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1 Introduction

1.1 Development

1.1.1 Historical

Alloys have made a major contribution in the technical progress for mankind, which can

be dated back to 6500 BC, associated with the development of the first metal melting tech-

niques in east asia [1]. Humans quickly discovered that the mixture of different metals

create materials exhibiting different and often superior properties compared to either of

the pure metals, especially relevant for the functionality of tools and weapons which in

the early history were essential for survival. One of the first found metal combinations,

the CuSn alloy bronze, was for a long time the dominant material for tools, weapons

and jewelry (see Fig. 1.1). In parallel, the CuZn alloy brass became important as coin

and jewelry material. Especially due to the higher rigidity and the wider availability,

with progress in melting and workmanship, iron and its alloys displaced bronze in daily

use. The obvious importance of metals and their alloys in history resulted in naming of

whole epochs after pure metals and alloys, respectively, namely the Copper Age (≈ 4300

- 2200 BC), the Bronze Age (≈ 2200 - 800 BC) and the Iron Age (≈ 800 BC - 600 AD), with

the given timescales valid for Central Europe.

With the industrial revolution in the 19th century, a huge progress in technology and

research was obtained, leading, amongst others, to the start of scientific research on alloy

systems due to the new requirements necessary for technological progress. Especially the

work of J.W. Gibbs ’On the Equilibrium of Heterogeneous Substances’ from 1876/1879

and of H.L.F von Helmholtz ’Thermodynamik Chemischer Vorgänge’ from 1882 are fun-

damental in this research area and can be seen as the sidereal hour for the thermodynamic

understanding and description of alloys [1]. The development of X-ray diffraction tech-

niques by M. von Laue and W.L. Bragg together with his son W.H. Bragg in 1912/13

made it for the first time possible to study crystal structures on an atomic scale. The im-

portance of this development was immediately recognized and honored by the Physics

Nobel Prizes awarded in 1914 and 1915, respectively, and instantly resulted in numerous

1



1 Introduction

Figure 1.1: Different artifacts of the Bronze Age (wikipedia): (a) ’Sun Wagon’ from Trund-

holm (Denmark 1400 BC), (b) bronze cup (Czech Republic 800 BC), (c) bronze cuirass (Greno-

ble 600 BC), (d) Yetlom-type shields (Great Britain 1200 - 800 BC), (e) typical European sword

(1600 BC).

pioneer studies to identify long-range order (LRO) and temperature dependend ordering

behavior in different bulk alloys [2–9], accompanied by first approaches for a theoretical

description of the observed ordering behavior [7–12].

In the 1940s, experimental efforts started to get a detailed understanding of the in-

terplay between alloy structure, electronic and catalytic properties. But these studies

resulted only in limited progress, since no suitable experimental methods existed in that

time [13–15]. Concerning catalytic applications considerable commercial interest in alloys

emerged in the 1960s and 1970s for hydrocarbon reforming in petrochemical industry due

to their often superior activity and selectivity compared to either of the pure metals as

heterogeneous catalysts [15–19]. Catalytic reactions take place on the surface of the cat-

alyst, therefore techniques suitable for surface property studies are required to achieve

2
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1.1 Development

progress in catalyst research. The development of ultra-high vacuum (UHV) prepara-

tion and analysis techniques made it possible to prepare clean and well-defined single

crystal surfaces and therewith, to correlate the atomic surface structure with its chemical

reactivity [20]. With further progress in surface techniques applied in UHV and under

realistic conditions more and more detailed insights were obtained, e.g., the pathbreak-

ing models of the electronic ligand [21, 22] and geometric ensemble effects [23]. Both will

be discussed later in more detail. Decisive for the experimental characterization of non-

periodic surface structures on atomic scale was the technical realization of the scanning

tunneling microscope (STM) 1981 by G. Binnig and H. Rohrer [24–26], which was hon-

ored by the Physics Nobel Prize in 1986. Nowadays, this technique is one of the leading

and most reliable methods in surface science and led to important progresses in the un-

derstanding of the surface structure of metals and alloys [1, 15, 19, 20, 27–30].

Beside the pioneering model description mentioned above, several concepts for a de-

tailed theoretical description and prediction of atomic alloy structures were developed.

In comprehension with alloy systems the so-called cluster variation method (CVM) de-

veloped by Kikuchi [31] is mentionable (cf. section 2.2.1). This approach achieved con-

siderable progress in theoretical predictions for alloy phase diagrams and information

on phase transformation processes and is in this area still an important basis for modern

ab-initio methods. A further decisive step was the development of the density-functional

theory (DFT) by P. Hohenberg, W. Kohn and L.J. Sham [32, 33], who described the many-

electron interaction problem by using an electron density instead. The rapidly increasing

computer power makes this computationally expensive approach the up-to-date method

for theoretical predictions in all regions of science, and hence, was honored by the Chem-

istry Nobel Prize for W. Kohn in 1998. Considering bimetallic systems, this DFT approach

brought remarkable accuracy in theoretical predictions of alloy structures [1, 19, 34–38]

and alloy reactivities [1, 19, 37–42]. An important disadvantage of DFT is the need of im-

mense computational time, which, even though dependent on the chosen system, in gen-

eral, limits the calculation to relatively small unit cells. Due to increasing computational

power, suitable modification of methods as well as the development of new methods,

this restriction disappears more and more, the size of calculated unit cells has drastically

increased, from a few atoms some years ago up to 500 atoms nowadays. With the cluster

expansion method (CEM), Sanchez et al. [43] developed a possibility to simulate highly

accurate atom distributions of large alloy systems including several thousand atoms [44]

via Monte-Carlo (MC) simulations. The MC algorithm developed by N. Metropolis and

3



1 Introduction

S. Ulam [45–47] is one of the most common simulation methods for thermodynamic and

kinetic studies in alloy physics. The thermodynamic MC simulation will also be used in

the framework of the present work.

1.1.2 Actual requirements

The above mentioned history of metals and their alloys clarifies that for various require-

ments and applications, advance in material development was always one of the most

important issues. In many high-technology developments alloys are involved and there-

fore a detailed understanding and directed alloy design is a major issue in scientific re-

search [1]. Currently, (bimetallic) surface chemistry plays a crucial role in technological

applications such as (electro-)catalysis, hardening, magnetic and magneto-optic, micro-

electronics or corrosion prevention [1, 20, 28]. The use as heterogeneous catalysts is prob-

ably one of the most important fields of technological interest. For a progress in this area,

the detailed knowledge of surface structure and its correlation with surface properties

is a stringent requirement [20, 29, 30, 48]. Based on simplified so-called model systems

(cf. section 1.2.2), important insights for the understanding of atomic processes on sur-

faces were obtained in the last decades. For this progress exemplary G. Ertl [49] has to be

mentioned here, who was honored with the nobel prize in 2007, underlining the impor-

tance of using basic model system studies nowadays. Considering bimetallic systems,

this basic understanding is necessary for the directed catalyst design, which are suitable

for industrial applications [15, 20].

4



1.2 State of research for bimetallic surfaces at the beginning of the present thesis

1.2 State of research for bimetallic surfaces at the beginning of

the present thesis

This section will give an overview about basic studies of bimetallic systems, including

the period up to the beginning of the experiments in the present thesis in 2005.

1.2.1 Chemical properties – relevance for catalysis

As mentioned before, bimetallic surfaces are interesting for a wide range of applications.

In this work, the focus is on heterogeneous (electro-)catalysis and therefore on the cor-

relation of the atomic surface structure with adsorption and (electro-)catalytic proper-

ties. This section covers the knowledge and progress in this research region, which were

achieved by the use of model surfaces for detailed studies of the surface properties with

relevance in heterogeneous catalysis.

Electronic and Geometric effects Compared to pure metals, bimetallic surfaces exhibit

modified properties which can be completely different and are often superior in activity

and selectivity to the respective components [1, 15, 19, 20, 29]. To rationalize this behav-

ior, several effects were introduced. Due to non-linearities of the reaction rates with sur-

face composition, the concepts of electronic ligand (lateral and vertical) [21, 50], electronic

strain [51] and geometric ensemble effect [23, 52] were introduced. The electronic ligand

effect is caused by heteronuclear bond formation and describes the modification of the

adsorption properties for an adsorption site, which can be an individual surface atom or

an ensemble consisting of several atoms, by the interaction to its neighborhood. One may

distinguish between the lateral (within the surface layer) and the vertical (perpendicular

to the surface plane) ligand effect. The electronic strain effect describes the changes in

the chemical surface properties induced by the modification of the orbital overlap, and

therefore by the (local) change of the lattice constant in the surface layer compared to

the respective bulk material. The geometric ensemble effect finally describes the smallest

ensemble of a single atom type necessary for the respective adsorption or reaction pro-

cess. In an extended view also the modification of the adsorption and reaction properties

due to the change of ensemble composition and ensemble choice/availability with cer-

tain structure (size, geometry and composition) can be included. Considering a certain

adsorption and/or reaction on the pure metal, adsorbates prefer a defined ensemble size

and geometry (ensemble requirement) to adsorb and/or react to the desired products.

By adding a second metal component, the availability of mono-metallic ensembles is re-

5



1 Introduction

Figure 1.2: Adsorption energy for CO adsorption on AuPd/Pd(111) surface alloys illustrating

the ligand and ensemble effect. (a) CO-Pd on top, (b) CO-Pd2 bridge, (d) CO-Pd3 3-fold adsorp-

tion with pure Au nearest-neighborhood, (c) CO-Pd2 bridge adsorption with one Pd atom in the

nearest-neighborhood (Reproduce with Permission [53], Wiley-VCH online ©2007).

duced and new types of ensembles appear, which can be suitable for adsorption and/or

reaction, but change reactivity and selectivity. Illustrations of the ensemble and ligand

effect are given in Fig. 1.2 and Fig. 1.3. Since Au is essentially inert towards CO adsorp-

tion, the DFT results illustrated in Fig. 1.2 show the dependence of the CO adsorption

energy from the available Pd adsorption ensemble and adsorption site neighborhood on

AuPd/Pd(111) surface alloys [53]. In Fig. 1.3, the different possible ensembles required

for associative H2 desorption from a bimetallic surface are illustrated [30]. Like the ligand

effect, the ensemble effect is not restricted to the surface plane. The required ensemble

to achieve a certain adsorption, reactivity and selectivity has to be considered in three

dimensions (3D) [29, 54]. Further details about the electronic and geometric effects can

be found in reviews, e.g., in [19, 29, 30].

The identification and definition of the depicted effects is an important progress for the

basic understanding of heterogeneous (electro-)catalysis. But even for the most simple

model systems it is still difficult to determine the necessary ensemble size and compo-

sition, and to distinguish between the contributions of the respective individual effects.

So, still plenty of work has to be done for detailed knowledge in this research area. The

only solution for this problem is an intensive collaboration between experiment and the-

ory, especially by finding and studying model systems which are ideally suited for the

respective problem.

6
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1.2 State of research for bimetallic surfaces at the beginning of the present thesis

Figure 1.3: Pure and mixed adsorption ensembles for the adsorption of two neighbored Had

species, as precursor state for hydrogen desorption. The numbers of different configurations for

the respective compositions are given in brackets (Reprinted from publication with permission

from Oldenburg Wissenschaftsverlag [30], Z. Phys. Chem. online ©2009).

Adsorption and catalysis on bimetallic model surfaces In the last decades, huge ef-

forts have been made to study the chemical properties of bimetallic surfaces, including

numerous model adsorption and model reaction experiments to identify effects relevant

for industrial applications. These efforts are summarized in major reviews [15, 19, 20, 29].

In recent years, especially the theoretical treatment of this research topic has strongly im-

proved and has given new insights, explanations, and more exact predictions for experi-

mental studies [19, 42, 51, 55, 56].

The most extensively used molecule to probe the chemical properties of metal surfaces

is CO, since it is a relatively simple molecule and relevant for industry in many catalytic

processes [15]. Hence, amongst all molecules the bonding mechanism of CO with a metal,

consisting of the σ-donation (electron transfer from the CO(5σ) orbital to the metal) and

the π-backdonation (electron transfer from the metal into the CO(2π*) orbital), is by far

the best-known one. Therefore probing of metal surfaces with CO gives information on

the electronic structure of the substrate as well as on modifications due to the CO-metal

bond formation, by comparing bimetallic surfaces with the surfaces of its pure compo-

nents. Especially Pt- and Ru-based bimetallic catalysts are very active for numerous cat-

alytic reactions, like CO oxidation or hydrocarbon reactions [19], e.g., detoxication of car

exhaust gases [57] or for potential fuel cell (FC) applications [58]. Regarding ’polymer

electrolyte membrane’ (also called ’proton exchange membrane’) fuel cells (PEM-FCs)

7
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which use CO containing feed gas, one of the largest problems for practical application

is the CO tolerance, since already for low CO concentrations in the feed-gas the anode

electrocatalyst is poisoned by blocking of the catalyst surface with CO. This inhibits the

adsorption and therefore the reaction of H2. Among the anode electrocatalysts suitable

for PEM-FCs, the PtRu bimetallic alloy is leading in the interplay between CO tolerance

and reactivity [59, 60], which is one reason that bimetallic Pt-Ru model catalysts belong to

the most intensively studied systems in (electro-)catalysis [19, 58, 61]. Despite of the nu-

merous studies, the structure - reactivity relationship is still not completely understood.

This illustrates the complexity and difficulty to understand such alleged ’simple’ reac-

tions.

Driven by the importance in PEM-FC applications, amongst others, nowadays the ’sim-

ple’ oxygen- and hydrogen-metal bonding is almost as well understood than the CO-

metal bonding [15, 19, 20]. Since already for these simple molecules the correlation of

(electro-)catalyst structure and reactivity / selectivity is not completely understood, the

search for an ideal catalyst in more complex molecules is to a large extent governed by

trial and error. Recently important progress was achieved by the description of chemical

activity with the DFT based, so-called surface d-band model [39, 51, 62, 63]. Especially

concerning pure and closed mono-metallic adlayers placed on mono-metallic single crys-

tals, this model results in estimates which are generally in good agreement with exper-

iment. However, the d-band model is an oversimplification of the electronic properties.

Indeed general correlations of binding energies can be obtained, but the model is still too

insufficient for reaction mechanism understanding on a molecular level [19]. Therefore

further fundamental studies in this area are necessary to meet the future requirements in

efficiency and environmental demands.

1.2.2 Bimetallic model surfaces.

Model systems Many catalysts used in technical applications are supported metal (al-

loy) particles [49]. The accessibility of these systems for detailed comprehensive exper-

imental and theoretical studies towards an understanding of the correlation between

atomic scale structure with activity / selectivity is limited due to the complexity of real

systems and the availability of experimental and theoretical methods. Therefore the com-

plex catalysts are reduced to simplified, so-called model systems, which can lead to a

detailed atomistic understanding. In general, the simpler the model system is, the more

exact and distinguishable informations can be obtained. For bimetallic systems, the most

8
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simple and defined model systems consist of a monometallic single crystal substrate,

which are modified in the outermost layer by small amounts of a second metal [30]. Some

model systems for the respective nanoparticles are illustrated in Fig. 1.4. These model

systems are accessible for structure determination by methods like STM. Together with

adsorption / reaction studies on these surfaces, they provide the possibility to correlate

surface structure with (electro-)catalytic properties.

Figure 1.4: Schematic description of different single crystal model systems for adsorption / reac-

tion studies on bimetallic surfaces and the analogous bimetallic nanoparticles. (a) surface mod-

ified by adatoms of a second metal, (b) surface modified by (monolayer) islands of a second

metal, (c) surface modified by a (mono-)layer of a second metal, (d) (mono-)layer surface alloy

(Reprinted from publication with permission from Oldenburg Wissenschaftsverlag [30], Z. Phys.

Chem. online ©2009).
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Preparation In general, the preparation of bimetallic surfaces can be performed via (i)

sputter cleaning [64, 65] (ii) cutting and polishing of bulk alloy crystals or (iii) vapor de-

position [15, 19, 20, 28]. The latter is the most common method, since vapor deposition

allows the preparation of a much wider variety of bimetallic systems including, e.g., ar-

bitrary overlayer amounts of metal A on substrate B or surface mixtures of metals which

do not mix in the bulk. Furthermore, such systems with only an one atom thick bimetallic

layer on a pure substrate have defined homogeneous subsurfaces, making them simpler

and therefore easier to study. In the following it will be focused only on vapor deposition,

due to its major importance and its exclusive usage in the present work.

Growth modes Excluding kinetic effects and intermixing of the two components tradi-

tionally three different thermodynamic growth modes are classified for vapor deposition

of one metal upon a single crystal surface (Fig. 1.5), the ideal layer-by-layer or Frank van

der Merwe (FM), the 3D- after smooth mono-/multilayer or Stranski-Krastanov (SK) and

the 3D- or Volmer-Weber (VW) mode [66–68]. Depending on metal combination, and

surface geometry, the first metal overlayer can grow (i) pseudomorphically by adopting

the lattice of the underlying substrate and relax in subsequent layer(s), finally adopting

its bulk lattice constant, or (ii) start relaxation already in the first atom layer, forming a

more or less regular reconstruction pattern. Pseudomorphic growth is observed for the

major number of metal-on-metal systems [15, 20], including all binary systems studied in

this work, Cu/Ru(0001) [69], Pd/Ru(0001) [70], Pt/Ru(0001) [71, 72], Ru/Pt(111) [73],

Pd/Ru(0001) [74] and Au/Pt(111) [75, 76], and occurs mostly only for the first 1-2 atomic

layer(s). Commonly the slash (’/’) denotes the separation of metal layers mentioned

on the right and left hand side. Possible indices denote the respective metal amount,

e.g., Pt1ML/Ru(0001) denotes a Ru(0001) substrate covered by 1 monolayer (ML) Pt and

Figure 1.5: The three classical metal on metal growth modes: Frank van der Merwe (FM) or ideal

layer-by-layer growth, Stranksi-Krastanov or 3D after smooth growth (here: 1 monolayer smooth

growth), Volmer-Weber or 3D-growth.
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Pt0.48Ru0.52/Ru(0001) a monolayer thick alloy on a pure Ru(0001) single crystal, the so-

called surface alloy, consisting of 48% Pt and 52% Ru. This nomenclature will be used in

the following.

Instead of the formation of metal overlayer(s), the deposited metal A can also diffuse

into the bulk of the substrate B leading to a bulk alloy, into the subsurface to form an

B/A/B or B/AB/B ’sandwich’, intermix in several surface layers resulting in a multi-

layer surface alloy, or intermix only in the outermost atom layer forming a surface alloy

AB/B [19], which will be focused on in this work.

1.2.3 Surface confined alloy formation

Choosing suitable metal combinations, two different possibilities exist to confine alloying

to the outermost layer. In the first case, metastable surface alloy formation is achieved by

deposition of metal A on the single crystal substrate B at elevated substrate temperatures,

or by subsequent annealing to a temperature which is sufficient for exchange with the

topmost substrate layer, but insufficient (due to kinetic limitations) for bulk diffusion

(Fig. 1.6a). In the second possibility, a total amount of one monolayer metal A and B

are deposited on a single crystal C, either simultaneously or subsequently, at elevated

temperatures or followed by annealing to achieve lateral interdiffusion (Fig. 1.6b). The

metal C serves as substrate which for the applied temperatures is inert for place exchange

with metal A or B, but which determines the lattice geometry and dimensions in the AB

alloy layer.

Surface alloy formation is not restricted to metal combinations showing miscibility (of

comparable amounts) in the bulk. This offers the possibility to study alloy systems which,

at least for the applied temperatures, do not exist in three dimensions. For a large number

of metal combinations, this phenomenon was observed to result in ordered surface alloys

[15, 20, 28, 77], mainly characterized by low energy electron diffraction (LEED), but also

in disordered atom distribution like found for AuNi/Ni(110) [78, 79], PtRu/Ru(0001)

[80, 81] or AgPt/Pt(111) [82].

Surface segregation. In the case of surface confined intermixing of the deposited metal

with the substrate, 2D mixing is achieved without being accompanied by bulk diffusion

(cf. section 1.2.3). That the deposited metal remains in the surface layer is generally a

metastable status, since dissolution in bulk is entropically always favorable. The ten-

dency to stay in the outermost atom layer of the substrate is associated with the surface

11
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Figure 1.6: Schematic description of different preparation schemes for the formation of surface al-

loys. (a) Formation of AB surface alloys by deposition of defined small amounts of A on an B-type

substrate and subsequent controlled annealing, (b) formation of AB monolayer surface alloys on

an inert substrate C by sequential or simultaneous deposition of A and B and subsequent anneal-

ing (Reprinted from publication with permission from Oldenburg Wissenschaftsverlag [30], Z.

Phys. Chem. online ©2009).

segregation of the deposited metal dissolved in the as ’host’ acting substrate metal. The

decisive parameters for the occurrence of surface segregation is the concentration, the

surface orientation, and the differences in surface energy and NN bulk distance of the

pure metals [36, 83–87].

Generally, dissolved impurity atoms with a NN bulk distance larger than that of the

host tend to segregate to the surface. The reduced number of neighbors (coordination

number) available in the outermost layer is leading to expansive stress. Additionally,

atoms dissolved in a ’smaller’ bulk cause tensile stress. By removal of the ’larger’ atoms

from the bulk and inclusion in the outermost layer, the expansive surface strain is re-

lieved while simultaneously the optimal situation in the bulk is reconstituted [87].

A database of surface segregation energies for all 3d, 4d and 5d bimetallic combina-

tions calculated via DFT is tabulated in ref. [34] for unrelaxed and in ref. [36] for relaxed

surfaces (relaxation due to the stress caused by the pseudomorphic outermost layer). For

most cases the differences in the results by inclusion of relaxation effects are marginal.

These calculations assume the dissolution of an ’impurity’ metal in an endless bulk ’host’,
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1.2 State of research for bimetallic surfaces at the beginning of the present thesis

hence the tabulated energies have to be considered with care when concentrated bulk al-

loys are considered. However, regarding surface alloys this database should be a good

guide, since a sub-monolayer amount of ’impurity’ metal is negligible compared to the

number of bulk atoms. In bimetallic systems statistically evaluated so far, AgPt/Pt(111)

[82], PtRu/Ru(0001) [80, 81] or AuPd/Pd(111) [30, 53, 88], the theoretical prediction for

metastable surface confined alloy formation [34, 36] is confirmed by the respective exper-

iment within certain temperature ranges.

Surface alloys on an inert substrate. A trick to mix bulk immiscible systems in the

surface layer is to force the two metals onto an inert substrate, which exhibits no misci-

bility tendency with the deposited metals and owns a nearest-neighbor (NN) distance

between the bulk values of the two deposited metals. For pseudomorphic growth a

pure metal layer with a larger bulk NN distance than the inert substrate experiences

compressive, a metal layer with a shorter bulk NN distance tensile strain. By mixing

both species on the inert substrate, strain relieve is obtained for both overlayer sys-

tems, the main driving force for such kind of surface alloy formation considering bulk

non-miscible systems [89–91]. Such atomically characterized disordered systems are

AgCu/Ru(0001) [89, 92, 93] and CoAg/Ru(0001) [90, 94], in which the NN distance

of the Ru(0001) substrate (0.270 nm) lays in between those of the respective deposits

(Ag: 0.289 nm, Cu: 0.256 nm, Co: 0.251 nm).

To avoid bulk diffusion of the deposit, also the bulk miscible systems AuPd/Ru(0001)

[95] and CuPd/Ru(0001) [91] were prepared that way. (It has to be mentioned that

despite of bulk miscibility, AuPd/Pd(111) surface alloys [30, 53] have been prepared.

But in this case, surface confined alloying is very unstable towards Au bulk diffusion

and can therefore only be prepared in a very small temperature window.) While for

CuPd/Ru(0001), analog to the bulk immiscible systems, one deposit has a larger (Pd:

0.275 nm) and one a smaller (Cu: 0.256 nm) NN distance than the Ru(0001) substrate,

in AuPd/Ru(0001) [95] both deposits exhibit a larger NN (Au: 0.288 nm, Pd: 0.275 nm)

distance than the Ru(0001) (0.270 nm) substrate.

1.2.4 Structure characterization of surface alloys

Short-range order. Missing long range order (LRO) made it impossible to characterize

the atomic structure of disordered alloy surfaces until the development of STM, which

allows to distinguish between different metals in the surface plane due to differences

13
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Figure 1.7: Atom distribution in different disordered surface alloys: dispersed distribution in (a)

Au0.88Pd0.12/Pd(111) (8.3 × 8.3 nm2) (Reproduced with Permission [53], Wiley-VCH ©2007) ran-

dom distribution in (b) Pt0.31Ru0.69/Ru(0001) (8.5 × 10.2 nm2) (Reprinted from Publication with

permission from Elsevier [80], Elsevier online ©1998), clustering in (c) AgPt/Pt(111) after depo-

sition of 0.55 ML Ag followed by annealing (50 × 50 nm2) (©1993 by the American Physical So-

ciety [82], APS online), dispersed distribution in (d) Au0.28Pd0.72/Ru(0001) (12 × 12 nm2) (©1999

by the American Physical Society [95], APS online) and (e) Cu0.20Pd0.80/Ru(0001) (10 × 10 nm2)

(©2006 by the American Physical Society [91], APS online).

in the electron density. This so-called chemical contrast was first demonstrated for the

PtNi(111) bulk alloy [96] and afterwards achieved for a number of further bulk alloy sur-

faces [97] as well as for the surface alloy systems mentioned above.

Despite of the absence of LRO in disordered atom distribution, the chemical contrast

allows a quantitative characterization and comparison between different disordered sys-

tems, e.g., by use of the short-range order parameters [44, 98–100], which will be dis-

cussed in detail in the following chapter (cf. 2.1). With the help of this parameteriza-

tion, disordered AxB1−x/C surface alloys can be classified into (i) dispersed atom distri-

butions with a dominance of A-B neighborhoods, (ii) random/statistical atom distribu-

tions, implying no distinct preference neighborhoods, (iii) clustered atom distributions
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with a preference of A-A and B-B over A-B, resulting in homoatomic 2D atom clusters

which are homogeneously distributed over the surface, and (iv) ’real’ phase separation

resulting in large homoatomic domains. For the binary systems AxB1−x/B, (i) dispersed

(AuPd/Pd(111) [30, 53], Fig. 1.7a), (ii) random (PtRu/Ru(0001) [80, 81], Fig. 1.7b), and

(iii) clustered (AgPt/Pt(111) [82], Fig. 1.7c) atom distribution was observed. In the case

of surface alloys on an inert Ru(0001) substrate, (i) dispersed (AuPd/Ru(0001) [95], Fig.

1.7d and CuPd/Ru(0001) [91], Fig. 1.7e) atom distribution, as well as (iii) clustering

and (iv) phase separation, both observed for CoAg/Ru(0001) [90, 94] depending on the

Figure 1.8: Surface alloys showing homogeneous distribution and phase separation of equi-

librated surface alloys, dependent on surface composition (a)-(c) CoxAg1−x (©2001 by the

American Physical Society [94], APS online) and (d)-(f) AgxCu1−x (©1995 by the American

Physical Society [89], APS online) films on Ru(0001). Clustered distribution in (a) mor-

phology image of sub-monolayer Co0.75Ag0.25/Ru(0001) (189 × 168 nm2) and (b) atomic res-

olution of Co0.60Ag0.40/Ru(0001), pronounced phase separation in (c) Co0.20Ag0.80/Ru(0001)
(100 × 100 nm2) into large domains consisting of pure Ag and CoAg alloy, respectively. Mor-

phology of (d) preferred Cu inclusion at Ag corrugations in Ag0.84Cu0.16/Ru(0001) (30 × 30 nm2)

as well as of (e) (100 × 100 nm2) and (f) (20 × 20 nm2) alloy domain formation separated by Ag

domain walls in Ag0.70Cu0.30/Ru(0001).
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composition (Fig. 1.8a-c), have been found so far. All of these alloy films grow pseudo-

morphically on an isotrop and hexagonal substrate and show similar ordering behavior

over the whole composition range x = 0− 1.

Phase separation. Since an Ag monolayer on Ru(0001) does not grow pseudomor-

phically but rather forms a moiré pattern [89], the AgCu/Ru(0001) [89, 92, 93] and

CoAg/Ru(0001) [90, 94] surface structures are composition dependent. In the case of the

CoxAg1−x alloy film, a pseudomorphic alloy layer with homogeneous metal distribution

is obtained for x > 0.6 (Fig. 1.8a,b) and phase separation, including dislocations in the Ag

domains for x < 0.4 [94] (Fig. 1.8c). AgxCu1−x/Ru(0001) behaves more complicated. At

low Cu contents, the Cu atoms are preferentially found in regions between the corruga-

tion maxima of the Ag film (Fig. 1.8d). But already at x = 0.7, homogeneous triangular

AgCu domains are formed, separated by domain walls purely consisting of Ag [89] (Fig.

1.8e,f). The two possible orientation of the domain triangles rotated 180° to each other are

attributed to fcc and hcp-site occupation. Due to the preference of Ag for fcc and Cu for

hcp Ru(0001) sites, the surface area covered by the respective stacking is determined by

the metal ratio. The energetically favorable alloy domain grows at expense of the other,

leading to a larger surface area covered by fcc stacked alloy for xAg > 0.5 and vice versa

for xCu > 0.5 [89]. For anisotropic surface orientations further phase separation effects can

take place. The rectangular surface orientation in AuxNi1−x/Ni(110) for example, causes

an anisotropic Au inclusion into the Ni film with preference of homoatomic chains along

the closer packed [110] direction [78]. This leads to a phase separation into Au and Ni

domains observable for x > 0.4 [79].

Structure predictions by theory Parallel to the DFT-based segregation energies de-

scribed above, Christensen et al. [34] established a DFT based database which describes

the mixing tendency for all possible 3d, 4d and 5d metal combinations in the outermost

surface layer. By excluding bulk diffusion, the 2D mixing energy was determined as-

suming a zero concentration limit for the deposited metal, and a pseudomorphic surface

structure without strain correction. With these assumptions a prediction between phase

separation / island formation with preferred unlike neighborhood and dispersed distri-

bution with preferred uniform neighborhood is possible. Considering the quantitative

evaluated bimetallic AxB1−x/B surface alloys, the experimentally found strong cluster-

ing in AgPt/Pt(111) [82] is verified by the DFT calculations, while strong preference for

Pt-Ru neighborhood in PtRu/Ru(0001) [80, 81] predicted by the DFT calculations dis-
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agrees with the experimentally found random structure.

Based on the sign of the heat of segregation from the bulk and the sign of the surface

mixing energy, Christensen et al. [34] classified four generic classes of surface energy

diagrams (Fig. 1.9). With this classification it can be estimated if surface alloy formation

is possible and when surface alloy formation occurs, which kind of surface alloy (ran-

dom, disperse, clustering) is probably formed. (Like mentioned above entropy effects

are excluded in this estimation.) These surface energy diagrams include two aspects, (i)

the segregation behavior of an ’impurity’ metal A in an bulk B (based on the heat of seg-

regation), which allows to estimate the tendency of an deposited metal A to stay in the

outermost layer of substrate B, and (ii) the mixing tendency (based on the metal interac-

tion energies) of deposited metal A with substrate metal B in the topmost layer. The slope

of the straight line displays (i), the segregation behavior. A negative slope (upper row in

Figure 1.9: The four generic classes of surface energy diagrams proposed by Christensen et al.

[34]. Upper row: negative segregation energy, Lower row: positive segregation energy, left col-

umn: negative mixing energy, right column: positive mixing energy (©1997 by the American

Physical Society [34], APS online).
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Fig. 1.9) indicates surface segregation of ’impurity’ metal A onto metal B, which allows to

estimate that deposited metal A may stay in the topmost layer of substrate metal B, also

at temperatures necessary for place exchange between the metals in the outermost layer.

Certainly this can only be true for a particular temperature window, since for high tem-

peratures dissolution of A in the B bulk is always favorable. A positive slope (lower row

in Fig. 1.9) indicates no surface segregation of impurity metal A, allowing to conclude

that probably no temperature window exists in which sufficient intermixing (sufficient

for surface alloy formation) in the topmost layer is achieved, while no bulk or subsurface

diffusion occurs. The curvature / sign of the difference between straight line and curve

displays (ii), the mixing tendency of the two metals in the outermost layer. The curvature

expresses the A-A excess interactions in the surface layer, the deviation from an ideal so-

lution, in which all atomic arrangements (alloyed or dealloyed) have the same stability.

This means that for an ideal solution the curve would be on the straight line. A curve

lower than the straight line (left column in Fig. 1.9) corresponds to repulsive A-A excess

interactions or negative mixing energies of the random solution, therefore a surface alloy

with disperse atom arrangement is expected. For attractive A-A excess interactions or

positive mixing energies the curve is above the straight line (right column in Fig. 1.9)

and phase separation or clustering is expected in the surface layer.

The available database for all 3d, 4d and 5d metal combinations [34] on the segregation

behavior and surface intermixing is used as orientation in this work for the search of po-

tential systems forming surface alloys. This and predictions for the mixing behavior in

the surface layer are compared with experimental results achieved in the current thesis

and discussed in the sections of the respective surface alloy systems.
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1.3 Open questions tackled in the current thesis

Alloys confined to the outermost layer on a pure single crystal substrate represent the

most basic approach to study structure and properties. Certainly such systems are much

to simple compared to industrial catalysts, but the simplicity of these model system has

some decisive advantages. The atomically smooth surface allows to image the exact

chemical and geometric atom structure of the surface by STM with chemical contrast.

In an ideal surface alloy, all deeper layers consist of only one type of metal, hence all

local electronic modifications of the surface atoms stem from visible lateral and known

vertical neighbors. Additionally, the chemical identification of the surface atoms in STM

images with chemical contrast is considerably facilitated, or even only possible due to the

homogeneous support. Apart from such local effects (atom ensembles, ligands), the ad-

sorption properties are influenced by lattice strain. Nevertheless, the simplicity and the

exact knowledge of the surface and the subsurface region of such well-defined surfaces in

combination with systematic adsorption and reaction studies performed thereon provide

a good basis for a directed design of (electro-)catalysts. Therefore, this thesis focuses on

such well-defined model system, it shall give a contribution to a better knowledge and

understanding of structure, stability and the formation process of these surface alloys.

1.3.1 Surface alloy structure – experiment, theory and simulation

At the beginning of this project, only a few systems had been analyzed in detail for their

lateral atom distribution, specifically AuxPd1−x/Pd(111) [30, 53, 88], PtxRu1−x/Ru(0001)

[80, 81], AuxPd1−x/Ru(0001) [95], PdAu/Au(111) [101] and CuxPd1−x/Ru(0001) [91].

One aim of this work is to extend this database for industrial important and interest-

ing Pt- and Ru- based alloys, considering the whole composition range (x = 0 - 1) and

additionally, to analyze the availability of specific atom ensembles which may serve as

potential adsorption sites for small molecules. For this purpose, the atom distribution is

imaged by high-resolution STM with chemical contrast and statistically analyzed. Based

on the experimentally found atom distributions, interaction parameters shall be derived

which are suitable for a description of the atom structure and its simulation in a Monte-

Carlo algorithm. Such simulations allow to generate the structure of surfaces, which

are prepared for test adsorption and reaction experiments, following the same recipes

as used in the STM studies. The simulated distributions provide a possibility to con-

clude additional informations about the relationship of surface structure with chemical

properties, e.g., TPD simulations on the MC generated atom distributions. Apart from

19



1 Introduction

correlations between different types of experimental structures, MC simulations are also

useful as bridge from DFT calculations of periodic supercells to the disordered surface

alloys observed at non-zero temperatures.

1.3.2 Stability of surface alloys

Strongly connected with the surface alloy formation is the aim to make predictions about

the stability of surface alloys. This is very important, since changes in the surface struc-

ture during adsorption and (electro-)catalytic experiments also modify the chemical prop-

erties, making correlations with structure much more difficult or even impossible. In this

work, the stability aspect is discussed for AxB1−x/B surface alloy systems. A contribu-

tion to the aim of simple predictions about the surface alloy stability shall be given by

suitable growth, overgrowth and annealing experiments analyzed by STM and AES.

1.3.3 Formation of surface alloys

As mentioned above, the stability of surface alloys and the formation process are mu-

tually dependent. Hence, the experiments dealing with equilibrium structures give also

insight into the surface alloy formation mechanism. By combining these results with

STM measurements on non-equilibrated surface alloys, detailed knowledge about the

alloy formation process should be achieved. In the present work, this is tried by apply-

ing annealing conditions (temperature and time) sufficient for initial A-B exchange but

insufficient for 2D equilibration, followed by high-resolution STM imaging with chem-

ical contrast. Such kind of experiment was already performed for a binary CoCu layer

on an inert Ru substrate [102] with lower resolution, nevertheless atomically resolved

data as well as data on non-equilibrated mono-atomic alloy layer films of purely binary

AxB1−x/B systems are still missing. Closing this gap and hence the identification of the

alloy formation mechanism is a further aim in the present work.
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2.1 Short-range order

In general, the atom distribution of surface confined alloys does not follow any regular

pattern over farer distances, instead the arrangement is correlated with the direct atomic

neighborhood over only a very few atom distances. This disordered but not necessarily

random arrangement needs to be characterized in such a way that varying arrangements,

e.g., like present in different surface alloys, can be quantified and hence compared with

each other. To characterize and quantify the short distance correlations in bulk alloys, the

so-called Warren-Cowley short-range order (SRO) parameter α was introduced [98, 99].

This SRO parametrization is also applicable for the discription and statistical evaluation

of surface confined alloys [91, 95, 103–105]. It can be calculated as

α(r) = 1− pAB(r)
xB

(2.1)

for the 2D case of binary surface alloys. pAB(r) is the probability to find an atom type B

in a distance r of a given atom type A, and xB depicts the fraction of atom type B in the

alloy. For a random distribution, the probability pAB(r) equals the fraction xB and the

SRO parameter becomes zero. For preferred alike neighborhoods, xB exceeds pAB(r) and

α(r) becomes positive, in the opposite case, α(r) becomes negative. The absolute values

of the Warren-Cowley SRO parameters give a quantitative information about the degree

of ordering and therefore allow for a quantitative comparison of different systems. In

a strict sense, this formulation of the SRO is only completely correct for systems with

periodic boundary conditions. For systems with non-period boundary conditions, there

are slight discrepancies in the values due to the missing neighbors for the border atoms.

