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Sum rules and spectral patterns of dichroism in inner-shell photoelectron spectra
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A theoretical description of dichroism in the photoelectron spectra of atoms polarized in different directions
is presented. It is based on the general expression for the photoelectron angular distribution written inLSJ
approximation. We show that, for photon energies far above threshold, the spectral distribution of dichroism in
the photoelectron spectrum in most cases does not depend on the photoionization dynamics; for atoms withS
symmetry, simple spectral patterns are obtained. Useful sum rules are given for the dichroism integrated over
groups of photoelectron multiplet lines. Recent experimental data on magnetic dichroism and linear dichroism
in the nonresonant inner-shell spectra of Cr (3p shell!, Eu (4f shell!, and Fe (3p shell! are analyzed. An
outlook is given on the dichroism in the region of autoionization resonances.@S1050-2947~99!10808-4#

PACS number~s!: 32.80.Fb, 32.80.Hd
la
a-
th
n
ri
li-
a
ith
ri

tio

he
om
a
s
a

sm

ne
el

th

-

g
pe
is
le
t

ca

for
rlier
m

y
m-

ms
er
n.
ht
iza-

-
ider
za-

r-
etic
r

o-
n-
ri-

-
ar

the
ri-
he
e
ical
ed

ab
y.

the
vi-
I. INTRODUCTION

Circular and linear dichroism in the photoelectron angu
distribution of free polarized atoms yield detailed inform
tion on the structure of atoms and their interaction with
electromagnetic field. In principle, dichroism measureme
can lead to the realization of a so-called ‘‘complete’’ expe
ment, i.e., the determination of all photoionization amp
tudes@1,2#. The pioneering experiment in the vacuum ultr
violet ~vuv! has been performed on laser-polarized Yb w
an ArI lamp @3#. Progress on the way to a complete expe
ment has recently been reported for atomic photoioniza
with synchrotron radiation@4–6#. Dichroism in inner-shell
photoelectron spectra is a very promising tool for t
element-specific determination of magnetic properties fr
thin films and multilayers. Since the inner-shell photoioniz
tion in solids is strongly influenced by local interaction
atomic models can be successfully used in many cases
first step for a qualitative understanding of the dichroi
spectra of atoms bound to a surface~@7–12#, and references
therein!.

The vuv photoelectron spectra of open-shell atoms ge
ally display a pronounced multiplet structure which is w
described byLSJ coupled final ionic states~in the LSJcou-
pling approximation, the state of an atom is described by
quantum numbersLSJ, where the total angular momentumL
is coupled with the total spinS to the total angular momen
tum J!. TheLSJ approximation is very well fulfilled for the
3p shell of the 3d transition metal atoms@13,14# and the 4d
shell of the rare earth atoms@8# because of the very stron
exchange interaction of the inner vacancy and the o
3d/4f shell, respectively. The spin-orbit splitting, which
much smaller than the exchange splitting, leads to multip
fine structure. Similarly,LSJ coupling is a reasonable firs
approximation for the description of the 3s and 3d spectra of
the 3d transition metal atoms and the 4f , 5s, 5p spectra of
the rare earth atoms; however, deviations become signifi

*Present address: Hamburger Synchrotronstrahlungs-L
HASYLAB at DESY, Notkestr. 85, D-22603 Hamburg, German
PRA 601050-2947/99/60~3!/2076~15!/$15.00
r

e
ts
-

-

-
n

-
,
s a

r-
l

e

n

t

nt

for the heavy lanthanides. In order to provide a firm basis
the analysis of experimental spectra, we extend an ea
work @15# on the angular distribution of photoelectrons fro
polarized atoms by introducing the nonrelativisticLSJ cou-
pling approximation. Further simplification is achieved b
using the single-configuration approximation. Special e
phasis is placed on general patterns and sum rules.

Dichroism in the photoelectron spectra of polarized ato
is the intensity difference for two different orientations eith
of the photon polarization or of the target atom polarizatio
Conventionally dichroism is related to changes in the lig
polarization for one and the same state of the target polar
tion ~@16#, and references therein!. Following the experiment
of Baumgartenet al. @17#, dichroism due to the difference in
the target polarization~for one and the same light polariza
tion! has also been investigated. In this paper we cons
only dichroism due to changes of the target atom polari
tion.

In the following we discuss a number of commonly pe
formed dichroism measurements, namely circular magn
dichroism~CMD!, linear magnetic dichroism in the angula
distribution ~LMDAD !, and linear dichroism~LD!. CMD
and LMDAD are measured with circularly and linearly p
larized ionizing radiation, respectively, for two mutually a
tiparallel directions of the atomic polarization. Only the o
entation of the target~but not the alignment! contributes to
the magnetic dichroism@10#. On the other hand, LD is mea
sured with linearly polarized light for mutually perpendicul
directions of the atomic polarization.1

In general, both the alignment and the orientation of
target atom contribute to LD. Usually, however, the cont
bution of atomic orientation is negligible due to either t
experimental geometry@10# or the method used to polariz
the target atoms; for example, atoms prepared by opt
pumping with linearly polarized laser radiation are align

or

1It should not be confused with dichroism due to a change in
linear polarization of the ionizing radiation, which is also abbre
ated as LD in the literature@16#.
2076 ©1999 The American Physical Society
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but not oriented. It is assumed here that the experime
conditions are chosen in a way that only alignment cont
utes to LD. To avoid any confusion we refer to this kind
dichroism as linear alignment dichroism~LAD !. Note that
we use the terms CMD and LAD both for angle-resolved a
angle-integrated experiments.

For illustration, Fig. 1 displays possible geometries for
measurement of CMD, LMDAD, and LAD with synchrotro
radiation, where the polarized atoms are prepared by l
pumping. The vectorAW of the atomic orientation~left panels!
is pointing in the direction of the photon spin for circular
polarized laser radiation. For linearly polarized laser rad
tion ~right panels! the axis AW of the atomic alignment is
directed along the electric-field vector of the laser radiati
The angleh between the polarization vectors of the laser a
the synchrotron radiation can be varied by means of an
tical polarizer. The variation ofh allows the measurement o
a number of independent LAD quantities. The two lead
quantities LAD~cos! and LAD~sin!, where the notation indi-
cates a cos/sin dependence on the angle 2h @18# can, for
example, be determined as indicated in Fig. 1~right panels!.
It should be noted that the conclusions obtained in this pa
are, in most cases, independent of the specific experime
geometry.

The paper is organized in the following way. First w
incorporate the nonrelativistic approximation~Sec. II A! and,
in a second step, the single-configuration approximat
~Sec. II B! into the general theory of the angular distributio
of photoelectrons from polarized atoms. The results obtai
in this way imply very general properties of the dichroism
nonresonant photoelectron spectra, which are presente
Sec. III. In Sec. IV a number of recently published nonre
nant dichroism experiments on free metal atoms are analy
with respect to our theoretical results; an experiment in
region of autoionization resonances is also briefly discus

Atomic units are used throughout this paper unless oth
wise indicated.

II. ANGULAR DISTRIBUTION OF PHOTOELECTRONS
FROM POLARIZED ATOMS IN THE NONRELATIVISTIC

APPROXIMATION

A. General treatment

We consider the photoionization process in the dipole
proximation where the atom in the initial state is charact
ized by a well-defined total angular momentumJ0 and other
quantum numbersa0 . The emitted photoelectron has a k

FIG. 1. Possible experimental geometries for the measurem

of different types of dichroism. The vectorAW of the atomic orien-
tation ~left panels! is pointing into the direction of the photon spin
al
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netic energy« and orbital and total angular momental andj,
respectively. The final ionic state is characterized by the to
angular momentumJf and other quantum numbersa f . The
process can thus be written as

a0J01g˜@a fJf1« l j #J. ~1!

In Eq. ~1! J denotes the total angular momentum of the fin
system (ion1electron). The possible values ofJ are deter-
mined by the dipole selection rules.

