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Core-valence interactions in Cr and Fe p photoemission
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The magnetic linear dichroisMLDAD ) in Fe 2p photoemission spectra of an epitaxial ultrathin iron film
has been determined. The experiment reveals multiplet related spectra, which allow a detailed characterization
of the photoemission process in a simple final state model, that emphasizes the core-valence interaction in Fe
2p photoemission. The same model was used to describe the @hd@oemission spectrum of Cr adsorbates
on a Fe surface. The importance of the investigations for the discussion op fhlgofoelectron spectra ofd3
metals is pointed out.
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[. INTRODUCTION the type(2p®3d")*+es, ed. In contrast to the photoionization
of atoms, the core hole@! in the 2p shell of metals is

Core level photoemission spectra of magnetic materialscreened by an additional valence charge attracted to the ion-
may carry information on the magnetic ground state in twoized site. For example thep2photoemission spectra of thin
ways: first, in the spin polarization of the photoelectréns, fcc Ni films were discussed in various final-state models,
caused by exchange interaction between the core hole sp& g. the ligand-field multiplet modé&i¢luster-modef;'° and
and the magnetically ordered valence electrons, and secortfihal-state impurity modef-1? Notably the single particle
by the occurrence of magnetic dichroism in the spettra.model based on fully relativistic polarized Korringa-Kohn-
Magnetic dichroism is a spin-averaged dependence of thRostoker(SPR-KKR Green’s function method fails com-
photoemission line shape on the relative orientation opletely to describe the Ni2 photoemissiort? In previous
sample magnetization, light polarization, and electron emispapers Durret all* studied the p photoemission spectra of
sion direction. One of the key problems for an adequate deMn and Fe systems to demonstrate the different effects of
scription of these effects is the treatment of the interactiorelectron correlation on photoemission from itinerant or local-
between the core hole and the magnetically ordered valendeed magnets. In this context, the limited suitability of the
electrons. ground state one electron model has been pointed out.

Two different approaches may be envisaged for the de- The question arises if a modified atomic approach can
scription of 2 photoelectron spectra ofd3metals, either a explain the spin polarization and the dichroism im zhoto-
single particle picture or an atomic-like model, where theemission of localized and itinerant magnets. In order to ad-
valence electrons are localized. In both models the spin-orbiress this question we have studied the MLDAD of the 2
splitting £(2p) is dominant and so thep2core level can be photoelectron spectra from Cr and Fe and we will show that
described injj coupling. In the single particle approagtf, both spectra can be described by a simple final state model.
the effect of the magnetic valence electrons is described as

an effective magnetic field, leading to a Zeeman-like split- Il. EXPERIMENTAL
ting of the main lines according to the magnetic quantum o
numberm;. For emission out of @-level, this leads to four ~ The measurements of the photoemission spectra were

sublevels for thg=3/2 final state and for two sublevels for Performed at the undulator beamline BW3 at HASYLAB.

the j=1/2 final state. The splitting depends on the groundThe direction of easy magnetization for Fe on(M0) is
state magnetic moment, represented by the so called “spi@ong the in-plan€110) direction for thicknesses up to 70 A,
field”® obtained by solving the spin-polarized Dirac equation.and changes to th@01) direction above this thickness. To
The coupling between the total angular momentuof the  ensure that the easy axis is in #891) direction already for
core hole and of the “open” valence shells is not taken into a 12 to 15 monolayetML) Fe film, samples were grown
account. epitaxially on 3 ML Cr on W110) by electron beam evapo-
The alternative atomic approach describes the groungation, following the procedures described by Gradmann
state by a distinct configuration, e.g. Fe atomsdfé&(°D,) et all® The base pressure was<1L08 Pa, the pressure re-
in its Hund’s rule ground stafeor fcc Ni as a linear combi- mained in the range of 8108 Pa during deposition from
nation of a few different configurationsdBwith n=8...10, high purity Fe and Cr rods, with a typical deposition rate of
and considers all dipole allowed transitions to final states of..5 and 0.5 A/min, respectively. The thickness of the deposit
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was monitored by a quartz crystal oscillator. Valence band ¢, [
spectra were measured to control the surface cleanliness du

ing the experiment. An analysis of low-energy electron dif- 160
fraction (LEED) patterns ensured epitaxial growth of the thin

films. The thickness of the Fe film is large enough to elimi- _ 140 [ ]
nate any Cr B photoelectron signal of the 3 ML intermediate § 120 4
Cr layer. The easy axis for magnetization is along the in- g : 1
plane{001) direction of the F&L10). The thin film samples = 100 .

