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Abstract

The structure and the phase transitions of Xe, Kr and Ar physisorbed on Pt(111) in the submonolayer-coverage
range has been explored by low-temperature scanning tunneling microscopy. The hexagonal incommensurate rotated
(HIR) — hexagonal incommensurate (HI) transition with decreasing Xe coverage has been observed unambiguously.
The onset of adlayer rotation occurs for Xe islands larger than 700 A2, Xe dimers physisorbed on Pt(1 11) are com-
mensurately ordered on the Pt(1 1 1) surface. The experimental results are compared to molecular dynamic simulations.

The orientation of the high order of commensurability (HOC) Kr structure with respect to the surface strongly
depends on the terrace width and on the step morphology. Kr monolayer misorientation ranging from 0° to 30° has
been observed depending on the surface morphology.

The Ar monolayer adopts a HOC structure aligned with respect to the Pt(1 1 1) surface while for low coverage, the
most energitically favorable position of the Ar islands corresponds to a R(1.875 x n)° (n an integer) HI struc-
ture. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Rare gases on various surfaces have been re-
garded as two-dimensional (2D) model systems in
surface science due to their closed-shell electronic
structure and weak interaction with substrates and
among themselves (van der Waals interaction).
These systems provide ideal testing grounds for 2D
adsorbate phases and phase transitions as well as
for growth mechanism of physisorbed films. The
growth behavior of rare gases on a substrate can
be scaled according to the interaction strength

* Corresponding author.

which is defined as the ratio of the isosteric heat of
adsorption u; of the gas molecules onto the sub-
strate surface at low coverages to the cohesive
energy hy of the bulk phase of the gases [1].
Complete wetting (or “type-1" growth) takes place
only when the ratio u;/hg is close to 1. The iso-
steric heat of adsorption at low coverage of Ar [2],
Kr[2] and Xe [3-5] on the Pt(1 1 1) surface is about
79, 128 and 277 meV, respectively, suggesting a
type-1 growth for Ar and Kr. Xe should a priori
not exhibit a complete wetting behavior (u;/
ho ~ 1.7). Nevertheless, it was suggested (see dis-
cussion below) that complete wetting occurs only
when “‘the net stress tending to strain the film
parallel to the substrate vanishes”. The rotation of
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the Xe monolayer with respect to the symmetry
directions of the substrate which has been pre-
dicted by Novaco and McTague to be caused by
the tendency to minimize the strain energy, allows
a type-1 growth process of this system. Studies
performed by elastic and inelastic thermal-He
scattering on the wetting behavior of rare gas
physisorbed films on the Pt(111) surface have
demonstrated that Ar, Kr and Xe exhibit a
“complete wetting” growth. During this growth
process, the rare gas atoms are adsorbed on the
surface and nucleate into 2D islands covering
more and more the surface. After completion
of the first adlayer, the film growth is layer by
layer.

The structure of the rare gas adlayer is governed
in a simplified description by the competition of
two main interactions: the lateral adatom—adatom
interaction /# and the lateral variation of the
substrate-adatom potential (corrugation) u.. De-
pending on their respective magnitude, the ad-
sorbed adlayer structure can be commensurate or
incommensurate. Indeed, on one hand, the lateral
interaction between adsorbed rare gas adatoms
will tend to establish an adlayer structure with
natural interatomic distances, i.e. incommensurate
with the substrate and on the other hand, the
surface corrugation potential will tend to force the
adatom to occupy energetically favored adsorp-
tion sites leading to a commensurate structure. In
special cases, where the lateral adatom-adatom
interaction and the lateral variation of the sub-
strate—adatom potential have similar magnitudes
(h/u. ~ 1), the adlayer structure will depend on the
substrate’s crystallographic symmetry and on the
adlayer and substrate interatomic distances (mis-
fit). By varying the surface temperature 7; and the
coverage 0, a complex structural phase transition
from commensurate to incommensurate structure
can be observed. Owing to the magnitude of the
lateral adatom-adatom interaction and the sub-
strate—adatom potential for Ar (2 = 17 meV) [6],
Kr (=26 meV and u. = 10-20 meV) and Xe
(h =43 meV and u. = 30 meV) [2], the rare gas
monolayers on the Pt(111) surface represent an
interesting system to study the whole spectrum of
phenomena and phase transitions of 2D matter
with competing interactions.

In the past, physisorbed rare gases on various
substrates (graphite [7-11], Pt(111) [3,6,12-16])
have been extensively studied. While Grimm et al.
[7] use low-temperature scanning tunneling mi-
croscopy (STM) as in this study the others are
based on diffraction methods (helium atoms and
electrons). The commensurate-incommensurate
phase transition has been theoretically explained in
terms of domain-wall formation. For small misfit
(less than ~3%) the phase exhibits a domain
structure of commensurate domains separated by
incommensurate domain-wall regions, which may
either exhibit linear (stripes) or hexagonal (hon-
eycomb-like) arrays, depending on the interaction
between the domain walls. These theoretical pre-
dictions have been verified experimentally for a
variety of different systems such as Xe on Pt(111)
[17] and graphite [7] surfaces. Nevertheless, the
information obtained for Pt(111) by diffraction
methods (low-energy electron diffraction, trans-
mission high-energy electron diffraction or helium
atom diffraction) is averaged over a macroscopic
region of the surface and no direct real-space in-
formation is available which is needed for better
understanding the physics of the rare gas adsorp-
tion. Moreover, the low-coverage features are in-
accessible to a structural study by He diffraction
[18].

STM and its application to low-temperature
surface science systems opens the possibility of
real-space studies down to the atomic scale. It is
possible to obtain real-space images of the rare gas
adlayer structure from submonolayer to mono-
layer coverages. A few STM studies have been
performed on the Xe/Pt(11 1) [18-23], graphite [7],
Cu(110) [24] and Cu(1 11) [25] systems but, none
of these, have been reported in the literature on the
Kr and Ar/Pt(111) system. The results presented
in this paper focus on low-temperature STM
studies of the structure of Xe, Kr and Ar adsorbed
adlayers on Pt(111), varying the coverage from
submonolayer to monolayer.

