
PHYSICAL REVIEW B VOLUME 50, NUMBER 16

Surface core-level shifts for simple metals

15 OCTOBER 1994-II

Magnus Alden
Condensed Matter Theory Group, Physics Department, Uppsala University, S-75121 Uppsala, Sweden

Hans L. Skriver
Center for Atomic sca-le Materials Physics and Physics Department,

Technical University of Denmark, DK 280-0 Iyngby, Denmark

Borje Johansson
Condensed Matter Theory Group, Physics Department, Uppsala University, S-75121 Uppsala, Sweden

(Received 27 May 1994)

We have performed an ab initio study of the surface core-level binding energy shift (SCLS) for
11 of the simple metals by means of a Green's-function technique within the tight-binding linear-
muffin-tin-orbitals method. Initial- and final-state effects are included within the concept of complete
screening, whereby a SCLS becomes equivalent to the surface segregation energy of a core-ionized
atom, a quantity we obtain by separate bulk and surface impurity calculations. The results are in
good agreement with experiment in most of those cases where the data originates from single-crystal
measurements. %'e discuss the surface shifts of the electrostatic potentials and the band-centers in
order to trace the microscopic origin of the SCLS in the simple metals and find that the anomalous
subsurface core-level shifts in beryllium are caused by charge dipoles, which persist several layers
into the bulk. We furthermore conclude that the unexpected negative sign of the SCLS in beryllium
is predominantly an initial-state effect and is caused by the high electron density in this metal.

I. INTRODUCTION

Until recent years, the so-called simple, sp-bonded
metals have to a lesser extent than the 5d and 4f tran-
sition metals been subjected to comprehensive studies
of surface core-level binding energy shifts (SCLS). Dur-
ing the last one and a half decades the poineering SCLS
measurements for goldi and samarium2 have been fol-
lowed by a considerable amount of work on notably the
5d transition metal series where the comparatively sharp
4f level is experimentally favorable to study with high
precision. '4 Hence the behavior of the SCLS across a
transition metal series is generally well understood, s 5 al-
though the importance of so-called inital- and final-state
effects has been a controversial issue. ' In particular,
due to the localized nature of the valence d electrons in
transition metals as compared to the sp electrons, it has
been possible to associate a so-called initial-state contri-
bution to the SCLS with a model based on surface d-band
narrowing and d-charge conservation at the surface.

In the renewed interest shown by Wertheim and co-
workers for surface core-level shifts in simple metals
it was, for instance, pointed out by RifFe et al. that
the band-narrowing model is not applicable to the alkali
metals because they have free-electron-like bands, and
that there exist no conclusive signs of Bp band narrowing
at their surfaces. Still, the fact remains that the SCLS
of the simple metals are in general positive as they
would have been in analogy with early transition met-
als if this model could be applied. Apart from the more
general tools provided by the so-called thermodynami-

cal model, ' the comprehensive achievements reported
from the theoretical side concerning these elements are,
unexpectedly as it may seem, highly limited. The mea-
surements performed by the mentioned authors and other
workersis 2 have nevertheless improved the experimen-
tal data base of simple metal SCLS to a level comparable
to that of the 5d transition metals, stressing the need for
theoretical work.

The experimental efforts recently resulted in a layer-
resolved SCLS recording for Be(0001) by Johansson et
al. , where the data were presented using explicit sup-
port from ab initio calculations. 2s The beryllium shifts
were found to exhibit a most unusual behavior in com-
parison with, on the one hand, the other simple metals,
and on the other hand, most elemental metals in the Pe-
riodic Table. This is because, first, the measured and
calculated SCLS for beryllium penetrate several layers
deep down into the metal with an anomalously slow de-
crease in the magnitude of the shift. Second, and also
observed in earlier work by Nyholm et al. , the shift is
negative in sharp contrast to the positive shifts usually
observed for the simple metals. Third, the shift for the
surface layer was found to be extremely large (—0.82 eV).
Hence, in these respects, beryllium seems to represent a
unique physical situation.

Here we present a theoretical study of the SCLS in
11 simple metals. We use a Green's-function tech-
nique within the tight-binding linear-mufBn-tin-orbitals
method which earlier has been employed in extensive
studies of surface energies and work functions, sur-
face and interface magnetism, and stacking fault
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energiess of elemental metals. The present calcula-
tions are based on the impurity formulations of the
Green's-function tec&»que and therefore, as far as the
Green's-function approach is concerned, partially related
to the pseudopotential tech»que within a linear com-
bination of atomic orbitals basis used by Feibelman
in conjunction with a slab geometry and the (Z+1) ap-
proximation for the core-ionized impurity. In the present
work, however, we treat a surface as a coinpletely semi-
infinite entity and use the complete screening picture for
the core-ionization process, i.e., we assume for metals
that the synnnetric part of the measured line profile of
the core level corresponds to an electronically completely
screened final state, in which the conduction electrons
have attained a fully relaxed configuration in the pres-
ence of the core hole. As a result, the SCLS may be
obtained as the surface segregation energy of the core-
ionized atom and the approach incorporates so-
called initial-state as well as final-state efFects.

atoms used here goes beyond the commonly employed
(Z+1) approximation.

The calculation of a segregation energy by means of
(1) requires two separate impurity calculations, one with
the impurity deep inside the bulk and one with the im-
purity at the surface. These separate calculations are in
turn based on the original bulk impurity formulation by
Gunnarsson et al. , and the required Green's-functions
for the perfect bulk crystal and the real surface are gen-
erated by means of the procedures described in Refs. 30
and 31, where for the surface calculations we use the prin-
cipal layer technique. ' The Green's-functions for the
impurity-perturbed crystals and surfaces are calculated
self-consistently at the same level of accuracy in terms
of, e.g. , Hamiltonian, potentials, complex energy con-
tour, and symmetrized Dyson equations and without
any slab or supercell approximation. Thereby, the nu-
merical errors in the calculated total-energy differences
are reduced to a minimum.