= )

were magnetized by current pulses through coils close to the 2 20 [
sample. The magnetic state of the thin Fe film sample can be § I
assumed to be single domain after applying field pulses of = 60
about 80 Oe. All data were taken in remanence of the Fe [—— mag. up M+) T =
film. Studies of the magnetic moments of Cr adsorbates in E mag. down (M-)
the thickness range up to 1 monolayer on(1#€) and A T TN T T
Fe&(100) by photoemission studi¥sshowed an antiferromag-
netic coupling of the Cr adsorbate with the remanent magne-
tized Fe film.

The linearlyp-polarized radiation was incident under 45°

measured to the surfa¢&10) direction. Photoelectrons were
recorded in normal emission with geometrical acceptance ol
the spectrometer entrance lens of about 8° full cone with
relatively large kinetic energf>100 eV}, to ensure that pos-
sible photoelectron diffraction featurdsee Henket alf)
were averaged out. The experimental geometry is sketched ii
the inset of Fig. 1a). All experiments were performed at

room temperature. I 2 PN, } oo
The total energy resolution, including the finite energy W °]

spread of the photons, was about 0.5 eV measuring th@Fe 2 i

PR PSS S N S ST SN Y SR S ST S N ST S S S N S 'Y
photoelectron spectra and about 0.6 eV measuring thgCr 2 725 720 715 710 705
spectra. Binding Energy [eV]
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FIG. 1. (a) Fe 2» photoemission spectra and Shirley background
lll. RESULTS AND DISCUSSION of 15 ML Fe/W(110) excited with p-polarized radiation(hv

In general a direct comparison between the core-level 820 €V for magnetization up and dowtM+,M-). The inset

o . shows the experimental geometrfp) The intensity difference
photoe_mlss!on §pectr_a of freed 3net_a| atoms and thind WILDAD) of the curves froma). (c) MLDAD asymmetry(without
metal films is misleading, because in most cases the grou

. . " ki Th k th iti f th lation-
state differs and the valence electrons thretals are itin- rbac ground e arrows mar the position of the correfation
. induced satellites.

erant. However, for the special case of Cr and Mn an ap-

proach based on the analogy of atomic spectra and spectra o 8 o
from ultrathin films appears to be a reasonable starting!@mics of the photoionization processFor a qualitative

point!” This is caused by the fact that the valence electrondliscussion it is instructive to consider the resulting dipole
of Cr and Mn atoms in Hund's rule ground state have no@MPplitudes within a pure coupling approximatitt? In

angular momentum(L,=0) and Cr or Mn surface com- deephcolre—levgl photoimiSﬁion thg spin—orbit splitting ofr:he
pounds are very localized:16 fcore ho 'T(dom'lnatesl.t e photoemission spectrum ang%t ere-
In order to compare the magnetic dichroism, the thin filmo'€ theJK or Jj coupling approximations are appropriate.

must be magnetized and the free atoms must be origtited The 4 electrons of the Cr surface layer on Fe in our

magnetic sublevelm; of the Hund'’s rule ground state must experlmegt arebltlneliant: Therefore the dsgillnfsibcilf theelldeg—
be populated asymmetrically™-2° trons need not be taken into account and thehkll could be

considered as a closed shell. With the nomenclature of Ref.
o 19, the total angular momentujrof the core hole is denoted
A. Cr 2p photoemission as jo. In a first atomic approach the final states of Gr 2

