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Pb/Ni �111� surface phases were investigated by synchrotron radiation photoemission and low-energy elec-
tron diffraction. For room temperature deposition of Pb, two surface ordered layers, �3�3� and �4�4�, were
observed. The Pb 5d and Pb 4f core levels as well as valence band spectra indicated a weak chemical inter-
action between Pb and Ni, and the formation of a close-packed overlayer with Pb atoms in two different
adsorption sites. Annealing of the Pb/Ni �111� surface led to the formation of the ��3��3�R30° reconstruc-
tion, characterized by a topmost layer consisting of a substitutional alloy. The transformation to the ��3
��3�R30° structure was accompanied by the appearance of a strong photoelectron diffraction effect, confirm-
ing embedding of Pb atoms in the Ni�111� first surface layer. CO adsorption results showed that lead simply
blocked the CO adsorption sites for the unannealed surface while the surface alloy exhibited a chemical effect
of weakening of the CO-Ni bond. The Pb 5d core-level shift indicated charge transfer from Pb to the surface,
particularly for �4�4� and ��3��3�R30° structures.
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I. INTRODUCTION

Metallic binary materials of nanometer dimensions may
form phases and structures which have no corresponding
bulk counterparts and which are affected by the interaction
with the substrate and/or by the confinement to atomic di-
mensions. The consequence is that materials with novel
properties can be obtained, which originate from artificial
structuring, spatial confinement, and proximity effects of dis-
similar materials, such as immiscible metals. The exploita-
tion of such novel phases in the field of catalysts, particularly
in CO oxidation on Pb-Ni surface alloy, is the general under-
lying goal of the present work.

During the last few years several studies have shown the
structural variety of Pb/Ni �111� surface phases involving a
strong modification of the effective radius of the Pb adsor-
bate atoms. Gürtler and Jacobi1,2 and Umezawa et al.3 used
ultraviolet photoemission spectroscopy �UPS�, low-energy
electron diffraction �LEED�, and ion scattering and showed
that Pb deposited on Ni�111� at 300 K formed �3�3� and
�4�4� structures. The �3�3� surface phase was observed
for 1 monolayer �ML� of Pb atoms forming a hexagonal
close-packed �hcp� structure with a Pb-Pb atom spacing of
3.74 Å, corresponding to that of the bulk Pb�111� plane. A
transition from the �3�3� to the �4�4� structure was ob-
served after additional deposition of 0.2 ML and was inter-
preted as a compressed close-packed structure that was char-
acterized by reduced Pb-Pb spacing and therefore a decrease
of Pb atom radius.3 UPS results1,2 showed a Pb 5d5/2 core
level shift to higher binding energy with increasing lead cov-
erage at room temperature. Krupski and coworkers4–6 pro-
posed a Pb/Ni �111� growth model for qualitatively different

systems composed of Pb multilayers that can be described as
a twin interface with abcBAC sequence, i.e., Pb atom adsorp-
tion in the hcp position. Since their technique was not sensi-
tive to the first atomic layer at the interface but only to the
relative orientations of the substrate and overlayer, the twin-
ning observed could equally well be interpreted as a se-
quence such as abcACB, i.e., Pb atoms in face-centered cubic
�fcc� sites.

Annealing of the Pb-covered surface was found to give
rise to a stable Ni�111�-��3��3�R30°-Pb surface phase,7

with Pb atoms incorporated into the first Ni�111� layer and
with a Pb atom outward displacement of 0.2 Å. The forma-
tion of a Ni�111�-��3��3�R30°-Pb substitutional alloy was
confirmed in Ref. 8, and the Pb atoms were suggested to be
in fcc sites. It was shown that in the alloy phase the Pb
effective radius was 0.4 Å smaller then in bulk crystalline
Pb. Tensor LEED analysis of the Ni�111�-��3��3�R30°-
Pb surface9 confirmed earlier findings of a strong reduction
in the effective radius, which was attributed to the influence
of surface valence electron charge smoothing and an associ-
ated surface stress effect. The amplitude of the surface alloy
rumpling was found to be 0.73 Å.

