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2p photoelectron spectra and linear alignment dichroism of atomic Cr
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The 2p photoionization of free Cr atoms has been studied. Unpolarized as well as laser-aligned Cr atoms
have been ionized with linearly polarized undulator radiation well above phégization thresholds. The
investigation of the main and satellitgp Dhotoelectron lines and of the linear alignment dichroism allowed for
a detailed characterization of the Cp photoionization process. The spectra are compared to the predictions
of the purejK coupling model and to the results of intermediate coupling Hartree-Fock calculations. The
importance of the investigations for the discussion of tipephotoelectron spectra of boundl 3ransition-
metal atoms is pointed out.
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[. INTRODUCTION photoelectron spectra of ground-state laser polarized 3
transition-metal and # rare-earth atoms has been investi-
The dichroism in the photoelectron spectra of polarizedgated well-above threshold. The ®hotoelectron spectra of
atoms is defined as the intensity difference for two differentCr atoms[3—5] and the 4 and 5 photoelectron spectra of
directions either of the target atom polarization or of theEu atoms[6—8| are dominated by the direct and exchange
polarization of the ionizing photons. The interest in investi-Coulomb interactions. Spin-orbit effects can be neglected ex-
gating the dichroism in the photoelectron spectra of free atcept for the fine-structure splitting. An interpretation of the
oms is twofold. First, a comparison of the dichroism of freephotoelectron and dichroism spectra based onL.t88 cou-
oriented atoms to the dichroism of magnetized solid samplepling approximation is therefore well suited. Very general
can help in the assessment of intra-atomic and interatomigroperties of the dichroism such as the spectral distribution
effects in the spectra of bound atoms. Second, the investig@f dichroism as a function of the photoelectron enefdiy
tion of dichroism allows for a detailed probing of the dynam- chroism patternsand the dichroism integrated over one or
ics of the photoionization process of the free atoms since igseveral final ionid-SJ multiplets (sum rule$ have been de-
gives access to the amplitudes and phases of the dipole meéved recently{2].
trix elementg 1]. The most commonly performed dichroism  For the deep core-level@photoionization of 8 metal
measurements on free atoms are the linear magnetic dichratoms the situation is expected to be completely different.
ism in the angular distributiofLMDAD) and the linear The 2p spin-orbit interaction dominates the spectrum and
alignment dichroism(LAD) ([2], and references thergin therefore the inappropriaté SJ coupling approximation
The LMDAD is measured with linearly polarized ionizing should be replaced by a description based joor jK cou-
light for two mutually antiparallel directions of the atomic pling. To shed light on this, we present an investigation of
polarization whereby only the atomic orientati@nd not the the 2p photoelectron spectra of free unpolarized and laser
alignmenj contributes. The LAD is measured with linearly aligned Cr atoms as the key part of a systematic study of the
polarized ionizing light but for two mutually perpendicular 2p photoelectron spectra ofd3transition-metal atoms.
directions of the target atom alignment. The investigation of the 2 photoelectron spectrum of Cr
In earlier investigations, the dichroism in the subvalences a rewarding task since the theoretical description is sim-
plified due to the half filled 8 shell of the atom in the
ground-state Cr ®3d°4s(’S). Experimentally, in compari-
*Present address: Stanford Synchrotron Radiation Laboratory, MSon to other 8 metals there are two advantagé$:Cr sub-

69, 2575 Sand Hill Rd., Menlo Park, CA 94025. limes at crucible temperatures of 1700 K [9] and (ii)
On leave from Institute of Nuclear Physics, Moscow State Uni-free Cr atoms can be effectively polarized by laser pump-
versity, 119899 Moscow, Russia. ing [3,10].
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The first part of this paper presents an application of the aoloSedo+Aw—[[as(lojo) 1 Lol Ki1Sy: Il
general theory of the angular distribution of photoelectrons ) _ )
from polarized atomg11] to the case of pur¢j and jK +elj]3  (jK coupling. 2

coupling suitable for deep core-level photoelectron spectra

(Sec. I). The main interest is focused on the photoelec-  The initial (final) state of the atontion) is characterized by
tron spectra of the @ transition-metal atoms but the descrip- the total angular momentuthy(J;) and other quantum num-
tion should also be appropriate for thel 3hotoelectron bers ay(a;). The photoelectron has a kinetic energyand
spectra of_ the rarg—earth elt_ements. In Sec. Ill, the experimeRne orbital and total angular momeritandj. The total an-
tal setup is described and in Sec. IV, the results prpBo-  gylar momentum of the final system consisting of the ion and
toelectron spectra of unpolarize®ec. IV A and aligned  the photoelectron is denoted By In the dipole approxima-
free Cr atomgSec. IV B) are discussed. The LAD in thep2  tjon, well justified in the present study, the values Joare
photoelectron spectra of the polarized Cr atoms is interpretegiven byJd=Jg,do+ 1.
with the aid of different theoretical approaches. T_he corre- \We imply a single-configuration approximation. The ini-
sponding results for the LMDAD have been published reja| atomic state is described by only one electron configura-
cently [12]. Finally, information on the dynamics of the tjon and the final ion electron configuration is obtained from
photoionization process is extracted from the normalized dithe initial one by removing one electron from an inner closed
chroism spectr&Sec. IV O. core shellngl,. The core hole is assumed to be well de-
scribed by the total angular momentyg+ 1o+ 1/2 due to its
large spin-orbit interaction. The valence shells are kept fro-

Il. THEORY zen. This means that all quantum numbers of the valence
A. Generalized anisotropy coefficients shells in the initial atom and in the photoion are identical.
in pure coupling approximations Equation(1) corresponds to thg coupling approximation in

, . . . the description of the photoion, i.g4 is coupled to the total

The general theoretical treatment of the dichroism ingnqyiar momentund, of the valence shells resulting in the
photplonlzatlon of pglarlzed atoms has been descrlbeq in dggig) angular momenturd; of the photoion. This coupling
tail in Ref. [2] and is summarized for convenience in the scneme is applicable if the spin-orbit interaction in the va-
Appendlx. We cpncgntrate here on Fhe shape of the d'C_th'ence shell is much stronger than the Coulomb interaction
ism spectra, WhI.Ch is solely determined by thel generalizedtveen the hole and the valence electrons. Equa@pn
anisotropy coefficientsy i, Eq. (A3), and their depen- 4 resnonds to thi coupling approximatiori13] (some-
dence on the photoelectron energy. In general, the coefftimes also callegl coupling, see e.d14]), which is valid in
cients By, have a very complex structure. They containthe other limiting case when the spin-orbit interactions of the
the dipole amplitudes and can only be obtained with the aidvalence electrons are much weaker than the core-valence
of numerical methods. In the analysis of the experimentalCoulomb interaction. In this case, the angular momentum of
data(Sec. IV), we calculate the dipole amplitudes and then,the holej, is first coupled to the orbital angular momentum
using Eq.(A3), the coefficientsi?:kokky within the Hartree- of the valence electroris, resulting in the angular momen-

