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X-RAY PHOTOEMISSION SPECTRA OF THE 4d LEVELS IN RARE EARTH METALS
. o . L + ‘ '
S. P. Kowaleczyk, N. Edelstein, F. R. McFeely, ‘L. Ley , and D. A. Shirley
- Department of Chemistry and
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
June 1974
High resolution photoemission spectra of the 4d levels in the rare
earth'metals are reported. The metals with partially filled 4f shells
display very éomplicated structure due to multiplet.splitting,'while those

with the 4fO or 4f14 configuration exhibit only spin-orbit splitting. A

“detailed analysis is given for the at” metals europium and gadolinium.

The éhofoemission spectra of core levels in materials possessing
unpaiféé electrons often exhibit satellite structure. This phenomeﬁon, which
is usﬁally attributed to multiplet splitting, was first observed in x—fay
photoemission spectra (XPS) of solids by fadley 22.31.1'2 It is interpreted
as arising from the multiplicity of final states formed by the coupling of
an open core shell with partially filled éuter shells. Rare-earth metals
aﬁd rare.earth compounas, with their large number of unpaired 4f electrons,
should_pfesent particularly interesting cases for.étudy of multiplet structure.
Earlier XPS studies have in facﬁ revealed_multiplet structure in rare earths.
Early work on‘gaseous‘Eu showed an anomalous 4d photoelectron spectrum.2 'Cohen,
‘gg_§£.3 observed and assigned.multiplet structure in rare-earth trifluorides.

Recently Signorelli and Hayes4 repdrted complex structure in the 4d spectra
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offcompéunds of La,.Ce, Pr, Eu, and1Yb, which they attributed to "monoéole
excitation" (correlation<peaké) énd electfdstatic coupliné {multiplet-
structure). To further elucidété tﬁe origins of the rare-earth 4d photoémiséion
spectra} we have étudied the 4d regions in all the rare-earth metals, except

Pm. The metals have certain advantages over compounds; in particular,

ligand field effects should be negligible. In this letﬁer, we report the

44 spectra of sélectedlrére—earth'metals néar the middle and ends of the 4f
serieé.' These cases'were chosen on the basis of their relétive-simplicity.

The measurementé were made in a Hewlett-Packard 5950A ESCA Spectro-
meter that had been modified for ultra high vacuum'operation.5 TheAexciting
radiation wés.the monochfbmaﬁized ALKo line, and the total.inétrumental
line width'wés:O.SS eV FWHM.6 Rére—earth metal samples were prepared by
ig_gi;g_é&époratidn ffom high-purity, well—outgaSéea éharges spot-weld;d on
tungsten filaments. During'the evaporation the pressure was maintained at
or bélow 9x10 > torrf'immédiétely thereafter it returned to 3x10-10‘torr
or lower. Monitoriﬁg of the oxygen 1ls line revealéd.at most a small fraction
of one-monolayer of "adsorbed oxy§en, and in several cases no oxygen at all
could be detected.

| Figure 1 shows the 4d spectra of La and Lu, which have a
completely empty andzicompletely_filled.4f’shell,4respectively, These spectra
exhibit only well-defined spin—orb;ﬁ‘split doublets with Separations of
2.85(10) and 10.0(2) ev, réspectiVely, in reasonable agreement with theéfetical
values of 3.2 and 10.2 eV.7 Also shown is the 44 spectrum of Yb, which-is a
divalent metal with a 4f'14 ion-core‘configurgtion. Here again the 44

L]

spectrum consists simply of a 4d spin-orbit doublet‘split by 8.90 (15)

572 = 447,32
eV, in excellent agreement with the value 8.8 ev given by Hagstram

gg‘gl.,s but between the atomic value’ 8.4 (1) ev and the theoretical
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value of 9.5 eV.7 The binding energies of the 4d - lines in La, Yb, and Lu

. 5/2
“are 103.7 (1) ev, 181.4 (1) eV, and 196.1 (1) ev, respectiGely, relative
to the Férmi energy. Thé.simple spin~orbit doublét character of the 44

doublet in Yb is interpretea as further confirmatiéﬁ of thé 4f14
configufation in.this metal. '

Figure 2 shows the XPS‘specFra ipfthe 44 region of Ce, Sm, and
Eu. These-speCtra are typical of the rest of ﬁhe rére—earth series

< i 9
in exhibiting complex structure due to the 44

4" interaction. We shall
discuss only the 4d94f7 cases, Eu and G4, as only ‘these have as yet been

analyzed in detail. The discussion below épplies particularly to Eu. The

Gd spectrum has not been as well resolved as yet. For these two metals the

7 8

initial open-shell configuration and level is 4f'; "S. Thus emission of an

. . 7
n? electron can lead only to the two terms n242+1 4f7; %L and n242+1 4f7; L,
where |L| = [2]. For the £ = 2 case of interest here, each term

consists of five levels with J ranging from IS—2| to |S+2|. The configuration
7.8, .1 .9 . : .

