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4d21 multiplet structure of rare-earth atoms studied
by photoelectron-ion coincidence spectroscopy

Ch. Gerth, A. G. Kochur,* M. Groen, T. Luhmann, M. Richter, and P. Zimmermann
Institut für Atomare und Analytische Physik, Technische Universita¨t Berlin, 10623 Berlin, Hardenbergstrasse 36, Germany

~Received 30 October 1997!

The 4d photoelectron spectra of atomic lanthanides Ce, Pr, Nd, Sm, and Eu have been measured using
synchrotron radiation. The multiplet structure of the 4d21 hole states has been investigated by applying the
electron-ion coincidence technique in the form of final ion-charge resolving electron~FIRE! spectroscopy.
FIRE spectroscopy is a spin-sensitive method for the study of 4d21 decay processes. Photoelectron spectra
have been calculated in the one-configuration approximation for the rare-earth atoms from Ce to Gd and FIRE
spectra have been calculated for Ce, Pr, Nd, Sm, and Eu. Comparing theoretical and experimental results, we
discuss the trend of the development of the 4d21 multiplet structure from Ce to Gd.@S1050-2947~98!01805-8#
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I. INTRODUCTION

Recently, a new type of electron spectroscopy has b
developed that allows photoelectron spectra of free atom
be split into partial contributions corresponding to the form
tion of ions of specific charges@1–4#. We called this tech-
nique final ion-charge resolving electron~FIRE! spectros-
copy. Luhmannet al. @2# have applied this technique to stud
the structure of the 4d21 multiplets in Eu and Sm. A strong
dependence of the FIRE spectra on the ion charge has
reported. Specifically, the low ionization energy part of t
4d FIRE~21! spectra was found to be strongly suppressed
was suggested in Ref.@2# that such behavior of the
photoelectron-ion coincidence spectra might be explained
~otherwise very intense! forbidden super-Coster-Kronig 4d
24 f 4 f transitions for the high-spin components of the 4d21

multiplets leading to doubly charged ions.
The first theoretical description of the 4d FIRE spectra of

Eu was given by Kochuret al. @5#, who combined multiplet
structure calculations with calculations of ion yields in t
configuration-average approximation. It was pointed out t
the 4d FIRE spectra of rare earths should be sensitive to
localization of high-spin states within the 4d21 multiplets.

Systematic calculations of the structure of the 4d21 mul-
tiplets in the rare-earth elements in the one-configuration
proximation were performed by Demekhinet al. @6#. They
pointed out that in the one-configuration approximation r
sonable agreement with experimental results can only be
tained by accounting for many-electron correlations. T
can approximately be achieved by scaling the integrals of
4 f 24 f and 4d24 f interactions. The calculations of Ref.@6#
as well as calculations on Eu@5# and Gd@7,8# showed that
the 4d spectra of the rare-earth elements extend over an
ergy range of about 30 eV and can be roughly divided i
an intense low ionization energy region and a less inte
high ionization energy region. The low ionization ener
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part of the 4d photoelectron spectra of free rare-earth ato
has been the subject of a number of experimental studies~see
@9,10# and references therein!. Contradictory assignments o
the low ionization energy region were given by different a
thors. Ogasawaraet al. @11# performed calculations on th
4d photoelectron spectra of rare earths~Sm to Lu! and
discussed the role of forbidden super-Coster-Kro
4d24 f 4 f transitions in the lifetime broadening of the 4d21

multiplet components. Based on these calculations, they
signed the whole low ionization energy region to high-sp
states.

FIRE spectroscopy is a powerful tool for distinguishin
between high-spin and low-spin states of the 4d21 multiplets
in rare-earth atoms. For example, calculations@5# and mea-
surements with FIRE spectroscopy@2# showed that only the
lowest ionization energy peak in the 4d photoelectron spec
trum of Eu represents predominantly high-spin9D states,
while the neighboring secondary peak reflects low-spin7D
states arising from the coupling of the 4d vacancy with
4 f 7(6L) states. Similar assignments were given by van
Laanet al. @7#, who studied the magnetic circular dichrois
in the 4d photoemission of metallic Gd, and later on b
Lademan et al. @8#, who measured and calculated spi
resolved Gd 4d photoelectron spectra.

Dichroism measurements on magnetized solid s
samples and spin-resolved photoelectron spectroscopy
other examples of spin-sensitive methods for the study of
composition of multiplet states. First experimental data
the dichroism in the 3p photoelectron spectra of free C
atoms were recently reported by von dem Borneet al. @12#.
In that type of experiment, the alignment or orientation
atoms is obtained by laser pumping using linearly or circ
larly polarized light. The spin-sensitivity of FIRE spectro
copy is not induced by an external influence, such as m
netization or laser pumping, but is an intrinsic property of t
decay processes following the creation of an inner-shell
cancy.

