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Surface shift of the occupied and unoccupied 4f levels of the rare-earth metals
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The surface energy shifts of the occupied and unoccupied 4f levels for the lanthanide metals
have been calculated from first principles by means of a Green s-function technique within the tight-
binding linear muffin-tin orbitals method. We use the concept of complete screening to identify the
occupied and unoccupied 4f energy level shifts as the surface segregation energy of a 4f and
4f + impurity atom, respectively, in a 4f host metal. The calculations include both initial- and
final-state effects and give values that are considerably lower than those measured on polycrystalline
samples as well as those found in previous initial-state model calculations. The present theory agrees
well with very recent high-resolution, single-crystal film measurements for Gd, Tb, Dy, Ho, Er, Tm,
and Lu. We furthermore utilize the unique possibility ofIered by the lanthanide metals to clarify the
roles played by the initial and the different final states of the core-excitation process, permitted by
the fact that the so-called initial-state efFect is identical upon 4f removal and 4f addition. Surface
energy and work function calculations are also reported.

I. INTRODUCTION

The first observation of a surface core-level shift
(SCLS) was made for a lanthanide metal, samarium,
where a shift of about 7 eV for the 3d level was found in
the x-ray photoelectron spectroscopy spectrum. How-
ever, at first it was not recognized as a SCLS and was
instead interpreted as a sign of mixed valence behavior
in the bulk metal. This interpretation was refuted in
Ref. 2 and it was suggested that the observed divalent
signal originated from a surface induced effect. Later
it was quite clearly demonstrated experimentally that
samarium metal, which in the bulk is a trivalent lan-
thanide metal, at the surface had turned into a divalent
configuration. ' Theoretical considerations gave com-
plete support to this view. A number of years later, it
was shown that for relatively badly prepared thulium sur-
faces one could observe a divalent signal at the surface
in contrast to the trivalent bulk, this also in accordance
with theory. ' '

In the case of samarium the presence of a surface ap-
parently gives rise to particularly strong effects, so that
the valence configuration changes from 4f (bulk) to 4fs
(surface). This in turn leads to a very pronounced redis-
tribution of the atomic charge density, which explains the
extraordinarily large 7 eV shift of the 3d level. ' Later,
one observed surface shifts of the 4f level between sur-
face and bulk atoms also for metals where there was no
change in valence. Theory, where a complete screening
of the final state was assumed and which was combined
with a simple estimate of surface energies, predicted a
shift of about 0.4 eV for the trivalent lanthanides and
0.5 eV for the divalent metals. In a thorough experi-

mental investigation by several workers, ' it was found
that the SCLS varied from 0.4 eV to about 0.7—0.9 eV
when proceeding through the series from La to Lu.

In connection with the study of rare-earth surface mag-
netism, there has been a renewed interest in the surface
4f energy-level shifts of the lanthanides. As a re-
sult, for several metals there are now single-crystal data
available. On the theoretical side, it has become pos-
sible to study the surface core-level shifts by means of
ab initio calculations, where both initial- and final-
state effects are taken into account within the concept of
complete screening. ' ' Therefore, it is of interest to
make a comparison between theory and experiment for
this class of elemental metals, where the effect of small
changes in the electronic structure can be monitored as
one proceeds from one element to the next in the series.

In this paper, we present a theoretical study of the
surface 4f binding energy shifts (4f removal shift) and
the surface shift of the unoccupied 4f levels (4f addition
shift) for close-packed surfaces of the lanthanide metals.
We use a Green's-function technique based on the tight-
binding linear mufIin-tin orbitals method, and within the
assumption of coinplete screening we identify the 4f re-
moval and 4f addition shifts with the surface segregation
energy of a correspondingly 4f excited atom. There-
fore, our calculations include the so-called final-state ef-
fects which, as demonstrated by the latest experimen-
tal findings, are important for the rare-earth met-
als. We do not, however, take into account the possible
magnetic effects which may arise due to the presence of
an open 4f shell and instead include the 4f levels in a
frozen, paramagnetic core, obtained in a fully relativi. stic
treatment.
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II. COMPUTATION B. The total energy

A. The Green's-function techniques

The present calculations are based on local-density
theory and the scalar-relativistic tight-binding linear
mufBn-tin orbitals method (TB-LMTO). We use a min-
imal (spd) basis set and the second-order expressions
for the Hamiltonian, potential functions, and partial
waves. ' In addition, we apply the frozen-core approx-
imation and the atomic sphere approximation (ASA)
for the intrasphere potential but include both monopole
and dipole contributions to the electrostatic intersphere
potentials. In the surface calculations we employ the
Green's-function technique, which accounts properly for
the breakdown of translational symmetry which occurs
at a surface, as implemented within the TB-LMTO
formalism by Skriver and Rosengaard. ' To gener-
ate the surface Green's-function matrices, we utilize
the efFicient principal-layer technique. This Green's-
function method has been used in studies of surface
energies and work functions, ' surface and interface
magnetism, ' and stacking fault energies of elemen-
tal metals.

