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4d~1 multiplet structure of rare-earth atoms studied
by photoelectron-ion coincidence spectroscopy
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The 4d photoelectron spectra of atomic lanthanides Ce, Pr, Nd, Sm, and Eu have been measured using
synchrotron radiation. The multiplet structure of theé 4 hole states has been investigated by applying the
electron-ion coincidence technique in the form of final ion-charge resolving ele&E) spectroscopy.

FIRE spectroscopy is a spin-sensitive method for the studydof*4lecay 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 thie 4 multiplet structure from Ce to G{iS1050-294798)01805-9

PACS numbd(s): 32.80.Fb

[. INTRODUCTION part of the 4 photoelectron spectra of free rare-earth atoms
has been the subject of a number of experimen_tal stugess

Recently, a new type of electron spectroscopy has beel,10] and references thergirContradictory assignments of
developed that allows photoelectron spectra of free atoms té'€ low ionization energy region were given by different au-

be split into partial contributions corresponding to the forma-thdors-h Ogalsawarat al. [11] p;erformed Calculauorls on (tjhe
tion of ions of specific charged—4]. We called this tech- 4d photoelectron spectra of rare earttBm to Ly and
) . . ; discussed the role of forbidden super-Coster-Kronig

nigue final ion-charge resolving electrdRIRE) spectros-

Luh L12]h lied thi hni q 4d— Af4f transitions in the lifetime broadening of thel 4!
copy. Luhmanret al.[2] have applied this technique to study ,iplet components. Based on these calculations, they as-

the structure of thed™* multiplets in Eu and Sm. A strong  signed the whole low ionization energy region to high-spin
dependence of the FIRE spectra on the ion charge has begghtes.

reported. Specifically, the low ionization energy part of the FIRE spectroscopy is a powerful tool for distinguishing
4d FIRE(2+) spectra was found to be strongly suppressed. Ibetween high-spin and low-spin states of th 4 multiplets
was suggested in Refl2] that such behavior of the in rare-earth atoms. For example, calculatiffsand mea-
photoelectron-ion coincidence spectra might be explained byurements with FIRE spectroscof#] showed that only the
(otherwise very intengeforbidden super-Coster-Kronigdd  lowest ionization energy peak in thal $hotoelectron spec-
— 4f4f transitions for the high-spin components of ttf4  trum of Eu represents predominantly high-spib states,
multiplets leading to doubly charged ions. while the neighboring secondary peak reflects low-sfin

The first theoretical description of thel4&IRE spectra of states arising from the coupling of thed 4vacancy with
Eu was given by Kochuet al. [5], who combined multiplet 4f7(°L) states. Similar assignments were given by van der
structure calculations with calculations of ion yields in the Laanet al.[7], who studied the magnetic circular dichroism
configuration-average approximation. It was pointed out thain the 4d photoemission of metallic Gd, and later on by
the 4d FIRE spectra of rare earths should be sensitive to théademanet al. [8], who measured and calculated spin-
localization of high-spin states within thed4® multiplets. resolved Gd 4 photoelectron spectra.

Systematic calculations of the structure of tha4 mul- Dichroism measurements on magnetized solid state
tiplets in the rare-earth elements in the one-configuration apsamples and spin-resolved photoelectron spectroscopy are
proximation were performed by Demekhét al. [6]. They  other examples of spin-sensitive methods for the study of the
pointed out that in the one-configuration approximation reacomposition of multiplet states. First experimental data on
sonable agreement with experimental results can only be olthe dichroism in the B photoelectron spectra of free Cr
tained by accounting for many-electron correlations. Thisatoms were recently reported by von dem Boeteal. [12].
can approximately be achieved by scaling the integrals of thén that type of experiment, the alignment or orientation of
4f —4f and 4 —4f interactions. The calculations of R¢&]  atoms is obtained by laser pumping using linearly or circu-
as well as calculations on Hb] and Gd[7,8] showed that larly polarized light. The spin-sensitivity of FIRE spectros-
the 4d spectra of the rare-earth elements extend over an ercopy is not induced by an external influence, such as mag-
ergy range of about 30 eV and can be roughly divided intonetization or laser pumping, but is an intrinsic property of the
an intense low ionization energy region and a less intensdecay processes following the creation of an inner-shell va-
high ionization energy region. The low ionization energy cancy.

