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Core-valence interactions in the linear dichroism of Cr 20 photoelectron spectra
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The linear dichroism in the [2 photoelectron spectra of free Cr atoms and Cr atoms bound to an Fe surface
has been determined. The spectra of free laser-oriented atoms are compared to Hartree-Fock calculations and
the corresponding spectra of magnetized surface layers. The importance of satellites andpB8th€au-
lomb interaction in the final ionic state is demonstrated in both cases.

I. INTRODUCTION netic sublevelsn; of the Hund's rule ground state of the free
atoms (Cr 3° 4s ’S;, J=3) were populated asymmetri-
The linear magnetic dichroism in thep2photoelectron  cally, corresponding to an orientation of the spin of the at-
spectra of 8 transition metal surfaces and thin films hasOms. The laser radiation counterpropagated to the linearly
attracted great interest because it promises element specifi®larized undulator radiation from beamline BW3 at HASY-
and surface-sensitive information on the magnetictAB which was used to @ core ionize the Cr atoms. Pho-
properties: For the interpretation of the results various mod-toelectrons emitted close to the magic angle of 54.7° relative
els have been proposed ranging from single-particle band© the pol_arlzatlon_aX|s of the undulat(_)r radlz_itlon were reg-
structure approaches to ligand-field multiplet modefsOone  istered with the aid of a high-resolution Scienta SES 200
of the key issues is the treatment of the interaction of the 2 €lectron energy analyzer. Pumping with right and left circu-
hole with the 31 valence electrons. This is intimately related larly polarized laser radiation resulted in antiparallel and par-
to the local-delocal character of thel ¥alence electrons in  &llel orientations of the atoms with respect to the propagation
the core excited state. In order to address this problem welirection of the undulator beam. The Dhotoelectron spec-
studied the linear magnetic dichroism in thp photoelec-  tra of the free Cr atoms were taken for the two opposite
tron spectra of laser-oriented free Cr atoms. The comparisoffientations of the atoms.
of the free atom spectra with the corresponding spectra of a The 2p photoelectron spectra of a Cr surface layer depos-
Cr surface layer allows for a direct assessment of the impori€d on Fe were taken for two opposite magnetizations of the
tance of the intra-atomic interactions. This approach ha§ample. The 0.5 monolayer thick Cr film was deposited on
proved to be very successful for the photoelectron spectra 6in Fe film grown epitaxially on WL10). The magnetization
the subvalence |8 electrons where the intra-atomiqpd ~ Was reversed by applying pulsed fields of 80 Oe along the
interactions clearly dominatd.In the case of the @ spectra €Sy axis for magnetization of iron. The photoelectron spec-
the situation should be different due to the reduced overlaf@ Were taken in remanence. The sample was magnetized in
of the wave functions of the 2 core states and thed3va- plane, the photon incidence angle was 45° with respect to the
lence electrons and the considerabfe Sin-orbit coupling. surface, and the electrons were collected under normal emis-

Therefore a detailed comparison of the spectra of free and©n With a conventional hemispherical analyzer. The mea-
bound Cr atoms is of great interest. In addition Cr has verypUréments have also been performed at the BW3 station at

interesting magnetic properties ranging from the antiferroASYLAB.

magnetism of the bulk metal to the ferromagnetic order ob- The Iine.ar ma}gnetic dichro'ism in the angular distribution
served for thin film&! on ferromagnetic substrates which can (LMDAD) is defined as the difference of two photoelectron

be probed in great detail by the linear magnetic dichroism. intensities and for atomic orientations and for sample mag-
netizations of opposite sigh:!

