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Photoemission from small palladium clusters supported on various substrates
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The core-electron binding energy obtained for small Pd clusters supported on various substrates is
greater than that obtained for bulk Pd metal. The shifts of the core-electron binding energy and the
core-valence-valence Auger-electron kinetic energy for small Pd clusters on the conductive amor
phous carbon substrate are in good agreement with those calculated by the thermodynamic model
using Miedema's semiempirical theory. Both experimentally and theoretically, the positive shift of
the Pd core-electron binding energy with decreasing coverage is shown to be due to the photoemis
sion initial-state effect. The shifts of the Pd core-electron binding energy with the coverage for
small clusters on the semiconductive InSb and InP substrates are primarily due to the initial-state ef
fect. The ratio of the photoemission initial-state-effect change to the photoemission final-state
effect change decreases with an increase of the polarizability of the substrate. The photoemission
final-state effect predominantly arises from the positive shift of the Pd core-electron binding energy
with decreasing coverage on the insulating Si02 and Ah03 substrates. The changes in the terms of
the extra-atomic relaxation energy for the Pd core hole and the potential energy of the Pd core elec
tron differ for each substrate. The change in the extra-atomic relaxation energy for the Pd core hole
varies with the change of the polarizability of the substrate. The change in the potential energy of
the Pd core electron correlates with the difference in electronegativities of the substrate components.

I. INTRODUCTION

The electronic structure in small metal clusters support
ed on substrates is presently a subject of great interest in
the transition of electronic states from the isolated atoms
to the bulk metal. This interest has been motivated pri
marily by the tremendous technological importance of
metal clusters, particularly in heterogeneous catalysis.1-5

The metal nuclei formed in the earliest stages of vapor
deposition on well-characterized substrates are ideal sys
tems to study by x-ray photoelectron spectroscopy (XPS).
The metals studied to date include Cu, Ni,6,7 Ag,8,9
AU,lO-16 Pd,6,7,13,17-21 and pt. 17,18 The substrates used
include C,6-9,1l-13,16-18,20 Al,14 Cd,13 In,13 Sn,13 Sb,13
Te,13 BN,15 InP,15 AI20 3,11,13-15,19 Si02,13,15,19,21 and al-
kali halides (NaCI, LiF, Kel).lo Amorphous carbon is the
most widely used substrate, and the noble metals and
group-VIII metals are the most thoroughly studied met
als.

Egelhoff and Tibbetts6 reported that the core-level elec
tron binding energies (BE's) of Cu, Ni, and Pd changed by
larger amounts for amorphous carbon substrate than for
crystalline carbon substrate.

It has been reported that the electron BE's for small
metal clusters supported on poorly conducting substrates
generally diminish with the increase of cluster atoms.6- 21

It is possible to consider two different origins for inter
preting the BE shift. One of the origins is that the shift is
a result of a size dependence of the initial-state electronic
structure. The alternative one is that it is due to varia
tions in final-state relaxation processes.

The interpretation of the BE change of the core level as
a function of the cluster size has remained controversial.
Citrin and Wertheim22 suggested that the BE change is
simply due to a shift in the reference level, while Mason13

argued that the shift is caused by sp-d rehybridization.
In this paper small Pd clusters on various substrates

were investigated. Pd is chosen because of its importance
in the chemical industry and because considerably more
information on this metal is available. The substrates dis
cussed were amorphous carbon, InSb, InP, Si02, and
A120 3•

This paper presents the idea that the photoemission
initial-state effect is responsible for the core-electron BE
shift for small Pd clusters on the conductive amorphous
carbon substrate and the photoemission final-state effect
predominantly gives rise to the BE shifts for the small
clusters supported on the insulative Si02 and AI20 3 sub
strates. In small Pd clusters supported on the semicon
ductive InSb and InP substrates, the photoemission
initial-state effect primarily gives rise to the BE shifts.
The ratio of the initial-state-effect change to the final
state-effect change differs for each substrate and decreases
with an increase of the polarizability of the substrate.
The change in the extra-atomic relaxation energy for the
Pd core hole in small Pd clusters on the substrate corre
lates to the difference of the polarizability of the substrate
and the Pd metal. The change in the ,core eigenvalue cor
responding to the change of the potential energy of the Pd
core electron for small clusters differs for each substrate
and correlates to the difference in electronegativity of the
substrate components. The "extra-ionic" energy affects
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(6)

a= E B (3d 5/ 2 )+Ekin (M5 VV) .

b.Ekin(j,k,1 ;X) = aEB(j) - li.EB(k) - t1EB (I)

-aF(k,l;X)+J1R~x(k,l). (5)

(4)

E kin (j,k,l ;X)=EB(j) -EB(k) -EB(I)

-F(k,!;X)+Rs(k,!) ,

The difference in the modified Auger parameters for a
given element in two different environments is twice the
difference in dynamic extra-atomic relaxation energies,32
li.a =2aR~ (V). Then we have

The difference between the total two-hole relaxation ener
gy R T(k,!) and the two one-hole relaxation energies
RD(k) and RD(/) is equal to the static relaxation energy.
It gives the additional relaxation shift of the total energy
associated with two localized holes relative to that of two
isolated holes. If the two final-state holes have the same
main quantum number n and angular momentum quan
tum number I, the total two-hole relaxation energy is four
times the one-hole relaxation energy: R T(k,k)=4R D(k).
So, we have the result R S(k,k)=2R D(k):31,32 the static
relaxation energy is twice the dynamic value.

According to Eq. (4), the Auger electron KE shift can
be written as

In this experiment we use Pd 3d5/ 2 photoelectrons and
M 5VV Auger electrons. The two-hole interaction energy
in the final-state valence band, F( VV;X), is reasonably as
sumed to be independent of the number of Pd cluster
atoms on each substrate. Therefore, aF'( VV;X) is about
zero. dF'(k,l;X) in Eq. (5) can thus be omitted. Further
more, identical final-state levels k =1 are involved in the
M 5 VV Auger process, and the relationship J1R :x(VV)
=2aR ~ (V) may be used as described above. In the sim
plest approximation, the change in extra-atomic relaxation
energy can be derived from the combination of Pd 3d5/ 2
BE and M 5VV Auger KE referenced to the Fermi level.
These quantities define the modified Auger parameter:

where EB(j), EB(k), and EB(!) are the BE's of the core
electrons j, k, and I, respectively. The processes of elec
tron emission j and k include the dynamic relaxation, re
lativity, and electron correlation effects. The correction
energy due to the presence of the k hole should be also
considered in the process of electron emission I. F(k,l ;X)
is the two-electron interaction energy, introduced by
Asaad and Burhop,28 describing the unscreened coupling
of the two holes k and 1 in the multiplet final-state X.
This term can be estimated by standard atomic multiplet
coupling theory29 and by tabulated F and G Slater in
tegrals.3o R S( k, I) is the static relaxation energy describ
ing the polarization energy. Here,

II. PHOTOELECTRON AND AUGER ELECTRON
ENERGY SHIFf

EB(j)=E%(j)-t!Jsp.