2. Experimental

The experimental set-up has already been de-
scribed in detail elsewhere [26]. Originally designed
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to investigate the processes which occur during the
deposition of mass selected clusters [27], we have
used this experimental set-up to study the rare gas
adlayer structures. Only the elements essential for
this paper are briefly described: sample prepara-
tion and STM measurements are performed in two
different vacuum chambers connected by a tran-
sition chamber. A custom built manipulator holds
the Pt(111)-sample during preparation and for
thermal energy helium scattering (TEAS)-mea-
surements and allows for transfering the sample
into the STM chamber at cryogenic temperatures
(25 K). The sample temperature can be varied
between 25 and 1200 K by appropriate cooling
and electron beam heating. The sample is cleaned
by repeated cycles of Ar*-ion beam sputtering and
O, chemical etching. After cleaning the sample is
annealed for 1 mn at 1000 K and cooled to the
lowest available temperature (25 K) in 40 mn. The
state of the surface is controlled by recording
the reflectivity of the surface for the helium beam.
Rare gas is introduced into the vacuum chamber
(partial pressure of 1 x 1077 mbar) and the total
coverage is monitored by the reflectivity of the
helium beam. The completion of the first mono-
layer is achieved when the helium signal has al-
most fallen to its lowest value [13]. Whatever the
rare gas (Ar, Kr and Xe), a film of 5 monolayers
is deposited onto the Pt(1 1 1) surface.

The sample is transferred at 25 K into the STM.
The surface temperature in the STM can be varied
between 8 and 450 K by laser heating until the
desired maximum temperature is reached. The laser
is then stopped and the sample is cooled back
down to 8 K. All STM images in this paper were
recorded at 8 K.

It should be emphasized here that the sample
preparation differs from the usual one in the sense
that submonolayer coverages are obtained by
evaporation instead of growth which might result
in changes in the kinetics of the process.

STM images are generally straightforward to
interpret, even though the contrast is a combina-
tion of topography and electronic effects which can
be sometimes difficult to separate. In the case of
rare gas physisorbed on a metallic Pt(1 1 1) surface,
it is reasonable to suggest a smooth electronic
density over the surface and grant the change in

height as real. Consequently, the dominant con-
tribution to the tunneling current is geometric and
originates from the different adsorption sites: the
height difference between rare gas atoms can be
directly related to their relative position over the
outermost layer of the Pt(111) surface.

3. Results and discussion
3.1. Xeon Pt(111)

In the following subsection, we present low-
temperature STM images performed at different
coverages (0x. = 0.41 (1 ML), 0.20 and 0.08) in
order to determine the evolution of the Xe adlayer
structure with respect to the domain size. These re-
sults are compared to and intended to complete a
schematic phase diagram resulting from diffraction
data by Kern et al. [4]. A subsection concerning
isolated adatoms and dimers is also developped.
Finally, the experimental results are compared with
molecular dynamic simulations.

3.1.1. Xe monolayer (Oy, = 0.41)

Earlier TEAS measurements (see for example
[28]) have shown that a Xe monolayer adsorbed on
a Pt(111) surface adopt a hexagonal incommen-
surate structure (dxex. =4.33(3) A) rotated by
+3.3° with respect to the commensurate phase
orientation. A superstructure has been detected
with a period of 23(2) A (measured along a Xe
row) and has been assigned to a buckling of the
Xe layer.

Fig. 1(a) presents an atomically resolved image
of a full monolayer of Xe on Pt(11 1) taken at 8 K.
The Xe atoms form a hexagonal structure with a
Xe-Xe interatomic distance of 4.37(5) A. More-
over, Xe atoms form patches of about 15 atoms
which appear in the STM topograph brighter than
the surrounding Xe atoms. This leads to the for-
mation of a hexagonal superstructure with a pe-
riod of 26(2) A (Fig. 1(b)), slightly larger than the
one deduced from TEAS measurements [28]. The
buckling is induced by the misorientation of the Xe
monolayer with respect to the substrate. From Fig.
I(a) it is impossible to quantify this misorienta-
tion. We can a priori not confirm that the xenon
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Fig. 1. (a) STM image (J;r = —0.602 V, It =0.33 nA) of a
monolayer of xenon on a Pt(11 1) surface taken at 8 K. The
buckling of the monoayer is clearly observed, leading to a
hexagonal superstructure. (b) Line scan along one direction of
the superstructure. The period is 26(2) A.

adlayer is rotated by 30 = 3.3° with respect to the
substrate as observed by TEAS measurements. It
has been shown [28] that this specific orientation
corresponds to the locking of the adsorbed layer
by a certain fraction of adsorbed atoms sitting in
high-symmetry sites: the incommensurate rotated
monolayer is in fact a monolayer with a high order
of commensurability (HOC).

For a better illustration, two schematic models
are shown in Fig. 2(a) and (b). Fig. 2(a) shows a
chain of 15 xenon atoms rotated by 30 + 3.3° with

dpyck, = 24.33 A
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Fig. 2. (a, b) Model of the HOC rotated phase of a chain of Xe
atoms (from Ref. [28]) and monolayer adsorbed on a Pt(111)
surface, respectively. The lattice parameter is 4.37 A.In (a), the
atoms marked by an arrow are in high-order symmetry (fcc or
hep). The dotted circles represent the fifth and the sixth atom
(see text). In (b), the grey atoms surround atoms in on top-sites
which are located higher than the others, especially the ones in
hollow sites (black atoms). (c) Misorientation between the HOC
structure and the superstructure (/x = —0.602 V, I+ = 0.33 nA).
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respect to the substrate. The lattice parameter is
4.37 A as in the experiment. From this model, one
clearly notices that some atoms sit in hollow sites
(marked by an arrow) and are separated by a
distance of 11 x 4.37 =48.08 A. It has been ex-
pected that the experimental buckling period
(23(2) A) deduced from TEAS along a Xe row is
compatible with this model if one notices that the
fifth and the sixth Xe atoms are located nearly as
deep as the two atoms which are in hollow sites,
leading to a period of 48.08/2 =24.04 A. If we
extend such a representation in two dimensions
(Fig. 2(b)) one observes that few xenon atoms sit
on top-sites and form a hexagonal superstructure.
Those atoms are located somewhat higher than
the other atoms, leading to the buckling of the
monolayer. In this configuration the superstruc-
ture is exactly aligned with respect to the mono-
layer structure. The buckling period proposed in
[28] cannot be compared with our experimental
value because they are not a feature of the same
superstructure. Kern et al. [28] have measured a
period along a Xe row whereas our experimental
period has been measured along successive max-
ima of the buckling. As shown in Fig. 2(c), the
superstructure is misoriented with respect to the
Xe monolayer structure by an angle of 9(1)°. This
misorientation suggests that the angle between the
Pt(111) surface and the domain observed in Fig. 1
is not 33.3° (or 26.7°) but slightly different. This
will be confirmed further below in the molecular
dynamic simulations sections.