In this work we present thed! photoelectron and FIRE
spectra of Ce, Pr, Nd, Sm, and Eu as well as calculations of
*Permanent address: Rostov State University of Transport Conmspectra for the whole series from Ce to Gd. We discuss the
munication, Narodnogo Opolcheniya Square 2, Rostov-na-Donstructure of the 41 multiplets, focusing on the trends of
344038, Russia. the high-spin state distributions. The question of the high-

1050-2947/98/5(6)/352311)/$15.00 57 3523 © 1998 The American Physical Society



3524 CH. GERTHet al. 57

CMA TABLE I. Temperatures of atomic beam3)(, energy separa-
Cylindrical mirror analyzer tions (AE, s,3,). and thermal population of the initia,SoJ, states
MCP . (WLOSOJO .
monochromatl_zegi
Synchrotron Radiatior Element T (K) 230+1L0J0 AELOSO‘]O (meV)? W'—osoJo
1 1 1

BESSY Ce(4f*5d%) 1850 G, 0 0.38

TGM 3 %F, 28 0.18

- o SH, 159 0.14

- 3G, 172 0.10

5k, 206 0.08

@I Atomic beam source Pr(4f 3) 1750 Al 9/2 0 0.63

ons N1 171 0.25

= 13 353 0.09

‘I Nd(4f4) 1600 51, 0 0.59

5

S . 5I5 140 0.27

Time-of-flight spectrometer le 293 0.10

TOF Sm(4f®) 1000 Fo 0 0.17

F, 36 0.34

FIG. 1. Scheme of the main parts of the experimental setup F, 101 0.27
showing the cylindrical mirror analyzéCMA), the time-of-flight s 185 0.15
spectromete(TOF), the atomic beam source, and the synchrotrong 457y 900 83, 0 1.00

radiation beam.

#Optical data from Ref{24].

spin state distribution within thedt * multiplets is resolved _ _ .
with the help of FIRE spectroscopy. CMA are equipped with microchannel platddCP) for par-
ticle detection. For the TOF measurements a time-to-digital

multistop counte(TDC) is used. The TOF spectra are cor-
Il. EXPERIMENT rected for the ion detection efficiency of the MCP detector
@r different charge statgt].
A correlation analysis of electron-ion pairs resulting from
one photoionization process is achieved by combining pho-
toelectron and photoion spectroscopy. An electron detected

monochromater TGM3 with a resolution power of about 120,With _the s_elected kineti_c energy starts a TOF measurement
crosses a beam of rare-earth atoms produced by the atomilay triggering the elec_:trlcal extraction pullse, which acceler-
beam techniquél3]. In the case of Sm and Eu, free atoms ates the corresponding CO|r_1C|de_nt_|on |r_1to Fhe TOF spec-
were produced by thermal evaporation in a resistively heate ometer. _UsuaIIy not only th'TQ' coincident lon is extrgctgd t_)y
crucible, while the necessary temperatures for the elemen e electrical pulse but also ions greated' |n.other lonization
Ce. Pr 'and Nd were achieved by electron impact heatingDrocesses. Therefore, the resulting coincidence spectrum
The temperatures and the corresponding thermal populatio %r:r?g;ss b;)rt: :rzltja(;sanrgdrasnedoan:atsé?na:]S.aTrr:eef:ree:]?:gd(s)megt? mr;1
of initial states for these elements are listed in Table I. Fof" u P i pectrum,

the evaporation of Ce and Nd, we used an®4 crucible which is a normal ion TOF spectrum where the electrical
within a molybdenum crucible' to avoid direct contact be_extracnon pulse is triggered by a pulse generator. Coinci-

tween the metals being investigated and the molybdenun%jence and _reference spectra are re_corgled under almost the
;ame experimental conditions by switching between the two

Electrons emitted in the photoionization process are analyze%aOdes every five seconds. The spectrum of true coincidences
according to their kinetic energy by a 180° cylindrical y ' P

it anlyzer(CUA. The CMiA has an angular accep- 1= $204°ed o e concidence and reference spect win
tance of 1.2% of 4 and an energy resolution of b b

AE/E-1.007%, iy elecirons emited close fo the magic L[5 W1 1 method e wee abie 0 acheve gt
angle (54.7% 1.7° with respect to the spectrometer qése 9 . P

another way to avoid random coincidences in the coinci-
accepted .by Fhe .CMA' A photoelectron spectrum E?":(@) dence spectrum, but this drastically increases the data accu-
(energy distribution curyeis recorded while scanning the

S . . mulation time. After normalization, the spectrum of true co-
kinetic energye at fixed photon energhv. Photoions are P

. . . . incidences provides the correlation probabilitj N+
separated according to their mass to charge matmpusing a P P ms(e.nt)

time-of-fight (TOF) spectrometer of the Wiey-McLaren [or I"% Procucton ofi» el o charge states upon eris:
type [14]. By application of an electrical extraction pulse

(—40 V. 44s), the photoions are accelerated towards th t_he electron spectru_m ER(X €) by the correlathn probapm—
ies py,(e,n+) for fixed n+ andhv, one obtains the final

entrance aperture of the TOF. After a second pOStTon-char e resolved electron FIRE{) spectrum:

acceleration stage-60 V), the ions reach the field-free drift 9 P '

tube. Finally, the ions are accelerated onto the detector by N
applying a voltage of-3 kV. The TOF spectrometer and the EDG;, (€)=pn,(€,n+)EDC,,(¢). (1)

The experiments were performed at the electron storag
ring BESSY in Berlin. A scheme showing the main parts of
the experimental setup is depicted in Fig. 1. Monochroma
tized synchrotron radiation, provided by the toroidal grating
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The FIREQ+) spectrum represents the contribution of those Final
photoionization processes to the photoelectron spectrum ion charges
which end up in am+ final ion-charge state. Nno more

A detailed description of the experimental setup and the 4f K decay steps 2+

electron-ion coincidence technique for energy analyzed elec-
trons is given in Ref{4]. In that paper, the d photoioniza-

tion of Xe was chosen to demonstrate the coincidence
method in its extended form of FIRE spectroscopy. 447

are possible

\5{s,p}14f !

