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We study the O/Pd�111� system using a lattice-gas Hamiltonian where the many-body interactions among the
oxygen adsorbates are derived from a series of density-functional-theory calculations. Through Monte Carlo
simulations that employ the Wang-Landau algorithm, we use this Hamiltonian to predict the order-disorder
phase-transition temperature as a function of oxygen coverage. We find that oxygen forms ordered p�2�2�,
��3��3�R30° and p�2�1� structures, in agreement with the zero-temperature convex hull, which undergo a
continuous transition to a disordered phase upon increasing the temperature. The transition temperature versus
coverage curve displays peaks around the coverages corresponding to the formation of the p�2�2� and
p�2�1� ordered structures, similar to what has been found from experimental and theoretical studies of the
O/Pt�111� and O/Ru�0001� systems.
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I. INTRODUCTION

The oxidation of CO to CO2 over transition metal sur-
faces, in particular those belonging to the platinum group, is
one of the most investigated catalytic processes, as it is a
fundamental surface reaction with important applications in
several industrial fields, such as in the reduction in pollutants
contained in automotive exhausts. If atomic oxygen adsorbed
on these metal surfaces is exposed to CO gas, the metal can
catalyze the formation of CO2 through a Langmuir-
Hinshelwood mechanism, in which both reactants are ad-
sorbed on the surface before combining to form CO2.1,2 It
has been observed that the activation energy of this reaction
depends on the coverage of adsorbates, suggesting that lat-
eral interactions between the adsorbates are significant.3 In
the case of Pt�111� it was shown that while at low CO cov-
erage the reaction takes place between isolated O atoms and
the adsorbed CO, at higher coverage the reaction site
switches to the periphery of O�2�2� islands.4 Lateral inter-
actions seem to play an even larger role in the case of
Pd�111�.5 Here it was observed that, upon exposure to CO,
the p�2�2� oxygen islands formed by the initial adsorption
of oxygen on the metal surface, are compressed into ��3
��3�R30° domains and finally into p�2�1� domains. This
is different to the behavior of Pt�111�, where no phase tran-
sition is observed in the adsorbed O islands. These structural
rearrangements of the oxygen overlayer have profound ef-
fects on the reactivity toward the formation of CO2 over
Pd�111�: While the p�2�2� phase is unreactive in the 190–
320 K temperature range, the ��3��3�R30° phase displays
half-order kinetics with respect to the oxygen coverage, sug-
gesting that the reaction site is at the periphery of the O
islands. For the p�2�1� phase, on the other hand, the reac-
tion is first order, implying that the reaction proceeds uni-
formly over the O islands and suggesting that CO is ad-
sorbed inside the O domains. By monitoring the temperature
dependence of the rate constant, Nakai et al.5 estimated that

the activation energies for the active phases are
0.04�0.02 eV for the ��3��3�R30° phase and
0.29�0.03 eV for the p�2�1�.

In light of the above observations, it is clear that lateral
interactions between adsorbates can play a crucial role in
catalytic processes such as CO oxidation. The switching of
the reaction site induced by the adsorbate-adsorbate interac-
tion alters the spatial distribution of the reactants and hence
the reaction paths. Having a detailed knowledge of these
interactions and quantifying their effect is therefore of great
importance for heterogeneous catalysis on metal surfaces.
Traditionally these quantities have been estimated empiri-
cally from experimental data, by assuming pairwise interac-
tions and fitting temperature-programmed desorption and
low-energy electron-diffraction �LEED� measurements.6 An
alternative approach is to extract them from first-principles
calculations, by assuming a lattice representation of the sys-
tem and writing its Hamiltonian �lattice-gas Hamiltonian,
LGH� in terms of many-body interactions computed theoreti-
cally, typically employing density-functional-theory �DFT�
calculations. This approach has already been used success-
fully in the past, for example, to predict the temperature-
programmed desorption7 and the surface phase diagram8 of
the O/Ru�0001� system as well as the phase diagram of
alloys.9,10