Fock (HF) approximation in intermediate coupling. How- tum Ky, which then couples with the total spin of the va-
ever, for a qualitative discussion and for a better understandeénce shellS, to the total angular momentum of the idp.
ing of the influence of various factors on the shape of theNaturally, in the latter case, the initial state of the atom
dichroism spectra, it is instructive to consider the dipole amshould be well described in tHeSJ coupling scheme. The
plitudes within an approximation of pure coupling schemesabovejj andjK coupling approximations contrast with the
In this case, Eq(A3) can be simplified considerably and LSJ coupling approximation for the subvalence spectra in
allows us to predict general regularities for the dichroism inRef. [2] where the spin-orbit interactions both for the hole
the core-level photoelectron spectra without explicit knowl-and for the valence electrons were assumed much weaker
edge of the dipole amplitudes. An example of such an analythan the Coulomb hole-valence interaction.
sis has been presented [i2] within the LSJ coupling ap- Within the single-configuration, frozen valence shell, and
proximation. In deep, core-level photoionization the spin-pure coupling scheme approximations the dipole amplitudes
orbit splitting of the core hole dominates the photoelectrorin Ed. (A3) can be reduced according to the expressions
spectrum and therefore thg or jK coupling approximations
are more appropriate.

Consider the photoionization proceeding according to one<af\]f olj :J”D”a0~]0>5<j61~]0:~]f &1j:3]D] agdo)
of the schemes

Jo o Jf]

aodotho—[[ai(lojo) Ldo:d]1+6lj19 (jj coupling, 31
@ x(eljlldlio) (jj coupling (3)

:jjf( _ l)J+j0+Jf+l[

or or
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(atds,elj:J||D] agdo)
=(jo "Lo(K1),So:J¢ &1} :J] D] erg(L oSo) o)

jo Lo Kf]
S i Jo

ijjojf( _ 1)2J0+L0+SO+J1[

j
We use the standard notations for the Wign¢rcoefficients
andJ=(2J+1)'2 The reduced matrix elements!j|/d|jo)

X

jo Jf R ) )
P 1]<slllldlljo> (jK coupling. (4)

contain the one-electron wave functions of the core hole an

of the photoelectron only.

If the single-electron matrix elements are independent o
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the quantitiesBkokky(jo) in Eq. (9) through the dipole matrix
elements(elj||d|jo). Naturally, for Ly=0 (atoms with S
symmetry the coefficientd7) and (8) become identical: in
this casely=S, and there is no difference betweghand

jK coupling. We note also that within the above approxima-
tions, the summation of the coefficierﬁﬁokk7 over the quan-
tum numberK; leads to the result identical with the result
obtained forjj coupling[see first part of Eq(8)].

B. Dichroism spectral patterns and sum rules

The shape of the dichroism spectra is directly determined
By the coefficientsBkokky. The product form of the coeffi-

f:ients Bkokk7 discussed in Sec. Il A has important conse-

the total angular momentum quantum numbers, then aftefuences for the description of the dichroi$@]. Far from

substitution of Eqs(3) or (4) into Eq. (A3), the summation

over the angular momenthandJ’ can be performed ana-

lytically (see, e.g.[15]). This results in

Bkokkyzéko(jOan)Bkokky(l'o) (ji coupling (5

or
Biokk, = Ciy(i0: K1 I (1) (K coupling, (6)
where
Eko(j01Kf=Jf)=3"j?)R$jf2(_1)k7+k+kO+Jf+JO+jo
jo Jo ko|[Jo Lo So|?
X . (D
Jo Jo Ji) (Kt Jr o
ako(jOva):; Ci,(J0:K1,3p)
f
:3jojf2(_l)k7+k+ko+Jf+Jo+j0
jo Jo K
| 1o o o’ ®
Jo Jo Js
and

Bkokky(jo): > (=17 Y7110/ 0[kO)
n'jj’

. Afde J701
i3 . )
X Uik Jo 1 1
J ke kK,
X(el"j"|[d[ljo)*. 9

Thus, according to Eqg5) and (6), the coefficientsBkOkk

(eljlld]jo)

may be presented as the product of two factors. The (y:oefflp
cientsCy (jo.Jr) andCy (jo.K¢,Jy) contain the coupling of

the angular momenta in the final ion for the case$joénd

resonances, the dipole matrix elemersj|/d|jo) only
slowly vary with the photoelectron energy. Therefore, the

coefficientsBkokky(jo) can be considered as being approxi-

mately constant over the photoelectron energy range of each
multiplet associated with the core holkj) 1. The shape

of the corresponding dichroism spectra is thus solely given
by the coupling coefficient&, (jo.K¢,Jr) andCy (jo.Jr),

Egs. (7) and (8) provided the energies of the fine-structure
levels in the multiplet are known. By considering the depen-
dence of these coefficients on the fine-structure quantum
numbersK; andJ;, general spectral dichroism patterns and
dichroism sum rules can be derived in the same way as in
[2]. For example, the structure of thg 8ymbol with two
pairs of equal angular momenta in E®) (jj coupling is
similar to the structure of the correspondinggymbol in the
equations for the coefficien®y (Jo,Js) [Eqgs.(15) and(35)

from [2]]. Therefore, in complete analogy with the analysis
in [2], this 6j symbol as a function o8; showsk, zeros.
Consequently, injj coupling for each multiplet jo=1I,
+1/23¢) and (jo=19—1/2J¢), in case the fine-structurd
components are arranged in a regykscending or descend-
ing) way on the energy axis, the number of zeros in the
partial dichroism spectrum, associated with a particular sta-
tistical tensorAy o, is equal to the rank, of the respective

tensor. In many cases, the lowest-order statistical tensors,
Ajo for orientation andA,, for alignment, are much larger
than othergsee Sec. Il Disregarding the small contribu-
tions of higher-order tensors, one obtains the following prop-
erties of the dichroism spectra: the energy dependence of the
magnetic dichroism connected with orientati¢aircular
magnetic dichroism{(CMD) and LMDAD] shows one zero
crossing in eacljy, multiplet of the core-level photoelectron
spectrum; the linear alignment dichroiginAD ) shows two
zero crossings in each, multiplet of the core-level photo-
electron spectrum. The above statement on the dichroism
spectra is not as universal as in th&J coupling approxi-
mation, for which the regular order of the fine-structure com-
ponents in a multiplet is more strictly governed by the
Hund’s rule.