312 0y =02

The STM image reported in Fig. 3(a) has been
recorded after annealing the sample at 125 K. This
temperature is high enough to evaporate the
monolayer from the Pt(1 1 1) surface. Nevertheless,
the surface exhibits several xenon domains bonded
together by bridges composed of few atoms. The
corresponding coverage of the surface is 0x, = 0.2.
These domains present regular shapes with sharp
edges and are 2.1(1) A high. The structure adopted
by the xenon adatoms is an incommensurate hex-
agonal structure with a lattice parameter of 4.43(5)
A. The most interesting feature revealed in this
image is that domains do not have the same ori-
entation with respect to the substrate. Owing to

the atomic resolution of these domains, one can
easily observe in Fig. 3(a) that only two types of
orientation are present as indicated by the dotted
and full arrows. Resolution of the bare platinum
surface has been achieved in the vicinity of the
image by changing the gap voltage and the tun-
neling current. The [110] direction of the platinum
surface is reported in both Fig. 3(b) and (¢) which
are magnifications of the central and the bottom-
right part of Fig. 3(a), respectively. The orien-
tation of the two domains with respect to the
Pt(11 1) surface is 33° and 27°. This misorientation
leads to a buckling of the xenon domains as shown
in Fig. 3(d). The structure adopted by the Xe
adlayer for such coverage is a hexagonal in-
commensurate rotated (HIR) structure. The mean
size¢ of the domain whatever their orientation
is about 1200 A? corresponding to ~70 Xe atoms.

3.1.3. 0x. = 0.08

In Fig. 4(a) we present an STM image recorded
in the same region as before. Nevertheless the
configuration of the surface is different, composed
of isolated close-packed xenon islands adsorbed
on terraces. The corresponding coverage is Ox. =
0.08. The mean size of the islands is 500 A? cor-
responding to ~30 Xe atoms. The islands are
imaged 2.3(1) A high. The Xe islands adopt a
hexagonal incommensurate (HI) structure and the
lattice parameter, determined on different islands,
is 4.45(2) A. An interesting feature is that all the
islands have the same orientation with respect to
the substrate, i.e. rotated by 30°. We have reported
in Fig. 4(b) three xenon islands located at different
positions on the surface showing this rotation.
This particular orientation has been observed on
every xenon island present on the surface.

3.1.4. Isolated adatoms and dimers

We have performed an annealing at 135 K in
order to evaporate the rare gas from the terraces.
Fig. 5(a) shows this situation. Only higher coordi-
nated Xe atoms at steps (not visible in this STM
image) and adsorbates on the surface are present.
We also observe few isolated adatoms (A and B in
Fig. 5(a)) and Xe dimers (C and D in Fig. 5(a)). The
decoration of the silver cluster by rare gas atoms
is discussed in a different communication [29]. The
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Fig. 3. (a) STM image in derivative mode after annealing to 125 K (V4 = —0.299 V, I+ = 0.51 nA). The dotted and full arrows
correspond to different domain orientations. (b, ¢) Magnification of the central and right-bottom part of (a). The [110],, direction of
the substrate is shown. (d) Line scan along the dark line marked on (a) obtained from the real image.

two Xe dimers observed in this image are misori- within the error of the measurement, twice the Pt
ented by an angle of 60° and are aligned along the interatomic separation (2dp, p, = 5.55 A) measured
[110]p, direction of the substrate. By measuring along the [110],, direction. The height of the Xe
the separation of the peaks in Fig. 5(b), we find that atoms in the dimers is 2.4(1) A which is similar to
the Xe atom separation is dx. xe = 5.6(2) A. This is, the height of the Xe islands observed for several
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Fig. 4. (a) STM image in derivative mode (Vyr = —0.224 V,
It =044 nA) of a Pt(111) surface covered by Xe islands
(0x. = 0.08). (b) Magnification of three Xe domains present in
(a). The Pt(111) orientation is also reported.

coverages (0x. =0.2 and 0.08). However, the
height of an isolated atom is substantially lower
(1.50(5) A as seen in Fig. 5(b)).

3.1.5. Discussion

This study has revealed that the Xe adlayer
structure on Pt(111) is strongly dependent on the
coverage of the surface, in agreement with previ-
ous TEAS studies (see for example [14]). High-
resolution He diffraction studies have reported
that variation of experimental parameters such as
the surface temperature and the coverage leads to
various phase transitions. It has been shown that
the commensurate (v/3 x v/3)R30° structure (C) is
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Fig. 5. (a) STM image in derivative mode (V4 = —0.205 V,
It =0.16 nA) of a Pt(111) surface covered by isolated Xe ad-
atoms (A and B) and Xe dimers (C and D). The Pt orientation
is also reported. A Agiy cluster [29] is also present on the sur-
face and is decorated by Xe atoms. (b) Line scans across the Xe
dimer marked (C) and across an isolated Xe atom (B) compared
with one Xe atom of the dimer (D).

stable over an extended range of coverage (0 <
Oxe. < 0.33 where 0x. = 1 correspond to 1.5 x 10"
Xe atoms/cm?) and temperature (62 < T, < 99 K)
range. The lattice constant and average domain
size in this phase are dx.x. = 4.80 A and ~800 A,
respectively. At completion of the (C) phase, a
continuous phase transition to a stripe incom-
mensurate phase (SI) occurs. A similar phase tran-
sition is observed by cooling the Pt(111) surface
below 62 K down to 25 K, the lowest temperature
accessible in the experiment reported in [17]. The
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Fig. 6. Schematical representation of the (C), (HI) and (HIR)-
phase of the Xe adlayer (the rotation in the (HIR)-phase is
underline for better illustration).

