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Determination of the b parameter for atomic Mn and Cr 2 p photoemission:
A benchmark test for core-electron photoionization theories

Kai Godehusen and Philippe Wernet
BESSY GmbH, Albert-Einstein-Straße 15, D-12489 Berlin, Germany

Tobias Richter and Peter Zimmermann
Technische Universita¨t Berlin, Hardenbergstraße 36, D-10623 Berlin, Germany

Michael Martins
Universität Hamburg, Luruper Chaussee 149, D-22761 Hamburg, Germany

~Received 6 August 2003; published 6 November 2003!

We have determined the anisotropy parameterb for the electron angular distribution in direct 2p photoion-
ization of free Mn and Cr atoms. By using a high-resolution electron spectrometer and by rotating the polar-
ization axis of the linearly polarized synchrotron radiation the values forb could be derived with high
precision and separately for the different multiplet components. Combination of the experimental results with
Hartree-Fock based single configuration and multiconfigurationab initio calculations gives new insight into the
atomic 3d-metal 2p photoionization process. Configuration interaction in the final ionic states need to be taken
into account to adequately describe the measured photoelectron angular distributions.
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I. INTRODUCTION

In the past few years substantial improvements have b
made in the theoretical calculation of photoemission spe
of 3d transition metals, both in the gas phase and the s
phase, and also for transition-metal compounds~see Refs.
@1–10# and references therein!.

This has led to new insights into the electronic struct
of these technologically relevant elements. In this conte
the analysis of electron spectroscopy data from free 3d-metal
atoms with the aid ofab initio calculations also leads t
valuable information on condensed-matter systems~see, e.g.,
Refs.@1,2#!.

In the past the 3p and 2p photoelectron spectra of free C
and Mn atoms have been successfully analyzed both in te
of multiplet splittings and relative cross sections. For las
polarized Cr atoms the dichroism in 3p and 2p photoemis-
sion gave additional insight into the dynamics of the pho
ionization process@2–5,11#. Linear alignment dichroism
~LAD ! as measured with aligned atoms and linear magn
dichroism in the angular distribution~LMDAD ! for oriented
atoms both measured with linearly polarized ionizing rad
tion @2,3,11# give access to the phases of the outgoing fr
electron waves and thus in principle allow for complete e
periments@12#.

Corresponding dichroism measurements on las
polarized Mn atoms are hampered to date due to mis
efficient optical pumping schemes. We therefore chose
investigate the dynamics of the Mn 2p photoionization pro-
cess using a different approach, namely, by studying the
isotropy parameterb in the 2p photoelectron angular distri
bution. This is done here by rotating the polarization axis
the ionizing synchrotron radiation which represents a n
and highly accurate way to measure the angular distribu
of photoelectrons@13#. This method enabled us to measu
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en
ra
id

e
t,

s
r-

-

ic

-
-
-

r-
g

to

n-

f
w
n

the core-level photoelectron angular distribution of fr
metal vapors. Only very sparse experimental data on the
rect measurement ofb for atomic 3d transition metals exist
yet. So far only the 3p→3d resonance region for atomic M
@14,15# and Sc@16# have been investigated.

Results for measured and calculatedb parameters for the
2p photoemission of free Mn and Cr atoms and separa
for different multiplet components are presented. Hig
resolution photoelectron spectra are combined with the a
tional information aboutb and pose a surprisingly strong te
to the results ofab initio calculations. With the new data
presented here, we can demonstrate that the single con
ration approximation, which was thought to be sufficient f
the description of the spectra, has to be expanded. A m
complex multiconfiguration calculation has to be applied.

In the following, we will first introduce the experimenta
setup and calculation methods used, then we will presenb
independent photoelectron spectra and discuss the 2p mul-
tiplet structure of Mn and Cr. In the main part of this pap
we will discuss the angle-resolved measurements toge
with the results of the calculations, including calculated M
2p dichroism spectra. In the Appendix we analytically deri
a formula for b in the case of a purej j or jK coupling
scheme.

