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Orientation-resolved 3ds;, binding energy shift of Rh and Pd surfaces:
anisotropy of the skin-depth lattice strain and quantum trapping
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Incorporating the BOLS correlation algorithm [Y. Sun, J. Phys. Chem. C, 2009, 113, 14696]

into high-resolution XPS measurements [J. N. Andersen, et al., Phys. Rev. B: Condens. Matter,
1994, 50, 17525; A. Baraldi, et al., New J. Phys., 2007, 9, 143] has produced an effective

way of determining the 3ds), energy levels of isolated Rh(302.163 £ 0.003 eV) and Pd

(330.261 4+ 0.004 eV eV) atoms and their respective bulk shifts (4.367 and 4.359 e¢V) with a
refinement of the effective atomic coordination numbers of the top (100), (110), and (111) atomic
layers (4.00, 3.87, and 4.26, respectively). It is further confirmed that the shorter and stronger
bonds between under-coordinated atoms induce local strain and skin-depth charge-and-energy
quantum trapping and, hence, dictate globally the positive core level binding energy shifts.

I. Introduction

Unlike the valence density-of-states (DOS), which provides
direct information about charge transportation and polarization
upon a chemical reaction taking place,'? the energy shift of
the core-level of an isolated atom upon bulk, surface, or
nanostructure formation gives profound information about
the crystal binding energy (BE), which is dominated by
interatomic interaction.>* Spontaneous processes such as
alteration of the bond nature and relaxation of the bond
length will affect the crystal field and hence shift the core-level
BE intrinsically towards lower (large absolute value) BE
values to a certain extent. It has been verified that the BE shift
is proportional to the equilibrium cohesive energy per bond.’
Being able to discriminate the crystal binding (core-level shift)
from intraatomic trapping (core-level position of an isolated
atom) of a core electron under various physical and chemical
environments is a great challenge, which is beyond the scope of
direct measurement using currently available probing techno-
logies such X-ray photoelectron spectroscopy (XPS). Combin-
ing the most advanced laser cooling technology and XPS, one
can measure the energy separation between different energy
levels of the slow-moving gaseous atoms trapped by the laser
beams but, up to now, the individual core-level energy of a
statically isolated atom cannot be obtained.® What one can
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measure using XPS are the convoluted broad peaks of the
core-bands contributing from intraatomic trapping, crystal
binding, crystal orientation, surface relaxation, nanosolid
formation, and surface passivation.

In addition to the well-known chemical shift caused by the
core-hole ‘screening’ due to charge transportation in a reaction,
relaxed atomic layers at a surface can split the core-band
of a specimen into a few components. However, the energy
assignment of the components induced by surface relaxation is
quite controversial, due to the lack of constraints for assigning
which peak arises from the surface and which one is from
the bulk, and what is the separation between them.’ With the
widely used sign convention, a positive shift relates the
low-energy component to the surface (S, i = 1, 2,...,B) while
the high-energy component to the bulk (B), and vice versa. The
resultant peak is often located in between the components and
the exact position of the resultant peak varies with crystal
orientation, surface finish and experimental conditions such as
the incident beam energy and the taking-off angles between the
beam and the surface normal. Generally, the assignment of a
surface positive core-band shift is favoured because XPS
measurements’ '° revealed that the intensity of the low-energy
(B) component often increases with the incident beam energy
or when decreasing the angle between the incident beam and
the surface normal in the measurement.

