
PHYSICAL REVIEW B VOLUME 45, NUMBER 10 1 MARCH 1992-II

Structure of monolayer Ar on Pt(111): Possible realization of a devil's staircase in two dimensions
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The structure of Ar physisorbed on Pt(111) in the submonolayer-coverage regime has been explored

by thermal He-atom scattering. On the clean Pt(111) surface Ar condenses in a hexagonal close-packed
phase aligned with the substrate. At coverages e &0.7 ML the Ar adlayer lattice parameter is about
3.81 A. When the Ar coverage increases above 0.75 ML a first-order phase transition into a compressed

0

hexagonal Ar phase with a lattice constant of 3.70 A is observed. From thermal-expansion measure-

ments and the appearance of superlattice diffraction peaks, the compressed phase is demonstrated to be a
high-order commensurate phase, characterized by a (4X4)RO' commensurate unit cell containing nine

argon atoms. We have found experimental evidence for further high-order commensurate phases also in

the low-Ar-coverage regime. Therefore the phase diagram of the Ar/Pt(111) physisorption system is

likely to be a realization of a devil's staircase in two dimensions.

I. INTRODUCTION

The investigation of physisorbed rare-gas adlayers has
been shown to provide a powerful tool for the under-
standing of elementary processes of interest in surface sci-
ence, such as adsorption and desorption, surface melting,
and wetting. In addition, physisorption systems have
acquired model character in the study of structural and
dynamical properties of adsorbed layers and thin films.

In a simplified picture the structure of an adsorbed lay-
er is governed by the competition between the lateral
adatom-adatom interaction h and the surface corrugation
potential u, of the underlying substrate that the adatom
is subject to. On the one hand, the lateral interaction be-
tween the adatoms will tend to establish an adlayer struc-
ture determined by the natural adlayer interatomic dis-
tance, i.e., incommensurate with the substrate. On the
other hand, the lateral variation of the substrate-adatom
potential (corrugation) will try to force the adatoms to
occupy energetically favored adsorption sites, hence lead-
ing to a commensurate structure. In the case where the
lateral adatom interaction and the corrugation of the
adatom-substrate potential have about equal magnitude,
h /u, = l, the adlayer structure (commensurate versus in-
coinmensurate) will largely depend on the structure's
symmetries and the ratio of the lattice constants of ad-
layer and substrate, as well as on the actual physical con-
ditions (such as coverage, spreading pressure, and surface
temperature). Varying these conditions, structural phase
transitions between different commensurate and incom-
mensurate phases may occur and complex phase dia-
grams can be obtained as, for instance, in the case of phy-
sisorbed rare gases on graphite and metal surfaces.

In the past 10 years, phase diagrams and phase transi-
tions of a large number of physisorption systems have
been studied. ' Also, much theoretical effort has been
devoted to describe the different phases and phase transi-
tions. For instance, the commensurate-incommensurate

(C-I) phase transition has been explained in terms of
domain-wall formation. Depending on the interaction
between domain walls, either striped or hexagonal
domain-wall patterns will result; the nature of the corre-
sponding C-I phase transitions will be completely
different (second or first order, respectively}. These
theoretical predictions have been verified experimentally
for a variety of different systems.

Another interesting concept describing structural
phase transitions of adsorbed layers has been developed
by Aubry. The basic idea is that any adlayer structure
incommensurate with the substrate can be approximated
within any given accuracy by a so-called high-order com-
mensurate (HOC) structure. These HOC structures are
characterized by a (large) commensurate unit cell hosted
by several adlayer atoms. Since a fraction of the adatoms
will always lock onto preferential adsorption sites, these
HOC (locked) phases should be energetically favored
with respect to a true incommensurate (floating) phase.
If the corrugation potential is suSciently large, it is ex-
pected that the phase diagram of the adlayer is composed
of several HOC phases. The corresponding (first-order}
phase transitions will involve discrete jumps of the inter-
atomic distance moving from one HOC phase to the oth-
er. Such a stepwise variation of the lattice parameter
within a sequence of HOC phases is called a "devil's stair-
case." Of course, this simple picture is modified at
higher surface temperatures where thermal Auctuations
become important and will destabilize those HOC phases
with large unit cells.

