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Interactions of ultrathin Pb films with Ru (0001 and Pd(111)
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The interaction of ultrathin Pb films with R0001) and Pd111) has been studied with x-ray photoelectron
spectroscopyXPS) and thermal desorption spectroscdpS). XPS and TDS show that at room temperature
Pb grows on R(000Y via a Stranski-Krastanov mechanism, i.e., after completion of the first adlayer of Pb on
Ru(0002), further Pb deposition leads to the formation of three-dimensional islands. Upon annealing to 500 K,
the overlayer Pb undergoes significant clustering with the extent dictated by the initial coverages. XPS results
show that the Pb #,, core level binding energyBE) increases slightly £ 0.3 eV) as the Pb coverage
increases from 0.07 ML to multilayers. When the first monolayer of P@&al) has been completed, the Pb
4f,, BE has nearly reached the BE value for bulk Pb; it is only 0.1 eV lower-&tML, the Pb 4, BE is
equivalent to that of bulk Pb. In contrast, at room temperature, Pb alloys with {héIPdurface, the Pd &,
BE increasing~0.8 eV with coverage from 0.07- to 4.3-ML Pb. The Pb,4 BEs also increase with increas-
ing coverage reaching the bulk value of Pb at a coverageML. The Pb 4, BE at 0.07 ML is 0.55 eV
smaller than that of bulk Pb. The lineshape and position of the x-ray induced Pd Auger feMyrs\) also
display significant changes upon alloying. For Pb/Pd alloys, annealing to 500 K does not induce further
changes in the Pd\ 4 sVV) Auger features. The core level BE shifts are discussed in terms of possible initial
and final state contributions. In particular, the initial state BE shift mechanisms of hybridization and environ-
mental conduction band charge density are explained in the context of prior theoretical studies. It is shown that
6s— 6p hybridization in Pb can be expected to be sufficiently large to contribute to the observed BE shifts.
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[. INTRODUCTION interpretation of core level BE shift€ In particular, this is
true for analyses in terms of charge transfer, between the
Bimetallic surfaces exhibit a variety of interesting physi- individual components. Theoretical studies, see for example
cal and chemical properti¢sespecially as compared to sur- Refs. 7 and 8, have shown that there are competing physical
faces composed of the individual components of the bimemechanisms which act to shift the BE in opposite directions.
tallic system. One of the principal goals of bimetallic studiesAs we shall describe in more detail in Sec. 4, the origin of
is to better understand the unique function of these mixedsurface core level shift6SCLS3, has been decomposed into
metal surfaces in heterogeneous catalysts. When characterzentributions from different physical mechanistisind two
ing traditional bimetallic catalysts, it is often difficult to de- canceling initial state mechanisms have been quantified for
termine the nature of the various phases in highly dispersethe Cy100 surface. One mechanism, arising from the pres-
metal particles. Thus, surface science techniques and modehce of the conduction band charge density, contributes
bimetallic catalystgthin films and/or alloyshave been used ~—0.5eV to the SCLS while the second, arising from the
frequently to simplify the studies of “real world” catalysts. 3d hybridization, contributes~+1.2 eV to the SCLS. A
During the past 10 years, significant attention has been dipositive sign for the SCLS contribution indicates that this
rected to correlating the heteronuclear metal-metal bondontribution favors a larger BE for a bulk than for a surface
properties with the electronic/catalytic properties of bimetal-atom. Note that these two contributions are of roughly com-
lic surfaces™ For many of these studies, refractory metal parable magnitude and that they are canceling to reduce the
substrates such as Ta, Mo, Ru, Re, and W, have been choseatal SCLS. The cancellation of approximately equal large
to study overlayer phases of metals such as Pd, Cu, and Nshifts may make it difficult to assign the origin of an ob-
Recently, Pd alloying with sp metals like Cu has receivedserved total shift, especially without detailed theoretical
attention because of the superior properties of Pd/Cu as astudies for the systems of interest. In this paper, we present
industrial catalyst; here, a particular interest is understandingompelling evidence that such studies will be needed in or-
the mutual influences that the additive and the host have oder to make definitive interpretations of the BE shifts. While
each othef. Among a variety of surface science techniques,it would be desirable to have these interpretations, it is very
x-ray photoelectron spectroscogXPS) has been utilized important to be aware that over-simplified, possibly incor-
most often to study core level binding ener@®E) shifts  rect, analyses of the BE shifts must be used with caution.
since these shifts may provide information about the elec- Palladium is a material used in a variety of practical cata-
tronic perturbations of the individual components of the bi-lytic processes; see, for example, Refs. 9 and 10. Further-
metallic systems. One of our major purposes in the presennore, in order to improve selectivity for certain hydrogena-
paper is to show that substantial caution must be used in thiéon reactions:~**a second sp metal, often Pb, is used as an
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additive!* 1’ Previous XPS studies directed toward under- — T T T T T
standing practical catalysts for these hydrogenation -
processes 1315-1"have shown that it is difficult to deter- [ Pb/RU(0001) . o
mine the nature of bimetallic surfaces formed with Pb and i T=300K 4 m A
Pd. These difficulties are due to the heterogeneity of conven- [
tional supported catalysts and to the diverse catalyst prepa-
ration methods. In the catalysts studied, more or less sepa-
rated phases, including monometallic Pb, Pb/Pd alloys, and
Pb oxides, can coexist with one phase being coated or par-
tially covered by the other. Consequently, the role of Pb in
altering hydrogenation in Pb/Pd catalysts is still not well
understood. The addition of trace amounts of Pb improves i 1
the performance of Pd containing catalysts for various oxi- o ” 2 3 p s
dation reactions; see, for example, Refs. 18 and 19. On the Pb Coverage (ML)
other hand, the presence of Pb can also drastically decrease
the activity of a Pd containing cataly@tAlthough possible FIG. 1. Variation of the Pb # intensity as a function of Pb
mechanisms have been suggested for these pronmidtimg deposition amount on RO00D and Pd111) at room temperature.
poisoning® effects of Pb addition, better understanding of
the reactions would be helpful. . RESULTS

