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[. INTRODUCTION sponding theoretical investigations provided a rather detailed
and accurate description of the available spectroscopic data
Recently there has been much interest in experimentstemming from angle-resolved valence-band photoemission
based on magnetic circular dichroism as a tool to study th&easurements on single crystals. In particular it allowed to
electronic structure of magnetic materifsWithout doubt ~ explain the observation of a spin polarized photo electron
the most prominent example for this is the magnetic circulacurrent for linearly polarized light and low-symmetry sur-
dichroism in x-ray absorptiofMCXD) that allows us to faces. A survey of the theoretical description of spin-
probe in an element specific way the spin and orbital magpolarization effects in the angle-resolved photoemission
netic moments of the absorber atom by making use of th&fom nonmagnetic solids has been given recently by Feder
so-called sum rule¥:® In the case of photoemission, circular and Henké? The corresponding experimental investigations
dichroism has also been extensively investigated for cor&ave been reviewed by Schneider and Kiscier.
levels'® as well as the valence bahd:**In discussing their In this paper we provide a detailed analysis of the Fano
first MCXD spectra, recorded at the A€ edge, Schiz effect in the valence-band photoemission of paramagnetic
et al*? pointed out that the magnetic dichroism can be tracedolids, based on the one-step model of photoemission and
back to the Fano effect, i.e., the creation of spin-polarizedelativistic multiple-scattering theory. By dealing with the
electrons in an excited state when circularly polarized radiamultiple-scattering process in real space, we have a very
tion is used for excitation. For paramagnetic—this means irsimple expression for thieintegrated spin resolved valence-
the present context not spontaneously spin-polarized—solid@and photoemission spectra, with which we can make accu-
the spin polarization of the excited electron is just reversed ifate quantitative comparison with recent spin resolved circu-
the helicity of the radiation is reversed. For ferromagnetidlarly polarized data of polycrystalline Cu metal by
solids, on the other hand, this does not apply any more beShiringhelli et al?* To discuss the resulting spectra in some
cause of the spin-dependent electronic structure and as a co#etail, we perform model calculations by treating the spin-
sequence magnetic circular dichroism is observed. orbit coupling as a perturbation, thereby arriving at a very
Originally, the Fano effect was predicted by Fa&hto  transparent explanation for the observed spin polarization.
occur for free atoms as a consequence of spin-orbit coupling
and the selection rules connected with circularly polarized
radiation. This was demonstrated by Heinzmaairal. for Il. THEORETICAL FRAMEWORK
free Cs atom's and also for poly-crystalline Cs filni§.Later
on, the Fano effect, that is sometimes called optical spin
orientation, was observed in many different systems such as As mentioned above a rather sophisticated fully relativis-
semiconductors and adsorbaté$8A corresponding theoret- tic description of spin and angle-resolved photoemission has
ical description for the experiment on paramagnetic solidbeen developed during the last years by several
was presented by Koyama and MErpn the basis of the groups?®?12>26This is based on the one-step model and rep-
three-step model of photoemission. Later theoreticatesents the electronic Green'’s function by making use of the
work?®?! was based on the more advanced one-step modehultiple scattering or Korringa-Kohn-RostokékKR) for-
that does not have to rely on an artificial decomposition ofmalism. By dealing with the multiple-scattering problem in
the photoemission process into three distinct steps. Corrgeal space, a very simple expression could be derived by

A. Fully relativistic calculation of the photo current
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Ebert and Schwitalf® for the spin resolved and angle- =0.01+0.02E—Eg)? eV with Er the Fermi energy. A
integrated valence-band photoemission spectra of ferromagsaussian broadening has been added afterwards using
netic solids. =0.4eV.

Making use of the single-scatterer approximation, i.e., ig-
noring multiple-scattering events for the final state the result-

ing photocurrent with energfe’ and spin charactem, is B. Perturbational treatment of spin-orbit coupling
given in the case of one atom per unit cell by The scheme sketched above that is based on the four-
component Dirac formalism deals with all relativistic effects
I(E,m,; a \) in a rigorous way. This means in particular that the effects of
spin orbit coupling are properly accounted for. On the other
aim S CXmSC;’“s D T?\OlAz(E) h_and it is not very transparent a_md does not allow for a
AN =" A1A, simple interpretation of the resulting spectra. To overcome

this problem a simpler scheme is introduced in the following.