f (7S)d" was treated by Judd. By reversing the 51gn_of the d-shell spin-

orbit coupling constant £, we can use his discussionressentially verbatim

for f7(8S)d9

» noting that the a-f exchange terms réquire no modification
be;ause the 4f shell is exactly half full. Figure 3 is a plot of the level
o;dering within the 9D and 7b multiplets using fhe reduced variables 1 and
£ defined by j’udd9 (cf his Fig. 5). The parameter N scales as energy

for any particular value of &, which is itself an index of the degree of

j=3j coupling in the 4f shell: £ = 0 for pure L-S and -1 for j-j coupling.
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The five-peak fine structure on oﬁr:gD peak in"the Eu spectrum (Fig. 2)
shows-excelleht agreement with this intefpretation, whilé the 7D finé
struéturgiis unreéolvéd. Judd attributed a similér'effect inAthe GAI
speCfrum fo_a contractioﬁvof the 7D‘_multi‘plet thrOugh interaction with én
-excited term 7D of f7d, derived from the level 6P of the core.
We can qualitativély explain the differencé in appearénce

éhd structure of the 7D ‘and 9D terms but cannot ac¢ount qﬁantitatively
for tﬁe'contraction of the 7D term on the.basis of our simple model. However
we can set-a'lﬁwer limit on & of -0.47 (Fig. 3). The main uncertaintf ‘
is<in the value of G for.which we cén set a lower limit G => 4.4 eV. Enérgiesv
calculated on judd's model are compared with experimental values in Table 1.
The derived value of the effective_4dvspihforbit coupling constant within the
9D manifold is Cd = 1.4 (2) eV. This is somewhat smaller thah,estimates
based on theory (;d = 2.2 eV)'or’obtained by interpolation using the La, Yb,
and Lu experimental values_(z;d = 1.8 (3) eV). Again this contraction within
the 9D'manifold is probably attribﬁtable to interaction with
excited states. | |

i\ notewofthy feature of the Eu spectrum is the appareng reductionv
in multiplet Séparation between the 7D and 9D termé. According to simple
theory,_9 this sepération would be given by

4

e =22 cluaa,ae) + 22 ¢aa,af) + 6> (ad,48)

35 105

528
1524.6

or 18.91 ev, using Mann's10 exchange integrals. The lower limit we give for G
is 4.4 eV, corresponding to a reduction factor of 0.23. A lardge reduction
factor is expected for multiplet splitting cases iﬁvolving two subshells

with the same principal quantum number, “because of the large intrashell
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correlaﬁion energy. A fac£or of 6.6 has previously béén observed for 4s 4f-
mﬁltiplgts in rare—eartﬁ salt33 and metals;ll .Closure of the multiplet
energy gap arises priﬁarily through‘configuration interaction of-the low-
spin term (75 in this case) with excited states of the same symmetry. This
should lead to two other  observable spectfal features: the 7D/9D intensity
ratio ;hould be less than the.multiplet value 6f 7/9, and "éorrelation
éeaks" should be presentrét higher binding‘enérgiés, asvdbseryedlz in Mn2+.
LargeAbackgrqﬁnd intensities in our spectra,véfising from elastic scattering,
preclude a reaily quantitative_interpretation, but both of the above features
appear to be present. Figure 4 shows a wider energy scan of the 4d region
in Gd metal, showing peaks_thét~can be tentatively assigned as correlation
satellités of the 7D multiélet.

It is ironic that the‘main‘gD and 7D multiélet peaké resemble a
4d5/2 —‘4d3/2vdoublet soléloéely at lower resolution that they were so
interpreted in two.earlier studies, on atomic Eu2 and on EuO4.

Photoabsorption measurements in rafé earths have also been analyzed
in terms of multiplet effécts(13 but becguée of different selection rules
these spectra aré not directly comparable to ours. X-ray emission lines
involving the 4d,1evei should also reflect the various coupiings of 4d and 4f

: , 1 . o
electrons. Salem and Scott 4»recently interpreted the L and L emission

, o 82,15 Y1
lines as having multiplet structure, but they deconvoluted their spectra
into only two discrete lines..- It is obvious from cur results that the
situation is more complicated. It seems probable that even more structure

will be‘resqlable when higher-resolution photoemission experiménts become

possible.
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Table I. The 4dg4f7; 9D Multiplet Energies in.Eu Metal (in evV)

(a)

Level - : E(expt) : E(fitted)
(b)

9 _ ,

D, o 0.1
!9 ’ ' ] . . .

D, . 0.78(04) | 0.8
9 v ' . ' :

D, . . 1.52(04) 1.4
9 . ,
D, , 2.22(04) 2.2
9 . I
D, 2.85(08) 2.9
7p(e) 6.33(10) | 6.3
a)}\fter Ref. 9.

b)The binding energy of'gD relative to the Fermi energy is 127.70 (15) ev.

6
c)

Mean enetgy only.
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FIGURE CAPTIONS

Figure 1. XPS spectra of the 4d le.ve‘;’lg of La, ‘Yb, and Lu metals, showing
only spin-orbiﬁ doublets. | .

Figure 2. XPS spectra éf the 4d regions of Ce, Sm, and Eu metals exhibiting
structure due to final-state cbupling. The Eu épectrum has been analyzed
as discussed in text.

Fiéure( 3. Levels of the .configu-ration f7d9 that derive from the core level

. 2,-1/2
887/2. The axes are labelled as follows: N = (E(J) - -g—g- G) [G2 + (-:— 2 !
£ = X , where X = Py £/G. The matrix elements were calculated for

1+|X|

the £’d configuration so, for our cése, r<o0, 6 =0, and there;fore -1 <
E;§ 0. The LS extreme is given for § = O on the left, and the Jj extreme
is given -for_ £ = -1.0 on the right. |

Figure 4. Wider energy scan of the 44 region‘in‘ 'the x-—ray photoemis;sion
of Gd meﬁal, showing probable cOrrelation‘lines of 7D (upper panel)

and narrow energy scan (lower panel).
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