In the present paper, the interactions between Pb and ) ] )
RU(0001) and Pd111) single crystals have been investigated _ The Pb coveragéilm thicknesg was calibrated by depos-
in order to better understand these bimetallic surfaces. Ri{ind incremental amounts of Pb on R001 and Pd111) at
was chosen because no intermetallic compounds are knowROM temperature and monitoring the XPS Hbphotoemis-
to exist between Pb and BUXPS is employed to investi- Sion peaks following each dose. Plots of the intensity of the
gate the nature of the bimetallic bond, with particular emphaPP 4f XPS peaks as a function of Pb coverage ori(R01)
sis on the Pb growth modes and the nature of the Pb ele@"d on PdL1]) are given in Fig. 1; the calibration of the

tronic perturbation in an overlayer or alloy phase. coverage is explained below. For both Pb{@a01) and Pb/
Pd111), the Pb XPS signal initially increases linearly with

Pb deposition time. For Pb on K001, the well-defined
break in the slope is assumed to correspond to completion of
the first Pb monolayefML). It is also apparent that beyond

The experiments were performed in an ultrahigh vacuunthe monolayer point, further deposition continues to increase
system, described in detail elsewh&&he base pressure of the Pb intensity but without additional break points. This is
the chamber was less thark20 1° Torr. The system con- consistent with the onset of three-dimensional cluster forma-
sists of two interconnected chambers, one for thermal detion after the first monolayer since no alloys of Pb and Ru
sorption spectroscopyf DS) and sample preparation, and the are knowr?!
other for electron spectroscopy using a Kratos XSA M800 For Pb deposition on Riil1), the Pb XPS intensity shows
hemispherical electron energy analyzer and a twin-anodso noticeable breaks, and is markedly less intense than that
x-ray gun(unmonochromatized M a radiation was used from Pb/RY0001). Because the surface atom densities for
for this study. The XPS data were recorded at an angle ofRu(0001) and Pd111) are 1.64<10" atoms/cmi and 1.54
30° with respect to the sample normal to enhance surfac 10'° atoms/cr, respectively, the intensity difference be-
sensitivity. The spectrometer was operated in a fixediween Pb on Ru and Pb on Pd is not due to the packing
analyzer transition mode with a pass energy of 38 eV. Thelensity differences between Pb/Ru and Pb/Pd. Thus, the
core level binding energies were calibrated with respect tdower XPS intensity for Pb/Rd11) than for Pb/R{000J)

Cu and Au surfaces and referenced to the Fermi level. may be a result of a different growth mode for Pb or1Rd)

Pb (99.999%, Aldrich Chemical Company, Incwas than on R@0001). Two growth modes for Pb on Hl1) may
evaporated from a high purity ceramic crucible, which wasbe able to explain the lower XPS Pl #tensities:(i) alloy-
heated resistively by W coils. The Pb source was extensiveling of Pb with Pd andii) nucleation of 3D Pb crystallites. Of
outgassed prior to use and monitored by a mass spectrometggurse, both of these growth modes could be present.
mounted in line-of-sight in order to ensure a constant flux of The Pb coverage was independently calibrated by TDS
lead. after depositing Pb on clean Ru. Figure 2 shows a family of

The RU000) and Pd111) single crystals were polished TDS spectra of Pb deposited at room temperature on
following standard polishing procedures. The samples wer&u(0001) as a function of coverage. At the highest cover-
mounted on tantalum leads and heated resistively. The crysiges, two desorption features are well resolvéda high-
tal temperature was monitored with a W-5%Re/W-26%Reemperature feature at 1075 K becomes more intense and
thermocouple spot-welded to the edge of the crystal. Thés saturated after a 1300-s exposure; afid a low-
sample was cleaned in vacuum by several cycles of argon iotemperature feature<635 K) that begins to grow after 1300
bombardment and annealing until no contamination was des. The Pb exposure at the initial appearance of this second
tected by XPS. feature, assigned to desorption of multilayer Pb, correlates

a
. o Pb/Pd(111)
T=300 K

Integrated Pb 4f
XPS Intensity (arb. units)

Il. EXPERIMENTAL DETAILS
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FIG. 2. Evolution of the TDS sp_ectra of Pb dep(_)_sned at room FIG. 3. Effect of Pb coverage on the P XPS spectra of
temperature onto RQ00J) as a function of the deposition amount. Pb/RU0001)

The spectra were acquired with a linear heating rate of 5 K/s.