Here, EX denotes the BE relative to the vacuum level and
t!Jsp is the spectrometer work function. The EB(j) in solid
phase relative to the Fermi level can be expressed24 as

EB(j)= _E(j)_RD(j)_~corr(j)_AErel(j). (1)

Here - e(j) is the term for orbital energy calculated by
solving the Hartree-Fock (HF) equations by Koopmans's
theorem, and RD(j) is the one-hole dynamic relaxation en
ergy related to the photoemission process of Shirley.25
Relaxation energy is the result of a flow of negative
charge towards the hole created in the photoemission pro
cess in order to screen the suddenly appearing positive
charge. The screening lowers the energy of the hole state
left behind and therefore lowers the measured BE as well.
The relaxation energy (R) can be partitioned into two
terms: intra-atomic relaxation energy (R in) and extra
atomic relaxation energy (Rex). The former is constant
for the core electrons of a given atom. The latter varies
with changes in chemical and physical states.

Differential correlation ~corr(j) and relativistic
aErel(j) energies also should be contained in Eq. (1) be
cause these terms are not included in the HF approxima
tion.

According to Eq. (1), the photoelectron BE shift can be
written as

dEB(j)= _dE(j)_J1R~(j)_d2Ecorr(j)_a2Erel(j). (2)

Since dEcorr(j) and aErel(j) in Eq. (1) are very small, the
terms Ii.2Ecorr(j) and Ii.2Ere1(j) in Eq. (2) are disregarded in
the following discussion. For most situations encountered
in photoemission, the approximation

b.EB(j) = -de(j)-li.R~(j) (3)

is close enough to discuss the chemical shift.26

The kinetic energy (KE) relative to the Fermi level of
an Auger electron emitted from a transition (jkl) is
given27 by

It is generally stated that the actual photon absorption
process occurs nearly instantaneously ( < 10-17 s) and the
hole switching occurs in a time very much less than 10-16

s. The localized screening response (10- 16_10- 15 s) is
very fast in contrast to the delocalized screening response
(10- 13_10- 12 s). Delocalized screening is accompanied
with core-valence-valence (CVV) Auger transitions.23

The BE of a level j, EB(j), is the difference in the total
energy of the system in its ground state and in the state
with one electron missing in the orbital j. The EB(j) rela
tive to the Fermi level is defined by the following equa
tion:

the Pd core-electron potential through the lattice potential
energy. This result suggests that the heat of formation
and the bond ionicity of the substrate can be estimated by
the change in the photoemission initial-state effect of eva
porated Pd.
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where EB ( V) is the mean-valence-band electron BE.
If the assumption aR~(V)=aR~(3ds/2)' which has

been found approximately for various levels,33 is valid,
Eqs. (3) and (6) yield the following result:

aEkin(MsVV)= -ae(3ds/2)-2aEB(V)+aR~(V) ·

(7)

Here, f1e(3d s/2 ) denotes the shift of core eigenvalue corre
sponding to the difference between the potentials in the
free atom and in the condensed phase. This term depends
on the electronic structure in photoemission initial state.
We define the change in this term as the change in the
photoemission initial-state effect. l1R ~(v) describes the
change of one-hole dynamic extra-atomic relaxation ener
gy. The change in this term is defined as the change in
the photoemission final-state effect.

A variation in the size of the work function for small
metallic spheres has been reported.34 The change of the
work function can be explained by the following two con
tributions: an increase due to the attraction of the unit
charge left behind by photoemission, and a reduction due
to the weaker image potential of a sphere compar~ to
that of a plane, giving a net increase of 5.4O(eV)/r(A) in
the work function. 35 r is the radius of the metallic sphere.
It is well known that the change in the work function does
not affect the measured photoelectron BE and Auger elec
tron KE relative to the Fermi leve1.36 It is not necessary
to consider the effect of size variation of the work func
tion in this experiment.

Sample charging should bring the shifts which have the
opposite sign and identical value of the Pd 3d5/2 BE and
the Pd M SVV KE at the same coverage. The value of
shifts observed in the Pd 3ds/2 BE and the Pd M sVVKE
were different from each other at same coverage. It is ob
vious that sample charging cannot predict this differ
ence. 19

III. EXPERIMENTAL

The photoemission spectra measurements were made on
a VG Scientific Ltd. ESCALAB-5 electron spectrometer
using unmonochromatized AIKa radiation. The
linewidth [full width at half maximum (FWHM)] for the
Ag 3d5 / 2 photopeak was 1.15 eVe No attempt has been
made to remove the instrumental broadening. The spec
trometer was calibrated by utilizing the energy difference
(233.0 eV) between Al Ka and Mg Ka radiation. Then,
the core-level BE's of Pd, Ag, and Au foils were mea
sured. The Pd 3ds/2 , Ag 3ds/2 , and Au 4/7/ 2 BE's were,
respectively, 335.4, 368.3, and 84.0 eV relative to the Fer
mi level. The probable electron energy uncertainty
amounts to 0.1 eVe The normal operating vacuum pres
sure was less than 3X 10-8 Pa.

Pd M sVV Auger electrons were excited by Al Ka x
rays. The Auger electron spectra were also recorded on
the same instrument in the constant analyzer energy
(CAE) mode.

The amorphous carbon film (500 Athick), which was
obtained by vapor deposition onto a polished nickel disk
(8 mm in diameter), was sputtered with 7-keV Ar+ ions in

the sample preparation chamber of the spectrometer at
room temperature. Ar+ ion sputtering produced a clean
surface on the substrate. Spectra of the valence-band
(VB), Pd 3d, Pd M sVV, Ar 2p, 0 Is, and C Is regions
were recorded to monitor the condition of the substrate.
No oxygen contamination could be detected. The atomic
concentration of implanted Ar was 2.9%.