The present 4f energy-level shift calculations are based
on the complete screening picture, i.e., the assumption
that the symmetrical part of the measured 4f line pro-
file corresponds to a completely screened state in which
the conduction electrons have attained a fully relaxed
configuration in the presence of a hole in the 4f shell.
Following Herbst et al. and Johansson, we apply the
analogous screening assumption also for the 4f addition
shifts. This framework requires total-energy computa-
tions of a substitutional impurity located in the bulk or
at the surface, and the surface shift of the 4f binding
energy may be identified with the surface segregation en-

ergy of a 4f impurity. For the 4f addition energy
level, the surface shift may be identified with the sur-
face segregation energy of a 4f + impurity atom. Since
most of the lanthanides are trivalent metals, the 4f
energy shift corresponds to a surface segregation energy
of a tetravalent impurity. Accordingly, the 4f +i surface
shift corresponds in most cases to a divalent impurity
atom segregating to the surface.

The Green's-function technique has recently been
extended to allow bulk and surface impurity cal-
culations and has been used in investigations of surface
core-level shifts for a wide range of transition and simple
metals. ' In these calculations, the cluster Green's
functions for the bulk and the surface impurities are con-
structed in a completely analogous manner to reduce nu-
merical sources of errors and under the proper bulk or
surface boundary conditions, i.e. , we do not use a slab
geometry. In the study of the lanthanide metals we treat
the open 4f shell as a part of the (paramagnetic) frozen
core, whereby effects due to, e.g. , magnetism are not
accounted for. In the removal process, the neutral 4f
ionized impurity is a host atom where one 4f electron
is replaced by one extra valence electron while in the 4f
addition process, the impurity is formed by transferring
on one host atom one valence electron into the 4f shell.

Within the Born-Oppenheimer and local-density ap-
proximations, the total energy is a functional of the
charge density and may, within the ASA and frozen-
core approximations, be evaluated essentially from the
spherically averaged charge density inside overlapping,
space-filling spheres. However, in the summation of the
electrostatic intersphere contributions the inclusion of
both monopole-monopole and monopole-dipole interac-
tions was found to be a necessary step beyond the
ASA for surface calculations by the present technique.
The method provides a consistent and accurate descrip-
tion of the surface energy for close-packed surfaces
where the discrepancy between theory and the crystal-
structure independent data of de Boer et al. is usually
less than 10—15%. Notable exceptions are, however, the
first elements in the d transition metal series, where the
surface energy may be underestimated by up to 50% in
comparison with both experiment and independent
so-called full-potential calculations. For the lanthanide
metals, which are at focus in the present work, a simi-
lar discrepancy is expected since the lanthanides may all
be regarded as early 5d transition metals as far as the
valence electron properties are concerned.

In order to improve the credibility of the calculated
surface core-level shifts, which indirectly rely on how well
the surface energies are represented, it is desirable to con-
sider improvements to the ASA total-energy functional.
Recently, Kollar and co-workers ' studied this prob-
lem in connection with surface energy calculations for the
light actinide metals. They concluded that one may ob-
tain accurate surface energies also for the early transition
elements and actinides provided one calculated the elec-
trostatic Coulomb contribution to the total energy (a)
from the full, nonspherical charge density, constructed
within a one-center expansion from the output of the
ASA surface calculation, and (b) performed the space
integrals over the correct Wigner-Seitz cell rather than
over overlapping atomic spheres. Here, we shall only ap-
ply the erst and most important of these two corrections
which amounts to evaluating the total energy by means of
the full valence charge density within overlapping, space-
Blling spheres and to perform a complete summation of
the intersphere electrostatic terms. This is the spherical
cell model (SCM) of Ref. 42. As we shall see, the SCM
functional improves the agreement with experiment for
the surface energy, and for the calculated SCLS the dif-
ference between ASA and SCM is appreciable for the
divalent metals but less significant for the trivalent met-
als. It should be noted that the SCM functional works so
well because both the kinetic energy and the total energy
obey a variational principle.

Within the ASA and SCM functionals, the total en-

ergy including the electrostatic contributions is conve-
niently partitioned into atomic-sphere dependent terms.
The surface energy is thereby calculated as the sum

S
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over the surface region S of the diR'erences between the
total energy E& projected onto site Q and the corre-

sponding energy E obtained in the underlying bulk
calculation.

The surface segregation energy is defined as the energy
required to interchange an impurity atom in the bulk
with a host atom at a particular surface site Qg. For
a complete separation of the bulk and surface impurity
problems, employing the formalism detailed in Ref. 22,
the segregation energy may be obtained from

imp sol sol
segr surf bulk S,Q& ~ (2)

in terms of the solution energies of the impurity located
in the bulk (Eb„&k) and at the surface (E;„~&), respec-
tively, minus the Q, projected surface energy Es g of a
host atom. The last term accounts in the ASA for the
exchange of a host atom at the surface impurity site with
an impurity atom at a bulk site, as required in the seg-
regation process. For the present application of Eq. (2)
to the case of a neutral 4f +~ impurity in the 4f metal
host, a positive 4f level shift corresponds to a higher
binding energy for the surface 4f state than for the bulk
4f state in the case of 4f removal, and in the case of 4f
addition a positive shift corresponds to a higher energy
position above the Fermi level for the surface 4f state
than for the bulk 4f state.