So far only the P photoemission spectra of a magnetized photoemission of a submonolayer Cr adsorbate on a thin iron
Cr surface layer on 12 ML Fe/Cr/\¥10) have been com- film can be described as the photoionization,
pared to the spectra of free laser-oriented Cr atbh¥he o 6i5(6
spectra and the magnetic dichroism based on a single con- Cr2p®3d°(°S;,) +hw
figuration approximatior(Cr*Zp_53c_154s) is V\_/eII reprod_uced _ Cr2+[2p5(j51: 3/2,1/23d5(685,2)].)f + es,ed,
by Hartree-Fock calculations in intermediate coupling. The
resulting coefficient® ki, contain the many-electron dipole in jj coupling. This approximation is based on the assump-
matrix elementsy;J;, €lj :J|D||y,Jo) and describe the dy- tion that the » hole states can be characterized by the total
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TABLE |. Fit of relative intensities(1°®) and MLDAD (119 to
the measured Cr®2spectra. The binding energy position of the final

g states are obtained from Hartree-FdélF) calculations on the (2
§ photoionization of Ct after a reduction of the Slater-integrals to
k= 50%. The resulting spectra are given in Figh)2
=)
é Expt. £t0.2eV j, J A(eV) I'(eV) a 190 |1°
573.1 32 4 0.67 0.6 0.27 9 1.10
- 573.7 3 067 0.6 0.27 7 -0.06
§ 574.2 2 0.67 0.6 0.27 5 -0.53
= 574.5 1 067 06 027 3 -051
z 582.5 2 2 094 06 027 5 -057
g 583.3 3 094 06 027 7 057
b © MLDADmeasured ‘ © | depend on the complex dipole transition amplitudes and
MLDAD model

therefore describe the dynamics of the photoemission
process? A general description of the magnetic dichroism in
photoemission from localized magnetic systems is given in
Ref. 24. AssumingLS coupling of the initial state andj
coupling of the final statéj, of the core hole and, of the

L LS-coupled valence electronand neglecting the configura-

3

Difference [10°counts]

585

580

575

570 tion interaction, it is possible to give a simple expression for
Binding Energy [eV] the MLDAD asymmetry parameter:
FIG. 2. (@ Cr 2p photoelectron spectra of 0.5 ML Ckozl(jO,Jf) RRy Sin(8y— &)
Cr/Fe/W110) excited withp-polarized radiatiorthv=705 e\j for BumLpap * (1)

2 2
two opposite magnetizations of the Fe fillRef. 17. (b) The bar 2 +1 Rs+ 2Ry

diagram and convoluted line spectrum according tojtheoupling  The second factor of the expression is given by the reduced
model compared to the measured @rpghotoelectron spectra after dipole amplitudedR, andR, and the relative phases, &, of
background subtractioric) The MLDAD resulting from the mea-  the outgoinges and ed electron waves of the one-electron
surementgsymbolg and our atomic modefine). dipole matrix elementgel||d|[lo). This part is used in the

angular momentunj,=1/2 andj,=3/2. Theinteraction of ~ Single particle models as wefbee van der Ladh The ma-
the 2 hole and the valence electrons gives rise to a furthef'ix elements and phase shifts have been calculated and tabu-
multiplet splitting. If the valence electrons stay in the Hund'slated by Goldbergt al? for several elements and energies.
rule ground staté®s;,,) the coupling of the core hole total ~ The first factor is the ratio of the MLDAD spectral pattern
angular momentunjy, and the total spin of the valence elec- given by the coupling coefficier@ -1(jo.J;) and the isotro-
trons (§="5/2) results in six final ionic states in two groups pic spectrum given by the statistical weight + 1) =100
with total angular momentund;=3, 2 for thejo=1/2 and  This ratio can easily be calculated analytically for each mul-
Ji=1, 2, 3, 4 for thejp=3/2 core hole. tiplet line (jo,J;) by the equation

