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Multiplet fine structure in the photoemission of the gadolinium and terbium Sp levels
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Fine structure is observed in the photoemission of the gadolinium and terbium 5p levels. The 5p levels

are split into multiplets due to spin-orbit splitting and to Coulomb and exchange interactions with the f
shell. The calculated theoretical spectra are in good agreement with the experimental results.

Rare-earth metals are well known for exhibiting pro-
nounced multiplet splittings of the 4d levels, ' 4f lev-

els, and the 4s and Ss levels. ' ' Only recently has
multiplet splitting in the photoemission spectra of the ga-
dolinium and terbium Sp levels been reported. " ' For
emission just above threshold, the multiplet level intensi-
ties have been demonstrated to be sensitive to the
structural environment of the atom. ' Indeed, the multi-
plet intensities are sensitive to magnetic ordering in
angle-resolved photoemission giving rise to an effect simi-
lar to, but much larger than, magnetic linear dichroism
far above threshold. ' Here we consider experiments on
thick Gd and Tb films where the multiplet structure is
much less sensitive to the light polarization and magnetic
ordering. Understanding this "stable" multiplet struc-
ture is an important first step for investigating what
might cause the light polarization sensitivity observed for
very thin films.

The angle-resolved photoemission experiments were
carried out in a UHV system described elsewhere' on a 6
m toroidal grating monochromator at the Synchrotron
Radiation Center in Stoughton, Wisconsin. The photo-
electrons were collected normal to the surface. The light
incidence angle was 70' off normal. The proton energy
was 50 or 60 eV and the combined energy resolution for
the photoemission was 0.150 eV.

The gadolinium films were deposited at room tempera-
ture onto W(110) substrates, using established techniques
that provide clean rare-earth films. ' ' The gadolinium
films on W(110) show sharp low-energy electron
diffraction patterns indicating the well-ordered growth
with the (0001) orientation of the hexagonal gadolinium
film long the surface normal.

The photoemission spectrum of the gadolinium Sp
features for a thick (30 A) film on W(110) is shown in Fig.
1. Figure 1(a) is one of the typical spectra which includes
two main features with binding energies of about 21 and
28 eV. The 21 eV feature exhibits fine structure which
can be well fitted with four Gaussian peaks with binding
energies of 20.3+0. 1 eV, 20.9+0. 1 eV, 22.0+0.2 eV, and
23.4+0.3 eV. The Sp levels for terbium are very similar

Gd Tb

30 28 26 24 22 20 I8 l6 32 30 28 26 24 22 20 I8 i6 l4

Binding Energy (eV)

FIG. 1. (a) A typical Gd Sp level photoemission spectrum
with photon energy 50 eV. (b) Tb 5p level photoemission spec-
trum with photon energy of 60 eV (taken from Ref. 11).

[Fig. 1(b)]. The main features for terbium have binding
energies of 22 and 28 eV, respectively. Though not as
clear as for gadolinium, the 22 eV feature also contains
structure with peaks at binding energies of 20.8 and 22. 1

eV as discussed in detail elsewhere. '

As expected, the Sp photoemission fine structure due to
multiplet splittings is a result of the unfilled 4f levels.
Multiplet structures can be understood as a final-state
effect in photoemission. After one Sp electron is excited,
the hole left behind will have an electrostatic interaction
(Coulomb and exchange) with the electrons in unfilled
subshells to form different final states. This effect has
been well studied on core levels of transition metals and
rare earths. ' ' ' Most of the multiplet studies have
only considered the exchange interaction between the un-
paired spins which results in two main features character-
ized by spin parallel or antiparallel to that of the un-
paired electrons. For s levels, there is no spin-orbit in-
teraction since they have no orbital momentum (l =0).
For p levels (l =1), spin-orbit interaction can be ignored
only when it is much weaker than the exchange interac-
tion between the hole and the other electrons, that is, in
the L-S coupling limit.

A large energy separation (-7 eV) of the two main
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fore, in a second calculation we included all possible mul-
tiplet states of the 4f shell with the Sp hole. The result
is shown in Fig. 3, along with the experimental data. The
theoretical multiplet lines have been broadened by a
Lorentz line shape (corresponding to the Sp hole lifetime
broadening) of about 0.2 eV and then the resulting spec-
trum was fully convoluted with a Gaussian line shape
with a standard deviation of 0.22 eV.

This calculated result is in good agreement with the

FIG. 4. Calculated result for all the f'('F6)~5p'f' transi-
tions for Tb + is shown as a solid line. The experimental data
for the 5p core-level multiplets of Tb are shown for a photon en-

ergy of 60 eV and all photoelectrons were collected normal to
0

the surface. The Tb film was prepared by depositing 80 A of Tb
on Ni(111) at 150 K.

data for gadolinium. States other than S clearly need to
be included to obtain this good agreement with the ob-
served multiplet structure. The fact that an isolated ionic
model was able to give such good results for the multiplet
splittings far above threshold would suggest that any ad-
ditional splittings arising from crystal-field effects and/or
magnetic ordering are small for these thick films.

Terbium has a ground-state configuration of
4f Ss Sp Sd', which is similar to that of gadolinium, al-
though terbium has only six unpaired 4f holes instead of
the seven for gadolinium. For terbium, correct energy
positions of the peaks can again be obtained by full mul-
tiplet calculation as seen in Fig. 4. The calculated inten-
sities show a large discrepancy with experiment, however.
It would seem that the linewidth of all peaks, except the
lowest energy one, is much larger than the value we used.
Indeed, preliminary calculations of the lifetimes of the
peaks due to the Auger decay Sp f"~f" e where e is a
continuum electron, shows the tendency of producing a
much (2 —3 times) longer lifetime for the lowest energy
peak than for the other peaks. This effect is also observ-
able in the Gd spectrum.

In conclusion, we can say that the multiplet structure
in the Sp photoemission of Gd and Tb far above thresh-
old is produced by Coulomb, exchange, and spin-orbit
splitting of the Sp 4f" final states. The linewidths of the
peaks are different due to different Auger decay probabil-
ities.
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