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LETTER TO THE EDITOR, 

Determination of the Tb r4- critical point energy from 
angle-resolved w photoemission of Tb(0001) 
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t Surface Science Research Centre, University of Liverpool, PO Box 147, Liverpool L69 
3BX,UK 
8 Department of Physics, Oliver Lodge Laboratory, University of Liverpool, PO Box 147, 
Liverpool L69 3BX. UK 
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Abstract. We report an angle-resolved uv photoemission study of the clean (Owl) surface 
of the rare-earth metal terbium. Normal emission spectra were recorded in the photon 
energy range 12-50 evusingsynchrotron radiation. A number ofwell-detined features were 
observed which showed negligible dispersion with photon energy. Close similarity h found 
between these spectra and those from the (Owl) surfaces of Y, Gd and Ho. The binding 
energy of the r,. critical point is determined to be lS ( t  0.l)eV. We suggest that the 
apparent shiftof t h e m  A ,  band to higher bindingenergyreported bypreviousworkerswas 
a result of the significant Fe contamination of their sample. 

In a recent paper Wu et a1 [I] reported an angle-resolved uv photoemission (ARUPS) 
study of the (Oool) surface of the hexagonal close-packed (HCP) rare-earth metal Tb. 
Their results appeared to show a shift of the A I  band to a binding energy 1.5 eV deeper 
than that predicted by their own bandstructure calculation, with the experimental r4- 
critical point determined to be at a binding energy of 3.6 ( 2  0.15) eV. This result is 
inconsistent with other ARUPS studies of HCP rare-earth metals, in which the r4- point 
hasbeenobservedatbindingenergies(+ 0.1 eV)of1.4eV(Gd) [2],1.7eV(Y)[3]and 
1.7 eV (Ho) [4]. Given the close similarity between the bandstructures of Gd 1.51, Y [6], 
Ho [4] and Tb [1,7], the value of 3.6 eV for Tb [l] seems rather high. Wu et a1 [I] have 
assumed that their results were characteristic of a clean surface, despite the fact that 
they observed 1C-15% Fe contamination on their Tb sample. In order to determine 
whether the bandstructure was influenced by the presence of Fe, we have performed an 
ARWS study of clean Tb(OoO1). 

The Tb sample was spark machined from a high-quality single-crystal boule grown, 
using solid state electrotransport methods [8], by Dr D Fort of the School of Metallurgy 
and Materials, University of Birmingham, UK. Ex situ sample preparation was per- 
formed without electropolishing; the mechanically polished surface was not protected 
by a passivating chloride layer and so the sample was kept under rough vacuum 

The ARUPS experiments were performed on beamline 6.2 of the Synchrotron Radi- 
ation Source, SERC Daresbury Laboratory, UK. The spectrometer used was a Vacuum 
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mbar) prior to being inserted into the ultra-high-vacuum chamber. 
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Figure 1. hnupsspeclraofcleanT%(0001). Pholon 
energy 40eV. incidence angle 3(P, p-polarized 
radiation, normal emission. 

Generators ADES 400 with overall energy and angular resolutions of 0.15 eV and 3O 
respectively. The base pressureofthe chamber was -1O-'O mbar. Insitu samplecleaning 
was performed by means of repeated cycles of Art bombardment (beam energy =3 kV,. 
current density =10 p A  cm-2) and annealing to =650 "C. This cleaning method has been 
used for many rare-earth surface+Gd(0001) [9], Y(OOO1) [3,10,11], Y(11ZO) [12,13], 
Ho(0001) [4], Ho(llZ0) and Er(llZ0) [14], and Pr(0001) [15]-andis known to produce 
clean, well-ordered surfaces without any detectable transition metal contamination. 
Surface cleanliness and order were monitored principally using ARUPS; oxide- and 
hydride-induced features apear at -6 eV binding energy 116,171 and the intensity of the 
surface-order-dependent state (SODS) at 9.6 eV binding energy is known to be extremely 
sensitive to the quality of the surface [3.12-151. Approximately 30 cleaning cycles were 
required before the ARUPS spectra showed a low contamination level and an intense 
SODS (figure 1). We were unable to detect any Fe 3p emission in spectra taken over the 
binding energy range 40-60 eV. indicating an upper limit of 1% Fe on the surface. Low- 
energy electron diffraction (LEED) showed a sharp (1 x 1) pattern on a low-intensity 
background. 

Normal-emission ARUPS spectra of the valence band region (0-5 eV binding energy) 
are shown in figure 2. The spectra show three main features (labelled a, b and c) at 
binding energies (kO.1 eV) of 0.3, 1.5 and 2.7eV respectively. The 4f 8S7/2 multiplet 
peak, at a binding energy of 2.3 (? 0.1) eV, can also be seen at photon energies above 
40 eV. None of these featuresshowssignificant dispersion with photonenergy; the short 
mean free path ofelectronsinrare-earth metals [2] causesmomentum broadening which 
leads to spectra dominated by emission from points in the Brillouin zone with high 
density of states. These spectra are very similar to those from Y(OOO1) 131, Gd(0001) 121 
and Ho(0001) [4], except for the presence of the 4f-derived peak. For these elements 
peak b was determined to be due to emission from the r4- critical point and, by analogy, 
we suggest the same assignment applies to Tb(OOO1). Thus, we find the binding energy 
of the Tb r4- critical point to be 1.5 (& 0.1) eV. As is found for Y [3], Gd 121 and Ho 
[4], this value is somewhat lower than that predicted theoretically. The calculation of 
Wu et nl [I] shows that the Tb Ta- point at 2.3 eV and that of Jackson [7] shows it at 
2.0 eV. This is marked contrast to the value of 3.6 evdetermined experimentally for Tb 
by Wu et al [l], i.e., a shift of 1.5 eV to higher binding energy. We suggest that this shift 
was the result of the significant level of Fe contamination of their sample. 
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Figure 2. Normal-emission ARUPS spectra of the Tb(ooO1) valence band, normalized to 
the incident flux. ( a )  hv = 1230eV, (b)  hv = 32-50 eV. Incidence angle 30°, p-polarized 
radiation. 

Our value for the binding energy of the Tb r4- critical point is consistent with those 
of other HCP rare-earth metals. The decrease in atomic radii across the lanthanide series 
(the lanthanide contraction) [18] leads to a corresponding increase in the occupied 
bandwidth [19]. It follows that the critical point binding energies for Tb (Z = 65) would 
be expected to lie between those of Gd (Z = 64) and Ho (Z = 67). Clearly, this is seen 
to be the case. 
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