Here, as the initial step toward a detailed understanding of
the role played by lateral interactions in CO oxidation over
Pd�111�, we restrict ourselves to the presence of just one type
of adsorbate, oxygen, and study the O/Pd�111� system using
a LGH parametrized with DFT energetics. We validate the
LGH expansion by comparing the ground-state curve ob-
tained with this approach with that obtained from full DFT
calculations. We then predict the order-disorder phase-
transition critical temperature as a function of the O coverage
through Monte Carlo �MC� simulations using the Wang-
Landau algorithm, which is an importance sampling method
that presents considerable advantages over the more com-
monly used Metropolis method.
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II. METHOD

A. Lattice-gas Hamiltonian parametrized with DFT
calculations

In the LGH approach one assumes that the system can be
described by the adsorbates occupying a set of points i in a
lattice. Any configuration of the system is therefore deter-
mined by specifying the occupations of all the lattice sites.
Indicating with ni the occupation of site i, which can be
either 0 if the site is empty or 1 if it is occupied, one can
write the Hamiltonian of the system as

HLGH = V1�
i

ni + �
m=1

r

Vm
2 �

�ij�m

ninj + �
m=1

q

Vm
3 �

�ijk�m

ninjnk + ¯ .

�1�

Here V1 is the one-body term which accounts for the adsorp-
tion energy of an isolated adsorbate, Vm

2 are the two-body, or
pair, interactions �we consider r possible pair interactions,
with m=1 corresponding to nearest-neighbor interactions,
m=2 second nearest-neighbor interactions, and so on�, Vm

3

are the three-body, or trio, interactions �we consider q pos-
sible trio interactions� and so forth. While in principle the
cluster expansion �Eq. �1�� includes an infinite number of
terms and summations, in practice it can be truncated since
higher-order and longer-distance interactions are typically
found to be negligible compared to lower-order and shorter-
distance interactions. To select which terms to include in the
expansion and to evaluate the accuracy of such an expansion
we use the leave-one-out cross validation11 �LOO-CV� ap-
proach described below. The pool of interactions considered
in this work are shown in Fig. 1. They include four types of
two-body, three types of three-body, and four types of four-
body interactions.

The DFT calculations are performed using the generalized
gradient approximation �GGA� of Perdew-Burke-Ernzerhof
�PBE� �Ref. 12� for the exchange and correlation functional.
We use ultrasoft pseudopotentials13,14 for the electron-ion in-
teractions, including scalar relativistic effects. The Kohn-
Sham wave functions are expanded in plane waves with an

energy cutoff of 27 Ry �200 Ry for the charge-density cut-
off�. To sample the Brillouin zone we use the special-point
technique,15 broadening the Fermi surface according to the
Marzari et al.16 cold-smearing technique, using a smearing
parameter of 0.03 Ry. In the �1�1� surface unit cell, corre-
sponding to the periodicity of clean Pd�111�, a 12�12 mesh
was used, with only one point in the orthogonal direction.
This amounts to 19 k points in the irreducible part of the
Brillouin zone of the �1�1� surface unit cell. For larger unit
cells, the k-point mesh is scaled accordingly. All the calcu-
lations are performed using the PWSCF code contained in the
QUANTUM-ESPRESSO package.17 The surface is modeled with
a slab geometry in which the adsorbates are created on one
side of a four-layer Pd slab. The atomic positions of the
bottom two layers are kept fixed at the bulk positions while
all the other atoms are relaxed until the forces are smaller
than 0.001 Ry/au �0.025 eV /Å�. A 12 Å vacuum region is
found to be sufficient to ensure negligible coupling between
periodic replicas of the slab. For the in-plane lattice spacing
we use the calculated equilibrium lattice parameter of Pd,
a0=3.98 Å. The experimental value for the lattice parameter
is 3.89 Å.

