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Valence-Band Hybridization and Core Level Shifts in Random Ag-Pd Alloys
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First-principles calculations of the core-level binding energy shifts (CLS) for 3d inner-core electrons
of Ag and Pd in fcc Ag-Pd alloy were carried out within the complete screening picture, which includes
both initial and final state effects. These alloys show remarkable CLS that have the same sign for
both alloy components, in contradiction to what would be expected from the potential model for core
electron energies. We show that the main contribution to the core-level shift is due to the intra-atomic
charge redistribution, which is related to the hybridization between the valence electron states of the
alloy components. There is also a large contribution to the CLS from the core-hole relaxation energy.
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Binding energies of core electrons show energy shifts
which depend on the chemical environment of the atom.
This is why studies of the difference between the core-
electron binding energies in the elemental metal and, for
example, in a disordered alloy can help to provide a better
understanding of the electronic structure and the bonding
properties of a solid. The core-level energy shifts (CLS)
are relatively easy to measure using x-ray photoelectron
spectroscopy, and they were shown to be related to differ-
ent properties of materials, such as, for example, depend-
ing on the material in question, the cohesive energy [1],
the heat of mixing [2,3], the segregation energy [4], and
charge transfer [5,6].

The CLS measured by electron spectroscopy for chemi-
cal analysis (ESCA) is often called the chemical shift,
and different theoretical models have been suggested for
its calculation and understanding. Within the so-called
potential model [5] the E¢y g is estimated from the shift of
the on-site electrostatic potential for an atom in different
environments, AV:

EcLs = AV — AEg, H

where AER represents the core-hole relaxation energy,
which is a contribution to the shift from the remaining elec-
trons, as they screen the charge imbalance caused by the
core hole. This contribution is sometimes called the final
state effect, in contrast to the first term in Eq. (1), which
contributes to the shift of the core-electron eigenstates, and
therefore measures the so-called initial state CLS. In many
works the initial and final state effects are calculated sepa-
rately. Moreover, the final state effects are often assumed
to be constant, independent of the environment, and there-
fore do not give rise to a shift.

The simplest way to estimate AV in Eq. (1) is to associate
it with the charge transfer on an atom in different environ-
ments in the framework of the ESCA potential model [5,6],

M
AV = q<k — 144 %) )
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PACS numbers: 71.15.—m, 73.30.+y, 82.30.Fi

where g denotes the net charge on an atom, k is a constant
equal to the Coulomb repulsion integral between the core
and the valence electrons, and @™ and R denote the Made-
lung constant and the nearest-neighbor distance, respec-
tively. In Ref. [5] such an estimate was successfully used
for molecules, and recently Cole et al. [6] used Eq. (2) for
the interpretation of the CLS in face-centered-cubic (fcc)
Cu-Pd alloy. However, this interpretation was questioned
by Faulkner et al. [7] who carried out first-principles cal-
culations based on density functional theory [8] for Cu-Pd,
Ag-Pd, and Cu-Zn alloys at selected concentrations, and
did not find any correlation between the CLS and the
ESCA potentials. This result seems to be in agreement
with conclusions drawn by Methfessel et al. from their
calculations of CLS for MgAu alloy [9], who also did not
find any connection between the calculated CLS and the
charge transfer in this system. Also in the earlier study by
Weinert and Watson [10] four factors (a core-hole relaxa-
tion, changes in the Fermi energy, an intra-atomic charge
transfer, and a redistribution of charge due to bonding and
hybridization) were suggested to determine the CLS in
solids, in addition to the interatomic charge transfer.

In a subsequent discussion about this matter [11,12] sev-
eral points regarding first-principles calculations of CLS
were stressed. In particular, it was emphasized that in most
applications the final state effects were neglected, and the
effect of local lattice relaxations was not taken into account
in Ref. [7]. Therefore there is a question whether the ob-
served failure of the ESCA potential model [Egs. (1) and
(2)] to reproduce the calculated CLS in metallic alloys [7]
is an artifact of the approximations employed in that work,
or if it has a fundamental physical origin.

In this Letter we present the results of our work on CLS
in random Ag-Pd alloy which clarify the origin of CLS
in metallic alloys. We choose this system rather than the
Cu-Pd alloys studied in Refs. [6,7], because the lattice pa-
rameters of Ag and Pd are much closer to each other, com-
pared to the case with Cu and Pd. Therefore, the effect of
local lattice relaxations is eliminated from the discussion.
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We calculate the core-level shifts within the complete
screening picture [1], where the basic assumption is that
for metals the symmetric part of the measured line profile
for the core level corresponds to a state, in which the
conduction electrons have attained a fully relaxed configu-
ration in the presence of the core hole, and where therefore
the initial and final state effects are fully included, and
are treated within the same scheme, not as two separate
contributions. We show that there are two factors which
strongly influence the binding energy of core electrons.
First, there is a large contribution to the CLS from the
core-hole relaxation energy, AEg, in Eq. (1). Second, we
show that the first term in Eq. (1) depends strongly on
the hybridization between the valence electron states of
the alloy components that may occur in metallic alloys,
and that this effect can not be accounted for by means of
simple charge transfer arguments.

