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Interpretation of high-order commensurate phases for an argon monolayer adsorbed
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Recent helium atom scattering experiments have shown that Ar monolayers form high-order com-
mensurate (HOC) phases on Pt(111) substrate at low temperature and that HOC-HOC transitions
proceed as functions of coverage and temperature. This leads to the realization of a two-dimensional
devil s staircase. Potential calculations using effective pairwise Pt-Ar and Ar-Ar interactions and
substrate-mediated Ar-Ar/Pt contributions are performed to determine the equilibrium geometries
of the monolayer vs Ar coverage. The free energy calculated at finite temperature (T & 50 K) shows

that five metastable hexagonal HOC structures occur within the range 31 & T & 46 K. When T in-

creases in this range, the nonrotated structures appear with increasing lattice parameters 3.?1, 3.78,
3.82, 3.84, and 3.89 A. The most stable geometry is a (4 x 4) unit cell with 9 Ar atoms. Rotated
phases exhibit the same behavior with, however, a slightly shifted temperature range and shifted
values for the lattice parameter. These results are in close agreement with the experimental findings
and they corroborate the devil's staircase event for such a system.

I. INTRODUCTION

Much experimental and theoretical eKort has been
devoted to the determination of monolayer geometries of
adsorbates on various substrates, and to the analysis of
commensurate-to-commensurate, or commensurate-to-
incommensurate phase transitions as functions of cover-

age and temperature. High-order commensurate (HOC)
structures characterized by relatively large unit cells con-
taining several atoms are observed either for metal and
molecule adsorbates on metal substrate systems, ' or
for rare-gas atoms and small molecules adsorbed on cor-
rugated substrates such as graphite and MgO. By
using thermal helium atom elastic scattering, the Julich
group has recently explored the structure of rare-gas
layers (Ar, Kr, Xe) physisorbed on clean Pt(111) in the
submonolayer coverage regime. The existence of HOC
hexagonal phases and of incommensurate/HOC transi-
tion for krypton atoms adsorbed on Pt(111) has been ev-

idenced clearly. For argon, first-order HOC/HOC phase
transitions are observed with a stepwise variation of the
lattice parameter in the primitive cells characterizing a
devil's staircase behavior. A detailed analysis of the
phase diagram for this latter system exhibits the follow-
ing features.

(i) At T = 25 K, there is a phase transition &om a
hexagonal structure with lattice parameter aM = 3.81 A
to a structure in which aM = 3.70 A. These structures
correspond to a coverage below and above 0.75 monolayer
(ML), respectively.

(ii) The high coverage phase, stable below 33 K is HOC
with a (4 x 4) nonrotated structure containing nine argon
atoms per primitive cell, and a lattice spacing equal to
3.70 A..

(iii) The low coverage phase has lattice parameters
equal to either 3.81 or 3.83 A. depending on the time and

annealing temperature; the thermal expansion is clearly
irreversible.

(iv) The coverage regime largely depends on the prepa-
ration of the adlayer, since the compressed phase is
already observed at low temperature for low coverage
0.4 ML, but it changes into an expanded one by anneal-
ing at 35 K when the overall coverage is smaller than 0.7
ML.

(v) Discontinuous transitions and partially locked
phase coexistence are obtained at the low coverage regime
with a discrete increase of the lattice parameters 3.81,
3.84, and 3.88 A.

The aim of the present paper is to interpret these fea;
tures on the basis of potential calculations. Simple forms
of interaction potentials for the adsorbate-substrate sys-
tem are available, which can reproduce some experimen-
tal data for a single Ar adatom. The influence of the lat-
eral interactions is taken into account both through Ar-
Ar pairwise contributions and by considering substrate-
mediated potentials. The total interaction potential is
minimized with respect to the position of the argon atoms
for selected HOC geometries containing an increasing
number of atoms. The calculation of the monolayer dy-
namics, within the rigid substrate approximation, allows
us to determine the &ee energy per atom for every HOC
structure and to compare the relative stability of these
geometries. We present the interaction potentials in Sec.
II, and the minimization procedure and the free energy
calculation in Sec. III. The numerical results are com-
pared to experimental data in Sec. IV.