We have demonstrated earlier' that one can distin-
guish experimentally between a locked HOC phase
(where the ratio between the interatomic distances of the
adsorbate and substrate is a rational number) and a float-
ing incommensurate phase (where this ratio is an irra-
tional number). We have proposed two criteria based on
the thermal expansion and adlayer superstructure, re-
spectively, which allow a qualitative distinction between
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a HOC and an incommensurate phase.
(1) The thermal expansion of an incommensurate float-

ing rare-gas adlayer is expected to be similar to that of
the corresponding bulk crystal, whereas the locked HOC
phase has to follow the thermal expansion of the underly-
ing substrate to which it is locked. Since the thermal-
expansion coefficients of rare-gas solids are at least 10
times larger than those of the substrates normally used, a
distinction between HOC and incommensurate phases be-
comes straightforward. Of course, this criterion requires
that the temperature range in which the HOC phase is
stable with respect to thermal fluctuations is large enough
( ~ 10 K) to allow a reliable thermal-expansion measure-
ment.

(2) The locking of the adlayer into a HOC phase leads
to a periodic modulation of the adlayer with the periodi-
city determined by the commensurate unit cell of the
HOC phase. This modulation should give rise to super-
lattice diffraction peaks, which are absent in the incom-
mensurate floating phase. From the superlat tice
diffraction pattern, the commensurate unit cell of the ad-
layer HOC phase can be determined.

Following these criteria, we were able to demonstrate
the existence of a HOC phase and the corresponding I-
HOC phase transition on Kr physisorbed on Pt(ill). '

Recently, with use of the same criteria, HOC phases have
also been found in CF3CI monolayers on graphite and Ar
on MgO(100). " For the latter system, model potential
calculations performed by Girard and Girardet yield a
minimum energy for the (2X3)RO' HOC phase, in agree-
ment with the experimental results. HOC phases have
also been found in chemisorbed systems such as
Pb/Cu(110). '

Now that HOC phases have been shown to really exist
and since they can be experimentally accessed, it is in-
teresting to search for a possible realization of a devil' s
staircase, i.e., for HOC-HOC transitions in physisorbed
adlayers. It has been shown by Steele' and Vidali and
Cole' that on the same substrate (in their case, graphite)
the absolute value of the corrugation energy u, increases
with the size of the. rare-gas adatom; however, it de-
creases relative to the binding energy of the adatom as
well as relative to the lateral interaction energy h between
the adatoms (i.e., the ratio h/u, increases from Ar to
Xe): "this familiar conclusion' follows because a larger
adatom 'sees' a smoother surface all the rest being the
same" (Ref. 14, p. 6737). Thus, within this simple pic-
ture of the competition between lateral interaction and
corrugation energy, stable HOC phases and a devil' s
staircase are most likely to be expected with the lighter
rare-earth gases. It is therefore a main motivation and a
natura1 extension of our previous studies of Xe and Kr
adlayers on Pt(111) to investigate the structural behavior
of Ar physisorbed on the Pt(111) substrate.

II. EXPERIMENT

The results reported below have been obtained with the
high-resolution UHV He-atom-scattering apparatus de-
scribed in detail Ref. 15. The apparatus has been
designed for elastic- and inelastic-scattering experiments.

In the present context only elastic He diffraction mea-
surements are reported.