The complete screening picture was originally used to
calculate the core-level shift between a free atom and an
atom in a metal [1]. This approach was also success-
fully applied in studies of surface CLS [13]. Calculations
that use this approach are time consuming, but because fi-
nal state effects are often important this is the appropriate
treatment of core-level energy shifts. An essential quantity
that needs to be calculated within the complete screening
approach is the generalized thermodynamic chemical po-
tential of the core-ionized atoms

_ aEtot
dc  le—o ’

M (3)
Here E.y is the energy of a system where a core electron
on the ionized atom is promoted to the valence band, the
remaining electrons relax as they screen the core hole,
and c is the concentration of such core-ionized atoms.
The core-level shift will then be given by the difference
between the chemical potentials of ionized atoms in the
pure metal and in the alloy:

EcLs = Mpure — Malloy - 4)

Note that for the analysis the initial and final state effects
may be separated. Calculating the core level shift E¢yg
according to the initial state model from the core-electron
eigenvalues Eyne, we take the difference between them
in the pure metal and in the alloy, relative to the Fermi
energy, Ep,

Eips = (ERM — EP'™) — (BN — EF'). (5)

Note that E¢yg corresponds to the first term in Eq. (1).
Therefore, the core-hole relaxation energy AEg can be
estimated as the difference Ecrs — E¢Ls .

The core-electron energy eigenvalues and the total ener-
gies for disordered alloys were calculated using the coher-
ent potential approximation (CPA) [14,15] and the basis
set of 5, p, and d linear muffin-tin orbitals [16] within the
atomic sphere approximation and the local density approxi-
mation [17] for the one-electron potential. We have calcu-

176403-2

lated the core-level energy shift for 3ds/, electrons of Ag
and Pd in fcc Ag-Pd alloy over the complete concentration
interval using theoretical equilibrium lattice parameters re-
ported in Ref. [15]. In that paper it was also shown that
our present method provides reliable electronic structure
and total energies for Ag-Pd alloys. Note also that there
are experimental data available for the chemical shift for
the fcc Ag-Pd alloy over the whole concentration interval
0<x<1]I[3]

In order to investigate the accuracy of CLS obtained
by the CPA method we first calculated the shift for the
AgsoPdsp alloy modeled by a supercell with up to 256
atoms using the order-N locally self-consistent Green’s
function (LSGF) method [18]. Comparing these supercell
CLS calculated within the complete screening picture, as
well as the initial state CLS, with results obtained by means
of CPA calculations, we find a negligible energy difference
of the order of 0.05 eV (see Table I). Our initial state CLS
for Ag in AgsoPdsp alloy also agrees well with the value
calculated in Ref. [7]. The agreement is worse for the Pd
CLS which could be due to the relatively large sensitivity
of the initial state CLS to the details of the calculations
(lattice parameter, core radius, etc.).

In Fig. 1 the calculated CLS are shown together with
the experimental results [3]. The CLS calculated within
the initial state model are also presented. From Fig. 1, one
can see that for both Ag and Pd the core level shifts
obtained within the complete screening treatment are in
excellent agreement with the experimental data over the
complete concentration interval. For Pd the difference be-
tween the initial state model and the complete screening
picture is very large: the initial state shift even has the
wrong sign compared to experiment. For Ag relaxation
effects are less pronounced, but their influence increases
with increasing Pd concentration. Remarkably, the initial
state CLS are relatively large, and have the same sign for
all concentrations. Note that the calculated average net
charges (¢) on Ag and Pd are negligibly small (Table I). If
one assumes g = (g) in Eq. (2) [6], then AV = 0. Thus,
there must be another reason for the observed behavior of
CLS in fcc Ag-Pd alloy, rather than the intersite charge
transfer.

TABLE I. The 3ds/; Ag and Pd core-level shifts, CLS (in eV),
and net charges, Ag (in electrons), in fcc AgsoPdsg alloy calcu-
lated by the LSGF and the CPA methods within the complete
screening picture (CLS®) and the initial state model (CLS™).
Results obtained in Ref. [7] are also given for comparison.

LSGF CPA Ref. [7]

CLS*™ Ag —0.469 —0.509
CLS"” Ag —0.518 —0.513 —0.48

CLS* Pd —0.065 —0.081
CLS* Pd —0.404 —0.403 —0.10
Aghe 0.036 0.036 0.05
AgH —0.036 —0.036 —0.05
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FIG. 1. The core-level binding energy shift as a function of
Pd concentration in random fcc Ag-Pd alloys. The experimental
chemical shifts (filled circles, Ref. [3]) are compared with the
calculated core-level shift obtained within the complete screen-
ing picture (filled squares, dashed line), and from the initial state
model (open squares, dot-dashed line). Also displayed are the
shifts of the d-band centers (open triangles, dotted line). The
3ds;, core-level shifts for Pd and Ag are shown in panels (a)
and (b), respectively.