We perform DFT calculations for 22 different O/Pd�111�
configurations with coverages in the range 1/9 to 1 ML. For
each of these systems we compute the average oxygen bind-
ing energy, defined as

Eb = −
1

NO
	EO/Pd�111�

tot − EPd�111�
tot −

NO

2
EO2

tot
 , �2�

where NO is the number of O atoms adsorbed on the surface,
EO/Pd�111�

tot , EPd�111�
tot , and EO2

tot are the total energies of the metal
slab with adsorbed oxygen, the clean metal slab and the oxy-
gen molecule in gas phase, respectively.

In order to construct the LGH we employ the LOO-CV
scheme: out of the 22 configurations we select one to be left
out of the pool of the remaining 21 configurations. This set is
used to obtain the lateral interactions in the LGH by a least-
squares fit, where the LGH interactions are chosen as to
minimize the error in the prediction of the average oxygen
binding energies of the 21 configurations compared to the
DFT values. To validate the predictive power of this set of
interactions we compute the CV score by calculating the er-
ror in determining the average oxygen binding energy of
precisely the structure left out of the pool, using the LGH
compared to the DFT value, and averaging this error over all
the M =22 possible choices for the structure to be left out:

CV =� 1

M
�
i=1

M

�Eb
DFT�i� − Eb

LGH�i��2. �3�

To decide the number and type of interactions to be included
in the cluster expansion, we can use the CV score as a mea-
sure of its ability to reproduce the DFT energies. We expect
a LGH constructed with too few interactions to perform
poorly, leading to a high CV score, while the inclusion of too
many interactions compared to the size of data set of DFT
structures would lead to overfitting, resulting again in a high
CV score. Therefore there should be an optimal choice of
interactions that minimizes the CV score.

FIG. 1. �Color online� Top view of the O/Pd�111� system, show-
ing the pool of lateral interactions between O adsorbates. Light gray
spheres represent Pd atoms, small dark spheres O atoms.
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Once the lateral interactions have been computed and the
LGH has been constructed according to the procedure out-
lined above, we test its reliability by computing the so-called
ground-state line �or convex hull� and check whether the
LGH can reproduce the DFT results. To this end we define
the formation energy as

Ef = ��Eb,O/Pd�111� − Eb,O�1�1�/Pd�111�� , �4�

which is a measure of the stability of a structure with respect
to phase separation into a fraction � of the full monolayer
O�1�1� /Pd�111� and a fraction 1−� of the clean slab. Plot-
ting this quantity against the coverage we can identify the
structures belonging to the convex hull: all the structures
whose formation energy is higher than the corresponding
value on the convex hull at the same coverage are unstable
against phase separation into the two closest structures be-
longing to the convex hull.

B. Monte Carlo simulations using the Wang-Landau
algorithm

Using the LGH parametrized from first-principles calcu-
lations, we study the order-disorder phase transition of the
O/Pd�111� system as a function of the coverage. This transi-
tion can be monitored experimentally by means of LEED but
to the best of our knowledge this has not yet been reported in
the literature. We will however compare our predictions with
available theoretical and experimental results for the
O/Ru�0001�,6 O/Pt�111�,18 O/Ni�111�,19 and O/Pd�100�
�Refs. 20 and 21� systems.

Since the standard Metropolis algorithm is rather ineffi-
cient for studying phase transitions, we employ the Wang-
Landau MC algorithm,22 which has been shown to yield su-
perior performance compared to other algorithms previously
employed for this kind of study. Rather than generating di-
rectly the canonical distribution at a given temperature
g�E�e−E/kBT �where T is the temperature and kB the Boltz-
mann constant� the Wang-Landau algorithm affords the cal-
culation of the density of �configurational� states g�E� via a
random walk that produces a flat histogram in energy space.
This is obtained by performing the random walk with a prob-
ability proportional to the reciprocal of the density of states
1 /g�E�, continuously updating during the simulation an ini-
tial guess for the density of states. When a flat histogram is
produced one recovers the true g�E�, from which all the ther-

modynamic functions can be computed. For example, one
can compute the Helmholtz free energy as