The same properties of the dichroism spectra exist in the

jK couplings, respectively. They are independent of the dyjK coupling approximation provided the fine structurelin
namics of the photoionization process that is determined bys not resolved experimentally. This follows from the relation
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~ FUN . B =Cy (jo.Ks,Jdf)b jK coupling, (13
JZ Cko(jo,Kf,Jf)=3J8Kf2(—1)kv+k+10”0+50+'<f kokk, = Cio0: Kt 30) P, (] pling, (13
f

Bk, = Cioll0:It) b, (J] coupling, — (14)

« jO jO I(O ‘]O JO kO
Lo Lo KiJ|Ly Lo S’ where
(10) Ck (JO Kf , f) 3J KZJ Jé( 1)Jf+JO+|O+k0 1/2

where the first § symbol on the right side shows the same io Jo Kol (o jo Kk
behavior as a function df; as the one in Eq8) as a func- % [ o Jo 0]
tion of J; . lo o Jo Jo Ji

Sum rules describe the results obtained upon integrating I L 2
the dichroism spectra over the photoelectron energy. Within w70 So (15)
the above approximations integrating over the range of one Ki Jt o)

jo multiplet is equivalent to the summation of the coefficient
CKO(JO,.Kf,J_f) in Eq. (7) over J;, Kf in the jK coupllr_1g_ Cko(jo’Jf):E Cko(jO’Kf’Jf)
approximation or to the summation of the coefficient K

Cko(jo,Jf) in Eq. (8) over J; in the jj coupling approxima-

—3JOJ J2( 1)Jf+.]0+|0+k0 1/2
tion. The summations give

lo Jo Jo Jo Ko
S| S| 3% X‘I | 1“3 3 J]’ (19
JTEK, cko(Jo,Kf,Jf>=J2 Ciyli0:31) =33l 0bky0. (1D o lo 3130 Jo Ji
and
[note thatk=Kk,, in casek,=0 according to the triangle rule
in the 9j symbol in Eq.(9)]. Since the dichroism is related to o I 1
terms withky# 0, we arrive at the following sum rule: For /
ionization of an inner-closed {j,) subshell of an atom with Biegk, = E (=1)fT"(o170fko)y o 17 1 ¢ (sl]dllo)
arbitrary total angular momentum the dichroigbeMDAD ko kK,
and LAD) vanishes, upon integration over the part of the x(el"[[d]llo)* . (17)
photoelectron spectrum associated with the vacancy
(lojo) A similar reduction for photoionization of the Rydberg elec-
Evidently the sum rule does not depend on the relatlvqron was considered by Cherepkéyuoted in[17]) for the
position of the fine-structure components of thgj§) ™"  case ofiK coupling in the initial excited atomic state and the

core hole. As a trivial consequence, the dichroism integrate@inal jon state without a hole. The one-electron parameters
over the whole photoelectron spectrum vanishts]. Re- by, K, in Eq. (17) are equal to the ones introduced in H&f.

member that we derived this sum rule within pure Coupl|ng.|.he product form of the coefﬁmen&K o, of course persists

schemes and implying single configuration and frozen

valence-shell approximations. and consequently, all properties of the dlchr0|sm spectra and
sum rules considered above. An additional restriction follows

in the nonrelativistic approximation for the one-electron di-

pole matrix elements from the triangle rltg<2j, in Egs.

In order to compare the dichroism in the two different (15 and(16): the LAD vanishes for the hole withy=1/2
spin-orbit split multiplets [o=1,=1/2) we introduce a non- (py,, hole for p ionization. Furthermore, a triangle rule for
relativistic approximation for the one-electron wave func-the 9 symbol in Eq.(17) requiresko<2Il, and therefore,
tions of the core holelgj,) and of the photoelectroalj.  within the nonrelativistic approximation, only the lowest sta-
Since these wave functions are assumed to be independenttitical tensors4,, and.A,, contribute to the dichroism ing2
the values of the angular momertaandj, the dipole matrix ~ core-level photoelectron specir&8].
elementgelj|d|jo) in Eq. (9) can be further reduced: Finally, in addition to the spectral patterns and sum rules,

a relative sign of the magnetic dichroism of the two spin-
e 2 o Hl—12 jo lo 3 orbit split multiplets can be derived within the nonrelativistic
(eljlldljoy=1Jo(—1)l0 L1 (elld]lo)- approximation from the coupling coefficien® (jo.K.Jr)
(120 andCy (jo.Js) in Egs.(15 and(16). Only considering the
lowest statistical tensor witky=1 and the properties of the
Equation(12) can be used for not too heavy atoms and for6j symbols, one can prove the validity of the following state-
photoionization far from Cooper minima. Upon substitutingment: The patterns of magnetic dichroigwith one zero
Eqg. (12) into Eg. (9), the summation over the angular mo- crossing in the two spin-orbit split multiplets in core-level
mentaj andj’ can be performed analytically. The expres- photoelectron spectra are inverted with respect to each other.
sions for the coefficientBkOkky take the form This means that within the nonrelativistic approximation one

C. Nonrelativistic approximation of the dipole matrix elements
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FIG. 1. Geometry of the experimental setup.
y P P FIG. 2. Cr 20 photoelectron spectrum taken with 706 eV pho-

tons and with a total instrumental bandwidth of 1.4 eV. The bars
gets a+/— signature in thg =145+ 1/2 multiplet while a  displayed above the experimental spectrum indicate the calculated
—/+ signature is predicted in thgy=1,—1/2 multiplet or  energies oL S terms withP andD symmetry for the configuration
vice versa[16]. 3d® relative to the ground stated3(6S) (see text

coefficients fork,=1,2 are listed.
IIl. EXPERIMENT The statistical tensorsly o in Eq. (A1) describe the po-

] ) o larization of the ground state of the atoms. Simulating the
The LAD in the direct 2 photoionization of Cratoms has pymping process by solving the transition-rate equations ap-
been investigated at a photon energy of 706 eV. Free Cgroximate values for thel, o were obtained20]. Depolar-

?tomsd efmanatlng n al_colh(rjnited bea_m frﬁm a .resl'St'Velxzation effects due to atom-atom scattering and radiation
eated furnace were aligned by pumping the optical ransig,hhing as well as Doppler broadening have been taken into

tion Cr 3d54$(753)—>3d549(,7pz) atA=42.909 nm with  5ccount. Only 84% of the Cr aton{satural abundance of
linearly polarized laser radiation of about 100 mW. The lasers2cy) could be pumped due to the isotope shift. Our calcu-

radiation counterpropagated to the undulator radiation fromations resulted in the valuegl,=0.25, A4,,=0.07, Agg
beamline BW3 at HASYLAB, which was used to ionize the —~0.01 for pumping with linearly polarized laser radiation.
Cr atoms. The photoelectrons emitted close to the magighe calculations show that compared to the lowest statistical
angle of 54.7¢° relative to the polarization axis of the UndU'tensorsAzo the higher orders are suppressed. Comparing the
lator radiation were registered with the aid of a high- ¢contributions of all terms of the sum in EGAL) with ko
resolution Scienta SES 200 electron energy analyzer. The 1,...,6 wefound that only terms proportional to the
experimental setup is depicted schematically in FigEl. atomic alignment4,, need to be taken into account in the
denotes the electric field of the linearly polarized undulatortheoretical description of the LAD in the Cr photoelectron
radiation andA indicates the direction of the atomic polar- spectra.
ization vector.