Dominated by the under-coordinated atoms, the XPS
core-band features (both the main peak and the chemical
satellites) of nanostructures move simultaneously towards
lower BE and the amount of shift depends on both the original
core-level energies of the components and the shape and size of
the particle. It has been confirmed using XPS that size-reduction
induces a positive core level shift of N, ! 718 pt, 1926 Ay 2720
Cu,* Pd,*! and Si nanostructures,’? and coordination-reduction
also causes the C 1s BE of carbon allotropes to shift
positively.** ** Compared with the mono-peak of S-2p and
S-2s core bands of ZnS and CdS bulks, the S-2p and S-2s
bands of both ZnS and CdS nanosolids exhibit three
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components.>® These components have been ascribed to the
contribution, from low to high BE, from the outermost
capping and the subsequent surface layers that are one atomic
diameter thick, and the core interior of the nanosolid. The size
trend of the core level shift is in accordance with the surface
positive shift. It has been shown>” that the inverse-size dependence
of the physical properties of nanostructures arise from only a
limited number of the outermost atomic layers instead of the
entire solid. Therefore, as physical origin, surface relaxation
and nanosolid formation play the equivalent role in splitting
and shifting the core-levels of a specimen.

However, development of an approach extracting quantitative
information regarding the energetic behavior of core electrons
from photoelectron measurements of the surface core level
variation has long been a challenge, though the surface- and
size-induced core level shifts of materials have been extensively
investigated. The major challenge includes: (i) clarification of
the shift direction of the surface components; (ii) determination
of the energy levels of an isolated atom and their bulk shifts,
which should not be zero; (iii) energy correlation between
the atomic-layer and crystal-orientation resolved components;
(iv) mechanism behind these energy shifts; and, (iv) further
information one can learn from the XPS measurement.

The objective of this work is to show that an incorporation
of the bond order-length—strength (BOLS) correlation
algorithm®3® and tight binding theory? into the well-measured
sets of high-resolution XPS data'?*® enabled us to determine
the 3ds), energy levels of the isolated Rh and Pd atoms and
their respective bulk shift with a refinement of the effective
atomic coordination numbers (CN) of the fcc(100), (110), and
(111) atomic layers. Based on this understanding, we are able
to gain information about the local strain, the relative binding
energy density and the atomic cohesive energy in the surface
skin. It is evidenced further that the shorter and stronger
bonds between under-coordinated atoms and the associated
skin-depth charge and energy quantum trapping are responsible
for the positive surface core level shifts.

II. Principle

The BOLS correlation mechanism>® indicates that the remaining
bonds of an under-coordinated atom contract and strengthen
spontaneously, leading to the formation of local strain and
quantum trapping, and also the densification of charge and
energy at local sites around atomic defects, adatoms, surfaces,
grain boundaries, dislocations, terrace edges, dimers, atomic
chains, atomic sheets, hollow tubes, or the skins of nano-
structures and nanocavities.® The development of this strain-
induced quantum trapping forms a perturbation to the
Hamiltonian of the originally extended structure due to the
unusual boundary conditions. With this physical picture of
atomic CN imperfection as the basis, the BOLS can account
for the size-induced core level shifts, band gap expansion,
solid-liquid transition, and surface and nanostructure
mechanical strength. Furthermore, the ability of the BOLS
to calculate the energy levels of an isolated atom and the
energy shift of the bulk sample with great sensitivity, i.e. to
make the distinction between the effects of the interatomic
binding versus the intra-atomic trapping potential on the

electron, has not yet been achieved by other theoretical
methods. This can be done via two routes-either based
on XPS measurements of the BEs of samples of varying
dimensions (size effect), or from the decomposition of a single
BE peak spectrum from a well defined surface (surface effect).

According to the energy band theory®> and the BOLS
correlation, the Hamiltonian of the crystal undergoes the
perturbation Ay due to the atomic CN deficiency experienced
by surface atoms and those in adjacent layers to the crystal
potential, V.(r), while the intra-atomic trapping, Viiom(r),
remains unchangeable,

V(Al) = Vatom(r) + Vcrys(r)[l + Al]

Where, the 4; = ¢;” — 1 represents the perturbation to
the Hamiltonian experienced by the core electrons of an
atom in the ith surface layer, which follows the relationships
between the atomic CN (z;), bond length (d;) and bond
energy (E)):

