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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 the 2p ionization thresholds. The
investigation of the main and satellite 2p photoelectron lines and of the linear alignment dichroism allowed for
a detailed characterization of the Cr 2p photoionization process. The spectra are compared to the predictions
of the pure jK coupling model and to the results of intermediate coupling Hartree-Fock calculations. The
importance of the investigations for the discussion of the 2p photoelectron spectra of bound 3d transition-
metal atoms is pointed out.
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I. INTRODUCTION

The dichroism in the photoelectron spectra of polariz
atoms is defined as the intensity difference for two differ
directions either of the target atom polarization or of t
polarization of the ionizing photons. The interest in inves
gating the dichroism in the photoelectron spectra of free
oms is twofold. First, a comparison of the dichroism of fr
oriented atoms to the dichroism of magnetized solid sam
can help in the assessment of intra-atomic and interato
effects in the spectra of bound atoms. Second, the inves
tion of dichroism allows for a detailed probing of the dynam
ics of the photoionization process of the free atoms sinc
gives access to the amplitudes and phases of the dipole
trix elements@1#. The most commonly performed dichrois
measurements on free atoms are the linear magnetic dic
ism in the angular distribution~LMDAD ! and the linear
alignment dichroism~LAD ! ~@2#, and references therein!.
The LMDAD is measured with linearly polarized ionizin
light for two mutually antiparallel directions of the atom
polarization whereby only the atomic orientation~and not the
alignment! contributes. The LAD is measured with linear
polarized ionizing light but for two mutually perpendicula
directions of the target atom alignment.

In earlier investigations, the dichroism in the subvalen
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photoelectron spectra of ground-state laser polarizedd
transition-metal and 4f rare-earth atoms has been inves
gated well-above threshold. The 3p photoelectron spectra o
Cr atoms@3–5# and the 4f and 5p photoelectron spectra o
Eu atoms@6–8# are dominated by the direct and exchan
Coulomb interactions. Spin-orbit effects can be neglected
cept for the fine-structure splitting. An interpretation of th
photoelectron and dichroism spectra based on theLSJ cou-
pling approximation is therefore well suited. Very gene
properties of the dichroism such as the spectral distribu
of dichroism as a function of the photoelectron energy~di-
chroism patterns! and the dichroism integrated over one
several final ionicLSJ multiplets ~sum rules! have been de-
rived recently@2#.

For the deep core-level 2p photoionization of 3d metal
atoms the situation is expected to be completely differe
The 2p spin-orbit interaction dominates the spectrum a
therefore the inappropriateLSJ coupling approximation
should be replaced by a description based onj j or jK cou-
pling. To shed light on this, we present an investigation
the 2p photoelectron spectra of free unpolarized and la
aligned Cr atoms as the key part of a systematic study of
2p photoelectron spectra of 3d transition-metal atoms.

The investigation of the 2p photoelectron spectrum of C
is a rewarding task since the theoretical description is s
plified due to the half filled 3d5 shell of the atom in the
ground-state Cr 2p63d54s( 7S). Experimentally, in compari-
son to other 3d metals there are two advantages:~i! Cr sub-
limes at crucible temperatures of;1700 K @9# and ~ii !
free Cr atoms can be effectively polarized by laser pum
ing @3,10#.
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The first part of this paper presents an application of
general theory of the angular distribution of photoelectro
from polarized atoms@11# to the case of purej j and jK
coupling suitable for deep core-level photoelectron spe
~Sec. II!. The main interest is focused on the 2p photoelec-
tron spectra of the 3d transition-metal atoms but the descri
tion should also be appropriate for the 3d photoelectron
spectra of the rare-earth elements. In Sec. III, the experim
tal setup is described and in Sec. IV, the results on 2p pho-
toelectron spectra of unpolarized~Sec. IV A! and aligned
free Cr atoms~Sec. IV B! are discussed. The LAD in the 2p
photoelectron spectra of the polarized Cr atoms is interpre
with the aid of different theoretical approaches. The cor
sponding results for the LMDAD have been published
cently @12#. Finally, information on the dynamics of th
photoionization process is extracted from the normalized
chroism spectra~Sec. IV C!.

II. THEORY

A. Generalized anisotropy coefficients
in pure coupling approximations

The general theoretical treatment of the dichroism
photoionization of polarized atoms has been described in
tail in Ref. @2# and is summarized for convenience in t
Appendix. We concentrate here on the shape of the dic
ism spectra, which is solely determined by the generali
anisotropy coefficientsBk0kkg

, Eq. ~A3!, and their depen-
dence on the photoelectron energy. In general, the co
cients Bk0kkg

have a very complex structure. They conta
the dipole amplitudes and can only be obtained with the
of numerical methods. In the analysis of the experimen
data~Sec. IV!, we calculate the dipole amplitudes and the
using Eq.~A3!, the coefficientsBk0kkg

within the Hartree-
Fock ~HF! approximation in intermediate coupling. How
ever, for a qualitative discussion and for a better understa
ing of the influence of various factors on the shape of
dichroism spectra, it is instructive to consider the dipole a
plitudes within an approximation of pure coupling schem
In this case, Eq.~A3! can be simplified considerably an
allows us to predict general regularities for the dichroism
the core-level photoelectron spectra without explicit know
edge of the dipole amplitudes. An example of such an an
sis has been presented in@2# within the LSJ coupling ap-
proximation. In deep, core-level photoionization the sp
orbit splitting of the core hole dominates the photoelect
spectrum and therefore thej j or jK coupling approximations
are more appropriate.

Consider the photoionization proceeding according to
of the schemes

a0J01\v→†@a f~ l 0 j 0!21,J0 :Jf #1« l j ‡J ~ j j coupling!,
~1!

or
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a0L0S0J01\v→@†a f~ l 0 j 0!21,L0@K f #S0 :Jf‡

1« l j #J ~ jK coupling!. ~2!

The initial ~final! state of the atom~ion! is characterized by
the total angular momentumJ0(Jf) and other quantum num
bersa0(a f). The photoelectron has a kinetic energy« and
the orbital and total angular momental and j. The total an-
gular momentum of the final system consisting of the ion a
the photoelectron is denoted byJ. In the dipole approxima-
tion, well justified in the present study, the values forJ are
given byJ5J0 ,J061.

We imply a single-configuration approximation. The in
tial atomic state is described by only one electron configu
tion and the final ion electron configuration is obtained fro
the initial one by removing one electron from an inner clos
core shelln0l 0. The core hole is assumed to be well d
scribed by the total angular momentumj 05 l 061/2 due to its
large spin-orbit interaction. The valence shells are kept f
zen. This means that all quantum numbers of the vale
shells in the initial atom and in the photoion are identic
Equation~1! corresponds to thej j coupling approximation in
the description of the photoion, i.e.,j 0 is coupled to the total
angular momentumJ0 of the valence shells resulting in th
total angular momentumJf of the photoion. This coupling
scheme is applicable if the spin-orbit interaction in the v
lence shell is much stronger than the Coulomb interact
between the hole and the valence electrons. Equation~2!
corresponds to thejK coupling approximation@13# ~some-
times also calledj l coupling, see e.g.@14#!, which is valid in
the other limiting case when the spin-orbit interactions of
valence electrons are much weaker than the core-vale
Coulomb interaction. In this case, the angular momentum
the holej 0 is first coupled to the orbital angular momentu
of the valence electronsL0 resulting in the angular momen
tum K f , which then couples with the total spin of the v
lence shellS0 to the total angular momentum of the ionJf .
Naturally, in the latter case, the initial state of the ato
should be well described in theLSJ coupling scheme. The
above j j and jK coupling approximations contrast with th
LSJ coupling approximation for the subvalence spectra
Ref. @2# where the spin-orbit interactions both for the ho
and for the valence electrons were assumed much we
than the Coulomb hole-valence interaction.

