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We have determined the anisotropy paramgtdor the electron angular distribution in direcp 2hotoion-
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 valuesgforould be derived with high
precision and separately for the different multiplet components. Combination of the experimental results with
Hartree-Fock based single configuration and multiconfiguratmmitio calculations gives new insight into the
atomic 3-metal 2 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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[. INTRODUCTION the core-level photoelectron angular distribution of free
metal vapors. Only very sparse experimental data on the di-
In the past few years substantial improvements have begt@ct measurement ¢8 for atomic 3 transition metals exist
made in the theoretical calculation of photoemission spectrget. So far only the — 3d resonance region for atomic Mn
of 3d transition metals, both in the gas phase and the solifi14,159 and Sc[16] have been investigated.
phase, and also for transition-metal compousise Refs. Results for measured and calculagggarameters for the
[1-10] and references thergin 2p photoemission of free Mn and Cr atoms and separately

This has led to new insights into the electronic structurefor different multiplet components are presented. High-
of these technologically relevant elements. In this contextresolution photoelectron spectra are combined with the addi-

the analysis of electron spectroscopy data from fréergetal ~ UOnal information aboup and pose a surprisingly strong test
atoms with the aid ofab initio calculations also leads to © the results ofab initio calculations. With the new data

valuable information on condensed-matter systésas, e.g. prgsented her €, we can _demonstrate that the singlle. configu-
Refs.[1,2]) ' ' ration approximation, which was thought to be sufficient for

In the past the B and 2p photoelectron spectra of free Cr the description of the spectra, has to be expanded. A more

d Mn at h b ful vzed both in t complex multiconfiguration calculation has to be applied.
and Vin atoms nave been successiully analyzed both In terms |, ¢ following, we will first introduce the experimental

of multiplet splittings and relative cross sections. For Iaser—Setup and calculation methods used, then we will pregent
polarized Cr atoms the dichroism ip3and 2 photoemis-  j,qenendent photoelectron spectra and discuss then@i-
sion gave additional insight into the dynamics of the photojpjet structure of Mn and Cr. In the main part of this paper
ionization process[2-5,11. Linear alignment dichroism e will discuss the angle-resolved measurements together
(LAD) as measured with aligned atoms and linear magnetigjith the results of the calculations, including calculated Mn
dichroism in the angular distributio MDAD ) for oriented  2p dichroism spectra. In the Appendix we analytically derive
atoms both measured with linearly polarized ionizing radias formula for 8 in the case of a purgj or jK coupling
tion [2,3,11] give access to the phases of the outgoing freescheme.
electron waves and thus in principle allow for complete ex-
perimentg12].

Corresponding dichroism measurements on laser- Il. THEORY AND EXPERIMENT
polarized Mn atoms are hampered to date due to missing o ) ]
efficient optical pumping schemes. We therefore chose to FOr the photoionization of an unpolarizednoriented
investigate the dynamics of the Mrp2photoionization pro-  target by linearly polarized radiation and within the dipole
cess using a different approach, namely, by studying the arfgPProximation, the differential cross section is defined by
isotropy parameteg in the 2p photoelectron angular distri- Yang's[17] theorem:
bution. This is done here by rotating the polarization axis of
the ionizing synchrotron radiation which represents a new d
and highly accurate way to measure the angular distribution o _ 9
of photoelectron$13]. This method enabled us to measure dQ(a)_ 477[1+EP2(C050)]' @
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Here 6 is the angle between the polarization vector of thewith

ionizing light and the momentum vector of the ejected elec-
tron, P,(x) = 3(3x?—1) is the second Legendre polynomial,
and o is the angle independent cross section of the investi-
gated ionization process. Detection of the photoelectrons at
angle 6 of 54.7° (the so-called magic angleelative to the
polarization axis of the ionizing radiation results in a spec-
trum directly proportional too, since P,[cos(54.7°)=0.
This is theB independent spectrum.

