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Calculated transition-metal surface core-level binding-energy shifts
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A theoretical treatment is given for the shifts in the core-level binding energies of surface atoms relative to bulk
atoms. The theory which relates surface shifts to surface energies is applied to Sd elements. The calculated shifts

show a strong dependence on the surface structure. The theory accounts in a simple way for the change of the sign of
the shift through the series, and the quantitative agreement with recent experiments is good.

Due to the reduced coordination number, surface
atoms experience a different potential than bulk
atoms. Therefore, it was suggested earlier that
core-electron binding energies should be different
for surface and bulk atoms. However, it is only
very recently that this expectation has been ex-
perimentally confirmed. At the present time, sur-
face shifts have been observed in gold, ' tungsten, '
iridium, and tantalum' (all for the 4f core level).
As pointed out in Ref. 3 these surface core-level
shifts (SCS) give promise of becoming a most use-
ful and simple "site-specific" tool in the study of
transition-metal surfaces. Therefore, it is im-
portant that these shifts are understood theoreti-
cally. In this paper we present a theoretical treat-
ment of the surface shifts for various surfaces of
the 5d transition metals and compare with avail-
able experimental data. The surface shift for the
Z element, b,,(Z), is in this treatment in a simple
way related to the surface energy by b, ,(Z)
=E,(Z+1) —E,(Z), where E,(Z) is the surface
energy of the element of atomic number Z. The
most important ingredients in the theory are the
assumption of a fully screened final state and the
(Z+ 1) approximation for the screening valence
charge distribution around the core ionized site.
Thus this site is treated as a (Z+1} impurity dis-
solved in the Z metal host. The energy involved
for dissolving this metal impurity is almost negli-
gible due to the small heat of solution between neigh-
boring elements. This picture of the metallic
screening of a core hole has recently been shown
to very accurately account for the core-level
binding-energy shift between the free and con-
densed atom for all metals in the periodic table. '

The dominating bonding in transition metals ori-
ginates from the valence d electrons, which here
will be described by means of the tight-binding
approximation. "The total energy of the solid
may then be obtained from the sum of the one-
particle band energies, and the cohesive energy

due to d-electron bonding may be written as

EJ; (Z)
E~,„~[N(Z)] = (E —Cz) nz(E) dE,

where Z is the atomic number, N(Z) the number of
d electrons, and nz(E) is the density of states of
the d electrons. The quantities E~(Z) and Cz are
the Fermi energy and the center of the d band,
respectively.

The core-electron binding energy is referred to
the Fermi level and will be denoted by E, ~. This
can then be identified with the energy required to
excite the core electron to the Fermi level. '
Therefore, for a metal of atomic number Z we can
write for the bulk core-level excitation F., ~,

E, z =E~[(N-1) sites Z atoms, one site Z* atom]

—E' (perfect metal), (2)

where Z* is the core-excited bulk atom, E~ and
E' are the total final and initial energies, and N
is the total number of atoms. From the picture of
the fully screened core hole, E~ may be written as'

Ep(Z )
E~ = (N —1) (E —C z) nz(E )dE + E,

g (gg}
+ (E —C )n „(E)dE+E '(Z).

Here E, „ is the excitation energy of the core
electron c into the d level (which in the presence
of the core hole has a center of gravity Cz~). The
quantities Er(Z*) and nzw(E) are the Fermi energy
and density of states for a hypothetical metal com-
posed of Z* atoms and having N(Z*) d electrons.
Finally, Ez+~(Z) is the heat of solution of a metallic
Z* impurity in the Z metal. The valence-electron
distribution for the Z* metal can be accurately
represented by that of the (Z+1) metal. ' Thus in
the last two terms in Eq. (3}Z" can be replaced

22 3706 1980 The American Physical Society



22 CALCULATED TRANSITION-METAL SURFACE CORE-LEVEL. . . 3707

E~ (Z)
E —CZ nZ d&++c u

E~ „(Z+ 1) + E~,„(z)+ E, (4)

where Es„ is the bulk cohesive energy (assumed
dominated by the d electrons). " The same argu-
ments can be repeated for a surface atom and
thereby we obtain for the surface core-level ex-
citation energy E~ ~,

E,',=-E,'.„(Z+1)+ E,'.„(Z)+E. .. (6)

where E~,„ is the surface cohesive energy, i.e.,
the energy gained when a free atom is adsorbed
at the surface (while the surface area is increased
by one atomic surface area unit). Thus the sur-
face core-level shift 4, may be written as

~,(z) = E,', —E', ,
= E,'.„(Z+1) E,'.„(Z+1)

[E.'.„(z) E,'.„(z)]

by (Z+1). Since the heat of solution between neigh-
boring transition metals is known to be small ' '
the last'term can to a first-order approximation
be neglected in comparison with the other terms.
Thus we obtain

Z~(Z+ 1)
E~ ~= (E —C~„)ng„(E)dE

Desjonqueres and Cyrot-Lackmann to calculate
the variation of the anisotropy of the surface ten-
sion of transition metals with the bandfilling
N(Z). "'" As can be seen from Eq. (6) these re-
sults can be directly used for the present study
of surface core-level shifts. Desjonqueres and
Cyrot-Lackmann present their results in the form
ya'/W, where y is the surface tension, a is the
lattice parameter, and W the bandwidth. From a
knowledge of the bandwidth the surface energy E~
for a given bandfilling is then easily deduced. We