The cross section of this photoionization process is giv
by the general theory of the angular distribution of pho
electrons from polarized atoms for arbitrarily polarized lig
@1,2,15,19# and can be presented in the form@15#

ds

dV
5pav~3Ĵ0!21 (

k0kkg

rk00Bk0kkg
Fk0kkg

, ~2!

wherev is the frequency of the ionizing photon anda de-
notes the fine-structure constant; the notationĴ0[(2J0
11)1/2 has been introduced for brevity. The statistical te
sors ~state multipoles! rk00 with rank k050,1, . . . ,2J0 de-
scribe the atomic polarization of the initial state in the co
dinate system withz axis along the polarization axis of th
target atom. The geometrical factors

Fk0kkg
5(

qg

4p$Yk0
~ua ,fa! ^ Yk~ue ,fe!%kgqg

3rkgqg
~p1 ,p2 ,p3! ~3!

contain the direction of the atomic polarization (ua ,fa) and
the direction of the photoelectron emission (ue ,fe) in the
laboratory frame, and the polarization state of the pho
which is characterized by the statistical tensorsrkgqg

which,

in turn, depend on the Stokes parametersp1 ,p2 ,p3 . The
tensorial product of spherical harmonics in Eq.~3! is given
by

$Yk0
~ua ,fa! ^ Yk~ue ,fe!%kgqg

5(
q0q

~k0q0 ,kqukgqg!Yk0q0
~ua ,fa!Ykq~ue ,fe!, ~4!

where (k0q0 ,kqukgqg) is a Clebsch-Gordan coefficient. Th
coefficientsBk0kkg

, which contain the dipole amplitudes, de
scribe the dynamics of the photoionization process; they
given by @15#

Bk0kkg
53Ĵ0 (

l l 8 j j 8JJ8
~21!J1Jf1kg21/2ĴĴ8 ĵ ĵ 8 l̂ l̂ 8~ l0l 80uk0!

3H j l 1
2

l 8 j 8 k
J H j J Jf

J8 j 8 k J H J0 1 J

J0 1 J8

k0 kg k
J

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

~5!

The standard notation for the Wigner 6j and 9j coefficients
is used. The multichannel dipole amplitude

nt
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2078 PRA 60VERWEYEN, GRUM-GRZHIMAILO, AND KABACHNIK
^a fJf ,l j :JiDia0J0& contain the incoming-wave-normalize
wave function, corresponding to an asymptotic channel w
quantum numbersa f , Jf , l, j, J.

The differential cross section Eq.~2! can be written in an
equivalent but more conventional form@15#:

ds

dV
5

s

4p F11 (
k0kkg

Ak00bk0kkg
Fk0kkgG , ~6!

wheres is the angle-integrated photoionization cross sect
of an unpolarized atom:

s5
4p2av

3~2J011! (l jJ u^a fJf ,l j :JiDia0J0&u2. ~7!

Ak005rk00 /r00 are the reduced statistical tensors of the i
tial state. The summation in Eq.~6! is performed over all
possible sets (k0kkg) except~000!. The generalized anisot
ropy coefficientsbk0kkg

are related to the coefficientsBk0kkg

of Eq. ~5! by

bk0kkg
5)

Bk0kkg

B000
. ~8!

The monopole coefficientB000 is given by

B0005)(
l jJ

u^a fJf ,l j :JiDia0J0&u2. ~9!

From Eqs.~7!–~9! it is clear that the coefficientsbk0kkg
cor-

respond to the coefficientsBk0kkg
normalized to the cross

sections.
An analysis of the general expression~6! shows that

variation of the direction of the atomic polarization affec
only those spherical harmonicsYk0q0

(ua ,fa) with k0.0 in

the geometrical factorFk0kkg
@Eqs. ~3! and ~4!#. All other

factors remain unchanged. Therefore, any dichroism~the dif-
ference of cross sections for two directions of the atom
polarization! is described by terms withk0.0. Furthermore,
only terms proportional tooddstatistical tensorsA10,A30,...
contribute to the CMD and LMDAD, i.e., magnetic dichro
ism is determined by the atomic orientation. On the ot
hand, only terms proportional toeven statistical tensors
A20,A40,... contribute to LAD, i.e., the linear alignment d
chroism is determined by the atomic alignment.

We will now rewrite Eq.~5! in the nonrelativistic approxi-
mation. We assume that both initial and final atomic sta
are well described in theLSJ coupling approximation, i.e.
the spin-orbit effects are neglected except for the fi
structure splitting. Besides, we suppose that the wave fu
tion of the photoelectron does not depend onj. Therefore, the
dynamics of the process does not depend on the values o
total angular momentaJ,J0 ,Jf , j . It should, however, be
noted that this assumption does not hold in the region
autoionizing resonances; an example will be considered
Sec. IV B. Deviations from this approximation have al
been reported for excitation energies above, but close
threshold@20,21#. In the present paper, except for Sec. IV
we assume that the photon energy is chosen to be sufficie
far above threshold that such effects are excluded. In theLSJ
h
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coupling approximation each dipole amplitude appearing
Eq. ~5! can be presented as a combination of the redu
dipole amplitudes for correspondingLS states according to

^a fL fSfJf ,l j :JiDia0L0S0J0&

5 ĴĴ0Ĵf ĵ(
LS

~21!J01S01L11L̂H L J S0

J0 L0 1 J
3H L f l L

Sf
1
2 S

Jf j J
J DlLSdSS0

, ~10!

whereL0S0 and L fSf are the orbital angular momenta an
spins of the initial atomic and final ionic states, respective
dSS0

is a Kronecker symbol and

DlLS5^a fL fSf ,l 1
2 :LSiDia0L0S0& ~11!

is the multichannel dipole matrix element in theLS approxi-
mation with the asymptotic channels characterized by
quantum numbersa f ,L f ,Sf ,l ,L,S. The dipole operator doe
not operate on spin variables, therefore,S5S0 . In general
the matrix element in Eq.~11! depends on the initial and
final spinsS0 ,Sf due to, for example, exchange interaction
through the parentage. It follows from the 9j symbol in Eq.
~10! that in theLSJ coupling approximation, the photoion
ization transitions are possible only if the spins satisfy

triangle ruleSW f1SW 01 1
2
W50.

After the substitution of Eq.~10! into Eq.~5!, the summa-
tion over the angular momentaj, j 8, J, J8, appearing in Eq.
~5! can be performed analytically by making use of stand
expressions of angular-momentum theory@22#. The result
can be cast into the form

Bk0kkg
53Ĵ0

3Ĵf
2~21!Jf1L f2S021/21k0

3 (
x0xfx

x̂0
2x̂f

2x̂2~21!xf1xH Sf Sf xf

L f L f Jf
J

3H Sf Sf xf

S0 S0
1
2
J H k0 k kg

x x0 xf
J H L0 S0 J0

L0 S0 J0

x0 xf k0

J
3 (

l l 8LL8
~21! l L̂ L̂8 l̂ l̂ 8~ l0l 80uk0!

3H L0 1 L

L0 1 L8

x0 kg x
J H L f l L

L f l 8 L8

xf k x
J DlLS0

Dl 8L8S0
* .

~12!

An equivalent expression in theLSJ approximation was ob-
tained by Cherepkovet al. @23,2#; however, in Eq.~12! we
have kept the multielectron matrix elements in theLS ap-
proximation while Cherepkovet al. reduce them to single
electron matrix elements.

The monopole coefficientB000 related to the angle-
integrated cross sections is obtained from Eq.~12!:
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B0005) Ĵ0
2Ĵf

2~21!Jf1J011/2(
x

~21!xx̂2

3H L0 L0 x

S0 S0 J0
J H S0 S0 x

Sf Sf
1
2
J H Sf Sf x

L f L f Jf
J

3 (
lLL 8

~21! l L̂ L̂8H L f L f x

L L8 l J
3H L L8 x

L0 L0 1J DlLS0
DlL 8S0

* . ~13!

Equation~13!, together with Eqs.~7! and~9!, are equivalent
to Eqs. ~7! and ~8! of Ref. @24# and describe the atomi
photoionization cross section in the case of fine-structure
solved atomic and ionic states. From Eq.~13! it can be seen
that, in general, the cross sections does not reduce to th
sum of absolute squares of the amplitudes but depends o
interference between ionization channels with different to
orbital momentaL @25#. Furthermore, the cross sections
displays a nonstatistical behavior with respect to the fi
structureJf of the residual ion.

Atoms with S symmetry

The coefficientsBk0kkg
given by Eq.~12! can be consid-

erably simplified for cases where the orbital angular mom
tum vanishes in the initial state (L050). This case includes
in particular, atoms with semifilled subshells, such as
3d54s 7S3 @26,13,27# and Eu 4f 76s2 8S7/2 @28,29,6#; these
examples will be discussed in Sec. IV. After the substitut
of L050 into Eq. ~12! we haveL5L851, and performing
the sum overx0 ,xf ,x we obtain

Bk0kkg

S 5Ck0

S ~J0 ,Jf !(
l l 8

~21! l l̂ l̂ 8~ l0,l 80uk0!

3H L f l 1

L f l 8 1

k0 k kg

J Dl1S0
Dl 81S0

* , ~14!

where

Ck0

S ~J0 ,Jf !53Ŝ0Ĵf
2~21!k01L f1Jf2J021/2

3H Sf Sf k0

L f L f Jf
J H Sf Sf k0

S0 S0
1
2
J . ~15!