Determination of the anisotropy paramejeris of great
interest sinceB offers additional information on the photo-
ionization process. In contrast to the cross section it also
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depends on the sign of the matrix elements and the phases of
the outgoing(free) electron waves. The experimental deter-
mination of 8 is therefore supplementary to that of the rela- "
tive cross section of the multiplets. ,
To measure the angular distribution of the photoelectrons X(ardy,elj:J[|Dllacdo)
X(ads,el"j":3'||D]|agdo)* . 4)

N

we used the ability of the BESSY Il UE52-SGM beam line to
rotate the polarization axis of the linearly polarized undulator
radiation. With this method the angle accuracy is better than Here,J,, aq (J;,a;) characterize the initialfinal) state
0.2° and the degree of linear polarization is above 96% fobf the atom(ion), I, j are the orbital and angular momenta of
any orientation of the polarization platgee Ref[13]). The  the photoelectron, angvJ;,&lj:J||D]|apdo) are the multi-
photoelectrons have been recorded using a high-resolutiothannel dipole amplitudes. The standard notations for the
Scienta SES-2002 electron analyzer. Only electrons emittedlebsch-Gordan coefficients and the Wigmgrcoefficients
perpendicular to the propagation direction of the synchrotron,.e ,sed and= J23+1.

radiation have been detected. Possible quadrupole effects in \ysih these formulas th@ parameter can be calculated by
the angular distribution are thus eliminatgd—20. inserting the HF or CI dipole matrix elements

A detailed description of the experimental setup and thezaf\]f elj:3||D||agdo) in Eq. (4).
advantages of this high-precision method have been pub ;
lished recenthyf13].

Theoretical spectra were calculated both in single con
figuration approximation using the Hartree-Fo@kF) ap-
proximation and in multiconfiguration approach using the
configuration interactioCl) method to study the influence

of correlations on the photoelectron spectra. To take into ac- Figure 1 shows thes independent photoelectron spectra

count the weak configuration interaction with the large num-of Mn and Cr measured at the magic angle and taken at a
ber of high-lying configurations, all Slater integrals were photon energy of 850 eV and 720 eV, respectively. The spec-
scaled by 85% of theib initio values[11]. Note that for the  ra are proportional to the cross section and do not contain
Mn and Cr 3 photoemission in Ref.11] a scaling of 80%  any influence of the angular distribution. Compared to pre-
has been used, in the case @f ghotoemission the multiplet viously published spectra we have been able to improve
splitting is better reproduced by a scaling of 85%. For theresolution and statistics considerably by measuring at the

spin-orbit parameters, theb initio values have been used. third generation synchrotron source BESSY Il in Berlin, Ger-
Matrix elements were calculated in an intermediate couplingnany.

scheme with the standard Slater-Condon superposition of Figure 1 also shows the results of aly inito HF calcu-

configuration method using theowaN Code[21] including  Jations including only one valence electron configuration:
relativistic corrections. 3d°4s? for Mn (3d®4s for Cr) for both the initial and the
To derive the values g8 from the HF and Cl calculations  final jonic states. The calculated spectra have been convo-
the following formalism was applietsee Ref[3] for more  |yted with Gaussian profiles with 0.8 eV full width at half
detaily. The 8 parameter can be expressed in terms of thenaximum for Mn and 0.7 eV for Cr to account for the life-
generalized anisotropy paramet@igy , which describe the  time broadening and for the experimental resolution, which
dynamics of the photoionization process. Tikk, repre-  was determined by rare-gas measurements to be 0.5 eV. Ad-
sent the rank of the statistical tensors describing the initiatlitionally the spectra had to be shifted by 1.8 @¥n) and
atomic state K;), the combined state of iarphotoelectron 0.8 eV(Cr) towards lower binding energies to match with the
(k), and the state of the ionizing photors,f. For detail on  experimental oneghis holds for all the spectra shown in this
the theory of atomic angular distributions see R2P]. The  papeiy.
B parameter is determined by As one can easily see there is excellent agreement be-
tween the experimental spectra and the calculated ones.
_ \F) Since the structure of thg independent @ spectra of Mn
B=—\ 3 Bozz v
052707-2

" In the Appendix of this paper we present the analytical
calculation of 8 which is possible with the assumption of a
pure coupling scheme.

Ill. B INDEPENDENT PHOTOELECTRON SPECTRA

and Cr has been discussed beftsee Refs[3,4]), we want
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let with less fine structure compared to Mn due to additional
FIG. 1. 2p photoelectron spectra of Mn and Cr taken at photonlines (see HF calculation in Fig.)1Tables | and Ill summa-
energies of 850 eV and 720 eV, respectively The results of theize the assignments of the strongest lines according to the
single configuration HF calculatiorighin line) are convoluted with  single configuration HF calculation. More information can

Gaussian profiles of 0.8 eV and 0.7 eV width, respectively. be found in Refs[3,4].
Tables | and Il show that nearly all lines consist of a
to concentrate here on the main features. mixture of the different couplings of thed3electrons. From

The spectra are each dominated by two groups of linesTable 1l it can be seen that the coupling for Cr is more
The energy separation of these groups is due to the spin-oriPmplex than that for Mn, because of the openshell [3].
splitting of the 2 core hole. The Coulomb interactions of The single conflguratlon approximation yields 214 Ilne_s for
the 2p hole and the @ valence electrons cause the final-stateMn and 417 for Cr, which demonstrates the complexity of
splitting reflected in the multiplet features spread over sevin€ couplings involved even for this approximation.
eral eV, instead of a single ‘12,,,” and a single “2p3,” line.