In this work we present the 4d photoelectron and FIRE
spectra of Ce, Pr, Nd, Sm, and Eu as well as calculation
spectra for the whole series from Ce to Gd. We discuss
structure of the 4d21 multiplets, focusing on the trends o
the high-spin state distributions. The question of the hig
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3524 57CH. GERTHet al.
spin state distribution within the 4d21 multiplets is resolved
with the help of FIRE spectroscopy.

II. EXPERIMENT

The experiments were performed at the electron stor
ring BESSY in Berlin. A scheme showing the main parts
the experimental setup is depicted in Fig. 1. Monochrom
tized synchrotron radiation, provided by the toroidal grati
monochromater TGM3 with a resolution power of about 12
crosses a beam of rare-earth atoms produced by the ato
beam technique@13#. In the case of Sm and Eu, free atom
were produced by thermal evaporation in a resistively hea
crucible, while the necessary temperatures for the elem
Ce, Pr, and Nd were achieved by electron impact heat
The temperatures and the corresponding thermal popula
of initial states for these elements are listed in Table I. F
the evaporation of Ce and Nd, we used an Al2O3 crucible
within a molybdenum crucible to avoid direct contact b
tween the metals being investigated and the molybden
Electrons emitted in the photoionization process are analy
according to their kinetic energye by a 180° cylindrical
mirror analyzer~CMA!. The CMA has an angular accep
tance of 1.2% of 4p and an energy resolution o
DE/E51.00~7!%. Only electrons emitted close to the mag
angle (54.7°61.7° with respect to the spectrometer axis! are
accepted by the CMA. A photoelectron spectrum EDChn(e)
~energy distribution curve! is recorded while scanning th
kinetic energye at fixed photon energyhn. Photoions are
separated according to their mass to charge ratiom/q using a
time-of-flight ~TOF! spectrometer of the Wiley-McLare
type @14#. By application of an electrical extraction puls
~240 V, 4ms!, the photoions are accelerated towards
entrance aperture of the TOF. After a second po
acceleration stage~260 V!, the ions reach the field-free drif
tube. Finally, the ions are accelerated onto the detecto
applying a voltage of23 kV. The TOF spectrometer and th

FIG. 1. Scheme of the main parts of the experimental se
showing the cylindrical mirror analyzer~CMA!, the time-of-flight
spectrometer~TOF!, the atomic beam source, and the synchrot
radiation beam.
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CMA are equipped with microchannel plates~MCP! for par-
ticle detection. For the TOF measurements a time-to-dig
multistop counter~TDC! is used. The TOF spectra are co
rected for the ion detection efficiency of the MCP detec
for different charge states@4#.

A correlation analysis of electron-ion pairs resulting fro
one photoionization process is achieved by combining p
toelectron and photoion spectroscopy. An electron detec
with the selected kinetic energy starts a TOF measurem
by triggering the electrical extraction pulse, which accel
ates the corresponding coincident ion into the TOF sp
trometer. Usually not only this coincident ion is extracted
the electrical pulse but also ions created in other ionizat
processes. Therefore, the resulting coincidence spec
contains both true and random signals. These random c
cidences are measured separately in a reference spec
which is a normal ion TOF spectrum where the electri
extraction pulse is triggered by a pulse generator. Coin
dence and reference spectra are recorded under almos
same experimental conditions by switching between the
modes every five seconds. The spectrum of true coinciden
is deduced from the coincidence and reference spectra
the help of an evaluation procedure that is described in de
in Ref. @3#. With this method we were able to achieve hig
coincidence counting rates. Reduction of the photon flux
another way to avoid random coincidences in the coin
dence spectrum, but this drastically increases the data a
mulation time. After normalization, the spectrum of true c
incidences provides the correlation probabilitiesphn(e,n1)
for the production ofn1 final ion-charge states upon emi
sion of electrons of selected kinetic energye. By multiplying
the electron spectrum EDChn(e) by the correlation probabili-
ties phn(e,n1) for fixed n1 and hn, one obtains the fina
ion-charge resolved electron FIRE(n1) spectrum:

EDChn
n1~e!5phn~e,n1 !EDChn~e!. ~1!

p

n

TABLE I. Temperatures of atomic beams (T), energy separa-
tions (DEL0S0J0

), and thermal population of the initialL0S0J0 states
(WL0S0J0

).

Element T ~K! 2S011L0J0
DEL0S0J0

~meV!a WL0S0J0

Ce(4f 15d1) 1850 1G4 0 0.38
3F2 28 0.18
3H4 159 0.14
3G3 172 0.10
3F3 206 0.08

Pr(4f 3) 1750 4I 9/2 0 0.63
4I 11/2 171 0.25
4I 13/2 353 0.09

Nd(4f 4) 1600 5I 4 0 0.59
5I 5 140 0.27
5I 6 293 0.10

Sm(4f 6) 1000 7F0 0 0.17
7F1 36 0.34
7F2 101 0.27
7F3 185 0.15

Eu(4f 7) 900 8S7/2 0 1.00

aOptical data from Ref.@24#.
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The FIRE(n1) spectrum represents the contribution of tho
photoionization processes to the photoelectron spect
which end up in ann1 final ion-charge state.