Il. EXPERIMENT IIl. RESULTS AND DISCUSSION

Free Cr atoms in a collimated beam emanating from a Figure Xa) shows the p photoelectron lines of atomic
resistively heated furnace were oriented by pumping the opEr. The spectra were taken at a photon energy of 706 eV and
tical transition 4— 4p with circularly polarized laser radia- have been corrected for the electron analyzer transmission.
tion. Due to the selection rules for the excitation, the mag-The binding energies have been established using well-
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[ ' ] angular momentum of the initial state of the atom. The sta-
—_ t free Cr atoms (@) ] s . .
£ 150 F L s ] tistical tensors (state multipoles Pky0 with rank kg
g : . I(TT) & %2 ] =0,1,...,2, describe the atomic polarization of the initial
S 100F 2pipn f&% h g . state. The geometrical factolFskOkky contain the direction of
z i ke °°e° :' S ] the atomic polarization, the direction of the photoelectron
é 50 s 2 ] ’, ] emission, and the polarization state of the ionizing photon.
C F 3 The coefficientﬁkoki<7 contain the many-electron dipole ma-
i - o) trix elements( y;Js,&lj :J| D] yoJo) and describe the dynam-
g 2Ff ¢ ] ics of the photoionization proce$$The total angular mo-
£ _ *1(TLH-KTD oo ] ;
2 [ . ] mentumJ; and other quantum numbesg characterize the
oy 10[ < . ] final ionic state. The photoelectron with kinetic enerynas
= P o e orbital and total angular momentaand j, respectively.J
91 0 M ¢ NS, . ] denotes the total angular momentum of the final sygiem
% _1ob oe b +photoelectropn The expressions foFkokky and Bkokky in
— ' , i Eqg. (1) are given in Ref. 16.
i T ' ' (c)' ] Only terms proportional to odd statistical tensors
7 20 | HFcalculation ] P10,P30s - - - N Eq.(1) contribute to the difference of cross
E 5 ] sections for two opposite atomic orientations, i.e., to the
£ 10¢ ] LMDAD. *® Simulating the pumping process of the free Cr
~ 0 E l atoms by solving the rate equations for the optical transition
< g Nl ] it furthermore turns out that the contribution of all higher
% _1ob ] tensors excepb;o can be neglectetf:!” This approximation
- ] reduces the number of terms in E@) to 1[for ky=1 only

the set kokk,) =(122) is allowed. We can further omit the
quantitiesp,o and F1,,, which do not depend on the quan-
tum numbers characterizing the final ionic state: they are
FIG. 1. The D photoelectron lines of free oriented Cr atoms constant over the Wh(_)le photoelectron spectrum. The shape
excited with linearly polarized undulator radiatiohy=706 ev)  Of the LMDAD curve is therefore solely determined by the

for two opposite orientations of the atoms are depicted in the uppefoefficientsB;,, and independent of the experimental geom-
part (a). The difference of the two curvefLMDAD=I(1])  €try. We thus find

—1(71)] is displayed in the centeth) and the result of the HF

calculation(see text in the bottom(c).

595 590 585 580 575
Binding Energy [eV]

g (o

known rare gas photoelectron lines. As expected from earlier LMDAD =1(T1)=1(TT)* 35 (11) = 5q (1T)*Baz.
studies of the p photoabsorption of atomic CF,the photo- ®)
electron spectra are dominated by the spin-orbit splitting of
the 2p hole. The two main photoelectron lines can therefore
in a first attempt be assigned to thp,2 line at higher bind- We determined the dipole matrix elements given above for
ing energy and to the&,, line at lower binding energy. the Cr 2o photoionization within a Hartree-FockF) calcu-

The two photoelectron spectra correspond to opposite orikation performed in the single-configuration approximation
entations of the atoms. The photoelectron intensity considein intermediate coupling. We only considered the configura-
ably depends on the atomic orientation. The difference of théion Cr" 2p° 3d® 4s. The Slater integrals have been
two spectra shown in Fig.(4), i.e., the LMDAD in the D scaled down to 85% to take into account the influence of
photoionization of the free Cr atoms, is displayed in Fig.electron correlation effects. Inserting the matrix elements in
1(b). Both main photoelectron lines clearly display the char-the expression foB,, given in Ref. 16 we calculated the
acteristic pattern of LMDAD:'4150ne positive and one LMDAD for the different final ionic states according to Eq.
negative lobe. However, for thepZ, line the pattern is in-  (2). The result of these calculations is shown in Fig) nd
verted and the negative lobe is much less pronounced thaeferred to in the following as the “HF calculation.”

the positive one. The relative intensities of the bars in Figclare given
The 2p LMDAD of the free Cr atoms is interpreted with by the calculated values of the coefficiefs,,. The solid
the aid of the calculated spectrum shown in Fi(c)1Fol-  curve was obtained by replacing the bars by Lorentzian pro-

lowing the theory of the angular distribution of photoelec-files of full width at half maximum(FWHM) of 0.3 eV,
trons from polarized atoms the photoionization cross sectiomeflecting the lifetime of the @ hole stated® The sum of the

can be presented in the fotfn Lorentzian profiles was convoluted with a Gaussian profile
of FWHM=1.4 eV to account for our instrumental broad-

do TA® ening.
dﬁ:ﬁk%@ pkooBkokkyFkokky’ (1) The HF calculation well reproduces the experimental

spectrum. Two patterns with each one positive and one nega-
wherew and« are the frequency of the ionizing photon and tive lobe and inverted with respect to each other are pre-
the fine-structure constant, respectively.denotes the total dicted for the two spin-orbit partners. Also the weak and
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broad dichroic signals stemming from satellite structures de- [ ' ' ' (5) ]
scernible between thep2,, and the 24, lines and on the
high binding energy side of thep?,, line are reproduced.