Figure Za) shows the Cr @ photoemission spectra and
the appropriate Shirley-type background for opposite mag- Jo Jo
netic ordered Cr adsorbates of the system 0.5 ML Ciliodp) = 3JpJ43(~ 1) Hotlotko 1/
Cr/Fe/Cr/W2110 excited with linearly polarized undulator
radiation (hy=750 e\). Like in previous measurements of
this systenf the Cr adsorbates are coupled antiferromagneti- Jjo Jo ko
cally to the Fe thin film. In Ref. 17 these data were compared X Jo Jo I
to the Cr 2 photoionization spectra of free laser-oriented Cr ) _ o
atoms. The multiplet splitting of thep2spectrum of the sur- from Ref. 19 with the standard notations for the Wigngr
face layer is reduced in comparison to that of free Cr atomsgoefficients andl= y2J+1. This part differs from the way
so the spectrum shows less fine structure. This observation iee magnetic dichroism is calculated in single particle mod-
in agreement with other experiments: Studies dfrBetal els.

lo 1o

NIk &

(2)

atoms bound in metals have shown that the38-Slater The results for the six ionic final statég, J;) are given in
integrals are reduced by up to 30% from the scaled free atorRig. 2(b) as bars. The results and the fit parameter are listed
values(e.g., Refs. 22 and 23 in Table I. The binding energyBE) position of the final

Normalizing the MLDAD (119 to the isotropic spectrum states are obtained from Hartree-Fd¢kF) calculations on
(199, the asymmetry is given by(M+)-1(M-))/(I(M+)  the 2 photoionization of Ci3d® after reduction of the
+1(M=-)) < Byipap- The asymmetry coefficientg directly  Slater-integrals from 85%2 free atom valu¥) to 50% and
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fitted to the measuredj,=3/2,J;=4) line. The resulting atom value. In spite of this large value, the spin-orbit split-
lines were convoluted with a Doniach-SunjiDS) line  ting of {-«(2p)=8.3 e\? is dominant. Because the angular
shapé® with singularity indexa=0.27 and Lorentzian broad- momentum of the valence electronslig=2, the spectrum
ening A;,=0.67 eV andA,,,=0.94 eV full width at half can be reproduced in th& coupling scheme better than by
maximum (FWHM). The larger width of the 2,, level is  jj coupling. In thejK coupling model the number of multi-
caused by rapidl,L;V Coster-Kronig auger process&€sThe  plets is higher as well, because the angular momentum of the
measured spectfafter background subtractipare added as 2p hole with j, is first coupled to thel, of the valence
gray symbols. The experimental Gaussian energy wildth electrons resulting in the angular momentiim The K; then
was 0.6 eV. These parameters result in a total FWHM of theouples with the total spin of the valence electr&go the
two lines of the isotropic spectrum: Thepz, line has a total angular momentund; of the ion. This results in ten
width of 2.4 eV and the ), line a width of 2.6 eV. Due to ionic final states forjo=3/2 andthree ionic final states for
our experimental width of about 0.6 eV and the lifetime jo=1/2 of the Fé5D4) 2p spectrum, mainly grouped by the
broadening the resulting fine structure could not be resolvedcangular momenturi;. The splitting of the(jg, K, J;) multi-
The difference of the two curves from Fig(lR is given in  plet lines in thejK coupling model is wider than in thg
Fig. 2(c). The symbols were obtained by the difference of thecoupling scheme due to the magnitude of the Slater param-
measured data and the solid curve by the difference of thetersF?(2p,3d) and G3(2p, 3d), e.g., given in Ref. 32.
calculated spectra in Fig(ld). The relative intensities of the The 2 photoemission spectra of an Fe filfi5 ML
bars are given by'® in Table I. These MLDAD intensities Fe/Cr/W(110)] excited with 850 eV linearly-polarized ra-
arise directly from the coupling coefficief;(jo,Jr) scaled  diation for two opposite magnetizationdVl+,M~-) are
by the second factor of Eq1). shown in Fig. 1a). Additionally, the Shirley-type back-
The agreement of the calculated spectra with experimenjround for both magnetization directions is shown. The dif-
is generally very good. The observable deviations aterence of the two spectra after background subtradfien
576...579 eV BE can be attributed to many-body effects dugne MLDAD) is displayed in Fig. (b), the asymmetry in Fig.
to some admixture of other configuratiofesg. 2°3d*) and  1(c). In contrast to Refs. 28 and 29 we assum®&anitial

