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Photoelectron spectra excited by x radiation are reported for the band-structure part
on clean films of the rare-earth metals Nd, Sm, Dy, and Er. The dominant part of the
spectra is due to excitation of 4f electrons. The spectra exhibit a complex and extended
structure which is interpreted in terms of multiplet splitting of the final state in the
photoemission process.

In this Letter we wish to report on x-ray photo-
emission studies of the rare-earth metals Nd,

Sm, Dy, and Er. In particular we have studied
the location and structure of the 4f electrons, We
have previously reported" on similar studies of
Eu and Yb. In contrast to these results the pre-
sent spectra for rare earths with a 4f shell which

is not filled or half-filled show a much more
complicated and widened structure. An interpre-
tation of this in terms of multiplet splitting is
given.

The technique of x-ray photoemission spectro-
scopy (XPS) or electron spectroscopy for chemi-
cal analysis has been described elsewhere. ' Here
only some details pertinent to the present experi-
ments will be discussed. The electron spectro-
meter is of the electrostatic type with direct
analysis of the photoelectrons without any retar-
dation. With Al Ke radiation for excitation, a
resolution of 1.6 eV full width at half-maximum
is obtained using a gold sample. As a measure
of the sensitivity of the spectrometer one can use

the maximum counting rate of the Au 4f electron
line at a given resolution. In the present instru-
ment this figure is 2000 counts/sec at the above
resolution. The vacuum system is an all-metal-
gasket chamber. All samples were prepared by
repeated evaporation in situ from 99.99o pure
ingots in tungsten baskets at a working pressure
of 5 &&10 ' Torr or better. The cleanliness of the
sample surface was checked by monitoring the
appearance of the oxygen photoelectron line. To
maintain an oxide-free sample a new evaporation
had to be made every 5 min. The energy scale
of the spectrometer was calibrated using a Pd
sample for which the Fermi level is located at
the inflection point of the steep high-energy edge
of the 4d band. The calibration was also checked
by comparing with uv photoemission measure-
ments (UPS).

The metals studied in this investigation all be-
long to the so-called normal rare earths. The
crystal structures are dhcp (double hexagonal
close packed) for Nd, rhombic for Sm, and hcp
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FIG. 1. Photoelectron spectrum of outer energy lev-
els excited with Al Ee radiation from clean neodymium
and samarium metal films.
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FIG. 2. Photoelectron spectrum of outer energy lev-
els excited with Al E~ radiation from clean dysprosium
and erbium metal films.

for Dy and Er. In the metallic phase the outer
electronic configuration apart from the 4f elec-
trons consists of 5d' and 6s' states. These states
overlap and are strongly mixed. The 4f configu-
ration is 4fs, 4f', 4f', and 4f" for Nd, Sm, Dy,
and Er, respectively.

The recorded spectra obtained by excitation
with Al Kn (1486.6-eV) photons are shown in
Figs. 1 and 2. The Fermi level is chosen as the
zero of the energy scale. As has been observed
earlier, ' the oscillator strength for exciting the
4f electrons in the rare earths is considerably
higher in the XPS case than in the UPS one. This
fact is also evident from the present recordings
where the dominant structure in the upper part
of the spectrum originates from 4f electron tran-
sitions, as ascertained by comparison with re-
cordings on Ba.4 However, in contrast to previ-
ous recordings on Eu and Yb,"the present ones
show much more structured and widened spectra.

A slight oxidation of the sample gives a more
structured appearance to the 4f levels' due to a

chemical shift of the 4f electrons and the oxygen
2P states. However, the nonappearance of any
signal from the oxygen 1s level in the present ex-
periments excludes this possibility. We there-
fore conclude that the recorded spectra are rep-
resentative of the pure metals. Another explana-
tion for the structure would be that part of it is
due to characteristic energy losses of the photo-
excited electrons. The flatness of the spectrum
on the low-energy side of the second peak rules
out this explanation.

The Nd spectrum shows a peak just below the
Fermi level (-0.4 eV) and a stronger one at
-4.2 eV. The peak at -18.4 eV is the photoelec-
tron line from the atomic 5P states in Nd. The
Sm spectrum is similar with a small peak at
-1.2 eV. However, in this case the slight asym-
metry of the second peak has developed into two
peaks at -5.8 and -7.5 eV. The peaks in the Dy
spectrum are located at -3.8 and -8.0 eV. The
dominant peak again shows asymmetry which be-
comes more pronounced in the Er spectrum
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FIG. S. Locations of peaks in the x-ray photoelectron
spectra, of some rare-earth metals as a function of
atomic number.

where the peaks are located at -5.0 and -8.5 eV.
The spectra of Dy and Er also show weak struc-

ture just at the Fermi level. This could possibly
be due to the 5d states which are known to be lo-
cated at the Fermi level. In the case of Nd and
Sm this structure would be concealed by the shal-
low 4f peak.

The positions of the peaks as a function of the
atomic number are shown in Fig. 3. The experi-
mental uncertainty is +0.4 eV on an absolute
scale while splittings, for instance, can be deter-
mined with higher accuracy. The data for Eu,
Yb, and Gd are taken from Ref. 4, while we have
used preliminary data for the element Pr. As
can be expected, there is a regular change to-
wards increasing binding energies with increas-
ing atomic number except for Eu and Yb which
exhibit very shallow 4f states. Gd, ' which, like
Eu, has a half-filled 4f shell and only shows one
4f peak, seems to behave regularly.

In interpreting photoelectron spectra it is es-
sential to bear in mind that the kinetic energy of
the outgoing electron is in principle the differ-
ence between the energies of the final state and
the initial state. If the final state can be one of
a number of excited states of the system, the

photoelectron spectrum will reflect these excita-
tions. This is particularly illustrated in work on
free molecules in gaseous samples where the
photoelectron spectrum reflects not only the dif-
ferent ionization potentials of the molecule but
also its vibrational and rotational levels. For
solid samples an analogous case has been ob-
served in the splittings of core levels due to the
coupling of a hole in a metal-atom subshell to an
unfilled valence subshell. '

The recorded photoelectron spectra of the 4f
electrons have a simple structure if the 4f shell
is half-filled (Eu, Gd) or filled (Yb). Yb shows a
double peak with an energy separation of 1.3 eV
in agreement with the two lowest spin-orbit-split
states of the f" ion. As for Eu and Gd, the mea-
sured width of the single observed peak is con-
sistent with the multiplet structure of the f' ion.

The metals we are concerned with show a
structure that extends over roughly 10 eV. This
large width rules out explanations in terms of
crystal-field effects. Thus also in these cases
the recorded spectra seem to reflect the host of
final states available for the photoexcited system.
We therefore interpret the observed structure as
being due to multiplet splitting of these states.
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