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The purfaee care-Jeve] shift st & bransition metal surfacs can be caleulated in twn differsnt
ways using the initial-state approximation or using & more invedved appronch which
includes seroening of the photo-crested core hole. Our caloulated roaults abtained EnE
the full-potentisl LMTO methad for the elose packed surfaces of all dd trapeition metals
within the initial state picture can be well explained by atandard arguments,

The surface core-level shifl (SCLS) of the transition metals is 2 field of experimental jn-
terest over many years, especially for the 5d metals & survey of data has been collacted in
references 1 and 2. For the 4d metals a smaller amount of data is availahle.

For the caleulation of the SCLS an ab-initio total energy method {in our case the full-
potential linear muffin-tin orbital, PP-LMTO, method™'} can be used. We have modeled
the surface by elabes of seven layers. In the initial-state approcimation the SCLE ie iden-
tified with the shift of Koho-Sham eigenvalues of the core states relabive to the bulk.
The atoms in the cenlral layer of the slab are taken as identical with bulk atoms. In
& maore correct approach one should taken into account that valence cloctrons will rela
to sereen the photo-crealed core hele, In a metal ane eloctron wanders in from infinity
to re-attain local charge neutralily. It iz the tolal-energy change of this electronically
relaxed systemn respective to the anperturbed surface which is imparted to the emitled
electron. Since screening could be different at the surface and in the bulk, an effect on
the SCLS is possible. In the following, we denote approaches which attempl Lo include
the electronic relaxation effects in some way as “final-stale” theories, In order bo Lake
these many-body screening effects into acoount we use the equivalent-core approximation®
in which the atom with the deep core hole in & crystal of atoms with the atom number
# is epproximated by an impurity atom with an atom number of % + 1. The S5CLS
then equals the total-enargy difference of impurity calulations of a Z 4 1 impurity in the
central layer of the slab and at the surface. The impurity-host system is modeled by & su-
percell in which either the central layer ar the two surface layers contain 258% &+ 1 atoms,

In the context, of total-energy calculations based on the local-density approximation®, the
comnection befween the initial- and final-state deseription can be studied”. The total en-
ergy is a function of the core-level seeupation which can be taken as » continuous varjable,
The derivative of the LDA total encrgy respective to the occupation number equals the
corresponding eigenvalue, Consequently the initial-state theory is the first-order term in a
Taylar serics in the change of the core charpe, wherens the final-siate description includes
the terms to all orders. A review of theories for the SCLS can be found in reference 2.
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Below we report imitial-state results for the close packed surfaces of all the 4d transition
metals and final-stake calculations for Mo and Rh.

In the initial-state approximation the SCLS of metal surfaces is understood to originate
mainly from the local density of state (DOS) narrowing for surface layer atoms (due to
a rednced numbers of neighbors) compared to the local DOS of the atoms in the bulk
re-aktain layerwise charge neatrality, the eleclrons rearcange slightly, cansing an extra
electrostakic potential at the surface atomas. The valence eleciren redistribition shifts the
deeper core levels by this potential. For metals with the number of d clectrons Ny smaller
than 6 this effect would produce a deeper core level {with a higher binding energy - &
negative SCLE) and in the case of My > 5 it would appear as a posilive SCLS; that is
the core states of the surface atom more higher and the binding energy becomes smaller.,
Following tight-binding arguments, the widih of the local DOS would be proportional
0, where 7 i the number of nearest neighbor bonds of the atom ®. The SCLS iz given
by the formula®

where 7, and % are the coordination number for surface and bulk atoms, respectivaly,
and W is the width of the valence band. This equation was used to compare the calenlated
result for different surfaces of ane and the same fee 4d metal. For close packed surfaces
eq. (1] gives the ratioe Aqgpeftyyg = 13T and Aqpgf . = 1.T83. Using these numbers,
we show in Fig.1 the normalized SCLS for the Ls states in the initial-state description.
Two basic features are visible, First, the SCLS increases across the series, going through
garo when the d band is approsimately half full. Second, the SCLS increases with the
roughness of the surface. The figure shows that the surface dependence is well-described
by the tight-binding madel, elearly because this theory properly estimates the narrowing
of the surface TH0S when bonds are eub. The linear relation in eq. (1) for the SCLS as
function of N iz qualitatively correct, but it does not describe the flattening of the curve
found in the correct calenlation at large d ocoupations,

A comparison fo the available experimental values shows acceptable agreement with the
reaulta of initial state caloulations. The measured SCLS for the dp state and Y hep(0001)
ia between —0.7 aad —0.9 eV®, comparable to our caleolated value of —0L5 e for the
foe(111) surface. For the 3d state of the Pd foc[100) surface the experimental result of
044 #V' aprees with the caleulated result of 047 V. For the 34 state and the Mo beo{110)
surface, a SCLS of (.33 eV has been measured'’, The calculation for the bec(110) surface
givea 0.14 &V for this state, whereby the surface with the caleulated inward relaxation
of 3.9%? was considerad. Mote that the calculated shifl for the 1s sbate is even smaller,
namely 1,06 eV, Furthermore, we point out the inberesting result that the SCLE of Ma
has different signs for foe and bee surfaces.
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Figure 1. Calculated surface core lovel shift for the 1s level using the initial-state ap-
proximation. Resulis are shown for the non relaxed fow-index fec-surfaces, normalized
according to eq. (1),

Resultes for close packed foo surfaces of Rhodium are compared to other ab-initio-caleula-
tion™® in table 1.

Table 1: Caleulated SCLS for Rhodinm (non relaxed surfaces)
in the initial state approximation for the 4s state.

Feibelman/Hamann™ our resuls
RR(100) 1.layer 0.75 &V 0.57 &V
2. layer .05 ¥ -0.03 eV
Rh(111) Llayer 0.46 eV 0.40 €V
2.layer -0.05 eV 0,05 &V

The rakios of Sgpo/Ban for the surface layer values are 163" and 1.43, respectively, com-
pared to the ideal valus (according to (1)) of 1373, Agreement of the calenlated results
with different methods are acceptable bt not ideal. Further work is needed to find the
I‘ﬁ]ﬂmhl.t factors; candidates are the nla.b-acpuaﬁ:m djsf.um' relativistic effects, and
hasis-set converpence.

In the second approach we used the equivalent-core approximation which is based on the
assumption that the valence electrons are insensitive to the differences hetween an extra
nuclear chasge and the presence of & core hole. This approach is here implemented into
an impurity caleulation, considering a 2 4+ 1 afom (in place of the atom with the pheto-
created core hole) in the central layer of the supercell and in the metal top layer.
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For the Mo bee(110} surface we found a SCLS of 0.11 oV compared with the initial state
approximation result for the 1a state of 0.06 &V, but both resalls differ significantly from
experimental result of 0.33 eV measured for the 3d state. In the equivalent core approx-
imation no core-state dependence ia considered, but of course the Z + 1 description is
more appropriate for the 1s state than for the 3d state, If the apread of 0.08 &V befween
the S8CLS for different core states of the Mo bee(110) surface is assamed to be given
correctly by the initial-siate approximation and is added to the final state resnlt one gets
a value of 0,19 &V for the equivalenl-core approximation in somewhat beller agreement
with experimental results. For the Rh fec(100) surface we found that the SCLS for the
equivalent-core approximation (0,55 V) agrees well with the initial-state result [0.51 eV
for the 15 and 0.59 eV for the 3d stale).
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