An exact formulation can be given by using the correlation function Π [44, 100, 106, 107]

Π(r) =
1

ND(r) ∑
d(ij)=r

SiSj , (2.2)

with N being the total number of atoms in the considered structure, D(r) the number

of equivalent clusters per lattice side, e.g., for pairs the number of available atoms in
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2 Quantitative characterization of surface alloys

distance r, and the spin variable Si which is −1 for atom type A and +1 for atom type

B at position i. Limited to atom pairs, N gets the value 2, since the pairs consist of two

atoms and D(r) equals the number of atoms, the so-called coordination number z(r) in

the corresponding distance r. With these restrictions, the pair correlation function Π(2)(r)

for binary systems of the form AxB1−x, can be written as

Π(2)(r) =
1

2z(r) ∑
d(ij)=r

SiSj (2.3)

Using the correlation function, the SRO parameters α(r) are calculated as [44, 100]

α(r) =
Π(2)(r)− (2x− 1)2

1− (2x− 1)2 (2.4)

For correctness, all SRO parameters mentioned in this work, are calculated using the

pair correlation function, since STM-based atom distributions are naturally not period-

ically repeated. Because of this lack of periodicity, all border atoms, which due to the

image border miss neighbors in the considered distance r, are not included in the sta-

tistical evaluations of the present work. It has to be mentioned that the Warren-Cowley

SRO parameters (see eq. 2.1) used in former publications [91, 95, 103, 104, 108] are not

wrong. Meanderings to the exact correlation function (see eqs. 2.2, 2.3) are in general

below 1% and therefore not obviously noticeable. The evaluation of these parameters as

well as the simulations described in the following sections were performed with a home-

programmed software written by Harry E. Hoster in the Institute of Surface Chemistry

and Catalysis.
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2.2 Energy model

2.2 Energy model

Already in 1919, Tammann proposed that the temperature dependent changes in the

atomic order of alloys occur via place exchange processes in a fixed lattice [10]. Later on,

the prediction was confirmed by X-ray and conductivity measurements, e.g., for CuAu

[2–4], FeAl [6] and CuPt [4] bulk alloys. These measurements showed that dependent on

the metal combination, stoichiometric composition, and temperature condition, statisti-

cal as well as ordered atom distributions are possible as equilibrium states [5]. Quenching

at high annealing temperatures always results in a disordered atom distribution. At very

slow cooling rates or at low-temperature conditions, for certain metal systems and sto-

ichiometric compositions, e.g., CuAu, Cu3Au, Cu3Pd and CuPd, superlattice structures

are observed which can be associated with stable ordered, long-range periodic structures

[2–5]. To explain the ordered structures as the most stable ones, the classical state vari-

ables, concentration and temperature, are not sufficient for a thermodynamic description

[10]. To justify the stability of disordered systems, the degree of order was introduced

into the thermodynamic approach to calculate the systems free energy [11]. Since then,

alloys are regarded as systems in dynamic equilibrium, in which the atomic lattice struc-

ture is determined by the interaction of the metals and the common electronic structure

with a permanent place exchange caused by thermal excitation, but maintaining crystal

structure. The crystal structure is determined by the balance of two opposing processes,

(i) lowering the potential energy by a certain arrangement of the different atom types

relative to each other and (ii) maximizing the entropy by driving it towards a random

arrangement. The interplay of these opposing effects causes a temperature-dependent

atomic order, finally always leading to random distribution for sufficiently high temper-

atures [7–9]. Mathematically, this can be illustrated in the Gibbs free energy

∆G = ∆Hmix − T∆Smix (2.5)

with ∆Hmix being the intrinsic or mixing energy of the alloy and T∆Smix the entropy term

whose contribution to the free energy is, for a given atom distribution, dependent on

the temperature T. In the further work we will first concentrate on the derivation of the

intrinsic energy by introducing the interaction (cf. section 2.2.1) as well as the energy

model (cf. section 2.2.2) to describe the observed atomic distribution in an energetic way,

whereas the entropy is included by the Boltzmann distribution. Additionally, a model

for calculation of the configurational entropy is introduced, which is necessary to derive

2D phase diagrams (cf. section 4.1.6).
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2 Quantitative characterization of surface alloys

2.2.1 Effective cluster interactions

In the Bragg-Williams approximation, the calculation of the intrinsic energy for binary

alloys AxB1−x was first confined to ordered systems, i.e., systems with long-range order

(LRO), with an atom ratio A/B = 1/1. With the objective of a more adequate descrip-

tion for order-disorder transitions, the limitation to systems with superlattice structure

was eliminated by an extension of Bethe [109] and simultaneously by Guggenheim’s

[12, 110, 111] quasi-chemical approximation (an error in the theory was corrected by

Rushbrooke [112]), which finally emerged to be equivalent to Bethe’s theory. In this ap-

proach, the free energy of the system is determined only by the short-range order. The

interaction of direct neighbors is considered as the only relevant parameter for the calcu-

lation of the intrinsic energy.

In Bethe’s theory, the following assumptions were made to calculate the internal en-

ergy of binary alloys: (i) restriction to binary alloys containing equal numbers of A and

B atoms; (ii) fixed lattice with z neighbors for every atom [8, 109]. The order of neighbors

σ is defined as the probability difference pAB − pAA of finding a B-type atom (pAB) and

an A-type atom (pAA) adjacent to a given atom type A. Perfect order and complete dis-

order (’random distribution’) mean σ = 1 and σ = 0, respectively. For an A atom, the

probability to find in the NN distance a B-type atom is given by 1
2 (1 + σ) and an A-type

atom by 1
2 (1− σ). With the coordination number z and the total number of atoms N, the

number of available AB pairs in NN distance is given by 1
4 Nz(1 + σ) and the number of

AA pairs and BB pairs, respectively, by 1
8 Nz(1− σ). With the assumption that NN inter-

actions are the only relevant ones, the intrinsic energy U can be calculated using the pair

interaction energies VAB, VAA and VBB, between the AB, AA and BB pairs, respectively.

U =
1
4

NzVAB(1 + σ) +
1
8

Nz(VAA + VBB)(1− σ) (2.6)

=
1
8

Nz [2VAB(1 + σ) + (VAA + VBB)(1− σ)] (2.7)

=
1
8

Nz [4VAB + VAA + VBB − 2VAB − σ(VAA + VBB − 2VAB)] (2.8)

=
1
2

NzVAB +
1
4

NzV(2)
e f f −

1
4

NzσV(2)
e f f (NN) (2.9)

In eq. (2.9), the so called effective pair interaction (EPI) for NN V(2)
e f f is introduced by

Bethe [8, 37, 109].

V(2)
e f f =

VAA + VBB

2
−VAB (2.10)
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2.2 Energy model

This energy parameter V(2)
e f f plays a decisive role for the further description of surface al-

loys in this work, since this parameter allows the description of the atom distribution and

its simulation when included in a suitable energy model. The EPIs represent the differ-

ence of the interactions between like atom and unlike atom types and the experimentally

obtained atom distributions result from this interplay of the different types of interactions

as well as from the temperature dependent contribution of the entropy. Therefore, it is not

possible to deduce the absolute interaction parameters VAB, VAA and VBB from the atom

distribution, but the effective interactions V(2)
e f f , which, if included in an energy model ac-

counting for the atom arrangement and entropy, can be used to describe and simulate the

observed atom distribution. Since metals interact attractive with each other, their interac-

tion energies adopt negative values. A dominance of the interactions between like atom

types (VAA and VBB) results in V(2)
e f f < 0 and therefore, at sufficiently low temperatures, in

a clustered atom distribution with a relative large amount of homoatomic ensembles. In

the opposite case, in which the heteroatomic interactions VAB are dominating, V(2)
e f f turns

positive and at sufficiently low temperatures a dispersed atom distribution containing

relatively small homoatomic ensembles has to be expected. The restriction to equiva-

lent atom ratios was first overcome by Peierls [113], who first applied the Bethe theory

to the Ising model allowing energy calculations for arbitrary alloy compositions. The

theory can also be extended to further neighbors, like shown for next nearest-neighbors

(NNN) by Chang et al. [114]. Good recapitulations about the above mentioned theories

are given, e.g., by Nix and Shockley [115] or by Domb [116].

A decisive extension in the theoretical treatment beyond pairs, was made by Kikuchi

[31] by inventing the cluster-variation method (CVM), in which arbitrary polyatomic

clusters can be used for the energetic system description [117, 118]. By inclusion of fur-

ther clusters the energy calculation becomes more accurate, but also more complex and

significantly more difficult in processing. The by far simpler quasi-chemical approxima-

tion is to be preferred if equivalent counting schemes are used, e.g., for the simplest of

all clusters, the pair cluster [119]. A further extension that has to be mentioned is the

so-called cluster expansion which was developed by Sanchez et al. [43, 120] and, with

several refinements, extensively used, e.g. in [44, 107, 121–128].

In the present work, the energy description and simulation of the atom distribution in

the surface alloy will be restricted to effective pair interactions (EPIs), which can be de-

duced from the experimental determined atom distribution. It has to be mentioned that

also effects like strain or the chemical potential surface energy contribute to the EPI pa-
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2 Quantitative characterization of surface alloys

rameters. The deduced EPIs are no absolute or ’true’ interaction energies, but as it will be

shown later in chapter 4.1, the parameters are sufficient to describe and reproduce the ex-

perimentally found atom distribution in a thermodynamic Metropolis MC simulation (cf.

2.3.2). Furthermore, the EPIs can be used to determine the order-disorder transition tem-

perature, for T = 0 K ground state (most stable ordered structures for T = 0 K) search,

for the derivation of 2D phase diagrams, or for simulation of non-measured composi-

tions, which can be quantitatively evaluated, e.g., with respect to available adsorption

sites. These in turn are necessary to evaluate and explain temperature programmed des-

orption (TPD) experiments processed for different compositions as measured by STM.

Because of the varying strain and the possible variation of further electronic effects

with varying alloy composition, EPI parameters are generally composition dependent.

But desirable are parameters, that are applicable for all surface alloy concentrations, so

that one EPI parameter set would be enough to describe and simulate arbitrary composi-

tions of the respective surface alloy. In the surface alloys described in this work, the EPIs

are largely composition independent. Hence, using EPIs deduced from a composition

near A50B50, is already suitable to generate atom distributions of all other compositions.

Nevertheless, the best results should be achieved for EPI parameters deduced from the

closest available composition relative to the generated one. Certainly, there exist a num-

ber of other EPI sets which describe the system as well, and the EPIs determined by

the algorithm illustrated in section 2.3 are only one possibility to describe the respective

atom distribution. But since the main aim is a suitable description and reproduction of

the system state, these parameters are sufficient.

2.2.2 2D lattice-gas Hamiltonian

In the previous section 2.2.1, the interaction models were discussed. The EPIs now have

to be embedded into an energy model to deduce energy parameters, which are conve-

nient to describe the experimentally found distributions. Similar to the bulk [27, 129], a

suitable energy model is the 2D lattice-gas Hamiltonian derived from the Ising model,

that originally was used to quantify ferromagnetism [130, 131]. This model contains two

different species A and B, which are distributed over lattice sites. To each site, an occupa-

tion operator S is assigned, it turns +1 if the corresponding site is occupied by an A atom,

and −1 if the corresponding site is occupied by a B species. This way the 2D lattice-gas

Hamiltonian H, which represents the system energy, is written for binary alloy systems
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2.2 Energy model

as [27, 95, 132]

H = H(2) + H(3) + ..... =
1
2

V(2)
e f f (r) ∑

i,j
SiSj +

1
6

V(3)
e f f (r) ∑

k,l,m
SkSlSm + ..... (2.11)

The multiplicity of the effective cluster interaction is denoted by the superscript (2) for

effective pair, (3) for effective triple interactions, and so on. In the present work, the

derivation of interaction parameters from the experiment is limited to effective pair inter-

actions (EPIs) up to the 5th nearest-neighbor. In the nomenclature, the distance between

atom pairs is related to the NN distance, so for hexagonal lattices the calculation goes up

to r = 3 NN. 6 neighbors are available at distances of r = 1 NN,
√

3 NN, 2 NN and

3 NN, and 12 neighbors for the distance of r =
√

7 NN. Limited to EPIs and to the 5th

NN, the Hamiltonian for the system energy is written as [103–105, 108]

H(2) =
1
2

3NN

∑
r=1NN

[
V(2)

e f f (r) ∑
〈i,j〉r

SiSj

]
(2.12)

For system energy and interaction model, this approach is the most simple and fastest

to implement and to perform, since it only distinguishes between like and unlike neigh-

bors, e.g., SiSj = 1 for AA as well as for BB pairs, and −1 for AB neighbors. An exten-

sion to triple interactions would distinguish between homoatomic AAA and BBB or het-

eroatomic AAB and BBA clusters, but this would also increase the complexity and time

scales of the simulation. Certainly, inclusion of more complex clusters generally increases

the accuracy, but it has to be balanced with the costs and gain for such extensions. For the

systems evaluated in this work, it will be shown in chapter 4, that already the inclusion

only of the EPIs is sufficient to describe the experimentally found atom distribution.
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2 Quantitative characterization of surface alloys

2.3 Monte-Carlo simulations

For statistical evaluation and simulations, the STM images of the corresponding alloys

were transformed into hexagonally packed ’maps’. The resulting atomic distribution re-

flects the interplay between the different atom-atom interactions and the configurational

entropy. Therefore, interaction parameters describing the atom distribution in an ener-

getic way can be extracted if a suitable algorithm is used. For the 2D lattice-gas Hamil-

tonian as energy model and the present purposes in the framework of the thesis, the

so-called Monte-Carlo (MC) simulation is the method of choice [47, 133]. Applying this

method to the surface alloy problem, every Monte-Carlo step consists simply of an ex-

change of two atoms. Then, the system energy before and after the exchange is compared,

while kinetic effects are neglected. To determine the thermodynamically stable state, the

simulation can be accelerated by exchanging arbitrary atoms, finally leading to the same

result than the exchange confined to neighbors. Since the atom distributions considered

in the simulations in this work represent a 2D-equilibrium, which is stable in 2D but

metastable towards bulk diffusion (cf. section 1.2.3), the thermodynamic Monte-Carlo

simulation can be applied.

2.3.1 Metropolis algorithm

The Monte-Carlo simulations performed in this work are based on the so-called Metropo-

lis algorithm [46, 47]. After an atom-atom exchange process it is determined if the new

state of the system is accepted and chosen as origin for the following exchange process

or, if the new state is rejected and the state before this MC step is taken as origin for the

next exchange process. In the Metropolis algorithm, the probability for an acceptance

Wi→ f (i: initial, f: final state) of the new state depends on the system energy. If the final

state is accepted, it serves as origin for the next exchange process, while if the final state

is rejected, the initial state is used again as the origin of the next exchange. A final state is

always accepted when its system energy is lowered compared to the initial state. In the

opposite case, the probability for the acceptance of the final state equals the Boltzmann

probability.

H f < Hi : Wi→ f = 1 (2.13)

H f > Hi : Wi→ f = exp
(
−

∆Hi f

k Tf reeze

)
(2.14)

The system energy H is always calculated via the 2D lattice-gas Hamiltonian (eqs. 2.11

and 2.12) described in the previous chapter. As temperature, necessary for the calculation

28



2.3 Monte-Carlo simulations

of the Boltzmann probability, the assumed freezing temperature Tf reeze for the respective

system is used, i.e., the lowest temperature at which 2D intermixing is sufficiently fast to

reach equilibrium at experimental relevant time scales. In the case of H f > Hi, an arbitrary

number ϕ between 0 and 1 is generated and compared to the Boltzmann probability

Wi→ f . When this random number ϕ is lower than the Boltzmann probability Wi→ f , the

final state is accepted and taken as origin for the next exchange process, otherwise it is

rejected and again the initial state is chosen as origin for the next Monte-Carlo step. In the

scheme of the algorithm given in Fig. 2.1, this is illustrated by the acceptance of the final

state if the random generated number is ϕ2 and the rejection if the generated number is

ϕ1. By use of the Boltzmann approach, the temperature dependent entropy is included

in the simulation and no further entropy model has to be adopted to the 2D lattice-gas

Hamiltonian, which ’only’ reflects the system free energy at T = 0 K.

2.3.2 Simplex downhill algorithm

According to the above described 2D lattice-gas Hamiltonian restricted to effective pair

interactions (cf. eq. (2.12)) the EPIs are used for an energetic parameterization of the sur-

face alloys. In this work it will be restricted to EPIs up to the 5th coordination shell, there-

fore a set of five EPIs is used for an energetic description of one certain atom distribution.

In the following it will be illustrated, in which way EPI parameters are determined, that

describe the respective experimentally found atomic distribution. For this purpose MC

simulations in combination with a simplex downhill algorithm are used.

When used in MC simulations, the accuracy of a given interaction energy parameter set

{Vi} (in the present case a set of five EPIs: V(2)
e f f (r) with r = 1,

√
3, 2,
√

7 and 3) is reflected

in the value of the ’penalty function’ D [48].

D = ∑
r

[
Π(2)

MC(r)−Π(2)
exp(r)

]2
(2.15)

In there, the values of the pair correlation functions (cf. eq. 2.3) of the relaxed atom dis-

tribution are compared with the experimentally obtained ones. For {Vi} ideally matching

the experiment, D should become zero, whereas for not accurate sets D will deviate from

zero (the less accurate, the higher the deviation). In the software used, fitting {Vi} to the

experimental observation occurs by a systematic variation of all individual V(2)
e f f (r) until

D is minimized. If D was a simple analytic function of {Vi}, this would be a straightfor-

ward procedure. In the present case, however, D must be determined by an MC sim-

ulation for each tested {Vi}, which makes the parameter search a time consuming one.
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Moreover, the values of D might scatter from one MC simulation to the next. The follow-

ing two paragraphs will first address the minimum detection prodecure itself and second

the approach to calculate values for D with acceptable numbers of MC cycles.

The chosen algorithm is based on the simplex downhill approach [134, 135], which

uses vector algebra to navigate a geometric object (’simplex’) into the minimum of a mul-

tidimensional surface. The basic idea behind this is to exploit the information about the

local gradients of the landscape that is contained in the mutual configuration of vertices

that are resting on that landscape. In the present case, the surface is defined by D, and

the number of dimensions is equal to the number np of energy parameters V(2)
e f f (r). The

simplex has np + 1 vertices that are connected by straight lines. For np = 2, the simplex

would be a triangle, for which case the procedure is quite intuitive (see Fig. 2.1). It is

easy to imagine that a triangle supported on a hill landscape can ’find’ minima by mir-

roring the highest point at the axis connecting the two other ones, in combination with

shrinking the triangle when the gradients become less steep. In general, the search starts

with a simplex consisting of np + 1 arbitrarily chosen sets of {Vi}, with the only condition

that the vectors spanning the simplex must be linearly independent. D is calculated for

each vertex. To move the simplex downhill, the vertex with highest D is mirrored at the

(np − 1)-dimensional ’plane’ defined by the np other vertices. As an improvement of the

original simplex algorithm, not only the mirror point itself is a candidate for a new ver-

tex, but also two further points along the line connecting old and new vertex, where one

is about half-way between the mirrored point and the np other points and the other at a

slightly larger distance. If none of the three points leads to a smaller D than the original

vertex, the simplex is assumed as being too large to reach the minimum of D. It is then

scaled down by a factor of 0.5, leaving the lowest-D vertex point unaffected. Having de-

termined D for all new vertex points, the loop continues with the mirroring procedure

described above. The parameter search is terminated by a ’flag’ set by the procedure used

to calculate D, which will be described in the next paragraph. Similar to most compara-

ble algorithms, the simplex approach has a tendency to lead into local rather than global

minima. In the present case, this was accounted for by several restarts of the process,

where only the best vertex is kept and all other vertices are randomly re-initiated.

As mentioned above, most computational power is invested in MC simulations for each

set {Vi}, which is necessary to deduce the pair correlation coefficients that are needed to

calculate the penalty function D as input for the simplex algorithm. Naturally, a lot of

computational power is wasted for the assessment of ’bad’ parameter sets. Time can be
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saved by quickly identifying such bad sets and walking towards better energy parame-

ters in rather coarse steps. Two key issues should be mentioned in that context. First, the

MC simulation always starts with the measured atom distribution rather than a random

one. A bad parameter set will lead to deviating correlation parameters after a few cycles,

whereas an ideal parameter set would leave the correlation parameters unaffected apart

from statistical scattering. This directly leads to the second point, which is the necessity

to increase the number of MC cycles with increasing accuracy of the parameter set {Vi}.

Otherwise the values of D would be too much influenced by statistical scattering, thus

making the simplex algorithm useless due to poor definition of D. A poor accuracy of D

is detected in the procedure that is calculating D. This occurs by tracking D over 8 blocks

of consecutive MC simulations, where the first block starts with the experimentally found

distribution. When the number of cycles per block is sufficient, D should become larger

from one step to the next. Only for an ideal parameter set, D would stay constant close to

zero, but it can never become negative. The procedure attempts a linear fit through the 8

consecutive points. If the slope of that fit is not positive within the error margins, it must

be an artefact due to too few MC steps, and the number of MC steps is increased. The

necessity to increase the number of MC steps is communicated to the main simplex loop,

which then determines a new number of MC steps and re-calculates D for all vertices

with this new number of steps.

When the number of steps requested by the D-calculator exceeds a certain limit, the en-

ergy parameter set is considered sufficiently accurate, and the minimum search is either

terminated or re-started. The best parameter set {Vi} is always stored in the header of the

experimental atom distribution, so that it can also be further improved by repeated user

triggered re-starts of the parameter search. Whenever the simplex procedure is re-started,

the stored ’best’ {Vi} is always used as one of the vertices.
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3.1 Experimental setup

Ultra-high vacuum chamber The surfaces were prepared and characterized in an ultra-

high vacuum (UHV) system with a base pressure of 6× 10−11 mbar, equipped with two

electron beam evaporators (Omicron EFM3) for Ru and Pt, a Knudsen cell (Tectra) for Pd,

and a home built evaporator [75] for Au metal deposition as well as with a sputter gun

for sample preparation. A quadrupole mass spectrometer (QMS) is installed for resid-

ual gas analysis, a home-built pocket-size scanning tunneling microscope (STM) and an

Auger-electron spectrometer (AES) (Perkin Elmer CMA 10-155) for sample characteri-

zation. During the preparation, the sample is placed in a manipulator equipped with

facilities for electron beam heating. The manipulator itself is positioned in the center of

the radially arranged evaporators, AES and sputter gun. In Fig. 3.1, a labeled side and

front view of the UHV camber is given. A load lock is separated by a UHV gate valve

from the main chamber and allows the transfer of single crystal samples into and out of

the preparation and characterization chamber by a magnetic transfer rod, without any

need to vent the main system. Load lock and main chamber are pumped separately. A

turbo molecular pump (Pfeiffer TMU 071P, 60 l/s) and an upstreamed membrane pump

(Vacuubrand MD 4TC) are used for pumping the load lock. The main chamber is evacu-

ated by a turbo molecular pump (Balzers TPU-240, 280 l/s), a rotary vane pump (Balzers

DUO-16) as pre-pump , and an ion-getter pump (Leybold IZ-270). The pressure between

turbo and rotary vane pump (< 10−3 mbar) was permanently checked by a Pirani gauge,

and those in the main chamber and in the load lock by ionization gauges. The transfer be-

tween manipulator and STM was performed with a vertical and horizontal wobble stick

denoted in the illustration. A gas inlet in the main chamber allows to expose the sam-

ple to different gases needed for preparation or measurement. A special feature of this

chamber is the possibility to perform electrochemical measurements without the need to

transport the prepared sample through ’air’. The sample can be directly transferred from

the preparation/analysis chamber into the load lock, which subsequently is flooded with

nitrogen. Electrochemical measurements are performed using an electrochemical flow
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Figure 3.1: Labeled image of the UHV-Chamber, used for all experiments in this work; side and

front view.
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cell, which is pressed against the prepared surface [136]. Parallel to the present work,

such electrochemical experiments were done by Harry E. Hoster and Otávio Brandão-

Alves.

Manipulator. Annealing of the samples was performed by electron bombardment. There-

fore a filament (thoriated tungsten, ∅ 0.125 mm) is placed in the manipulator directly be-

hind the sample. Electrons are emitted by thermoionic emission and accelerated towards

the sample by a positive high voltage (≤ 1.5 kV). The high voltage was applied at the

sample via the thermocouples (Type K: NiCr – Ni) spot welded to the Tantalum sheet,

which acts as string to keep the sample in the manipulator. The thermocouples are also

used for the temperature check of the sample. A labeled image of the manipulator head

is given in Fig. 3.2.

Figure 3.2: Labeled image of the manipulator head, in which the sample is placed for preparations

Scanning tunneling microscope. The main measurements in this work have been per-

formed using a home-built pocket size scanning tunneling microscope (STM) (Fig. 3.3).

To avoid vibrations from external sources, the STM is placed on a copper stack whose

plates are separated by viton loops. With the prepared surface pointing down, the sam-

ple is placed in a three-point holder above the STM tip. After applying the tunneling

voltage at the three-point holder, the sample is manually approached by the lever mech-

anism illustrated in Fig. 3.3, until the feedback signal (measurable tunneling current in

the nA region) emerges. All further movements are performed by the tip which is cen-

tered in a single tube piezo-crystal as scanner. At the external wall of the scanner, four

electric contacts are fixed in 90° distances from each other, whereby the two opposite
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contacts are used for x- and y-scan, respectively. For the z-scan one electric contact is

installed all along the inner perimeter. To avoid elaborate sample transfers in and out

of the main chamber, a sample storage is mounted above the STM, easily accessible by

the vertical wobble stick. Further details about the design of the experimental setup are

given in the reference [137].

Figure 3.3: home-built pocket size STM: labeled photo (left hand side) and cross section (right

hand side)

36



3.2 Experimental problems and solutions

3.2 Experimental problems and solutions

The experiments performed in this work involved some specific challenges. This chapter

will briefly describe the most important technical solutions developed in this context.

Materials. The materials used in a UHV chamber have to be chosen very carefully. Es-

pecially the parts which become hot during preparation or during degassing of the dif-

ferent devices, are not allowed to produce volatile products like metals, oxides or other

impurities, which can diffuse and pollute the residual gas in the UHV chamber as well

as the sample itself. Therefore, if possible, the use of Teflon-coated wires, and materials

containing metals like tin, cadmium, lead or mercury are almost avoided in the UHV

chamber, and used not at all in areas which can become hot. To limit the number of

possible impurity and error sources, it is advisable to use as few different materials as

possible.

Sample holder. The single crystal has to be fixed in a holder, which allows a transfer

between manipulator, STM and load lock and provides a possibility for a suitable plac-

ing in the manipulator and STM. Therefore, this sample holder is one of the most critical

parts concerning design and material. The design has to allow good mobility, so that

the crystal can be transported easily inside the chamber by using the wobble sticks and

the transfer rod. At the same time, the crystal must be fixed tight enough that it can not

fall out during preparation or during the transport inside the chamber, but also ’loose’

enough, so that no vibrations disturb the STM measurements. The last aspect was the

most challenging one and needed some time to be satisfactorily solved.

At the beginning of this work, the single crystals had a cylindric shape with thin plack-

ets at the outer perimeter. In these plackets, noble metal stripes were fixed and then spot-

welded at the back of the sample holder, so that the polished crystal surface is 0.5 mm

above the front of the sample holder (see refs. [75, 138]). The sample holder consisted of

molybdenum. This design and material choice caused three main problems. (i) The se-

lected metal molybdenum proved to be problematic especially for Pt(111), since the very

tiny molybdenum residuals detected by STM and AES, significantly disturb the electro-

chemical measurements in the load lock. The STM measurements showed metal oxide

adsorbed at the outer radius of the prepared surface. (ii) It turned out that due to the

frequent annealing and cooling cycles the tight fixing of the spot welded stripes on the

Molybdenum holder do not last very long. With time every kind of gripping construction
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lost its tension and allowed vibrations of the sample, which rendered atomic resolution

during the STM measurements frequently impossible. Thus, the single crystals had to

be re-fixed very often, which was linked with time consuming transfers and additional

preparations.

To overcome these problems, (i) the holder material was changed from molybdenum to

tantalum and (ii) a new design for the holder as well as for the single crystal was devel-

oped (Fig. 3.4).The change to tantalum prevented metal and metal oxide contaminations

on the prepared surface. To avoid vibrations, a three-point support was integrated in the

sample holder (shown by the red arrows in Fig. 3.4), requiring a modification of the crys-

tal design to a hat shape. The flap of the ’hat’-crystal is placed on the three-point support

and fixed by thin tantalum wires, which are spot-welded at the back side of the sample

holder. The wires are adjusted such, that the crystal on the one hand cannot fall out of

the holder and on the other hand is not pressed into the three-point support. With this

design the crystal lies stable in the three-point sample holder without any possibility of

wiggling. At the same time, the three-point placing in the STM did not allow any wig-

gling of the sample holder (cf. Fig. 3.3). The combination of the three-point support in

both, the sample and STM holder turned out to provide very stable, vibration-free STM

measurements. Additionally, this fixing of the single crystal lasts for very long time pe-

riods, which strongly reduced the time-consuming and former frequent re-fixing of the

single crystal.

Manipulator. For all preparation procedures (sputtering, annealing, gas exposures and

metal deposition) and AES measurements, the sample is placed in the manipulator (see

Fig. 3.2). The material problem mentioned above strongly affects on the manipulator.

To overcome the molybdenum problem, all parts which can become very hot were ex-

changed from molybdenum to tantalum during my work. Beside the material choice,

it is very important that the line-of-sight of the single crystal surface is free from possi-

ble contamination sources, especially to avoid sputtering of foreign metal onto the single

sample surface. Following this rule, the metal sheet which presses the sample holder

into the manipulator head is very thin. To avoid unnecessary warming of the periphery

around the crystal, the annealing has to be focused on the single crystal and performed

very fast. For this purpose, the filament is placed directly behind the sample with a dis-

tance of only a few mm. This construction allows fast annealing from room temperature

to 1650 K within 10 s by using an acceleration voltage of 1.5 kV.
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Figure 3.4: Different views of the sample holder and the single crystal design

Pt evaporation. Concerning metal deposition on the single crystals, the evaporation of

Pt on the sample was the most challenging one. In our institute the evaporation of Pt

is performed by an electron beam evaporator (Omicron EFM3), in which a Pt wire is

twisted around the top of a central tungsten rod (for details see [139]). After mount-

ing the evaporator sloped from above into the chamber, the Pt wire is melted forming

a drop on top of the tungsten rod and Pt evaporation occurs from this drop. At the

end of the present work, it turned out that the Pt - tungsten combination is not an ideal

choice. XPS measurements revealed small amounts of tungsten on the surface after Pt

evaporation, probably caused by alloying of tungsten into the Pt drop. Since the AES

device mounted at the vacuum chamber is not as sensible as the XPS device mounted in

a separate vacuum chamber of our institute, these small amounts of tungsten were not

detected previously by the regularly performed AES measurements. The contamination

of the surface becomes only critical at higher evaporation rates and with thicker Pt films.

The low evaporation rates used in the actual work and the limitation to Pt sub-monolayer

films caused no noticeable contaminations. Nevertheless, to avoid further problems, the

central tungsten rod system has already been changed to a twisted Pt rod with a Pt sheet

mounted on top.
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3.3 Sample preparation

In this work, several Ru(0001) and Pt(111) single crystals (MaTecK GmbH) were used as

substrates. The single crystals have a hat shaped design (see Fig. 3.4) with a typical diam-

eter of 8 mm for the prepared surface area and a typical crystal thickness of 2 mm. New

or freshly polished crystals needed some preparation cycles to get rid of impurities, espe-

cially of carbon, in the surface near regions relevant for the experiments. The preparation

cycles consisted of Ar+-sputtering at sample temperatures between 300 and 1000 K, an-

nealing to different temperatures and oxygen adsorption followed by annealing. The de-

tailed cleaning procedure was adapted to the respective crystal state, which permanently

was checked by AES and STM. All relevant temperature measurements were performed

by optical pyrometers (IMPAC IGA140 or KELLER PB50AFS13). These were focused on

the center of the respective single crystal and coupled by a feedback loop with a PC, for

an automatic control of the annealing current and voltage. Due to the high reactivity of

Pt and Ru, a fresh preparation was necessary once a day of measurement.

Ru(0001) single crystals. The Ru(0001) surface was cleaned by Ar+ bombardment (10

- 15 min, 0.5 keV, 5 µA/cm2) followed by three flash (t f lash = 10− 20 s) annealing cycles

up to 1650 - 1700 K and subsequent 1 - 10 Langmuir (L) (1 L = 1.33 × 10-6 mbar·s) O2

exposure below 800 K (during cooling from the previous annealing flash), to ensure ox-

idation of remaining impurities. Finally further 2 - 4 flash annealing cycles up to 1650

- 1700 K were performed to remove oxidized contaminations (especially COx) and ad-

sorbed oxygen.

Pt(111) single crystals. The cleaning procedure for the Pt(111) single crystal consisted

of Ar+ bombardment (0.5 kV, 10 µA cm-2, 15 min) and three subsequent annealing cycles

up to 1100 K. This was followed by exposure to 1-10 Langmuir O2 below 900 K (during

cooling from the previous annealing cycle), and two final annealing cycles up to 1050 K,

to remove carbon contaminations and adsorbed oxygen. All annealing cycles were per-

formed at controlled heating / cooling rates of 4 K s-1 (heating) and 2 K s-1 (cool-down),

respectively. While for Ru(0001), the sample temperature during oxygen exposure is not

critical, for Pt(111) the oxygen exposure on the hot sample during the cool-down pro-

cess turned out to be very important to obtain a carbon free sample. The controlled low

annealing and cooling rates turned out to be necessary to avoid the formation of disloca-

tions at the Pt(111) surface.
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It has to be noted that in this experimental setup, the filament behind the sample has

to be turned off during oxygen exposure to avoid tungsten oxide contaminations. For

both, Ru(0001) and Pt(111), the respective preparation yielded a purified surface with

∼ 50 - 200 nm wide and atomically smooth terraces. Contaminations were below the

AES detection limit of about 0.01 ML, as confirmed by atomically resolved STM imaging.

For the systems studied in this work, a detailed description of the surface preparations,

including metal deposition and further sample treatments, are given in the respective

sections.
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As mentioned in the introduction, the knowledge about the exact atom distribution in

equilibrated surface confined alloys was limited to only a few systems before this work,

namely AuxPd1−x/Pd(111) [30, 53, 88], AuxPd1−x/Ru(0001) [95], PdAu/Au(111) [101],

CuxPd1−x/Ru(0001) [91] and partly PtxRu1−x/Ru(0001) [80, 81]. The atom distribution

determines the chemical properties of the surface, and thus also governs the selectivity

and reactivity in (electro-)chemical reactions [19, 29, 30]. This knowledge can be used to

tailor catalysts to the requirements of different reactions. Unambiguously, the alloy for-

mation process is associated with the structure and its (thermal) stability, both initially

studied in this work.

The focus of the first section (4.1) in this chapter lays on the experimental found atom

distributions in several 2D equilibrated surface alloy systems and their energetic descrip-

tion. By determination of SRO parameters (cf. section 2.1), the abundance of chosen atom

ensembles and ligand statistics, the atom distribution is quantitatively evaluated. For an

energetic explanation of the experimentally found atom distribution, the 2D lattice-gas

Hamiltonian described in section 2.2 is used. The pairwise interaction parameters used in

this energy model are derived by a systematic search based on Monte-Carlo simulations

(cf. section 2.3). This is done by a fit of the simulated SRO to the experimental found one.

It will be demonstrated that these energy parameters can be used to determine ground

state structures and to visualize the 2D miscibility in 2D phase diagrams. Furthermore,

the atom arrangements deduced from available DFT data are compared with experiment.

The second section (4.2), give insights into details of the surface alloy formation pro-

cess and informations about the stability of surface alloys. Therefore, a series of exper-

iments were performed, dealing with temperature dependent sequential overgrowth of

one metal upon the other and the atom distribution after initiating the begin of surface

alloy formation. Exemplary for all metastable surface confined alloys, I will focus on the

PtxRu1−x/Ru(0001) system, including Pt and Ru overgrowth experiments on Ru(0001)

and Pt(111). If considered separately, every single experiment gives only small insight

into surface alloy stability and formation process aspects, but the studies complement
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one another and thus, far-reaching conclusions could be derived.

The STM images were acquired in the constant current mode, with typical tunnel cur-

rents / tunnel voltages of 0.1 - 1 nA / 100 - 1000 mV (applied at the sample) for larger

scale and 1 - 90 nA / 1 - 20 mV for atomic resolution images. They are shown as top-

view representation, with brighter gray level corresponding to apparently higher surface

areas. In the atomically resolved images, the different atom types can be distinguished

due to differences in their electronic properties (’chemical contrast’ [80, 96, 101, 140])

and classified into ’dark’ and ’bright’. For statistical evaluation, the images are ’digi-

tized’, meaning a transfer of the atomically resolved STM images into a hexagonal lattice

map, whose points are either occupied by ’bright’ or ’dark’ atoms. The digitization, sta-

tistical evaluation and the simulations were performed with a ’home-written’ software

programmed in the institute by Dr. Harry E. Hoster.
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4.1 The equilibrium structure of surface alloys – experiment and

simulation

Surface alloys are ideal model systems for systematic studies of the physical and chemi-

cal properties of bimetallic compounds [20]. As well-defined substrates in spectroscopic,

chemical / electrochemical, or microscopic studies of adsorption or surface reactions,

they can improve the understanding of the local electronic and structural properties,

which are responsible, e.g., for the unique properties of bimetallic catalysts [17, 20]. The

latter are often described by the concepts of geometric ensemble [52, 141, 142], electronic

ligand [52, 142], or strain effects [51], where the local surface composition and the abun-

dance of specific atomic configurations play a central role.

For various alloy surfaces and surface alloys, the atom distribution of the surface layer

could be visualized in scanning tunneling microscopy (STM) images due to the differ-

ent appearance of the constituents in the images (’chemical contrast’ [80, 96, 101, 140]).

Qualitatively, three different modes of atom distribution can be distinguished for sur-

face alloys of type AxB1−x/B, which are (i) an atomically dispersed surface structure,

meaning a preference for unlike neighbors, (ii) a random surface distribution, meaning

no neighbor preference, or (iii) a clustered surface distribution, meaning a preference for

like neighbors. This can be further quantified by use of short-range order parameters

[44, 91, 95] and by evaluation of available adsorption sites.

The atom distribution itself depends on the metal-metal interactions, which can be

quantitatively treated by effective cluster interaction energies (cf. section 2.2.1), in the

most simple case just effective pair interactions (EPIs) [37]. Also the transformation of

DFT total energies into this pairwise interaction model allows the simulation of large dis-

ordered systems. Such kind of evaluations for structurally well-defined bimetallic sur-

faces will be performed in the present chapter and provide an ideal basis for quantitative

studies of the above mentioned effects in adsorption or reaction processes.

45



4 Results

4.1.1 Energetics driving the short-range order in CuxPd1−x/Ru(0001)

The results of this section are published in ref. [108]1. The density functional theory

(DFT) data used in this section were performed by Dr. Sung Sakong2 in the group of

Professor A. Groß3.

Abstract

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

layer 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 Hamil-

tonian 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 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 en-

ergies 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.

Introduction

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 functional theory

calculations. As part of an ongoing long-term study on the structure and reactivity of

bimetallic surface alloys [53, 80, 81, 88, 91, 101, 143–146], the distribution of the respective

components in these CuxPd1−x monolayer surface alloys was recently characterized by

high resolution STM imaging [91] and related to the CO adsorption characteristics [143,

1Reproduced by permission of the PCCP Owner Societies (PCCP online ©2007)
2Present address: Faculty of Physics, Lotharstr. 1, University of Duisburg-Essen, D-47048 Duisburg , Ger-

many
3Institute of Theoretical Chemistry, Albert-Einstein-Allee 11, Ulm University, D-89081 Ulm, Germany
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144]. 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 [27, 147, 148], the energy of a

given atomic distribution can be described by a 2D lattice-gas Hamiltonian of the form

(cf. eq. (2.12)),

H(2) =
1
2

3NN

∑
r=1NN

[
V(2)

e f f (r) ∑
〈i,j〉r

SiSj

]
(4.1)

if only pairwise interactions 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 V(2)
e f f (r) 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, V(2)
e f f (r) is related to the interaction potentials

VAA(r), VBB(r) and VAB(r) via the equation (cf. eq. (2.10))

V(2)
e f f (r) =

VAA(r) + VBB(r)
2

−VAB(r). (4.2)

V(2)
e f f (r) 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 V(2)
e f f (r) can be derived while the individual interactions con-

tributing to this parameter are not accessible. An atomic distribution governed by a given

set of EPIs can be generated via a Metropolis Monte-Carlo (MC) algorithm in which tem-

perature effects are also included [46, 149].