A detailed description of the experimental setup and
electron-ion coincidence technique for energy analyzed e
trons is given in Ref.@4#. In that paper, the 4d photoioniza-
tion of Xe was chosen to demonstrate the coincide
method in its extended form of FIRE spectroscopy.

III. THEORY

A. Calculation of photoelectron spectra and FIRE spectra

Since the structure of the 4d21 multiplets in rare-earth
atoms is known to be determined predominantly by
4d24 f and 4f 24 f electrostatic interaction and the 4d spin-
orbit interaction@5–7,11#, we employ the one-configuratio
approximation and neglect the 6s25d configuration mixing.
The ground state configurations of the atoms under study
taken to be 4f 15d16s2~Ce!, 4f 36s2 ~Pr!, 4f 46s2 ~Nd!,
4 f 56s2 ~Pm!, 4f 66s2 ~Sm!, 4f 76s2 ~Eu!, and 4f 75d16s2

~Gd!.
The wave functions of the 4d21 core-holes are calculate

in the form

uEJ&5(
i

^4d94 f ng i ,Li ,Si ,JuEJ&u4d94 f ng i ,Li ,Si ,J&.

~2!

The self-energiesE and the decomposition coefficien
^4d94 f ng i ,Li ,Si ,JuEJ& are obtained by numerical diago
nalization of matrices on the basis se
$u4d94 f ng i ,Li ,Si ,J&%, whereg i denotes additional quantum
numbers. In the case of Ce and Gd, 4f n has to be replaced b
4 f n5d. The matrix elements of the operators for the electr
electron and spin-orbit interactions are calculated by
methods described in Ref.@15#. To account for many-
electron corrections, all the electron-electron interact
Slater integrals calculated in the Hartree-Fock-Pauli appr
mation were scaled by a factor of 0.7@6,16#. For Nd to Gd,
only the largest and the second-largest multiplicity terms
the 4f n subshells were included in the basis sets. The inc
sion of additional terms did not result in any noticeab
changes in the calculated photoelectron spectra.

The final state wave functions for the photoionization p
cess

A~L0S0J0!1hn→A~4d21EJ!1el

were constructed with the wave functions of the core,
~2!, and the photoelectron wave functionsel . The corre-
sponding photoionization cross sectionssL0S0J0

(EJ), which
form a theoretical photoelectron spectrum, were calculate
described in Ref.@5#. Here,L0S0J0 denotes the initial state
by specifying the term of the main contribution to the initi
state vector.

Ionization energies were calculated with the followin
equation:
e
m

e
c-

e

e

re

-
e

n
i-

f
-

-

.

as

I ~L0S0J0→4d21EJ!

5@EHFP~4d21!1D~EJ!#

2@EHFP~0!1D~L0S0J0!#, ~3!

where EHFP(4d21) and EHFP(0) are mean Hartree-Fock
Pauli energies of the ionized and the ground-state config
tions; D(EJ) and D(L0S0J0) are the positions ofuEJ& and
uL0S0J0& with respect to the center of gravity of the corr
sponding configuration. The calculated electron spectra
Ce, Pr, Nd, Sm, and Eu have been shifted by up to 1 eV
order to allow comparison with the corresponding expe
mental spectra.

In this work, the distributions of the high-spin state
2Smax11LJ over the uEJ& states of the 4d21 multiplets are
investigated. The high-spin states are those states in w
all the electron spins of the 4f ~or 4f and 5d) subshell and
the spin of the 4d vacancy have the same orientation. Hen
Smax in 2Smax11LJ is equal to1

2 (N4 f1N5d11), whereN is
the subshell occupation number. To demonstrate the di
bution of the high-spin states over the 4d21 multiplet com-
ponents, we calculated the values

b~EJ!5(
i

^4d94 f ng i ,Li ,SmaxJuEJ&2, ~4!

which represent the weight of the high-spin states2Smax11LJ
in each 4d21 multiplet component.

The 4d21 states decay predominantly by Auger cascad
which lead to final ion charges of 21 to 51. As pointed out
in Ref. @5#, these cascades depend on the spin of the 4d21

states, the decay of high-spin and low-spin (S,Smax) states
being quite different. This is due to the fact that inten
super-Coster-Kronig 4d24 f 4 f transitions are forbidden fo
the high-spin states. For example, a high-spin st
4d94 f n(n<7), which has a spinSmax5

1
2 (n11), cannot de-

cay by 4d24 f 4 f transitions into 4d104 f n22el states, since
the spin of these final states is onlySmax5

1
2 (n21). Similar

considerations hold also for 4d24 f 5d transitions in Ce and
Gd. Figure 2 illustrates the formation of final ion charges

