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The deposition of 1 /3 Pb monolayer at room temperature onto Ag�111� leads to a ��3��3�R30° super-
structure. We present here a detailed structural study of this surface structure by synchrotron radiation surface
x ray diffraction �SR-SXRD� and scanning tunnel microscopy �STM�. We show that Pb atoms are embedded
into the silver top surface layer forming an ordered Ag2Pb surface alloy despite the strong tendency of the
system to phase separate in the bulk. Quenched molecular dynamics simulations allow us to interpret this
ordering reversal, in terms of size-mismatch induced surface alloying.
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I. INTRODUCTION

Metallic thin films deposited on metallic substrates have
been the subject of a large number of investigations in rela-
tion to possible technological applications. Indeed, the for-
mation of surface alloys which may appear during the
growth process can present new chemical and physical prop-
erties due to their small thickness �typically a few atomic
layers� and their possible peculiar chemical structure. As de-
scribed in most modern theories,1–4 �for a review see Ref. 5�,
the composition of these surface alloys is closely related to
chemical interactions between the elements involved �de-
posit and substrate�, their size mismatch and their relative
surface segregation tendencies.1–5 When the deposited ele-
ment has a strong tendency to segregate to the surface of the
substrate, the deposition of a single monolayer can lead ei-
ther to a dense plane generally in pseudo epitaxy above the
surface, or to the formation of a two-dimensional �2D� or-
dered surface alloy in relation with the bulk chemical ten-
dency of both elements, i.e., a tendency to phase separation
or to the formation of ordered compounds. This has been
experimentally shown on two model systems: Ag/Cu�111�
in the former case6,7 and Sb/Cu�111� in the latter one.8

The Pb/Ag�111� system is quite similar to the
Ag/Cu�111� one. Indeed both systems present �i� a strong
tendency to phase separation, �ii� a strong surface segrega-
tion tendency of the deposited element, and �iii� a size effect
which acts in the same sense �deposited atoms are larger than
substrate ones� but which is almost twice as large in the
present case! It was then tempting to predict a behavior simi-
lar to that observed for Ag/Cu�111�, namely the formation
of pure close-packed Pb islands the sizes of which increase
with coverage, up to the formation of a pure Pb�111� mono-
layer. In this scenario, neither intermixing nor formation of a
2D ordered intermetallic compound is expected. This sce-
nario is partly invalidated at intermediate coverage �1/3 Pb
monolayer� by previous works using Auger electron spec-
troscopy �AES� and low energy electron diffraction
�LEED�9,10 which revealed a ��3��3�R30° superstructure
before the formation of the dense plane, which is also ob-
served during segregation kinetics of lead from a

Ag�Pb��111� solid solution. Consistently, with the phase
separation tendency of the system, this intermediate super-
structure has been interpreted, assuming no intermixing, as
an ordered array of Pb adatoms adsorbed in threefold posi-
tions. More recently, this has been questioned by a STM
study which suggests a possible Pb incorporation during the
early stages of the deposition.11,12

In this paper we present a complete and detailed atomic
structure of this ��3��3�R30° superstructure using synchro-
tron radiation surface x ray diffraction �SR-SXRD� and scan-
ning tunnel microscopy �STM�. We show that the Pb atoms
are indeed embedded into the Ag top layer, thus forming a
highly perfect Ag2Pb surface alloy. This chemical tendency
reversal at the surface is then confirmed by a quenched-
molecular-dynamics simulation of the adsorption/substitution
process within a potential derived from the second-moment
approximation �SMA� of the tight binding scheme.

II. EXPERIMENTAL

The sample was prepared at the synchrotron radiation
center �HASYLAB� at Desy in Hamburg in an ultrahigh-
vacuum system with careful surface preparation using sev-
eral characterization tools. The Ag�111� substrate was
cleaned by repeated cycles of sputtering with Ar+ ions �500
eV� and annealing at high temperatures �400°C–600°C� until
a sharp p�1�1� LEED pattern was obtained. Pb was depos-
ited onto the substrate at room temperature �RT� from a cali-
brated effusion cell with a pyrolytic boron nitride crucible at
a pressure of 2�10−10 Torr. The sample is alternately placed
in front of the Pb evaporation cell for a given time, then in
front of an Auger spectrometer to monitor the surface con-
centration and then in front of LEED optics to observe the
surface structure.