recoupling of the @ shell*’ state, because the average Fe metal ground state number of
majority spin 2l electrons per atom is 4.8 and the number of
B. Fe 2 photoemission minority spin 3l electrons per atom is 2.6. Hence the total

i . number of 8 electrons per atom is 7.4. This results in a
Most core level photoelectron spectra of thin Fe filmspyprigization of 27 and 3 configuration, but we will dis-

have been discussed in final state models, like the spins;,ss the spectra assuming just a pupe3@’ final state. The
resolved B%easurgments“ of th‘f{ Fe Bhotoemission for  aqits for the @ configuration are just little different, and
example?®2%In a simple “atomic” picture the expected3 ¢4, easily be calculated in the same way by using(Bx.

initial state® is giving rise to a doublet low-spin and a quar- In our case witf'X ground state, the FepZohotoemission

. _— 82y 4 . . L .
tet high-spin final state 330°(°X,“X). These states were could be described in an atomic model by the photoioniza-
chosen to model the average Fe metal ground state magnetjg,

moment of 2.3z~ 2ug by the®X initial state. In this atomic

multiplet scheme the intensities of the two final states are Fe2®3d’(*X) + hv — Fe'[2p%(j;* = 3/2,1/23d7(*X) |3;
proportional to the spin multiplicity of the final staté®S
+1), separated in energy due to an exchange interaétion.
The angular momentum of thed3salence electrons is not in the jj coupling model. If the valence electrons remain in
taken into account. The deviation from the atomic multipletthe ground statéX, the coupling of the core hole total angu-
model reveals the importance of configuration interaction effar momentumj, and the total spin of the valence electrons
fect of the itinerant @ systen?® S results in six final ionic states in two groups with total

We will now use the coupling model of this atomic mul- angular momentund;=2, 1 for thej,=1/2 andJ;=0, 1, 2, 3
tiplet scheme to describe the Fp ghotoemission spectrum for the j,=3/2 core hole.
and the MLDAD in thejj coupling model by coupling the The results for the four final states with=3/2 aregiven
total angular momenturjy of the 2 core hole and the total in Fig. 3(a), the two states witliy;=1/2 aregiven in Fig. 4a)
spin & of the valence electrons. In case of the @rshec- as bars for opposite magnetizatidivd+ andM-). The bind-
trum we did not take the angular momentum of the valencéng energy position of the final states are figured out by a
electrons into account, because even for Cr atoms in theimple rule of the fine structure of the ionic final states
Hund'’s rule ground state,=0. The 2 photoionization spec- (like Lande’s interval rulg slightly varied to obtain the best
trum of Mn atoms can, for the same reasons, also be dexgreement with measured data, and fitted to the measured
scribed by thgj coupling schemé%2°For both elements HF  (jo=3/2,J;=3) line. The multiplet splitting is of the same
calculations have shown that thg coupling model repro- size as the multiplet splitting of thep2pohotoemission spec-
duces the main features of the 8pectra very well. trum of the Cr surface layer shown in Fig. 2.

The 20 photoionization spectrum of Fe atoms in the The resulting multiplet lines of the FepZpectrum were
Hund’s rule ground statg8d®4s?(°D,)] shows a much wider ~convoluted with Doniach-Surgjiline shap&® with singularity
splitting of the multiplet line$:3! The 2pg, is split about index @=0.23 and Lorentzian broadenini,=0.5 eV and
5-6 eV, when the Slater-integrals are reduced to the fred,=1.3 eV FWHM. The larger width of the®,, level is