The superscriptS here and below refers to atoms withS
symmetry (L050). As an important result, the coefficien
~14! are written as a product of~i! an angular-momentum
coupling factorCk0

S (J0 ,Jf), Eq. ~15!, which determines the

dependence on the total angular momentaJ0 ,Jf in the initial
atomic and final ionic states, and~ii ! a dynamical part includ-
ing the dipole matrix elements, which doesnot depend on
these quantum numbers and is thus constant for each mu
let in the final ionic state. We want to stress that Eq.~14!
contains the full multichannel dipole amplitudes which i
clude various kinds of many-electron correlations. T
e-

the
l

e

-

r

n
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monopole coefficientB000 for atoms withSsymmetry can be
obtained either from Eq.~13! or from Eqs.~14! and ~15!:

B000
S 5)

~2Jf11!

~2L f11!~2Sf11! (l
uDl1S0

u2. ~16!

For atoms withS symmetry, the cross sections displays a
statistical behavior with respect to the fine structureJf of the
photoion.

B. Single-configuration approximation

In many cases the theoretical description is further s
plified by using the single-configuration approximation. W
assume that the initial atomic state is well described b
single electronic configuration, and, furthermore, take in
account only that final ionic configuration, which resu
from the initial atomic configuration by removing a sing
electron from the bound orbitaln0l 0 . Besides, we suppos
that the single-electron wave functions in the initial and fin
states, including the continuum electron wave function
independent of the many-electron coupling~quantum num-
bers L0 , S0 , L f , Sf , L, S!; for example, they may be
solutions of the configuration-averaged Hartree-Fock~HF!
equations. Within the above approximations the ma
electron dipole amplitudesDlLS can be reduced to the one
electron dipole amplitudesDl using the Racah algebra, a
has been shown elsewhere@30,31#:

DlLS5G~LS!DlK, ~17!

Dl[^« l idin0l 0&5 i 2 leid luDl u. ~18!

Here G(LS) is a factor which contains the angula
momentum coupling as well as the fractional parentage
efficients; it depends on the shell structure of the target at
Dl is a complex dipole amplitude of a single-electron tran
tion from a bound orbitaln0l 0 to the continuum« l . The
reduction~17! leads to a conventional model of photoioniz
tion with three dynamical parameters: two absolute value
the dipole amplitudesDl and a corresponding phase diffe
ence. The overlap integralK takes into account, as a firs
approximation, the relaxation of the atomic core;K is unity
in the frozen-core approximation. According to the appro
mations introduced above,K is independent of the atomi
and ionic orbital angular momenta and spins. The gen
conclusions drawn in the following do not depend on t
overlap integral that will be omitted in the following expre
sions.

As a consequence of the reduction equation~17!, the sum-
mation overL,L8 in Eq. ~12! can be performed analytically
and the coefficientsBk0kkg

can be further reduced to a prod
uct of two factors:

Bk0kkg
5Ck0

~L f ,Sf ,Jf !bk0kkg
. ~19!

The coefficientsCk0
(L f ,Sf ,Jf) contain all many-electron

angular-momentum coupling coefficients and are obtai
from Eq. ~12! and the coupling factorsG(LS) in Eq. ~17!;
examples will be given below. The dependence on the an
lar momenta,L f ,Sf ,Jf of the photoion is completely sepa
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rated from the dynamics of the photoionization process;
latter is determined by the one-electron parameters

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 DlDl 8
* .

~20!

A triangle rule in the 9j symbol requiresk0<2l 0 which
implies that, within our approximations, no dichroism can
measured in the emission of ans electron (l 050). This con-
straint is also very helpful in other cases; for example, in
emission of ap electron only the lowest statistical tenso
A10, A20 contribute to dichroism within our approxima
tions. The neglect of higher terms was introducedad hocin
a number of previous publications@26,13,27#; in the present
treatment, it is a consequence of the approximations m
~this result was obtained in Ref.@2#!.

It follows from Eqs. ~8! and ~19! that the generalized
anisotropy parametersbk0kkg

can also be written in a produc
form2:

bk0kkg
5)

Ck0
~L f ,Sf ,Jf !

C0~L f ,Sf ,Jf !

bk0kkg

b000
. ~21!

In the energy range far from resonances the dipole am
tudes Dl ~and thus the factorsbk0kkg

! are slowly varying
functions of the photoelectron energy. Therefore, the par
eters bk0kkg

can be considered as approximately const
over the range of a multiplet or even of several neighbor
multiplets. An important consequence of this is that, with
the given approximations, the relative strength of dichroi
in the photoelectron spectrum is independent of the dyn
ics of the photoionization process, and is in fact determin
by the angular-momentum coupling coefficien
Ck0

(L f ,Sf ,Jf). One has to keep in mind, however, that a
cording to Eqs.~2! and~19! the absolute scale, and also the
overall sign, of the dichroism spectrum are both determin
by the dynamical coefficientsbk0kkg

by the magnitude of the

atomic polarizationAk00 , and by the particular geometr

represented by the geometrical factorsFk0kkg
. Furthermore,

the relative contribution from terms with differentk0 ~i.e.,
from higher state multipoles of the target atom! to the di-
chroism spectrum still depends on the dynamics of photo
ization. This can be seen from Eq.~19! where the coupling
coefficientsCk0

(L f ,Sf ,Jf) depend on the rankk0 .

In the following sections the coefficientsCk0
are derived

for a number of practically important cases. Atoms with va
ishing orbital angular momentum (L050) are considered
shortly before turning to the general caseL0>0.

1. Atoms with S symmetry

The dichroism in the photoelectron spectra of atoms w
S symmetry can be described within the general frame

2The product form of a particularb coefficient, which determines
the magnetic dichroism, was obtained for atoms withJ05

1
2 in @5#.
e
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-
t

g

-
d

-

d

-

-

h
f

Sec. II A @Eqs. ~14! and ~15!# once the symmetries of th
multiplets in the photoelectron spectrum are known. For
sake of completeness we also consider the description in
single-configuration approximation here.

For L050, the reduction equation~17! of the dipole ma-
trix elements become

DlLS5QDldL f l 0
dSS0

, ~22!

where Q is a factor depending, in general, on the initi
atomic configuration; its explicit form is not relevant for th
further discussion. Inserting Eq.~22! into Eq. ~14! immedi-
ately leads to the product form Eq.~19! with coupling coef-
ficientsCk0

(L f ,Sf ,Jf),

Ck0

S ~L f ,Sf ,Jf !5Q2Ck0

S ~J0 ,Jf !d l 0L f
; ~23!

the coefficientsCk0

S (J0 ,Jf) on the right side are given by Eq

~15!.

2. Atoms with P,D,F , . . . symmetry

In the general caseL0>0 the product form Eq.~19! can
be obtained in a way similar to that followed above. T
discussion will be split to cover two practically importa
cases:~i! ionization of a closed subshell~which applies, for
example, to the 3p shell of the 3d transition metal atoms and
the 4d shell of the rare earth atoms! and~ii ! ionization of an
open subshell~for example, the 3d shell of the 3d transition
metal atoms or the 4f shell of the rare earth atoms!.

First we consider photoionization of an inner closed su
shell n0l 0 of an atom that has only one open shellñ l̃ in the
initial state:

¯~n0l 0!2~2l 011!
¯~ ñ l̃ !q1g

˜¯~n0l 0!2~2l 011!21
¯~ ñ l̃ !q1« l , ~24!

where the dots indicate closed subshells common to in
and final atomic/ionic configurations. Within the approxim
tions discussed above~Sec. II B!, the reduction equation~17!
of the dipole matrix elements in this case reads

DlLS5~21!q1 l 1L1L f L̂ f L̂Ŝf Ŝ0
21

3$ 1
2 SfS0%H L0 L f l 0

l 1 L J DldSS0
, ~25!

where $ 1
2 SfS0% is a 3j symbol that is unity if the triangle

conditionSW f1SW 01 1
2
W50 is fulfilled and vanishes otherwise

By inserting Eq.~25! into Eq. ~12!, the summation over
L, L8, x0 , xf can now be performed; the final result is
the form of Eqs.~19! and ~20! with coupling factors
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Ck0

closed~L f ,Sf ,Jf !53Ĵ0
3Ŝ0

22Ŝf
2Ĵf

2L̂ f
2

3(
x

~21!J01x1 l 0x̂2H J0 J0 k0

l 0 l 0 x J
3H Jf L f Sf

S0
1
2 x J 2H J0 S0 L0

L f l 0 x J 2

.

~26!