stripe phase (SI) is stable in the misfit m range
0 <m<6.5% (corresponding to a Xe-Xe distance
range 4.8 < dxe x. <4.50 A). The estimated aver-
age domain sizes of the incommensurate layer is
~350 A parallel to the wall and ~50 A perpen-
dicular. With increasing coverage, the stripe phase
(SI) transforms at a critical misfit of ~6.5% to a
hexagonal incommensurate R30° phase (HI) in a
first-order transition. Upon further increase of the
misfit (m > 7.2%) corresponding to 0x. = 0.38, the
HI phase displays a continuous transition from an
aligned (R30°) to a rotated orientation (HIR). Fig.
6 gives a cartoon-like model of the different Xe
structures on Pt(111) depending on its lattice pa-
rameter, i.e. the coverage. The observed rotation
of the adlayer has already been theoretically pre-
dicted by Novaco and McTague [30]. They have
shown that the energy of a monolayer is dependent
on its orientation relative to the substrate. In
particular, the orientation which minimizes the
strain energy is expected to deviate from the main
symmetry directions of the substrate. ' The devi-

! Owing to magnitude of its isosteric heat and 0-K cohesive
energy of the bulk phase, Xe should a priori not exhibit a
complete wetting behavior (u;/hy ~ 1.7). Nevertheless, several
authors [31] suggested that complete wetting occurs only when
“the net stress tending to strain the film parallel to the substrate
vanishes”. The rotation of the Xe monolayer with respect to the
symmetry directions of the substrate which has been predicted
by Novaco and McTague to be caused by the tendency to
minimize the strain energy, allows a type-1 growth process of
this system as observed experimentally [16].

ation increases with the coverage and reaches a
maximum at monolayer completion (R(30 + 3.3)°)
which corresponds to a coverage of Ox. = 0.41 and
to a lattice parameter of dx. x. = 4.33(3) A.

In our case, the sequence of HIR — HI transi-
tion with decreasing the rare gas coverage (dxe xe =
4.43(5) — 4.45(5) A) has been observed unambig-
uously. The transition from the HI R30° orienta-
tion to the rotated orientation (HIR) can be related
to the size of the islands. The largest HI Xe island
we observed which was not rotated has been found
to be 700 A? corresponding to about 40 Xe atoms.
We used this value as a yardstick for the onset of
rotation. This implies that the HI — HIR transi-
tion occurs when the coverage is comprised be-
tween Ox. = 0.08 and 0.2, which is at least two
times smaller than the limit coverage measured by
Kern et al. [17] (6x. = 0.38) for this phase transi-
tion. The difference between our work and the
work by Kern might be found in the sample prep-
aration technique as discussed above. In this case
one would assume the rotation of the adlayer to be
metastable with a hysteresis in 6. The value de-
duced from TEAS measurements has been ob-
tained with a surface temperature of 25 K, the
lowest temperature reported by the author. This is
substantially higher than the surface temperature
(8 K) at which we have performed our STM mea-
surements. For such a temperature and coverage,
we have shown that the structure adopted by the
Xe islands is a HI R30° structure with a lattice
parameter which is only 2% smaller than the one
adopted by the full monolayer, in agreement with
a previous study [18]. For a similar coverage
(0xe = 0.03), Weiss and Eigler [18] have observed
by STM measurements recorded at 4 K that all of
the Xe islands (the largest observed Xe island was
composed of 13 atoms) adsorbed on a Pt(111)
surface were rotated by 30° with respect to the
substrate orientation and adopt a HI structure.
Consequently, for very low temperature the struc-
ture of the Xe adlayer is essentially dependent on
the lateral Xe—Xe interaction and not on the sub-
strate—adatom potential. Increasing the coverage,
1.e. the size of the islands, the rare gas adatoms tend
to establish an adlayer structure with the natural
interatomic distance. When the size of the islands is
of about 1000 A2, the adlayer rotates in order to
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minimize its strain energy leading, at completion of
the first monolayer, to the HOC structure.

For very low coverage, we have observed that
Xe dimers are aligned along the [10],, direction of
the substrate with an interatomic distance which is
approximately twice the interatomic Pt distance.
This is substantially larger than the 4.33 and 4.36
A [32] Xe—Xe spacing in the solid phase and in
the molecule Xe,, respectively. According to their
orientation and the adatom-adatom separation,
we deduce that the Xe dimers are commensurately
ordered on the Pt(1 11) surface. The atomic posi-
tion normal to the surface of the Xe atoms is un-
fortunately not available from our measurements.
The superposition of a Pt(111) lattice in Fig. 5(a)
does not allow us to conclude on a specific position
of the monomer and the dimer on the surface.
Whatever the situation (we arbitrarily place the
monomer A in the three different sites (on top, fcc
and hcp-hollow sites) and notice the correspond-
ing position of the monomer B and the two dimers
(C and D)) they never sit on the same positions.
Consequently, we cannot provide further experi-
mental evidence for the ab initio calculations done
by Miiller [33] on the interaction of the Pt(111)
surface with adsorbated Xe atoms. He found that
the binding energy between Xe adatom and sub-
strate is strongest at the on top adsorption site. He
has obtained similar results on coadsorbed Xe
atoms. Nevertheless the calculation were done with
two Xe atoms located in on top sites but separated
by 4.8 A and aligned along the [112],, direction
which is not in agreement with our experimental
observations since the Xe dimers are commensu-
rately ordered along the [l IO]Pt direction of the
Pt(111) surface. However, Miiller [33] mentions
that the coadsorption induces an increase in the
Xe adsorption distance above the surface. This is
consistent with our measurements since the Xe
dimers are ~1 A higher than the isolated Xe atom
(2.4(1) and 1.50(5) A, respectively). We have also
shown that the height of the dimers and islands
(whatever the size) are similar. Similar results have
been obtained by Weiss and Eigler [18]. The au-
thor have shown that an island of 13 atoms is
imaged 2.4 A high compared to 1.9 A for isolated
Xe atoms (the images were recorded with a bias
voltage of —0.005 and —0.010 V, respectively).

3.1.6. Molecular dynamic simulations

Our experimental results supply an interesting
reference for structural simulations. In particular,
the possibility of real-space observation of the
structure adopted by Xe atoms on a Pt(111) is a
great opportunity to check the relevance of the
potential used for this system in molecular dy-
namic simulations.