, will here employ the bandfillings and bandwidths
recently calculated by Glotzel and Andersen. "
These are the results of self-consistent, hybrid-
ized, semirelativistic local-density linear muffin-
tin orbitals (LMTO) calculations. H the so-
derived values of E~ for the 5d transition metals
are used in Eg. (6), the surface core-level shifts
presented in Fig. 1 are obtained. We note the
strong dependence of the surface core-level shift
on the plane of cleavage, especially for the bcc
structure. Thus the core-level binding energy for
a surface atom is very sensitive to the geometrical
arrangement of neighboring atoms. The agreement,
seen in Fig. 1, with currently available experi-
ments is satisfying. For tantalum the experi-
ments were made on a polycrystalline sample,
but its surface should, however, be dominated by

= E,(z+1) —E,(z), (6)

where E~ is the surface energy. Since the surface
energy is known to vary parabolically through a
transition series we immediately realize that Eq.
(6) predicts an increased surface-atom core-level
binding energy for the earlier transition elements,
while the shift will be of the opposite sign for the
heavier elements. This difference was first pointed
out in Ref. 12. The reason for this behavior can be
traced back to the fact that for the earli. er transi-
tion elements the screening takes place in the
bonding part of the d band, while for the heavier
elements antibonding states are utilized. 4 This
shift in sign has also been discussed in somewhat
different terms in Ref. 13.

The variation of energy per surface atom when
cleaving the crystal is given by'

g~ (Z)
E, (Z) = E Q b,n,.(E, u, )dE —Z„u,

——,'(z, -z„)u, ,
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where uo is the surface perturbing potential due to
the charge rearrangement at the surface, b, (En, )u
is the variation. of the local density of states on the
ith plane, and Z~ and Z~ are, respectively, the
number of d electrons per atom in the bulk and od
the surface. This expression has been used by

FIG. 1. Calculated and experimental shifts, 6„ in the
core-level binding energies of surface atoms relative to
bulk atoms for the Gd transition metals. Note the differ-
ent scales used for the bcc and fcc structures. For the
hcp phase, the calculation performed for the fcc (111)
surface should be a good approximation for the hcp
(0001) surface.



3708 ANDERS ROSENGREN AND BORJE JOHANSSON 22

the most dense plane.
The good agreement found between theory and

experiment requires some explanation of the ac-
curacy of the approximations used and the cal-
culations performed. Let us start by noting that
Eq. (6) could be derived without reference to the
tight-binding approximation, but since we employ
tight-binding calculations for the surface energies
we have preferred to give the presentation within
this scheme. In fact Eq. (6) is, except for leaving
out the impurity terms and except for using the
(Z+1}approximation, exact for a thermal-exci-
tation process. The actual photoionization pro-
cess is, however, vertical, but since the atomic
volume of the Z and (Z+1) metals does not differ
very much, the difference between the thermal and
vertical excitations will be small. Since the core-
level shifts have been identified for the 4f level it
is appropriate to compare with the 4f excitations
in the rare-earth metals, where the thermal treat-
ment has been shown to very accurately account
for the experimental binding energies. " The use
of the (Z+1}approximation is discussed in Ref. 4,
where it is concluded that it does not introduce any
appreciable error. Let us now justify our omis-
sion of the impurity terms in the actual calculation
of the curves in Fig. 1. The term E~,~,(Z} could
in principle be obtained from thermochemical mea-
surements, but to get at its surface counterpart
E~+~~~~ (Z}, which has been left out of Eq. (5}, is
more difficult. However, since" Es =E„„—E„„

.0E2„„(f roa dense surface}, the same ratio
should be rather appropriate to what is omitted
from Eq. (6), i.e. , Ez~fi(Z) —Ez~+~i ~(Z)
=0.2E~+~,(Z), which in general is smaller than
0.05 eV. '" From Fig. 1 we notice that this im-
purity contribution is small compared to the other
contributions to the shift. It is gratifying that com-
putations with Eq. (6} involve the difference be-
tween two surface energies. As is obvious from
Ref. 15 the calculated surface tensions are some-
what questionable on an absolute scale since they
would be zero for an empty or completely filled d
band. However, since the tight-binding descrip-
tion leaves out the s electrons, and these could be

assumed to give an approximately constant con-
tribution to the surface energy, " the differences
in surface energies should be more accurate. Still
the main uncertainty in the present treatment is
due to the calculated su'face energies and most
likely this uncertainty is larger than the magni-
tude of the impurity contribution left out of Eq. (6).

In summary we would like to stress that the pro-
nounced dependence which has been found for the
surface core-level shifts on the geometry is cer-
tainly promising for the future application of the
SCS to detailed surface studies. Also, as pointed
out in Ref. 4, the present picture of the surface
core-level shift corresponds directly to the heat
of segregation of a (Z+1}substitutional impurity
in the Z metal. " Thus a negative shift shows that
a (Z+1) impurity will segregate to the surface. "
The classical example is the enrichment of Cu at
the surface of NiCu alloys. " This agrees with the
negative SCS expected for pure nickel. Since the
SCS strongly depends on the surface plane the sur-
face segregation should show a corresponding ani-
sotropic behavior, an effect which should be most
pronounced for bcc metals (compare Fig. 1}. Thus
measurements of surface core-level shifts can
provide important and accurate parameters for the
theory of surface segregation. We also want to
stress that the formula in Eq. (6) relates surface
core-level shifts to surface energies. Different
techniques of measuring and extrapolating the sur-
face energy very often give scattered or contra-
dictory results. It might be that measurements of
surface core-level shifts could be used to give in-
creased insight to this technologically important
quantity.
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