C. Details of the calculations

III. JESUITS

In the following we shall present calculations of the
surface energy, work function, and surface energy shifts
for the occupied (removal) and unoccupied (addition)

In the surface calculations, we allow relaxation of the
charge density and. potential in six layers below the sur-
face plane together with two layers simulating the vac-
uum. For the bulk and surface impurity calculations,
we use a cluster region consisting of the impurity site
plus eight shells of neighbors for the hcp lattice and four
shells for the bcc and fcc lattices, corresponding to a to-
tal of 51, 51, and 55 atoms, respectively, in the cluster.
For the summation of the one-electron contribution to
the impurity solution energies we utilize the generalized
phase shift as suggested by Gunnarsson et al. , whereby
the solution energies are estimated to be converged in
shell number to within +0.02 eV. The Green's functions
are sampled on 16 energy points spaced exponentially
on a semicircle in the complex energy plane. In the un-
derlying bulk calculations we use 1785 A: points in the
irreducible wedge of the Brillouin zone for the bcc struc-
ture, 1505 points for the fcc structure, and 1500 points
for the hcp structure. In the surface k-space integra-
tion, we use 252 special k~~ points in the irreducible part
of the two-dimensional Brillouin zone for the hcp(0001)
and fcc(ill) surfaces, 256 points for the bcc(110) surface,
and 136 points for the fcc(100) surface.

4f states of the rare-earth metals. For the surface en-
ergy and work function the calculations are based on the
Green's-function technique for the clean surface, the self-
consistent solution of which provides the input to the fol-
lowing surface impurity calculation, which, as mentioned
above, is completely separated from the bulk impurity
Green's-function calculation. We use the most close-
packed surface of the experimentally observed crystal
structures at the experimentally determined atomic vol-
umes, except for samarium and the dhcp elements which
are treated as hcp. The crystal structures we have used
are as follows: Ba(bcc), La (hcp), Ce (fcc), Pr (hcp), Nd
(hcp), Pm (hcp), Sm(hcp), Eu(bcc), Gd(hcp), Tb (hcp),
Dy (hcp), Ho (hcp), Er (hcp), Tm (hcp), Yb (fcc), and
Lu (hcp). In addition, for a restricted set of elements
the 4f energy shift calculations are performed for several
crystal structures. We neglect relaxation of the surface
layer positions and do not consider the abnormal valency
change at the Sm surface, owing to the complexity of the
corresponding ab initio calculation. Hence, Sm is treated
on the same footing as the other trivalent metals. This
also applies to Ce, which is calculated for an atomic vol-
ume appropriate for the p phase.

A. Surface energy

The experimentally deduced surface energies of the
lanthanide metals, obtained within the framework of the
macroscopic-atom model by de Boer et al. , are repro-
duced in Fig. 1 and they exhibit a slow, linear increase
as one proceeds through the trivalent rare-earth elements
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FIG. 1. The calculated surface energy for the most
close-packed surface of either the hcp, fcc, or bcc crystal struc-
ture of the rare-earth metals (see text). Solid symbols refer to
calculations using the SCM energy functional, and the ASA
results (dotted line) are included for comparison. All elements
have been treated as trivalent, except Ba, Eu, and Yb, which
are divalent. The surface-independent experimental data are
marked with open circles.
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&om La to Lu. This may seem surprising on the basis
of the fact that the d-electron occupancy is continuously
reduced &om about 2.0 in La to 1.4 in Lu, ' whereby
according to the simple picture of d-electron contribution
to the cohesive and surface energies La should have a
higher surface energy than Lu. The behavior in the lan-
thanide series is, however, more appropriately explained
as a result of the reduction in atomic volume with in-
creasing atomic number, usually referred to as the "lan-
thanide contraction. ". The volume contraction leads to
an increase of approximately 20'%%uo in the surface charge
transfer when proceeding from La to Lu and from this
follows the observed increase in the surface energy.

In Fig. 1, we compare the ASA and SCM surface en-
ergy results with the crystal structure independent ex-
perimental values of de Boer et al. In this comparison,
it is seen that for the trivalent metals the ASA func-
tional underestimates the surface energy by a factor of

2 in comparison with the de Boer data. In contrast,
the results of the SCM functional are in much better
agreement with experiment, although when regarding the
trend across the series the SCM seems to give too large an
increase in the surface energy which, on the other hand,
the ASA reproduces remarkably well. For the divalent
metals Ba, Eu, and Yb, both experiment and theory in
Fig. 1 suggest surface energies at an essentially constant
level across the series. For these elements, also, the dif-
ferences between the ASA and SCM results are smaller
than what is found in the case of the trivalent metals.

The surface shift of the 4f-addition state for a trivalent
lanthanide metal may approximately be obtained from
the difl'erence in surface energy between the (hypotheti-
cal) divalent (4f"+~) and trivalent (4f") elements rather
than &om the difference between the surface energy of
the (Z + I) and Z metals. s Therefore, a proper account
of the separation between the divalent and trivalent sur-
face energy curves seems to be of greater relevance for the
SCLS than the slope of the surface energy curve as one
proceeds &om the left to the right in the series. Moreover,
we find that the SCLS is less sensitive to the actual total-
energy functional than the surface energy due to the fact
that the SCLS is essentially a second-order difference in
total energies and therefore seems to benefit more than
the surface energy from a cancellation of errors.