A. Calculation of photoelectron spectra and FIRE spectra 5{S,p} ’165’1 decay steps
are possible 4+

Ill. THEORY one or two more 34

Since the structure of thedd ! multiplets in rare-earth S5{s }72
atoms is known to be determined predominantly by the P
4d—4f and 4 — 4f electrostatic interaction and thel 4pin- FIG. 2. Simplified scheme of cascade decay of tbevacancy
orbit interaction[5-7,11, we employ the one-configuration i, rare-earth atoms. When intensé-44f4f transitions are forbid-

approximation and neglect thes6 5d configuration mixing.  den for the high-spin ¢ ! states, the yield of 2 photoions is
The ground state configurations of the atoms under study argppressed.

taken to be 4'5d'6s?(Ce), 4f36s®> (Pr), 4f*6s?® (Nd),

4£°6s (Pm), 4f°6s® (Sm), 4f76s® (Eu), and 4 '5d'6s I(LoSoJo—4d1EJ)

_(G('jl')fle wave functions of thedt * core-holes are calculated =[Epep(4d" 1) +A(EJ)]

i the form (B0 +ALSI], ()
|EJ>:2i (4d%f"y; L;,S ,J|EJ)|4d%4f"y; ,L;,S ). where Eyes(4d 1) and E,r5(0) are mean Hartree-Fock-

%) Pauli energies of the ionized and the ground-state configura-
tions; A(EJ) and A(LSyJp) are the positions ofEJ) and
|LoSodo) With respect to the center of gravity of the corre-

The self-energiesE and the decomposition coefficients sponding configuration. The caIcuIateq electron spectra _of
<4d94f”yi Li,S,J|EJ) are obtained by numerical diago- Ce, Pr, Nd, Sm, and Eg have_ been shifted by up toleV in
nalizaton  of matrices on  the basis  setsorder to allow comparison with the corresponding experi-
(l4d%1"y, L., J)}, wherey, denotes additional quantum METIE BREECE i e o spin states

numbers. In the case of Ce and Gd 4as to be replaced by , ! gh-sp

a1 -1 ;
4f"5d. The matrix elements of the operators for the electron- Smac L5 over k:herLE\E? states of the 4 o multiplets are hich
electron and spin-orbit interactions are calculated by thdnvestigated. The high-spin states are those states in whic

methods described in Refl5]. To account for many- all the'electron spins of thef4(or 4f and 51)' subshell and
electron corrections, all the electron-electron interactiori® splnzgf trleld vacancy ha\lle the same orientation. Hence,
Slater integrals calculated in the Hartree-Fock-Pauli approxiSmax i ™" "L, is equal t03(N4+ Nsg+1), whereN is
mation were scaled by a factor of ((,16]. For Nd to Gd, the_subshell ogcupat_lon number. To d(_a?mnst_rate the distri-
only the largest and the second-largest multiplicity terms ofoution of the high-spin states over the'4" multiplet com-
the 4f" subshells were included in the basis sets. The incluPonents, we calculated the values
sion of additional terms did not result in any noticeable
changes in the calculated photoelectron spectra. _ 906N | 2
The final state wave functions for the photoionization pro- AE) Z (4d%41"yi L Snad[BI)%, @
cess
which represent the weight of the high-spin statésx* 1L
in each 41~ multiplet component.
A(LSpdo) +hrv—A(4dT'EJ) + e/ The 4d~ ! states decay predominantly by Auger cascades,
which lead to final ion charges oft2to 5+. As pointed out
in Ref. [5], these cascades depend on the spin of tthe'4
were constructed with the wave functions of the core, Eqstates, the decay of high-spin and low-sp8+(S,,) States
(2), and the photoelectron wave functioes”. The corre-  peing quite different. This is due to the fact that intense
sponding photoionization cross sectiang s 5 (EJ), which  super-Coster-Kronig d— 4f4f transitions are forbidden for
form a theoretical photoelectron spectrum, were calculated d@be high-spin states. For example, a high-spin state
described in Ref[5]. Here,LySyJ, denotes the initial state 4d°4f"(n<7), which has a spi$= 2(n+1), cannot de-
by specifying the term of the main contribution to the initial cay by 41— 4f4f transitions into 41'%f"~2¢/ states, since
state vector. the spin of these final states is orfly,,.=3(n—1). Similar
lonization energies were calculated with the following considerations hold also ford4-4f5d transitions in Ce and
equation: Gd. Figure 2 illustrates the formation of final ion charges for
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different decay branches. If allowed, intensg-44f4f tran-

