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Understanding surface core-level shifts using the Auger parameter: A study
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Auger parameter (A«) measurements have been employed to determine the extent to which initial- and
final-state effects govern surface core-level shifts in x-ray photoelectron spectroscopy (XPS) measurements of Pd
atoms confined between a bilayer SiO, film and its Ru(0001) support. For atoms bound in this manner, we note
negative binding energy shifts (ABEs) of ~0.3 eV, relative to the Pd 3d peak position in the bulk, and attribute
these shifts to large variations in the initial-state orbital energies of the supported atoms (~1.1 eV towards
Er), coupled with decreased final-state relaxation contributions (~0.8 eV). Theoretical calculations reveal that,
despite small partial positive charges and decreased final-state screening, the decreased 4d-5sp hybridization of
the undercoordinated Pd atoms results in large enough upward 3d orbital-energy shifts to yield the net-negative

ABE noted by XPS.
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I. INTRODUCTION

Thirty-five years ago, initial x-ray photoelectron spec-
troscopy (XPS) studies of surface core-level shifts (SCSs)
provided the first unambiguous empirical differentiation of
electron binding energies (BEs) associated with photoemission
from surface versus bulk atoms in Au and W samples
[1,2]. Since that time, much work has gone into developing
a fundamental understanding of the physical phenomena
governing such effects [3-5], and while most agree that
narrowing of the d band due to decreasing atomic coordination
plays a crucial role in determining the SCS for metals, there
has been considerable debate regarding the extent to which
the ABEs reflect the resultant changes to either the initial-
or final-state configurations of the photoemission processes
[4,6], and disentanglement of these contributions becomes
even more difficult when evaluating XPS shifts associated
with supported metals, as a number of effects, such as charge
transfer, lattice contraction [7], electrostatic charging [8],
size-dependent final-state screening [9], and variation of the
reference level, relative to bulk [4], also become important
factors.

To address this issue empirically, Wagner established the
Auger parameter («) [10], which consists of the difference
between the kinetic energies (KEs) of XPS and Auger peaks
from the same atom in a given material [11]. Due to the inverse
relationship between BE and KE, and the arbitrary nature of the
absolute value of «, which is dependent on the photon energy
of the excitation source, one can just as easily describe this
number as the sum of the XPS BE and the Auger transition
KE; a fact that has been pointed out by Wagner and Taylor
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and employed by others [12,13]. Using only simple math and
a few approximations, the change noted in this value (Aw)
when comparing the same spectra for a given atom in different
environments has been shown to relate to changes exclusively
in the final state of core-level photoemission processes via the
following equation:

Aa = A(BEXPS + KEAuger) = ZARa (1)

where R is defined as the relaxation contribution to the final

state of a core-level BE. In the most simplistic view, the

derivation of Eq. (1) presumes the following relationships:
AER(i) = —Ag; — AR, ()

AExin(jkk) = —Ae; — AR; +2Ag; + AR, (3)

ARy = 4ARy, 4)
Ag; = Agj = Agy, )]
AR; = AR; = ARy, (6)

where ¢; is the ground-state orbital energy of an electron in the
ith level prior to photoemission, R; represents the total energy
associated with full relaxation of a final state with an electron
hole in the ith level, Ez(i) is the BE of an electron in the ith
orbital, and Ex;,(jkk) is the KE of an Auger electron ejected
from the kth orbital upon relaxation of a secondary k electron
into a previously created core hole in the jth level. As can be
seen from the definition of A Eg(i), we have opted to follow
the convention of assigning negative values to orbital energies,
such that negative changes to Ag; result in positive BE shifts
and vice versa. By the same token, we note that decreases
in the amount of final-state relaxation (negative AR;) also
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result in larger BEs (smaller KEs), as would be expected from
basic-level understandings of photoemission processes.