The supersonic He-atom nozzle beam is generated by
expanding high-purity He gas at high pressure (150 bars)
through an orifice with a diameter of -5 pm. By cooling
the nozzle with liquid nitrogen, a He beam with an ener-
gy of 18.3 meV and an energy spread of 0.25 meV [full
width at half maximum (FWHM)] is obtained. The high-
ly monochromatic He beam is directed on the sample,
and the scattered He atoms are detected by means of a
quadrupole mass analyzer. The He-atom generator and
detector being immobile, the total scattering angle is fixed
(8;+8f=90'). The scattering conditions are varied by
rotating the sample crystal around an axis normal to the
scattering plane. In this way the wave-vector transfer
parallel to the surface is varied according to

Q =k;( sin8, —sin8f ) =&2k; sin(8, —45') .

The angular divergences of the incident beam and angle
subtended by the detector are both 0.2'. Together with
the energy spread of the incident beam of 0.25 meV, an
overall wave-vector resolution EQ-0.01 A ' is ob-
tained. Besides the polar rotation, the sample can also be
rotated around its surface normal. This rotation changes
the azimuthal orientation of the sample, but leaves the
polar angle and wave-vector transfer unchanged.

The sample is a high quality Pt(111) surface with an
average terrace width of ~2000 A. ' The surface was
cleaned in situ by repeated cycles of heating in oxygen
and annealing at about 1000 K until no surface impurities
could be detected in the Auger spectrum. By Ar+-ion
bombardment and subsequent annealing prior to the mea-
surements, a clean and smooth Pt(111) surface is ob-
tained, which stays free from contamination over several
hours even at low surface temperatures (residual pressure
in the 10 "-mbar range). This has been checked by
monitoring the He-atom reflectivity, which presents a
sensitive measure of the cleanliness and smoothness of
surfaces. '

The Ar adlayers investigated here were obtained by ex-
posing the Pt surface at low temperature (typically 20 K)
to an Ar pressure of about 5X10 mbar. When the
desired coverage was reached, the Ar pressure was
pumped off and the Ar adlayer was carefully annealed at
-35 K. The Ar coverage is obtained by monitoring the
He reflectivity with exposure time at constant Ar pres-
sure. This is exemplified in Fig. 1 for an Ar pressure of
7.3X10 mbar and a surface temperature T=22 K.
The specularly rejected intensity (8,. =8f ) continuously
decreases with exposure; the starting value Io measures
the high He reflectivity of the bare Pt(111) substrate.
During the exposure, Ar atoms are adsorbed on the sur-
face and nucleate into two-dimensional (2D) islands cov-
ering more and more of the Pt surface. In view of the
low temperature, the 2D argon-vapor pressure is negligi-
ble so that the Pt(111) areas not covered by Ar islands
still have the reflectivity of the clean surface. Since the
He reflectivity is much smaller for the Ar islands than for
the Pt(111) surface (as can be seen in Fig. 1 from the
small He intensity at large exposure time), the specular
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FIG. 1. Specularly reflected He intensity vs Ar exposure.
Surface temperature T=22 K, Ar pressure p&, =7.3X10
mbar.

He intensity drop is a direct measure of the total area of
the Ar islands, i.e., of the Ar coverage: I/Io=(1 —e).
Here e= 1 corresponds to full monolayer (ML) Ar cover-
age. Thus, from re6ectivity curves such as the one in Fig.
1, we are able to calibrate the coverage against exposure
with an estimated error of a few percent. From the near-
ly linear segment observed in Fig. 1, it can be concluded
that the Ar sticking coefBcient does not change
significantly with coverage up to 8=0.8—0.9 ML. As
expected, changing the Ar pressure in the range from
10 to 10 mbar has no measurable effect on the stick-
ing coeScient. Adsorption of Ar at higher surface tem-
perature, however, leads to more complex reQectivity
curves. The growth of the total area of the Ar islands is
then obscured by the Ar 2D gas-solid phase transition
and the structural phase transitions in the Ar 2D solid,
which will be discussed below. 12 (g) 0.36 ML

sharp and only observed in the I M azimuth of the sub-
strate. Thus it can be concluded that the hexagonal Ar
adlayer is aligned with respect to the underlying Pt sub-
strate (i.e., I MA, —= I'Mp, ). The two Ar peaks in Fig. 2
are the first- and second-order (10)~, and (20)A, adlayer
diffraction peaks. From the angular position and wave
vector of the incident He beam, k; =5.93 A ', a nearest-

0
neighbor Ar distance (lattice parameter) of aA„=3.81 A
is obtained.