sitions are the principal producers of+-2ions, because # (@
vacancies cannot decay further. Other first-step decay [ NACL) +hv —> 4d" +el
branches create the states witls &nd/or 5§ vacancies, I 59%

which can decay further leading to the formation af and

4+ ions. Therefore, if the initial 4”1 state is a high-spin L

state, the yield of 2 ions will be low, since it results only ‘
from low-intensity 4—4f6s, 4d—6s6s, and shake pro- e ﬂ\—/\ m.h“ “‘U ‘
cesses. For low-spindd ! states, 4—4f4f transitions are | ®

allowed and the yields of -2 and 3+ ions should be of the NdCL) +hv > 4d" +el

same order of magnitude. i 21%

Each|EJ) state of the 4~ multiplet has specific contri-
butions from both high-spin and low-spin states, and, there-
fore, behaves differently with respect to the formation of
ions. We propose an approximate formula to calculate partial
photoionization cross sections for the formation of ions of | ©
specific charges: NACL) +hv > 4d" + el
10%

AL

s ullw |

N L ‘\ i

(TE:;SO 3(ED =01 53,(ED)

1] .

X{B(EJ)P'(n+)+[1- B(EJ)IP¥n+)}. g

5 @

Here,cr,_OSOJO(EJ) is the photoionization cross section, and

Nd+hv > 4d" +¢l

T=1600K
B(EJ) is determined by Eq(4). P3(n+) andPf(n+) are
the ion yields calculated with either allowe®%) or forbid-
den (Pf) 4d—4f4f transitions. The calculation of these val- | i
i H H 1 1 TN T 1A
ues is described in Sec. Ill B. The sets of values of . e T . ¥ P

represent the theoretical FIRE() spectra.

As was pointed out in Sec. Il, under our experimental lonization energy [eV]

Con_dltlons (hlgh-ter_r!perature atpm!c_ beamthere exists a FIG. 3. Nd 4 photoelectron spectréa)—(c) Spectra calculated
not!ceable probability of photommzmg atoms not only in ¢ separate initial oSyJ, terms;(d) superposition ot oSyJ, Spec-
their grqund state', but 'al's'o in thermally populated states. Thg, weighted according to the thermal populatitsee Table )L
population of various initial statesoSoJo, calculated from  gpectra are convoluted with Gaussians having FWHM of 1.5 eV.
the Boltzmann distributions, is presented in Table I. Only

Eu, with a half-filled 4 subshell, has a well-separated separate the dependence on the occupation numbers of
ground state’S;,, term. For all other elements, the thermal atomic subshells:

population of initial states is quite high. Thus, we have to

compare the measured spectra with the superpositions of spe- Tij= Ni”N]Pkyijk . (6)

cific L,SpJg spectra weighted according to the thermal initial

state population. In order to illustrate the effect of thermallyHerei,j,k denote the electron subshells involved in a tran-
populated initial states, we present in Fig. 3 the ghoto-  sition, N}’ the number of vacancies in the subsligbindNf
electron spectra of Nd calculated for the three lowest initiathe number of possible pairs of theindk subshell electrons
statesL (SyJ, [panels(@)—(c)], and the weighted superposi- that can participate in the transition. The reduced partial
tion of those spectrgpanel(d)]. In the case of Pm and Gd, width per one pair of electrong is a combination of Slater
the calculations were performed only for the ground stateshtegrals and depends rather smoothly on the configuration
®Hg,, and °D,, respectively, since for these elements a com-of the decaying iofi17]. Equation(6) allows one to calculate
parison with our own experimental results was not possiblenonradiative partial level widths for a great variety of inter-
mediate configurations of a cascade and to include relaxation
effects on nonradiative widths due to the dependencg;pf

on the number of vacancies in the shells of an ion.

Our calculations of ion yields are based on the straight-  oyr model includes monopole shake-off processes caused
forward construction of deexcitation trees in the by the change of the core potential in the course of the de-
configuration-average approximation. Since the method igejopment of a cascade. Shake-off probabilities are calcu-
Qesprlbed in detail elsewhefrg7,18, only a brief description  |ated in the sudden limit approximatigagl;
is given.

At each branching pointinitial or intermediate configu- W,,;= N [1—(nl(init. conf)|nl(final conf.))z]. (7)
ration of a cascadebranching ratios are expressed through
the total and partial Auger widths, while radiative branchesW,, is the probability for one electron to be shaken off from
are neglected. Partial widths for nonradiative jk transi-  subshelinl due to the sudden change of the configuration of
tions are expressed in a factorized form, thus allowing one tthe core, andN,, the occupation number of the subshell.

B. Calculation of ion yields
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TABLE II. Relative ion yields produced bydr ! cascades calculated with allow®d or forbiddenP s-CK 4d—4f4f transitions.

lon Ce Pr Nd Pm Sm Eu Gd

charge pa pfa pa pf pa pf pa pf pa pf pa pf pa pfb

2+ 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 0.028
3+ 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 0.625
4+ 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 0.342
5+ 0.023 0.024 0.003 0.005

8d—4f5d transitions are forbidden.
bBoth 4d—4f4f and 4d—4f5d transitions are forbidden.