At about 1 /3 Pb ML coverage, a sharp ��3��3�R30°
reconstruction was obtained. Next, the sample was trans-
ferred without breaking the vacuum to a portable ultrahigh-
vacuum chamber �base pressure less than 10−9 Torr�, with a
hemispherical Be window. The portable chamber was
mounted within few minutes on a vertical diffractometer at
the BW2 beamline for grazing incidence x ray diffraction
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measurements. The x ray wavelength was selected to be
1.239 Å using a silicon double-crystal monochromator. The
angle of incidence was kept fixed at 0.35° during the mea-
surements �slightly larger than the critical angle for total re-
flection of Ag�. The STM measurements were performed
separately in Marseille, France in an ultrahigh-vacuum sys-
tem housing an Omicron-STM.

III. RESULTS AND DISCUSSION

After deposition of 1 /3 Pb ML onto the Ag�111� surface,
the LEED observations revealed a sharp ��3��3�R30°
superstructure. A filled-state STM image area of the
Pb/Ag�111� surface is displayed in Fig. 1. This image
taken at atomic resolution shows a regular array of
protrusions which can be associated to Pb atoms in the
��3��3�R30° superstructure, since they are separated by
�5 Å=aAg��3/�2 �Fig. 1�. We observe that each Pb atom
is surrounded by three less bright protrusions forming a tri-
angle, which are also separated by the same distance �5 Å
�Fig. 1�, which is nothing more than the distance between
second nearest neighbors in the Ag�111� surface. It is then
legitimate to assign these protrusions to Ag atoms of the first
layer, even though one might then expect to observe all six
Ag neighbors surrounding the Pb atom. Nevertheless, let us
note that such a symmetry breaking has already been ob-
served for the same superstructure in the case of Sb segre-
gated on Cu�111�.13 This is unexpected since the six Ag at-
oms, surrounding the Pb one in such a ��3��3�R30°
superstructure, are expected to be symmetry-equivalent since
they all present the same geometrical environment. Never-
theless, it is known that perfectly symmetrical structures can
be distorted towards less symmetric, but more stable ones in
order to lower their energy by enhancing the weight of the
bonding states in the local density of electronic states
�Peierls-type distortion�. This is observed for some bulk
structures �Sb, Se, …� but also for some surface superstruc-
tures �see, for instance, the zigzag reconstruction of �100�
bcc surfaces of transition metals�. It is then tempting to in-
terpret the contrast observed in our STM images as being
due to a reconstruction of the surface layer in which three Ag
neighbors of the Pb atoms “go up” whereas the three other
ones “go down”. The corresponding corrugation, shown in
Fig. 1, is strong but one has to keep in mind that what is
measured here is the corrugation of the surface charge den-
sity which can be enhanced with respect to the atomic one.

The Pb-Ag distance being equal to that between Ag near-
est neighbors �aAg /�2=2.88 Å� �Fig. 1�, rules out the possi-
bility of an adsorption in ternary sites. Therefore, the only
possible location for Pb atoms should be either on top ad-
sorption as adatoms or incorporation. The latter is more con-
sistent with the observed corrugation ��0.8 Å� of Pb atoms
above the Ag ones �see Table I�, in view of the values of the
atomic radii �rAg=1.45 Å, rPb=1.75 Å�.

Since it is difficult to be more quantitative from the single
analysis of the STM images, we then developed a detailed x
ray structure analysis, using the STM information as efficient
input. The x ray diffraction data consist of a set of 12
nonsymmetry-equivalent in-plane reflections and five

nonsymmetry-equivalent rod profiles. The intensities of the
in-plane reflections are shown by filled half-circles in Fig. 2.
The systematic error in the data set �17 %� is estimated from
the scatter of the most intense symmetry-equivalent reflec-
tions. Typical rod profiles are shown in Fig. 3.

