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Deep Layer-Resolved Core-Level Shifts in the Beryllium Surface
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Core-level energy shifts for the beryllium surface region are calculated by means of a Green's
function technique within the tight-binding linear mufBn-tin orbitals method. Both initial- and
final-state effects in the core-ionization process are fully accounted for. Anomalously large energy
shifts are found for the three topmost surface layers in agreement with recent experimental data.
The reason for this extraordinary behavior is explained.

PACS numbers: 71.20.Ad, 73.20.Hb

During the last one and a half decades a lot of ex-
perimental and theoretical work has been devoted to the
study of surface core-level binding energy shifts [1—14].
The largest surface core-level shift is found for samarium
metal where it amounts to about 7 eV [1]. The reason for
this very large shift is the valence change from trivalency
in the bulk to divalent samarium at the surface [1, 3, 4],
and therefore this element cannot be directly compared
to other metals. For ordinary elemental metals, however,
the size of the surface core-level shifts is well below j. eV.
Because of experimental difficulties there have not been
any reports on subsurface layer shifts, except for tanta-
lum and tungsten where small shifts were observed for
the second surface layer atoms [13]. However, most re-
cently a surface and boo subsurface layer shifts have been
observed for beryllium [14]. The shifts decrease in mag-
nitude from —0.82 eV at the surface to —0.57 eV in the
next sublayer and —0.26 eV in the third surface layer.
These shifts are most anomalous —for example, the out-
ermost layer shift is the largest one so far reported for
an elemental metal (except for samarium) and the sub-
surface layer shifts are extremely large. In this respect
beryllium represents a unique physical situation.

In this paper we consider beryllium theoretically and
investigate to what extent these exceptional experimental
data are supported by explicit calculations. For compar-
ison we also report on calculated results for three other
hcp crystals; magnesium, scandium, and lutetium. Mag-
nesium is a simple metal as is beryllium, while scandium
and lutetium are early 3d and 5d transition metals, re-
spectively.

The theoretical core-level shifts we will present include
both initial- and final-state effects. The surface shift
is evaluated from first principles by calculating the sur-
face segregation energy of a charge neutral core-ionized
atom. This is a direct ab initio application of the the-
ory presented by Johansson and Martensson [8], where
the central assumption is that the symmetric part of the
line profile for the core-level corresponds to a completely
screened final state. Similar calculations have recently
been performed for surface core-level shifts of transition
metals giving results in very good agreement with ex-

periments [15]. Therefore the method seems well suited
for an accurate investigation of the anomalous beryllium
data.

Recent analysis by low-energy electron diffraction
(LEED) implies that the surface layer of the Be(0001)
surface is expanded outwardly by 5.8'Fo relative to the
ideal termination of the surface [16]. This result was
supported by theoretical findings [17], suggesting a 3.9'
larger separation between the outermost two layers than
in the bulk. We thus face a behavior which appears to be
quite singular among the elemental metals, since these
usually exhibit a contraction of the outermost surface
layer This .might suggest that the observed extraordi-
nary core-level energy features in the beryllium surface
region originate from effects due to the expanded surface
layer. However, it is one of our objectives of this Let-
ter to show that already an unrelaxed beryllium surface
displays core-level shifts very similar to those observed
experimentally. Therefore the unusual shifts in beryl-
lium do not just originate from distorted bond lengths,
but are intrinsic consequences of the valence electron dis-
tribution.