II. THEORY AND EXPERIMENT

For the photoionization of an unpolarized~unoriented!
target by linearly polarized radiation and within the dipo
approximation, the differential cross section is defined
Yang’s @17# theorem:

ds

dV
~u!5

s

4p
@11bP2~cosu!#. ~1!
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Hereu is the angle between the polarization vector of t
ionizing light and the momentum vector of the ejected el
tron, P2(x)5 1

2 (3x221) is the second Legendre polynomia
ands is the angle independent cross section of the inve
gated ionization process. Detection of the photoelectron
angleu of 54.7° ~the so-called magic angle! relative to the
polarization axis of the ionizing radiation results in a spe
trum directly proportional tos, since P2@cos(54.7°)#50.
This is theb independent spectrum.

Determination of the anisotropy parameterb is of great
interest sinceb offers additional information on the photo
ionization process. In contrast to the cross section it a
depends on the sign of the matrix elements and the phas
the outgoing~free-! electron waves. The experimental dete
mination ofb is therefore supplementary to that of the re
tive cross section of the multiplets.

To measure the angular distribution of the photoelectr
we used the ability of the BESSY II UE52-SGM beam line
rotate the polarization axis of the linearly polarized undula
radiation. With this method the angle accuracy is better t
0.2° and the degree of linear polarization is above 96%
any orientation of the polarization plane~see Ref.@13#!. The
photoelectrons have been recorded using a high-resolu
Scienta SES-2002 electron analyzer. Only electrons em
perpendicular to the propagation direction of the synchrot
radiation have been detected. Possible quadrupole effec
the angular distribution are thus eliminated@18–20#.

A detailed description of the experimental setup and
advantages of this high-precision method have been p
lished recently@13#.

Theoretical spectra were calculated both in single c
figuration approximation using the Hartree-Fock~HF! ap-
proximation and in multiconfiguration approach using t
configuration interaction~CI! method to study the influenc
of correlations on the photoelectron spectra. To take into
count the weak configuration interaction with the large nu
ber of high-lying configurations, all Slater integrals we
scaled by 85% of theirab initio values@11#. Note that for the
Mn and Cr 3p photoemission in Ref.@11# a scaling of 80%
has been used, in the case of 2p photoemission the multiple
splitting is better reproduced by a scaling of 85%. For
spin-orbit parameters, theab initio values have been used
Matrix elements were calculated in an intermediate coup
scheme with the standard Slater-Condon superposition
configuration method using theCOWAN Code@21# including
relativistic corrections.

To derive the values ofb from the HF and CI calculations
the following formalism was applied~see Ref.@3# for more
details!. The b parameter can be expressed in terms of
generalized anisotropy parametersbk0kkg

, which describe the

dynamics of the photoionization process. Thek0kkg repre-
sent the rank of the statistical tensors describing the in
atomic state (k0), the combined state of ion1photoelectron
(k), and the state of the ionizing photons (kg). For detail on
the theory of atomic angular distributions see Ref.@22#. The
b parameter is determined by

b52A10

3
b022 ~2!
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b0225
B022

(
Jl j

u^a fJf ,« l j :JuuDuua0J0&u2
. ~3!

The coefficientB022 is given by@22#

B02253Ĵ0 (
JJ8 l l 8 j j 8

~21!J1Jf13/2ĴĴ8 ĵ ĵ 8 l̂ l̂ 8~ l0,l 80u20!

3H j l
1

2

l 8 j 8 2
J H j l J f

J8 j 8 2 J H J0 1 J

J0 1 J8

0 2 2
J

3^a fJf ,« l j :JuuDuua0J0&

3^a fJf ,« l 8 j 8:J8uuDuua0J0&* . ~4!

Here,J0 , a0 (Jf ,a f) characterize the initial~final! state
of the atom~ion!, l, j are the orbital and angular momenta
the photoelectron, and̂a fJf ,« l j :JuuDuua0J0& are the multi-
channel dipole amplitudes. The standard notations for
Clebsch-Gordan coefficients and the Wignern j coefficients
are used andĴ5A2J11.

With these formulas theb parameter can be calculated b
inserting the HF or CI dipole matrix elemen
^a fJf ,« l j :JuuDuua0J0& in Eq. ~4!.

In the Appendix of this paper we present the analyti
calculation ofb which is possible with the assumption of
pure coupling scheme.

III. b INDEPENDENT PHOTOELECTRON SPECTRA

Figure 1 shows theb independent photoelectron spect
of Mn and Cr measured at the magic angle and taken
photon energy of 850 eV and 720 eV, respectively. The sp
tra are proportional to the cross section and do not con
any influence of the angular distribution. Compared to p
viously published spectra we have been able to impr
resolution and statistics considerably by measuring at
third generation synchrotron source BESSY II in Berlin, G
many.