II. COMPUTATIONAL METHOD

A. The Green's-function techniques

The tight-binding linear-mufRn-tin-orbitals (TB-
LMTO) Green's-function technique as implemented for
surfaces and interfaces by Skriver and Rosengaard 0 si is
based on the generalized LMTO theory of Andersen and
co-workers. sr 4i 44 The present Green's-function method
difFers from the slab approach by the fact that it takes
proper account of the semi-infinite nature of a surface.
This aspect relies on the ability, realized within the tight-
binding representation and the atomic-sphere approxi-
mation (ASA), to generate the Green's-function matrices
for a real, two-dimensional interface by an efficient pro-
cedure based on the principal layer technique which
avoids k-point integration in the direction perpendicular
to the surface. The tech»que allows us to carry the sur-
face calculations to convergence in layer numbers which
at least for the case of beryllium to be presented in Sec.
IV appears to be difficult to do in a slab approach.

Within the complete screening picture, the SCLS may
be obtained as the surface segregation energy of a neutral
core-ionized atom, i.e., as the energy required to inter-
change an impurity atom in the bulk with a host atom
at a surface site Q, . s ss 40 This energy may conveniently
be expressed in terms of the computed impurity solution
energies for the surface (E;„i&) and bulk (Eb„'i&) as de-
fined in Ref. 11. The SCLS is thereby obtained from

A~ = E:„,'r —Eb„'ii, —Es,q. ,

where the last term represents the Q, -projected surface
energy of the host which within the ASA represents the
energy required to transfer a host surface atom back into
the bulk. 4 The core-ionized atoms which enter the ac-
tual impurity calculations in Sec. III are taken &om
self-consistent atomic calculations where one electron has
been transferred &om the core level in question into the
valence state. Hence, the description of the core-ionized

B. Corrected energy functional
for the alkaline-earth metals

An accurate theoretical determination of a surface
core-level shift within the complete screening picture will
of course rely on the quality of the calculated total ener-
gies involved in Eq. (1). In practice, one important fac-
tor which governs the accuracy of the calculated SCLS
is the ability to account for the surface energy Es, since
the SCLS may be related to the surface energies by the
simple estimatei

b, -E+' —E

This expresses, within the (Z+1) approximation and ne-
glecting the impurity aspect, the surface core-level shift
of the Z metal as the difFerence between the surface en-
ergy of the (Z+1) and Z metals. It follows that an error
in the calculated surface energy for either the Z or the
(Z+1) metal will affect the accuracy of the shift, unless
the errors are of the same size and cancel. s

Surface energies calculated by the present technique
have been compared with experiment and full-potential
slab calculations in Ref. 31 showing a high degree of ac-
curacy for most transition metals. However, the sur-
face energies of the the early transition metals Sc, Y,
and La, which are the "(Z+1)-elements" of the alkaline-
earth metals Ca, Sr, and Ba are somewhat underesti-
mated. This underestimate has been traced to a failure
of the ASA energy functional and corrected for by in-
cluding the nonspherically symmetric charge density in
the calculation of the Coulomb and exchange-correlation
contributions to the energy. The correction is most
significant in the actinide series where the surface en-
ergy of Th and Pa otherwise would be negative. In the
alkaline-earth part of the present study, where correc-
tions to the ASA functional are needed, we shall use the
simpli6ed approach referred to in Ref. 49 as the Spher-
ical cell model (SCM), where the space integrations are
performed over space-6lling, overlapping atomic spheres
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TABLE I. Comparison between surface energies calculated
within the ASA and SCM functionals as described in text.

Metal
Ca
Sr
Ba
Sc
Y
Lu

Surface
fcc (ill)
fcc (111)
bcc (110)

hcp (0001)
hcp (0001)
hcp (0001)

ASA
eV 3/m

0.301 0.357
0.290 0.290
0.288 0.261
0.494 0.836
0.462 0.643
0.493 0.743

SCM
eV 3/m

0.495 0.588
0.448 0.448
0.432 0.391
1.010 1.707
0.967 1.345
1.011 1.523

Expt.
J/m'
0.49
0.41
0.37
1.28
1.13
1.23

'de Boer et al. (surface independent) (Ref. 66).

To perform bulk k-space integrations we use 1785
points in the irreducible wedge of the Brillouin zone for
the bcc structure, 1505 points for the fcc structure, and
1500 points for the hcp structure. In the surface &-

space integration we use 256 special points in the irre-
ducible part of the two-dimensional Brillouin zone for
the bcc(110) surface, 252 points for the fcc(111) and
hcp(0001) surfaces, and 136 points for the fcc(100) and
bcc(100) surfaces. The Green's functions are sampled on
a complex-energy contour, using 16 points distributed ex-
ponentially on a semicircle enclosing the occupied states.
In the surface calculation, we use a surface region con-
sisting of six layers of metal plus two layers of empty
spheres simulating the vacuum. In the impurity calcula-
tions, we use cluster regions consisting of 51 atoms for the
bcc crystal, 55 for the fcc crystal, and 51 for the hcp crys-
tal. The impurity solution energies are thereby estimated
to be converged to within a numerical error of less than
0.02 eV, utilizing the generalized phase shift formulation
to sum the one-electron energies. We use an LMTO
basis consisting of 8, p, and d orbitals, the &ozen-core
approximation, and include exchange and correlation in
the parametrization of the local density approximation
given by Vosko et al. We have applied a null test to our
computational technique by performing full impurity cal-
culations using a host atom to serve as the impurity and
find that equalities E,„,&——Es g, and Eb„&&

——0 are obeyed
to within a numerical accuracy of 0.01 eV or better.

III. CALCULATED SURFACE
CORE-LEVEL SHIFTS

FOR THE SIMPLE METALS

In the following we shall present calculated surface
care-level shifts for the monovalent alkali metals (Li, Na,

rather than Wigner-Seitz cells. A comparison between
surface energies calculated within the ASA as well as
the SCM approach is given for relevant cases in Table
I. The SCM energy functional will be used only for the
alkaline-earth metals since in the other cases treated here
the correction to the calculated SCLS will be small. For
the alkali metals, for instance, the contribution to the
SCLS from the nonspherically symmetric charge density
is found to be ( 0.02 eV) and, hence, may safely be ne-
glected.