In the present study, we derived the EPIs dominating the short-range order in 2D

CuxPd1−x/Ru(0001) monolayer surface 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 difference 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 [95]. Although the measured atomic distributions are representative for tempera-

tures around 600 K, which are necessary for 2D intermixing, the resulting EPIs allow for

the determination of the ordered T = 0 K ground-state structures at the given composi-

tions 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 computational methods, an overview
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of the EPI parameters derived from the experimentally determined atomic distributions

[91] 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 correspond-

ing results obtained from density functional theory (DFT) calculations. We then discuss

the thermodynamic stability of distinct long-range ordered 2D structures and estimate

the corresponding order-disorder transition temperatures Tc on the basis of MC simula-

tions. The results are compared with data reported for (i) CuxPd1−x bulk alloys [147, 148],

(ii) CuxPd1−x/Cu(111) surface alloys [150], and (iii) 2D PdxAu1−x/Ru(0001) alloys [95].

Finally, we briefly discuss the consequences of these results for the use of surface alloys

as model systems in adsorption and reaction studies.

Methods

Details about the experimental set-up and the experimental procedures for preparing the

2D surface alloys were given elsewhere [91], 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 deposi-

tion 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 [91]. The atomic distributions as mea-

sured 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) [91]. The STM images, which in total contained more than

60000 atoms, were transformed into hexagonally packed ’maps’ for statistical evaluation.

The MC simulations of the atomic distributions were performed based on the Metropolis

algorithm [46], assuming a temperature of 600 K. For each experimentally found distri-

bution, the best set of EPIs was determined via a simplex downhill algorithm [134, 135],

using the EPIs V(2)
e f f (r) (r = 1,

√
3, 2,
√

7, 3) as variables and aiming at a maximum agree-

ment between MC-generated and measured SROs α(r). The latter were calculated from

the STM data via the equation (cf. eq. 2.4)

α(r) =
Π(2)(r)− (2x− 1)2

1− (2x− 1)2 (4.3)
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with the pair correlation function (cf. eq. (2.3)). Random alloys results in a SRO param-

eter α(r) of zero, clustered / dispersed ones in positive / negative values. In the surface

layer, r takes the values of 1,
√

3, 2,
√

7 or 3 nearest-neighbor distances. Maximum agree-

ment between measured and simulated distribution is equivalent to a minimum of the

parameter D defined by the relation (cf. eq. (2.15))

D = ∑
r

[
Π(2)

MC(r)−Π(2)
exp(r)

]2
(4.4)

The energies of ordered structures (T = 0 K) can be calculated directly from the EPIs.

Density functional theory (DFT) calculations were performed using the Vienna ab initio

simulation package (VASP) [151]. The exchange-correlation effects are described within

the generalized gradient approximation (GGA) using the RBPE functional [152]. The

ionic cores are represented by the projector augmented wave (PAW) method [153, 154].

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, (
√

3×
√

3), (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 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.

Results and discussion

EPI parameters The STM data revealing the atomic distribution in CuxPd1−x/Ru(0001)

2D alloys and SRO parameters derived from these distributions were presented in a pre-

vious publication [91]. Fig. 4.1a shows the EPIs V(2)
e f f (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. 4.1b 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
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Figure 4.1: effective pair interactions derived from atom distribution as function of the (a) nearest-

neighbor distance and (b) Cu fraction.

still smaller than twice the standard deviation of the corresponding simulated param-

eter. The average difference and the standard deviation result from 20 MC generated

distributions simulated for a given set of EPIs.

The energetic preference for unlike neighbors, which is the dominating feature in the

SRO [91], is reflected by a large positive value of V(2)
e f f (1), in agreement with the behavior

of CuxPd1−x bulk alloys [148]. For xCu < 0.7 also the EPIs for the more remote spheres

are positive, while for higher Cu contents we find negative values of V(2)
e f f (r) for larger r

values. An excellent agreement between the MC simulated and the experimentally found

[91] atomic distribution, as is apparent in the quantitative comparison of the respective

SRO parameters shown in Fig. 4.2, 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. 4.2). 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 < 0.24) or increasing Cu content (x > 0.24, see next paragraph), but other (electronic)

effects can not be excluded from the present data.
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Figure 4.2: Comparison of SRO parameters determined from experimental data (◦) and from MC

simulations (×) at different compositions of the CuxPd1−x layer. (a) Cu0.09Pd0.91, (b) Cu0.21Pd0.79,

(c) Cu0.47Pd0.53, Cu0.68Pd0.32, (e) Cu0.78Pd0.22, (f) Cu0.89Pd0.11.

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 K

ground state structures. These are identified by simulated ’annealing’ procedures, simu-

lating the atomic distribution at stepwise lowered temperature as successfully performed

for CuxPd1−x bulk alloys [148]. For ordered structures, the 2D mixing energy per atom

can be calculated as the weighted sum of the respective EPIs, with the weighting coeffi-

cients reflecting the frequency of their appearance in the unit cell, minus the interaction

energies of the pure 2D phases.
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Figure 4.3: Mixing enthalpies at T = 0 K for selected Cu : Pd ratios. (◦) Ordered ground state

structures according to the experimentally derived effective pair interactions; (�) corresponding

DFT results; (4) ordered structures with lowest energy, but unstable against phase separation

into neighboring ground state structures.

The mixing energy itself denotes the energy gain per atom with respect to the stoichio-

metrically weighted sum of the energies of separated pseudomorphic Cu/Ru(0001) and

Pd/Ru(0001) adlayers [37]. Fig. 4.3 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. 4.1. Specifically, the mix-

ing energy was calculated for each set of EPIs yielding a simulated SRO sufficiently close

to the measured one, and the error bars in Fig. 4.3 reflect the range of values attained in

this way.

For comparison, we also calculated the corresponding mixing energies via DFT for

(2× 2) (xCu = 0.25 and xCu = 0.75), (
√

3×
√

3) (xCu = 0.33 and xCu = 0.67), and (2× 1)

(xCu = 0.5) structures. As reference for the surface mixing energy is taken the com-

pletely separated Cu/Ru(0001) and Pd/Ru(0001) phases, neglecting the Cu/Pd border.

Accordingly the total energies received from DFT are transformed to the mixing energies
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HCuPd
mix (DFT) used for the MC simulation via the equation

HCuPd
mix (DFT) = ∆E = ECux Pd1−x/Ru(0001)︸ ︷︷ ︸

mixed sur f ace

− xCuECu/Ru(0001) − xPdEPd/Ru(0001)︸ ︷︷ ︸
segregated sur f ace

(4.5)

(The DFT total and mixing energies of the calculated unit cells are listed in the appendix,

table 7.1.) For most coverages these DFT based results are close to the correspond-

ing points calculated by the EPI Hamiltonian for the same structures (larger circles in

Fig. 4.3). Moreover, both the DFT calculations and the EPI Hamiltonian predict the

same trends in the stabilities for all ordered structures: for the regions xCu < 0.25 and

xCu > 0.5, all points lie on convex ground state lines, which implies that the corre-

sponding distributions are stable against phase separation, 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(
√

3 ×
√

3) phase. We had previously speculated

[91] 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 demon-

strate 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 (
√

3×
√

3) 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(2)
e f f (1) is also maximized in this composition regime (see Fig. 4.1).

The Cu2Pd-(
√

3×
√

3) 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 separation into a Cu2Pd-(
√

3×
√

3) phase coexisting with a pure Cu layer (see

dotted lines in Fig. 4.3) is surprising, considering that this structure appears as (111)

plane of the highly stable L12 type Cu3Pd bulk alloy [147, 148, 155]. A similar trend

has previously been reported for CuxPd1−x surface alloys on Cu(111) [150], and was ex-

plained by the large number of possible distributions at xCu > 0.67, where all Pd atoms

are surrounded only by Cu neighbors. Since the system CuxPd1−x is energetically dom-

inated by nearest-neighbor interactions (see Fig. 4.1 for 2D or ref. [129] for 3D), these

distributions are almost degenerate [37, 150].

The remaining small discrepancies between experimentally and theoretically derived

ground state energies in Fig. 4.3 can result from different reasons. First, a higher accu-

racy of the energetic description by the lattice-gas Hamiltonian is likely to require the
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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. [147, 148]. Although,

based on theoretical considerations, such multi-site interactions were considered to be

small for surface alloys on a fixed substrate lattice [37], they may still lead to small shifts

in the mixing energies derived from the experimental data. Second, the actual, kinet-

ically 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 varia-

tion 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 (∼10 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 exper-

imentally tested compositions by an order-disorder transition temperature Tc far below

the freezing temperature of 600 K [91]. This hypothesis is supported by a simulated an-

nealing / cool-down procedure for a monolayer Cu2Pd/Ru(0001) surface alloy which is

shown in Fig. 4.4b, together with representative MC generated atomic distributions at

600 K (Fig. 4.4a) and 1 K (Fig. 4.4c). 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 [95]. The low values of Tc in surface alloys

compared to their bulk analogs can be rationalized by the lower coordination of the atoms

in an ordered 2D alloy compared to a bulk alloy, which reduces the energy loss associ-

ated with a defect in the ordered ground state structure, while for a comparable number

of atoms the gain in configurational 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 ex-

planation for the absence of long-range ordered structures under experimentally acces-

sible conditions. The tendency for ordering is particularly low on hexagonally packed

surface alloys with dominant nearest-neighbor interactions because of the relatively high
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4.1 The equilibrium structure of surface alloys – experiment and simulation

Figure 4.4: 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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degeneracy of different structures with similar compositions [27, 37]. A more pronounced

stabilization of ordered bimetallic surfaces with hexagonal packing can be attained on or-

dered 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 temperature and under the respective experimental

conditions) or not. It is solely determined by the structural arrangement of the compo-

nents 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 reac-

tion will therefore proceed on the frozen non-equilibrium configuration prepared before.

If the reaction is investigated under conditions where the mobility of the surface region

is sufficient for finally reaching the equilibrium configuration, interactions between ad-

sorbed species and the surface have to be considered as well as they may alter the en-

ergetic 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 characterized (non-equilibrium)

surfaces are used to determine the adsorption or reaction behavior of specific bimetallic

congurations and ensembles, the interpretation of the reaction behavior (ensemble ef-

fects, ligand effects, etc.) may be complicated, but is essentially straightforward. In these

cases the knowledge of the interaction energies and effective pair interactions can be

extremely helpful for estimating the configurations experimentally accessible and the re-
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spective preparation conditions. For adsorption or reaction on unstable surfaces, where

the composition of and atomic distribution in the surface layer depend on the interac-

tion 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 deter-

mined in situ, under adsorption / reaction conditions. The pair interactions between the

metal surface 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.

Summary and conclusions

The short-range order (SRO) in 2D CuxPd1−x/Ru(0001) surface alloys, which was de-

termined from atomically resolved STM data with chemical contrast, could be quantita-

tively reproduced by Monte-Carlo (MC) simulations based on effective pair interactions

(EPIs). For any given coverage, the EPIs allowed us to identify the corresponding T = 0 K

ground state structures and to estimate their mixing energies, i.e., the energies relative to

the respective monometallic monolayer films, together with the order-disorder transition

temperatures. 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 >600 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 compo-

sitions 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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4.1.2 Atomic distribution in PtxRu1−x/Ru(0001) surface alloys

The following results are published in [103]4 and were achieved in collaborative experi-

ments mainly performed by Harry E. Hoster and myself. The publication discusses the

formation mechanism and the equilibrium structure of PtxRu1−x/Ru(0001) surface al-

loys. The latter matter is presented here, while the first is discussed in section 4.2.3.

Abstract

The atom distribution of PtRu surface alloys formed by deposition of sub-monolayer Pt

films on a Ru(0001) substrate and subsequent annealing to about 1350 K were investi-

gated by scanning tunneling microscopy. Quantitative statistical analysis reveals (i) neg-

ligible losses of Pt into subsurface regions up to coverages close below 1 monolayer, (ii)

a homogeneous distribution of the Pt atoms over the surface, and (iii) the absence of a

distinct long-range or short-range order in the surface layer. In addition, the density of

specific adsorption ensembles is analyzed as a function of Pt surface content. The results

are compared with the properties of PtRu bulk alloys and the findings in previous ad-

sorption studies on similar surface alloys (H. Rauscher, T. Hager, T. Diemant, H. Hoster,

F. Bautier de Mongeot and R. J. Behm, Surf. Sci. 2007, 601, 4608; T. Diemant, H. Rauscher

and R. J. Behm, J. Phys. Chem. C 2008, 112, 8381).

Introduction

In this subsection we present the results of a quantitative STM study on the lateral atom

distribution of Pt and Ru atoms in the outermost layer of PtxRu1−x/Ru(0001) surface

alloys, which were prepared by evaporation of Pt on Ru(0001) and subsequent anneal-

ing to 1350 K. The system Pt-Ru is of particular interest due to the high electrocatalytic

activity of bimetallic PtRu catalysts in fuel cell reactions involving CO or small organic

molecules such as methanol [156–159], which made them to state-of-the-art anode cat-

alyst in low-temperature polymer electrolyte fuel cells (PEFCs) applications [160]. The

high catalytic activity of these catalysts, which was ascribed (i) to a variation of the local

adsorption energies due to electronic ligand and strain effects [56, 61, 80, 81, 145, 161–

165] and (ii) to the facile formation of OHad or Oad by H2O dissociation at Ru sites to

oxidatively remove reaction inhibiting species such as COad on neighboring Pt sites in a

bifunctional mechanism [157–159, 166–168], will depend sensitively on the composition

4Reproduced by permission of the PCCP Owner Societies (PCCP online ©2008)
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and structure of the surface layer(s). Both the adsorption thermodynamics and the ki-

netics of the surface reactions themselves [169] vary with surface composition and atom

distribution, and therefore a quantitative evaluation of the different effects and thus a ba-

sic mechanistic understanding are possible only for (model) systems with a structurally

well-defined surface. In that sense, the present study provides a structural basis for the

unambiguous interpretation of the reactivity of PtRu surfaces and electrodes. In previous

studies of electrocatalytic processes on bimetallic PtRu nanoparticle catalysts and PtRu

electrodes, where the latter included bulk alloys [158, 159, 170, 171] and surfaces mod-

ified by Pt [172–174] or Ru [59, 157, 166, 175–180] deposition, the distribution and local

neighborhood of the surface atoms was largely unknown (bulk alloys) or the chemical ef-

fects discussed above were changed or even covered by other effects, which were related,

e.g., to the presence of steps or other undercoordinated sites [62] on surfaces modified by

metal deposition. First results on the CO and H2 adsorption behavior on structurally

well defined, planar PtxRu1−x/Ru(0001) surface alloys and their variation with Pt sur-

face content, which were obtained under ultrahigh vacuum (UHV) conditions, were pub-

lished recently [80, 81, 145, 165].

In the following, after a brief description of the methods used in experiment, we will

first focus on the changes in surface composition and morphology associated with the

annealing step applied for alloying. The following part is concerned with the lateral dis-

tribution of Pt and Ru in surface alloys with different Pt surface content, including the

calculation of short-range order (SRO) parameters and statistical analysis of the surface

densities of different homogeneous and mixed atomic ensembles relevant for adsorption

and reaction processes. Finally, we compare our results to the behavior of PtRu bulk al-

loys [36, 181, 182] and to the findings from previous adsorption experiments on the same

surfaces [80, 81, 145, 165].

Experimental

A detailed description for the preparation of the Pt(111) single crystal substrate can be

found in section 3.3. Pt was evaporated from an electron beam evaporator (Omicron EFM

3), with the substrate at 300 - 350 K and typical deposition rates of about 0.25 ML min-1.

The resulting Pt coverage was determined by quantitative evaluation of STM images and

by AES. Surface alloys were formed by short flash annealing to 1350 K. As mentioned

above, due to the ’chemical’ contrast Ru atoms appear ’bright’ and Pt atoms ’dark’ in

atomically resolved images of the surface alloys.
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Results and discussion

Surface morphology and composition before and after annealing. Pt deposition onto

a clean Ru(0001) substrate at 300 - 350 K typically resulted in triangular monolayer is-

lands with a relaxed dendritic shape, as shown in Fig. 4.5a for 0.5 ML of Pt. Similar to

previous results [71, 80] the triangles are oriented in two different directions, associated

with either fcc or hcp stacking of the Pt islands with respect to the Ru(0001) substrate.

Upon flash annealing to 1350 K, the islands coalesce and part of the Pt adlayer is con-

densed at the ascending Ru steps, resulting in a surface covered by much fewer and

larger islands (Fig. 4.5b). Also the relaxed dendritic shape changed into a more compact

shape. Interestingly, the islands do not exhibit a well defined trigonal or hexagonal shape

with predominantly {100} or {111} type edges, but are more rounded. As elucidated in

detail in a recent combined STM / low energy electron microscopy (LEEM) study on

Pd/Ru(0001) heteroepitaxial growth by Rougemaille et al. [183], these island shapes as

well as the surprising stability of the islands with respect to dissolution and step conden-

sation of the adatoms during flash annealing can be attributed to the concomitant process

of surface alloy formation.

After surface alloy formation, the positions of the former Ru substrate steps are no

longer detectable. Atomic resolution STM images with chemical contrast such as in Fig.

4.5c and d reveal a very homogeneous distribution of Pt and Ru atoms over the entire

surface, in this case with a fraction of about 50% of ’dark’ atoms (Pt). This is identical to

the amount of Pt initially deposited, as determined from the area covered by Pt islands

before the annealing step. Therefore, virtually all of the Pt atoms initially deposited are

still visible in the outermost surface layer. Furthermore, both the large islands and the

surrounding terraces exhibit the same Pt : Ru ratio. These two results in combination

are only possible if there is no measurable amount of Pt buried below the islands, i.e.,

despite the significant changes in the surface morphology the deposited Pt is confined

to the surface layer. A similar tendency was found also for other initial Pt coverages.

A quantitative evaluation of the fraction of Pt surface atoms in the surface alloys after

annealing, as detected by atomic resolution STM images (cf. Fig. 4.7), leads to a linear

relation with the initial Pt island coverage before annealing, which was equally derived

from STM data (Fig. 4.6). This linear relation holds up to a Pt concentration of at least

0.8 ML. The conclusion of a negligible loss of Pt into the subsurface region under these

conditions is supported also by AES measurements, which yielded virtually identical

RuMNN and PtMNN intensities before and after annealing to 1350 K. For xPt > 0.8 ML, the
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measured Pt surface content deviates increasingly from the linear correlation, leading to

a minimum surface concentration of Ru atoms of 9 - 10% in the outermost layer at a nom-

inal amount of Pt deposit of 1 ML.

Figure 4.5: (a) Ru(0001) surface after deposition of 0.5 ML Pt at 300 K (217 × 217 nm2,

It = 0.56 nA, Ut = + 1 V); (b) the same surface after annealing to 1350 K (217 × 217 nm2,

It = 0.56 nA, Ut = + 1 V); (c) atomically resolved image of the terrace showing 50% Pt atoms

(dark due to chemical contrast) (13 × 13 nm2, It = 28 nA, Ut = + 52 mV); (d) edge of an island

(see frame marked in (b)), showing an identical composition of island and underlying terrace

(13 × 13 nm2, It = 28 nA, Ut = + 52 mV)
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Figure 4.6: Pt content counted in the surface alloys as a function of initial Pt coverage. Dotted

line: no Pt loss; dashed / solid line: quasi-equilibrium of the Pt contents in the two outermost

layers as calculated from the segregation energies from Ruban et al. [36] / Christensen et al. [34],

respectively (see text).

The small loss of Pt into the Ru subsurface regime is indicative of a high kinetic barrier

against bulk diffusion. Therefore, we assume that a local equilibrium in the surface re-

gion is established, while bulk dissolution is inhibited [34, 36, 37]. It should be noted that

the gain in entropy upon bulk dissolution, which is roughly

∆S = kB ln
(

Nbulk

Nsur f ace

)
≈ 1.25 meV K-1 (4.6)

would correspond to a gain in free energy of ∆G ≈ 1.7 eV (per atom) at an assumed

freezing temperature of 1350 K.

Local equilibrium in the surface region. For low Pt coverages, the energy loss associ-

ated with exchanging a Pt impurity atom in the surface layer of a Ru(0001) surface with

a Pt impurity atom in the bulk is equal to the Pt impurity segregation energy in Ru, i.e.,

the energy gain experienced upon exchanging a Pt impurity atom dissolved in the Ru

bulk with a Ru surface atom. Impurity segregation energies were calculated from first-

principles for a large number of metal combinations [34, 36]. For Pt in a Ru(0001) surface
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in equilibrium with Pt dissolved in the Ru bulk, values of(
∂esur f

∂xPt

)
xPt=0

= − 0.75 eV and − 0.82 eV

per atom, respectively, were obtained [34, 36]. We can describe the Pt distribution in the

surface region in a two-state model consisting of (i) a ground state, where Pt is confined

to the outermost layer, and (ii) an excited state, where Pt is distributed in the entire near-

surface region. In a coarse approximation, we assume that (i) the surface region includes

the two topmost layers, that (ii) diffusion to deeper layer is kinetically inhibited under

present annealing conditions, and that (iii) the segregation energies calculated for segre-

gation from the bulk are approximately true also for segregation from the second layer

to the surface layer. Using the smaller of the two segregation energies listed above, we

can estimate the ratio between Pt atoms thermally excited into the subsurface layer and

those remaining in the topmost layer by

pbury,Pt =
nPt_subsur f

nPt_sur f
= exp

(
∆Eseg

kBT

)
= exp

(
−0.75 eV

8.6 · 10−5 eV K-1 · 1350 K

)
= 0.0016 (4.7)

for low Pt coverages and, at maximum, at 1350 K. This would correspond to a loss of

less than 0.2%, which agrees with our observation within the experimental uncertainties.

If the equilibrium distribution of the Pt atoms in the surface region were maintained

to lower temperatures during cooling-down of the sample, this value would even be

smaller. For a freezing temperature of 1000 K which, based on the experimental data,

is the absolute lower limit for rapid Pt exchange, the second layer Pt population would

amount to 0.02%.

According to Christensen et al. [34], the segregation energy becomes smaller in absolute

value with increasing Pt coverage, which can account for the observed increase of relative

Pt loss at higher xPt. If we take the value of(
∂2esur f

∂x2
Pt

)
xPt=0

= 0.52 eV

given by these authors [34] for the second derivative of the surface energy (or the first

derivative of the Pt segregation energy), we attain:

∆Eseg = ∆E0
seg + xPt_deposited · 0.52 eV (4.8)
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with ∆E0
seg = −0.75 eV or −0.82 eV (per atom), according to [34] or [36], respectively.

Using this relation, the number of Pt surface atoms can be estimated as a function of

the deposited amount of Pt via the composition dependent segregation energy. The Pt

surface concentrations predicted by this expression for ∆E0
seg = −0.75 eV (E0

seg = −0.82

eV) are indicated by a dashed (solid) line in Fig. 4.6. (Note that the term xPt(islands) in

Fig. 4.6 is given by the relation

xPt(islands) =
nPt_deposited

nsites
and xPt(alloy) =

nPt_sur f

nsites
.) (4.9)

Despite the uncertainties in the extrapolation from the behavior at low xPt into the high

xPt regime, the two curves predict a trend which agrees quite reasonably with our exper-

imental findings. In total, these estimates support our proposal that at current annealing

conditions the distribution of Pt atoms in the near-surface region (topmost two layers) is

determined by a local equilibrium in this region, which is determined by the segregation

energy.

Considering the high entropy gain upon bulk dissolution, the Pt excess at the surface

must be additionally stabilized by a high kinetic barrier for Pt tracer diffusion in the Ru

bulk, while the exchange of atoms between the first and second layer, i.e., the surface

alloying process, appears to be much more facile [184, 185]. The difference in barriers

is mainly due to the lower coordination at the surface. It should be remarked that ac-

cording to Vegard’s law the size mismatch between Pt and PtRu alloys is lower than

between Pt and pure Ru, concomitant with a lower barrier for Pt tracer diffusion, which

explains why Pt enrichment of PtRu alloy surfaces can be observed already at tempera-

tures around 1000 K [36, 182].

Short-range order. The distribution of surface atoms in the different PtxRu1−x/Ru(0001)

surface alloys was evaluated by a quantitative analysis of atomic resolution images such

as those shown in Fig. 4.7. For each Pt content, STM images were recorded on at least

four different positions of the samples, with more than 2000 atoms per position each. The

short-range order described by the SRO parameters (cf. section 2.1) was analyzed, and

the abundance of specific atomic ensembles, which are expected to be relevant for the

adsorption and catalytic properties, was evaluated.

Based on this extensive analysis, the PtxRu1−x layers produced by the surface prepara-

tion procedure described above have a very uniform composition over the entire surface.

This is true for all Pt : Ru ratios, indicative of a good miscibility of the metals and a suf-

ficiently high annealing temperature. According to STM images such as in Fig. 4.5c-d or
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Figure 4.7: Atomically resolved STM images of PtxRu1−x/Ru(0001) surface alloys, Pt content as

indicated above the images. Tunnel parameters (It and Ut): (a) 71 nA, 8 mV; (b) 18 nA, 100 mV;

(c) 18 nA, 3 mV; (d) 6.3 nA, 33 mV; (e) 56 nA, 14 mV; (f) 71 nA, 1 mV; (g) 63 nA, 1 mV; (h) 20 nA,

28 mV; (i) 5.6 nA, 5 mV; all image sizes: 7 × 7 nm2.

in Fig. 4.7, the surface atoms seem to be almost randomly distributed over the surface,

with no pronounced short- or long-range order. This qualitative observation is quantita-

tively confirmed by the SRO parameters, which in 2D alloys, already described in detail
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in section 2.1, can be calculated via the relation

α(r) =
Π(2)(r)− (2x− 1)2

1− (2x− 1)2 (4.10)

using the pair correlation function Π(2) (cf. eq. (2.3)). For a random distribution of atoms,

α(r) would be zero for all distances r, while preferences for like / unlike neighborhoods

are associated with positive / negative values. In this study, we evaluated the α(r) values

for r = 1,
√

3, 2,
√

7, and 3, with the distances given in units of the nearest-neighbor (NN)

distance. These cover the range from NN sites to the 5th nearest-neighbors. The results of

the evaluation of the different PtxRu1−x surface alloys are collected in Fig. 4.8. Evidently,

the distribution of Pt and Ru atoms is very close to a random distribution for all Pt : Ru

ratios. Compared with the results of other atomically dispersed, close-packed surface

Figure 4.8: SRO coefficients describing the short-range order in PtxRu1−x surface alloys of dif-

ferent compositions, derived from the probability to find a Pt atom in the vicinity of a given Ru

atom at a distance of 1,
√

3, 2,
√

7, and 3 nearest-neighbor distances. Solid circles: coefficients

deduced from our STM data, error bars reflect statistical scattering; dotted lines: values expected

for random distribution.
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alloys such as PdxAu1−x/Ru(0001) [95] or CuxPd1−x/Ru(0001) [91, 108], the absolute

values of the SRO parameters are remarkably small.

Available adsorption ensembles. Depending on the respective adsorbate, adsorption

will generally involve ensembles of surface atoms. Therefore, the adsorption properties,

including, e.g., the adsorption energy or the sticking coefficient, will vary with the num-

ber and distribution of Pt and Ru atoms in these ensembles [142, 186] and the abundance

of specific adsorption ensembles will be important for the understanding of adsorption

and reaction processes on these surfaces. We therefore evaluated the number of different

adsorption ensembles on the different surfaces. In Fig. 4.9a-d, we plotted the abundance

of different compact dimer, trimer, tetramer, and pentamer ensembles as a function of

Pt content in the respective surface alloys. The abundance of the different ensembles is

given by the probability of a given ensemble of m atoms to contain n = 0 . . . m Ru atoms,

as counted in the STM images. The statistical errors are smaller than the data points

themselves and are therefore not shown. In the case of trimers we do not discriminate

between trimers forming hcp or fcc sites, because there was no evidence for a differing

behavior in the data when counting the two mirror symmetric triangles separately. To

convert these probabilities for specific ensembles into absolute surface densities, one has

to consider that there are three bridge sites, two three-fold sites, three four-fold, and six

five-fold sites per surface atom. (Note that the four-fold sites are just bridge sites with

two nearest-neighbors.) Furthermore, we also included the probabilities predicted by bi-

nomial distributions in Fig. 4.9. As expected from the distribution of the two types of

surface atoms, the probabilities for specific adsorption ensembles derived from the STM

images agree very well with the curves calculated for a statistical distribution.

For small molecular adsorbates such as COad, the adsorption site might consist only of

a single atom (on-top adsorption). In this case, the adsorption energy can vary with the

composition of its nearest-neighbor shell (ligand effect [52, 55, 142, 186]). In Fig. 4.10a

and b, the counted average numbers of nearest-neighbor Pt atoms (’ligands’) around cen-

tral Pt and Ru atoms, respectively, are plotted as function of the Pt concentration xPt. The

error bars ∆nPt_lig represent the uncertainty range of the statistical mean value nPt_lig as

calculated for a confidence level of 95% via the relation [187]

∆nPt_lig = 1.96 σ
nPt_lig√
ncounted

(4.11)

where σ
(
nPt_lig

)
denotes the standard deviation of nPt_lig with respect to the respective

mean value and ncounted is the number of ligand shells evaluated for the respective Pt
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Figure 4.9: Abundance of compact 2-, 3-, 4-, and 5-fold ensembles as a function of Pt-coverage.

The composition of ensembles is as denoted in the legends, the actual positions of the Pt and Ru

atoms within the ensembles are not explicitly considered. Symbols result from STM data, lines

denote prediction for purely random distribution.
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content. Also in this case, the counted average number of Pt ligands around either Pt or

Ru central atoms is well described by the relation nPt_lig = 6 xPt (see dashed lines in Fig.

4.10), as would be expected in a random distribution.

Figure 4.10: Counted average numbers of Pt neighbors around a given Pt (a) or Ru (b) atom. Lines

denote prediction for random distribution. Sizes of symbols reflect statistical uncertainty.

Energetics behind the atom distribution. In the following, we will have a closer look

at possible reasons for the observed near-random distribution in the PtRu layers. Due to

their lower local coordination, the driving force for the formation of ordered structures is

generally smaller for 2D alloys than for 3D bulk alloys, even for the same metal-metal in-

teractions. This results in lower order-disorder transition temperatures for the 2D alloys

than for 3D alloys. For instance, for PdxAu1−x [95] and CuxPd1−x [91, 108] on Ru(0001),

ordered ground states were predicted to be thermodynamically stable only below 180 K,
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while in Cu3Pd bulk alloys this is about 600 K [129]. At these low temperatures, the mo-

bility within the 2D alloys is far too low for equilibration. Therefore, the experimentally

observed atom distributions represent the equilibrium configuration of a surface layer at

a ’freezing temperature’, which is given by the lowest temperature where 2D intermix-

ing is sufficiently fast to reach equilibrium at experimentally relevant time scales. In that

respect, the atom distribution in the analyzed surface alloys reflects that of a thermally

excited state. As it will be discussed in section 4.2.3, the onset of alloying at Pt island

edges was observed at around 850 K, but even at 1150 K we could still find enrichment of

Ru surface atoms around vacancy islands in a nearly closed Pt film. Considering that for

the disorder-order transition only short-range transport is required, the freezing temper-

ature can be estimated to be around 1000 ± 100 K (the uncertainty does not substantially

affect the following discussion).

For the system PtRu, the driving forces to form ordered surface phases are presumably

smaller than for CuPd or AuPd, since only for the latter two the bulk phase diagrams

predict the formation of ordered structures [188–191]. This tentative interpretation is

confirmed by an evaluation of the pairwise interaction energies V(2)
e f f (r), which were de-

rived from the Pt-Ru distribution in the 2D alloys (for details of the procedure see section

2.3). For a 2D lattice with Ru and Pt atoms, these parameters are related to the interaction

potentials VPtPt(r), VRuRu(r), and VPtRu(r) via the equation (cf. section 2.2.1)

V(2)
e f f (r) =

VRuRu(r) + VPtPt(r)
2

−VPtRu(r). (4.12)

V(2)
e f f (r) reflects the energy difference between an equal and an unequal couple of atoms

separated by a distance r, which is given as multiple of the nearest-neighbor (NN) dis-

tance. By means of these parameters it is possible to reproduce the experimentally ob-

served short-range order in 2D lattice-gas Monte-Carlo simulations. For a Pt0.25Ru0.75

composition, the set V(2)
e f f (1) = 6.1 meV, V(2)

e f f (
√

3) = 8.4 meV, V(2)
e f f (2) = 8.5 meV,

V(2)
e f f (
√

7) = 8.3 meV, and V(2)
e f f (3) = 2.0 meV was found to yield the best agreement

between simulation and experiment if a freezing temperature of 1000 K is assumed. For

other Pt surface contents (x = 0.5 and x = 0.75), rather similar results were obtained, yield-

ing a set of pairwise interaction energies of V(2)
e f f (1) = 5.4± 5.4 meV, V(2)

e f f (
√

3) = 4.3± 4.8

meV, V(2)
e f f (2) = 6.2 ± 3.2 meV, V(2)

e f f (
√

7) = 4.0 ± 4.3 meV, and V(2)
e f f (3) = 0.8 ± 1.6

meV. Since these values do not oscillate, the requirement for maintaining the total bal-

ance of Ru and Pt surface atoms results in the observed driving force for non-random

distributions. The relatively large error bars in the average EPIs result mainly from
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the differences in the EPIs between different Pt concentrations rather than reflecting

uncertainties for a single Pt content. Apparently, the approach of describing the sur-

face distribution by pairwise interaction energies, which are independent of the Pt con-

tent, can describe the real situation only with the limited precision given by these er-

ror bars. A more precise description would require higher order interactions, such as

trio interactions [192]. Compared to PdxAu1−x/Ru(0001) [95] or CuxPd1−x/Ru(0001)

[108], where the effective NN interaction was found to be larger than 10 meV, the driv-

ing force for ordering within PtxRu1−x/Ru(0001) is much weaker, and the atom distri-

bution in the PtxRu1−x/Ru(0001) surface alloy is largely driven by entropy. Using the

aforementioned set of interaction energies, Monte-Carlo simulations revealed that in a

Pt0.25Ru0.75/Ru(0001) surface alloy the ordered (2 × 2) structure would only be stable

below 200 K. Since this temperature is far below the 2D freezing temperature, the or-

dered phase is experimentally not accessible.

The growth experiments discussed above and measurements on the growth of Ru on

Pt(111) [73] (cf. section 4.2.2) as well as on monolayer thick Pt films covering the Ru(0001)

single crystal [193] (cf. section 4.2.1) clearly demonstrated that both Pt and Ru prefer to

adsorb on Ru3 sites rather than on Pt3 sites due to the stronger bonding to Ru than to

Pt [194]. The stronger binding to adjacent Ru atoms is true also for in-plane neighbors.

From the definition of the effective nearest-neighbor interaction energy

V(2)
e f f (1) =

VRuRu(1) + VPtPt(1)
2

−VPtRu(1), (4.13)

and neglecting the very small value of V(1) = 6 meV, we attain the following relation:

VPtRu ≈ 0.5 (VRuRu + VPtPt) . (4.14)

In this case, the interaction energy between a Ru and a Pt atom is close to the mean value

of VRuRu and VPtPt. Since the melting point of Ru is higher than that of Pt, we can assume

that |VRuRu| > |VPtPt| , which in turn means that |VPtRu| > |VPtPt| . The consequences for

the lateral distribution of surface atoms in a PtRu surface alloy are different, however,

compared to Pt or Ru adsorption. Both Pt and Ru adatoms will tend to maximize the

number of underlying Ru atoms, as observed in the growth experiments. In contrast,

maximizing the number of Ru atoms around a Pt atom in a PtxRu1−x/Ru(0001) surface

alloy is not favorable due to the concomitant decrease in the number of Ru-Ru pairs. Con-

sidering only nearest-neighbor interactions, a statistical distribution of the surface atoms

is obtained if the gain in energy due to Pt-Ru formation (instead of Pt-Pt) is compensated
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by a similar loss in energy due to the Ru-Pt formation (instead of Ru-Ru). This exam-

ple illustrates the role of the ’effective’ interaction energies for the understanding of the

lateral distribution in a surface alloy, while the preferential bonding of adatoms on dif-

ferent sites in the growth experiments is better described by the metal-metal interaction

energies themselves.

Comparison with PtRu bulk alloys and adsorption properties of the surface alloys.

The pronounced tendency for surface confinement observed for PtRu/Ru(0001) surface

alloy formation agrees well with the tendency of PtRu bulk alloys towards Pt surface

enrichment [181, 182]. The theoretical stability of an ordered 2D Pt0.25Ru0.75 phase pre-

dicted for T < 200 K in the present study and the good miscibility at this Pt : Ru ratio

observed experimentally for the 2D system contrasts the behavior of PtRu bulk alloys or

nanoparticles, which show phase separation in this composition regime [188, 189]. Apart

from the general observation that the miscibility of metals at surfaces is generally im-

proved compared to the bulk properties (including the formation of surface alloys for

bulk immiscible systems [82, 102, 184, 195, 196]), this can be rationalized by an effect

specific for PtRu. While in bulk alloys Pt-rich (fcc) and Ru-rich (hcp) alloys form dif-

ferent phases, which coexist for 0.2 < xPt < 0.38 (phase separation) [188–191], stacking

effects play a small role in 2D PtRu alloys on a largely homogeneous Ru(0001) substrate.

While bulk Ru and Pt grow in hcp and fcc mode, respectively, Pt monolayers on Ru(0001)

were shown to occupy both fcc and hcp sites, with the ratio depending on the respective

growth conditions [71, 80].

Due to the rigid surface confinement of the Pt atoms and the well-defined neighbor-

hoods of the respected surface atoms, PtxRu1−x/Ru(0001) surface alloys are ideal model

surfaces for studies of structural and electronic effects in bimetallic surfaces such as (elec-

tronic) strain effects, (electronic) ligand effects or (geometric) ensemble effects on the ad-

sorption or catalytic reaction properties on bimetallic surfaces. Over almost the entire

range of Pt surface contents uncontrolled local variations of the adsorption properties

due to ’hidden ligands’ in the subsurface layer are negligible. Moreover, the high stability

of these model surfaces against segregation, which is indicated by the high temperatures

necessary for surface alloy formation and lateral equilibration, assures that adsorption

and desorption studies can be performed without inducing undefined changes of the

surface morphology or the atom distribution in the surface layer. This was exploited in

recent studies of the adsorption and coadsorption behavior of CO, D2 and CO + D2 in our

laboratory, where the variation of the adsorption behavior of the respective adsorbates
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on surfaces with increasing, well-defined Pt content allowed us to clearly identify and

quantify contributions from the different effects listed above [81, 145, 165]. As expected

based on the d-band model by Hammer and Nørskov [51, 62, 63] these measurements re-

vealed a substantial weakening of the Pt-CO and Pt-D bond due to (i) the stronger bond

of Pt surface atoms to the underlying Ru substrate (electronic ligand effect to underlying

atoms) [72, 194] and (ii) the compressive strain of the Pt surface atoms resulting from the

pseudomorphic structure of the mixed surface layer with a smaller lattice constant than

in bulk Pt (2.76 Å in Ru compared to 2.89 Å in Pt) (strain effect). For increasing Pt con-

tent, the strain and (lateral) ligand effects are counteracting. While the strain increases

with an increasing number of Pt neighbors around a central Pt surface atom, the number

of strongly binding Ru neighbors decreases. The first effect should result in an increas-

ingly weaker Pt-adsorbate bond with increasing Pt content, the second one in a bond

strengthening. For Ru surface atoms, the trends should be similar. Experimentally, we

found a decrease of the Pt-CO and of the Ru-CO bond strength with increasing Pt sur-

face content [145], indicating that the strain effects are dominant in this case. While for

CO adsorption these effects describe the trends in the adsorption behavior very well, the

adsorption of deuterium is more complicated because of its adsorption on threefold sites

and the recombination of two adjacent Dad atoms, for desorption. In a simple picture, the

adsorption energy is determined by the composition of a compact PtxRu5−x pentamer

as adsorption ensemble, and therefore ensemble effects will play an important role in

this case as well. Because of the many different compositions of the ensemble and of the

atomic arrangements therein we expect a broad distribution of adsorption energies due

to the many different adsorption ensembles and a continuous decay of the deuterium

adsorption energy with increasing Pt content. Both effects were indeed observed experi-

mentally [165].