Figure 1 also shows the results of ourab inito HF calcu-
lations including only one valence electron configuratio
3d54s2 for Mn (3d54s for Cr! for both the initial and the
final ionic states. The calculated spectra have been con
luted with Gaussian profiles with 0.8 eV full width at ha
maximum for Mn and 0.7 eV for Cr to account for the life
time broadening and for the experimental resolution, wh
was determined by rare-gas measurements to be 0.5 eV.
ditionally the spectra had to be shifted by 1.8 eV~Mn! and
0.8 eV~Cr! towards lower binding energies to match with th
experimental ones~this holds for all the spectra shown in th
paper!.

As one can easily see there is excellent agreement
tween the experimental spectra and the calculated o
Since the structure of theb independent 2p spectra of Mn
and Cr has been discussed before~see Refs.@3,4#!, we want
7-2



e
or
f
te

ev

i
s
e
Th
th
be

n-
he
fli

Fi
n

nal

the
n

a

re

for
of

an-
n-
t

ec-
of

ite

he
Mn
-

iate

ton
th

V
olar

DETERMINATION OF THE b PARAMETER FOR ATOMIC . . . PHYSICAL REVIEW A 68, 052707 ~2003!
to concentrate here on the main features.
The spectra are each dominated by two groups of lin

The energy separation of these groups is due to the spin-
splitting of the 2p core hole. The Coulomb interactions o
the 2p hole and the 3d valence electrons cause the final-sta
splitting reflected in the multiplet features spread over s
eral eV, instead of a single ‘‘2p1/2’’ and a single ‘‘2p3/2’’ line.
A first approach using a pure coupling scheme~namely, jK
coupling! yields four components in the 2p3/2 multiplet with
angular momentaJf54, 3, 2, and 1 for Mn (Jf59/2, 7/2,
5/2, and 3/2 for Cr! and two components in the 2p1/2 mul-
tiplets withJf53 and 2 for Mn (Jf57/2 and 5/2 for Cr!. The
approximations for this approach are briefly summarized
the Appendix. Recoupling of the 3d valence electrons lead
to additional important features: it gives rise to satellite lin
and changes character and intensities of the main lines.
recoupling can be viewed as the spin flip of one or two of
3d valence electrons. The main lines may now be descri
as a mixture of Hund’s rule ground-state 3d5 6S and spin-flip
3d5 4L, 2L states~the 4s electrons are omitted for clarity!.
The two spin-orbit split groups of satellites with mainly spi
flip 3d5 4L character lie between the multiplets and on t
high binding energy side of the spectra. The double-spin-
3d5 2L states overlap with the 2p1/2 multiplet and are located
at the high binding energies outside the range shown in
1. Recoupling of the 4s shell in Cr complicates the situatio
and gives rise to the characteristic shape of the 2p3/2 multip-

FIG. 1. 2p photoelectron spectra of Mn and Cr taken at pho
energies of 850 eV and 720 eV, respectively The results of
single configuration HF calculations~thin line! are convoluted with
Gaussian profiles of 0.8 eV and 0.7 eV width, respectively.
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let with less fine structure compared to Mn due to additio
lines ~see HF calculation in Fig. 1!. Tables I and III summa-
rize the assignments of the strongest lines according to
single configuration HF calculation. More information ca
be found in Refs.@3,4#.

Tables I and III show that nearly all lines consist of
mixture of the different couplings of the 3d electrons. From
Table III it can be seen that the coupling for Cr is mo
complex than that for Mn, because of the open 4s shell @3#.
The single configuration approximation yields 214 lines
Mn and 417 for Cr, which demonstrates the complexity
the couplings involved even for this approximation.

IV. ANGULAR DISTRIBUTION MEASUREMENTS

A. Manganese

The key element of the method used to measure the
gular distribution is to rotate the polarization axis of the li
early polarized ionizing light with high accuracy whils
keeping the detector position fixed in space.

The bottom part of Fig. 2 shows the Mn 2p photoemis-
sion spectra taken for two different angles between sp
trometer and polarization axis. One can see the variation
intensity as a function of the angle. This variation is qu
uniform for the whole spectrum. 2p photoemission spectra
for Mn and Cr were taken for four different angles each. T
upper part of Fig. 2 shows the intensity of the strongest
line ~at 650.06-eV binding energy! at these four angles to
gether with a fitted angular distribution curve@Eq. ~1!#.