- > * L. . . .
0 AN 0 AT The fully relativistic scheme has been derived in analogy

>< r r man n A H H H

% tara(BMY Aq AZ taman(ETIMY Az to the nonrelativistic photoemission theory worked out by

Durham?® Starting point of his approach is the following
0 BN 0% , expression for the photocurrent:

- 2 tA’A(E )IA!AlA/HtAH/AN(E )]1 (1)

A!AHIAl

) I(E,K,Mg;®,q,\)
where w, g, and \ specify the energy, wave vector, and
polarization of the radiation z.arﬁ;:E — w is the energy of ocf d3flf d3r2¢ll‘2irr11al('?1'E/)T
the initial states. The quantiti&3, * are Clebsch-Gordon co- s
efficients with the index\ = («,u) combining the relativis-
tic spin orbit and magnetic quantum numb&tsThe elec-
tronic structure of the system is represented by the single site

t matrix tR A+(E) and the scattering path operatnﬂ,(E) Here the initial valence-band states are represented by the

XX (T)IM G(r 1,15, E)X (T) (T2, E). (4)

km,

connecting lattice sites &, and R,,. The corresponding Green's functiorG(r,r’,E) and the final states}" (1 ,E') is
e - - S
matrix eIementSVI%, andli)‘A,A,, are given bg® assumed to be a time reversed low-energy electron-

diffraction state. Originally this expression was meant to deal

. . . . with nonmagnetic solids and the influence of spin-orbit cou-

Mi”A, =j d3r[TZA(r,E’)]Xxdx(r)ZA,(r ,E) (2 pling was ignored in addition. These restrictions can be over-

come by working in a two-component formalism; i.e., the
and wave functions are set up as spinors @(:F,F’,E) isa?z2
X 2 matrix with respect to the spin indem. The spin-orbit

. coupling is treated as a perturbation in the following. In par-

|1*A,A,,=f d3rf d3r ' [TZy(r,E")]*Xgn(1) ticular it is assumed that it influences only the initial states
represented by the Green’s functi@{(r,r’,E) but not the
XZpo(F = E)IN (T ,E)XEX(F’)[TZM(F’),E’)]. final statesp"?(r,E') at relatively high energg’. In line

kmg
3 with this, spin-orbit induced spin flip transitiorls are ignored
for the electron-photon interaction operadg, (r).
HereZ,(r,E) andJ,(r,E) are the regular and irregular so-  Representing the final states using multiple-scattering
lutions to the Dirac equatior){ay)\(r»)= —e&"&ax represents theory and using the smgle-scatterer_apprOX|mat|0n, one ar-
the interaction of the electrons and the radiation veiththe rives for the spin-resolved and angle-integrated photocurrent

= at
vector of Dirac-matrices and;, the vector potential repre-
senting the radiation fielf. Finally, T= —io,K is the time
reversal operator. Equatidft) can be used straightforwardly

to calculate the spin-resolved photocurrde(E,mS;w,ﬁ,)\)
if circularly polarized radiation is used. This will be denoted . _— o .,
in short1™ in the following with mg=1(]) and\=+(~) XIMG(r,r', BE)Xg, (r')Zi(r ENYL(r )Xm: (9
for left and right circularly polarized radiation.

To compare the resu_lting _theor_etigal spectra With_ eXperiHeren(E), andz,(r,E)Y_(f)x.. are thel-dependent single
ment(see the next sectigivarious intrinsic and experimen- . . . s : )
tal broadening mechanisms have to be accounted for. Tﬁ'te} matrix and radial wave function for the final state,
represent the various life time effects a Lorentzian broadenYL(r) is @ spherical harmonic with=(I,m;) and xn_is a
ing has been applied with an energy-dependent wWit{t&) spinor with spin charactemg. Because spin-orbit coupling

=3 1GEN [ [z EOVE DX )
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for the final state as well as spin-flip transitions are ignored"’here the site index for the site-diagonal scattering operators
only the diagonal elements of the Green’s-function matrix7LL’ have been suppressed. In K8}

enter the above expression.