The adsorption data are fully compatible with an intimate mixing of the two compo-

nents in the surface layer, as directly observed in the present STM data, since segregation

of the two components into islands would result in a coexistence of two adsorbed species

with distinct adsorption energies. In the case of COad, phase separation should also result

in two distinct vibrational frequencies, which contrasts our observations. The adsorption

data also confirm the negligible loss of Pt into the subsurface or bulk region under present

annealing conditions. In total, the detailed knowledge of the atom distribution derived

from the present STM data provides a quantitative basis for comparison with theoretical

studies of the surface chemistry of PtRu/Ru(0001) surface alloys and, in a wider sense,
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for the understanding of the surface chemistry and electrochemistry of bimetallic PtRu

surfaces.

Summary and conclusions

Flash annealing of partly Pt covered Ru(0001) to 1350 K leads to the formation of sur-

face confined PtxRu1−x/Ru(0001) alloys. According to atomically resolved STM data,

the Pt atoms are homogeneously distributed over the surface after annealing to 1350 K,

and the loss of Pt due to bulk diffusion and / or desorption is small. Only at coverages

approaching and extending a full monolayer, small amounts of Pt are removed from the

surface, resulting in a minimum concentration of about 10% Ru in the topmost layer.

This behavior can be reproduced by assuming an equilibration between the two topmost

layers during annealing, using a previously calculated, highly negative Pt segregation

energy that decreases in absolute value with increasing Pt content. We assume that al-

loyed islands and terraces preferentially overgrow Pt free areas, which explains why no

Pt becomes occasionally buried during the annealing step. The lateral distribution of the

Pt atoms in the surface layer is close to a random distribution, which can be attributed

to a very small ordering driving force. This is quantitatively reflected in absolute values

of the effective pair interaction energies that are significantly below 10 meV, i.e., much

smaller than those reported previously for PdCu/Ru(0001) and PdAu/Ru(0001) surface

alloys.

Our findings for PtxRu1−x/Ru(0001) fully agree with the known tendency for Pt seg-

regation in PtRu bulk alloys, and in particular also with previous results of CO and D2

adsorption studies on these well-defined surfaces themselves. The latter studies not only

confirm the negligible loss of Pt surface atoms under the present annealing conditions,

but also point to an intimate intermixing of the two components in the surface layer

rather than to segregation into 2D islands, which is evidenced by the continuous shift in

adsorption properties with Pt content. The quantitative knowledge of the distribution of

surface atoms and thus of the abundance of different adsorption ensembles and neigh-

borhoods, together with the well-defined structure and compositions of the underlying

substrate, provides the basis for the unambiguous experimental identification and quan-

tification of strain effects, ligand effects and ensemble effects governing the adsorption

and reaction behavior of bimetallic surfaces. Furthermore, they represent ideal models

for comparative theoretical studies of the surface chemistry of bimetallic surfaces.
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4.1.3 Atomic distribution in PdxRu1−x/Ru(0001) surface alloys

The following STM results are part of the publication [104]5, where they are discussed in

context to corresponding thermal desorption experiments. The STM measurements, the

evaluation of the atom distribution and the simulations based on the EPI Hamiltonian are

my contribution to that publication and are presented in all details in the thesis, while

the TPD results deduced by Heinrich Hartmann et al. are only discussed in the final

correlation with the STM results.

Abstract

The atom distributions in surface confined PdxRu1−x/Ru(0001) alloys are studied by

high resolution scanning tunneling microscopy (STM) with chemical contrast. A ho-

mogeneous atom distribution in the surface alloys is achieved by annealing a Pd pre-

covered Ru(0001) surface to 1150 K. For the applied alloying conditions, the atomically

resolved STM images reveal a negligible Pd loss due to bulk diffusion or desorption, and

a clustered atom distribution of the 2D equilibrated surface layer. This observation is

quantified by a statistical evaluation of the atom distribution by short-range order (SRO)

parameters as well as the abundance of selected compact atom ensembles relevant for

the catalytic properties of the surface. Additionally, effective pair interactions (EPIs) are

derived, which reproduce the experimental deduced atom distribution in MC simula-

tions and therefore are sufficient for an energetic description of the PdxRu1−x/Ru(0001)

surface alloy system.

Introduction

In close analogy to the Pt/Ru(0001) system investigated previously [80, 81, 103], also

Pd/Ru(0001) was recently found to form surface alloys via place exchange between Pd

adatoms and Ru surface atoms, in combination with a preferential overgrowth of Pd-free

areas by the expanding Pd islands [183]. Since those processes were observed during

Pd growth at T = 840 K, however, no complete intermixing of Pd and Ru in the outer-

most layer took place, which for the similar system Pt/Ru(0001) was found to require

T > 1000 K [103]. According to previous TPD results [197], Pd desorption should set in

only for T > 1200 K, which should in principle offer a process window for the forma-

tion of a complete surface alloy. Such a surface alloy would be an interesting pendant

5Reprinted from Publication with permission from Elsevier (Elsevier online ©2009)
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to the PtxRu1−x/Ru(0001) system, since Pt and Pd are chemically similar but are ex-

pected to qualitatively differ in the atom distribution within the respective surface al-

loys. According to the tabulated data by Ruban and Christensen et al. [34, 36, 37], similar

to PtxRu1−x/Ru(0001) also PdxRu1−x/Ru(0001) is an exothermic surface alloy, but will

prefer a clustered rather than a dispersed atom distribution similar to that observed in

AgxPt1−x/Pt(111) [82].

In this section, it will be shown that homogeneous PdxRu1−x/Ru(0001) surface alloys

are formed by annealing a Pd covered Ru(0001) surface to 1150 K and that the atom ratio

found in the surface alloy is related to the deposited Pd amount. Based on the atomically

resolved STM images, short-range order (SRO) parameters are deduced as well as an en-

ergetic description of the alloy by effective pair interactions (EPIs) [108]. The EPIs are

derived by an inverse Monte-Carlo approach including a 2D lattice-gas Hamiltonian as

energy model. Finally the abundance of selected compact ensembles are evaluated and

discussed in comparison with previous findings of PtxRu1−x/Ru(0001) [103], consider-

ing their relevance for model adsorption and reaction.

Experimental

Clean Ru(0001) single crystal substrates were prepared as described in section 3.3. Pd was

vapor deposited from a commercial, resistively heated Knudsen cell (WA Technology /

Tectra), with the substrate held at 300 - 350 K. Typical deposition rates were 0.1 ML min-1.

Surface alloys were formed by subsequent annealing to 1150 K for 10 - 60 s. Due to the

chemical contrast in atomically resolved STM images, Pd and Ru atoms appear ’dark’

and ’bright’, respectively.

Results and discussion

Surface alloy formation. Pd deposition onto Ru(0001) at 310 K results in the forma-

tion of pseudomorphic Pd monolayer islands with typical diameters of 10 - 50 nm and

of Pd decorations attached to the upper terrace at the ascending steps [91]. Fig. 4.11a

and b show the morphology after deposition of 0.14 ML and 0.53 ML Pd, respectively.

The majority of the triangular islands observed for 0.53 ML Pd has the same orientation

that changes from one terrace to the next, indicative for a fixed stacking relation to the

substrate. Compared to these islands, the step decorations are oriented in the opposite

direction, which points to a different stacking relation with respect to the substrate at the

steps. Since the step decorations are formed by heterogeneous nucleation at the Ru(0001)
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Figure 4.11: Islands and step decorations after deposition of (a) 0.14 ML and (b) 0.53 ML Pd

on Ru(0001) at 310 K; (c) and (d) surface morphology after annealing to 1150 K (image sizes:

200 × 200 nm2; the white square in (c) indicates the position of the atomically resolved image in

Fig. 4.12).

steps, it is most likely that they adapt the hcp stacking of the substrate. This means that

the majority of the Pd monolayer islands grow in an fcc geometry [88]. After annealing

to 1150 K, islands and step decorations disappear and the former Ru step edges are no

longer visible. Instead, the surface appears irregularly corrugated as visible in Fig. 4.11c

and d. High resolution STM images of smaller surface areas (Fig. 4.12) reveal that this
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corrugation is related to the formation of PdRu/Ru(0001) surface alloys, where Pd and

Ru atoms appear ’dark’ and ’bright’, respectively [183]. Very similar to PtRu/Ru(0001)

[103], the incorporated Pd atoms are distributed uniformly over the entire terraces, and

Figure 4.12: PdxRu1−x/Ru(0001) surface alloys formed by annealing of Pd-covered Ru(0001)
to 1100 K (10 × 10 nm2, UT = 1 - 2 mV, IT = 50 - 90 nA). (a) Pd0.14Ru0.86/Ru(0001) (step

edge in the upper left corner, see also white square in Fig. 1c), (b) Pd0.25Ru0.75/Ru(0001), (c)

Pd0.52Ru0.48/Ru(0001), and (d) Pd0.95Ru0.05/Ru(0001) (black lines due to adsorbates on remain-

ing Ru sites). Note that due to different tip conditions the color scale is inverted in Fig. 4.12d (Ru

atoms are dark in Fig. 4.12d, bright in Figs. 4.12a-c).
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we found no evidence for a significant enrichment or depletion close to the step edges.

For the area at an upper step edge, this can be verified in the high resolution STM image

in Fig. 4.12a, which resolves the area marked by the white square in Fig. 4.11c.

For higher initial Pd coverages, the annealing not only gives rise to an atomic scale in-

termixing of Pd and Ru, but also to a different surface morphology. For 0.53 ML Pd, this

can be seen in Fig. 4.11d, where after annealing to 1150 K not only the Pd islands disap-

peared, but also the monoatomic steps changed in shape. Every second step proceeds as

straight as before annealing, while the other ones exhibit a pronounced curvature. In the

first one, the step orientation obviously corresponds to a stable facet orientation, while

in the second case, the stable facets would result in a zig-zag step morphology, which

during the rapid cool-down freezes in a relaxed zig-zag configuration [198].

Comparing the amount of Pd deposited initially and the number of Pd atoms detected

by STM in the surface alloys shows that for the present annealing procedure the loss of

Pd atoms during alloy formation is negligible, excluding significant desorption or diffu-

sion of Pd into the bulk. This is quantitatively illustrated in Fig. 4.13, where for different

PdRu/Ru(0001) surface alloys the Pd content of the surface alloy is plotted as a function

of initially deposited amount. The data nearly follow a line with slope one. This STM

based finding is also supported by AES spectra which show no measurable changes of

the Ru and Pd peak intensities before and after the annealing step.

The formation of PdRu/Ru(0001) surface alloys occurs despite the poor bulk miscibility

of Pd and Ru [199]. In that respect, the present system can be compared to AgPt/Pt(111)

[82] or SbAg/Ag(111) [200, 201] surface alloys. In these systems, the poor bulk miscibil-

ity mainly results from the pronounced size mismatch of the two components (see ref.

[195]). For all of these systems, the adlayer metal atoms are significantly larger in size

than the substrate atoms. In such cases, pseudomorphic adlayers encounter compressive

strain that increases with adlayer domain size. This can be described by an effective re-

pulsion between the guest atoms [195]. This effective repulsion may be changed, when

including also other effects such as the chemical interaction between the different surface

species [195]. Together with the counteracting tensile strain generally present in surface

layers, this favors dissolution of the admetal islands and incorporation of the admetal

atoms into the outermost substrate layer (’intermixing’) [202]. The reduction of surface

strain by incorporation of larger guest atoms into the host surface layer is also relevant

for the tendency towards surface enrichment of these guest metal atoms, in addition to

possible differences in the metal specific surface energies [203].
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Figure 4.13: Pd content in the surface alloys as function of initial Pd coverage (dotted line: no Pd

loss).

Despite the strong energetic preference of Pd to remain at the surface, however, the dis-

solution of the Pd adlayer into the bulk, which is free of Pd, becomes thermodynamically

favorable at elevated temperatures for entropic reasons. For a single Pd atom, the gain in

configurational entropy can be calculated as (crystal dimensions: diameter 8 mm, height

2 mm)

∆S = kB ln
(

Nbulk

Nsur f ace

)
≈ 1.30 meV K-1 (4.15)

where Nbulk and Nsur f ace denote the number of sites in the bulk and at the surface, respec-

tively. Considering the loss in enthalpy (negative segregation energy) for transferring a

Pd atom from a Ru(0001) surface into the Ru bulk of about ∆H ≈ 1 eV [34, 36], the gain

in free energy associated with bulk dissolution would be

∆G = ∆H − T∆S ≈ −0.5 eV (4.16)

(per atom) at an annealing temperature of T = 1150 K. This result fully agrees with the

picture that surface alloys are mainly stabilized by a kinetic barrier, i.e., by the fact that

diffusion into the bulk is associated with higher barriers and therefore requires higher

temperatures than exchange processes involving only surface atoms [204]. In the latter

processes, the energy of the transition state can be lowered significantly by local relax-

ations, which is much less possible in the bulk [205].
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Rougemaille et al. recently demonstrated that the incorporation of Pd adatoms into

Ru(0001) starts already at 840 K in the vicinity of Pd island edges [183]. Furthermore,

they showed that an incorporated Pd atom has a rather low probability to be overgrown

by an advancing Pd adlayer, as compared to Pd growth on Ru areas. They estimated

the energetic price for the latter process, i.e., the difference in binding of Pd adatoms to

Pd subsurface atoms compared to bonding to Ru atoms, to be around 0.5 eV per em-

bedded Pd atom. This value can be used to estimate the probability to overgrow Pd

containing surface areas at higher temperatures, pbury,Pd, where both, the probability of

place exchange processes and the mobility of Pd adatoms are high and allow complete

intermixing of the surface. At 1150 K, this probability would be

pbury,Pd ≈ exp
(
−0.5 eV

kB · 1150 K

)
≈ 0.006. (4.17)

The resulting very low number explains why we observe virtually no Pd losses into the

first subsurface layer.

Exchange also affects the morphology of Pd. At 840 K, the preferred attachment of ad-

atoms to steps or island edges above Pd free areas results in labyrinthine island patterns

[183]. After annealing to 1150 K, we hardly observe any islands on smaller terraces at all

(see Fig. 4.11), and the step edges of the alloyed surfaces are rather relaxed. Following the

arguments in Ref. [183], this can be rationalized by a high probability for place exchanges

between Ru adatoms (that diffuse across the terraces or along the step edges) and sub-

stitutional Pd atoms embedded in the underlying surface layer. This reverse exchange

is promoted by the tendency of Ru to maximize its coordination with Ru neighbors to

which it binds more strongly than to Pd. When such Ru sites are re-generated close to

ascending Pd island edges, the latter regain the possibility to advance over those Ru sites.

Thus, the elementary processes governing surface alloying at 840 K also explain the tran-

sition of the island morphology into an atomically smooth PdRu/Ru(0001) surface alloy

at 1150 K. The fast exchange processes between adatoms and surface layer atoms ensure

an effective lateral transport of Pd and Ru that in turn yields the high lateral homogeneity

of the surface alloy composition. It should be noted that vacancy mediated in-plane dif-

fusion will be active under these conditions, but much less efficient for lateral transport

than adatom diffusion and subsequent exchange.

Short-range order and formation of adsorption ensembles. The atomically resolved

STM images in Fig. 4.12 clearly illustrate that Pd and Ru prefer to form Ru-Ru and Pd-Pd

neighborhoods instead of mixed ones, very similar to the systems PtAg/Pt(111) [82] or
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CoAg/Ru(0001) [94]. Such a behavior could be expected from the negative curvature of

the Pd content dependent surface energy of this system determined by DFT calculations

[34]. For a quantitative determination of the lateral distribution of the surface atoms in

the PdRu/Ru(0001) surface alloys and the resulting short-range order (SRO), we eval-

uated high resolution STM images of many different compositions. For all Pd contents,

we recorded STM images from four or more different positions on the sample, including

between 1200 and 12000 atoms per surface composition (4000 in average). The SRO in

alloys is commonly quantified by the short-range order parameters α(r) (cf. section 2.1)

which in 2D systems can be calculated via the relation (cf. eq. (2.4))

α(r) =
Π(2)(r)− (2x− 1)2

1− (2x− 1)2 (4.18)

with the pair correlation function Π(2)(r) (cf. eq. (2.3)), which is determined directly from

the STM images [105]. In the present work, we calculated α(r) for r = 1,
√

3, 2,
√

7, and

3, with the distances given in units of the nearest-neighbor (NN) distance. The results are

summarized in Fig. 4.14.

For a random distribution of atoms, α(r) would be zero for all distances r, while prefer-

ences for like / unlike neighborhoods are associated with positive / negative values. As

expected, the tendency toward 2D clustering observed in the STM data (see Fig. 4.12) is

reflected by positive values of α(r) that decrease with increasing r for the entire range of

Pd : Ru ratios. This can be rationalized by attractive nearest-neighbor effective interac-

tions (see next paragraph) between similar surface atoms, with additional longer range

interactions being responsible for the exact decay of α(r) with distance.

Information on the interaction energies between the respective surface atoms can be

derived from the atom distribution [95, 108], assuming that the STM data represent the

equilibrium configuration of the surface layer at a ’freezing temperature’, which is the

lowest temperature where 2D intermixing is sufficiently fast to reach equilibrium at ex-

perimentally relevant time scales. Similar to the system PtRu/Ru(0001), which had been

studied previously, we assume a ’freezing temperature’ of T = 1000 ± 100 K [103]. (Note

that the uncertainty in the freezing temperature does not substantially affect the follow-

ing results.) This information is obtained by comparing the experimentally determined

distribution of the respective surface atoms, quantified by their SRO parameters, with

atom distributions generated by Monte-Carlo simulations, employing a systematic search

procedure [95, 108]. The total energy of a given atom distribution can be approximated
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4.1 The equilibrium structure of surface alloys – experiment and simulation

Figure 4.14: Short-range order in measured and MC simulated PdRu/Ru(0001) surface alloys of

different compositions; SRO parameters derived from the probability to find a Pd atom in the

vicinity of a given Ru atom at a distance of 1,
√

3, 2,
√

7, and 3 nearest-neighbor distances. The

simulations use EPI parameters determined for Pd0.52Ru0.48.

83



4 Results

by a 2D lattice-gas Hamiltonian of the form (cf. eq. (2.12))

H(2) =
1
2

3NN

∑
r=1NN

[
V(2)

e f f (r) ∑
〈i,j〉r

SiSj

]
(4.19)

where the occupation numbers Si and Sj at sites i and j, respectively, can assume the

values +1 and -1. The interactions between surface atoms are described by effective pair

interaction (EPI) parameters V(2)
e f f (r), which only depend on the distance r between these

two atoms. For a 2D lattice occupied by either Ru (S = -1) or Pd (S = 1) atoms, these

parameters are related to the interaction potentials VRuRu(r), VPdPd(r), and VRuPd(r) via

the equation (cf. eq. (2.10))

V(2)
e f f (r) =

VRuRu(r) + VPdPd(r)
2

−VRuPd(r). (4.20)

V(2)
e f f (r) thus reflects the energy difference between an equal and an unequal pair of atoms

separated by a distance r. For a Pd0.52Ru0.48/Ru(0001) surface alloy, the set V(2)
e f f (1) =

−20 meV, V(2)
e f f (
√

3) = −7.4 meV, V(2)
e f f (2) = −0.99 meV, V(2)

e f f (
√

7) = 7.61 meV, and

V(2)
e f f (3) = 7.92 meV yields the best agreement between simulation and experiment for

a freezing temperature of 1000 K. Despite the simplicity of this model, which does not

include higher order interactions [94], the atom distributions resulting from MC simula-

tions based on these data agree very well with the experimentally determined distribu-

tions. This is illustrated by simulated images for Pd0.14Ru0.86 and Pd0.52Ru0.48 in Fig. 4.15a

and b, which closely resemble the experimentally observed distributions in Fig. 4.12a and

c, respectively. A similarly good agreement is obtained also between experimental SRO

parameters and those derived from EPI based MC simulations (Fig. 4.14). In contrast to

CuPd/Ru(0001) [108], the above values of the EPIs represent the optimum values for the

entire range of Pd contents in the PdRu/Ru(0001) surface alloys and it was not neces-

sary to introduce a coverage dependence of the EPIs. This indicates that the influence of

higher order interactions is rather small in the present system. The negative pair inter-

action parameters V(2)
e f f (1) and V(2)

e f f (
√

3) show that the short-range attraction between Pd

and Ru is slightly weaker than the average of the Ru-Ru and the Pd-Pd interactions (see

eq. (4.20)). This is mostly due to the very strong Ru-Ru interactions compared to the Pd-

Pd interactions, while Pd binds more strongly to Ru than to other Pd atoms. The latter

is reflected, e.g., by the higher stability of Pd monolayers on Ru(0001) in thermal des-

orption experiments as compared to Pd multilayers [197]. The longer range attractions

V(2)
e f f (
√

7) and V(2)
e f f (3) between unlike neighbors enhance the probability to find unlike

neighbors at larger distances and thus reduce the size of pure 2D Ru or Pd domains. In
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Figure 4.15: MC simulated surfaces of (a) Pd0.14Ru0.86/Ru(0001) and (b) Pd0.52Ru0.48/Ru(0001).

this picture, the main reason for the bad miscibility must arise from the energy cost of

breaking the highly stable Ru-Ru bonds, which is not fully compensated by the energy

gain of the Pd atoms.

In order to provide information about the abundance of specific mono- and bimetallic

(mixed) adsorption sites on these surfaces and their variation with Pd content, we eval-

uated the number of different adsorption ensembles [103]. Fig. 4.16 gives an overview

about the abundance of different compact dimer, trimer, tetramer, and pentamer ensem-

bles as a function of Pd content. The plotted values describe the probability for a given

ensemble of m atoms to contain n = 0 . . . m Ru atoms, as counted in the STM images. The

statistical errors are smaller than the data points themselves and therefore not shown. To

convert the probabilities for specific ensembles into absolute surface densities, one has to

consider that each surface atom belongs to three dimer, two trimer, three tetramer, and

six pentamer ensembles. The thick lines denote the respective probabilities determined

from the MC generated Pd-Ru distributions, which were generated for increasing Pd sur-

face contents in steps of 0.02 ML. Also these adsorption relevant structural properties of

the PdRu/Ru(0001) surface alloy are well predicted by the simple EPI Hamiltonian de-

scribed above. Only for the tetramers and pentamers, we find small deviations between

experimentally determined and simulated probabilities for higher Pd contents. As shown

in the right column of Fig. 4.16, the relative probabilities strongly deviate from a random

behavior as it was recently found for the system PtxRu1−x/Ru(0001) [103].
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Figure 4.16: Abundance of compact (a) 2-, (b) 3-, (c) 4-, and (d) 5-fold ensembles (as displayed in

the figure) as a function of Pd content. The composition of ensembles is as denoted in the legends,

the actual positions of the Pd and Ru atoms within the ensembles are not explicitly considered.

Left hand side: experimentally counted (symbols) and simulated (thick lines) probabilities; right

hand side: probabilities simulated for PdRu/Ru(0001) (thick lines) and curves for a random dis-

tribution (thin lines) (as previously found for PtRu/Ru(0001) [103]).
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On bare Ru(0001), hydrogen adsorption shows a clear preference for threefold hollow

sites [206]. We assume that this is true also on PdRu/Ru(0001) surface alloys, and that

similar to findings for PtxRu1−x/Ru(0001) surface alloys [207], the adsorption energy de-

creases in the order Ru3, Ru2Pd, RuPd2, and Pd3. The relative abundance of different H

(D) adsorption sites is described in Fig. 4.16b. On the other hand, the associative des-

orption process requires the formation of H2 (D2), and therefore two neighboring sites

occupied by Had (Dad). Similar to the model recently proposed for the desorption from

PtRu/Ru(0001) [165], we thus suggest five-fold RunPd5−n as atomic ensembles deter-

mining the activation barrier for desorption. The probability for different pentamer sites

is plotted in Fig. 4.16d.

Figure 4.17: Counted average numbers of Pd neighbors around a given Pd or Ru atom (symbols:

experiment; thick lines: MC simulation; thin dotted lines: random distribution).
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To describe possible contributions from ligand effects, we also determined the compo-

sition of the nearest-neighbor shell of atoms for the different surface atoms. The nature of

the ligands might affect, e.g., the adsorption of small molecular adsorbates such as COad,

which are adsorbed in an on-top configuration. Fig. 4.17a and b show the counted aver-

age numbers of nearest-neighbor Pd atoms (’ligands’) around central Pd and Ru atoms,

respectively, for the different Pd concentrations xPd . The error bars ∆nPd_lig, which rep-

resent the uncertainty range of the statistical mean value nPd_lig, are calculated for a con-

fidence level of 95% via the relation [187]

∆nPdl ig = 1.96 σ
nPd_lig√
ncounted

(4.21)

where σ
(
nPd_lig

)
denotes the standard deviation of nPd_lig with respect to the respective

mean value and ncounted is the number of ligand shells evaluated for the respective Pd

content. Again, we find a very good agreement between the experimentally determined

and the simulated atom distributions, whereas both significantly deviate from a random

distribution as it was found for PtRu/Ru(0001) (straight diagonal lines) [103].

Adsorption properties The issue of deuterium and CO adsorption on PdRu/Ru(0001)

was studied in detail by experiments performed by H. Hartmann et al. [104, 208] parallel

to the STM investigations. By correlating the results of both methods and discussing them

in consideration with previous observations [80, 81, 103, 145, 165] on PtRu/Ru(0001),

relationships between the adsorption properties and atom distribution have been identi-

fied.

Temperature programmed desorption (TPD) measurements of deuterium performed

on PdRu/Ru(0001) surface alloys revealed the domination of ensemble effect for the ad-

sorption [104]. For the dissociative adsorption or recombinative desorption, respectively,

two adjacent fcc adsites are proposed as necessary ensemble. Because of the presence of

Pd in the surface layer, the onset of deuterium desorption is considerably lowered which,

due to the STM statistics, could be dedicated to Pd5 and Pd4Ru pentamer ensembles. Due

to the electronic similarities, the PtRu/Ru(0001) [165] surface alloy can be used for com-

parison. The more pronounced destabilization of adsorbed deuterium in that system can

be explained by the stronger compressive strain in the PtRu compared to the PdRu layer

(NN bulk distances; Ru: 0.270 nm, Pd: 0.275 nm, Pt: 0.277 nm) and a possibly stronger

vertical ligand effect, while the adsorption mechanism is expected to be similar. There-

fore, the differences in the shape of the spectra for comparable alloy compositions in

both systems can be associated with the differences in atom distribution. In the clustered
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PdRu/Ru(0001) system, the contributions of the Ru5 and Pd5 or Pd4Ru ensembles are

significantly higher than for the analogous ensembles in PtRu/Ru(0001) surface alloys,

which qualitatively explains the different contributions to the peak intensities and there-

fore the differences in the spectra shape.

In correlation with the atom distribution in PdRu/Ru(0001), the CO adsorption behav-

ior on this surface was studied by TPD and infrared reflection absorption spectroscopy

(IRAS) [208]. Like for deuterium adsorption, the adsorption energy is significantly (30-

40%) weakend due to electronic strain and vertical ligand effects. The comparison with

the PtRu/Ru(0001) system [145] shows that in contrary to deuterium, the CO adsorp-

tion is dominated by the chemical nature of the adsorption atom or ensemble, resulting

in only small influence of the atom distribution on the adsorption properties, while the

deuterium adsorption on mixed adsorption ensembles results in intermediate adsorption

energies.

Summary and conclusions

Aiming at a microscopic description of the chemical properties of bimetallic surfaces, we

investigated the structural properties of PdRu monolayer surface alloys on Ru(0001), in

particular the atom distribution in these surface alloys by high resolution STM. Surface

alloys of different composition were prepared by deposition of Pd and subsequent flash

annealing to 1150 K. Based on atomic resolution STM imaging with chemical contrast, the

procedure for surface alloy formation results in negligible loss of Pd into the subsurface

layer and the resulting surface alloys show a clear tendency towards phase separation

and Pd island formation, i.e., a strong preference of homometallic bonding. Quantitative

analysis of the STM images reveals positive short-range order (SRO) coefficients up to

fourth nearest-neighbors (most pronounced for nearest-neighbors). Accordingly, higher

probabilities for pure adsorption ensembles (Pd3 and Ru3), compared to random distribu-

tion are found. The short-range order parameters and the underlying atom distribution

are quantitatively reproduced by Monte-Carlo simulations, which are based on effec-

tive pairwise interaction energies. These are negative (repulsion between unlike atoms)

for nearest, next-nearest, and third nearest-neighbor, and positive for fourth and fifth

nearest-neighbors.

The correlation of the characterized atom structure with CO and deuterium studies,

demonstrated the potential of combined structural and spectroscopic investigations on

well defined surface alloys and alloy surfaces for a fundamental understanding of the
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chemical properties of bimetallic surfaces, in particular for elucidating and disentangling

the contributions from the different geometric and electronic effects on an atomic level.
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4.1.4 Atomic distribution in AuxPt1−x/Pt(111) surface alloys

The content of this section was already partly presented in my Diploma thesis [75]. For

sake of completeness this part, the characterization of the atom distribution using short-

range oder parameters, is discussed here again to make the correlation to the new data,

i.e., the simulation of the atom distribution, more coherent. The content of this section

is published in [105]6 and therein discussed in correlation with electrochemical measure-

ments performed by Otávio B. Alves. The data set for the compositions Au0.20Pt0.80 and

Au0.31Pt0.69 are evaluated from measurements made by Eleonora Putscher. Compared to

the publication, this chapter is extended with additional STM images, an illustration of

the deduced EPIs for all surface alloy compositions and the discussion of SRO parameters

revealed from STM and MC simulations.

Abstract

We report on the structural properties of AuxPt1−x surface alloys prepared by Au vapor

deposition onto Pt(111) followed by annealing to 1000 K. Driven by configurational en-

tropy, Pt and Au atoms are distributed homogeneously over the surface. On a nm-scale,

however, atomically resolved scanning tunneling microscopy images with chemical con-

trast reveal the formation of nm-sized Pt-rich and Au-rich aggregates, very similar to

the behavior recently reported for PdxRu1−x/Ru(0001) [H. Hartmann, T. Diemant, A.

Bergbreiter, J. Bansmann, H. E. Hoster, R. J. Behm, Surf. Sci. 2009, 603, 1439]. Based on

the STM data, we determine the abundance of specific adsorption sites for different Au

contents, and we derive effective pair interaction parameters that allow reproducing the

lateral distribution in Monte-Carlo simulations.

Introduction

A detailed understanding of the electrochemical adsorption behavior of noble metal sur-

faces is a prerequisite for an optimization of electrode materials for technical applications,

e.g., in fuel cells. Owing to its high stability under technical reaction conditions and its

reasonably high activity for many key processes such as hydrogen oxidation/evolution

or oxygen reduction, Pt has become one of the most thoroughly studied materials in elec-

trochemistry. Starting from pure Pt, a fine tuning of the electrochemical properties is

possible by alloying Pt with other metals. In many bimetallic materials, the outermost

6Reproduced with Permission, (Wiley-VCH online ©2010)
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surface consists of only one constituent whereas deeper layers are made of another metal

or an alloy [19, 30, 42, 72, 194, 209–215]. In other cases, however, a certain degree of lat-

eral heterogeneity in the atom distribution might also be desirable for the topmost layer.

The activity and selectivity of a catalyst material can then be further tuned by geometric

ensemble and electronic ligand effects [51, 142, 216].

In previous studies Au modified Pt surfaces as well as AuxPt1−x alloy systems have

shown promising catalytic properties, e.g., as supported catalyst in hydrocarbon reac-

tions [52, 217, 218], for sensor applications [219–221], or electrochemical properties inter-

esting for fuel cells [222, 223]. For the understanding of the adsorption and reaction prop-

erties, the correlation with the atomic structure of a catalyst is irreplaceable and reached

by using model systems, in the most basic case surface confined alloys [42, 104, 143, 208].

In the present work, we will highlight the structural properties of such a model sur-

face. Therefore we dilute the surface layer by introducing Au atoms as virtually inert

species into the outermost layer. Specifically, we show that vapor deposition of Au is-

lands on Pt(111) and subsequent annealing to 1000 K leads to the formation of a surface

confined AuxPt1−x/Pt(111) alloy. This is possible due to the negative segregation energy

predicted of Au atoms in Pt bulk samples [34, 36, 37]. It implies that AuxPt1−x/Pt(111)

surface alloys should be similarly stable as the systems PtxRu1−x/Ru(0001) [103] and

PdxRu1−x/Ru(0001) [104], which were used in previous model adsorption studies at the

solid|gas interface [80, 81, 104, 145, 165]. Looking at tabulated density functional the-

ory (DFT) data [34], AuxPt1−x/Pt(111) should actually behave very similar to the sys-

tems AgxPt1−x/Pt(111) [82] or SbAg/Ag(111) [200, 201] which were prototype systems

to show surface miscibility despite bulk immiscibility [224, 225]. Specifically, the incorpo-

ration of Au atoms into the outermost layer of Pt(111) should be energetically favorable,

but with a tendency towards 2D cluster formation rather than a atomic dispersion [34].

Such a behavior was also found for PdxRu1−x/Ru(0001) [104].

This paper is organized as follows. We will start with a brief look at the morphology of

the Au islands vapor deposited onto Pt(111) at 300 K. We will then turn to morphology

and atom distribution of the surface alloys formed by the annealing step. The subse-

quent analysis of the lateral atom distribution will closely follow the concepts previously

applied for the systems PtxRu1−x/Ru(0001) [103] and PdxRu1−x/Ru(0001) [104], with a

special focus on adsorption relevant features. We will show that the atom distribution can

be reproduced by Monte-Carlo (MC) simulations based on effective pair interaction pa-

rameters. These are derived from the experimental data by a fitting procedure described
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previously [108]. Apart from new insights into the electrochemical adlayer formation on

Pt(111), AuxPt1−x/Pt(111) surface alloys are also promising model surfaces for bimetal-

lic Au-Pt (electro-)catalysts, which themselves are attracting increasing interest during

the last years [142, 215, 226–231].

Experimental

A detailed description for the preparation of the Pt(111) single crystal substrate can be

found in section 3.3. Au was deposited using a home-built resistively heated evaporator

with the substrate at 300 K and typical deposition rates of about 0.9 - 2.4 ML min-1. The

resulting Au coverage was determined by quantitative evaluation of STM images and

by AES. Surface alloys were formed by annealing to 1000 K for 10 - 60 s. Due to the

differences in the electronic properties of the two metals (’chemical contrast’ [80, 101,

140, 232]), it is possible to distinguish between ’dark’ Au and ’bright’ Pt atoms.

Results and discussion

Au island growth on Pt(111). Sub-monolayer deposition of Au on a Pt(111) single crys-

tal at 310 K (Fig. 4.18a) results in the growth of Au monolayer islands and step decora-

tions with a relaxed triangular shape. The absence of dislocation patterns is indicative

for epitaxial growth, in agreement with previous studies [52, 76]. The uniform orienta-

tion of the islands shows that they share the same stacking with respect to the substrate,

similar to Pt homoepitaxy [233]. The arms of the Au islands have the same orientation

as the step decorations, which most likely continue the fcc stacking of the upper terrace.

Hence, the Au islands should also exhibit fcc stacking. The island density for the studied

sample temperatures (307 - 316 K) and evaporation rates (0.9 - 2.4 ML/min) amounts to

2 - 3 × 1010 islands cm-2, which is consistent with the 1 × 1010 islands cm-2 observed by

Ogura et al. for an evaporation rate of 0.06 ML min-1 [76]. At the sample temperatures

applied in our experiments, larger amounts of second layer Au islands were only de-

tectable when the first Au-layer was nearly completely closed (Fig. 4.18d). This indicates

that Au atoms landed on top of Au islands can easily descend into the first layer.

Surface alloy formation. As visible in Figs. 4.18b and e, annealing to 1000 K for 10 s

(heating / cooling rate 4 K s-1 / 2 K s-1) removes the islands and step decorations. The

flat terraces are separated by irregularly shaped monolayer steps. The ’noisy’ corruga-

tion of the terraces in larger scale STM images as in Fig. 4.18b can be attributed to the
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Figure 4.18: Representative STM images of the alloy formation. Sequence (a)-(c) and (d)-(e) are

both showing the different steps of two surface alloy preparation sequences; (a) deposition of

0.32 ML Au on Pt(111) at 310 K (200 × 200 nm2), subsequent annealing keeping 1000 K for 10 s

leading to: (b) morphology of the surface alloy (100 × 100 nm2) and (c) atomically resolution

with chemical contrast of the obtained Au0.30Pt0.70 surface alloy (10 × 10 nm2); (d) deposition of

1.1 ML Au on Pt(111) at 310 K (200 × 200 nm2), subsequent annealing keeping 1000 K for 10 s

leading to (e) morphology of the surface alloy (100 × 100 nm2) and (f) atomically resolution with

chemical contrast of the obtained Au0.92Pt0.08 surface alloy (10 × 10 nm2).

different apparent height of Pt and Au atoms (chemical contrast). This is visible in atom-

ically resolved images as in Figs. 4.18c and f, where Au atoms appear dark and Pt atoms

appear bright. High-resolution STM imaging at many different surface positions con-

firmed that the incorporated Au atoms are distributed uniformly over the terraces, and

no significant enrichment or depletion near ascending or descending edges is observed.

This resembles the behavior of PtxRu1−x/Ru(0001) [103], PdxRu1−x/Ru(0001) [104], and

CuxPd1−x/Ru(0001) [91], and it confirms that the mobility of the surface atoms was high

enough to drive the surface into a local two-dimensional (2D) equilibrium state. Apart

from the locally clustered distribution, the atom distribution can be characterized as a 2D

solid solution.
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Based on STM data as in Figs 4.18a and c, Fig. 4.19 compares the Au contents of the

surface alloys to the initial Au island coverage. The data are supported by Auger spectra

(not shown) that were occasionally recorded before and after annealing. For an annealing

time of 10 s, we find a typical Au loss of 15% with respect to the initial coverage (solid

line). For annealing times of 30 s and 60 s, the loss increases. Though we cannot exclude

thermal desorption of Au, the observed loss is at least partially due to Au diffusion into

the Pt bulk which was previously reported to set in at 800 K [234]. It should be noted that

bulk diffusion would not contradict to the negative surface segregation energy of Au in

Pt, which was predicted to be -0.32 [34] or -0.36 eV/atom [36] in DFT calculations. As

discussed in more detail previously [103, 104], the large amount of sites in the crystal vol-

ume as compared to its surface provides a strong entropic driving force for dissolution

of a single Au atom into the bulk, which can be estimated to be

∆S = kB ln
(

Nbulk

Nsur f ace

)
≈ 1.30 meV K-1. (4.22)

At 1000 K, this easily pays for the loss in surface segregation energy (0.32 or 0.36 eV,

see above). This underlines that formation and stability of surface alloys largely depend

Figure 4.19: Au fraction in the surface alloy plotted against the respective Au amount deposited

at room temperature. Longer annealing times (as indicated at the triangles) lead to higher Au

losses. Dotted line: xAu(alloy) = xAu(deposited) (no Au-’loss’); solid line: xAu(alloy) = 0.85 ×
xAu(deposited).
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on the kinetic barriers, which are lower for exchange processes between adatoms and

incorporated surface atoms than for bulk diffusion of metal atoms [103, 104, 183, 204].

