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Surface core-level shift of 4 f states for Th(0001)
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For Tb(0001), a surface core-level shift of the 47 photoemission multiplet of §,=0.26+0.03 eV is
determined. This value is by more than a factor of 2 smaller than the result of a recent self-consistent
SLAB calculation, but agrees with the prediction of a thermochemical model. It is demonstrated that
the larger values of &, reported previously for polycrystalline samples originate from contributions of
low-coordinated surface sites. Implications of the present findings for an improved understanding of the
surface electronic structure of rare-earth metals are briefly discussed.

Surface-induced energy shifts of 4f states in rare-earth
materials are well-known phenomena in photoemission'~>
(PE) and recently also in inverse PE.® They are directly
related to the different cohesive energies in the bulk and
at the surface.’> Apart from insight into the thermochem-
ical and structural properties of the surface, a detailed
knowledge of surface core-level shifts provides an under-
standing of surface valence transitions,>’ and hence of
some essential aspects of the chemical, catalytic, and
magnetic properties of these materials. For the elemental
rare-earth metals, relatively large surface core-level shifts
have been reported ranging from 0.48 eV for La (Ref. 2)
to 0.77 eV for Lu metal.! The self-consistent results of
recent SLAB calculations for close-packed surfaces of
rare-earth metals seem to be in good agreement with
these experimental results.® This is amazing in view of
the fact that the experimental data were taken on poly-
crystalline samples, where the assumption of close-
packed surfaces cannot be expected to be valid. Since
surface core-level shifts are known to increase with de-
creasing coordination number of surface atoms,*°® a sub-
stantial fraction of surface atoms at low-coordinated sites
will result in larger shifts than those representative for
the atomically flat close-packed surface.

In the present paper we show that the surface core-
level shift of Tb 4 f states depends critically on the quality
of the surface, amounting to only 0.26+0.03 eV for a
well-annealed close-packed Tb(0001) surface; this value is
by more than a factor of 2 smaller than reported previ-
ously for a polycrystalline surface. The observed shift is
in striking disagreement with the result of the recent
SLAB calculation of Ref. 8, but can be quantitatively ac-
counted for by a simple thermochemical model. The
present finding reveals the stringent necessity to
reanalyze the surface core-level shifts of essentially all
rare-earth metals both experimentally and theoretically
and sheds further light on some weaknesses of present
ab initio calculations of surface properties of highly
correlated materials.

The photoemission experiments were performed at the
high-resolution U2 beamline of the Berliner Elektronen-
speicherring fiir Synchrotronstrahlung (BESSY) using an
angle-integrating hemispherical electron-energy analyzer.
The total-system resolution was set to 90 meV (full width
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at half maximum) at Av=48 eV. Monocrystalline
Tb(0001) films were grown on a W(110) substrate by
thermal evaporation of Tb metal from a resistively heated
Knudsen cell. The evaporation rate was =4 A/min as
monitored by a quartz microbalance and calibrated by
the intensities of PE lines from W and Tb. During Tb
evaporation, the sample was kept at 250 K and the pres-
sure rose to 1X 10710 mbar, returning readily to its base
value of 3 X 107 !! mbar after the end of evaporation. Un-
der these clean conditions, a layer-by-layer growth mode
is achieved as known from analogous studies with Gd
films.!%!! The as-deposited 130+ 10-A-thick Tb film gave
only a diffuse low-energy electron diffraction (LEED) pat-
tern indicating a relatively rough sample surface. Subse-
quent annealing of the film for 2 min at 900 K led to
sharp LEED spots. Oxygen contaminations were
checked by monitoring the O 2p PE signal at a photon
energy of 48 eV, and they were found to be negligible.

Figure 1 displays normal emission PE spectra of the 4f
and valence-band region of Tb(0001) taken at a photon
energy of 48 eV: (a) for the as-grown film and (b) after an-
nealing at 7=900 K. The leading doublet at a binding
energy (BE) of about 2.5 eV originates from emission to
the 4f7-8S, , final state; it is split into a bulk component
at a BE of = 2.3 eV and a surface component shifted by
the surface core-level shift to higher BE. A similar split-
ting into surface and bulk components is readily seen for
the other prominent 4f component (°I) at a BE of = 7.5
eV. It is striking that the surface core-level shift changes
by a factor of more than 2 upon annealing of the
Tb(0001) film.