Within the single-configuration, frozen valence shell, a
pure coupling scheme approximations the dipole amplitu
in Eq. ~A3! can be reduced according to the expressions

^a fJf ,« l j :JiDia0J0&[^ j 0
21J0 :Jf ,« l j :JiDia0J0&

5 ĴĴf~21!J1 j 01Jf11H J0 j 0 Jf

j J 1J
3^« l j idi j 0& ~ j j coupling! ~3!

or
7-2
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^a fJf ,« l j :JiDia0J0&

[^ j 0
21L0~K f !,S0 :Jf ,« l j :JiDia0~L0S0!J0&

5 ĴK̂ f Ĵ0Ĵf~21!2J01L01S01J21H j 0 L0 K f

S0 Jf J0
J

3H J0 j 0 Jf

j J 1J ^« l j idi j 0& ~ jK coupling!. ~4!

We use the standard notations for the Wignern j coefficients
and Ĵ[(2J11)1/2. The reduced matrix elements^« l j idi j 0&
contain the one-electron wave functions of the core hole
of the photoelectron only.

If the single-electron matrix elements are independen
the total angular momentum quantum numbers, then a
substitution of Eqs.~3! or ~4! into Eq. ~A3!, the summation
over the angular momentaJ and J8 can be performed ana
lytically ~see, e.g.,@15#!. This results in

Bk0kkg
5C̃k0

~ j 0 ,Jf !b̃k0kkg
~ j 0! ~ j j coupling! ~5!

or

Bk0kkg
5C̃k0

~ j 0 ,K f ,Jf !b̃k0kkg
~ j 0! ~ jK coupling!, ~6!

where

C̃k0
~ j 0 ,K f ,Jf !53Ĵ0

3K̂ f
2Ĵf

2~21!kg1k1k01Jf1J01 j 0

3H j 0 j 0 k0

J0 J0 Jf
J H J0 L0 S0

K f Jf j 0
J 2

, ~7!

C̃k0
~ j 0 ,Jf !5(

K f

C̃k0
~ j 0 ,K f ,Jf !

53Ĵ0Ĵf
2~21!kg1k1k01Jf1J01 j 0

3H j 0 j 0 k0

J0 J0 Jf
J , ~8!

and

b̃k0kkg
~ j 0!5 (

l l 8 j j 8
~21!2 j 821/2ĵ ĵ 8 l̂ l̂ 8~ l0,l 80uk0!

3H j l 1
2

l 8 j 8 k
J H j 0 j 8 1

j 0 j 1

k0 k kg

J ^« l j idi j 0&

3^« l 8 j 8idi j 0&* . ~9!

Thus, according to Eqs.~5! and ~6!, the coefficientsBk0kkg

may be presented as the product of two factors. The co
cientsC̃k0

( j 0 ,Jf) andC̃k0
( j 0 ,K f ,Jf) contain the coupling of

the angular momenta in the final ion for the cases ofj j and
jK couplings, respectively. They are independent of the
namics of the photoionization process that is determined
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the quantitiesb̃k0kkg
( j 0) in Eq. ~9! through the dipole matrix

elements^« l j idi j 0&. Naturally, for L050 ~atoms with S
symmetry! the coefficients~7! and ~8! become identical: in
this caseJ05S0 and there is no difference betweenj j and
jK coupling. We note also that within the above approxim
tions, the summation of the coefficientsBk0kkg

over the quan-

tum numberK f leads to the result identical with the resu
obtained forj j coupling @see first part of Eq.~8!#.

B. Dichroism spectral patterns and sum rules

The shape of the dichroism spectra is directly determin
by the coefficientsBk0kkg

. The product form of the coeffi-

cients Bk0kkg
discussed in Sec. II A has important cons

quences for the description of the dichroism@2#. Far from
resonances, the dipole matrix elements^« l j idi j 0& only
slowly vary with the photoelectron energy. Therefore, t
coefficientsb̃k0kkg

( j 0) can be considered as being appro
mately constant over the photoelectron energy range of e
multiplet associated with the core hole (l 0 j 0)21. The shape
of the corresponding dichroism spectra is thus solely giv
by the coupling coefficientsC̃k0

( j 0 ,K f ,Jf) and C̃k0
( j 0 ,Jf),

Eqs. ~7! and ~8! provided the energies of the fine-structu
levels in the multiplet are known. By considering the depe
dence of these coefficients on the fine-structure quan
numbersK f andJf , general spectral dichroism patterns a
dichroism sum rules can be derived in the same way a
@2#. For example, the structure of the 6j symbol with two
pairs of equal angular momenta in Eq.~8! ( j j coupling! is
similar to the structure of the corresponding 6j symbol in the
equations for the coefficientsCk0

(J0 ,Jf) †Eqs.~15! and~35!

from @2#‡. Therefore, in complete analogy with the analys
in @2#, this 6j symbol as a function ofJf showsk0 zeros.
Consequently, inj j coupling for each multiplet (j 05 l 0
11/2,Jf) and (j 05 l 021/2,Jf), in case the fine-structureJf
components are arranged in a regular~ascending or descend
ing! way on the energy axis, the number of zeros in t
partial dichroism spectrum, associated with a particular s
tistical tensorAk00, is equal to the rankk0 of the respective
tensor. In many cases, the lowest-order statistical tens
A10 for orientation andA20 for alignment, are much large
than others~see Sec. III!. Disregarding the small contribu
tions of higher-order tensors, one obtains the following pro
erties of the dichroism spectra: the energy dependence o
magnetic dichroism connected with orientation@circular
magnetic dichroism~CMD! and LMDAD# shows one zero
crossing in eachj 0 multiplet of the core-level photoelectro
spectrum; the linear alignment dichroism~LAD ! shows two
zero crossings in eachj 0 multiplet of the core-level photo-
electron spectrum. The above statement on the dichro
spectra is not as universal as in theLSJ coupling approxi-
mation, for which the regular order of the fine-structure co
ponents in a multiplet is more strictly governed by t
Hund’s rule.

The same properties of the dichroism spectra exist in
jK coupling approximation provided the fine structure inJf
is not resolved experimentally. This follows from the relatio
7-3
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(
Jf

C̃k0
~ j 0 ,K f ,Jf !53Ĵ0

3K̂ f
2~21!kg1k1 j 01J01S01K f

3H j 0 j 0 k0

L0 L0 K f
J H J0 J0 k0

L0 L0 S0
J ,

~10!

where the first 6j symbol on the right side shows the sam
behavior as a function ofK f as the one in Eq.~8! as a func-
tion of Jf .

