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The energetics determining the distinct short-range order in two-dimensional (2D) monolayer

CuxPd1�x surface alloys on a Ru(0001) substrate were investigated by Monte Carlo simulations

and density functional theory calculations. Using a 2D lattice gas Hamiltonian based on effective

pair interaction (EPI) parameters, the EPIs were derived for different Cu concentrations with

Monte Carlo (MC) simulations by comparing with the atomic distributions obtained from atomic

resolution STM images and the related Warren–Cowley short-range order parameters (Hoster

et al., Phys. Rev. B, 2006, 73 165413). The ground state structures and mixing energies at 0 K

derived from these EPIs agree well with mixing energies determined from DFT calculations of

different ordered surface alloys. Additional MC simulations yield rather low transition

temperatures which explain the absence of ordered 2D phases in the experiments. The

consequences of our findings for the use of alloy surfaces and surface alloys as model systems for

adsorption and catalytic reaction studies are discussed.

1. Introduction

Bimetallic surface alloys have attracted considerable interest

recently as model systems for studying the physical and

chemical properties of bimetallic systems under well-defined

conditions and, because of the limitation to two dimensions

(2D), in a simplified configuration.1–4 Features of interest

included the formation of bulk immiscible 2D alloy phases,5–9

2D phase diagrams and phase transitions in the alloy layer and

the underlying interactions between the surface atoms,3,10–12

2D intermixing kinetics or the dependence of the adsorption

and reaction behavior on the concentration and lateral dis-

tribution of the two components in order to elucidate the role

of specific atomic configurations in these processes,13–15 as

they had been proposed earlier (ensemble effect, ligand

effect16,17). Pre-eminent for the further progress in these topics

is a quantitative knowledge of the surface composition and of

the distribution of the respective components in the surface

layer. This information can be provided by systematic, high-

resolution scanning tunneling microscopy studies, characteriz-

ing the distribution of surface atoms in surface layers with

different concentrations of the components by atomic resolu-

tion scanning tunneling microscopy (STM) imaging with

chemical contrast,9,13,18–23 and a quantitative evaluation

and description of the atomic arrangement, e.g., by the

Warren–Cowley short-range order parameters (see below).

The distribution of surface atoms in the 2D surface alloy is,

at least under conditions at or close to equilibrium, dominated

by the interactions between the respective surface species. This

is the topic of the present contribution, which describes the

determination of the interaction energies between the two

components Cu and Pd in CuxPd1�x monolayer surface alloys

on Ru(0001) by Monte Carlo simulations and density func-

tional theory calculations. As part of an ongoing long-term

study on the structure and reactivity of bimetallic surface

alloys,13,15,20,22,24–29 the distribution of the respective compo-

nents in these CuxPd1�x monolayer surface alloys was recently

characterized by high resolution STM imaging26 and related to

the CO adsorption characteristics.25,27 Although long-range

ordered structures were not observed, the 2D alloys exhibit a

characteristic short-range order (SRO) with a preference for

dissimilar neighbors. In analogy to the formalism used in

studies of bulk alloys,30–32 the energy of a given atomic

distribution can be described by a 2D lattice gas Hamiltonian

of the form H ¼ 1
2

P

i;j

VijSiSj ,
11–12,33,34 if only pairwise interac-

tions are considered. Si and Sj represent the atom types at sites

i and j, respectively, and can take the values +1 and �1. The
effective pair interaction (EPI) parameters Vij only depend on

the distance between the sites i and j and describe the energetic

difference between like and unlike pairs of neighbors on sites i

and j. For a 2D lattice containing atom types A and B, Vij is

related to the interaction potentials VAA
ij , VBB

ij , and VAB
ij via the

equation Vij ¼ 1
2
ðVAA

ij þ VBB
ij � 2VAB

ij Þ.
11 Vij turns positive or

negative if either unlike or like pairs are energetically favor-

able, respectively, for a given interatomic distance between i

and j. From a given atomic distribution, only the term Vij can

be derived while the individual interactions contributing to

this parameter are not accessible. In the following, we replaced
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the indices i and j denoting the lattice sites by the distance r