For each angle the spectra were fitted with an appropr
number of Voigt profiles. Four~five! profiles were assumed
to mainly contribute to the 2p3/2 multiplet of Mn ~Cr!, two
profiles to the satellites, and two to the 2p1/2 multiplet. Only

e

FIG. 2. Bottom: 2p photoelectron spectrum of Mn at 850 e
photon energy, measured for the angles 85° and 145°. Top: p
plot of the intensity of the strongest Mn photoemission line~at
650.06 eV binding energy!, for four different angles.
7-3
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TABLE I. Results of the single configuration HF calculation for Mn at a photon energy of 850 eV. Note that due to the small s
of some of the calculated lines in this table, not all of them could be resolved in the experimental spectra~especially in the satellites!,
therefore only the experimental values forb for the stronger lines are given. This holds for all the tables in this paper. The total an
momentum of the ionJf , the total angular momentum of the 2p core-holej, and the contribution of the strongestLS coupling term of the
3d valence electrons~in %! according to the HF calculations are given for assignment.

Experiment HF calculation Assignment
Energy~eV! Intensity b Energy~eV! Intensity b Jf j 3d5 %

649.90 100 1.0560.09 650.06 100.0 1.31 4 3/2 6S 100
651.32 80 1.0060.12 651.34 74.0 1.07 3 3/2 6S 91
652.34 46 1.0060.09 652.32 45.5 1.24 2 3/2 6S 77
653.09 18 1.0060.09 652.98 21.9 1.31 1 3/2 6S 64
656.20 35 1.0160.17 655–657.2 23.2 1.17 3/2 4L
657.7 9 1.0160.17 657.2–658.7 9.3 1.31 3/2 4L

662.11 10.9 1.24 2 3/2 2G 28
662.31 59 1.1360.12 662.29 34.4 1.22 2 1/2 6S 55
663.65 70 1.1960.10 663.52 60.7 1.28 3 1/2 6S 71

664.30 4.4 1.29 3 3/2 2P 71
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the area of the profiles was varied between the fits for dif
ent angles, the positions and widths were kept constan
this way the intensity variation of each line under rotation
the polarization direction was determined. These experim
tal values were fitted with the angular distribution@Eq. ~1!#
with s and b as free parameters. Thus multiplet resolv
values forb could be derived, as shown in Tables I–IV, a
are compared with the ones derived from our HF calcu
tions.

The results of the HF calculation for Mn considering on
a single 3d54s2 configuration are listed in Table I togethe
with the experimental values forb. The experimental value
are, within the error bars, constant over the whole multip
a fact that could already be seen from Fig. 2 where no
nificant changes in relative intensities of different multip
components could be observed. The calculated values d
from experiment in two respects: they are larger than
experimental ones and they are significantly different for d
ferent multiplet components. The former discrepancy can
explained by a deviation between the calculated and
phase shift between the outgoing waves. The calculation
livers a single value of this shift for all lines of the multiple
therefore a deviation will lead to a general mismatch for
lines of the multiplet. Such a deviation of the phase shift c
easily be explained by imperfect modeling of the poten
seen by the 2p electrons within the calculations.

Far more important is the fact that the calculated val
are not constant over the multiplet in contrast to the m
sured ones. We will now look into this in more detail.

To have a better visual comparison between experim
and calculation Fig. 3 shows the spectra of the 2p3/2 multip-
let measured under an angle of 85° and 145°~left panel!.
The spectra are scaled so that the strongest lines (J54)
match in intensity. This way the deviation from a uniformb
value for these lines should be easily discernible~i.e., since
the curves are nearly identical, the value ofb for all lines is
almost the same!. Doing the same for the single configur
tion HF calculations@middle panel, using the calculate
cross sections andb values inserted in Eq.~1!# results in two
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curves that show a significant deviation in the second str
gest line~accordingly see the calculatedb parameter for line
at 651.34 eV in Table I!.