FIG. 2. Simplified scheme of cascade decay of the 4d vacancy
in rare-earth atoms. When intense 4d24 f 4 f transitions are forbid-
den for the high-spin 4d21 states, the yield of 21 photoions is
suppressed.
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3526 57CH. GERTHet al.
different decay branches. If allowed, intense 4d24 f 4 f tran-
sitions are the principal producers of 21 ions, because 4f
vacancies cannot decay further. Other first-step de
branches create the states with 5s and/or 5p vacancies,
which can decay further leading to the formation of 31 and
41 ions. Therefore, if the initial 4d21 state is a high-spin
state, the yield of 21 ions will be low, since it results only
from low-intensity 4d24 f 6s, 4d26s6s, and shake pro-
cesses. For low-spin 4d21 states, 4d24 f 4 f transitions are
allowed and the yields of 21 and 31 ions should be of the
same order of magnitude.

EachuEJ& state of the 4d21 multiplet has specific contri-
butions from both high-spin and low-spin states, and, the
fore, behaves differently with respect to the formation
ions. We propose an approximate formula to calculate pa
photoionization cross sections for the formation of ions
specific charges:

sL0S0J0

n1 ~EJ!5sL0S0J0
~EJ!

3$b~EJ!Pf~n1 !1@12b~EJ!#Pa~n1 !%.

~5!

Here,sL0S0J0
(EJ) is the photoionization cross section, an

b(EJ) is determined by Eq.~4!. Pa(n1) and Pf(n1) are
the ion yields calculated with either allowed (Pa) or forbid-
den (Pf) 4d24 f 4 f transitions. The calculation of these va
ues is described in Sec. III B. The sets of values of Eq.~5!
represent the theoretical FIRE(n1) spectra.

As was pointed out in Sec. II, under our experimen
conditions ~high-temperature atomic beams! there exists a
noticeable probability of photoionizing atoms not only
their ground state, but also in thermally populated states.
population of various initial statesL0S0J0, calculated from
the Boltzmann distributions, is presented in Table I. O
Eu, with a half-filled 4f subshell, has a well-separate
ground state8S7/2 term. For all other elements, the therm
population of initial states is quite high. Thus, we have
compare the measured spectra with the superpositions of
cific L0S0J0 spectra weighted according to the thermal init
state population. In order to illustrate the effect of therma
populated initial states, we present in Fig. 3 the 4d photo-
electron spectra of Nd calculated for the three lowest ini
statesL0S0J0 @panels~a!–~c!#, and the weighted superpos
tion of those spectra@panel~d!#. In the case of Pm and Gd
the calculations were performed only for the ground sta
6H5/2 and 9D2, respectively, since for these elements a co
parison with our own experimental results was not possi

B. Calculation of ion yields

Our calculations of ion yields are based on the straig
forward construction of deexcitation trees in th
configuration-average approximation. Since the method
described in detail elsewhere@17,18#, only a brief description
is given.

At each branching point~initial or intermediate configu-
ration of a cascade!, branching ratios are expressed throu
the total and partial Auger widths, while radiative branch
are neglected. Partial widths for nonradiativei 2 jk transi-
tions are expressed in a factorized form, thus allowing on
y
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separate the dependence on the occupation number
atomic subshells:

G i jk5Ni
vNjk

p g i jk . ~6!

Here i , j ,k denote the electron subshells involved in a tra
sition, Ni

v the number of vacancies in the subshelli , andNjk
p

the number of possible pairs of thej andk subshell electrons
that can participate in the transition. The reduced par
width per one pair of electronsg i jk is a combination of Slater
integrals and depends rather smoothly on the configura
of the decaying ion@17#. Equation~6! allows one to calculate
nonradiative partial level widths for a great variety of inte
mediate configurations of a cascade and to include relaxa
effects on nonradiative widths due to the dependence ofg i jk
on the number of vacancies in the shells of an ion.

Our model includes monopole shake-off processes cau
by the change of the core potential in the course of the
velopment of a cascade. Shake-off probabilities are ca
lated in the sudden limit approximation@19#:

Wnl5Nnl@12^nl~ init. conf.!unl~final conf.!&2#. ~7!

Wnl is the probability for one electron to be shaken off fro
subshellnl due to the sudden change of the configuration
the core, andNnl the occupation number of thenl subshell.

FIG. 3. Nd 4d photoelectron spectra.~a!–~c! Spectra calculated
for separate initialL0S0J0 terms;~d! superposition ofL0S0J0 spec-
tra weighted according to the thermal population~see Table I!.
Spectra are convoluted with Gaussians having FWHM of 1.5 e
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TABLE II. Relative ion yields produced by 4d21 cascades calculated with allowedPa or forbiddenPf s-CK 4d– 4f 4 f transitions.

