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Abstract

The photoelectron spectra and the relative partial pholninnization cross
sections of atomic Cs and Sm have been determined in the photon energy range
of 4d - 4F, ef excitations (Cs 50 eV - 130 eV; Sm 120 eV - 160 eV). For

Cs direct 4d ionization dominates whereas the Sm "4d + 4f, €f resonance"
mainly autoionizes via the emission of a 4f electron. The Sm 4d partial
cross seclion gnes through a maximum 13 eVl above threshold, where it becomes
comparable to the 4f partial cross section. The 4f type character of the

Sm excited wave Tunction at threshold turns into 4f, <f type character 1U

eV above. Close to the 4d Lhreshold the s, 5p, and two electron satellite

photoemission lines are strengly enhanced lor bulh uloms.

to be published in J. Phys. B

1. Introduction

Solid rare earths (Gerken et nl. 1982, Zirkina et al. 1967, Strasscr et

al. 1985} and atomic rare earths (Wolff et al. 1976, Mansficld and Connerade
1976, Radtke 1979, Conncrade 1978, Becker et al. 198%) exhibit giant resonances
above the 4d threshold, which gain their oscillalor strength from transitions
af 4d electrons into the partially unnccupicd 4F shell {Starace 1972, Sugar
1972, Dehmer and Slarace 1972, Wendin and Starace 1978, Zanquill and Soven
1980, Wendin 1982, Amusia et al. 1981}, Xe, Cs, and Ba, the elements preceding
the rare earths in the periodic table, also display strong absorption maxima
above the 4d threshold (Ederer 1964, taensel ct al. 1969, Rabe et al. 1974,
Connerade and Mansfield 1974, Hecht and | indau 1981, Petersen et al. 1979,
Starace 1982, Samson 1982, Amusia 1983, Kelly 1983, Zangwill 1983, Amusia
1985). On passing from Xe to elements with higher Z there is a systemalic
change of the stronq absorption resonanre. The maximum yels narrower and

Lhe main peak shifts towards threshold. Ihe character of the excited electron
wave function is expected to change from cf type (Xe, Cs, Ra) to "4f, of"

type (La - Tm). This is corroborated by the multiplet struclure displayed

by the absorption spectra. Determining the decay channels of the resonance
forms an ideal methad Lo probe Lhe character of the excited state. For low

/ elements the main process can be viewed as
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whereas For high Z the process
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dominates. The photoemission data en salid rare carths are consistent with
this picture. Due to the considerable difliculties encountered in determining
the VUV photoelectron spectra uf free rare earth atoms, experimental results
are scarre. Only very recently photoelectron spertra of atomic €u taken

in the energy range of the 4d excitations have been reported (Becker et

al. 1985a). There are preliminary data on atomic Ba {Wuilleumier 1984, Decker
et al. 1985b;. In order tu test the above ideas we investigated the photo-

electron specira of atomic Cs and Sm. In Cs QdIUBSZSpBGS ZS the 4f function is

nol collapsed even in the core excited state whereas in Sm Qd10552596dF6652 7F

the 4f shell is collapsed and partially accupied. lherefore the change in



nharacter af the resonance should show up very clearly. In this context
we also waoled to examine to which extent the resonunee decays via 5s, 5p,
and 6s emission. A further point of interest was the strength and energy

dependerice nf sautellite emission.

2. Fxperiment

For the photoelectron measurements the synchrotron rodiation emitted by

the electror storage ring BESSY was used. Additional experiments were per-
formed at the storage ring DORIS. In all cases the radiation was monochroms-
tized by toroidal yraling monochromators (BESSY: TGMl banawidth AE = 0.3 cV
at fiw = 70 eVi; AE = .6 eV at fw = 105 eV, Gudat et al. 1982; TGMZ AL = 0.5 cV
at 4w = 80 ev; AF = 1.6 eV at e = 140 eV, Braun et al. 1983; DORIS: TGM

AE = 0.3 eV at fiw = B0 eV AE = 0.5 eV at fu = 140 oV, Bruhn et al. 1983).
The mannchromatic photon beam (approximately lUll photons/s} was focused
onlo the interaction zone, where it crossed the atomic beam emanating from

a resistively heated high temperature furnace. Temperatures around 415 K

fur Cs and 900 K for Sm are sufficient to attain a vapour pressure of 0.5 Pa
in the furnace. The density cof atoms in the interaction reqgion is estimated
to be -~ 1012 atoms/cms. The kinetic energy of electrons emerying from Lhe
interaction zone was determined by a cylindrical mirror analyser {angular
acceptance 0.8 & of 4n, energy resolulion 2E = 0.8 % of the pass energy).