Sum rules describe the results obtained upon integra
the dichroism spectra over the photoelectron energy. Wi
the above approximations integrating over the range of
j 0 multiplet is equivalent to the summation of the coefficie
C̃k0

( j 0 ,K f ,Jf) in Eq. ~7! over Jf , K f in the jK coupling
approximation or to the summation of the coefficie
C̃k0

( j 0 ,Jf) in Eq. ~8! over Jf in the j j coupling approxima-
tion. The summations give

(
JfK f

C̃k0
~ j 0 ,K f ,Jf !5(

Jf

C̃k0
~ j 0 ,Jf !53Ĵ0

2 ĵ 0dk00 , ~11!

@note thatk5kg in casek050 according to the triangle rule
in the 9j symbol in Eq.~9!#. Since the dichroism is related t
terms withk0Þ0, we arrive at the following sum rule: Fo
ionization of an inner-closed (l 0 j 0) subshell of an atom with
arbitrary total angular momentum the dichroism~LMDAD
and LAD! vanishes, upon integration over the part of t
photoelectron spectrum associated with the vaca
( l 0 j 0)21.

Evidently the sum rule does not depend on the rela
position of the fine-structure components of the (l 0 j 0)21

core hole. As a trivial consequence, the dichroism integra
over the whole photoelectron spectrum vanishes@16#. Re-
member that we derived this sum rule within pure coupl
schemes and implying single configuration and froz
valence-shell approximations.

C. Nonrelativistic approximation of the dipole matrix elements

In order to compare the dichroism in the two differe
spin-orbit split multiplets (j 05 l 061/2) we introduce a non
relativistic approximation for the one-electron wave fun
tions of the core hole (l 0 j 0) and of the photoelectron« l j .
Since these wave functions are assumed to be independe
the values of the angular momentaj 0 andj, the dipole matrix
elementŝ « l j idi j 0& in Eq. ~9! can be further reduced:

^« l j idi j 0&5 ĵ ĵ 0~21! j 01 l 21/2H j 0 l 0
1
2

l j 1
J ^« l idi l 0&.

~12!

Equation~12! can be used for not too heavy atoms and
photoionization far from Cooper minima. Upon substituti
Eq. ~12! into Eq. ~9!, the summation over the angular m
menta j and j 8 can be performed analytically. The expre
sions for the coefficientsBk0kkg

take the form
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Bk0kkg
5Ck0

~ j 0 ,K f ,Jf !bk0kkg
~ jK coupling!, ~13!

Bk0kkg
5Ck0

~ j 0 ,Jf !bk0kkg
~ j j coupling!, ~14!

where

Ck0
~ j 0 ,K f ,Jf !53Ĵ0

3K̂ f
2Ĵf

2 ĵ 0
2~21!Jf1J01 l 01k021/2

3H j 0 j 0 k0

l 0 l 0
1
2
J H j 0 j 0 k0

J0 J0 Jf
J

3H J0 L0 S0

K f Jf j 0
J 2

, ~15!

Ck0
~ j 0 ,Jf !5(

K f

Ck0
~ j 0 ,K f ,Jf !

53Ĵ0Ĵf
2 ĵ 0

2~21!Jf1J01 l 01k021/2

3H j 0 j 0 k0

l 0 l 0
1
2
J H j 0 j 0 k0

J0 J0 Jf
J , ~16!

and

bk0kkg
5(

l l 8
~21! l l̂ l̂ 8~ l0,l 80uk0!H l 0 l 1

l 0 l 8 1

k0 k kg

J ^« l idi l 0&

3^« l 8idi l 0&* . ~17!

A similar reduction for photoionization of the Rydberg ele
tron was considered by Cherepkov~quoted in@17#! for the
case ofjK coupling in the initial excited atomic state and th
final ion state without a hole. The one-electron parame
bk0kkg

in Eq. ~17! are equal to the ones introduced in Ref.@2#.

The product form of the coefficientsBk0kkg
of course persists

and consequently, all properties of the dichroism spectra
sum rules considered above. An additional restriction follo
in the nonrelativistic approximation for the one-electron
pole matrix elements from the triangle rulek0<2 j 0 in Eqs.
~15! and ~16!: the LAD vanishes for the hole withj 051/2
(p1/2 hole for p ionization!. Furthermore, a triangle rule fo
the 9j symbol in Eq.~17! requiresk0<2l 0 and therefore,
within the nonrelativistic approximation, only the lowest st
tistical tensorsA10 andA20 contribute to the dichroism in 2p
core-level photoelectron spectra@18#.

Finally, in addition to the spectral patterns and sum rul
a relative sign of the magnetic dichroism of the two sp
orbit split multiplets can be derived within the nonrelativist
approximation from the coupling coefficientsCk0

( j 0 ,K f ,Jf)

and Ck0
( j 0 ,Jf) in Eqs. ~15! and ~16!. Only considering the

lowest statistical tensor withk051 and the properties of the
6 j symbols, one can prove the validity of the following stat
ment: The patterns of magnetic dichroism~with one zero
crossing! in the two spin-orbit split multiplets in core-leve
photoelectron spectra are inverted with respect to each o
This means that within the nonrelativistic approximation o
7-4
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gets a1/2 signature in thej 05 l 011/2 multiplet while a
2/1 signature is predicted in thej 05 l 021/2 multiplet or
vice versa@16#.

III. EXPERIMENT

The LAD in the direct 2p photoionization of Cr atoms ha
been investigated at a photon energy of 706 eV. Free
atoms emanating in a collimated beam from a resistiv
heated furnace were aligned by pumping the optical tra
tion Cr 3d54s( 7S3)→3d54p( 7P2) at l542.909 nm with
linearly polarized laser radiation of about 100 mW. The la
radiation counterpropagated to the undulator radiation fr
beamline BW3 at HASYLAB, which was used to ionize th
Cr atoms. The photoelectrons emitted close to the ma
angle of 54.7° relative to the polarization axis of the und
lator radiation were registered with the aid of a hig
resolution Scienta SES 200 electron energy analyzer.
experimental setup is depicted schematically in Fig. 1EW
denotes the electric field of the linearly polarized undula
radiation andAW indicates the direction of the atomic pola
ization vector.

