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Phase diagram of the Cu-Pd surface alloy: A first-principles calculation
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A method that combines electronic-structure calculations with Monte Carlo simulations is applied to
determine the phase diagram of the CuPd surface alloy on a Cu(001) substrate. The calculations are
based on an effective Ising model with parameters as defined within the generalized perturbation method
and as calculated by means of the linear-muon-tin-orbital method. The formation of the ordered
c(2X2) phase of the CuPd surface alloy on the Cu(001) substrate is discussed. The order/disorder tem-
perature of the c (2 X 2) phase as well as the phase diagram is calculated using pair interactions corre-
sponding to the 50:50 composition as well as concentration-dependent pair interactions.

I. INTRODUCTION

In recent years progress has been made in calculating
alloy phase diagrams and associated thermodynamic
quantities from first principles. For bulk solids, ordering
and clustering phenomena are currently studied within a
microscopic theory based on a generalized three-
dimensional (3D) Ising model, ' whereby the parameters
can be derived from ab initio band-structure techniques
using either the so-called Connolly-Williams inversion or
the generalized perturbation method (GPM). First-
principles phase diagrams have been presented for a
variety of systems including metallic systems, semi-
conductors, ' and superconducting oxides, " ' and
show that it is possible to go from electronic-structure
calculations to phase diagram through a set of well-
controlled approximations. This at least seems to be the
case when ordering effects can be assumed to occur with
respect to a fixed, rigid lattice. In principle, there is no
difhculty in extending such calculations to include elastic
and relaxation effects, even though this has not been yet
worked out in detail. In contrast to these developments,
the determination of thermodynamic properties near sur-
faces or other extended defects has not yet gained the
same level of sophistication, despite the fact that a large
number of technologically important phenomena such as

catalysis, corrosion, deposition, and growth, for example,
occur at or near the surface. The existence of a free sur-
face permits both new, strain-relieving relaxations and
electronically driven reconstructions, and leads to the
possibility that the lowest-energy atomic topology at the
free surface of an alloy is qualitatively different from that
of the corresponding three-dimensional bulk. For in-
stance, the growth of metals on metal surfaces very often
gives rise to surface structures without bulk counterparts.
Moreover, these surface structures persist only over a
few monolayers. A complete study of the growth of me-
tallic layers on a metallic substrate, however, is beyond
the scope of the present study. In here, we assume a bu1k
exposed plane and study its equilibrium structure and en-
ergy. It should be noted that only recently were attempts
made to generalize the GPM theory to the case of alloy
surfaces. In the very first studies, an empirical tight-
binding model was applied, ' which used the recursion
method and described the semi-infinite solids by a finite
cluster. ' Recently, a method' for the calculation of the
parameters for the Ising model for semi-infinite disor-
dered alloys within the GPM approach, based on
the tight-binding linear-muffin-tin-orbital (TB-LMTO)
method, ' was developed. The first applications dealt
with two important fields in surface studies, namely, (i)
the explanation of the origin of formation of ordered sur-
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face alloys on clean transition-metal surfaces' and (ii) the
study of the surface composition for disordered metallic
alloys and the determination of the composition profile. '

In the present paper we wish to address a different
problem, namely, to estimate a phase diagram of a 2D al-
loy system, which consists of a random monolayer on a
perfect nonrandom substrate. Aside from the technologi-
cal importance of such system, the theoretical attraction
is definitely the fact that such a system is truly 2D from a
statistical point of view, i.e., randomness is limited to the
overlayer, while its electronic structure corresponds to an
infinite stack of substrate layers with a random mono-
layer on top. The Ising model parameters for the homo-
geneous 2D system result therefore from a strongly inho-
mogeneous 3D electronic structure. As compared to 3D
phase diagrams, the lower dimensionality of the statisti-
cal part reduces a variety of possible superstructures and
to some extent simplifies also the construction of the cor-
responding phase diagram. As a first application, the
phase diagram of CuPd surface alloys on the Cu(001) sub-
strate is investigated. Since such alloys are almost pla-
nar, one safely can ignore any effects due to displace-
ments from ideal lattice positions, keeping in mind, how-
ever, that a complete theory of the thermodynamic stabil-
ity of such monolayers has to include these kinds of
effects.