Only electrons emitted at angles closc to the magic angle of 54%44' relative

to the polarization vector of the incoming light were accepted by the anmalyzer.

The partial crus sections were determined from a series of photoelectron
spectra taken at differenl photon energics and also from constant ionic
final state spectra {CIS), where the photon energy and the pass enerqy of
the electron eneryy analyczer were scamned simultaneously. All spectru were
narmalized tu the incoming photon flux and corrected for the energy-dependent
handpuss uf the electron spectrometer. Since the demsity of atoms in the
interaction zone could rnot be determined, only relative cross sections have
been obtained. Instabilities of the atomic beam are the main source of the
errors. Details of the experimental set-up are given elsewhere {Schmidt

et al. 1984, Schriider 1982, Schmidt 1985).

3. Results and Discussion

3.1 Cs

photoelectron spectra

The phatoelectron spectrum of atomic Cs taken at the maximum of the absorp-
tion resonance (hw = 105 eV} (Petersen et al. 197%) is presented in Fig. 1.
The Sp, 5s, and 4d photoclectron lines are clearly seen. The splitting of

the Us Il 59563 jP, lP; Spsbd 3P lD states (Stzer ct al. 1980) is not fully
resolved in the 10% eV spectrum. At he = 50 Pb the 5pi/2 penk splits into

two componenls. The Auger lines (4d RS ad'l > 5p_lﬁs_])
extend from the low energy end of the spenrrum up to 65 eV klnetic encray -
Taking into account Lhe lower energy resolution of our anulyzer there is

qood agreement wilh the ejected electrun spectrum reported by Aksela and
Aksela {1983). [he main photoelectron lines are nccompaniecd by o hest of
satellite lines, marked S1 - S10 in Fig. l. tor photon energies hetween

88 ev and 102 eV the satellite lines 53, S4, S5, and 56 are hard to dis-
entangle from the overlapping Auger lines. The 6s photoelectron line is

very weok and much less intense Lhan many of the salellite linres. The binding
cnergies and our assignment of the photoelectron lines are summarized in
lable 1. The ussignment is based un tabulated ermergy values for atomic Cx
(Reader 1976) and Ba (Moare 1958), the Z + 1 analogue to core excited Cr. The

binding encrgies delermined from these "oplical data" are given for comprrison.

partial cross sections

In Fig. 2 the Cs 5s, 5p, and 4d parlial cross sections are presented. tor
cumparison the ahsorption spectrum (Petersen et al. 1975) is included. Due

to problems inberenl to photographic recording and due to satural ion effects
the center part of the absorption spectrum could anly be estimated. The
absorption spectrum has Suen aligned with the 4d partial cross section at

the high enerqgy end. Due to the neglect of other ionization channels, this
results in an absorption cross section somewhat to low. The cluse similarity
between the sbsorption spectrum ond the 4d-partial cross section corroborates
the dominance of the direct 4d - €1 ionization. Both the 5s and the 5p partisl
croas sections shaw a prominent maximum at 100 eV and a stoulder at ~ 93 eV. According
Lo llart ree-Slater rcalculations (Theodosiou and Fielder 19827 thete cross sectios
shouuld smouthly devresse towards higher erergies. The emhancaiert. of the 5s and 5p

partial craoss seclions is raused by the interaction of the 53, 5p * €1 channels
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with the 4d = &f channel. This intershell cuupling has not been taken into
account in the Hartree-Slater calculations. The 5s and bp partial cross
sections peak at photon encrgies well below the peak position of the main

4d channel. The characteristic features of the abave results van be explained
in terms of the local field model (Zangwill and Seven 1280, Zangwill 1983,
Wendin 1982). lnder the influence of the extecrnal electromagnetic field

the 4d-shell oscillates like a damped harmonic oscillator. The resulting
dipolar field is superimposed on the external field. Below resonance the

4d shell oscillates in phase with the exlernal field giving rise to an enhance-
ment of the local field outside the 4d-shell, i.e. in the range of the 5s

and 5p shells.