Ion Ce Pr Nd Pm Sm Eu Gd
charge Pa Pfa Pa Pf Pa Pf Pa Pf Pa Pf Pa Pf Pa Pfb

21 0.081 0.021 0.309 0.026 0.395 0.026 0.460 0.027 0.504 0.027 0.613 0.025 0.498
31 0.577 0.614 0.644 0.918 0.563 0.920 0.507 0.938 0.451 0.905 0.359 0.897 0.366
41 0.319 0.340 0.047 0.056 0.042 0.054 0.033 0.035 0.045 0.068 0.028 0.078 0.133
51 0.023 0.024 0.003 0.005

a4d– 4f 5d transitions are forbidden.
bBoth 4d– 4f 4 f and 4d– 4f 5d transitions are forbidden.
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We express the overlap integrals in Eq.~7! in terms of mean
Hartree-Fock radii of thenl subshell in the initial and fina
configurations. Atomic orbital mean radii depend ve
smoothly on the atomic configuration and can be calcula
with simple interpolation formulas for any intermediate co
figuration of a cascade as described in Ref.@18#.

The multiplets of the initial and final configurations fo
some transitions in a cascade may overlap. In those ca
some of the transitions between the states of the multip
are energetically forbidden, and the configuration-aver
widths, Eq. ~6!, should be decreased. On the other ha
some transitions between some states of overlapping mu
lets are allowed even if the mean energy of the initial co
figuration is less than that of the final configuration. We a
count for those partially forbidden transitions by simulati
the multiplets with Gaussian frequency functions. Varian
of the multiplet distributions for any configuration can b
expressed in terms of minimal sums and occupation num
of the electron subshells@20#.

Thorough analysis of deexcitation trees of the 4d21 cas-
cades in rare earths showed that they are very sensitive t
energy positions of the ionic levels. For this reason we u
total Hartree-Fock-Pauli energies of cascade configurat
for the positioning of the ionic levels.

For each element, the ion yields were calculated in t
different ways. The ion yieldsPa(n1) are obtained by tak-
ing into account all the branches in the deexcitation tr
(4d24 f 4 f transitions are allowed!. On the other hand, the
ion yieldsPf(n1), for which 4d24 f 4 f transitions are for-
bidden, are obtained by neglecting the 4d24 f 4 f and
4d24 f 5d decay branches in the construction of the deex
tation trees.

The calculated ion yields are listed in Table II. When t
4d24 f 4 f and 4d24 f 5d transitions are forbidden, th
yields of 21 ions decrease drastically. This effect becom
more pronounced for heavier atoms, because with the
crease of the number of 4f electrons the relative strength o
the 4d24 f 4 f decay branch becomes greater. The yields
51 ions are negligible for Pr to Eu, while noticeable 51
yields were calculated for Ce and Gd, which have an ad
tional 5d electron. Greater 21 abundance in Ce is connecte
with the greater relative importance of the 4d25s5s decay
branch.

IV. RESULTS AND DISCUSSION

Measured and calculated 4d photoelectron spectra of C
to Gd are presented in Figs. 4 and 5. The measured sp
are shown with dots and error bars. For better compari
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with the calculated spectra, the continuous background
been subtracted. This continuous background is due to d
double photoionization and double Auger processes, wh
two electrons are emitted simultaneously. The theoret
spectra were calculated as described in Sec. III A, wher
the thermal population of the initial states with respect to
experimental conditions~see Table I! was taken into account
Each vertical bar represents the photoionization cross sec
for a specific multiplet component. Solid curves are obtain
by convoluting the bar spectra with Gaussians of fixed f
width at half-maximum~FWHM! corresponding to the ex
perimental resolution of the electron analyzer and the ba
width of the monochromator. The distributions of the hig
spin states2Smax11LJ over the 4d21 multiplets are displayed
as dotted curves and were obtained by weighting the c
sections of the multiplet components by the fraction of hig
spin states@see Eq.~4!#.

The photoelectron spectra show a large multiplet splitt
of about 30 eV due to the strong 4d24 f electrostatic inter-
action. Until now, experimental data have been availa
only for the low ionization energy part. The overall agre
ment of theory and experiment in this region is good. Sin
in the low ionization energy region the natural lifetim
widths of the 4d21 states are of the order of 0.1 eV@7,8,11#,
the broadening of the spectral components is mainly due
the experimental resolution. This does not hold for the h
ionization energy region, where the natural width is abou
eV @11#. Therefore, in the high ionization energy region t
experimental spectra are expected to be broader than the
responding calculated spectra depicted in Figs. 4 and 5.

