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Structure and Phase Transitions
of Incommensurate Xe Layers on Pt(111)
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KFA Jilich, Postfach 1913, D-5170 Jiilich, Fed.Rep. of Germany

Considerable theoretical and experimental attention has been paid in the last decade to the in-
vestigation of critical phenomena in systems of reduced dimensionality (1D or 2D). Since the pio-
neering work of Peirls and Landau in the 30’s it has been realized that the physical properties of
two dimensional (2D) matter are fascinating and differ substantially from those of bulk matter. A
widespread possibility to realize 2D-systems is to adsorb atoms or molecules onto a solid surface.
This particular way of producing quasi two dimensional systems gives rise to a new class of phase

transitions in the adsorbed layer; the registry-disregistry transitions, also named commensurate-
incommensurate transitions.

In fig.1 we show an example for a commensurate adlayer structure, the A,\wl x)\wl JR30° phase of
Xe on the Pt(111) surface. On fcc(111) faces the Xe atoms Au_.ocmc_.S prefer to sit in three fold
hollow sites. These preferred adsorption sites form a triangular lattice. As a consequence of their
size, the Xe atoms can only occupy second neighbor lattice sites (rather than nearest neighbor
sites) resulting in a commensurate structure whose lattice parameter is only expanded by 9% with
respect to the natural 2D Xe-lattice parameter. The maximum coverage in this A'\wl xV3 JR30°
commensurate structure is obviously @,, = 1/3 {(O,,= 1 corresponds to 1.5x10"™ atoms/cm?, the
density of Pt atoms in the (111) plane). Only one third of the adsorption sites are occupied, i.e.
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Fig.1 Oxe
a)Commensurate A;\w:x/\wlvmwco Xe monolayer adsorbed on Pt(111); b) schematic phase diagram
of Xe monolayers on Pt(111)
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there exist three energetically degenerate oOSBw:wc_,&a sublattices. The commensuyrate Xe-
\attice being expanded, the coverage can be increased beyond ©,, = 1/3. However, above this limit
it is no longer possible for all adatoms to occupy preferred adsorption sites, and the adlayer be-
comes incommensurate, eventually approaching a lattice parameter characteristic of bulk Xe.

How can an incommensurate adlayer on a crystal surface best be described? Far from
commensurability the incommensurate monolayer can be regarded as a triangular lattice with
spacing corresponding to coverage. Due to the slight variation of the adsorption energy within the
substrate unit cell (see fig.3), this lattice is weakly modulated. Novaco and McTague /1/ have used
this idea of weakly modulated 2D-solids and found that the energy of these monolayers is de-
pendent on the orientation relative to the substrate, and in particular that the orientation which
minimizes the total energy is expected to deviate from the high symmetry directions of the
substrate. The resulting orientation of the adlayer is a consequence of the fact that in a 2D Lennard
Jones solid the transverse phonon modes are much softer than the longitudinal modes, thus fa-
voring a transverse displacive movement of the atoms. Novaco-McTague type rotations have been
observed in numerous incommensurate adlayers /2/.

Near commensurability, however, an incommensurate monolayer is commonly thought to be
built up of large commensuraie regions separated by incommensurate domain walls, such that the
distance between domain walls is large compared to the width of the 'walls. This approach is based
on the ideas of Frank and van der Merwe /3/ and has been developed in great detail in the 70's
by several theoreticians /4/. On hexagonal substrates the domain walls may run along any of the
three degenerate high symmetry directions. The actual realization of one or another domain wall
network depends on the wall crossing energy A: for attractive wall crossings (A < 0) a hexagonal
network of domain walls (HY) is predicted, while for repulsive walls (A >0) a striped network of
domain walls (Si) should appear. The Bak-Mukamel-Villain-Wentowska (BMVW) theory further
predicts that the C — Hl transition should be first order while the C — 8! transition should be sec-
ond order /5/. At higher incommensurabilities, the Sl-phase is expected to transform to a Hil-phase
by a first order transition /6/, before finally rotating out of the high symmetry direction of the
substrate (HIR).

Until recently, there was only scarce experimental evidence for these stringent theoretical
predictions. The most intensively studied experimental system, Kr on Graphite, shows a contin-
uous transition, although hexagonal symmetry is preserved. it is Xe on P1(111) which appears to
be the first adsorption system fully consistent with the BMVW-theory /5/. We have investigated this
2D-system in great detail by means of high resolution helium scattering. The inferred schematic
phase &mo_,m-m. in the coverage-temperature ptane is shown in fig.1b. This phase diagram has
been obtained by measuring the (2,2),, and (1,2);, diffraction patterns. As shown in detail in ref.2
and 7 this analysis allows a2 unique determination of the symmetry, orientation and lattice param-
eter of the various solid Xe phases. '

The A;\ulx,\ulvmwc.. commensurate phase {C) has been found to be stable in an extended tem-
perature {62K-99K) and coverage range {0.02-0.33) /8/. At completion the C-phase consists of co-
herent domains. which are about 800A in diameter, as deduced from the measured He-diffraction
peak widths. As the coverage is increased above ©,,>0.33 the Xe-layer undergoes a
commensurate-incommensurate  transition. He-diffraction spectra measured in the
incommensurate region for coverages less than 0.38 always reveal the following spot patterns.
The measured (2,2) spot consists of an out of plane doublet located at Q22,,+ £/2 , symmetrical
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the holding potential is of the order of 3meV or less, even the existence of the commensurate V3
structure is not reproducible; the Xe layer, in order 10 be commensurate, has to be expanded with
respect to its “natural” lattice by about 9%, and the shallow corrugation does not withstand this
strain.