BE are apparent, with the BE approaching the limiting value
with the break point in the XPS plot of Fig. 1. In all work to of 137.1 eV at coverages 2 ML. Overall, the XPS data
follow, we shall denote the amount of Pb deposited in unitsshow very little (+0.3 eV) BE shift as a function of cover-
of coverage. Based on the XPS break point and TPD foage. Coverages larger thar2 ML show no changes in peak
Pd/RY(0001), we define 1-ML coverage as equivalent to aposition, consistent with a short-range electronic interaction
1300 s exposure, making the assumption that the stickingetween Pb and R000J). Furthermore, the Rudregion of
coefficient is nearly unity at all Pb coverages oiHd) and the Pb/Ri0001) was also monitored at various Pb coverages
Ru(000J). It is noteworthy that in the submonolayer range, (not shown with no apparent change in line shape or peak
the desorption maximum at 1075 K shifts to lower tem- positions; only a decrease in intensity with increasing Pb
perature by~ 25 K with increasing coverage up to 1 ML and coverage was observed.
then becomes constant. In order to investigate the thermal stability of the Pb/

The low-temperature feature is characteristic of zero-Ru(0001) system, Pb films were vapor deposited at room
order desorption kinetics, whereas the high-temperature pedakmperature, and spectra collected at room temperature after
is characteristic of first-order kinetié3.For zero-order de- annealing the sample at a specified temperature for 2 min.
sorption, the activation energfy for the low-temperature The maximum annealing temperature was chosen as 500 K
feature using an Arrhenius relationship is 130 kJ/mol, a valudecause no lead atoms desorb untib50 K, as shown in
significantly smaller than the heat of sublimation for bulk PbFig. 2. Figure 5 shows the effect of annealing on the Pb 4
(~196 kd/mol)?* The estimated activation energies for de-and Ru 31 features for 7-ML Pb/R{®001). Annealing to 500
sorption, using a Redhead approximafibmnd assuming K shifted the Pb 4, peak by—0.2 eV from the peak posi-
first-order desorption with a prefactor of ¥& 1, for Pb  tion at 300 K whereas the Rud3, feature showed no no-
coverages of 0.13, 0.41, and 1 ML, are 286, 281, and 278ceable change. In Fig. 6, the binding energy of the Ph.,4
kJ/mol, respectively. These values are similar, changing by

only 3% between 0.13 and 1 ML, and considerably larger 137.2 — T T T r T T

than the heat of sublimation of bulk Rby ~45%). It is Pb/Ru(0001)

reasonablto take this larger activation energy as a strong S 13z T=S00K .

indication that the Pb-Ru bond is significantly stronger than - * *

the Pb-Pb bond. g 1370} ]
Figure 3 shows XPS spectra of the Pb #egions as a &

function of increasing Pb coverage on (R001) at room 2 1360} |

temperature. The Pbf4,, peak shifts from a BE of 136.8 eV 2

at 0.2 ML coverage to 137.1 eV at 6 ML. The effect of Pb h':N 1368k 1

coverage on the Pbf4,, peak position is displayed in Fig. 4, 5 ’

where the Pb #,, BE is plotted as a function of Pb cover- | |

age. The Pb #,,, BE increases almost linearly with coverage
up to one monolayer. Since the Pb atoms in the submono- L L L
. . 0 1 2 3 4 5 6

layer range grow two-dimensionally, the BE changes may

L . ] Pb Coverage (ML)
reflect a coordination or adsorption site dependence of the Pb
4f core level BE. The Pb #,, BE, after completion of the  FIG. 4. Plot of Pb 47, XPS BE of Pb/R(000)) as a function of
first layer of Pb, is only 0.1 eV lower than that of bulk Pb. Pb coveragdfilm thickness. The solid line is drawn to guide the
After completion of a monolayer, only slight changes in theeye.
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peak position along with the PbfARu 3d intensity ratio is  total shift in Pb 4, binding energy changes0.55 eV from
plotted as a function of the annealing temperature for thre@.07 ML to the multilayer region. Overall, at low coverage
coverages of Pi1.3, 2.8, and 7 ML For #p,=1.3 ML, (<2 ML) the Pb &, BE is smaller than the bulk value and
annealing produces no significant change in the Pladd  continuously shifts, finally reaching the bulk value at
Ru 3d intensity ratios or the Pbf4,, BE. Annealing 7-ML ~ ~2 ML (see Fig. 8 The full width half maximum(FWHM)
Pb films from 300 to 500 K produces significant change inof the Pb 4, feature broadens slightly from 1.4 eV at 0.2
the Pb 4/Ru 3d intensity ratio and a relatively small shiftin ML to 1.5 eV at 4.33 ML.
the Pb 4, BE peak position {-0.2 eV). The changes for Figures 9 and 10 display the Pdl3egion of the XPS
0pp=2.8 ML are intermediate between those fés,=1.3  spectra as a function of Pb deposition and the coverage de-
and 7 ML. The overall trend in Fig. 6 indicates that the pendence of the Pdd3,, BE. In contrast to the RUBBE in
degree of clustering upon annealing of POfBa0) in-  the Pb/RG000]) system, the Pd @ BE shows significant
creases with Pb coverage, leaving a large fraction of the firsghange. With an increase in the Pb coverage, the &g 3
monolayer exposed, as reported previodsly’ peak shifts continuously to high binding energy, reaching
Figures 7 and 8 show the Pl 4egion during progressive +0.8 eV at#fp,=4.3 ML. The changes in the Pbf4, and
Pb vapor deposition on Pl1) at 300 K. For comparison, Pd 3d, BEs at room temperature are consistent with and
the Pb thin films were prepared following the same proceappear to indicate that Pb alloys with (R#ll) (denoted
dure as that used for Pb/RI00Y). At 6p,=0.2 ML, the Pb  pb,_ Pd,/Pd(111)). As shown in Fig. 1, the Pl 4ntensity
4f;, feature is centered at 136.6 eV;@t,=1.0 ML, the Pb  changes are also consistent with alloy formation between Pb
4f7, peak is at 137.0 eV and @b,=4.3 ML, 137.1 eV. The and Pd. It is noteworthy as well that in Fig. 9, the position
and intensities of the Pdd3,, satellites relative to the main