The geometry of the experimental setup determines
geometrical factorsFk0kkg

@see Eq.~A1!# which depend on

the emission direction of the photoelectrons (we ,ue), on the
atomic polarization direction (wa ,ua), and on the polariza-
tion of the ionizing photons. We assume the ionizing und
lator radiation to be 100% linearly polarized. This assum
tion is well justified as demonstrated by the experimenta
determined degree of polarization of>97% @19#. The pho-
toelectron emission direction is determined by the exp
mental setup and according to Fig. 1, we havewe5180°
254.7°5125.3° andue590°. The direction of the atomic
polarization is varied. For pumping with linearly polarize
laser radiation,AW denotes the axis of the atomic alignme
directed along the electric-field vector of the laser (wa is
variable, ua590°). The explicit form for the coefficients
Fk0kkg

can be found in Ref.@11# as the particular geometr
~for collinear photon beams! discussed there in Sec. 2.3
equivalent to the one used here. In Table I in Ref.@11# the

FIG. 1. Geometry of the experimental setup.
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coefficients fork051,2 are listed.1

The statistical tensorsAk00 in Eq. ~A1! describe the po-
larization of the ground state of the atoms. Simulating
pumping process by solving the transition-rate equations
proximate values for theAk00 were obtained@20#. Depolar-
ization effects due to atom-atom scattering and radiat
trapping, as well as Doppler broadening have been taken
account. Only 84% of the Cr atoms~natural abundance o
52Cr) could be pumped due to the isotope shift. Our cal
lations resulted in the valuesA20.0.25, A40.0.07, A60
.0.01 for pumping with linearly polarized laser radiatio
The calculations show that compared to the lowest statist
tensorsA20 the higher orders are suppressed. Comparing
contributions of all terms of the sum in Eq.~A1! with k0
51, . . . ,6 we found that only terms proportional to th
atomic alignmentA20 need to be taken into account in th
theoretical description of the LAD in the Cr photoelectro
spectra.

IV. RESULTS AND DISCUSSION

A. The 2p photoelectron spectrum of unpolarized Cr atoms

Figure 2 shows the 2p photoelectron spectrum of atomi
Cr taken at a photon energy of 706 eV with a total inst
mental bandwidth of 1.4 eV. The binding energies have b
established using the well-known Cr 3d and rare-gas photo
electron lines. As expected from earlier studies of thep
photoabsorption of atomic Cr@21#, the photoelectron spec
trum is dominated by the spin-orbit splitting of the 2p core
hole. The two main photoelectron lines can therefore in
first attempt be assigned to the 2p1/2 line at higher binding
energy and to the 2p3/2 line at lower binding energy. The 3d
and the 4s valence electrons are assumed to beLS coupled

1It has to be noted that the coefficientsF122, F322, andF342 in
Table I in Ref.@11# have the wrong signs.

FIG. 2. Cr 2p photoelectron spectrum taken with 706 eV ph
tons and with a total instrumental bandwidth of 1.4 eV. The b
displayed above the experimental spectrum indicate the calcul
energies ofLS terms withP andD symmetry for the configuration
3d5 relative to the ground state 3d5( 6S) ~see text!.
7-5
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in the final ion, as in the ground state of the atom. This
justified by a single-configuration HF calculation for the
2p photoionization performed in intermediate coupling. W
used the suite of programs written by R. D. Cowan@13#.
Only the configuration Cr 2p63d54s( 7S3) for the initial
state and Cr1 2p53d54s for the final state were taken int
account. Further HF calculations verified that addition
final-state configurations like 2p53d44s2 and 2p53d6 do not
significantly contribute. The spin-orbit parameters and
Slater integrals scaled down to 85% amount to~all values are
given in eV!:

z~2p!55.7, j~3d!50.04,

F2~2p,3d!54.9, G1~2p,3d!53.5, G3~2p,3d!52.0,

F2~3d,3d!58.8, F4~3d,3d!55.5,

G1~2p,4s!50.2, G2~3d,4s!50.9. ~18!

van der Laan and Kirkman calculated similar paramet
in their study of the 2p absorption spectra of variou
3d-transition metal ions@22#. The 2p spin orbit parameter
z(2p) and the Slater integrals of the Coulomb interactio
between the 2p core hole and the 3d valence electrons
F2(2p,3d) andG1,3(2p,3d) are of the same magnitude@Eq.
~18!#. The spin-orbit splittingDE(2p1/222p3/2)53/2z(2p)
58.6 eV is larger than the expected multiplet splittin
caused by the 2p-3d Coulomb interactions approximatel
equal to the values of the corresponding Slater integ
@13#. This justifies the preliminary assignment of the ma
lines to the j j coupled 2p1/2

21 and 2p3/2
21 hole introduced

above.
The broad and asymmetric shape of the main lines ca

explained by the combined effect of lifetime broadening a
multiplet splitting due to the 2p-3d Coulomb interactions.
This is treated in detail below. We focus here on an ass
ment of the main and satellite lines in Fig. 2 by consider
the structure of the 3d valence shell. The spin-orbit interac
tions in the 3d shell can be neglected, but the strong 3d intra
shell Coulomb interactionsF2,4(3d,3d) need to be taken
into account@Eq. ~18!#. For the two main lines we assum
the 3d shell to remain in the Hund’s rule ground-sta
3d5( 6S) according to theLS coupling scheme. The satellite
can be assigned to states where the 3d shell is recoupled. To
demonstrate this we display the energy levels of possibleLS
terms of the configuration 3d5 for both the 2p1/2 and the
2p3/2 line as bar diagrams above the experimental spect
in Fig. 2. The energies of the4P, 4D and 2P, 2D states
have been calculated relative to the Hund’s rule ground-s
3d5( 6S) with the aid of the 3d-3d Coulomb interaction ma-
trix elements given in Ref.@23# together with the Slater pa
rametersF2,4(3d,3d) from Eq. ~18!. The satellites between
the main lines at 583–586 eV and the satellites betw
592–594 eV can therefore be assigned
2p3/2

213d5( 4P, 4D) and 2p1/2
213d5( 4P, 4D) states, respec

tively ~Fig. 2!. The satellites close to 598 eV may be a
signed to 2p1/2

213d5( 2D, 2P) states. In the binding energ
region of the 2p1/2 line at 590 eV the energy levels o
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2p1/2
213d5( 6S) states overlap with the levels o

2p3/2
213d5( 2D, 2P) states. The Z11 model based on the

energy levels of Mn1 3d54s or Fe21 3d54s @24# results in
a similar assignment of the satellites.

Figure 3~a! shows the Cr 2p photoelectron spectrum in
the binding-energy region of the main lines taken with a to
instrumental bandwidth of 0.6 eV at a photon energy of 7
eV. Due to the smaller energy bandwidth compared to
spectrum in Fig. 2, the multiplet structure of the Cr 2p main
lines is partially resolved. This experimental spectrum w
be interpreted with the aid of two different theoretical a
proaches. In Fig. 3~b!, the result of ajK coupling model is
depicted and in Fig. 3~c!, the result of the single-
configuration HF calculation is shown.

The jK coupling model comprises the single
configuration approximation with frozen valence shells, t
jK coupling approximation, and the nonrelativistic appro
mation for the dipole matrix elements. These approximatio
have been introduced in Secs. II A and II C in order to si
plify the theoretical description of dichroism in core-lev
photoelectron spectra. They can be used here for a dete
nation of the relative cross sections of the unpolarized ato
without explicit knowledge of the dipole matrix element
Within the above approximations the Cr 2p photoionization
process reads

FIG. 3. ~a! High-resolution Cr 2p photoelectron spectrum of th
main lines binding-energy region taken with 706 eV photons a
with a total instrumental bandwidth of 0.6 eV.~b! Bar diagram and
convoluted line spectrum according to thejK coupling model~see
text!. ~c! Bar diagram and convoluted line spectrum according
the HF calculation in intermediate coupling.
7-6
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\v1Cr 2p63d54s~ 7S3!