The geometry of the experimental setup determines the
geometrical factorsls:kokky [see Eq.(A1)] which depend on .
the emission direction of the photoelectrors, (6,), on the A. The 2p photoelectron spectrum of unpolarized Cr atoms
atomic polarization directiond,,6,), and on the polariza- Figure 2 shows the [2 photoelectron spectrum of atomic
tion of the ionizing photons. We assume the ionizing undu-Cr taken at a photon energy of 706 eV with a total instru-
lator radiation to be 100% linearly polarized. This assump-mental bandwidth of 1.4 eV. The binding energies have been
tion is well justified as demonstrated by the experimentallyestablished using the well-known Cd3nd rare-gas photo-
determined degree of polarization /97% [19]. The pho-  electron lines. As expected from earlier studies of thpe 2
toelectron emission direction is determined by the experiphotoabsorption of atomic {i21], the photoelectron spec-
mental setup and according to Fig. 1, we hawg=180°  trum is dominated by the spin-orbit splitting of the Zore
—54.7°=125.3° and#,=90°. The direction of the atomic hole. The two main photoelectron lines can therefore in a
polarization is varied. For pumping with linearly polarized first attempt be assigned to thgy, line at higher binding
laser radiationA denotes the axis of the atomic alignment energy and to the 2, line at lower binding energy. Thed3
directed along the electric-field vector of the laser,(is  and the 4 valence electrons are assumed tol&coupled
variable, ,=90°). The explicit form for the coefficients
Fkokky can be found in Ref[11] as the particular geometry

(for collinear photon beamsiscussed there in Sec. 2.3 is it has to be noted that the coefficierts,,, Fzp,, andFay, in
equivalent to the one used here. In Table | in R&fl] the  Table | in Ref.[11] have the wrong signs.

IV. RESULTS AND DISCUSSION
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in the final ion, as in the ground state of the atom. This is
justified by a single-configuration HF calculation for the Cr
2p photoionization performed in intermediate coupling. We
used the suite of programs written by R. D. Cowds3].
Only the configuration Cr @%3d°4s(’S;) for the initial
state and Ct2p°3d®4s for the final state were taken into
account. Further HF calculations verified that additional
final-state configurations likep®3d*4s? and 20°3d® do not
significantly contribute. The spin-orbit parameters and the
Slater integrals scaled down to 85% amounfaibvalues are
given in eV):

[ Crop hv=706ev @ |

I AE=0.6eV

Intensity []03 counts]

| jK coupling model (b) -

{(2p)=5.7,£(3d)=0.04,

Intensity

F2(2p,3d)=4.9, G1(2p,3d)=3.5, G3(2p,3d)=2.0,

0 L 7/2 512 Jg Je 3/2 5/127/29/2

F2(3d,3d)=8.8, F*(3d,3d)=5.5,

| HF calculation ©

GY(2p,4s)=0.2, G%(3d,45)=0.9. (18) 8

van der Laan and Kirkman calculated similar parameters
in their study of the p absorption spectra of various |4 ’
3d-transition metal iong22]. The 2p spin orbit parameter g b > | :
{(2p) and the Slater integrals of the Coulomb interactions oF 72512 3251272 3/25/2 71292 .
between the @ core hole and the @ valence electrons ' ' '
F2(2p,3d) andG3(2p,3d) are of the same magnitudEq. %0 o8 >80
(18)]. The spin-orbit splittingA E(2p,,— 2ps;,) = 3/2£(2p) Binding Energy [eV]
=8.6 eV is larger than the expected multiplet splitting G, 3. (a) High-resolution Cr ® photoelectron spectrum of the
caused by the 2-3d Coulomb interactions approximately main lines binding-energy region taken with 706 eV photons and
equal to the values of the corresponding Slater integral§ith a total instrumental bandwidth of 0.6 e#) Bar diagram and
[13]. This justifies the preliminary assignment of the mainconvoluted line spectrum according to tf#€ coupling modeksee
lines to thejj coupled 23[,% and 2p3f,2l hole introduced text. (c) Bar diagram and convoluted line spectrum according to
above. the HF calculation in intermediate coupling.

The broad and asymmetric shape of the main lines can be
explained by the combined effect of lifetime broadening andzpl—/ggd5(63) states overlap with the levels of
multiplet splitting due to the @-3d Coulomb interactions. 2p,23d%(?D, 2P) states. The Z1 model based on the
This is treated in detail below. We focus here on an assigngnergy levels of Mt 3d%4s or F&* 3d%4s [24] results in
ment of the main and satellite lines in Fig. 2 by consideringy similar assignment of the satellites.

the structure of the @ valence shell. The spin-orbit interac- Figure 3a) shows the Cr P photoelectron spectrum in
tions in the I shell can be ngg}llected, but the strorjiBtra  the binding-energy region of the main lines taken with a total
shell Coulomb interaction$=*(3d,3d) need to be taken instrumental bandwidth of 0.6 eV at a photon energy of 706
into account{Eq. (18)]. For the two main lines we assume g\, pye to the smaller energy bandwidth compared to the
theS gd shell to remain in the Hund's rule ground-state spectrum in Fig. 2, the multiplet structure of the Gy Bain
3d>(”S) according to thé.S coupling scheme. The satellites |ines is partially resolved. This experimental spectrum will
can be assigned to states where thesBell is recoupled. To  pe interpreted with the aid of two different theoretical ap-
demonstrate this we display the energy levels of possiBle proaches. In Fig. ®), the result of gjK coupling model is
terms of the configuration & for both the 2., and the depicted and in Fig. @), the result of the single-
2p3p; line as bar diagrams above the experimental spectruionfiguration HF calculation is shown.

in Flg 2. The energies of thép, 4D and ZP, 2D states The ]K Coup"ng model Comprises the Sing|e_
have been calculated relative to the Hund’s rule ground-statgonfiguration approximation with frozen valence shells, the
3d(°S) with the aid of the 8-3d Coulomb interaction ma- jKk coupling approximation, and the nonrelativistic approxi-
trix elements given in Re{.23] together with the Slater pa- mation for the dipole matrix elements. These approximations
rametersm>*(3d,3d) from Eq. (18). The satellites between have been introduced in Secs. Il A and 11 C in order to sim-
the main lines at 583-586 eV and the satellites betweeglify the theoretical description of dichroism in core-level
592-594 eV can therefore be assigned tophotoelectron spectra. They can be used here for a determi-
2p323d°(“P, “D) and 2p133d°(*P, “D) states, respec- nation of the relative cross sections of the unpolarized atoms
tively (Fig. 2). The satellites close to 598 eV may be as-without explicit knowledge of the dipole matrix elements.
signed to ;,33d%(?D, 2P) states. In the binding energy Within the above approximations the Cp Dhotoionization
region of the P4, line at 590 eV the energy levels of process reads

3d° (*p/'D)

Intensity

dtias d |
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ho+ Cr2p83d4s(’S;)
—Cr'[2p%(jo=1/2,3/23d°%(8S)4s( 'S;)]J; + &5, ed.
(19

The 2p-3d Coulomb interactions couple thep2hole de-

PHYSICAL REVIEW A 64 042707

the same way as above in FiglbR The experimental and
theoretical binding energies, the relative line intensities, and
the assignments of the lines are summarized in Table I.