We present in the following results of molecular
dynamic simulations obtained on the structure of
Xe clusters on a Pt(1 1 1) surface. The Xe/Pt forces
were derived from an empirical potential developed
by Barker and Rettner [34,35] which is consistent
with a wide range of dynamical and equilib-
rium experimental data. The Xe/Xe energy includes
the Barker pair potential and the Axilrod-Teller—
Muto three body interaction both modelling pure
Xe systems, and the surface mediated energy
composed by the McLachlan modification of the
dispersion potential and the interaction of the ad-
sorption-induced and image dipoles called here
dipole—dipole energy. The calculation of the dipole—
dipole forces assumed that the dipoles are perpen-
dicular to the Pt surface. The platinum slab was
kept frozen while an artificial thermal bath was
created for the Xe clusters by using Langevin for-
ces. A Verlet type algorithm was used to integrate
the equation of motion. The cluster initial config-
uration was prepared by keeping a circular shaped
group of atoms from a (1 1 1) Xe layer at a distance
zo = 3.4 A above the Pt surface, the Xe—Xe distance
d and the angle ¢ between the orientation of the Pt
surface and the Xe layer being adjustable. The
typical rate used for cluster temperature variation
was 0.3 K/ps. The Xe atom positions shown were
averaged during 18 ps at constant temperature.
Dipole—dipole interaction had to be abandoned for
cluster sizes above 500 atoms due to calculation
time [36]. 2

The structure of a cluster composed of 1800 Xe
atoms physisorbed on a Pt(11 1) surface has been

2 The dipolar moment calculation of N interacting polariz-
able dipoles needs to solve a system of N linear equations with
N unknown dipolar moments. This calculation should be done
at each molecular dynamic time step. An infinite hexagonal
array of polarizable dipoles above a perfect metal surface has
been studied in details [36].
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simulated and compared to our experimental re-
sults obtained for the Xe monolayer (Figs. 1 and
2). The result of the simulation is reported in Fig.
7. The intial Xe-Xe distance and the angle ¢ are
4.37 A and 33.3°, respectively and the surface tem-

Fig. 7. (a) Structure of a Xe cluster on a Pt(111) surface ob-
tained by molecular dynamic simulation. The representation is
inversed, which means dark spots corresponds to higher z lev-
els. See text for calculation details. The lines correspond to the
superstructure and the cluster direction, respectively. (b) Detail
of this structure. The line joins Xe atoms on an atomic row.

perature is 30 K. The surface is cooled down to 0.5
K and is then annealed to 26 K. The equilibrium
structure obtained at 26 K (Fig. 7(a)) clearly re-
veals a hexagonal superstructure due to the buck-
ling of the cluster, in perfect agreement with the
experimental results although inversed in height.
The origin of this behavior is not clear but does
not change the essential of the following discus-
sion. The angle between the Xe cluster and the
Pt(111) substrate is now 33.8°, slightly different
from the initial value and the one deduced from
TEAS measurements. This particular misorienta-
tion leads to an angle of about 9.5° between the
superstructure pattern and the cluster structure.
This is rather close to the experimental angle ob-
served in Fig. 2(c). A detailed observation of the
equilibrium structure (Fig. 7(b)) reveals that sev-
eral Xe atoms (bright) are located close to on top
sites and form quasi-commensurate domains. The
other atoms do not sit in particular positions and
form an incommensurate wall type structure. The
width of this wall corresponds to about two Xe
interatomic distance. A slight shift on the row di-
rection is observed each time the row goes through
a incommensurate wall leading to a small in-plane
modulation of the atomic row. Unfortunately, this
modulation has not been observed experimentally.
A higher resolution would be required.
Molecular dynamic simulations were also per-
formed on a small Xe island physisorbed on a
Pt(111) surface. The initial condition corresponds
to a cluster composed of 50 atoms aligned with
respect to the Pt surface. The Xe-Xe interatomic
distance is 4.55 A and the surface temperature is 30
K. The surface is successively annealed at 39, 53,
67, 70 and 100 K and is cooled back to 34 K. We
report in Fig. 8, the situation at 30, 67, 100 and 34
K. No particular structural evolution is observed
up to an annealing temperature of 70 K. At 100 K,
the cluster is rotated by 30° with respect to the
substrate. The central part of the cluster adopts a
commensurate structure whereas relaxation at the
edge of the cluster is observed leading to smaller
interatomic distances. The cluster keeps this struc-
ture when the surface temperature is cooled back
to 34 K. This configuration seems to be an equi-
librium structure since no evolution has been ob-
served after successive annealing up to 72 K and



F. Brunet et al. | Surface Science 512 (2002) 201-220 211

30K (a)

70K (b)

100K (©)

34K (d)

Fig. 8. Structure of an Xe island composed of 50 atoms (large circle) on a Pt(111) surface (small circle) for different annealing

temperatures: (a) 30, (b) 70, (c) 100 and (d) 34 K.

cooling back to 30 K. The island orientation with
respect to the Pt(1 11) surface is in perfect agree-
ment with the experimental observations done on
isolated Xe islands (Fig. 4). Nevertheless, the
simulation does not perfectly confirm the experi-
mental results since we have shown that the iso-
lated islands adopt a HI structure. The resolution
of the STM image (Fig. 4) does not allow us to
observe a variation of the interatomic spacing
within the island according to the position of the
atoms. On the other hand, Weiss and Eigler [18§]
have recorded by STM with a high resolution a
Xe island composed of 13 atoms physisorbed on
a Pt(111) surface. The authors mention that the
measured apparent distance between an edge atom
and either a central atom or another edge atom
was 10% smaller than the Xe—Xe spacing between
central atoms. According to Weiss and Eigler, this

difference could be an indication of a relaxation
along the island edge or a consequence of an
electron redistribution toward the center of the
island. The result of the simulation suggests a real
variation of the interatomic spacing leading to a
relaxation of the island even though one cannot
a priori invalidate the electronic effect mentioned
in [18].

The equilibrium interatomic distance of the Xe
dimer on Pt surface predicted by molecular dy-
namical simulation is 4.5 A, shorter than the ob-
served distance. Although the influence of the tip in
the experiment could be non-negligible when ob-
serving very small systems, we believe that the cal-
culated distance is strongly questionable. The Xe/
Pt(111) potential we used has been constructed on
the basis of a variety of experimental data de-
scribing the interaction of single Xe atoms with a
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clean surface and monolayer coverage but not
from experiments where Xe atoms form very small
islands on the surface. The potential probably does
not present the precision and refinement necessary
to describe correctly a Xe dimer on a clean Pt
surface.