In this context, one should mention results of a recent molecular dynamics study of Au-

Pt nanoparticles (∼ 300 atoms) [235], which revealed a spontaneous and pronounced

enrichment and depletion of Au in the surface and in the bulk, respectively. At this

point, however, we shall not discuss the thermodynamics and kinetics of surface alloy

formation in more detail and refer to the intensive discussion of this issue in refs. [103,

104, 183]. We accept the loss of Au atoms as a side effect of the procedure to prepare

the surface alloys and will now turn to a more detailed analysis of their lateral atom

distribution.

Entropically goverened lateral atom distribution. In Fig. 4.20, we show atomically

resolved images of some selected AuxPt1−x/Pt(111) surface alloys. As already men-

Figure 4.20: Atomically resolved STM images (10 × 10 nm2) of AuxPt1−x surface alloys prepared

by annealing to 1000 K for 10 s in (a), (c), (d), and (f), for 15 s in (b) and for 30 s in (e).
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tioned, the atom distribution is characterized by a pronounced preference for like over

unlike nearest-neighbors, similar to the surface alloy systems PtxAg1−x/Pt(111) [82],

PdxRu1−x/Ru(0001) [104] or CoAg/Ru(0001) [94]. For a quantitative description the

lateral distribution within AuxPt1−x/Pt(111) surface alloys of several different composi-

tions have been evaluated. In average, STM images from more than 7 positions on the

sample had been recorded. Depending on the stability of the STM tip, we were able to

image between 2000 and 23000 atoms per Au : Pt-ratio (exception Au : Pt = 20 : 80; 700

atoms) (9400 in average), summing up to a total number of 94000 atoms that contributed

to the statistics. For a quantitative evaluation of the local order, SRO parameters (cf. eq.

(2.4) in section 2.1)

α(r) =
Π(2)(r)− (2x− 1)2

1− (2x− 1)2 (4.23)

with the pair correlation function Π(2)(r) (cf. eq. (2.3)) were determined. The SRO values

are zero for all systems with random distribution, positive for like, and negative for un-

like neighborhood preferences. In the present work, α(r) is calculated for the atom-atom

distances r = 1,
√

3, 2,
√

7, and 3, with the distances given in units of the nearest-neighbor

(NN) distance. The experimentally determined SRO parameters are summarized in Fig.

4.21 (circles). For all alloy compositions, the values are positive up to the 5th neighbor

and are decreasing with increasing r. This quantitative evaluation displays pronounced

preference for like over unlike nearest-neighbors. Similar to the systems PdRu/Ru(0001)

[104] and CoAg/Ru(0001) [94], this can be rationalized by a balance of repulsive short-

range and attractive long-range forces resulting from chemical and elastic interactions,

respectively.

Energetically, such behavior can be described by effective cluster interaction energies.

These can be used as input parameters for Monte-Carlo (MC) simulations, which then

yield atom distributions very similar to the experimentally observed ones [44, 95, 108].

The lattice-gas Hamiltonian used to describe the total energy of a given lateral distribu-

tion in a binary 2D alloy has the form [27, 95, 132]

H(2) =
1
2

3NN

∑
r=1NN

[
V(2)

e f f (r) ∑
〈i,j〉r

SiSj

]
(4.24)

The occupation numbers Si and Sj at sites i and j have values of +1 or -1 for a Pt or a Au

atom at a given site, respectively. V(2)
e f f (r) are effective pair interaction (EPI) values that

only depend on the distance r between these two sites. One can relate these effective val-

ues to the more ’intuitive’ pairwise interaction potentials VAuAu(r), VPtPt(r), and VAuPt(r)
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Figure 4.21: Short-range order parameters as function of the nearest-neighbor distance for differ-

ent preparations, compositions and annealing times denoted in the graphs. Circles: experimental

SRO data derived from STM; crosses: simulated SRO using the EPI set of the ’middle’ Au0.48Pt0.52

composition.

98



4.1 The equilibrium structure of surface alloys – experiment and simulation

via the relation [37]

V(2)
e f f (r) =

VAuAu(r) + VPtPt(r)
2

−VAuPt(r). (4.25)

For a given distance r, V(2)
e f f (r) becomes negative if the Pt-Au ’attraction’ is weaker (less

negative) than the mean value of the Au-Au and the Pt-Pt ’attraction’. Negative contri-

butions to the Hamiltonian in Equation 4.24 are then attained for equal atoms at distance

r, i.e., negative values of V(2)
e f f (r) favor the formation of larger homogeneous aggregates.

MC simulations, however, do not aim at reaching a state of minimum energy but of min-

imum free energy. This includes the possibility of thermal excitations in the distribution

and thus automatically takes configurational entropy into account. The experimentally

found atom distribution does not reflect a 2D equilibrium at the annealing temperature

itself, but at the so-called ’freezing’ temperature, which is passed during the cooling pro-

cess. At this temperature, further changes in the lateral distribution become kinetically

impossible. Based on annealing tests with sequentially increased temperatures until we

found evidence for an onset of surface alloying, and supported by the intermixing be-

havior of Pt+Au co-deposits that were annealed to different temperatures after depo-

sition [236], we assume a freezing temperature of Tf reeze = 600± 100 K for the system

Figure 4.22: EPIs derived from atom distribution as function of the (a) nearest-neighbor distance

and (b) Au fraction.
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AuxPt1−x/Pt(111). Following the fitting procedure [108] which we have already ap-

plied for CuxPd1−x/Ru(0001) [108], PtxRu1−x/Ru(0001) [103], and PdxRu1−x/Ru(0001)

[104], we used the experimentally found atom distributions to derive the EPIs for the

AuxPt1−x/Pt(111) system. Though the EPIs vary slightly with coverage (Fig. 4.22), MC

simulations based on the EPI set determined for Au0.48Pt0.52 (V(2)
e f f (1) = −12.74 meV,

V(2)
e f f (
√

3) = −6.3 meV, V(2)
e f f (2) = 6 meV, V(2)

e f f (
√

7) = −0.065 meV, and V(2)
e f f (3) = 2.7

meV) reproduce the atom distributions for all Au : Pt ratios with sufficient accuracy

(see also following paragraph). This is illustrated by the comparison of experimental

and simulated atom distribution in Fig. 4.23 and in the statistical SRO evaluation for

the experimental obtained and the respective generated atom distribution in Fig. 4.21.

The crosses are simulated SRO parameters, using the same EPI set from the ’middle’

Au0.48Pt0.52/Pt(111) surface alloy composition for all displayed coverages, which re-

Figure 4.23: Comparison of experimental and simulated atom distribution: atomically resolved

STM images in the upper row (a-c) and the corresponding simulated distribution in the lower

row (d-f). For the simulations the EPIs from the ’middle’ composition Au0.48Pt0.52/Pt(111) were

used.
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4.1 The equilibrium structure of surface alloys – experiment and simulation

semble the experimentally observed distribution (circles) not only qualitatively but also

quantitatively.

The negative effective pair interaction parameters V(2)
e f f (1) and V(2)

e f f (
√

3) reflect that the

short-range attraction between Au and Pt is slightly weaker than the average of the Pt-Pt

and the Au-Au interactions (see above). The observed 2D miscibility of Pt and Au is in

contrast to the large miscibility gap of Pt-Au bulk alloys [224, 225]. Three points should

be considered in this context. First, there is a general energetic benefit due to an incorpo-

ration of larger metal atoms into the outermost layer of a solid consisting of smaller ones

[195, 202]. In a simplifying picture, the larger atoms reduce the intrinsic tensile strain en-

countered by any metal surface due to the lower coordination of surface atoms compared

to bulk atoms. Surface miscibility is therefore regarded as a generic property for systems

with that type of size mismatch [195]. Considering the bulk NN distances of 0.277 nm

for Pt and 0.288 nm for Au, Au-on-Pt definitely belongs to this general category. A sec-

ond important aspect concerns the system Au+Pt itself. Whereas recent works confirmed

and further specified the bulk immiscibility of Au and Pt [224, 225], studies of AuPt par-

ticles revealed the formation of solid solutions for clusters < 3 nm [228, 229, 237]. One

may thus speculate that the improved miscibility in small particles and in our 2D surface

alloys have a common origin, e.g., a more facile relaxation of the lattice size mismatch.

The third point is rather trivial: the energetically unfavorable formation of heterogeneous

neighborhoods is due to thermal excitation, i.e., reflects a gain in free energy via configu-

rational entropy. This effect is also present in the bulk, but since the bounding of surface

atoms is weaker, for the applied temperatures the entropy effect in the surface layer is

more dominant compared to the bulk.

Abundance of adsorption sites. To interpret the interaction of AuxPt1−x/Pt(111) sur-

face alloys with adsorbed atoms or molecules, we have counted the number of certain

local atom configurations. In analogy to the analyses in refs. [91, 103, 104], these include

(i) compact multi-fold adsorption ensembles with different Au : Pt ratios and (ii) the av-

erage numbers of Au (Pt) neighbors surrounding a given Pt (Au) atom. These statistics

are useful to interpret variations in the adsorption properties due to (mixed) ensemble

effects and electronic ligand effects [52, 55, 142, 186], respectively.

In Figs. 4.24a-d, we have plotted the counted probabilities for given ensembles of m =

2, 3, 4, or 5 atoms to contain n = 0 . . . m Au atoms. For larger ensembles, we do not dis-

tinguish between different internal distributions of Au and Pt. The plot does not contain
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Figure 4.24: Probabilities of compact (a) 2-, (b) 3-, (c) 4-, and (d) 5-fold ensembles (as displayed in

the figure) to contain certain numbers of Pt and Au atoms (see legend), plotted as a function of

Au content xAu. Left column: experimentally counted (symbols) and simulated (thick lines) prob-

abilities; right hand side: probabilities simulated for AuxPt1−x/Pt(111) (thick lines) and curves

for a random distribution (thin lines).
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4.1 The equilibrium structure of surface alloys – experiment and simulation

explicit error bars because the statistical errors are smaller than the data points. For com-

parison, we simulated 100 different AuxPt1−x/Pt(111) surface alloys with 0 < xAu < 1.

The MC-simulation is based on the EPI set determined for Au0.48Pt0.52 (see above). The

probabilities obtained by MC averaging are plotted as thick gray lines in Fig. 4.24, which

obviously agree very well with the experimentally found numbers and thus indicate a

reasonable accuracy of the EPI approach. As obvious from visual inspection of the STM

images (Figs. 4.18c, f and Fig. 4.20), the atom distribution significantly differs from a

random one, favoring relatively large homoatomic atom ensembles, which was expected

from the negative EPI values for r = 1 and r = 3. To highlight this behavior also quan-

titatively, the ensemble probabilities expected for a random (binomial) distribution are

plotted in the right column of Fig. 4.24. The actual (simulated or measured) probabili-

ties are generally above / below the random ones for homoatomic / mixed ensembles,

respectively.

Figure 4.25: Counted average numbers of Au neighbors around a given Au or Pt atom (symbols:

experiment; thick lines: MC simulation; thin dotted lines: random distribution).
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For many small adsorbates such as COad, the adsorption site might consist only of a

single atom (on-top adsorption). On bimetallic surfaces, the adsorption energy will then

vary with the composition of its nearest-neighbor shell (ligand effect) [52, 55, 142, 186]. In

Figs. 4.25a and b, the counted average numbers of nearest-neighbor Au atoms (’ligands’)

around central Au and Pt atoms, respectively, are plotted as function of the Au concen-

tration xAu. As in the ensemble statistics in Fig. 4.24, we find a pronounced deviation

from a random distribution (straight dashed line) towards a preference of homogeneous

neighborhoods. Again, the experimentally counted numbers agree well with the MC-

simulations (thick gray line).

Electrocatalytic properties. For some selected AuxPt1−x/Pt(111) surface alloys, O. B.

Alves studied the electrochemical hydrogen and OH adsorption properties by cyclic

voltammetry in the load lock of the UHV system [105]. These were found to be dom-

inated by the abundance of Pt atoms, while Au is largely inert and thus acts as a diluting

species. The modification of the surface properties due to alloy formation is dominated

by ensemble effects, since it was suggested that Au ligands leave the adsorption of Had

and OHad largely unaffected. A low space requirement was found for Had, while the size

of pure Pt ensembles necessary for OHad was estimated to the order of 5 atoms.

Summary and conclusions

Au covered Pt(111) surfaces are transformed into atomically smooth AuxPt1−x/Pt(111)

surface alloys by annealing to 1000 K for 10 - 60 s, which occurs with slight Au losses due

to desorption or diffusion into the Pt bulk. In agreement with previous ab-initio calcula-

tions, a quantitative analysis of STM data moreover shows that (i) the Au content is con-

fined to the outermost layer and that (ii) the formation of larger 2D clusters is preferred

over an atomically dispersed distribution, similar to the behavior of PtxAg1−x/Pt(111)

and PdxRu1−x/Ru(0001). Apart from this clustering, we do not observe further separa-

tion into Au rich / poor phases. The number of adsorption relevant atomic AunPtm−n

ensembles that result from this distribution can be modeled with sufficient accuracy in

Monte-Carlo simulations using a single set of five pairwise interaction energies for the

entire range of Au : Pt ratios. First results in electrocatalytic studies can be explained by

means of geometric ensemble effects due to the correlation with the evaluated abundance

of atom ensembles. Indeed more detailed adsorption and (electro-)catalytic studies of the

AuPt/Pt(111) system is still missing, but the characterization towards ordering behavior
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and availability of potential adsorption sites provide a good basis for structural correla-

tion in future studies of the chemical properties.
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4.1.5 Simulation of the atom distribution in AuxPt1−x/Pt(111) based on DFT
total energies

The density functional theory (DFT) calculations used in this section were performed by

Dr. Yoshihiro Ghoda7 in the group of Professor A. Groß8.

Abstract

Laterally equilibrated AuxPt1−x/Pt(111) surface alloys were prepared in ultra-high vac-

uum (UHV) by Au vapor deposition and subsequent annealing to 1000 K. Based on

results of high-resolution scanning tunneling microscopy (STM) imaging with chemical

contrast, the atomic distribution in AuxPt1−x/Pt(111) surface alloys is characterized by a

segregation into homoatomic aggregates (A. Bergbreiter, O. B. Alves, H. E. Hoster, Chem.

Phys. Chem. 2010, 11, 1505-1512). By a least squares approach, effective interaction pa-

rameters can be derived from density functional theory (DFT) calculated total energies,

which were performed for different ordered AuxPt1−x/Pt(111) slabs. Using these en-

ergy parameters in a 2D lattice-gas Hamiltonian, the atomic distribution within large

disordered systems can be simulated via a Metropolis Monte-Carlo (MC) algorithm. The

MC simulated surface densities of catalytically relevant atom ensembles are in excellent

agreement with the measured STM data, even though only pairwise interactions are con-

sidered in the Hamiltonian. The agreement of the short-range order was qualitatively

verified.

Introduction

Using pure first principle methods, it is impossible to calculate configurational energy

changes for systems containing several thousand atoms. Hence, an Ising-type Hamilto-

nian [27] containing so-called effective cluster interactions (ECIs) is used to get configu-

rational energies in Monte-Carlo simulations [27, 44], whereas the determination of the

ECIs by first principles is clearly the most difficult and time consuming part [44, 128].

Theory provides an accurate description of thermodynamic properties via first principle

density functional theory (DFT) calculations. Due to the huge computational effort nec-

essary for DFT calculations, it is important to limit the number and extract the decisive

ECIs and to determine the size of the necessary unit cell. Therefore, the cluster expansion

7Present address: Tsuneyuki Research Group, Department of Physics, University of Tokyo, 7-3-1 Hongo,

Bunkyo-ku, Tokyo 113-0033, Japan
8Institute of Theoretical Chemistry, Albert-Einstein-Allee 11, Ulm University, D-89081 Ulm, Germany
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4.1 The equilibrium structure of surface alloys – experiment and simulation

method [43] was developed and recently improved by several concepts and algorithms

fitted to the respective problem, which increases the accuracy to experimental results as

well as the velocity of the ECI determination [44, 125–128, 238].

These energy models can be adopted to interesting model systems, like surface al-

loys, to parameterize and simulate their atom distributions [95, 103–105, 108]. Quali-

tatively, for surface alloys of type AxB1−x/C three different modes of atom distribution

can be distinguished: (i) ordered, (ii) random and (iii) clustered atom distribution. Up to

now such statistically evaluated STM data are available for (i) PdxAu1−x/Ru(0001) [95]

and CuxPd1−x/Ru(0001) [91], (ii) PtxRu1−x/Ru(0001) [103] and (iii) PdxRu1−x/Ru(0001)

[104] and AuxPt1−x/Pt(111) [105].

In close analogy to Sadigh et al. [95], a possibility to simulate the atomic distribution

by a Metropolis Monte-Carlo (MC) algorithm [103, 104, 108] is presented in this section.

Therein, a 2D lattice-gas Hamiltonian is used, which solely includes effective pair interac-

tions. These pairwise energies can be derived from DFT energy calculations by a simple

least squares approach. After a brief description of the theoretical approach, the atom dis-

tributions deduced from simulation based on the DFT data for AuxPt1−x/Pt(111) surface

alloys are discussed, focusing on the agreement with the experimentally derived atom

arrangements. Therefore, short-range order (SRO) parameters, selected atom ensembles

and ligand statistics are evaluated.

Methods

Using density functional theory (DFT), the total energy of selected unit cells of 41 AuPt

structures were calculated. These calculation were performed using the Vienna ab initio

simulation package (VASP) [151]. The exchange-correlation effects are described within

the generalized gradient approximation (GGA) using the RBPE functional [239]. The

ionic cores are represented by the projector augmented wave (PAW) method [153, 154].

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 Au, Pt or AuxPt1−x monolayers

on top of Pt(111) slabs with a thickness of five layers. The overlayers as well as the two

underlying Pt layers are fully relaxed, vertically and laterally. Depending on the Au : Pt-

ratio, (4× 4), (
√

7×
√

7), (3× 3), (2× 2), (
√

3×
√

3), or (2× 1) unit cells were used in the

calculation. The relative error in the mixing energies derived from the DFT total energies

is estimated to be of the order of ±10 meV.

The energies derived from DFT are total energies of the respective unit cell, consisting
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only of a few atoms. Due to the large computational effort associated with DFT calcu-

lations, it is not possible to perform energy calculations in a reasonable time for large

disordered or poorly ordered surfaces as they are often met in reality (and imaged by

STM). The aim here, is to display the DFT data in a way that the latter surfaces can be

simulated with reasonable computational effort. Therefore an energy model has to be

used, in where the energy parameters reflect the DFT energies, and which is suitable

for a simulation method, that is able to deal with disordered systems containing several

thousand atoms. The most common method for the simulation of such large systems is

the Monte-Carlo method (cf. 2.3).

The DFT total energies represent the energy of the whole calculated system, including

the outermost and substrate layers. Considering the atom distribution and its stability in

surface alloys, we are interested in the mixing energy of the surface layer ∆Hmix, so in the

difference of the mixed surface from a ’fictive’ completely phase separated surface. The

mixing energy is also evaluated in the lattice-gas Hamiltonian used for the EPI deriving

MC simulations from the experimental distribution. This makes the energy parameters

derived from DFT, directly comparable to the experimental deduced ones. For binary

systems of the form AxB1−x/C the mixing energy ∆Hmix can be calculated by using the

energy of a completely A and B capped substrate, EA/C and EB/C respectively, as refer-

ence for the total system energy EAx B1−x/C resulting in

∆Hmix(DFT) = ∆E = EAx B1−x/C︸ ︷︷ ︸
mixed sur f ace

− xAEA/C − xBEB/C︸ ︷︷ ︸
segregated sur f ace

. (4.26)

Phase boundaries are neglected in this approach. The total energy of a given atom distri-

bution can be approximated by a 2D lattice-gas Hamiltonian (cf. eq. (2.12)), resulting in

the mixing energy ∆Hmix(LG) for each unit cell as

∆Hmix(LG) = H(2)
unit cell − H(2)

separated

=
1
2

3NN

∑
r=1NN

[
V(2)

e f f (r) ∑
〈i,j〉r

SiSj

]
− 1

2

3NN

∑
r=1NN

[
V(2)

e f f (r) · 1
]

(4.27)

with the effective pair interaction (EPI)

V(2)
e f f (r) =

VAA(r) + VBB(r)
2

−VAB(r). (4.28)

Neglecting phase boundaries, the occupation operator product SiSj assumes the value 1

for completely separated systems (S = ±1), since only alike atom neighborhoods exists
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4.1 The equilibrium structure of surface alloys – experiment and simulation

in this approach. Considering atom pairs, each atom is counted twice when summing

up over the whole system. In the case of phase separation, the sum over all operator

products SiSj can easily calculated by dividing the number of neighbors z(r) in the corre-

sponding distance r by 2. Confined to EPIs up to the 5th shell, this leads to the following

Hamiltonian in case of phase separation on hexagonal lattices:

H(2)
separated = 3V(2)

e f f (1 NN) + 3V(2)
e f f (
√

3 NN) + 3V(2)
e f f (2 NN)

+ 6V(2)
e f f (
√

7 NN) + 3V(2)
e f f (3 NN) (4.29)

We request that the 2D lattice-gas Hamiltonian reproduces the DFT based mixing ener-

gies if the appropriate parameters are chosen.

∆Hmix(DFT) = ∆Hmix(LG) (4.30)

Now, the EPIs are the only missing parameters for using the 2D lattice-gas Hamiltonian in

a Metropolis MC simulation, since the operator factor SiSj in the first term of ∆Hmix(LG)

(see eq. 4.27) is defined by the respective unit cell used in the DFT calculation.

For a given set of DFT-calculated energies of different unit cells, the set of energy pa-

rameters for a certain lattice-gas Hamiltonian can be determined by a least squares fit.

This is illustrated in Fig. 4.26. In the first step a matrix, containing the Hamiltonians of

all calculated unit cells (different unit cells are denoted by different Greek superscripts)

Figure 4.26: Correlation between DFT-energies and interaction parameters deduced from experi-

ment
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has to be set up. For clarity, the EPIs are illustrated in the form Vr and the occupation op-

erator product SiSj as factor kr, with the distance r between the considered pairs given in

multiple of the NN distance. Due to the approximation of concentration independence,

which must be assumed for the appliance of the least squares approach, all structures

can be modeled using one EPI set (V1, V√3, V2, V√7, V3). The equations of the single

structures are written as

∆Hα
mix = kα

1Vα
1 + kα√

3Vα√
3 + kα

2Vα
2 + kα√

7Vα√
7 + kα

3Vα
3

∆Hβ
mix = kβ

1Vβ
1 + kβ√

3
Vβ√

3
+ kβ

2Vβ
2 + kβ√

7
Vβ√

7
+ kβ

3Vβ
3 (4.31)

...
...

...
...

...
...

Transformation into the matrix notation results in

∆Hα
mix

∆Hβ
mix

...

...

...


︸ ︷︷ ︸

~h

=



kα
1 kα√

3
kα

2 kα√
7

kα
3

kβ
1 kβ√

3
kβ

2 kβ√
7

kβ
3

...
...

...
...

...

...
...

...
...

...

...
...

...
...

...


︸ ︷︷ ︸

K



Vβ
1

Vβ√
3

V2
β

Vβ√
7

V3
β


︸ ︷︷ ︸

~v

(4.32)

Applying the least squares approach,

~v =
(
KTK

)−1
KT ~h , (4.33)

the vector ~v and therefore the concentration independent EPI parameters are derived,

which in sum over all structures result the best possible agreement with the DFT mixing

energies.

As mentioned above, DFT energy calculations are restricted to small, periodic repeat-

ing unit cells. But the least squares approach applied on these DFT energies allows the

conversion into EPI energy parameters, which are suitable to simulate the atom distri-

bution of large disordered systems containing several thousand atoms. Additionally, the

least squares approach and the subsequent simulations require only little computational

effort.
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Results and discussion

The preparation and experimental characterization of the atom distribution of outermost

layer confined AuxPt1−x/Pt(111) alloys can be found in ref. [105] (reprinted in section

4.1.4). Therein also a mathematical approach for an energetic parameterization of the

found atom arrangement is presented.

Combining DFT energies with the 2D lattice-gas Hamiltonian, effective pair interactions

(EPIs) can be determined using the simple least squares approach described above. (It has

to be mentioned that the system of equations is overdetermined, since 41 calculated unit

cells are available, but only 5 EPIs have to be determined.) For the AuxPt1−x/Pt(111)

system, such EPIs were already derived from experiment by a systematic Monte-Carlo

procedure, which is searching for maximum agreement between measured and simu-

lated atom distribution at an assumed freezing temperature of 600 K [105]. To derive the

same kind and accordingly, comparable EPIs from the least squares approach based on

DFT total energies, the mixing energy Hmix is referenced to complete phase separation

(pure Au/Pt(111) and Pt(111) surfaces neglecting the 2D Au / Pt phase boundary), as

already performed in ref. [108], which finally results in (cf. eq. (4.26))

HAuPt
mix (DFT) = ∆E = EAux Pt1−x/Pt(111)︸ ︷︷ ︸

mixed sur f ace

− xAuEAu/Pt(111) − xPtEPt/Pt(111)︸ ︷︷ ︸
segregated sur f ace

(4.34)

(The unit cells, their corresponding DFT calculated total and mixing energies are listed in

table 7.2 of the appendix.) By applying the least squares approach it is assumed that the

EPI values are concentration independent, which actually has been shown to be widely

valid in the present system [105]. The EPIs are fitted up to the fifth coordination shell,

resulting in V(2)
e f f (1) = - 0.018 eV, V(2)

e f f (
√

3) = 0.0012 eV, V(2)
e f f (2) = 0.003 eV, V(2)

e f f (
√

7) =

0.0033 eV, and V(2)
e f f (3) = 0.0018 eV with the negative parameter for the dominating first

nearest-neighbor (NN), reflecting the strong phase separation tendency in the AuxPt1−x

surface alloy [105]. In Fig. 4.27, these effective pair interactions derived from DFT are

compared to the EPIs deduced from the experimentally determined atom arrangement.

While for the experimental EPIs the values for the first two neighbors are negative, the

least squares approach based on the DFT data results in a negative value only for the first

neighbor, which is more negative and therefore compensated by the positive values for

the 4 further neighbors. This characteristic predicts a stronger dominance of the first NN

neighborhood, and therefore a stronger clustering behavior than observed in the experi-

ment.
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Figure 4.27: effective pair interactions derived from the experimentally found distribution of

Au0.48Pt0.52/Pt(111) and from 41 DFT structures of different compositions.

Although DFT total energies can only be calculated for small unit cells (see above), the

derived EPIs based on these DFT data allow the simulation of large disordered systems

containing thousands of atoms. Assuming a temperature of 600 K [105, 236], Metropo-

lis Monte-Carlo simulations result in the atom arrangements shown in Fig. 4.28d-f. The

simulated atom distributions confirm the stronger homoatomic clustering tendency com-

pared to the experiment (Fig. 4.28a-c) by the obvious abundance of larger homoatomic

ensembles, and less isolated atoms. Nonetheless, though this interaction model is a very

simple one and the derived values cannot directly be related to specific chemical or elas-

tic properties [94] but rather describe the interplay of the atom distributions resulting

from MC simulations based on this data, the simulated distributions exhibit a very good

agreement to the experimentally found ones.

For quantification, the short-range order parameters (cf. eq. (2.4))

α(r) =
Π(2)(r)− (2x− 1)2

1− (2x− 1)2 , (4.35)

with the pair correlation function Π(2)(r) (cf. eq. (2.3)), were evaluated from the simu-

lated atom arrangements. A random atom arrangement would result in an α(r) of zero,
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Figure 4.28: comparison of experimental and simulated atom distribution: atomically resolved

STM images in the upper row (a-c) and the corresponding simulated distribution in the lower row

(c-f). For the simulations the EPIs deduced by a least squares approach from DFT total energies

are used.

while for clustering / more dispersed distribution the SRO value turns positive / nega-

tive. In Fig. 4.29, the evaluated SRO parameters for the first five nearest-neighbors are

shown as a function of the Au amount, as derived from the experiment (◦) [105] and from

the simulations using DFT based EPIs (×). As expected from the derived EPI values, the

simulation overestimates the SRO for the first NN. This is counterbalanced by the param-

eters for the more distant neighbor shells. The reason for the discrepancy may be that the

least squares fit is a too simple approach for the DFT data to EPI conversion and that the

model for the energy description is too simple. A further reason could be located in the

DFT energies themselves, they may be not accurate enough for such kind of description.

Certainly the applied energy model could be improved by an extension to further pa-

rameters, pair-, trio or higher interactions [147, 148, 192], which probably would result

in an increased accuracy. But this would go beyond the scope of the present work, since

113



4 Results

Figure 4.29: Short-range order parameters as function of the nearest-neighbor distance for differ-

ent compositions. (◦) experimental SRO data derived from STM; (×) simulated SRO based on the

EPI derived by a least squares approach from DFT total energies.
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the main focus is on the experimental characterization of surfaces, especially concerning

its relevance in catalytic aspects and therefore, as will be shown, the presented method is

sufficient. Additionally, only little computational effort is required due the simplicity of

the approach.

Regarding catalysis, it is of special interest which kind of adsorption sites (geometry,

chemical composition) are available on the surface for correlation of atomic structure

with TPD and reaction experiments, especially for the discussion of ensemble and lig-

and effects. For this purpose, (i) the density of small atom ensembles (Fig. 4.30) and

(ii) the ligand statistics (Fig. 4.31) were evaluated from the measured (data points) [105]

and from simulated atom distributions (thick gray lines) (simulations based on EPIs de-

duced from DFT energies). In the left column of Fig. 4.30, the abundance of the dis-

played adsorption ensembles obtained from STM (data points) as well as the simulated

ones based on the DFT EPIs are shown, while in the right column the latter are plotted

together with the abundance determined from simulations based on experimental EPIs

(previously shown in [105]). In the ligand statistics (Fig. 4.31), the data points repre-

sent STM evaluation, the thick gray line simulations using the DFT based EPIs and the

dash-dotted line simulations using the experimentally based EPIs. For illustration, the

straight dashed line with slope 6 is included, representing a random distribution, as pre-

viously found for PtxRu1−x/Ru(0001). In both cases, ensemble and ligand statistics, the

excellent agreement between simulation and experiment is obvious. Also the agreement

with the simulations based on experimental EPIs is almost perfect. As a result the least

squares approach, applied to the available DFT total energies for the 41 unit cells of the

AuxPt1−x/Pt(111) surface alloy, is sufficient to reproduce the experimental found ensem-

ble as well as ligand statistics.

Although the simulated short-range order values differ significantly from the experi-

mentally found ones, the main aim of this simulation, to get information about relevant

properties for catalysis, is fulfilled by the excellent agreement with experiment concern-

ing the abundance of adsorption sites and the ligand statistics, both irreplaceable for

correlating adsorption / reaction properties with the atomic structure and catalytic re-

action models (ensemble and ligand effects). This agreement is even more remarkable,

since the used energy model is a simple 2D lattice-gas Hamiltonian, confined to effective

pair interactions. Additionally, the EPIs were derived from the DFT data by a simple

least squares approach. These simplifications lead to very little calculation times, but

simultaneously to a high accuracy concerning the intention of this work.
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Figure 4.30: Abundance of compact (a) 2-, (b) 3-, (c) 4-, and (d) 5-fold ensembles (as displayed in

the figure) as function of Au content. The composition of ensembles is as denoted in the legends,

the actual positions of the Au and Pt atoms within the ensembles are not explicitly considered.

Left hand side: experimentally counted (symbols) and simulated (thick lines) probabilities based

on DFT; right hand side: probabilities simulated from DFT based EPIs (thick lines) and from

expriment based EPIs (dash-dotted lines) (as previously found [105]).
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Figure 4.31: Counted average number of Au neighbors around a given Au or Pt atom. Experiment

(symbols); MC simulation based on DFT (thick gray lines) and on experiment (dash-dotted line);

random distribution (dashed lines).

Summary and conclusions

Based on DFT total energies for 41 unit cells of the AuxPt1−x/Pt(111) surface alloy sys-

tem, effective pair interaction are derived by a least squares approach, using a 2D lattice-

gas Hamiltonian as energy model. It has been shown that these energy parameters can be

used in a Metropolis Monte-Carlo algorithm to simulate large disordered atom arrange-

ments containing several thousand atoms. The experimental observed clustering behav-

ior is reproduced by the simulation, admittedly with an quantitative overestimation re-

sulting in more positive short-range order value for the first nearest-neighbor distance,

which is compensated in more negative values in the further four nearest-neighbor dis-
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tances. Although the experimentally observed short-range order could not be completely

reproduced, catalytic relevant properties, namely the abundance of compact atom en-

sembles and the ligand statistics, are in excellent agreement with the experiment and can

be used to correlate adsorption / reaction properties with the atomic structure. Hence,

for the discussed surface alloy system AuxPt1−x/Pt(111), DFT total energies in combi-

nation with the simplest energy model confined to pairwise interactions and a simple

least squares approach, are sufficient to describe and simulate catalysis relevant struc-

ture properties.
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4.1 The equilibrium structure of surface alloys – experiment and simulation

4.1.6 2D phase diagrams of binary surface confined alloys

Abstract

The atom distribution of several binary systems forming surface confined alloys at suit-

able preparation conditions - PtRu/Ru(0001), AuPt/Pt(111), and PdRu/Ru(0001) - was

extensively studied in previous STM works. Based on a 2D lattice-gas Hamiltonian, sim-

ple pairwise potentials were deduced from the experimentally found atom distribution.

For the systems mentioned above, it has been shown that pair interactions are sufficient

to describe and therefore to reproduce the experimentally derived atom distribution by

Monte-Carlo (MC) simulations. Based on these simulations and the Bragg-Williams ap-

proximation for the calculation of the configurational entropy, 2D phase diagrams are

obtained and compared with those of the corresponding bulk alloys. While the miscibil-

ity behavior of the phase separated systems AuPt/Pt(111) and PdRu/Ru(0001) is quite

similar to that of the binary bulk systems, discrepancies are obtained for the randomly

distributed PtRu/Ru(0001) system.

Introduction

Based on the structure and composition dependent surface free energy, standard bulk

phase diagrams can be derived. Phase separation phenomena such as miscibility gaps

can be predicted by common tangent constructions [1, 240]. In the present section, this

approach for deriving bulk phase diagrams will be adapted to the two-dimensional (2D)

case. To calculate the Gibbs free energy, which is necessary for the appliance of the com-

mon tangent construction, the contribution of the energy and of the entropy has to be de-

termined. For this purpose available analytic expressions for both contributions would

be desirable, which in the simplest way is achieved by the assumption of a 2D solid so-

lution with a random atom distribution, as considered in the Bragg-Williams or point

approximation [7–9] (cf. section 2.2.1). Since the atoms in this approximation are statisti-

cally distributed over the lattice sites, the mixing entropy can be easily determined, while

the mixing energy of the random atom arrangement can be calculated by the use of effec-

tive pair interactions (EPIs) as interaction parameters in a 2D lattice-gas Hamiltonian (cf.

previous sections).

The applicability of this energy model for a suitable description of atom distribution

and structural properties relevant in catalysis, such as the abundance of compact atom

ensembles or the ligand statistics, has been extensively studied for several surface alloy
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systems, namely the disperse AuPd/Ru(0001) [95] and CuPd/Ru(0001) [108], the ran-

dom PtRu/Ru(0001) [103], and the clustering PdRu/Ru(0001) [104] and AuPt/Pt(111)

[105] systems. 2D phase diagrams are a further possibility to get informations about the

respective alloy systems and to visualize the found atom distributions.

After a brief description of the theoretical methods, 2D phase diagrams will be derived

for the above mentioned binary systems PtRu/Ru(0001) [103], PdRu/Ru(0001) [104] and

AuPt/Pt(111) [105]. The 2D phase diagrams will be compared to the respective bulk

alloy, and the derived mixing energies compared with DFT calculations performed by

Christensen et al. [34].

Theory

Entropy calculation – models. In configurational energy calculations for disordered

systems, generally the statistical distribution is taken as approximation. More exact de-

scription were only possible to a very limited extent, until the cluster-variation method

(CVM) [31] (cf. section 2.2.1) was developed. This important improvement allows confi-

gurational entropy calculations for systems exhibiting arbitrary SRO. Using the interac-

tion models introduced before (cf. section 2.2), only the intrinsic energy can be calculated.

At higher temperatures, the entropy has to be taken into account, which for the configu-

rational entropy can be done using the statistical weight W. In the present case, the sta-

tistical weight is defined as the number of possibilities to distribute all atoms on a given

lattice without change of the system order. For binary systems, the statistical/random

configurational entropy Sstat can thus be calculated as

Sstat = kB ln W = kB ln
(

NA!
NA! · NB!

)
(4.36)

with the Boltzmann factor kB and the number NA and NB of available A and B atoms,

respectively. With help of the formula approximated by Stirling

ln x! ∼= x ln x− x (4.37)

this can be rewritten as

Sstat = −N kB

[
NA

N
ln
(

NA

N

)
+

NB

N
ln
(

NB

N

)]
. (4.38)

Dividing by the number of all atoms N = NA + NB, the entropy per atom results in

Sstat = −kB(xA ln xA + xB ln xB) (4.39)
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4.1 The equilibrium structure of surface alloys – experiment and simulation

with the fraction xA and xB of the atom types A and B in the alloy, respectively. In general,

the statistical configurational entropy can be written as

Sstat = −kB ∑
i

xi ln xi. (4.40)

This approach for the random entropy calculation is consistent with the model of Bragg

and Williams [7–9] specified before (cf. section 2.2.1), and is therefore called the Bragg-

Williams or point approximation. The denomination ’point approximation’ is based on

the assumption that every atom behaves completely independent and no correlation be-

tween the atoms exists [1], which inevitably leads to a random atom distribution. How-

ever, considering a certain system-dependent temperature window, existing systems gen-

erally do not show a random but a short-range ordered distribution. In the simplest ap-

proach to calculate the entropy of such short-range ordered systems, Kikuchi [31, 241]

used the so-called ’pair approximation’ instead of the ’point approximation’. Instead of

only considering the distribution of individual atoms, the pair approximation considers

the distribution of neighboring atom pairs in the calculation of the statistical weight Wpair.

With it, a structure correlation across the whole system is reached and therefore a possi-

ble deviation from random distribution is allowed in calculations of the configurational

entropy. This way SRO structured systems can be accounted for [1, 31, 241]. Further de-

tails can be found in the appendix (cf. chapter 7).

Due to the computational effort and the main focus on experiment in the present work,

I will confine to the simpler point approximation in the following. Together with Hmix,

which can be derived by energy parameters from MC simulations (cf. section 2.2) the con-

figurational entropy allows the determination of the free energy ∆Gmix of the respective

surface alloy system.

Derivation of 2D phase diagrams. Similar to the standard bulk phase diagram, a 2D

phase diagram can be derived by minimizing the Gibbs free energy of mixing

∆Gmix = ∆Hmix − T∆Smix (4.41)

in a reasonable temperature range, followed by the common tangent construction in the

composition – free energy diagram [1, 240]. For the calculation of the mixing energy

the 2D lattice-gas Hamiltonian (cf. section 2.2.2) in combination with the EPI model (cf.

section 2.2.1) is used. The temperature dependent entropy contribution is calculated us-

ing the Bragg-Williams or point approximation (see above). Since the configurational
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entropy calculated in this model represents a random atom distribution, the mixing en-

ergy used in the calculation is also applied to a statistical one. The simplification to a

random distribution model is chosen for reasons of complexity and costs, since for a cer-

tain ordered structure, the mixing energy ∆Hmix and mixing entropy ∆Smix have to be

permanently recalculated for each alloy composition and each temperature by an algo-

rithm which tries to minimize ∆Gmix. A further complex problem is, in how far specific

arranged 2D domains within the alloy exist and which dimensions and order these possi-

ble domains exhibit. If such domains exist, they should be only a few atoms wide, hence

these questions cannot be answered easily, not even from the experimentally found atom

distribution.

