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LETTER TO THE EDITOR 

The unoccupied states of a rare earth metal: Y(OOO1) 

R I  R Blyth, P T Andrewst and S D Barrettl. 
Surface Science Research Centre. University of Liverpool, PO Box 147, 
Liverpool L69 3RX, UK 

Received 21 February 1991 

Abstract. Normal incidence inverse photoemission speclra of Y(OoO1) have been measured 
in the photon energy range 12-32eV. In the photon energy range 1 W 3 e V  fluorescence 
from the radiative decay of a 4p core hole largely obscures the direct transitions. Outside 
this range a number of features were observed, which vary in intensity but show negligible 
dispersion with photon energy. Their positions are in good agreement with high density-of- 
states points along the TA direction of published bandstructure calculations. A feature is 
observed 0.5 (* 0.2) eV above the Fermi level, in the gap between the T,. and T,, critical 
points, which may be due to either a surface state or to the high overall density of states at 
the Fermi level. 

Anglejresolved ultra-violet photoemission (ARUPS) [l] is now well established as the 
preferred technique for mapping the occupied electronic structure of crystalline solids. 
In recent years the corresponding technique of momentum (k)-resolved inverse photo- 
emission (KRJPES) [2] has become increasingly used in the investigation of unoccupied 
states. Due to the short mean free path of electrons in solids both these spectroscopies 
are extremely surface sensitive, and thus the preparation of clean, ordered single-crystal 
surfaces is essential. The high reactivity of the rare earth metals (Sc, Y, La and the 
lanthanides) makes this preparation particularly difficult. Consequently the number of 
~~~~sstudiesofthesematerials[3-12] isrelativelysmall andthere have been noreported 
KFUPES studies prior to this work. Interest in the electronic structure of the lanthanide 
metals is due to the presence of the partially occupied, but highly localized, 4f levels. 
The treatment of these levels within bandstructure calculations is an area of some 
controversy [13], and it is important that experimental data be obtained to determine 
the validity of such calculations. Yttrium, which has the hexagonal close packed (HCP) 
crystal structure, with lattice parameters very similar to those of the heavy lanthanides, 
provides a suitable material for initial investigation, since its outer electronic con- 
figuration of ( 4 d 5 ~ ) ~  is analogous to that of the lanthanides’ (5d6s)’. The absence off 
electrons, which in the lanthanides are often energetically degenerate with the valence 
band, simplifies both interpretation ofexperimental results and the calculationof energy 
bands; a full-potential linearized-augmented-plane-wave bandstructure calculation [ 141 
has recently been published. 

t Also at: Department ofPhysics, Oliver Lodge Laboratory, UniversityofLiverpooI, PO Box 147, Liverpool 
L693BX. UK. 
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The Ikst ARUPS study of Y(OOO1) [7] showed a number of features, in particular an 
intense surface-order-dependent state (SODS) at 9.6 eV binding energy, which could not 
be explained in terms of one-electron states in bandstructure calculations. A recent 
paper [I51 suggested that the SODS was due to hydrogen contamination, but it was 
subsequently shown 1161 that the authors had misinterpreted both their own data and 
those of [7]. This feature appears to be common to all close-packed trivalent rare-earth 
surfaces since it has also been observed, at similar binding energies, on the (0001) 
surfaces of Gd [6,12], Ho [ll, 121 and Pr [12] and the reconstructed (11TO) surfaces of 
Y [8,12, 171, Ho and Er [ll, 121. Its origin remains unclear-its presence on Y clearly 
precludes the involvement off electrons-but it has been suggested, 171, that it may be 
derived from many-body excitations involving the presence of an unoccupied surface 
state in order to explain its surface sensitivity. However, no mechanism has been 
suggested by which such a surface state could give rise to a peak with the characteristics 
of the SODS. A band gap exists between the (occupied) r4- and (unoccupied) r3+ critical 
points in the bandstructure of Y 1141, which should be similar to those of the other HCP 
rare earths. This may be a suitable location for such a state. 

The Y(OOO1) crystal was spark-machined from the same high-quality boule as the 
crystals used in previous low energy electron diffraction (LEED) and uv photoemission 
studies [7,9,12,17]. This  boule was grown by Dr D Fort (School of Metallurgy and 
Materials, University of Birmingham, UK) using solid state electrotransport methods 
[18] and had a residual resistance ratio greater than 500, indicating a low impurity 
concentration (cO.1 at.%). Ex-si& sample polishing was performed using standard 
metallographic techniques. 

The KRIPFS experiments were performed using the Liverpool grating spectrometer 
[I91 which has been modified recently by the addition of an x-ray source and hemi- 
spherical electron energy analyser enabling the monitoring of sample cleanliness with 
x-ray photoemission (WS). The overall energy resolution in KRIPES mode was 0.6 eV at 
a photon energy of 20 eV, rising to - 1 eV at a photon energy of 32 eV and the nominal 
momentum resolution was 0.1 A-]. The base pressure in the chamber was 
-6 X IO-’’ mhar. In-situ sample cleaning was performed by repeated cycles of Art 
bombardment (beam energy -2 kV, current density -5 pA cm-’) for -30 min. fol- 
lowed by annealing for -30 min to -1000 K. About 40 cycles were necessary before the 