In the 2p5,, multiplet, the four strongest HF lindsee bar
diagram in Fig. &)] <can be assigned to
2p333d°(69)4s(7S) states withl;=9/2, 7/2, 5/2, and 3/2.
Their binding energies, which well correspond to the experi-

scribed injj coupling and the valence electrons described i%ental values, have already been used forjthecoupling
LS coupling. Since we assume the valence electrons to ha"r‘ﬁodel spectrum in Fig. 8). The intensities of theJ;

S symmetry in the final ion I(;=0) the direct Coulomb
interactionsF2(2p,3d) do not cause any splitting {=Kj).
The exchange Coulomb interactioBs3(2p,3d) couple the
core-hole total angular momentuyp=1/2,3/2 and the total
spin of the valence electror$,= 3 to the total angular mo-
mentum of the iord; . This results in two fine-structure com-
ponentsJ;=7/2,5/2 for thej,=1/2 hole and in four fine-
structure componentk = 3/2,5/2,7/2,9/2 for th¢,=3/2 hole
within the approximations.

The binding energies of these six fine-structure compo
nents given in the bar diagram in Figib3 were taken from

the HF calculation. The energies of the six levels with the

strongest 21’,21,3,23d54s( ’S) eigenvector components were

=712, 5/2, and 3/2 lines are smaller according to the HF
calculation than the statistical weight of the fine-structure
components. Compared to thE coupling model, the HF
calculation predicts two additional lines at 580.1 and 581.1
eV with J;=7/2 and 5/2 in the @3, multiplet. They can be
assigned to states with a recoupleds 4shell:
2p333d°(69)4s(°S).2 Although these lines cannot be ob-
served directly in the experimental spectrum, their influence
is very clear. According to the HF calculation, intensity is
transferred from the four main lines to the two additional
lines: The intensities in the®,, multiplet are redistributed
giving rise to the characteristic spectral shape with one
strong single peak and a broad and asymmetric structure at

chose_n. This approaqh promised to provide bettgr bi”di,”%igher binding energies.

energies than evaluating the exchange Coulomb interaction e redistribution of oscillator strength within the spec-
matrix elements fofK coupling. The HF energies had to be yym s caused by the admixture of different eigenvector
shifted by 0.87 eV towards lower binding energies in order to-omponents to the calculated HF energy levels. The strongest
match the strongest photoelectron line in the eXpe”memaéigenvector components of some of the calculated energy

spectrum in Fig. &) with the J;=9/2 fine-structure compo-
nent. The length of the bars in Fig(3 representing the
relative cross sectionr is proportional to the statistical
weight of the fine-structure componentsJ¢2-1). [Within
the above approximations, it is easy to show that(2J;
+1)].

To compare in more detail the result of thi€ coupling

model with the experimental result, a theoretical spectrum
was calculated by replacing the bars by Lorentzian profiles

of 0.3 eV full width at half maximuniFWHM) reflecting the
lifetime of the 20 hole state$25]. The small difference be-
tween the lifetimes of the (2, and 25, hole states was
neglected. The sum of the Lorentzian profiles was convo
luted with a Gaussian profile of FWHMO0.6 eV to account

for the instrumental broadening and a linear background de-
rived from a fit to the experimental spectrum was added. The

result is shown as a solid curve in Figb3 The intensity is

given in arbitrary units such as those for all other calculated®’ components aref;

spectra shown below. Although the main features of the C
2p photoelectron spectrum can be explained within jike

levels are given in Table I. In thep3,, multiplet, only the
level with the lowest binding energyJ(=9/2) is a pure
2p353d°(®9)4s(7S) state. The other levels J{
=7/2,5/2,3/2) giving rise to the remaining three strong lines
have dominant contributions ofpg,23d°(6S)4s(’S) states
but  they contain significant admixtures
2p233d°(69)4s(°S) states with recoupledsdshell.

The satellites between the two multiplets at 583-586 eV
in the experimental spectrum are assigned to states with a
recoupled 8 shell (P, “D) (see Table I, lines at 583.8,
584.1, and 585.2 eV witl;=7/2, 5/2, and 3/2). According

to the HF calculation, intensity is transferred to these satel-
lites from the 23, multiplet main lines through the mixture

of states.

In the 2p,,, multiplet, the lines are strongly mixed and an
assignment is very difficult. But since the strongest eigenvec-
13d%(%S)4s(7S) states(Table ) we

gall the high-binding energy multipletd,, even though this
cannot be unambiguously justified. The HF calculation pre-

of

coupling model, the agreement between the experimentQiCtS more lines in this energy region than the two fine-

and the theoretical spectra is not satisfactory in detail: Th
relative intensity of the B, multiplet and the intensity of
the J;=7/2 and 5/2 components in thepg, multiplet are
overestimated by thigK coupling model. The prominent sat-
ellites between the two multiplets are not reproduced.

Structure components of th coupling model. They are

due to states with a%; hole and a recoupledd3shell
(2L). This corroborates the conclusions drawn before in con-
text with the discussion of Fig. 2. Similar to thez, mul-
tiplet, the intensities in the [, multiplet are redistributed.

The spectrum based on the binding energies and dipole
amplitudes obtained by the single-configuration HF calcula-

tion in intermediate coupling is in much better agreement 2only two of the expected four lines withpZ:3d°(°S)4s(°S)

with the experimental results. The bars in Figc)3give the

have a considerable intensity since the two lines Witk 3/2 and

binding energies and the relative line intensities of the nu-/2 in LS-representation have strong admixtures pf2d>4s(*P)
merous multiplet components. The solid line was obtained irstates, which are dipole-forbidden.
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TABLE I. Binding energies, assignments, and relative intensities of thep€3d®4s(’S)— Cr" 2p33d®4s ¢l photoelectron lines. The
experimental binding energies were determined by a fit of the sum of Voigt profiles of 0.8 eV FWHM and a linear background to the
measured spectrum. The assignments are based on the eigenvectors of the HF calculatiéh @otipding representation. The percentages
give the weights of the strongest eigenvector components. The relative intensities are given following the result of the HF calculation and the
jK coupling model(see texk

Binding energy(eV) Assignment Rel. int.
Expt. HF Js jo Valence shells % HF jK
+0.5 eV s 3d%4s
578.7 578.7° 9/2 312 s s 100 10 10
579.7 579.6 712 312 s s 66 5.4 8
63 5s 31
580.1 712 3/2 63 5s 67 2.3
63 s 27
580.5 580.% 5/2 3/2 63 s 69 4.3 6
63 5s 17
‘D 3
581.1 5/2 312 s 5s 72 0.8
s S 12
581.2 581.2 312 312 s s 67 2.7 4
‘D 17
583.4 583.8 712 312 4p 48 0.7
584.1 584.1 5/2 3/2 ‘D 28 0.6
585.1 585.2 3/2 3/2 ‘D 34 0.4
587.8 587.7 5/2 3/2 ’s 25 0.4
588.6—588.9 5/2 3/2 2L 2.9
588.9 589.¢0° 5/2 1/2 s s 26 1.8 6
312 D 20
589.2 712 3/2 °F 19 0.4
589.9 712 312 °G 25 1.5
1/2 63 s 18
590.0 590.00 712 1/2 63 s 55 4.8 8
3/2 °G 5

#The theoretical binding energy has been matched to the experimental value.
®The HF binding energies have been used as values fojitheoupling model.

