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Core-hole-induced degeneracy of the valence subshells in thg Bhotoemission of atomic europium
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The 5 photoemission spectrum of atomic europium has been analyzed using high-resolution photoelectron
spectroscopy. In contrast to the expected simple multiplet structure pf 44%7(8S) configuration with six
main lines, the observed Eup5photoemission shows a very complex spectrum. Configuration-interaction
calculations reveal that thepScore hole gives rise to a near degeneracy of the valence subshells in the final
ionic states, so that the main multiplet structure of the spectrum can only be described by a strong mixture of
the configurations &, 6s5d, 5d?, and &?2. This mixing also results in a strong broadening of the lines at

higher binding energy.
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PACS nuntber32.80.Fb, 32.80.Hd

The great interest in magnetic systems such as magnetBESSY | in Berlin was used for the measurements. The spec-
multilayers or ultrathin films has prompted the use of numerirum was taken at the U1-TGM5 beamline using a Scienta
ous spectroscopic methods to study the electronic and ma&ES 200 hemispherical electron analyzer. The resolving
netic structure of the transition meta[§M'’s) and the rare power achieved with the TGM5 monochromator v\ E
earths(RE’s) in these materials. Among these methods core=800 and the electron spectrometer had an experimental
level spectroscopy with modern techniques such as angldsandwidth of 50 meV constant over the whole spectrum. The
and spin-resolved photoemission or magnetic dichroism isotal instrumental bandwidth amounted foE=80 meV.
widely used. The interpretation of data in these experiment¥he atomic europium beam was produced by a resistively

is intimately connected with the multiplet splitting caused byheated Mo crucible.

the interaction of the core hole with th&el3TM) or 4f (RE) To shed some light on the complex line structure found in
electrons. For the localizedf 4RE) electrons special interest Fig. 1 we have calculated the photoelectron spectra in a
is given to the electronic and magnetic properties of ferroconfiguration-interaction (Cl) approximation using the
magnetic gadolinium with its rather stable half-filled subshellCowan cod¢4]. All Slater integrals have been scaled to 80%
417(8S). Here the calculated atomic multiplet structure of of the ab initio values. For the spin-orbit parameters the un-
core-level lines 8, 4d, and 5 shows very good agreement scaledab initio values were used. The Eu ground sté8s),
with the experimental datil]. is described in a Cl approach as a linear combinationsof 6
This agreement between the calculated atomic multiple6s5d, 5d?, and &? Hartree-Fock configurations. Using
structure and the experimental data in the solid phase doakese configurations the ground state can be described by

not hold for the corresponding experimental data of free eu-

ropium atoms with the same half-filledf Subshell. 8S,,,= /0.01465% 85) + /0.014652 °P) — \/0.0145d 8S)

+10.0546p>°S)+ - - -,

Godehusenet al. [2] have studied the orientation and
alignment dichroisnflinear magnetic dichroism in the angu-
lar distribution(LMDAD )] and linear dichroism in the angu-
lar distribution(LDAD) in the 5p photoemission of atomic
Eu and found marked deviation from the predictions based

on a simpleL S-multiplet structure of the p-hole states. By at

coupling the H hole to the 47(8S) subshell one would
expect to see six lines’Ps, 5 and 'P, 54 in LS notation.

units]

Instead of these six lines a much richer spectrum was ob-> 3|

served. Using another coupling scheme, likecoupling, as

proposed by Tholet al. [3] for bulk gadolinium, will only

shift some lines, but will not change the overall structure.
Figure 1 shows the & ! photoelectron spectrum of

Intensity [arb.