The present approach consists of three steps: (i) deter-
mination of the self-consistent electronic structure of a
semi-infinite substrate with a disordered overlayer, (ii) a
study of the instability of the disordered phase with
respect to a formation of ordered superstructures, and
(iii) a study of the thermal properties of this system by
means of Monte Carlo simulations. The paper is organ-
ized as follows. In Sec. II, the key features of the Ising
model for a random overlayer on perfect substrate are
summarized. Section III consists of a presentation of the
applied Monte Carlo simulation technique and a discus-
sion of the results obtained for the CuPd surface phase
diagram in comparison with available experimental infor-
mation.

II. FORMALISM

The present approach is based on the local-density ap-
proximation (LDA) and uses the TB-LMTO method
within the atomic sphere approximation for the poten-
tials in order to determine the electronic structure of a
disordered overlayer on the perfect substrate. (For de-
tails, see Refs. 21 and 22.) For the charge densities, how-
ever, monopole and dipole terms are included in the mu-
litpole expansion. Alloy disorder is described via the
coherent potential approximation (CPA) as generalized to
inhomogeneous systems with only two-dimensional
translational symmetry. The semi-infinite alloy is con-
sidered to be partitioned into three regions: (i) a perfect

substrate with no disorder, (ii) a homogeneous vacuum
region represented by empty spheres and characterized
by fiat potentials, and (iii) an intermediate region consist-
ing of several (M) layers, where all inhomogeneities
(chemical or electronic) are located. This region consists
of a few substrate layers, the random overlayer, and a few
layers of empty spheres. Only the potentials in the inter-
mediate region are determined self-consistently, while
those for the substrate or the vacuum are obtained sepa-
rately for the respective infinite systems.

The Green's function g (z) = [P(z)—S] is defined in
terms of the potential function matrix P (z) and the struc-
ture constants matrix S. The potential functions are ran-
dom but site-diagonal quantities, whereas the structure
constants S, which describe the intralayers and inter-
layers coupling, are nonrandom site —off-diagonal quanti-
ties and short ranged.

Subsequently the site —off-diagonal elements of the
configurationally averaged Green's function within the
overlay are needed to determine the parameters of the Is-
ing model

H =Eo+ —,
' g g VR'R rIRqR+ (a, a'= A, B) .

R, R' a, a'

Here Ep is the configurationally independent part of the
alloy internal energy and the VR R. are the interatomic
pair interactions. A particular configuration of the alloy
is characterized by a set of occupation indices gR, where
gR=1 if site R is occupied by an atom of type a, and
gR=O otherwise. The parameters of the Ising model are
found within the GPM by mapping at T =0 the grand-
canonical potential Q„(T=O,E )Fof the electronic sub-
system (where EF is the Fermi energy) onto the Hamil-
tonian in Eq. (1). The usual GPM expansion yields for
the so-called renormalized pair interatomic interactions
of Ising Hamiltonian the following expression

EF
VR& =—Imtr lim ln 1 —tR z gRR. z

7T —oo g p+

X tR. (z)gR.R(z)]]dE,
(2)

where tr means the trace over the angular-momentum
space and z =E+i5 The q.uantity gRit, (z) is the
configurationally averaged Careen's function and R and
R' sites in the overlayer. For a particular site R, tR(z) is
the on-site element of the single-site t matrix that corre-
sponds to species a in the effective medium as character-
ized by the coherent-potential-function matrix P(z),
which is a site-diagonal quantity with elements PR(z).
The coherent potential function

Pz (z), p = 1,2, . . . , M in the intermediate region
PR(z) = '

