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a b s t r a c t
Changes of the inter-atomic distances, described as lattice strain, make important, initial state, contributions to the shifts of core-level binding energies, DBE’s, of supported nano-particles as the size of the particles changes. In the present paper, we consider how the BE shifts due to lattice strain vary for the 3d, 4d,
and 5d noble metals, Cu, Ag, and Au. We identify and discuss two important but cancelling mechanisms
that contribute to the total BE shifts. We predict and explain why the DBE will be larger for 3d series metals than for those of the 4d and 5d series.
Ó 2011 Elsevier B.V. All rights reserved.

X-ray photoemission spectroscopy, XPS, is a powerful way to
obtain information about the electronic structure of a wide range
of materials [1,2]. However, XPS data is most useful when there
is a ﬁrm basis for relating the XPS binding energies, BE’s, and BE
shifts, DBE’s, to the physical and chemical aspects of the atomistic
interactions within the material. Ab initio theoretical studies of
suitable model systems provide a way to deﬁnitively establish
the relationship of speciﬁc features of the bonding and environment of the core ionized atom to the DBE [3]. These studies are
especially important when there is more than one important contribution to the DBE and, in particular, when the contributions are
cancelling. Indeed, this cancellation arises for the example of BE
shifts with particle size that we consider in the present paper.
For the analysis of BE shifts, there is broad agreement that the contributions to the DBE are divided into initial state effects that reﬂect the potential at the ionized atom due to the electronic
charge density and ﬁnal state effects that are due to the screening
of the core hole by the relaxation of the ‘‘passive’’ electrons [3,4].
This distinction is quite important since the initial state effects
can be directly related to the physics and chemistry of the electronic structure of the system. On the other hand, the screening
that is responsible for the ﬁnal state contributions to the BE and
DBE describes the electronic structure of the core–hole state and
this very excited state is not especially relevant for the ground
state chemistry. Thus, it is important to be able to separate these
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two types of contributions; however, there is not general agreement as to the importance of these two effects in various situations; see, for example Refs. [3–6]. It is possible, in principle, to
separate these two classes of contributions to the DBE by using
an Auger parameter that combines experimental XPS and Auger
data [7,8] but this may lead to conﬂicting results depending on
the particular Auger transition used and on the deﬁnition of the
Auger parameter [9]. Unfortunately, especially for metal atoms,
XPS for suitable core–holes may not be available with laboratory
XPS [9], which limits the applicability of Auger parameter analyses
to separate initial and ﬁnal state effects. On the other hand, Hartree–Fock, HF, wavefunction theory, WFT, does provide an unambiguous theoretical basis for separating initial and ﬁnal
contributions to BE and DBE [3,10].
In the present paper, we shall use WFT to study an important
aspect of the origin of the BE shifts to lower BE of the core-levels
of metal nanoparticles supported on ‘‘inert’’ supports as the size
of the particles increases. The origin of the 1 eV shift in the BE’s
as the particle size increases toward bulk [4] has been a subject
of controversy for several decades. A proposal by Wertheim and
collaborators, see, for example, Ref. [11], ascribed these BE shifts
to ﬁnal state effects and related the magnitude of the shift to the
size, or radius, of the particle. However, other early proposals identiﬁed important initial state contributions to the BE shifts [12,13].
Recently, a combined experimental and theoretical study [14]
showed that the contribution of initial and ﬁnal state effects to
the BE shifts are of comparable magnitude. The dominant origin
of the initial state effect was identiﬁed as being the signiﬁcant