F�T� = − kBT ln�
E

g�E�e−E/kBT = kBT ln�Z� , �5�

where Z is the partition function, the internal energy as

U�T� = �E�T = �
E

Eg�E�e−E/kBT/Z �6�

and the specific heat as

Cv�T� = ��E2�T − �E�T
2�/T2. �7�

In particular, the divergence of the specific heat at the order-
disorder transition temperature can be used to monitor the
dependence of this quantity on the coverage. We note that,
for a specific coverage, a single simulation suffices to obtain
g�E� and hence the transition temperature, while in MC stud-
ies that employ the Metropolis algorithm, one needs to per-
form a series of simulations at various temperatures to check
the variations in a properly defined order parameter.

III. RESULTS

A. Construction of the LGH

Oxygen is known to adsorb on high coordination sites of
close-packed metal surfaces and, in particular, in the case of
Pd�111�, the preferred adsorption site is the fcc,23 as for most
other fcc metals. Our computed oxygen binding energy at 1/9
ML coverage is 1.151 eV for the fcc site, 0.909 eV for the
hcp site, and 0.593 eV for the bridge site. In the following
we will therefore only consider the fcc sites as possible ad-
sorption sites. While this is a good approximation at low
temperatures, it is possible that at high temperature the hcp
and the bridge sites become populated as well. It has been
shown, however, that for the O/Pd�100� system the inclusion
of the second most favored adsorption site, the bridge site
�which is 0.22 eV less favorable than the hollow site�, does
not play any role in the surface ordering of the adsorbates, at
least in the 0–0.35 ML coverage range.20

To compute the lateral interactions we use the LOO-CV
method outlined in Sec. II A. The results of the fitting pro-
cedure are shown in Table I, where we report the values of
lateral interactions in meV and the corresponding CV score.
There are several features of these sets of lateral interactions

TABLE I. Interaction parameters for O�fcc�/Pd�111�. N is the number of terms included in the LGH. All values are in meV.

N CV V1 V1
2 V2

2 V3
2 V1

3 V2
3 V3

3 V1
4 V2

4 V3
4 V4

4

3 27.0 −1162 280 51

4 27.2 −1154 267 49 6

5 25.7 −1154 266 49 4 5

6 17.0 −1141 244 43 1 21 12

7 18.0 −1136 242 39 −6 31 30 −49

8 20.4 −1136 244 39 −6 32 30 −47 −1

9 24.8 −1139 247 41 −5 33 18 −35 −3 28

10 47.6 −1139 244 41 −5 34 20 −25 −1 −4 28
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worth discussing. We can see that the on-site one body term
V1 is close to the computed value for the binding energy of
oxygen at 1/9 ML coverage, which is reasonable since at that
coverage we expect the O atoms to interact weakly among
themselves. The magnitude of the two-body terms decreases
as the adsorbates are further away and, in general, higher-
order terms are smaller than the low-order ones. Again, this
is what one would expect since the interactions decay with
the distance and many-body terms introduce corrections not
already captured by the lower-order terms. We also note that
the value of each term is rather constant while varying the
total number of interactions in the LGH, which is a sign of
the robustness of the cluster expansion. The set with the
lowest CV score is the one that includes six lateral interac-
tions, closely followed by the one that includes seven of
them. Since the latter is comprised just of one-, two-, and
three-body terms we will use in the following this set of
lateral interactions for our LGH expansion. The magnitude
of the two-body interactions �244, 39, and −6 meV� is re-
markably similar to what has been found for the O/Pt�111�
system �238, 39, and −6 meV� �Ref. 18� and for the
O/Ru�0001� system �265, 44, and −25 meV�.7 It is also in-
teresting to note that the CV score for the optimal set of
parameters �17 meV� is very close to the one obtained for the
O/Pd�100� system �16 meV�.20