To further investigate the reason for this discrepancy,
expanded our single configuration HF calculations and ad
tionally included the valence configurations 3d6 4s and 3d7

for the ionic states. The result can be seen in the right pa
of Fig. 3. It is a big improvement over the single configur
tion calculation. In Table II the results of the multiconfigu
ration calculation for Mn are listed. The calculated values
b are now quite uniform across the multiplet, like the expe
mental ones. Still the calculated values are slightly lar
than the experimental results. Among the strongest lines
new lines appear at 652.34 eV and 663.64 eV binding ene
which have a main contribution of 3d7 and 3d6, respec-
tively. Though only very few lines in Table II are affected b

FIG. 3. Comparison of the single and the multiconfigurati
calculations with the experimental results for Mn. The spectra of
2p3/2 multiplet measured under the angles of 85° and 145°
scaled to the most intense line, the same is done with the calcu
results~see text!, the bar graphs shown correspond to an angle
145°.
7-4
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TABLE II. Results of the multiconfiguration CI calculation~including 3d5, 3d6, and 3d7) for Mn at a photon energy of 850 eV.

HF calculation Experimental Assignment
Energy~eV! Intensity b b Jf 3d5 3d6 3d7

650.08 100.0 1.25 1.0560.09 4 >98%
651.34 74.4 1.30 1.0060.12 3 >98%
652.34 10.6 1.19 1.0060.09 2 27% 17% 56%
652.36 33.9 1.16 1.0060.09 2 86% 4% 10%
653.00 21.6 1.30 1.0060.09 1 98% 2%
656-657.2 23.5 1.05 1.0160.17 99% 1%
657.2-658.7 10.0 1.30 1.0160.17 >98%
662.12 11.7 1.00 2 98% 2%
662.30 33.3 1.24 1.1360.12 2 97% 3%
663.51 53.1 1.21 1.1960.10 3 91% 9%
663.64 6.7 1.27 3 10% 90%
664.32 3.4 1.20 3 84% 16%
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an admixture of additional configurations by more than a f
percent, theb parameter changes for all of them. Note
particular the improvement for the second main line
651.34 eV~Table II and Fig. 3!. This shows that the interac
tion with the 3d6 and 3d7 configurations is essential for th
description of the photoionization process.

In the Appendix of this paper we calculate analytically t
formula for b for the simplified case of a pure couplin
scheme, a single configuration, and a frozen valence s
The result@Eq. ~A4!# is independent of the final ionic stat
~i.e., independent ofJf) and thusb is the same for all lines
of the multiplet within the approximations. It is obvious th
the assumption of a pure coupling scheme is not valid for
description of the 2p photoionization of atomic Mn and Cr
Nevertheless upon first sight the uniformity of the expe
mentalb values seem to comply with the analytical formu
But the assumption of a pure coupling scheme can only s
as a zero-order approximation of the actual 2p photoioniza-
tion, since it fails to describe many features, regarding
multiplet structure and the dichroism, seen in the experim
For the necessary intermediate coupling scheme the ana
cal formulation ofb is not possible and Eq.~4! has to be
solved numerically.

From our HF and CI calculations we can not only deri
the b independent cross section andb but also LAD and
LMDAD spectra. Likeb the LAD and LMDAD depend on
the generalized anisotropy parametersbk0kkg

. Neglecting

higher-order effects the LMDAD is determined byb122,
whereas the LAD is determined byb220, b202, b222, and
b242. This is described in detail in Refs.@2,3#.

We now want to compare theb independent cross sectio
and the dichroism for the two calculations~HF and CI!. Fig-
ure 4 shows that the calculatedb independent Mn 2p pho-
toelectron spectrum does not change noticeably going f
the single configuration to the multiconfiguration calcu
tions. Though the number of resulting states increases f
214 to 684, the convoluted spectrum still looks the sam
This is an important finding, since it demonstrates that on
basis of the cross section alone the quality of the HF ca
lation results cannot be judged. Even the dichroism~LAD
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and LMDAD! is not sensitive enough to do this as the fo
lowing discussion will show. In contrast to Cr, there are
experimental investigations on the dichroism of free, pol
ized Mn atoms available yet.

The dichroism of the single configuration and th
multi configuration calculations are both shown. Though
dividual calculated lines show a change in the order of t
seen inb between the two calculations, the effect in th

FIG. 4. Calculatedb independent cross section, LAD, and LM
DAD spectra for Mn at 850 eV photon energy. Shown are the
sults both from the single configuration and the multiconfigurat
calculation. For the multiconfiguration calculation results a b
graph is shown. For the cross section~top panel! the two curves are
indistinguishable.
7-5
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TABLE III. Results of the single configuration HF calculation for Cr at a photon energy of 720 eV. For the description see cap
Table I.