The summation overx in Eq. ~26! runs over not more than
two argumentsJf6

1
2 . Since the reduced anisotropy coef

cientsbk0kkg
@Eq. ~20!#, in general, contain a maximum o

three terms, it is clear from Eq.~19! that every dynamica
coefficientBk0kkg

consists of not more than six terms; th
means a considerable simplification for practical purpose
comparison with the general formulation of the paramet
Bk0kkg

@Eq. ~12!#, which contains orders of magnitudes mo
terms. For the generalized anisotropy parameters@Eq. ~8!#,
the monopole coefficientB000 is needed; it is given by

B000
closed5) Ĵ0

2Ŝ0
22Ŝf

2Ĵf
2L̂ f

2 l̂ 0
22

3(
j 0

ĵ 0
2H 1

2 l 0 j 0

S0 L0 J0

Sf L f Jf

J 2

(
l

uDl u2 ~27!

in agreement with Eq.~10.1! of Ref. @32#.
The second case of general interest concerns photoion

tion of an inner open subshelln0l 0 of an atom with all other
subshells closed:

¯~n0l 0!q
¯1g˜¯~n0l 0!q21

¯1« l . ~28!

In close similarity to Eq.~25! the dipole amplitudes can b
reduced to the one-electron amplitudes. In this case one
tains the coupling factorsCk0

:

Ck0

open5qL̂0
2Ŝ0

2L̂ f
22Ŝf

22~ l 0
qL0S0$u l 0

q21L fSf !
2Ck0

closed,

~29!

where the quantities in parenthesis are the coefficients
fractional parentage andCk0

closed is given by Eq.~26!. The

monopole coefficientB000 reads in complete analogy

B000
open5qL̂0

2Ŝ0
2L̂ f

22Ŝf
22~ l 0

qL0S0$u l 0
q21L fSf !

2B000
closed,

~30!

with B000
closedgiven by Eq.~27!.

III. IMPLICATIONS FOR THE DICHROISM
IN PHOTOELECTRON SPECTRA

In the present section general conclusions on the spe
dependence of dichroism will be drawn solely from t
analysis of the angular-momentum coupling factorsCk0

in-
troduced in the previous section.
in
s

a-

b-

of

ral

A. Sum rules

Here we consider the integration of the dichroism in t
photoelectron spectrum over the energy range of one or m
final ionic multiplets. Summation of the dynamical coef
cients@Eq. ~12!# over the fine structure levelsJf of a final-
state multipletL fSf can easily be performed using the rel
tion @22#

(
Jf

~21!L f1Sf1Jf Ĵf
2H Sf Sf xf

L f L f Jf
J 5L̂ f Ŝfdxf0

, ~31!

which gives~after additional summation overx0 ,xf ,x!

(
Jf

Bk0kkg
53Ĵ0

3Ŝ0
22~21!J01L01S01L f$ 1

2 SfS0%

3H J0 J0 k0

L0 L0 S0
J

3 (
l l 8LL8

~21!L8L̂L̂8 l̂ l̂ 8~ l0,l 80uk0!

3H L l L f

l 8 L8 k J H L0 L 1

L0 L8 1

k0 k kg

J
3DlLS0

Dl 8L8S0
* . ~32!

1. Atoms with S symmetry

For L050, the triangle rulek0<2L0 for the 6j and 9j
symbols in Eq.~32! implies thatk050. Since dichroism is
related to terms withk0.0, we immediately arrive at the
following sum rule for atoms withS symmetry:

Sum rule 1. In the nonrelativistic approximation, the d
chroism in the photoelectron spectra of atoms with zero
bital angular momentum in the initial state strictly vanish
for each final ionic multiplet characterized byL f and Sf
when being integrated over the fine structureJf .

This is, in fact, a very general result since it is based
the expression~12! valid if the spin-orbit interaction is neg
ligible. All kinds of many-electron correlations, e.g., co
figuration interaction can be included in the calculations
the dipole amplitudes; the sum rule remains valid.

The sum rule 1 has a simple physical explanation. It
clear from the vector model ofLSJcoupling that summation
over Jf is equivalent to the integration over all spin dire
tionsSW f of the photoion. Taking into account that the spin
the photoelectron is not detected and that the dipole inte
tion is spin independent, it can be concluded that the s
orientation cannot influence the process and that the spin
in fact be disregarded. Therefore, the dichroism can only
connected with the polarization of the initial orbital angul
momentumL0 , which vanishes in the case considered; co
sequently, there is no dichroism.

Since the fine-structure splitting is reflected in the kine
energyEkin of the photoelectron, the sum rule can also
formulated as
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E dEkinF S ds

dV D
AW
2S ds

dV D
AW 8

G50, ~33!

whereAW andAW 8 correspond to two arbitrary directions of th
atomic polarization, and the integration is performed over
energy range of the photoelectron lines corresponding to
ionic multiplet L f , Sf .

2. Atoms with P,D,F ,... symmetry

Equation~32! shows that, for atoms withL0.0, the sum
SJf

Bk0kkg
is generally nonzero fork0.0; therefore, the di-

chroism integrated over the fine structure of a single pho
electron multiplet line does not vanish. However, anot
approximate sum rule is valid in this case for the ionizat
of a closed subshell in the single-configuration approxim
tion ~see Sec. II B!. Performing the summation overJf in Eq.
~26!, we obtain

Dk0
~L f !5(

Jf

Ck0

closed

53Ĵ0
3Ŝ0

24L̂ f
2Ŝf

2~21!k01L f1J01S01 l 0

3H J0 J0 k0

L0 L0 S0
J H L0 L0 k0

l 0 l 0 L f
J $ 1

2 SfS0%,

~34!

where thefine-structure integratedquantitiesDk0
have been

introduced, which are convenient for further discussion.
an important consequence, the dependence of the coeffic
Dk0

on theorbital angular momentumL f is formally equiva-

lent to the dependence of the coefficientsCk0

S @Eq. ~15!# on

the total angular momentumJf . It follows immediately that
another~but less general! sum rule holds in the present cas
To be more specific, since we assumed that the ionic
photoelectron orbitals do not depend onL f , one can perform
the summation of the coefficientsDk0

@Eq. ~34!# over L f

using an expression similar to Eq.~31!. The result again
vanishes fork0.0, which gives the following sum rule fo
atoms withP,D,F,... symmetry.

Sum rule 2.In the nonrelativistic single-configuration ap
proximation~see Sec. II B!, the dichroism in the ionization o
an inner closed subshellstrictly vanishes separately for bot
the high-spin (Sf5S01 1

2 ) and low-spin (Sf5S02 1
2 ) parts

of the photoelectron spectrum associated with the vaca
(n0l 0)21 when being integrated over the term structure
the final ionic state corresponding to different angular m
mentaL f .

The separate validity for the high-spin and the low-sp
spectrum follows since the coefficientsDk0

@Eq. ~34!# do not

depend on the final ionic spinSf . This sum rule can also b
expressed in the integral from of Eq.~33! if the integration is
performed over the somewhat larger energy range due to
electrostatic and exchange splittings. Both sum rules 1 an
should also provide a helpful consistency check for pract
calculations.

The sum rules in this paper should not be confused w
those obtained by Thole and co-workers@33,34#, which re-
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late the circular dichroism integrated over an absorpt
edge, i.e., along thephotonenergy axis, to ground-state mag
netic moments. Thole and van der Laan@35,36# have also
considered the integration of dichroism over the photoel
tron spectrum. Their arguments concerning the ionization
closed subshells@@35#, first section and@36# Eq. ~2!#, how-
ever, are based on a single-electron picture and are there
not valid for open-shell atoms in cases when intershell c
pling is strong. Our sum rule 1 for atoms withS symmetry
has been derived under very general assumptions; Thole
van der Laan do not go beyond the single-configuration
proximation.

B. Spectral patterns of dichroism in photoelectron spectra

While in Sec. III A the dichroism was analyzed with re
spect to integration over the kinetic energy of the photoel
tron, in this section the kinetic-energy dependence is con
ered. Our aim is to establish typical patterns common to
spectra of different atoms and for different types of nonre
nant photoionization processes.

1. Atoms with S symmetry

In considering atoms withS symmetry it is necessary to
study the explicit dependence of the coupling factorsCk0

S

@Eq. ~15!# on the total angular momentumJf ; this depen-
dence is determined by a 6j symbol, which has a simple
structure since it contains two pairs of identical coefficien
The factorsCk0

S reduce to a polynomial of the degree 2k0 in

Jf since the relevant 6j symbol can be expressed as@22#

H Sf Sf k0

L f L f Jf
J 5~21!L f1Sf1Jf1k0

3F ~2Sf2k0!! ~2L f2k0!!

~2Sf1k011!! ~2L f1k011!! G
1/2

3Vk0
~x!, ~35!

whereVk0
(x) is a polynomial of the degreek0 in the variable

x5Jf~Jf11!2L f~L f11!2Sf~Sf11!. ~36!