As test of the reliability of the LGH expression, we cal-
culate with it the formation energy �see Eq. �4�� for all the
possible adsorption configurations of oxygen in the �3�3�
and �4�4� surface unit cells of Pd�111� and compare them
with the ones obtained from the DFT calculations of the 22
configurations used to build the LGH. Plotting the formation
energy Ef versus coverage �see Fig. 2� we can identify the
convex hull, i.e., the set of structures that are stable against
phase separation into any other pair of structures. The agree-
ment between the DFT and the LGH energies is remarkable,
except at very high coverages where the large atomic relax-
ations of the DFT structures are difficult to capture with a
simple LGH on a two-dimensional lattice. The important fea-
ture of Fig. 2 is the fact that both the DFT and the LGH
calculations predict the same ground-state line, implying the
LGH is accurate enough to recover the correct ordering of

the adsorbates on the surface. In the low-coverage regime the
ground-state line includes the p�2�2� and the ��3
��3�R30° structures, in agreement with experimental
findings.24 The p�2�1� structure is also observed experi-
mentally but only under special conditions, e.g., when the
O/Pd�111� system is exposed to CO gas.5,24 The only dis-
crepancies are for high coverages beyond 0.9 ML, which
however are of limited interest since they are not reachable
experimentally, in the low-pressure regime, due to the large
O-O repulsion.

Here, we would like to stress how the structures present at
the surface of solids are strongly affected by the conditions
of the environment in which they operate, i.e., the tempera-
ture and partial pressures of the surrounding gas
atmosphere.25 In the case of the O/Pd�111� is has been shown
that while in the ultrahigh vacuum regime the adsorption of
oxygen leads to the formation of ordered oxygen overlayers,
at higher pressure �5�10−6 mbar� and higher temperature
�300 °C� a two-dimensional surface oxide can form26 while
bulk oxidation is obtained at even higher oxygen pressure.
This has been shown to be the case also for the O/Pd�100�
system27 and for several other transition-metal surfaces such
as Ru�110� �Ref. 28� and Ag�111�.29 While these conditions
of temperature and pressure are relevant for catalysis, in this
work we limit ourselves to the low-pressure regime, there-
fore neglecting the possibility of the formation of surface
oxides. For these conditions, the agreement between the
computed and the experimental ground-state line is an indi-
cation of the reliability of the DFT calculations for this sys-
tem, which is obviously a necessary condition for obtaining a
meaningful cluster expansion.

B. MC study of the order-disorder phase transition
on O/Pd(111)

We apply the LGH derived in the previous section to
study the order-disorder phase transition of oxygen adsor-
bates on the Pd�111� surface. While at low temperature the
O/Pd�111� system displays the ordered structures described
above, we expect a configurational entropy-driven phase
transition to a disordered phase at higher temperatures, simi-
larly to what has been observed for several different adsorp-
tion systems.30 Experiments performed on O/Ru�0001� �Ref.
6� show that the transition temperature strongly depends on
the oxygen coverage: it can vary from around 350 K at 0.15
ML to almost 800 K at 0.25 ML. At coverages around 0.4
ML the transition temperature decreases to about 500 K and
it later increases to almost 600 K at 0.5 ML. For this system
the transition temperature has therefore two peaks, one at
0.25 ML and the other at 0.50 ML, where the stable p�2
�2� and p�2�1� surface structures are formed. Qualita-
tively, the same behavior was found for the O/Pt�111� system
through theoretical simulations similar to the one presented
here.18 Also the O/Ni�111� system forms a stable p�2�2�
structure, which exhibits a pronounced peak in the order-
disorder transition temperature versus coverage curve.19

To model the order-disorder phase transition for the
O/Pd�111� system we use MC simulations employing the
Wang-Landau algorithm outlined in Sec. II B. We use a two-

