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Multiplet and lifetime effects in the 4d photoelectron spectrum of Eu
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A high-resolution 41 photoelectron spectrum of Eu has been measured. The spectrum reveals a rich struc-
ture reflecting multiplet splitting due tod44f, 4f-4f, and spin-orbit interaction. In order to interpret the
complex 4~ ! multiplet structure, calculations in the intermediate coupling scheme were performed taking
into account the term-dependent lifetime width of each 4multiplet state. The strong influence of both the
4d-4f exchange interaction and the term-dependent lifetime broadening on the shape dfpthetdelectron
spectrum is demonstrated. Due to the inner-shell character ofitla@d 4f orbitals, the spectrum of atomic Eu
is similar to that of Eu and Gd solid samples having the saiffeoécupancy.

PACS numbds): 32.80.Fb

. INTRODUCTION strong 4-4f electrostatic interaction, while thed4 ! spin-
orbit interaction only accounted for a fine-structure splitting
The rare-earth elements with their opehghell have at-  of a few eV. Based on the calculations by Raral. [5], the
tracted interest for many decades and much work has be@htire low ionization energy region was assigned 9]3
devoted to the study of theddphotoelectron spectra. The states in the early photoelectron spectra of atomic Eu excited
physical origin and the appropriate description of thi€'# 1y synchrotron radiatiofé]. The results of term-dependent

multiplet structures in rare-earth elements have been the subz . 1ations for the d-4f4f super-Coster-KronigSCK) de-
ject of a long-standing controversy. One of the reasons WE

. ay rates of the 4~ multiplet states led Ogasawaea al.
that the 4l photoelectron spectra of lanthanides are sprea ] to the same assignment. They found the natural widths to
over an energy range of more than 30 eV. The spectra c

roughly be divided into a low ionization energy region and a e very small in the low ionization energy region of the
gnly gy reg 4d~! multiplet and ascribed the corresponding states to

high ionization energy region. The high ionization energy , g, .7,8c« 9 ; )
regions only comprise weak features that were often overfj'd 41°(°5) "D states since the intensal4if4f SCK de-

looked. Early experimental studies on rare-earth compound<s® wh|cgh leads to_dlo"'fs(GL)fj/ 'L states, is forbidden
[1] and metalg2] only dealt with the low ionization energy [0 these"D high-spin states. This dependence of the decay
region of the 41 photoelectron spectra. process upon thg total spin hag been exploited in the studies
The spectra of the elements at the beginning and the erff the low ionization energy region of thed4* multiplet by
of the lanthanide series exhibit complex structures at lowneans of photoelectron-ion coincidence spectrosc¢gy
ionization energies. On the other hand, the low ionizationand references therginOnly one peak of the doublet was
energy parts in the spectra of the atoms at the center of tHieund to comprise®D high-spin states, whereas the other
series—Eu and Gd—were found to have very simple doublepeak mainly reflects d®4f’(°L) ‘D character.
structures with splittings resembling the spin-orbit splitting  In this paper we report on high-resolution $hotoelec-
of the 4d core hole. Hence, this splitting inddphotoelectron  tron spectra of atomic Eu. The vanishing total angular mo-
spectra of atomic E{3] and solid Eud[1] was ascribed to  mentum in the ground state due to the half-filletl ghell
spin-orbit interaction. Kowalczyket al. [2] were able to results in a simplification of the df * multiplet. Further-
partly resolve the fine structure in the spectrum of solid Eungre, the 47 83,,, ground state is so stable that it is con-
and attributed the splitting to thedd4f electrostatic interac-  served in Eu and Gd metal. We calculate the natural widths
tion: the two peaks were assigned td°4f'(°S)’D and°D  considering every possible Auger decay of each 4mul-

multiplets. _ tiplet state. Radiative decay of thel4' states can be ne-
Calculations performed by Demekhiet al. [4] for all  glected][9].

rare-earth atoms and later by Patnal. [5] for Eu revealed a
large 40! multiplet splitting of about 30 eV due to the

II. EXPERIMENT

*Permanent address: PTB/BESSY, Albert-Einstein-Strasse 15, A beam of free Eu atoms was produced using a resistively
D-12485 Berlin, Germany. heated oven and ionized by linearly polarized undulator ra-
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% FIG. 2. High-resolution 4 photoelectron spectrum of atomic
£ Eu. The spectrum shows the low ionization energy region. The
g dotted line was obtained by convoluting the calculated spectrum of
g Fig. 1 with a Gaussian of 0.42 efFWHM) corresponding to the
© total experimental bandwidth.
> . METHOD OF CALCULATION
=
3 The 4d photoionization cross sections were obtained us-
% ing the 4°4f"(EJ) final states calculated in the intermedi-
g ate coupling scheme as described1f]. In order to account
Z for many-electron correlations and to get the best agreement
170 165 160 155 150 145 140 135 with the experiment, the Slater integrals of thé-4f and
Ionization energy [¢V] 4d-4f interactions were scaled with factors 0.8 and 0.7, re-

spectively. The natural level widths of the final ionic states

FIG. 1. Top: experimental d photoelectron spectrum of Eu Eun 4d~*(EJ) were determined by calculating the partial
recorded at a photon energy of 455 eV together with a calculategyidths for all possible nonradiative decays. The total width
bar spectrum. Middle: calculated photoionization cross section fopf each component is then given by the sum over all partial

each multiplet statébar spectrur) calculated spectrum taking into \\idths of the transitions @rl_)nll Il n,l 2718/ that are en-
account the natural width. Bottom: calculated natural width of eacrbrgetically allowed:

multiplet state.