Since the variablex is quadratic inJf , each root ofVk0
(x) is

related to two values ofJf ; however, one of these values
always negative and thus not meaningful. The other value
Jf lies within the allowed intervaluL f2Sf u,...,L f1Sf . The
fine-structure components are arranged in a regular~assend-
ing or descending! way on the energy axis due to the Land´
interval rule. Now, since the degreek0 of the polynomials
Vk0

is identical with the rank of the statistical tensorsAk00 ,
we obtain the following result:

Spectral patterns of dichroism for atoms with S symme.
The contribution of each specific statistical tensorAk00 of
the atomic polarization to the dichroism in a photoelectr
line corresponding to a photoion multiplet of definite sym
metry L f , Sf shows a characteristic pattern as a function
the fine structureJf . In particular, the number of zeros o
dichroism within each photoelectron line is given by the ra
k0 of the respective statistical tensor.
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This result is independent of any specific experimen
geometry. It is rather general since it is based only on
nonrelativistic approximation which has led to Eq.~15!. In
particular, the appearance of spectral patterns is indepen
of the specific symmetryL f , Sf of a photoelectron line, of
the number of fine-structure components, and of the rela
contribution of the partial photoionization amplitudes a
their phase difference.

For illustration we consider first LMDAD and CMD
These are related to the odd statistical tens
A10,A30,A50,..., and thecorresponding spectral patterns
the order 1, 3, 5 are depicted on the left-hand side of Fig
For Fig. 2 we have chosenS05 7

2 , L f5Sf53, but due to
their general nature, the patterns are similar for any ot
quantum numbers. The height of the bars, which are
ranged on the energy axis according to the Lande´ interval

rule, is given by the value of the coefficientsCk0

S ( 7
2 ,Jf) of

Eq. ~15! and, therefore, reflects the polynomialsVk0
at the

discrete positionsJf50,1, . . . ,6. For thedominating contri-
bution from the atomic orientation (k051), the polynomial
and the root are given by

V1~x!522x, ~37!

root: Jf5@L f~L f11!1Sf~Sf11!1 1
4 #1/22 1

2 . ~38!

The solid line is obtained from the bar spectrum by assum
a Gaussian broadening; the width was chosen arbitraril
order to pronounce the respective pattern. The contribu

FIG. 2. Spectral patterns of magnetic dichroism~LMDAD/
CMD! and linear alignment dichroism~LAD ! for atoms with S
symmetry in theLSJ coupling approximation for a7F final ionic
state. For the solid line, a Gaussian broadening of arbitrary w
~decreasing withk0! was assumed in order to stress the spec
character of the respective pattern.
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of higher momentsA30,A50,..., compared to that of the
dominating multipoleA10, depends on the dynamics o
photoionization, as well as on the experimental geometry.
experiments show@13,28,29#, the contribution of higher mul-
tipoles can be neglected in many cases. For photoioniza
of a p electron there are no contributions from multipol
with k0.2, as has been noted earlier. In general, in orde
observe the influence of higher state multipoles one sho
~i! choose a special geometry with the detector set at a m
mum of the angular distribution of the leading multipol
@42# and ~ii ! perform fine-structure resolved measureme
since the higher-order dichroism patterns display more lo
~see Fig. 2! and therefore are leveled more strongly than
leading ones if the instrumental bandpass is larger than
fine-structure splitting.

Following these considerations, the dominating contrib
tion to LMDAD and CMD is most often well described b
the coupling coefficientsC1

S . The spectrum on the top of th
left-hand side of Fig. 2 therefore shows the typical pattern
magnetic dichroism~LMDAD / CMD ! with two characteris-
tic lobes of opposite sign and one central node.

Similar considerations apply to the LAD related to th
even statistical tensorsA20,A40,... . Thespectral patterns o
the order 2, 4, 6 are depicted on the right-hand side of Fig
LAD is usually dominated by the contribution of the atom
alignmentA20 and is therefore described by the couplin
coefficientsC2

S . The typical spectral pattern of LAD is give
by the spectrum on the top of the right-hand side of Fig. 2
shows three lobes of alternating sign and two nodes.
polynomial and the roots of second order are

V2~x!56x216x28SfL f~Sf11!~L f11!, ~39!

roots: Jf5$L f~L f11!1Sf~Sf11!2 1
4

6@ 4
3 L f~L f11!Sf~Sf11!1 1

4 #1/2%2 1
2 . ~40!

The LAD pattern, as well as the sum rules, are valid both
LAD ~cos! and LAD~sin!.

2. Atoms with P,D,F ,... symmetry

In the general caseL0.0 the dichroism spectra may dif
fer from the simple patterns shown in Fig. 2. In Sec. III A
we found that the dependence of the fine-structure integr
dichroism of atoms withL0.0 on the angular momentumL f
is formally equivalent to the dependence of dichroism
atoms with L050 on the momentumJf . Unfortunately,
there is no such simple rule as the Lande´ interval rule for
multiplets with differentL f of one ionic configuration. For
atoms with P,D,F,... symmetry the complete multiple
structure must be known in order to make any statemen
the shape of dichroism in the photoelectron spectrum.
general, the simple spectral patterns shown in the panel
the top of Fig. 2 may be expected to show up for atoms w
P,D,F,... symmetry only if the photoelectron lines with dif
ferent angular momentumL f and fixed spinSf are arranged
on the energy axis in a regular~ascending or descending!
manner. An example will be considered in the following se
tion.

th
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IV. EXPERIMENTAL EXAMPLES

In this section we examine the results of recent exp
ments@13,28,37,26# and compare them with the theoretic
results presented above. In all of these experiments, fre
oms in an atomic beam were prepared in an oriented
aligned ground state by optical pumping with circularly
linearly polarized laser radiation, respectively. The atoms
larized in this way were then ionized with linearly polarize
synchrotron radiation, counterpropagating the laser radiat
The photoelectrons were analyzed with a 180° cylindri
mirror analyzer with the spectrometer axis set parallel to
polarization vector of the undulator radiation. This setup
principle allows one to determine all the different types
dichroism displayed in Fig. 1.

A. Nonresonant photoionization far above threshold

Nonresonant 3p photoelectron spectra of free Cr atom
@13# and 4f photoelectron spectra of Eu atoms@28,29#, dis-
playing a marked magnetic dichroism, have been obtai
recently; this work stimulated our interest in the inner-sh
photoionization of polarized atoms far above the correspo
ing thresholds, in energy regions where no autoionizat
resonances are expected to occur. Both Cr and Eu are
elements because of their half-filled 3d/4s and 4f shells,
respectively. According to Hund’s rules, Cr and Eu ha
maximum spins ofS053 and 7

2, respectively. In both case
the orbital momentum vanishes in the ground state (L050)
and, therefore, Cr and Eu belong to the class of atoms wiS
symmetry. The 3p and 4f spectra of Cr and Eu, respectivel
will be considered in the following two sections before tur
ing to the controversely discussed 3p spectrum of Fe.

1. The3p shell of Cr

Dichroism in the 3p photoionization of Cr atoms has bee
extensively studied in recent years@27,13,26#. In the single-
configuration approximation, the 3p photoionization of Cr is
described by

Cr 3p63d54s 7S31g˜@3p53d54s 8,6P1«s,d#7P.
~41!

The 8P ~binding energy 47 eV! and 6P ~binding energy.60
eV! components are separated by more than 10 eV in
photoelectron spectrum@14#; the large exchange splitting i
due to the strong coupling of the 3p core hole to the half-
filled 3d shell. Here only the high-spin~low-binding energy!
range will be considered.

The high-spin part of the photoelectron spectrum is d
played in the top part of Fig. 3. The spectrum was measu
with the laser turned off and represents the photoioniza
cross sections @Eq. ~7!#. It was taken at a photon energy o
\v576 eV, i.e. 30 eV above the lowest ionization thresho
The three lines reflect the fine-structure splitting8P5/2,7/2,9/2
of the 3p hole state. Since the fine-structure splitting of le
than 1 eV is small compared to the exchange splitting
more than 10 eV, the Cr 3p21 spectrum provides a ver
good example for theLSJ coupling approximation. Indeed
the fine-structure splitting within the8P line can be well
described by the Lande´ interval rule; the relative intensitie
i-

at-
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of the fine-structure components are very close to the sta
tical ratios of 3:4:5 expected in pureLSJ coupling.