A central assumption of this general approach is that
ABE (—Ag, — AR,) will be equal for all electrons, regardless
of orbital. This, however, is empirically false [14], especially
when comparing changes in valence and deeper core levels
[15], which many continue to do by incorporating easily
accessed core-valence-valence Auger measurements into their
A« experiments. To circumvent this problem associated with
the original definition put forth by Wagner, a modified Auger
parameter () was created [13] in which the following (more
specific) relationship was proposed:

AB = A[2Ep(i) — Ep(j) + Exin(jii)] = 2AR;.  (7)

In this case B represents a combination of three experi-
mentally measured values that are chosen in a way that no
longer requires the assumptions made in Egs. (5) and (6). When
measurement of the full AB is not experimentally practical,
the following modified version of the term can also be used:

AB = AEg(i) + AExu(jii) = 2AR;. 8)

This modified AS is essentially a very specific form of
the original Ac, where the Auger measurement is limited to
core-core-core lines with final states consisting of two holes
in the same orbital probed by the XPS measurement. By
constraining the nature of the Auger line that may be used
in the modified A analysis, the impact of the assumptions
made in Egs. (5) and (6) is greatly reduced relative to its
potential to affect the more generic Ae measurements. As a
result, both theoretical and experimental investigations into
the validity of the modified term have shown it to provide
an accurate separation of initial- and final-state shifts, with
results comparable to those obtained from unmodified AfS
measurements [13,15]. For the reasons already specified, the
same cannot be said for poorly chosen A« combinations
following Wagner’s less-constrained original formalism [15].

In the interest of better understanding the driving forces
governing SCSs, we have compared the results from sucha A
analysis with those from theoretical calculations for a model
system prepared in a manner that results in the segregated
binding of isolated metal atoms at the interface of a dissimilar
metal; thereby creating samples with large concentrations of
inherent surface species, without complicating contributions
from nonsurface moieties, which are typically present in bulk
metals and supported clusters. To achieve this, we have made
use of a Pd/SiO,/Ru system, for which scanning-tunneling
microscopy (STM) and density functional theory (DFT) results
suggest a preference for the adsorption of atomically isolated
Pd atoms at the interface between the oxide film and its metallic
support. By studying the electronic properties of such samples,
we hope to (i) improve upon the current understanding of
the fundamental effects governing SCSs by utilizing modified
A B measurements to experimentally deconvolute initial- and
final-state contributions to the net changes in measured Pd
3d ABEs, and (ii) make use of comparison with theoretical
calculations to corroborate and extend upon our AfS-based
conclusions.
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II. EXPERIMENTAL METHODS

Experiments for this work were conducted within two
ultrahigh vacuum (UHV) chambers. In both cases, bilayer
Si0, films were grown over Ru(0001) single-crystal surfaces,
which were first cleaned via several Ar' sputtering and UHV
annealing cycles. The film, which has been the subject of a
number of previous studies [16-18], can be described as a
honeycomblike sheet physisorbed over O-covered Ru and was
grown by evaporating ~1.6 x 10> atoms/cm” Si onto the
samples within an oxygen environment (~1.5 x 10~ Torr O5)
at T < 300 K, heating to T ~ 1200 K within ~2 x 1076 Torr
O,, and then cooling the sample before evacuating the O,. As
discussed elsewhere [16,19], both cooling rate and Si coverage
can play a role in determining the crystallinity of the film,
and the samples created for this work always exhibited a
combination of coexisting two-dimensionally amorphous and
crystalline phases.

In the first setup, which was used to obtain STM data,
films were first examined with low energy electron diffraction
(LEED) and Auger electron spectroscopy (AES, combined
four-grid optics from Specs) before introduction into the
custom-built, dual-mode STM and noncontact atomic force
microscopy (nc-AFM) chamber to ensure film quality and
cleanliness before imaging the samples. Within the micro-
scope, small amounts of Pd were deposited onto the sample at
~5 K using a custom-built microevaporator positioned near the
sample [20]. The resultant Pd coverages were then estimated
from the frequency of the Pd features within several images of
varying dimensions across the sample.

In the second setup, which was used for the modified
ApB measurements, film growth was characterized by a
combination of LEED (Specs), XPS (Al K, Specs), and
low-energy helium ion scattering spectroscopy (ISS; dual-
mode hemispherical analyzer, Specs) in a manner similar to
that described elsewhere [16]. After film growth, controlled
amounts of Pd were evaporated onto the SiO,/Ru(0001) at
T =~ 150 K, and the sample was subsequently kept below
this temperature for the full duration of the ensuing XPS and
Auger electron measurements. The absolute Pd concentration
was calibrated using comparisons to 3d XPS data recorded
from Pd(111), for which NIST effective attenuation length
calculations were applied to account for the depth-dependent
loss of the photoemission signal [21]. Concentrations obtained
in this manner show good agreement (£10%) with values
predicted from quartz microbalance measurements made prior
to deposition.