C. Numerical details

K, Rb, and Cs), the divalent alkaline-earth metals (Be,
Mg, Ca, Sr, and Ba), and trivalent aluminium (Al), as
obtained by means of the procedure outlined in the pre-
ceding section and described in detail in Ref. 11. The
core-level electron removed &om the impurity atom is
taken &om the 18 level in Li and Be, the 2p level in Na,
Mg, and Al, the 3p level in K and Ca, and the 4p level in
Rb and Sr. In Cs we remove the core electron &om the
4d or the 5p level since both of these are usually consid-
ered in experiments, whereas in Ba we remove only the
4d level. The calculations are performed for the most
close-packed surface of the experimentally observed bulk
crystal structure and at the experimentally observed lat-
tice spacings (and c/a ratio for the hcp metals).

A. The alkali metals

Measurements of SCLS in the alkali metals have to our
knowledge only been performed on polycrystalline 6lms
grown a few layers thick by deposition of alkali vapor on
a metal substrate. Hence the SCLS refer to the core-
level binding energy shift between that of an atom at the
surface and an atom in the center of the 61m, both sepa-
rated &om a possible signal &om the interface atoms sit-
uated next to the substrate. One might therefore worry
that the 61m-center reference level differs from that of the
true bulk, that possible subsurface intensities invalidate
a correct determination of the reference level, and that
the possible existence of, e.g. , a subsurface shift is never
traced. As we shall see, however, the computed shift for
the subsurface layer of the alkali metals is very small—
typically less than 30 meV —suggesting that a separa-
tion of the subsurface signal is a difIicult task even for
a single-crystal face of a pure alkali metal, and that the
assumption of a bulk-resemblant reference level is rea-
sonable. Wertheim and co-workers claim to have grown,
on a Ni(100) substrate, alkali layers with a well-ordered
(110) surface orientation, s i.e., presumably also in the
bcc phase, whereas Lundgren et al. report less well char-
acterized growth modes using an Al(ill) substrate, and
that the crystal structure of their Na 61m is fcc or hcp
rather than bcc.

The calculated SCLS for the bcc(110) surface of the
alkali metals (Li, Na, K, Rb, and Cs) are listed in Table
II and presented in Fig. 1 together with available recent
experimental data. ' ' It is seen that for Li the
experimental result of 0.52 eV (Ref. 16) exceeds the the-
oretical value by approximately Q. l eV, which is similar
to the deviation between theory and experiment found in
the neighboring element Be (Ref. 28) (see below). When
proceeding from Li to the heavier elements Na-Cs the ex-
perimental SCLS are reduced by more than a factor of
two, and this reduction, which makes Li appear anoma-
lous, is very well reproduced by the calculations. In fact,
for Na-Cs the agreement between the (110) calculations
and experiment is of the order of the scatter in the mea-
sured data.

We have also calculated subsurface layer SCLS in or-
der to provide a consistent data base to be compared
with the anomalous sublayer shifts of the alkaline-earth
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FIG. 1. Comparison between calculated and measured sur-

face core-level shifts of the alkali metals. The calculations

for the bcc(110) surface are marked with filled squares. For
Na we have also included a calculation for the fcc(111)facet,
denoted by a filled triangle. Experimental data are marked

with open symbols, referring separately to (a) the studies by
Wertheim and co-workers (Refs. 13—16) (open squares), and

to (b) those of other workers (open circles) for Li (Ref. 4) and
Na-Cs (Ref. 26).

metal beryllium. ' The results for the allmli metals are
included in Table II, where it may be seen that the sub-
layer shifts are indeed small, also for Li which is next to
Be in the Periodic Table. Hence, in terms of sublayer
shifts Li behaves similarly to the other alkali elements.

In Fig. 2 we examine the (Z+I) approximation by com-
paring the results for the bcc(110) face given in Fig. I
and those obtained in calculations where the core-hole
impurity in the Z metal host has been replaced by the
(Z+I) atom. The difference is significant for Li but
becomes quite small for Na and the heavier elements.

FIG. 2. Study of the (Z+1) approximation for the al-

kali metals, by comparing calculations for the bcc(110) facet
where the impurity is treated as (a) a neutral, core-ionized
host atom as described in text (solid squares), and (b) a
(Z+1) atom in the Z metal host (open diamonds).

Hence, there appears to be a correlation between the
SCLS on the one hand and the relative effect of the
missing core electron on the spatial distribution of the
core on the other, and the effect seems to be reduced in
the heavier elements in comparison with the lighter ones.
For transition metals, the error of the (Z+I) approxima-
tion was found to be at its largest in the elements in the
middle of the series, i.e., in the elements in which the
size of the core is large in comparison with the relatively
compressed atomic volumes. However, it should be
pointed out that because of the use of the &ozen-core ap-
proximation in our calculations a complete assessment of
the validity of the (Z+I) approximation cannot be made.

In Fig. 3 we show the initial-state s, p, and d occu-
pancies, as obtained within LMTO theory and projected

TABLE II. First (S), second (S—1), and third (S—2) surface core-level shifts of the alkah metals.

Metal
Li(18)

Na(2p)

K(3p)

Rb(4p)

Cs(4d)
Cs(5p)
Cs(4d)

Surface
bcc (110)
bcc (100)
bcc (110)
fcc (111)
bcc (100)
bcc (110)
bcc (100)
bcc (110)
bcc (100)
bcc (110)
bcc (110)
bcc (100)

S —2

0.008
-0.065
-0.005

-0.029
0.004
0.019
0.008
0.026
0.015
0.016
0.052

S —1
-0.008
0.039
-0.027
-0.028
-0.022
-0.025
0.001
-0.022
-0.001
0.005
-0.010
0.022

SCLS (eV)
S

0.403
0.698
0.152
0.168
0.268
0.203
0.302
0.186
0.266
0.220
0.218
0.322

Expt. (S)
0.524, 0.66

0.184-0.195
0.19'

0.20, 0.20'

0.175, 0.19, 0.20'

0.20
0.228, ' 0.22

Wertheim et al. (Ref. 16).
Flodstrom et al. (Ref. 4).