Despite detailed studies of the Pb/Ni �111� surface phase
structure, the chemical properties of such alloys remain un-
explored. Alloys of metals with d- and s,p-valence electrons
are generally characterized by a shift of the centroid of the
d-electron binding energy away from the Fermi level accom-
panied by a decrease of surface reactivity, which can be
manifested as a decrease of CO adsorption temperature.10–12

Our recent study of Pb interaction with a Pd�110� crystal
suggested that a major aspect of the Pb poisoning effect on
CO oxidation of the Pd-containing catalysts was the reduc-
tion of the heat of CO adsorption.13
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In the present work the formation of the Pb/Ni �111� in-
terface and surface alloy formation were investigated by
means of synchrotron radiation excited photoemission and
LEED in the context of a study of surface structure, reactiv-
ity, and charge-transfer effects. As a reactivity test we se-
lected the adsorption properties of CO, a commonly used
molecule which is important in many reactions.

II. EXPERIMENT

The experiments were performed at the Materials Science
Beamline at the Elettra synchrotron light source in Trieste. It
is a bending magnet beamline with a plane grating mono-
chromator, based on the SX-700 concept.14 The ultrahigh
vacuum �UHV� experimental chamber is equipped with a
150 mm mean radius electron energy analyzer, rear-view
LEED optics, a Pb evaporation source, and an ion gun. The
base pressure of the vacuum chamber is 1�10−10 mbar.

The core-level spectra were recorded at normal emission
of the photoelectrons with respect to the surface at two pho-
ton energies: 48.7 eV for the valence band and Pb 5d core
levels and 400.6 eV for the Pb 4f and C 1s core levels. The
total resolution �analyzer+photons+natural linewidth� was
determined by measuring the width of the Fermi level at a
temperature of 120 K and the values were 120 meV �50 eV�
and 310 meV �400 eV�. At this temperature the intrinsic
width of the Fermi level is 33 meV. The photoelectron peak
intensities were normalized to the incident photon flux.

The nickel crystal was a disk of 10 mm diameter and
1.5 mm thickness, oriented to within 0.2° of the �111� plane.
Cleaning was performed by cycles of sputtering and flashing
to 970 K until no contamination was detected by photoelec-
tron spectroscopy at photon energies of 400 and 600 eV. The
Pb metal was evaporated from a Knudsen cell onto the clean
Ni�111� surface at 300 K.

III. RESULTS

Pb was evaporated onto the Ni�111� surface at 300 K for
fixed times and using a constant evaporation rate. The over-
layer structure was monitored by LEED, and the �3�3� re-
construction formed after 5 min Pb deposition. After 7 min
�3�3� spots appeared mixed with weak spots of the �4
�4� structure, leading to a sharp �4�4� pattern after 8 min
Pb deposition. We concluded that 6 min of Pb deposition
corresponded to the formation of a complete �3�3� struc-
ture, i.e., to the formation of a monolayer with a coverage of
1 ML of lead,3 and used this result to calibrate the evapora-
tion time in terms of coverage. Annealing of the sample with
a complete �3�3� structure at 820 K for several seconds and
subsequent cooling to 300 K resulted in a sharp Ni�111�-
��3��3�R30°-Pb structure. These results are in agreement
with previously published experiments, according to which
the ��3��3�R30° structure corresponds to a substitutional
alloy with Pb atoms embedded in the Ni�111� surface.3,4,7–9

The growth of the Pb overlayer on the Ni�111� surface
was also investigated by means of photoelectron spectros-
copy. The evolution of the valence band region and Pb 5d

core level was monitored at a photon energy of 48.7 eV,
giving nearly maximum photoionization cross section for the
Ni 3d and Pb 5d levels. Figure 1 shows the spectra as a
function of lead coverage, and a sharp Pb 5d doublet ap-
peared progressively. The Pb 5d5/2 peak spectra are plotted
in the inset of Fig. 1 for the coverage range from 0.15 to
1.2 ML. The binding energy �BE� of the Pb 5d5/2 peak varied
from 17.70 eV for 0.15 ML to 17.80 eV for 0.9 ML and then
shifted to 17.86 eV for 1.05 and 1.2 ML, in agreement with
earlier UPS study results.1,2