Within the "Random Phase Approximation with Exchange" (RPAE) Amusia and
coworkers (Amusia el al. 1976, Amusia and Chcrepkov 1975, Amusia 1983, 1984)
have ralculated the Cs 5s, Cs{5s+5p), and 4d partial cross sections. For

the 4d partial cross section it is essential that by generalization of RPAE
they succeeded tu tuke the relaxation of the electrons around the core hole
into account (Amusia et al. 1976). The calculated crouss sections are given
in Fig. 2. The partial S5p cross section has been obtained by subtracting

G5s from ¢(5s+5p). The experimental curves have heen scaled by matching

the experimental 05p to the theoretical cross scction for photon energies
below 90 eV and at 110 eV. For ¢4d there is reasonablc agreement between
theory and experiment. The theory overestimates the width of the resonance.
The experimental 5s partial rress section is considerably smaller than the
theoretical cross sectiaon and peaks at higher energies. A similar discrepancy
has been noted for atomic Xe (Amusia 1982, 1984) aud Ba {Zangwill and Soven
198053, The admixturc of outer shell excited stales (e.n., SBZSpand 63, 5525p4
6s £d) tn the 595p665 state transfers oscillator strength to other channels
and thus lowers the 5s cross section. for photon energies far ahove the

5s threshold the modified partial cross section is given by
\ = 0
053(41&) Fo,02g )

where cgs ) denotes the cross section without allowing for this caenfigura-
tion interaction. The spectroscopic factor Fbs describes the weight of the

5S5D66361 state. From our data we deduce F59 = 0.6. For Xe a value of 0.3 has
heen determined (Amusia 1984). The gross features of the experimental Uﬁp are

well described by the theory. Towards higher photon encrgies the theoretical

_6 -

curve decreases mare steeply than the experimental one. The shoulders at

abaut 93 el in the experimental s, and Oc spectra have nu counterparts

in the thenretical spectra. We attribute these shoulders Lo Lhe simultaneous
cxcitativn of a 4d electron and a 5p electron. Similar structures due to

these two electron cxcitations have been detected in the speclra nf metallic

Cs and solid and crystalline CsCl (Radler and Sunntag 1976). In the absorption
spectrum of atomic Cs {Petersen et al. 1975) these transitions give rise

to a series of lines between 93 ¢V and 100 eV. Autnionization of the two
electron excited states should lead to an enhancement ol the satellite cmission.

lhis is consistent with our results for the satellite intensities.
satellite emission

Ihe sutellite partial eross sections for the 4d-satcllite {52), the Ss-satcllites
(53 - $7), and the 5p-satellites (58, 59) are presented in Fig. 3. The experi-

ment yields the partial satellite cross sertions relative to the 05p
section. By scaling %, to the theoretical cross section Lhe absolule salellite

rrnss

cross sections have been obtained. Between 90 eV and 180 eV pholon energy
Auger lines {Aksela and Aksela 1983) overlap some of the bs-satellites,
preventing an exact determination of their relative strength. All the 5s-,
S5p-satellite cross sections peak in the same energy range (95 eV - 105 eV)
as the partial Ss- and Sp-cross sections {see Fig, 2}. This clearly demonstrates
the coupling of the direct 58, 5p * £1 channels and the satellite channels.
The bSp-satellites (58, 59, S10, S11 anly to be seen for fiw ¢ 55 eV) are
attributed to shake-up of the outer 65 eleclrons. This is consistenl with
Lhe absence of satellite lines close to the 5p-photoelectron lines in the
spectrum of atomic Xe (Adam et al. 1978, Fahlmann et al. 1984). The great
number of 5u5p6nl, 5525pan1,$f final states renders the interpretation nf
the satellite lines clase to the 5s line a very difficult task. There is
some similarity to the Xe speclrum but the assignmenl of the Xe satellite
lines only can be used for guidancc. lo the authors knowledge there are

no energies for the 5325panl,n'l' states available in the literature . The
states listed in Table 1 are to be understood ns possible ionic final states.
The energy separation of the satellite lines S1 and S2 from the 4d lines
suggests an interpretation in terms of 4d1055265 * hd95525p67sal shake-up
transitions. The partial cross section of line S2Z closely resembles the

parlial 4d-cruss section.
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branching ratios