II. INTERACTION POTENTIAL

The triangular Pt(111) surface with lattice parameter
a, = 2.78 A is assumed to be ideal and rigid. The Ar
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monolayer is hexagonal with a variable lattice param-
eter aM depending on the coverage. Furthermore the
layer, as a whole, can rotate in a plane parallel to the
surface, as shown below (Fig. 1). The interaction po-
tential V is a sum of an intralayer contribution VM and
an adsorbate-substrate term VMs. VM is described by a
pairwise Lennard- Jones potential

l B l', B' %=6,12

where r(' ', ) defines the distance between the sth and
8'th argon atoms pertaining, respectively, to the /th and
It'th unit cells. The unit cell characterizing the order of
commensurability of the admonolayer must be de6ned
for each HOC phase. The monolayer-substrate poten-
tial VMS is described by an effective atom-atom Lennard-
Jones potential with two empirical parameters and by a
substrate-mediated contribution with two calculated pa-
rameters, as

(2)

r(' ) defines the distance between the (l, s)th mono-

layer atom and the mth Pt atom belonging to the pth
I

substrate plane (p = 0 is the surface plane); z(' ', , ) is
the arithmetic average of the distance between the (l, s) th
and (l', s')th pair Ar atoms and the surface. Note that
the substrate-mediated contributions C1 and Cq have al-
ready been summed over the whole substrate. Though
smaller than the pairwise contribution, this latter inter-
action cannot be disregarded in the calculation of the
equilibrium structures, as shown elsewhere for metal
substrates. The parameters Cs (k = 1, 2, 6, 12) are given
in Table I.

Figure 2 displays the behavior of the potential VMs
for an Ar atom adsorbed on Pt(ill) as functions of the
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atom-surface distance z. The potential curves labeled (1)
and (1') are drawn for two characteristic sites: the hollow
site (1) where the Ar atom lies at the center of the regular
triangle formed by three nearest-neighbor Pt atoms, and
the on-top site (1'), i.e. , above a Pt atom. The hollow site
appears to be more stable by about 10%%uo than the on-top
site, with a corresponding distance z = 3.22 A instead of
3.40 A. . Such a potential accurately fits two experimental
data: the adsorption energy at 0 K equal to 80 meV for
the single adatom, and the vibrational adbond frequency
equal to 5 meV.

In Fig. 2 we give the behavior of other interaction po-
tentials proposed in the literature, which are in general
fitted to experimental desorption and scattering data.
Curve (2) correspondsis to a Morse potential which fits
well the well depth, but leads to values of the vibrational
frequency twice that of the experimental data. The po-
tential connected to curve (3) has a Lennard-Jones form
with an additional cutoK contribution which gives a
reasonable, though too small, frequency, but has an er-
roneous potential depth. Curve (4), also built from a
Lennard-Jones contribution, takes into account the elec-
tronic distribution at the metal surface through an ad-
ditional term; 6 the frequency obtained agrees with the

TABLE I. Potential parameters. The C6 and C1q pa-
rameters for the Ar-Pt pair are estimated from data given
in Refs. 11 and 14; the corresponding Lennard-Jones param-
eters e and o for Pt are a = 3.37 A and e = 6.6 meV. The
substrate-mediated coefBcients C1 and Cq are calculated from
Ref. 12 and data in Ref. 21.

FIG. 1. Geometry of the Pt(ill) substrate (dark small
circles represent Pt atoms) with two adlayer HOC structures
(hatched large circles represent Ar atoms). Lower: rotated
(2 x 2) geometry, mi ——2 along X and ms = 1 along Y;
upper: nonrotated (4 x 4) geometry, mi ——4 along X, and
mg ——0 along Y.
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experimental value, but the potential depth seems too
large by about 20%%uo. This latter potential, which appears
to be realistic, could be used here, but it is relatively
complicated in the sense that six parameters must be de-
termined whereas only two are required for the potential
labeled (1). Note the dispersion of the potential curves,
indicating the poor knowledge of parameters for such sys-
tems. This is particularly striking for the atom-surface
distance, which Huctuates from 2.8 to 4.1 A.

III. THEORETICAL BACKGROUNDS
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A. Numerical minimisation procedure

The determination of the equilibrium monolayer ge-
ometries is done according to a method which is close
to the Novaco-Mac Tague approach, devoted to incom-
mensurate adsorbed phases, and to the approach by Fuse-
lier, Raich, and Gillis, who calculated the geometry of
commensurate argon monolayers adsorbed on graphite.
The total interaction potential V is expanded with re-
spect to initial positions of the Ar atoxns. These posi-
tions are defined by the two-dimensional (2D) triangular
arrangement of Pt(111) with a lattice parameter aM, and
with respect to an absolute frame tied to the substrate in
which the origin is assumed to be a hollow site. Within
this latter assumption, we disregard the eventual shifting
of the center of mass of the unit cell, depending on the
geometry of this cell. Let iI( ) be the small displacement
of the (l, s)th Ar atom with respect to its initial posi-
tion R( ); the assumption of small displacement is valid
when aM does not change by more than 10 % around the
value of the lattice parameter a~ = 3.85 A of the hexag-
onal floating monolayer. We limit the g expansion to
the quadratic order. The minimum condition is obtained
when