For the much simpler statistical model, ∆Hmix and ∆Smix are fixed values, which only

depend on the alloy composition and therefore the calculation is much faster to perform.

Thus, for reasons of simplicity, the statistical distribution is used to determine ∆Hmix and

∆Smix in the free energy calculation. The mixing energy is determined via (cf. section

4.1.5)

H(2) =
1
2

3NN

∑
r=1NN

[
V(2)

e f f (r) ∑
〈i,j〉r

SiSj

]
. (4.42)

Setting Si = +1 if atom type A and Si = −1 if atom type B is present at lattice point

i, the occupation operator factor SiSj for binary alloys of the form AxB1−x, limited to the

pair consideration, can be calculated by counting the number of A and B neighbors in a

distance r around a the central A or B atom. For a random distribution, this is equivalent

to the fraction of the respective atom type, which leads to the simple equation

SiSj = xA [xA + (−1)xB)] + (−1)xB [xA + (−1)xB)] = 4x2
A − 4xA + 1 . (4.43)

To calculate the mixing energy of this statistical atom distribution, a complete phase sepa-

rated system is taken as reference. For both, the random distributed and phase separated

system, the experimentally deduced EPIs (cf. previous sections) are used as interaction

parameters to calculate the system energy. Certainly this is a simplification, since the

used EPIs describe the experimentally found atom distribution, which is only in the case

of PtRu/Ru(0001) [103] identical with the here assumed random atom arrangement. Us-

ing this simplification, taking the number of neighbors z(r) in the respective distance r

into account and a phase separated system as reference, the mixing energy for random
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Figure 4.32: ∆Hmix for a phase separating binary system as function of the composition

atom arrangement (cf. eq. 4.27) is calculated as

∆Hmix = Hrandom − Hseparation

=
1
2

3NN

∑
r=1NN

[
z(r) V(2)

e f f (r)
(
4x2

A − 4xA + 1
) ]
− 1

2

3NN

∑
r=1NN

[
z(r) V(2)

e f f (r) · 1
]
(4.44)

Using the EPIs deduced from experiment for the respective composition, the mixing en-

ergy, or Gibbs free energy for T = 0 K, can be calculated very easily. A positive ∆Hmix

indicates that the system tends to phase separation, for a negative ∆Hmix dispersed atom

arrangement is expected. In Fig. 4.32, the mixing energy is plotted as function of the

composition of the surface alloy. In this example the mixing energy is positive for all

surface alloy compositions meaning, that at T = 0 K the system shows phase separation

for all mixing ratios.

To obtain a continuous function which can be used to simulate ∆Gmix for arbitrary

temperatures, a least squares fit to the calculated data (cf. section 4.1.5) including the

boundary conditions, that the fit has to cross ∆Hmix = 0 for xA = 0 and 1, was per-

formed. To describe the curve progression for Hmix, two contributions are needed, one

of 2nd and one of 3rd order. To satisfy these boundary conditions, the function must have

the form

∆Hmix = a
(
−x2 + x

)
+ b

(
2x3 − 3x2 + x

)
. (4.45)

The parameters a and b are derived by a least squares fit to the data points. Using the

deduced function and the Bragg-Williams or point approximation for the entropy (eq.
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(4.39)), the Gibbs free energy of mixing is calculated as

∆Gmix = ∆Hmix − T∆Sstat

= a
(
−x2 + x

)
+ b

(
2x2 − 3x2 + x

)
− T {−k [x lnx + (1− x) ln(1− x)]}(4.46)

∆Gmix is calculated for reasonable temperatures (temperature step ∆T = 1 K) over the en-

tire composition area (composition step ∆x = 0.01). To derive the composition(s), which

in total result in the lowest ∆Gmix, for each temperature, a common tangent construction

is performed in the ∆Gmix – x diagram (Fig. 4.33). The compositions, at which the tangent

touches the free energy curve are stable states. In thermodynamic equilibrium, mixtures

between these energetically more stable compositions are not formed. Therefore this re-

gion is called a miscibility gap. The compositions representing the stable states are trans-

ferred into a T – x diagram, which after running over a reasonable temperature range,

leads to a 2D phase diagram . The upper graph in the example of Fig. 4.33 shows the

composition dependent ∆Gmix characteristics for two different temperatures. For T1, the

tangent touches the free energy curve at two different compositions. This means, that at

the thermodynamic equilibrium present for T1, all mixtures in between these two compo-

sitions xa and xb are thermodynamically not stable. E.g. the composition xc in Fig. 4.33a

is energetically not favorable. The vertical projection from the free energy curve at xc to

the tangent line at xc gives the lowest free energy (point C). Transfer to the T – x (point

C’) shows, that for the equilibrium state a phase separation into the compositions xa and

xb occurs. The respective material amount n(x) can be determined by applying the lever

rule (eq. (4.47))

n(xb)
n(xa)

=
AC
CB

=
A′C′

C′B′
(4.47)

along the tangent line AB in the ∆Gmix – x (Fig. 4.33a) or A′B′ in the T – x diagram (Fig.

4.33b). The temperature T2 is the lowest temperature at which the tangent touches the

∆Gmix curve only at a single point. Hence, this temperature is the lowest one for which

complete intermixing in the whole concentration area is expected, if the system is able

to reach its thermodynamic equilibrium at the applied conditions. This common tangent

procedure is repeated for further reasonable temperatures below T2 until an informative

phase diagram is constructed. It has to be mentioned that this kind of phase diagram

considers only the intermixing of the respective components in the surface layer. This

means that transitions, e.g. solid to liquid or liquid to gas, are not considered.

The above described approach shows, that 2D phase diagram can be obtained by only
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4.1 The equilibrium structure of surface alloys – experiment and simulation

Figure 4.33: Common tangent construction to deduce a 2D phase diagram. (a) ∆Gmix as function

of the alloy composition x, calculated for two different temperatures. Application of the illus-

trated tangent construction for ∆Gmix minimization results in (b) 2D T – x phase diagram.

introducing pairwise interactions as variable parameters, and these parameters can be

derived from the experiment (cf. previous sections). Due to the fact that the consid-

ered surface alloy systems do not show random atom distribution in reality, the rough

approximation in this calculation of using a statistical distribution as well as the simple

energy model cannot result in quantitative completely correct values. But qualitatively

this approach should give a rough estimation about the mixing behavior in the respec-

tive surface alloy systems, since the used EPIs reflect the experimentally observed mixing

behavior. A comparison with bulk phase diagrams can give information about the trans-

ferability from 3D to 2D distribution and indications about different effects caused, e.g.,

by differences in strain and/or coordination number. In the case of phase separation, the

lowest temperature limit for intermixing over the whole concentration area should be

lower for the 2D systems, since in the surface layer the number of neighbors is reduced.
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Results and discussion

To calculate the Gibbs free energy of mixing, necessary to derive 2D phase diagrams, the

mixing energy ∆Hmix as well as the temperature dependent mixing entropy ∆Smix has to

be calculated.

∆Gmix = ∆Hmix − T∆Smix (4.48)

To determine the mixing energy ∆Hmix, the 2D lattice-gas Hamiltonian in combination

with the EPI model up to the 5th nearest-neighbor is used (cf. section section 2.2.1). As

described above, a random 2D solution is assumed to calculate ∆Hmix and Smix, resulting

in a mixing energy of the form (see eq. (4.44))

∆Hmix =
1
2

3NN

∑
r=1NN

[
z(r) V(2)

e f f (r)
(
4x2

A − 4xA + 1
) ]
− 1

2

3NN

∑
r=1NN

[
z(r) V(2)

e f f (r) · 1
]

(4.49)

The mixing energy ∆Hmix is calculated using the EPIs derived for the respective sur-

face alloy and its respective composition and plotted as function of the deposited metal

content in row a of Fig. 4.34 (data points). It has to be mentioned that in the case of

AuxPt1−x/Pt(111), the data point at xAu = 0.2 with 700 atoms exhibits by far the lowest

number of atoms and therefore the error bar for the SRO is quite large (cf. section 4.1.4).

This and the small atom number (even further reduction of the already small sample size

due to the non-periodic boundary conditions) have a strong influence on the calculated

EPI values and even a stronger influence on in the accuracy of the calculation of ∆Hmix.

Therefore, in this case, the data point at xAu = 0.2 was simulated using the probably

more exact EPI set of xAu = 0.3, which also describes the xAu = 0.2 coverage very well.

To get a continuous curvature with a simple analytic expression, the mixing energy has

to be fitted to a function satisfying the boundary conditions ∆Hmix = 0 for x = 0 and 1

which is obtained by a 3rd order polynomial of the form (see eq. (4.45))

∆Hmix = a
(
−x2 + x

)
+ b

(
2x3 − 3x2 + x

)
, (4.50)

where the factors a and b are determined by a least squares approach. The resulting third

order functions for the mixing energy ∆Hexp
mix based on experimental EPIs are

∆Hexp
mix(PtRu) = 0.0001 x3 + 0.0069 x2 − 0.0070 x (4.51)

∆Hexp
mix(PdRu) = 0.1270 x3 − 0.3674 x2 − 0.2403 x (4.52)

∆Hexp
mix(AuPt) = 0.0700 x3 − 0.2233 x2 − 0.1532 x (4.53)
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4.1 The equilibrium structure of surface alloys – experiment and simulation

Figure 4.34: 2D phase diagrams for PtxRu1−x/Ru(0001), PdxRu1−x/Ru(0001) and

AuxPt1−x/Pt(111) surface alloys derived from the experimentally found atom distribu-

tions: (a) mixing energy calculated for random distribution using the EPIs of the respective

coverage (blue curve: experimentally fitted; dash-dotted curve: derived from DFT [34]; (b) free

energy of mixing for the assumed freezing temperatures Tfreeze and the lowest temperature of

miscibility Tmisc in the whole concentration region; (c) 2D (surface) phase diagrams based on

the common tangent construction in (b); (d) corresponding 3D (bulk) phase diagrams (source:

http://www.crct.polymtl.ca), 2D miscibility gap shown as inset.
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and plotted in the respective column in Fig. 4.34a (blue curve). In case of the surface

alloys AuxPt1−x/Pt(111) and PtxRu1−x/Ru(0001) the fit describes the experimental data

very well. For the system PdxRu1−x/Ru(0001) the third order fit seems to be to simple,

since the medium compositions deviate from the fitted curve.

Previously, DFT calculations for segregation energies as well as the curvature, describ-

ing the intermixing tendency in the surface layer, were performed by Christensen et al.

[34] considering an infinite diluted ’impurity’ metal in a ’host’ metal (cf. section 1.2.4 and

Fig. 1.9). In these calculations, the surface segregation energy eseg of an impurity atom

dissolved in the substrate bulk corresponds to the change of the surface energy esur f with

an increasing amount of impurity atoms x in the surface layer

eseg =
∂esur f

∂x
. (4.54)

For negative segregation energies, the deposited metal prefers to stay in the outermost

layer, for positive values the deposited metal is (if kinetically not inhibited) dissolved

in the substrate bulk. It has to be mentioned that this consideration does not include

temperature dependent entropy effects, which for sufficiently high temperatures would

always lead to bulk dissolution. The mixing behavior of the components in the surface

layer is described by the second derivative of the surface energy

∂2esur f

∂x2 . (4.55)

A negative value denotes a negative curvature and phase separation, a positive value

positive curvature and intermixing.

With the help of these definitions, the segregation and mixing energy can be derived

by the knowledge of the surface energy esur f as function of the impurity atom fraction

x present in the surface layer. Based on the available DFT data in ref. [34], the simplest

visualization of esur f can be performed by the approximation of a parabolic function

esur f = cx2 + dx. (4.56)

The segregation energy eseg (Pt in Ru: -0.75 eV atom-1, Pd in Ru: -1.01 eV atom-1 and Au

in Pt: -0.32 eV atom-1) is denoted by the first derivative

eseg =
∂esur f

∂x
= 2cx + d (4.57)
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and the curvature (Pt in Ru: 0.52 eV atom-1, Pd in Ru: -0.35 eV atom-1 and Au in Pt:

-0.31 eV atom-1) by the second derivative

∂2esur f

∂x2 = 2c. (4.58)

Based on the equations 4.56-4.58 and the available DFT values for the curvature (eq. 4.58)

and the segregation energy (eq. (4.57)), the parabolic function of the surface energy (eq.

(4.56)) can be plotted. This is shown in Fig. 4.35a for all three surface alloys. The dash-

dotted curves represent the surface energy and the gray dashed lines the segregation

energies. For all three systems, the negative slope of the segregation energy implies a

strong tendency for surface segregation of the impurity metal, resulting, if entropy ef-

fects are not considered, in surface confined alloy formation, as extensively discussed in

section 1.2.4.

The difference between the curves for esur f and eseg reflects the mixing energy of the

respective system. Therefore the DFT based mixing energy ∆HDFT
mix is derived by subtrac-

tion of the segregation energy from the surface energy ∆HDFT
mix = esur f − eseg and results

in the parabolic mixing energy functions

∆HDFT
mix (PtRu) = 0.260 x2 − 0.260 x (4.59)

∆HDFT
mix (PdRu) = −0.175 x2 + 0.175 x (4.60)

∆HDFT
mix (AuPt) = −0.155 x2 + 0.155 x. (4.61)

The result of this subtraction is illustrated in Fig. 4.35b and also displayed in the row

a of Fig. 4.34. If the surface energy curve coincides with the gray segregation line

(∆HDFT
mix = 0), complete phase separation would occur. Hence, positive mixing energies

(∆HDFT
mix > 0) as derived for PdxRu1−x/Ru(0001) and AuxPt1−x/Pt(111), imply phase

separation in the surface layer, and negative mixing energies (∆HDFT
mix < 0) a preference

for disperse atom arrangement. For the phase separating systems AuxPt1−x/Pt(111) and

PdxRu1−x/Ru(0001), the function for the mixing energies ∆Hmix that result from this

simple approach based on DFT energies are qualitatively and quantitatively in excel-

lent agreement with the experimental description, while the agreement is poor for the

statistically distributed PtxRu1−x/Ru(0001) system (Fig. 4.34a). In the latter case, the

DFT data in ref. [34] predict a pronounced, and the experimental EPIs a slight ten-

dency towards unlike neighborhood ordering, while experimentally a random distri-

bution is observed [103]. Negative mixing energies, which are quantitatively compa-

rable with the ones derived from the PtxRu1−x/Ru(0001) DFT data were also found for
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Figure 4.35: row (a) Surface (dash-dotted line) and segregation energies (gray dashed line) for

different surface alloys derived from tabulated DFT data; row (b) 2D mixing energies in the alloy

layer, deduced from (a) like illustrated.

the CuxPd1−x/Ru(0001) [108] (cf. section 4.1.1) and resulted only in a very slight dis-

persed atom distribution. Since the freezing temperature was only 600 K in the latter

system, it is no surprise that for the considerable higher freezing temperature of 1000 K

in PtxRu1−x/Ru(0001) a random distribution is observed. The excellent agreement for

the phase separating systems along the whole concentration region is impressive, since,

as mentioned above, the DFT data are calculated for infinite dilution of the impurity

’metal’ and the parabolic approach handling the DFT data is very simple and can only

result in symmetric curvatures.

Using the configurational entropy ∆Sstat for statistical distribution, the Gibbs free en-

ergy of mixing ∆Gmix results in (cf. eq. (4.46))

∆Gmix = ∆Hexp
mix − T∆Sstat

= ∆Hexp
mix − T {−kB [x ln x + (1− x) ln(1− x)]} . (4.62)

Taking the respective experimentally deduced functions for ∆Hexp
mix (eqs. (4.51)-(4.53)), the

free energy of mixing ∆Gmix is calculated for reasonable temperatures. This is illustrated

in Fig. 4.34b for the freezing temperature Tf reeze (atom-atom exchange in the 2D layer
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stops) and for the lowest miscibility temperature Tmisc (no miscibility gap over the whole

composition region). By a common tangent construction, the composition(s), which in

sum result the lowest ∆Gmix are transferred for the respective temperature into the 2D

phase diagram (see Fig. 4.33). This procedure, calculation of ∆Gmix, common tangent

construction and transfer to the T – x diagram, is repeated for further suitable tempera-

tures (temperatures below Tmisc), leading finally to the 2D phase diagrams in Fig. 4.34c,

which include around 100 data points per diagram.

The random atom distribution in the PtxRu1−x/Ru(0001) surface alloy and the slight

preference for unlike neighborhood, shown by the EPIs, results for all temperatures and

compositions in a complete miscibility of the Pt and Ru layer upon the Ru(0001) sub-

strate, while in PtxRu1−x bulk alloys a miscibility gap is observed up to 2500 K (Fig.

4.34d). The discrepancy between the miscibility in the surface layer and bulk can be

explained by the different stacking sequences preferred by the two metals. Pure Pt crys-

tallizes in (fcc) and pure Ru in (hcp). The 3D miscibility gap is caused by the transition

from fcc to hcp occuring with higher Ru amount, hence in 3D, Pt-rich (fcc) and Ru-rich

(hcp) alloys with different lattice constants are formed [188–191]. But since in 2D, the

PtxRu1−x alloy layer grows pseudomorphic and therefore adopts the NN distance of the

substrate, such structure relevant stacking sequence effects are missing and therefore the

driving force for phase separation is absent [71, 80, 103]. For the clustering surface al-

loy systems PdxRu1−x/Ru(0001) and AuxPt1−x/Pt(111) on the other hand, the surface

and bulk phase diagrams have quite similar shapes, as shown in the Figs. 4.34c and

4.34d, respectively. The 2D miscibility gap appears at lower temperature inside the sur-

face alloy layer, which can be explained by three main effects, (i) the atom radius, (ii) the

lattice constant and (iii) the different numbers of neighbors. (i) Due to the pseudomor-

phic alloy layer in 2D and the larger atom radius of the impurity species, the compressive

stress increases with growing size of homoatomic 2D islands consisting of the impurity

metal. The increasing stress limits the lateral expansion of homoatomic islands. This ef-

fect is also present in the bulk, but since tensile strain is generally present in the surface

layer, in there ’the lack of neighbors’ is reduced by implementing ’larger’ impurity atoms.

Compared to the bulk, this is finally leading to a smaller phase separation tendency, and

therefore a shift of the miscibility gap to lower temperatures, in the surface layer. (ii)

In 3D one driving force for phase separation is the composition dependent lattice con-

stant, while in 2D this effect is not present due to the pseudomorphical grown surface

alloy layer. (iii) Restricted to a nearest-neighbor consideration, naturally the number of
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unfavorable neighbors is lower in 2D than in 3D. Consequently, the energy loss caused

by intermixing for a given composition is lower in 2D. To estimate the binding energy

difference for a surface compared to a bulk atom binding to its direct neighbors, a typ-

ical effective NN interaction of V(2)
e f f (1) = −15 meV found for PdxRu1−x/Ru(0001) and

AuxPt1−x/Pt(111) is used here. Every surface atom possesses 6 nearest neighbors, while

every bulk atom has 12 nearest neighbors. In this estimate, the surface atom is by

∆Hbind ≈ Hbind
sur f − Hbind

bulk ≈ −6× 15 meV + 12× 15 meV = 90 meV (4.63)

less strongly bound than a bulk atom, which is a non-negligible influence and thus fa-

cilitates exchange in the surface layer and therefore makes an energetically less stable

neighborhood more easy than in the bulk.

Summary and conclusions

In this section, a possibility to derive 2D phase diagrams was presented for the surface

alloy systems PtxRu1−x/Ru(0001), PdxRu1−x/Ru(0001) and AuxPt1−x/Pt(111). This is

achieved by the common tangent construction on the free energy of mixing. The latter

was calculated for ’virtually’ random atom arrangements in both, the energy and entropy

term. The energy part is based on a 2D lattice-gas Hamiltonian confined to effective pair

interactions, which were derived from the experimental atom distribution, and the en-

tropy part on the Bragg-Williams or point approximation.

Comparison of the mixing energies derived this way with DFT results shows quali-

tatively and quantitatively excellent agreement with the clustering PdxRu1−x/Ru(0001)

and AuxPt1−x/Pt(111) surface alloys. In the case of PtxRu1−x/Ru(0001), the experimen-

tally observed random distribution contradicts to the strongly ordered structures pre-

dicted by DFT. The deduced 2D phase diagrams for the two phase separating systems

PdxRu1−x/Ru(0001) and AuxPt1−x/Pt(111) show a miscibility behavior which is quite

similar to their corresponding bulk alloys. Differences in the miscibility for PtxRu1−x in

2D and 3D can be explained by the atom radius, the lattice constants and the reduced

number of neighbors in the surface alloy layer. Although the approach presented here

is only a very simple one, the obtained results give an informative estimation about the

mixing behavior of surface confined alloys.

132



4.2 The surface alloy formation process

4.2 The surface alloy formation process

In this chapter I will summarize some experimental results, which in combination give

deeper insights into the thermodynamics and kinetics of surface alloy formation. In par-

ticular, they highlight some important chemical aspects of the near-surface intermixing

behavior.

As first elementary step for an understanding of PtRu/Ru(0001) alloy formation, the

adsorption preferences of both metals upon each other are studied. It will be shown that

at moderate temperatures (≈ 400 K) Ru forms bilayer islands on Pt(111). To distinguish

whether this effect is determined by the lattice mismatch (nearest-neighbor distance, Ru-

bulk: 0.27 nm, Pt-bulk: 0.277) or by the difference in adsorption strength, Pt monolayer

islands were grown on Ru(0001) (pseudomorphic growth), followed by Ru deposition.

This way, the Pt is forced to adopt the lattice constant of the Ru(0001) surface and the sub-

sequently deposited Ru can choose the preferred adsorption site, whereby the influence

of strain effects is largely excluded. It turned out that both, Pt as well as the afterwards

deposited Ru, rarely adsorb on Pt islands. If Pt islands are populated by Ru, then again

preferential Ru bilayer island formation occurs. This experiment made obvious that Pt

and Ru prefers to adsorb on Ru3 rather than on Pt3 sites, concluding Ru-Ru3 > Pt-Ru3 >

Pt-Pt3 for the strength of adsorption.

In the previous chapter (cf. section 4.1.2) it was shown that suitable annealing of Pt

(≤ 1 ML) covered Ru(0001) surfaces leads to metastable surface alloys. In the following,

the alloying behavior of the ’inverse’ system Ru/Pt(111) is studied in more detail. At

moderate temperatures Ru bilayer islands are formed on Pt(111), like mentioned above.

Deposition at higher temperatures revealed the transition from Ru bilayer to monolayer

island growth between 523 - 573 K. Atomically resolved STM imaging supported by AES

measurements show that this transition is caused by Ru-Pt exchange and that already at

temperatures of 573 K most Ru has diffused into the subsurface and has been covered

by a Pt-rich outermost layer. Further increase of the deposition temperature results first

in further Pt enrichment in the outermost layer and finally to diffusion of Ru into the

Pt(111) substrate. This result verifies that Ru/Pt(111) provides no stable surface alloy

formation in contradiction to the ’inverse’ PtRu/Ru(0001) system, as illustrated in Fig.

4.36. Finally, simple rules for metastable surface alloy formation can be concluded, which

are proposed to be valid in general. Metastable surface alloy formation occurs if the de-

posited species (i) is larger (larger NN distance in bulk of the pure metal), (ii) exhibits
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Figure 4.36: Comparison of the alloying behavior of Ru/Pt(111) and Pt/Ru(0001) (STM images:

100 × 100 nm2). (a) ∼0.4 ML Pt on Ru(0001): deposition at different substrate temperatures; (b)

Annealing to different temperatures after room temperature deposition of 0.30 ± 0.02 ML Pt on

Ru(0001). The schematic hight profiles are measured along the black-white line in the respective

STM image overhead. The bright dotted line in the hight profile illustration, denotes the original

substrate terraces.
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the lower surface energy (surface energy of the pure metal surface) and (iii) provides the

weaker adsorption site for the substrate metal (substrate metal adsorbs preferentially on

itself).

The 2D equilibrated atom structure of surface alloys was characterized in the first part

of this thesis. In the following, the initial alloy formation process will be studied by for-

mation of non-equlibrated PtRu/Ru(0001) surfaces (annealing to 850 - 900 K). This way

the surface can be structurally analyzed towards its atom distribution directly after the

onset of the Pt-Ru exchange processes via atomically resolved STM imaging with chem-

ical contrast. With the help of the above mentioned adsorption and segregation prefer-

ences and the knowledge, that in the equilibrated PtRu/Ru(0001) surface alloy no Pt is

present underneath the 2D alloy islands, the main surface alloy formation process could

be concluded. At elevated temperatures, Pt detaches from the periphery of the deposited

islands and exchanges with Ru substrate atoms on the terrace. Alloy formation proceeds

with further detachment / attachment and Pt→Ru exchange processes. Since both, Pt

and Ru prefer to adsorb on Pt free adsites, the alloy island only overgrowths Pt free ar-

eas, as illustrated in 4.36. Also in this case it is assumed that this process is generally

valid in surface alloys, if the energetics are comparable.

Finally, stability aspects of PtRu/Ru(0001) and PdRu/Ru(0001), as representative sys-

tems for metastable surface confined alloys, are studied. After preparation of the respec-

tive surface alloy, 1 - 2 ML substrate material Ru is deposited. It will be shown by STM

and AES measurements, that suitable annealing (alloying conditions) of these Ru covered

surface alloys, results in a recovery of the previous outermost layer confined alloys. This

Pt (Pd) floating observation fits to the studies mentioned above. It can be explained by

adsorption preferences and the surface alloy formation mechanism proposed before.
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4.2.1 On the origin of Ru bilayer island growth on Pt(111)

This section is published in ref. [193]9.

Abstract

Depending on the growth temperature, Ru growth on Pt(111) proceeds preferentially via

nucleation and growth of bilayer islands (H. E. Hoster et al., Phys. Chem. Chem. Phys.

2001, 3, 337). The physical origin for this growth behavior was investigated by scanning

tunneling microscopy. The role of the lattice mismatch is elucidated by comparing Ru

growth on Pt(111) with that on a pseudomorphic Pt monolayer film on a Ru(0001) sub-

strate, where lattice misfit is absent. The results are interpreted using existing concepts

on the adsorption properties of bimetallic surfaces, the consequences of our results and

our mechanistic interpretation on the understanding of bilayer island growth in metal-

on-metal epitaxy in general are discussed.

Introduction

Nucleation, growth, and structure of ultra-thin metal films have attracted considerable

attention in recent years, both because of the fundamental interest in the atomic scale

understanding of structure formation and growth processes [242, 243], but also because

of their use as model systems for studies of the relation between structure and functional

properties of bimetallic surfaces, e.g., in the fields of magnetism [244] or (electro-)catalysis

[19]. In this section, which is part of a comprehensive study on the surface chemistry of

structurally well-defined bimetallic PtRu surfaces (see, e.g., refs. [30, 103, 145, 165, 245]),

we present results on the growth of Ru on Pt(111). PtRu surfaces are of particular inter-

est due to the use of PtRu as state-of-the-art anode catalyst in low-temperature polymer

electrolyte fuel cells (PEFCs) [246], and therefore structurally well defined Ru modified

Pt(111) surfaces would be another interesting model system, in addition to the Ru(0001)

based Pt/Ru(0001) and PtRu/Ru(0001) surfaces investigated previously (see above).

In a previous study, it was reported that Ru islands vapor deposited on Pt(111) at about

353 - 373 K predominantly adopt a height of two atomic layers [179], very similar to the

behavior observed for Co/Pd(111) [247, 248], Co/Cu(111) [249], Co/Au(111) [250, 251],

and Co/Ag(111) [251]. For the bimetallic systems Co/Au(111) and Co/Pd(111), the lat-

tice misfit between host and guest metal was suggested to be the main reason for the

9Reprinted from Publication with permission from Elsevier (Elsevier online ©2009)
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observed bilayer island growth [248, 250], whereas in another study the stronger Co-

Co bond compared to the Pd-Co bond was proposed as a considerable contribution to

the driving force for the bilayer island growth of Co/Pd(111) [247]. For Ru/Pt(111),

the lattice mismatch is about 2.6% (nearest-neighbor distance: Ru-Ru = 0.27 nm, Pt-Pt =

0.277 nm) and could therefore have significant effects on the growth behavior. On the

other hand, Pt and Ru are very different with respect to their chemical properties, which

includes significant differences between Ru-Pt, Ru-Ru and Pt-Pt bonds [72, 103].

In the present paper, we are particularly interested in unraveling the role of the lat-

tice misfit and lattice misfit related effects in the Ru bilayer island growth on Pt(111).

This is done by comparing the growth of Ru on Pt(111) and on strained Pt monolayer

films grown pseudomorphically on a Ru(0001) substrate. These strained Pt films have

the same lattice constant as Ru(0001), and therefore there is no lattice mismatch for sub-

sequent growth of Ru on this Pt monolayer. The results are interpreted using existing

concepts on the adsorption properties of bimetallic surfaces. The consequences of our

results and our mechanistic interpretation on the understanding of bilayer island growth

in metal-on-metal epitaxy in general are discussed.

Experimental

A detailed description for the preparation of the Pt(111) and Ru(0001) single crystal sub-

strates can be found in section 3.3. Pt and Ru were deposited at rates of 0.03 - 0.1 ML min-1,

the respective sample temperatures are given in the text. During deposition, the pressure

remained below 6 × 10-10 mbar.

Results and Discussion

Fig. 4.37a shows the morphology of a Pt(111) surface after deposition of 0.67 monolayers

(ML, 1 ML = 1 adlayer atom per surface atom) Ru at 310 K (deposition rate: 0.1 ML min-1).

The Pt(111) surface is homogeneously covered by islands, whose shape varies between

relaxed triangular and hexagonal. The island density and the mean diameter of the is-

lands are ∼0.008 nm-2, and ∼1 - 6 nm, respectively, in agreement with earlier data [59].

The amount of bilayer Ru islands is much higher than expected, which also resembles

previous findings [179]. If the sample is annealed to 400 K after deposition (Fig. 4.37b),

this trend becomes even more pronounced. Now almost all islands have heights of two

atomic layers (see also the line profiles shown as insets in Fig. 4.37), with the second

layer fully covering the first layer. In addition, the islands adopt a preferentially triangu-
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Figure 4.37: Large scale STM images (top) and schematic height profiles (bottom) of a Pt(111)
surface (a) after deposition of 0.67 ML Ru at 310 K (100 × 100 nm2, It = 0.3 nA, Ut = 1.3 V) and

(b) after deposition of 0.65 ML Ru at 300 K (100 × 100 nm2, It = 0.9 nA, Ut = 0.5 V) followed by

annealing to 400 K. The height profiles shown in the bottom are measured along the black-white

lines indicated in the STM images.

lar shape with a uniform orientation. The island shape and orientation closely resemble

those reported for Pt homoepitaxy on Pt(111) [233] or Pt growth on Ru(0001) [80, 103];

they are indicative for a uniform stacking (fcc or hcp) of all islands with respect to the sub-

strate. Based on our data, however, it is not possible to decide which of the two stacking

types is adopted. The bilayer island density is ∼0.01 nm-2, which is essentially identical

to that before annealing. Therefore, Ru mass transport occurs exclusively within each

island, transport between different islands is not yet activated. Hence, the subsequent

annealing step, where the temperature is raised by 90 K only, not only increases the mo-

bility of Ru adatoms at the island edge to energetically optimize the lateral shape of the

islands, but is sufficient also to activate an interlayer mass transport of Ru adatoms from

the first to the second atomic layer. In an atomistic picture, the driving force for a single

Ru atom to ’climb’ into the second layer could result (i) from a higher binding energy of a
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Ru adatom on Ru islands compared to Ru adsorption on Pt(111) or (ii) from interactions

between the Ru adatoms, e.g., due to a lattice mismatch, which effectively limit the size

of the islands and favor a vertical growth once a critical island size is reached.

As mentioned in the introduction, the influence of the lattice mismatch between Ru and

Pt on the growth process and hence on the resulting growth morphology can be ’switched

off’ by using a Pt film pseudomorphically grown on Ru(0001) as substrate for the subse-

quent Ru vapor deposition. The resulting growth behavior is illustrated in Fig. 4.38. Fig.

4.38a shows the morphology of a 0.42 ML Pt film grown on Ru(0001) at 600 K (deposi-

tion rate: 0.04 ML min-1). The higher deposition temperature was used to produce larger

Pt islands for the subsequent Ru deposition step. Under these conditions, Pt deposition

results in large triangular monolayer islands on the terraces, and Pt stripes attached to

the ascending steps of the Ru(0001) substrate. In the STM image in Fig. 4.38a, a narrow

terrace passes diagonally through the imaged area, where Pt only forms a step decorat-

ing stripe and no islands. The positions of the former Ru steps are marked in the image.

The triangular shape of the islands and the step decorations on the larger terraces fit to

previous STM observations of the same system [80, 103, 252]. The island in the upper left

corner appears truncated at its lower left corner, with the truncation line coinciding with

the position of the underlying Ru step. This growth behavior, which was reproducibly

observed wherever a Pt island tried to overgrow a former Ru step and hence continue

growing the Ru(0001) substrate rather than on a Pt cover layer, reflects a preference of Pt

atoms to occupy Ru rather than Pt sites and thus a higher interaction between Pt and Ru

than between the strained Pt layer and Pt, which fully agrees with previous conclusions

[103].

Deposition of Ru on the partly Pt monolayer covered Ru(0001) surface (PtML/Ru(0001))

at 300 K followed by annealing to 500 K gives rise to a rather high density of Ru mono-

layer islands on the Ru(0001) substrate, pointing to a rather low mobility of Ru on the

Ru(0001) substrate [243]. Under these conditions, Ru islands are formed also on large Pt

monolayer islands. This is illustrated in Fig. 4.38b, which shows a partly Pt precovered

Ru(0001) surface (0.42 ML, Tdep = 600 K, 0.04 ML min-1) after subsequent deposition of

0.54 ML Ru at 300 K, followed by annealing to 500 K. (It should be noted that based on

high resolution STM images exchange of Pt and Ru deposit atoms can be excluded under

these conditions.) As schematically shown in the height profile in Fig. 4.38e, the Ru is-

lands on the Pt monolayer island are generally ∼0.4 nm high, i.e., they represent bilayer

islands.
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Figure 4.38: Large scale STM images (top and middle) and schematic height profiles (bot-

tom) of a Ru(0001) surface (a) after deposition of 0.42 ML Pt (Tdep = 600 K, 0.04 ML min-1)

(200 × 200 nm2, It = 0.3 nA, Ut = 1.7 V); (b) after subsequent deposition of 0.54 ML Ru on

the Pt/Ru(0001) surface shown in (a) at room temperature, followed by annealing to 500 K.

(c) and (d) show the morphology of a Ru/Pt/Ru(0001) surface prepared by deposition of

0.2 ML Pt (Tdep = 600 K, 0.03 ML min-1) and subsequent deposition of 1.2 ML Ru (Tdep = 600 K,

0.1 ML min-1) (200 × 200 nm2, It = 0.3 nA, Ut = 1.7 V). The exposed Pt areas are marked white

in (d). (e), (f): schematic height profiles measured along the black-and-white lines in the images

in (b) and (c).
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Deposition of Ru on the Pt/Ru(0001) surface at 600 K leads to the morphology illus-

trated in Fig. 4.38c. For better visibility, Fig. 4.38d shows the same STM image with the

Pt areas marked white. Also under these conditions, we have no indications of Pt-Ru ex-

change. The preference of the Pt islands to form {1010} oriented steps results in stripes

of Pt attached to the ascending Ru steps which alternately exhibit zig-zag shaped and

straight steps. These Pt monolayer stripes are visible as slightly depleted areas. The Ru

atoms post-deposited on the partly Pt precovered surface are almost exclusively found

on Pt-free areas of the Ru(0001) substrate, the few Ru islands on top of Pt monolayer is-

lands are marked by dashed circles. This gives rise to a line of second or even third layer

Ru in the vicinity of the Pt decorations or islands, whereas on the larger, Pt uncovered

areas Ru mainly forms a monolayer film. Close to its right end, the height profile in Fig.

4.38f runs over a Pt island, where it passes also over a Ru island. This Ru island, and also

all other Ru islands on the Pt covered areas, has a height of two atomic layers, similar to

the Ru islands on Pt(111) (see fig. 4.37b).

In Fig. 4.39, we compare the amounts of Ru adsorbed on the Pt monolayer areas and

on the Pt-free areas after deposition of different amounts of Ru on the surface shown in

Fig. 4.38a at 300 K, followed by annealing to 500 K (Fig. 4.38b). The experiment was per-

formed by moving the sample slowly out of the Ru beam during Ru deposition, which

results in a gradient of the Ru coverage along the surface. The morphology of the result-

ing surface was investigated in a number of areas with different Ru coverages, for each

area we analyzed 0.05 µm2. Obviously, the Ru coverages in the Pt monolayer covered

and Pt-free areas are identical in all cases. This result can be explained by the relatively

low adatom mobilities on both areas at the deposition temperature of 300 K, which give

rise to rather higher island densities, both on the bare Ru area and on the Pt monolayer

covered areas [243]. These islands are largely stable against dissolution at the annealing

temperature of 500 K. On the other hand, annealing to 500 K is sufficient to activate Ru

interlayer mass transport at each Ru island on the Pt monolayer covered areas, resulting

in the perfect bilayer shape of the Ru islands on these areas (see above).

Next, we analyzed the amounts of Ru in the 1st, 2nd, and 3rd layer of the Ru islands on

the Ru(0001) substrate (Fig. 4.40a) and on the Pt monolayer covered areas (Fig. 4.40b,

respectively. They are plotted as a function of the total Ru coverage in the analyzed area

in Fig. 4.40. Below ΘRu ≈ 0.8 ML, there are virtually no bilayer Ru islands in the Pt-free

areas. It should be noted that the amount of 2nd layer Ru is not markedly higher without

the annealing step to 500 K, which means that Ru homoepitaxy on Ru(0001) proceeds
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Figure 4.39: Plot of the distribution of Ru islands after Ru deposition (deposition temperature /

rate = 600 K / 0.1 ML min-1) on a Ru(0001) surface pre-covered with Pt monolayer islands shown

in Fig. 4.38a. The ordinate shows the amount of Ru grown on the bare Ru(0001) substrate, the

abszissa the amount of Ru on the Pt monolayer islands.

in a layer-by-layer growth mode and that this is kinetically feasible already for depo-

sition at 300 K. Thermodynamically, a layer-by-layer (’Frank van der Merwe’) growth

mode is expected for homoepitaxial growth; kinetically, a relatively perfect layer-by-layer

growth means that the barrier for a Ru adatom to pass over a descending step (’Ehrlich-

Schwoebel (ES) barrier’ [253, 254]) is small enough to be overcome at room temperature.

This growth behavior closely resembles that for Pt homoepitaxy on Pt(111) [233], while

on other fcc(111) surfaces, e.g., for Ag homoepitaxy on Ag(111), high ES barriers lead to

a distinct mound formation [200]. On the Pt monolayer covered areas, on the other hand,

the islands predominantly adopt a height of two atomic layers, similar to the growth be-

havior on Pt(111) (see Fig. 4.37). Although nucleation and growth processes and hence

also the formation of the Ru islands are kinetically controlled, the increasing tendency for

Ru bilayer island formation upon annealing clearly indicates that the bilayer islands rep-

resent the thermodynamically stable configuration and that their formation is kinetically

hindered during Ru deposition at room temperature. Otherwise, annealing would favor

dissolution of the second layer islands. Our data furthermore indicate, that Ru interlayer

mass transport is activated without Ru mass transport between Ru islands or between Pt
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monolayer islands and bare Ru(0001) areas.