The structural analysis is based on the comparison of ex-
perimental and calculated data from simulations of the in-
plane reflections and of the rod profiles using different initial
models. The standard program ROD14,15 is used to analyze
the crystallographic data in order to determine the Pb and Ag

FIG. 1. �Color online� A filled state STM image at atomic reso-
lution �2.8 nm2, V=−7 mV, and I=8.25 nA� showing the super-
structure. Line scans �a�,�b�, and �c� are performed along different
directions indicated on the STM image. The unit cell of the super-
structure is indicated by the rhombus.
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atomic coordinates. The refinement of the atomic positions in
the model is performed by minimization of the usual �2 pa-
rameter, allowing the Debye-Waller terms �B� and B�� and
an appropriate scale-factor to vary. A preliminary analysis
relies on the in-plane fractional order reflections, which are
sensitive to the structure projected on the surface plane. The
analysis of the rod profiles reveals the full three-dimensional
structure.

Previous AES calibrations allow us to determine the num-
ber of Pb atoms per p��3��3�R30° unit cell, typically 1
atom, which is fully consistent with the STM images. Even
though the latter seemed to indicate that the Pb atoms are
inserted in the first layer, we have investigated both kinds of
atomic models of the ��3��3�R30° superstructure: adsorp-
tion on different sites �top, hollow, and brige sites� and sub-
stitution. A possible stacking fault of the first Ag layer has
been checked also. The models with Pb adatoms are defi-
nitely ruled out since �2 cannot be reduced to less than three.
The best fit is obtained for the model with the Pb atoms in

substitutional position in agreement with the STM indica-
tion. The final �2 is as small as 1.1; it is obtained after re-
laxing the top Ag2Pb layer and the two first Ag underlayers
�only in z-direction in order to keep the three-fold symme-
try�.

Figures 2 and 3 show the best fit simulations along with
the experimental in-plane reflections and rod profiles. The
refined model is presented in Fig. 4�a� and the atomic coor-
dinates within the Ag2Pb layer are given in Table I. The
surface corrugation �i.e., Pb and Ag z-displacements with
respect to the Ag ideal surface position�, which can be seen
in Fig. 4�b�, is in semiquantitative agreement with the STM
observations. Even though the height difference between Ag
atoms ��z�0.06 Å� is smaller than that derived from the
STM images, it is clearly out of the experimental error bar
�see line scan “c” in Fig. 1�. Both STM and SXRD experi-
ments seem to show an “up-down” reconstruction of the
Ag2Pb layer, the magnitude of which is apparently enhanced
in the STM images. However, let us remark that the appear-
ance of the STM images can be easily caused by a tip having
threefold, not circular symmetry, or by a second sub-tip that
produces faint ghost images of the Pb atoms at the positions
interpreted as higher Ag atoms. In addition, SXRD is not
very sensitive to out of plane displacements, so it cannot
really discriminate between a model with a buckling ampli-
tude of ±0.03 Å and a model with an unbuckled Ag layer.
Therefore it is difficult to state if the buckling of the Ag layer
is an artifact of the STM tip or a true distortion �possible
Peierls distortion�.

Nevertheless the main conclusion which is derived from
the comparison of the atomically resolved STM images with
the top layer arrangement deduced from the SXRD analysis
�Figs. 1 and 4�a�� is clear evidence that a long range ordered
2D Ag2Pb surface alloy has been formed.

In order to definitely confirm this ordering behavior at the
surface of a phase separating system, we have calculated the
adsorption and incorporation energies corresponding to the
above mentioned models, which are relaxed by means of a
quenched-molecular-dynamics simulation within a potential
derived from the second-moment approximation �SMA� of
the tight binding scheme.16,17,18,19 In this approximation, the
energy of an atom i is written as the sum of two terms, a
many body band energy derived from a simplified tight bind-
ing description of the electronic structure and a pairwise re-
pulsive interaction of the Born-Mayer type

E = − �
i

N ��
j�i

N

�e−2q��rij/r0�−1� + �
i

N

�
j�i

N

Ae−p��rij/r0�−1�.

TABLE I. The optimum values for the atomic coordinates used to fit the experimental rod profiles. X and
Y are relative coordinates �a=0.50034 nm, b=0.50034 nm�. B� and B� are the Debye-Waller factors.
�zSXRD�Å�, and �zTheo�Å� are the displacements of the atoms perpendicularly to the surface plane with
respect to their ideal bulk positions obtained from SXRD analysis and from simulations, respectively.
�zSTM�Å� is the corrugation of Pb atoms above the Ag ones deduced from the STM images.