The Pb 5d BE shift can be explained by charge transfer
from Pb atoms due to delocalization of the Pb 6s ,p valence
electrons over the Ni surface. We have observed similar
shifts of the Pb 5d peak on a semiconducting surface due to
charge fluctuations for the Pb/Si system.15 The Ni 3d va-
lence band exhibits a sharp Fermi edge for all deposits with-
out a depletion of Ni states near the Fermi edge of the kind
we observed for Pb adsorption on Pd�110�.13 The continuous
decrease of the Ni 3d band intensity is caused by Ni signal
attenuation due to Pb overlayer formation. CO adsorption
was studied by measuring the valence band spectrum after
8 L �8�10−6 Torr s� of CO exposure, to give saturation cov-
erage on both clean and Pb-covered Ni�111� surfaces. In Fig.
1 we can see that three main features characterize CO ad-
sorption on the Pb/Ni �111� surface: �i� appearance of peaks

FIG. 1. Valence band and outer core levels �Pb 5d� for clean and
CO-covered surfaces. Inset: Pb 5d5/2 core level as a function of
coverage.
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due to 4� and 5� /1� CO molecular orbitals, �ii� depletion of
Ni 3d valence states, and �iii� shift of the Pb 5d peak to
higher BE. The CO molecular orbital spectra are presented in
detail in Fig. 2�a�, showing that the 4� and 5� /1� CO peaks
at 11.0 and 8.4 eV peaks decreased in intensity with increas-
ing Pb coverage. The sum of both molecular peak areas is
plotted in Fig. 3, showing that the coverage of CO decreases
linearly with Pb adsorption at 300 K and is negligible for
1 ML of Pb, which corresponds to the complete �3�3�
structure formation. This result is rather surprising because
lead is generally considered as a strong catalyst poison with
a potent inhibitor effect for CO adsorption. We can conclude
that Pb atoms in this structure are simply blocking the

Ni�111� surface without any long-range interaction with the
CO molecules. The total disappearance of CO adsorption for
1 ML Pb coverage confirms a general assumption that CO is
not bonded to Pb atoms, but nevertheless, a small shift of the
Pb 5d levels to higher BE can be seen in Fig. 1. The small
Pb 5d shift decreasing from 0.10 eV to 0.04 eV with increas-
ing coverage, observed also in the case of Pb on Pd�110�,13 is
assigned to CO adsorption on Ni atoms adjacent to Pb. The
CO-Ni bond changes the electronic structure of the surface
due to the Ni 3d-CO 2�* charge donation that probably en-
hances a further charge transfer from Pb atoms to Ni.

Although the Pb-Ni system is an example of immiscible
metals �Ni-Pb shows very limited solid solubility of Pb in
Ni16�, formation of the single-layer substitutional alloy of
Ni2Pb stoichiometry can be activated by annealing the sur-
face at 820 K.9 In our experiment the Pb-Ni surface alloy
was formed by annealing the Pb/Ni �111� substrate with lead
coverages between 0.15 and 1.2 ML. Figure 4 shows valence
band �VB� spectra for 0.3, 0.6, and 1.2 ML before and after
annealing at 820 K. The spectra of the Pb 5d levels show a
rather surprising effect of a considerable enhancement of the
peak intensity for coverages of 0.3 and 0.6 ML. The most
likely explanation of this behavior is an increase of intensity
due to photoelectron diffraction, linked to the surface phase
transformation and embedding of Pb atoms into the first Ni
layer. This effect cannot be caused by any out diffusion of
lead atoms to the surface from the subsurface because we did
not observe this behavior for Pb 4f core level intensities
measured at a photon energy of 400.6 eV �see Fig. 5�. The
angular dependence of this behavior is clearly seen in Fig. 6,
which presents the intensity of the Pb 5d5/2 core-level inten-
sity at normal emission and 60° emission with respect to the

FIG. 2. CO molecular orbital spectra for different Pb coverages:
�a� surface formed at 300 K and �b� surface annealed to 820 K.