In Fig. 2 the average density of states (DOS) for Ag
(Fig. 2a) and Pd (Fig. 2b) atoms in Ag-Pd alloy with dif-
ferent concentrations are displayed. One can see remark-
able modifications of the DOS for these atoms in the alloy
as compared to the pure elements. The system clearly
shows non-rigid-band behavior, and thus one may expect
substantial changes of the valence electron density and the
one-electron potential on the Ag and Pd sites when they
are alloyed. Thus, a shift of the on-site potential AV may
be induced by the intrasite charge redistribution, without
substantial intersite charge transfer. One can monitor this
shift by looking at the shift of the centers C of the Ag
and Pd d bands, shown in Fig. 2 by dotted lines. It is also
well known that AC = (CP¥re — ER'™) — (Calloy — E;Hoy)
gives a very good estimate of the initial state CLS E¢y g,
and in Fig. 1 this is illustrated explicitly. In short, the shift
of the one-electron eigenstates, the shift of the on-site po-
tential AV, and the shift of the d-band center AC must
have the same origin, and we identify this origin as the
hybridization effects that take place in Ag-Pd alloys.
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FIG. 2. The average local density of states of (a) Ag and (b) Pd
in fcc Ag-Pd alloys with different concentrations as a function
of energy (relative to the Fermi energy Er). The centers of the
d bands are shown by dotted lines.

As one can see from Fig. 2, pure fcc Pd has a wide
d-band that is just partly filled, and therefore is located at
the Fermi energy. However, the d band of Ag is completely
filled, has a smaller width, and is removed from the Fermi
level. Let us first consider alloys with low Pd concentra-
tions. The Pd impurity in this case is surrounded mostly
by Ag, leaving only a few electronic states that a Pd elec-
tron could jump to (the Ag DOS is very low around Ef).
Thus, these electrons become virtually localized on the Pd
sites, and this can be seen by the presence of the Pd virtual
bound state close to E in the AggyPd; alloy. Because of
the substantial band narrowing, the center of the Pd d band
shifts towards higher energy. Note that a similar effect
takes place at surfaces for metals with more than half-filled
bands. On-site potential which leads to this shift must
be nonzero, and this leads to a shift of the one-electron
eigenstates towards higher energies, or to negative initial
state CLS on Pd atoms.

If one now looks at the Ag DOS, one notices (Fig. 2a)
that the d-band width increases with decreasing Ag con-
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centration. This is so because Ag in a dilute Pd-based
alloy is surrounded mostly by Pd. Pd electrons with high
energies (in the neighborhood of Er) induce some new
states on Ag due to hybridization effects. As a result of
the widening of the Ag d band, its center also shifts to-
wards higher energies, as is clearly seen in Fig. 2a. Note
that both the Pd and Ag d bands shift in the same direc-
tion. This explains the fact that their initial state CLS have
the same sign.

The discussion above establishes a relationship between
the hybridization effects in the valence band and the shifts
of the core one-electron eigenstates, or the initial state
CLS. However, as was discussed earlier, the CLS calcu-
lated within the complete screening picture is much closer
to experiment than those obtained by the model of initial
state, especially for the Pd atoms. By examining the trend
of the density of states in Fig. 2, one recognizes that for
the final state effects the DOS at the Fermi level plays an
important role. As was pointed out in Refs. [1,9,19], the
orbital character of the screening charge plays an important
role in the efficiency of the screening, and it determines the
magnitude of the final state effects. Thus, one can expect a
smaller effect due to the core-hole relaxation if the screen-
ing charge is of the same character in the metal and in the
alloy, and vice versa if the screening in the pure metal and
in the alloy originates from electrons with different orbital
quantum numbers.

For pure Pd the DOS just above EF is mainly determined
by d electrons, while for a Pd impurity in a Ag host a vir-
tual bound state is formed, and the amount of d electrons
at the Fermi energy decreases. The screening charge in the
alloy has more sp character, and the final state effects are
very large. Note that the final state contribution is almost
constant in the concentration interval 0 < cpg < 50%, and
then substantially decreases. At about 50% of Pd, the
electron topological transition takes place, and the d band
crosses the Fermi level around point X of the fcc Brillouin
zone [20]. For alloys with higher Pd concentrations the
screening becomes closer to that of pure Pd metal, and the
contribution of the final state effects to the CLS decreases.

The opposite situation holds for the Ag atoms. In pure
Ag the d band is well below the Fermi energy, and the
screening charge is of sp character. When Ag is alloyed
with Pd, the situation does not change substantially, the
DOS above the Fermi energy is of sp character, and the
core-hole relaxation contribution is small. With increasing
Pd concentration, some d states close to the Fermi energy
are induced on Ag sites, and in dilute Pd-based alloys the
contribution due to final state effects increases, as can be
clearly seen from Fig. 1(b).

In conclusion we have carried out first-principles cal-
culations of the core-level binding energy shift for 3ds,,
electrons of Ag and Pd in fcc Ag-Pd alloy over the whole
interval of concentrations within the complete screening
picture. We show that the behavior of the initial state shift
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can be understood in terms of hybridization between va-
lence electron states of Ag and Pd that induces a shift of
the on-site electrostatic potential without intrasite charge
transfer. The final state effects give a large contribution
to the CLS, which is especially pronounced for Pd atoms.
This effect is related to the character of the valence elec-
trons that participate in the screening of a core hole.
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