32. KronPt(111)

Only few studies [15,37,38] concerning the
structure of Kr adlayers on Pt(11 1) are reported.
Using high-resolution He diffraction, Kern et al.
[15] have uncovered the existence of a first-order
phase transition between a HI (dk, k: = 4.10(2)
A) to an hexagonal high-order commensurate
(dgrxr = 4.00(2) A) layer. The phase transition
occurs at a coverage fx, = 0.80 when the surface
temperature is 7y, = 25 K (I ML (6, = 1) corre-
sponds to 7.22 x 10" Kr atoms/cm?). The two
structural phases are both oriented by an angle of
R30° with respect to the substrate. Moreover, a
(5 x 5)R0° superstructure has been observed on the
HOC structure, due to the particular location of a
fraction of the Kr atoms in fcc and hep sites. The
structure of the Kr monolayer on Pt(997) [39]
is also incommensurate with a lattice parameter
dirxr = 4.00(5) A but the orientations differ by
30°. As mentioned by the author [39], this dis-
crepancy is probably due to the presence of a large
step density on the Pt(99 7) surface which pins the
Kr layer orientation. Indeed, the Pt(997) surface
exhibits regular spaced terraces of about 20 A
width whereas the Pt(1 1 1) surface is composed of
terraces of 2000-3000 A width. The aim of the
following section is to investigate the influence of
the steps on the morphology of the Kr monolayer.

3.2.1. Kr monolayer lying on “large” terraces

Fig. 9(a) presents an atomically resolved image
of a Kr monolayer which covers a large Pt(111)
terrace (at least 500 A width). The image has been
acquired after annealing the sample at 60 K. As
mentioned in Section 1, the small hillocks corre-
spond to silver clusters. The structure of the Kr
adlayer is an incommensurate hexagonal structure
with a lattice parameter of 4.00(2) A in good
agreement with previous results [15]. Kern et al.
[15] have shown that the Kr monolayer on Pt(111)

2

Lo re: 000 re
©0.00 00®0.0 Pt
000300 e0

204

Kr sites
@ O°C @ 0,0 & 0°Q > fee and hep
0200 ®0 0T @Bridge
@ 0,0 @ 00 @® 0.0 @ On top

ST 0000 eo0
& O°Q '@ 0.0 @& 070
On@e; C O O @
@ 9,C. 8 00 @ 0,0
SO 8000 e0
® 00 @ 0,0 @® 0O°C

Fig. 9. (a) Kr monolayer deposited on a large Pt(111) terrace.
The hillocks are silver clusters (Vx = —0.1 V, It = 0.38 nA). (b)
Schematic representation of the Kr HOC structure on Pt(111).

adopts a HOC “locked” phase rotated by R30°
with respect to the substrate. In this phase, every
sixth Kr atoms is located at a preferred adsorption
site (threefold hollow) forming a hexagonal (5 x
5)R0° superstructure. The origin of such a super-
structure is illustrated in Fig. 9(b), where the
locked Kr layer lying on the outermost Pt layer is
schematically shown. The Kr atoms in fcc (or hep)
sites (dotted circles) form a hexagonal (5 x 5)R0°
superstructure. We also report in Fig. 9(b) the Kr
atoms located in bridge (filled grey circles) and on
top (filled black circles)-sites. Their position leads to
the formation of a hexagonal (3 x 3)R0° structure

R R 2 °
with a period dy = (3)dpip = V3dgex, = 6.94 A.
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The Kr atoms in bridge and on top-sites are lo-
cated somewhat higher than the other atoms. The
discrepancy in the height could be priori distin-
guished using a high-resolution STM. We report
in Fig. 10(a) a magnification of the surface cor-
responding to the rectangular zone indicated in
Fig. 9(a).

We notice that several Kr atoms appear
brighter than the other atoms. These atoms are
located at a higher position than the other ones
and are distributed at specific positions on the
surface. Indeed, we can clearly observe that they
form a (v/3 x v/3) hexagonal superstructure ro-
tated by R30° with respect to the Kr monolayer.
For a better illustration, we report in Fig. 10(b) the

"o

position of these specific Kr atoms: they locally
form a hexagonal structure and a period dyper =
V3, ki = 6.87(5) A has been deduced, similar to
the one obtained assuming a HOC Kr structure.
This is nicely confirmed in Fig. 10(c) where two
different line scans along the [1 1 2] direction of the
superstructure reveal the alternation between Kr
atoms sitting in on top-sites (marked by a star) and
in bridge sites (marked by a circle). The on top-
sites atoms are located 0.04 A higher than the
atoms in bridge sites. This configuration is in good
agreement with the schematic illustration reported
in Fig. 9(b). Consequently, even though the ori-
entation of Pt(1 1 1) is not available in this image,
the observation of a (v/3 x v/3)R30° hexagonal

0 20 40_ 60
Distance (A)
<0340 o 2
502

Q

=
0.1(-)

10 20 30 40
Distance (A)

Fig. 10. (a) High magnification of the rectangular region marked in Fig. 9(a). (b) Schematic representation of the lighter atoms re-
vealed in (a). A local hexagonal superstructure is clearly observed. (c) Line scan along two directions reported in (b). The stars and the

open circles represent the on top and on bridge-sites, respectively.
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superstructure corresponds well to a HOC
“locked” Kr structure rotated by R30° with respect
to the substrate.

3.2.2. Influence of the steps
In order to check the influence of the steps on
the Kr morphology, we have studied the structure

of the Kr monolayer adsorbed on small terraces.
Fig. 11(a) shows an atomically resolved STM
image of a Kr monolayer covering several Pt(111)
terraces of about 50-100 A width. The Kr mono-
layer structure is not a perfect hexagonal structure.
Indeed we notice that the interatomic distance
measured along the step edges is slightly higher
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Fig. 11. (a) STM image (Jx = —0.17 V, It = 0.38 nA, derivative mode) of a Kr monolayer deposited on short terraces (50-100 A
width). (b) High magnification of the Kr monolayer (Vx = —0.05 V, It = 0.75 nA) corresponding to the square marked in (a). (c)
Schematic representation of the superstructure. (d) Line scan along two directions reported in (c). (¢) Model of a Kr monolayer aligned