The bars in Fig. (c) reflect the atomic multiplet splitting
of the final ionic states of Cr 2p® 3d® 4s. The lowest
levels at binding energies around 580 eV can be described by
a coupling where the2hole isjj coupled toj =3/2 and the

150 | 5 &7, ]

100 [

Intensity [103 counts]
[\=]
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&
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Cr surface layer e |

valence electrons® 4s areL S coupled to’S according to 0T : _—
Hund’s rule. This is justified by the HF calculation which - g ' ®) ]
gives for the spin-orbit interaction in thep2shell £(2p) g 10F K3 ]
=5.7 eV and for the @ intrashell Coulomb interactions "’5 st . ]
F2(3d,3d)=8.8 eV andF*(3d,3d)=5.5 eV. The strong = g e . .

2p-3d intershell Coulomb interactions G!(2p,3d) 2 0 M """ YA VR s e
=3.5 eV, G3(2p,3d)=2.0 eV, andF%(2p,3d)=4.9 eV g st hd ~. . ;
couple the » hole and the valence electrons. This leads to — ; ® ]
four levels J;=9/2, 7/2, 5/2, and 3/2 for the &, hole. -10C ' ' ' o
Three of these levels show a strong LMDAD as can be seen 585 580 575 570

in Fig. 1(c) (one positive, two negatiyeThey mainly lead to Binding Energy [eV]

the +/— pattern observed in the measured spectrum in Fig.

1(b). The 7/2 level is barely visible in Fig.(®) like two FIG. 2. The 2 photoelectron spectra of a magnetized Cr sur-

K Is st ina f in flio of thes aal face layer excited with linearly polarized undulator radiation
weak levels stemming from a spin flip of thes 4alence (hv=705 eV) for two opposite magnetizations are depicted in the

electron. Except this the interactions with theélectron are  5her(5) and their differencéLMDAD) is displayed in the lower
negligibly small. Likewise the spin-orbit interaction in the part ().
3d shell is negligible. van der Laan and Kirkman calculated

similar values for the Slater integrals and spin-orbit param- . . .
. . : . does therefore not vanish neither when integrated over the
eters as given here in their study of the @bsorption spectra

. " . . binding energy region of the two main lines nor when inte-
of various 3 transition metal ions? In a recent theoretical 9 gy reg

. . . T grated over the whole measured binding energy region. This
investigation of the P core hole states of M ions a simi- holds for the experimental and for the calculated spectrum.

Iarresgr?ttélgraglotiﬁrgentum coupling scheme has been used as In the following the 2 photoelectron spectra of free Cr

P e - atoms are compared to the corresponding spectra of Cr atoms
The satellite structures around 585 eV in Fig&)+1(c)

can be attributed to states with a recounledd3shell bound at a surface. Thep2photoelectron spectra of the Cr

4p 4D as the res Itﬂogg‘za <pin flio of one of tf]ei&alence surface layer excited at a photon energy of 705 eV for two

(I ,t ) In th u . II'OI P trast th : £ all opposite magnetizations are shown in Figp)2Their differ-

g(;ec Ironts. nthe ﬁf’_’z mzln |ne” '? %Ogsras € spins ot a ence, i.e., the LMDAD, is displayed in Fig(®. The 2p
electrons are alighed parafie (Q_ ; ). . _._photoelectron spectra of the Cr surface layer clearly display
The situation in the second main line at 590 eV in Figs. . . . -

1(a)-1(c) is more complicated because in this bindin en_the 2p4;;” and the “2p3,” line. The spectrum of the g
- ' Pl use IS binding photoemission for adsorbed Cr shows less fine structure than

eGrgy reglclm the_ rLE\;]EISI of F2|1/2 ?tates with parzllel a sme d that of the free atom. This in part is caused by many-body
(°S) overlap with the levels of @y, states and a recouple electron hole excitations leading to asymmetric photoemis-