+ €S, ed,
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140 | (a) - (@) 1
I ° ) — Fe 2p
120 - Fe 2p3/2 ] g 40 L 12 i
=} .. .
_ g Jj coupling model
g 100 - i coupling model 7 = Fe 2p’3d’
[} I S~ 47 P>
«é sob Fe2p3d o g 20
= 8
.;“ 60 m E oy~ anel . \".
g | RRS20000000
S 40 | & E z
i S 10t (b)
20 - fesscacasssctans! !-','4"“" 7 2
2 o0 B
L (b) § S0 - ® MLDAD measured i
= 40l | 8 MLDAD model
‘g ® MLDAD measured "Q: ) ) ) ) ) )
8 2 i MLDAD model ] 726 724 722 720 718 716
= Binding Energy [eV]
g0 - .
s | FIG. 4. (a) Fe 24/, photoemission spectra from Fig. 1. The bar
£ 20 diagram and convoluted line spectrum according tojtheoupling
A . . . . . . | model for 20°3d” final state. Gray symbols: measured spectra after
716 714 712 710 708 706 704 702 background subtractior(b) Symbols: MLDAD (differencg from
indi measured data, bars and lines: results of the atomic model,
Binding Energy [eV] d data, b dl MLDAD Its of the at: del

dotted line: aberration of measured and calculated MLDAD.
FIG. 3. (a) Fe 25/, photoemission spectra from Fig. 1. The bar
diagram and convoluted line spectrum according tojfheoupling
model for 2°3d” final state. Gray symbols: measured spectra afteflgnce electrons give rise to a statistical binomial distribution

background subtractior(b) Symbols: MLDAD (differencg from over many different 8" configurationé,l the number of

measured data, bars and lines: MLDAD results of the atomic modelyo 41y yisible satellite structures is low. The Fe atellites
dotted line: aberration of measured and calculated MLDAD.

are extremely weak because the line strength is transferred
caused by the opening of rapiglL,V Coster-Kronig auger from the satellites to the main lines by the screening of ad-
decay Channelg The measured Spectra after backgroundditional free valence electrons attracted to the ionized site.
subtraction are added as gray symbols. In Fig),4he in-  This transfer of line strength is more pronounced for final
tensity tail of the Ps, structure is removed as well. The satellite states nearer the main liféBhe energy separation
experimental Gaussian energy widthwas about 0.5 eV. of the satellites and the main lines of thp ghotoemission
These parameters result in a total FWHM of the two lines ofspectrum is mainly determined by the on-sité Coulomb

the isotropic spectrum: Thepg,, line has a width of 1.7 eV interaction U.** A comparison of the energy difference of
and the Py, line a width of 2.3 eV. The difference of the 2p;, main peaks and satellites of the late transition metals
two curves from Figs. @) and 4a) is given in Figs. 80) and  (Ni: 5.5 eV Co: 3.5 eV3* and Fe:~3 eV) shows that the
4(b). The curve of symbols was obtained by the difference ofmore mobile the 8 electrons are, the smaller is this energy
the measured data and the solid curve by the difference dfifference. Therefore the intensity transfer from the Fe satel-
the calculated spectra if®). The relative intensities of the lite structures to the main lines is stronger than for Co and
bars are given by® in Table IIl. These MLDAD intensities Ni. For Fe, mainly the hybridization between the configura-
arise directly from the coupling coefficief;(jy,J;) scaled

by a factor considering the dynamics of the photoemission TABLE II. Fit of relative intensities(1°% and MLDAD (19 to
process. Different from the Cr adsorbates on Fe an epitaxiahe measured Fepspectra. The binding energy position of the final
grown 15 ML Fe film shows an explicit influence of photo- states is figured out by a simple rule of the fine structure of the ionic
electron diffraction, especially on the magnetic dichrofSm. final states(Ref. 21) and slightly varied, to obtain the best agree-
The fit shows good agreement with the main structures ofnent with measured data. The resulting spectra are given in Fig. 3
the Fe ® photoemission spectra and the MLDAD. On the and Fig. 4.
other hand, the line fit of thed,, given in Ref. 7 looks more
like the multiplet structure of the above given final state Expt. t0.2eV j, J A(eV) T'(eV) a 190 |10
model than what is expected by a one electron model: The