The influence of spin-orbit coupling for the valence-bandp
states can be accounted for by representing it by a corre-
sponding perturbation operatdigoc=£(r)lo (Ref. 27
leading for the 2 2 Green’s-function matrixg to

)\ j—
,=
LmSL’mS

41
=Ry \/?x(—l)m[(m +1)(21"+1)]+?
1

0 0 0)( )5““smé

is a matrix element of the nonrelativistic electron-photon in-
teraction operatoXg, that has been used here in its configu-

f d*rZy () YE )X Xan(DZi (D YL (P Xy,

I 1
-m A m

G=G"+G HgoG + G Hso G Hso GO+ ..., (6)

X (10

with all arguments suppressed. Here
0
Go(r,r',E)

Gor,r',E)
a 0

ration formXg, (r)=r-Ag, . The Wigner 3 symbols

is the Green’s function for the unperturbated solid for which

the two spin components are identical. On the basis of the ( )

model calculations to be presented below, it is obvious that it

is completely sufficient to stop the above expansion after thﬂ‘nmediately imply for circularly polarized radiation\ &
second term; i.e., to tre&lgoc only in first order. Because *1) the selection ruleg—I'==1, m—m;, =\ and mg
only the spin-diagonal elements @(r,r’,E) enter the —m.=0. For the spin-orbit coupling operatii3. one has
above expression fdf™ it follows immediately that only the ~ the corresponding matrix elements

spin diagonal parH32 = £(r)I,0, of the spin-orbit interac-
tion operatorHsoc has to be considered. The expansion in
Eq. (6) can be dealt with by representing the Green’s func-

tion GO(F,F’,E) within the framework of nonrelativistic
multiple-scattering theory:

| 1
-m N m

SOC
LmSL’mS'

M = f d¥rZy(N)YF (1) xh ASSAN Zy (D) YL (1) Xy

= glmlmsall’5m|m|’ 5msméa (11

with ¢, the radial part of the matrix element. Restricting the
involved valence-band states to hastecharacter; i.e., by

G E)= 2 Z(r,E)Yu(D)Xmm 1 (E)Z(r'E)

L,L" mg
XYL Xy~ 20 21 < E)YL(T) X,

X3 (r= E)YE(F) X Sam:

settingl,=1,=1,=2, one finally arrives at the rather simple
expression for the photocurrent:

m, Am —
=3 5§(R.2)2(2| +1)

I 1 2 1 2

8

X

:

r 2
X z [Nz Im 7'2m12m2+ &imomgN3
my

> )/

my

0 0 O -m AN m

whereZ(r,E) andJ,(r,E) are the regular and irregular so-
lutions to the radial Schobnger equation with angular mo-
mentum charactdr The quantityr, ", (E) is the correspond-
ing scattering path operator that—as for the wave
functions—does not depend on the spin charagter

The various products in E@8) imply an integration over ) ) _ )
the whole space. For the following qualitative discussion it 0" the discussion follgwmg beI(;w we have introduced the
is, however, completely sufficient to restrict the influence ofoVeriap integraN,= [r°dr[Z,(r)]* for the d electrons and

. . . ~ dia ... used the corresponding normalized radial matrix elements
spin-orbit coupling operatar to the central atomic site —

soc _ - .
for which the absorption process takes place. For the sar‘rB'z_Rlz/\/'\l_2 and ;= £, /Ny, respectively.

reason and for the sake of clearness terms connected with the
irregular solutions),(r,E) will be dropped in the following.

With these simplifications the photocurrent can be written as L . . .
The relativistic approach sketched in the previous section

has been applied so far only to deal with a number of ferro-
magnetic binary alloy systeni&?° For these systems it has
been predicted that even for the angle-integrated mode there
should occur in general a magnetic circular dichroism. While
for the spin-integrated spectra the dichroism should be rather
small in general, it should be quite pronounced for the spin-
resolved case. Application of the approach to paramagnetic
solids is of course possible without modifications and allows

X Im( 7'2m12m27'2m22m1):|- (12

IIl. RESULTS AND DISCUSSION

|;\ns“; [tl(E)]leELZ [ M}CmslesM ﬁ:nstme 7L,1,(E)

