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Multiple-scattering theoretical approach to magnetic dichroism and spin polarization
in angle-resolved core-level photoemission
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Magnetic dichroism in spin- and angle-resolved core-level photoemission is investigated within the relativ-
istic one-step model of photoemission based on multiple-scattering theory. Photoelectron scattering in emission
from 3p levels of low-index Fe and Ni surfaces is found to affect intensities, dichroism, and photoelectron spin
polarizations considerably, in particular in off-normal emission. In general, the calculated spectra agree well
with their experimental counterparts in spectral shape, size of the dichroic signal, and spin polarization.
Magnetic circular dichroism in a chiral setup is analyzed theoretically using appropriately defined asymmetries.
Further, core-level energy positions and photoemission are compared with those obtained within an atomic
model.[S0163-1829)10621-0

I. INTRODUCTION within the one-step model of photoemission. Applying group
theory and relativistic one-step photoemission theory, Fed-
Since the pioneering work by Baumgartehal,! mag-  er's group has developed a consistent picture of MD by com-
netic dichroism(MD) in photoemission, i.e., the change of bining symmetry considerations with analytical and numeri-
the photocurrent by reversal of the magnetization direction¢al calculations for realistic systenisee for an introduction
from both core levels and valence bands has developed infgef- 19, for details Refs. 20—-24the latter allowing for a
a powerful tool for the investigation of the electronic and diréct comparison between experiment and théory” The
magnetic properties of ferromagnetic systems. The main ori@nalytical work® reveals the microscopic origin of MD and
gin of the effect can be regarded as a reduction of symmetr)gstabllshes. a .close connection W|_th sp|n-p20Ia(|zat|on effects
(i) Originating from spin-orbit couplingSOQ), the local " photoem|§S|on f“rom nonmag,fletlc So_ﬁ.&? Wh'.Ch can be
magnetic moments are coupled to the lattice which leads to 8ondensed 'nlfor? gerzlnerall rule ?f MD' i ml a given SetUplf‘ |
certain direction of the magnetization of the ferromagnetf[:Omponent of the photoelectron's spin polarization paralle
(magnetic anisotropy (i) For a given photoemission setup o the magnetization is produceq in the nonmagnetic limit,
. o S o o . then there is magnetic dichroism. This rule of thumb
(_I|ght polarization and incidence direction, emission d'rec'allows—by simple symmetry considerations—a quick check
.t|on, and S”“‘?CG symmeirshe symmetry of t_he total system of whether in a certain geometry there will be MD or not.
is reduced with respect to the nonmagnetic case. If the 1§ rther, because it is not specific to valence-band or core-
maining symmetry is small enough, e.g., if there is N0 sym1eye| photoemission, it is valid in both cases. The above
metry operation which leaves the setup invariant but reversegterplay between spin-orbit coupling and exchange splitting
the magnetization direction, then there is in general magnetigjiows detailed statements about the electronic states in-
dichroism. These simple symmetry considerations allow uspolved in the photoemission process.
to determine in which setups MD occurs. For the investiga- Using a chiral setup—light incidence direction, surface
tion of its microscopic origin, however, more detailed mod-normal, and electron detection direction span the whole
els are necessary. space—photoemission from ferromagnetic surfaces can lead
The theoretical descriptions of MD in core-level photo-to so-called “double” dichroism, i.e., a combination of cir-
emission can be cast into four categories. On the one handular dichroism in angular distribution which is also present
there are one-particle(ground-state and many-body in nonmagnetic systenisee, for example, Refs. 33 and)34
(excited-statetheories; on the other hand, there are theoriesvith magnetic dichroism. The first effect can be seen as due
for single atoms and those which take into account the solidio interference of partial waves of the outgoing photoelec-
in particular photoelectron diffraction. To name a few fromtron, whereas the latter effect is mainly an initial-state
each category, for atomic one-particle theories we refer teffect>® For valence-band photoemission from Ni films on
Refs. 2 and 3, for atomic many-partidieultiplet) theory to  Cu(001) we have shown how to separate both efféétm
Refs. 4-7, for solid many-particle theories to Ref. 8, and forcore-level photoemission such an investigation is still miss-
solid one-particle theories to Refs. 9—(ghotoelectron dif- ing. Therefore, we investigate in particular the effect of pho-
fraction). A multiple-scattering approach to MD, i.e., a solid- toelectron scattering, e.g., the very manifestation of the solid
state one-particle theory, has been proposed by Ebestate, on “double” dichroism.
et al®®**and Tamureet al® In this paper, we apply multiple-scattering theoretical
In the case of MD in valence-band photoemission, theomethods—which have been successfully used in order to de-
retical descriptions have been given by Verisse, for ex- scribe MD in valence-band photoemission—to magnetic di-
ample, Refs. 16—18 and references theraihich are based chroism in core-level photoemission with the aim to investi-
on symmetry considerations and analytical calculationgate in detail the effect of scattering of the outgoing
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photoelectron on MD and its spin polarization. Emissionculations are fully converged by taking into account the scat-
from 2p and J levels of F€001) and F€110 lends them- tering properties of the whole semi-infinite soli§or a com-
selves support as prototypical systems because a vast amoyairison of convergence in multiple-scattering and
of experimental and theoretical data is available for thes@hotoelectron diffraction calculations using clusters see Refs.
systems. The B levels of Fe are of particular interest be- 50 and 51). Multiple-scattering calculations on MD have
cause for them Spin-orbit Coupling Strength and exchanggeen performed, for examp|e, by Ebert and é,ﬁ%f, and
splitting are approximately of the same magnitude, in conphotoelectron diffraction has been addressed by Hart and
trast to the ® levels for which spin-orbit coupling domi- Beeby>?

nates. Further, we take a look on magnetic linear dichroism A many-particle calculation is beyond the scope of the
from 3p levels of N(110. Analytical calculations within an  yasent paper because we are interested mainly in effects
atomic context allow for a detailed understanding of MD inyq|5teq to the photoelectron and the latter are usually not

core-level photoemission which at a first glance is not Prosncluded in many-body theorids However, many-body ef-

vided by.multlple-sca.ttermg calculations. We thereforg PO%acts are taken into account in two ways in KKR-type calcu-
pose a simple analytical model of core-level photoemission

in order to explain basic properties of the spectra. lations. Core-hole lifetimes depend in principle on the spin:

In Sec. Il we briefly describe the numerical methods and"najority states ShO\.N s_maller lifetimes t.har'1 minor'ity st'atetc,.
ingredients used in the photoemission calculations. In sednd photoelectron lifetimes decrease W't.h Increasing kmg'uc
Il a simple analytical model for magnetic dichroism from €N€rgy. To account for these effects in our one-particle
atoms is proposed. In Sec. IV we discuss magnetic dichroisicheéme, we introduced energy-dependent but  spin-

from Fe 20 and Fe ® levels at(001) surfaces as well as independent complex optical potentials for both core holes
Ni(110) 3p. and photoelectrons. For the optical potentials we used the

energy dependencéy=a(E—Ey)P®, the actual parameters
Ey, a, andb being valid only in the energy range of interest.
Il. NUMERICAL ASPECTS In particular for the core states, this procedure is different

The numerical calculations are based on the relativistid®™ the usual one of calculating the eigenstates for real
one-step model of photoemissiras implemented within €nergies and subsequently broadening the spetBacond,

the spin-polarized relativistic layer Korringa-Kohn-Rostokerin order to account for the renormalization of the core-hole
(KKR) framework®” Self-consistent spin- and layer- Green’s function—which is due to correlation and thus com-
dependent muffin-tin potentials were obtained by lineaPutationally demanding—we use an approximative scheme
muffin-tin orbital (LMTO) calculations within the local spin- in which exchange splitting and spin-orbit coupling are
density approximatiofi° for semi-infinite systems and treated as adjustable parameters and are obtained by adjust-
serve as input for the layer-KKR electron-spectroscopy comment to experiments. Correlation reduces the exchange
puter program. These potentials account for the enhancegplitting—a famous example being the Ni valence bands—
magnetic moments at the surface as well as surface cor@nd thus affects the potential in the core-state region. The
level shifts within the initial-state pictur®: 2 latter affects the size of SOC. The exchange splitting can be