between the respective lattice sites. An atomic distribution

governed by a given set of EPIs can be generated via a

Metropolis Monte-Carlo (MC) algorithm in which tempera-

ture effects are also included.35,36

In the present study, we derived the EPIs dominating the

short-range order in 2D CuxPd1�x/Ru(0001) monolayer sur-

face alloys by a systematic search based on Monte-Carlo

simulations, which basically involves a systematic variation

of the EPI parameter set, minimizing the mean square differ-

ence between the SRO parameters of the atomic distributions

derived from the STM images and the MC-generated atomic

distributions, similar to an analysis performed previously by

Sadigh et al. for PdAu/Ru(0001) surface alloys.33 Although

the measured atomic distributions are representative for tem-

peratures around 600 K, which are necessary for 2D intermix-

ing, the resulting EPIs allow for the determination of the

ordered T = 0 K ground-state structures at the given compo-

sitions and of the transition temperature Tc, below which the

formation of such ordered structures can be expected at all.

After a brief summary of our experimental and computa-

tional methods, an overview of the EPI parameters derived

from the experimentally determined atomic distributions26

and the MC simulated SROs is given. Based on these data,

we calculated the energies of different ordered ground state

structures. For some ordered surface alloy structures, mixing

enthalpies derived from the EPI parameters are compared with

the corresponding results obtained from density functional

theory (DFT) calculations. We then discuss the thermody-

namic stability of distinct long-range ordered 2D structures

and estimate the corresponding order–disorder transition

temperatures Tc on the basis of MC simulations. The results

are compared with data reported for (i) CuxPd1�x bulk

alloys,31,32 (ii) CuxPd1�x/Cu(111) surface alloys,34 and (iii)

2D PdxAu1�x/Ru(0001) alloys.33 Finally, we briefly discuss

the consequences of these results for the use of surface alloys

as model systems in adsorption and reaction studies

2. Methods

Details about the experimental set-up and the experimental

procedures for preparing the 2D surface alloys were given

elsewhere,26 together with representative STM images. Due to

the high affinity of both metals to the Ru(0001) substrate

pseudomorphic and atomically well-dispersed 2D CuxPd1�x
adlayers are easily formed by sequential deposition of the two

components Cu and Pd (total coverage about 1 monolayer),

followed by brief annealing (30 s) to 780 K. This temperature

was tested to provide sufficient mobility for diffusion and

intermixing in the CuPd surface layer, while the incorporation

of Cu or Pd into the Ru substrate was found to be negligible.26

The atomic distributions as measured by STM at 300 K will

actually reflect the distribution at 600 K during the cooling

process, which was found to be the onset temperature for 2D

intermixing of separated Cu and Pd adlayers on Ru(0001).26

The STM images, which in total contained more than 60 000

atoms, were transformed into hexagonally packed ‘maps’ for

statistical evaluation. The MC simulations of the atomic

distributions were performed based on the Metropolis algo-

rithm,35 assuming a temperature of 600 K. For each experi-

mentally found distribution, the best set of EPIs was

determined via a simplex downhill algorithm,37,38 using the

EPIs V(r) (r = 1, O3, 2, O7, 3) as variables and aiming at a

maximum agreement between MC-generated and measured

SROs and Warren–Cowley SRO parameters aAB(r). The latter

were calculated from the STM data via the equation

aABðrÞ ¼ 1� pABðrÞ
xB

.33,39,40 Here, the probability to find an

atom B at a distance r from an atom A is described by the

parameter pAB(r), while xB denotes the fraction of type B

atoms in the surface layer. For random alloys pAB(r) and xB
have identical values, resulting in a SRO parameter aAB(r) of

zero. In the surface layer, r takes the values of 1, O3, 2, O7, or

3 nearest-neighbor distances. Maximum agreement between

measured and simulated distribution is equivalent to a mini-

mum of the parameter D defined by the relation

D ¼
P

r¼1;
ffiffi
3
p

;2;
ffiffi
7
p

;3

ðpexpABðrÞ � pMC
AB ðrÞÞ

2. The energies of ordered

structures (T = 0 K) can be calculated directly from the EPIs.