B. W'ork function

To our knowledge there are no single-crystal work func-
tion measurements available for any of the lanthanide
metals, and we, therefore, compare in Fig. 2 and Table
I our calculated work functions with the limited amount
of polycrystalline data compiled for the rare earths by
Michaelson. We notice that the theoretical work func-
tions show a slow rise for both the divalent and trivalent
elements as one moves across the series. This is mainly
caused by a corresponding increase in the charge trans-
fer and hence the dipole barrier at the surface. For the
lower density divalent metals, the calculations suggest a
lowering of the work function by approximately 1 eV as
compared to the more dense trivalent metals. This seems
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to be consistent with the comparatively small work func-
tions observed for divalent Ba and Eu.

C. Surface 4f removal shift

The shift in binding energy between a surface and a
bulk atom upon removal of a corelike 4f electron has
been studied extensively for the lanthanide metals dur-

TABLE I. Work functions and surface energies for the lan-
thanide metals. The experimental work functions in paren-
theses are polycrystalline values.

Metal Surface

bcc(110)
hcp(0001)
fcc(ill)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
bcc(110)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
fcc(111)
hcp(0001)

See Ref. 49.
See Ref. 40.

Ba
La
Ce
Pr
Nd
Pm
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

function

y Expt.
Work
Theor

(eV)
2.19
3.06
3.26
3.11
3.09
3.09
3.17
2.35
3.22
3.29
3.31
3.37
3.41
3.46
2.51
3.53

(eV)
(2.7)
(3 5)

(3 2)

(2.5)
(3.1)

(3.3)

Surface ene
Theory

(eV) (Jjm')
0.391 0.432
0.670 0.875
0.619 0.862
0.673 0.924
0.?23 1.010
0.755 1.065
0.781 1.111
0.487 0.526
0.864 1.209
0.880 1.256
0.928 1.331
0.943 1.364
0.967 1.413
0.990 1.462
0.448 0.551
1.011 1.523

rgy
Expt.
(J/m')

0.37
1.02

1.08
1.08
1.10

0.450
1.11
1.13
1.14
1.15
1.17
(1.18
0.50
1.23

FIG. 2. Comparison between the experimental work func-
tion for polycrystalline samples (open circles) and the calcu-
lated work function (squares) for the most close-packed sur-
face of either the hcp, fcc, or bcc crystal structures of the
rare-earth metals (see text). All elements in the calculations
have been treated as trivalent, except Ba, Eu, and Yb, which
are divalent.
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ing the past one and a half decade. The pioneering work
on Sm, where a valence change at the surface gives rise
to an extraordinary —7.6 eV binding energy shift of the
3d level, was followed by numerous measurements on
the other lanthanide metals, and a useful compilation of
these SCLS recordings is for instance given by Flodstrom
et al. In this compilation one finds surface 4f binding
energy shift data in the range from approximately 0.4
eV to 0.8 eV, increasing with increasing atomic number.
These experiments, obtained solely from polycrystalline
surfaces, were found to agree remarkably well with cal-
culated initial-state (core-eigenvalue) shifts by Begley et
al. ,

o using a LMTO slab representation of the hcp(0001)
surface.

In a recent series of high-resolution experiments on the
single-crystal hcp(0001) surface of Gd (Ref. 14) and Tb
(Ref. 13) Kaindl and co-workers have reported a reduc-
tion in the measured surface shift by approximately a
factor of 2 as compared to the older data. This sug-
gests that the previous agreement between the computed
initial-state shifts and polycrystalline measurements
was somewhat fortuitous, and that the so-called 6nal-
state effects need to be included in a theoretical treat-
ment of the surface 4f shifts for the lanthanide metals,
which thus motivates the present work.

The calculated 4f surface binding energy shift for the
most close-packed facet of the experimentally observed
crystal structures, approximating the dhcp and Sm struc-
ture by hcp, are presented in Fig. 3 together with the
available experimental data. Again, we make a compari-
son between the results obtained using the ASA and SCK
functionals for the total energy description, respectively,
and find that the diO'erence between these two separate
sets of results for the SCLS is rather small. The largest
discrepancy between ASA (dotted line) and SCM (solid
squares) is found for the divalent metals Ba, Eu, and Yb,
where it is of the order 0.1 eV, and where we have used
the bcc(110), bcc(110), and fcc(111) facets, respectively,
for this comparison. In what follows, we shall only re-
fer to the SCM results, i.e. , those which are tabulated in
Tables I and II and which thus form the recommended
theory.

For the trivalent metals in the lower panel of Fig. 3,
it is seen that both the older polycrystalline measure-
ments (circles) of the surface 4f binding energy shift and
the theoretical values (solid squares) exhibit a charac-
teristic gradual increase across the series. Hence, ac-
cording to the polycrystalline data the variation of the
surface shift across the series is well described by the
present theory. On the other hand, it is also clear from
Fig. 3 that the present type of calculations gives surface
shifts which are significantly lower than both the earlier
measurements on polycrystalline samples and the afore-
mentioned previous computations based solely on the
initial-state model.