Figure 3 shows a series of polar profiles of the (10)~,
diffraction peak recorded at 25 K for diff'erent coverages.
The sequence is characteristic of a first-order phase tran-
sition from a structure with a lattice parameter
a&, =3.81 A (Q =1.90 A ') to one with a~, =3.70 A
(Q =1.96 A '), below and above 0.75 ML, respectively:
The location of the two peaks remains unchanged during
the transition; only the relative population of the two
structures changes in the region where both phases coex-
ist.

It should be pointed out here that the coverage regime
in which both phases coexist largely depends on the
preparation of the Ar adlayer. If Ar is adsorbed at low
temperature without annealing, the compressed Ar phase
(a~, =3.70 A) is observed already at relatively low cover-
age (8-0.4 ML); however, annealing the adlayer at
30—35 K transforms the structure into an expanded
phase (a~, =3.81—3.84 A) if the total Ar coverage lies
below -0.7 ML and into the compressed phase if

III. RESULTS AND DISCUSSION

In Fig. 2 a polar He diffraction profile of 0.3 ML Ar
physisorbed on a Pt(111) surface is shown. The Ar ad-
layer was prepared as described above and annealed at 35
K. The spectrum was taken along the I M azimuth of the
substrate (i.e., along the Pt( 112) direction in real space).
Since the Pt surface is only partially covered with argon,
the first-order Pt diff'raction peak (10)p, is still visible. In
addition, two diffraction peaks stemming from the Ar ad-
layer can be distinguished. Both peaks are azimuthally
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FIG. 2. Polar He diffraction profile along the I Mp, azimuth
from a 0.3-ML Ar adlayer physisorbed on Pt(111). He beam en-
ergy 18.3 meV, surface temperature T =25 K.
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FIG. 3. Polar profiles of the (10)~, diffraction peak for
different Ar coverages. Other experimental parameters as in
Fig. 2. The solid lines through the data are best fits using
Gaussian line shapes.



5182 ZEPPENFELD, BECHER, KERN, AND COMSA

e ~0.8 ML. We interpret this result as being due to lo-
cal fluctuations in the 2D spreading pressure and island
size, which occur in the nonequilibrium Ar adlayer ob-
tained by adsorbing at low surface temperature. Anneal-
ing the adlayer reduces these fluctuations, thereby nar-
rowing the phase-coexistence region.

In the following we will address the question concern-
ing the nature of the two Ar phases (below and above the
transition), in particular, whether we are dealing with
commensurate or HOC phases rather than with "float-
ing" incommensurate phases. For this purpose we have
performed thermal-expansion measurements and looked
for superlattice diffraction patterns in the two phases; i.e.,
we have applied the two criteria described in Sec. I by
means of which one can distinguish HOC from incom-
mensurate phases.

As a result, the high-coverage Ar phase with an inter-
atomic distance of a~, =3.70 A turns out to be a HOC
phase: The thermal expansion of this phase is shown in
Fig. 4. Here the Ar lattice parameter as obtained from
the position of the first-order Ar diffraction peak is plot-
ted as a function of surface temperature. Obviously, the
lattice parameter of the high-coverage Ar phase is—like
the one of the Pt substrate —constant within experimen-
tal error between 18 and 33 K. As a reference, the
thermal expansion of bulk argon' is also indicated in
Fig. 4 (dashed line). By comparing the experimental data
for T (33 K with this dashed curve, it is evident that the
thermal expansion of the Ar adlayer is not compatible
with that expected for an incommensurate floating phase,
but instead corresponds to a structure locked to the
Pt(111) substrate.