¢ = di/dy =2/[1 +exp(12 — z;) /8z;)] 1
E; = c;"Ey M

The ¢; is the bond contraction coefficient, which is dependent
on the coordination of the atom, z; for all kinds of chemical
bonds. Subscript b represents the bulk values. The z; (i = 1)
should vary slightly with crystal orientation but confirmation
of this has been impossible up to now. Intuitively, one often
takes z; = 6 for an fcc structure but available data favors the
effective z, value of 4 (with ¢; ~ 12%) or thereabouts.”!!®
For Nb(001)-3d;, example, the first layer spacing contracts
by 12% in association with the 0.50 eV core-level shift.’
A (10 £ 3)% contraction of the first layer spacing has caused
the Ta(001)-4f5/57/2) level to shift by 0.75 eV.!! The positive
surface core-level shift of Nb-3d and Ta-4f has been attributed
to the enhancement of the interlayer charge density and
the enhancement of the resonant diffraction of the incident
irradiation due to the surface bond contraction.”!!+¥

Also, the magnitude of a remaining bond’s BE of an under-
coordinated surface atom (E;) increases as the bonds contract
spontaneously, and is equal to the “c;™ times of the energy of
a single bond in a bulk sample (E). The parameter m, which is
not freely adjustable, characterizes the nature of a bond in a
solid, or otherwise deciphered as the parameter relating the
bond energy to its length. For pure metal, m has been
optimized as one.*

Incorporating the BOLS correlation into the band theory
with the surface-induced Hamiltonian perturbation, the
energy shift of a specific vth energy level of an atom in the
surface layer with respect to that of an isolated atom is:

AE(i) = E(i) — E(0) = AE(B)(1 + 4p)

= [E/B) — EL0)](1 + 4n)
Where,

E,(0) = (¢, (r)[Vatom(r)|,(r)) ~ (Core level energy)
AE,(B) =+ zy o (Ep) (Core level shift)

B = (b, (r)[Very(r)[ ¢, (r)) o (Ep) ~ (Exchange integral)
7= (¢, (NVery(r)|¢, (1)) < (Ev)  (Overlap integral)

(2)

—

2178 | Phys. Chem. Chem. Phys., 2010, 12, 2177-2182

This journal is © the Owner Societies 2010



The intra-atomic trapping potential, Vyom(r), determines the
vth energy level of an isolated atom, E,(0). The ¢ (r) = (r # ')
is the specific Bloch wave function at site r. The parameter z is
the weighting factor of the overlapping integral contribution to
the E,(B). Because of the strong localization nature of the core
electrons, the overlapping integral is negligibly small compared
with the exchange integral. Therefore, the interatomic bond

energy, (Ep), dominates the shift of BE. Eqn (2) can be
reorganized as:

E,(i) — E,(0) 17

E,(B) = E,,(O) =1+A or,

3)
E,(K) — E,(B)
ZV T PR,
E,(B) — E,(0)

Therefore, only the under-coordinated atoms in the surface skin
contribute the perturbation Ay to the overall Hamiltonian. The
core level shift caused by bond order loss is thus shown to be
positive.

A recent XPS study®® confirmed that the Ni 2p levels of the
outermost three atomic layers shift positively to lower BE
discretely, with the outermost atomic layer shifting the most.
From the electronic structure point of view, the surface of
transition and noble metals consists of at most three atomic
layers or two interatomic spacings.*!**?

For the surface positive BE shift, we have the constraint for
the relative shift of each surface component,

E,()—E,(0) ¢

E, (") —E(0) ¢ 7
EI,(i) — E,,(B) Cj — 1 . 4 .
B~ E(B) o1 (T SuS B TAD
which yields,
c;lE,,(‘)— ~*‘E,/(i’> GEy(i)—cy E (7
{E"(O) = = R
AEI/( ) [EI/( —E,,(O)]C,‘

Using eqn (5), we can readily determine the energy level
E(0) of an isolated atom and its bulk shift AE,(B) and the
effective CNs of the first layer at different orientations through
analyzing the measurements of surface induced positive
core-level shift.