The 4d21 states essentially maintain their atomic chara
ter in solids. However, for the comparison of atomic a
solid state data, different 4f n occupation numbers in atom
and in metals should be considered@21,22#: Ce(4f 5d),
Eu(4f 7), and Gd(4f 75d) maintain their atomic 4f occu-
pancy in metals, while for Pr(4f 3), Nd(4f 4), Pm(4f 5), and
Sm(4f 6) the 4f n occupation number decreases by 1 in t
solid state. Therefore, Ce and Gd, because of the additi
5d electron, and Sm have no solid state counterparts. On
other hand, our calculations on radioactive Pm correspon
studies of metallic Sm. A comparison of our results f
atomic Pm(4f 56s2) and Eu(4f 76s2) with those of Ref.@11#
on Sm31(4 f 5) and Gd31(4 f 7) in metals show close agree
ment between the shapes of the measured and calcu
spectra. The 4d photoelectron spectrum of metallic Nd me
sured by Platau@23# is quite similar to our spectrum o
atomic Pr. However, the extent of the splitting within mu
tiplets in atoms and in the corresponding ions within met



;
y
in

3528 57CH. GERTHet al.
FIG. 4. Measured and calculated 4d photoelectron spectra of Ce, Pr, Nd, and Pm. Dots with error bars (ddd), experimental spectra
vertical bars (u), photoionization cross section calculated for each multiplet component; solid curves~—!, theoretical spectra obtained b
convolution of the bar spectra with Gaussians of fixed FWHM; dotted curves~•••!, theoretical spectra weighted by the fraction of high-sp
states2Smax11L.
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is somewhat different due to the different magnitudes of
electron-electron interaction. An additional reason for slig
differences between atomic and solid state spectra re
from the thermal population of the initial states in atom
beam experiments~see Fig. 3 and Table I!. The comparison
of our atomic calculations with the solid state measureme
shows that the nature of the 4d vacancy in 4f metals is
essentially of atomic character. Therefore, the accurate
scription of 4d21 multiplets in both atomic and metallic rar
earths is only possible by means of thorough consideratio
direct and exchange electron-electron interaction.

The 4d21 multiplets of the rare-earth atoms investigat
consist of a low ionization energy and a high ionization e
ergy region. The low ionization energy region of the e
ments Ce to Pm is characterized by a broad structure
varying shape~Fig. 4!, while for Sm to Gd this region is
divided into two peaks~Fig. 5!. According to our calcula-
tions, the low ionization energy structures are represente
high-spin states2Smax11LJ and low-spin states2Smax21LJ .
These states originate from the interaction of the 4d vacancy
with the 4f n states of the largest and the second-largest m
tiplicities, respectively. The dominant contribution to th
high ionization energy region is provided by low-spin sta
e
t
lts

ts

e-

of

-
-
of

by

l-

s

2Smax21LJ , which come from antiparallel coupling of th
electron spin of the 4d vacancy and the energetically lowe
4 f n state of the largest multiplicity.

As mentioned in Sec. I, contradictory assignments e
for the localization of high-spin states within the low ioniz
tion energy part of the 4d21 multiplets. To study the distri-
bution of high-spin states2Smax11LJ over the 4d21 multip-
lets, each component of the calculated photoelectron spe
has been weighted with the fraction of high-spin sta
b(EJ) for that component@see Eq.~4!#. The results are
shown in Figs. 4 and 5 as dotted curves. As can be seen
Fig. 4, the high-spin states tend to become more and m
concentrated at lower ionization energies when going fr
Ce to Pm. Finally, in the case of Sm, Eu, and Gd the hi
spin states are localized mainly within the peak at low
ionization energy, while the accompanying peak has p
dominantly low-spin character~Fig. 5!.

Such behavior of the high-spin state distributions resu
from the relative positioning ofn11LJ and n21LJ states of
the 4f n subshells. In Pr, Nd, and Pm, the largest-multiplic
statesn11LJ are spread over an interval of about 3 eV a
overlap considerably withn21LJ states. Better localization
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FIG. 5. Measured and calculated 4d photoelectron spectra of Sm, Eu, and Gd. Dots with error bars (ddd), experimental spectra
vertical bars (u), photoionization cross section calculated for each multiplet component; solid curves~—!, theoretical spectra obtained b
convolution of the bar spectra with Gaussians of fixed FWHM; dotted curves~•••!, theoretical spectra weighted by the fraction of high-sp
states2Smax11L.
ty

ti-

n
i-
o

on

in
ve
ro
on
a

r
n
o
d

s
i

es

re
1

ays
i-
ted

ck-
een
ctra

lid
ined
ist-
nly
the
nd-

the
ere

s of
tron
the
ron
the

ose
Eq.
ula-
nd

of
of the high-spin states in Pm is due to the fact that its 4f 5

subshell has only three6L terms, while the 4f subshells of
Pr and Nd have five terms with the largest multiplici
(4L and 5L, respectively!. In Sm(4f 6), Eu(4f 7), and
Gd(4f 75d1), the 4f subshells have only one largest mul
plicity term, i.e., 4f 6(7F) and 4f 7(8S). Furthermore, these
terms are separated energetically from the corresponding5L
and 6L terms, thus forming a well-resolved low ionizatio
energy group of the 4d21 components that has predom
nantly high-spin character. High-spin states in Ce arise fr
the coupling of the 4f and the 5d electron to3L states and
demonstrate almost no localization within the low ionizati
energy region.