3d shell with two flipped &l spins €L). This results in a  gjon, lines?! as well as by the influence of secondary elec-

strong mixture of states which makes an assignment very,ng which always accompany photoemission spectra of sol-
difficult. Furthermore, there are considerably more energyys. The reduced multiplet splitting expected for the bound
levels than the two with);=7/2 and 5/2 obtained by the Cr atoms also contributes to the loss of fine structure. This is
coupling of thej=1/2 core with’S valence electrons. As a consistent with the smaller half-width and smaller energy
consequence the negative LMDAD signal is suppressegeparation of the two main lines observed in the spectrum of
compared to the positive one in this line as observed in th¢he Cr surface layer and can be explained by a reduction of
experimental spectrum. the Coulomb and exchange interactions in the bound Cr at-
The weak and broad positive LMDAD signal at around oms to 70% of théscaled free atom value as verified by HF
593 eV in Figs. 1b) and 1c) can be attributed to satellite calculations. The LMDAD of the surface layer in Fig(b2
lines with a 2p,,, hole and a recoupledd3shell with a flip of ~ shows the characteristic pattern of a LMDAD in both lines.
one 3 spin (*L). These lines therefore can be seen as thén addition a negative dichroic signal between the two lines
spin-orbit partners of the satellites around 585 eV: they acis clearly discernible.
cordingly contribute with an invertedpositive signal in A detailed comparison of the LMDAD in |2 photoelec-
contrast to the negative one of the satellites. This is tron spectra of free Cr atoms and a Cr surface layer is done
comparable to the inverted patterns of the two main lines. with the aid of Fig. 3. We replotted the dichroism curves
The satellite lines with recoupledd3valence shell unam- from Fig. 1(b) and Fig. Zb) along the binding energy axis of
biguously are the reason for the deviation of the shape of ththe free atom. The spectrum of the surface layer had there-
LMDAD curve from the simple standard pattern showingfore to be shifted by approximately 5.5 eV towards higher
positive and negative signals of equal size. The LMDADbinding energies to account for the atom-to-solid binding
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™ From the comparison to the atomic spectrum we conclude
that satellite lines with a spin flip of one of thed3salence
electrons are the reason for this dichroic signal in the surface
layer spectrum. Like in the free atom spectrum these satel-
lites are the reason why the LMDAD of the Cr surface layer
integrated over the measured binding energy region is not
equal to zero. In the 2 LMDAD of a thin Fe layer a strong
, , , , and broad signal between the two main lines has also been
595 590 585 580 575 observed' and may have the same origin as in the Cr sur-
face layer investigated here. In agreement with our assign-
ment the authors excluded solid-state effects and suggested
FIG. 3. Comparison of the LMDAD of a magnetized Cr surface an origin of atomic nature to be responsible for this structure.
layer [taken from Fig. 2b)] and the LMDAD of free oriented Cr The close resemblence of th@ photoabsorption spectra
atoms[taken from Fig. 1b)]. Both curves are displayed along the of Mn layers recorded by Du et al?% and the D photoab-
_binding energy axis of the free atoms and normalized to each Oth@forption spectra of free Mn atofRdsis consistent with our
in the maximum. The spectrum of the Cr surface layer has beeg,saryation of the close similarity of the9Z MDAD of free
shifted by 5.5 eV towards higher energies. and bound Cr atoms. Duet al. also assumed a strong local-
ization of the 3 valence electrons. In other recent investi-
energy shift. The binding energies and the intensities of thgations indications for localizedd3valence electrons of 8
two curves have been matched in the strongest positive lobgnetal atoms bound in thin layers and in clusters have been
The contraction of the spectrum of the Cr surface layer disfound?8-32
cussed above clearly manifests itself also in the LMDAD.  Dichroism in the D photoelectron spectra of magnetized
Figure 3 demonstrates the close similarity of the LMDAD in metallic system® is commonly described with the aid of
the 2p photoelectron spectra of free and bound Cr atomsgne-electron modefs'1°34-43These go back to the theoret-
This observation is convincing proof of the atomic nature ofical investigations of Ebertetal,? Cherepkov and
the effect. Intra-atomic interactions determine the structur&uznetsov’ and van der Ladhand are based on the assump-
and shape of the LMDAD of the Cr surface layer. Atomic tion of an itinerant character of thed3metal valence elec-
multiplet splitting like in the free Cr atoms due to the Cou- trons. In addition Thole and van der Laan have developed
lomb interactions of the 2 core hole and the @ valence  theoretical many-electron approaches for localized systems
electrons in the final ionic state is the origin of the —  (see, e.g., Ref.)5In the one-electron model it is assumed
LMDAD patterns of the Cr surface layer. This implies that that the exchange interaction of thp ore electrons and the
the 3d valence electrons of thep2excited Cr surface atoms pandlike spin-polarized @ valence electrons in the ground
are of localized atomic character. The experimental data fogtate causes a Zeeman-like splitting qf,3 and 2, into
the surface layer can be described by assuming@a 2d°>  the sublevelsm. = —1241/2 andmi=—3/2—1/2+1/2,
ionic configuration though some admixture &2 3d* can- +3/2, respecti]vely. The dichroisr:"n is described by a
not be exclud_ed. . , polarization-dependent photoionization probability of these
hThe |d|chr0|srg_of crysti?zllme sarrr]]pltra]s cl?n bg mfluenqed b3§ublevels. The origin of the dichroism is thus explained in
s e oot a1 Gne-electon model by the ground s properes. T
. ering ) is inconsistent with our observation of the similarity of the
fects, while for the low kinetic energies<(100 eV) of our
experiment also large-angle scattering is importaisp that 2p LMDAD Of. free and po_und cr _atom_s. we _dem_onstrated
that the local intra-atomic interactions in the final ion, caus-