'Lundgren et aL (Ref. 26).
Riffe et aL (Ref. 15).

'Wertheim et al. (Ref. 13).
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FIG. 3. Left: calculated initial-state valence electron occu-
pancies in the bulk (top) snd at the surface layer (bottom) of
the alkali metals, given in terms of the partial s, p, and d occu-
pations. Right: screening charge (see text) on the core-ionized
impurity in the bulk (top) snd at the surface (bottom), pro-
jected on the partial s, p, and d occupations.

for Ca and Sr, and only a single observation is found in
the literature for Mg (Ref. 21) and Ba (Ref. 23), respec-
tively. The data for hcp Mg was taken Rom a (0001)-
oriented polished single crystal, s4 giving a SCLS of 0.14
eV. The value for Ba, 0.48 eV, refers to measurements
made on a polycrystalline Ba film prepared on an Al(111)
substrate. Finally, for polycrystalline Be a neyati ve sur-
face core-level shift (—0.50 eV) was first reported by Ny-
holm et al. , later verified by /aye'-resolved recordings
for single-crystal Be(0001),2 where a shift of —0.82 eV
was interpreted to originate from the surface layer, —0.57
eV from the first subsurface layer, and a —0.26 eV shift
&om the second subsurface layer.

The calculated SCLS for the most close-packed surface
of the observed crystal structure for Be (hcp), Mg (hcp),
Ca (fcc), Sr (fcc), and Ba (bcc) are presented in Fig. 4,
together with available experimental data. In the fig-
ure, we have explicitly included the abnormal subsurface
layer shifts in Be(0001) but only the shifts corresponding
to the surface layer in Mg(0001), Ca(111), Sr(111), and
Ba(110), since in these elements the sublayer shifts are
very small (see Table III).

As discussed in Sec. IIB the usage of the SCM func-
tional is expected to improve the accuracy of the calcu-
lated SCLS of the alkaline earths. Therefore, we present
in Fig. 4 theoretical values obtained by means of the
the SCM functional but include also ASA values in or-
der to make a connection to our previous ASA results for
Be, Mg, and Sr. ' It may be seen in the figure that
the SCM correction improves the agreement with experi-
ment in alt cases, e.g. , also for Be and Mg. However, the
SCM correction is considerably smaller than may be es-

onto the bulk and surface atomic spheres, respectively,
before core ionization. In addition, we present in the fig-
ure the screening charge, defined as the number of elec-
trons on the impurity site after the core ionization minus
the number of electrons on the site before the ionization.
This charge has also been divided into partial s, p, and d
occupations. For the screening charge, the main change
down the alkali column is seen to occur in the p and d
contributions. The former dominates in Li but is signifi-
cantly reduced in Cs, where instead the magnitude of the
d screening is comparable to that of the s and p states.
The interchange of the amount of p and d type screen-
ing which occurs in the sequence Na-Cs does not seem to
affect the magnitude of the calculated SCLS. However,
a closer inspection of Fig. 1 reveals that the calculated
small SCLS variations between Na, K, Rb, and Cs, also
detected experimentally in Refs. 15 and 16, correlate with
the computed d screening (Fig. 3) and with the surface
shift of one-electron sp band centers (Sec. IV B) for these
elements.

B. The alkaline-earth metals

In the case of the alkaline-earth metals the experimen-
tal SCLS information is more limited than it is for the
alkali metals. For instance, no data have been reported
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FIG. 4. Comparison between calculated and experimental
SCLS for the alkaline-earth metals. The calculations are for
the most close-packed surface, and refer separately to the
SCM totsl-energy functional (solid squares) snd the ASA
functional (dotted line), as described in text. Experimen-
tal data are marked with open circles: the polycrystalline Ba
(Ref. 23), snd single-crystsl Be (Ref. 27) snd Mg (Ref. 21)
measurements. (S —1 denotes the first Be subsurface layer,
S —2 the second Be subsurface layer, etc.)
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TABLE III. First (8), second (8 —1), and third (8 —2) surface core-level shifts of the al-

kaline-earth metals calculated by means of the SCM functional. A comparison arith the ASA

functional is given for Be and Mg.

Metal
Be(ls)
Be(ls) ASA

Mg(2p)
Mg(2p) ASA

Ca(3p)
Sr(4p)
Ba(4d)

Surface
hcp (0001)
hcp (0001)
hcp (0001)
hcp (0001)
fcc (111)
fcc (111)
bcc (110)
bcc (100)

S —2
-0.387
-0.357
-0.022
-0.018
0.039
0.025

S —1
-0.629
-0.581
-0.001
0.001
0.048
0.016
0.032
-0.052

SCLS (eV)
S

-0.729
-0.633
0.167
0.185
0.343
0.318
0.388
0.598

0.14'

0.48

Expt. (S)
[-0.265,-0.570,-0.825], -0.50

Layer-resolved from Johansson et aL (Ref. 27).
Nyholm et aL (Ref. 22).

'Kammerer et aL (Ref. 21).
Jacobi et al. (Ref. 23).

timated on the basis of the approximate relation (2) and
the surface energies in Table I. This may be attributed
to the fact that in derivingis (2) one incorrectly invokes
total rather than site-projected surface energies~'~~ and
neglects the impurity efFects.

The experimental SCLS in Be shown in Fig. 4 are seen
to be negative, exceptionally large, and to penetrate far
into the surface region. All of these trends are well re-
produced by the present theory, and the best agreement
is found for the first subsurface layer (S—1). The magni-
tude of the surface shift (S) is seen to be underestimated
by approximately 0.1 eV, which may partly be attributed
to the neglect of layer relaxation in the present type of
calculations. This neglect can be significant because the
surface layer relaxation in Be(0001) is found to be un-
usually large and outwardly directed. ss ss In the second
subsurface layer (S—2) the experimental value lies mid-

way between the theoretical (S —2) and (S —3) shifts,
and hence we speculate that this discrepancy might be
due to the experimental difficulty of resolving the (S—2)
and (S—3) shifts, s4 if not caused by other computational
shortcomings.