Another interesting feature in Fig. 4 is the sudden in-
crease of the lattice parameter above T=33 K. Ap-
parently, the high-coverage Ar phase is stable only below
T-33 K. Above this temperature the thermally induced
strain drives the Ar adlayer out of registry (Ar desorption

can be detected only above 40 K). We hope this will en-

courage model calculations and/or molecular-dynamics
simulations of the Ar/Pt(111) system.

For an additional check of the high-order commensu-
rate nature of the high-coverage Ar phase and in order to
get direct information on the size of the commensurate
unit cell, we have searched for superstructure peaks in
the He diffraction pattern (the second criterion men-
tioned above). Figure 5 shows a polar diffraction scan for
this high-coverage Ar phase (8=0.91 ML) along the I M
direction. Indeed, between the specular (00) and the
first-order Ar diffraction peak (10)A„ two additional
diffraction features are clearly visible at about —,

' and —', of
the first-order Ar reciprocal lattice spacing g =1.96
A '. These two peaks are absent in the low-coverage
phase. Note that the intensity of the ( —,

' 0)A, peak in Fig.
5 is only about 5% of the (10)A, diffraction-peak height.
Yet this intensity ratio is the highest we could achieve. It
has been obtained by annealing the high-coverage Ar
phase at -35 K and allowing for long equilibration times
up to 1 h at low surface temperature (20—25 K).

From the —,
' and —,

' on-axis position of the superstruc-
ture diffraction peaks, it follows that the Ar commensu-
rate superstructure unit cell is aligned and has a lateral
periodicity d of 3 times the Ar interatomic distance, i.e.,
d =3X3.70 A=11.10 A. ' This periodicity must corre-
spond to an integer multiple of the Pt(111) lattice param-
eter since the Ar superstructure unit cell is commensu-
rate with the substrate. With the known lattice parame-

0

ter apt=2. 77 A there is only one possibility, namely,
that d is equal to 4 times the Pt interatomic lattice spac-
ing 4Xap, =11.08 A. With the assumption that one of
the two types of threefold-hollow (hcp or fcc) site is the
energetically favored adsorption site for a single reference
Ar atom, every third Ar atom along any direction occu-
pies the fourth equivalent preferential Pt(111) threefold-
hollow adsorption site.
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FIG. 4. Lattice parameter of the Ar monolayer as a function
of surface temperature. Different symbols correspond to Ar ad-
layers with different total coverage in the range 0.85~6 1

ML. The dashed line indicates the thermal variation of the in-
teratomic distance in bulk argon (Ref. 18). This should be very
close to the thermal expansion of an incommensurate overlayer
as shown in the case of Kr/Pt(111) (Ref. 10).