The single crystalline InSb and InP surfaces were sput
tered with 7-keV Ar+ ions in the sample preparation
chamber of the spectrometer at room temperature. The
sputtered substrate was not annealed to maintain the
amorphous surface. Ar+ ion sputtering produced a clean
surface of the substrate. Spectra of the valence-band
(VB), In 3d, Sb 3d, P 2p, Pd 3d, Pd M SVV, Ar 2p, 0 1s,
and C Is regions were recorded to monitor the condition
of the substrate. No carbon and oxygen contamination
could be detected. The atomic concentration of implanted
Ar was 2.6% for InSb and 1.8% for InP.

The composition of sputtered substrate surfaces before
Pd deposition was measured by varying the photoelectron
take off angle (9= 10°, 25°, 35°, 50°, 90°). The effect of
preferential sputtering was negligible in this experiment.
The effect of preferential sputtering reported is serious for
relatively low energy « 1.5 keV) and for small atomic
number (He,Ne) primaryion. In this experiment relative
ly high energy (7 keY) and a heavier (Ar) primary ion was
used for sputtering.

The Pd was deposited by vapor deposition in the sample
preparation chamber at room temperature. The sample
was transferred between the analyzer chamber and the
preparation chamber under a vacuum below 3 X 10-8 Pa.
The coverage of the Pd was determined from the Pd
3ds/2 peak intensity.ls

In the case of carbon substrate, BE's were referred to
the CIs line of the substrate, which had a value of 284.6
eVe This value was consistent with a zero BE for the Fer
mi edge at high coverage. In the case of semiconductor
substrates, BE's were referred to the 2p3/2 line of the Ar
implanted into the substrates, which had a value of 242.3
eV.37

A microcomputer was used for data acquisition and
data processing. Determination of the core-level peak po
sitions and spectral intensities (peak areas) was accom
plished after subtracting a background noise by smooth
ing the experimental data.

The relationship between the coverage and the cluster
size was not determined directly in this experiment.
Hamilton and Logel38 have reported the variation in
cluster-size distribution with Pd coverage on amorphous
carbon substrate. They demonstrated that the deposited
Pd atoms are predominantly adsorbed as isolated adatoms
at coverage of less than -}- monolayer and that at higher
coverages clusters grow by random adsorption of metal
atoms. Takasu et al. 21 studied Pd on Si02• The bond
ionicity of Si02 is known to be 0.61.39 They showed that
only a part of the incident metal (probably 20% at
7X 1014 atomscm- 2

) is present in the particles (average
particle size 1.6 nm) and at coverage 7X lOIS atomscm- 2

the average particle size is 4.2 nm. A rapid increase in the
fractional area covered occurs on ionically bonded Si02

substrate.
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IV. RESULTS AND DISCUSSION

TABLE I. The BE's of p levels of the substrate components.
BE relative to the Fermi level is given in eVe

The degree of cluster-substrate interaction for clusters
of Pd evaporated on poorly conducting substrates can be
divided into two categories: (i) substrates with localized p
orbitals with BE's overlapping that of the cluster d orbi
tal, and (ii) substrates without such orbitals. The former
is considered strongly interacting, whereas the latter type
is only weakly interacting.

Table I shows the p-electron BE's of the substrate com
ponents. The pad interaction will be repulsive and will in
crease as the energy separation decreases. It is expected
that the semiconductor (InSb and InP) substrates are
strongly interacting. Semiconductor substrate. com
ponents have a density of state near the Fermi level
(EB <2 eV). In III-V compounds, the most intense
featmes are the d-Ievels peaks in the cations centered
around 15-eV BE and those of the anions around 35 eVe
Additional structure typically from 5 to 10 % as intense
as the d-Ievel peaks is observed in the EB =0-4 eV re
gion. This structure is attributed in each case to the
valence bonds formed from the outermost atomic sand p
orbitals of the two constituent elements.40

It is well known that Pd particles supported on carbon
sinter readily41 in comparison with Pd on silica. This
should reflect the weak interaction between the Pd clus
ters and the carbon substrate. The C 2p BE is 6 eV rela
tive to the Fermi level. The weak cluster-substrate in
teraction is perhaps due to the low density of states in the
semimetallic carbon substrate. The amorphous carbon
substrate is conductive while the Si02 is a good insulator.
This can have an influence on the screening of the holes
created by the photoemission. There is rapid transfer of
an electron to the cluster from the carbon substrate. Since
the interaction between the Pd clusters and the carbon
substrate is rather weak, we expect that the contribution
to the linewidth broadening due to a distribution of chem
ical inequivalent sites should be negligible. It is very con
venient for us to compare the experimentally observed BE
shifts to the theoretically calculated BE shifts in the Pd-C
system. . 19

In the insulator substrates (SI02 and A120 3), the 2p
levels of the cations range from 3 to 5 eV and the ° 2p
BE is 7 eV relative to the Fermi levelo The radii of the Si,
Al and ° ions are 0.4, 0.5, and 1.4 A, respectively. Both
th~ physical and electronic structures of Si02 and Al20 3
are dominated by the 0 ion. The density of states near
the Fermi level in the semiconductor substrates is relative- 0
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FIG. 1. Coverage dependence of the Pd 3ds/2 electron bind
ing energy (BE) of the Pd clusters on the C substrate.

ly higher than that in the insulator sUbst~ates. Th~s. rela
tively high density of states near the FermI level facIhtates
charge transfer and hence neutralization of the positive
charge in the cluster in final state. On insulating s~b

strates a hole state created in the cluster cannot be eastly
neutralized via fast electronic relaxation. There are no
itinerant electron states through which electronic charge
could be readily transferred. The available mechanisms
for screening the incremental positive charge are relax~

tion of neighboring ions and polarization of the electronIc
charge on those ions. The former is too slow to affect the
active electron's BE, therefore only the latter is effective.

