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Surface electronic structure of Tm(0001) and Yb(111)
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Occupied d-like surface states were observed for the close-packed surfaces of Tm(0001) and Yb(111)
metal films grown epitaxially on W(110) and Mo(110) substrates, respectively. In the case of Tm metal,
the surface state exhibits almost no dispersion and is extended over the whole surface Brillouin zone,
while in the case of Yb metal, it is restricted to a narrow region around the T point. The surface shifts of
the 4f binding energies on these close-packed surfaces were determined to be 0.47+0.05 eV for
Tm(0001) and 0.45+0.03 eV for Yb(111). Both values are substantially smaller than reported previously
for polycrystalline surfaces of the two metals. State-of-the-art band-structure calculations, based on
density-functional theory, predict a flat surface state slightly above the Fermi energy. There is no obvi-
ous explanation for this inconsistency at the present time.

For quite some time, the surface electronic structure of
rare-earth metals has been attracting a wide scope of ex-
perimental and theoretical efforts.! Most of the experi-
mental work has been performed on polycrystalline ma-
terials, and has been devoted to an investigation of 4f
states. Since magnetic ordering of the Gd(0001) surface
above the bulk Curie point of Gd metal was observed, 2
however, there has been growing interest in the surface
valence-band electronic structure, requiring experiments
on well-ordered monocrystalline surfaces. The prepara-
tion of clean surfaces of bulk single crystals of rare-earth
metals is difficult, due to the large chemical reactivity of
these metals, and does not seem to be a successful
route.>* On the other hand, clean and well-ordered films
of rare-earth metals can be grown epitaxially on W(110)
and Mo(110) substrates.” 13 Recently, an intense surface
state of d symmetry was observed for the Gd(0001) sur-
face.!® This state is situated close to the Fermi level Ep,
within a wide band gap around the T point of the surface
Brillouin zone, exhibiting no dispersion. Spin-polarized
photoemission experiments show that the photoelectrons
emitted from this state are fully spin polarized in the fer-
romagnetic phase.!! Band-structure calculations'* sug-
gest that this state is derived from an unoccupied non-
bonding bulk state of d_, symmetry, which is lowered in

energy by a loss of kinetic energy in the vacuum region.
These calculations, however, fail in predicting the correct
magnetic!! and structural'® properties of the Gd(0001)
surface. In the meantime, a related surface state has been
observed for the (0001) surface of Tb metal in its
paramagnetic phase,* and a direct relationship between
the appearance of this surface state and the structural or-
der at the surface has been established.!®> Also, for
La(0001), a partly occupied surface state was recently
four]16d by photoemission and inverse photoemission stud-
ies.

In the present paper, we report on the observation of
similar surface states for the elements at the end of the
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rare-earth series, Tm and Yb. It is of particular interest
that such a surface state has now also been observed for a
divalent rare-earth metal, Yb. As in the case of Gd and
Tb, the surface state appears for hcp Tm on the close-
packed (0001) surface and is extended over nearly the
whole surface Brillouin zone. For fcc Yb, the surface
state also appears on the close-packed (111) surface, but
is restricted to a narrow region around the T point.
Scalar-relativistic calculations (which include all relativis-
tic effects except spin-orbit coupling), based on the local-
density approximation (LDA), predict a nondispersive
surface state for Tm(0001). In contrast to the experimen-
tal result, however, the slab calculations predict this state
to be unoccupied. For divalent Yb, no explicit surface
state is predicted by theory, but the presence of bulk
states just above the Fermi level allows for a surface reso-
nance. Apart from the surface state, surface shifts of the
4f binding energies to higher values by §;=0.47£0.05
and 0.45+0.03 eV were determined for Tm(0001) and
Yb(111), respectively. For Yb metal, this value is in good
agreement with a literature value,'” while for Tm metal
the shift is considerably smaller than reported previously
for polycrystalline samples'®!® and obtained theoretically
by LDA-slab calculations. *°