Author's personal copy

23

P.S. Bagus et al. / Computational and Theoretical Chemistry 987 (2012) 22–24

reduction in the metal–metal distances in small particles from
those in the bulk. This is described as a lattice strain. Furthermore,
the increase in the core-level BE’s was ascribed to an increased
involvement of the highest d shell electrons in the chemical bonding when the bond distance is reduced; i.e., to an increased dhybridization. In the present work, we extend and improve our
analysis of the initial state effects due to lattice strain [9,14] and
we show that there are two cancelling effects from environmental
charge density and from d hybridization. We compare these contributions for Cu, Ag, and Au, taken as representative of atoms from
the 3d, 4d, and 5d series. We ﬁnd that lattice strain in Cu leads
to the largest DBE, while the DBE for Ag and Au are similar and
about 2/3 of the DBE for Cu. A major reason for the different magnitudes of the DBE arises from the different sizes of the 3d, 4d, and
5d orbitals.
The theoretical model that we use to study lattice strain is a
cluster of 13 atoms, a central atom and its 12 nearest neighbors
in the fcc geometry of the bulk materials; see Fig. 1. The lattice
strain is modeled by a breathing motion of the edge atoms in steps
of 0.05 Å about the bulk distances; these steps are 2% of the lattice constant. The central atom is an all electron atom but only the
outermost 19 electrons of the 12 edge atoms are treated explicitly
and the remaining core electrons are treated with a relativistic
effective core potential, ECP; i.e., a pseudo potential [15]. The treatment of the central atom is non-relativistic but since our concern is
for the qualitative behavior of the BE shifts, this will not be changed by relativistic effects. To test the independence of the BE shifts
on whether we use a relativistic or a non-relativistic treatment, we
have compared the core-level BE for different conﬁgurations of the
ns and (n  1)d levels for the Ag and Au atoms. We ﬁnd approximately the same shifts of the core-level BE’s between the different
(n  1)d and ns distributions whether we use relativistic or nonrelativistic wavefunctions, WF’s, for the atoms. For the X13 clusters
with X = Cu, Ag, and Au, we obtain Hartree–Fock WF’s; our extensive experience shows that HF WF’s give excellent descriptions of
the DBE [3]. The outermost d shell electrons are explicitly included
in the WF’s and, hence, their involvement in the chemical bonding
and the DBE is fully taken into account. The BE’s are computed taking into account only initial state effects using Koopmans’ theorem
[3], denoted BE(KT), and including ﬁnal state effects by taking the
difference of the variational HF energies for the ground and the
core–hole states [3], denoted BE(DSCF). The difference between

BE(DSCF) and BE(KT) provides a direct measure of the energetic
importance of the ﬁnal state effects. There are large ﬁnal state
relaxation contributions to the BE; however, our concern is for
the DBE and, as we shall see, the differences between DBE(KT)
and DBE(DSCF) due to lattice strain are quite small. In order to
determine the relative importance of different contributions to
DBE(KT), we use constrained variations [16] to selectively vary a
subset of the full number of electrons. For the nsp-Only WF, the
13 electrons in the conduction band are varied but all the core electrons are ﬁxed to be as in the isolated atom. For the (n  1)d-Added
WF’s, the 10 (n  1)d electrons on each atom are now varied as
well as the nsp conduction band electrons. Even though the core
electrons are frozen, the KT BE’s are modiﬁed by the potential
due to the charge distribution of the electrons that are varied.
The nsp-Only BE’s include the environmental potential due to the
conduction band electrons but they cannot include the (n  1)d
electron hybridization or other participation in the bonding since
these electrons are frozen at their atomic character. However, the
d electron’s participation in the chemistry is allowed with the KT
BE’s for the (n  1)d-Added WF’s. Since the remaining electrons
are not involved in the chemistry, the values of the full DBE(KT)
and the DBE for the (n  1)d-Added WF are nearly the same as
we show below. The non-relativistic orbitals were expanded in
terms of contracted Gaussian type basis sets developed from basis
sets available in the literature. The basis set for Cu was modiﬁed
from those used in prior work on Cu particles [17], the basis set
for Ag was taken, with minimal modiﬁcation, from Ref. [18] and
the basis set for Au was taken, with extensive modiﬁcation from
Ref. [19]. The basis sets for the 12 edge atoms of the X13 clusters,
where the core electrons were described with an ECP were taken
from Ref. [15]. The Gaussian basis sets for the relativistic calculation on the Ag and Au atoms were not contracted; the Au basis
set is the TZ basis from Ref. [20] and the Ag basis is adapted from
the non-relativistic basis set of Ref. [18]. The non-relativistic and
relativistic WF’s were calculated with the CLIPS [21] and DIRAC
[22] program systems, respectively.
Although we have calculated the DBE(KT) and the constrained
DBE(KT) for several core levels, we present results only for the representative Cu(2s), Ag(3s), and Au(4s) levels; these values are chosen to avoid the complication of spin–orbit splitting. In addition,
the DBE’s for the other core levels are quite similar to these representative values. In Table 1, detailed information is given for the
Cu(2s) DBE for several values of the metal nearest neighbor distances, r(NN), about the bulk value of 2.54 Å with DBE = 0 at
r = 2.54 Å. These distances range between a 2% increase and a 6%
reduction of r(NN). The 6% maximum reduction is similar to the
5–7% reductions observed for small supported particles [23,24].
The DBE(DSCF), DBE(KT) and the contributions to DBE(KT) for
the 4sp-Only and the 3d-Added constrained WF’s are given. The
sum of the 4sp-Only and the 3d-Added contributions to DBE equal
the full DBE(KT) showing that these are the dominant contributions to the DBE. The small differences between the DBE(DSCF)
and DBE(KT) indicate that, for a constant size particle, the ﬁnal
state relaxation energy is similar for all values of r(NN); thus the

Table 1
The DBE, in eV, due to lattice strain for the Cu 2s level for different nearest neighbor
distances, r(NN), of the Cu13 cluster. Individual contributions to DBE(KT), 4sp-Only
and 3d-Added, are also given.