In contrast to Be the later group IIA elements Mg-Ba
shown Fig. 4 have small positive SCLS in accordance
with the behavior expected for simple metals. We find
that the small (0.14 eV) shift observed in Mg (Ref. 21) is
only slightly overestimated by the theoretical SCM result
(0.167 eV) obtained for Mg(0001) (Table II). Proceeding
&om Mg to Ca, Sr, and Ba the calculated SCLS are now
almost twice as large as for the alkali metals which we
may partly attribute to the change from sp-type screen-
ing in Be and Mg to d-type screening in Ca, Sr, and
Ba as demonstrated in Fig. 5, and, perhaps more im-
portantly, to the enhanced surface ap band-center shifts
exhibited by the divalent metals (Sec. IV B).In the case
of Ba the computed shift is 0.1 eV lower than the ob-
served value, which is a rather small discrepancy in view
of the fact that the measurements refer to a polycrys-
talline sample.

The angular-momentum characteristics of the initial-
state occupation and screening charge of the core-ionized

atom presented in Fig. 5 reveals for Be a strong domi-
nance of p states. In the final state in bulk Be these
amount to 2.0 electrons, which should be compared to
only 1.5 for Mg (compensated by an increased s charac-
ter). The above mentioned connection between enhanced
SCLS, d-screening, and the band-center shift, as obtained
for the pretransition elements Ca-aa, appears to be con-
sistent with the detailed variation in the d-type screening
(Fig. 5), the surface band-center (potential) shift (en-
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countered in Sec. IV), and SCLS (Fig. 4) for these ele-
ments, i.e. , in complete analogy with the case of the alkali
metals.

C. Aluminium

A comparatively large amount of work both
experimental ' '2 and theoretical 7' ' ' has been
devoted to the study of the trivalent metal Al. Here, the
SCLS experiments have traditionally been performed on
single crystals and at several surface orientations. In the
case of the most frequently studied Al surface, fcc(100),
the measured SCLS data range &om —0.040 eV to —0.120
eV, 9 2i'2s except for the single value of +0.20 eV re-
ported by Bagus et al. In the most recent of the Al(100)
experiments, Nyholm and co-workers found a separation
of —0.096 eV between the surface and bulk signal. In
the case of the fcc(ill) face Nyholm et al.2s report an
experimental shift close to zero with an upper limit of
+0.015 eV.

We have calculated the SCLS corresponding to the 2p
level in Al for two close-packed surfaces by means of the
ASA functional and find small positive shifts. For the
fcc(111)face we find 0.011 eV in good agreement with the
experimental shift, 2s while for fcc(100) we find a shift of
0.004 eV which is approximately 0.1 eV higher than the
experimental as well as the theoretical value obtained
by Feibelman. ss If, however, we use the (2+1) approxi-
mation, i.e., replace the 2p hole impurity by a Si atom,
as was indeed done by Feibelman, the Al(100) SCLS be-
comes —0.110 eV, in almost perfect agreement with his
result. Thus, the perfect agreement between previous
theory and experiment may in part be a result of the
(Z+ 1) approximation.

IV. BONDING IN THE INITIAL
AND FINAL STATES

In the present study, we have provided theoretical
SCLS data for the most close-packed surface of the sp-
bonded simple metals by means of ab initio total en-

ergy calculations as dictated by the complete screen-
ing picture of the core-ionization process. A SCLS is
therefore obtained as the surface segregation energy of
a neutral, core-ionized atom, is ss 4O involving separate
Green's-function impurity calculations for the bulk and
surface, respectively. The agreement between theory
and experiment is in general very satisfactory, suggest-
ing that the approximations on which the computational
technique is based are well founded and that for the
cases where experimental single-crystal data is still miss-

ing, notably in the alkaline-earth series, the calculations
should provide reliable predictions. In addition, the ob-
served agreement lends explicit support to the assump-
tion of associating the main peak in the observed spec-
tral features with an electronically fully relaxed core-hole
state, and hence to the identification of the SCLS using
de facto two difFerent final states which the separate im-
purity calculations are tailored to describe.

A. Surface potential

The spill out of charge into the vacuum which occurs at
a surface gives rise to a dipole barrier in the electrostatic
potential. Hence, the work function W may be expressed
by the well-known relation

W = A(j& —eF,

where eF is the Fermi level and AP the dipole barrier
which may be obtained &om the difference in the enve-

lope function of the electrostatic potentialso

AP = Vc (R ~ vacuum) —Vc (R ~ bulk) (4)

between that of the pure vacuum and bulk, respectively.
This dipole barrier represents the accumulated potential
rise when proceeding &om the bulk to the vacuum, but
gives no information on the local potential in each layer,
which is needed if the SCLS are to be interpreted within
the commonly used initial-state fxamework.

Within the ASA, as defined for surfaces in Ref. 30, the
envelope function of the potential is determined by the
electrostatic monopole Q~ and dipole P, ~ in the atomic
sphere at B and the dipole barrier may be obtained as
the sum

over atomic positions in the surface region. In (5), S is
the average Wigner-Seitz radius, A the area of the two-
dimensional unit cell, and R, the position of the atomic
sphere projected onto the direction perpendicular to the
surface. The layer-dependent envelope of the local po-
tential, i.e. the one-electron potential at the surface of
an atomic sphere, is given by the monopole and dipole
parts of the multipole expansion

2Q~ 1
&c(R) =

S + S) MgR Qii
R RI

+—) M~~ P„~,
R'

where M" and M" are the multipole matrices for a
two-dimensional interface. 0 In (6) the term in brack-

However, there exists at present no satisfactory under-
standing of the behavior of the SCLS in the simple met-
als. The fact that the shifts are positive in most cases
may, to some extent, be interpreted within the thermody-
namical model as, for instance, formulated by the simple
estimate (2). Unfortunately, such an approach gives very
little insight into the microscopic origin of the SCLS. In
particular, the thermodynamical model is not capable of
explaining the anomalous subsurface shifts in beryllium
since it does not probe local properties. Hence for the
understanding of these shifts we shall first resort to a
microscopic variable, namely, the local, layer-dependent
one-electron potential.
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vc(R) = vq+ vj, (7)

at a particular layer R may be analyzed in terms of sep-
arate monopole Vq and dipole Vj, contributions.