Experiment HF calculation Assignment
Energy~eV! Intensity b Energy~eV! Intensity b Jf j 3d5 3d54s %

578.71 100 1.0460.10 578.72 100.0 1.23 9/2 3/2 6S 7S 100
579.66 55 1.0960.10 579.59 53.5 1.09 7/2 3/2 6S 7S 66
580.15 23 1.0960.10 580.08 23.2 1.13 7/2 3/2 6S 5S 67
580.55 44 1.0860.10 580.50 43.2 0.79 5/2 3/2 6S 7S 69

581.09 7.9 1.21 5/2 3/2 6S 5S 72
581.27 42 1.0260.10 581.18 27.0 1.25 3/2 3/2 6S 7S 67
583.85 32 1.0560.12 582.8–584.8 22.4 1.20 3/2 4L
585.35 21 1.0560.12 584.8–586.5 11.5 1.24 3/2 4L
587.86 27 1.0560.10 587.76 4.2 1.16 5/2 3/2 2S 25
588.92 42 1.0560.10 588.62–588.86 28.3 1.13 5/2 3/2 2L

589.06 17.9 1.11 5/2 1/2 6S 7S 26
589.26 4.4 1.17 7/2 3/2 2F 19
589.94 15.16 1.21 7/2 3/2 2G 25

590.00 88 1.0560.10 590.01 47.9 1.19 7/2 1/2 6S 7S 55
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convoluted spectra is only very small. This is due to t
nature of the dichroism where the sign changes hide
changes in the intensity of a single line. The resulting diff
ence in the dichroism for the two calculations is too smal
be discerned by present experiments. That means that o
basis of the cross section and the dichroism both calculat
yield spectra that are almost indistinguishable.

It is interesting to note that the calculated LAD in Mn 2p
photoionization shows a large intensity for the 2p1/2 multip-
let ~Fig. 4! comparable to the case for Cr 2p @3#. This is a
direct consequence of the mixing of 2p1/2 and 2p3/2 core-
hole states in the high binding-energy multiplet due to
near degeneracy of Hunds’ rule ground-state 2p1/2 3d5 6S
and double-spin-flip 2p3/2 3d5 2L levels in the corresponding
binding-energy region@3#.

As it turns out, theb parameter is not simply an add
tional tool to test state-of-the-artab initio calculations but a
very powerful one, showing deviations that cannot be s
otherwise.

B. Chromium

Now looking at Cr we will see that the situation is simila
Figure 1 displays theb independent Cr 2p photoemission
spectrum together with the results of a single configurat
calculation including only states with 3d5.

In the same manner as for Mn, also for Cr theb param-
eter has been determined. These results are shown tog
with the results of the single configuration calculation
Table III.

The results resemble very much that for Mn, the measu
values forb are uniform across the whole spectrum, where
the calculated ones are not as uniform and also gene
slightly too large. To our belief, the overestimation ofb by
the calculation in this case can also be attributed to an
proximation in the calculation method used. The genera
accepted way to account for the weak configuration inter
tion with the large number of high-lying configurations is
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scale the Slater integrals to 85% of theirab inito values, this
yields good results for the dipole matrix elements. As me
tioned above, the phase difference is very sensitive to
atomic potential and therefore to an incomplete modeling
it. To investigate this, we performed a CI calculation for M
were the Slater integrals have been scaled to 90%. It resu
as expected, in a slightly larger multiplet splitting which do
not match as well as the experimental data. But the rem
able finding is that the different scaling does not change
derived values forb. This means that the scaling has only
very small effect onb and that the only way to model th
atomic potential more accurately in terms of the angular d
tribution is to include the high-lying configurations, which
yet impossible due to the large number of configurations t
would have to be considered.

FIG. 5. Comparison of the single configuration and the mu
configuration calculations with the experimental results for Cr. T
spectra of the 2p3/2 multiplet measured under the angles of 85° a
145° are scaled to the biggest line, the same is done with the
culated results~see text!, the bar graphs shown correspond to
angle of 145°.
7-6
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TABLE IV. Results of the multiconfiguration CI calculation~including 3d4, 3d5, and 3d6) for Cr at a photon energy of 720 eV.