atomic Eu taken at a photon energy of 53 eV. The monochro- 1

matized synchrotron radiation of the electron storage ring

0
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"Present address: Stanford Synchrotron Radiation Laboratory, FIG. 1. 5p~ ! photoelectron spectrum of atomic europium taken
2575 Sand Hill Road, MS69, Menlo Park, CA 94725. athv=53 eV.
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TABLE I. Configuration sets used to describe the final ionic width was calculated from all possible Auger decays of the

states. 5p hole. To take into account experimental broadening all
: : spectra have been convolved with a 80 meV Gaussian.
Set Configurations In the single configuration approach using the aetith
a 652 the filled subshell 6% the expected six main line§n LS
b 62 6s5d notation the’Ps 4 ;and 'P, 5 4 lines) are reproducefupper-
6 2 o2 most curve in Fig. @)]. The calculation shows the multiplet
c s°,5d o . 7o e . :
d 6526550502, 6p? splitting in which the ‘P, line is located in the middle be-

tween the°Ps , 5 lines and the’P3, lines. Therefore the
spectrum can be described in neither pu® nor jj cou-
pling. This was already found in the analysis of the {#ho-
toemission from Gd films with a similar 4f’ configu-
ration by Tholeet al. [3].

In addition to these main lines one can discern several
¥atellite lines in the region of théP314 lines, which are due
%0 the recoupling of the # (8S) subshell to 47(°P) with an
'?energy difference of about 4 eV from the main lines.

The agreement of this calculated spectrisingle con-
uration approach & and inclusion of the’P parent term
for the recoupling of the # subshell with the experimental
0 p spectrum in Fig. 1 is by no means satisfactory. The addition
P, of other parent term§L cannot improve the situation as the
4 9 main discrepancies are in the region of low binding energy
3 p 7P3 between 25 eV and 28 eV. Also, for the lines at higher bind-
B ing energies the broadening is not reproduced. The addition
of other configurations, however, has a tremendous influence
on the spectrum, which can be seen in the middle and lower
! | . Y| parts of Fig. 2. In Fig. @) the spectrum of a CI calculation
b including the &5d configuration is depicted. Including this
configuration a line structure in the region of the’8P
states between 25 eV and 28 eV shows up, which is in much
better agreement with the experiment, although there is still a
mismatch in the line intensities. However, there is a dramatic
change in the linewidth for the higher-binding-energy lines.
Including a 2 configuration instead of thes5d increases
the linewidth of these states even more, which is presented in
c Fig. 2(c).

Figure 2d) shows the calculated photoelectron spectrum
using setd. The final ionic states are now described as a
linear combination of the &, 6s5d, 5d?, and §?2 configu-
rations. By using this Cl expansion a surprisingly good
agreement with the experimental data is achieved, which is
displayed in Fig. 3. The theoretical spectrum is shifted by 0.4
eV to higher binding energies, to match the energy of khe
d to the 6% °P, state, and is convoluted in this graph with the
experimental resolution.

By including the correlations betweers @nd & valence
electrons the strong broadening of the high-binding-energy
lines can also be described. To get some insight into the
broadening effect the lifetimes of thepthole states have
been studied by calculating the Auger decay of tipeh®dle.

26 28 30 32 In Fig. 4 the linewidth for the &, 6s5d, 5d?, and @2
configurations is shown. As can be seen in the case of the
6s? and also the B2 configurations the linewidth for all lines

FIG. 2. Calculated photoelectron Ep5" spectra using differ- IS in the range of 1 meV up to 10 meV, resulting in the sharp
ent sets of configurations for the valence shell. The letter in eachnes in the calculated photoelectron spectrum of Fi@).2
graph corresponds to the configuration set used in Table I. All sped=ven the larger number of possible decay channels for the
tra have been convolved additionally using an 80 meV Gaussian, t6p? configuration has only a minor effect on the linewidth,
take into account experimental broadening. so the larger number of final states is not important.
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which justifies naming the ground state s26S;,,, because
of the 91.4% contribution of thgss? 8S) basis function. For
the 4f7 core only 8S and ®P parent terms were taken into
account. To analyze the atomic Eu photoelectron spectra se
eral different sets of configurations, tabulated in Table I, hav
been used to model the final state of the photoionizatio
process.