Instead of using a relativistic extension oPROVERtype  reduced by scaling the difference of the spin-dependent
calculatiof®*~*¢—which our program can also use—we cal- muffin-tin potentials, a procedure which has proved to give
culate the Green’s function of the semi-infinite systemgood results for both valence-band photoemission from
directly*”*® which allows both easy access to and modifica-Ni(001) (Refs. 26 and 27and core levels® Spin-orbit cou-
tion of physical properties. In fact, both methods give iden-pling can be scaled using a quasirelativistic Dirac
tical results but Pendry’s method is computationally muchequation®>"which can be regarded as interpolating between
faster. the fully relativistic and the scalar-relativistic ca$&®® In

To investigate the effect of photoelectron scattering, wehe calculation of the time-reversed low-energy electron dif-
performed calculations—besides fully ones—with the singlefraction (LEED) state, i.e., the wave function of the photo-
site scattering matrices of all sites for the photoelectron statelectron, SOC and exchange are not scaled because the in-
set equal to zero. All other parameters remained unchangetiraction with the valence electrons is expected to be rather
In particular, the wave function of the photoelectron within small at typical kinetic energies. By the above procedure we
the muffin-tin spheres was not changed, thus using identicalan take full advantage of our KKR scheme.
transition-matrix elements in both calculations. And further, We briefly recall some actual parameters for Fe used in
exchange splitting and SOC are always taken into account ithe KKR calculations. For emission from Fe 3evels we
the photoelectron’s wave function. This procedure allows aeduce SOC by a factor of 0.84 and exchange splitting by a
detailed analysis of how the band structure affects the difactor of 0.48 which differ from those used by Tamura
chroic photoemission intensities. We would like to note thatet al*® (0.6 and 0.4, respectivélyThe imaginary parts of
we are not performing an atomic calculation, because théhe optical potentialglifetime broadeningsare chosen as
excitation processes take place at each site and lead toemergy dependent for both core and photoelectron states. For
stationary photoelectron wave functideee, for example, example, the imaginary part is about 4 eV at 110 eV kinetic
Ref. 49. We denote calculations and their results with pho-energyz.51 In order to account for the enhanced surface mag-
toelectron scattering included as “pes,” those without pho-netic moments, we used the correct surface potentials for the
toelectron scattering as “nopes.” If in addition the surfacethree outermost layers, but the bulk potential in the interior.
barrier has been switched off, we refer to “nopesb.” The maximum angular momentum wis 7; the number of

We would like to stress that our multiple-scattering cal-reciprocal surface-lattice vectors was between 45 and 50.
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Excitation processes take place in the 20 outermost layers
which is more than sufficient.

Ill. ANALYTICAL THEORY OF MAGNETIC DICHROISM
FROM ATOMS

In this section, we introduce a simple model of magnetic
dichroism from core levels which is mainly based on the
works of Mencherd,van der Laart? and Goldberget al®®
Further, a connection to our previous work, Ref. 22, is es-
tablished. A similar but simpler model has been proposed by

Roth®

A. Core states

For a particulad shell, we introduce the Hamiltoniad

=\I-o+{o,. The first term is the spin-orbit coupling with
strengthA, the second a homogeneous spin field alongzthe

axis.
The Pauli central-field spinof&€CFS’s read

W, (N =Ri(NX,u(F), (1)

where R, is the radial part andy,, is a relativistic spin-

Reduced Energy

FIG. 1. Reduced energies of initial states for angular momentum
1=0,1,2[(a), (b), and(c), respectivelyin dependence of spin-orbit
coupling\ and magnetic exchange The parametex is related to
N and ¢ by x=N/(N+{). For x=1 there is only spin-orbit cou-

angular functiongsee any textbook on relativistic electron yjing forx=0 only exchange splitting. Note thétcan be retrieved

theory, i.e., Ref. 66 The latter are eigenfunctions of
+1 with eigenvalue- k. Further, we have

2u
<XK/.L|O-Z|XK’M’>:_2’<—+15K,K’5,1L,;L’
2u |\
~ V1| 5] w1

2

Thus, {o, couples states with differenptbut the sameu.
Further, the time-reversal operatidrelatesy,, andy,. —,
by Tx,,=(—1)*Y2S x, _,, with S, = /| «|. Due to in-
variance of the system on rotations around 2faxis, u is a
“good” quantum number.

From the above, it follows that eigenfunctiogs, , of the

Hamiltonian can be written as a linear combination of CFS’s

®,,=cw,  +c v . 3)

Forj=I+3 (k=—1-1) andu==*(l+3) the eigenener-
gies areE_|_; +(+12=IN={, from which { can be re-
trieved (for an experimental attempt see Ref.)66or the

other cases, straightforward calculation leads to

1
E.,=— E[)\+SK\/4§(2,LL)\+ H+N%(21+1)%]. (D)

Kp—

For |2¢]<(21+1)\, the energies areE,,=(—«x—1)\

directly from the energy difference of the states wijk-1
+1/2 (k=—1-1) andu= =] (solid lineg. ForA=0 (x=0) the
energies are-{; for (=0 (x=1) they ardA and— (I +1)\. En-
ergies of states with equal are represented by identical line styles.

quantityx can be used to characterize the initial states. Fig-
ure 1 shows the dependence of the reduced energies on both
SOC and exchange parametért also Ref. 62

The above results differ qualitatively from that of Tobin
et al. (cf. in particular Fig. 1 in Ref. 66 In the case of pure
SOC (¢=0), the number of states with=I+3 and j=I
—1is 2(1+1) and 2, respectively. For pure exchange (
=0), the number of states for both spin up and downlis 2
+1. Thus, in the transition from pure SOC to pure exchange
an odd total number of states has to shift frpml+3 (j
=|—1) to pure spin-dowr(spin-up states. For example, in

'our case there is only ongstate, namely, withh=3/2 and

pn=—3/2,shifting, whereas in Tobin’s paper there are three.
As we will show in Sec. IV A, the energies presented here
agree perfectly with those of a numerical calculation, in par-
ticular in the case of intermediate strength.

We now address briefly the expansion coefficie}fg in
Eq.(3). Forj=1+3% andu==(1+3), c!,) is zero because
these states do not couple those wjithl —3 (x=1). For
the other states, the Calculationaﬁﬁ) is straightforward but
rather lengthy. In Fig. 2 the coefficients are shown for
initial states (=1). Fromx~0.5 up tox=1 the initial states
can be regarded asearly pure CFS's; i.e., the absolute

—2uS,L1(21+1), which gives a spacing of adjacent levels yajues of the coefficients(*) for j=3/2 andc(™) for j

by 2¢/(21+1). For|2{|>(2I+1)\, we haveE,,=—S.{

=1/2 are nearly 1. The compositions for higher angular mo-

—A(1+2uS,)/2 which gives a spacing of adjacent levels menta(not given hergshow the same general behavior. The
by A2 and proves the reversed order of levels which  higher the total angular momentyrand itsz projection| |,
belong to differentx. Further, magnetization reversal, i.e., the larger the range in which the states can be regarded as

turning ¢ into — ¢, interchange&, , andg, _ .
We introduce “reduced” energie~l§m= E../a with the

pure; e.g., the effect of the spin field can be regarded as
small. For example, fod states [=2), |c(*)| for j=5/2

definitions A=ax and {=a(1—x). The dimensionless and|u|=3/2 is greater than 0.9 in the whole rangexof
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X
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FIG. 3. Geometry used in the analytical calculations. The grey
circle represents the atom with magnetic moment along tiesc-
tion. Light (hv) impinges within the Xz) plane, its electric-field
i vectorE being decomposed into a part withig) and perpendicu-
lar (E,) to the incidence plane. Electrone™() are detected in a
general direction.

polarized light is characterized by=0 ande=0,7/2 (6=

-10 , , , , + /2 ande= m/4). With the definitions
0.0 0.2 04 0.6 0.8 1.0
X E )
B o . E.=-—=(cosd,cose €' ’Fisine), (7a)
FIG. 2. Composition op initial states (=1) in dependence of \/f
spin-orbit couplingh and magnetic exchangg as represented by
the parametex (see text Forx=1 there is only spin-orbit coupling Eo=—E sin9y,cose eid, (7b)