Density functional theory (DFT) calculations were per-

formed using the Vienna ab initio simulation package

(VASP).41 The exchange–correlation effects are described

within the generalized gradient approximation (GGA) using

the RBPE functional.42 The ionic cores are represented by the

projector augmented wave (PAW) method.43,44 The electronic

wave functions are expanded in a plane wave basis set with an

energy cut-off of 400 eV. The surface alloys are represented by

Cu, Pd or CuxPd1�x monolayers on top of Ru(0001) slabs with

a thickness of five layers. The overlayers as well as the two

underlying Ru layers are fully relaxed, vertically and laterally.

Depending on the Cu : Pd-ratio, (O3 � O3), (2 � 2), or (2 � 1)

unit cells were used. The relative error in the mixing enthalpies

derived from the DFT total energies is estimated to be of the

order of �10 meV.

The energies of all structures in this paper are given in eV or

meV per surface atom, and all 2D mixing energies refer to an

equilibrium between an intermixed CuPd/Ru(0001) adlayer on

the one hand and pseudomorphic Cu/Ru(0001) and Pd/

Ru(0001) adlayers on the other hand.

3. Results and discussion

EPI parameters

The STM data revealing the atomic distribution in the

CuxPd1�x/Ru(0001) 2D alloys and SRO parameters derived

from these distributions were presented in a previous publica-

tion.26 Fig. 1a shows the EPI’s V(r) derived from these data for

a number of Cu : Pd ratios, with r reaching from 1 to 3 nearest

neighbor (NN) distances in the surface, i.e., up to the 5th shell.

Fig. 1b presents the same data plotted as a function of the Cu

content. The error bars reflect the range in which each EPI

could be varied independently while keeping the MC generated

SRO in sufficient agreement with the measured one. As a

necessary condition for sufficient agreement we defined that

the largest of the average differences between measured and

simulated SRO parameters is still smaller than twice the

standard deviation of the corresponding simulated parameter.

5128 | Phys. Chem. Chem. Phys., 2007, 9, 5127–5132 This journal is �c the Owner Societies 2007



The average difference and the standard deviation result from

20MC generated distributions simulated for a given set of EPIs.

The energetic preference for unlike neighbors, which is the

dominating feature in the SRO,26 is reflected by a large

positive value of V(1), in agreement with the behavior of

CuxPd1�x bulk alloys.32 For xCuo0.7, also the EPIs for the

more remote spheres are positive, while for higher Cu contents

we find negative values of V(r) for larger r values. An excellent

agreement between the MC simulated and the experimentally

found26 atomic distribution, as is apparent in the quantitative

comparison of the respective SRO parameters shown in Fig. 2,

confirms that the EPIs are a suitable parametrization of the

energetic behavior of the CuPd 2D alloys. The parameters

exhibit, however, a non-negligible composition dependence:

For instance, for composition independent EPIs, the SROs of

xCu = 0.22 and xCu = 0.78 would be identical, in contrast to

the experimental findings (cf., Fig. 2). Most directly, the effect

of the Pd :Cu ratio can be related to the increasing strain

effects in the bimetallic surface layer with increasing Pd

contents (for x o 0.24) or increasing Cu content (x 4 0.24,

see next paragraph), but other (electronic) effects can not be

excluded from the present data.