The data points in the center panel of Fig. 3 give t
linear magnetic dichroism LMDAD as defined in Fig. 1, i.e
the difference of two photoelectron spectra taken with mu
ally antiparallel orientations of the atoms. The data points
the lower panel of Fig. 3 give the linear alignment dichrois
LAD, i.e., the difference of two spectra for parallel and pe
pendicular alignment of the atoms with respect to the po
ization axis of the vuv radiation~it corresponds to LAD(cos)
as defined in Fig. 1!. The solid curves in the center an
bottom parts of Fig. 3 are based on theLSJ coupling model
and were generated in the following way. Within the mod
introduced in Sec. II A the relative strength of LMDAD an

FIG. 3. Top part, photoelectron intensity in the 3p63d54s 7S3

1g˜3p53d54s 8P5/2,7/2,9/21« l main line, recorded at a photon en
ergy of 76 eV without laser; center part, difference of two spec
with mutually antiparallel atomic orientation~LMDAD !; bottom
part, difference of two spectra with mutually perpendicular atom
alignment~LAD !. The experimental data were taken from Ref.@13#.
The solid curves~ ! in the center and bottom parts are based
theLSJ model and were generated from the fine-structure resol
bar spectrum as described in the text.
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LAD in the different fine-structure componentsJf is deter-
mined by the coupling coefficientsC1

S andC2
S , respectively,

given by Eq.~15!:

LMDAD, I ~↑ !2I ~↓ !}C1
S~3,Jf !,

LAD, I ~ i !2I ~' !}C2
S~3,Jf !. ~42!

The length of the solid bars shown in both the LMDAD a
the LAD spectrum is proportional to the coefficientsC1

S and
C2

S , respectively; the position of the bars was matched to
experimental energies. The solid curve was obtained by
suming a Gaussian instrument function. The sum of the p
files was then matched to the experimental data by multi
cation with a scaling factor.

From Fig. 3 it can be seen that there is good agreem
between the measured dichroism and the model curve
particular, the spectra clearly display the simple patterns
LMDAD and LAD predicted by theory~Sec. III B! with two/
three lobes of alternating signs and one/two zeros, res
tively. We note that, in the present case, where the ionic
structure is completely resolved, the dichroism patterns r
to theenvelopeof the different peaks in the dichroism spe
trum. In the dichroism spectra of Fig. 3 there is no eviden
for the contribution of higher state multipolesA30, A50 and
A40, A60, respectively, which is in accordance with o
model@see the discussion after Eq.~20!#. For both LMDAD
and LAD the dichroism integrated over the three fin
structure components vanishes within the experimental
certainties in agreement with sum rule 1~Sec. III A!.

The LMDAD has also been measured in the second st
gest line of the Cr 3p21 spectrum, which accompanies th
dominating 8P line at 3 eV higher binding energies@13#.
The corresponding part of the photoelectron spectrum aro
Eb549 eV is not covered by Fig. 3 of the present paper,
by Fig. 3 of Ref.@13#. This line is due to the final ionic stat
Cr 3p5(3d5 4D)4s 6P* , where the asterisk indicates that it
not the exchange partner of the8P line since the 3d5 shell
recouples from6S to 4D in the ionization process. At a
photon energy of\v5103 eV the fine structure was not re
solved due to the finite bandpass of the analyzer. The L
DAD displays the same shape in the6P* line as in the8P
line, but with reversed sign along the energy axis. The
pearance of the LMDAD pattern in the6P* line corrobo-
rates our finding that the qualitative description of dichroi
with Eq. ~15! is independent of the ionic parentage for ato
with Ssymmetry~i.e., independent of the coupling of the 3d
shell in the case of Cr!, but only depends on the total qua
tum numbersL f ,Sf of the final ionic state. The dichroism
normalized to the partial cross sections should have ap-
proximately the same strength in the8P and 6P* lines ac-
cording to Eqs.~14!–~16!, which is in reasonable agreeme
with experiment~@13#, Fig. 3, bottom part!. The opposite
sign of the LMDAD in both lines yields the additional infor
mation that the6P3/2,5/2,7/2* multiplet is inverted, which is in
accordance with HF calculations@13,14#.

2. The4f shell of Eu

The 4f photoionization of Eu atoms in the single
configuration approximation reads
e
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Eu 4f 76s2 8S7/21g˜@4 f 66s2 7F1«d,g#8P. ~43!

In the final ionic state, the 4f -intrashell interaction amount
to 10 eV, while the spin-orbit interaction is about 160 me
@29#. Therefore, theLSJ coupling approximation can be ex
pected to hold well for the description of the Eu 4f photo-
ionization.

Comparing the 4f photoionization of Eu with the 3p
photoionization of Cr is interesting because these two mo
systems, apart from their similarities~see the introduction of
Sec. IV!, differ systematically in many respects. First of a
the final ionic symmetries are different for Cr (8P) and
Eu (7F). In particular, the Cr final ionic state consists
three fine-structure components, the Eu state of seven.
thermore, in the case of Eu, the open 4f shell itself was
ionized, whereas in the Cr case the open 3d shell acts as a
spectator and the closed 3p shell was ionized. Therefore, th
photoelectron spectrum of the Cr 3p shell is dominated by
the 3p-3d–intershell interaction, whereas for the 4f ioniza-
tion of Eu, the 4f intrashell interaction is dominating. Fi-
nally, the dynamics of photoionization is completely diffe
ent for Cr and Eu at the respective photon energies. For
excited 38 eV above threshold, theg wave (l .5 l 011) al-
most exclusively determines the 4f photoionization cross
section; the contribution of thed wave (l ,5 l 021) is only
4% @29#. For Cr, on the other hand, thes wave (l ,) domi-
nates the 3p photoionization cross section until far abov
threshold, since thed wave (l .) is suppressed by the cen
trifugal barrier and even goes through a Cooper minimum

The Eu photoelectron spectrum in the binding energy
gion of the 4f main line is depicted in the top part of Fig. 4
It was taken at a photon energy of\v548 eV, i.e., well
above the 4f and also the 5p thresholds. At these photo
energies, 5s electrons might be excited@38#; however, reso-
nant enhancement of the photoelectron spectrum via 5s ex-
citations can be neglected since these resonances are
and strongly broadened@39,40#. The instrumental bandwidth
was 300 meV and, therefore, the fine-structure splitting
the 7F multiplet of &140 meV could not be resolved; only
broad asymmetric emission band is present. It should
noted that the lifetime broadening, in contrast to the inst
mental broadening, is negligible since the final ionic sta
lie below the Eu21 threshold atEb517.9 eV and thus canno
decay by Auger transitions.

The instrumental broadening, however, did not prev
the dichroism measurement in this line since the bandpas
the analyzer was still smaller than the total spread of
multiplet. The linear magnetic dichroism~LMDAD ! @28# and
the linear alignment dichroism~LAD ! are shown in the cen
ter and bottom parts of Fig. 4. The theoretical spectra~solid
lines! have been generated in the same way as for the
example. The height of the solid bars are proportional to
LSJ coupling coefficientsCk0

S @Eq. ~15!#:

LMDAD, I ~↑ !2I ~↓ !}C1
S~ 7

2 ,Jf !,

~44!
LAD, I ~ i !2I ~' !}C2

S~ 7
2 ,Jf !.

The relative energy positions of the bars were fixed acco
ing to Hartree-Fock calculations in intermediate coupli
@29#, a common energy shift was allowed.
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The agreement between experiment and our theore
model is excellent. The slight deviations for the LAD ca
partially be attributed to a larger statistical scatter compa
to the LMDAD. The appearance of the dichroism patte
and especially the validity of the sum rule 1 can be prov
very accurately for the 4f photoionization of Eu. At this
point, however, the contribution of higher state multipo
has to be discussed. For Eu, even in the nonrelativistic
proximation state multipoles up to the rankk0<6 contribute
to the dichroism. In the present case, although, for exam
the magnitude ofA40 is half that ofA20, a careful investi-
gation of the relevant factors has shown that the influenc
higher state multipoles can be neglected@41#.

In spite of the differences concerning the specific pho
ionization processes for Cr and Eu~see beginning of Sec
IV A 2 !, the dichroism patterns in the photoelectron spec

FIG. 4. Top part, photoelectron intensity in the 4f 76s2 8S7/2

1g˜4 f 66s2 7F1« l main line, recorded at a photon energy of 4
eV without laser; center part, difference of two spectra with mu
ally antiparallel atomic orientation~LMDAD !; bottom part, differ-
ence of two spectra with mutually perpendicular atomic alignm
~LAD !. The experimental data have partially been published in R
@28#. The solid curves~ ! in the center and bottom parts a
based on theLSJ model and were generated from the bar spectr
as described in the text.
al

d
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n
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~Figs. 3 and 4! are very similar. This similarity, which is
independent in particular of the number of fine-structu
components in the final ionic state, is well explained by t
general results on the spectral form of dichroism obtained
Sec. III B. In addition to the Eu 4f 21 LAD(cos) depicted in
the lower part of Fig. 4, also the LAD(sin) as defined in F
1 has been measured. The shapes of both types of LAD
practically identical~while displaying the opposite sign! as is
well explained by our model.