with respect to the Pt(111) surface.
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than the one perpendicular to the step edges.
Moreover, the discrepancy tends to be increasingly
important as the terrace width is small. Fig. 11(b)
is an STM image obtained in the square region
reported in Fig. 11(a). The interatomic distance
perpendicular to the steps is 3.80(5) A whereas it
is 4.00(5) A in the two other directions. Notice
that several Kr atoms are imaged higher than the
others. Their position, reported in Fig. 11(c), form
a hexagonal structure which is aligned with respect
to the Kr monolayer. The period of this structure
is dy = 2dx. xr = 7.95(3) A. We report in Fig. 11(d)
two line scans obtained in two different [110]
directions as mentioned in Fig. 11(c). The Kr
atoms which form the hexagonal structure are
imaged 0.04(1) A higher than the others. An ex-
planation is given in Fig. 11(e), where a Kr mono-
layer (perfect hexagonal structure with di, x, = 4
A) lies on the outermost Pt(111) layer. The Kr
monolayer is aligned with the Pt surface. Several
Kr atoms (dotted circles) are situated in energeti-
cally favorable sites (threefold hollow) which lock
the monolayer on the surface. In this model one
can also notice that a superstructure is formed by
Kr atoms (black circles) which are located in on
top-sites. The structure is hexagonal, aligned with
the Kr monolayer, i.e. with the Pt surface, with a
periOd dsuper = 2dKr—Kr =8 A (dsuper = 3dPl—Pl) in
good agreement with the observed structure in Fig.
11(b) and (c). Consequently, the structure of the
Kr monolayer on this terrace is HOC but different
from the (3 x 3)R0° HOC structure observed at
high coverage on large terraces. Indeed, the near-
est-neighbor distance of about 4 A (we observe a
pseudo-hexagonal structure) is comparable to the
HOC structure, but the orientations of the Kr
monolayer differ by 30°.

A similar result has been obtained by Blanc
[39] who have shown that the Kr monolayer on
Pt(997) adopts an incommensurate hexagonal
structure aligned with respect to the Pt surface.
Nevertheless, our Pt surface is completely different
from a Pt(997) surface which exhibits regularly
spaced terraces separated by monoatomic steps,
aligned with the crystallographic [110] direction.
In our case, the steps present in Fig. 11(a) are not
aligned along a particular crystallographic direc-
tion and are composed of several kinks. We believe

that in the case of small terraces (~50 A), the
presence of such none well defined steps will lead
to a multitude of Kr adlayer orientations. In par-
ticular it is responsible for the misorientation of
the Kr adlayer adsorbed on two successive small
terraces as shown in Fig. 12. This atomically re-
solved STM image corresponds to the rectangular
zone illustrated in Fig. 11(a) and shows two Kr
layers lying on two successive terraces. On the
lower terrace, the Kr adlayer adopts a pseudo-
hexagonal structure with an interatomic distance
of 3.90(5) and 4.20(5) A perpendicular and along
the step, respectively. One observes that the Kr
adlayers adsorbed on the lower and the upper
terrace are not aligned and are rotated by an angle
of 11°. A qualitative explanation of this rotation
is schematically shown in Fig. 12(b). The step is
composed of several (1 1 1)-microfacet steps (three
Pt atoms width) separated by monoatomic kinks,
leading to an angle of about 19° between the mean
direction of the step and the [110] direction.

(@)

Fig. 12. (a) STM image (Jx = —0.170 V, I+ = 0.38 nA, deriv-
ative mode) corresponding to the rectangular part marked in
Fig. 10(a). (b) Schematic model revealing the influence of the
step edge on the Kr adlayer orientation.
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During the first stage of the growth, an incoming
Kr atom will tend to maximize its coordination
with Pt atoms at the step edge. Consequently, it is
reasonable to assume that the kinks will pin the
first incoming Kr atoms. The other Kr atoms will
tend to establish a natural interatomic distance
(~4 A) with the first adsorbed Kr atoms. This
leads to the formation of a pseudo-hexagonal
structure where the [112]k, direction is aligned
with the mean direction of the step as mentioned
in Fig. 12(b). As a consequence, the Kr adlayer is
rotated by about 11° with respect to substrate
orientation. This configuration is stable from an
energetical point of view since several Kr atoms
are located on hollow sites. Moreover, a heat of
adsorption of 210(10) meV of the first Kr mono-
layer on Pt(99 7) has been obtained [39], which is
substantially higher than the one obtained on Pt-
(111) (158(4) meV [40]). The excess of binding
energy can be attributed to an increased adsor-
bate—substrate interaction. The attraction of the
step can play an important role even though cal-
culations [39] done for Xe on Pt(99 7) have shown
that the excess attraction of the step fades away
after two rows. Nevertheless, the role of the step
and more precisely the nature of the step (well
defined or irregular shape with kinks) appears to
be critical for the structure of the Kr adlayer. The
STM image (Fig. 12(a)) and its simple model (Fig.
12(b)) show that the morphology of the step can
lead to the growth of misoriented Kr adlayer with
respect to the substrate.

3.2.3. Kr submonolayer and step edges decoration
Raising the surface temperature to 125 K re-
sults in evaporation of the Kr atoms from the
terraces. Fig. 13(a) and (b) show this situation
where only higher coordinated Kr atoms on step
edges and adsorbates (silver clusters) are observed.
We can also observe few isolated Kr atoms lying
on the surface. We find a multiple row structure at
the step edge and a monorow structure around
most of the adsorbates. The decoration of adsor-
bates by Kr atoms will be discussed in detail in
forthcoming publications [27,29]. The terraces are
about 50 A width and the step edges are relatively
regular, a morphology which is similar to the one
observed on a (997) Pt surface. The presence of

© 57 Y\
—~ 4 A
2
21
O_ T T T T 1
0 20 40 60 80 100
Distance(A)

Fig. 13. (a) STM image (/4 = —0.200 V, I+ = 0.38 nA, deriv-
ative mode) recorded after annealing the sample at 125 K with
several silver clusters and step edges decorated by Kr atoms. (b)
shows a magnification (rectangular zone in (a)) over several
silver clusters and a step edge decorated by three Kr rows. (c)
Line profile from left to right as indicated in (b).
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few kinks do not affect the Kr structure since we
find that the rows are perfectly aligned with respect
to the [110]p, direction. The Kr atoms form a HI
RO° structure with an interatomic distance of 4 A
in perfect agreement with a previous study [39].
This result confirms the crucial role of the step
edges on the Kr structure, specifically on its ori-
entation with respect to the substrate, as already
mentioned in Section 3.2. Krypton atoms deco-
rating the steps are imaged 1.70(5) A high (Fig.
13(c)) compared to 0.9(2) A for isolated Kr atoms.
It should again be stressed that the apparent
height of the rare gases measured by STM does
not reflect the “physical” or the crystallographic
height but correspond to an “electronic” height.
Electronic effects can affect the apparent height, in
particular if different species are present. That is
the reason why the apparent Kr height changes
according to its position from the silver cluster
(Fig. 13(c)). The nearest Kr atoms (marked by an
arrow) are imaged 1.9(1) A whereas the Kr atoms
at the periphery are imaged 1.70(5) A, i.e. the same
height measured for Kr atoms decorating the
steps.