For the as-grown film, the surface core-level shifts
amounts to =0.57 eV; at the same time, the width of the
surface component is much larger than that of the bulk
component, and the valence-band emission close to Ep
reveals a triangular shape characteristic for polycrystal-
line surfaces of rare-earth metals.! Upon annealing of
this film, a sharp peak appears just below Eg,'? which has
also been observed previously for ordered (0001) surfaces
of Gd metal'>!* as well as of Ho, Tm, and Yb metal,'
and has been assigned to a nonbonding surface state of
d r-orbital character in a band gap of the surface-

projected bulk band structure at I.!>!¢ At the same
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FIG. 1. PE spectra of a 130-A-thick Tb(0001) film at 7'=150
K grown on W(110): (a) as-grown at 7'=150 K; (b) after anneal-
ing for 2 min at T=900 K. The solid lines through the data
points serve as a guide to the eyes. The vertical-bar diagrams in
(b) indicate the strongest components of the 4/’ final-state mul-
tiplets from bulk and surface. Note the surface state (s.s.) in the
spectrum of the well-annealed film.

time, the surface core-level shift decreases to =0.26 eV,
and the width of the 4f surface component reduces to a
value comparable with the one of the bulk component.
The appearance of the surface state, the LEED pattern,
and the small width of the 4f surface component for the
annealed film can be taken as strong evidence for an
atomically smooth, well-ordered Tb(0001) surface. Thus,
we assign the small surface core-level shift to atoms at
surface sites with coordination 9, while the larger shift
observed for the as-grown film is explained by a substan-
tial fraction of low-coordinated surface sites at steps and
corners.

Within the framework of a simple tight-binding model,
the electron bandwidth, the cohesive energy, and hence
the 4f binding energy relative to the free-atom value are
proportional to the square root of the coordination num-
ber.*® Starting with a surface energy shift 8, for coordi-
nation N, one obtains for the energy shift 8, for coordi-
nation Z the expression

8z=1-VZ/12)/(1-V N/12)6y , (1)

with 12 being the bulk coordination in the hcp lattice.
For a quantitative analysis of the data, the spectra were
least-squares fitted employing Eq. (1) for relating the sur-
face shifts of differently coordinated surface sites. Taking
electron-hole-pair excitations into account, Doniach-
Sunjic line shapes!” were used to describe the individual
components. Inelastic electron-electron scattering was
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simulated by adding an integral background to the bulk
components, and contributions from valence-band emis-
sion were accounted for by superposition with a constant
plus a triangle-shaped background. Finally, the model
spectra were convoluted by a Gaussian to simulate finite
experimental resolution. The results of this analysis for
the leading 35, ,, multiplet component are shown in Fig.
2 by the solid curves through the data points; the sub-
spectra, corresponding to contributions from the
differently coordinated sites, are also given. While the
as-grown film contains surface sites with coordinations 9
(shaded), as well as 8, 7, and 6 (short-dashed), the spec-
trum of the well-annealed Tb(0001) film can be described
by only a single surface component in addition to the
bulk component, resulting in a surface core-level shift of
6,=0.26+0.03 eV; this value corresponds to a smooth
close-packed Tb(0001) surface. For the as-grown film,
the best fit results in a shift for the coordination-9 com-
ponent of 8,=0.31£0.04 eV; within the limits of experi-
mental accuracy, this value agrees with &; for the well-
annealed film.

Our result for 8, is strikingly smaller than the value of
0.57 obtained in the recent SLAB calculation.® On the
other hand, §; is in good agreement with the value de-
rived from a thermochemical model based on the
equivalent-cores approximation.’ In this model, the 4f
BE is calculated from a Born-Haber cycle consisting of
the evaporation of a metal atom with valence Z, excita-
tion of a 4f electron into an unoccupied 5d orbital in the
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FIG. 2. Results of least-squares-fit analysis of the leading
8S,,, multiplet component in the PE spectra of (a) the as-grown
Tb film and (b) the well-annealed Tb(0001) film. While spec-
trum (b) is well described by a doublet of Doniach-Sunjic lines
from bulk (solid) and surface (shaded), spectrum (a) is decom-
posed into four components from surface atoms with coordina-
tion 9 (shaded), as well as 8, 7, and 6 (short-dashed). For details
see text.
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free atom, condensation of the excited free atom, and dis-
solution of this condensed phase with zero concentration
in the Z metal. Summing up the different energies in-
volved, the heat of formation of a (Z +1) impurity atom
in the Z metal is obtained, which is identical to the ener-
gy required for producing a PE final state (Eg). Thus we
obtain for the BE, Eg:

Ep=Ey+EL, —EZ'+vE,, , 2)

where E; denotes the f—d excitation energy, E Z, and
EZ! the respective cohesive energies for valence states
Z and (Z +1), and E,,; the heat of solution of a dilute
(Z +1) impurity in the matrix of the Z metal. In analo-
gy to Eq. (1), we then obtain for the surface shift §:

Sy=EN—Ep*=(1—VN/I2NEZ}' —EZy —Einp)-

(3)
Taking as cohesive energy of a trivalent rare-earth metal
the value for Gd metal, and as that of the corresponding
tetravalent metal the value for Hf, and calculating E;,,
in the framework of the semiempirical Miedema
scheme,!® one obtains for 8, a value of 0.26 eV, in good
agreement with the observed shift.

The above discussion of the surface core-level shift is
based on the assumption that the simple tight-binding ap-
proach is valid and the cohesive energies vary propor-
tional to V'N. This assumption can be questioned if a
surface state, contributing to chemical bonding, is occu-
pied, possibly altering the surface cohesive energy. If we
assume, e.g., that the formation of the d-like surface state
on the Tb(0001) surface causes an increase in the surface
cohesive energy, the difference in cohesive energies be-
tween bulk and surface, and hence the resulting surface
core-level shift would be smaller. The good agreement
between the experimental result and the prediction of the
thermochemical model, however, supports the view that
the contribution of the surface state to bonding is rela-
tively weak and the state is basically nonbonding in na-
ture.!6

A further point to be considered regards a possible
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influence of fd hybridization on §;. In a recent publica-
tion!® it was shown that the surface shift of the 41! state
in Ce metal is very small, since the effect of the reduced
4 f hybridization at the surface cancels the surface shift of
the bare, i.e., hypothetically unhybridized 4! state. An
analogous hybridization effect could be responsible for
the small 8§y value of Tb(0001). In fact, the binding ener-
gy of the %S, , final state is almost identical to the one of
the S final state of Ce, however, the hybridization pa-
rameter is expected to be considerably smaller in the
former case due to the large Coulomb potential and the
smaller number N, of unoccupied f states.?’ The recent
observation of a 4f surface core-level shift of 0.29+0.03
eV for the Gd(0001) surface,?! where hybridization effects
can be essentially excluded due to the high stability of the
4f7 ground state, however, favors the view that hybridi-
zation effects on the surface core level shift of Tb(0001)
are small.

The present results have some implications for the sur-
face electronic structure of rare-earth metals: Since hy-
bridization effects on §; seem to be negligible in the case
of Tb(0001), similarly small surface shifts are also expect-
ed for the other heavy rare-earth metals, and the large
values reported so far"’2 have presumably been the results
of poorly defined surfaces with substantial fractions of
low-coordinated surface sites. The theoretical side re-
quires also substantial improvements as demonstrated by
the results of the self-consistent ab initio SLAB calcula-
tions of Ref. 8, which deviate by more than a factor of 2
from reality in the case of Tb(0001). Further experimen-
tal and theoretical work is required for a better under-
standing of the surface electronic structure of rare-earth
materials.
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FIG. 2. Results of least-squares-fit analysis of the leading
£S,,, multiplet component in the PE spectra of (a) the as-grown
Tb film and (b) the well-annealed Tb(0001) film. While spec-
trum (b) is well described by a doublet of Doniach-Sunjic lines
from bulk (solid) and surface (shaded), spectrum (a) is decom-
posed into four components from surface atoms with coordina-

tion 9 (shaded), as well as 8, 7, and 6 (short-dashed). For details
see text.