The driving force for the distinct non-2D growth of Ru on Pt (Pt(111) or PtML/Ru(0001))

must be a significantly higher energy for Ru-Ru bonding than for Ru-Pt bonds. This is

reflected also by the impurity segregation energies of Pt in Ru and Ru in Pt [34, 36], which

favor Pt rather than Ru in the outermost layer. This condition is not sufficient, however,

to rationalize the particular stability of bilayer islands rather than multilayer islands. The

latter requires an additional stabilization of the second Ru layer on a Pt surface in con-

Figure 4.40: Amount of Ru in the 1st, 2nd and 3rd layer as a function of the Ru coverage on the

surfaces studied in Fig. 4.39. Upper graph: Ru on Ru(0001) terraces, the dashed line indicates the

first Ru layer population if all Ru were in the 1st layer; lower graph: Ru on Pt islands, the dashed

line indicates the first Ru layer population for ideal bilayer islands.
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trast to third and higher Ru layers. The specific stabilization of the second Ru layer can

be explained by vertical ligand effects, in this case by the specific interaction between Ru

deposit layer and Pt substrate layer [72]. Due to the weaker bonding between Pt and Ru

compared to Ru and Ru, we expect the adsorption power of the (first) Ru layer on Pt to be

higher than that of a Ru layer on a Ru substrate (’conservation of bond order’), opposite

to the distinct loss in adsorption power of a Pt monolayer on a Ru(0001) substrate rela-

tive to Pt(111) [72, 80, 145, 165]. This means, that the binding of Ru to a Ru monolayer

on Pt(111) is not only stronger than to Pt(111) itself, but also stronger than to thicker Ru

layers. If the substrate is a Pt monolayer on Ru(0001), the Pt atoms are more strongly

bound to the Ru substrate than on Pt(111). This in turn reduces their bonding power

significantly and results in an even weaker bond to Ru adislands than obtained on bulk

Pt(111). This way, the even more pronounced tendency for Ru bilayer island formation

on Pt/Ru(0001) than on Pt(111) can be explained straightforwardly.

The above explanation of the driving force for bilayer island growth, which is based

on existing concepts on the adsorption properties of bimetallic surfaces, is proposed to

be generally valid for metal-on-metal epitaxy. Accordingly, bilayer island growth is ex-

pected for systems where on the one hand the interaction between the deposit material

is higher than that between deposit and substrate, but where on the other hand the in-

teraction between second and third island layer is sufficiently weakened, as a result of

the stronger (weaker) interaction between first layer (substrate) and second layer (first

layer), to make the population of the third layer energetically less favorable than the for-

mation of larger bilayer islands. Examples for such kind of growth include a number

of Co/metal systems [247–251]. Because of the rapidly decreasing size of the energetic

variations in the interaction between subsequent layers [72], the preferential formation of

trilayer or thicker islands is very unlikely.

Summary and conclusions

We have shown in a detailed STM study that the bilayer growth behavior of Ru on Pt(111)

results from the combination of two effects: (i) a weaker binding of Ru adatoms to the

underlying Pt substrate than to Ru island atoms is responsible for multilayer island for-

mation and hence minimizing the Ru|Pt interface; (ii) the weaker interaction between

Pt(111) substrate and Ru first layer islands compared to Ru-Ru interactions results in

a stronger Ru-Ru interaction between first and second layer in Ru islands compared to

Ru-Ru bulk interactions and correspondingly a weaker interaction between second and
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third Ru island layer, which in turn results in a preferential stabilization of bilayer Ru

islands. Effects related to the lattice misfit between Pt(111) substrate and Ru play no ma-

jor role as physical origin for the bilayer growth behavior; for (unstrained) Ru deposition

on a (strained) Pt monolayer on Ru(0001), the bilayer growth is even more pronounced.

In analogy to the observed and calculated lower adsorption strength of PtML/Ru(0001)

compared to Pt(111) this gives rise to a weaker Ru-Pt bonding and hence to even stronger

(weaker) Ru-Ru interactions between first and second (second and third) Ru layer in Ru

islands. This schematic explanation, which agrees fully with the calculated segregation

energies for the preferential surface segregation of Pt from PtRu alloys or Pt impurities

in Ru, is proposed as a general scheme for the driving force for bilayer island growth.
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4.2.2 From bilayer to monolayer growth: temperature effects in the growth of
Ru on Pt(111)

The results presented in this section are published in [73]10. and were received in a col-

laborative work in which the experiments were performed by A. Berkó and myself.

Abstract

At temperatures around 373 K, Ru growth on Pt(111) proceeds via nucleation and growth

of bilayer islands (H. E. Hoster et al., Phys. Chem. Chem. Phys. 2001, 3, 337). The influ-

ence of the deposition temperature on the Ru growth behavior on Pt(111) was studied

by scanning tunneling microscopy (STM) and Auger electron spectroscopy (AES) in the

temperature range between 303 K and 773 K. The data reveal a distinct change in the

growth characteristics, most important the change from the growth of bilayer Ru islands

to monolayer islands, at temperatures between 523 K and 573 K. Based on AES data and

on atomic resolution STM images, these changes are associated with the onset and in-

creasing contribution of surface alloy formation via Pt-Ru exchange and, at T > 673 K,

alloy formation in near surface regions. Consequences of these data for the mechanism

of bilayer growth and the underlying physical origin are discussed.

Introduction

It was early noticed that in a number of metal-on-metal systems the growth behavior

did not follow the usual pattern predicted by standard nucleation and growth theory

[243], but varied distinctly in characteristic features. One example for that is Ru/Pt(111),

which was shown to grow via bilayer islands, preferentially upon deposition at room

temperature and almost exclusively at 373 K [179]. In addition, a distinct decoration of

the Pt(111) steps by Ru islands was observed. A similar bilayer growth behavior was

reported, but not yet understood on an atomistic scale, also for other systems such as

Co/Cu(100) [255–257], Co/Cu(111) [249, 258–260], Co/Pd(111) [247, 248], Co/Au(111)

[250, 251], or Co/Ag(111) [251]. In these studies, it turned out that the growth char-

acteristics depended strongly on the deposition temperature, with the bilayer growth

changing to the expected growth via monolayer islands at higher temperatures. A more

detailed understanding of the growth process and of the physical origin of the bilayer

growth, which could be transferred to the present Ru/Pt(111) system, was, however,

10Reprinted from Publication with permission from Elsevier (Elsevier online ©2009)
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still lacking (see also refs. [37, 247, 248, 261] and for the present system ref. [193]). Fi-

nally, growth of multilayer islands was observed also for Ru electrodeposition on Pt(111)

electrodes [59, 178, 262–264].

Recently, we could show that the bilayer growth is a consequence of the stronger in-

teraction between Ru and Ru compared to that of Pt-Ru, which favors Ru bilayer is-

land growth compared to wetting of the Pt(111) surface; strain effects play a minor

role in this case [193]. In the present section, we report results of a combined Auger

electron spectroscopy (AES) and scanning tunneling microscopy (STM) study on the

growth of sub-monolayer Ru deposits on a Pt(111) surface, focusing on temperature

effects in the growth behavior. This work is part of extensive studies in our labora-

tory on the correlation between structural and chemical properties of structurally well-

defined bimetallic PtRu surfaces as model systems for state-of-the-art PtRu fuel cell an-

ode catalysts [246, 265], which include so far Pt monolayer modified Ru(0001) surfaces

[80, 81, 266, 267] and monolayer PtxRu1−x surface alloys grown on a Ru(0001) substrate

[80, 81, 103, 145, 165, 245]. Ru modification of Pt substrates, e.g., of Pt(111), is expected to

result in surfaces with different electronic and structural properties. The preparation of

monolayer Ru modified Pt(111) substrates would require a change in the bilayer growth

characteristics. According to the previous results obtained on other bilayer growth sys-

tems [247–251, 255–260], variation of the deposition temperature may be one way to reach

this.

Following the presentation of our experimental data, we will compare these results

with the findings for other metal-on-metal systems with a similar bilayer growth process

(see above, refs. [37, 247–251, 255–260]), and discuss consequences and conclusions of

these findings for the growth mechanism and the underlying physical origin.

Experimental

A detailed description for the preparation of the Pt(111) single crystal substrate can be

found in section 3.3. Atomic resolution images on the clean substrate or between the is-

lands (see insets in Figs. 4.44c and 4.44d) did not show any impurities either, ruling out

the presence of notable amounts of impurities such as carbon. Ru was evaporated at rates

of around 0.2 monolayer (ML) min-1. The deposition rate was tested regularly by STM

measurements and found to be very stable. During evaporation, the background pres-

sure was better than 6 × 10-10 mbar. STM images were collected in the constant current

mode. The surface morphology and the Ru coverage as well as the composition of the

147



4 Results

surface layer were determined by quantitative evaluation of the STM images.

Results and discussion

The effect of the substrate temperature on the growth behavior and hence on the mor-

phology of the resulting Ru film was first explored by comparing the surface morpholo-

gies resulting upon deposition of 0.40±0.04 ML of Ru at different temperatures (deposi-

tion rate 0.2 ML min-1). This coverage was chosen for demonstration, since it illustrates

the temperature effects most clearly. Fig. 4.41 shows a series of representative STM im-

ages (100 nm× 100 nm) recorded after Ru deposition on the clean Pt(111) surface at sam-

ple temperatures of a) 303 K, b) 373 K, c) 473 K, d) 523 K, e) 573 K, f) 623 K, g) 673 K and

h) 773 K.

The STM images provide detailed information on the characteristic trends and changes

in the Ru growth behavior with increasing temperature, specifically on the evolution of

the size, height, distribution, shape and density of the islands and on the surface area

covered by them. Starting with the latter, they reveal that with increasing deposition

temperature the fraction of the surface covered by adlayer islands first decreases, from

around 34% for deposition at 303 K to ∼22% at 373 K, remains at constant values of 21 -

26% between 373 K and 523 K, then increases drastically for 573 K and 623 K to 32 - 41%,

and finally starts to decrease at 673 K. For deposition at 773 K, the surfaces are essentially

smooth, with very few island structures. The exact values of the island covered relative

surface areas are listed in Table 4.1, together with other characteristic parameters. Parallel

with these changes, the island heights change as well. The islands exhibit a clear prefer-

ence for bilayer growth (island heights 0.41 ± 0.02 nm) at growth temperatures between

373 K and 523 K, in agreement with previous findings for comparable deposition con-

ditions (373 K) [179]. For deposition at lower temperatures (303 K), a tendency towards

bilayer is visible as well, but not as pronounced as in the temperature regime between

373 K and 523 K (mean island height 0.29 nm, see also ref. [179]). For deposition above

523 K, monolayer islands prevail (island height around 0.23 ± 0.01 nm, see Table 4.1).

(The absolute values of the island heights were determined by using the measured value

(0.227 nm) of the Pt(111) step height as reference.) The Ru coverages calculated from the

total volume of the adlayer islands vary only slightly, within ±10%, up to 623 K deposi-

tion temperature (see Table 4.1).

So far, the data indicate a clear change from bilayer growth at lower temperatures (at

303 K bilayer growth appears to be kinetically limited) to monolayer growth at higher
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4 Results

Figure 4.41: Representative STM images (100 × 100 nm2) recorded after deposition of (a) 303 K;

(b) 373 K; (c) 473 K; (d) 523 K; (e) 573 K; (f) 623 K; (g) 673 K and (h) 773 K. The deposition rate was

0.20 ML min-1 in each case. Below the STM images, height profiles of the respective surface are

shown, which show a cut along the black-white dotted lines in the respective STM images. The

morphology of the islands and of the underlying substrate along the cut is indicated schematically

in these profiles, furthermore, the chemical composition of the island and the substrate surface

layer, as derived from the data in Figs. 4.42-4.44, is illustrated. Striped patterns indicate (surface)

alloy formation and the alloy composition in the respective layer.

temperatures, with a transition in the growth behavior in the temperature range between

523 K and 573 K. There is, however, another important difference between the two tem-

perature ranges. In the lower temperature range, the steps of the Pt(111) substrate are

fully decorated by adlayer islands, while this is not the case for deposition temperatures

of 573 K and above. At the higher temperatures, the step decoration by bilayer islands

is replaced by a line of separate smaller monolayer islands on the upper terraces of the

Pt(111) substrate, parallel to the steps.

The morphology of the islands on the terraces and along the steps is illustrated in the
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4.2 The surface alloy formation process

height profiles shown below the respective STM images in Fig. 4.41. The profiles repre-

sent the height variations along the lines indicated in the related images by black-white

dotted lines. For better illustration of the island morphology, the height profiles are un-

derlaid with a schematic representation of the local layer structure and composition of

the islands and of the underlying substrate. These profiles not only demonstrate the dis-

tinct bilayer growth on the terraces, but also explain the decoration of Pt(111) substrate

steps by Ru islands in a simple way. It results from the condensation of Ru adatoms at the

ascending steps of the Pt(111) substrate, leading to Ru island nucleation (’heterogeneous

nucleation’) along the step edge. The stabilization of bilayer island configurations results

in a continuous line of bilayer islands (referenced to the lower terrace surface) along the

ascending steps. Attachment of Ru adatoms coming from the upper terrace allows these

islands to grow also on the upper terrace, where they form monolayer islands, which

then can stabilize an additional Ru layer on top. The line of monolayer islands formed

at higher deposition temperatures parallel to the steps on the upper terraces, at a dis-

tance of about 4 nm from the steps, can be explained by heterogeneous nucleation along

a boundary between two different substrate materials. This boundary is created by Ru

attachment at the ascending steps (Pt-Ru transition) or by surface alloy formation along

the steps, e.g., by embedding of Ru adatoms in a stripe along the steps. For deposition at

673 K, one can clearly see that island nucleation is inhibited on the lower terrace in a strip

of 4 nm width along the ascending step, which can be explained by the reduced density

of Ru adatoms in this area due to Ru attachment / incorporation at the ascending steps.

In Fig. 4.42a, the relative amounts of island material in the first three adlayers at

∼0.4 ML are plotted as a function of the deposition temperature. The plot clearly demon-

strates that the material in the higher layers and thus the fraction of bilayer islands drops

suddenly in the temperature range of 523 - 573 K, and monolayer islands become the

typical configuration.

The island density first decreases from 303 K (Fig. 4.41a, 1.27 × 1012 cm-2) to 373 K (Fig.

4.41b, 0.56 × 1012 cm-2) deposition temperature. Upon increasing the deposition temper-

atures (473 - 623 K), however, this trend turns around and the island density increases

again slightly: 0.82 × 1012 cm-2 (473 K), 1.14 × 1012 cm-2 (523 K), 1.38 × 1012 cm-2 (573 K)

and 2.14 × 1012 cm-2 (623 K) (average error ±10%), respectively (Figs. 4.41c - f). This in-

crease is in contrast to expectations based on standard nucleation theory, where increas-

ing temperature results in a decreasing density of stable nuclei [243]. Possible reasons for

this discrepancy will be discussed below. Together with the growing island density and
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the constant island volume, the average island size, which is in the range of 7 - 10 nm, de-

creases slightly up to 523 K, until at 573 K the island size increases due to the transition to

monolayer islands. At higher deposition temperatures (673 K), the nucleation behavior

returns again to the normal trends, and the saturation island density decreases with tem-

perature to 1.2 × 1012 cm-2 at 673 K (Fig. 4.41g) and almost complete absence of islands

on the 500 - 100 nm wide terraces at 773 K deposition temperature. The decrease in island

density is accompanied by a significant increase in island size (10 - 12 nm at 673 K).

Finally, also the shape of the adlayer islands undergoes characteristic changes with

increasing deposition temperature. For deposition at 303 K and 373 K, small compact is-

lands with no regular shapes and larger triangular islands are formed. The sides of the

triangular islands are oriented along the close packed directions of the Pt(111) terraces.

As expected for an fcc(111) surface, the island orientation does not vary between sub-

sequent terraces. Uniformly oriented triangular islands are a common phenomenon in

metal-on-metal growth [242]. The absence of a preferential island shape for the small

islands can be explained by kinetic effects. For the small island sizes the mobility of the

adatoms along the island edges and corners is still too high to develop distinct triangu-

lar island shapes [268, 269]. For deposition at 473 - 523 K, part of the islands develops

more compact, relaxed hexagonal shapes. Nevertheless, for the temperature range domi-

nated by bilayer growth, triangular island shapes are characteristic (Figs. 4.41a - d). This

is true even for deposition at 573 K, where monolayer growth sets in (Fig. 4.41e). De-

viations from a simple triangular shape, which are more frequent at lower deposition

temperatures, are attributed to two different effects, (i) limited mobility of adatoms along

the island edges and corners, and (ii) coalescence of adjacent nuclei during deposition.

At higher deposition temperatures (623 K and 673 K), the monolayer islands exhibit dis-

torted hexagonal shapes. The changes in island shape and island growth kinetics are

attributed to increasing rates of vertical exchange processes between Ru and Pt atoms,

which change the composition of the islands and the underlying substrate layer. This

will be discussed in more detail below.

In addition to STM imaging, we performed complementary AES measurements after

Ru deposition at similar conditions as used for the STM measurements. In each case,

approximately 0.40 ML of Ru was deposited. The AES spectra were measured immedi-

ately after Ru deposition. The ratios between the peak-to-peak intensities of the RuMNN

peak (273 eV) and the PtMNN signal (64 eV), the relative Ru Auger intensities RRu, are

plotted as function of the deposition temperature in Fig. 4.42b. The relative Auger inten-
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4.2 The surface alloy formation process

Figure 4.42: (a) Distribution of the island material on the different layers after deposition of sim-

ilar amounts of Ru (0.40 ± 0.04 ML) at increasing deposition temperatures (303 - 773 K, tempera-

tures see figures). (b) Relative Ru Auger intensity RRu (RRu = IRu 273 eV/IPt 64 eV) measured after

deposition of similar amounts of Ru (0.40 ± 0.04 ML) as a function of the deposition temperature.

sity RRu has its maximum value of 0.45 at 303 K and drops to 0.3 at 373 K. This decrease

results from the transition to enhanced bilayer growth at 373 K, where less Ru is in the

outermost layer. In the temperature range of 373 - 523 K, it decreases only slightly from

0.30 to 0.27. A significant decay, however, occurs between 523 K and 673 K, where it

drops to 0.19. This decay of RRu coincides with the dramatic change in the morphology

and / or composition of the deposited Ru layer in the temperature range of 523 - 573 K.
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A simple transition from bilayer to monolayer growth of Ru at 523 - 573 K would lead

to a re-increase of the RRu value at higher temperatures, which is opposite to the trend

observed in the experiments. This apparent contradiction can be resolved if we assume

that in this temperature range Ru atoms in the growing islands start to exchange with

Pt surface atoms and this way form a surface alloy with increasing Pt contents in the

adlayer islands and Ru contents in the substrate surface layer underneath the islands.

(Incorporation of the Ru atoms in the surface layer of the Pt(111) substrate alone would

not affect the value of RRu.) This process does not modify the amount of material in the

islands, in agreement with the experimental observation of a constant island volume up

to 623 K. Only if the exchanged surface atoms and the Ru adatoms become sufficiently

mobile on the surface that the mean distance between the islands approaches the aver-

age terrace width, the measured island volume will start to decay. Furthermore, since at

these rather low temperatures extensive solution of Ru in the bulk can be excluded (self

diffusion of Pt in Pt bulk sets in at above 1400 K [270]), the Ru content in the surface near

regions should be maintained. The much more facile Ru → Pt surface exchange com-

pared to Ru bulk dissolution can be rationalized by the lower coordination of the surface

atoms. The less stringent geometric confinement of the neighboring atoms at the surface

reduces the barrier for exchange, while for bulk dissolution and hence for bulk diffusion

the neighboring atoms are essentially fixed to their position. Based on our experiments,

bulk dissolution is possible only for temperatures at around 773 K and above. Thermo-

dynamically, the exchange of Ru deposit atoms and Pt surface atoms is driven by the

highly positive segregation energy of Ru in Pt, which favors bulk dissolution of Ru in

Pt rather than surface segregation of Ru. This agrees perfectly with results from density

functional calculations, which equally yielded high positive values for the segregation

energy of Ru in Pt [34, 36, 37]. Comparing Ru accumulation in the surface near regions of

the Pt substrate, e.g., in the subsurface layer, and homogeneous dissolution of Ru in the

Pt bulk, the latter is favored entropically. This contribution is significant at the temper-

atures required from kinetic reasons (sufficient mobility of the Ru atoms). Furthermore,

additional contributions may arise from a stabilization of Ru in the subsurface layer, un-

derneath Pt surface atoms. Though a precise, quantitative determination of the extent of

subsurface exchange and bulk diffusion is not possible from the present AES data, they

clearly indicate that the onset of Ru bulk diffusion is about 300 - 400 K higher compared

to Ru surface exchange.

The variation of the island density with deposition temperature, which is plotted in Fig.
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4.2 The surface alloy formation process

Figure 4.43: Variation of the island density with the (inverse) deposition temperature for deposi-

tion of ∼0.40 ML Ru on Pt(111).

4.43 (see also Table 4.1), differs significantly from the behavior expected from standard

nucleation and growth theory [243]. According to the latter theory, we would expect

a continuous decay of the saturation island density ns with increasing deposition tem-

perature. While between 303 K and 373 K the island density decreases as expected, we

find a clear increase of the island density in the temperature range of 373 - 623 K. The

unusual behavior of the island density overlaps with the transition from bilayer to mo-

nolayer growth (523 K→ 573 K) and with the onset of Ru exchange with Pt surface atoms

(≥523 K), as evidenced by the AES data in Fig. 4.42b. Similar deviations from the pre-

dicted nucleation behavior were reported earlier already for a few other metal-on-metal

growth systems such as Ni/Ag(111) [271] and Co/Cu(001) [272], where the island den-

sity was found to first decrease and then increase with temperature, before it finally de-

creased again. The increasing island density above a critical temperature was explained

by a combination of two effects, an increasing tendency for thermally activated exchange

of Ni (Co) adatoms with Ag(111) (Cu(100)) surface atoms with temperature, and a stabi-
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lization of Ni (Co) adatoms and small adlayer islands by underlying Ni (Co) atoms in the

substrate surface layer [271–273]. Hence, the exchanged Ni (Co) atoms act as nucleation

sites for the heterogeneous nucleation and growth of Ni (Co) adlayer islands. A similar

mechanism was predicted also for Rh growth on Ag(100) [274, 275] and for the systems

Ni/Ag(100) [276], Fe/Au(100) [277], Au/Ni(110) [78], and Fe/Cu(100) [278–280]. At

temperatures above 523 K, the stabilization of adlayer nuclei by incorporated Ru atoms

decreases and the system reverts to the ’normal’ nucleation and growth behavior. Thus,

the distinct deviation of the temperature dependent variation in Ru island density from

trends predicted by standard nucleation and growth theory is in full agreement with our

above conclusions that at temperatures >523 K exchange of Ru adatoms and Pt(111) sur-

face atoms plays an important role for Ru growth on Pt(111). Furthermore, they indicate

that Ru-Pt surface exchange starts already at much lower temperatures, between 373 K

and 473 K.

The most direct and convincing evidence for intermixing and surface alloy formation

in the Ru islands, however, comes from atomic resolution STM images with chemical

contrast [80, 96, 140, 281]. Although on the island covered surfaces atomically resolved

imaging was rather difficult to achieve due to the steep increase at the island edges, es-

pecially for the bilayer islands, atomic resolution images of the islands with chemical

contrast could be obtained. (The difficulties in atomic resolution imaging result from the

close distance between tip and surface required for atomic resolution imaging, which in

particular at island edges lead to considerable forces between tip and surface, which can

in turn induce material displacement at these positions.) Examples obtained on differ-

ently grown surfaces are shown in Fig. 4.44. Fig. 4.44a shows the surface morphology

of a 2.1 ML Ru film deposited at 473 K, i.e., close to the temperature where the dominant

islands change from bilayer to monolayer height. As expected, ∼55% of each terrace is

covered by bilayer islands (the numbers in Fig. 4.44a indicate the local thickness in ML).

According to the atomically resolved image in Fig. 4.44b, the second layer consists of

at least two species that differ in their apparent brightness. We clearly find a number

of ’dark’ surface atoms on the image (∼2 - 3% of the total number of surface atoms),

and a few brighter surface atoms in a matrix of similar height surface atoms. The two

surface components Pt and Ru are identified by comparison with atomic resolution im-

ages of different PtRu/Ru(0001) surface alloys, where Pt surface atoms corresponded to

’dark’ atoms, i.e., Pt surface atoms led to a local decrease of the tunnel current [103]. A

similar electronic effect is expected also for the present situation, despite of the different
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Figure 4.44: STM images showing the mesoscopic ((a), (e): 100 × 100 nm2; (f): 50 × 50 nm2) and

atomic scale ((b)-(d): 5 × 5 nm2) structure after deposition of different amounts of Ru at different

temperatures: (a) 2.1 ML Ru deposited at 473 K; numbers indicate local film thickness in ML; (b)

atomic scale details of the 3rd island level with chemical contrast; (c): 0.4 ML Ru deposited at

523 K (surface composition on a bilayer island), inset: atomically resolved area of the exposed

Pt terrace; (d): 0.4 ML Ru deposited at 573 K (surface composition on a monolayer island, inset:

atomically resolved area of the exposed Pt terrace); (e), (f): monolayer island and terrace area on a

surface after deposition of 0.8 ML Ru at 673 K; the corrugation indicates a homogeneous surface

alloy formation in the different exposed layers.
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substrate and the slightly different lattice constant, and the dark sites in the island are

associated with Pt surface atoms. This assignment of Ru being the majority species is

supported by the AES data (see Fig. 4.42), which at this temperature only show a small

decrease of RRu compared to the lower temperatures. The rather complex contrast sit-

uation in the STM images, with more than two contrast levels, is probably caused by

local variations in the composition of the subsurface layer. The situation resembles that

on bulk alloy surfaces, where similar observations were reported and interpreted in the

same way [282–284]. Variations in the apparent heights and thus in the local electronic

properties due the presence of impurities such as carbon are considered as unlikely (see

Experimental), and are therefore ruled out as origin of the additional height levels.

A second set of data was recorded on a surface covered with bilayer islands upon Ru de-

position at 523 K (0.3 - 0.4 ML Ru, Fig. 4.44c). Based on similar assumptions as described

above, the surface layer in these islands contains about 10 - 15% Pt. Hence, the bilayer

islands do not consist purely of Ru, but contain non-negligible amounts of Pt, at least,

if they are deposited at temperatures close to the transition from bilayer to monolayer

island growth. The inset in Fig. 4.44c shows the terrace area between the islands with

atomic resolution. This and other images show essentially no indication for incorporated

Ru atoms in the surface layer between the adlayer islands, which supports our previous

conclusion that Ru atoms are mainly located within the bilayer islands (see above discus-

sion to Fig. 4.42b).

The situation is very different for the monolayer islands. Fig. 4.44d shows an image

recorded on top of a single monolayer island, on a monolayer island covered surface

grown at 573 K deposition temperature. In that image, the bright Ru atoms are no more

dominant, but are embedded in an adlayer island, which predominantly consists of Pt

atoms. Based on a quantitative evaluation of the image, approximately 80 - 90% of the

surface atoms in the adlayer island are Pt atoms. Atomic resolution imaging of the terrace

areas in between the islands (see inset in Fig. 4.44d) indicates that also at 573 K incorpo-

ration of Ru atoms in the exposed Pt(111) substrate is very unlikely. Accordingly, most of

the Ru deposited on the surface should be immersed in the Pt surface layer underneath

the monolayer islands, due to exchange of the Pt and Ru atoms during deposition. This

interpretation, which is illustrated in the schematic model of the surface in Fig. 4.41e, is

supported also by the distinct decrease of the relative Ru Auger intensity RRu observed

upon deposition at 573 K (Fig. 4.42b).

The last images in this series (Figs. 4.44e and f) finally show an island covered area of
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a surface after deposition of 0.8 ML Ru at 673 K. Because of the higher Ru coverage, the

second layer population is higher than that listed in Table 4.1 (0.4 ML). Although indi-

vidual atoms are not resolved in the enlarged view in Fig. 4.44f, the short scale variation

in apparent height clearly indicates a bimetallic composition of the surface layer in the

adlayer, similar to observations for deposition at 573 K. Furthermore, we find a similar

structure also in the areas between the terraces, i.e., for deposition at 673 K both adlayer

islands and terrace areas consist of a Pt-rich, mixed surface layer of about similar compo-

sition, presumably with a Ru-rich layer underneath. The presence of Ru in surface near

regions is evident from the AES data in Fig. 4.42b.

Overall, the atomic resolution STM images confirm our previous conclusion that Ru

adatoms start to exchange with Pt surface atoms already at temperatures significantly

below the transition to monolayer growth or the onset of the decaying relative Ru inten-

sity in AES measurements (∼523 K both). At 473 K, individual incorporated Pt atoms are

clearly resolved in Ru bilayer islands, and for 523 K deposition, the Pt surface content

reaches 10 - 15%. Therefore it is likely that Ru exchange starts at temperatures between

373 K and 473 K, in excellent agreement with our above conclusions derived from the

Ru island densities. Monolayer islands grown by deposition at ≥573 K mainly consist of

Pt (80 - 90% for deposition at 573 K), and Ru atoms are assumed to be in the subsurface

layer underneath the island. Based on the close correlation between Pt surface content

in the monolayer islands and the transition from bilayer to monolayer island growth, we

propose that the stabilization of bilayer islands is linked to a critical Pt content in the

monolayer islands. At higher Pt surface contents, the stabilization of the second island

layer becomes too weak to support preferential bilayer growth, and normal layer growth

with predominantly monolayer islands prevails. At lower Pt contents in the monolayer

islands, and hence higher Ru contents, bilayer island growth dominates, driven by a

stronger binding of Ru to Ru than to Pt. It should be pointed out that the second island

layer contains more metal atoms than have landed on top of the growing monolayer is-

lands during the deposition process. Hence, also transport of Ru and Pt adatoms from

the large terraces onto the islands must be kinetically feasible even at room temperature.

Since the STM images show no indication of mixed surface layers in the areas between

the islands for deposition at 573 K and below, exchange and surface alloy formation oc-

cur mostly at the adlayer islands during growth in the sub-monolayer coverage range.

We suggest that exchange proceeds mostly during island growth at the perimeter of the

growing island. Here exchange is energetically more facile because of the less stringent
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geometric conditions than within the Ru islands. In addition to the exchange at the island

perimeter, however, the incorporation of individual mobile Ru atoms in the Pt surface

layer, which can act as nucleation sites for adlayer islands, becomes increasingly proba-

ble. This results in the increase of the island density with temperature.

Finally it should be noted that the varying composition of the islands and of the sub-

surface layer underneath the islands are likely to affect also the island shape, both the

kinetically stabilized forms and the thermodynamic island shape. The relaxed hexagonal

island shapes observed for deposition at 623 K and 673 K are interpreted as the ther-

modynamically stable form of monolayer islands consisting of a Pt-rich adlayer and a

Ru-rich surface substrate layer underneath. The bilayer growth mode makes the stable

shape of monolayer Ru islands on a non-modified Pt(111) substrate experimentally not

accessible. For the Ru-rich bilayer islands, we observe a transition from a mixture of

irregular and relaxed triangular (Figs. 4.41a and b) to a mixture of relaxed triangular

and hexagonal (Figs. 4.41c and d) island shapes for increasing growth temperatures, in

the range from 303 → 523 K. This suggests a thermodynamic preference of the relaxed

hexagonally shaped islands. Also in this case, final proof must come from theory, since

experimentally the higher temperatures required to clearly overcome kinetic barriers are

not accessible without changing the island composition.

For the Ru-rich bilayer islands (on an largely unmodified Pt(111) substrate) we assume

that the small amounts of incorporated Pt atoms will not affect the stable island shape.

Nevertheless, since because of their different compositions we can not directly compare

monolayer and bilayer islands, the conclusion of relaxed hexagonal equilibrium shape

of the bilayer islands is plausible, but not fully conclusive. Also in this case, final proof

must come from theory, since experimentally the higher temperatures required to clearly

overcome kinetic barriers are not accessible without changing the island composition.

In total, the study revealed a close correlation between the exchange of Ru adatoms or

adlayer atoms and Pt substrate surface atoms and the general growth behavior. Ru atoms

start to exchange into the Pt surface layer at temperatures between 373 K and 573 K and

act as nuclei for nucleation and growth of adlayer islands. Because of the thermal activa-

tion of the exchange process, this results in an increasing island density with temperature,

up to 623 K. Exchange further controls the layer growth behavior, with growth of almost

pure Ru bilayer islands up to 523 K, and monolayer island growth with predominantly

Pt in the adlayer and exchanged Ru in the former substrate surface layer underneath at

higher temperatures (>523 K). Both configurations are thermodynamically stable if bulk
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dissolution of Ru is inhibited but exchange between Ru adatoms and Pt surface atoms is

possible (monolayer Pt islands), or if both Ru bulk dissolution and surface exchange of

Ru are essentially inhibited (Ru bilayer islands). In a strict sense, both configurations are

metastable with respect to bulk dissolution. The transition from mono- to bilayer growth

is proposed to occur at a critical Pt content in the monolayer island surface layer.

Summary and conclusions

Studying the temperature dependence of the growth of Ru on Pt(111) in the range be-

tween 303 K and 773 K by STM and AES, we arrived at the following conclusions on the

mechanism for Ru growth:

1. At temperatures below 523 K, Ru grows in pseudomorphic bilayer islands with a

largely triangular shape (larger islands) or compact shape (small islands). The bilayer

growth is explained by the strong Ru-Ru interactions, which leave bilayer islands ener-

getically favorable compared to wetting the Pt(111) surface by monolayer islands. Ex-

change between Ru adatoms and Pt surface atoms and hence surface alloy formation are

improbable, but not completely ruled out for temperature higher than 373 K: Ru atoms

incorporated into the Pt surface layer, which stabilize Ru adlayer nuclei and this way

act as nucleation sites for Ru adlayer islands, lead to an increasing island density with

increasing deposition temperatures for deposition at >373 K, in contrast to the trend ex-

pected from standard nucleation and growth theory. Ru adatoms condensing at ascend-

ing Pt(111) steps act as nuclei for bilayer Ru islands at steps and to step decoration by Ru

bilayer islands (relative to the lower terrace), lateral Ru growth on to the upper terrace

cause bilayer island growth along the steps also on this terrace.

2. At temperatures around 523 K, exchange between Ru adatoms and Pt surface atoms

becomes significant during (sub-)monolayer film growth. Bilayer island growth still pre-

vails, but atomic resolution STM images with chemical contrast resolve intermixing in the

surface layer of the bilayer islands, with about 10 - 15% Pt in the surface layer. Exchange

mainly occurs at the growing islands, the amount of Ru surface atoms incorporated in

the Pt(111) surface in areas between the islands is negligible.

3. At temperatures between 523 K and 573 K, the stabilization of bilayer islands becomes

weaker and bilayer island growth changes into monolayer island growth. The transition

is associated with a critical Pt content in the monolayer islands, at lower Pt (= higher Ru)

contents in the first island layer bilayer islands are more stable, while for higher Pt con-

tents, resulting from more efficient Ru → Pt(111) surface exchange, monolayer islands
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with predominantly Pt in the adlayer and exchanged Ru atoms in the topmost substrate

layer prevail. Due to the decay of bilayer island stabilization, nucleation of bilayer is-

lands at steps and hence the decoration of Pt steps with Ru bilayer islands ceases. Ru

adatoms attaching at ascending steps are likely to intermix with Pt in the upper terrace

layer.

4. At temperatures above the transition from monolayer to bilayer growth, in the range

between 573 K and 623 K, the tendency for Ru→ Pt exchange increases further with in-

creasing deposition temperature, and monolayer islands with predominantly Pt in the

adlayer and exchanged Ru atoms in the topmost substrate layer dominate. This goes

along with a change from triangular to relaxed hexagonal island shapes.

5. At temperatures around and above 673 K, the decreasing coverage of islands and

mixed monolayer strips condensed at former Pt(111) steps points to the onset of step

flow growth, where the increasing adatom mobility leads to the attachment of Ru and

exchanged Pt adatoms at the ascending Pt(111) steps. Exchange of Ru adatoms and

Pt surface atoms is facile also in the areas between the islands, and results in compa-

rable Pt-rich surface composition and Ru-rich subsurface compositions in terrace areas

and monolayer islands. For Ru deposition at 773 K, the island coverage is essentially

zero and smooth surfaces prevail, which is attributed to a dominant step flow monolayer

growth under these conditions, in combination with surface alloy formation. Ru bulk

dissolution, which is thermodynamically favored, starts at or above 773 K.
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4.2.3 Initial alloy formation in PtxRu1−x/Ru(0001)

The following results are based on the publications [103]11 and [267]12. In [103], the ex-

periments were mainly performed by Harry E. Hoster and myself. In [267], my STM

results are correlated with findings of thermal desorption measurements performed by

Thomas Diemant.

Abstract

The formation process of PtRu surface alloys by deposition of sub-monolayer Pt films on

a Ru(0001) substrate and subsequent annealing to different temperatures is studied by

STM. The onset of surface alloy formation takes place in the temperature range of 750 K

- 850 K and is characterized by a morphology change from a triangular to an irregular

island shape. The atom distribution after the initial Ru-Pt exchange process is character-

ized by atomic resolved STM imaging with chemical contrast. The results indicate that

the initial alloy formation takes place by attachment and detachment processes from the

island periphery and vertical Ru-Pt exchange on the substrate terraces, while horizontal

exchange along the Pt|Ru border seems to be slow at temperatures in the range of 750 K

- 1150 K.

Introduction

As part of an extensive study on the chemical properties of bimetallic PtRu surfaces and

their correlations with structural characteristics [80, 103, 145, 165, 266], we here focus

on the structural modifications encountered at the transition from an overlayer system,

e.g., a Pt monolayer or Pt monolayer island covered Ru(0001) surface, to a surface alloy,

and their effect on the chemical surface properties. The structural properties of two-

dimensional (2D) equilibrated bimetallic PtRu/Ru(0001) surfaces were already studied

in detail by STM [71, 80, 81, 103, 145, 252, 285]. Pt deposition at room temperature (300 K)

and subsequent heating to different temperatures (up to 1350 K) leads to a broad vari-

ation of the distribution of both components in the topmost layer. For Pt deposition at

room temperature, dendritic Pt islands are formed on the Ru(0001) substrate [71, 80, 103].

With increasing substrate temperature, the islands grow in size and are transformed to

a compact shape after annealing to higher temperatures (∼700 K) [71, 80, 103, 252]. The

onset of alloy formation at the descending edges of the Pt islands and step decorations

11Reproduced by permission of the PCCP Owner Societies (PCCP online ©2008)
12Reproduced with Permission, (Wiley-VCH online ©2010)
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was observed after annealing to 850 K [103], while surface alloy formation is completed

after annealing to 1350 K [103, 145].

In the following, we will focus on the changes in surface composition and morphol-

ogy associated with the annealing step applied for (initial) alloying and discuss possible

mechanisms for the alloying process itself. For this purpose the initial formation pro-

cess of PtxRu1−x/Ru(0001) surface alloys prepared by evaporation of Pt on Ru(0001)

and subsequent annealing to temperatures for which the onset of surface alloy formation

is observed. The lateral distribution of Pt and Ru in non-equilibrated surface alloys are

studied by atomically resolved STM imaging with chemical contrast.

Experimental

A detailed description for the preparation of the Ru(0001) single crystal substrate can

be found in section 3.3. After cleaning and preparation of the Ru(0001) single crystal

substrate, Pt was deposited (depositon rate ∼0.1 ML min-1) by an electron beam evapo-

rator (Omicron, EFM 3). The corresponding sample temperatures during deposition are

given in the text. After (initial) surface alloy formation, ’bright’ Ru and ’dark’ Pt atoms

could be distinguished in atomically resolved STM images due to the chemical contrast

[80, 96, 103, 140, 145, 286].