→Cr1@2p5~ j 051/2,3/2!3d5~ 6S!4s~ 7S3!#Jf1«s,«d.

~19!

The 2p-3d Coulomb interactions couple the 2p hole de-
scribed inj j coupling and the valence electrons described
LS coupling. Since we assume the valence electrons to h
S symmetry in the final ion (L050) the direct Coulomb
interactionsF2(2p,3d) do not cause any splitting (j 05K f).
The exchange Coulomb interactionsG1,3(2p,3d) couple the
core-hole total angular momentumj 051/2,3/2 and the tota
spin of the valence electronsS053 to the total angular mo
mentum of the ionJf . This results in two fine-structure com
ponentsJf57/2,5/2 for the j 051/2 hole and in four fine-
structure componentsJf53/2,5/2,7/2,9/2 for thej 053/2 hole
within the approximations.

The binding energies of these six fine-structure com
nents given in the bar diagram in Fig. 3~b! were taken from
the HF calculation. The energies of the six levels with t
strongest 2p1/2,3/2

21 3d54s( 7S) eigenvector components wer
chosen. This approach promised to provide better bind
energies than evaluating the exchange Coulomb interac
matrix elements forjK coupling. The HF energies had to b
shifted by 0.87 eV towards lower binding energies in orde
match the strongest photoelectron line in the experime
spectrum in Fig. 3~a! with the Jf59/2 fine-structure compo
nent. The length of the bars in Fig. 3~b! representing the
relative cross sections is proportional to the statistica
weight of the fine-structure components (2Jf11). @Within
the above approximations, it is easy to show thats}(2Jf
11)#.

To compare in more detail the result of thejK coupling
model with the experimental result, a theoretical spectr
was calculated by replacing the bars by Lorentzian profi
of 0.3 eV full width at half maximum~FWHM! reflecting the
lifetime of the 2p hole states@25#. The small difference be
tween the lifetimes of the 2p1/2 and 2p3/2 hole states was
neglected. The sum of the Lorentzian profiles was con
luted with a Gaussian profile of FWHM50.6 eV to account
for the instrumental broadening and a linear background
rived from a fit to the experimental spectrum was added. T
result is shown as a solid curve in Fig. 3~b!. The intensity is
given in arbitrary units such as those for all other calcula
spectra shown below. Although the main features of the
2p photoelectron spectrum can be explained within thejK
coupling model, the agreement between the experime
and the theoretical spectra is not satisfactory in detail: T
relative intensity of the 2p1/2 multiplet and the intensity of
the Jf57/2 and 5/2 components in the 2p3/2 multiplet are
overestimated by thejK coupling model. The prominent sa
ellites between the two multiplets are not reproduced.

The spectrum based on the binding energies and di
amplitudes obtained by the single-configuration HF calcu
tion in intermediate coupling is in much better agreem
with the experimental results. The bars in Fig. 3~c! give the
binding energies and the relative line intensities of the
merous multiplet components. The solid line was obtained
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the same way as above in Fig. 3~b!. The experimental and
theoretical binding energies, the relative line intensities, a
the assignments of the lines are summarized in Table I.

In the 2p3/2 multiplet, the four strongest HF lines@see bar
diagram in Fig. 3~c!# can be assigned to
2p3/2

213d5( 6S)4s( 7S) states withJf59/2, 7/2, 5/2, and 3/2.
Their binding energies, which well correspond to the expe
mental values, have already been used for thejK coupling
model spectrum in Fig. 3~b!. The intensities of theJf
57/2, 5/2, and 3/2 lines are smaller according to the
calculation than the statistical weight of the fine-structu
components. Compared to thejK coupling model, the HF
calculation predicts two additional lines at 580.1 and 58
eV with Jf57/2 and 5/2 in the 2p3/2 multiplet. They can be
assigned to states with a recoupled 4s shell:
2p3/2

213d5( 6S)4s( 5S).2 Although these lines cannot be ob
served directly in the experimental spectrum, their influen
is very clear. According to the HF calculation, intensity
transferred from the four main lines to the two addition
lines: The intensities in the 2p3/2 multiplet are redistributed
giving rise to the characteristic spectral shape with o
strong single peak and a broad and asymmetric structur
higher binding energies.

The redistribution of oscillator strength within the spe
trum is caused by the admixture of different eigenvec
components to the calculated HF energy levels. The stron
eigenvector components of some of the calculated ene
levels are given in Table I. In the 2p3/2 multiplet, only the
level with the lowest binding energy (Jf59/2) is a pure
2p3/2

213d5( 6S)4s( 7S) state. The other levels (Jf

57/2,5/2,3/2) giving rise to the remaining three strong lin
have dominant contributions of 2p3/2

213d5( 6S)4s( 7S) states
but they contain significant admixtures o
2p3/2

213d5( 6S)4s( 5S) states with recoupled 4s shell.
The satellites between the two multiplets at 583–586

in the experimental spectrum are assigned to states wi
recoupled 3d shell (4P, 4D) ~see Table I, lines at 583.8
584.1, and 585.2 eV withJf57/2, 5/2, and 3/2). According
to the HF calculation, intensity is transferred to these sa
lites from the 2p3/2 multiplet main lines through the mixture
of states.

In the 2p1/2 multiplet, the lines are strongly mixed and a
assignment is very difficult. But since the strongest eigenv
tor components are 2p1/2

213d5( 6S)4s( 7S) states~Table I! we
call the high-binding energy multiplet 2p1/2 even though this
cannot be unambiguously justified. The HF calculation p
dicts more lines in this energy region than the two fin
structure components of thejK coupling model. They are
due to states with a 2p3/2

21 hole and a recoupled 3d shell
~ 2L). This corroborates the conclusions drawn before in c
text with the discussion of Fig. 2. Similar to the 2p3/2 mul-
tiplet, the intensities in the 2p1/2 multiplet are redistributed.

2Only two of the expected four lines with 2p3/2
213d5( 6S)4s( 5S)

have a considerable intensity since the two lines withJf53/2 and
1/2 in LS-representation have strong admixtures of 2p53d54s( 4P)
states, which are dipole-forbidden.
7-7
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TABLE I. Binding energies, assignments, and relative intensities of the Cr 2p63d54s( 7S)→Cr1 2p53d54s « 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
measured spectrum. The assignments are based on the eigenvectors of the HF calculation in thejK coupling representation. The percentag
give the weights of the strongest eigenvector components. The relative intensities are given following the result of the HF calculatio
jK coupling model~see text!.

Binding energy~eV! Assignment Rel. int.