A first approach using a pure coupling schemamely,jK IV. ANGULAR DISTRIBUTION MEASUREMENTS

coupling yields four components in thep3,, multiplet with

angular momentd;=4, 3, 2, and 1 for Mn §;=9/2, 7/2, A. Manganese

5/2, and 3/2 for Orand two components in thep2, mul- The key element of the method used to measure the an-

tiplets withJ¢=3 and 2 for Mn (;=7/2 and 5/2 for Cr. The  gular distribution is to rotate the polarization axis of the lin-
approximations for this approach are briefly summarized irearly polarized ionizing light with high accuracy whilst
the Appendix. Recoupling of thed3valence electrons leads keeping the detector position fixed in space.

to additional important features: it gives rise to satellite lines The bottom part of Fig. 2 shows the Mrp2hotoemis-
and changes character and intensities of the main lines. Thison spectra taken for two different angles between spec-
recoupling can be viewed as the spin flip of one or two of thetrometer and polarization axis. One can see the variation of
3d valence electrons. The main lines may now be describethtensity as a function of the angle. This variation is quite
as a mixture of Hund’s rule ground-statd*®S and spin-flip  uniform for the whole spectrum.2photoemission spectra
3d°4L, °L states(the 4s electrons are omitted for clarity  for Mn and Cr were taken for four different angles each. The
The two spin-orbit split groups of satellites with mainly spin- upper part of Fig. 2 shows the intensity of the strongest Mn
flip 3d°“L character lie between the multiplets and on theline (at 650.06-eV binding energyat these four angles to-
high binding energy side of the spectra. The double-spin-fligether with a fitted angular distribution cur{€q. (1)].

3d° 2L states overlap with thef®,, multiplet and are located For each angle the spectra were fitted with an appropriate
at the high binding energies outside the range shown in Figaumber of Voigt profiles. Fou(five) profiles were assumed

1. Recoupling of the g shell in Cr complicates the situation to mainly contribute to the 2;,, multiplet of Mn (Cr), two

and gives rise to the characteristic shape of thg-2nultip-  profiles to the satellites, and two to the2 multiplet. Only
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TABLE |. Results of the single configuration HF calculation for Mn at a photon energy of 850 eV. Note that due to the small splitting
of some of the calculated lines in this table, not all of them could be resolved in the experimental sgmpti@ally in the satellitgs
therefore only the experimental values f@rfor the stronger lines are given. This holds for all the tables in this paper. The total angular
momentum of the iold;, the total angular momentum of thep Zore-holej, and the contribution of the strongds$ coupling term of the
3d valence electronéin %) according to the HF calculations are given for assignment.

Experiment HF calculation Assignment
Energy(eV) Intensity B Energy(eV) Intensity B J j 3d°® %
649.90 100 1.050.09 650.06 100.0 131 4 3/2 6s 100
651.32 80 1.08:0.12 651.34 74.0 1.07 3 3/2 6s 91
652.34 46 1.06:0.09 652.32 455 1.24 2 3/2 6s 77
653.09 18 1.06:0.09 652.98 21.9 131 1 3/2 es 64
656.20 35 1.0+0.17 655-657.2 23.2 1.17 32 L
657.7 9 1.0%+0.17 657.2—658.7 9.3 1.31 32 4L
662.11 10.9 1.24 2 3/2 2G 28
662.31 59 1.130.12 662.29 34.4 1.22 2 1/2 6s 55
663.65 70 1.120.10 663.52 60.7 1.28 3 1/2 6s 71
664.30 44 1.29 3 3/2 2p 71

the area of the profiles was varied between the fits for differcurves that show a significant deviation in the second stron-
ent angles, the positions and widths were kept constant. Igest line(accordingly see the calculatgdparameter for line
this way the intensity variation of each line under rotation ofat 651.34 eV in Table)l

the polarization direction was determined. These experimen- To further investigate the reason for this discrepancy, we
tal values were fitted with the angular distributifq. (1)]  expanded our single configuration HF calculations and addi-
with o and 8 as free parameters. Thus multiplet resolvedtionally included the valence configurationd®34s and &’
values forB could be derived, as shown in Tables -1V, and for the ionic states. The result can be seen in the right panel
are compared with the ones derived from our HF calculaof Fig. 3. It is a big improvement over the single configura-
tions. tion calculation. In Table Il the results of the multiconfigu-