intensities of the @5/, sub-levels are smaller with increasing 706.45 2 3 05 05 023 7 383
binding energy. The total splitting of the four lines is higher ~ 706.65 2 05 05 023 5 -091
than the calculated “spin-field” splitting of about 1 é¥. 707.25 1 05 05 023 3 -201
Additionally two satellite structures of thepg, at 709.5 eV 707.75 0 05 05 023 1 -0091
and 710.4 eV and onep?,, satellite at 721.6 eV are observ- 719.4 2 1 13 05 023 3 -1.82
able. They are clearly discernable in the measured spectra 7199 2 13 05 023 5 182

and the resulting dichroism in Fig. 1. Although itinerant va-
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TABLE IlI. Coupled wavefunctionsj,Sy:J;) of the six ionic final states of K&p>3d”)* in the framework of thgj coupling model with
mg, = +3/2. Theexpectation valuegm) and(c) from lioSo: J5) and \jomjo> as linear combinations dfm)|so).The coupling coefficien€,
[from Eq. (2)] is \2/5C;=(2J;+ 1)(m) with 190 (2J,+1)=10,

io Ji |ioSy:Jdp) as linear combination diomj0>|s)(m30:+§)) (m) (o) 00 () Cip1 100

: 3 (B R+ B3-S I N R A
2 SP3ep--D-2-Dls+D S RO R I
1(B3-1+T-2)8+3) Le-UNE {CR VNS SR NEZ R
0 -|2-2)2+2 1(-1) 111 -1 -5 -1

: 1 -3-B+D -y Gy 2 S0 o
2 (B B-Ditd ) w0 2 e 4

tions in the remaining final state main line is vital to describe=1/2 andI*°=1°* for j=3/2. Thespin resolved Fe {2 pho-
the 20 photoemission spectrum. The results of this hybrid-toemission measurements of Hillebregfital.” confirm the
ization are close to the assumepP2d’ final state. relation of thel1® and thel®! spectrum forj =3/2.Because of

The model which we use here is based on pure couplinghe DS lineshape andpg, satellite structures between the
approximation(jj or jK coupling. It implies the sum rule \,5in jines a separation of “pure” states wjth1/2 is diffi-
that the dichroism vanishes for eaghsubstructure when it cult, but the reversed sign ¢° and 1% is clearly visible in
is integrated over thés fine structure. Therefore the calcu- R f' 7 0n the other hand. th iment showed that th
lated MLDAD at 707.6 eV is larger than the measured di- et. 7. Jn the other hand, fhe experiment showe a e

chroism. The deviation of the MLDAD spectra given in Fig. Meéasured Fefspectrum and the magnetic dichroism cannot
3(b) as a dotted line can be discussed similar to the pli 2 b explained correctly by the one electron model.

spectra® The negative MLDAD lobe of the®,, main line is Finally, we consider whethem; is a good quantum num-
diluted by the positive MLDAD of the @, satellite struc- ber in the atomic final state model as well. For this purpose
tures at 709..711 eV. As we will discuss below, the positive we calculated the coupled wavefunctidinsSy: J;) of the six
magnetic dichroism of thed, is linked to minority spin jonic final states of F&@p°3d’ in the framework of the above
polarization. The satellites have a remaining net majorityestablishedjj coupling model withmg =+3/2 shown in
spin polarization(see Hillebrechtet al’), leading to the Table Iil. To keep the results clear, we Iimiteugﬂ of the A

negative MLDAD in the D5/, satellite structure and the posi- : : )
tive MLDAD in the 2p,,, satellite structure. electrons to the maximum value. Only the multiplet lines