0 0.2 0.4 0.6 0.8 1
Θ (ML)

-0.4

-0.3

-0.2
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0
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V
)

DFT
LGH
DFT Convex Hull

FIG. 2. �Color online� Formation energy versus coverages for
the 22 DFT structures �large pale dots� and the LGH formation
energies �small black diamonds� computed with the LGH of struc-
tures in the �3�3� and �4�4� surface unit cells. The solid line
represents the DFT convex hull.
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dimensional hexagonal lattice with periodic boundary condi-
tions in which O atoms are allowed to adsorb only on the fcc
sites. The Hamiltonian of the system includes seven types of
interactions �the on-site energy, three two-body, and three
three-body terms, as discussed in Sec. III A�. We first fix the
coverage at �=0.25 ML and study how the order-disorder
transition temperature depends on the size of the lattice em-
ployed in the simulation. To this end we monitor the diver-
gence of the specific heat �see Eq. �7��, as shown in Fig. 3.
For a lattice of dimensions �30�30�, �42�42�, and �64
�64� we obtain a transition temperature Tc=668�16 K,
Tc=662�6 K, and Tc=661�5 K, respectively, where the
error in Tc is estimated from the full width at half maximum.
In the following we will therefore use a �30�30� lattice,
which gives transition temperatures converged to within a
few K. We also note how the spread of the curves reduces as
the dimension of the lattice increases, which is a well-known
feature of this kind of lattice simulations.31

In Fig. 4 we show the temperature dependence of the free
and internal energy for the �64�64� lattice at an oxygen
coverage �=0.25 ML. The lack of a discontinuity in the
internal energy at the transition temperature suggests that the
order-disorder phase transition seen here is a continuous

�second-order� phase transition, as already established for
similar adsorption systems.6,18 This is different to what has
been found, for example, for the Al-Na surface alloy,9 which
was studied with a theoretical approach similar to the one
adopted here. In that case a clear discontinuity in the internal
energy at the transition temperature, together with a cusp in
the free energy, signaled that the order-disorder phase transi-
tion was discontinuous �first order�.

Since, however, finite-size effects could smear out the dis-
continuities seen in first-order phase transitions, we follow
Binder and co-workers32 and monitor the quantity

VL = 1 −
�E4�L

3�E2�L
2 . �8�

It has been shown32 that VL behaves quite differently for
first- and second-order phase transitions: while for the case
of first-order phase transitions VL maintains a prominent
minimum at Tc even in the thermodynamic limit N→�, for
second order-phase transitions the curve flattens out to VL
=2 /3 as the size of the lattice is increased. As we can clearly
see in Fig. 5 the quantity VL flattens to VL=2 /3 as the lattice
size is increased, implying that this is a second-order phase
transition. We have verified this to be the case also for the
order-disorder phase transitions at 0.35 and 0.50 ML. In Fig.
5 we also show the canonical distribution P�E ,T�
=g�E�e−E/kBT at the critical temperature for the �64�64� lat-
tice. The lack of a double maximum in the canonical distri-
bution, a characteristic feature of first-order phase
transition,32 is another indication of a continuous phase tran-
sition.
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FIG. 3. �Color online� Specific heat, cv, as a function of tem-
perature for three choices of the size of the lattice. L is the number
of points along one of the dimensions of the hexagonal lattice. The
oxygen coverage is fixed at 0.25 ML in all three cases. The inset
shows an enlargement of the three curves around the region of the
peak.
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FIG. 4. Free energy F�T� �solid line� and internal energy U�T�
�dashed line� as a function of temperature for the �64�64� lattice.
The oxygen coverage is �=0.25 ML.
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FIG. 5. �Color online� Top panel: VL as a function of tempera-
ture for the �30�30�, �42�42�, and �64�64� lattices. The oxygen
coverage is �=0.25 ML. Bottom panel: logarithm of the canonical
distribution P�E ,T�=g�E�e−E/kBT, at the critical temperature T=Tc