Ground state structures and order–disorder transitions

The EPIs also determine the thermodynamics of the 2D

CuxPd1�x alloys at lower temperatures, including the T = 0

ground state structures. These are identified by simulated

‘annealing’ procedures, simulating the atomic distribution at

stepwise lowered temperature as successfully performed for

CuxPd1�x bulk alloys.32 For ordered structures, the 2D mixing

energy per atom can be calculated as the weighted sum of the

respective EPIs, with the weighting coefficients reflecting the

frequency of their appearance in the unit cell, minus the

interaction energies of the pure 2D phases.

The mixing energy itself denotes the energy gain per atom

with respect to the stoichiometrically weighted sum of the

energies of separated pseudomorphic Cu/Ru(0001) and Pd/

Ru(0001) adlayers.11 Fig. 3 gives an overview of the mixing

energy per atom for a large number of different ordered

structures. As EPI parameters for a given coverage we used

those derived from the STM data set with a Cu : Pd-ratio as

close as possible to the desired one. The error bars reflect the

variations in the mixing energy associated with the uncertainty

of the EPIs as indicated by the error bars in Fig. 1. Specifically,

the mixing energy was calculated for each set of EPIs yielding

a simulated SRO sufficiently close to the measured one, and

Fig. 1 Overview of the effective pair-potentials V(r) plotted (a) for each xCu as function of r, with r given as multiples of the nearest-neighbor

distances, and (b) for each r as function of Cu content.

Fig. 2 Comparison of Warren–Cowley SRO parameters determined

from experimental data (J) and fromMC simulations (�) at different
compositions of the CuxPd1�x layer. (a) Cu09Pd91, (b) Cu21Pd79,

(c) Cu47Pd53, (d) Cu68Pd32, (e) Cu78Pd21, (f) Cu89Pd11.
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the error bars in Fig. 3 reflect the range of values attained in

this way.

For comparison, we also calculated the corresponding mix-

ing energies via DFT for (2 � 2) (xCu = 0.25 and xCu = 0.75),

(O3 � O3) (xCu = 0.33 and xCu = 0.67), and (2 � 1) (xCu =

0.5) structures. For most coverages these DFT based results

are close to the corresponding points calculated by the EPI

Hamiltonian for the same structures (larger circles in Fig. 3).

Moreover, both the DFT calculations and the EPI Hamilto-

nian predict the same trends in the stabilities for all ordered

structures: for the regions xCu o 0.25 and xCu 4 0.5, all points

lie on convex ground state lines, which implies that the

corresponding distributions are stable against phase separa-

tion, while the negative curvatures around xCu = 0.33 indicate

that coexistent CuPd3(2 � 2) and CuPd(2 � 1) phases would

be slightly more stable than a CuPd2(O3 �O3) phase. We had

previously speculated26 that based on the misfit between a

CuxPd1�x adlayer and Ru(0001) a composition of Cu : Pd =

24 : 76 (x = 0.24) might be particularly stable. The present

data demonstrate that this purely geometric consideration,

following Vegard’s law, does not lead to a proper description

of the resulting energetics, and that additional electronic

effects have to be included.

At higher Cu contents, both experimental and DFT data

predict a high stability of the ordered (O3 � O3) Cu2Pd

ground state structure which can be rationalized considering

that in this phase all Pd atoms are only surrounded by Cu and

that the nearest neighbor interaction potential V(1) is also

maximized in this composition regime (cf. Fig. 1). The Cu2Pd-

(O3 � O3) phase is in fact the phase with the highest Pd

content with only unlike nearest neighbors for all Pd atoms.

For the (2 � 2) phase the rather low stability against separa-

tion into a Cu2Pd (O3 � O3) phase coexisting with a pure Cu

layer (cf. dotted lines in Fig. 3) is surprising, considering that

this structure appears as (111) plane of the highly stable L12
type Cu3Pd bulk alloy.31,32,45 A similar trend has previously

been reported for CuxPd1�x surface alloys on Cu(111),34 and

was explained by the large number of possible distributions at

xCu 4 0.67, where all Pd atoms are surrounded only by Cu

neighbors. Since the system CuxPd1�x is energetically domi-

nated by nearest-neighbor interactions (cf. Fig. 1 for 2D or ref.