We express the overlap integrals in K@) in terms of mean with the calculated spectra, the continuous background has
Hartree-Fock radii of theal subshell in the initial and final been subtracted. This continuous background is due to direct
configurations. Atomic orbital mean radii depend verydouble photoionization and double Auger processes, where
smoothly on the atomic configuration and can be calculatedwo electrons are emitted simultaneously. The theoretical
with simple interpolation formulas for any intermediate con-spectra were calculated as described in Sec. Ill A, whereby
figuration of a cascade as described in R28]. the thermal population of the initial states with respect to the
The multiplets of the initial and final configurations for experimental conditiontsee Table)lwas taken into account.
some transitions in a cascade may overlap. In those casgsgch vertical bar represents the photoionization cross section
some of the transitions between the states of the multipletg, 5 specific multiplet component. Solid curves are obtained
are energetically forbidden, and the configuration-averaggy, qnyoluting the bar spectra with Gaussians of fixed full
widths, Eq.(6), should be decreased. On the other hand, & wh at half-maximum(FWHM) corresponding to the ex-

some transitions between some states of overlapping mUItII[f)'erimental resolution of the electron analyzer and the band-
lets are allowed even if the mean energy of the initial con-

) o ) ' : width of the monochromator. The distributions of the high-
figuration is less than that of the final configuration. We ac-_ . tate@Smact 1| the 41~ multiolet displaved
count for those partially forbidden transitions by simulating spin state joverthe multipets are displaye

the multiplets with Gaussian frequency functions. Variance$S dptted curves and were obtained by weighth_qg the Cross
of the multiplet distributions for any configuration can be S€ctions of the multiplet components by the fraction of high-

expressed in terms of minimal sums and occupation numbeRPiN stategsee Eq.(4)]. _ »
of the electron subshel[£0]. The photoelectron spectra show a large multiplet splitting
Thorough analysis of deexcitation trees of th 4 cas- of about 30 eV due to the strongl4 4f electrostatic inter-
cades in rare earths showed that they are very sensitive to t@tion. Until now, experimental data have been available
energy positions of the ionic levels. For this reason we use@nly for the low ionization energy part. The overall agree-
total Hartree-Fock-Pauli energies of cascade configurationgent of theory and experiment in this region is good. Since
for the positioning of the ionic levels. in the low ionization energy region the natural lifetime
For each element, the ion yields were calculated in twowidths of the 41~ ! states are of the order of 0.1 €V,8,11,
different ways. The ion yield®3(n+) are obtained by tak- the broadening of the spectral components is mainly due to
ing into account all the branches in the deexcitation treeghe experimental resolution. This does not hold for the high
(4d—4f4f transitions are allowed On the other hand, the ionization energy region, where the natural width is about 2
ion yields Pf(n+), for which 4d—4f4f transitions are for- €V [11]. Therefore, in the high ionization energy region the
bidden, are obtained by neglecting thel-44f4f and experimental spectra are expected to be broader than the cor-
4d—4f5d decay branches in the construction of the deexcifesponding calculated spectra depicted in Figs. 4 and 5.
tation trees. The 4d~? states essentially maintain their atomic charac-
The calculated ion yields are listed in Table Il. When theter in solids. However, for the comparison of atomic and
4d—4f4f and 4l—4f5d transitions are forbidden, the solid state data, differentf4 occupation numbers in atoms
yields of 2+ ions decrease drastically. This effect becomesand in metals should be consider¢d1,22: Ce(4f5d),
more pronounced for heavier atoms, because with the inEu(4f’), and Gd(4’5d) maintain their atomic # occu-
crease of the number offdelectrons the relative strength of pancy in metals, while for Pr(), Nd(4f*), Pm(4f°), and
the 4d—4f4f decay branch becomes greater. The yields oSm(4f®) the 4f" occupation number decreases by 1 in the
5+ ions are negligible for Pr to Eu, while noticeable-5 solid state. Therefore, Ce and Gd, because of the additional
yields were calculated for Ce and Gd, which have an addi5d electron, and Sm have no solid state counterparts. On the
tional 5d electron. Greater2 abundance in Ce is connected other hand, our calculations on radioactive Pm correspond to
with the greater relative importance of thd45s5s decay studies of metallic Sm. A comparison of our results for
branch. atomic Pm(4°6s?) and Eu(476s?) with those of Ref[11]
on Snt* (4% and GE ' (4f7) in metals show close agree-
ment between the shapes of the measured and calculated
spectra. The d photoelectron spectrum of metallic Nd mea-
Measured and calculatedd4ohotoelectron spectra of Ce sured by Platay23] is quite similar to our spectrum of
to Gd are presented in Figs. 4 and 5. The measured spectatomic Pr. However, the extent of the splitting within mul-
are shown with dots and error bars. For better comparisotiplets in atoms and in the corresponding ions within metals