FIG. 3. CO molecular orbital intensity as a function of Pb cov-
erage. Arrows indicate coverage intervals corresponding to �3�3�
and �4�4� reconstructions observed by LEED.

FIG. 4. Valence band and Pb 5d spectra before and after anneal-
ing to 820 K. Inset: Pb 5d5/2 peak.
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crystal normal along the �112� azimuth. The hypothesis of
diffraction effects is supported by cluster calculations using
the EDAC software17 that is discussed in more detail in the
Discussion section.

The Pb 5d5/2 spectra at different coverages are shown in
the Fig. 4 inset. On annealing, the Pb 5d5/2 peak shifts to a
higher binding energy of 17.81 eV for 0.3 ML coverage and
to 17.85 eV for 0.6 ML. This shift can be explained by
charge transfer from Pb atoms to the Ni substrate, in agree-
ment with the structural studies showing an effective radius
reduction of the Pb atoms.9 A similar shift can be seen for the
as-deposited �4�4�-Pb structure �curve labeled 1.2 ML in
Fig. 4�. This finding is in good agreement with the ICISS
study of the �3�3�→ �4�4� structure transition3 that is ac-
companied by a strong reduction of the Pb atomic radius to
the value below the Pb nearest-neighbor distance in the bulk.
The annealing leads to the �4�4�→ ��3��3�R30° transi-
tion, i.e., to the conservation of reduced lead atomic size and

consequently to the conservation of the peak binding energy
value. Thus, we can conclude that this photoelectron spec-
troscopy study confirmed the Pb-Ni charge transfer predicted
from Pb atom radius reduction for both Ni�111��4�4� and
��3��3�R30°-Pb structures.

Figure 5 shows the Pb 4f7/2 core-level intensity variations
for three different Pb deposits before and after annealing at
820 K. One can see that contrary to the Pb 5d peak intensity
in Fig. 4, the annealing did not cause any intensity variations
for low and medium Pb coverage and induced an intensity
decrease for 1.2 ML coverage. This behavior can be ex-
plained by assuming conservation of Pb atom uptake for low
coverage �and no strong photoelectron diffraction effects�
and a partial desorption of excess lead atoms �relative to the
complete ��3��3�R30° structure� at higher coverage.

The CO molecular orbital intensity obtained after expos-
ing the annealed Pb/Ni �111� surfaces to 8 L of CO as a
function of coverage of deposited Pb is shown in Fig. 2�b�.
We can see that in this case the CO uptake decreases more
rapidly compared to that of the nonannealed surface, and no
CO adsorbs for coverages above 0.6 ML of Pb on the
Ni�111� surface.

IV. DISCUSSION

Structural studies reported in the literature show that lead
grows on the Ni�111� surface by forming a �3�3� structure
that completely covers the surface. The model suggested in
Ref. 7 shows the close-packed Pb�111� overlayer with Pb-
Pb atomic distance corresponding to that of bulk lead �Pb
atomic radius of 1.75 Å�. We propose two models, showing
the most probable Pb atom position relative to the Ni�111�
substrate in Fig. 7�a� and 7�b�. One of the primitive �3�3�
nets is composed of Pb atoms adsorbed either in �a� Ni high-
symmetry fcc hollow sites, or �b� in atop positions.

FIG. 5. Pb 4f core levels before and after annealing.

FIG. 6. Pb 5d5/2 spectra before and after annealing for normal
and 60° photoelectron emission.