Intensity is transferred from the main to the additional lines B. Patterns and sum rules in the Cr 2 dichroism
giving rise to the observed asymmetric line shape.

With the aid of the HF calculation we can trace back the . .
discrepancies between thi coupling model and the ex- atoms taken at a photon energy of 706 eV with a total instru-

perimental spectrum to a deviation from the approximatiodn€ntal bandwidth of 1.4 eV. ThepZphotoelectron spectra of
of frozen valence shells. Recoupling in the valenceaid ~ Oriented Cr atoms have been presented elsewlie The

4s shells strongly influence the Crp2photoelectron spec- Cr atoms were aligned with linearly polarized laser radiation
trum, especially in the high binding energy region. An unam-as described in Sec. lll. The two photoelectron spectra
biguous assignment of the Cip2photoelectron lines in the shown in Fig. 4 correspond to two mutually perpendicular
high binding energy range of 588-590 eV to one value foralignments of the atoms: parallel and perpendicular align-
the 2p hole total angular momentufip and to oneLSterm  ment with respect to the polarization axis of the linearly po-
for the valence shells is not possible. It has to be noted thakrized undulator radiatiofsee Fig. 1 and Sec. )lIThe dif-

the mixture of 2 and 25, states with the same valence- ference of the two spectra, i.e., the LAD, is displayed in Fig.
shell configuration such as p2;3d°(°S)4s(’S) and  5(a). The LAD discussed in this section should, strictly
2p323d°(89)4s(7S) is negligibly small. The mixture of speaking, be called LAM/90) to denote the angles of the
states thus mainly affects the high binding energy region ofxis of the atomic alignment,=0° ande,=90° as defined
the Cr 20 photoelectron spectrum due to the overlap of thein Fig. 1. We also measured the LAD(4545) which will be
multitude of 2p5,;3d°(2L)4s states with the @, states. used in the next section in the discussion of the absolute
Multiplet splitting and 3l valence-shell recoupling have also scale of the dichroism effects. Since the L&IDO) is ap-
been observed in thep2photoelectron spectra of Mn atoms proximately two times larger than the LAD(45A45) and
[32] and Mrt* ions[26]. therefore the signal-to-noise ratio is better, we will concen-

Figure 4 shows the 2 photoelectron spectra of aligned Cr
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FIG. 4. The 2 photoelectron spectra of aligned Cr atoms for -5 F 3
two perpendicular alignments of the atoms. The differghé®) is _10 E ]
displayed in Fig. 5. Both spectra are taken with 706 eV photons and : ]
with a total instrumental bandwidth of 1.4 eV. -15E —
10 _ HF calculation () _
trate here on the discussion of the shape of the (X80 b ]
curve and call it LAD for brevity. a A | X\ ;
The LAD in the 2o photoelectron spectra of aligned Cr S OF T s | ]
atoms is presented in Fig(d. It clearly displays the char- St \/ ‘ E
acteristic LAD pattern with two zero crossings in the low 0k ]
binding energy D3, photoelectron line. This well corre- : ]
sponds to the predictions derived in Sec. Il B. The existence -5k : : : =
of a strong LAD effect in the high binding energy line is in 595 590 585 580 575

sharp contradiction to the nonrelativistic prediction stating
that the LAD is equal to zero in thep?,, line (Sec. Il Q.
More insight in the origin of the LAD is achieved by com-
paring the experimental spectrum in Figapto the predic-
tions of the jK coupling model in Fig. &) and the HF
calculation in Fig. &).

Within the jK coupling model for atoms witBsymmetry,  expression foB,,, given in Eq.(A3). Based on these values,
the LAD is determined by the coupling coefficients the solid line was obtained as before. The HF calculation
C2(jo.Js) in Eq. (16). The length of the bars in Fig(B) is  very well reproduces the main features of the experimental
proportional to the calculated values of the coefficientsspectrum. A slight discrepancy at the high binding energy
Ca(jo.Jr) for the different fine-structure componeritsese  side of the 23, line is observed in form of a too strong
values are O for the componends=7/2,5/2 of the D1,  positive lobe. The Bs, satellites with recoupled a3 shell
multiplet, and +25,-40,-9,+24 (x[1/52]) for J; (4P, “D) ataround 585 eV show a strong positive LAD, in
=9/2,7/2,5/2,3/2 in the @3, multipley). From the bars, the agreement with the experimental spectrum. In contrast, the
solid line has been obtained as before. Figui® Shows that 2p,, satellites with recoupled@shell (P, “D) close to
the jK coupling model in respect to shape and sum rules93 eV show almost no LAD. This agrees with the prediction
describes the LAD in the %, multiplet reasonably well, of the jK coupling model that lines with (2,3 hole do not
whereas in the @, multiplet it completely fails. show any LAD. According to the HF calculation, the strong

The result of the HF calculation for the LAD is displayed | AD effect in the high binding energy main line is mainly
in Fig. 5(c). Following the results in Sec. Il only the statis- §ye to the strong mixture offZ} and 25} states in this
tical tensor.A,q significantly contributes to the LAD. This binding-energy region.
reduces the number of terms in He1) to four: for ko=2 The LMDAD in the 2p photoelectron spectra of oriented
only the sets Kokk,)=(220), (202), (222), and (242) are cr atoms has already been compared to the results of the
allowed. Evaluatln_g the correspondlng geometrlcal factorsniermediate coupling HF calculatida2]. This comparison
Fikk, @nd comparing the magnitude of the different paramss priefly summarized here with respect to the predictions of
etersBoog, By, Baso, @andBoy, one finds that the contri-  the jK coupling model. Both the shape and the relative sign
bution of B,,, is approximately seven times larger than theof the Cr 20 LMDAD patterns with one positive and one
contributions of the three other parameters. The shape of theegative lobe in both main photoelectron lines agree with the
LAD curve is thus mainly determined by the dominant pa-qualitative predictions in Sec. [R7]. Similar LMDAD pat-
rameterB,,, in our experimental setup. The length of the terns have been observed before in tirecdre-level photo-
bars in Fig. %c) correspond to the calculated values of theelectron spectra of magnetized solid state sampiSs-
coefficientsB,4,. These have been calculated by inserting31,12 and a detailed comparison of the free atom Gx 2
the HF dipole matrix elementsy;J;,elj:J||D| voJo) in the  LMDAD with the 2p LMDAD of a Cr surface layer is given