The theoretical results for the distribution of high-sp
states over the 4d21 multiplet components described abo
need to be verified experimentally. Photoelectron spect
copy is an ideal tool to investigate the strength of photoi
ization cross sections. However, spin-sensitive methods
necessary to obtain information about the spin characte
core-hole states. Magnetic dichroism in the photoemissio
well as angle and spin resolved photoelectron spectrosc
are examples of spin-sensitive methods which have been
veloped recently. FIRE spectroscopy on rare-earth atom
another example of a spin-sensitive technique. Here, the
formation about the spin is provided by the decay proc
following the creation of a 4d core-hole.

Measured and calculated photoelectron and FIRE(n1)
spectra (n52,3,4) of the low ionization energy region a
depicted in Figs. 6–10 for Eu, Sm, Nd, Pr, and Ce. As1
m

s-
-
re
of
as
py
e-
is
n-
s

ions were not observed within the error bars, radiative dec
are negligible. A FIRE(n1) spectrum represents that contr
bution of electrons to the electron spectrum that is connec
with photoionization processes ending up in ann1 final ion-
charge state. Experimental spectra are shown with ba
ground, unlike in Figs. 4 and 5, where background has b
subtracted. The data points of the experimental FIRE spe
were calculated with Eq.~1!, and the error bars result from
the determination of the correlation probabilities. The so
curves representing the experimental spectra were obta
in two different ways. For Eu, Sm, and Pr, fit curves cons
ing of a superposition of Gaussian profiles were used. O
the amplitudes and not the positions and the widths of
Gaussian profiles as obtained from the fit to the correspo
ing photoelectron spectrum were varied for the fits to
FIRE spectra. In the case of Ce and Nd, the solid curves w
obtained by smoothing the data points. The upper panel
the experimental results show the measured photoelec
spectra as data points with error bars and the sum of
FIRE spectra as a solid line. The calculated photoelect
spectra and distributions of high-spin states displayed in
upper panel of the theoretical results are identical with th
in Figs. 4 and 5. The FIRE spectra were calculated with
~5!. As in the case of the photoelectron spectra, the pop
tion of the initial states was included in the FIRE spectra a
the Gaussian convolutions were performed.

As discussed in Sec. III A, the most severe variation
spectral shapes is expected in the FIRE~21! spectra, since
the most pronounced changes due to forbidden 4d24 f 4 f
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FIG. 6. Measured and calculated 4d photoelectron and FIRE(n1) spectra of Eu in the low ionization energy region.
n
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transitions occur in the 21 ion yields, as can be seen i
Table II. The relative intensities should be drastically su
pressed in those regions of the FIRE~21! spectra that repre
sent the 4d21 states of predominantly high-spin charact
The effect is more pronounced in the spectra of those at
where the high-spin states are well localized, as in Eu~see
-

.
s

Fig. 6!, where the 4d photoelectron spectrum has a two-pe
structure~peaks are labeledA and B). PeakA is strongly
suppressed in the Eu FIRE~21! spectrum in contrast to pea
B. Therefore, it is evident that peakA is mainly composed of
the high-spin9D states, while peakB represents predomi
nantly 4d9(2D)4 f 7(6L)7D states. This assignment is i
FIG. 7. Measured and calculated 4d photoelectron and FIRE(n1) spectra of Sm in the low ionization energy region.
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FIG. 8. Measured and calculated 4d photoelectron and FIRE(n1) spectra of Nd in the low ionization energy region.
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agreement with those given by Lademanet al. @8# and van
der Laanet al. @7# based on magnetic circular dichroism a
spin-resolved studies in the 4d photoemission of metallic
Gd. Similarities to Eu can be found in atomic Cr with i
half-filled 3d subshell. The 3p photoelectron spectrum o
atomic Cr also shows a two-peak structure at the low ion
tion energy region of the 3p21 multiplet. Having studied the
dichroism in the 3p photoionization of polarized Cr atoms
-

von dem Borneet al. @12# assigned the peaks at lower ion
ization energy to high-spin states (8P) and the neighboring
peaks with higher ionization energy to low-spin states (6P).

The FIRE~21! spectrum of Sm depicted in Fig. 7 look
strikingly similar to that of Eu with peakA again strongly
suppressed. It implies that peakA is again related to high-
spin states (8L), while peakB is mainly formed by low spin
states (6L). Although we have not yet measured FIRE spe
FIG. 9. Measured and calculated 4d photoelectron and FIRE(n1) spectra of Pr in the low ionization energy region.
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FIG. 10. Measured and calculated 4d photoelectron and FIRE(n1) spectra of Ce in the low ionization energy region.
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tra of Gd, similar division into a predominantly high-sp
(10L) and a low-spin (8L) peak as predicted by the theo
~see Fig. 5! is supported by the FIRE experiments on Eu a
Sm. The only difference between Eu and Gd is the prese
of an additional 5d electron in Gd, whose interaction wit
4d and 4f electrons is weaker than the 4d24 f and 4f
24 f interactions determining the main features of the 4d21

multiplets.
In the case of the 4d spectra of Nd and Pr, a division int

high-spin and low-spin peaks is not possible, as can be s
from the calculated spectra of Figs. 8 and 9~upper panels,
dotted curves!. The high-spin states are distributed over t
whole low ionization energy region. Nevertheless, there
ists a distinct asymmetry in the distributions of high-sp
states: their weight grows upon moving to the lower ioniz
tion energy side of the spectra. This asymmetry again le
to significant changes in the shapes of the calcula
FIRE~21! spectra. These changes are reproduced well in
measured FIRE~21! spectra of Nd and Pr.