FIG. 7. Schematic diagrams of models of the observed Pb on
Ni�111� structures: �a�, �b� �3�3� overlayers, and �c� ��3
��3�R30° reconstruction.
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Annealing the surface to 820 K leads to the �3�3�
→ ��3��3�R30° surface phase transition, Fig. 7�c�, with the
lead atoms occupying substitutional fcc sites to form a
Pb-Ni surface alloy. The photoelectron diffraction intensity
of the Pb 5d level in the normal emission geometry is likely
to be different in all three cases due to the Pb site symmetry
difference. The Pb 5d intensity was calculated using the
EDAC software,17 considering a hemispherical cluster com-
posed of 700 Ni atoms in eight layers, and gave the results
plotted as a polar intensity plot for the �112� azimuthal di-
rection in Fig. 8. The lead atoms in the substitutional fcc
position �Fig. 7�c�� were fixed at an outward displacement of
0.7 Å �reported in Ref. 9�. We compared the calculated and
experimental intensities obtained for Pb adsorption sites in-
dicated in Fig. 7�a�–7�c�. The relative enhancement of the
intensity corresponding to the �3�3�→ ��3��3�R30° tran-
sition was obtained by integrating the angle-resolved inten-
sities over the analyzer acceptance angle of 8° used for the
measurement in both polar directions ��=0° and 60°�. The
obtained intensity increases for normal photoelectron emis-
sion were 1.4 �a� and 1.6 �b�. We can see that the second
calculated signal enhancement due to diffraction is in better
agreement with the experimental value in Fig. 4, 1.6. In ad-
dition, good agreement between calculated and experimental
values is obtained for a polar angle of 60°, both indicating a
small intensity decrease due to the �3�3�→ ��3��3�R30°
transition: 0.71 �calculated �a��, 0.74 �calculated �b��, and
0.80 �experiment�. Therefore we conclude that the Pb 5d in-
tensity enhancement is due to diffraction and the Pb �3�3�
structure presented in Fig. 7�b� with Pb atoms in atop and
bridge positions is more likely.

For all coverages the Pb 5d5/2 peaks can be fitted with a
convolution of Lorentzian and Gaussian lines of 0.3 and
0.1 eV width. In Fig. 1 �inset� we can see that during over-
layer growth the BE is constant at a value of 17.70 eV below
0.3 ML, corresponding to that of metallic lead. Above
0.3 ML the BE increases to 17.79 eV. The origin of this BE
shift is not clear, but it can be explained, in agreement with
the proposed structural model, by a surface phase transition
accompanying the completion of the �3�3� structure. One
scenario could be adsorption of Pb atoms in high-symmetry

hollow sites and their subsequent movement to bridge and
atop positions �model b in Fig. 7�. In order to answer this
question, an investigation of the Ni�111�-Pb�3�3� overlayer
local structure using dynamic LEED and XPD methods will
be necessary.

In Fig. 4 we can see that the BE increases further with the
formation of the �4�4� structure. This increase could be
explained by charge transfer from Pb atoms, accompanying
their radius reduction.3

Annealing of the Pb/Ni �111� overlayers leads to the BE
shift shown in Figs. 4 and 6. As we mentioned in the previ-
ous section, the Pb 5d5/2 peak shifts to a higher binding en-
ergy of 17.81 eV for 0.3 ML coverage, and to 17.85 eV for
0.6 ML. Because of the large difference between the cova-
lent radii of Ni and Pb atoms, the process of Pb atom move-
ment into substitutional fcc sites is driven by the tendency to
decrease the surface corrugation that is accompanied by a
strong reduction in Pb atom effective radius9 and conse-
quently, by surface charge redistribution. Accordingly, the
BE shift can be explained by the charge transfer from Pb
atoms to the Ni substrate �BE increase� that can be expected
in the case of the reduction of the effective radius of the Pb
atoms.

