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Abstraft

The complex m u l t i p l e t s t ructure of the p a r t i a l l y f i l l e d 5f slirll in the

Actinides is calculated in in te rmedia te c o u p l i n g . The ubtained eigen-

functions are used for a calculat ion of photoemission intensi t ies in

the f rac t iona l parentage scheine inc luding all f i n a l states. The obtained

calculated spectra a re s i g n i f i c a n t l y d i f f e r e n t f r o m the equ iva len t

resu l t s for the 4f states in the Rare E a r t h me ta l s presented recent ly .

submitted to: J. Phys. F : Met. Phys.

The invest igat ion of several act inide-metals and -compounds in photoemission

spectroscopy increased dur ing the last years (Veal et al. 1977, Naegele et

a l . 1980, Naegele et al. 1982, Naegele et al. 1983). Although the 5f-

electrons in the act inide-metals are not äs localized äs the 4f-electrons

in the rare eartli-metals a m u l t i p l e t s tructure is expected in 5f-photo-

emission spectra of some act inide-compounds and -oxyds and for ac t in ide

metals w i t h more than 5 electrons in the 5f-shel l (Smith et al . 1983). For

the rare earth-metals a c a l c u l a t i o n in the f r a c t i o n a l parentage scheine of

the expected photoemission intensit ies of the 4f — m u l t i p l e t s t ruc ture has

been presented previously (Gerken 1983) and showed an excel lent agreement

with X-ray photoemission exper iments (Lang et al, 1981). This calculation

proved to be also extrenely use fu l for the Interpretation of Synchrotron

radiation spectra of the rare earths taken at HASYLAB/DESY (Gerken 1982).

The f i r s t meta l in the series of the actinides for uhich a 5 f - m u l t i p l e t

s t ruc ture is expected in photoemission spectra is Am w i t h six 5f-electrons

in the ground state . The measured spectra (Naegele et al. 1982, 1983) shou

compl t te ly d i f f e r e n t structures compared to the correspnnding 4f •* 4f

emission of the Sra surface (Gerken 1982, Cerken et al, 1982). This result

had to be expected since the rat io of the Coulomb-interact ion and spin-

orbital in teract ion is d i f f e r e n t in the rare earths and in the ac t in ides .

Therefore we present in this paper a complete c a l c u l a t i o n in intermediate

coupling for the energy pos i t ions of the 5f m u l t i p l e t l ines and expected

photoemission intensi t ies for all possible 5f -* 5f t r a n s i t i o n s (N -

2 - 13) aiulogoua t o the c a l c u l a t ion for the rare ear th meta l s (Gerken

1983). The resu l t is t a h u l a t e d and the m u l t i p l e t l ines convoluted w i t h

the l ineshapes of Doniach and S u n j i c (1970) are presented äs ca lcula ted

spei- 1 r a . I . i l i-t imc v'dth and asynmietry were chosen i d e n t i c a l to tliose taken

for the c a l c u l a t e d rare ear th meta l spectra to provide a s imple es t imate

(if t hi- d i f f i-ri 'iu i' s b t - t wt ' i 'M hol h i a l c u l u t cd resul t s .

A general o u t l i n e of the tht 'ory is given by Cerken (1983). Therefore only

the r e s u l t s w i l l be presented here.

The parameter used for the energy level c a l c u l a t i o n are comprised in table

l . They were taken f rom d i f f e r e n t publ ica t ions (see tab le t , last co lumn)

in which absorpt ion spectra of a c t i n i d e ions were f i t t e d wi th c a l c u l a t e d

lines in in termediate coupling. In some of t h i - i r c . i l r u l a t ions the authors

used several parameters to account for a d d i t i o n a l magnetic in t e rac t iuns
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which can be t reated in a third order p e r t u r b a t i o n theory and for c rys ta l

f i e ld S p l i t t i n g in a c t i n i d e - h a l i d e samples which liave been investigated.

A comparison of two sets of parameter for Pu with {Crosswhite et al.

1980) and wi thou t a d d i t i o n a l parameters (Carnall et al . 1970) showed only

a d i f fe rence of about 5 Z in the Coulomb in te rac t ion parameters F. , E and

E w h i l e the spin-orbit in te rac t ion parameter £,, remained nearly unchanged.

Therefore for s impl ic i ty in our ca l cu la t ion this addi t ional parameters were

oroi t ted .