In the case of Ce~Fig. 10!, the high-spin states do no
demonstrate any localization or asymmetry within the 4d21

multiplet, where almost all the components have appro
mately equal fraction of high-spin and low-spin states. F
this reason, only slight changes in the shapes of the F
spectra are predicted by theory. Since the 21 ion yield in Ce
is very weak as compared with the other atoms~see Table
II !, it is hardly possible to deduce the actual shape of the
FIRE~21! spectrum from the experimental data. Howev
as can be seen from the lower panels of Fig. 10, the exten
the experimental FIRE~21! structure and its integral relativ
intensity are comparable with the respective theoretical
ues.

The spectral shapes of the FIRE~31! and FIRE~41! spec-
tra of Pr to Eu differ only slightly from the shapes of th
d
ce

en

-

-
ds
d
e

i-
r
E

e
,
of

l-

photoelectron spectra. The multiplet components with hi
spin character, which are suppressed in the FIRE~21! spec-
tra, are enhanced in the FIRE~31! and FIRE~41! spectra.
For Sm and Eu, where the high-spin states are well locali
in the spectra~peakA), the 31 and 41 ion yields increase
differently ~see Table II!. The ratio of forbidden to allowed
4d24 f 4 f transitions for the 31 ion yield of Eu isPf~31!/
Pa~31!52.4, whereas the ratio for the 41 ion yield is
Pf~41!/Pa~41!52.8. Therefore, the relative intensity of th
high-spin peakA should be higher in the FIRE~41! spec-
trum. This is supported experimentally, as can be seen in
6. For Sm, the situation is different: here we havePf~31!/
Pa~31!52.0 and Pf~41!/Pa~41!51.5, and so we expec
that the relative intensity of peakA should be higher in the
Sm FIRE~31! spectrum. This is confirmed by the exper
mental data depicted in Fig. 7. Of course, a simple qual
tive analysis of this kind is not applicable in the case of N
and Pr, which have widely spread high-spin states. Howe
the shapes of the experimental and the theoretical FIRE s
tra ~Figs. 8 and 9! show similar behavior.

It should be noted that a disagreement exists in the ove
relative intensities of the FIRE spectra of Pr to Eu. For the
elements, the calculated relative intensities of the FIRE~41!
spectra are smaller by roughly a factor of 2 than the co
sponding experimental quantities@note that the FIRE~21!
and FIRE~41! spectra are stretched along the vertical ax
by the factors specified in Figs. 6–10#. On the other hand
the calculated and measured relative intensities of the F
spectra agree much better in the case of Ce~Fig. 10!. The
discrepancy in the case of Pr, Nd, Sm, and Eu might
explained by the fact that we took the initial configuratio
of the cascades to be 4f n6s2, despite the fact that a notice
able 6s25d configuration interaction should also be prese
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As can be seen from the calculations of the ion yields in
and Gd, the presence of the 5d electron substantially in-
creases the yield of 41 ions. Therefore, going beyond th
one-configuration approximation in the calculations of bo
multiplet structures and ion yields might improve the agr
ment with the experiment.

In conclusion, the results discussed above establish F
spectroscopy as a spin-sensitive method that allows on
study the compositions of 4d21 multiplet states of rare-eart
atoms. Its sensitivity is based on the asymmetry of the de
processes for high-spin and low-spin states of the 4d21 mul-
tiplet components. Due to the strong 4d24 f electrostatic
interaction, the 4d21 multiplets in rare earths extend over a
energy range of about 30 eV. The low ionization ener
region consists of both high-spin and low-spin states. For
the high-spin states are completely spread over the low
ization energy region, whereas the high-spin states bec
more and more localized as the atomic number increases~Pr
to Pm!. The low ionization energy region of Sm, Eu, and G
is split into two peaks, which can be assigned to high-s
and low-spin states. The dependence of the FIRE(n1) spec-
tra on the final ion charge can be understood within a th
-

.

B
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e

B

B

g

e

-

E
to

ay

y
e,
n-

e

n

-

retical model based on forbidden 4d24 f 4 f super-Coster-
Kronig decays for high-spin 4d94 f n(n<7) states. For the
calculations of the theoretical FIRE spectra, we combine c
culations of the 4d21 multiplets in the one-configuration ap
proximation with calculations of ion yields in th
configuration-average approximation.
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