in principle the dichroism could be affected by diffraction . . . . : .
even for emission from an adsorbed monolayer. However, iing atomic multiplet splitting and satellite emission, are cru-

is known that diffraction influences primarily the magnitude ¢! for the description of dichroism. Detailed studieee,
of the dichroism while leaving the line shape of the dichro-€-9- Refs. 44—47have shown that the23d Slater inte-
ism spectrum essentially unaffecdTherefore, for a dis- 9rals of 3 metal atoms bound in metals or compounds are
cussion of the dichroism line shape, diffraction can be neonly reduced by up to 30% from tHecaled free atom val-
glected. ues consistent with our findings. The free atom values typi-
The similarity of the 2 LMDAD of the free and bound cally are of the order of 3-8 eV for the differentl 3netal
Cr atoms indicates that the effects of the high background oftoms?"*® The 20—3d Coulomb interactions thus are com-
secondary electrons in the spectra of the Cr layer and thparable in magnitude to thep2spin-orbit interaction and can
asymmetric Doniach-Sunjic line shapes nearly cancel out irertainly not be neglected in the interpretation of the 2
the difference spectrum of the surface layer. This is supphotoelectron spectra ofd3metals. The suitability of the
ported by model calculations. Spin-dependent transmissioground-state one-electron model has been questioned earlier
effects can be neglected as the photoelectrons were collect@u the investigation of the magnetic dichroism ip photo-
under normal emissiof. In their study of the dichroism in electron spectra of thin Fe filmis’ van der Laaret al. dem-
the Ni 2p spectrum van der Laast al. reached a similar onstrated the complete breakdown of the one-electron model
conclusiorf for the description of the magnetic dichroism in the 2ho-
The 2p LMDAD spectrum of the Cr surface layer dis- toelectron spectra of thin Ni layers which are dominated by
plays a strong negative signal between the two main linessatellite emissiori® The Ni spectra are therefore described

_ — Cr surface layer

¢ free Cr atoms

LMDAD [arb. units]

Binding Energy [eV]
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using a final-state impurity modef or a small-cluster 2p-3d Coulomb interaction in the {2 photoinization of @

model? both accurately taking into account the final-statemetal thin films. The influence of satellite lines with re-

interactions of the ions. coupled 31 shell leads to additional weak and broad LM-
DAD signals and to a redistribution and/or partial suppres-

IV. CONCLUSIONS sion of the LMDAD in the main lines.

Our investigations on the linear magnetic dichroism in the
2p photoelectron spectra of free Cr atoms prove that the
Coulomb interaction of the 2 core hole and the®valence
electrons in the final ionic state is crucial for the description The contribution of A.N. Grum-Grzhimailo and N.M.
of the dichroism. The corresponding spectra of a Cr surfac&abachnik to the theoretical description of the LMDAD and
layer clearly display the atomic signature of the effect. Thethe help of A. Verweyen during the beam time are greatfully
origin of the +/— LMDAD patterns for the two spin-orbit acknowledged. We thank the Deutsche Forschungsgemein-
split main lines can be traced back to the multiplet splittingschaft for financial support and the HASYLAB staff for con-
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