For the c o n f i g u r a t i o n 5f , 5f and 5f we could not f i n d published para-

meters and therefore these values were e x t r a p o l a t e d from f i g . l and f ig . 2

in which the parameters for E and £ are shown for all 4f- and 5f-conf i -
2 3 l

gurations. E and E are proportional to E . The configurat ion interact ion

parameters a, ß and > show only small variations for the d i f f e r e n t configu-

rations and consequently we used values s i m i l a r to the neighbouring elements

for the extrapolated parameters. From th is f igures it can easi ly be seen

that the parameters for the 4f- and 5f -conf igura t ions show very similar

var ia t ions . As al ready pointed out by Carnal l et al. (1968) the electrostatic

interaction parameters can be fit ted by a linear function while the best fit

for the spin-orbital interaction parameters are two linear func t ions wi th

d i f f e r e n t gradients for the less than h a l f f i l l e d and more than hal f f i l l e d

Shells . Fig. l and f i g . 2 also demonstrate the drast ic change in the impor-

tance of the Coulomb- and sp in-orbi ta l - in terac t ion between 4f- and 5f-con-

f igura t ions . This r esu l t s in an even stronger breakdown of the LS-coupling

approximat ion in the act inides than in the rare earths.

The total energy matrices were d iagona l ized for all states from the con-

f igura t ions 5f to 5f . The resultant eigenvalues represent the energy

levels of the d i f f e r e n t states of a con f igu ra t i on and the pert inant eigen-

funct ions give the coraposition of this intermediate coupling s tates in LS-

basis. The lowest energy level of each 5f -configurat ion represents its

ground s t a t e and was therefore used äs i n i t i a l s tate in the in tens i ty cal-
u u_ l

culat ion which was performed for all 5f •* 5f (N " 2 - 13) transit ions.

The results are given in table 2. The d i f f e r e n t f i n a l states are characte-

rized by the main LS-contribution of the eigenfunction while the initial

states are given completely. Even the ground s ta te of the d i f f e r e n t 5f

conf igura t ions show a strong mixing of several LS-levels and demonstrate

the degree of the breakdown of the LS-coupling approximat ion. This f,i , t N

- 3 -

2
i -onf i rmed by table 3 which gives the e tgenfunct ions of the f ground-

state (J « 4) for the LS-coupling-1imit, the j j - coup l ing l i m i t and in

intermediate coupling for 4f in Pr and 5f in Pa äs wel l äs the

corresponding photoemission i n t e n s i t i e s for the f •* f t r a n s i t i o n . It
3+

is obvious that the 5f -conf igurat ion in Pa is much i-loser to the jj-

l i m i t than the 4f - c o n f i g u r a t i o n in Pr . T h i s r e s u l i s are in good agree-

ment w i t h s imi l a r c a l c u l a t i o n s w i t h j j~oiupl ing basis s t a t e s by B e a t h . i m ei

a l . ( 1 9 7 9 ) .

In order to Ülus t r a t e our ca l cu la t ed r e s u l t s from t ab l e 2, the m u l t i p l e l

l ines are convolu tüd w i t h t tu- lineshapes of Don i ach and Sun j i c (1970) and

w i t h Gaussian p r o f i l e s to account for a hypo the t i c a l e x p t - r i m e n t a l reso lu t ion ,

and then p l o t t e d on a b i n d i n g energy scale r e l a t i v e to the lowest m u l t i p l e !

l ine (figure 3), The parameters are listed in table 4. The spectra are scaled

in energy by a factor of l . l compared w i t h the encrgy posi t ions l i s ted in

table 2 in order to account for the d i f f e r e n t nuclear Charge in photoemission

f i n a l states and the absorpt ion exper iments .

Compared to the calculated spei/tra for the rare earth metals (Gerken 1983)

strong d i f f e r e n c e s are obvious. The m u l t i p l e t S p l i t t i n g is somewhat reduced
W N

in the 5f -conf igurat ions compared to the 4f -configurat ions and the photo-
•

emission intensities in the 5f configurations are shifted to the lines

with relative low binding energies.

Our results disagree completely with a similar work by Veal et al. (1977).

The authors calculated the photoemission spectra for the transition 5f -»

5f for N - 3 - 8 using a formulae which must be strongly questioned

because it sums up intensities and ignores possible interference effects

by adding up amplitudes of the different intermediate coupling states

(compare Gerken'1983 equ. (II) and Veal et al. 1977 equ. (A4), see also

Cox et al. 1981 equ. (10)).

There is, however, no agreement between our calculated spectrum and the

measured 5£ -*• 5f multiplet structure in Am metal (Naegele et al. 1982,

1983) which is the first metal for which localized 5f electrons are expected.