Expt. HF Jf j 0 Valence shells % HF jK
60.5 eV 3d5 3d54s

578.7 578.7a,b 9/2 3/2 6S 7S 100 10 10
579.7 579.6b 7/2 3/2 6S 7S 66 5.4 8

6S 5S 31
580.1 7/2 3/2 6S 5S 67 2.3

6S 7S 27
580.5 580.5b 5/2 3/2 6S 7S 69 4.3 6

6S 5S 17
4D 3

581.1 5/2 3/2 6S 5S 72 0.8
6S 7S 12

581.2 581.2b 3/2 3/2 6S 7S 67 2.7 4
4D 17

583.4 583.8 7/2 3/2 4P 48 0.7
584.1 584.1 5/2 3/2 4D 28 0.6
585.1 585.2 3/2 3/2 4D 34 0.4
587.8 587.7 5/2 3/2 2S 25 0.4

588.6–588.9 5/2 3/2 2L 2.9
588.9 589.0b 5/2 1/2 6S 7S 26 1.8 6

3/2 2D 20
589.2 7/2 3/2 2F 19 0.4
589.9 7/2 3/2 2G 25 1.5

1/2 6S 7S 18
590.0 590.0b 7/2 1/2 6S 7S 55 4.8 8

3/2 2G 5

aThe theoretical binding energy has been matched to the experimental value.
bThe HF binding energies have been used as values for thejK coupling model.
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Intensity is transferred from the main to the additional lin
giving rise to the observed asymmetric line shape.

With the aid of the HF calculation we can trace back t
discrepancies between thejK coupling model and the ex
perimental spectrum to a deviation from the approximat
of frozen valence shells. Recoupling in the valence 3d and
4s shells strongly influence the Cr 2p photoelectron spec
trum, especially in the high binding energy region. An una
biguous assignment of the Cr 2p photoelectron lines in the
high binding energy range of 588–590 eV to one value
the 2p hole total angular momentumj 0 and to oneLS term
for the valence shells is not possible. It has to be noted
the mixture of 2p1/2

21 and 2p3/2
21 states with the same valenc

shell configuration such as 2p1/2
213d5( 6S)4s( 7S) and

2p3/2
213d5( 6S)4s( 7S) is negligibly small. The mixture of

states thus mainly affects the high binding energy region
the Cr 2p photoelectron spectrum due to the overlap of
multitude of 2p3/2

213d5( 2L)4s states with the 2p1/2
21 states.

Multiplet splitting and 3d valence-shell recoupling have als
been observed in the 2p photoelectron spectra of Mn atom
@32# and Mn21 ions @26#.
04270
s

n

-

r

at

f
e

B. Patterns and sum rules in the Cr 2p dichroism

Figure 4 shows the 2p photoelectron spectra of aligned C
atoms taken at a photon energy of 706 eV with a total ins
mental bandwidth of 1.4 eV. The 2p photoelectron spectra o
oriented Cr atoms have been presented elsewhere@12#. The
Cr atoms were aligned with linearly polarized laser radiat
as described in Sec. III. The two photoelectron spec
shown in Fig. 4 correspond to two mutually perpendicu
alignments of the atoms: parallel and perpendicular ali
ment with respect to the polarization axis of the linearly p
larized undulator radiation~see Fig. 1 and Sec. III!. The dif-
ference of the two spectra, i.e., the LAD, is displayed in F
5~a!. The LAD discussed in this section should, strict
speaking, be called LAD~0/90! to denote the angles of th
axis of the atomic alignmentwa50° andwa590° as defined
in Fig. 1. We also measured the LAD(45/245) which will be
used in the next section in the discussion of the abso
scale of the dichroism effects. Since the LAD~0/90! is ap-
proximately two times larger than the LAD(45/245) and
therefore the signal-to-noise ratio is better, we will conce
7-8
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2p PHOTOELECTRON SPECTRA AND LINEAR . . . PHYSICAL REVIEW A 64 042707
trate here on the discussion of the shape of the LAD~0/90!
curve and call it LAD for brevity.

The LAD in the 2p photoelectron spectra of aligned C
atoms is presented in Fig. 5~a!. It clearly displays the char
acteristic LAD pattern with two zero crossings in the lo
binding energy 2p3/2 photoelectron line. This well corre
sponds to the predictions derived in Sec. II B. The existe
of a strong LAD effect in the high binding energy line is
sharp contradiction to the nonrelativistic prediction stat
that the LAD is equal to zero in the 2p1/2 line ~Sec. II C!.
More insight in the origin of the LAD is achieved by com
paring the experimental spectrum in Fig. 5~a! to the predic-
tions of the jK coupling model in Fig. 5~b! and the HF
calculation in Fig. 5~c!.

Within the jK coupling model for atoms withSsymmetry,
the LAD is determined by the coupling coefficien
C2( j 0 ,Jf) in Eq. ~16!. The length of the bars in Fig. 5~b! is
proportional to the calculated values of the coefficie
C2( j 0 ,Jf) for the different fine-structure components~these
values are 0 for the componentsJf57/2,5/2 of the 2p1/2

multiplet, and 125,240,29,124 (3@1/5A2#) for Jf
59/2,7/2,5/2,3/2 in the 2p3/2 multiplet!. From the bars, the
solid line has been obtained as before. Figure 5~b! shows that
the jK coupling model in respect to shape and sum r
describes the LAD in the 2p3/2 multiplet reasonably well,
whereas in the 2p1/2 multiplet it completely fails.

The result of the HF calculation for the LAD is displaye
in Fig. 5~c!. Following the results in Sec. III only the statis
tical tensorA20 significantly contributes to the LAD. This
reduces the number of terms in Eq.~A1! to four: for k052
only the sets (k0kkg)5(220), (202), (222), and (242) ar
allowed. Evaluating the corresponding geometrical fact
Fk0kkg

and comparing the magnitude of the different para

etersB220, B202, B222, andB242 one finds that the contri
bution of B242 is approximately seven times larger than t
contributions of the three other parameters. The shape o
LAD curve is thus mainly determined by the dominant p
rameterB242 in our experimental setup. The length of th
bars in Fig. 5~c! correspond to the calculated values of t
coefficientsB242. These have been calculated by inserti
the HF dipole matrix elementŝg fJf ,« l j :JiDig0J0& in the

FIG. 4. The 2p photoelectron spectra of aligned Cr atoms f
two perpendicular alignments of the atoms. The difference~LAD ! is
displayed in Fig. 5. Both spectra are taken with 706 eV photons
with a total instrumental bandwidth of 1.4 eV.
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expression forB242 given in Eq.~A3!. Based on these values
the solid line was obtained as before. The HF calculat
very well reproduces the main features of the experime
spectrum. A slight discrepancy at the high binding ene
side of the 2p3/2 line is observed in form of a too stron
positive lobe. The 2p3/2 satellites with recoupled 3d shell
( 4P, 4D) at around 585 eV show a strong positive LAD,
agreement with the experimental spectrum. In contrast,
2p1/2 satellites with recoupled 3d shell (4P, 4D) close to
593 eV show almost no LAD. This agrees with the predicti
of the jK coupling model that lines with 2p1/2

21 hole do not
show any LAD. According to the HF calculation, the stron
LAD effect in the high binding energy main line is mainl
due to the strong mixture of 2p1/2