(central field spinors for x=0 only exchange splittingpure spin ]
statey. Only the coefficientsc!;) for u==1/2 [cf. Eq. (3)] are the dipole operator reads

shown.
B F e B YY)+ EgYO) - E_ Y- X D). (®
B. Photoelectron states - 3 +h1 0f1 -1 :
The photoelectron states are the scattering soluticors- . .
tinuum statep of electrons propagating in direction of the 2. Density matrix
wave vectork, The density matrix of the photoelectron originating from

. ) - . . initial state ®,, has elementsg, ., =M, (M, )",
k=K[sind(e,COSpeteysinge) +e,cosde], (5  with the transition matrix elements defined b,,,

where the polar angle), and the azimuthp, define the ~=(W/E-r|®,). The intensity isl,=tr(¢.,), the elec-
photoelectron detection direction. Note that thaxis is de-  tron spin polarization(ESP P, ,=tr(o@,)/l,, with the
fined by the magnetization direction. Usually one neglects/ector of Pauli matricess.
exchange splitting in the photoelectron wave function. Ex-  |n valence-band photoemission, each element of the den-
panded into partial waves, it reads sity matrix consists of two terms, one for each member of a
Kramers doublet? because in general in the valence bands
<F|‘I’T)=47TE ile—i5|R|(r)(Ylm(’k))*Ylm(?)XT (6) f_or each initial—state energy there are these two eiger_lsolu—
Im tions of the Hamiltonian. In the atomic core-level regime,

for spin 7=+ 1/2. Plane waves are recovered by setting thedlscrete energy levels imply that for a given initial-state en-

phase shiftss, zero and the radial par®,(r) to spherical %rggy there is only one eigensolution and thus, only one term
Bessel functions. '
3. Transition-matrix elements
C. Spin-resolved photoemission ,
The angular matrix eIementﬁ]ff" , which appear due to
the integration over angles in the matrix elemevts, ., can
The electric-field vectoE provides three complex param- be written as a product of two Clebsch-Gordan coefficiéhts.
eters or, equivalently, six real parameters. The normalizatio®ne obtains fon=1 andv==*1
condition E5+E;+E2=E?), the free choice of a general
phase, and the assumption that the light impinges within the  m +1m’ _ /i( B \/U +m+1)(IFm+2)
8w

1. Dipole operator

(x2) plane, i.e., =0, leaves three parameters: the polar 11V’ (21+1)(21+3) Ot
angle of incidencel,, the ellipticity e of the field, and the

phases between the partial waves withifE() and perpen- \/(l =m-1)( tm)é )5 )
dicular (E,) to the (xz) plane(cf. Fig. 3. Linear (circular (2l-1)(21+1) "1 Omrml
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and forn=1 andv=0 sist of only one term because,=0 (E_=0) andE_
=i (E_=-i) for o+ (o—) light. In both case&, van-
ImOm’_ /3 (I—m+1)(|+m+1)5 ishes.
1= Nar (21+1)(21+3) I"1+1 Due to the symmetry of the setup, the intensity does not

depend on the detection azimughy. Thus, without loss of
(I=m)(1+m) generality we can assume detection within the)(plane
(21-1)(21+ 1)5""‘1 Omn (10 (¢.=0). Reflection at thexy) plane turnsd, into — ¢, and
) gives the relation
These results state the very well-known selection Alle-
+1. For the matrix eIement@,T,m' of the dipole operator,
Eqg. (8), we obtain eventually

V= m— Vg

(I’Px’Pvaz) - (Iv_va_Pvaz)v (16)

which for 4,= 7/2 yieldsP,=P,=0. Reflection at thexz)
Dmm':J' (Ylm)*(é. F)Y,”," do plang reverses both the hghcny of the light and the magne-
Q tization and gives the relation

4 mim’ mom’ m,—1m’ (02 M) —(0z, = M)
= V3 (=Exlyy +Eoly +E-ljg ). (1,Px,Py,Py) — (1,—Py,Py,— P)).
17

11 ,
) N o ) _ For 9,=0 we have alsd®,=P,=0 due to the rotational
E. mediates transitions from initial states with magneticinvariance of the systercf. Ref. 69.

quantum numbem into partial waves witm+1, whereas For £=0, it can be shown that the dichroism defined by
E, implies transitions between states with eqoml A=leu—le—u, #>0, can be written a$,,A,. Thus,
With the definition the dichroism can be separated into a geometkjg &nd an
orbital part (,,). The factorf,, for I>0 is only nonzero
™ =R> Ylnj’(R)Dlnjl'm, (12) for u=3,3 with valuesS,(x+2—2u). For p states, this
m’ restates the well-known results_, 3,=3A;, A_,,,=A,,

the radial matrix elements andA; yp= 24,

2. Magnetic linear dichroism
R,,,=exp(i5|,)f rRi(DR(r)dr, (13 The standard setup for MLD is given by incidence of
linear polarized light é=w/2, 6=0) perpendicular to the

and using spin conservation within the excitation process, thgyagnetization direction {,n=/2) and arbitrary electron-
matrix elements of the dipole operator between a CFS, EQetection direction. This leads 6. =FiE/\2 and again

(1), and a photoelectron staf# ), Eq. (6), read Eo=0. Thus, the angular matrix eIemerIDﬂTj comprise

(W |E-F|kp)=dm(—i) L, the sum ofl"™",; andI%; 3™ and therefore relate MLD to
MCD.
1 - - Contrary to MCD, the intensity does now depend on the
C( IS5, T) (TE = TEAD- (14 azimuthe,. Reflection at thexy) plane gives the relations
Ye— 7=
E I i h ix el e de
ventually, one arrives at the matrix elements,, ., (1 PuPyPY o (=Pr—Py.Py, (18
M eur=CC (BT, )+ (W JE T W_, ). which statesP,=P,=0 for 9= /2. Reflection at thexz)

(15  plane reverses the magnetization, tugsinto — ., and

Radial matrix elements and phase shitare listed for typi- gives the relation

cal photon energies in Ref. 63. In principle, all ingredients (6. M)—(~ e, —M)
for the photoemission calculations have now been (1,P,.P,,P,) R (1,-P,,P,,—P,)
presented® e . (19

D. Magnetic circular and linear dichroism Further, reflection at theyl) plane yields

At last, we address briefly basics properties of magnetic (¢e M)—(7—gg,—M)
circular dichroism(MCD) and magnetic linear dichroism (1,P«,Py,P,) — (I,Py,—Py,—P,).
(MLD) in their standard setups. (20

Equations(19) and (20) state the well-known result that

o o MLD can be either observed by reversing the magnetization
The standard setup for MCD is given by incidence ofor reversing the detection azimuth. Obviously, there is no

circular polarized light é=w/4, 6= *x/2) along the mag- MLD if ©.=0, Eq.(19), or if ¢o= /2, Eq.(20).

netization direction £ axis, J,=0) and arbitrary electron-  The above symmetry relations confirm the “general rule”

detection direction. The angular matrix elemeB{&7, con-  of magnetic dichroism. In all setups where there is MLD,

1. Magnetic circular dichroism
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there is a nonvanishing ESP component along the magneti- ' ' ' ' ' ' ' ' '
zation (here P,) in the nonmagnetic limit. And in the non- (© Fe 3p
magnetic cases witl?,=0, there is no MLD in the same
setup with nonzerdvi. For standard MCDJP, is always
nonzero in the nonmagnetic case; thus there is MCD for all
polar angles of detection.

g

DOS (arb. units)
[\
s

IV. RESULTS AND DISCUSSION

In this section, our results will be presented, discussed, +Uf UU

and compared with experiment for the prototypical case of I . ‘ ‘
photoemission from Fe 8 levels. We address MCISec. 20 -15 -1.0 05 00 05 10 15 20
IV B), “double dichroism” (Sec. IV Q, and diffraction ef- T T T T T T
fects in off-normal emissior{Sec. IV D) from Fg001) as @) Fe2Zp, |[ (b) Fe 2pyp,
well as MLD from Ni(110 (Sec. IV B. However, before 300 | .
turning to photoemission, we consider the applicability of the
analytical theory presented in Sec. Il