KRIPFS spectra were completely reproducible; ws indicated an upper limit of 6% oxygen 
with no visible C 1s peak, and LEED showed a sharp 1 X 1 pattern on a relatively low 
background [12]. It is likely that a large fraction of the observed 0 signal was due to the 
Ta sample mount, as the area sampled by the analyser was -50% bigger than the Y 
crystal. 

Normal-incidence KRJPES spectra in the photon energy ranges 12-19 eV and 24- 
32 eV, corresponding to direct transitions along the TA direction of the Brillouin zone, 
are shown in figure 1. The spectra in the photon energy range 18-23 eV (figure 2) are all 
obscured to some degree by fluorescence from the decay of a 4p core hole. This occurs 
when the incident electron is energetic enough to ionize a 4p electron, and the photon 
energy being detected is in the range produced by the radiative decay of the resulting 
hole. This is analogous to the Auger features seen in ARUPS; the corresponding Nd.S W 
Auger peak can be seen in the ARWS spectra of Y(OOO1) [7J. This phenomenon is to be 
expected when the material being studied by KRIPES has shallow core levels and has been 
reported for several other materials [20-22]. 

There are four features in the spectra of figure 1 at energies (20.2 eV) of 0.5 eV, 
2.0eV,4.8eVand7.0eVabovetheFer1nileve1,1abe11eda*, b*,c* andd*,respectively. 
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Figure 1. Normal incidence isochronal KRIPEs spectra from Y(ooO1). (a) hu = 12-19eV. 
The photon yield for each electron energy has been divided by the incident charge, and the 
spectra then normalized to the intensity of peak c'. (b) hv = 24-32eV. normalized to the 
incident charge. 
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Figure 1. Normal incidence isochronal KRIPEs spectra from Y(ooO1). (a) hu = 12-19eV. 
The photon yield for each electron energy has been divided by the incident charge, and the 
spectra then normalized to the intensity of peak c'. (b) hv = 24-32eV. normalized to the 
incident charge. 

We choose this notation to avoid confusion with that of the ARUPS peaks of [7]. None of 
these features displays significant dispersion with photon energy. Momentum broad- 
ening in the initial state, due to the short mean free path of electrons in rare earths, 
combined with the low crystal momenta in the rAdirection, leads to spectra which are 
dominated by transitions to points with high densities of states. This has also been 
observed in ARUPS of Gd(0001) [3] and Y(OoO1) [7].  The apparent shift of a* towards 
higher energy in figure l(b) is attributed to  the worsening energy resolution in the higher 
photon energy range. Peaks b* and c* are most likely due to transitions to high-density- 
of-states points along TA, since such points occur at 1.8 eV (A,) and 4.9 eV (r5-) in the 
calculated bandstructure of Blaha et ol (figure 3) [14]. The calculated total density of 
states [ 141 shows peaks at these energies and these have been observed in inverse photo- 
emission [U] and bremsstrahlung isochromat spectra [24] of polycrystalline Y films. 
Blaha eta1 do not show energies greater than 6.5 eV above the Fermi level so we cannot 
determine the origin of peak d* from their bandstructure. However the calculation of 
Papaconstantopoulos [25] shows the unoccupied r4_ point at 6.9 eV and this may well 
be the origin of this peak. The feature labelled ax  lies in the gap between the r4- and r,, 
critical points and thus it is tempting to associate it with a surface state-and it is possible 
that peak a in the ARUPS spectra [7] is the occupied tail of this state. We were unable to 
determine whether the intensities of the two features have the same photon energy 
dependence, as the design of our instrument [18] does not permit us to take measure- 
ments in the same photon-energy range as the mups spectra (25-60eV) [7]. It is also 
possible that a* is due to a failure of momentum conservation. Although the density of 
states along TA is calculated [14] to be very low at this point, the total density of states 
is peaked at the Fermi level, due to the flat bands along the LM and KH directions. 
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Figure 2. Normal incidence isochromat KWFS 
spectra from Y(ooO1). normalized to the incident 
charge. The tick marks indicate the onset of 
fluorescence due to the decay of a 4p core hole. 

r~ 
Figure 3. Energy bands of Y along the r A  direc- 
tion, as calculated by Blaha et 01, Adapted from 
~ 4 1 .  

In conclusion, thefeaturesseeninour m ~ ~ s s p e c t r a a p p e a r  to be entirely explicable 
in terms of one-electron bands, in marked contrast to the ARUPS spectra of Barrett and 
Jordan 171. We are unable to identify unambiguously the feature labelled a* as a surface 
state, and it is difficult to see how such a weak feature could be responsible for an ARUPS 
peak as intense as the SODS. The results of Barrett and Jordan [7] have been reproduced 
1261 using the same crystal as was used in the present work so we believe our results 
to be characteristic of the same surface. We conclude that many-body effects are 
considerably less important in KNPS spectra than in ARUPS spectra of Y, and probably 
throughout the HCP rare-earth metals in general, and that consequently KRIPES has an 
important role to play in the study of rare-earth electronic structure. 

We wish to acknowledge Dr Rossella Cosso for assistance with the experiments, Dr 
David Fort for growing the high quality yttrium crystal and Professor Robin Jordan and 
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