21 and 2p3/2
21 states in this

binding-energy region.
The LMDAD in the 2p photoelectron spectra of oriente

Cr atoms has already been compared to the results of
intermediate coupling HF calculation@12#. This comparison
is briefly summarized here with respect to the predictions
the jK coupling model. Both the shape and the relative s
of the Cr 2p LMDAD patterns with one positive and on
negative lobe in both main photoelectron lines agree with
qualitative predictions in Sec. II@27#. Similar LMDAD pat-
terns have been observed before in the 2p core-level photo-
electron spectra of magnetized solid state samples@28–
31,12# and a detailed comparison of the free atom Crp
LMDAD with the 2p LMDAD of a Cr surface layer is given

d

FIG. 5. ~a! LAD in the 2p photoelectron spectra of aligned C
atoms~difference spectrum of the two curves in Fig. 4!. ~b! LAD
according to thejK coupling model~see text!. ~c! LAD as the result
of the HF calculation in intermediate coupling.
7-9
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PH. WERNETet al. PHYSICAL REVIEW A 64 042707
in Ref. @12#. The jK coupling model describes the gener
shape of the experimental LMDAD curve but details are
reproduced. Especially the sum rule stating that the LMDA
vanishes when integrated over each multiplet is not in ag
ment with the experimental observation@12#. The negative
lobes in both multiplets are suppressed in the experime
spectrum~Fig. 1 in Ref. @12#! and the significant LMDAD
outside the main lines is missing. With the HF calculatio
we can trace back the deviation from thejK coupling model
sum rule to the influence of the satellites with recoup
valence shells. Similar to the LAD, a strong mixture
2p3/2

213d5( 2L)4s and 2p1/2
213d5( 6S)4s( 7S) states in particu-

lar explains the strong deviations in the high binding ene
line.

In summary, thejK coupling model only yields a satis
factory description of the low binding energy 2p3/2 line,
whereas at higher binding energies thejK coupling model
fails. This can be explained with the aid of the HF calcu
tion: In the low-binding-energy region of the Cr 2p photo-
electron spectrum all features of the main line can be
signed to states with a 2p3/2

21 hole. The assignment to on
specific core-hole total angular momentum is a crucial
proximation of thejK coupling model. Despite the influenc
of the satellites with recoupled valence shells, the LAD a
LMDAD patterns in the 2p3/2 line persist as shown by th
HF calculation. In the high-binding-energy main line, t
situation is completely different since 2p1/2

21 and 2p3/2
21 core-

hole states contribute. The strong LAD effect in the hig
binding energy main line is a striking evidence for this. W
conclude that only the assignment of the low-binding-ene
Cr 2p photoelectron main line to 2p3/2 is justified and we
expect a similar situation to be encountered in the 2p pho-
toelectron spectra of the neighboring 3d metal atoms. Recen
investigations on the 2p photoelectron spectra of Mn atom
@32# and Mn21 ions @26# support this speculation.

C. Phase tilt and dipole amplitudes

The determination of the normalized dichroism allows
the evaluation of the generalized anisotropy coefficie
bk0kkg

, the ratio of the dipole amplitudes, and their pha
difference. The LAD, i.e., the difference between two pho
electron spectra taken at mutually perpendicular alignme
of the atoms, is given by

LAD~wa /wa690°!,I ~wa!2I ~wa690°!

5KexpS ds

dV
~wa!2

ds

dV
~wa690°! D , ~20!

wherewa denotes the angle between the atomic alignm
and the polarization axis of the ionizing undulator radiati
~see Sec. III and Fig. 1! and the cross sections are given
Eq. ~A1!. The constantKexp depends on experimental param
eters, e.g., the atomic-beam density and the number of
izing photons. Neglecting all higher orders except the ato
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alignmentA20 the sum of the two photoelectron spectra c
be approximated by the cross sections for unpolarized at-
oms: I (wa)12I (wa690°).Kexp3s/4p. Normalizing the
LAD to this sum, the experimental parameters (Kexp), which
are very difficult to determine, cancel out.

The LAD~0/90! and the LAD(45/245) represent two in-
dependent measurable quantities since they are describe
different linear combinations of the coefficientsb2kkg

@20,33#. The LAD~0/90! was presented in Sec. IV B and th
LAD(45/245) is depicted in Fig. 6. The experimental dete
mination of the parametersb2kkg

from the normalized LAD
spectra is hampered by the fact that we cannot measure
atomic alignmentA20. It is therefore advantageous to dete
mine the so-called ‘‘phase tilt’’@33,7,8#

tan 2d t i l t 5
I ~45°!– I ~245°!

I ~0°!– I ~90°!
~21!

which is independent of the magnitude of the atomic alig
ment. Experimentally, the angled t i l t is equal to the angle
wa

max for which the photoelectron intensity reaches its ma
mum @33#. The tan 2d t i l t is given by†see, also, Eq.~25! in
Ref. @33#‡

FIG. 6. ~a! The 2p photoelectron spectra of aligned Cr atoms f
the two perpendicular alignments of the atomswa545° andwa5
245° with respect to the polarization axis of the undulator rad
tion. Both spectra are taken with 706 eV photons and with a to
instrumental bandwidth of 1.4 eV.~b! The difference of the two
curves LAD(45/245).
7-10
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tan 2d t i l t 5
8A7 sin 2web22018A5 sin 2web2222~10 sin 2we135 sin 4we!b242

8A7 cos 2web22028A14b20218A5~11cos 2we!b2222~3110 cos 2we135 cos 4we!b242

. ~22!
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Within the approximations of thejK coupling model for
the Cr 2p photoionization the parametersbk0kkg

take the
form @Eqs.~A2!, ~14!, ~16!, and~17!#

bk0kkg
5A3

Ck0
~ j 0 ,Jf !bk0kkg

C0~ j 0 ,Jf !b000
53

Ck0
~ j 0 ,Jf !bk0kkg

~2Jf11!~Ds
21Dd

2!
.

~23!

Inserting these expressions in Eq.~22! the coupling coeffi-
cientsCk0

( j 0 ,Jf) cancel out. This results in a phase tilt in

dependent of the angular momentaj 0 and Jf . The dipole
matrix elementŝ« l idi l 0& are defined in analogy to the defi
nitions in @34# as:

^« l idi l 0&5Dle
iD l, ~24!

Dl5~21! l 02@~ l 01 l 21!/2#Al 01 l 11

2 E
0

`

Pl 0
~r !rP« l~r !dr,

~25!

D l5s l1d l2
lp

2
, ~26!

with the radial wave functionsP« l(r )5rR« l(r ). The phase
shiftsD l contain the phase shifts due to the long-range C
lomb potentials l , to the short-range atomic potentiald l ,
and to the centrifugal potentiallp/2 @34#. In the following,
we compare the experimentally determined phase-tilt for
Cr 2p photoionization at a photon energy of 706 eV with t
results of thejK coupling model and the HF calculation. W
concentrate on theJf59/2 line with the lowest binding en
ergy of 578.7 eV~Table I! since it is least disturbed by othe
photoelectron lines. From a fit of Gaussian profiles to thep
photoelectron lines in Fig. 4 forwa50°,90° and in Fig. 6~a!
for wa545°,245°, and to the lines in the LAD~0/90! and
LAD(45/245) spectra@Figs. 5~a! and 6~b!# the angled t i l t

could be determined at 706 eV according to Eq.~21! to:

d t i l t 515°610°. ~27!

For the fit of the 2p photoelectron spectra a linear bac
ground has been taken into account. The width of the Ga
sians~FWHM 1.4 eV! well corresponds to the expected e
perimental bandwidth of 1.4 eV.