> 8

200 | 1t -

A. Comparison of numerical with analytical calculations

In this subsection, we check whether energies and wave

100 + 1t 1
functions of core levels, which have been obtained by solv- )
ing the Dirac equation for a site potential, can be success- ; | ‘ ‘
5.0

DOS (arb. units)

fully reproduced by those obtained from the simple model 0 . '
Hamiltonian(cf. Sec. I). 85 80 35 40 45
The 2p levels of Fe in the bulk show relative energies of Relative Energy (eV)
—8.47 eV, —8.15 eV, 3.67 eV, 4.01 eV, 4.34 eV, and
4.65 eV as obtained by KKR for the ground stététhout
scaling SOC and exchange splittin@hese energies can ex-
cellently be reproduced by the analytical expression,(&x.
with SOC A=8.30 eV and exchange enerdy=0.98 eV
(see Fig. 4. Thus, the quantity=X\/(\ +¢) used in Fig. 1 is
0.89; i.e., we are concerned with strong SOCA({) which  of the core levels is due to the interaction of the former with
groups the six levels into two groups with twp=<1/2) and  the spin-polarized valence electrons and thus depends also
four (j=3/2) states. The splitting of thep2levels presented on the shell 7(3p)>¢(2p)]. Further, the energy positions
in Ref. 70 is 13.1 eV which is Sllghtly Iarger than the averageoptained by sca"ng the SOC and exchange in the KKR cal-
splitting of 12.5 eV in our calculations. Further, the ratio cylations can be easily obtained within the analytical theory
¢/n=0.12 agrees very well with that given by van derpy scaling\ and{ by the same factors as used in the KKR
Laarf? (0.1). scheme. And last, the fitting of peak positions to experimen-
The bulk 3 levels show relative energies of ta| data is simplified by using the analytical expression, Eq.
—1.92 eV, —1.48 eV,—-0.71 eV, 0.95 eV, 1.39 eV, and (4), because the number of adjustable parameters is reduced
1.73 eV which lead toA=1.04 eV and{=2.44 eV K  from 6 (each for one levelto 3 (A, ¢, and a rigid energy
=0.30). Here, exchange is rather strong compared to SOghift).
and the grouping of levels—as obtained for the Zates— As a second check, we have calculated the density of
does not exist. In order to reproduce the experimental phostates(DOS) projected on spherical harmoniag” times a
toemission spectra, we used scaled values©f0.87 eV payl|i spinory”, ==+, for each Fe p and Fe P state
and{=1.17 eV(cf. Sec. I}, thus enhancing to 0.56. The  ysing the layer-resolved KKR Green'’s functi@n
ratio {/A=1.35 agrees well with that given by van der
Laarf? (1.37 from Hartree-Fock theory Hillebrecht and 1 _
co-workers! obtained by fitting to their experimental results Nim(B)=—— lim IMGypr yme(E+177). (2D
A=0.94 eV and{=0.99 eV =0.49) for Fe 3 which 70+
compare quite well with ours. The rather small deviationsThe corresponding weights can also be obtained from(Hg.
might be explained by the experimental resolution whichusing Clebsch-Gordan coefficients and the parameatensd
does not allow an identification of the spin-orbit split core . The norm of the radial part of the wave functions appears
levels(cf. also Ref. 70. However, their assumption of equi- as a common factor when comparing numerical with analyti-
distant spacing of the energy levels is rather crude and natal theory. The relative contributions to the DOS are given in
confirmed by either our analytical or our numerical calcula-Tables | and Il for the two components in the analytical
tions (cf. Fig. 1. theory. We find a perfect agreement between numerical and
The spin-orbit coupling strength is proportional to the gra-analytical calculations which gives strong evidence that the
dient of the potential which explains whyof the 2p shellis  analytical theory not only applies to the case of weak ex-
by far larger than that of the@Bshell. The exchange splitting change ¢<\), but also to the whole coupling range. Fur-

FIG. 4. Density of states of Fep2[bottom panelga), (b)] and
Fe 3p [upper panel(c)] levels as obtained by the KKR calcula-
tions. Vertical dashed and solid arrows mark relative energy posi-
tions of the respective states witl1/2 andj=3/2, respectively,
obtained within the analytical theory.
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TABLE |. Partial density of states of Fep3states¥,,, as ob- -54 -52 -50
tained by KKR and analytical calculations. The relative energy is ' )
given in the second column. In the analytical theory, each state
consists of only two componentspherical harmonic¥ ' times
Pauli spinory”, 7= =) the indices of which are given in columns
4 and 7 (n,7), the associated normalized weights in columns 6
and 9(Ana.). Their numerical counterparts are shown in columns 5
and 8 (KKR).

—— Theory ‘pes’ (x0.40)
----- Theory ‘nopes’ (x0.55)
® Experiment

e
=

Diff. (arb. units)
<
(]

S
=

K m Energy m,7 KKR Ana. m,7 KKR Ana. (a)
1.2

1 1/2 -192 eV —1,+: 0.051 0.052 G;: 0.948 0.948 .
Xperiment

1 —1/2 —1.48 eV  0O#: 0.101 0.103 1;: 0.898 0.897 ~ 10} McD

-2 —-3/2 071 eV —1,—: 0.999 1000 — — — 27 Fe(001) - 3p

-2 —1/2 095 eV —-1+: 0.899 0.897 0;: 0.101 0.103 g ho= 90 eV

-2 1/2 139 eV 0f: 0.947 0.948 1;: 0.051 0.052 o 08r

~2 3/2 173 eV 1 0999 1000 — — — ) S
206 | Theory ‘pes
= d

ther, this agreement supports that the radial wave functions § 04

for the (j =1/2) and (= 3/2) states can be taken as identical, =

-""‘Theory ‘nopes’

i

as is usually don&®
In conclusion, the rather simple Hamiltonigeee Sec.
[l A) in conjunction with Pauli central-field spinors as basis

e
o

functions appears to be appropriate when describing both 0.0
energy eigenvalues and wave functions ofgFeore levels. -54 -52 -50
We would like to note that 8 states of Co and Ni are also Energy (eV)

very well described. Photoemission results for feahd Ni

3p will be presented in Secs. IV D and IV E. FIG. 5. Magnetic circular dichroisMCD) in normal emission

of Fe 3p levels at F€001) with 90 eV photon energya) Theoret-
ical intensities without(bottom, “nopes’ and with (middle,
B. Magnetic circular dichroism from Fe (001) “pes”) photoelectron scattering compared to experimental ones

Magnetic circular dichroism experiments with and with- (1oP: reproduced from Ref. 7ifor magnetization directiont M
out spin resolution from B levels of F&001) have been (solid_lines, solid circlesand —M (dotted Iine§, open circl?sThe
performed by Hillebrechet al™ The magnetizati0m7l was experimental spectra are not corrected for incomplete light polar-

along[100] and circularly polarized light impinged quasipar- ization and inelastic background. Vertical arrows represent energy
9 yp 9 pinged q P positions of theoretical core level&) Intensity differences of the

allel to M with polar angled,,=74° onto the surface. Elec- intensities shown in panéh). Theoretical “pes” spectra are scaled

trons were detected in normal emission. N in order to obtain the experimental value at51.9 eV without
Before turning to the photoemission intensities we ad-hackground correction.

dress the energy positions of the core states; cf. Fig. 5. Both .

the spin-orbit coupling strength and the exchange splitting Nténsity edge of the spectra. Further, such a large energy
¢ have been reduced in order to reproduce the backgroun&p“tt'”,g is not co'mpatlblg Wlth elthgr our analytically or our
corrected experimental specttaot shown here The ob- numerically obtained splittingect. Fig. 1. It would be de-
tained energy positions of the F@ 3tates are shown in Fig. sw_able to use a_f_|tt|ng_ procedure using the analytically ob-
5 as vertical arrows. Sirotti and Ro%i3 obtained the fol- tained peak positions in order to reduce the number of free

lowing energies by fitting to their experimental spectra;Parameters. _ o L
522 eV,-525 eV,—52.9 eV,—53.3 eV,—-53.9 eV, Now we turn to the spin-averaged dichroic intensities

and—54.8 eV. In particular, the two latter values appear tool" 19 ¥@]- Due to the energy-dependent lifetime broadening,
high in binding energy as compared to our values which ma)trhe theoretical intensities are reduced for higher binding en-

be due to difficulties in fitting the low-energy and low- €rgies (for the core-hole we choosea=0.07, E,
=—49.5 eV, andb=2, for the photoelectrom=1.8 and

b=0). This suppresses the dichroism in the energy range of

TABLE II. Same as Table |, but for FerPstates. the states withj = 1/2 [dashed arrows in Fig.(8] which is
p 4  Energy m,r KKR Ana. m,r KKR Ana. usually present in atomic.calcglatiofsee, for example, Ref:
62). In other words, the dichroism can be regarded as mainly

1 12 —-847 eV —1,+: 0.699 0.700 07: 0.300 0.300 due to initial states withj =3/2 [solid arrows in Fig. &)].