The results of the HF calculation for Mn considering only ration calculation for Mn are listed. The calculated values for
a single 31°4s? configuration are listed in Table | together B are now quite uniform across the multiplet, like the experi-
with the experimental values f@. The experimental values mental ones. Still the calculated values are slightly larger
are, within the error bars, constant over the whole multipletthan the experimental results. Among the strongest lines two
a fact that could already be seen from Fig. 2 where no signew lines appear at 652.34 eV and 663.64 eV binding energy
nificant changes in relative intensities of different multiplet which have a main contribution ofd3 and 3%, respec-
components could be observed. The calculated values difféively. Though only very few lines in Table Il are affected by
from experiment in two respects: they are larger than the
experimental ones and they are significantly different for dif- experiment calculation d’ calculation
ferent multiplet components. The former discrepancy can be | 450 d’+d*+d’
explained by a deviation between the calculated and real
phase shift between the outgoing waves. The calculation de-
livers a single value of this shift for all lines of the multiplet,
therefore a deviation will lead to a general mismatch for all
lines of the multiplet. Such a deviation of the phase shift can
easily be explained by imperfect modeling of the potential
seen by the @ electrons within the calculations.

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

To have a better visual comparison between experiment
and calculation Fig. 3 shows the spectra of thg,2Zmultip-
let measured under an angle of 85° and 14lgft pane).

The spectra are scaled so that the strongest lides4

match in intensity. This way the deviation from a unifogn FIG. 3. Comparison of the single and the multiconfiguration
value for these lines should be easily discernile., since  cajculations with the experimental results for Mn. The spectra of the
the curves are nearly identical, the valueffor all lines is  2p,, multiplet measured under the angles of 85° and 145° are
almost the same Doing the same for the single configura- scaled to the most intense line, the same is done with the calculated
tion HF calculations[middle panel, using the calculated results(see text, the bar graphs shown correspond to an angle of
cross sections and values inserted in Eq1)] results in two  145°.

signal (arb. units)

T T T T T T |I T T T T T T T T T T T T
654 652 650 648 654 652 630 648 654 652 650 648
binding energy [eV]
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TABLE Il. Results of the multiconfiguration Cl calculatigincluding 3d°, 3d®, and 37) for Mn at a photon energy of 850 eV.

HF calculation Experimental Assignment
Energy(eV) Intensity B B Js 3d°® 3d° 3d’
650.08 100.0 1.25 1.650.09 4 =98%
651.34 74.4 1.30 1.000.12 3 =98%
652.34 10.6 1.19 1.060.09 2 27% 17% 56%
652.36 33.9 1.16 1.060.09 2 86% 4% 10%
653.00 21.6 1.30 1.000.09 1 98% 2%
656-657.2 235 1.05 1.610.17 99% 1%
657.2-658.7 10.0 1.30 1.6810.17 =98%
662.12 11.7 1.00 2 98% 2%
662.30 33.3 1.24 1.180.12 2 97% 3%
663.51 53.1 1.21 1.190.10 3 91% 9%
663.64 6.7 1.27 3 10% 90%
664.32 34 1.20 3 84% 16%

an admixture of additional configurations by more than a fewand LMDAD) is not sensitive enough to do this as the fol-
percent, theB parameter changes for all of them. Note in lowing discussion will show. In contrast to Cr, there are no
particular the improvement for the second main line atexperimental investigations on the dichroism of free, polar-
651.34 eV(Table Il and Fig. 3. This shows that the interac- ized Mn atoms available yet.
tion with the 31 and &’ configurations is essential for the ~ The dichroism of the single configuration and the
description of the photoionization process. multi configuration calculations are both shown. Though in-
In the Appendix of this paper we calculate analytically thedividual calculated lines show a change in the order of that
formula for g for the simplified case of a pure coupling seen inB between the two calculations, the effect in the
scheme, a single configuration, and a frozen valence shell.
The result{Eq. (A4)] is independent of the final ionic state 10
(i.e., independent aJ;) and thusg is the same for all lines
of the multiplet within the approximations. It is obvious that
the assumption of a pure coupling scheme is not valid for the
description of the B photoionization of atomic Mn and Cr.
Nevertheless upon first sight the uniformity of the experi-
mentalB values seem to comply with the analytical formula.
But the assumption of a pure coupling scheme can only serve 0.0
as a zero-order approximation of the actugl Zhotoioniza- 015 7
tion, since it fails to describe many features, regarding the 8(1)2:
multiplet structure and the dichroism, seen in the experiment. 0.00 ]
For the necessary intermediate coupling scheme the analyti- -0.05 3
cal formulation of 8 is not possible and Eq4) has to be -0.10
solved numerically. 015
From our HF and CI calculations we can not only derive :g;gz
the B independent cross section apdbut also LAD and 1
LMDAD spectra. LikeB the LAD and LMDAD depend on
the generalized anisotropy paramete%okky. Neglecting