The measurements discussed here confirm that theLSJ
approximation is well justified for both the 3p emission of
Cr and the 4f emission of Eu. For the Eu 4f 21 spectrum,
however, deviations from pureLSJ coupling have been sug
gested~@32#, p. 337! in order to explain deviations of the
relative intensities of the multiplet components from th
statistical weights. This problem is discussed in detail el
where@29#. The present dichroism measurements on Eu
not give any evidence for a direct influence of intermedi
coupling on the dichroism, which should manifest itself a
significant deviation from sum rule 1. On the other hand,
note that if~for the theoretical description! the fine-structure
components of the Eu 4f line are arranged on the energy ax
according to the Lande´ interval rule~but still letting the total
spread of the multiplet vary!, the agreement between the e
perimental LMDAD and the fitted curve is poor, resulting
deviations up to 30%.

It is stressed once more that all the theoretical curves
Figs. 3 and 4 have been generated without any knowledg
the magnitude of the respective dipole matrix elemen
Within the experimental uncertainties we cannot find a
evidence for the influence of the dynamics of photoioniz
tion, including relaxation, on the relative strength of dichr
ism in the photoelectron spectra. The overall sign of dich
ism, however, is determined by the dynamical parame
bk0kkg

and cannot be predicted without the knowledge of
particular dipole matrix elements. Comparing, for examp
Figs. 3 and 4, one notes that the LMDAD has the same s
but the LAD has indeed the opposite sign in each of
dichroism lobes. Similar considerations concern the stren
of the dichroism normalized to the partial cross sections.
For Eu, the normalized dichroism is 13% and for Cr it
18% in the maximum of the LMDAD. A comparison o
these numbers must take into account not only the differ
magnitudes of the atomic polarization and the different fr
tion of polarizable isotopes in the atomic beam3 @26,28#, but
also the different dynamical quantitiesbk0kkg

. In conclusion,
the dynamics of photoionization within our model excl
sively determines both the absolute scale and the overall
of the dichroism in the photoelectron spectrum.

3. The3p shell of Fe

Until now the dichroism in the vuv photoelectron spe
trum of free Fe atoms has not been measured. In the pre
section it is our aim to make some qualitative predictio
based on an analysis of the photoelectron spectrum of un
larized Fe atoms measured in the region of the domina

3In the case of Eu, the measured LMDAD is furthermore lower
by 30% because of the limited instrumental resolution.
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3p21 lines@37#; the spectrum is reproduced in Fig. 5 and h
been taken at a photon energy of\v5142 eV and an overal
resolution ofDE50.2 eV.

Within the single-configuration approximation, the 3p
photoionization of atomic Fe can be written as

Fe 3p63d64s2 5D1g˜3p53d64s2 4,6P,D,F1« l .
~45!

As in the case of Cr, the 3p spectrum of Fe is characterize
by the strong 3p-3d–intershell coupling, which leads to a
exchange splitting of 15 eV between the6X and 4X ex-
change partners@43,14#. Figure 5 shows the low binding
energy part of the spectrum which covers the dominat
high-spin 6X lines; the fine structure of the lowest line
63.5 eV assigned to6F is partially resolved. The fine
structure splitting is smaller than 0.3 eV and, therefore, as
Cr, theLSJ approximation is very well justified for Fe. Th
6D multiplet gives rise to the next line at 65.0 eV. The bro
feature in the region 66–69 eV is assigned to the6P multip-
let; the strong broadening is due to term-dependent Au
decay rates@44,43,14#.

The relative strength of the dichroism in the atomic Fep
high-spin spectrum is given by the coupling coefficien
Dk0

(L f), defined by Eq.~34!, for the lines with different

orbital angular momentaL f in the final ionic state. In the
present context the most important finding from the exp
mental spectrum~Fig. 5! is that the three multipletsL f
51,2,3 of the high-spin spectrumSf5

5
2 are arranged in a

regular manner on the energy axis, namely with descend
binding energies~67.5 eV, 65 eV, 63.5 eV!. As a conse-
quence of the mathematical dependence of the coeffici
Dk0

(L f) on the angular momentumL f discussed in Sec
III B 2, the characteristic dichroism patterns both for CM
LMDAD ~one zero! and LAD ~two zeros!4 are to be ex-
pected in the low binding energy region of the photoelect
spectrum. In addition, the sum rule 2 is expected to hold

4In the nonrelativistic approximation, higher state multipoles w
k0.2 do not contribute to the emission of ap electron@see the
discussion following Eq.~20!#.

FIG. 5. Photoelectron spectrum of free Fe atoms in the regio
the 3p thresholds~taken from Ref.@37#!.
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It should be noted that the assumption of a definite to
angular momentumJ0 in the initial state is not well fulfilled
in a hot atomic Fe beam. At 1580 °C, the temperature n
essary for a vapor pressure of 1022 mm Hg @45#, only half of
the Fe atoms are in the state5D4 , the other half being ther-
mally excited into the states5D320 . Although the dichroism
patterns are obtained for any particular fine-structure com
nentJ0 in the initial state~if considered separately!, a rigid
treatment would also have to involve possible interferen
effects for the case of hot Fe atoms. At room temperat
~which is relevant for a comparison to the solid-state spe
discussed below! the assumption of a definiteJ0 is valid
since 90% of the Fe atoms are in the state5D4 .

In the low binding energy part of the atomic Fe 3p spec-
trum, in addition to the high-spin lines6X, some low-spin
lines 4X* are also excited; the strongest multiplet4F* is
marked in Fig. 5. These multiplets are analogous to the
coupled 6P* line in the Cr 3p spectrum which was dis
cussed above. The4F* line in Fig. 5 is due to a recoupling
of the Fe 3d6 shell from 5D to 3F in the photoionization
process. These lines are not the exchange partners of th6X
lines; the 4X lines are expected at much higher binding e
ergies. The calculated oscillator strength of the4X* multip-
lets relative to that of the6X multiplets is 15%@43,14#; even
the strongest of the4X* multiplets (4F* ) is only half as
strong as the weakest of the6X multiplets (6P). Therefore,
we expect that the dichroism in the low-binding energy
gion of the atomic Fe 3p spectrum is dominated by the con
tribution of the 6X multiplets; the disturbance, due to th
contribution of the4X* multiplets, should be weak. In par
ticular, the gross appearance of the characteristic dichro
patterns with two or three lobes in the low binding ener
region of the atomic spectrum should be preserved, and
dichroism integrated over that energy region should vani

In the second part of this section we address the dichro
in the 3p spectrum of Fe atoms bound to a surface. Thep
spectrum of Fe metal@46# displays a strong main line at
binding energy of 52.5 eV with a width of 3 eV, which i
somewhat narrower than the total spread of 5 eV of
atomic high-spin multiplet. Taking into account the ve
strong exchange interaction, this main line should belo
mostly to the high-spin final ionic states@47,48#, with a pos-
sible contribution from the recoupled low-spin satellite mu
tiplet discussed above. It is remarkable that both the L
DAD and the LD in this main line, measured in th
pioneering experiment of Rothet al. @@46# Figs. 3~c! and
2~b!#, clearly display the characteristic dichroism patter
that we also predict for the atomic case. Nevertheless, we
aware that an interpretation of the Fe 3p surface spectrum
within a purely atomic model falls short of important solid
state aspects, for example, the partially itinerant characte
the 3d electrons in the condensed phase and the symm
breaking due to the crystal field. In the following, some e
fects of the solid-state environment for the dichroism a
discussed.

The occupation number of the 3d shell of Fe in the bulk
ground state is not equal to the atomic value 6, but interm
diate between 6 and 7@49#. Furthermore, in the final ionic
state the 3d occupation number is affected by screening a
relaxation effects in the innershell ionization process.
least for integer initial configurations 3d7 ~atomic Co! and

of
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3d8 ~atomic Ni!, our model~making use of the experimenta
Co and Ni 3p21 multiplet structure@14,50#! predicts the per-
sistance of the characteristic dichroism patterns with two
three lobes, respectively, in the high-spin part of the sp
trum. Therefore, it seems that neither the appearance o
simple dichroism patterns nor the validity of the sum rule
sensitive to the number of 3d electrons.

Furthermore, the magnetic moment per atom of Fe m
in the ground state is 2.3mB , which is significantly less than
one would expect from a5D ground state of the ionic Fe
cores, even if the contribution of the orbital angular mome
tum is neglected because of orbital quenching. Here we n
that within our model, neither the appearance of the dich
ism patterns nor the validity of the sum rule depend on
values of the initial and final ionic spinsS0 andSf .

From the above we conclude that a qualitative und
standing of the dichroism in the solid-state Fe 3p photoelec-
tron spectra is possible within the atomicLSJ coupling
model. Our approach is very similar to that of Bagus a
Mallow @48# and Kachelet al. @47# who described the spin
polarized solid Fe 3p photoelectron spectra. On the oth
hand, a description within a one-electron picture meets
tain difficulties. In a one-electron picture, the 3p-3d ex-
change interaction is modeled by a spin-dependent field5 Hs .
Van der Laan@52# calculated the LMDAD and LD in the Fe
3p spectrum in a one-electron model; intermediate coup
was assumed and the exchange interaction was modeled
spin field ofHs51.3 eV, being approximately as large as t
spin-orbit splitting of the 3p core hole ofzs(3p)50.95 eV.
The result~@52#, Fig. 9! deviates from experiment; it display
two zeros instead of one for the LMDAD, andfour zero
instead of two for the LD.