B. The anomalous surface core-revel shift in Be

Calculated monopoles (charge transfer) and dipoles for
the surfaces of Li, Be, and Mg are presented in Fig. 6.
The left panel shows the charge transfer Q together with
the induced dipole moments P, which represent the main
deviation &om charge homogenity in each sphere. It is
seen that the charge transfer in Be is approximately twice
that in Li and Mg, but as far as the dipole behavior in
the (S) and (S+1) layers is concerned there appears no
essential difference between these elements. Moreover,
on the scale used in the left panel and as expected for a
metal all three elements exhibit similar fast convergence
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ets describes the potential due to the charge transfer
(monopoles) corrected by the local atomic-sphere bound-
ary condition 2QR/SR, and the last term is the dipole
potential from the dipoles in the perturbed layers in the
bulk/vacuum surface region. As a result, the local po-
tential envelope

in the electronic properties when one proceeds into the
bulk.

However, on the scale used in the right-hand panel
of Fig. 6 there appear qualitative as well as quantita-
tive differences between Li, Be, and Mg. In Li and Mg,
the charge density oscillates through the surface layers as
typically obtained, although with a diH'erent magnitude,
in jellium-type surface calculations, whereas this be-
havior is suppressed in Be. The dipole moment in Li and
Mg oscillates similarly but with extremely small ampli-
tudes. In contrast, the dipoles moment in Be is anoma-
lously large and, in addition, decreases exceedingly slowly
and monotonically from the (S—2) layer through the next
3—4 layers towards the bulk region. There is therefore a
significant net dipole in the Be subsurface region below
the (S—1) layer, and the corresponding dipole field from
each layer is added constructively to the dipole field &om
the monopoles and this gives, as we shall see, a crucial
contribution to the total subsurface potential.

In Fig. 7 we present the electrostatic potential enve-
lope for Li, Be, and Mg as given by the monopole and
dipole moments shown in Fig 6a.nd separated accord-
ing to Eqs. (6) and (7). The left-hand panel shows the
cancellation which takes place between the monopole and
dipole contributions and which forms a positive net sur-
face dipole barrier. It is seen that this barrier which is
the dominant contribution to the work function is sig-
nificantly larger in Be than in Li and Mg, and this is
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FIG. 7. Layer-projected surface shift of the envelope func-
tion of the local potential, as monitored in terms of monopole
and dipole contributions. Left side shows the potential shifts
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enlarged on the right-hand side 6gures by a factor of about
15. (S denotes the surface layer, S —1 the Srst subsurface
layer, etc.)



12 126 MAGNUS ALDEN, HANS L. SKRIVER, AND BORJE JOHANSSON 50

of course in complete agreement with the fact that the
work function computed by (3) to be 5.62 eV for Be is
much larger than the work functions calculated for Li
(3.33 eV) and Mg (3.86 eV). i Hence, if we compare the
left-hand panels of Figs. 6 and 7 we find a one-to-one
correspondance between the amount of charge transfer
at the surface and the resultant dipole barrier for these
elements.

In the right-hand panel of Fig.7 we present an ex-
panded view of the calculated envelope potentials for Li,
Be, and Mg which clearly exhibit the same qualitative
differences between the metals as seen in Fig. 6, i.e. ,

the potential oscillates in Li and Mg while it decreases
monotonically into the bulk in Be. In fact, this behav-
ior is already apparent in jellium calculations of Lang
and Kohn where one may observe that an r, value of
approximately 2 separates a regime of high density in
which the effective potential varies monotonically from
a regime of low density in which the potential oscillates
with an amplitude which increases with the r, value. In
the jellium calculations, one may furthermore see that
the effective potential at the position of the atom in the
surface layer (S) is below its bulk value only for densities
corresponding to r, ) 2. Now, the r, values of Be, Mg,
and Li are 1.87, 2.66, and 3.25, respectively, which im-
mediately explains the signs and the relative magnitude
of the surface layer potentials shown in Fig. 7.

If one compares the surface envelope potentials in the
right-hand panel of Fig.7 with the calculated surface and
subsurface SCLS for Be, Mg, and Li in Figs. 1 and 4 one
finds a clear correlation which includes the anomalous
sign in Be, the monotonic and slow decrease in Be as well

as the relative magnitudes of the shift in the sequence Be,
Mg, and Li. This close correlation may be written in the
form

a.(~) - -zv~(~), (8)
suggested by the so-called initial-state picture. %e shall
return to this in connection with the discussion of the
physical concept of complete screening in the following
sections.

The decomposition in Fig. 7 of the subsurface po-
tentials for beryllium shows that the dipole part plays
a crucial role in all the layers, and becomes the domi-
nant contribution in the second (S—2) and third (S—3)
subsurface layers. It follows from direct examination of
the M" matrix that this potential is almost solely due
to the existence of nonvanishing, unidirected dipoles in
the (S —2)—(S —5) layers as shown in Fig. 6. In addi-
tion, the effect of the dipoles is enhanced in Be due to its
exceptionally small atomic volume and nearest-neighbor
distance, so that the effective strength scaled by M" is
approximately 40% larger for Be than for Mg.

The beryllium subsurface dipoles originate from the
valence electron distribution, and it was pointed out in
Ref. 28 that changes in the immediate surroundings of
a Be bulk atom, such as the presence of a surface, have
a comparatively large effect on the valence 2p charge,
owing to the fact that there is no p core against which
the 2p orbitals would have to orthogonalize. This simple
physical explanation of the behavior of beryllium SCLS
appears to be consistent with the results of the present
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FIG. 8. Comparison between the surface shifts of the (av-
mage) sp band centroids (b,C) with the full SCLS calcula-
tions, for the alkali (top) and alkaline-earth (bottom) metals.
The band-center shiA is given for both the initial state (line)
and impurity Snal state (dashed line) of the core-ionization
process. Included to the left in the bottom panel are the
layer-resolved shifts for Be, where S —1 denotes the first sub-
surface layer, S —2 the second subsurface layer, etc.

analysis, where we have probed singular characteristics
in the surface electronic structure present already in the
initial state, i.e., without a separate consideration of the
electrostatics occurring in the final state.