The recordings for single-crystal Tb(0001) (Ref. 13)
and Gd(0001) (Ref. 14) surfaces significantly reduce this
discrepancy between the present theory and experiment.
The surfaces of Tb and Gd were created by means of
thermal evaporation and layer-by-layer monocrystalline
growth on a W(110) substrate, and the film was

found to be magnetic for Gd and nonmagnetic for Tb.
In these elements the measured SCLS are even slightly
lower than our calculated shifts. Rather surprisingly, the
experimental values decrease from Gd to Tb, in contrast
to the general behavior across the series. However, when
proceeding from Tb towards the heavier lanthanides the
most recent experimental findings again follow the in-
creasing trend, and for the sequence Dy-Lu, the agree-
ment between experiment and theory is almost perfect.

It thus remains to be understood what causes the rel-
atively irregular behavior in the single-crystal measure-
ments in the sequence Gd-Er. In particular, the anoma-
lously small measured shift for Tb is dificult to under-
stand, especially in view of the good agreement between
theory and experiment obtained for the sequence Dy-Ho.
We may, for instance, speculate that the surface reso-

Ba Eu Yb

0 6 — DIVALENT
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——— Theory bcc(110)
Theory fcc(111)

-- ------ Theory ASA

0.6

TR IVALE NT
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Ba Ce Nd Sm Gd Dy Er Yb
La Pr Pm Eu Tb Ho Tm Lu

FIG. 3. The calculated surface shift (solid squares) of the
occupied 4f states [note Ba(4d) and La(4p)] for the most
close-packed surface of either the hcp, fcc, or bcc crystal
structures of the rare-earth metals (see text). The results
for the divalent metals (bcc Ba, bcc Eu, and fcc Yb), and
the trivalent (hcp) metals are presented separately in the top
and bottom panels, respectively. Comparison is made be-
tween calculations using the SCM (solid squares) and the ASA
(dotted line) energy functionals. In addition, for the divalent
metals a consistent comparison is made between separate se-
ries of calculations for the bcc(110) (long-dashed) and the
fcc(111) (dot-dashed) surfaces. Experimental polycrystalline
and single-crystal data are marked with open circles and open
squares, respectively, with references given in Table II.
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nance which appears close to the Fermi level only in
the high quality samples, ' ' and which is also seen
in calculations elsewhere, does itself increase the sensi-
tivity to a nonperfect surface termination. In a previous
calculation for trivalent Lu an unexpected lowering of
the SCLS was obtained when proceeding from hcp(0001)
to the less close-packed (hypothetical) fcc(100) facet. s2

On the other hand, it has been conjectured that the po-
sition of the 5d resonance is erroneously reproduced by
LDA surface calculations. Finally, one should again be
aware of some of the approximations used in the present
calculations, such as the neglect of magnetic efFects in
conjunction with the frozen-core approximation, and the
omission of surface layer relaxations.

For the divalent sequence Ba-Eu-Yb in the top panel
of Fig. 3, the computed shifts remain practically con-
stant through the series. This is especially true when
the crystal dependence is removed and the calculations

are performed for the same crystal and surface for all
three divalent elements, as demonstrated by the almost
flat and parallel curves for the bcc(110) (dashed) and
the fcc(111) (dot-dashed) facets in Fig. 3. For these ele-
ments, when proceeding from Ba to Yb, there is a reduc-
tion in the atomic volume of approximately 21 A. (34%%uo),

which should be compared to the 7.8 A (21%) reduction
occurring in the trivalent sequence between La and Lu.
However, the considerably higher electron density experi-
enced by the trivalent metals as compared to the divalent
metals makes the eKect of the volume reduction on, e.g. ,
the surface potential and the cohesive properties, much
more pronounced in the trivalent set, and this, we argue,
explains the diferent sequential behavior in the divalent
and trivalent series of elements in the top and bottom
panels, respectively, of Fig. 3.

In the experimental polycrystalline data for the diva-
lent metals in the top panel of Fig. 3, the theoretical

TABLE II. Surface core-level removal shift (left) and 4f-addition shift (right) of the lanthanide
metals In t.he removal case, the core level in question is the occupied 4f level, except for Ba (4d)
and La (4p or 5p). The experimental shifts in parentheses are polycrystalline values.