We have employed the Green's function technique
within the tight-binding linear muffin-tin orbitals method
and local-density theory [18] as originally implemented
for surfaces and interfaces by Skriver and Rosengaard
[19]. The technique has now been further extended to
permit calculations of the electronic structure and total
energies of a substitutional impurity either in the bulk
or at the surface. The formalism rests on the pioneering
work by Gunnarsson, Jepsen, and Andersen [20], except
that here we utilize the most localized (tight-binding)
orbital representation [21]. For the present application
it should be stressed that we make a complete sepa-
ration between the two different physical situations at
hand, namely, (a) the bulk impurity problem in a per-
fect bulk geometry and (b) the surface impurity for a
geometry and potential of the real surface. We thus aim
at as realistic a description as possible and consider in-
finite systems rather than its simulation via a suitable
slab or supercell. The formalism for the two different
cases is completely analogous and is implemented at the
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same level of approximation, thereby enabling an effec-
tive cancellation of errors in, e.g. , the computed total en-
ergies. In the present calculations we employ the frozen
core and atomic sphere approximations, but include the
dipole contribution to the intersphere potentials. Based
on convergence tests, utilizing the generalized phase shift
to sum the one-electron energies [20], we use a cluster re-
gion consisting of the impurity site plus four shells of
nearest neighbor host atoms, corresponding to 55 and 51
atoms for the fcc and hcp crystals, respectively. We have
estimated that the convergence in, e.g. , shell number of
the calculated core-level binding energy shifts is better
than 0.02 ev. The main limitation of our approach is
that it requires an ideal termination of the layer spac-
ings at the surface. Other computational details together
with a comprehensive description of the method will be
presented elsewhere [22].

The surface core-level shift is thus evaluated by means
of separate impurity calculations for the bulk and for
the surface, yielding two different impurity-solution en-
ergies Q,. ""and Q,.",respectively. The impurity is
a neutral core-ionized atom where an electron has been
removed from a core level [Be(ls), Mg(2p), Sc(2p), and
Lu(4f)]. The surface core-level shift, for surface layer L,
may be obtained as the layer-resolved surface segregation
energy, i,e. ,

@surface;L ~bulk
c imp imp 1

where the layer index I denotes the layer in which the
core-ionized impurity has been located in the surface im-
purity calculation. With the presently used sign con-
vention, a positive shift corresponds to a higher binding
energy for the surface core level than for the bulk core
level.

The results for the most close-packed surface of hcp
beryllium and hypothetical fcc beryllium are given in Fig.
l. A large negative shift in the core-level binding energy
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is found for the surface layer, which is only slightly re-
duced in the second surface layer, and then smoothly
decreasing towards zero but still significant even as far
down into the bulk as the fourth surface layer. This be-
havior is found for both the hcp 0001 and fcc 111surfaces,
which is indeed reasonable since they have a similar pack-
ing but with different stacking. As can also be seen in

Fig. 1 the agreement between the Layer-resolved experi-
mental data and our ab initio results is qualitatively very
good. Thus the present calculations are consistent with
the observed extreme behavior of the core-level energies
in the beryllium surface region and its interpretation as
due to layer-resolved surface energy shifts.

In a detailed comparison between experiment and the-
ory, it has to be remembered that the zero temperature
calculations had to be performed for an unrelaxed sur-
face layer, while experimentally the outmost surface layer
distance is expanded by 5.8% [16]. Clearly the discrep-
ancy seen in Fig. 1 between experiment and our hcp 0001
calculations could be due to this difference. However, it
is most striking that the computed data for the fcc ill
surface give a complete agreement with experiment, This
raises the possibility that at the surface domain beryllium
has reconstructed into an fcc surface; i.e. , the standard
ABAB hcp stacking sequence has turned into an ABC
fcc layer sequence at the surface. It is not clear to us if
this possibility has been considered in the analysis of the
LEED data [16] or not, and we leave this as an open ques-
tion. There might also be another reason for the good
agreement between data and our fcc 111 calculations. In
bulk Be the cia ratio is 1.567, while the expanded surface
layer is more close to the ideal packing ratio 1.63. Thus
the outermost layer distance fits rather well to the cor-
responding distance for the fcc ill surface, which might
explain the agreement in Fig. 1 [23].

To identify the reason for these extraordinary beryl-
lium surface shifts we shall compare with calculated shifts
for the hcp metals magnesium, scandium, and lutetium.
The calculated results for these elements are given in Ta-
ble I together with experimental surface layer shifts for
Mg [6] and Lu [7]. Unfortunately, these data are taken
from polycrystalline samples and cannot therefore be di-
rectly compared to our calculated values. Still the agree-

TABLE I. Calculated surface (S) and subsurface (S-l, S-2,
S-3) core-level shifts for the hcp 0001 surface of Mg, Sc, and
Lu. The experimental (Exp) shifts refer to polycrystaliine
samples.