higher-order effects the LMDAD is determined 855,
whereas the LAD is determined B§,,9, B202, B222, and
Bosz. This is described in detall in Reff2,3].

We now want to compare thg independent cross section 015
and the dichroism for the two calculatioftdF and C). Fig- S
ure 4 shows that the calculatgdindependent Mn @ pho-
toelectron spectrum does not change noticeably going from
the single configuration to the multiconfiguration calcula-  FG. 4. calculategs independent cross section, LAD, and LM-
tions. Though the number of resulting states increases frofBap spectra for Mn at 850 eV photon energy. Shown are the re-
214 to 684, the convoluted spectrum still looks the samesyits both from the single configuration and the multiconfiguration
This is an important finding, since it demonstrates that on thgalculation. For the multiconfiguration calculation results a bar
basis of the cross section alone the quality of the HF Ca|CUgraph is shown. For the cross sectioop panel the two curves are
lation results cannot be judged. Even the dichroi@rAD indistinguishable.
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0.4 -

intensity (arb. units)
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TABLE Ill. Results of the single configuration HF calculation for Cr at a photon energy of 720 eV. For the description see caption of
Table 1.

Experiment HF calculation Assignment
Energy(eV) Intensity B Energy(eV) Intensity B Js j 3d°® 3d%4s %
578.71 100 1.040.10 578.72 100.0 1.23 9/2 32 °s s 100
579.66 55 1.02:0.10 579.59 53.5 1.09 712 32 °s s 66
580.15 23 1.02:0.10 580.08 23.2 1.13 712 32 8s s 67
580.55 44 1.080.10 580.50 43.2 0.79 5/2 32 8s s 69
581.09 7.9 1.21 5/2 32 °s 5s 72
581.27 42 1.02:0.10 581.18 27.0 1.25 3/2 32 8s s 67
583.85 32 1.0%0.12 582.8-584.8 22.4 1.20 32 AL
585.35 21 1.0%0.12 584.8-586.5 115 1.24 32 AL
587.86 27 1.0%0.10 587.76 4.2 1.16 5/2 32 °?°S 25
588.92 42 1.0%0.10 588.62—588.86 28.3 1.13 5/2 3/2 2L
589.06 17.9 1.11 5/2 12 s s 26
589.26 4.4 1.17 712 32 °F 19
589.94 15.16 1.21 712 32 G 25
590.00 88 1.0%0.10 590.01 47.9 1.19 712 12 6s s 55

convoluted spectra is only very small. This is due to thescale the Slater integrals to 85% of thaly inito values, this
nature of the dichroism where the sign changes hide thgields good results for the dipole matrix elements. As men-
changes in the intensity of a single line. The resulting differ-tioned above, the phase difference is very sensitive to the
ence in the dichroism for the two calculations is too small toatomic potential and therefore to an incomplete modeling of
be discerned by present experiments. That means that on tite To investigate this, we performed a CI calculation for Mn
basis of the cross section and the dichroism both calculationsere the Slater integrals have been scaled to 90%. It resulted,
yield spectra that are almost indistinguishable. as expected, in a slightly larger multiplet splitting which does
It is interesting to note that the calculated LAD in Mp 2 not match as well as the experimental data. But the remark-
photoionization shows a large intensity for the,;2 multip-  able finding is that the different scaling does not change the
let (Fig. 4 comparable to the case for Cp43]. Thisis a  derived values fo. This means that the scaling has only a
direct consequence of the mixing opz, and 25, core-  very small effect ong and that the only way to model the
hole states in the high binding-energy multiplet due to theatomic potential more accurately in terms of the angular dis-
near degeneracy of Hunds’ rule ground-stage,23d°6S tribution is to include the high-lying configurations, which is
and double-spin-flip B3, 3d° 2L levels in the corresponding yet impossible due to the large number of configurations that

binding-energy regiof3]. would have to be considered.
As it turns out, theB parameter is not simply an addi- : -
tional tool to test state-of-the-aab initio calculations but a experiment, calculation d calculation

very powerful one, showing deviations that cannot be seen dHd+d’

otherwise.