A single-electron model was also used by Cherepk
et al. @53,10# in order to explain the dichroism in the Fe 3p
spectrum. In Ref.@10# the LAD in the solid Fe 3p main line
was approximated by four Lorentzian profiles correspond
to the fine-structure components of the 3p3/2 core hole. In
Ref. @53# the LMDAD in the solid Fe 3p main was approxi-
mated line by six profiles corresponding to the fine-struct
components of the 3p3/2,1/2core hole. The contribution of the
3p1/2 component, although masked by the contribution of
3p3/2 component, still leads to a second zero in the theo
ical LMDAD spectrum at a binding energy of 54.7 eV~@53#,
Fig. 3!, which is not reproduced by experiment@46,53#. As
was noted above, withinLSJ coupling, the low-spin ex-
change partner lies at much higher binding energies lea
only one zero for the LMDAD in the strong main line due
the high-spin component.

B. Resonantly enhanced photoionization near threshold

It is instructive to contrast the results obtained above w
the case of near threshold excitation, i.e., in the region
autoionization resonances@26,54#. For photon energies nea
threshold, resonances with well-defined total momentumJ
can be excited, effectively filtering out one of the possiblJ

5In contrast, the inner magnetic field induced by the valence e
trons at the Fe cores gives rise to a splitting of the order of 1 m
according to Mo¨ssbauer spectra~@51#, p. 163!.
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values in the final (ion1electron) state. Therefore, the sum
mation overJJ8 in Eq. ~5! is no longer valid, but the reso
nance approximationJ5J8 has to be considered.

A good example is provided by the 3p˜4s inner-shell
excitations of aligned Cr atoms in the photon energy reg
of 39-40 eV. The measured 3d21 partial photoionization
cross section@26#, shown in the upper part of Fig. 6, display
three separated resonances which are assigned to the 3p hole
states Cr 3p5(3d5 6S5/2)4s2 7PJ with J52,3,4. The two
curves in the upper part of Fig. 6 correspond to paral
perpendicular alignment of the atoms with respect to the
larization vector of the vuv radiation. A strong dichroism
indeed observed, although the fine structure in the final io
state Cr 3p63d44s 6D1/2,...,9/2was not resolved. More gener
ally, it can be concluded that in order to observe a dichroi
in the case ofLSJ coupling, it is necessary to discriminat
between either the open or the closed fine-structure chan

The difference spectrum in the lower part of Fig. 6 giv
the LAD. The most important result is that the spectral p
tern of LAD also shows up in the partial cross section, i.
on thephotonenergy axis~while up to this point onlyelec-
tron energy spectra have been considered!. In particular, the
LAD integrated over the 3p˜4s resonances is accurate
zero. In order to theoretically describe the dichroism in re
nant cross sections, we substitute Eq.~10! into Eq. ~5!, per-
form the summations overj , j 8,Jf , insertJ5J8, L050, and
finally obtain

c-
V

FIG. 6. Upper part, partial Cr 3d21 photoionization cross sec
tion in the region of the 3p˜4s inner-shell resonances for paralle
~•! and perpendicular (°) alignment of the atoms relative to th
polarization vector of the vuv radiation. Lower part, linear alig
ment dichroism~LAD ! given by the difference of the two curve
shown above. The experimental data were taken from Ref.@26#.
The solid curve~ ! is based on theLSJ model and was gener
ated from the bar spectrum as described in the text.



q

en
,
ce
n

o
n

w
n
gl
-
c

e
lin

ec-

se,
re-

dif-
ip-
the

.

on
ized
tri-
an
tely
f the
ctral
ies

to

de-
al-

ro-
nal
ing
of

e
,
bed
tive

the
tra-

ing
E.
ns

eful
up-

e
y
m
is

y
ing
ve
ion

PRA 60 2089SUM RULES AND SPECTRAL PATTERNS OF . . .
Bk0kkg
53Ŝ0

21Ĵ4~21!kg1J1L f1S0

3$ 1
2 SfS0%H k 1 1

S0 J JJ H S0 1 J

S0 1 J

k0 kg k
J

3(
l l 8

l̂ l̂ 8~ l0,l 80uk0!H k 1 1

L f l l 8J Dl1S0
Dl 81S0

* .

~46!

From a triangular rule for the 6j symbols in Eq.~46!, it
generally follows that only multipoles up tok<2 in the pho-
toelectron angular distribution contribute. Analogous to E
~19!, the dependence of theBk0kkg

parameters@Eq. ~46!# on
the total angular momentumJ is completely separated from
the dipole amplitudes. However, in contrast to Eq.~19!, in
the present case the angular-momentum coupling coeffici
depend, in addition to the rankk0 of the statistical tensors
also onkg andk. Therefore, the dichroism in the resonan
photoionization cross section in general will be differe
from the simple patterns obtained in Sec. III B.

As an important consequence of the resonance appr
mation, there is no sum rule analogous to sum rule 1 give
Sec. III A in the present case; the sum of theBk0kkg

param-
eters@Eq. ~46!#, over the fine structureJ of the autoionizing
multiplet does not vanish because the interference terms
J8ÞJ are missing. Only if the interference terms do not co
tribute for other reasons, such as for example, in an an
integrating geometry~absorption or electron/ion yield ex
periments!, an analogous sum rule is valid. The interferen
in J vanishes if only terms withk50 contribute to the di-
chroism, as can be seen from a triangle rule for the 9j sym-
bol in Eq. ~5!; for k50, Eq. ~46! is considerably simplified:

Bk00kg
5dk0kg

k̂0
21Ĵ2Ŝ0

21~21!S01J11

3$ 1
2 SfS0%H S0 S0 k0

1 1 J J (
l

uDl1S0
u2. ~47!

The dependence of Eq.~47! on the angular momentumJ is
equivalent to that of Eq.~23! on Jf which establishes6 the
appearance of the characteristic dichroism patterns~two/
three lobes!, as well as the validity of the sum rule, in th
resonant photoionization cross section. Indeed, the solid

6In addition to the nonresonant case where the photon energ
fixed, here we have to assume that the dependence on the s
electron dipole amplitudes on the photon energy is negligible o
the small region of the photoionization cross section of an auto
izing multiplet.
.

.

ts

t

xi-
in

ith
-
e-

e

e

in Fig. 6, which has been generated from the solid bar sp
trum @determined in turn by Eq.~47!# in the same way as
before, describes the LAD pattern very well. This is becau
for the experimental geometry used for the LAD measu
ments displayed in Fig. 6, the conditionk<2 in fact implies
k50 @@41#, Eq. ~2.33! and@18#, Eqs.~15! and~16!#. In con-
trast to the dichroism in the photoelectron spectrum, Eq.~47!
predicts even the absolute sign of the dichroism in the
ferent fine-structure components of an autoionizing mult
let. Finally, it should be noted that the appearance of
magnetic dichroism pattern~two lobes! in an angle-
integrating CMD measurement is to be expected as well

V. CONCLUSION

We have shown that, in the nonrelativistic approximati
and for photon energies far above threshold, the general
anisotropy coefficients, which determine the angular dis
bution of photoelectrons emitted from polarized atoms c
be presented in a product form; one of the factors comple
contains the dependence on the total angular momenta o
target atom and the final ion. As a consequence, the spe
distribution of dichroism turns out to have general propert
as a function of the photoelectron energy, charateristic
each type of dichroism~CMD, LMDAD, and LAD!. Simple
dichroism patterns are obtained which are practically in
pendent of the photoionization dynamics and of the fin
state multiplicity.

Two sum rules are derived which characterize the dich
ism integrated over the energy interval of one or several fi
ionic multiplets. The sum rules may be convenient for test
the consistency of theoretical calculations or the validity
the approximations made.

For illustration we have analyzed the LMDAD and th
LAD in the 3p and 4f photoionization of atomic Cr and Eu
respectively. The experimental data are very well descri
by the characteristic patterns obtained here. A qualita
analysis was performed for 3p photoionization of Fe atoms
on a solid surface; we have presented arguments that
observed dichroism patterns are strongly influenced by in
atomic effects.
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@3# C. Kerling, N. Böwering, and U. Heinzmann, J. Phys. B23,

L629 ~1990!.
@4# O. Plotzke, G. Pru¨mper, B. Zimmermann, U. Becker, and H
Kleinpoppen, Phys. Rev. Lett.77, 2642~1996!.
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