S S1 S2 S-3

FIG. 1. Comparison between calculated (open symbols)
and experimental [14] (solid squares with error bars) layer-
resolved surface core-level shifts. S denotes the surface layer,
S-1 the first subsurface layer, etc.

Metal

Mg
Sc
Lu

-0.011
-0.007
-0.015

'See Ref. [6].

-0.034
-0.027
-0.054

0.010
0.139
-0.056

0.188
0.261
0.513

See Ref. [7].

Core-level shift (eV)
S-2 S-1 S Exp (S)

0.14

0.7b
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ment appears to be satisfactory. Especially we notice the
change of sign between Be and Mg, which is remarkable
in view of the fact that these two elements belong to the
same column in the periodic table. This very pronounced
difference is well reproduced by our calculations demon-
strating the accuracy of our method. In Fig. 2 we corn-
pare the computed variation of the layer-resolved shiRs
relative to the outermost layer shift. For the simple metal
magnesium the magnitude of the shifts is heavily reduced
in the subsurface layers and even exhibits an oscillatory
behavior as one proceeds into the bulk. A similar rapid
decrease of the shifts is also found for the 5d transition
metal lutetium. For the 3d metal scandium, however, the
core-level shift of the first subsurface layer is only reduced
by 50'K relative to the surface layer value. It is evident
that scandium metal in this respect behaves much more
similar to beryllium than to magnesium and lutetium.

To analyze these results we first consider the nature
of the valence electrons in the different metals. For the
divalent metals beryllium and magnesium the orbitals in-
volved are 2s2p and 383@, respectively, and for trivalent
scandium and lutetium the corresponding quantities are
4s3d and 685d. The screening charge of a core hole will
essentially consist of an electron in a p state (Be and
Mg) or in a d state (Sc and Lu). Since the p orbitals are
more extended than the d orbitals, this suggests surface
core-level shifts for a larger number of surface layers for
the simple metals than for the transition metals. How-
ever, as can be seen from Fig. 2 there is no essential
difference between Mg and Lu in this respect. Instead
there is another circumstance which plays a much more
predominant role for the layer extension of the shifts.

This is the fact that the screening orbitals for Be(2p)
and Sc(3d) are such that there are no p or d states in the
respective core region, against which they would have
to orthogonalize. This makes the 2p (3d) charge extra
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FIG. 2. Comparison between calculated layer-resolved
shifts, normalized to that of the surface layer (S), for the
hcp 0001 surface of Be (open squares), Mg (solid squares), Sc
(circles), and Lu (triangles). S denotes the surface layer, S-l
the erst subsurface layer, etc.

vulnerable to a disturbance in the core region or to a dis-
turbance from the immediate surroundings of the atom
like the presence of a surface. It is for this reason that
beryllium displays large core-level shifts in the surface
region and this is also likely to be the reason for its ab-
normal surface layer expansion. Scandium is similarly
aff'ected (Fig. 2) although here the core-level shifts after
the second layer become very small, due to the relatively
contracted nature of the 3d orbital.

In conclusion, we have from explicit calculations
demonstrated that different classes of metals can show
widely different behavior of the core-level energies in the
surface region. Transition metals show only core-level en-
ergy shifts in at most two surface layers while the simple
metal beryllium behaves differently and shows shifts for
as many as four layers. The reason for this is that the 2p
orbital for beryllium is less rigid than, for example, the
3p orbital for magnesium, since the latter has to be or-
thogonal to the 2p core level imposing a restriction on its
spatial distribution. Therefore changes in the immediate
surroundings of a beryllium atom give larger effects on
the distribution of the 2p charge than for the 3p charge
in magnesium, explaining the vast difference in the sur-
face core-level shift behavior between these two simple
metals.
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