HF calculation Experimental Assignment
Energy~eV! Intensity b b Jf 3d4 3d5 3d6

578.77 100.0 1.23 1.0460.10 9/2 >98%
579.64 52.8 0.94 1.0960.10 7/2 >98%
580.12 24.1 1.23 1.0960.10 7/2 >98%
580.53 42.5 1.12 1.0860.10 5/2 >98%
581.13 8.7 1.21 5/2 >98%
581.18 25.2 1.24 1.0260.10 3/2 >98%
582.82584.8 22.1 1.22 1.0560.12 >98%
584.82586.5 11.5 1.24 1.0560.12 >98%
587.80 3.5 1.16 1.0560.10 5/2 >98%
588.672588.91 26.3 1.10 1.0560.10 5/2 6% 94%
589.08 6.4 1.13 5/2 40% 55% 5%
589.11 11.6 1.19 5/2 40% 60%
589.31 4.5 0.98 7/2 >98%
589.97 10.1 1.07 7/2 >98%
590.05 51.5 1.22 1.0560.10 7/2 >98%
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In Fig. 5 the experimental and calculated spectra of
2p3/2 multiplet measured under an angle of 85° and 145°
shown~analogous to Fig. 3!. The middle panel visualizes th
nonuniformity of the calculated values forb which differs
very much from the experimental results~left panel!.

In contrast to Mn, investigations on the dichroism of fr
polarized Cr atoms@2,3# already exist. The experimentall
seen dichroism~LAD as well as LMDAD! could very well
be reproduced by the single configuration HF calculat
only including 3d5. But obviously, this single configuratio
fails in the description of theb parameter.

Also for Cr we carried out multiconfiguration calculation
including 3d44s2, 3d54s, and 3d6, the results are listed in
Table IV. Similar to Mn the calculatedb independent cross
section, the LAD, and the LMDAD for the single configur
tion and multiconfiguration calculations do not significan
deviate from each other~not shown!. Although the expansion
of the included configurations does not lead to any additio
lines within the 2p3/2 multiplet, the values forb change quite
remarkably, see lines at 579.6 eV and 580.5 eV in Tables
and IV. It underlines that even though these configurati
are hardly admixed~see Table IV!, they have a strong effec
on the photoionization process. The results of this expan
calculation is visualized in the right panel of Fig. 5. It can
seen that the values ofb change, however the agreeme
with the measurements is still not perfect.

Cr has in its ground state a 4s hole, whereas the 4s shell
of Mn is filled. This results in a more complex couplin
situation in the case of Cr. It is clear that there are s
configurations missing in the calculation. In the case of
also CI with the 4p should be considered. Unfortunately th
inclusion of these configurations leads to too many state
be handled by the computing power available today~note:
the calculations presented in this paper where done on s
of-the-art parallel computing clusters and still one calcu
tion took more than a week to be computed!.
05270
e
e

n

al

II
s

ed

t

ll
r

to

te-
-

Like for Mn also for Cr it is theb parameter that pose
the strongest test to the results of the ab-inito calculation
clearly shows the influences of CI effects that cannot be
vealed by measuring a different physical quantity.

V. CONCLUSION

A different experimental approach enabled us to meas
the asymmetry parameterb for the 2p photoemission of Mn
and Cr with high precision and multiplet resolved. As a res
it could be shown that for Mn and Cr the values forb are
uniform over the whole multiplet and also that they are sim
lar for both elements.

The single configuration approximation calculation
which up till now have been sufficient to describe the cro
section and the dichroism of free Mn and Cr atoms, fail
reproduce the values forb. Additional configurations had to
be included. This means that multiplet splitting and valen
shell recoupling determine the shape of the photoelec
and dichroism spectra while the dynamics of the 2p photo-
ionization process is very sensitive to configuration inter
tion. In the case of Cr the remaining discrepancies still c
for a further expansion of the calculations. Though Mn a
Cr are similar in their electronic configuration, the opens
shell of Cr causes a far more complex situation with reg
to the number of states that have to be included for an
equate theoretical description.