-80-
—100

2.0
I J I I

2.4 2.8 3.2 3.6

z(~)

I I I

4.0 4.4 4.8

FIG. 2. Interaction potentials V (meV) for sn Ar atom
adsorbed on Pt(111) vs the atom-surface distance z; (1) and
(1') Lennard-Jones form with the Ar atom on s hollow or
on-top site, respectively; (2) Morse potential; (3) and (4)
Lennsrd-Jones form with additional contributions (see text).

7t'

(aM aM ) = —.
(4)

That means that we consider all unit cells to have a
lozenge shape. Even within this restriction, the num-
ber of structures to be calculated is tremendous, and we
furthermore limit, in practice, the maximum number of
atoms per cell to 256. The registry condition for the HOC
geometries leads then to the requirements

aM 1
=(m, +m, +m, m, )~/n,

as
(5)

/l)t . , (l l') (l'l
(3)

m2~3
tang =

(2mi + m2)
'

where B and A, respectively, characterize the first and
second derivatives of the V potential with respect to g,
which are connected to the force and force constant on
the (l, s)th atom. Without additional requirements, the
system of Eq. (3) is infinite, or at least very large, as
expected in practice for an incommensurate structure.
However, when we consider commensurate phases, pe-
riodic conditions are applied to g in order to reduce in
a drastic way the number of atoms, namely those con-
tained in a primitive cell t = 0. The size of the primitive
cell and its orientation p with respect to the substrate
are then varied. This orientation is characterized by a
rotation of angle p (0 & p & s) around the previously
defined origin (hollow site), as shown in Fig. 1. Due to
syxnmetry, larger values of p give redundant structures.
We determine all possible high-order comxnensurate ge-
ometries, with primitive translation vectors a~, and aM,
obeying the conditions

where the set m = (mi, m2) of integer numbers defines
the position of a Pt atom in the surface plane (Fig. 1):

t'mi ( m, 1 i yS
R~

~

=
I

mi + ——
~
asX+ (m2 —1)as Y,

k0) 2

(6)

and the integer number n characterizes the position of
the Ar atom at the extrexnity of the side of the primitive
cell:

(n)R
~ I

= naM(cos pX + sin yY).
&0)

Note that we take n instead of (ni, n2) to satisfy Eq. (5).
The ratio aM/as (as = const) is varied by 5% around
the value 1.354 to take into account the possible registry
misfit; this leads to aM values ranging between 3.6 and
3.9 A.. All the structures defined by mi, m2, and n and
obeying Eqs. (4) and (5) are minimized with respect to
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maximum and the minimum). The lateral Ar-Ar poten-
tial is also relatively flat over a small range of interatomic
distances around the equilibrium distance. Therefore the
minimum energy calculated for each HOC geometry is a
subtle phenomenon resulting from the competition be-
tween the Ar-Ar potential which slightly varies with the
coverage, and the adsorbate-substrate potential which
depends mainly on the Ar-surface distance through the
various sites of the HOC primitive cell (cf. Table II).

As displayed in Fig. 4, the most stable structures,
at 0 K, are calculated for a lattice parameter aM ap-
proximately equal to 3.71 A (8 0.562). The rotated
and nonrotated HOC phases as defined in Fig. 1 fall on
the same curve, and the corresponding potential min-
imum per adatom including the lateral interactions is
equal to about —115 meV which can be compared to
the experimental value of —97 meV. The mean atom-
surface distance is zM = 3.30 A. with a standard devia-
tion a, M

= 0.05 A. . The corresponding mean value of the
adbond vibrational frequency is ~~ ——5.1 meV, with a
standard deviation cr = 0.09 meV. Note that the mean
distance zM and &equency ~~ have identical values for
all HOC structures. The most stable structure is the
(4 x 4) hexagonal HOC phase with a lattice parameter
aM = 3.7 A. , and a potential energy —115.8 meV (Table
II), but it can be mentioned-that the energies of all the
HOC phases are within a range of about 7 meV at T = 0
K.