Based on the BOLS derivatives, we can also predict
the coordination-resolved relative atomic cohesive energy
(E. = EdJz)]E«(B) = zEijjzpEy = zwcr '), and the binding
energy density (Eq = [Eq(z;)/d; 3]/[Ed(zb)/db ] = ¢ at atomic
sites in the outermost three planes.® Therefore, from the XPS
data we can obtain comprehensive information regarding the
bond order, length, energy, the atomic cohesive energy and the
binding energy density (z;, d;, E;, E., and E4). These quantities
are intrinsic factors dominating the performance and process
at a surface such as growth nucleation and chemical reaction.
For example, the energy density determines the local elasticity
and the atomic cohesive energy dictates the critical temperature
of phase transition.*®

Fig. 1 illustrates the BOLS-derived BE shift of surface
component layers. E,(0) is the energy level of an isolated
atom, from which the core level shifts. S| (z; =~ 471138 and
S, correspond to the top and the second atomic layer and B

0.0 05 1.0 15
BE Shift (DE(Si)/AE(B))

Fig. 1 llustration of the XPS spectrum. E(1) is the energy level of an
isolated atom, which is the reference for the shifts of other components
that follows these constraints: (1) there should be components representing
the B, S, S; and Sgefect; (2) the energy shift should be positive and the
low-z components shift further; (3) the energy shift of each component is
proportional to the magnitude of bond energy, which follows this relation:
AE(i): AE(B) = E;:E, = ¢;" (i = Sdefect> S15 S2)-

the bulk components. Syerec (z < 4) represents the adatoms or
edge atoms with even lower atomic CNs. The intensities of
the components are subject to the fraction of the specifically
z-coordinated atoms, which is constrained by the measured
intensity of the spectrum. The energy values of the peaks
satisfy the criterion: AE,(i):AE,(B) = E;:E, = ! according
to eqn (4). For a surface, the peak energies of the components
may fluctuate slightly with varying experimental conditions
such as temperature, crystal orientation, and incident radiation
beam angle, > but the E,(0) and its bulk shift AE(B) will not
change for a given specimen.

From the above discussions, we can establish the rules for
XPS surface spectral decomposition:

1. There should be 3 or 4 components representing the B, S,,
S; and Sgefee; contributions for transition and noble metals.**4!
For lighter atoms, or polarized systems, the number of peaks
may increase.

2. For each specimen, the £,(0) and its bulk shift (B component)
are not changeable under any circumstances as they are intrinsic
constants.

3. The energy shift should be positive and the low-z components
shift further (eqn (4)). The energy shift of each component is
proportional to the magnitude of bond energy, which follows this
relation: AE(i): AE(B) = E;: By = ¢;' (i = Sgefects S1» So).

4. The resultant intensity of the components is constrained
by the measured spectral intensity. The width and intensity of
each component in the initial decomposition'** for the
particular Rh and Pd examples were taken as references for
fine tuning under constraint 4.

5. The neighboring Rh(5s'4d®) and Pd(4d'®) noble metals in
the Periodic table share the same fcc structure; the effective
CNs of the Rh and Pd surfaces of the same orientation should
be identical. This adds another constraint for atomic CN
refinement.

6. If a total of / components are involved in decomposing
a set of XPS spectra from the different orientations of
the same specimen, the E, (0) should take the mean value of
N = C = I — 2)12!] possible combinations with a
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standard deviation ¢. The minimal standard deviation serves
as a criterion for the accuracy of spectral decomposition.

With the above constraints, we are able to determine the
atomic-layer and crystal-orientation resolved effective CN,
local strain, quantum trap depth, the 3d energy level of an
isolated Pd and Rh atom and their bulk shift, as well as the
ratio of binding energy density and the atomic cohesive
energy, which are beyond the scope of available methods.
However, the combination of BOLS and tight binding theory
is unable to determine the absolute intensity and width of each
component as they are more dependant on experimental
conditions.
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Fig. 2 Decompositions of Pd 3ds, core level spectra'? for (a) (111),
(b) (100) and (c) (110) surfaces with three decomposition Gaussian
components S;, S, and B using the parameters given in Table 1.
The XPS spectra were collected with an incident beam energy of
380 eV at normal emission.