13710 — T T T ML peak strongly depend on the Pb coverage, as seen in other Pd
3 —— alloys?®2° |t may also be suggested that this XPS data, in
~ 137.00F . D g 41.00 . . « .
> T T particular the Pb and Pd BE shifts, are due to an “interdif-
g 136.90 | — . o
5 ......_'.-o.soa - 1 T r - T
30— T g vy — [ Pb/Pd(111) 1
) = — 28My 32 2 | 1300k Pb4f;,
5 13700F ., {1008 = ETr
E \.\l a 5 ='
@0 13690} 1 ZFE 2t 4
o : : : : 5002 8 2
& ol M) 27 -y
£ = : ° 2
] . 100 g .
& 1300 £
. , : . . doso i
300 350 400 450 500 xX L i
Annealing Temperature (K) <3
2
o
FIG. 6. Variation of the Pb #,, XPS peak position and of the . . . ,
Pb 4f/Ru 3d XPS intensity ratio as a function of annealing tem- 148 143 140 136 132 128
perature for 1.3-, 2.8-, and 7-ML coverages of Pb o1iR0J). The Binding Energy (eV)

XPS intensity ratios are normalized to 1 at 300 K in order to be able
to compare the temperature changes found for different Pb cover- FIG. 7. Effect of Pb coverage on the P XPS spectra of
ages. Pb/Pd111).
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FIG. 10. Plot of Pd 85, XPS BE of Pb/P@L11) as a function of

FIG. 8. Plot of Pb 47, XPS BE of Pb/PL1Y) as a function of Pb coveragéfilm thickness. The solid line is a guide for the eye.

Pb coveragéfilm thickness. The solid line is a guide for the eye.
loys, they report similar lineshape modifications for the Pd

fusion” of Pd with the Pb overlayer but this interdiffusion MVV Auger spectra to those reported here. This similarity
may be viewed as a kind of alloy formation. It is, however, ¢@n be taken as evidence that Pb-Pd alloys are also formed in

preferable to use the description of alloy formation ratherPUr case for the deposition of Pb on (Bi. Still further
than the less well defined notion of interdiffusion. evidence for alloy formation can be obtained from compar-

: : : - i Pd Auger spectra for Pb/Ad1) with those for
Figure 11 illustrates the x-ray induced Auger transition ofiNg our . I
the Pd (,VV) features atfp,=2.8 ML for Pb/Pd111). Cu/Pd111).° The PdM 45VV lineshapes shown in Fig. 11 are

. L . ite different from those of Cu/Ptf1),® where the Pd
The lineshapes of the P V) and their kinetic energies qul ’
show noticepable chang(g/gapozl Pb deposition comp%red 45VV features become less pronounced and featureless

h di | for the cl ; Vv ith increasing Cu coverage. This sharp contrast can be in-
the corresponding values for _t € clean surface. Why terpreted to indicate that while for Cu/@d1), the Cu forms
and M,VV doublet structure is well defined and the peakan gyerlayer on Pd without significant mixing or interdiffu-

positions of theMsVV and M,VV features shift toward gjon, j.e. without alloying, for the case of Pb(Rtl), a
lower energy by~0.5 eV. Annealing of the system from 300 pp-pd alloy is formed.

K, the temperature at which the Pb was deposited, up to 500 The evolution of the Auger and photoemission spectra of
K produces no significant changes either in the lineshapes @d implies a strong interaction between Pb and Pd upon
in the kinetic energies of the Auger spectra. Goetal™  alloying. In addition to the rigid-band shift of 0.5 eV to
have studied the properties of bimetallic depositions of Pdower energy, the FWHM of the auger transition decreases
and Pb on alumina supports by several methods includingy ~10%. The observed changes in i, sVV bands are
Fourier transform infrared, XPS, Auger, and other spec<onsistent with a charge transfer from-P&b.

troscopies. Based on the ensemble of the data that they ob-
tained, Goetzet al? concluded that Pb-Pd alloys were

formed. In passing from monometallic Pb to the Pb-Pd al- The growth modes of one metal evaporated onto another
are governed by the surface free energies, strain energies,

IV. DISCUSSION

v T v ) L) J T T
Pd 3d T T T T T T T T T

@t .F;E’;Zg(y R Lo [ 2.8 ML Pb/Pd(111)
‘T = : Pd M, VV
St : g z I 45 Myv -
g
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oy s -
‘n S
g : oML %‘
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FIG. 9. Effect of Pb coverage on the Pdl XPS spectra of

Pb/Pd111), including Pd 3 satellites.