SOC
LzmsLSms

A%

A
+ > Mimge,mM LL,
U3,

X Im[TLlLZ(E)TL3L4(E)]]v ©)
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(a) Binding energy (eV)
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or h N
L ;I |I
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o ~ \ -
= - T ] \ . . . i
g | Theory @§-1) } FIG. 2. Decomposition of the theoretical spin difference of the
'§ 2 photocurrentAl . =11 —1} according to the angular momentum
g character of the initial and final states for various photon energies.
g Only the dominatingd-p and d-f contributions are shown. For
£ 0 photon energies=40 eV thed-p contributions have been scaled up
= by a factor of 5 or 10, respectively.
-2 o '
5% (the same normalization has been used for both figures
Comparison with the corresponding experimental spin differ-
4 v enceAl ; shows that this is reproduced in a quantitative way
1 I 1 1 n 1 PR . .
—6 4 ) 0 by the fully relativistic calculations. The rather good agree-
(b) Binding energy (eV) ment obviously opens the way to a detailed discussion of the

experimental spectra by a corresponding analysis of the the-

FIG. 1. Top: spin and angle-integrated VB-XPS spectrum of fccoretical results.

Cu for a photon energy of 600 eV. Bottom: spin differentk, . . .
=11 —1L of the photocurrent for excitation with left circularly po- 1€ expression for the photocurreift given in Eq.(1)

larized radiation. Theory: full line; experiment: dashed liief. ~ Of course allows a straightforward decomposition according
24). The upper panel shows in addition the theoretical spin-resolvedio the angular momentum character of the final state. Be-
spectral (V. cause the main features of the spectra shown in Fig. 1 are

. . . » connected with thel states and because of the dipole ap-
in particular to study the Fano effect without additional con-

tributions to the spin polarization of the photocurrent due toprOX|mat|on used for the matrix eIemerMsiA, [see Eq(1)]

an intrinsic exchange splitting. The top panel of Fig. 1 shownly d-p andd-f contributions to the difference spectsd.,
corresponding results for the spin- and angle-integrated vdlave to been considered. The results in Fig. 2 clearly show

lence band x-ray photoemissig'B-XPS) spectra of pure that thed-p andd-f contributions are of opposite sign for all
fcc Cu for a photon energy of 600 eV together with corre-photon energies. For a photon energy of about 15 eV both
sponding experimental data. contributions are of the same order of magnitude and for this
Obviously, the width and shape of the main peak conJeason should more or less cancel one anofler. calcula-
nected with the Cu band is reproduced by the calculations tions of the spectra for low photon energies, multiple-
in a very satisfying way. However, one should also note thascattering events for final states have been accounted for by
there are some deviations around the Fermi energy and thegplacing the single sitematrixt, ,.(E’) in Eq. (1) with the
there is an appreciable secondary electron background cogerresponding site-diagonal scattering path operator
tribution to the experimental spectrum for higher binding 7, ,,(E’).2° For photon energies higher than 50 eV this does
energies. In Fig. 1 the spin-resolved sped:ﬂ‘afor excitation  not influence the spectra, i.e., use of the single-scattering
with left circularly polarized radiationN=+1) have been approximation is well justified.With increasing photon en-
added. These spectra already show that one has a small ®rgy the relative weight of thé-p contribution toAl , drops
finite spin differenceAl . =11 — 1! throughout the region of rapidly and above about 50 eV it contributes in general less
the d-band complex that changes sign with increasing bindthan 10%. Within a nonrelativistic description of the VB-
ing energy. The main features of the spin differede can ~ XPS experiment there would be no spin difference at all
be seen more clearly in the lower panel of Fig. 1. This figureeven for excitation with circularly polarized radiation. This is
shows in particular that the spin difference amounts to aboubecause the spin-resolved spedt’APaare in this case unam-
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4 . : . . . - . (=1,0,),%° and a part that gives rise to a hybridization of the
— SOC x=00 spin system§ (1ay+1,0y)].3* Keeping only the first part,
S i.e., suppressing the second spin-mixing part, leads to a spin
L. . SOC x=0.4 differenceAl , that is nearly unchanged as it can be seen in
+ — SOC x=0.6 the lower panel of Fig. 3. If the second part is kept instead,
- ggg X=‘1)-3 the spin differenceAl , is rather small and its sign is re-
— x=10 versed with respect to the original curve. These results are in

full accordance with the variation afl . if the strength of
the spin-orbit coupling is varied. As it can be demonstrated
on the basis of the formalism presented in Sec. AB, is
caused only by the spin-diagonal part of the spin-orbit cou-
pling operator if it is accounted for to first order. The spin-
mixing part, on the other hand, contributes only if it is ac-
counted for to higher order. Although the first-order
contribution toAl , is obviously by far dominating, the spec-
tra in Fig. 3 clearly show several features that have to be
ascribed to higher-order contributions; in the upper panel, the
amplitude ofAl , does not vary strictly linearly with,, the
zero position at around 3-eV hinding energy slightly shifts
with x;, and in the lower panelAl , does not vanish if only
the spin-mixing part of the spin-orbit coupling is kept in the
calculations.