Binding Energy [eV]

FIG. 5. (a) LAD in the 2p photoelectron spectra of aligned Cr
atoms(difference spectrum of the two curves in Fig. &) LAD
according to thgK coupling modelsee text (c) LAD as the result
of the HF calculation in intermediate coupling.
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in Ref. [12]. The jK coupling model describes the general [ . @
shape of the experimental LMDAD curve but details are not — 60 hy=706eV o . 1
reproduced. Especially the sum rule stating that the LMDAD ‘é I - 145) § .
vanishes when integrated over each multiplet is not in agree- ] u”"%i o 145) ;
ment with the experimental observatiph?]. The negative e 40T oo . : ]
lobes in both multiplets are suppressed in the experimental > - . ° o s
spec_trum(Fig. 1 in. Ref..[lz]). and the.significant LMDAD % 20 - o ‘;g N . ]
outside the main lines is missing. With the HF calculation, = [ oon 3 %Mﬁ"%@o 1
we can trace back the deviation from tf€ coupling model P -
sum rule to the influence of the satellites with recoupled - 0 : :
valence shells. Similar to the LAD, a strong mixture of g E ® ]
2p423d%(2L)4s and 2p;,23d°(°S)4s(”S) states in particu- 5 10r * 145~ 145) ]
lar explains the strong deviations in the high binding energy = 5t .. 3
line. o F . o A ]
In summary, thgK coupling model only yields a satis- :\'; 0 “~W';J‘w'-'v".~. """" o
factory description of the low binding energypz, line, % 5 F . 3
whereas at higher binding energies e coupling model < ]
fails. This can be explained with the aid of the HF calcula- -10 F ]
tion: In the low-binding-energy region of the _Clpa)hoto— _15 F . . . 3
electron spectrum all features of the main line can be as- 505 590 585 580 575

signed to states with apZ,; hole. The assignment to one
specific core-hole total angular momentum is a crucial ap-
proximation of thefK coupling model. Despite the influence  FiG. 6. (a) The 2p photoelectron spectra of aligned Cr atoms for
of the satellites with recoupled valence shells, the LAD andhe two perpendicular alignments of the atoms=45° andg,=
LMDAD patterns in the D5, line persist as shown by the —45° with respect to the polarization axis of the undulator radia-
HF calculation. In the high-binding-energy main line, the tion. Both spectra are taken with 706 eV photons and with a total
situation is completely different sinc@glzl and 2p:,:/21 core- instrumental bandwidth of 1.4 etb) The difference of the two
hole states contribute. The strong LAD effect in the high-curves LAD(45/-45).

binding energy main line is a striking evidence for this. We

conclude that only the assignment of the low-binding-energy

Cr 2p photoelectron main line to %, is justified and we
expect a similar situation to be encountered in tipepho-
toelectron spectra of the neighborind ghetal atoms. Recent
investigations on the |2 photoelectron spectra of Mn atoms
[32] and Mr?" ions[26] support this speculation.

Binding Energy [eV]

alignmentA,, the sum of the two photoelectron spectra can
be approximated by the cross secti@rfor unpolarized at-
oms: 1(¢a) +21(p,+90°)=Key3a/4m. Normalizing the
LAD to this sum, the experimental parameteis.(,), which
are very difficult to determine, cancel out.

The LAD(0/90 and the LAD(45# 45) represent two in-
dependent measurable quantities since they are described by
different linear combinations of the coeffic:ient,§2kk7

The determination of the normalized dichroism allows for[zo 33. The LAD(0/90 was presented in Sec. IV B and the

the evaluation of the generalized anisotropy coefficientq_AD(45/_45) is depicted in Fig. 6. The experimental deter-
ﬁkokky, the ratio of the dipole amplitudes, and their phase

. ) | mination of the parameter;Sz,(k7 from the normalized LAD
difference. The LAD, i.e., the difference betv_veen two phOtO'spectra is hampered by the fact that we cannot measure the
electron spectra taken at mutually perpendicular alignmen

f the at S b Btomic alignment4,,. It is therefore advantageous to deter-
of the atoms, 1S given by mine the so-called “phase tilt[33,7,9

C. Phase tilt and dipole amplitudes

LAD (@a/9a790°),1(¢@a) — (@5 90°)

do

do 1(45°)—1(—45°)
= Kexp d_Q(QDa)_d_Q(QDaigoo) )

1(0°)—1(90°)

(20 tan 25''t= (21)

where ¢, denotes the angle between the atomic alignment

and the polarization axis of the ionizing undulator radiationwhich is independent of the magnitude of the atomic align-
(see Sec. lll and Fig.)land the cross sections are given by ment. Experimentally, the anglg"" is equal to the angle
Eqg.(A1). The constanK ., depends on experimental param- ¢ > for which the photoelectron intensity reaches its maxi-
eters, e.g., the atomic-beam density and the number of iormum [33]. The tan """t is given by[see, also, Eq(25) in
izing photons. Neglecting all higher orders except the atomidref. [33]]
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87 Sin 2p¢B00+ 81/5 SiN 20555~ (10 SiN 2pe+ 35 SiN 4pe) Baay

tan 264t = )
8/7 COS 2peB220— 8V14B0x+ 8\B(1+C0S 2pc) By~ (3+ 10 COS 2pe+ 35 COS 4pe) B4y

(22

Within the approximations of thgK coupling model for  with the amplitude for transitions to outgoimbwaves being
the Cr 2 photoionization the parametemokky take the approximately six times larger than towaves. The uncer-

form [Egs. (A2), (14), (16), and(17)] tair_lty of the phase difference is_ due to numerical reasons.
Using these values, the phase tilt has been calculated in the
Ce (i, J0)b Ce (i0,J0)b jK coupling model with Eqgs(21)—(25). The calculation
Bk = ko(]_o " kokk7:3 g0 I Pk, _ yields 6''''=5°+3° consistent with the experimental value.
0™y Co(jo:Jd)booo  (23;+1)(D2+D3) This is further supported by the fact that with tBgw. pa-

(23 rameters determined by the HF calculation in their general
. . _ ~ form in Egs.(A2) and (A3), Eq. (22) yields 6"''=4.4° in
Insertlng these eXpressions In _E(QZ) the _coupllng coe_fﬂj excellent agreement with the above value obtained within the
mentkaO(]o,Jf) cancel out. This results in a phase tilt in- jK coupling model. Thel;=9/2 line in the Cr 2 photoelec-
dependent of the angular momerji@and J;. The dipole  tron spectrum can be described by e coupling model
matrix elementgsl|/d||lo) are defined in analogy to the defi- whereas for the other photoelectron lines at higher binding

nitions in[34] as: energies, an experimental determination of the phase tilt with
n the aid of thgflK coupling model is not meaningful since the
(elld[lo)=D,e", (24 lines are strongly mixedsee Sec. IV B
The experimental value of the angi't results within the
lo+1+1 (= jK coupling model in the following restriction for the phase
—(_ 1ylo-[(o+1-1r2] 4 |
Dy=(=1)y°o"0 2 fo Pi(1)rP g (rdr, difference: cos{;—Ay)>0 [with Egs. (16, (17), and (22)—