The relation between spin polarization and magnetic di{lo=3/2,J3=0) and(jo=1/2,J;=1) consist of purdjo,m; )
chroism is often discussed in a single particle mddeél, states. The other four multiplet linégp=3/2,3;=3,2,1 and
sometimes even when the spectrum itself is discussed in @=1/2,J;=2) are composed of multiplbo,mjo) states. The
final state modet! We will now show that a discussion in the expectation valuegm) and (o) are evaluated for each mul-

ji coupling model leads to analog results. tiplet similarly to the single particle approach by calculating

In the single particle modety is assumed to be a proper . i ; oo
X e [jom; ) components as linear combination |6h) |so).
quantum number to characterize the sub-levels of theg~e 2 o 10> P oh) |so)

spectrun®-6 The exchange interaction of the spin polarized | '€ Values ofm) and(o) given in Table IIl are comparable
3d valence electrons and the 2ore electrons causes a split- 0 the values of the six adequate states of the_smgle particle
ting m=-1/2, 1/2 with dichroism &, -2A for thej=1/2 ~ model>" Although the symmetry%(j, m;) ==11%(j, -m;) of
andm;=3/2, 1/2, -1/2, -3/ 2vith dichroism -3\, -A, +A, the dichroism in a single particle model is broken, the rela-
+3A for the j=3/2 level with nearly equidistant splitting tion between{m) and(o) given in Eq.(3) is valid for each
AE=¢/3. The spin-field giving the split of the sub-levels final state multiplet component in our example in fheou-
m,=+3/2 isabouté=0.8...1.2 e\®® The wavefunction of pling model.

the six statej ) ,is given as a linear combingtion ot m) Further on, Table Il shows that the facﬁf?P(m) with the
s,o) (“mo states” in Table IV of Ref. B Theselj,m;) spin-

orbit states can be constructed directly from the Clebschstatistical weight!®=(23;+1) is proportional to the cou-
Gordan coefficients. For strong spin-orbit coupling, like atpling coefficient Cko:l(jo,Jf). Therefore~|°°<m> is propor-
the Fe D level, the dichroism pattern arises frgm) and the  tional to the MLDAD 1 for each(jo,Jr) multiplet in thejj
spin pattern from(o). In the limit of jj coupling({>§) we  coupling scheme. According to this rule the spin pattern

have %) are proportional to the spin spectruft. From Table
(my=2( -sXo?), (3) I one can see that the relatioh¥=-21°1 for each multiplet
of jo=1/2 andI'°=1°! for each multiplet ofj,=3/2 isvalid

where the polarization(-s) is 1/2 for 2gp and =1 for g e 'oie model withj coupling as well.

2py2 1 With Egs. (4) and (5) of Ref. 11:119=-2/% for j
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IV. CONCLUSIONS assumed that the exchange interaction of tpec@re elec-
trons and the spin-polarized itinerard 8alence electrons in
~Due to the close correspondence between the magnetifie ground state causes a Zeeman-like splitting of ihg, 2
dichroism in the P photoelectron spectra of a Cr surface and 2, , into m; sublevels. The @ photoemission spectra in
layer (antiferrojmagnetically coupled to a Fe film and free the final state model are governed by multiplet splitting and
laser oriented Cr atomé,the 2p spectra of a Cr surface layer satellite appearance. These features are given by the interac-
are well reproduced by a simple “atomic” model basedjon tjon of the core hole with the valence electrons and the elec-
coupling. This model is transferred to describe the e 2 tronic structure of the valence electrons within the solid. The
photoemission spectrum of a thin Fe film. Assuming agichroism in both models is described by a photoemission
single-configuration, and puig coupling scheme, the calcu- probability of the respective sublevels depending on the ra-
lated spectra and the resulting magnetic dichroism in thejiation polarization. For all these differences, the correlation
main structures are in good agreement with experiment. Thgetween magnetic dichroism and spin orbit and exchange

origin of the MLDAD (+——+) patterns of the main lines induced spin polarization is equal in both models, if a well-
can be traced back to the multiplet splitting in the final statedefined single initial state is presumed.

This demonstrates the importance of thep3 Coulomb and

exchange interaction in thep2photoemission of @ metal ACKNOWLEDGMENTS
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