B. Chromium

Now looking at Cr we will see that the situation is similar.
Figure 1 displays thes independent Cr @ photoemission
spectrum together with the results of a single configuration
calculation including only states withd3.

In the same manner as for Mn, also for Cr {Bgaram-
eter has been determined. These results are shown together |
with the results of the single configuration calculation in ) \ \ ‘ ‘

Table II. 's82 580 578 576 582 580 578 576 _ 582 580 578 576

The results resemble very much that for Mn, the measured binding energy [eV]
values forg are uniform across the whole spectrum, whereas
the calculated ones are not as uniform and also generally F|G. 5. Comparison of the single configuration and the multi-
slightly too large. To our belief, the overestimation ®foy  configuration calculations with the experimental results for Cr. The
the calculation in this case can also be attributed to an agspectra of the @5, multiplet measured under the angles of 85° and
proximation in the calculation method used. The generallyl45° are scaled to the biggest line, the same is done with the cal-
accepted way to account for the weak configuration interaceulated result{see text, the bar graphs shown correspond to an
tion with the large number of high-lying configurations is to angle of 145°.

signal (arb. units)
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TABLE IV. Results of the multiconfiguration ClI calculatidincluding 3d*, 3d®, and 31°) for Cr at a photon energy of 720 eV.

HF calculation Experimental Assignment
Energy(eV) Intensity B B Js 3d* 3d® 3d°
578.77 100.0 1.23 1.040.10 9/2 =98%
579.64 52.8 0.94 1.090.10 712 =98%
580.12 24.1 1.23 1.090.10 712 =98%
580.53 42.5 1.12 1.080.10 5/2 =98%
581.13 8.7 121 5/2 =98%
581.18 25.2 1.24 1.020.10 3/2 =98%
582.8-584.8 22.1 1.22 1.050.12 =98%
584.8-586.5 115 1.24 1.050.12 =98%
587.80 35 1.16 1.050.10 5/2 =98%
588.67-588.91 26.3 1.10 1.050.10 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 45 0.98 712 =98%
589.97 10.1 1.07 7/2 =98%
590.05 51.5 1.22 1.050.10 712 =98%

In Fig. 5 the experimental and calculated spectra of the Like for Mn also for Cr it is theB parameter that poses
2p3;, multiplet measured under an angle of 85° and 145° aréhe strongest test to the results of the ab-inito calculations. It
shown(analogous to Fig.)3 The middle panel visualizes the clearly shows the influences of CI effects that cannot be re-
nonuniformity of the calculated values fg which differs ~ vealed by measuring a different physical quantity.
very much from the experimental resulteft pane).

In contrast to Mn, investigations on the dichroism of free V. CONCLUSION
polarized Cr atom$2,3] already exist. The experimentally

seen dichroism(LAD as w_eII as LMPAD) FOUId very well . the asymmetry parametgrfor the 2p photoemission of Mn
be reproduced by the single configuration HF calculation,y oy with high precision and multiplet resolved. As a result
only _mcludmg 31?. _But obviously, this single configuration it could be shown that for Mn and Cr the values frare
fails in the description of th@ parameter. uniform over the whole multiplet and also that they are simi-

Also for Cr we carried out multiconfiguration calculations |5y for both elements.
including 3d*4s?, 3d°4s, and 3°, the results are listed in  The single configuration approximation calculations,
Table IV. Similar to Mn the calculate@ independent cross which up till now have been sufficient to describe the cross
section, the LAD, and the LMDAD for the single configura- section and the dichroism of free Mn and Cr atoms, fail to
tion and multiconfiguration calculations do not significantly reproduce the values f@. Additional configurations had to
deviate from each othénot shown. Although the expansion be included. This means that multiplet splitting and valence
of the included configurations does not lead to any additionashell recoupling determine the shape of the photoelectron
lines within the 23, multiplet, the values fog change quite and dichroism spectra while the dynamics of the ghoto-
remarkably, see lines at 579.6 eV and 580.5 eV in Tables llionization process is very sensitive to configuration interac-
and IV. It underlines that even though these configurationgion. In the case of Cr the remaining discrepancies still call
are hardly admixedsee Table 1V, they have a strong effect for a further expansion of the calculations. Though Mn and
on the photoionization process. The results of this expande@r are similar in their electronic configuration, the opes 4
calculation is visualized in the right panel of Fig. 5. It can beshell of Cr causes a far more complex situation with regard
seen that the values g8 change, however the agreementto the number of states that have to be included for an ad-
with the measurements is still not perfect. equate theoretical description.