FIG. 11. Effect of coverage and annealing temperature upon Pd

(M45VV) position and line shape for 2.8 ML Pb on @d1).
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and kinetics. Thermodynamically the growth modes of bi- For adsorbate metal atoms, such as Pb o0&, it is

nary systems are determined by the surface free energies mfasonable to expect that the effective charge on the Pb
the substrateyg) the adlayer §.), and the interface energy might change as a function of coverage of the Pb. For the
(7i)-* Generally, if the interface energy; is less than zero, case of alkali metals on metal surfaces, the traditional view is
the system is stabilized by intermixing, maximizing the in-that the alkali metal is largely ionic at low coverage and
terface between the adsorbate and the substrate dlomsbecomes essentially neutral as coverage approaches a mono-
However, typically the interface energy is not known. In  layer or moré** Pacchioni and Bag@have shown that the
addition, the strain energy due to the atomic size mismatcleore level binding energies of adsorbed K/Cu increase by
(or the lattice constant mismatcbetween the adlayer and ~1.6 eV from a case where the adsorbed alkali is positively
the substrate atoms can also induce intermixing in the bulkharged, K, to one where the K is essentially neutraf.K

or at the surfacd?3* Although the Pb surface free energy This shift is consistent with observed coverage dependent
(0.600Jm?) is much smaller than that of Pd shifts of the K 3 BE of ~1eV for K/Ag (Ref. 46 and
(2.050Jm?),% alloys of Pb-Pd contain a number of K/Ru.*’ For the case of Pb on R2001), one can speculate
stoichiometric phases as well as solid soluti®hFhere is  that Pb is negatively charged at low coverages and essen-
also a large lattice mismatch between Pb and-P2i7% [for tially neutral at higher coverages é&=1 ML. As one goes

fcc Pb,ap,=0.495 nm, for fcc Pdapy=0.389 nm(Ref. 36].  from a negatively charged Pb adsorbate to a neutral adsor-
Based on the above considerations then, Pb on Pd shoulhte, the charging contributions lead to a core level BE shift
intermix, driven either by strain considerations or by bulkto higher energy. This is consistent with the BE shifts ob-
alloy formation. For Cu-Pd, which is miscible in the bulk, Cu served for the #,, core level for Pb/R(000D of +0.3 eV.
alloys with Pd when Pd is deposited as an overlayer on a CHowever, this shift cannot be definitively assigned to CT
surface’’ ~*°For an immiscible system like Pb on Ru, where without further, preferably independent, information.

surface free energies for Pb and Ru are 0.600 and Information on the ionicity of an adsorbate can be ob-
3.050 Jm 2, respectively’® Pb is anticipated to grow in a 2D tained from the frustrated translational vibrations of the ad-
mode. However, for Pb and Ru, the lattice mismatch is 83%sorbate normal to the surfate*®4°The intensity of these
[for hcp Ru,ag,=0.271 nm(Ref. 36], which can induce vibrations often depends on the square of the dynamic dipole
strain in the overlayer Pb films. This strain energy, if suffi- moment,e* =du/dz %! which is large for an ionic and
ciently large, could cause the growth of three-dimensionasmall for a covalently bonded adsorb&teSimilar vibra-
clusters after the first monolayer. Pb deposited on other reional measurements are, in principle, possible for Pb on Ru
fractory metal surfaces, such as NRef. 40 and W fol- and the measured values ef could indicate whether the
lows the Stranski-Krastanov growth mode. Pb-Ru bond has significant ionic character.

It is well known that the formation of a mixed-metal bond  There are aspects of the Pb-Ru interaction that may not be
induces perturbations in the electronic properties of thdully consistent with a high degree of effective anionic char-
bonded metal3-®*243To compare the core level binding acter for Pb adsorbates at low coverage. First, the Pb desorp-
energy of the Pb monolayer with that of the multilayer, it is tion energies change by less than 0.1 eV between 0.13 and 1
necessary to take into account the core level shifts of théAL Pb coverage on R0001). This small change in bond
surface atoms with respect to the bulk core level shifts in theenergy is consistent with a similar character of the Pb-Ru
multilayer spectra. To our knowledge, SCLS’s of Pb sur-bond at both low and high coverages and would argue
faces, either theoretical or experimental, have not been reagainst a significant anionic character for Pb even at low
ported. coverages. The Pauling electronegativities of Pb, Ru, and Pd