As the energy needed to excite the L3 Mys M5 Pd transition
(hv > 3200 eV) [22] exceeds that of our light source (Al
K = 1486.6 eV), we relied on the inherent Bremsstrahlung
radiation to probe the Auger peak. As the functional range of
our hemispherical analyzer extends up to 3 kV, measurement
of the Auger transition (e~ KE ~ 2470 eV) was relatively
straightforward, but interpretation of the results was somewhat
complicated by the presence of weak Auger features related to
the Ru(0001) support that appear in the same energy range. To
remove these background contributions, the Auger data pre-
sented below represents a subtraction of the signal measured
from the uncovered SiO,/Ru sample from the Pd/SiO,/Ru one.
To ensure the proper function of the hemispherical analyzer
under these atypical conditions, analogous data was also
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collected with the sample sufficiently biased to shift the e~
KE of this peak (relative to ground) into the range of energies
normally probed during XPS, and the results of this experiment
confirmed the findings from the unbiased sample. Finally,
reference measurements of both the 3d and L3 My5M,s lines
were also recorded from a freshly cleaned Pd(111) sample to
facilitate the chemical-state discussions that follow below.

III. COMPUTATIONAL METHODS

A. DFT supercell calculations

Density functional theory calculations were carried out with
a periodic approach and plane wave basis set, as implemented
in the VASP code [23,24]. We explicitly treated four valence
electrons for Si (35s23p?), six for O (25s?2p*), eight for Ru
(4d’5s"), and ten for Pd (4d'°). Core electrons were described
with the projector augmented wave (PAW) method [25], and
the plane wave cutoff was set to 400 eV. The gradient-corrected
PBE [26] functional has been employed, and we have included
an estimate of the van der Waals interactions, with the pairwise
force field implemented in the DFT-D2 method proposed by
Grimme [27].

The SiO, film has been modeled by considering the
hexagonal bilayer adsorbed on the oxygen covered Ru(0001)
surface [30-(2 x 2)/Ru(0001) structure]. The metal surface
was modeled by a five-layer thick slab at the optimized bulk
Ru lattice parameters. The slabs were separated by 12 A of
vacuum and a dipole correction has been added in order to
eliminate the interaction between repeated replicas. For the
adsorption of isolated metal atoms, a (2 x 2) SiO, supercell
was employed, with a (3 x 3 x 1) Monkhorst-Pack grid. The
positions of Pd adatom, SiO,, and the two Ru upper layers
were relaxed until the forces were smaller than 0.01 eV/A3.
Atomic charges have been obtained within the scheme of
charge density decomposition proposed by Bader [28].

The core-level binding energies have been computed in
both initial-state approximation and final-state effects. In
initial-state calculations, after a full self-consistency with
frozen core electrons is achieved, the Kohn-Sham equations
are solved for core electrons inside the PAW sphere, and the
core-level shift (CLS) is computed as the difference of the
resulting Kohn-Sham eigenvalues (referred to the Fermi level).
In final state calculations, excitation of a single core electron
is accounted for by the corresponding core-excited ionic PAW
potential. Due to the frozen core, this method accounts for
screening by valence electrons but neglects screening by core
electrons, which is justified by the fact that the latter term is
practically constant. Within this approach, core-level binding
energy shifts can be computed as total energy differences [29].
For these calculations we have constructed a model where
five Pd(111) layers have been added below the SiO,/30-(2 x
2)/Ru(0001-3 ML) film, so that the isolated adatom and the
fully coordinated (bulk) reference Pd atoms are in the same
unit cell and their core-level binding energies can be directly
compared.

B. HF cluster calculations

Hartree-Fock (HF) wave functions were calculated for
initial and final states of a Pd;3 cluster to model BE shifts
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FIG. 1. (Color online) Depictions of the Pd/Rug (left) and Pd;;
(right) clusters are provided with the Pd atoms used for the
ABE(ASCEF) calculations highlighted in both cases.