C. Band-center shifts

The shift in the potential at a surface is directly respon-
sible for a similar shift in the position of the surface 8 and

p bands. This is shown in Fig. 8, where calculated band
center surface shifts for the alkali and alkaline-earth met-
als are compared with the SCLS &om the full impurity
calculations. In the comparison, the band center is taken
to be the second-order LMTO band-center parameter C
(Refs. 43 and 30) projected on the impurity atom and we
include shifts referring to both the initial (perfect bulk-
surface) and final (relaxed bulk-surface impurity) states
of the screening process. For simplicity and because they
differ by less than 0.03 eV only the mean value of the
separate 8 and p band-center shifts is given. The varia-
tion of the SCLS through the two series of simple metals
is seen to be exceedingly well reproduced by the surface
band-center shifts, in complete analogy with the poten-
tial shifts observed above for the more restricted set of
elements Be, Mg, and Li. This close correlation also in-
cludes the reduction in SCLS between Li and Na, the
sign change between Be and Mg, as well as most of the
detailed features of the Na-Cs and Mg-Ba sequences.

The observation that surface potential and band-center
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shifts resemble the total-energy results to such an extent
that the impurity calculations to some extent become al-

most unnecessary, speaks in favor of the so-called initial-
state effects for the SCLS of the simple metals. This is
so because of the band centers and presumably also the
core levels, on which the potential act appears to have
accomplished the major part of the shift already in the
initial state. This is consistent with earlier reports for
the Al(100) surface, where Feibelman's theoretical "final-
state" shift of —0.097 eV, s obtained by slab (2+1)-
impurity calculations, was found to be in good agreement
with an initial-state (1s-eigenvalue) shift of —0.120 eV, sr

whereby it was concluded that so-called final-state effects
had only a minor inHuence on the alurniniurn SCLS.
Hence, the SCLS of the simple metals appear to be par-
ticularly well described by the initial-state model. This
is in contrast to the transition metals where the initial-
state shifts overestimate the observed shifts by 0.2-0.3
eV (Refs. 18, 10, and 11) and where the curves describ-
ing the initial-state and "true" values through a transi-
tion metal series are approximately translated by half an
element

The initial-state potential shifts for the transition met-
als are explained in the literature as electrostatically in-
duced due to the narrowing of the surface d state density
in conjunction with a preservation of the d occupancy in
the surface layer. This causes, e.g. , opposite shifts for
elements in the beginning and in the end, respectively, of
a transition metal series. ' As pointed out by Riffe et
al. ,

~s such a simple model is not as readily applicable to
the simple metals since they have free-electron-like con-
duction bands. Hence, quantitative understanding of the
transfer of the sp electrons in the surface region, which
governs the potential shifts, seems to be difficult to obtain
within, e.g. , a tight-binding picture. On the other hand,
the actual role played by the potential and band-center
shifts is not self-evident within the the complete screen-
ing picture, since here the SCLS is entirely described in
terms of final-state total energy differences. The agree-
ment between the band-center shifts and the full SCLS is,
however, too good to be overlooked, and what is needed
therefore is a physical picture, within that of complete
screening rather than Koopman's theorem, of the con-
nection between these two quantities in order to assess
the relevance of the potential shifts. That is, we would
like to relate the surface segregation energy of the core-
ionized atom to the shift in the surface potential.

D. One-electron contribution in ap-bonded metals

The well-known riedel ' type model for cohesion
in the d-transition series is based on the notion that the
ground state eaergetics, as characterized through a se-
ries by quantities such as the cohesive energy, are largely
determined by the bonding properties of the d electrons.
This d bonding is well described by the one-electron en-
ergies if these are grouped into bonding and antibonding
states, respectively, separated naturally by the band cen-
troid. Hence, for a transition metal the energy of trans-
formation between (1) and (2) may be writtens2

2

AE(2) (q) = (s —Cq )Dq (c)dc(2) (2)

1

c —Cq D~ e d~, (9)

in terms of the self-consistent state density Dg and band-
center t g of the d electrons in the two different en-
vironments. Gelatt et al. have analyzed the various
contributions to the cohesive energy of metals within
renormalized-atom theory and finds that owing to sub-
stantial cancellations (9) provides a good representation
of the energetics of transition metals.

If one assumes that the bonding in the 2p and 3p series
is formed by an sp hybrid with band-center C,p the one-
electon contribution to the energy of a system with n sp
electrons may be written in the form

eF

E,„= (s —C,"„)D," (s)de. (10)

In a core-ionization process (10) may describe the bond-
ing in the initial state whereas the bonding in the final
state may be given by a similar expression with n+ bn
electrons and a shifted state density. Assuming that the
local band shift between the initial and the final state
may may be obtained in a rigid-band model, the initial-
and final-state bands are related by

D,"+ "(s) = D",„(s+bur), (11)

Cn+/'rn ~ Cn (12)

where bm is the energy by which the final-state levels
are pulled down. Neglecting the impurity aspect, the sp
screening energy may be written

AE,„= (s —C,"„)D,"„(s)ds

CF

C +8 n)Dnn+Bn (&)d

which, by the introduction of the "transition-state" cen-
ter

Cn+bn/2 Cn g /2 Cn+bn + gSP SP SP

becomes

QE ( Cn+/rn/2) b (»)
In the core-ionization process bn = 1 and since the analy-
sis applies equally well to bulk (B) and surface (S) atoms

the SCLS may be related to the shift of C,"p+ " between
the bulk and surface, i.e.,

(Cs;n+bn/2 CB;n+sn/2) (16)

Hence, by considering the one-electron bonding energy
of the sp electrons we have arrived at a result which is
consistent with the correlation between the SCLS and the
band-center shifts observed in Fig. 8, and which justifies
this behavior within the concept of complete screening.
The small but systematic discrepancy between the SCLS
and the "mean" (transition-state) value of the initial- and
6nal-state band-center shift, may even be attributed to
the neglect of the impurity effects in (16).
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V. METALLIC ENERGETICS
OF THE 2P AND 3P SERIES