(25) (26)]. The sign of the LMDAD on the other hand requires
that sin\s—Ay)<<0[20]. These two requirements restrict the
| 1 values for the phase difference t090°<As—A4<0° con-

A=o+6— > (26)  sistent with the result of the HF calculation.
with the radial wave function®(r)=rR,(r). The phase V. SUMMARY
shifts A, contain the phase shifts due to the long-range Cou- .
lomb potentiala,, to the short-range atomic potentia|, We have developed a pure angular momentum coupling

and to the centrifugal potentidtr/2 [34]. In the following, model for a qualitative description of dichroism in deep core-
we compare the experimentally determined phase-tilt for théevel photoelectron spectra assuming the single configura-
Cr 2p photoionization at a photon energy of 706 eV with thetion, the frozen valence shells, and thje or jK coupling
results of thgK coupling model and the HF calculation. We @pproximations. A product form for the dynamical coeffi-
concentrate on thd;=9/2 line with the lowest binding en- CientsB . allowed for the derivation of simple dichroism
ergy of 578.7 eMTable ) since it is least disturbed by other patterns and sum rules for the dichroism. The model also
photoelectron lines. From a fit of Gaussian profiles to the 2 gives access to the dipole amplitudes and phase difference of
photoelectron lines in Fig. 4 fap,=0°,90° and in Fig. @)  the dipole matrix elements. It is applied in the present paper
for ¢,=45°,—45°, and to the lines in the LADM/90) and to the analysis of the Cr2 photoionization process.

LAD(45/—45) spectrgFigs. 5a) and 6b)] the angles''"t The 2p photoelectron spectrum of unpolarized Cr atoms
could be determined at 706 eV according to Ez{l) to: exhibits a complex fine structure that allowed for a detailed
_ investigation of the multiplet splitting in the final ion. The
sMt=15°+10°. (270 importance of both the |2 spin-orbit interaction and of the

Coulomb interactions between th@ Zore hole and the @
For the fit of the 2 photoelectron spectra a linear back- valence electrons has been demonstrated. The recoupling of
ground has been taken into account. The width of the Gaushe 3d and 4s valence shells was shown to strongly influence
sians(FWHM 1.4 eV) well corresponds to the expected ex- the Cr 20 photoelectron spectrum. The results were obtained
perimental bandwidth of 1.4 eV. by comparing the experimental spectrum to the results of the

The ratio of the dipole amplitudes and phase differencgK coupling model and HF calculations in intermediate cou-

calculated within the single-configuration HF calculation in pling. The validity of both approaches was further tested by
intermediate coupling for a photon energy of 706 eV are investigating the spectral shapg@satterns and the integrated

dichroism(sum rule$ of the LAD in the 2o photoelectron

D¢/Dy4=—0.173, (28)  spectra of aligned Cr atoms, respectively. The LAD displays
the characteristic pattern with two zero crossings only in the
Ag—Ay=-63°£5°, (29 low binding energy B3, main photoelectron line. The
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strong LAD effect in the high-binding-energy main line is a ky=0,1, . . . ,2); describe the polarization of the initial state
striking evidence for the contribution ofp2,; and 2p55  of the atom and the geometrical fact(ﬁ;sokky describe the
core-hole states to the high-binding-energy main line. Theyeometry of the experimental setup. The generalized anisot-
origin of the LAD and LMDAD [12] patterns could be ex- ropy coefficientspyuk, contain the dipole amplitudes and

plained _account_in_g fqr the a_mgu_lar mom_er_ltum coupli_ng anQescribe the dynamics of the photoionization process. They
the multiplet splitting in the final ion. Deviations from tli€ are of the form

coupling sum rule stating that the dichroism vanishes when
integrated over each main line could be traced back to the By kk
recoupling of the 8 and 4s valence shells. Both LAD and ﬁkokkf \/5 B z,
LMDAD [12] experimental spectra are well described by the 000
HF calculation in intermediate coupling. Evaluating the nor-where the coefficients, ,, are given by[11]
malized dichroism, a consistent set of parameters for the di- oy
pole amplitudes and for the phase difference describing the - 1988158, ,
dynamics of the Cr @ photoionization process could be de- Bkykk,=3Jo 2 (— 1)tk 12350770717 (10,10 kO)
termined. ”J,Jjj ,

Our experimental and theoretical investigations on the Cr
2p photoelectron spectrum can serve as a basis for the dis- { P lH P Jf] J 1 J

2

(A2)

cussion of the P photoelectron and {2 dichroism spectra of Jo 1 0
3d transition-metal atoms in general. Multiplet splitting due Kk K
to the 20-3d Coulomb interactions and valence shell recou- 0

pling are expected to strongly influence the 2hotoelectron X(ady,elj:|D] agdo) @i el'j 3| D] agdo)*.
and 2p dichroism spectra of otherd3metal atoms. This is

confirmed by a recent investigation of th@ photoelectron (A3)
spectrum of unpolarized Mn atoni82]. The interpretation Here J,, «, (J;,es) characterize the initiaffinal) state of

of the 2p photoelectron spectra of bound ®ansition-metal  the atom(ion), Ij are the orbital and total angular momenta
atoms may also benefit from our study. Intra-atomic interacof the photoelectron, andaJs,elj:J|D|lagd,) are the
tions can dominate the?photoelectron spectra ofd3metal  muylti-channel dipole amplitudes. The standard notations for
atom compounds and thin films. This is shown in the com+he Clebsch-Gordan coefficients and the Wigngrcoeffi-
parison of the p photoelectron spectra of free Mn atoms cients are used and=(2J+1)"2 The angle-integrated

and MnO_[32] and in the comparison of the LMDAD spectra hotoionization cross section of unpolarized atoms is deter-
of free oriented Cr atoms and a magnetized Cr surface lay

1" kJ 31k

Y

[12] ined by
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Any dichroism discussed here is defined as the difference
of cross sections for two different directions of the polariza-
The cross section for the photoionization of polarized attion of the target atom and, therefore, is described by terms

Booos (A4)

APPENDIX

oms can be presented in the general f¢ir| with ky>0 in the general expression for the cross section Eq.
(A1) [2]. Only terms proportional to odd statistical tensors

do o 14 A oFew B (A1) Aso,Aso, ... contribute to CMD and LMDAD, i.e., the
dQ  4m Kekk, kO™ kokk, Pkokk, | - magnetic dichroism is determined by the atomic orientation.

The linear alignment dichroism LAD is determined by the
The summation is performed over all possible sédskk,) atomic alignment, as only terms proportional to even statis-
except (000). The reduced statistical tensdgs, with rank  tical tensorsAyg, Ay, - . . contribute]2].
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