I'4d YEJ)= > I'4d YEJ)

diation. The photoelectrons emerging from the interaction Nyl 1ol oE' 3/

region were detected by a SCIENTA SES200 spherical elec-

tron analyzer. The analyzer only accepted electrons with an —nql ol HE)e). @
angle of emission close to the magic angle 54.7° relative to ,

the polarization axis of the synchrotron radiation. The pho- The Auger electron wave functiors” were calculated in

toelectron spectra were recorded at a fixed photon erfergy the_Hartree-Fock apprqximation. For the Auger electron en-
while scanning the acceleratingetarding lens voltage of €'9i€S the calculated differences of mean Hartree-Fock-Pauli

the analyzer. energies of initial- and final-state configurations of the core

The spectrum of Fig. 1 was measured at the sx-700Vere taken.
monochromator of the BW3 undulator station at HASYLAB
in Hamburg. The spectrum was taken at a photon energy of IV. RESULTS AND DISCUSSION
455 eV with a totallinstrumental bandwidth o_f 0.64 #ull The upper part of Fig. 1 shows thel $hotoelectron spec-
width at half maximum(FWHM)]. A total instrumental  trym of Eu recorded at a photon energy of 455 eV. The bar
bandwidth of 0.42 e\FWHM) was achieved in the case of spectrum in the middle part of the figure represents the cal-
the spectrum presented in Fig. 2, which was recorded at gulated photoionization cross section for each component of
photon energy of 165 eV at the undulator beamline TGM 5the 4d~! multiplet. In the lower panel the corresponding
at BESSY in Berlin. For the determination of the photonlinewidth, determined from the Auger decay rate for each
energy and the instrumental bandwidth and for the calibra4d™?! state, is shown. The solid line in the middle panel
tion of the ionization energy scale we usegl Bhotoelectron represents a calculatedd4photoelectron spectrum. It was
spectra of argon. obtained by replacing each bar by a Lorentzian profile with
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TABLE I. Characteristics of the 20 most intense lines of the calculated Ephbtoelectron spectrum
(total number of components is 238 he spectrum was calculated with Slater integrals scaled by 0.7 and 0.8
for the 4d-4f and 4f-4f interaction, respectively. The accuracy of the experimental ionization energies
amounts to+0.2 eV.

Calculated Dominant Relative Natural Experimental
Region energies contributidn intensity width energies
(eV) (LSY) (arb. unitg (eV) (eV)
A 136.32° 0.985°Dyg 1.000 0.17 136.32
137.20 0.935°Ds 0.820 0.18 137.26
138.07 0.878°D, 0.642 0.17 138.19
138.93 0.810°D4 0.472 0.21 139.08
139.77 0.696°D, 0.296 0.23 139.89
B 140.59 0.685'D, 0.112 0.24 142%
141.58 0.577'P, 0.091 0.29
142.18 —0.5507D, 0.160 0.22
142.27 0.568'P, 0.086 0.25
142.42 —0.425"D, 0.053 0.02 142.6
142.46 —0.4907Dy4 0.211 0.21
142.75 —0.4697Ds 0.133 0.23
142.99 0.497D, 0.249 0.25
143.08 0.407Dg 0.176 0.25
143.68 —0.3937F; 0.042 0.23
D 162.54 0.679G, 0.053 2.48 1629
162.79 0.447D, 0.079 4.45
162.80 —0.553%p, 0.034 4.04
162.84 0.536 D4 0.161 5.08
163.02 0.617D, 0.269 5.40
163.65 0.677Ds 0.402 5.88

3_SJterms of configuration d°4f” giving the largest contributions to the final-state vector.
blonization energy of this line was matched to the experimental value.
°For peaksB andD, only the energies of the center are given.

an area equal to the photoiqniza_tion cross section and &f’ 8s,, state. The lines of group mainly consist of low-

width equal to the calculated linewidth. » spin D states, given by parallel coupling of the core-hole
The spectrum exhibits a Igrge mplhplet splitting of at.’OUtspin to the angular momenta of 4 °L states. Here, a recou-

30 eV and can roughly be divided into four groups of IInespling of the 4f shell occurs in the photoionization process. In

(A-D). The linewidths differ by more than one order of the regionD, not only €S)7D states but also weakl states

magnitude and increase with increasing ionization energie%vith the core-hole spin coupled antiparallel to the recoupled
The spectrum nicely demonstrates the influence of the term: . P P P P
4f shell contribute to the spectrum.