Metal

Ba

La

Ce

Pr
Nd
Pm
Sm
Eu

Gd
Tb
Dy
Ho
Er
Tm
Yb

Lu

Surface

bcc(110)
fcc(111)
hcp(0001)
fcc(111)
fcc(111)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
bcc(110)
hcp(0001)
fcc(1ll)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
hcp(0001)
fcc(111)
fcc(100)
bcc(110)
hcp(0001)
fcc(100)

Theory
0.388
0.373
0.271
0.337
0.304
0.248
0.261
0.278
0.298
0.329
0.404
0.315
0.365
0.340
0.369
0.365
0.394
0.423
0.445
0.361
0.461
0.405
0.511
0.468

Core-level shift (eV)
Expt.
(0.48)

(0.48)

(o.4)
(0.5)

(0.60),0.48'

(0.48),0.29
(0.50),0.26K

(o.5o),o.3o"
(0.63),0.43"
(0.65),0.39"
(0.70),0.47"

(0.56—0.62),0.53', 0.44', 0.45"

(0.70—0.83),0.53"

-0.424
-0.563
-0.428
-0.389
-0.438
-0.441
-0.477
-0.465
-0.638

(—o.65)', —o.64'

-0.542
-0.571
-0.606
-0.626
-0.641
-0.660

-0.48'

4f-addition shift (eV)
Theory Expt.

Flodstrom et al. (Ref. 8) and references therein.
Jacobi et al. (Ref. 53).

'Fedorov et al. (Ref. 12).
Fedorov et al. (Ref. 16).

'E. Weschke, C. Laubschat, and G. Kaindl (private communication).
~Fedorov et al. (Ref. 14).
sNavas et al. (Ref. 13).
"Kaindl et al. (Ref. 15).
'Martensson et al. (Ref. 59).
~Stenborg et al. (Ref. 60).
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picture of a constant shift across the Ba-Eu-Yb sequence
is not as clearly seen. For bcc Ba, however, only a single
measured value has been reported, whereas in the rich
data set for fcc Yb the values are scattered considerably.
This is also the case for the three lowermost Yb(111)
results (open squares) which are referred to as "single
crystal" in the experimental literature. ' Hence, un-
certainties in the experimental data set appear to be diK-
cult to rule out, which is also reHected in the irregularity
of the measured shifts for the trivalent metals when pro-
ceeding from one element to the next.

-0.4
CO

0
~ -0.6 ~ slflgl

8

I I I

= trivalent {theory)
+ divalent (theory)

-- -- — — trivalent (theory, ASA3

D. Surface 4f addition shift -0.8
polycrystalline

The energy position of the unoccupied 4f levels rela-
tive to the Fermi level for the lanthanide metals was first
studied by Lang ef al. using bremsstrahlung isochro-
mat spectroscopy (BIS). For the theoretical interpreta-
tion of the unoccupied 4f level, Herbst et aL. and
Johansson applied the complete screening picture in
which an electron is taken from the Fermi level and placed
into the f shell of a specified ion. In this case the com-
plete screening assumption means that the excited 4f ad-
dition state, corresponding to the BIS signal, is localized
and completely screened by the conduction electrons, so
that the metallic site is essentially converted into an im-

purity with a loner integral valence state than the host
metal. By considering the free atomic excitations and
regular values of the cohesive energy of the divalent and
trivalent metals, and to a first approximation disregard-
ing the impurity aspect, the measured bulk energy po-
sitions of the unoccupied 4f states could be reproduced
very well.

A bulk to surface shift for the unoccupied 4f levels
have recently been measured by means of inverse pho-
toemission for polycrystalline La (Ref. 12) and single-
crystal Gd(0001) (Ref. 14). The observed —0.65 eV shift
for polycrystalline La was found to be consistent with
semiempirical estimates of the surface segregation energy
of a divalent impurity atom, i.e. , applying the complete
screening picture, and taking into account the roughness
of the polycrystalline surface in an approximate way.
For the case of the single crystal dhcp-La(0001) surface,
the first experimental analysis suggested a 4f addition.
shift of the order —0.34 eV, but today the La(0001)
value is experimentally resolved at —0.64 eV. This is re-
markably similar to the previous polycrystalline result,
but disagrees strongly with the present type of calcula-
tions (see below), as is evident in Fig. 4. In single-crystal
Gd(0001), however, the measured unoccupied shift was
found to be —0.48 eV, while the shift of the occupied
4f level was +0.29 eV. These single-crystal ffndings for
Gd(0001) (Table II) suggest that the magnitude of the
4f-level shifts is significantly larger for the unoccupied
state than for the occupied state.

In Fig. 4, we present calculations of the surface 4f
addition shift for the most close-packed surface of the
lanthanide metals, in the form of the surface segregation
energy of a 4f-addition state impurity. The calculational
method is completely analogous to the one used above
for the 4f removal SCLS, e-xcept that here the impurity
is prepared with an opposite change of the occupancy in

I I

La Pr Pm Eu Tb Ho Tm
Ce Nd Sm Gd Dy Er

FIG. 4. The calculated surface shift of the unoccupied 4f
states for the most close-packed surface of the bcc or hcp
crystal structures of the divalent and trivalent, respectively,
rare-earth metals. The result for divalent bcc Eu is marked
separately with a solid diamond. For the trivalent metals com-
parison is made between calculations using the SCM (solid
squares) and ASA (dotted line) energy functionals. Exper-
imental polycrystalline and single-crystal data are marked
vrith open circles and open squares, respectively, with ref-
erences given in Table II.