The ratios of the partial crous sections of subshells with the same angular
momentum f hut different total anqular momentum j = / + 1/2 and é’— 1/2

have been shown Ln dromatically deviate from Lhe statistical ratio (Somsan
1982, Krausc et al. 1981, Ong and Manson 1980, Johnson and Cheng 1979, Banna
el al. 1979). These deviations are very sensitive to relativistic and correla-
tion effects {Ong and Manson 1980, Juhnsnn and Cheng 1979). Measurements

of these branching ratios therefore provide stringent tests for the theory.
Branching ratios ran he determined directly from the intensity of the spin-orbit
split photoelectron lines registered at the same photon enerqgy. Therefore
there is no need for pnormalizatien tn the incoming photon flux, only the

small chunge in the bandpass of the electron energy analyzer has to bhe corrected
for. This conaiderably reduces the uncertainties in the determination of
relative partial cross sections. The experimental 05p3/2: GSPIXZ branching
ratio in Cs is presented in tig. 4. By lcoking at fig. 4 and at fig. 2 it
becomes obvious that the energy dependence of the branching ratio cannot

be explained by the kinetic enerqy effect. This effect predicts the branching
ratio to be larger or smaller than the statistical ratio depending on whether
the partial cross section is rising or falling as a fuockion of energy (Walker
et al. 1973, Walker and Waber 1974). The general features of the Cs branching
ratio are similar to the Xe branching ratio (Krause et al. 1981, Johnson

and Lheng 1979, Schmidt 198B5). At low energies the branching ratio lies

well below the statistical value. Towards higher enerqgies it smoothly in-
creases reaching a maximum value nf 2.1 at 79 eV. Between B0 eV and 110 eV

the branching ratio rapidly onscillales with low values at the 4d threshold

and maxima at ~ B&6 el and 100 cV. [he structure reminds one of the maximum

and the shoulder displayed by the partial 5p cross section (see Fig. 2).

This indicates the impurtance of intershell correlation. For Xe, .Johnson

and Cheng (1979) bave shown that relativistic effects and the correlation
between the s, 5p, and 4d shell are essential for explaining the energy
dependence of the 5p branching ratio. This similarity to the Xe branching

s/z ¢ 945y
in Fig. 5 (Bamna et al. 1979, Schmidt 1985, Yates et al. 1985). Frum a thres-

ratio is even more pronnunced for the T4d branching ratio qiven
hold value far above the statistical ratio the Cs branching ratio steeply
drops reaching a minimum at ~ 98 eV. Towards higher photon energies this
minimum is followed by a maximum at ~ 100 eV and a further minimum at 1D% eV,
Up to 160 eV the branching ratin stays below the statistical value. Again

an interpretation in terms of the kinetic emeryy effect fails. For Xe the

g -

yruss feutures of the experimental 4d branching ratic are well desurihed
by results oblained by Cheng and Jobnson {1983) within the relativistic

random phase approximalinn {RRPA}.

3.2 S

photoclectron spectra

Photuelectron spectra of atomic Sm taken below the giant 4d = 4fgf resvnance

Yw = 132.2 eV), at the first #iw = 134.6 eV) and above the second peak

I

(fiw = 154 eV) of the resonance are shown in Fig. 6. The weak line (16) at

the low energy end (L, = 5.7 eV) is due to the emission of a 6u electron.
' B 6,27 5. 26, 6
The Lwo dominant lines {14, 15) are causecd by Sm 4f 6s” 'F > 4f76s” "H °f
b
- 9.2
(EB = 9.2 eV), P (EU

in agreement with those reported by Lee et al. (1977). Due to the limited

6, B, h 5,26, 6
energy resolutiun Lhe splitting of the 4f s “F, 'F and Lhe 4f76s™ "H °F

= 11.9 eV)El transitions. The hinding energies are

levels detected in the He T and Ne [ photoelectron spectra (lee et al. 1977)
could not be rcsolved. The strong 4f cmissinn lines are replicated by satellife
lines (11,12) {EB = 16.3, 19.0 e{) which in analngy to Cs we tentatively

. 6,6, 2
nscribe to 4f6652 7f = afbﬁs7s GH, 6F; 6Pgl uhake-up excitatinns. Sm 5p 4f 65

» BpS&f665251 transitions give rise to the group of lines (7, 8, 9, 10)

with 25 ev < FB < 32 eV. The splilling is caused by 5p spin-orbit interaction
and the coupling of the open 5p and 4f shells. Satellite emission contributes
to the high encrgy Lail of this group (5, 6). Two 5s photoelectron lines