One effect which leads to core level BE shifts is the trans-are reasonably similar with the values for Pd and Ru-@f2
fer of charge between atoms. It is possible to relate the shiftand for Pb of~2.3>2 although earlier work gave values for
of core level BEs in bimetallic surfaces to an effective chargePb of 1.8 and for Pd and Ru of 2°®which are also reason-
transfer(CT) between the different metal atorgiowever, ably close for all three metals. These similar values suggest
there is strong evidence that other initial state electronichat CT from Pd or Ru to Pb would be small and the bonding
structure properties contribute to core level BE shifts andnight be best viewed as a polarized covalent bond between
may well be more important than CT effedisee, for ex- Pb and Ru or Pd. In this case, it may be more appropriate to
ample, Ref. 7 and references thejeithus one should be view the bonding in terms of hybridization or
cautious when using a relationship which directly relates theehybridization"” Indeed, as will be discussed later, hybrid-
core level BE shiftsABE, to changes in the effective charge, ization can make a significant contribution to core level BE
AQ, of an atom. The relationshidBE=AQ may neglect shifts. Previous studies indicate that in some bimetallic sys-
other important factors. It is, however, worthwhile to exam-tems rehybridization localizes electron density in the region
ine the possible effects of charge transfer, especially in thef the bimetallic bond* Furthermore, studies of the near
Pb-Ru bimetallic systems. The atomic configuration of Ruedge x-ray absorption structure for a series of Pd-Ag alloys
and Pd,[Kr]4d’5s® and[Kr]4d,° respectively, show that indicate that the hybridization in the alloys is different from
the 4d level will be at or near the Fermi level in condensedthat in the pure metafs.
systems. For Pb, with configuratidiKe]4f%5d'%s26p?, In order to investigate the possible role of hybridization of
the 5d should be well belovEr . The direction of the charge Pb atoms, it is necessary to determine the levels that may be
transfer should be from Pd to Pb or from Ru toRince Pd  involved in hybridization. For bulk Pb, theds 6s, and
and Ru have a higher density of occupied states Bear bands have been shown to be energetically well-sepatated.
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The ground-state configuration for Pb is tal charge density is larger and it contributes a larger envi-
[Xe]4f1%5d1%s?6p?, where the valence band structure of ronmental shift to lower BE. Note that this is the opposite
Pb is dominated by thessand & bands. The p band is direction as the change in BE shifts due to the hybridization
near the Fermi level, thes6band, ~3 eV below the § mechanism where there is a larger shift to higher BE with
band, and the & electrons,~10 eV below the 6 band. increasing hybridization. The contributions of these two ini-
Therefore, the band structure of Pb differs appreciably fronfidl state mechanisms to core level BE shifts are canceling.
that of the 31 and 4d transition metals where thetand the  HYbridization increases BEs and the “conduction band”
s-p bands overlap with significant hybridizatiéhThe dis- ~ charge density lowers BEs. With suitable methods of elec-
tinction between the band structures of Pb and of transitioffoNic structure theory**?it is possible to decompose the
metals is important because d to sp hybridization is known t&ontributions of these two initial state mechanisms as well as
lead to core level BE shiffs.For example, the sign of the to separate the final state contributions due to relaxation in
SCLS at Cu surfaces arises because of the different extent 8SPonse to the core hole. For the(@0) SCLSs, we have
the 3d—4sp hybridization for bulk and surface atorfs. made this decomp7085|t|on for thes BE following the meth-
However,s— p hybridization, which occurs for simple met- ©ds of Baguset al.”” The SCLS for the & BE should be
als, can also lead to core level BE shifts. This has beegimilar to the 25, BE SCLS that has been measured to be
shown to be important for the BE shifts in &%’ and it ~0-25 eV toward higher BE for a bulk atofi.The greater
seems likely that it would also be true for Pb. densn_y of conduction band chargg density arou_nd a 12-fold
In order to have a foundation for the analysis of core levelcoordinated bulk atom than an eightfold coordina(@0)
BE shifts, the mechanisms responsible for these shifts will béurface atom contributes 0.50 eV to the SCLS toward a
reviewed following the work in Refs. 7, 8, and 57. In this Smaller BE for a bulk atom. On the other hand, the larger
work, the mechanisms are divided into initial state effectsextent of the 8 hybridization for a bulk than for a surface
where shifts arise because of the chemical bonding, includatom contributes-1.24 eV to the SCLS. The cancellation of
ing charge transfer, and into final state effects that take intéhese two effects leads to a net initial state SCLS of
account BE shifts due to differential Screening of the Core+ 0.74 eV. There is a final state relaxation that is Iarg_er for a
hole. There are two initial state mechanisms which mak&ulk atom by 0.26 eV than for a surface atom. This differen-
canceling contributions to shifts of the core level BEs. Thetial relaxation further reduces the SCLS.
first arises from hybridization. Since electronic chaegeer It is common to think of the hybridization as involving
hybridization is more diffuse, the initial state BE's are largerPromotion from relatively compad levels. However, it is
than they were before hybridization. This mechanism waglso possible to have hybridization o electrons intap
first pointed out be Masdh to explain the core level BE and other bonding levels, where denotes the outermost
shifts in metal clusters as a function of cluster size. It isshell of the atom. For example, for a bulk fcc Cu atom,
reasonable to expect that hybridization, linked as it is to thdybridization of the 8 electrons contributes an increase of
strength of the chemical bonding of the hybridized atom, will~3.5 eV to the core level BEs over the value of the BE when
depend on the coordination, or the number of nearest neigtthe Cu 31 orbitals are fixed? frozen, to have their atomic
bors, of the atom:®®’ For metal clusters, it has also been character and hybridization is not allowed. However, for a
shown that the extent of the hybridization, especially for thebulk fcc Al atom, hybridization of the Selectrons also con-
relatively contracted nd levels of transition metals, also detributes~3.5 eV to increase the Al core level BESClearly,
pends on the bond distances, or the effective lattice constarftybridization of ns levels in simple metals like Al, with
for metal clusters? For shorter bond lengths, the hybridiza- atomic configuration.....3?3p*, or Pb, with atomic con-
tion is greater than for longer bond lengths. This is chemifiguration ...... 511%s%6p?, cannot be neglected. Indeed, a
cally logical since a reduction of the bond length increasesimple atomic analysis shows that hybridization in Pb can be
the overlap ofd orbitals on neighboring atoms and favors expected to be of similar magnitude as for Al. For the Al and
involvement of these orbitals in the formation of covalentPb atoms, we compare the initial state core level BE shifts
chemical bonds. Transmission electron microscopy stfftlies between the atom in its ground state and a state whens an
have shown that there is a modest increase in bond leng#lectron is promoted, or hybridized, to thg shell. For Al,
with cluster size for metal clusters on inert supports going tahe configurations ares83p! and F'3p? and the shift is
the limit of the bulk lattice constant for very large clusters. considered for the 2 BE; for Pb, the configurations are
Theoretical analysis has related this lattice strain in smalbs?6p? and 6'6p® and the shift is considered for thef 4