The detailed mechanism of extra-atomic relaxation
differs between ionic, covalent, and metallic materials. A
metal has itinerant electron states. The extra-atomic re
laxation energy in metals is larger than that observed in
insulators. In covalently bonded semiconductors and sem
imetals extra-atomic relaxation can take place effectively
through the bonds which are polarized and electronic
charge shifts towards the cation atom, screening the posi
tive hole. In an ionic solid, extra-atomic relaxation can
not easily take place via electronic relaxation.42 Fadley
et al. 43 pointed out that electrons on neighboring ions will
respond to the sudden creation of a positive charge during
photoemission by moving away from their equilibrium
positions so as to change the electrostatic potential at the
site of the ionized atom. The extra-atomic relaxation en
ergy observed in an ionic solid is smaller than that ob
served in a covalent solid.

In the photoemission final state, the hole state of the Pd
core level should be screened by the valence electrons of
the Pd cluster and the conduction electrons of the sub
strate. This relaxation shift depends on the relative mag
nitude of the polarizability of the substrate and the Pd
metal. It is expected that the polarization energy of the
substrate, screening the core-hole state in the cluster, is
small for small Pd clusters on insulator substrates, in con
trast with the case of semiconductor substrates.

The results obtained in the conductive carbon substrate
experiment are shown in Figs. 1-3. Figure 1 shows the
Pd 3ds/2 BE versus the Pd coverage. The Pd 3ds/2 BE
increases by 1.1 eV with decreasing coverage from 4X 1015

to 8X 1013 atomscm-2 and is almost constant in cover-
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FIG. 2. Coverage dependence of the Pd M sVV Auger elec
tron kinetic energy (KE) of the Pd clusters on the C substrate.

ages below 8X 1013 atomscm-2
• The Pd 3ds/2 BE in

coverages of more than 4X 1015 atomscm-2 is constant
and identical to that obtained for bulk Pd metal.

Figure 2 shows the Pd M 5VV Auger KE versus the Pd
coverage. The Pd M sVV Auger KE shifts by + 1.3 eV
with increasing coverage from 8X 1013 to 4X 1015
atoms cm-2. The Pd Auger KE is almost constant both
in regions less than 8 X 1013 and more than 4 X 1015
atomscm-2• The Pd Auger KE in coverages greater than
4X 1015 atomscm-2 is identical to that obtained for bulk
metal.

Figure 3 shows the modified Auger parameter versus
the Pd coverage. a is almost constant at coverages below
1X 1015 atomscm-2• Therefore, the extra-atomic relaxa
tion energy did not change. In the higher-coverage region
[(1-4)X 1015 atomscm-2], a increases by 0.2 eV with in
creasing coverage. In this coverage region the change in
the dynamic extra-atomic relaxation energy is equal to 0.1
eV.

In region I (coverage less than ~8X 1013 atomscm-2
)

aE~(Ms VV)=O eV, aEB(~S/2)=0 eV, and
aR ex( V)=O eV. Therefore, JiEB ( V)=O eV.

In region II [coverage (8Xl013 )_(lxl01S )
atomscm-2

] aEkin(MsVV)= + 0.8 eV, aB (3d s/2 )

= -0.85 eV, and aR~(V)=O eV. aEB(V) is equal to
-0.83 eV.

In region III [coverage (IXI01S )-(4XI01S )
atomscm-2] aEkin(MsVV)= + 0.5 eV, aEB (3d s/2 )

= -0.25 eV, and aR~(V)= + 0.1 eV. aEB(V) is equal
to -0.28 eV.

In region IV (coverage more than ~4X lOIS
atomscm-2) aEkin(MsVV)=O eV, aEB (3d s/2 )=O eV,
and aR~(V)=O eV. aEB(V) is equal to 0 eV.

ae(3dsI2 ) can be obtained from Eq. (7). In Table II
aEkin(Ms VV), aE»(3ds/2 ), aR~(V), and ae(3ds/2 ) are
listed. In the lower-coverage regions (I and II), the
-0.85-eV shift for the Pd 3d sI2 BE is ascribed to the
change (+ 0.85 eV) in the initial-state effect a£(3dsI2 ).

In the higher-coverage regions (III and IV), the sum of the
change in the initial-state effect and the change in the
final-state effect corresponds to the change in the Pd
3ds/2 BE.

At low coverage the + I.I-eV shift of the Pd 3ds/2 BE

metal
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FIG. 3. Coverage dependence of the modified Auger parame
ter (a) of the Pd clusters on the C substrate.

and the - 1.3 eV shift of the Pd M SVV Auger KE rela
tive to the bulk Pd are observed in evaporated Pd on the
amorphous carbon substrate. The + 1.I-eV shift for the
Pd 3ds/2 BE is ascribed to the change ( + 1.0 eV) of the
initial-state effect.

Johansson and Martensson44 developed a method for
calculating the core-level electron BE shift between the
free atom and the condensed atom in its metallic state.
The thermodynamic model assumes that the core-ionized
atom in the metal is screened completely and the final
state valence electron distribution can be substituted by
that of an impurity atom with charge (Z +1) in the origi
nal Z-atomic metal. The final state is reached from the
initial state by means of a Born-Haber cycle, in which the
energy of solution for a Z + 1 impurity ion (of charge
+ 1) in a host metal Z, gives a major contribution to the

core-level BE shift. The core-level shift (aEB )calc of an
atom A when the atom A is removed from the pure metal
and dissolved into host B can be written as4S

(aE; >calc=E (A ;B)+E(A + I;A)-E(A + I;B) , (8)

where the superscript b refers to the atom being dissolved
in the bulk. Terms of the form E(A ;B) represent the
solution energy of atom A in host B, and A +1 refers to
the element with an atomic number one greater than that
of A. The first term E (A ;B) represents the change in the
initial-state energy of atom A upon solution in B. The
remaining two terms, E(A + I;A) and E(A + I;B),
represent the difference in final-state energies in hosts A
and B.

The solution energy of the Pd atom into carbon was
calculated by using the Miedema's semiempirical theory.46
The values of E(Pd;C), E(Ag;Pd), and E(Ag:C) are 1.98,
0.23, and 0.77 eV, respectively. In this system we obtain a
+ 1.98-eV shift due to the initial state, a -O.54-eV shift

due to the final state, and a I.44-eV shift as (6.£; )calc. It
is necessary to correct the surface-to-bulk shift of Pd for
comparing the calculated bulk shift to the experimental
value. The surface-to-bulk shift of Pd reported22 was 0.3
eVe The corrected value is 1.14 eV, which is in good
agreement with 1.1 eV of experimental shift. The experi
mental shifts due to the initial state and final state is
+ 1.0 and + 0.1 eV, respectively. Both experimentally

and theoretically, it was shown that the + I.I-eV shift of
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TABLE II. Changes of Auger electron kinetic energy, core-electron binding energy, photoemission final-state effect, and photo
emission initial-state effect for Pd clusters on the carbon substrate with increasing coverage. Energies are given in eV.