IV. RESULTS AND DISCUSSION
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hv=1455eV
T=1900K
FWHM=15eV

hv =146.7 eV
T=1800K
FWHM=15eV

hv=1517eV
T=1600K
FWHM=15eV

e _TﬂhLmJHIMI H _

Ionization Energy [eV]

FIG. 4. Measured and calculated $photoelectron spectra of Ce, Pr, Nd, and Pm. Dots with error @®), experimental spectra;
vertical bars [), photoionization cross section calculated for each multiplet component; solid derjesheoretical spectra obtained by
convolution of the bar spectra with Gaussians of fixed FWHM; dotted curvgstheoretical spectra weighted by the fraction of high-spin
states?Smaxt 1|,

is somewhat different due to the different magnitudes of the?Smax"1 ;, which come from antiparallel coupling of the
electron-electron interaction. An additional reason for slightelectron spin of the d vacancy and the energetically lowest
differences between atomic and solid state spectra resulign state of the largest multiplicity.

from the thermal population of the initial states in atomic-
beam experiment&see Fig. 3 and Table.IThe comparison
of our atomic calculations with the solid state measurement
shows that the nature of thed4vacancy in 4 metals is
essentially of atomic character. Therefore, the accurate d
scription of 40~ multiplets in both atomic and metallic rare

As mentioned in Sec. |, contradictory assignments exist
for the localization of high-spin states within the low ioniza-
fion energy part of thed ! multiplets. To study the distri-
bution of high-spin state€Smax* 1L ; over the 4~ multip-

Eféts, each component of the calculated photoelectron spectra

earths is only possible by means of thorough consideration o a; Jbefen Q/r\]/elghted with the frétctlzn o_lf_hh|gh-spll[n states
direct and exchange electron-electron interaction. (EJ) for that componen{see Eq.(4)]. The results are
The 4d~* multiplets of the rare-earth atoms investigatedShown in Figs. 4 and 5 as dotted curves. As can be seen from

consist of a low ionization energy and a high ionization en-Fi9- 4, the high-spin states tend to become more and more
ergy region. The low ionization energy region of the e|e_concentrateo! at Iovyer ionization energies when going f_rom
ments Ce to Pm is characterized by a broad structure df€ to Pm. Finally, in the case of Sm, Eu, and Gd the high-
varying shape(Fig. 4), while for Sm to Gd this region is spin states are localized mainly within the peak at lower
divided into two peakgFig. 5. According to our calcula- ionization energy, while the accompanying peak has pre-
tions, the low ionization energy structures are represented b§ominantly low-spin characteFig. 5).

high-spin states?Sma<c"1|; and low-spin statesSmac 1| ;. Such behavior of the high-spin state distributions results
These states originate from the interaction of thlevdcancy  from the relative positioning of "L, and "L states of
with the 4f" states of the largest and the second-largest multhe 4f" subshells. In Pr, Nd, and Pm, the largest-multiplicity
tiplicities, respectively. The dominant contribution to the states"*L; are spread over an interval of about 3 eV and
high ionization energy region is provided by low-spin statesoverlap considerably witf' 1L ; states. Better localization
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Sm hv =158 eV
T=1000K
FWHM = 1.6 eV

Eu hv =168 eV
T=900K
FWHM = 1.7 eV

............ °D
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Gd T=0K
FWHM =1.6eV
............ 0
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Ionization Energy [eV]

FIG. 5. Measured and calculated ghotoelectron spectra of Sm, Eu, and Gd. Dots with error b@®@®), experimental spectra;
vertical bars [), photoionization cross section calculated for each multiplet component; solid derjesheoretical spectra obtained by
convolution of the bar spectra with Gaussians of fixed FWHM; dotted curvgstheoretical spectra weighted by the fraction of high-spin
states?Smaxt 1|,

of the high-spin states in Pm is due to the fact that it8 4 ions were not observed within the error bars, radiative decays
subshell has only threéL terms, while the 4 subshells of are negligible. A FIRE(+) spectrum represents that contri-
Pr and Nd have five terms with the largest multiplicity bution of electrons to the electron spectrum that is connected
(L and SL, respectively. In Sm(4f®), Eu(4f’), and  with photoionization processes ending up inreh final ion-
Gd(4f75d%), the 4f subshells have only one largest multi- charge state. Experimental spectra are shown with back-
plicity term, i.e., 4°("F) and 4f’(®S). Furthermore, these ground, unlike in Figs. 4 and 5, where background has been
terms are separated energetically from the corresporiling subtracted. The data points of the experimental FIRE spectra
and °L terms, thus forming a well-resolved low ionization were calculated with Eq(1), and the error bars result from
energy group of the @ ! components that has predomi- the determination of the correlation probabilities. The solid
nantly high-spin character. High-spin states in Ce arise fronturves representing the experimental spectra were obtained
the coupling of the # and the B electron to°L states and in two different ways. For Eu, Sm, and Pr, fit curves consist-
demonstrate almost no localization within the low ionizationing of a superposition of Gaussian profiles were used. Only
energy region. the amplitudes and not the positions and the widths of the