as a function of the energy per site E /N. Here we consider the
�64�64� lattice, where Tc=661 K.
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As a test of the Wang-Landau algorithm we now compare
the predicted transition temperature with the one obtained
using the standard Metropolis algorithm under identical
simulation conditions ��42�42� lattice at a coverage of 0.25
ML�. With the Metropolis algorithm we need to define an
order parameter � that is able to identify the periodic p�2
�2� overlayer and monitor its dependence on the tempera-
ture. The transition temperature is defined as the inflexion
point of the � versus T curve. We adopt the order parameter
proposed by Piercy et al.6 and show in Fig. 6 its dependence
on T. The estimated transition temperature is 663 K, in ex-
cellent agreement with the result obtained using the Wang-
Landau algorithm �662 K�. The error bars shown in the fig-
ure are the root-mean-square deviation of the order
parameter at each temperature.

Having established the reliability of our simulation setup,
we now turn to the prediction of the order-disorder transition
temperature as a function of the oxygen coverage. This is
shown in Fig. 7. We can see two pronounced peaks corre-
sponding to the stable p�2�2� and p�2�1� ordered struc-
tures, as also observed for the O/Ru�0001� �Refs. 6 and 8�
and the O/Pt�111� �Ref. 18� systems. Also the fact that the
peak of Tc at 0.25 ML �665, 754, and 670 K for O/Pd�111�,
O/Ru�0001�, and O/Pt�111�, respectively� is higher than the

one at 0.50 ML �610, 558, and 480 K for O/Pd�111�,
O/Ru�0001�, and O/Pt�111�, respectively� is a common fea-
ture of all these three systems. In spite of the presence of the
��3��3�R30° structure in the convex hull, we do not see a
peak in Fig. 7 at an oxygen coverage of 1/3 ML. This is
similar to what found also for the O/Ru�0001� �Refs. 6 and
8� and the O/Pt�111� �Ref. 18� systems. This might be due to
the relatively weak stability of the ��3��3�R30° structure
with respect to decomposition in other structures, as can be
seen in the convex hull �see Fig. 2�. In spite of this, we
verified that for an oxygen coverage of 1/3 ML, below the
transition temperature, a ��3��3�R30° ordered structure is
formed. We note here that between the ordered phases which
we predict to be stable below the order-disorder curve, we
expect to see a first-order phase transition, in analogy to what
has been found for the O/Ru�0001� and O/Pt�111� case. Here,
however, we did not investigate that portion of the O/Pd�111�
phase diagram.

Comparing our results with those obtained by Zhang et
al.20 for the O/Pd�100� system with a very similar approach
to the one we adopted, we see a similar behavior for the low
coverage portion of the phase diagram �the study in Ref. 20
is limited to the 0–0.35 ML range�, in particular, the presence
of a peak of Tc at 0.25 ML. The smooth variation in Tc with
� observed experimentally for this system contradicts these
findings, but, as already argued in Ref. 20, this could be due
to the experimental uncertainty in the precise determination
of the oxygen coverage. The direct comparison of the pre-
dicted Tc with the experimental measurements allowed
Zhang et al. to address the ability of DFT-derived lateral
interactions that enter the LGH to quantitatively predict this
property. The remarkable agreement they found �few tens of
K, outside the peak region� strongly supports the validity of
this approach to study complex phenomena such as order-
disorder phase transitions. It was also found that the major
source of uncertainty in the determination of the lateral in-
teractions is the approximate exchange-correlation functional
employed to obtain the DFT energetics on which the LGH is
parametrized while the other approximations that enter into
this type of modeling �finite number of lateral interactions,
neglect of vibrational contributions, and neglect of popula-
tion of other sites besides the most favorable one� have, in
comparison, negligible effects. While we do not have the
possibility to directly compare our results with experimental
measurements, these conclusions established for the
O/Pd�100� system may also be expected to hold for
O/Pd�111�.