The formalism presented in Sec. Il B that treats spin-orbit
coupling as a perturbation allows us to give a rather simple
explanation for the results shown in Figs. 1-3. The first term
N2 IM 75 2m, in the square brackets of E(L2) stems from

the unperturbed system represented by Green’s funGfon
Because it can be identified with a contribution to thike
density of states, one arrives at the usual point of view: in the
XPS regime, for which multiple scattering in the final state

[

Intensity (arb. units)
=

|
[\

Intensity (arb. units)
= ™

|
S

-4
can be ignored, the photoemission spectrum maps the matrix
6 3 3 0 element weighted density of states of the conduction band.

(b) Binding energy (eV) Furthermore, one notes that this contributior {6 does not

FIG. 3. The theoretical results for the spin differentl, ob-  depend on the spin characteg. This implies that there will
tained by model calculations. Top: the strength of the spin orbitbe no spin differencélhzli—l){ whatever polarization is
coupling x; has been varied between 0 and 1. Bottom: only theused. In contrast to this, the last term in Etj2) is directly
spin-diagonal £2) and only the spin-mixingXy), respectively, part  proportional tomg and as a consequence a finite spin differ-
of the full spin-orbit coupling SOQ has been kept for the calcula- enceAl, may occur. This means in particular that the Fano
tions. effect is indeed a first-order effect with respect to the spin-

orbit couplingHsoc as it was indicated by the model calcu-
biguously connected with the two spin subsystems with spirations (see top panel of Fig.)3If the spin-orbit coupling is
charactemg and because these have identical photoemissioignored for the final states this implies automatically that
cross sectiongsee below. This simple situation completely only the spin-diagonal paﬁlg'gc of the full operatorisoc
changes if spin-orbit coupling is considered in addition.  has to be considered. Again this is in line with the results of

To investigate the mechanism giving rise to the spin dif-the model calculations presented in Fig. 3 that indicated that
ferenceAl . two types of model calculations have been per-the spin mixing part of the spin orbit coupling operator is
formed that were done in a relativistic way but with the less important than the spin diagonal part and contributes
spin-orbit coupling manipulated. In a first set of calculationsonly as a higher-order correction. These results make clear
the relative strength of the spin-orbit couplingwas varied that the observed spin differenéd , , properly normalized
between 0 and Ithe value O corresponds to the so-calledwith respect to the total intensity , can be seen as a rather
scalar-relativistic situation without spin-orbit coupling while direct measure for the spin-orbit coupling strengttConse-

1 represents the situation according to the Dirac equationquently, one may expect, for example, for Au a spin differ-
As can be seen from Fig. 3 the shape of the spin differencence Al, , that is, according to the ratio of the spin-orbit
Al, hardly changes with the strength of the spin-orbit cou-energy splittingsAEgoc of the d-electrons[ AEgod Cu)
pling x; and the amplitude increases more or less linearly=0.271 eV,AEsoAu)=1.415 eV, about a factor of 5.2
with x,. This clearly demonstrates that the Fano effect is éhigher than for Cu(lnstead of¢ we used hereAEgqc de-
first-order effect with respect to the spin-orbit coupling. In afined by the difference in the resonance energies ofithe
second set of calculations the strength of the spin-orbit couanddg, phase shiftss;, because this quantity does not de-
pling was unchanged(= 1) but the spin-orbit coupling was pend on energy; see belowlowever, it should be noted that
split into a part that is diagonal with respect to the spinfor Au higher-order contributions tal, might get impor-
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tant, as it is indicated by the results shown in Figb8ttom Finally, one can make use of the identiyG/JE=
connected with the spin mixingxfy) part of the full spin- —GG for the Green’s function to interpret the right-hand
orbit coupling operatoFisqc. Finally, it should be empha- Side of Eq.(14). Ignoring the difference in the density of
sized that the use of thel, spectrum to determine the spin- StateS1(E) with t;q ande, character this expression is sim-
orbit coupling paramete¢ will give only an average value ply proportlonal to the energy Qer|yat|ve_of thg dgnsny of
over the occupied part of the valence band. Howeyete- statesn(E)._Thls simple explanqnon is obviously in line with
rived from the radial wave functioR,_,(r,E) may vary by thh:stgezoerfot';?ltﬁge;giii:%vn (')ZIE(')% I;]; :Az |?nf§ﬁnﬁ$§