Region I « 8 X 1013
) 0 0 0

Region II f(8X 1013 )-( 1X 1015)] + 0.8 -0.85 0
Region III [( 1X 1015)_(4X 1015 )] + 0.5 -0.25 + 0.1
Region IV ( 1015

) 0 0 0

o
+0.85
+0.15

o

Pd 3ds/2 BE in evaporated Pd on amorphous carbon sub
strate is primarily due to the initial-state effect.

The change of Auger KE of the (jkl) process is
analyzed in terms of the change of the one-hole state ener
gy and the change of the two-hole state energy31,47 as fol
lows:

AEkin(j,k,I)=AEB(j)-AEB(k,l) .

EB(k,l) is the energy required to create two holes on the
same atom. We can derive an approximation similar to
Eq. (8) to obtain the change of the two-hole state energy
AEB (k,!):48

(a.E;)calc(k,I)=E(A ;B)+E(A +2;A)-E(A +2;B) ,

(9)

where A +2 is the (Z +2) element relative to A.
The values of E(Cd;Pd) and E(Cd;C) are 1.42 and 0.45

eV, respectively. In evaporated Pd on the carbon sub
strate we have a 2.95-eV shift of the two-hole state energy
(AE; )calc(k,l).

We tum to the discussion of the Auger KE shift. We
have a -1.51-eV shift for (AE~in)calc(j,k,l) because the
change of the one-hole state energy (AE~)calc(j) is 1.44
eVa After the correction of surface-to-bulk shift (0.3 eV),
we obtain the calculated Auger KE shift (-1.21 eV).
This value is in agreement with the experimental shift
(-1.3 eV) within the experimental energy uncertainty
(0.1 eV).

Mason I3 reported a 2.2-eV Auger shift for evaporated

Pd on amorphous carbon substrate. This value is too
large compared to the shift observed in this experiment
and the calculated shift obtained from the thermodynami
cal model using Miedema's semiempirical theory. It is
necessary to consider the change of the work function in
the Mason's electron-excited Auger measurement to inter
pret the discrepancy. In the electron-excited Auger mea
surement the electron energy reference level is taken to the
vacuum level. The work function varies with the change
of cluster size as described in Sec. II. In small clusters,
tpe work function increases. For the sphere radius R ~ 5
A, it amounts to ,-,leV. The increase of work function
lowers the KE of the emitted electrons referenced to the
vacuum level. However, the emitted electron KE refer
enced to the Fermi level is not altered by the change of
work function with cluster size change.

Cheung18 reported a reduction in the line-shape asym
metry, a broadening in the linewidth, and a shift of the
core level toward the higher BE in evaporated Pd on the
carbon substrate. The substrate is a different form of car
bon from this experiment. The shift of core-level BE re
ported by Cheung is + 0.8 eV, which is smaller than that
obtained in this experiment. However, the paper by
Cheung presents essentially identical results for the BE
shift of evaporated Pd on the carbon substrate. The shift
predominantly arises from an initial-state effect for small
Pd clusters. The changes in the linewidth and line asym
metry can be interpreted in terms of the final-state
effects-the changes in the response of the valence elec-
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FIG. 4. Coverage dependence of the Pd 3ds/2 electron bind
ing energy (BE) of the Pd clusters on the InSb substrate.
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FIG. 5. Coverage dependence of the Pd M sVV Auger elec
tron kinetic energy (KE) of the Pd clusters on the InSb sub
strate.
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FIG. 6. Coverage dependence of the modified Auger parame
ter (a) of the Pd clusters on the InSb substrate.

tPB=tPm-Xsc- Jix ·

Here ¢JB is the Schottky barrier height, tPm is the work
function of the metal, X sc is the electron affinity of the
semiconductor, and AX is dipole potential, which depends
on the position of surface states within the band gap. The
dipole layer is a capacitive layer with a negative charge on
the metal side and a positive charge on the semiconductor
side. It is well known that the Fermi level was pinned at
the center of the band gap in covalent bonded semicon
ductor surfaces. So, we can use following approximate
equation in the discussion of Schottky barrier height:

¢JB =tPm -X sc •

In the photoemission final state, electronic relaxation
takes place through the Schottky barrier to small Pd clus
ters from the semiconductor substrates. So, the extra
atomic relaxation energy change observed in Pd depends
on the polarizability of the substrates (E oo -1 )/(E oo +2).

The shifts for Pd 3ds/2 BE in small Pd clusters on Si02
and Al20 3 substrates, listed in Table VI, are predominant
ly ascribed to the change of photoemission final-state ef
fect} 9 Of course, the sum of the change in the photo
emission initial-state effect and the change in the photo
emission final-state effect corresponds to the change of Pd

InP substrate is greater than that for the InSb substrate.
Here we define the ratio of the photoemission initial
state-effect change to the photoemission final-state-effect
change, E i / f , as the ratio of d£(3d s/2 ) to aR~(v). The
value of E i / f for InSb substrate is greater than that for
InP substrate. The change of final-state effect increases
with the increase of the band gap and Schottky barrier
height of the semiconductor as shown in Table V.

The bond ionicity (Ii) of InSb is 0.32 and that of InP is
0.42.49 These are covalent semiconductors. Mead and
SpitzerSO have shown that for covalent semiconductors,
the energies of Schottky barrier, formed by intimate con
tact between a metal and a semiconductor, were relatively
independent of the particular metal, and the value of the
barrier for electrons was approximately two-thirds of the
band-gap energy.

MeadSI and Kurtin et al. 52 demonstrated a distinctly
different variation of the barrier behavior on ionic insula
tors as contrasted with covalent semiconductors. For the
ionic insulator, the barrier energies are found to vary
strongly with the particular metal. For covalent semicon
ductors (Le., InSb, InP), MeadS1 argued that the lattice
disruption at the surface was large, in contrast to ionic in
sulators (i.e., Si02, Alz0 3 ), where crystal bonding is more
Coulombic and less disruption of the lattice potential near
the surface is expected, resulting in lower density of sur
face states.