1 -1/2 -815 eV  0j+: 0.369 0.370 1;: 0.630 0.630 Scattering within the photoelectron staftépes,” middle
-2 —3/2 367 eV-—-1-—:0999 1.000 — — — spectra in Fig. )] leads to an increase in the overall inten-
—2 —1/2 4.01 eV —1,+: 0.299 0.300 G;: 0.698 0.700 sity by roughly a factor of 2 compared to spectra without
-2 1/2 434 ev Of: 0.630 0.630 L;: 0.369 0.370 scattering(“nopes,” bottom spectra Further, the intensity
—2 32 465 eV 1f: 0998 1.000 — — — relations between single lines have slightly changed. This
leads—besides a strong increase—to a shift of about 0.05 eV
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to higher energies in the intensity differend€sg. 5(b); cf.
the maxima at about 51.9 e\]. This means that photoelec-
tron scattering leads to a slight change in the dichroic signal
in both shape and energy position, which is rather typical
since turning from the “nopes” case to the “pes” case
changes the density of states of the upper states. We would
like to note that the above scattering effects on the dichroism
become much larger if the lifetime broadening is reduced.

Comparing the theoretical “pes” spectra with their ex-
perimental counterparts, we observe good agreement in both
the general shape and the dichroism. In theory, the intensity
difference is in general larger than in experiment due to in-
complete light polarization as well as energetic and angular
resolution in the latter. In particular, the difference minimum
at —52.9 eV is not as deep in experiment as it is in theory.
Further, the intensity ratios of the maxima at52.0 eV
(—M) and —52.6 eV (+M) agree well with the back-
ground-corrected experimental ddteot shown herg

The general behavior of the intensities under magnetiza-
tion reversal can easily be explained within the atomic
model. Starting in the limit of weak exchange splitting (

bI—‘OH

o]

[=))
L
&

Majority
o - Minority B
Theory x0.5 .~

'S

o]
T
1

—
T
1

S VY N
T ots ®%
L]

<o

)
—_

| Theory x0.6 .. (b) 7

<\, X=1), one observes that the dichroism can be split 6 o+ (a) |
into an orbital and a geometrical pdgee Sec. IlID L As Expeﬁem Fe(001)
we have seen above, this limit cannot be applied in a correct hv=90 eV

description of the Fe B states £=0.87 eV, ¢
=1.17 eV). Thus, the dichroism of the core states with
==*1/2 does not follow the simple rule derived in Sec.
11 D 1, but appears to be more complicated due to the mix-
ing of central-field spinors withj=1/2 and j=3/2 with

'S

- Theory ‘pes’

Intensity (arb. units) Diff. (arb. units) Intensity (arb. units) Diff. (arb. units)
[\)

weightsc(™) and c(7). Core states withu=+3/2 are of = [T =" Theo. *nopes’
course not affected. 0 b bt
After having described successfully the spin-averaged ex- 54 52 50

perimental spectra, we now turn to spin-resolved dichroic Energy (eV)

spectrd cf. Figs. &a) and Gc)] which have been recorded in

the same geometry as the spin-averaged ones. We recall thatFIG. 6. Spin-resolved normal photoemission with circularly po-
the light impinges with 74° polar angle onto the surfacelarized light of Fe 3 levels at F€001) with 90 eV photon energy.
which induces spin-polarization components normal to théd Theoretical spectra withoutbottom, “nopes’) and with
surface(along[001]) and within the surface plane but nor- (middle, “pes”) photoelectron scattering compared to thelr_ experi-
mal to the magnetization directicialong[010]). However, ~Mental counterpartstop, reproduced from Ref. 7ifor helicity
these are rather smdlkss than 10% in absolute vajugom- ¢+ - Majority (minority) spectra are shown as solidotted lines
pared to the component parallel to the magnetizatior?nd_ _solld(oper) circles. Vertlgal arrows denote thec_)retlcal energy
([100)). positions of the P states(b) Differences of the experimentédolid

- . . . circles and theoretical"‘nopes” dotted line, “pes” solid ling in-
For heI|C|ty U+. [Fig. 6@, we find n _theory a.d'SF'nCt . tensities of pane(a). (c) anF()JI (d) As in panels(F;) and (b), respec-
energetic separation of states with majority and minority Sp"}ively but for helicity o— .
character, as expected from atomic theory. The former can '
be attributed to the three states with highest binding energy,
the latter to the other three states. In the intensity differenceBounced as in theory. In summary, our theory is able to
[Fig. 6b)] this leads to a+/— shape. Both maxima show reproduce the trends observed in experiment.
approximately the same height. The experiment, however, Scattering in the photoelectron state leads to changes in
shows that the minority intensity is larger than the majoritythe spin polarization, which are most significant for helicity
intensity in the whole energy range presented here. Thus, i+ . In particular, the energy position of the sign change is
the difference spectrum only a minimum occurs. Turning toshifted from—52.9 eV up to—52.7 eV.
helicity c— [Figs. 6c) and &d)], we observe a strong in- The spin polarization of the photoelectrons is due to both
crease in the minority intensity compared to e case. oOptical orientation and exchange splitting. Obviously, the
The majority intensity is rather structureless and weak. FurSOC-induced spin polarization does not depend on magneti-
ther the position of the minority maximum has shifted to zation reversal; the exchange-induced one does not depend
higher energies. In the differend€ig. 6d)] we find the ©On light-polarization reversal. Thus, by averaging over the
minimum around—52.0 eV dominating; the maximum at sample magnetization directions, one obtains the spin-orbit
—53.1 eV has become broad and very weak. In experimenﬂ‘duced spin polarization and the respective spin-resolved
the above increase is also observed but appears not as piotensitiesl .. ,
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-54 -52 -50 In conclusion, we have successfully described MCD from
3p levels of F€001). Scattering in the photoelectron state at

_____ N of WP normal emission influences both intensity and spin polariza-
tion mildly, but should be taken into account in theory.

o
=

— Theory ‘pes’ (x0.6) C. Double dichroism

""" Theory ‘nopes’ (x0.8) ® Experiment
L . J

Diff. (arb. units)
S
o

©
~

In a previous study, we have analyzed magnetic dichro-
@ 4 ism in a chiral setup in photoemission from valence b&fids.
The combination of circular dichroism in angular distribution
\. (CDAD)—which is present already in photoemission from
Fe(001) nonmagnetic surfaces—with magnetic dichroism yields so-
1 called “double” dichroism: the photocurrent does now de-
pend on reversal of both the magnetization direction and
the helicity. Thus, there are now four different intensities

(%, +I\7I) In a nonchiral setup, for example in normal

emission, the relatioh(o*, = M) =l(c*,F M) yields only
two different spectra. A chiral setup breaks this symmetry
relation. Further, we have shown how both effects—the
photoelectron-related CDAD effect due to interference of the
outgoing partial waves and the magnetic initial-state effect—
can be separated. We now turn to double dichroism in core-
level photoemission.