Turning now to the CO adsorption experiments, CO mol-
ecules have been found to adsorb on clean Ni�111� surfaces
in all sites: hollow, bridge, and atop positions,18–21 depending
on adsorption conditions �coverage, temperature�. We recall
that on metal surfaces, the 5�-4� molecular orbital separa-
tion �the 5� overlaps the 1�� decreases significantly with
increasing CO adsorption energy.22,23 In our experiment both
these CO molecular orbitals had constant BE values when
CO was coadsorbed with Pb deposited at 300 K �8.4 and
11.0 eV�, as can be seen in Fig. 2�a�, with an energy differ-
ence �=2.6 eV. We conclude that there is at most a negli-
gible chemical effect influencing the CO adsorption for �3
�3� reconstructions. This is consistent with a linear decrease
of the CO uptake with increasing Pb coverage in Fig. 3 so
that the Pb atoms simply block the adsorption of CO. This is
quite a different situation from that of the Pb/Pd �110�13

system, where we observed strong Pb-Pd interaction at
300 K �the 5�-4� separation was 3.6 eV for the c�2�2�
reconstruction and 2.7 eV for clean Pd�110�� that was ac-
companied by a decrease of CO desorption temperature.

Contrary to this result for the �3�3� reconstruction, for
the annealed surface we observed an orbital energy differ-
ence of �=2.6 eV for 0.3 ML of Pb, and an increasing shift
of the 5� level to lower BE to �=3.1 eV for 0.6 ML, indi-
cating weakening of the CO-Ni bond. So in this case the
poisoning effect is due to the formation of a less reactive
surface, compared with the pure Ni�111� surface, that is in
agreement with the observed formation of the surface substi-
tutional Pb-Ni alloy.

We conjecture that this difference between Ni and Pd oc-
curs because the Ni 3d orbitals are more compact than the
Pd 4d orbitals, reducing the overlap with the Pb sp orbitals.
This affects not only the surface but also the bulk properties:
Ni does not form intermetallic compounds with Pb, while Pd
does. The Ni surface is not strongly alloyed in the �3�3�
structure, and its chemical interaction with CO is also unaf-

FIG. 8. The Pb 5d5/2 intensity calculation vs photoelectron
emission polar angle for �112� azimuth for the structural models
presented in Fig. 7.
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fected. Conversely, in the ��3��3�R30° structure a surface
alloy is formed �which is not possible in the bulk�, and the
chemical properties also change significantly.

Another surprising difference between Ni and Pd is that
the density of states at the top of the valence band is not
strongly affected upon alloy formation. As mentioned in the
Introduction, the usual model for the decrease in reactivity of
a transition metal catalyst by a poison is that the centroid of
the density of d states moves to higher binding energy. In the
present case we have a decrease in reactivity without the
expected change in the density of states.

V. CONCLUSIONS

High-resolution synchrotron radiation photoelectron spec-
troscopy and LEED were used to study the growth of Pb
overlayers on the Ni�111� surface at 300 K, at which tem-
perature �3�3� and �4�4� superstructures form. A struc-
tural model of the �3�3� reconstruction consisting of a close
packed Pb/Ni �111� interface was developed. We proposed a
corrugated structure formed by two types of Pb atom adsorp-
tion sites—the atop and bridge positions. Spectra after CO
adsorption showed that lead atoms inhibited CO adsorption
in a purely geometrical way by site blocking on the Ni sur-
face, with negligible Pb-Ni interaction. The formation of the
�4�4� structure, that is accompanied by Pb overlayer com-
pression and Pb atom effective radius reduction,3 caused an
additional Pb 5d level shift.

Surface annealing producing the �3�3�→ ��3
��3�R30° transition was accompanied by a strong photo-
electron diffraction effect in normal emission, causing an en-
hancement of the Pb 5d core-level intensity. Diffraction in-
tensity calculations showed that this was consistent with our
�3�3� structural model and the ��3��3�R30° reconstruc-
tion structure proposed in Refs. 7–9 i.e., the Pb atoms mov-
ing to substitutional fcc sites. The Pb 5d core level shift was
consistent with the charge transfer that must accompany the
Pb radius reduction. The ��3��3�R30° surface alloy
showed a weakening of the Ni-CO bond measured from the
5�-4� molecular orbital separation. This result can be con-
sidered as a striking example of the flexibility of poisoning
effects in carbon monoxide catalysis, showing a structure-
dependent influence of bimetallic surface formation on
CO-metal bond strength.

This spectroscopic study extends previous discus-
sions3,4,7–9 on the structural transformations of the Pb-
Ni �111� phase.
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