The theoretical results for the distribution of high-spin Gaussian profiles as obtained from the fit to the correspond-
states over the @ ! multiplet components described above ing photoelectron spectrum were varied for the fits to the
need to be verified experimentally. Photoelectron spectrog-IRE spectra. In the case of Ce and Nd, the solid curves were
copy is an ideal tool to investigate the strength of photoion-obtained by smoothing the data points. The upper panels of
ization cross sections. However, spin-sensitive methods aithe experimental results show the measured photoelectron
necessary to obtain information about the spin character apectra as data points with error bars and the sum of the
core-hole states. Magnetic dichroism in the photoemission aBIRE spectra as a solid line. The calculated photoelectron
well as angle and spin resolved photoelectron spectroscopspectra and distributions of high-spin states displayed in the
are examples of spin-sensitive methods which have been depper panel of the theoretical results are identical with those
veloped recently. FIRE spectroscopy on rare-earth atoms is Figs. 4 and 5. The FIRE spectra were calculated with Eq.
another example of a spin-sensitive technique. Here, the in5). As in the case of the photoelectron spectra, the popula-
formation about the spin is provided by the decay procession of the initial states was included in the FIRE spectra and
following the creation of a d core-hole. the Gaussian convolutions were performed.

Measured and calculated photoelectron and FHREY As discussed in Sec. lll A, the most severe variation of
spectra (=2,3,4) of the low ionization energy region are spectral shapes is expected in the HIRE) spectra, since
depicted in Figs. 6—10 for Eu, Sm, Nd, Pr, and Ce. As 1 the most pronounced changes due to forbidden-4f4f
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FIG. 6. Measured and calculated $hotoelectron and FIRE() spectra of Eu in the low ionization energy region.

transitions occur in the 2 ion vyields, as can be seen in Fig. 6), where the 4 photoelectron spectrum has a two-peak
Table II. The relative intensities should be drastically sup-structure(peaks are labeled and B). PeakA is strongly
pressed in those regions of the FIRE) spectra that repre- suppressed in the Eu FIRE+) spectrum in contrast to peak
sent the 4~ states of predominantly high-spin character.B. Therefore, it is evident that pedkis mainly composed of
The effect is more pronounced in the spectra of those atorthie high-spin®D states, while pealB represents predomi-
where the high-spin states are well localized, as in(§@e nantly 4d%(?D)4f’(°L)’D states. This assignment is in

Tonization Energy I [eV]
144 140 136 132 128 124 144 140 136 132 128 124

- Experiment Sm— i A Theory

EDC, (¢) [rel. u.]

(g) [rel. u.]

nt
hv

FIRE(n+) Spectra EDC

FIG. 7. Measured and calculated f$hotoelectron and FIREB@H) spectra of Sm in the low ionization energy region.
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Ionization Energy I [eV]
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FIG. 8. Measured and calculated $hotoelectron and FIREB(+) spectra of Nd in the low ionization energy region.

agreement with those given by Ladematnal. [8] and van  von dem Borneet al. [12] assigned the peaks at lower ion-
der Laanet al.[7] based on magnetic circular dichroism and ization energy to high-spin state®R) and the neighboring
spin-resolved studies in thed4photoemission of metallic peaks with higher ionization energy to low-spin stat&B)(
Gd. Similarities to Eu can be found in atomic Cr with its  The FIRE2+) spectrum of Sm depicted in Fig. 7 looks
half-filled 3d subshell. The B photoelectron spectrum of strikingly similar to that of Eu with peald again strongly
atomic Cr also shows a two-peak structure at the low ionizasuppressed. It implies that pedkis again related to high-
tion energy region of the® * multiplet. Having studied the spin states§L), while peakB is mainly formed by low spin
dichroism in the ® photoionization of polarized Cr atoms, states fL). Although we have not yet measured FIRE spec-

Ionization Energy I [eV]
130 128 126 124 122 120 118 116 114 130 128 126 124 122 120 118 116 114
L B L B B B B L B L L L B B B L B B B

Experiment Pr Theory

EDChV(e) [rel. u.]

(e) [rel. u.]

n+

\

FIRE(n+) Spectra EDC

FIG. 9. Measured and calculated $hotoelectron and FIREB({) spectra of Pr in the low ionization energy region.
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FIG. 10. Measured and calculated $hotoelectron and FIRE() spectra of Ce in the low ionization energy region.

tra of Gd, similar division into a predominantly high-spin photoelectron spectra. The multiplet components with high-
(*L) and a low-spin {L) peak as predicted by the theory spin character, which are suppressed in the FIRE spec-
(see Fig. %is supported by the FIRE experiments on Eu andira, are enhanced in the FIRE-) and FIRE4+) spectra.
Sm. The only difference between Eu and Gd is the presenceor Sm and Eu, where the high-spin states are well localized
of an additional & electron in Gd, whose interaction with in the spectrgpeakA), the 3+ and 4+ ion yields increase
4d and 4 electrons is weaker than thed44f and &  differently (see Table )l The ratio of forbidden to allowed
—4f interactions determining the main features of tE 4 44— 4f4f transitions for the 3 ion yield of Eu isP'(3+)/