for bulk Pd, a RugPd cluster used to simulate Pd adsorbed at
an open threefold site on Ru(0001), and an isolated Pd atom;
Pd;3 and RugPd are shown schematically in Fig. 1. The Pd;3
cluster contains a central Pd atom with its 12 nearest neighbors
in the fcc geometry of Pd at bond distances consistent with the
bulk Pd lattice constant. Likewise, the Rug substrate has bond
distances equivalent to those in hcp Ru [30]. The distance
between the Pd atom and the Ru surface was taken from the
results of the DFT calculations described above. The wave
functions are nonrelativistic and spin-orbit splitting is not
included; for the open shell configurations, the energies and
orbitals were optimized for the average of configurations [31].
For these systems, several states are considered. These are:
the ground state and core-hole states, where a 3d electron is
removed, a 2p electron is removed, and where two electrons
are removed from the 3d shell. The core-ionized Pd atom in
the Pd;; cluster is the central atom. The single-hole states are
used to calculate BE(2 p) and BE(3d); the double hole state is
used to describe the final state of the LMM Auger transition.
For the core-hole configurations, the energy is computed with
ground-state frozen orbitals (FOs) and with orbitals optimized
for the core-hole configurations (ASCF) [32]. With these states
we are able to compute relaxation energies Eg for the single-
and double-hole configurations, FO or Koopmans’ theorem
(KT), BEs [denoted BE(KT)], and fully relaxed BEs [denoted
BE(ASCF)]; see Ref. [32] for definitions of these initial- and
final-state quantities. All the electrons of the core-ionized Pd
are explicitly included in the calculation so that the Pd core BEs
can be directly calculated; for the other atoms in the clusters
a pseudo or effective core potential (ECP) is used. The ECP
parameters and basis sets for these atoms are from the work of
Hay et al. [33]. The all electron basis set for Pd was modified
from the set given in Ref. [34].

IV. RESULTS AND DISCUSSION

Highlighted in Fig. 2 are STM and DFT results from
our initial investigations into the structure of the Pd/SiO,/Ru
system, which will be the main subject of a forthcoming
publication [35]. Included in this figure are a low-temperature
STM image collected after depositing a small concentration
(<5 x 102 atoms/cmz) of Pd over the film at ~5 K [Fig. 2(a)]
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FIG. 2. (Color online) (a) STM image of ~5 x 10'2 Pd/cm? on bilayer SiO,/Ru(0001) at ~5 K. Image is 10 x 8.4 nm?, and was taken at
constant current, with V; =2 V and Ir = 100 pA. (b) Top and (c) side views of a Pd atom bound at the interface between the bilayer SiO, film
and the O-covered Ru(0001) substrate. Blue, red, light gray, and dark gray spheres represent Si, O, Ru, and Pd atoms, respectively.

and the resultant model derived from DFT calculations
[Figs. 2(b) and 2(c)]. Put briefly, Pd adsorption has been
assigned to interfacial Ru sites based on the following criteria:
(1) The irregular bright protrusions, which do not appear when
imaging pristine films, are assigned to the presence of Pd atoms
and show remarkable similarity to those noted in analogous
experiments conducted over SiO; s/Mo(112), which possesses
the same terminal structure as the crystalline domains of the
current system (right portion of STM image) and is known
to selectively promote subsurface adsorption of Pd atoms via
facile diffusion through the film’s regular pattern of small
pores [36]. (2) The location and appearance of the Pd features
are unaffected by repeated STM scans, indicating a level of
stability that would be unexpected for atoms binding above the
SiO; film. (3) DFT calculations show evidence of only weak
interactions between Pd atoms and the SiO; film and suggest
near barrierless diffusion pathways through pores within both
domains of the film. (4) In all cases, optimization results in
binding arrangements like that shown in Figs. 1(b) and 1(c),
with Pd atoms being stabilized at the SiO,-Ru interface.

Due to experimental constraints (cryostat cooling limita-
tions and sensitivity requirements), the conditions used to
create samples like those shown in Fig. 2(a) could not be
identically duplicated for the XPS study. Instead, Fig. 3(a)
shows a Pd 3d XPS spectrum collected from a sample prepared
by dosing bilayer SiO,/Ru(0001) with ~9 x 10'* Pd/cm? at
150 K. Relative to the curved background, which is present
prior to Pd adsorption, we note three distinct doublet features
after fitting the spectrum (we will refer to the 3ds/, components
when discussing peak positions). The lower BE components at
~334.7 and ~337.1 eV are thought to relate to photoemission
from different Pd species on the surface of the sample, whereas
the higher BE feature at ~341 eV, which is necessary to
properly fit the small peak at ~346 eV, is attributed to electrons
leaving the sample after contributing energy to Pd plasmon
excitations [37]. Returning to the two primary features, we
note that one is shifted below, and the other above, the BE
obtained from a Pd(111) reference sample (335.05 eV)—see
analogous plot in Fig. 4. The position of the broader peak
is qualitatively consistent with shifts commonly reported for
small metal clusters supported on insulating materials, where
a number of initial- and final-state effects are known to result
in positive BE shifts [8,9,38—40], and, because of this, we

have tentatively assigned the feature as such. By contrast, the
sharper peak shows up at a BE consistent with SCSs from
undercoordinated Pd surfaces [5].