At the metal-semiconductor interface, electrons flow
from the semiconductor to the metal after contact. The
barrier height depends on the difference in the work func
tion in simple model. When we treat real Schottky bar
riers, we should consider the role of semiconductor sur
face states leading to band bending at the semiconductor
vacuum interface. The Schottky barrier height is ex
pressed as

lk value
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13
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trons to the core hole as a function of the cluster size.
The results obtained in the semiconductive IoSb sub

strate experiment are shown in Figs. 4-6.
Figure 4 shows the Pd 3ds/2 BE versus the Pd cover

age. The Pd 3ds/2 BE is constant in the low-coverage re
gion (less than ~lXIOIS atomscm- 2). In the region of
intermediate coverage [(1-8)X lOIS atomscm-2], the Pd
3ds/2 BE decreased by 0.4 eV with increasing coverage.
The Pd 3ds/2 BE for Pd clusters in the high-coverage re
gion (more than ~8X101S and less than :.::::3Xl016

atomscm-2) decreased by 0.8 eV with increasing cover
age.

Figure 5 shows the Pd M S VV Auger KE versus the Pd
coverage. The Pd M 5 VV Auger KE shifts by + 0.50 eV
in the intermediate- and + 1.2 eV in the high-coverage re
gions with the increase of coverage.

Figure 6 shows the modified Auger parameter versus
the Pd coverage. a is almost constant at coverages below
~8X lOIS atomscm-2• Therefore, the dynamic extra
atomic relaxation energy did not change. In the higher
coverage region (Pd> 8X 1015 atomscm-2), a increases by
0.5 eV with the incrwe of coverage. In this coverage re
gion the change in the dynamic extra-atomic relaxation
energy aR~( V) amounts to 0.25 eVe

In region II [Pd~(1-8)X lOIS atomscm- 2],

aEkin(MsVV) is + 0.50 eV, aEB (3d s/2 ) is -0.4 eV, and
aa is + 0.1 eV with increasing coverage. From Eq. (7),
aEB(V) amounts to -0.4 eVe

In region III (Pd~8X1015atomscm- 2), aEkin(MsVV)
is + 1.2 eV, aEB (3d s/z) is -0.8 eV, and ~a is + 0.4 eV
with increasing coverage. ~B(V) amounts to -0.8 eVe

~E(3ds/2) can be obtained from Eq. (7). In Table III
a.Ekin(MsVV), aEB (3d s/z ), ~~( V), and a£(3ds/2 ) are
listed. In region II the -0.4-eV shift for the Pd 3ds/2 BE
is primarily ascribed to the change (+ 0.35 eV) in the
initial-state-effect, ~£(3dS/2)' In region III, the sum of
initial-state-effect change and the final-state-effect change
is in agreement with the change in the Pd 3ds/2 BE.

Similar changes of E kin(M5 VV), EB (3ds/2 ), R~( V),
and E(3d 5/2) are obtained in small Pd clusters on the InP
substrate. In Table IV, aEkin(M5VV), aEB (3ds/2 ),

J1R~(V), and ~E(3ds/2) of Pd are listed. a£(3d5/ 2 ) are
identical for InSb and InP substrates. aR ~ (V) for the
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TABLE III. Changes of Auger electron kinetic energy, core-electron binding energy, photoemission
final-state effect, and photoemission initial-state effect for Pd clusters on the InSb substrate with in
creasing coverage. Energies are given in eV.

Coverage (atoms/cm2) tJ..Ekin(MsVV) tJ..EB (3d s/2 ) aR~(V) tJ..E(3d s/2 )

Region I (;$1 X 1015 ) 0
Region II [~(1-8) X 1015 ] +0.5 -0.4 +0.05 +0.35
Region III (2:: 8 X 1015) + 1.2 -0.8 +0.2 +0.6

TABLE IV. Changes of Auger electron kinetic energy, core-electron binding energy, photoemission
final-state effect, and photoemission initial-state effect for Pd clusters on the semiconductor substrates
with increasing coverage. Energies are given in eV.

3793

Substrate

InSb
InP

aEkin(MsVV)

+ 1.7
+ 2.3

-1.2
-1.4

+0.25
+0.45

+0.95
+0.95

TABLE V. Ratios of the changes in the photoemission initial-state and final-state effects, band gaps,
electron affinities, Schottky barrier heights, and polarizabilities of the substrates. Energies are given in
eV.

Substrate

InSb
InP

3.8
2.1

Eg (300 K)

0.18
1.4

4.6
4.4

0.2
0.4

(€ 00 - 1)I( € 00 +2 )b

0.83
0.74

at/JB=t/Jm -Xsc and 4>Pd=4.8 eV.
bReference 49. € 00 is the dynamic dielectric constant.

TABLE VI. Changes of Auger electron kinetic energy, core-level-electron binding energy, photoemis
sion final-state effect, and photoemission initial-state effect in small Pd clusters on the substrates with
increasing coverage (Ref. 19). Energies are given in eV.

Substrate tJ..Ekin(MsVV)

+ 3.9
+2.6

-1.7
-1.2

+ 1.1
+0.7

tJ..E(3ds/2 )

+0.6
+0.5

TABLE VII. Correlation of the ratio of the initial-state effect change to the final-state effect change
and the modified Auger parameter change with the polarizability of the substrates (Ref. 19).

Substrate

aReference 55.

0.55
0.71

2.2
1.4

0.32
0.79

Bulk
polarizabilitya

C~.3)

4.3
3.0
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3ds/2 BE with each substrate. This result is clearly con
sistent with that of Vedrine et al. 3 They reported that a
1.4-eV shift for the Pd 3d line of atomically dispersed Pd
in type- Y zeolites was assigned to smaller electron relaxa
tion energy.

In photoemission final state, the hole state of the Pd
core level in the cluster should be screened by the valence
electrons of the Pd clusters and the conduction electrons
of the substrates. This relaxation shift depends on the rel
ative magnitude of the polarizability of the substrate and
the Pd metal.

In ionic insulators the effective mechanism for screen
ing the incremental positive charge is polarization of the
electronic charge on neighboring ions. The BE will be re
duced by a corresponding polarization energy (Epol)' The
polarization contribution must therefore be regarded as a
form of static extra-atomic relaxation.