the valence and 4f shell, respectively. Among the diva-
lent lanthanides only bcc Eu has been included, since for
Ba the unoccupied 4f orbital is probably too extended to
be regarded as a genuine core level, which, as a result,
makes the Ba 4f orbital difficult to converge within a
conventional one-electron core calculation. For the triva-
lent metals, however, it is seen in Fig. 4 that also the shift
of the unoccupied 4f level is predicted to exhibit a char-
acteristic increase in magnitude through the series, from
—0.42 eV for La to —0.66 eV for Tm, which is the last
element in the series for which a 4f level is unoccupied.
There is thus an astonishing similarity in the behavior of
the 4f removal and 4f addition shifts, except that the
4f addition shifts are negative with the sign convention
used by Eq. (2) and, for the case of the trivalent metals,
their magnitude is approximately 50%%up larger than for the
removal shifts. In anology with the 4f removal case the
theory seems to slightly overestimate the magnitude of
the BIS result for Gd(0001). As regards the surface 4f
addition shift in La, the severe deviation between the-
ory and experiment in Fig. 4 is unexpected. Assuming
that the experimental data are correct, one has to con-
sider possible erroneous assumptions in the theoretical
approach. Since the deviation occurs for the first ele-
ment in the series one might question to what extent the
localized (nonbonding) picture of the unoccupied 4f La
orbital is valid. The absolute value of the 4f La addition
energy shows a much less satisfactory agreement with
theory than does the corresponding 4f addition energy
for all the other lanthanide metals, possibly suggesting a
less well-defined localized 4f i state for lanthanum.
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IV. INITIAL- AND FINAL-STATE EFFECTS

Ba

d occupancy
Eu

I

Yb Ba

d screening
Eu Yb

DIVALENT
REMOVAL

1.0

Within the complete screening picture the surface shift
of the occupied or unoccupied 4f energy levels is obtained
as a total-energy difference between the two di8'erent final
states of the surface and the bulk 4f electron excitation
process, respectively. In this interpretation of the binding
energy shift there is no explicit connection to the initial
state of the removal-addition ionization processes, except
for the fact that the final state is a product of the initial
state. The situation in the lanthanide series is partic-
ularly interesting because we can monitor two opposite
final states, namely, shifts of the 4f removal and the 4f
addition energies. For normal metals, such a situation
never occurs and one can only consider shifts of the ion-
ization energy for a core level. Since for the 4f metals
the initial state is the same for both the removal and the
addition excitation processes, it follows that within the
initial-state picture the surface shifts of the two excita-
tion processes, apart from a change of sign, should be
identical. Thus the mere observation of a difI'erent sur-
face shift for the 4f and 4f + levels demonstrates
the limitation of the initial-state picture.

Before we discuss the initial-state model in terms of
the shift of the valence-band centroid, we present in Fig.

5 the calculated 5d valence-state occupancy as a func-
tion of atomic number. In the left-hand panel, we show
the initial-state 5d bulk occupancies for the divalent and
trivalent metals which exhibit the well-known (theoreti-
cal) reduction of the d occupancy with increasing atomic
number. In the left-hand panel we show the 5d contri-
bution to the screening charge, defined as the difference
in 5d occupancy, after and before core excitation, pro-
jected onto the impurity atomic sphere. It is seen that
for the trivalent metals the screening charge upon 4f re-
moval consists of almost exactly one d electron, whereas
the screening charge upon 4f addition corresponds to ap-
proximately 0.8 d electron, compensated by 686@ screen-
ing, and for the divalent metals the d screening is further
reduced by 0.1—0.4 electrons in the respective cases. As
a result, the magnitude of the (negative) d screening for
the trivalent metals upon 4f addition compares well with
the (positive) amount of d screening for the divalent met-
als upon 4f removal. The behavior of the 5d screening
presented in Fig. 5 indicates a substantial difference in
screening between removal and addition of 4f electrons
which will lead to difI'ering SCLS in the two cases in con-
tradiction to the initial-state model.

In Fig. 6, we collect the full calculations of the 4f ad-
dition level surface shift for the lanthanide metals, taken
with reversed sign, and the 4f removal surface shift, with
the correct sign. These final-state quantities are com-
pared with the initial-state shift of the d-electron LMTO
second-order band center Cg, ' ' with reversed sign,
i.e. )

S H
i i = —(C.~ —C.~ )

0
O
CD

Q)

1.0

0.5 Bulk
ADDITION

0.5x------x Bulk
e- - -G Surface.

0.0

-0.5

between that of a surface (S) and a bulk (B) atom. In
addition, we include in Fig. 6 the surface shift of the band
center in the separate final states of the 4f addition-state
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La Nd Eu Dy Trn
Ce Pm Gd Ho Yb

Pr Sm Tb Er I 0

La Nd Eu Dy Tm
Ce Pm Gd Ho Yb

Pr Sm Tb Er Lu

I I I I I

La Pr Pm Eu Tb Ho Tm Lu
Ce Nd Sm Gd Dy Er Yb

FIG. 5. Left: the calculated valence 5d state bulk occu-
pancy of the divalent (top left) and trivalent (down left)
rare-earth metals. Right: the calculated 5d state contribution
to the screening charge on the core-excited impurity atom,
defined as the difference in 5d state occupancy after and be-
fore the 4f removal ("REMOVAL" ) or 4f addition ("ADDI-
TION" ) excitation process.