P (z) or P "(z) otherwise,
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has in general different values for the layers in the inter-
mediate region. In (3) indices b and U refer to the sub-
strate and the vacuum regions, respectively. In the inter-
mediate region (1 ~p ~M), the coherent potential func-
tions P (z) are found from a set of CPA and LDA equa-
tions. ' In the present study randomness is limited to
the overlayer. It should be noted that the so-called un-
renormalized pair interactions corresponds to the first-
order expansion of the logarithm in Eq. (2). In a similar
way, triplet and higher multisite interactions can be
defined. '

Using the transformation to the lattice-gas model,
gR=1 —gR=—gR, and limiting the expansion to pair in-A B—
teractions, the Ising Hamiltonian less a constant [see Eq.
(1)] can be written as

z X VR, R' 1R /R' ~

R, R'
(4)

where

AA BB AB BAVRR' ~RR' + ~RR' +RR' ~RR'

The quantities VRR are the so-called effective pair in-
teractions as given in terms of the unrenormalized or re-
normalized pair interactions defined above.

It should be noted that Eq. (1) is a special case of the
Ising Hamiltonian discussed in previous papers, ' ' since
randomness is limited to a single overlayer with crystallo-
graphically equivalent sites (see also Refs. 18 and 24). It
is important to note that, in general, an Ising Hamiltoni-
an for a semi-infinite random alloy represents an inhomo-
geneous case, in which the on-site terms are of crucial im-
portance, for example, for surface segregation phenome-
na. ' The present (homogeneous) case represents the 2D
analog of the common 3D Ising Hamiltonian.

The limitations of the present approach and possible
future improvements can be summarized as follows. (i)
For the electronic part of the problem, the inclusion of
relativistic corrections may turn out to be necessary for
systems containing heavy elements, in particular, for ex-
ample, for the related case of the CuAu/Cu(001) system.
(ii) Layer relaxations can be rather important for certain
classes of system and should be included. (iii) Presently
only the band part of the total energy is mapped onto the
Ising model, i.e., the double-counting term is neglected.
Irrespective of the dimensionality, this seems to be the
main restriction of the present use of the Ising model.
(iv) The GPM is usually based on electronic-structure cal-
culations performed at T =0 K. Since electronic-
structure calculations at finite temperatures are possible,
an inclusion of electronic entropy contributions seems to
be feasible. (v) The presence of magnetic moments can
significantly inQuence order-disorder transitions and con-
sequently the corresponding phase diagram. First ab in-
itio studies of this phenomenon appeared just recent-
ly. ' (vi) Finally, the vibrational part of the entropy
could be added to the Ising model if necessary.

III. MONTE CARLO CALCULATIONS
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FIG. 1. Ground states for the square lattice with nearest- and

second-nearest-neighbor interactions.

A. Computational aspects

Once the effective Ising model has been defined, ther-
modynamic theories such as a mean-field Bragg-Williams
approximation, the cluster variation method, or the
Monte Carlo simulation technique can be applied to
study finite-temperature properties. ' Quite clearly the
order-disorder effects for the present system can be re-
stricted to a square lattice. For a model Ising Hamiltoni-
an consisting of nearest-neighbor and second-nearest-
neighbor pair interactions, the ground-state ordered
structures are displayed in Fig. 1, namely, (a) the disor-
dered phase, (b) an antiferromagnetic phase referred to as
c (2 X 2) or (&2X V2) structure (the latter notation refers
to the lengths of the primitive vectors of the superstruc-
ture), (c) an antiferromagnetic phase referred to as (2 X 1)
structure, and (d) a phase, referred to as (2 X 2) structure.
While the first three ground-state structures are basically
unique, for the fourth case, an infinite number of other
structures can be obtained by introducing parallel conser-
vative antiphase boundaries in the (2X2) structure. (For
details, see Ref. 1.) The advantage of the square-lattice
model and the model Ising Hamiltonian is that they give
ground-state structures that have been observed experi-
mentally. Typical examples are systems such as Au on
Cu(001) (Refs. 29 and 30) or Pd on Cu(001). ' ' In
such a representation, the occurrence of the ground states
depends on the sign of nearest-neighbor and second-
nearest-neighbor pair interactions. In the present nota-
tion, for instance, if V, is positive and V2 is equal to
zero, the only stable ordered structure at finite tempera-
ture should be the c (2 X 2) structure. In the case of non-
vanishing second-nearest-neighbor interactions, two
different regimes occur. If V2 is negative, the only stable
structure is the c (2 X 2) structure, the transition is of first
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B. Discussion