Unfortunately high resolution spectra are only measured for relative low

photon energies (20 to 50 eV) where the surface sensitivity is extremely



high and surface s h i f t s äs well äs valence change:s aL the sur face äs oh-

served in thc rare ear th meta l s (Kämmen: r et a l. 1937, Gcr'ten 1982, Gcrken

CL al. 1982, 1983) may comp] ic-ate the spec t ra .

^j
For a Lest of the i-.alculated spectra a d d i t i o n a l exper iments on othäir 5 f " -

Systems w i t h less su r f ace gensit ivity are ind ispensab le .
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Figure Capt ions

Table l: Radial energy parameters w h i c h were used to d iagona l i ze tlie to ta l

energy raatrices. Enerfjes are given in cm . The values ;ire Laken

f r c i m the references c i ted in t he l a s t cu lumn. The ex t rapn l ated

v.ilueK are taken from Fig. l and Fig. 2.

Table 2: Energy positions and in tens i t i es of the m u l i t p l e L l i n e s für the
N N- 1

t r an s i t i ons 5f -* 5f w i t h N = 3 - 13. In tens i t i e s lower i_han

0.01 are omi tted. For the i n i t i a l states ehe coraplete e i^enfunc t ions

and for the f inal s t a te only the miin con t r ibu t ion ( a b s o l u t e va lue )

in the representat ion (w w w ), (u u - ) , senior i ty , 2K + ) , L are

given.

2 l
Table 3: Calculated pho t Demission intensities for the t rans i t ion f -* £ in

the LS-coupling l im i t , the j j - coupl ing liir,it and in in termediate
2 1 3 + 2 1 ^ +

coupling (4f -<• 4f in Pr and 5f •*• 5f in Pa ). The i n i t i a l

state eigenfunct ions are giuen in LS-basis states.

Table 4; Parameters of the curves of Duniach and Sunj ic (1970) f r n m f i ^ u r e 3.

l N
Fig. 1: Energy values of the radial parameter E for the d i f fe ren t 4f (see

S
Cerken 1983) and 5f -conf igurat ions {see table 1).
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Crosswhi te et al .
1980

Carnal 1 et al . 1 974

Carnall et al. 1970

Pappalardo et al .
1969

Carnall et al. 1975

Carna l l et al . I973a

Carnall et al . I 9 7 3 b

Carnall et al. I973c
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Fig. 2: Energy values of the spin-orbital in terac t ion parameter E, for the
N H

d i f ferent 4f {see Cerken 1983) and 5f -configurations (see tahle 1).

N H-1
Fig. 3: Calculated spectra o£ the d i f ferent 5f -+ 5f t ransi t ions in the

actinides on a binding energy scale r e l a t i v e tu the lowest mu l i t p l e t

l ine. The Calculated mult iple t lines f r n m tahle 2 are convoluted

with the l ineshapcs of Honiach and Sunjic (1970) using the para-

meters l i s t ed in table 4. A calculated background (Cerken 1982)

is added and the resultant curve folded with a Gaussian profile

of 0.2 eV FWHM to account for an hypothet ical experimental reso-

lut ion.
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Photaemis=iiofi--I i i terisit ' j in intermediate COUP! inä
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Photoemission-Intensi ta
Trans i t i on f r o m

in intermediate
5f lO to 5f 9

COUP l ins
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Table 3 Table 4

transi t ion

f ' - f '

LS-l imit

Pr3*

Pa3*

j j - l imi t

In i t ia l st.itc e igenfunc t ion

f 2 , J = 4

3F

0

-0.0300

-0.0877

-0.1650

3H

1

0.9859

0.9489

0.8650

'G

0

0. 1 6 4 5

0,3031

0.4738

F i n a l s ta t te in ten .y i t ics

l '

V

i . 7 1 4 3

] .H645

1 .9547

2 . 0000

S/2

0.28 r;7

0.1355

0.0452

0 . 0000

Transi t ion

HWHM > (eV)

Asynunetry a

Scaling
I ac t o r

f3^2

0.37

0, 12

1 . 1

f%r3

0.2

0 . 1 2

1 . 1

f 5 > f *

0. 16

0 . 1 1

1 . 1

f6,f5

0.2

0.2

!. 1

V6

0.18

0. 19

1 . 1

8, 7

0. 17

0. 16

1 . 1

9 ß

0 . 1 7

0 .13

U

10^ 9

0. 12

0. 19

l . l

11^ 10

0 . 1 2

0. 16

1. 1

12^ H

0 . 1 2

0 . 2 1

1. 1

f ' ^ f ' 2

0.2

0.2

1. 1
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