As a prototypical chiral setup we choose—as in the pre-

vious subsection—F801) with magnetizationM along
FIG. 7. Spin-resolved normal photoemission with circularly po-[100] (x). Circularly polarized light impinges—as in the
larized light of Fe P levels at F€001) with 90 eV photon energy. MCD experiments and calculations in the previous section
@ dgreoretmal f]pf‘:trla tW'thOU(E’tonom “nopes d)t at”hd with 4 asiparallel toM—in the [100] azimuth with polar angle
(middle, "pes”) photoelectron scattering compared to their experi- ¥on=74°. Electrons are detected in tf&10] azimuth under

mental counterpart&op, circles, reproduced from Ref. )t Major- o ) .
ity (minority) spectra according to Eq22) are shown as solid a polar angle off.=5°. Reflection at th€010) plane yields

p—
(v

Experiment

—
(=]
T

Majority K
o ----- Minority .-

Theory ‘pes"_.""

Intensity (arb. units)
<
G

* Theory ‘nopes’

L 1L

-54 -52 -50
Energy (eV)

0.0

(dotted lines or solid(open circles, respectively. Vertical arrows the symmetry relation I(o+, + k|| AM)=1(o—, -k,
denote theoretical energy position of the 3tates.(b) Intensity — — M) Thus, we calculated four intensities with the magne-
differences of the spectra of par@). tization kept fixed| (o=, = k‘)
In order to separate the CDAD and MCD effects, we de-
T+:|+(0+)+|7(U_), (22a fine the asymmetries

T_=1(0=)+1_(o+). (22b) Ao+, +K) +1(0=, =K —I(o+,~K)

—1(o—,+K)1o, (239
In Fig. 7(a), we compare theoretical intensitidswith

their experimental counterparts. In all three cases, the minor- Anag=[1(o+,+ IZ”)— l(o—,— IZH) —l(o+,— IZH)
ity intensity exceeds the majority intensity which leads to a

minimum in the intensity differencd§ig. 7(b)]. This behav- +1(o—,+Kk)]/o, (23b)
ior can be explained easily within the theory: the minority

maximum for helicityoc— is much larger than the minority Ae=[1(a+,+k)—1(o—,—kp)+I(o+,—K)
maximum for helicityo+. Further, the majority maximum .

for helicity o— is much larger than the majority maximum —l(o—,+k)]/o, (23¢9

for helicity o+ (cf. Fig. 6). ) ) ) . .

A theoretical calculation based on atomic thé8shows ~ With the averaged intensityo=1(o+,+k)) +1(0—,—k)
a +/— shape of the intensity differend€ig. 3 in Ref. 7} +1(o+,—Kk)+1(oc—,+k)). With the above symmetry re-
and thus fails to describe the experimental findif§g. lation, it is obvious thaf, averages over the magnetization
7(b)]. It relies on a spin-orbit coupling strength which is by and thus retrieves th€'nonmagnetic”) CDAD effect. A4
far larger than exchange splitting, equidistant energy spacingverages out the dependence on the light helicity and thus
of the initial-state energies, and energy-independent lifetimgields the pure effect of unpolarized light. And last, re-
broadening. From our analysis it is evident that spin-orbitveals the MCD.
coupling strength and exchange splitting of approximately In Fig. 8@), the four intensities are shown. With scatter-
the same magnitude in conjunction with energy-dependering in the photoelectron statépes”), all four spectra differ
lifetime broadening should be applied in order to reproducesignificantly from each other. Without photoelectron scatter-
the experimental results. Photoelectron scattering appears tiog (“nopes”), however, we observe that two intensities are
be of minor importancécf. Fig. 7(b)]. nearly equal) (o +,+5°)~I(c*x,—5°). If they were iden-
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right-handed helicity can be regarded as the incoherent sum

of s~ and off-normally incidenp-polarized light, it follows
that the relation
|(O’+,i|2”)+|(0'—,'_"|ZH)=|(S,i|Z”)+|(p,i|2||) (29
holds. From the “general rule” of dichroism—if in the non-
magnetic limit a spin-polarization component alof00]
(i.e., aligned tol\7|) is produced, then there is magnetic
dichroism—it is evident that both thes-polarized and
p-polarized parts of the light create dichroism in a chiral
—_ N / setup. In normal emission, however, the ESP component par-
e | el - . . . ..
ST wxz:::'\‘\"-'—-—;,"-r.::.'.-—--'-=-'=-'-- allel to M vanishes in the nonmagnetic limit and, thus, there
g’_ls N is no MD. According to Eq(23) we define corresponding
g = — asymmetries fos- and p-polarized light,
E — pol (x60) ,,’ \\\\ (b)
> 15F mag (x60) / S~ B ~ N N o N
2 L S T Apo|=[|(3,+ku)—|(p,+ku)+|(S,—kn)—'(p.—ku)]/égéa)
eI T T T T 7
15 + ‘nopes’ - T
— (m:- 5 : @ Amag= =[I(s, +|(||)+|(p +k||)—|(S _kH)_I kH)]/IOa
[ NN (25b)
3 ’ 2N\ Aex—[|(8,+kH)—|(p,+kH)—|(S,—k”)+|(p,—k‘|)]/|0.
-g o N\ (250
}/ BecauseAn,yis the asymmetry due to incidence of unpolar-
§ ! ized light, we haveA ;= Amag- FOr the two other asymme-
-] tries, no similar relations hold.
= The intensities in Fig. 9 fos- and p-polarized light are
0 quite similar, in particular with photoelectron scattering in-

-54 Ener -5%, -30 cluded. This leads to rather small magnetization- and
nergy (V) exchange-induced asymmetries but to a considerable

FIG. 8. Circular “double” dichroism from  levels of F€001) polarizgtion-induced asymmetryf Wit.hOUt photoelectron
at 90 eV photon energy and 5° off-normal emissi@.Intensities scattering, the spectra fcrr—pplarlzgd light appear t(_) be
from calculations withou¢“nopes,” bottom) and with(“pes,” top) ~ nearly the same as fqu-polarized light but scaled with a
photoelectron scattering for two light helicities £) and detection common~factor. This becomes more transparent when con-
angles (-5°). Vertical arrows denote theBenergy levels(b) and  sidering A,y which is nearly constant over the whole cov-
(c) Asymmetries as defined in E3J). In the “nopes” caseb),  ered energy range. The exchange-related asymmetry shows
A andApgare scaled by factors 60 and 30, respectivedyand  the same shape as for circularly polarized light, which indi-
(e) Photoelectron spin polarizations parallel to the magnetizationcates that the “magnetic” information can be retrieved even
Line styles as indicated in pane). for s- andp-polarized light.

tiChf%':he-g-, dU? tt?] the existt.ence tOf a Syn;n;etry opekrjation D. Photoelectron diffraction effects in off-normal emission
which connects the respective setups, and A, Wou _ .
vanish, and, would remain nonzerf.gThis is shown in Fig.  For thick films of bcc F€00D) on Ag00I), Hillebrecht
8(b) (note the factors foA,, andA,,g which indicates that etal.™ have pgrformfed expgrlments .W't.h normal light inci-
CDAD is due to photoelectron scattering. The polarizationdénce é-polarized light with electric-field vector along
induced asymmetryCDAD) in the “pes” case is nearly [010]) and off-normal emission within th€010) azimuth.
constant throughout the energy range presented here, with dfle magnetization was either alofit00] or [100]. In this
average value of about 7.5%. Its magnetization-induced Setup, there is no double dichroism, but dichroism due to
partner A,y Shows a+/— shape with maximal absolute reversal ofM. For a fixed photon energy of 170 eV and
value of 3%. The exchange-induced asymmetry compares ibinding energy of 51.8 eV, the authors of Ref. 74 obtained
shape well that for normal emissidifrig. 5 and is rather detection-angular scans and compared the experimental in-
mildly affected by photoelectron scattering. In summary, thetensity differences with those of calculations which included
above proves that the photoelectron efffDAD) can be photoelectron diffraction. The latter took into account only
separated from the initial-state effdMCD). At last, we like  single-scattering events within a bulklike bcc Fe cluster. Fur-
to mention that the spin-polarization component parallel tather, the relative phases and amplitudes of the outgoing elec-
the magnetizatiofiFigs. 8d) and &e)] shows the same be- tron’s partial waves had been fitted to obtain best agreement
havior as the intensities regarding the effect of photoelectromwith experiment. A comparison of the experimental results
scattering. with atomic calculation® suggests that effects due to scat-
As the sum of circularly polarized light with left- and tering in the photoelectron state are of considerable strength.
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FIG. 9. Linear “double” dichroism from p levels of F€001)
at 90 eV photon energy and 5° off-normal emissi@.Intensities
from calculations withou€‘nopes,” bottom) and with(“pes,” top)
photoelectron scattering for two light polarizatiors |¢) and de-
tection angles £5°). Vertical arrows denote the@Benergy levels.
(b) and(c) Asymmetries as defined in E(®5). In the “nopes” case
(b), Amagis scaled by a factor of 60, in the “pes” case) Ay, by
a factor of 0.5. Line styles as indicated in pafel