FIG. 6. Comparison between, on the one hand, 4f addi-
tion surface shifts (solid diamonds) and 4f removal surface-
shifts (solid squares) and, on the other hand, surface shift of
the 5d-state band center referring to the initial state (open
circles) and the two diferent final states of 4f addition (open
triangles, top curve) and 4f removal (open triangles, bottom
curve), respectively.
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atom and of the 4f removal-state atom with the sign
convention in accordance with (3). One observes that
the bulk to surface shift of the band center falls between
the two curves obtained in the final-state calculations.

The behavior of the SCLS in Fig. 6 and the sign con-
vention used in the presentation may be explained by
considering a simple model for the screening properties
of the d electrons. As shown in Fig. 5, there is for the
trivalent lanthanides in the final state essentially an in-
tegral increase (4f removal) or decrease (4f addition)
in the number of d electrons on the core-ionized impu-
rity atom. Hence the d contribution to the difference in
bonding energy between the final and initial states, i.e. ,
the screening energy, may be written

6F
@one-el

( Cng+l)Dnd+1(

eF

(4)

where c~ is the Fermi level, nd is the number of d
electrons in the initial state, and Dg is the local nd-
dependent state density of the d electrons. We then
apply a rigid band picture in which the valence states
are shifted up (+) or down (

—) corresponding to the 4f
addition or 4f removal processes, respectively, by the en-
ergy bt whereby D&

+ (E:)=Dd (s + St). It is convenient

to introduce the half-shifted centroid C&, through

(4) becomes

calculations of the 4f removal and 4f addition shifts,
thus decomposing the separate effects of the potential
in the initial and final states. Furthermore, only the
absolute values are shown, i.e. , —(Cd

' " —C&
'"

) and
—(C&

' " —C&
' ), which together with the reversed

sign used for the 4f addition shift makes the shifts di-
rectly comparable with each other.

It is seen in Fig. 6 that the full calculations for the 4f
removal and 4f addition shifts are similarly affected by
the initial-state potential, in the sense that the screening
takes place in energy levels that are well shifted already
in the initial state, and for the trivalent metals this shift
increases with increasing atomic number. The surface
potential shift relates to the well-known situation for the
transition metals where the d-band narrowing in con-
junction with an approximate d-charge conservation at
the surface produces a shift which scales with the d-band
filling. The gradual increase of the potential and band-
center shifts across the trivalent lanthanide metals can
thus be explained as a combined effect of the reduction
of the 5d occupancy and the volume contraction which
enhances the charge transfer at the surface. In the final
state, however, the 5d occupancy is either increased or
decreased, whereby the band-center shift is significantly
larger for the 4f addition state than for the 4f removal
state. This immediately explains the larger magnitudes
for the shift of the unoccupied 4f level than for the occu-
pied 4f level in Fig. 6. In complete agreement with the
simplified model the actual surface shifts of the 4f states
fall between the initial- and final-state band-center shifts.
The 4f-addition shift and the 4f removal shift for diva-
lent Eu and Yb, respectively, appear to be an exception,
which may partially be attributed to an enhanced impu-
rity effect in these metals and to the reduced influence of
the d-electron screening as shown in Fig. 5.

which further simplifies into
V. CONCLUSION

Eone-el y( g~d +~/2q
screen (C~ d (6)

The above one-e1.ectron bonding analysis may equally
well be applied to the case of surface (S) or bulk (B)
screening. Hence if we neglect the impurity aspect and
charge transfer, the SCLS may be obtained by the simple
estimate

q~9;ng+1 /2 ~Bing+1/2g
))

where (
—) in front of the paranthesis refers to the 4f

removal shift and (+) to the 4f-addition shift, in accor-
dance with the sign convention used in Eq. (2) and in
Figs. 3 and 4.

The effect of the difference in screening between the
initial and final state is, therefore, approximately ac-
counted for by applying the band-center shift in Eq. (3)
for the hypothetical (n~ + 1/2) intermediate states (cf.
Slater s transition state). For the presentation in Fig. 6,
however, the band-center shift of the initial (C&~) and
final (Cg'+ ) states are shown together with the full

We have used a Green's-function technique within the
tight-binding linear muKn-tin orbitals method to calcu-
late the surface shift of the occupied and unoccupied 4f
energy positions for the lanthanide metals. In addition,
we have calculated the surface energy and work func-
tion. Both the occupied and unoccupied 4J' energy shifts
are interpreted within the complete screening picture so
as to correspond to the surface segregation energy of a
4f ionized impurity in an otherwise unperturbed host.
The calculated surface shifts are found to be approx-
imately 0.2—0.3 eV lower in magnitude than the mea-
sured data referring to polycrystalline surfaces. In com-
parison with the single-crystal recordings, however, the
agreement between theory and experiment is consider-
ably improved. We find, in agreement with the limited
experimental data, that the (negative) surface shift of
the unoccupied 4f level is approximately 0.2 eV larger
in magnitude than the (positive) shift of the occupied
4f level. Within a simple one-electron model, this be-
havior is explained as due to a larger surface shift of the
potential in the 4f addition final state.
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