The photoemission (PE) experiments were performed
with a rotatable hemispherical electron energy analyzer
(Vacuum Science Workshop, ARIES) using synchrotron
radiation from the TGM1 and TGM4 beamlines of the
Berliner  Elektronenspeicherring fir  Synchrotron-
strahlung, BESSY. Monocrystalline films of Tm and Yb
metal were prepared by thermal evaporation of the pure
rare-earth metals from resistively heated tungsten coils
onto clean W(110) and Mo(110) substrates, respectively.
Film thicknesses were measured by means of a quartz mi-
crobalance and adjusted to about 100 A. The evapora-
tion rates were about 5 A/min, and the pressure in the
experimental chamber (with a base pressure of 5X 107!
mbar) rose briefly to 5X 107 !° mbar during deposition.
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The as-grown films revealed sharp low-energy electron-
diffraction (LEED) patterns. Contaminations were
checked by Auger spectroscopy and via the O 2p PE sig-
nal. In case of Tm, small oxygen contaminations could
be detected corresponding to =0.02 monolayers.

Scalar-relativistic nonmagnetic band-structure calcula-
tions were performed using the full-potential linear
muffin-tin orbital (FP-LMTO) method as described in
Refs. 21 and 22, with some modifications needed for an
accurate description of the surface.?> The method was
applied to seven-layer slabs, separated by approximately
ten layers of vacuum. The k-space integration was done
with a mesh of 19 irreducible points. Since the LDA can-
not describe the correlation between f states properly,
these were treated as core states with a fixed occupation
of 412 for Tm and 4f'* for Yb. The ideal truncated bulk
geometry at the experimental lattice constant was used; it
was also tested that possible surface relaxations would
not affect the conclusions. For the bulk bands, the calcu-
lated energy dispersion curves are in very good agree-
ment with previous band-structure calculations for Tm
(Ref. 24) and Yb (Refs. 25 and 26) metal. The calcula-
tions also provide values for the surface core-level shifts
and the work functions of the metal surfaces. In view of
the discrepancy between theory and experiment, we em-
phasize that the calculational method used has been
shown to be of high accuracy and reliability in the con-
text of the transition-metal surfaces.?* Further technical
details are described in the reference.

Figure 1 displays angle-resolved PE spectra in the
valence-band region of Tm(0001), taken with the sample
at room temperature at normal emission and for two
different photon energies. The spectral features in the
binding-energy (BE) region from 4 to 11 eV represent PE
from the open Tm(IID)-4f 2 shell and can be described by
a superposition of two 41 !! final-state multiplets,?’ which
are separated by 0.4710.05 eV from each other and
reflect signals from bulk (solid subspectrum) and surface
atoms (dashed subspectrum), respectively. It should be
noted that the agreement between theoretical intensities
of the individual multiplet lines (taken from Ref. 27 and
the experimental values) is relatively poor, and the rela-
tive intensities of several lines had to be varied from the
theoretical values in order to obtain a reasonable descrip-
tion of the spectra. We found that the relative line inten-
sities are strongly photon energy dependent, which can
be attributed to cross-section effects and/or photoelec-
tron diffraction within the ordered layer. The multiplet
splittings had to be stretched by a factor of 1.10 as com-
pared to the values given in Ref. 27.

The observed surface shift is considerably smaller than
the previously reported experimental value of 0.7010.05,
which had been measured for polycrystalline Tm metal
films, '®1% and the theoretical value of 0.63 eV calculated
by the LDA-slab method for the close-packed Tm(0001)
surface.?’ The discrepancy with the previously reported
surface shift for Tm metal can be explained by a relative-
ly rough surface in case of a polycrystalline sample, i.e.,
by the presence of atomic surface sites with different and
also lower coordinations. This will lead to a broadening
and a shift to higher BE of the surface PE component as
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FIG. 1. Angle-resolved photoemission (PE) spectra of
Tm(0001) taken at normal emission for two different photon en-
ergies. The inset shows the variation of the intensity of the PE
peak S as a function of photon energy, derived from a constant-
initial-state measurement after normalization to equal photon
flux.