Cr has in its ground state ssfole, whereas thegshell
of Mn is filled. This results in a more complex coupling
situation in the case of Cr. It is clear that there are still
configurations missing in the calculation. In the case of Cr
also ClI with the 4 should be considered. Unfortunately the
inclusion of these configurations leads to too many states to The dipole amplitudes in Eq4) can be reduced and Egs.
be handled by the computing power available todagte:  (2)—(4) can be considerably simplified within an approxima-
the calculations presented in this paper where done on statden of pure coupling schemes. The comparison of these sim-
of-the-art parallel computing clusters and still one calculaplified models with intermediate coupling HF calculations
tion took more than a week to be computed allows for systematic investigation of the influence of differ-

A different experimental approach enabled us to measure

APPENDIX: ANALYTICAL CALCULATION
OF B WITHIN THE jj AND jK
COUPLING APPROXIMATION

052707-7



GODEHUSENEet al. PHYSICAL REVIEW A 68, 052707 (2003

ent factors on the photoelectron angular distribution. Ex- . _ Jo jo I
amples for such analyses have been presentedSdrcou-  (aJs,elj :JI|D||a0Jo>=JJf(—1)3“0””1{ . 1}
pling in Ref.[23] and forjj andjK coupling in Ref[3]. The J

latter study can be used here to derive ghparameter fojj x{elj||d|]jo) (A1)

andjK coupling. These coupling schemes are appropriate for . .

core-level photoionization where the spin-orbit splitting @nd in the case ofK coupling|3]

dominates and it can be assumed that the core hole can b . _an oA 23 Lt St I 1
well described by the total angular momentijigs= | o+ 1/2. ardy.elj 3Dl agdo) =IK Jody(— 1) >0 Ho™=
For 2p photoionization of 8 metal atoms it can be assumed jo Lo Ki| [Jo Jo It
in a first approximation that initial and final states are de- [50 3.3 } [ C3 1}
scribed by only one electron configurati@ingle configura- fvo J
tion approximatioh and that all quantum numbers of the x(elj||d|]jo)- (A2)
valence shells are identical in the initial atom and in the ) ) ] )

photoion (frozen valence shelisWith this and in the limit- The reduced matrix elementglj||d||jo) contain the one-
ing case when the second strongest interactions, the corélectron wave functions of the core hole and the photoelec-
valence Coulomb interactions, are much stronger than thifon only.

spin-orbit interactions of the valence electrgis coupling . The c_ilpole matrix e_:lgm_ents can_be _reduced fu_rther by
can be applied. The core-hole angular momenjgiean then introducing a nonrelat|V|st|c. approximation, assuming that
. ) . the one-electron wave functions of the core hdlg{) and
first be coupled to the orbital angular momentum of the va

N ‘of the photoelectrongj) are independent of the values of
lence electronsl., resulting in the angular momentuky

th I f j [3]:
which then can be coupled to the total spin of the valence, e angular momentgy andj (3]

shells Sy, to the total angular momentum of the final state, i | 1

J;. For the 2 photoionization of Mn(Cr) with L,=0 this ; CN T anjorl-12) 100 S

esults ind —4. 3, 2, and 14,=9/2, 712, 5/2, and 3pfor (21 [1dllT0)=Tlo(=1)%0 2 tellldllto).

the 2p5, multiplet andJ;=3 and 2 (§;=7/2 and 5/2 for the bl A3

2p1» multiplets. (A3)
Within the approximations of a single configuration, a fro-  Using Egs.(2)—(4) the angular distribution parametgr

zen valence shell, and a pure coupling, one derivegjfor of the photoelectrons can be calculated analytically for both

coupling[3] pure coupling schemegj(andjK coupling:

(ot 2)dd + (Ig—1)d_d* = 3ig(To+ 1)(d, d* +d_d*)
h= (2lo+1)[d,d* +d_d*]

(A4)

with d..=(&(lo=1)[|d|[lo). Now we introduce the radial integral .,=0 and the phase shifts, ., which are related to
d. by

d+:\/|0+1R|0+1eiA|o+1, d_=—\/ER|O_1eiA'o*1,

5 (A5)

AIoilzgloil"' 5|0:r1_
A|0i1 contain the phase shifts due to the long-range Coulomb potengig{, to the short-range atomic potent'@loil and

the centrifugal potentiall{=1)#/2, see Ref[24].
Inserting Eq.(A5) in Eq. (A4) yields

(lo+D)(lo+ 2)R|20+1+I0(|0—1)R|20,1—6I0(I0+ DRy +1Ri~1€080) w1701 -1+ 6| 417 8 —1)

B (AB)

(2lo+ Do+ DRE L1 +10RE 4]

Note that onlymoﬂ and 0,1 are contained in Eq. A6, the additional phase shiftroffrom the definition ofA|Oﬂ) is

compensated by a sign change of the cos term. Equation A6 is the well-known Cooper-Zare fsgaptag., Ref$24,25),
which was known to be valid in central potential approximation or more general$icoupling for atoms havingo=0. We
have shown here that this formula is also valid, within the given approximation, forj pargiK coupling for arbitrary values
of L.