FIG. 10. Magnetic linear dichroism witkpolarized light from
3p levels of F€001) at —45° polar angle of detection and 170 eV
photon energy(a) Theoretical with photoelectron scatterifiges,
“pes”) and experimentalcircles intensities. Vertical arrows indi-
cate core-level positions obtained within the analytical mo@®!.
Differences of the intensities of pan@). In addition, theoretically
obtained differences without photoelectron scatterifigopes”)
are shown. Both panels use identical scales. Theoretical intensities

In this section, we report on results obtained by our multiple-2® scaled in order to reproduce the experimental intensity at
scattering approach for this system. —51.8 eV.

However, before turning to the), scans, we address o _ )
spectra ford,= — 45° polar angle of detectiofFig. 10. The S\_N|tch|r_19 off th_e photoelectron scattering reduces the di-
theoretical spectra agree very well with the experimentafhroism slightly[Fig. 10b)]. In other words, photoelectron
counterparts in shape. It should be noted that the theoreticaFattering acts as an additional source of dichrdfss for
spectra with photoelectron scattering have been scaled to oBICD in normal emissior(Sec. IV B), there is a small shift
tain the experimental intensity at51.8 eV. The spectra © higher blnc!lng.energ|es, which becomes larger if the life-
calculated without scattering in the photoelectron stagt  time broadening is reducedot shown here
shown herg however, are roughly reduced by a factor of 1.7  Now we turn to thed, scans at fixed photon energy and
in intensity. Further, they exhibit minor changes in the specPinding energy. Due to the mirror symmetry of the setup, we
tral shape which become more apparent if the lifetime broadhave the symmetry relation(*=M,+3.)=1(FM,—Jy)
ening is reduced. which states that there is no dichroism in normal emission.

The experimental spectra show an inelastic backgrounéurther, in atomic theories the dichroism vanishesdgr
which is not present in the difference specifag. 1Qb)]. +90°. In accordance with the “general rule,” there is a
The theoretical counterparté'pes”) agree very well in  spin-orbit-induced ESP component aldri0] for all other
shape and size of the dichroism, in particular the maximunpolar angles of detection and, thus, MLD. We have included
at —51.8 eV. The minimum at-52.8 eV is slightly over- the reduction of the first interlayer distance by a few
estimated in theory. Compared with atomic single-scatteringercent,® a variation which effects the intensities only
calculations in Fig. 1 in Ref. 74 we observe a significantmildly.
improvement in both shape and size of the dichroic signal. At first, we address results obtained by the analytical
(Unfortunately, calculated intensities are not shown in Refatomic theory presented in Sec. lll. Radial matrix elements
74 and, thus, cannot be compared with our regulispar- and phase shifts have been taken from Ref. 75. From the
ticular, the small maximum at about54 eV, which is due energy positions of the initial states, it is clear that the state
to initial states with highest binding energy, is not present inwith j=3/2 andw = 3/2 contributes most to the angular scan
our work. This can be attributed to the lifetime broadening.at 51.8 eV binding energy. Because we focus on the general
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into account the asymmetry in the core-hole occupdtion
rotates the intensity distribution to a maximum angle of
about=* 32°; the angular dependence of the difference is not
changed, however.

We also performed a weighted sum over the contributions
of all initial states where the weights reflect both the energy
position and the lifetime broadening of each individual state.
First, we calculated the intensities of each initial state for
J.=—45°. Subsequently, these intensities were broadened
by Lorentzians in order to come closer to experim@fig.

10). Finally, the individual parameters of the Lorentzians

yield the weights. The result of this procedure is very close
to that of the (=3/2,u=3/2) state alone: the shape of the

angular distribution does not change significantly; the angle
of maximum intensity ist 84°.

Second, we report on theoretical results obtained within
our multiple-scattering theory with both photoelectron scat-
tering and the surface barrier switched pfhopesb,” Fig.
11(b)]. Maximum intensity is obtained at44°. There is
intensity at glancing detection angle—as in atomic theory—
but also nonzero dichroism. This difference can be attributed
to the emission from all atoms in the semi-infinite solid, as is
present in one-step photoemission theory. Further, we ob-
serve additional intensity maxima at53° which are not
present in atomic theory. The difference distribution shows
nearly the same shape as that in Fig(al,lbut with slightly
rotated “clubs” with maximum angle- 34°. This shape dis-
tortion can be attributed to the occurrence of the maxima at
+53°.

In the next step, we switched on the surface barrier
[“nopes,” Fig. 11(c)]. The “intensity clubs” have become
narrower, but most important is an intensity decay at higher
detection angles: af.= +90° all beams—characterized by
the surface-parallel lattice vect§r—are reflected by the sur-

face barrier becauseE;,— (K;+g)? (in atomic unit$ be-
comes seminegative. Obviously, there is no emission for
U= +90°. The angles of maximum intensity are slightly
shifted to =41° and+49°, respectively. The shape of the
intensity distribution is affected considerably for large polar
angles, but only mildly at small polar angles. Also the dif-
ference distribution is nearly the same as in Figibll
Switching on photoelectron scatterifitpes,” Fig. 11(d)]

with s-polarized light with 170 eV photon energy at binding energy results in a drastic change of the intensity distribution. In-
—51.8 eV and varying polar angle of detection. Normal emissionstead of a rather smooth shape, the angular distribution

refers to they axis; dashed-dotted lines refer to 02 45°, and 90°
polar angle of detection, respective(g) Theoretical intensities for
+M (solid line) and —M (dotted line as well as their differences
(MLD, dashed ling obtained within the analytical theofgec. Ill).

(b) As in panel(a), but obtained by multiple-scattering theory with-
out photoelectron scattering and surface baffiaopesb”). (c) As

in panel(b), but with surface barrief‘nopes”). (d) As in panel(c),
but with photoelectron scatteringpes”). () Experimental inten-
sities for +M (solid circles and —M (open circles as well as
intensity differencesMLD) as squares. Reproduced from Ref. 74.

shows now much more structure. In order to compare theory
with experiment, we show theoretical results broadened with
the experimental resolution(3°). Theexperimental energy
resolution(0.3 eV) has not been taken into account. Further,
we neglect the energy aria‘ dependence of the surface-
barrier shape. Thus, a perfect agreement between theory and
experiment should not be expected.