The one-hole relaxation cannot be measured directly
whereas that due to Auger ionization can. The change of
the modified Auger parameter of Pd is a measure of Epal
due to the substrate.

The term of (€ 00 - 1)/( € 00 +2) is the measure of the po
larizability of the substrate. The bulk polarizability of the
substrate is calculated by the Clausius-Mossoti relation
ship. The value of Eill , /i.a, (€00-l)/(coo +2), and bulk
polarizability are listed in Table VII. Eill for the Al20 3
substrate is greater than that for the Si02 substrate. /i.a
observed for the Al20 3 substrate is smaller than that ob
served for the Si02 substrate. The role of the photoemis
sion final-state-effect change in Pd 3ds/2 BE change of
small Pd cluster on substrates increases with the increase
of the bulk polarizability of the substrate.

The difference in the change of the modified Auger pa
rameter between the AI20 3 substrate and the Si02 sub
strate may suggest that the one-hole extra-atomic relaxa
tion energy for Si02 is smaller than that for A120 3• The
screening should be weaker for clusters evaporated onto a
more insulating, highly polarizable substrate.

Pd clusters on Al20 3 and Si02 substrates, investigated
in Ref. 19, represent a close facsimile of the important
small-metal particle catalysis. 1

-
S In Ref. 19 it has been

shown that small Pd clusters contain fewer d electrons.
The result may suggest a correlation between the density
of empty d electron states and the variation in catalytic
activity with cluster size.

In the point-charge approximation the shift of the Pd
core eigenvalue is given by the following equation:s3

In this experiment, q is the charge at the photoionized Pd
atom, V is the electrostatic potential at the Pd nucleus
created by the charges of the substrates. In practice, the
term of kq will remain constant for each substrate. The
change in /i.£ with the substrate will relate to difference in
potential t.V between the substrates.

Figure 7 shows the change in the photoemission initial
state effect ~£(3ds/2) versus the potential energy of the
substrates. The change in the term of the core eigenvalue
corresponds to the shift of the potential energy of the Pd
core electron from bulk Pd metal to Pd atom dissolved

I f

o -0.5 -1.0

-(O.25)~ X
2

FIG. 7. The change in the term of Pd core eigenvalue versus
the potential energy of the substrates. The values of~ for the
C-C, In-Sb, In-P, Si-O, and AI-O bonds are 0,0.2,0.4,
1.7, and 2.0, respectively. The potential energy due to the
extra-ionic charge of the substrate increases by -(0.25)ax2 eV
with the increase of 6X.

into the matrix of the substrate. The change in the poten
tial energy of the Pd core electron for small Pd clusters
differs for each substrate and correlates to the difference
in electronegativity of the substrate components.

The difference in electronegativity indicates the shift of
the valence electron distribution from the center of the ca
tion and the anion. The Coulomb interaction between the
electrons shifted to the anion and the holes shifted to the
cation produces the "extra-ionic" energy.54 This extra
ionic energy dominates the lattice potential of the sub
strate. The contribution of the lattice potential to the
photoemission initial-state effect of the Pd atom dissolved
into the matrix of the substrate is greater for a more ionic
substrate than that for a more covalent substrate. The
greater the difference in electronegativity, the more ionic
the bond is said to be, and the greater its heat of forma
tion. We can know the difference in electronegativity of
the substrate components from the change in the photo
emission initial-state effect of the evaporated Pd with the
coverage. It may also be possible to estimate the heat of
formation and the bond ionicity of the substrate through
the change in the photoemission initial-state effect of eva
porated Pd.

V. CONCLUDING REMARKS

In this paper we presented the core-level photoelectron
and core-valence-valence Auger electron studies of small
Pd clusters supported on various substrates. The Pd
3ds/2 BE shifts positively as one goes from metallic Pd to
small Pd clusters supported on substrate.

The photoemission initial-state effect is responsible for
the Pd 3dsI2 BE shifts in small Pd clusters supported on
the conductive amorphous carbon substrate. The photo
emission final-state effect predominantly gives rise to the
Pd 3ds/2 BE shifts in small Pd clusters supported on the
insulative Si02 and AI20 3 substrates, which are expected
to be weakly interacting with the cluster. The Pd 3ds/2
BE shifts in small Pd clusters supported on semiconduct
ing InSb and InP substrates, which are expected to be
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strongly interacting to the cluster, are primarily due to the
photoemission initial-state effect. The role of photoemis
sion final-state effect in the Pd 3d5/ 2 BE shifts increases
with the increase of the Schottky barrier height of the
semiconductor substrates and the bulk polarizability of
the insulator substrates.

In the case of conductor and semiconductor substrates,
fast electronic extra-atom relaxation can take place readi
ly, therefore the conduction electrons of the substrates
flow to the small Pd clusters for screening the incremental
Pd core hole through the Schottky barrier. So, the ratio
of the change in the core eigenvalue to the one-hole
dynamic extra-atomic relaxation energy is larger for these
substrates than that observed in the case of insulator sub
strates. In insulator substrates the mechanism of extra
atomic relaxation is the screening of positive charge by
the polarization of the electronic charge on neighboring
ions. The polarization energy of the highly polarizable
substrate is smaller than that of less polarizable substrate.
Therefore, the change of the one-hole dynamic extra
atomic relaxation energy observed in small Pd clusters on
insulator substrates, which depends on the relative abili
ties of the polarizability of the substrate and the Pd metal,
increases with the increase of the bulk polarizability of the
substrate.

In the case of inert carbon substrate, the degree of
charge transfer between the cluster and the substrate
should be negligible in the time scale of photoemission,
the Pd 3d5/ 2 BE shifts are due to photoemission initial
state effect.

This is consistent with Mason. I3 Mason proposed that
the increase of core-level BE is due to the changes in the
electronic configurations of the atoms in the cluster. The
number of d electrons per metal atom in a small cluster is
smaller than that in the bulk metal because of the intra
atomic sp-d rehybridization. The reduction in the compo
sitions of the valence electrons in the Wigner-Seitz cell
volume has been suggested as the reason for the increase
in core-level BE in small clusters.6 As one goes from
small clusters to bulk metal, the Hartree-Fock potential
experienced by the core electron may be altered because
the valence electrons are compressed into Wigner-Seitz
cell volume in bulk meta1.56 The compression increases
the valence-electron-core-electron repulsion.