compared to the situation of a well-ordered and smooth
close-packed surface layer.!>!” On the other hand, the
observed surface core-level shift for Tm(0001) is larger
than the recently reported values for Tb(0001),
8,=0.2610.03,"3 and Gd(0001), 8, =0.29+0.03.% This
is most probably due to a systematic increase of the sur-
face core-level shifts with atomic number across the
series of rare-earth metals.'® The present calculations
give a surface shift of 0.60 eV, which is in good agree-
ment with the previous LDA result. This value describes
a pure initial-state property and should not be compared
directly with the experimentally derived shift. Recent
calculations of final-state screening effects for the 4d-
transition metals have shown that, at the beginning of the
series, final-state screening is more effective at the surface
than in the bulk, leading to a reduction of the expected
surface core-level shifts by 0.12 and 0.16 eV for the
close-packed surfaces of Y and Mo metal, respectively.?’
Assuming a similar behavior for the 5d-transition ele-
ment Tm, the calculated initial-state shift is in good
agreement with the experimental result. We note here
that a separation of initial- and final-state contributions
to §; has recently been achieved for Gd(0001), supporting
this view. 28

The valence-band emission consists of two peaks .S and
B, at binding energies of =0.2 and =1.7 eV, respectively.
As is evident from the photon-energy dependencies of the
photoemission cross sections of these states, both states
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contain practically no 4/ symmetry, as one might specu-
late in analogy to the well-known Kondo peak in Ce sys-
tems.*® The inset in Fig. 1 shows the variation in the in-
tensity of the PE peak S as a function of photon energy,
derived from a constant-initial-state (CIS) PE measure-
ment with proper normalization to equal photon flux.
This curve shows that the PE cross section of the surface
state S peaks at a photon energy of =40 eV. A similar
behavior is known for the PE signals from d states of
several rare-earth metals3!'32 and also from Ca metal,*’
having been attributed to p —d Fano resonances in the
neighborhood of the 5p and 3p thresholds, respectively.
The photon-energy-dependent intensity variations of
peak B are similar to those of peak S. On the basis of
these observations, we assign d symmetry to both peaks S
and B. In analogy to the valence-band PE spectrum of
Gd(0001), which contains very similar structures, '© peak
B is assigned to emission from the A, band, while peak S
is assigned to a surface state situated in a broad gap of
the surface-projected bulk band structure.'#?* In fact,
peak S can be quenched by exposure to 1 ML of oxygen
(spectrum not shown here), confirming the surface-related
nature of this state.

The angular dependence of the valence-band PE peaks
recorded in the T M T direction is shown in Fig. 2, where
the M point would correspond to an angle of 6=16.6".
Peak B reveals a strong dispersion with 6 (and k), in
agreement with its assignment as a direct-transition
feature from the bulk A, band. For the position of the
critical point 'y, an energy of 2.3 eV is predicted from
the present band-structure calculation, in agreement with
previous results.?* This value is somewhat larger than
the value of 1.8 eV observed in the present experiment.
The same discrepancy between theory and experiment
was also observed for Gd metal, where the respective en-
ergy positions are almost identical to those obtained here
for Tm metal.'>'>* We conclude from the large
surface-to-bulk intensity ratio observed for the 4f states,
however, that contributions to peak B stem almost com-
pletely from the first two atomic layers and are not neces-
sarily characteristic of the real bulk. This might be an
explanation for the observed discrepancy between experi-
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FIG. 2. Angular dependence of the Tm(0001) valence-band
PE spectrum taken in the I’ M I direction with 40-eV photons.

ment and theory, as will be discussed below.