APPENDIX: ANALYTICAL CALCULATION
OF b WITHIN THE j j AND jK
COUPLING APPROXIMATION

The dipole amplitudes in Eq.~4! can be reduced and Eqs
~2!–~4! can be considerably simplified within an approxim
tion of pure coupling schemes. The comparison of these s
plified models with intermediate coupling HF calculatio
allows for systematic investigation of the influence of diffe
7-7



x

f
g
n

d
e

e
he

o
th

va

c
te

o-
r

lec-

by
at

f

oth

GODEHUSENet al. PHYSICAL REVIEW A 68, 052707 ~2003!
ent factors on the photoelectron angular distribution. E
amples for such analyses have been presented forLSJ cou-
pling in Ref.@23# and for j j and jK coupling in Ref.@3#. The
latter study can be used here to derive theb parameter forj j
and jK coupling. These coupling schemes are appropriate
core-level photoionization where the spin-orbit splittin
dominates and it can be assumed that the core hole ca
well described by the total angular momentumj 05 l 061/2.
For 2p photoionization of 3d metal atoms it can be assume
in a first approximation that initial and final states are d
scribed by only one electron configuration~single configura-
tion approximation! and that all quantum numbers of th
valence shells are identical in the initial atom and in t
photoion~frozen valence shells!. With this and in the limit-
ing case when the second strongest interactions, the c
valence Coulomb interactions, are much stronger than
spin-orbit interactions of the valence electronsjK coupling
can be applied. The core-hole angular momentumj 0 can then
first be coupled to the orbital angular momentum of the
lence electrons,L0, resulting in the angular momentumK f
which then can be coupled to the total spin of the valen
shellsS0, to the total angular momentum of the final sta
Jf . For the 2p photoionization of Mn~Cr! with L050 this
results inJf54, 3, 2, and 1 (Jf59/2, 7/2, 5/2, and 3/2! for
the 2p3/2 multiplet andJf53 and 2 (Jf57/2 and 5/2! for the
2p1/2 multiplets.

Within the approximations of a single configuration, a fr
zen valence shell, and a pure coupling, one derives foj j
coupling @3#
05270
-
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,

^a fJf ,« l j :JuuDuua0J0&5 ĴĴf~21!J1 j 01Jf11H J0 j 0 Jf

j J 1 J
3^« l j uuduu j 0& ~A1!

and in the case ofjK coupling @3#

^a fJf ,« l j :JuuDuua0J0&5 ĴK̂ f Ĵ0Ĵf~21!2J01L01S01J21

3H j 0 L0 K f

S0 Jf J0
J H J0 j 0 Jf

j J 1 J
3^« l j uuduu j 0&. ~A2!

The reduced matrix elements^« l j uuduu j 0& contain the one-
electron wave functions of the core hole and the photoe
tron only.

The dipole matrix elements can be reduced further
introducing a nonrelativistic approximation, assuming th
the one-electron wave functions of the core hole (l 0 j 0) and
of the photoelectron (« l j ) are independent of the values o
the angular momentaj 0 and j @3#:

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

2

l j 1
J ^« l uuduu l 0&.

~A3!

Using Eqs.~2!–~4! the angular distribution parameterb
of the photoelectrons can be calculated analytically for b
pure coupling schemes (j j and jK coupling!:
b5
~ l 012!d1d1* 1~ l 021!d2d2* 23Al 0~ l 011!~d1d2* 1d2d1* !

~2l 011!@d1d1* 1d2d2* #
~A4!

with d65^«( l 061)uuduu l 0&. Now we introduce the radial integralsRl 061>0 and the phase shiftsD l 061 which are related to

d6 by

d15Al 011Rl 011eiD l 011, d252Al 0Rl 021eiD l 021,

D l 0615s l 0611d l 0612
~ l 061!p

2
. ~A5!

D l 061 contain the phase shifts due to the long-range Coulomb potentials l 061, to the short-range atomic potentiald l 061 and

the centrifugal potential (l 061)p/2, see Ref.@24#.
Inserting Eq.~A5! in Eq. ~A4! yields

b5
~ l 011!~ l 012!Rl 011

2 1 l 0~ l 021!Rl 021
2 26l 0~ l 011!Rl 011Rl 021 cos~s l 0112s l 0211d l 0112d l 021!

~2l 011!@~ l 011!Rl 011
2 1 l 0Rl 021

2 #
. ~A6!

Note that onlys l 061 andd l 061 are contained in Eq. A6, the additional phase shift ofp ~from the definition ofD l 061) is

compensated by a sign change of the cos term. Equation A6 is the well-known Cooper-Zare formula~see, e.g., Refs.@24,25#!,
which was known to be valid in central potential approximation or more generally inLS coupling for atoms havingL050. We
have shown here that this formula is also valid, within the given approximation, for purej j or jK coupling for arbitrary values
of L0.
7-8
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