To better understand the causes of the XPS shifts, we have
additionally measured the Pd L3 M4s M 45 Auger spectrum from
the same sample used in Fig. 3(a), and the result of that work
is shown in Fig. 3(b). As already mentioned, this plot has been
generated after first subtracting the signal recorded from the
sample prior to Pd adsorption to remove spurious contributions
from weak Ru Auger lines that appear in the same region [41].
To generate the individual fits, we have varied the positions and
widths of two peaks whose line shapes and relative intensities
are governed by the peak profile obtained from Pd(111) (see
Fig. 4) and the ratio of the two primary features in the
corresponding XPS spectrum, respectively. Interpretation of
the multiplet splitting of these lines is informed by the work of
Kleiman et al. [42], from which we ascribe the three features
(from lower to higher kinetic energy) to transitions with final
states within the 'G and 3F multiplets.

Unlike the XPS results, both of the corresponding Auger
peaks shift in the same direction relative to the KE noted for
the single-crystal reference sample (2469.1 eV). Using this
data to calculate a modified A8, we find decreased final-state

(a) Pd3d|®)

D™
ATTTTTTTITTTTTT Ty rrrrrryrrrrTnm

2460 2470 2480
Kinetic Energy (eV)

345 340 335
Binding Energy (eV)

FIG. 3. (Color online) (a) 3d XPS and (b) L3;M4sMss Auger
spectra from ~9 x 10'3 Pd/cm? on bilayer SiO,/Ru(0001) at ~150 K.
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FIG. 4. (a)3d XPS and (b) L3 M5 M4s Auger spectra from freshly
cleaned Pd(111).

screening of the Pd associated with both 3d XPS features,
relative to that for bulk Pd, which is not unexpected for small
supported particles for the variety of reasons that we have
already alluded to. Specifically, we note AR3,; decreases of
~1.8 and ~0.8 eV for the higher and lower BE components,
respectively, which imply Aej;, initial-state changes of roughly
—0.3 and +1.1 eV for the Pd associated with those features.
(Note: By convention, positive Ae and AR shifts imply
negative ABE shifts and vice versa.) From this we conclude
that the XPS shift associated with the peak ascribed to the
presence of SiO,-supported clusters predominantly reflects
the decreased extra-atomic screening from the oxide, while
the negative ABE associated with the SCS-like feature results
from a mixture of competing initial- and final-state effects.
Consistent with postulates proposed by Citrin et al. [1], the
direction of the SCS-like shift is governed by changes to the
initial state, while its absolute size is clearly dependent on
final-state contributions, in a manner that is consistent with
results from the work of Andersen et al. [5].

Density functional theory with dispersion corrections
(DFT-D2) has been used to generate and investigate model
Pd/Si0,/Ru(0001) systems intended to represent the experi-
mental samples discussed above. Based on the results of these
calculations, we find that Pd atoms placed over the samples
only bind very weakly to the silica film but may pass through
the oxide via nonactivated penetration of the repeating network
of vertical pores created by the film’s honeycomblike lateral
structure. Consistent with our interpretation of the STM image
in Fig. 2(a), the Pd atoms may then preferentially bind over
unoccupied threefold hollow sites at the SiO,/Ru interface
with an energy of ~3.6 eV [see Figs. 2(b) and 2(c)].

Within the initial-state approximation (Kohn-Sham energy
levels), the 3d core-level BE for the interface-confined Pd
atoms (324.0 eV) is 0.7 eV smaller than that for atoms within
bulk Pd (324.7 eV). When final-state effects are included, this
shift becomes —0.4 eV; indicating a small relative decrease
of 0.3 eV to the relaxation energy contributed to the final
state of the supported atoms, which is wholly consistent with
the findings of Andersen et al.’s investigations into Pd SCSs

PHYSICAL REVIEW B 89, 115436 (2014)

[5]. For comparison, we provide Fig. 5, which plots these
values (in terms of their contribution to the change in Pd 3d
BE) alongside those obtained from our modified A analysis
of the lower BE component in the experimentally obtained
XPS spectrum. As can be seen, the calculated ABE extracted
from the Pd/SiO,/Ru(0001) model agrees very well with that
measured in the experimental system, suggesting that the
presence of Ru-bound atoms, like those described in Fig. 2, is
likely responsible for the formation of the SCS-like feature in
the XPS experiments [Fig. 3(a)].