To help understand the behavior of the SCLS of the
metallic elements in the second and third rows of the
Periodic Table we shall present the atomic volume, the
surface energy, and the SCLS of all the elements in the
two series under the prerequisite that all the elements are
treated as metals. The underlying calculations are per-
formed under the constraint that the 4A-7A elements of
the 2p and 3p series form in the fcc crystal structure and
at the theoretically determined atomic volumes. Under
these conditions the p-transition elements, which other-
wise are insulating or semiconducting and order in com-
plicated crystal structures, will exhibit metallic behavior.
It should of course be stressed that because of these as-
sumptions the following SCLS data may not be compared
directly with experimentally observed values and with
more realistic theoretical investigations. In the case of
the surface energy, the present ASA results are nonethe-
less in reasonable agreement with the semiempirical val-

ues given by de Boer et al.
In Fig. 9 we show the calculated equilibrium atomic

volumes of the 2p and 3p series of elements obtained by
the tight-binding LMTO method with an spd basis. The
variation in atomic volume observed in the figure is the
result of an almost linear contraction of the core size
caused by incomplete screening of the increasing nuclear
charge. To this is added a parabolic variation caused by
a gradual increase in cohesion as the bonding states of a
common sp band are being 6lled followed by a gradual re-
duction when the antibonding states start to be occupied.
The atomic volume across the 3p series clearly exhibits
the expected asymmetric parabolic variation with atomic
number in complete analogy with the well-known behav-
ior of the atomic volume in the d transition series. In
the 2p series the core size is very small and rapidly con-
tracting because there are no inner p states which the 2p

states have to be orthogonal to. As a result, the atomic
volumes of the 2p series are much smaller than those of
the 3p series and the variation with atomic number is
extremely asymmetric.

The calculated surface energy and surface core-level
shift of the fcc(111)surface of the elements in the 2p and
3p series at their computed equilibrium volumes are pre-
sented in Figs. 10 and 11. For the 3p metals in Fig.
10 the important feature is the nearly parabolic varia-
tion of the surface energy with the 6lling of the common
sp band. This parabolic variation in conjunction with
the simple estimate (2) immediately 1eads to the linear
variation with atomic number as well as the sign change
at the middle of the series in the SCLS shown in the
lower panel of Fig. 10. The fact that Al is observed to
have a zero or slightly negative shift, depending on the
crystal face, may thus be directly interpreted as a "half-
filling" effect in complete analogy with the case of, e.g. ,
the 5d transition metals, and gives perhaps the strongest
support to the common sp bonding versus anti-bonding
interpretation as formulated by Eq. (13).

The surface energies calculated for the 2p elements are
shown in Fig. 11. Here, the variation with atomic num-
ber is more complicated than in the 3p series and es-

sentially reflects the less regular variation of the atomic
volume. If one disregards the large surface energy of Be
which is obviously caused by the strong bonding of the
2s orbital and corresponding low atomic volume one may,
however, observe a parabolic variation in the series with
a "maximum" at C, i.e., the element which is isovalent
with Si in the 3p series.
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The calculated SCLS of the 2p series in the lower panel
of Fig. 11 are consistent with the behavior of the surface
energies and the approximate relation (2) except for B
where the (Z +1) approximation would predict a slightly
positive SCLS. Hence, it is tempting to explain the large
positive and negative shifts calculated for Li and Be, re-
spectively, completely in terms of the corresponding ir-
regular variation of the surface energy in the sequence
Li-Be-B. However, if B is calculated at the atomic vol-

ume of Be, as required in a consistent application of (2),
we calculate the surface energy of B to be slightly higher
than that of Be. This result for B, included in Fig. 11,
is in fact in better agreement with the surface energy
reported by de Boer et al. , using for the semiemperical
estimate similar atomic volumes for B and Be. Hence,
according to the data of de Boer et aL. and to the present
calculations with equal volumes for the Z and (Z+1) el-
ements, the relation (2) yields an incorrect result and
becomes of limited value for interpreting the Be shifts.
One might then trivially argue that the "impurity con-
tribution" is playing an important role for these shifts.
It is clearly Be which deviates &om a regular behavior in

We have calculated the surface core-level shifts for the
most close-packed surfaces of the simple metals within

the concept of complete screening which allows us to
identify the SCLS with the surface segregation energy
of a neutral, core-ionized atom. The surface calcula-
tions and the separate bulk-surface impurity calculations
have been performed by means of Green's-function tech-
niques within the tight-binding linear-muffin-tin-orbitals
method, employing the &ozen-core and atomic-sphere
approximations except for the addition of a monopole-
dipole contribution to the electrostatic intersphere po-
tential. In the case of the alkaline-earth metals, we have

used an improved functional based on the complete va-

lence charge density within overlapping atomic spheres.
As a result, we obtain excellent agreement with the ex-
perimental SCLS data for all the simple metals studied
with a maximum deviation of 0.1 eV in Li, Be, and Ba.

The origin of the simple metal SCLS has been ana-
lyzed in terms of layer-resolved surface shifts in the lo-
cal potential, as caused by the separate contributions
from the monopoles and dipoles in the surface region.
For Be, nonvanishing dipoles in the subsurface region
cause an anomalously slow decay of the potential and
core-level shifts as one proceeds into the bulk in agree-
ment with experimental observations. We make the gen-
eral observation that the SCLS, the potential shift, and
band-center shift goes hand in hand in the simple metal
surfaces. This correlation is interpreted within a simple
one-electron screening model, using the notion of bond-
ing and antibonding 8p states in analogy with the picture
of d-electron bonding in the transition metals. We have
thereby been able to conclude that the anomalous nega-
tive sign of the Be SCLS is an initial-state effect which is
caused by the slow decay of the one-electron potential of
a high-density electron gas already apparent in the one-
dimensional jellium description due to Lang and Kohn.
Finally, we have performed surface energy and SCLS cal-
culations for the (hypothetical) fcc(111)surface of the 2p
and 3p series of elements. The zero SCLS exhibited by Al
may thereby be explained as simply due to a half-filling
effect occuring in the middle of the 383@ series.
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