3.3. Aron Pt(111)

To our knowledge, the structure of Ar physi-
sorbed on Pt(111) in the submonolayer coverage
regime has only been explored by thermal He-
atom scattering [12]. At coverage 0, < 0.7 ML the
Ar condenses in a hexagonal close-packed phase
with domains aligned with the substrate with a
lattice parameter of about 3.81 A. With increasing
the coverage (04, = 0.7 ML), a first-order phase
transition into a compressed hexagonal Ar phase
with a lattice parameter of 3.70 A is observed. The
compressed phase is a HOC phase, characterized
by a (4 x 4)R0° commensurate unit cell. This series
of HOC phases has been explained by potential
calculations of Ramseyer et al. [41].

3.3.1. Ar monolayer

The STM topograph in Fig. 14(a) shows an
atomically resolved Ar monolayer (04, = 1 corre-
spond to 7.87 x 10'* Ar atoms/cm?). The Ar atoms
adopt a hexagonal structure with a nearest-neigh-
bor distance of 3.83(6) A. A magnification of the
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Fig. 14. (a) STM image (Vx = —0.181 V, It = 0.38 nA, deriv-
ative mode) of a Ar monolayer. (b) High magnification of the
monolayer corresponding to the square region in (a). (c)
Schematic representation of the observed superstructure. (d)
Line scan along the direction marked in (c). (e) Model of a
HOC Ar layer on a Pt(111) surface.

surface (Fig. 14(b)) reveals a (4 x 4) hexagonal
superstructure aligned with the Ar monolayer with
a periodicity of 4ap, = 3aa,. As mentioned in (Fig.
14(c) and (d)), the Ar atoms which are located at
a higher position than the other ones (0.04(1) A
higher), locally form a hexagonal structure with
a period of dyper = 3darar = 11.50(5) A. The
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observation of such a superstructure is in good
agreement with the (4 x 4)R0° superstructure de-
duced from TEAS measurements [12] corre-
sponding to a HOC structure. This situation is
shown in Fig. 14(e), where the locked Ar layer
(dar-ar = 3.8 A) lying on the outermost Pt layer
is schematically represented. We clearly observe
that the Ar atoms in on top-sites form locally a
hexagonal structure with a period dyper = 3darAr-
The superstructure is aligned with the Ar layer, in
perfect agreement with our STM observations.

3.3.2. Ar submonolayer

A submonolayer regime has been observed after
annealing the surface at 50 K. The situation is
shown in Fig. 15(a) and (b), where several isolated
close-packed Ar islands with a mean size of about
6500 A2 are adsorbed on terraces and step edges.
Whatever the island, the Ioneasured dar_ar Inter-
atomic distance is 3.90(5) A, slightly higher than
the one observed for the monolayer, in good
agreement with TEAS measurements [12]. The
height of the islands is 1.15(5) A which is similar
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to height of the monolayer measured in Fig. 14(a).
The most interesting feature revealed in these im-
ages is that the islands adopt several orientations
with respect to the Pt(1 1 1) surface. The measured
orientations, reported in Fig. 15(a) and (b), are
RO°, R7.5°, R15°, R30°, R31.9°, R33.8°, R45° and
R52.5° which are found to be all a multiple of
1.875°. This result suggest that, for low coverage,
the most energetically favorable position for the
Ar atoms correspond to a R(1.875 x n)° (n an in-
teger number) hexagonal structure with a lattice
parameter of about 3.9 A. From our measure-
ments we cannot confirm if these structures are
locked or not. For such low coverage, the obser-
vations reported by Zeppenfeld et al. [12] are
slightly different. For 0, = 0.36 ML, depending of
the annealing temperature and annealing time,
several Ar HOC structures with different lattice
parameter (in the range between 3.6 and 3.9 A)
have been observed. Nevertheless, whatever the
observed hexagonal HOC structures, it has been
shown that the Ar phases are aligned with respect
to the Pt(111) surface.

0 100 200 300
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Fig. 15. (a, b) STM images (Vx = —0.724 V, It = 0.12 nA and ¥ = —0.965 V, It = 0.38 nA, respectively, derivative mode) of Ar
islands. (c) Line scan from right to left, along the direction marked in (a).
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4. Conclusion

We have studied submonolayer coverages of
Xe, Kr and Ar physisorbed on a Pt(11 1) surface
using low-temperature STM. The possibility of
direct imaging of the rare gas atoms has enabled
us to follow the phase transition occurring with
coverage changes.

The Xe adlayer structure is strongly dependent
on the coverage of the surface and the sequence
HIR — HI transition with decreasing the rare gas
coverage has been observed unambiguously. A
critical Xe island size defining the onset of the
adlayer rotation has been deduced. Xe mono-
mers and dimers have also been imaged on the
surface. No energetic favorable positions of the
monomer and the dimer have been observed.
Nevertheless, it has been shown that the dimers
adopt a commensurate structure on the surface
with a Xe atom separation which is twice the Pt
interatomic distance in disagreement with ab initio
calculations.

The step morphology influences the orientation
of the Kr monolayer with respect to the substrate.
In a surface area composed of narrow terraces,
different orientations of the Kr HI structure have
been observed and depend on the nature of the
step (well defined or irregular shape with kinks).
A different situation is observed on large terraces
since the Kr monolayer adopts a HOC R30° struc-
ture.

In the submonolayer-coverage regime, the Ar
islands condense in a HI close-packed phase do-
main. At monolayer completion, the HI structure
transforms to a compressed HOC structure
aligned with respect to the substrate.

The structural features reported in this paper
constitute an interesting support for theoretical
studies performed on rare gases (Xe, Kr and Ar)
physisorbed on Pt(111) since direct comparison
between calculations and real-space observations
are possible.
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