46 for 3D), these distributions are almost degenerate.11,34

The remaining small discrepancies between experimentally

and theoretically derived ground state energies in Fig. 3 can

result from different reasons. First, a higher accuracy of the

energetic description by the lattice gas Hamiltonian is likely to

require the consideration of further interactions such as trio-

interactions and higher, in analogy to the treatment of

CuxPd1�x bulk alloys described by Zunger et al.31,32 Although,

based on theoretical considerations, such multi-site interac-

tions were considered to be small for surface alloys on a fixed

substrate lattice,11 they may still lead to small shifts in the

mixing energies derived from the experimental data. Second,

the actual, kinetically determined freezing temperatures in the

experiments could systematically vary with coverage. Though

all surfaces were annealed to the same temperature of at least

780 K, which is clearly above the freezing temperature, a

concentration dependent variation of the freezing temperature

between 550 and 650 K, instead of being fixed to 600 K as

assumed so far, would affect the corresponding EPI values by

�10%. This, in turn, would linearly affect the calculated

mixing energies. Finally, one should also consider that the

differences between the EPI and DFT based mixing energies of

the different structures are rather small (B10 meV per atom),

which is close to the numerical uncertainty of the DFT

calculations.

Formation of ordered phases

In our previous publication we tentatively explained the

absence of long-range ordered phases in CuxPd1�x/Ru(0001)

surface alloys at all experimentally tested compositions by an

order–disorder transition temperature Tc far below the freez-

ing temperature of 600 K.26 This hypothesis is supported by a

simulated annealing/cool-down procedure for a monolayer

Cu2Pd/Ru(0001) surface alloy which is shown in Fig. 4b,

together with representative MC generated atomic distribu-

tions at 600 K (Fig. 4a) and 1 K (Fig. 4c). The order–disorder

transition Tc is reflected by the pronounced increase of the

mixing enthalpy curve at around 100 K, with an uncertainty of

�30% at most due to uncertainties of the derived EPIs and in

the assumed freezing temperature as discussed above. A

comparably low value of Tc (100–180 K) was also reported

for PdAu/Ru(0001) surface alloys.33 The low values of Tc in

surface alloys compared to their bulk analogs can be rationa-

lized by the lower coordination of the atoms in an ordered 2D

alloy compared to a bulk alloy, which reduces the energy loss

associated with a defect in the ordered ground state structure,

while for a comparable number of atoms the gain in config-

urational entropy is similar in 2D and in 3D phases.

The small driving forces for ordering in the CuxPd1�x/

Ru(0001) monolayer surface alloys and the resulting low

order–disorder transition temperature provide a simple expla-

nation for the absence of long-range ordered structures under

experimentally accessible conditions. The tendency for order-

ing is particularly low on hexagonally packed surface alloys

Fig. 3 Mixing enthalpies at T = 0 K for selected Cu : Pd ratios.

(J) Ordered ground state structures according to the experimentally

derived effective pair interactions; (~) corresponding DFT results;

(n) ordered structures with lowest energy, but unstable against phase

separation into neighboring ground state structures.
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with dominant nearest-neighbor interactions because of the

relatively high degeneracy of different structures with similar

compositions.11,30 A more pronounced stabilization of or-

dered bimetallic surfaces with hexagonal packing can be

attained on ordered bulk alloys as PtxSn1�x, where the surface

ordering is supported by the long-range order in deeper layers.

Finally, we want to briefly discuss the relevance of these

findings for model studies on the catalytic properties of alloy

surfaces and surface alloys. Most importantly, the catalytic

properties of a given configuration do not depend on whether

this represents an equilibrium configuration (at that tempera-

ture and under the respective experimental conditions) or not.