Cheung18 reported a reduction in the line-shape asym
metry in small Pd clusters on carbon substrate. The
reduction in the line asymmetry indicates the decrease in
the electron-hole screening in small clusters. This means
a corresponding reduction in the density of states p(EF )

and/or in the screened core-hole potential v at the Fermi
level.57 This is consistent with the valence-band studies
by photoemission6,7, 17,21 and quantum-mechanical calcula
tions,58 which indicate a decrease in p(Ep ) as the cluster
size decreases. The reduction of v may be caused by the
changes in the dielectric constant of the valence electrons.
Ascarelli et al. 59 reported the increase of linewidth in a
small Au particle with a decreasing particle's size. They
have shown that the dielectric constant of a finite electron
gas can be changed drastically when the size of the system
is of the order of the Fermi-Thomas screening length.

Citrin and Wertheim22 suggested that the positive core-

level BE shift in small clusters relative to that of the bulk
metal is mainly due to the difference in the choice of the
reference level. There is a serious difficulty in their ex
planation. They assumed that small cluster has the same
work function as that of the bulk. From classical electro
statics, we know that the work function of a metal sphere
is larger than that of an infinite metal plane as mentioned
in Sec. II. Thus, taking the vacuum level as the reference
level, the cluster is expected to have a higher core-level
BE than that of the bulk, assuming that initial states
remain the same.

The change in the photoemission initial-state effect
denotes the change of the potential energy of the Pd core
electron for small Pd clusters on the substrate. The
change in the term of core eigenvalue suggests that the
extra-ionic energy of the substrate affects the core
electron potential of evaporated Pd atoms. The greater
the difference in electronegativity of the substrate com
ponents, the larger its extra-ionic energy. The extra-ionic
energy dominates the lattice potential of the ionically
bonded substrate. The change in the photoemission
initial-state effect of Pd is smaller for a more ionic sub
strate than that for a more covalent substrate. We can
know the thermodynamic property of the substrate
through the change in the photoemission initial-state ef
fect of evaporated Pd.

We imply that initial-state effect is substantially impor
tant for the positive shifts of core-level electron BE in
small Pd clusters on various substrates. The importance
of the final-state effect is emphasized with the variation
of the mechanism of extra-atomic relaxation in the sub
strate. We can know the thermodynamic property of the
substrate through the change in the photoemission
initial-state effect of evaporated Pd.
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APPENDIX

In this appendix we discuss the influence of metal
semiconductor interface reaction on the Pd core-Ievel
electron BE measurement.

Figure 8 shows the core-level-electron BE's of the InSb
substrate components versus the Pd coverage. The In
3d5/ 2 BE remains constant and is identical to that ob
tained for InSb in the low-coverage region (less than
1X 1015 atoms em-2). In the region of intermediate cover
age [(O.1-1)X1016 atomscm- 2] the In 3d 5/ 2 BE de
creases by 0.5 eV with increasing Pd coverage. The In
3ds/2 BE in the high-coverage region (more than 1X 1016

atoms em-2) is constant.
The Sb 3d 5/2 BE remains constant and is identical to

that obtained for InSb in the low-coverage region (less
than 3X 1015 atomscm-2). In the region of intermediate
coverage [(0.3-1)X 1016 atomscm- 2] the Sb 3ds/2 BE in
creases by 0.6 eV with increasing Pd coverage. The Sb
3d5/ 2 BE in the high-coverage region (more than 1X 1016

atoms em -2) is constant.
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FIG. 8. Coverage dependence of the In 3ds/2 and Sb 3ds/2

electron binding energies (BE) of the InSb substrate.
FIG. 9. Coverage dependence of the In 3ds/2 and P 2p elec

tron binding energies (BE) of the InP substrate.

Figure 9 shows the core-level-electron BE's of the InP
substrate components versus the Pd coverage. The In
3dS/2 BE remains constant and is identical to that ob
tained for InP in the low-coverage region (less than
8 X 1014 atoms cm -2). In the region of intermediate cover
age [(8 X 1014)_( 1X 1016 ) atoms cm-2] the In 3ds/2 BE
decreases by 0.5 eV with increasing Pd coverage. The In
3ds/2 BE in the high-coverage region (more than 1X 1016

atoms cm -2) is constant.
The P 2p BE remains constant and is identical to that

obtained for InP in the low-coverage region (less than
3X 1015 atomscm- 2). In the region of intermediate
coverage [(0.3-1)X 1016 atomscm- 2] the P 2p BE in
creases by 1.3 eV with increasing Pd coverage.

It is obvious that the core-level-electron BE's of the
substrate components remain constant at Pd coverages
below 1X 1015 atomscm-2• The values of the BE's are
identical to those obtained before Pd deposition. In the
low-coverage region there is no evidence of the occurrence
of the interface reaction or the formation of Pd-anion and
Pd-cation compounds.

In the higher-coverage region (more than 1X 1015
atoms em -2) the cation core-level-electron BE of the InSb
and InP substrates decreases by 0.5 eV with increasing Pd
coverage. The anion core-level-electron BE increases by
0.6 and 1.3 eV for the InSb and InP substrates, respective-

lYe The interface reaction between the Pd clusters and the
semiconductor substrates occurred in this coverage region
(1-10 monolayers).

This result is consistent with other interface studies of
metals on semiconductors showing that interdiffusion and
interface reaction occurred and that metal-anion and
metal-cation compounds formed.60,61 The core-Ievel
electron BE changes of the semiconductor substrate com
ponents observed in the higher-coverage region can be ex
plained by the formation of Pd-anion and Pd-cation com
pounds. In the case of an InP substrate the In 3ds/2 BE
shift in the higher-coverage region may be due to the for
mation of an In-Pd alloy.61 This probably happened for
InSb.

The chemical state of the freshly deposited Pd atoms in
the surface of the clusters on the semiconductor dom
inates the information carried by the Pd 3ds/2 electron
because the electron escape depth decays exponentially.
We observe predominantly the top surface Pd atoms in
the clusters where the interface reaction has not yet oc
curred. So, the interface reaction between the Pd and the
semiconductors does not seriously flaw the results of the
Pd cluster work on InP and InSb. The Pd 3ds/2 BE shifts
observed in small Pd clusters supported on the semicon
ductor substrates are worthwhile to discuss the photo
emission initial- and final-state effects.
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