FIG. 5. Polar diffraction profile of the Ar monolayer
(6=0.91 ML) on Pt(111). From the position of the superstruc-
ture diffraction peaks ( 3 0)A, and ( 3 0)A„ the actual nature of
the high-coverage Ar HOC phase can be determined: The
commensurate unit cell is aligned with the substrate, and its
length is 3 times the Ar interatomic distance;
d =3Xa„,=4Xap, =11.08 A.
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%'e may thus conclude that the high-coverage Ar
phase forms a (4X4)RO high-order commensurate struc-
ture, characterized by a (4X4)RO' unit cell occupied by
3 X 3=9 Ar atoms. A schematic representation of this
structure is given in Fig. 6 (here the arrangement of the
atoms in the Ar lattice is assumed to be rigid). It should
be pointed out that, in addition to the Ar atoms on the
corners of the (4X4)RO' unit cell, another atom is locat-
ed on a threefold-hollow site, which, however, is of hcp
type if the corner sites are fcc sites or vice versa. Simple
counting in Fig. 6 shows that two out of nine Ar atoms
are located in high-coordination fcc and hcp sites. Com-
parison of these results with those obtained for the Kr
monolayer on Pt(111) (Ref. 10) shows that the number of
adatoms in high-coordination threefold-hollow sites is
larger for the Ar(4X4)RO' HOC phase (22%%uo) than for
the Kr(5 X 5)RO' HOC phase (17%). However, the Kr
HOC phase is thermally stable up to at least 50 K,
whereas the Ar HOC phase is stable only below 33 K. At
first sight this seems to conflict with the "stronger" lock-
ing of the Ar phase and the expected larger relative cor-
rugation for Ar as compared to Kr. However, the impor-
tance of thermal fluctuations on the stability of the HOC
phases is given by the relative contribution of the entropy
term to the total free energy of the adsorption system.
For a realistic comparison the temperature should there-
fore be scaled relative to the total adsorption energy of
the corresponding species, i.e., to the latent heat of ad-
sorption, which has been measured to 154 meV for
Kr/Pt(111) (Ref. 2) and 96 meV for Ar/Pt(111). ~' By
scaling with the ratio of these binding energies, a temper-
ature of 33 K in the case of Ar should be compared to 53
K for Kr. Strain effects may also play an important role:
While the nearest-neighbor distance in the Kr HOC
phase lies very close to the Kr bulk value, ' the
Ar(4X4)RO' phase appears to be compressed (cf. Fig. 4).
The resulting strain in the Ar HOC phase is even
enhanced with increasing temperature and will eventually
drive the Ar adlayer out of registry.

We will now focus on the low-coverage Ar phase ob-
served at Ar coverages e &0.75 ML. The characteriza-
tion of this phase has proven to be much more difficult
than for the high-coverage (4 X4)R O' HOC phase.

In analogy with the experiments described above for

the high-coverage Ar phase, we have measured the
thermal expansion and searched for additional superlat-
tice diffraction peaks also in the low-Ar-coverage regime.
In these experiments the low-coverage Ar phase
(eA, =0.36 ML) was prepared by dosing Ar at low sur-
face temperature (20—2S K) and successively briefly an-
nealing the adlayer. Depending on the annealing temper-
ature and annealing time, either an Ar lattice parameter
of (1) a~, =3.81 A or (2) a slightly larger value of
a~, =3.83 A was obtained. This is also reflected in the
thermal-expansion data summarized in Fig. 7. Starting
with phase (1) (a~, =3.81 A), the Ar lattice parameter
remains unchanged within experimental error up to a
surface temperature of about 30 K. By heating to higher
temperatures, the Ar adlayer eventually expands into a
second phase [phase (2)j (a~, =3.83 A). Cooling this
phase again to 20 K leaves the Ar adlayer in the expand-
ed phase (2). Increasing the surface temperature to still
higher values leads to further expansion of the Ar adlayer
beyond aA, =3.83 A. Again, the expansion is not com-
pletely reversible. Obviously, once the expanded phase (2)
is reached upon cooling, the Ar adlayer does not seem to
compress further. This behavior could, in principle, be
accounted for by the desorption of part of the Ar over-
layer: When the adlayer is heated, the particle density
could decrease as a consequence of desorption and the
adlayer might lock into a less compressed phase, which
would correspond to the equilibrium phase at this lower
coverage. However, we have pointed out earlier that
desorption over the time scale of the experiments is only
observed above 40 K. Furthermore, a succession of vari-
ous equilibrium phases with coverage should be observ-
able as jumps or at least a shift in the peak position in the
diffraction profiles taken as a function of coverage (cf.
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FIG. 6. Schematic representation of the Ar(4X4)RO high-
order commensurate structure on Pt(111). Small and large cir-
cles correspond to Pt and Ar atoms, respectively. The solid line
indicates the (4X4)RO commensurate unit cell.