(3, &) clearly show up above 45 eV, The splitting is attribuled to the inter-
action of the partly filled 4f and 5s shells. The peak separation of 3 eV

is in gnod agreement with the value given for the 5s exchange splitting

of Sm metal (Herbst et al. 1977). For photon encrgies above 140 eV Lhe 4d
emission linmes (1, 2} (EB = 130; 135.5 eV) could be well ohserved. Ihe binding
energies and the assigrment of the photuelectran lines shown in Fig. 6 are

summarized in Table 2.
partial cross sections

The photoelectron spectra (lig. 6) already demonstrate the strong dependence
of the intensity of the various photoelectron lines on the photon energy.
Even more convincing is the tesonant enhancement of the partial 4d, 5p and

2 . .
4f cross sections in the range of the adlaaréssz - 4d94f765 excitations
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displayed in Fiy. 7. By adding all partial cross sections the uppermosi

curve in Fig. 7 has been obtained. This curve resembles the absorption spectrum
reported by Radtke (1979). In the absorptinn spectrum the maximum at 145 eV

is less pronaunced. This may be due to the limited dynamic range of photo-
graphic plates used in Lhe absarption measurements. In analoyy to the inter-
prelation of the 4d absorption spectra of several rare earths (Sugar 1972,
Wolff et al. 1976) we ascribe the structure to the multiplet splitting of

the adgbf76sz configuration. Spectra recenlly calculated by using the atomic
physics code RCN/RGG (Cowan 1981) display two groups of strong lines separated
by ~8 eV (Kerkhoff 1985). Our results help to shed some light on the character
of the final states. The weak maxima at fw = 127.5 eV, 130 eV and the deminant
max imunm close to the 4d-threshalds almost exclusively decay via ad9$f7652 he

Qd104f565261 autoionisation. lhe inlerference between the discrete excitation

plus autoionisatinn and the direct ﬂf6632 - 4(565251 ionisation causes the
asymotry in the Fano type prafile of the 4f partial cross section. A tentative

fit by a single Fano profile (Fann 19261}

2

c=a Lﬂii%_ + oy
R PY
with P(EE )
£ = ___T_il_

results in:

resonance energy EO = 133.4 eV
halfwidths I = 4,7eV

asymmetry parameter q = 1.78

9, 7 - .
From our data we conclude that, for the 4d”4f 632 levels giving rige tn the
three low emergy maxima, the 4f final state wave function is loralized within

the inner well of the effective potential (Wendin and Starace 1978} and has
9,6, 2

a large ovcrlap with the 4d wavelunction. The cscaping chanre into the 4d°4f 6s7¢l

continuum is very small. These low ecnerqy excitations are also coupled to Lhe

Sp ionisation channel. Because the 5p ionisstion cross section is very small

> 100 eV above threshold,interference effects are less important. This is corrobo-
rated by the symmetric line shapes displayed by the 5p partial cross section.

Our findings so far are consistent with recent theoretical (Amusia el al.

1981) and experimental (Becker et al. 1985a) results for atomic Eu.

- 10 -

The character of the final state responsible Far the maximum centered at

145 ¢V, 1.e. 10 eV above the hd3/2 ionisation threshold, is completely
different. There is only weak coupling Lo the 4f and 5p ionisation continua,
causing the small bumps located at  141.5 eV in Lhe 4f and 5p partial cross
seclions. The dominant decay of the 145 eV resonance leads to an &dgﬂfsészel
final state. This indicates that Lhe f symmetric final state wavefunction

is best described as an ¢f continuum wavefunctiun with strong 4f character
close to the nurleus. The 4d-4f exchange interaction pushes part of the

4d * 4f oscillator-slrength far up above the ionisation limit. The character
of the final state could be viewed upon as an f symmelric continuum resonance
reflecting the structure of the elfective potential (Wendin and Starace
1978). In this regard there is similarity to the situation encountered

for the 4d excitation of atomic Cs, But due to the contracted nature of

the 4f orbilal, in Sm we encounter both, a localized 4f resonance close

to the threshold and a £t 4f continuum resonance 10 eV above threshold whereas
for Cs there is only the continuum £f rescnance Z0 eV above threshold. The
characteristic results for atomic Sm are very similar to those determined

in phutvemission experiments on solid rare earths (Gerken 1983, Gerken et

al. 1984).
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