III. Results and discussion

Using high-resolution XPS, Anderson et al.'> measured
systematically the orientation-resolved 3ds, spectra of the
(111), (110) and (100) surfaces of Pd at a photon energy of
390 eV. Using ab initio calculations based on the final-initial
states model, they suggested that the surface induces negative
shifts that vary from 0.25 to 0.60 eV, depending on the
orientations and materials. Baraldi et al.>® recently measured
the Rh surface core level shift at a photon energy of 380 eV
and with polar emission angles varying from 20 to 50° with
respect to the surface normal. Results showed that the smaller
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Fig. 3 Decompositions of Rh 3ds/, core level spectra for (a) (111),*
(b) (100),* and (c) (110)'* with decomposition parameters given in
Table 1. The XPS spectra were collected with incident beam energy of
380 eV at normal emission. The asymmetric tails at the lower end of
the spectra indicate the presence of defects such as adatoms to the
Rh surfaces.
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Table 1 Decomposition parameters of the XPS 3ds), core level shift of Rh and Pd surfaces after the Tougaard background is subtracted. The three
decomposition Gaussian components, denoted as S|, S,and B, satisfy the BOLS expectation. The refinement of the orientation-resolved effective CNs
arises from the atomic density of each face. The intensity of each component is given for the best fit. Results show the anisotropy of the local lattice
strain (¢; — 1), relative atomic cohesive energy (E. = E.(z)/E.(12) = z/c./12), and binding energy density (Eq = E4(2)/E4(12) = ¢.~*) in the three
planes. The coordination-resolved 3ds), core level shift for Rh and Pd is expressed as:

E, (i) =(E3(0))(£0) + AEsq(B)c! (eV)

302.163(0.003) + 4.367c.' (Rh 3ds)»)
- (eV)
330.261(£0.004) + 4.359¢."  (Pd 3ds)5)
Pd 3ds)» [ref. 12] Rh 3ds, [ref. 39]
Plane i Esq(i) I W Z; E34(i) W I Z (z) ¢ —1(%) Eq4 E.
(111) B 334.62 0.65 0.95 12 306.53 0.35 0.96 12 12 0.00 1.00 1.00
S, 334.88 0.28 0.85 6.31 306.79 0.35 0.24 6.31 6.31 —5.63 1.26 0.56
N 335.18 0.23 0.90 4.24 307.08 0.40 0.61 4.29 4.26 —11.31 1.62 0.40
(100) B 0.55 0.90 0.38 0.72
S, 334.94 0.36 1.00 5.73 306.85 0.32 0.32 5.73 5.73 —6.83 1.33 0.51
N 335.24 0.30 1.20 4.00 307.15 0.32 0.93 4.00 4.00 —12.44 1.70 0.38
(110) B 0.52 1.00 0.55 0.54
S 334.98 0.37 0.90 5.40 306.89 0.14 0.45 5.40 5.40 —7.62 1.37 0.49
N 335.28 0.33 0.90 3.85 307.18 0.38 0.86 3.89 3.87 —13.05 1.75 0.37

polarization angle from the Rh(111) surface derives a relatively
higher intensity than the high-energy bulk component,
consistent with other observations.” !

Fig. 2 and 3 showed the measured 3ds/, spectra from the
(111), (100) and (110) planes of clean Pd and Rh surfaces.
The Pd 3ds;, spectra demonstrate one major peak that is
symmetrical after background subtraction. However, the Rh
3ds)> spectra exhibit two major peaks. The asymmetry at the
lower energy end may correspond to the presence of defects in
comparison to those of Pd. The XPS spectral pattern difference
between Pd and Rh may arise from the electronic configurations
Pd (4d'%) and Rh (5s'4d®).