Fig. 1. The 13 atom model used to study lattice strain for Cu, Ag, and Au particles.
The shaded central atom is the atom that is core ionized.

r(NN)-Å
DBE(DSCF)
DBE(KT)
4sp-only
3d-added

0.16
2.38
0.67
0.74
0.67
+1.41

0.11
2.43
0.41
0.47
0.44
+0.91

0.05
2.49
0.19
0.22
0.22
+0.44

Bulk
2.54
0
0
0
0

+0.05
2.59
0.16
0.20
+0.22
0.42
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DBE due to lattice strain do represent an initial state effect and we
conﬁne our attention to analysis of the DBE(KT). The full DBE and
the individual contributions are nearly linear in r(NN). The environmental charge, 4sp-Only, contribution to DBE leads to a lower
BE as r is reduced. This is to be expected since a smaller r leads
to a larger charge density about the core-ionized atom and this
lowers the BE. On the other hand, the greater d hybridization and
participation in the chemical bonding for reduced r leads to an increase in the BE’s. This follows from the fact that the 3d charge is
much more compact than the conduction band charge and hybridization leads to a smaller repulsive potential for the core level ions,
hence a larger BE. The electrostatic origin of these contributions is
discussed in detail for condensed and molecular systems in Ref. [3].
The hybridization of the 3d orbital, which contributes to the chemical bonding between the Cu atoms, leads to changes in the DBE
that are, for all the nearest neighbor distances we studied, about
twice as large as the changes in DBE due to the environmental
charge density. Thus, the 3d hybridization dominates and the net
DBE arising from the reduction of the r(NN) in small particles is
to a larger BE, BE > 0. In Table 2, the initial state DBE for a bond
length shortening of 0.16 Å are compared for Cu, Ag, and Au. These
DBE due to lattice strain are comparable for Ag and Au but about
2/3 as large as for Cu. An important reason for the smaller DBE
for Ag and Au comes from the smaller contribution to DBE from
the (n  1)d hybridization. This can easily be understood when
we consider the relative sizes of the (n  1)d orbitals. The measure
of size that we use is <r>, and these are shown in Table 2 for the
atomic (n  1)d orbitals. Since the electrostatic potential at the
core is <1/r>, the DBE due to reducing the number of d electrons
is rigorously / <1/r> but we prefer to use <r> since this is a more
familiar quantity. This is not a serious approximation since <1/r>
is close to 1/<r> [25]. Of course, the degree of hybridization and
the size of the orbital into which the d electrons are promoted also
inﬂuence DBE; furthermore, the contribution of the conduction
band charge density to the lattice strain DBE also changes for the
different metals. However, as we see from Table 2, the changes
in <r> are a useful, albeit rough, guide to the relative hybridization
contributions to DBE. Our analysis shows that the initial state contribution to DBE arising from lattice strain will be largest for the 3d
series transition metals because the 3d orbitals in this series are
smaller than for the 4d and 5d series.
The relationship between the size of the (n  1)d orbitals and
the magnitude of the initial state contributions to the DBE of supported nanoparticles has been unambiguously established through
our theoretical methods of analysis of the effects of lattice strain on
the core-level BE shifts. The clear indication is that initial state contributions to the BE shifts will be largest for 3d series transition
metals than for the higher series. It would be very useful if our prediction could be veriﬁed. In principle, the contribution of initial and
ﬁnal state effects to BE shifts can be determined with an Auger
parameter analysis as developed by Wagner and Joshi [8] and extended by others, in particular by Hohlneicher et al. [7]. However,
in order to have a reliable separation of initial and ﬁnal state effects, it is necessary to choose an appropriate Auger line for the
analysis [7,9]. While this has been done for metal particles in the
3d series [14], it has not, to our knowledge, been done for particles
in the 4d and 5d series. While the accurate numerical calculation of
materials properties is a valuable goal of simulations, we have ta-

Table 2
The DBE due to lattice strain for the Cu 2s, Ag 3s and Au 4s levels for an 0.16 Å, or
6%, reduction of r(NN); the sizes of the d orbitals,<r>, are given. See caption to
Table I and text.

DBE (initial)
nsp-only
(n  1)d-added
<r>(n1)d-Å

Cu-DBE(2s)

Ag-DBE(3s)

Au-DBE(4s)

0.74
0.67
+1.41
0.52

0.52
0.31
+0.82
0.72

0.50
0.55
+1.00
0.82

ken a different approach of using theory and simulation to identify
and measure the importance of different chemical mechanisms on
materials properties. This approach, which has allowed us to separate, analyze, and quantify the different contributions to BE shifts
induced by lattice strain, is a powerful kind of contribution that
theory can make for the understanding of materials chemistry.
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