multiplets. ~ P¥@B3+)=2.4, whereas the ratio for the+4ion yield is
_Inthe case of thed spectra of Nd and Pr, a division into pf(4.)/pa(4+)=2.8. Therefore, the relative intensity of the
high-spin and low-spin peaks is not possible, as can be Seefﬁgh-spin peakA should be higher in the FIRE+) spec-

from the calculated spectra of Figs. 8 andupper panels, L . -
. . . trum. This is supported experimentally, as can be seen in Fig.
dotted curves The high-spin states are distributed over the6. For Sm, the situation is different: here we hav¥&3+)/

whole low ionization energy region. Nevertheless, there ex-
ists a distinct asymmetry in the distributions of high-spin P3(3+)=2.0 _and_ Pf(4f)/Pa(4+):1'5’ and S0 we gxpect
states: their weight grows upon moving to the lower ioniza-that the relative intensity of peak should be higher in the
tion energy side of the spectra. This asymmetry again leadS™ FIRE3+) spectrum. This is confirmed by the experi-
to significant changes in the shapes of the calculatediental data depicted in Fig. 7. Of course, a simple qualita-
FIRE(2+) spectra. These changes are reproduced well in thbve analysis of this kind is not applicable in the case of Nd
measured FIRE+) spectra of Nd and Pr. and Pr, which have widely spread high-spin states. However,
In the case of CdFig. 10, the high-spin states do not the shapes of the experimental and the theoretical FIRE spec-
demonstrate any localization or asymmetry within this'4  tra (Figs. 8 and 9 show similar behavior.
multiplet, where almost all the components have approxi- It should be noted that a disagreement exists in the overall
mately equal fraction of high-spin and low-spin states. Forrelative intensities of the FIRE spectra of Pr to Eu. For these
this reason, only slight changes in the shapes of the FIRElements, the calculated relative intensities of the FIRB
spectra are predicted by theory. Since thei@n yield in Ce  spectra are smaller by roughly a factor of 2 than the corre-
is very weak as compared with the other atof®se Table sponding experimental quantiti¢sote that the FIRR+)
1), it is hardly possible to deduce the actual shape of the Cand FIRE4+) spectra are stretched along the vertical axes
FIRE(2+) spectrum from the experimental data. However,by the factors specified in Figs. 6-JL@n the other hand,
as can be seen from the lower panels of Fig. 10, the extent ¢he calculated and measured relative intensities of the FIRE
the experimental FIR@+) structure and its integral relative spectra agree much better in the case of(Elg. 10. The
intensity are comparable with the respective theoretical valdiscrepancy in the case of Pr, Nd, Sm, and Eu might be
ues. explained by the fact that we took the initial configurations
The spectral shapes of the FIRE) and FIRE4+) spec-  of the cascades to bef%6s?, despite the fact that a notice-
tra of Pr to Eu differ only slightly from the shapes of the able 6—5d configuration interaction should also be present.
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As can be seen from the calculations of the ion yields in Ceetical model based on forbidderd4 4f4f super-Coster-
and Gd, the presence of thed ®lectron substantially in- Kronig decays for high-spin dP4f"(n<7) states. For the
creases the yield of 4 ions. Therefore, going beyond the calculations of the theoretical FIRE spectra, we combine cal-
one-configuration approximation in the calculations of bothculations of the 4~ * multiplets in the one-configuration ap-
multiplet structures and ion yields might improve the agreeproximation with calculations of ion vyields in the
ment with the experiment. configuration-average approximation.

In conclusion, the results discussed above establish FIRE
spectroscopy as a spin-sensitive method that allows one to
study the compositions ofdt ! multiplet states of rare-earth
atoms. Its sensitivity is based on the asymmetry of the decay The authors are grateful to Professor V. L. Sukhorukov
processes for high-spin and low-spin states of the4mul-  for bringing to their attention the possibility of the theoretical
tiplet components. Due to the strongl44f electrostatic calculation of the FIRE spectra, and for the discussion of the
interaction, the 4~ multiplets in rare earths extend over an results. They are also grateful to Dr. I. D. Petrov for provid-
energy range of about 30 eV. The low ionization energying the computer code for the calculation of multiplet struc-
region consists of both high-spin and low-spin states. For Cepres in atoms with up to three open shells. One of the au-
the high-spin states are completely spread over the low iorthors(A.G.K.) is thankful to his colleagues at the Technische
ization energy region, whereas the high-spin states becomgniversita Berlin for the invitation to work on this problem,
more and more localized as the atomic number incredes and for their hospitality during his stay in Berlin. The finan-
to Pm. The low ionization energy region of Sm, Eu, and Gdcial support of the Deutsche Forschungsgemeinschaft
is split into two peaks, which can be assigned to high-spir{Project Nos. 436RUS and Zi183/1}-2 gratefully ac-
and low-spin states. The dependence of the FIRE(spec- knowledged. Special thanks are expressed to the staff at
tra on the final ion charge can be understood within a theoBESSY for their continuous assistance.
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