clusters to shifts to higher BE due to the different, largerBE. Hartree-Fock atomic wave functions are computed for
extent of hybridization in the small clustetsThe second the average of the multiplet couplings for each of these
initial state mechanism that contributes to BE shifts is theconfiguration%4 and the initial state BE shiftABE, is ob-
“conduction band,” or environmental, charge density. Whentained by taking the differences of the core-level orbital en-
an atom is in an environment where there is a greater amoumtgies for the two configurations considered for each
of charge density that surrounds the atomic core, there is atom® % The BE shift for Al isABE(2p)= +1.9 eV while
shift of core level BEs to lower energy. This mechanism wador Pb, it is ABE(4f )=+1.4 eV. Thus for the analysis of
first pointed out in connection with the BE shifts of metal the initial state BE shifts of Pb, it is necessary to take into
clusters by Parmigianét al®! For this mechanism, the BE account hybridization as well as the environmental conduc-
shift is also related to the coordination of the core ionizedtion band charge density. As we noted above, the magnitudes
atom. For atoms with a higher coordination, the environmenef both the hybridization and the environmental charge den-
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sity initial state shifts increase with increasing coordinationg shift for dilute Pd in Pb and & 0.3 eV Pb shift for dilute
of the core ionized atom. These considerations suggest &b in Pd. However, we urge caution for the applicability of
interpretation for the origin of the 0.3 eV increase of A4 these calculated estimates since they are not fully consistent
BEs with increasing coverage of Pb on(B00)) (see Figs. 3 neither with our XPS data for Pb/Pd nor with the data of
and 4. It is consistent that the contribution to this BE shift Chadwick and KarolewsKP Both our work and that of Ref.
arising from the hybridization of the Phs&electrons domi- 69 give evidence that PbPd alloys are formed at the interface
nates that arising from the environmental charge densitywhen Pb is deposited on Pd. However, it is not possible to
However, it should be recalled that this discussion has nodetermine an accurate alloy composition without additional
invoked possible contributions from charge transfer or fromdata. In particular, studies of the electronic properties of
final state effects. The possible contributions of charge transaell-defined or amorphous intermetallic compounds of the
fer have been discussed above; brief comments on final statgpe Pl _,Pd, would allow the specific nature of the alloys
effects follow. or compounds formed at the interface to be addressed.
Final state effects on the core level BE’s arise because of There is one further study of Pb deposited on metals that
the relaxation of the “passive” electrons in response to themay be relevant to the present work. For Pb deposited on
presence of the core ionized atom. This relaxation is ofteqpolycrystalline Pt, the Pbfbinding energy was reported to
described as a “screening” of the core hole. The absolutehange very little with Pb coveradéHowever, a slight in-
value of the final state relaxation energy is quite Iar§€7%  crease in the linewidth with the Pb coverage was observed,
easily on the order of tens of eV, and it must be taken intcsuggesting alloy formation between Pb and Pt. It was sug-
account to obtain accurate values of the BEs. However, fogested that the absence of a Pb<hift may be due to the
BE shifts, it is only the differential final state relaxation en- compensation of initial and final state effeétdt is possible
ergy that is important. It is reasonable that the relaxatiorto try to relate the saturation of the Pl 4 BE at~2 ML to
energies of ionized Pb atoms would not depend strongly otthe short-range interaction between Pb and Ru, and to bulk-
the Pb coverage. One may regard the screening charge bise Pb formation upon clustering.
arising dominantly from the reservoir of conduction band Clearly, further experimental and theoretical work is re-
charge in the R{©00) substrate and, in this case, the relax-quired in order to be able to relate the Pb core level BE shifts
ation will not depend on Pb coverage. Another way of sayingeported in this paper to the nature of the electronic structure
this is that the final state screening in a metallic system i®f the interaction of adsorbed Pb atoms with each other and
long range and does not depend strongly on the immediateith the substrate. For example, it would be useful to know
environment of the core ionized atom. Of course, the rethe SCLS on Pb surfaces in order to compare this with our
sponse of a Pb atom to the presence of a core hole on raeasured shift for the lowest coverages of PHIRQL) of
nearby ionized Pb atom may be different from the response-0.3 eV for the Pb 4, BE taken with respect to bulk Pb. It
of a Pd atom to this core hole. Hence, the final state relaxis also important to understand the significance of the rapid
ation energy for a Pb core hole in an atom at the surface of aonvergence of the Pbf4, BE to its bulk value which we
Pb crystal may be different from the relaxation energy for ahave shown occurs at only 2-ML coverage for PoGR01);
core hole in a Pb atom adsorbed on the surface of a crystal aee Fig. 4. However, our experimental results establish the
another metal. To our knowledge, estimates of the magnitudextent and the main features of these BE shifts and indicate
of this effect are not available. the additional information that is needed. Furthermore, cal-
Chadwick and KarolewsRi studied the adsorption of Pb culations that decompose the total BE shifts into contribu-
on polycrystalline Pd including measurements of core levetions from the various initial and final state mechanisms will
BE shifts and concluded that Pb-rich intermediate alloybe of considerable value. These calculations will permit the
phases, PdBband or PdPb, were formed. There are signifi-interpretation of these shifts in terms of the physical and
cant similarities between their XPS results and our resultsgchemical environments of the core ionized atoms. However,
however, there are also differences, in particular for the magthe theoretical analysis which we have made based on pre-
nitudes of the BE shifts with Pd coverage. They found, as wevious studies of the origin of BE shifts in single metal sys-
have also found, that the P4, BE converged to the value tems has provided extremely valuable information. In par-
for bulk Pb at~2 ML coverage. Moreover, our measurementticular, it is established that several mechanisms make
of the broadening of the Pb XPS peak as a PbPd alloymportant contributions to the observed BE shifts; further-
formed was~0.05 eV (see Fig. 7, and this is consistent more, these contributions are almost certainly canceling.
with the value of 0.04 reported in Ref. 69. On the other hand,
they®® report that the Pb #,, BE increase between cover-
ages of 0.1 to 2 ML was-0.16 eV, considerably smaller
than the increase of 0.55 eV that we found; see Fig. 8. Simi- The interaction of ultrathin Pb films with R#001) and
larly, the increase of the Pdd3, BE of ~0.8 eV at a cov- Pd111) was studied by XPS and TDS. The adsorption of Pb
erage of 4.33 ML(see Fig. 10 is significantly larger than on RU0001) and Pd111) at room temperature leads to vary-
0.5 eV for Pb overlayers reported in Ref. 69. Furthermorejng growth modes: the former, to cluster formation after the
Chadwick and Karolewsk] used data on alloy heats of for- first monolayer completion; the latter to alloy formation,
mation to estimate core level BE shifts in dilute Pb-Pd al-governed by energetics and/or strain of the systems.
loys; these estimates are based on the use of Born-Haber XPS results show that the Pf 4, BE increases slightly
cycles’® They obtained estimated values oftal.5-eV Pd  with Pb coverage on RQ001), approximately+ 0.3 eV from