Peak S shows almost no dispersion. A corresponding
nondispersive surface state is also found in the present
slab calculations, situated around the T point as shown in
Fig. 3(a). In contrast to the experimental result, however,
this state is found to be unoccupied. The situation is not
significantly changed by modifications such as inward or
outward surface relaxation by any reasonable amount. A
similar state had also been found recently in a slab calcu-
lation for the (0001) surface of Gd metal in its ferromag-
netic phase.!* There, the surface state is widely split by
magnetic exchange interaction, and the minority-spin
component is found to be occupied, a prediction that is in

FIG. 3. Calculated band
structure in the surface Brillouin
zone of a seven-layer slab (large
dots) superimposed on the pro-
jected bulk bands (shaded) for (a)
Tm(0001) and (b) Yb(111). A
surface state can be identified
where a slab state falls into an
unoccupied pocket of the pro-
jected bulk bands.

b) Yb(111)
[
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conflict with experimental results.!"3* In the present
case of Tm, the slab calculation results in a nonsplit sur-
face state, since the system is in its paramagnetic phase
and spin-orbit interaction was not taken into account.
For La(0001), a surface state both below and above E
could recently be identified by PE and inverse PE experi-
ments;'® a similar situation has also been found for
Gd(0001).1%3* This suggests that also in Tm metal the
surface state is only partly filled. On the other hand,
such a weakly dispersive state corresponds to a large den-
sity of states, and—by reason of charge neutrality —the
occupancy of this state has to be coupled to a depopula-
tion of other states and an energy relaxation of the whole
valence-band structure at the surface. In a simple rigid-
band model this would lead to a shift of the occupied
bands toward the Fermi energy, which in fact could ex-
plain the mentioned discrepancy between theoretical pre-
diction and experimental observation of the energy of the
I} point. Without having additional data, we tend to
believe that the missing spin-orbit coupling cannot ex-
plain such major changes of the surface band structure.
Thus we have to conclude that our careful measurements
and calculations presently do not lead to a fully con-
sistent picture of the surface electronic structure of
Tm(0001).

In addition to Tm(0001), we have also studied the
close-packed (111) surface of fcc Yb metal, which corre-
sponds to the (0001) surface in hcp stacking. Figure 4
shows valence-band PE spectra of Yb(111), taken in nor-
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Binding Energy (eV)

FIG. 4. Valence-band PE spectra of Yb(111) taken in
normal-emission geometry for various photon energies. The ad-
ditional feature in the Av=25- and 27.5-eV spectra at binding
energies of 3.9 and 5.0 eV, respectively, are caused by an
Oy, m V'V Auger transition.
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mal emission for various photon energies. Figure 3(b)
gives the results of the present slab calculations for the
electronic structure of Yb metal, projected onto the (111)
surface Brillouin zone. The dominant structure in the PE
spectra in the BE region from 1 to 3 eV corresponds to
emission from the filled 4f shell of Yb(11), consisting of
two spin-orbit-split doublets, which are separated from
each other by a surface core-level shift of §, =0.4510.03
eV. The magnitude of this shift agrees well with previous
results for close-packed Yb surfaces,'” and is again
strikingly smaller than the values around 0.6 eV obtained
for polycrystalline surfaces. '® Note that 8, for Yb(111) is
very close to §; for Tm(0001). We add, however, that
both the initial and final states of these metals are
different, and the similarity of the two shifts is therefore
accidental. The position of the bulk component, the
spin-orbit splitting, and the intensity ratio of the 4f,,,
and 4f5,, components are in full agreement with the
literature. !’ The slab calculations give an initial-state sur-
face core-level shift of 0.33 eV, which in contrast to the
case of Tm metal is smaller than the experimental value.
In Yb metal, the s bands are almost filled, while the d
states are almost empty. This situation is in some way
analogous to the one at the end of the 4d series, where
the d states become filled and the s band is empty. There
final-state screening leads to an increase of the surface
core-level shift, and the same mechanism may be respon-
sible for the larger experimental value of the surface
core-level shift observed for Yb metal.