In Fig. 2 the results for these sets are shown. The Iineﬁg

Intensity (arb. units)

Binding energy (eV)
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0.07 | TABLE Il. Average energies of the configurations Eu
T ' 5p°4f’n/n'/" relative to the configuration Eu5p°4f’6s?.
— I i --- Experiment
= 0.06 nod . .
g . P 5p’4f (6s 5d)6p Even parity Odd parity
= 0.05 i non Configuration E., (V) Configuration E., (eV)
§ 0.04 5p® 417652 0.0 5p° 417 6s6p 2.84
= [ ' 5p® 4f7 6s5d 0.01 5° 4f7 5d6p 3.22
g 003 5 457 £ 2 5 48
2 i 5p~4f’5d 1.16 5° 41° 6s 221
= 0.02 5p®4f8 6p 5.20 505 48 5 3.85
- 5p° 4f7 6s7s 6.47
0.01 I 5p5 4f7 6p2 6.95
0 5p® 417 6s6d 7.15
24 5p® 418652 6p 8.22
5 7
Binding energy (eV) 5p>4f’ 6s6d 7.15
5p® 417 6s7s 6.47

FIG. 3. Comparison of the experimental and theoretigal 5
photoemission spectra of atomic Eu. The experimental spectrum
was taken at a photon energy of 53 eV. Here, the theoretical da p54f7652 and 5)54f7685d Also the configuration
have been convoluted with the experimental resolution of 80 me 5p54f75d2 with an energy diff.erence of 1.16 eV is located
for a better comparison with the experimental data. nearly at the same energy, resulting in a very strong mixing

) ) ) ) via final ionic state configuration interaction and a strong

However, for a 85d configuration a linewidth more than oy citation of several €6d and 52 final ionic states. As
one order of magnitude larger is achieved and for té 5 shown in Fig. 2, including states of the configuration
configuration the linewidth is increased up to three orders 0f5p54f76p2 has only a small influence on the line positions
magnitude, which is also to be seen in Figb)2 This dra- ;s 5 strong effect on the intensities of the photolines. Due to
matic effect can be explained by the possibility of Costere engrmous number of states resulting already from the
Kronig and zuper—_Coste_r—Kromg decay for the states of thenfiguration setl we were not able to include further con-
6s5d and X° configurations, respectively. figurations with 4° or 48 in the calculation, using thé8S

Therefore the §-5d correlations have a decisive effect on 54 6p parent terms for the #. However, a calculation
the line structure in the region of low binding enei@5-28  incjuding only the®S parent term could be performed, while
eV) but they completely determine the line broadening alhe parent terms of # and 48 were restricted tdF. In this

higher binding energy28-34 eV. _ approximation there was no effect either on the photoline
The explanation for the amazing success of this Cl calcuy ositions or on the line intensities.

lation can be found in Table I!_)wr;ere tf‘e,avefage Energies O £yrthermore, no states of these even parity configurations
several configurations Eu5p>4f‘n/n’/" are listed. The 516 |ocated in the energy region below 35 eV, which has been
most conspicuous result is a near degeneracy of el 5ped with an electronic structure calculation. However,
5d orbitals caused by thegbhole. There is only a very small s calculation has shown, that several odd parity states of
energy difference of 10 meV between the configurationgpe configurations p°4f76s6p and §p°4f75d6p are lo-
cated around 30 eV binding energy, where a satellite struc-
ture is observed. Therefore we conclude that these satellite