V. CONCLUSIONS

035406-8



INTERACTIONS OF ULTRATHIN Pb FILMS WITH . .. PHYSICAL REVIEW B68, 035406 (2003

0pp=0.07 ML to 6p,=6 ML. However, the Pb #,, BE for quired to make a definitive analysis of the relative impor-
the first layer of Pb is only 0.1 eV lower than that of bulk Pb; tance of the various initial and final state contributions to the
by 6py~2 ML, the Pb 4, BE reaches the Pb bulk level. core level binding energy shifts. However, from the analyses
Upon annealing to 500 K, XPS results show the Pb adsomwhich we have made, it is clear that the origin of the ob-
bates cluster on RQ001), depending upon the Pb initial served BE shifts is not likely to be due to a single mecha-
coverages. nism. The most likely case is that the BE shifts are the result
In the case of Pb adsorption on (Bfl1), analysis of the of canceling contributions from more than one mechanism.
core level shifts from XPS shows that the Pds3 BE con-  Thus, it is necessary to be very cautious about attempts to

tinuously increases with Pb coverage, approximatelyelate these BE shifts to a single origin; e.g., charge transfer
+0.8 eV atfp,=4.3 ML. However, the Pb #,, BE readily  effects.

saturates at the bulk value at a coverage~&f ML, while
the Pb 4, BE of 6p,=0.07 ML is 0.55 eV lower than that
of 6p,=2 ML. In the case of Pb/Pd alloys, the lineshape and
position of the Pd AugerNl, sVV) features show significant
changes a¥p,=2.8 ML. Upon annealing to 500 K, no fur- This work was supported by the Department of Energy,
ther noticeable changes were observed for the g/ V) the Office of Energy Research, Division of Chemical Sci-
features. ences, the Robert A. Welch Foundation, and the BP Chemical
Further studies, both theoretical and experimental, are recompany.
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