a factor of 2 within that region. In additio& derived from P + +

. ) . ) ) ) ~ in turn essentially maps(E). In addition the asymmetry of
the spin-orbit splitting seen in the dispersion relatiek) Al, is in full accordance with that of, . Calculations for

depends on the wave vectors well*? This is clearly dem-  paramagnetic bcc Fe and fcc Au supported the conclusion
onstrated by experimental data derived from angle-resolvethat the spin-orbit induced spin differenadd . essentially
photoemission experiments. maps the energy derivative of the density of staiég).

To allow for a more detailed discussion based on EgsHowever, for these two cases no full correspondence for all
(12) we exploited the cubic symmetry of the system studieddetails of the more structured! , and dn(E)/dE curves
here. Using complex spherical harmoni¥s(r) as basis could be found. Presumably this is because the difference

functions in Egs(5) and(8) this implies for thed block of between thd,; ande, projected density of states cannot be

the 7 matrix the form ignored anymore.

IV. SUMMARY
c c
Results of fully relativistic calculations for the valence-

a band photoemission spectra of fcc Cu using circularly polar-
r= b (13  ized radiation have been presented. These were found to re-
produce recent experimental data in a very satisfying way. In
particular the spin-orbit induced spin differendd, was

c c found in very good agreement with experiment. As already

observed earlier it turned out that multiple-scattering effects

with c=(a+b)/2 anda and b giving rise to thet,4- and  are important only for photon energies below about 50 eV.
eg-like density of states, respectively. This results in the re-The use of the single-scatter approximation is therefore well

lation justified at higher energies. Analysis of the theoretical spec-
5 , tra revealed, that for very low photon energies thp con-
2 | 1 2 tribution dominates the spin differened , , while for pho-
5(2+1) 000 ®l-mx m ton energies higher than about 50 eV k& contribution

represent about 90% of the effect. Because both contribu-
tions differ in their signAl, changes sign when the photon
X; m; 'm(72m12m27'2m22m1) energy increases. Model calculations performed in addition
z clearly demonstrated the role of the spin-orbit coupling. In
particular they revealed that the Fano effect in the angle-
: (14 integrated VB-XPS is a first-order effect and the spin mixing
part of the spin-orbit coupling operator should normally play
For left circularly polarized radiation\(= + 1) the signS,, @ minor role. All these findings could b'e explained in a very
is +1 for final states withp character (=1) and—1 for a transparent way by extgndmg_ Durh.am S sqheme to deal with
final states withf character (=3). This means that the dif- Photoemission by treating spin-orbit coupling as a perturba-
ferent sign for thal-p andd-f contributions taAl , (see Fig. tion. In addition it could be demonstrated that the spin-orbit
2) is simply a consequence of the different weights for mdt_met_j spin dlfferen_ce\h essentially reflect the energy
=1 andl = 3, respectively, occurring in the summations Overdenvanve of the density of stategE) of the system. From
. ' e the results presented one can immediately conclude that for
ti“; ?g”l gu\?\l/rr]\tiremalrl]uoThbea;ngz)rlcr)]ceEeqdiﬁlg;l)te(rrrnnzs r;:nes ;gosrir;ive heavier elements with a stronger spin orbit coupling a more

. (T ! pronounced spin-differenckl, has to be observed. This im-
Because for a given polarizationthe terms in Eq(14) for  pjies that spin resolved and angle-integrated valence-band

final p and f states differ only in sign, the resulting spin photoemission can be used as a rather simple and sensitive
differenceAl, and its energy dependence shown in Fig. 2probe to determine the average spin-orbit coupling strength
stems from the very different energy dependence of the refor the valence-band electrons. It should be applicable for
dial matrix elementsR;, and R, [see Eq.(10)] for p- and  this propose even for multidomain ferromagnets that show
f-like final states, respectively. If right circularly polarized no net magnetization.

radiation = —1) is assumed, the sidg9, is just reversed,

a(4b+a)

i.e., one hasS_;)=—S.q). This implies for the spin- ACKNOWLEDGMENT
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