052707-8



DETERMINATION OF THE 8 PARAMETER FOR ATOMC . . . PHYSICAL REVIEW A 68, 052707 (2003

[1] K. Godehusen, T. Richter, P. Zimmermann, and M. Martins, (1998.

Phys. Rev. Lett88, 217601(2002. [13] K. Godehusen, H.-C. Mertins, T. Richter, P. Zimmermann, and
[2] P. Wernet, J. Schulz, B. Sonntag, K. Godehusen, P. Zimmer- M. Martins, Phys. Rev. A48, 012711(2003.

mann, M. Martins, C. Bethke, and F.U. Hillebrecht, Phys. Rev.[14] P.H. Kobrin, U. Becker, C.M. Truesdale, D.W. Lindle, H.G.

B 62, 14 331(2000. Kerkhoff, and D.A. Shirley, J. Electron Spectrosc. Relat. Phe-
[3] P. Wernet, J. Schulz, B. Sonntag, K. Godehusen, P. Zimmer-  nom. 34, 129(1984).

mann, A.N. Grum-Grzhimailo, N.M. Kabachnik, and M. Mar- [15] M.O. Krause, T.A. Carlson, and A. Fahlman, Phys. Re@0A

tins, Phys. Rev. /64, 042707(2001). 1316(1984).
[4] P. Wernet, B. Sonntag, M. Martins, P. Glatzel, B. Obst, and P[16] S.B. Whitfield, T. Myers, M. Bjelland, R. Wehlitz, J. Jimenez-
Zimmermann, Phys. Rev. B3, 050702(2002. Mier, P. Olalde-Velasco, and M.O. Krause, Phys. Re\66A

[5] A. von dem Borne, T. Dohrmann, A. Verweyen, B. Sonntag, K. 060701R) (2002.
Godehusen, and P. Zimmermann, Phys. Rev. [ #8t.4019 [17] C.N. Yang, Phys. Rew/4, 764 (1948.

(1997. [18] J.W. Cooper, Phys. Rev. A2, 6942(1990.

[6] P.S. Bagus, R. Broer, W. de Jong, W. Nieuwpoort, F. Parmigi{19] M.Y. Amusia, A.S. Baltenkov, L.V. Chernysheva, Z. Felfli, and
ani, and L. Sangaletti, Phys. Rev. Le8d, 2259(2000. A.Z. Msezane, Phys. Rev. 83, 052506(2001).
[7] M. Taguchi, T. Uozumi, and A. Kotani, J. Phys. Soc. JB6. [20] A.N. Grum-Grzhimailo, J. Phys. B4, L359 (2002).

247 (1997). [21] R. Cowan,The Theory of Atomic Structure and Spedftini-
[8] G. van der Laan, S.S. Dhesi, and E. Dudzik, Phys. Re&1B versity of California Press, Berkeley, 1981

12 277(2000. [22] S. Baier, A.N. Grum-Grzhimailo, and N.M. Kabachnik, J.
[9] G. Pannaccione, G. van der Laan, H.A'rbul. Vogel, and Phys. B27, 3363(1994.

N.B. Brookes, Eur. Phys. J. B9, 281 (2000. [23] A. Verweyen, A.N. Grum-Grzhimailo, and N.M. Kabachnik,
[10] G. van der Laan, J. Electron Spectrosc. Relat. Phenom. Phys. Rev. A60, 2076(1999.

117-118 89 (2001. [24] A.F. Starace, inCorpuscles and Radiation in Matter Ency-
[11] A. von dem Borneet al,, Phys. Rev. A62, 052703(2000. clopedia of Physics, Vol. 31Springer-Verlag, Berlin, 1982
[12] K. Godehusen, P. Zimmermann, A. Verweyen, A. von dem[25] C. Pan, S.L. Carter, and H.P. Kelly, Phys. Rev43, 1290

Borne, P. Wernet, and B. Sonntag, Phys. Re\68\ R3371 (1991).

052707-9