In order to conduct decomposition, all the spectra were
normalized by their corresponding maximum intensity. According
to the constraints given, each spectrum was decomposed with
three components, representing the B, S,, and S; components
from higher to lower BE. The decomposition was conducted
by choosing z; = 4 for the (100) top layer”'"*® as the standard
and the z values for the rest components were optimized
together with the fine tuning of the peaks of the components.
The optimal component energies, the intensities, and the
corresponding z; values of the XPS 3ds, data for Rh
and Pd surfaces after the subtraction of the Tougaard
background are summarized in Table 1. Including the B
component, there are a total of 7 components for the three
surfaces of each specimen. The (E34(0)) should take the mean
of the C3 = 7V[(7 — 2)12!] = 21 E;4(0) values with a standard
deviation o¢. The refinement of the orientation-resolved
effective CNs arises from the atomic density of each face.
Results show the anisotropy of lattice strain and quantum trap
depth in the three orientations due to the effective CNs.

From the decomposition, we obtained the E£,(0) and AE,(i)
values. Generally, the intensity of the B component is higher
than other components in the same spectrum and that the
intensity of the B component is the highest in the (111) surface
of the same material under the same experimental conditions.
It has been shown that the BE for an isolated Rh atom is
302.163 £ 0.003 eV and for a Pd atom it is 330.261 £ 0.004 eV

with their respective bulk shifts of 4.367 and 4.359 eV. The
asymmetric tails at the lower end of the Rh spectra suggest
the presence of defects such as adatoms to the Rh surfaces.
The refinement leads to the effective atomic CNs of the top
(100), (110), and (111) atomic layers as 4.00, 3.87, and 4.26 and
the CNs for the corresponding second layer as 5.73, 5.40 and
6.31. Results indicate that the BE of electrons in the top layer
is in general the strongest, compared to electrons in the inner
layers, which agrees with that discovered by Matsui ef al.*° on
an Ni surface. Among the three surfaces, the electronic BE of
the (110) surface is stronger than the (100) and the (111)
surface because of their difference in the effective CNs. The
findings in the current work lead to an expression for the
z-resolved 3ds, core level shift for Rh and Pd:

E, (i) =(E34(0))(£0) + AEs(B)c; ' (eV)

302.163(+0.003) + 4.367¢:'  (Rh 3ds),)
= (eV)
330.261(+0.004) + 4.359¢"  (Pd 3ds),)

This fundamental information should be useful to the under-
standing of the behavior of these surfaces, such as their catalytic
performance.

IV. Conclusion

We have applied the BOLS algorithm to the well-measured
sets of orientation-resolved 3ds, core level shift of Pd and Rh
surfaces. This combination has led to the following:

1. Establishment of constraints for decomposing an XPS
spectrum in terms of the number, the order, and separation
between the components. A positive core level shift due to the
under-coordinated surface atoms has been further confirmed.
The spectrum can be decomposed with components of B, S,,
Sl, and Sdcfcct~

2. Extraction of quantitative information regarding the
energy levels of an isolated atom and its bulk shift from the
measured spectra. With the aid of XPS, we are able to gain
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information about the local strain, quantum trap depth,
binding energy density and atomic cohesive energy at an
atomic site in the surface skins, which evidences the advantage
of the combination of XPS and the BOLS approach and
enhances the power of XPS.

3. It is further confirmed that the shorter and stronger bonds
between under-coordinated atoms cause local strain and skin-
depth charge and energy quantum trapping, and hence the
global positive core level shifts that occur in other situations
where under-coordinated atoms dominate.

The approach developed may provide an effective yet simple
way of gaining information from XPS measurement and
provides a consistent understanding of the core level shift
induced by atomic CN reduction such as local sites around the
original atomic defects, adatoms, surfaces, grain boundaries,
dislocations, terrace edges, dimers, atomic chains, atomic
sheets, hollow tubes, or the skin depth of nanostructures and
nanocavities.
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