FICx. 7. Thermal expansion of the Ar adlayer in the low-
coverage regime (6=0.36 ML) The lines through the data
demonstrate the irreversibility of the expansion. Different sym-
bols correspond to different measuring runs. The two lattice pa-
rameter values marked by the arrows correspond to the theoret-
ical Ar interatomic distance in the (11X 11)RO (aA, =3.809 A)
and the (18X18)RO (aA, =3.835 A) high-order commensurate
phase, see Table I.
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FIG. 8. Polar He diffraction profiles of the (1 0)A, peak in the
low-Ar-coverage regime (6=0.36 ML) at different surface tem-
peratures. The sequence (a) —(c) demonstrates the discontinuous
transition between different Ar phases locked to the Pt(111) sub-
strate: (1) a~ =3.81 A (Q= 1.905 A ), (2) aA, =3.84 A
(Q =1.890 A ), and (3) a„,=3.88 A (Q =1.870 A ). These
spectra were recorded with a He beam energy of 17.5 meV. The
solid lines are again best-fit Gaussians.

Fig. 3). However, even at coverages below 0.36, the Ar
phase (1) with aA, =3.81 A can be obtained. This
demonstrates that the formation of one or the other low
coverage phase is not a matter of overall density and thus
that the behavior in Fig. 7 is not due to desorption. One
would also expect the thermal-expansion curves for
different experimental runs (indicated by different sym-
bols in Fig. 7) to be different because of variations in ini-
tial coverage and thermal treatment. This does not seem
to be the case. Therefore, we believe that the most likely
reason for the observed behavior is the metastability of
the HOC phases: Once the Ar phase is "trapped" upon
cooling in one HOC phase, it cannot compress further be-
cause of its being kinetically hindered. Such a behavior is
indeed expected for locked (HOC) phases since it takes a
finite energy to displace a commensurate phase.

In conclusion, an irreversible thermal expansion of the
low-coverage Ar phase is observed. However, this expan-
sion appears to proceed in discrete steps, favoring in par-
ticular two Ar adlayer structures characterized by lattice
parameters aA, =3.81 and 3.83 A, respectively. The ir-
reversibility of the expansion after surpassing 30 K, the
preferential organization into phases (1) and (2), as well as
the lack of thermal expansion between 18 and 30 K evi-

denced in Fig. 7, clearly shows that the Ar adlayer is
locked to the underlying substrate. This behavior is indi-
cative of further registered HOC phases in the Ar adlayer
structure. It is apparent from Fig. 7 that the thermal sta-
bility of the low-coverage Ar registered phases is much
smaller than that of the (4X4)RO' HOC phase. That
there are indeed discrete jumps in the thermal variation
of the Ar lattice parameter as expected for a transition
between phases in registry with the substrate is demon-
strated in Fig. 8. Here the polar diffraction profiles
recorded from an Ar adlayer in the low-coverage phase
(8=0.36 ML) for different surface temperatures are
shown. The three spectra [Figs. 8(a)—8(c)] indicate the
coexistence and discontinuous transition between (par-
tially) locked structures, in this case characterized by lat-
tice parameters aA, -—3.81, 3.84, and 3.88 A.

Unfortunately, no additional Ar superlattice diffraction
patterns could be observed. Therefore, the cross-check
for the locked phases in the low-Ar-coverage regime be-

ing high-order commensurate phases could not be given.
Since the superstructure He diffraction peaks of the
(4X4)RO' HOC phase are already very weak, this is

perhaps not too surprising. A larger commensurate su-

perstructure unit cell, leading to a smaller buckling of the
adlayer and a possible weaker ordering of these HOC
phases, might deteriorate the diffraction intensity of the
superlattice diffraction spots below the experimental
detection limit.