Figure 5 displays the behavior of the free energy per
adatom of the various nonrotated HOC phases as a func-
tion of temperature. The influence of T & 50 K on the
value of the free energy with respect to V/N remains
small (( 5%%up), but we clearly see the decrease of F when
T increases and, more specially, the diferent slopes of
the HOC phases. These slopes are directly connected
to the assumed dependence of TD in Eq. (10), and thus
to the value of pl. Around 30—35 K, HOC geometries

TABLE II. Comparison of the minimum potential values
for various nonrotated HOC structures (at T = 0 K).

4
7
11
13
15
17
18
19
21

+M

3.70
3.89
3.82
3.61
3.79
3.63
3.84
3.77
3.64

0.562
0.510
0.530
0.591
0.537
0.585
0.520
0.543
0.580

(meV)
—42.0
—38.8
—40.4
—40.5
—40.9
—41.0
—39.8
—41.1
—41.2

VMs

(meV)

—73.8
—74.1
—73.9
—74.0
—74.0
—74.0
—74.1
—74.0
—73.9

VM + VMs

(meV)
—115.8
—112.9
—114.3
—114.5
—114.9
—115.0
—113.9
—115.1
—115.1

which were not the most stable at 0 K have &ee-energy
curves which intersect the most stable one. In Fig. 6(a),
we give an enlargement of the F(T) curves within the
range 26—50 K which shows five regions for the nonro-
tated structures, below 31 K, between 31 and 36 K, be-
tween 36 and 42 K, between 42 and 46 K, and above 46 K.
The rotated geometries [Fig. 7(a)j behave similarly, with
transition temperatures at 34, 37, 42, and 47 K from a
metastable geometry to another. In Figs. 6(b) and 7(b)
we present the corresponding behavior of F as functions
of the coverage for a sampling of temperature ranging
between 26 and 50 K, and using a step of 2 K. The full
curves with steps exhibit more clearly the occurrence of
the successive phases.

For a direct comparison with thermal helium atom
scattering data, in Fig. 8 we give the behavior of the
lattice parameter aM for the various HOC nonrotated
and rotated structures as functions of the temperature
in the range 26—50 K. A striking discrete stepwise be-
havior is shown with five significant aM values at 3.71,
3.79, 3.82, 3.84, and 3.89 k corresponding to the non-
rotated structures n=4, 15, 11, 18, and 7, respectively.
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FIG. 4. Potential energy V (meV) as a function of inter-
atomic layer distance aM (A) for all HOC structures with less
than 256 atoms per primitive cell.

FIG. 5. Free-energy curves F (meV) as a function of tem-
perature T for nonrotated HOC structures. The symbols rep-
resent (n x n) phases with various cell parameters aM (A).
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Such a result is in good agreement vrith the experimen-
tal findings exhibiting aM stairs for the values 3.69 and
3.88 A. , and intermediate steps for 3.81, 3.83, and 3.84 A.
All the present features are also in agreement @faith the
qualitative analysis of Zeppenfeld et al. , which is based
only on geometrical arguments. Their assignment of the
more stable structures (n=4, 11, 18, and 7) is close to
our results.

The rotated geometries exhibit a similar discrete be-
havior for aM (T), though with shifted values for the tran-
sition temperatures (34 & T & 47 K) and for the corre-
sponding lattice parameters (aM=3.72, 3.79, 3.82, 3.87,
and 3.90 A). Some of these structures are nearly as stable
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structures. (b) Free energy F (meV) as a function of coverage
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the full curve.
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FIG. 9. Histogram of the HOC structures as a function of
the layer coverage. Each box vrith an upper number contains
the corresponding (n x n) nonrotated structure.

as nonrotated structures. It is diKcult to explain, &om
the present results, why nonrotated HOC phases seem to
occur preferentially in experiments. In Fig. 9, we calcu-
late the number of HOC phases which occur at a coverage
8 6 Ee/2 with A8 = 0.003, in the range 0.5 & 0 & 0.6,
whatever angle y. On this histogram, which appears to
be relatively regular, we also show the ranges contain-
ing nonrotated HOC structures. These structures are
generally located in boxes with maximum height, indi-
cating a high density of rotated structures with the same
coverage. We can thus conclude that angle y is not a
severe criterion for the calculation of the structure stabil-
ity. As a consequence, an interpretation of the occurrence
of mainly nonrotated phases is probably due to another
mechanism. This can be due, for instance, to the exis-
tence of steps on the Pt(ill) surface, which could favor
domains along directions which correspond to dift'usion