The behavior of the order-disorder transition temperature
with the oxygen coverage for the O/Pt�111� system reported
by Tang et al.18 has remarkable similarities to the O/Pd�111�
system studied here: also in that work two large peaks in
correspondence with the formation of the ordered p�2�2�
and p�2�1� structures are seen, with the peak at �
=0.25 ML having a higher transition temperature compared
to the one at �=0.50 ML. Moreover, a third ordered struc-
ture at a coverage around 0.4 ML was identified, which was
shown to be a combination of the ��3��3�R30° and p�2
�1� structures.

It is worth discussing, at this point, the effect of the ap-
proximate nature of the exchange and correlation functional
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FIG. 6. Dependence of the order parameter for the p�2�2�
structure on the temperature in a MC simulation using the Metropo-
lis algorithm. The coverage is �=0.25 ML and we use a �42
�42� periodic lattice. The estimated Tc is 663 K. The error bars are
given by the rms deviations of the order parameter at each
temperature.
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FIG. 7. Order-disorder transition temperature as a function of
the oxygen coverage.
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on the results presented in this work and, in particular, on the
order-disorder transition temperature. Zhang et al.20 have
compared the lateral interactions for the O/Pd�100� system
obtained using the GGA-PBE and the LDA functionals and
have shown that, while the on-site energy �V1 in Eq. �1�� is
strongly affected by the type of functional used, the many-
body terms are not. The reason for this is the large difference
in the GGA vs LDA description of the gas-phase oxygen
molecule, which influences all configurations in the same
manner and therefore affects only the on-site energy in the
LGH, since it is the only term that does not depend on the
coverage. Given the fact that in the order-disorder phase
transition the number of adsorbates is left unchanged, the
transition temperature is unaffected by the value of the on-
site energy. As Zhang et al. have shown, the transition tem-
perature vs coverage curve is largely unaffected by the
change in exchange and correlation functional.

IV. CONCLUSIONS

We have studied, using a Lattice-gas Hamiltonian derived
from first-principles DFT calculations, the order-disorder
phase transition of the O/Pd�111� system. The lattice-gas
Hamiltonian includes up to three-body interactions between
the adsorbates, obtained through a leave-one-out cross vali-
dation scheme, and its predictive power was tested against
the DFT-derived convex hull for this system. In the range of
oxygen coverage considered �0.2–0.6 ML� it correctly iden-

tified the ordered structures belonging to the convex hull,
namely, the p�2�2� at 0.25 ML, the ��3��3�R30° at 1/3
ML and the p�2�1� at 0.5 ML. The Lattice-gas Hamiltonian
thus derived was then used in a Monte Carlo scheme with the
Wang-Landau sampling, where, at a fixed oxygen coverage,
we obtained the density of configurational states by perform-
ing a random walk in energy space. This allowed us to com-
pute directly the density of configurational states and hence
all the thermodynamic functions of this system. Varying the
oxygen coverage we have obtained the coverage dependence
of the order-disorder transition temperature. We tested the
accuracy and the performance of the Wang-Landau algorithm
by benchmarking it against a simulation done using the Me-
tropolis algorithm on an otherwise identical system, finding
excellent agreement between the two approaches. We found
that the order-disorder phase transition is continuous and that
the transition temperature versus coverage curve exhibits two
large peaks around oxygen coverages of 0.25 and 0.50 ML,
where the p�2�2� and p�2�1� phases form. Our theoretical
predictions for the O/Pd�111� system show several analogies
with the O/Pt�111� and the O/Ru�0001� systems: �i� in all
cases the order-disorder phase transition is found to be con-
tinuous, �ii� the magnitude of the adsorbate interactions is
remarkably similar, and �iii� the peaks in the transition tem-
perature versus coverage curve are an indication of the for-
mation of the ordered structures that are found to lie on the
convex hull.
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