In addition to very accurately predicting the observed
XPS shift, the DFT supercell calculations also show good
qualitative agreement with the A 8-extracted initial- and final-
state changes. Neglecting the small differences between our
experimental and theoretical findings, the negative initial-state
core-level shifts (CLSs) noted by both techniques would
typically be interpreted as an accumulation of negative charge
on the Pd atoms. By contrast, our DFT results indicate that
incorporated Pd exhibit a partial positive charge (+0.3 |e|),
which is consistent with secondary-electron threshold mea-
surements of SiO,/Ru(0001) samples that show decreased
work functions after depositing Pd to create model systems like
those described above [35,43,44]. Therefore, our CLSs cannot
be straightforwardly attributed to charge-transfer effects via
the classical approach. Instead, our CLSs appear to relate to
changes in the degree of 4d-5sp hybridization of Pd as its
coordination is varied. Relative to bulk atoms, which are more
4d°-5s'-like, less-coordinated atoms, like those binding at the
SiO;,-Ruinterface (or the surface layer of single crystals), adapt
a more 4d'°-like configuration. By altering the distribution of
the valence-level electrons, the electrostatic potential at the

1.5 -
: . Initial-State Shift
1.0 ] [ ] Final-State Shift
] D Net Shift
< 05 -
9L ]
i .
o 4
- 0.0 -
p ]
o ]
o ]
< .05 A
-1.0 A
-1.5
AB DFT
Methodology

FIG. 5. Experimentally measured changes to the 3d BE of the
SCS-like Pd (Ap), relative to bulk, are compared to those derived
from theoretical calculations (DFT) of the SiO,/Ru-supported system
described by Fig. 2. Included with the total expected/detected
shifts (gray) are the partioned contributions attributed to changes
in the initial- (black) and final-state (white) configurations of the
photoemission process.
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TABLE 1. Decomposition of the Pd 3d BE shifts and other
properties between Pd;; and Pd;; see text for definitions of the
quantities; energies in eV and Np(4d) in electrons.

ABE(KT) ABE(R) ABE(ASCF)
Direct +1.96 —2.87 —0.91
AB +1.88 —2.79 -
AB* +1.85 —2.75 -
E(R) Pd, Pd;3
Auger(LMM) 61.48 72.78
BE(3d) 15.71 18.58
Ratio 3.91 3.92
Np(4d) 10.0 9.91

nucleus of these atoms changes in a manner that results in
upward core-level orbital-energy shifts (i.e., negative initial-
state ABEs), which outweigh the decreases in extra-atomic
screening and local electron density. This trend between the
degree of d-sp hybridization and initial-state ABE is consistent
with results from previous theoretical investigations, in which
hybridization effects were shown to be of general importance
to CLSs [7,32,39,45,46].

Despite the good agreement between the experimental and
DFT results, our theoretically derived values appear to slightly
underestimate those obtained from the modified Af analysis,
even when taking the uncertainty associated with the latter
values (~0.3 eV) into account. To test the reliability of the
Auger parameter decomposition of the Pd 3d BE shifts into
initial- and final-state effects, we have also carried out ab initio
Hartree-Fock (HF) theoretical decompositions of the ABE:s,
like those described in Ref. [32], and provide results from this
work in Tables I and II.

In Table I we decompose the 3d ABE shifts between Pd 3
and an isolated Pd atom (Pd;), where the different ABEs are
defined as ABE = BE(Pd;3) — BE(Pd;). The contributions
provided are for the initial-state shift, denoted ABE(KT),
the final-state relaxation shift, denoted ABE(R), and the total
shift, denoted ABE(ASCF). The relaxation shift for the BE is
computed as ABE(R) = Ex(Pd;) — Er(Pd;3) to capture the
effect that this difference has on the Pd ;5 BE relative to that for
the Pd;. These shifts are computed in three ways. The first is
from direct SCF calculations of the different BEs for Pd; and

TABLE II. Decomposition of the Pd 3d BE shifts and other
properties between RugPd and Pd;3; see text for definitions of the
quantities; energies in eV and Np(4d) in electrons.