Nevertheless, it is worthwhile to consider possible
high-order commensurate structures on the Pt(111) sub-

strate and to compare them to the locked phases ob-
served in our experiment. Table I gives a list of all hexag-
onally aligned HOC structures with a realistic interatom-
ic distance aA, between 3.6 and 3.9 A and a size of the
unit commensurate unit cell of d ~60 A. Those HOC
structures with small unit cells (i.e., small d) are expected
to be the most stable ones. In fact, the first favorite (No.
1 in Table I) is the (4X4)RO' HOC structure with a
periodicity d =11.08 A, which is observed experimental-
ly and has been shown to be stable over a large tempera-
ture range. The most interesting result apparent from
Table I is the fact that the locked phases observed in the
experiment with aA, =3.81 and 3.83 A compare surpris-
ingly well with HOC structure Nos. 3 and 7 in Table I,
which are the two most favored HOC phases in the range
of interest from aA, =3.8 to 3.85 A. This provides strong
evidence for the high-order commensurate nature of the
locked "metastable" phases (1) and (2), which would then
be identified as the (11X 11)RO' (aA, =3.809 A) and the
(18X18)RO' (a&, =3.835 A) HOC phase, respectively.
Comparing the experimental results with Table I, we can
make an even stronger statement: Within the range of
the experimentally observed nearest-neighbor Ar dis-
tances, all the predicted most stable HOC phases were ac-
tually observed in the experiment with the exception of
the ( 15 X 15 )R O' HOC phase with a « =3.777 A and the
(19X19)RO' phase with a&, =3.759 A. In fact, the con-
tinuous increase of the lattice parameter above the criti-
cal temperature of 33 K in Fig. 4 is likely to be the expan-
sion of a constrained incommensurate phase. It is,
indeed, hard to imagine that another HOC phase (neces-
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TABLE I. Complete list of the hexagonally aligned HOC structures for the Ar/Pt(111) system lead-
0

ing to an Ar interatomic distance between aA, =3.6 and 3.9 A listed in the order of the (linear) size d of
0

their commensurate unit cells for d &60 A. The HOC structures are characterized by the rational
number of Ar to Pt atoms (second column). The denominator gives the periodicity of the HOC phase in
units of the Pt(111) lattice spacing; the numerator squared yields the number of Ar atoms per unit cell.
For instance, 3:4 refers to the (4X4)RO HOC phase with 3 =9 Ar atoms per unit cell (see Fig. 6).

No. Structure

3:4
5:7
8:11

10:13
11:15
13:17
13:18
14:19
16 21

Interatomic Ar spacing
aAr (A)

3.693
3.878
3.809
3.601
3.777
3.622
3.835
3.759
3.636

Commensurate unit cell
d (A)

11.08
19.39
30.47
36.01
41.55
47.09
49.86
52.63
58.17

sarily with a larger unit cell) could be stable beyond the
critical temperature of the energetically favored
(4X4)RO' phase. The fact that we do not observe dis-
tinct "steps" in the expansion curve in Fig. 4 indicates
that those HOC phases with aA, between 3.69 and 3.81 A
are not stable over a finite temperature range above 33 K.
This, again, demonstrates the extreme thermal stability of
the (4X4)RO' phase. Only at low coverage, where the
(4X4)RO' phase is not present, is it possible to observe
the less stable HOC phases.

IV. CONCLUSIONS

A series of HOC phases and their mutual phase transi-
tions have been observed in a physisorption system, and
we might classify the structural phase transitions of the

Ar monolayer as an (incomplete) devil's staircase. The
dominance of locked HOC structures in the Ar mono-
layer on Pt(111) is naturally explained within the simple
model of competing interactions, corrugation u, versus
lateral attraction h. Because of the decreasing ratio h /u,
with increasing rare-gas atom size, we expect on the
Pt(111) surface a gradual transition from the Aoating Xe
monolayer with its rich diversity of incommensurate
domain-wall phases through Kr layers with coexisting
incommensurate and HOC locked phases' to predom-
inantly locked Ar layers dominated by the registry forces
of the substrate. The rare-gas monolayers on the Pt(111)
surface thus represented an interesting system with which
to study the whole spectrum of phenomena and phase
transitions of two-dimensional rnatter with competing in-
teractions.
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