Besides the main intensity maxima at46°, there are
now minor maxima at-30° and=+8° for =M. In contrast
to the “nopes” result§Fig. 11(c)], the maxima at- 46° and

features, we show only this dominant contribution to the an=8° occur also for opposite polar angles but with different

gular scan. In Fig. 1®), the intensity distribution for the
core state withj=3/2 andu=3/2 is shown. The angle of

intensity. The position of the surface barrier affects in par-
ticular the ratio of the intensities of the maxima®=aB°® and

maximum intensity is 74°, and the intensity difference is+46°. The intensity difference has become narrower and

proportional to sin @, i.e., maximal at¥,= +45°. Taking

rotated to maximum angle of 46°. It shows further a sec-
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ond, minor “club” at =30° which is due to the coincidence 100 105 110
of the maximum in thet M with the minimum in the— M 03 ' '
spectrum. 0.0

The experimen{Fig. 11(e)] shows two broad intensity :
maxima at around+45° and +13°. Further, the intensity 03 [ Theory “pes’ . T
decays towards higher detection angles due to the surface 03l ' ' @ ]
barrier, as is evident from the comparison with Figs(bl1 s T
(“nopesb”) and 11c) (“nopes”). Possibly due to uncertain- 00T I N
ties in the angular setup, there is a slight asymmetry of the -03 - Theory “nopes’

data: in principle the mirror symmetry implies the relation

[(+ M ) =1(— M, — Ue) Which is weakened in the experi- O3F e\ T
ment (cf. the distributions for+ M and —M at small polar 00— ————— N o
angles. Comparing with theory, the results shown in Fig. -0.3 I Theory atomic

11(d) agree reasonably well concerning the general shape of

the intensity distribution. Z — pes 2 (b)

Considering the difference distribution—which shows a g [ nopes (x0.22) /,..‘\l
maximum at about- 45°—we observe very good agreement g 002 T momie X0 A I
with the theoretical results obtained with the full calculation 5’; 0.0 \
[Fig. 12(d)] in both orientation of the clubs and the size of o
the dichroism. In a single-scattering calculati@h Fig. 2 in '5_0 02
Ref. 79, the maximum intensity difference occurs at about ’ 3p-Ni(110) @
+36°. —_ MLD hy= 177 eV

In summary, we have analyzed in detail the effects of L0y 1
photoelectron scattering on MLD from @®1) 3p using g P
several approximations to the full calculation. The manifes- £ e
tation of the solid shows a pronounced effect on the angular = o Expt.
distribution which shows that multiple scattering has to be 205
taken into account, in particular in off-normal emission. %

=
E. Magnetic linear dichroism from 3p levels of N(110) - ﬂﬂ
|77 0.0 E==—

Recently, Sacchét al.’* reported on experiments and cor- ) X -
. ; . . 100 105 110

responding atomic multiplet calculations of MLD fronp3 Kinetic Energy (eV)
levels of N(110). These calculations were able to reproduce
the experimental spectral shapes very well but overestimated F|G. 12. Magnetic linear dichroism fromp3levels of N{110).
the dichroism by a factor of about 10. The reason for thiSa) Theoretical(solid, dotted, and dashed lifeand experimental
was unclear. We performed corresponding calculationscircles, reproduced from Ref. Yintensities averaged over both
within the multiple-scattering scheme with and without pho-magnetization directions. “pes’(solid lineg refer to multiple-
toelectron scattering in order to investigate whether photoscattering calculations with photoelectron scattering taken into ac-
electron scattering can be made responsible for the abowunt, “nopes” (dotted lines to those without photoelectron scat-
observation. A main point in the work of Sacakt al. was tering. “atomic” (dashed lines are results obtained within the
the satellite structures at 6 eV and 14 eV below the mairgnalytical model for the atom. Vertical arrows denote core-level
line. We cannot address this important feature because ogpergies(b) Differences of the intensities shown in para). Line
work is performed within the independent-particle picture.Styles as is indicated in pang). (c), (d), and(e) Theoretical spin
The main line, however, should be reproducible. For detail$olarization parallel to the magnetization forM (solid) and
of the experimental setup we refer to the paper of Sacchi-M (dotted for the three calculations as indicated.
et al. In our calculations, the surface relaxation was take

into account” in the multiple-scattering calculation@vith parametersa
Fitting the analytically obtained energy levels to thosezolz’ E,=-658 eV, b=1.0 for the core hole,a

obtained by the Dirac equation without scaling of SOC and_ 2 . S
N _ =4.0, b=0.0 for the photoelectrga-to an intensity in-
exchange we obtainh=1.47 eV and {=0.78 eV K creasgdecreaskat higher(lower) energies compared to the

=0.65); thus we are dealing with well separateghdand  oyherimental data. The main peak in the spectrum at 105.8
3ps; levels. In order to reproduce the experiment, we haveyy is due to D, levels, the shoulder at 103.9 eV due to
scaled SOC and exchange by factors of 0.95 and 0.37, r&p, , levels. Considering the intensity differences, we find a
spectively. Thus, SOC is strong compared to exchange (strong overestimation of the MLEFig. 12b)]. In particular,
=0.83 and{/\=0.20); cf. the vertical arrows in Fig. 1®.  the maximum at 105.3 eV is by far too high. However, the

In addition to the multiple-scattering calculations, we shape of the “minus” feature at 106.4 eV is well repro-
show in Fig. 12a) results obtained within the analytical duced. In contrast to the experiment, a second pronounced
model for the free atom with parameters taken from Ref. 63minimum occurs at 103.3 eV. The asymmetry at 106.8 eV is
The intensities were broadened with Lorentzians with widths—4.8%, which overestimates the experimental value of
of 1.15 eV and 1.00 eV for theB,, and 35, states, respec- —1.25% by a factor of about 3.

r][ively. This leads—in contrast to energy-dependent lifetimes
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In the multiple-scattering calculations, we observe good V. CONCLUSIONS
agreement to experiment in the spectral shape of the intensi-
ties averaged over the magnetization directions, regardless %

vy‘hetrler we ta}ke mtg account photoelectron scaltering,a - gichroism in angle-resolved photoemission have been in-
(“pes”) or not (“nopes”). Th's finding agrees hicely with vestigated within the relativistic one-step model of photo-
that for MCD from F&001) in normal emission. Small de- gmission in the framework of multiple-scattering theory
viations occur at the shoulder arognd 103.9 ey k|n9t|c eN{layer KKR). Scaling the strength of both spin-orbit coupling
ergy which also occur in the multiplet calculations in Ref. ang exchange allows for a successful description of the ex-
77. Considering the intensity differencsig. 12b)], both  periments. Multiple scattering within the photoelectron state
theoretical calculations reproduce the experimental data We|Ea5 a profound effect on intensities, dichroism, and spin po-
in particular the minimum at around 105.8 eV. Turning to larization, in particular in off-normal emission. In normal
the asymmetry, the calculation with photoelectron scatteringmission, the photocurrent is affected only mildly.
shows a minimum of-1.3% at 106.8 eV which agrees very  Photoemission from ferromagnets in a chiral setup leads
well with that obtained experimentally{1.25%). Neglect- to so-called “double” dichroism, i.e., a combination of cir-
ing the photoelectron scattering, however, leads to a minicular dichroism in angular distribution with magnetic circu-
mum asymmetry of-5.5% and a slight narrowing of the lar dichroism. Using appropriately defined asymmetries, we
maximum. We consider the above results as evidence th&howed how to separate both effects.
the disagreement in size of the MLDAD in Ref. 77 can be A simple analytical model of photoemission from atoms
explained by scattering of the outgoing electron. is found to reproduce energy positions and compositions of
At last, we address briefly the effect of photoelectron scatcore-hole states which have been obtained by fully relativis-
tering on the spin polarization of the outgoing electron; cf.tic calculations. Even dichroic photoemission and spin polar-
Figs. 1Zc)—12e)]. For the current setup, the ESP of eachization compare well with numerical one-step photoemission
core-hole state is complet@W and||5|=1). The general results and experiments in normal emission. Iq off-normal
trend—positive ESP for the 8, states, negative for the electron detection—when photoelectron scattering becomes

3pay, States—is clearly visible in the calculations which do MO important—sirong deviations occur.
not take into account photoelectron scatterffggs. 1Zc)
and 12d)]. In particular, the results in the cases “nopes”
and “atomic” agree very well. A strong reduction of the  We appreciate fruitful discussions with T. Scheunemann
absolute value of the ESP is obtained in the “pes” dddg. (Duisburg. This work was performed within the Training
12(e)]. Even a sign change occuis. the dotted line around and Mobility of Researcher§TMR) Network “Interface
105.9 eV. In our opinion, these findings suggest the need oMagnetism.” We also thank the Swedish Natural Science
more spin-resolved dichroic experiments in order to investiResearch Counc{iNFR) and the Swedish Materials Consor-
gate this manifestation of scattering in MD. tium No. 9 financed by SSF for valuable support.

For prototypical systems—Blevels of Fe and Ni a001)
d (110 surfaces, respectively—magnetic circular and lin-
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