The formation of surface alloys on low-index
transition-metal surfaces is now weH established. %'hen a
Cu(001) substrate is exposed to Pd or Au at room temper-
ature, a c(2 X 2) low-energy electron-diffraction (LEED)
pattern is observed, which reaches its maximum intensity
for a deposition of —,

' ML of Pd (Au) atoms. ' The alloy
character of the Cu(001)c (2X2)-Pd phase has also been
confirmed by photoemission experiments. The Pd-
coverage associated with the maximum c(2X2) LEED
intensity was confirmed to be —,

' ML (Ref. 34) using Ruth-
erford backscattering spectrometry, which provides reli-
able information on the coverage of a surface by foreign
atoms. A c(2X2) phase was observed also for Pd cover-
ages of more than 1/2 ML, which corresponds to the
ideal ordered structure. In a previous attempt, ' the sta-

2x1

p.p
V)

FICx. 2. Phase diagram at T =0 K for the square lattice with
nearest- and second-nearest-neighbor interactions.

order at low temperatures, and there is a tricritical
point. If V2 is positive, the system is frustrated and the
phase diagram is expected to be more complicated (see
Fig. 2). It is therefore interesting to learn whether a
first-principles Ising Hamiltonian leads to a similar situa-
tion or due to the occurrence of nonvanishing pair in-
teractions beyond the second neighbors to a more compli-
cated one.

At low dimensionality, the mean-field theory is known
to be not reliable enough. On the other hand, the Monte
Carlo (MC) is one of the most powerful numerical tech-
niques for obtaining quasiexact results from calculations
made for finite systems. In order to obtain the phase di-
gram, MC simulations have been performed in the grand
canonical ensemble, using a lattice of 2Xl sites with l
varying from 50 to 100, and two-dimensional periodic
boundary conditions. For each temperature, the proper-
ties of the equilibrium state, as defined by the long-
range-order parameter, is obtained by performing
5000—7000 MC steps/site. All these parameters allow
the MC simulations to overcome the problems related to
the finite size of the sample and the ones related to the
determination of the equilibrium states.

bility of a random overlayer of CuPd on a Cu(001) sub-
strate was studied, using a concentration fluctuation
theory of ordering in alloys. The most important result
was that the Cu50Pd5O alloy surface on Cu(001) is found
to be more stable than the disordered Pd50Vac~o on the
same substrate, where Vac denotes vacancy sites. In oth-
er words, the Pd atoms form a mixed alloy layer like a
(001) face of an ordered Cu3Au structure rather than an
overlayer of atoms located at the fourfold symmetrical
hollows on Cu(001).

As the c (2 X 2) superstructure occurs at the 50:50 com-
position, it is tempting to model the surface phase dia-
gram from only effective pair interactions calculated at
this composition. It should be noted that such a scheme
has been used in Ref. 35 to study surface-induced order-
ing effects. However, we will show that the composition
dependence of the effective pair interactions cannot be
neglected for the present system, and that the implica-
tions of this dependence are indeed considerable in par-
ticular when studying phase diagrams (basically because
of the common tangent rule' ). At the equiatomic compo-
sition, the pairwise interchange energies are 6.51, —0.59,—0.36, —0.18, —0.13, and —0.01 mRy for the first six
neighbor shells in the Cu5oPd50 overlayer. The remaining
pair and all triplet interactions are of the order of 0.1