# X Y B� B� �zSXRD�Å� �zSTM�Å� �zTheo�Å�

Pb 0.0000 0.0000 0.90 1.10 +0.283±0.02 +0.8±0.1 +0.58

Ag1 0.3333 0.6666 0.63 0.78 −0.193±0.02 / −0.10

Ag2 0.6666 0.3333 0.63 0.78 −0.133±0.02 / −0.10

FIG. 2. The in plane SXRD intensities measured �half circle on
the right� and computed �half circle on the left�. The areas of the
circles are proportional to the intensities. The reflections �h�,�k� are
indexed relative to the reciprocal unit cell of the superstructure
shown by the thick rhombus. The thin rhombus represents the con-
ventional LEED �1 � 1� reciprocal surface cell. The bulk Ag re-
flections are not represented due to their high intensities.
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The four parameters �� ,A , p ,q� depend on the nature �Ag,
Pb� of the atoms located at sites i and j �distant by rij�. When
they are of the same species, they are fitted to the experimen-
tal values of the cohesive energy, the lattice parameter, and
the elastic constants of the corresponding pure metals �Ag,19

Pb20�. For the cross terms, A and � are obtained from the
dissolution energies of one impurity A into B and vice versa,
p and q being arithmetic averages of the pure metal values.
The scaling factor r0 is chosen as the equilibrium first neigh-
bors distance for the Ag-Ag and Pb-Pb interactions, and as
their geometrical average for the Ag-Pb ones.

We fix a cut-off radius rc for the interaction; here, rc is
taken as the second neighbor distance in Pb �larger atoms�
and the potential is linked up to zero at the third neighbor
distance in Ag �smaller atoms� with a fifth-order polynomial
in order to avoid discontinuities both in energy and in the
forces. The parameters values are given in Table II.

To determine the preferential Pb site, we have compared
the adsorption/incorporation energies, after relaxation of an
ordered 1/3 ML of Pb on the Ag�111� located either ad-
sorbed in various positions �hollow, top, and bridge� or sub-
stituted inside the surface layer. The calculated energies are

FIG. 3. The rod profiles for two nonequivalent fractional and three integer order reflections. The indices are given relative to the
reciprocal unit cell of the superstructure. Data and best fit are shown by the symbols and the solid lines, respectively.
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−2.264 eV, −1.255 eV, −2.244 eV, and −2.416 eV per Pb
atom respectively, showing a clear preference for the substi-
tutional site in the surface layer. In this case, the distance
between the center of Pb atom and the first Ag plane is 0.57
Å which is semiquantitative with the SXRD results
�+0.28 Å�.

Let us note that our calculation does not evidence any
symmetry breaking between the six Ag atoms, contrary to
experiments. This is not surprising since such Peierls-type
distortions are due to modifications of the local electronic
density of states which are beyond the second moment ap-
proximation used here. The modification of the energy which
could result from such small atomic displacements are
smaller by at least one order of magnitude than the energy
balance involved in the comparison of the stabilities of the
various adsorption/incorporation sites. Therefore, neglecting
these distortions does not change our main conclusion,
namely that substitution is preferred to adsorption.

Once again, one finds here that a 2D surface alloy can
exist for a system which presents a strong chemical tendency
to phase separation in the bulk. Even though the size mis-
match has already been invoked to interpret similar behavior

in a few other systems,21,22 the integration of “big” atoms
into the surface being an efficient way to relax �at least lo-
cally� the tensile surface stress, this effect was not sufficient
to reverse the tendency in the Ag/Cu�111� case.23 More pre-
cisely, the latter theoretical study performed in both coverage
limits �low and high coverages� indicates that the existence
and the value of a critical coverage for such a reversal de-
pends on surface orientation, and that it does not exist for the
�111� orientation in the Ag/Cu case. The present results
show that it also depends on the value of the size-mismatch,
which is significantly larger here, and that such 2D ordered
alloys at the surface of phase separating systems should oc-
cur whatever the orientation above a given critical size-
mismatch.

IV. CONCLUSION

An atomic model derived from STM and SXRD studies is
presented for the ��3��3�R30° superstructure induced by
1/3 ML Pb deposited on an Ag�111� substrate. The recon-
struction consists in one Pb atom per unit cell incorporated
inside the first Ag�111� plane. A quenched-molecular-
dynamics study confirms that Pb atoms are indeed stabilized
in substitutional sites, leading to a size-mismatch induced 2D
long range ordered Ag2Pb surface alloy.
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