The most exciting feature in the spectra of Fig. 4, how-
ever, is the sharp structure S close to Ey, displaying a
strong photon-energy dependence of its intensity with a
maximum around 30 eV and disappearing for photon en-
ergies above 40 eV. This energy dependence of the PE
cross section is probably the reason why this structure
had not been observed in previous work on single-
crystalline Yb(111) surfaces.** The photon-energy depen-
dence of this peak is very similar to that of the surface
state on Tm(111); only the maximum is shifted by =10
eV to lower energies. As in the case of Tm, this state ex-
ists in a broad energy gap around the T point of the
surface-projected bulk band structure [see Fig. 3(b)], sug-
gesting again an assignment of this peak to a d-like sur-
face state. Unfortunately, quenching of this state by oxy-
gen exposure did not work satisfactorily, with the state
remaining stable even for coverages exceeding 1 L. Thus
it cannot be fully ruled out that this state represents a
bulk PE feature of Yb metal. On the other hand, it has
been pointed out that a shift of the unoccupied 5d states
by 0.1 Ry to higher energies would cause the formation
of a p-like electron pocket around the L point of the bulk
band structure,?’ which might be responsible for the ob-
served peak close to the Fermi level. From a comparison
of the calculated band structure with the measured unoc-
cupied density of states, 35 however, there is no hint of
such a shift of the d band. Moreover, interpreting the
Fermi level peak as a bulk feature and using a free-
electron parabola fitted to the s band for the final states,
the large emission observed for photon energies of 27.5
and 30 eV would correspond to wave vectors close to the
I" point, in contrast to theoretical prediction. From the
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visibility of this state over a relatively large photon-
energy range, one would further conclude that this non-
dispersive state is extended in the 'L direction over the
whole bulk Brillouin zone, which is in contrast to the cal-
culated dispersive behavior of the conduction-band
states. Thus an origin of this peak from the bulk band
structure seems unlikely.

Figure 5 shows the angular dependence of the Fermi-
level peak S, measured for a photon energy of 30 eV in
the T M direction. For this photon energy, the M point
would correspond to an angle of ®=18.0°. In contrast to
the behavior of the surface state on Tm(0001), the
Fermi-level peak disappears for angles larger than about
5°. This critical angular dependence can be a further
reason why this state has never been observed before.
The difference in the behavior with respect to Tm can be
understood qualitatively within a simple rigid-band mod-
el. Here, when going from trivalent Tm to divalent Yb,
the Fermi level is lowered and only the lowest-lying parts
of the surface band remain occupied. The slab calcula-
tion, however, does not reveal an explicit surface state for
Yb(111) [see Fig. 3(b)]. At best, a surface resonance can
be expected above, but close to the Fermi level.

In summary, both trivalent Tm metal and divalent Yb
metal have occupied surface states on their close-packed
surfaces. In the case of Yb(111), this state is restricted to
a narrow zone around the T point, which is in contrast to
the situation in the trivalent rare-earth metals, where the
surface state extends over almost the whole surface Bril-
louin zone. Ab initio calculations for the two surfaces
studied predict a surface state or resonance of d character
near the Fermi energy, but these states lie above the Fer-
mi energy and are unoccupied. Further work is needed
to determine the reason for this discrepancy. The surface
core-level shifts of the 4f states are found to be equal
within the error bars for the two close-packed metal sur-
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FIG. 5. Angular dependence of the valence-band PE spec-
trum of Yb(111), taken with 30-eV photons in the I' M direc-
tion.

faces, amounting to 6, =0.4710.05 and 0.451+0.05 eV for
Tm(0001) and Yb(111), respectively.
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FIG. 3. Calculated band
structure in the surface Brillouin
zone of a seven-layer slab (large
dots) superimposed on the pro-
jected bulk bands (shaded) for (a)
Tm(0001) and (b) Yb(1ll). A
surface state can be identified
where a slab state falls into an
unoccupied pocket of the pro-
jected bulk bands.