mRy or less. Clearly, the nearest-neighbor interaction
dominates. The dominating positive nearest-neighbor-
interchange interaction implies a robust ordering tenden-
cy for the CuPd surface alloy. Small but negative second-
and third-nearest-neighbor pair interactions further
enhance the tendency to form a c(2X2) phase. It should
be noted that the pair wise interactions between the
third-nearest neighbors are only two times smaller than
the ones between the second-nearest neighbors; therefore,
they cannot be neglected. Consequently, in order to ob-
tain a quantitative description of the phase diagram of
the CuPd surface alloy on the Cu(001) substrate, the MC
simulations are performed using the five first-nearest-
neighbor pair interactions. The corresponding phase dia-
gram using the pairwise interchange energies as calculat-
ed for the 50:50 concentration is displayed in Fig. 3. It
shows a strong stability of the c (2 X 2) phase and is sym-
metric with respect to the 50:50 concentration due to the
missing composition dependence of the effective pair in-
teractions. At this concentration, the critical tempera-
ture of the second-order transition is around 660 K. The
stability range of the c(2X2) is relatively large at room
temperature, namely from 35% Cu to 65% Cu. The
transition becomes first-order at about 110 K, with the
occurrence of two domains. Qn the Cu-rich side, the
domain is formed by a mixture of pure Cu and a c(2X2)
phase while oppositely, the second domain represents a
mixture of pure Pd and a c (2 X 2) phase.

Taking the composition dependence of the effective
pair interactions into account, the pairwise interaction
energies for the first six shells in Cuz5Pd75 are 5.59,—1.10, —0.22, —0.20, —0.02, and 0.22 mRy, while in
«75Pdzs they are 7.70, 0.04, —0.07, 0.12, 0.0, and —0.06
mRy. All other pair and all triplet interactions are less
than 0.15 mRy. There is a dominating tendency towards
ordering also in these nonstoichiometric cases, connect-
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FIG. 3. Phase diagram of the CuPd surface alloy on a Cu
(001) substrate as calculated with nonconcentration-dependent
pairwise interactions.

FIG. 4. Phase digram of the CuPd surface alloy on a Cu
(001) substrate as calculated with concentration-dependent pair-
wise interactions. Dotted line: phase diagram calculated with
only V, for 75% of Cu atoms.

ed, however, with a smooth variation of the dominating
positive nearest-neighbor interchange interaction as a
function of the composition. Another interesting feature
is that for the Cu75Pd25 alloy, the second- and third-
nearest-neighbor pair interactions are orders of magni-
tude smaller than the first-nearest-neighbor pair interac-
tion. Thus, on the Cu-rich side of the phase diagram, the
inAuence of the pair interactions beyond the first-nearest
neighbors are negligible in comparison with the behavior
observed at 25 or 50% of Cu atoms. The phase diagram
obtained with the concentration-dependent pair interac-
tions is displayed in Fig. 4 in which for the technical
reasons the MC simulations were stopped at 25 K. A
comparison with Fig. 3 indicates an appreciable change.
The Cu-rich part is modified due to the strong stability of
the c(2X2), since V, becomes more positive in this re-
gion with the other pair interactions being negligible.
Consequently, a new behavior at low temperature is ob-
served: the first-order transition is missed if all the pair
interactions beyond the first-nearest neighbors are strictly
taken equal to zero. (This case corresponds to the part of
the phase diagram shown as dotted line. ) The asymmetri-
cal shape of the phase diagram seems to be able to inter-
pret the conclusions obtained from the LEED patterns,
namely that the c(2X2) structure is found at a Pd cover-

age in the region of 0.5 and 0.8 ML. According to the cal-
culated phase diagram, it is impossible to find a c (2 X 2)
structure for a Pd coverage smaller than 0.3 at a reason-
able finite temperature. On the other hand, the c(2X2)
phase displays a stability range that extends to a mono-
layer coverage of Pd. In this case, however, the c (2X2)
structure is in thermodynamical equilibrium with a pure
Pd phase. It should be noted that according to the
surface-energy contribution, Pd on a Cu(001) surface is
not stable and some Pd may be dissolved in the Cu below
the c(2X2) surface. This effect has not been taken into
account in the present calculations but can also be treat-
ed' theoretically.
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