In order to facilitate realistic estimates for the corrugation amplitude of the Xe/Pt{111) holding
potential we have performed thermodynamic adsorption measurements /2/. In fig.3a we show the
measured isosteric heat of adsorption q,, as a function of ©,,. The heat of adsorption increases
steadily from 277meV at zero coverage to about 312 meV at ©,, = 0.33 (indicating attractive lateral
interactions). Upon further increase of the Xe-coverage, i.e. at the Ci transition, a substantial drop
in g, to a value of about 280 meV is observed. This drop of q,, reflects the binding energy difference
between Xe adsorption energy at three fold hollow sites in the commensurate phase and the av-
erage energy of the various sites occupied by the Xe-aloms in the i ate ph Thus
the vaiue Aq, = q5 — g, ~30meV provides a lower bound for the surface diffusional vm2§ of Xe
on Pi(111). This value is supported by recent photoemission and mobility measurements /21/. A
similar value, 50meV, has been measured for Xe on W(110). - also a rather closed packed surface
- by the field emission .o::.m:. flucutuation method /22/.

The knowledge of the diffusional barrier allows the construction of a realistic Xe-Pt(111) poten-
tial. it has been shown by Steele /23/, that the physisorption potential of rare gas atoms on a crystal
surface, to a good approximation, is reproduced by a Fourier expansion cut off after the first order
term. Owing to the rapid convergence of the Fourier series, the second order term is already 2
orders of magnitude smaller than the first order term, and for a fcc(111) surface we obtain:

V(r) = Vd2) + Vl(2) { cos(2ns,) + cos(2rs,) + cos(2ns, + 2ns,)} 2]

where V{{(z) is the mean potential ,m=m6< of an adatom at a distance z from the substrate surface,
Vs is the principle Fourier amplitude and s, and s, are the coordinates of the atoms in the substrate
surface unit cell. At low temperatures V,{2) can be replaced by its harmonic approximation:

Vo2) > Vo+ W vz -z . (3]

Since Vy— V), = 4.5V; and V; — V, = 4V; in a two dimensional model (here V,, V; and V, are the
potentiails at on top, bridge and hollow sites, respectively) we can construct the Xe-Pt(111) potential
shown in fig.3b using the following parameters: <. 27TmeV (ref.24), V§ = 342meV (ref25), V,=
7.5meV and z, = 3.10A (ref.20).

Also shown in fig.3b is the Xe-Pt(111) potential used by Black and Bopp /20/. Besides the overall
height of the potential corrugation the main difference between the two potentials is the magnitude
of the diffusion barrier of the bridge position. Whereas in the Fourier potential the diffusional bar-
rier of bridge and on top position is nearly equal, in the potential used by Black and Bopp the
barrier of the bridge site is almost a factor of 7 smalier than the barrier of on top positions. Obvi-
ously, this low bridge barrier hardly hinders the free migration of Xe atoms at temperatures greater
than 60K, where the commensurate phase is actually observed and this phase cannot be stabilized
in the calculations.

We close the paper with a3 discussion of the incommensurate phase of Xe monolayers on
Pi(111). Beyond the completion of the Al\m. X3 JR3I0° commensurate phase, a continuous phase

transition to a striped incommensurate phase (Sl), with superheavy domain walls running in the
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a)lsosteric heat of mamo.‘u:c: q,, of Xe on PY{111) as a function of coverage O,,. b) The 1ateral Xe-Pt
surface potential a&ac_m:o: i) for the Fourier ansatz with the parameters listed in the text ii) qo_1

the potential used by Black and Bopp /20/

T'K,, -direction, occurs. in contrast to the Cl-transition of Kr on graphite, which is in fact a melting
“transition due to the instability of the hexagonal weakly incommensurate phase with respect to the
formation of free dislocations (reentrant melting), the C-S! transition of Xe/Pt(111) is a solid-solid
transition with the incommensurability simply related to the domain wall density. According to
Coppersmith et al./6/ striped structures are stable if the number of sublattices, p (here, 3), is larger
than ,\ml whereas for hexagonal structures the criterion is p> 7.5+ 1.5. The incommensurability
in the weakly 5833»:338 phase follows a § = 0.51 + 0.04 power law versus reduced temper-
ature. This exponent is in good agreement with the 8 = 1/2 prediction of Pokrovsky and Talapov.
The Pokrovsky-Talapov-model may essentially be applied to a substrate of uniaxial symmetry, al-
though the original model calculations are performed for an isotropic substrate, and thus should
be applicable to the isotropic Pt(111) substrate. However, in a recent study, Haldane and Villain
126/ pointed out that in the case of rare gas monolayers on metal surfaces, substrate induced
electric a.vo:w interactions might be responsible for the square root law. Moreover, they demon-
strated that even in the case of an insulating substrate (no induced dipole forces) the Pokrovsky-
Talapov square rool behavior should be valid only for very small misfits (m < 0.001!). It is difficult
to distinguish at the present stage definitely between the thermal fluctuation mechanism ‘of
Pokrovsky and Talapov or the substrate induced dipole mechanism of Haldane and Villain, How-
ever, it is worth noting that the experimental range of validity of the square root law in 2D-striped
domain wall phases has been found to be much larger ( a factor of ~30) than the limit given by
Haldane and Villain, for “insulating” substrates (Br intercalated graphite /14/) as well as for metal
substrates (Xe/Cu(110) 727/, Xe/Pt(111) /7/).

The width of the superheavy domain walls in the striped phase, as obtained from an analysis
of the satellite peak intensities, amounts to about 6 row spacings (FWHM). With increasing
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