valleys along X and along Y rotated by 6 with r spect
to X. Such valleys are clearly equilibrium channels which
are very Hat for the Ar atoms, as shown in Fig. 3. Such a
hypothesis is in fact corroborated by experiments which
shows2 the occurrence of rotated Ar and Kr phases af-
ter a preliminary adsorption of a mobile adsorbate on
the substrate steps. Thus an R30 geometry is clearly
observed for an Ar monolayer when a small amount of
Kr atoms is preadsorbed on Pt(111). Experiments also
indicate that nonrotated and R30 structures are sta-
ble on Pt(111) without transition from one to another, al-

though their adsorption energies are probably very close.
It would be interesting to determine the activation en-

ergy required for the transition from the nonrotated to
the R30' phase.

It should be mentioned that the energies of all the
HOC geometries considered lie in a range less than 10
meV. This value represents about 6%% of the total in-
teraction potential per adatom between the monolayer
and the substrate. Due to the present potential accu-
racy, such an agreement between experiments and calcu-
lations can be fortuitous, but such a striking consistency
in the occurrence of devil's staircase transitions tends to
demonstrate that the present model, though very simple,

looks accurate.
It is interesting to compare our approach with that

of Ref. 18. In their paper, Fuselier, Raich, and Gillis
determine the equilibrium orientations and lattice con-
stants of commensurate Ar monolayers adsorbed on the
basal plane of graphite, by minimizing the free energy I
of the layer-substrate system. Within the quasiharmonic
approximation for the layer dynamics, this free energy
appears to be the sum of three main terms: the Hoat-
ing monolayer contribution, the lock-in terms due to the
substrate corrugation without monolayer distortion, and
the contribution provided by the monolayer distortion as
de6ned by Novaco and McTague. When the third term
in I" is disregarded, the relationship between angle y and
lattice parameter aM is determined by geometric consid-
erations which look like those given by Eq. (5), chang-
ing the substrate spacing and corrugation. The stable
commensurate structures in the (p, aM) plane are then
calculated, by assuming a structureless substrate for the
monolayer dynamics, with a mean perpendicular mode
frequency ~~ equal to 5.3 meV, and an average energy
of about —82 meV. It is shown that the lowest energies
are obtained for small coincident cells containing few ar-
gon atoms and rotated by a few degrees, but all the HOC
structures considered have energy values ranging within
0.2 meV, around the average energy of the incommensu-
rate structure. The fact that, on the one hand, the mono-
layer distortion term is considered only at T = 0 K and,
on the other hand, the monolayer-substrate potential as-
sociated with the monolayer dynamics is restricted to the
lowest-order Fourier amplitudes in the calculation of the
third contribution (Novaco-McTague term), can be re-
sponsible for inaccuracies and does not allow the authors
of Ref. 18 to determine the relative stability of commen-
surate and incommensurate phases at Gnite temperature.
Indeed, such a truncation of the potential expansion re-
sults in an improper favoring of the HOC phase against
the incommensurate phase. In our approach, such inac-
curacies do not exist, since we use a direct sum technique.
It has been verified that the truncation in this direct sum
procedure does not inHuence the results. We show that
the energy sequency range for the occurrence of stable
commensurate structures is larger. This is the major dif-
ference between the graphite and platinum substrates,
the second leading to the lock-in of HOC Ar phases.

V. CONCLUSION

The series of HOC phases which have been observed
in the physisorption of Ar on Pt(111) can be explained
fairly well on the basis of simple interaction potentials in-
cluding substrate-mediated contributions. In particular,
the observed phase transitions leading to an incomplete
devil's staircase can be interpreted adequately both on
the basis of a very subtle competition between the in-
tralayer and layer-substrate interactions, and that of ad-
ditional contributions arising from the temperature and
coverage variations of the layer dynamics. These vari-
ations can mainly be taken into account through the
dependence of the Debye temperature as a function of
the coverage. The free energies of most HOC structures
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lie within a narrow range, indicating the possibility of
easy transitions kom one to another when temperature
and/or coverage are slightly changed. In this sense, the
Ar monolayer on Pt(ill) is a model system for testing
interaction potential accuracy through the behavior of
phase transitions. Similar calculations for the heaviest
rare-gas monolayers could be performed within the same
approach, for example to study the coexistence of incom-
mensurate and HOC phases for Kr and Nq adsorbed on
Pt(111), and for Xe adsorbed on Cu(110).
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