The ratio of the dipole amplitudes and phase differen
calculated within the single-configuration HF calculation
intermediate coupling for a photon energy of 706 eV are

Ds /Dd520.173, ~28!

Ds2Dd5263°65°, ~29!
04270
-

e

s-

e

with the amplitude for transitions to outgoingd waves being
approximately six times larger than tos waves. The uncer-
tainty of the phase difference is due to numerical reaso
Using these values, the phase tilt has been calculated in
jK coupling model with Eqs.~21!–~25!. The calculation
yields d t i l t 55°63° consistent with the experimental valu
This is further supported by the fact that with theb2kkg

pa-
rameters determined by the HF calculation in their gene
form in Eqs. ~A2! and ~A3!, Eq. ~22! yields d t i l t 54.4° in
excellent agreement with the above value obtained within
jK coupling model. TheJf59/2 line in the Cr 2p photoelec-
tron spectrum can be described by thejK coupling model
whereas for the other photoelectron lines at higher bind
energies, an experimental determination of the phase tilt w
the aid of thejK coupling model is not meaningful since th
lines are strongly mixed~see Sec. IV B!.

The experimental value of the angled t i l t results within the
jK coupling model in the following restriction for the phas
difference: cos(Ds2Dd).0 @with Eqs. ~16, ~17!, and ~22!–
~26!#. The sign of the LMDAD on the other hand require
that sin(Ds2Dd),0 @20#. These two requirements restrict th
values for the phase difference to290°,Ds2Dd,0° con-
sistent with the result of the HF calculation.

V. SUMMARY

We have developed a pure angular momentum coup
model for a qualitative description of dichroism in deep co
level photoelectron spectra assuming the single config
tion, the frozen valence shells, and thej j or jK coupling
approximations. A product form for the dynamical coef
cientsBk0kkg

allowed for the derivation of simple dichroism
patterns and sum rules for the dichroism. The model a
gives access to the dipole amplitudes and phase differenc
the dipole matrix elements. It is applied in the present pa
to the analysis of the Cr 2p photoionization process.

The 2p photoelectron spectrum of unpolarized Cr atom
exhibits a complex fine structure that allowed for a detai
investigation of the multiplet splitting in the final ion. Th
importance of both the 2p spin-orbit interaction and of the
Coulomb interactions between the 2p core hole and the 3d
valence electrons has been demonstrated. The recouplin
the 3d and 4s valence shells was shown to strongly influen
the Cr 2p photoelectron spectrum. The results were obtain
by comparing the experimental spectrum to the results of
jK coupling model and HF calculations in intermediate co
pling. The validity of both approaches was further tested
investigating the spectral shapes~patterns! and the integrated
dichroism ~sum rules! of the LAD in the 2p photoelectron
spectra of aligned Cr atoms, respectively. The LAD displa
the characteristic pattern with two zero crossings only in
low binding energy 2p3/2 main photoelectron line. The
7-11
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strong LAD effect in the high-binding-energy main line is
striking evidence for the contribution of 2p1/2

21 and 2p3/2
21

core-hole states to the high-binding-energy main line. T
origin of the LAD and LMDAD @12# patterns could be ex
plained accounting for the angular momentum coupling a
the multiplet splitting in the final ion. Deviations from thejK
coupling sum rule stating that the dichroism vanishes w
integrated over each main line could be traced back to
recoupling of the 3d and 4s valence shells. Both LAD and
LMDAD @12# experimental spectra are well described by
HF calculation in intermediate coupling. Evaluating the n
malized dichroism, a consistent set of parameters for the
pole amplitudes and for the phase difference describing
dynamics of the Cr 2p photoionization process could be d
termined.

Our experimental and theoretical investigations on the
2p photoelectron spectrum can serve as a basis for the
cussion of the 2p photoelectron and 2p dichroism spectra of
3d transition-metal atoms in general. Multiplet splitting du
to the 2p-3d Coulomb interactions and valence shell reco
pling are expected to strongly influence the 2p photoelectron
and 2p dichroism spectra of other 3d metal atoms. This is
confirmed by a recent investigation of the 2p photoelectron
spectrum of unpolarized Mn atoms@32#. The interpretation
of the 2p photoelectron spectra of bound 3d transition-metal
atoms may also benefit from our study. Intra-atomic inter
tions can dominate the 2p photoelectron spectra of 3d metal
atom compounds and thin films. This is shown in the co
parison of the 2p photoelectron spectra of free Mn atom
and MnO@32# and in the comparison of the LMDAD spectr
of free oriented Cr atoms and a magnetized Cr surface la
@12#.
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APPENDIX

The cross section for the photoionization of polarized
oms can be presented in the general form@11#

ds

dV
5

s

4p S 11 (
k0kkg

Ak00Fk0kkg
bk0kkgD . ~A1!

The summation is performed over all possible sets (k0kkg)
except (000). The reduced statistical tensorsAk00 with rank
.

k,

K
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k050,1, . . . ,2J0 describe the polarization of the initial sta
of the atom and the geometrical factorsFk0kkg

describe the
geometry of the experimental setup. The generalized ani
ropy coefficientsbk0kkg

contain the dipole amplitudes an
describe the dynamics of the photoionization process. T
are of the form

bk0kkg
5A3

Bk0kkg

B000
, ~A2!

where the coefficientsBk0kkg
are given by@11#

Bk0kkg
53Ĵ0 (

JJ8
l l 8 j j 8

~21!J1Jf1kg2 1/2ĴĴ8 ĵ ĵ 8 l̂ l̂ 8~ l0,l 80uk0!

3H j l 1
2

l 8 j 8 k
J H j J Jf

J8 j 8 kJ H J0 1 J

J0 1 J8

k0 kg k
J

3^a fJf ,« l j :JiDia0J0&^a fJf ,« l 8 j 8:J8iDia0J0&* .

~A3!

Here,J0 , a0 (Jf ,a f) characterize the initial~final! state of
the atom~ion!, l j are the orbital and total angular momen
of the photoelectron, and̂a fJf ,« l j :JiDia0J0& are the
multi-channel dipole amplitudes. The standard notations
the Clebsch-Gordan coefficients and the Wignern j coeffi-
cients are used andĴ[(2J11)1/2. The angle-integrated
photoionization cross section of unpolarized atoms is de
mined by

s5
4p2av

3~2J011! (
l jJ

u^a fJf ,« l j :JiDia0J0&u2

5
4p2av

3A3~2J011!
B000, ~A4!

wherev is the frequency of the ionizing photon anda is the
fine-structure constant.

Any dichroism discussed here is defined as the differe
of cross sections for two different directions of the polariz
tion of the target atom and, therefore, is described by te
with k0.0 in the general expression for the cross section
~A1! @2#. Only terms proportional to odd statistical tenso
A10,A30, . . . contribute to CMD and LMDAD, i.e., the
magnetic dichroism is determined by the atomic orientati
The linear alignment dichroism LAD is determined by th
atomic alignment, as only terms proportional to even sta
tical tensorsA20,A40, . . . contribute@2#.
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