It is solely determined by the structural arrangement of the

components and the resulting electronic and hence chemical

surface properties. If the catalytic reaction is studied at

temperatures far below the onset of mixing or segregation,

this reaction will therefore proceed on the frozen non-equili-

brium configuration prepared before. If the reaction is inves-

tigated under conditions where the mobility of the surface

region is sufficient for finally reaching the equilibrium config-

uration, interactions between adsorbed species and the surface

have to be considered as well as they may alter the energetic

situation and hence also the composition and configuration of

the surface layer. This will be particularly important for alloy

surfaces or multilayer surface alloys with several bimetallic

layers on top of the monometallic substrate, where such

interactions are likely to affect the segregation behavior and

thus the composition of the catalytically accessible top layer.

For monolayer surface alloys, as investigated in the present

case, the latter effect is not possible, at least not for an inert

substrate. In this case, the effect of the interaction with the gas

phase and the adsorbed species is limited to more or less

pronounced modifications of the EPIs. Finally, the interaction

with adsorbed species may also alter diffusion barriers, both

for lateral diffusion within the topmost layer, which in our case

would affect the 2D freezing temperature, and for exchange

with the substrate, which could result in additional segregation

effects. Accordingly, these effects have to be tested in catalytic

model studies before surface configurations produced under

UHV conditions can be transferred to the reaction situation.

Hence, as long as model studies on structurally well char-

acterized (non-equilibrium) surfaces are used to determine the

adsorption or reaction behavior of specific bimetallic config-

urations and ensembles, the interpretation of the reaction

behavior (ensemble effects, ligand effects, etc.) may be com-

plicated, but is essentially straightforward. In these cases the

knowledge of the interaction energies and effective pair inter-

actions can be extremely helpful for estimating the configura-

tions experimentally accessible and the respective preparation

conditions. For adsorption or reaction on unstable surfaces,

where the composition of and atomic distribution in the

surface layer depend on the interaction with the adsorbed

species and the gas phase, the situation is much more complex.

In this case, the structure and the related energetic parameters

would have to be determined in situ, under adsorption/reac-

tion conditions. The pair interactions between the metal sur-

face atoms, derived for the bare surface alloy, can provide a

starting point for an estimate of the surface composition under

reaction conditions, but adsorbate induced modifications and,

in particular, segregation effects have to be considered as well.

4. Conclusions

The short-range order (SRO) in 2D CuxPd1�x/Ru(0001) sur-

face alloys, which was determined from atomically resolved

STM data with chemical contrast, could be quantitatively

reproduced by Monte Carlo (MC) simulations based on

effective pair interactions (EPIs). For any given coverage,

Fig. 4 Simulated annealing of a monolayer Cu2Pd/Ru(0001) surface

alloy. (a) Distribution at 600 K; (b) mixing energy as function of

temperature (decreasing from 600 to 1 K); (c) distribution at 1 K.
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the EPIs allowed us to identify the corresponding T = 0

ground state structures and to estimate their mixing energies,

i.e., the energies relative to the respective monometallic mono-

layer films, together with the order–disorder transition tem-

peratures. The results derived in this way from the

experimental data agree very well with corresponding DFT

calculations performed for selected concentrations.

The short-range order in the PdxCu1�x adlayer structure is

dominated by effective nearest-neighbor attractions between

unlike neighbors, which is reflected by a negative mixing

energy in the ground state structure in both the MC based

EPIs and the DFT calculations. MC simulations demonstrate,

however, that none of the ordered ground state structures are

stable at temperatures above 180 K, which prevents their

formation at temperatures 4600 K required for intermixing

for kinetic reasons. Hence, the absence of a long-range order is

characteristic of CuxPd1�x/Ru(0001) surface alloys for all

compositions and at all experimental conditions. Compared

to bulk alloy surfaces, the driving force for surface ordering is

significantly lower in surface alloys due to the lacking addi-

tional stabilization provided by interaction with a more stable

long-range ordered bulk bimetallic substrate.
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