0
P10 5d° ’ lines can be assigned to conjugate shake up processes. From
‘v 6554 e " the' experimental datg an intensity of 15% relative to the
a0 Mw,-"*m' main lines can be estimated. _ o _
> L W,m’ A detailed assignment of the photolm_es is given in Table
E ,y,\,-‘ 60° Ill. Here also the amplitudes of the leading eigenvectors are
2 1x102F o i’ P shown.
= FE et ,,‘NW“A’ - From these amplitudes one can see immediately that there
ﬁ | ,,/' M" is a nearly complete mixing of configurations which prevents
3l S 2 prac] one from assigning definite configurations to the final ionic
Ix19 bs f states. The near degeneracy of the valence subshells also
IJ’ implies that within a very narrow energy range several states
af exist with the same total angular momentdnit is therefore
1x10 2 24 26 28 30 32 34 36 not surprising that in the first analysis of the Ep photo-

electron spectrum the assignmé2 of the °P lines was not
correct. Due to the lack of satisfactory calculations we used a
FIG. 4. Average Auger linewidth, corresponding to the Auger more empirical method for the line assignment in the previ-
lifetime, of all states for the configurationss® 6s5d, 5d2, and  ous paper on the dichroism of free polarized Eu. It was found
6p>. before[5] that the dichroism of free atoms is a very sensitive
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TABLE IIl. Assignment of the Eu ' photolines. For the dichroism for electron lines below 26 eV binding energy.
leading eigenvector the amplitude of the corresponding basis funcFhis is a strong hint for additional configuration admixtures
tion is given. The accuracy of the experimental energy positionghat are not yet included in our calculations, which have a

amounts to=50 meV. strong influence on the dichroism. Since there is a strong

photon energy dependence of the LD and LMDAd)g., the
Final ionic  Leading Energy positioteV) LMDAD at hv=>53 eV is zero (se€[7]), the line assignment

Line state EV Expt. Theor. has only a small influence on the results for the phase differ-
ence and the amplitudes in this special case. Therefore the

c 635d191P5 25'4?’ 25.76 25.703 values derived in2] are still valid. The small difference

D 65529 Fs 42'90A’ 25.88 25.799 between the measured values for the amplitude vatmd

E 632 1P5 21.4% 26.17 26.082 the phase differenca and the results from a single configu-

El 5d° M'Gs 20.4% 26.23 26.172 ration calculation if2] was already an indication for miss-

F 6s5d °Fs 24.5% 26.47 25.446 ing configuration admixtures in the calculation.

G 5d* 1P, 15.4% 26.64 26.592 From our results we can conclude that the ghotoelec-

H 6s”°P, 28.7% 26.87 26.852 tron spectrum of europium is dominated by strong correla-

| 6s5d °P, 9.4% 26.972 tion effects between thes 6p, and & valence electrons

J 6s” °P3 37.6% 27.49 27.635 induced by the p core hole. The influence of thesé&d

K 5d° °P4 11.8% 27.66 27.782 correlations has already been shown for Buphotoemis-

M 6s27pP, 50.8% 28.56 28.997 sion[5] where a deviation from the expecte@®4F multip-

0 6s? P, 13.5% 31.167 let is observed, resulting in a breakdown of the so-called

Q 6s2 7P, 7.6% 32.283 three-parameter model for the photoionization process. For

Eu 5p photoemission, however, the core-hole-induced de-
test for the influence of configuration interaction on the9eneracy Qf th? valence subshel!s give; rise to an even more
complex situation where the main multiplet structure of the

photoionization. With the present results for the multiplet hotoelectron spectrum can be described onlv by a stron
structure we reexamined our previous explanation for thé" P y by 9

dichroism found in the photoionization of free, laser polar—m'xture of the conflgurat_lonsﬁ, 6s5d, 5, and qaz._Fur-

ized Eu atoms. Using the calculated line structure we dete'l_hermorg, these correla_tlons induce strang hroadening for the
mined the LD and LMDAD spectra of Eugb(see[6] for higher-binding-energy lines.

detailg. The LD spectra show remarkable agreement with The authors would like to thank the BESSY staff for their
the experimental spectra, whereas the calculated LMDADGsupport during the beam times and the Deutsche Forschungs-
spectrum deviates from the experimental one, mainly in thggemeinschaf{DFG) for their funding.
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