dependent decay width on the shape of tdepfhotoelectron
P y W P eoh An additional feature that is missing in the calculated

spectrum: The intensity of the pedk at high ionization ; ) X ) i
ectrum is apparent in the experimental spectrum in region

energies is considerably smeared out. This strong broadeni@’ THE S )
is mainly caused by intensed44f4f SCK transitions. In at ionization energies between 144 eV and 151 eV. The

contrast, the fine-structure components of pdalare re- structure of this region strikingly resembles the grodmnd
solved documenting their much smaller linewidth. B and can therefore be ascribed to the corresponding
The calculated photoionization cross section and naturtd®4f’6s7s satellite lines. Here, aselectron is exited into
width of the 20 strongest lines are summarized in Table Ithe 7s shell. The shift of 7.3 eV to higher ionization energies
For each line, the leading contribution of th&Jterms of is in accordance with the shift of the corresponding
the configuration Eu 4d%f7 to the final-state vector is 4f®6s7s(’F) satellite line in the 4 photoelectron spectrum
given. The ionization energy scale of the calculated spectrurfb].
has been matched to that of the measured spectrum at the In order to study the fine-structure splitting of tH®
energy of the’Dg state. high-spin states, the low ionization energy region of tiie 4
According to our calculations, the splitting of thel4* photoelectron spectrum was measured with enhanced resolu-
multiplet is dominated by thedt4f electrostatic interaction. tion. The spectrum was recorded at a photon energy of 165
For the groupsA and D, the spin of the 4! core hole eV and is depicted in Fig. 2. The experimental spectrum is
couples parallel and antiparallel to the large total spin of theshown together with the bar spectrum and the calculated
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spectrum(dotted ling, for which the instrumental bandwidth Binding energy [eV]

was taken into account. The fine structure of péakvas 180 175 170 165 160 155 150 145 140 135
resolved experimentally, since the natural width of fii2 B R RS o R RREEE L e
multiplet states is small compared to their spacing. This is Solid Gd(0001) 4d

well reproduced in the calculated spectrum. The fine- hy = 400 eV

structure components localized within peBkare strongly T=300K B A
mixed due to the #-4f electrostatic and the spin-orbit inter-
action. Small deviations between the calculated and the mea-
sured spectrum may result from configuration interaction,
which was neglected in the calculation. The prominent
shoulder at the high ionization energy side of pBakelongs

to groupC in Fig. 1 and originates from thedd4f’6s7s°Dg
satellite emission. The ionization energies determined from |  A¢omic Eu 4d”
the experimental spectra are included in Table | and are in | 1. —455ev
reasonable agreement with the calculated values; for fgaks AE = 0.64 eV
andD only the energies of the center are given.

Due to the fact that thedtand 4f electrons are localized
in the atomic core and thed4 ! multiplet splitting is domi-
nated by the d-4f electrostatic interaction, thed4photo- o b s b b b b s Lo b b
ionization of rare-earth metals and compounds is strongly 175 170 165 160 155 150 145 140 135
influenced by atomic effects. Atomic Eu is a key element for Ionization energy [eV]
the comparison with its solid-statef 4 counterparts Eu and FIG. 3. Comparison between thed 4hotoelectron spectra of
Gd, because of its well-separaté8;,, ground state that is  atomic Eu and metal Gd; the Gd spectrum was taken from van der
preserved in the metal. Furthermore, thermal population ofaanet al.[11].

initial states can be neglected at evaporation temperatures . .
necessary for the production of an atomic beam. As can be seen from Fig. 3, the broad structGre the

Figure 3 depicts our @ photoelectron spectrum of atomic ©d spectrum differs considerably from that in the Eu spec-
Eu together with the d photoelectron spectrum of trivalent trum. The binding in .Gd metal is ma!nly.caused by tre 6
G000 from Ref.[11], which was measured with linearly 2nd 5 electrons leading to a delocalization of the élec-
polarized synchrotron radiation at a photon energy of 400 e\J'ons accompanied with the formation of the conduction
at room temperature. Both spectra are shown for an ener nd. Thgrefore, the s!multaneous excitation of ine outer
region of 46 eV; the atomic Eu spectrum was shifted by 4. Iectr_ons in Gd metal is not prected to lead to a sharp
eV to give the best overlap with the solid Gd spectrum in thesatelllte structure as observed in the spectrum of atomic Eu.
rising slope of peakA. The energy scale of the top axis Our findings corroborate the atomic interpretation of tlue 4

corresponds to the Gd spectrum while the energy scale of tH%hotoeIectron spectrum of Gd metal proposed by Lademann
bottom axis belongs to Eu. [12]. These authors ascribed the p&ato an extrinsic

The Gd spectrum closely resembles that of Eu and dlsenergy loss.
plays the same principal featurés B, and D. The most
striking difference between both spectra is the background of
secondary electrons in the Gd spectrum that increases One of the authoréA.G.K.) would like to thank TU Ber-
smoothly above the lowestd4 * threshold. Another notable lin for hospitality during his stay in Berlin. The authors are
difference between the Eu and Gd spectra is the gréatBr  thankful to the staff at BESSY and HASYLAB for their
splitting of the latter, originating from the larger values of assistance. The financial support of the DFG is gratefully
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