ABE(KT) ABE(R) ABE(ASCF)
Direct +0.18 —-0.04 +0.14
AB +0.22 —0.08 -
AB* +0.25 —0.11 -
E(R) Pd13 RUQPd
Auger(LMM) 72.78 73.03
BE(3d) 18.58 18.62
Ratio 3.92 3.92
Np(4d) 9.91 9.89
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Pd;; [32]. The second is from the B Auger parameter using
the HF calculated values for Pd 2p and 3d BEs and the LMM
Auger states; see Eq. (7). The third is from the Auger parameter
obtained with the Pd 3d BE and the LMM Auger states denoted
B*; see Eq. (8). In the table we also include the directly
calculated HF relaxation energies (Eg) for the single, BE(3d),
and double, Auger (LMM), 3d-hole configurations for Pd;
and Pd,3. In addition, we also provide the Pd 4d occupation,
Np(4d), obtained by projection [32,47]. In Table II we give
the same information for a comparison of the Pd/Rug and Pd;3
clusters, which were intended to provide crude approximations
of the supported and bulk samples discussed above.

In both cases, the decomposition of the total ABE(ASCF)
by the Auger parameter analysis is rather similar to the directly
computed decompositions with, for the more approximate
AB* analysis, errors that are ~0.1 eV. This is a strong
justification for the reliability of the modified Auger parameter
analysis and suggests that some of the discrepancy between
the experimental and DFT values plotted in Fig. 5 might result
from approximations inherent to the level of theory needed
to make the realistic calculations of this fairly complicated
system. In part, this reliability arises because the ratio of the
relaxation energy associated with the single-hole photoelec-
tron and the double-hole Auger final states is very close to 4 in
all cases, which shows good agreement with the approximation
made in Eq. (4).

In the more bulklike Pd;3 cluster, the central atom has
~0.1 electron hybridized from 4d to 5sp to contribute to
the formation of Pd-Pd bonds [15]. Consistent with the DFT
analysis, it is this hybridization that leads to a ~2 eV increase
of the 3d BE(KT) for Pd;; relative to the isolated atom
(Table I). However, the extra-atomic relaxation present for
Pd;3, but absent in the isolated atom, reduces the 3d BE by
~3 eV, which leads to a net lowering of the Pd;3; BE by ~1eV.
These trends are entirely consistent with those observed for
Pd atoms when confined to the SiO,/Ru(0001) interface vs
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FIG. 6. Initial-state shifts (vs Pd,) to the Pd 3d BEs are plotted
relative to the degree of 4d-5sp hybridization for the Pd;, Pd,3, and
Pd/Ruy clusters depicted in Fig. 1.
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the bulk metal. That the absolute size of the shifts exceeds
those of the samples explored in the main text is not surprising
since an atom in contact with a metal surface is expected
to be more hybridized and better screened than an isolated
atom. While the Pd/Rug cluster appears to be too simple to
reproduce the physics of the supported samples discussed
above, we do note a continued correlation between the degree
of hybridization and the resultant initial-state ABE for the
Pd atoms as a function of environment when comparing this
cluster to Pd;; (Table II). To exemplify this trend, we include
Fig. 6, which plots the change in initial-state BE as a function
of the degree of d-sp hybridization for Pd in each of the cluster
models. As the degree of hybridization in our Pd/SiO,/Ru DFT
models was determined to be less than that for bulk Pd, our
negative ABE initial-state shifts are exactly what this plot
would predict.

V. CONCLUSION

To our knowledge, these results represent the first time
that a properly vetted Auger parameter analysis has been
used to experimentally validate the conclusions drawn from a

PHYSICAL REVIEW B 89, 115436 (2014)

theoretical investigation of the driving forces governing SCSs
in XPS. Such evidence puts our theoretical interpretation,
which asserts that large initial-state effects resulting from
decreased 4d-5sp hybridization in surface vs bulk Pd atoms
outweigh counterbalancing charge transfer and final-state
screening effects to yield net-negative ABEs, on a stronger
foundation than those put forth in previous works. In addition,
this work helps to further substantiate (or detract from) some
of the theories put forward in several previous works, where
similar (or contradictory) claims have been made [4,5,45].
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