Results and discussion

In ref. [103], we demonstrated that annealing of partially Pt covered Ru(0001) surfaces

to 1350 K leads to the formation of uniform, atomically dispersed surface alloys. The

amount of Pt atoms in these alloys matches the Pt island coverage observed prior to an-

nealing. Since after surface alloy formation a remarkable amount of islands is present, the

observed Pt balance is only possible if the growing alloy islands do not cover Pt contain-

ing areas. Because of the mobility of the Pt islands during flash annealing, the formation

of the final island structures must be accompanied by a Pt depletion of the overgrown ar-

eas. Energetically, this can be rationalized by the strongly negative segregation energies,

or, in an atomistic picture, by the strong preference of Pt to occupy sites in the surface

layer. This results also in a tendency of Pt films to not overgrow Pt monolayer film cov-

ered areas on the Ru(0001) substrate, as demonstrated in Fig. 4.45. In that STM image the

Pt island on the middle Ru terrace stops at the former Ru step and does not extend over

the monolayer Pt film condensed at the ascending step edge. Inspection of previously

published studies shows that such a behavior is observed even for room temperature
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Figure 4.45: Growth of a monolayer Pt island upon deposition of 0.2 ML Pt on Ru(0001) at 600 K,

indicating the stop of the island growth at the former Ru step edge (no overgrowth of Pt areas con-

densed at the former Ru step). The dotted lines indicate the positions of the preexisting Ru(0001)
step edges (200 × 200 nm2, It = 0.891 nA, Ut = 0.1 V).

growth [71, 80]. When a Pt film, such as the one in Fig. 4.45 is overgrown by vapor de-

posited Ru at 600 K, also Ru is found to wet Ru areas instead of growing islands on the

pseudomorphic Pt film [193]. Based on these results, we expect that a similar trend can

also be found for 2D alloys, with both Pt and Ru surface atoms preferring Ru3 sites over

Ru2Pt, RuPt2 or Pt3 sites.

For the actual process of surface alloy formation, mainly two mechanisms have been

reported: (i) vacancy-mediated lateral diffusion of atoms of type A into islands or ter-

races of type B at the step edges [102, 150, 184, 287–292], and (ii) place exchange pro-

cesses between mobile A adatoms (in a 2D lattice-gas) and B atoms in the underlying

layer plus possibly of a subsequent vacancy-mediated lateral diffusion process in the A

adlayer islands [102, 184, 275]. Alloys formed via the first mechanism often exhibit pro-

nounced concentration gradients perpendicular to the step edges (see above references),

which may be removed by higher temperature annealing. The second mechanism is as-

sociated with a higher activation barrier on hexagonally packed surfaces as compared

to more open surfaces such as the fcc(100) or fcc(110) faces. On the free terraces, i.e.,
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between the islands, the second mechanism allows for effective long-distance material

transport via freely diffusing adatoms, both deposited metal atoms and exchanged sub-

strate atoms [184, 287, 291]. Transport of Ru atoms into Pt monolayer islands, however,

requires Ru adatom attachment at the island edge and subsequent (vacancy-mediated)

lateral diffusion within these islands. More detailed information about the mechanism

for surface alloying can be extracted from annealing experiments going to temperatures

below 1350 K, where surface alloy formation is inhomogeneous [71, 252].

Temperature dependent surface morphology. The evolution of the surface morphol-

ogy with increasing temperature is demonstrated in Fig. 4.46 for a sample with 0.3 ML

Pt on Ru(0001). After Pt deposition at 300 K, the islands exhibit a dendritic-like shape

and grow in three preferred directions (island arms) with angles of 120° to each other

(Fig. 4.46a). Due to the preferred fcc stacking of Pt layers on the hcp Ru(0001) single

crystal, the arms are rotated by 60° at consecutive terraces, which are separated by steps

of mono-atomic height. This result agrees with the findings of previous STM studies

on the growth of Pt islands on a Ru(0001) substrate for comparable growth conditions

[71, 80, 103].

Upon annealing this surface to 750 K, islands with a more compact hexagonal shape

are formed (Fig. 4.46b). This change of the island geometry was previously reported to

set in at around 600 K, and it was explained by a transfer of Pt atoms from island den-

drites to step and island edges [71]. An analysis of the STM data reveals a decrease of the

number of edge sites from 0.067 ± 0.004 to 0.028 ± 0.001 ML due to this ripening pro-

cess. For this evaluation, it is assumed that the edge is formed by a chain of atoms with a

nearest-neighbor distance of 0.27 nm (value for Ru(0001)), independent of the direction.

Hence, the surface density of edge atoms can be calculated from the total edge length in

nm divided by 0.27 nm and the considered surface area.

After annealing of this surface to 850 K, further Ostwald ripening lets the compact is-

lands grow in size and the step decorations to become extended (Fig. 4.46c). Compared

to the morphology after annealing to 750 K (Fig. 4.46b), the abundance of island edge

sites further decreases to 0.020 ± 0.002 ML. In addition, the edges of the islands and the

decorations are laterally more corrugated. This can be attributed to the generally slower

equilibration processes of larger 2D metal structures [242] in combination with the fast

cooling rate, which quenches a high-temperature structure created by an adatom gas.

Annealing to 1300 K turns the outermost layer into a two-dimensional Pt-Ru alloy with
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Figure 4.46: STM morphology images (200 × 200 nm2) after 0.30 ± 0.02 ML Pt deposition on

Ru(0001) (a) at 300 K (It = 0.9 nA, Ut = 1.7 V), and subsequent annealing to (b) 750 K

(It = 0.9 nA, Ut = 1.7 V), (c) 850 K (It = 0.9 nA, Ut = 1.7 V) and, (d) 1350 K (It = 0.9 nA,

Ut = 0.1 V) with the inset showing an atomically resolved section (9× 9 nm2).

a random and homogeneous atom distribution [103]. The surface confinement of the al-

loy is possible because of the higher energy barriers for diffusion of Pt into the bulk as

compared to intermixing into the outermost layer. As shown in the following, the in-

termixing itself largely occurs via exchange processes between adatoms and embedded

surface atoms, which sets in at T > 850 K.
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Surface alloy formation process. Figs. 4.47a-e contain STM images of Ru(0001) sur-

faces covered by 0.3 ML Pt and annealed to 850 K (Figs. 4.47a,b) and 900 K (Figs. 4.47c-e).

All images show laterally inhomogeneously distributed bright and dark protrusions in

the Pt and Ru areas, respectively, which can be assigned to dissolved Ru and Pt atoms,

respectively. The brighter (darker) appearance of Ru (Pt) in a Pt (Ru) environment fits to

the chemical contrast previously observed in STM images of PtRu/Ru(0001) surface al-

loys [80, 80, 81, 81, 103, 145]. For better visibility of the ’dark’ Pt atoms in the Ru terraces,

we have locally enhanced the contrast in a small rectangular region in Fig. 4.47a.

In contrast to the homogeneous distribution of Pt and Ru in surface alloys formed at

higher temperatures [80, 81, 103, 145], we find pronounced enrichment and depletion

of Ru atoms in the outer and inner regions of the Pt islands (Fig. 4.47a,b) and step-

decorations (Figs 4.47c-e). Specifically, Ru penetrates Pt only from the open edge of the

islands not from the Ru step edge which excludes a vacancy diffusion mechanism and in-

dicates that these edges largely consist of a condensed, mixed adatom gas. The Ru atoms

in the adatom gas at T > 850 K must result from exchanges between Pt adatoms and Ru

surface layer atoms, as stated previously [103], since the Pt decorations of the Ru steps

would have to dissolve completely during the annealing step if the Ru adatoms would

originate from Ru step edges. In such a scenario, however, the lateral distribution of the

Ru atoms within the step decorations would need to be much more homogeneous than

imaged by STM (Figs. 4.47c-e). Moreover, the inhomogeneous distribution of Pt and Ru

in the islands and step decorations points towards a low lateral mobility of Ru within the

Pt overlayer, which further underlines the importance of the exchange mechanism for

the lateral equilibration of the atom distribution in the surface alloys.

In the morphology zoom shown in Fig. 4.47a, the central areas of the deposited Pt

islands are most widely flat, while the step edges show a bright irregular corrugation

pattern. Similar to the deposited islands, the Pt decorations of the Ru(0001) substrate

steps also show such bright corrugations at the descending Pt island step edges, while at

the Pt|Ru interface between Ru step and attached Pt monolayer stripe, a straight bound-

ary without corrugation is observed. Like mentioned above for the tunneling currents

used in this work, due to the chemical contrast Ru-atoms appear ’bright’ and Pt-atoms

’dark’. Hence this observation gives evidence for ’bright’ Ru atoms being embedded

in the border area of descending Pt island and decoration steps. Simultaneously to the

bright corrugation pattern, the occurrence of ’dark’ dots in the Ru(0001) substrate plane

is observed, giving evidence for the embedding of ’dark’ Pt atoms into the Ru substrate.
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Figure 4.47: STM images after annealing of a 0.3 ML Pt covered Ru(0001) surface to 850 K:

(a) morphology (50 × 50 nm2, It = 28 nA, Ut = 0.5 V), (b) atomic resolution (10 × 10 nm2,

It = 89 nA, Ut = 1 mV). After annealing to 900 K: (c) morphology (50 × 50 nm2, It = 2.85 nA,

Ut = 50 mV), (d) atomic resolution on a Pt terrace beside a descending Pt step edge (10 × 4 nm2,

It = 63 nA, Ut = 1 mV), (e) atomic resolution on a Pt decoration beside a descending Pt step

edge (zoom in marked area of (c)) (10 × 5 nm2, It = 56 nA, Ut = 2 mV).

The concentration of these assumed Pt atoms, is enriched near the Pt islands and along

the decorated Ru steps, and decreases with increasing distance from there. Both obser-

vations, the bright corrugation at the border area of the Pt islands and Pt decorations as

well as the ’dark’ inclusions in the Ru substrate, indicates the onset of Pt-Ru exchange on

the surface at the applied annealing temperature of 850 K.
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On Ru(0001), the blocking of island or step edge growth by locally alloyed regions might

also play a role for the surface morphology after annealing to T > 850 K. This would be

in analogy to Pd on Ru(0001), where the growth of strongly irregularly shaped islands

at T = 840 K was attributed to exchange processes in combination with preferred over-

growth of Pd-free areas [183]. In the present case, the transition from smooth and round

islands and decorations after annealing to 750 K, to more kinked and irregularly shaped

ones after annealing to 850 K, could be promoted by the onset of surface alloying in ad-

dition to the quenching effects mentioned above.

A similar picture can be drawn for the onset of alloying at higher Pt coverages, where

all Ru steps are decorated and the surface is covered by monolayer Pt films with vacancy

islands. Such kind of situation is illustrated in Fig. 4.48a, which shows a vacancy island

in a Pt adlayer after annealing to 850 K (0.85 ML of Pt). The bright spots accumulated

close to the film edges around the vacancy islands represent Ru atoms incorporated in

the Pt film. (Due to the tip status, these atoms appear broadened.) The fact that the Ru

atoms are concentrated around the vacancy island indicates that (i) these Ru atoms result

from vertical place exchange processes within the Pt vacancy islands rather than from

Ru atoms detached from substrate steps or Pt-Ru exchange between Pt atoms inside the

Pt monolayer and the underlying Ru layer, that (ii) the annealing temperature of 850 K

was high enough to allow exchange between the Ru substrate surface atoms and Pt ad-

atoms in the vacancy islands, but (iii) insufficient to obtain a homogeneous distribution

of the Ru surface atoms via lateral diffusion of Ru atoms in the Pt monolayer. Ru diffu-

sion within the densely packed Pt layer is still slow even at 1150 K, as indicated by the

local enrichment of Ru atoms close to the small vacancy in a Pt film which had been flash

annealed to this temperature (Fig. 4.48b, 1.2 ML Pt). While vertical exchange between

Pt adatoms and Ru substrate atoms can in principle occur everywhere in the Pt vacancy

island, recent calculations for the closely-related system Pd/Ru(0001) showed that ex-

change processes at the adlayer step edges, where the expelled atom can be stabilized by

the nearby step edge, are energetically most favorable [183].

Based on the results presented so far, surface alloy formation in both, terrace and mono-

layer island areas and the concomitant island growth can be described by a mechanism

illustrated in Fig. 4.49 and which is closely related to an exchange mechanism described

recently by Rougemaille et al. [183] for Pd/Ru(0001). During annealing, Pt adatoms de-

tach from the edges of the pseudomorphic Pt adlayer. These mobile adatoms exchange

with Ru surface atoms (Fig. 4.49a). While this process may be most efficient at the step
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Figure 4.48: Incorporation of Ru atoms (bright) into a Pt adlayer at the vacancy island edges:

(a) Pt0.85 ML/Ru(0001) after annealing to 850 K (14 × 14 nm2, It = 89 nA, Ut = 1 mV); (b)

Pt1.2 ML/Ru(0001) after annealing to 1150 K (10 × 10 nm2, It = 6.3 nA, Ut = 8 mV).

edge [183], the high annealing temperatures are sufficient to activate exchange further

away from the step edges. This way, the formerly pure Ru substrate areas get enriched

by Pt. Further detachment, diffusion and attachment steps result in the inclusion of Ru

atoms in the outer perimeter of the Pt islands as well as in the incorporation of Pt atoms

into the Ru substrate primarily near the Pt islands (see 4.47a). As shown previously

[103], the amount of Pt in the outermost layer is virtually unchanged during surface al-

loy formation, which could only be explained by a selective growth of (mixed) islands

and step decorations over Pt free areas. The exchange between Pt surface atoms and Ru

substrate atoms is reversible, and in cases where a Pt atom in the substrate layer is over-

grown by a PtRu island, it is likely to be exchanged again by a Ru surface atom. These

exchange processes are sufficiently fast to reach equilibrium between the topmost and

the underlying layer, with virtually no Pt buried in the first subsurface layer at Pt surface

concentrations below 80% [103]. Due to the variation of the binding strength of the metal-

lic components (which increases in the order Pt-Pt, Ru-Pt, Ru-Ru and are responsible for

the higher stability of Ru bilayer compared to monolayer islands on Pt(111) surfaces

[73, 193]), the lower surface energy of Pt and the size mismatch between Pt (0.277 nm)

and Ru (0.270 nm), Pt atoms prefer to stay in the outermost layer and do not act as addi-

tional nucleation sites for island formation. The opposite behavior was observed for the
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Figure 4.49: (a) Adatom mediated exchange between island and surrounding terrace; (b) re-

versible exchange of Pt atoms upon overgrowth by an island, resulting growth of islands over

Pt-free areas.

’inversed’ system Ru/Pt(111), where Ru atoms incorporated in the Pt(111) substrate act

as nucleation sites for island formation and the island density increases with temperature

[73]. While growth on the Pt-free surface areas is energetically clearly favored compared

to overgrowth of mixed areas (see above), it is not possible to decide from the present

data whether island growth proceeds only on Pt-free surface areas, where substitutional

Pt surface atoms had been reversibly exchanged before, or whether island growth is cor-

related with Ru-Pt exchange at the island edge, leading to preferred transport of Pt to

the upper (island) layer. Finally, at the high temperatures during flash annealing also the

lateral intermixing in the adlayer is fast.

The complex system of reversible exchange processes required for lateral motion of

the adlayer edges results in a slow-down of island migration and island dissolution /

Ostwald ripening processes, including also condensation of adatoms at the Ru substrate

steps. This mechanism can explain the aforementioned surprising stability of the mono-

layer islands against dissolution during flash annealing.
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The rapid (reversible) exchange between surface atoms and those in the underlying

layer closely resembles the behavior proposed for surfactant assisted growth, where the

pre-deposited surfactant species are predicted to float on top of the growing film via a

similar mechanism (for Sb assisted layer growth of Ag on Ag(111) see, e.g., refs. [200, 293–

296]). Likewise, the motion of Pb islands on a PbxCu1−x/Cu(111) surface alloy was sug-

gested to proceed via (i) frequent exchanges between Cu and Pb ’surface atoms’ and sin-

gle adatoms, concomitant with (ii) a local lateral growth of the Pb adatom islands above

Pb-free Cu(111) areas [297].

Summary and conclusions

The Pt/Ru(0001) system is studied regarding temperature and mechanism of the ini-

tial alloy formation process. For this purpose the surface structure and distribution of

the two components is modified by annealing to successively higher temperature. Small

dendritic Pt islands are formed after Pt deposition at room temperature, which grow in

size and assume a more round shape after annealing to higher temperature (750 K). At el-

evated temperatures (600 K), Pt prefers to directly attach to the Ru(0001) substrate rather

than to form second layer Pt islands. Between 750 K and 850 K, the island shape becomes

irregular, which is caused by the onset of surface alloy formation at the island edges. It

has been shown that the initial alloying steps occur by de- and attachment of atoms from

and to the islands, and on the terraces by a reversible vertical Ru-Pt exchange between

diffusing Pt (Ru) with underlying substrate atoms. At places where Pt-exchange has al-

ready started, further exchange processes are more probable and the alloy grows towards

the island center. Due to the preference of Pt and Ru atoms to adsorb on Ru3 sites rather

than sites containing Pt atoms (shown here and in a previous publication), the alloy is-

lands overgrow only Pt free areas, which at 1350 K finally results in an 2D equilibrated

surface alloy confined to the outermost atom layer without buried Pt atoms, at least for

Pt coverages ≤ 0.8 ML.

In summary, the annealing experiments confirm previous findings about the morpho-

logical changes of Pt islands on Ru(0001) upon annealing to T > 600 K [71, 103]. For

T > 850 K, these morphological changes are accompanied by exchange processes be-

tween Pt adatoms and embedded Ru surface atoms, i.e., the onset of surface alloy forma-

tion. Apart from possible effects of embedded Pt atoms on the morphological evaluation

upon further annealing, the most important observation is the formation of alloyed rib-

bons at the frontiers of step decorations and at the perimeters of Pt islands, which allows
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to predict an Pt-Ru exchange mechanism and finally gives insights into details of the

surface alloy formation process.
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4.2.4 Segregation and Stability in Surface Alloys: PdxRu1−x/Ru(0001) and
PtxRu1−x/Ru(0001)

This section is published in [298].

Abstract

The stability of PdRu/Ru(0001) and PtRu/Ru(0001) surface alloys and the tendency for

surface segregation of Pd and Pt subsurface guest metals in these surface alloys was stud-

ied by scanning tunneling microscopy (STM) and Auger electron spectroscopy (AES).

Atomic resolution STM imaging and AES measurements revealed that upon overgrow-

ing the surface alloys with a 1 - 2 monolayer Ru film and subsequent annealing to the

temperatures required for initial surface alloy formation, the Ru covered Pd (Pt) atoms

’float’ back to the outermost layer and that also the lateral distribution of these species

is essentially identical to that of the initial surface alloys, before overgrowth by Ru. In

combination, this clearly demonstrates that the surface alloys represent stable surface

configurations, metastable only towards entropically favored bulk dissolution, and that

there is a distinct driving force for surface segregation of these species. Consequences of

these data on the mechanism for surface alloy formation are discussed.

Introduction

Surface alloys, with a single two-dimensional (2D) alloy layer on a monometallic sub-

strate, have attracted increasing interest as model systems for bimetallic surfaces due to

their well defined structure [19, 37]. Vertically, the surface layer rests on a homogeneous

substrate, at least in the ideal case of negligible bulk diffusion, while the lateral distri-

bution of the surface components is accessible by high resolution scanning tunneling

microscopy (STM) with chemical contrast [80, 96, 140, 284]. Phenomena such as 2D inter-

mixing [92, 95, 102, 183, 299–302], adsorption [52, 53, 55, 80, 81, 104, 145, 165, 208, 303–

312], or the catalytic / electrocatalytic reactivity [101, 105, 207] have been investigated

and linked to the atomic scale structure of the respective bimetallic surfaces.

For the energetic interpretation of the resulting structures, in terms of interaction ener-

gies between the two components and of the segregation energies, it is important to know

whether they are thermodynamically stable, at least when excluding bulk dissolution, or

whether they represent a metastable and possibly ill defined configuration. Experimen-

tally, this can be decided, e.g., by variation of the preparation procedure. If significant
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variation of this procedure or their parameters results in the same configuration, this is

clear evidence for a stable surface configuration, which is metastable only with respect to

bulk dissolution. Because of the general tendency of surface alloys towards bulk dissolu-

tion – the enormous reservoir of monometallic substrate underneath the 2D alloy layer of

∼ 107 atomic layers will always favor bulk dissolution at sufficiently high temperatures

due to entropy effects – they can be prepared only under conditions where bulk dissolu-

tion is essentially inhibited. Considering that surface alloys are generally prepared (i) by

deposition of both metal components on an inert metal substrate and subsequent ther-

mally induced 2D intermixing or (ii) by deposition of sub-monolayer amounts of the one

component on a substrate of the other component and subsequent thermal intermixing,

exchange between the two components in the topmost two layers and lateral intermixing

in the topmost layer have to be active at temperatures below the onset of bulk dissolution

of the deposited metal species. Often this leaves little room for variation of the prepara-

tion procedure or parameters, and the question for the thermodynamic stability of the

resulting surface alloys can not be easily answered.

This is topic of the present contribution, where we investigated the stability of lat-

erally equilibrated monolayer PtxRu1−x/Ru(0001) and PdxRu1−x/Ru(0001) surface al-

loys. These surface alloys have already been characterized structurally, including the

2D distribution of surface atoms [103, 104], and structure related properties relevant for

(electro-)catalysis have been investigated intensely (PtRu/Ru(0001) [80, 81, 145, 165, 207,

307, 311, 312], PdRu/Ru(0001) [104, 208]). It was shown by atomically resolved STM

imaging with chemical contrast that surface alloy formation is confined to the exposed

outermost atom layer, which means that virtually no Pt or Pd is present underneath the

outermost surface layer or the alloy islands and that loss of deposit material due to bulk

dissolution or desorption is negligible up to coverages of 0.8 ML [103, 104]. The confine-

ment of the guest metals Pt and Pd to the surface layer and therefore the stability of the

surface alloy was associated with the tendency of the guest metals to stay in the outer-

most layer, in addition to kinetic effects such as a lower barrier for exchange between the

topmost two layers as compared to bulk diffusion [184, 185, 204]. In the present work,

the stability of these surface alloys and the tendency for segregation were investigated by

depositing a cover layer of 1-2 monolayers (ML) of Ru on top of the ’equilibrated’ surface

alloys and subsequent annealing. Comparison of the resulting surface structures with

those of the ’equilibrated’ surface alloys before Ru deposition should give a clear answer

on the questions raised above. If there is a strong tendency for segregation of the guest
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metals Pd and Pt, these should float up upon annealing and lead to 2D structures identi-

cal to those of the original ’equilibrated’ surface alloys. Floating of buried metal species

had been observed, e.g., during surfactant mediated growth such as Ag homoepitaxy

on Sb/Ag(111) [200, 201, 293] or during deposition of various metals on Ag [274, 313–

319], Au [277, 320, 321], and Cu [255, 318, 322–324] single crystals. This floating behavior

is driven by a negative impurity segregation energy, which includes the lower surface

energy of the up-floating material compared to the respective other species as well as

the size mismatch between the host metal and the comparably ’larger’ impurity metal.

For both systems, PtxRu1−x/Ru(0001) and PdxRu1−x/Ru(0001) surface alloys, a simi-

lar mechanism for surface alloy formation has been predicted (PdRu/Ru(0001) [183],

PtRu/Ru(0001) [103, 267]) Our observations will be discussed in comparison with these

previous mechanistic predictions.

Experimental

Details about the Ru(0001) substrate preparation can be found in section 3.3. Pt and

Ru were deposited using electron beam evaporators (Omicron EFM 3), while deposi-

tion of Pd was performed via a resistively heated Knudsen cell (WA Technology/Tectra).

During evaporation, the pressure stayed below 6 × 10-10 mbar for Pt and Ru, and below

5 × 10-9 mbar for Pd. In all cases the evaporation rate was between 0.11 and 0.14 mono-

layers (ML) min-1. The respective sample temperatures are given in the text. Atomically

resolved STM imaging with chemical contrast [96, 101, 140] allowed to unambiguously

identify different surface species (’dark’ Pt (Pd) and ’bright’ Ru atoms).

Results and discussion

Sub-monolayer deposition of Pt [71, 80, 103, 252] or Pd [74, 104, 183] on a Ru(0001) sin-

gle crystal at 300 K results in pseudomorphic and triangular shaped islands with oppo-

site orientation on consecutive terraces separated by steps of monolayer height. Sub-

sequent flash annealing to 1350 K (PtRu/Ru(0001) [103]) or 10 s annealing at 1150 K

(PdRu/Ru(0001) [104]) leads to surface alloys with equilibrated lateral atom distribution

of the surface atoms. While PtRu/Ru(0001) is characterized by a random atom distribu-

tion [103], PdRu/Ru(0001) shows a distinct tendency for 2D clustering [104].

The floating behavior was studied in detail by following the variation in the surface

morphology and structure during a series of four preparation steps: 1. deposition of Pt

(Pd) on Ru(0001), 2. surface alloy formation by annealing to 1350 K (annealing at 1150 K
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Figure 4.50: Series of STM images illustrating the floating of PtxRu1−x/Ru(0001) surface alloys;

(a) 0.7 ML Pt deposited on Ru(0001) at 300 K (200 × 200 nm2); Pt0.70Ru0.30/Ru(0001) surface alloy

formed by annealing to 1350 K: (b) surface morphology (200 × 200 nm2), (c) atomic resolution

image with chemical contrast (6 × 9 nm2); (d) surface morphology after deposition of 1.13 ML Ru

on the Pt0.70Ru0.30/Ru(0001) surface alloy at 500 K (200 × 200 nm2); ’re’-alloying by annealing to

1350 K leading to a Pt0.66Ru0.34/Ru(0001) surface alloy: (e) surface morphology (200 × 200 nm2),

(f) atomic resolution with chemical contrast (6 × 9 nm2).

for 10 s), 3. deposition of Ru on the surface alloy at 500 K, and 4. ’re-alloying’ by anneal-

ing to 1350 K (annealing at 1150 K for 10 s). After each preparation step detailed STM

measurements were performed to determine the morphology, composition and atom dis-

tribution of the respective surface. The island growth of Pt and Pd on Ru(0001) at 300 K

as well as the morphology and the atom distribution of the surface alloys formed after

annealing are shown in Figs. 4.50a-c and 4.51a-c, respectively. In both cases, the island

growth behavior during the initial deposition step illustrated in Figs. 4.50a and 4.51a

resembles that reported previously [71, 80, 103, 104, 183]. After surface alloy formation,

the surface morphology has changed in a characteristic way, including the formation of
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Figure 4.51: Series of STM images illustrating the floating of PdxRu1−x/Ru(0001) surface alloys;

(a) 0.44 ML Pd deposited on Ru(0001) at 300 K (200 × 200 nm2); Pd0.44Ru0.56/Ru(0001) surface

alloy formed by annealing to 1150 K keeping for 10 s: (b) surface morphology (200 × 200 nm2),

(c) atomic resolution image with chemical contrast (6 × 9 nm2); (d) surface morphology after de-

position of 1.2 ML Ru on the Pd0.44Ru0.56/Ru(0001) surface alloy at 500 K (200 × 200 nm2); ’re’-

alloying by annealing to 1150 K for 10 s, leading to a Pd0.44Ru0.56/Ru(0001) surface alloy: (e) sur-

face morphology (200 × 200 nm2), (f) atomic resolution image with chemical contrast (6 × 9 nm2).

rounded monolayer islands or, on smaller terraces, the attachment at ascending steps

(Figs. 4.50b, 4.51b), in full agreement with previous observations [103, 104]. Atomically

resolved STM images with chemical contrast (Figs. 4.50c, 4.51c) reveal that the deposited

amount of 0.7 ML Pt (Fig. 4.50a) and 0.44 ML Pd (Fig. 4.51a) is completely conserved

in the outermost layer. Subsequently, both surfaces were covered with a 1-2 ML film of

substrate metal by Ru deposition at 500 K sample temperature (PtRu/Ru(0001): 1.13 ML

Ru, PdRu/Ru(0001): 1.2 ML Ru). The resulting surface morphologies are illustrated in

Figs. 4.50d and 4.51d. Both surfaces show a distinct island morphology. As will be

discussed in more detail below, there is a characteristic difference between the two sys-
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tems. Whereas for Ru1.2/Pd0.44Ru0.56/Ru(0001), the islands exhibit a typical layer-by-

layer growth, with the first layer of Ru islands almost filled and the second layer begin-

ning to be populated, Ru1.13/Pt0.70Ru0.30/Ru(0001) shows a distinct growth of bilayer

islands. Subsequent annealing to the respective surface alloying temperature (flash an-

nealing to 1350 K for PtRu/Ru(0001); annealing for 10 s at 1150 K for PdRu/Ru(0001))

restores the surface morphologies observed after the initial surface alloy formation (Figs.

4.50b, 4.51b), with rounded islands on larger terraces or attachment at ascending steps

on smaller ones (Figs. 4.50e, 4.51e). Quantitative evaluation of atomically resolved STM

images of the ’re-alloyed’ surface yielded surface compositions of Pt0.66Ru0.34/Ru(0001)

and Pd0.44Ru0.56/Ru(0001), respectively, with a composition accuracy of ± 0.02 as well

as the respective system typical random and clustered atom distribution. Hence, almost

all buried Pt atoms float up to the outermost layer, accompanied by only a slight Pt loss

of about 6% (relative loss), and essentially no loss, within the error of the experiment, for

the PdRu/Ru(0001) surface alloy.

To further support these observations, both experimental sequences were repeated and

characterized by AES after each preparation step. For better visualization and compa-

rability with each other, the AE spectra are normalized on a constant intensity of the

main Ru peak at 273 eV (RuMNN), so that changes in the intensity of the main Pt peak

at 64 eV (PtMNN) directly indicate the changes in the I(PtMNN)/I(RuMNN) intensity ra-

tio and therefore in the Pt amount present in the outermost atom layer. The AE spectra

were recorded after each step of the experimental sequence described above. In Figs.

4.52a-d, the Auger-spectra of the PtRu/Ru(0001) sequence are compared. A character-

istic spectrum recorded after the initial Pt deposition is presented in Fig. 4.52a, with an

intensity ratio I(PtMNN)/I(RuMNN) of 0.25. After surface alloy formation (Fig. 4.52b),

the characteristic shape of the spectrum and the intensity ratio I(PtMNN)/I(RuMNN)

(0.24) remain constant, which confirms that within the precision of the measurement all

Pt atoms stay in the outermost atom layer and neither Pt diffusion into the Ru bulk nor

Pt desorption from the Ru(0001) surface occur during flash annealing to 1350 K. Af-

ter deposition of 1.13 ML Ru onto the Pt0.70Ru0.30/Ru(0001) surface alloy at 500 K, the

I(PtMNN)/I(RuMNN) intensity ratio decreases significantly, to 0.11, due to the partial

burying of the Pt atoms (Fig. 4.52c). ’Re’-alloying by subsequent flash annealing to 1350 K

restores the intensity ratio observed before on the original surface alloy (I(PdMNN)/

I(RuMNN) = 0.22, Fig. 4.52d).

The AES measurements of the PdRu/Ru(0001) system are illustrated in Figs. 4.52e-
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Figure 4.52: Series of Auger-electron spectra illustrating the floating effect in PtRu (a)-(d) and

PdRu (e)-(h) monolayer surface alloys on Ru(0001). The spectra were recorded after the follow-

ing steps; step 1: deposition of Pt (Pd) on Ru(0001) (a), (e); step 2: surface alloy formation by

annealing to 1350 K (1150 K for 10 s) (b), (f); step 3: deposition of Ru on the surface alloy at 500 K

(c), (g); step 4: ’re’-alloying by annealing to 1350 K (1150 K for 10 s) (d), (h). For better visualiza-

tion of the Pt/Ru (Pd/Ru) peak ratios, the spectra of step 1 (a), (e) are also shown in the further

spectra by the dashed dotted line. The intensities were scaled to constant intensity of the RuMNN

peak.
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h. After deposition of 0.44 ML (I(PdMNN)/I(RuMNN) = 0.33, Fig. 4.52e), annealing at

1150 K results in a Pd0.44Ru0.56/Ru(0001) surface alloy with no measurable Pd loss due

to bulk diffusion or desorption (I(PdMNN)/I(RuMNN) = 0.33, Fig. 4.52f). Subsequent de-

position of 1.2 ML Ru at 500 K leads to a significant decrease of the I(PdMNN)/I(RuMNN)

intensity ratio, due to burying of the surface Pd by a Ru monolayer (I(PdMNN)/I(RuMNN)

= 0.20, Fig. 4.52g), Finally, annealing at 1150 K completely reconstitutes the composi-

tion of the Pd0.44Ru0.56/Ru(0001) surface alloy (I(PdMNN)/I(RuMNN) = 0.32, Fig. 4.52h).

Hence, the AES results confirm the findings of the STM measurements, with an (almost)

complete restoration of the original surface alloy composition after Ru deposition and

subsequent re-alloying, indicative of (almost) complete segregation of the buried Pd (Pt)

to the surface layer, and a slight loss of Pt during the ’re-alloying’ step.

The slight differences in the stability of the surface alloy may be caused by the lower

Pd content (44%) in the surface alloy compared to Pt (70%). As already demonstrated

for both systems earlier, subsurface / bulk diffusion becomes more pronounced, or even

starts only at higher content of the deposited metal [103, 104]. Another reason might

be different tendencies for surface segregation. The preference for surface segregation

of a metal atom dissolved in a host metal is related to the difference in surface energies

of the two species and the difference of the two optimal nearest-neighbor distances of

host and guest metal [83–86]. The surface energies decrease in the order Ru(0001) (1.3

- 1.6 eV atom-1), Pt(111) (1 eV atom-1) and Pd(111) (0.8 eV atom-1) [36, 203, 325, 326], in

good agreement with the observed tendency for segregation of Pt and Pd. Also the size

mismatch of the larger guest metals Pt (0.277 nm) and Pd (0.275 nm) compared to the

Ru(0001) single crystal (0.270 nm) would favor the inclusion of the impurity metals in

the tensile stressed outermost Ru layer, providing additional driving force for surface

segregation. Recently, DFT based calculations yielded segregation energies of -0.8 eV

for Pt and -1.0 eV for Pd dissolved (at infinite dissolution) in Ru(0001) [34, 36]. Based

on these data, considering only exchange between the surface layer and the subsurface

region consisting of the second (bulk dissolution inhibited) and using the annealing tem-

peratures of 1350 K and 1150 K, respectively, the probability that a small amount of Pt

(Pd) on Ru(0001) is dissolved in the subsurface region (buried by a layer of substrate ma-

terial) during surface alloy formation can be estimated by a simple Boltzmann approach:

pbury = exp
(

∆Eseg

kBT

)
(4.64)

This estimate results in very low probabilities of 0.16% to bury Pt in the subsurface region

for PtRu/Ru(0001) [103] and of 0.004% for Pd in PdRu/Ru(0001) [104], which are neg-
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ligible within the experimental accuracy. Hence, the slight differences in the segregation

behavior of Pd and Pt observed in our experiments must be due to effects not considered

in this simple model.

Previous studies had provided clear evidence that during the initial stages of PtRu on

Ru(0001) [103] and PdRu on Ru(0001) [183] monolayer surface alloy formation, growth

of mixed islands occurs on Pt (Pd) free areas only. For PtRu/Ru(0001), this was ad-

ditionally supported by results of further experiments. First, during Pt deposition on

Ru(0001) at elevated temperatures (500 - 600 K), Pt atoms prefer to adsorb on the Ru sub-

strate rather than on the pseudomorphic Pt islands grown thereon [103]. Furthermore,

Ru was observed to grow in bilayer islands upon deposition on Pt(111) at 400 - 500 K [73]

or upon deposition on pseudomorphically grown Pt islands on Ru(0001) at 500 - 600 K

[193]. These observations show that both, Pt and Ru deposits prefer adsorption on Ru3

sites rather than on Pt3 sites. This is supported also by the present findings, by the

growth behavior of Ru on the Pt0.70Ru0.30/Ru(0001) and Pd0.44Ru0.56/Ru(0001) surface

alloys (Figs. 4.50d, 4.51d). A closer look at the Ru overgrown bimetallic surfaces is

given in Fig. 4.53. Representative height profiles along the black-white dashed lines

in the STM images illustrate the growth behavior of the Ru deposit. Similar to the

growth behavior on Pt/Ru(0001), Ru growth at 500 K on the homogeneous, Pt domi-

nated Pt0.70Ru0.30/Ru(0001) surface alloy proceeds via formation of bilayer islands (Fig.

4.53a), in full agreement with a much stronger adsorption strength of Ru on Ru3 sites

rather than on Pt (or a Pt dominated PtRu surface alloy layer). In contrast, Ru over-

growth of the Pd0.44Ru0.56/Ru(0001) surface alloy under similar growth conditions ex-

hibits essentially a layer-by-layer growth behavior (Fig. 4.53b). Possible reasons for this

difference in growth behavior may be the lower Pd surface content as compared to the Pt

surface content, the distinct differences in the 2D distribution of the components in the

surface alloy, with a much higher fraction of Ru3 sites in PdRu/Ru(0001) (2D clustering)

than in PtRu/Ru(0001) (random distribution) or a less pronounced difference between

Ru adsorption on Pd and on Ru as compared to overgrowth on Pt and Ru. Based on the

present data, we can not rule out any of these contributions, although a combination of

the first two effects appears as most likely.

A recent STM study of the processes occurring during PtRu/Ru(0001) surface alloy

formation at 850 - 900 K had provided convincing evidence that at these ’low’ tempera-

tures surface alloy formation starts by detachment of Pt atoms from the edges of the Pt

islands and step decorations, which were formed during preceding Pt deposition (depo-
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Figure 4.53: Series of STM images (100 × 100 nm2) after deposition of (a) 1.13 ML Ru on the

Pt0.70Ru0.30/Ru(0001) surface alloy and (b) 1.2 ML Ru on the Pd0.44Ru0.56/Ru(0001) surface al-

loy, in both cases at 500 K sample temperature. The height profile along the black-white line

indicated in the respective STM image is shown below: (a) bilayer island growth of Ru on

Pt0.70Ru0.30/Ru(0001) and (b) layer-by-layer growth of Ru on Pd0.44Ru0.56/Ru(0001).

sition at room temperature), and the reversible exchange of the diffusing Pt adatoms with

terrace Ru atoms [103]. Because both, Ru and Pt adatoms prefer to adsorb on Ru3 sites

rather than on sites containing Pt [103, 193], only Pt free areas are overgrown under these

conditions. Lateral exchange at the interface between Pt step decorations and former Ru

steps was excluded at this temperature [103]. Since the temperature required for reaching

a laterally equilibrated surface alloy is much higher (1350 K) than the temperatures used

for studying the onset of surface alloy formation, it cannot be excluded that at the higher

temperature also lateral Pt-Ru exchange processes take place. But because of the much

lower kinetic barrier for the vertical exchange process observed already at 850 - 900 K,

this process is likely to dominate also at higher temperatures. A similar scenario for sur-

face alloy formation was predicted also for PdRu/Ru(0001) by Rougemaille et al. based

on STM and low energy electron microscopy (LEEM) measurements [183]. Therefore, we
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expect that the up-floating of buried, subsurface Pt (Pd) atoms to the outermost layer (at

the experimental temperatures of 1150 or 1350 K) occurs via a similar Pt (Pd) - Ru place

exchange, most likely at Ru island edges or by exchange with diffusing Ru adatoms de-

tached from the Ru islands. This mechanism closely resembles that predicted earlier

for surfactant mediated growth, e.g., for Sb mediated Ag(111) homoepitaxy [200, 293].

Though we have no direct evidence for that, these exchange processes may involve and

be assisted by vacancies or fluctuating pinhole defects in the Ru film covering the alloyed

subsurface layer, as predicted previously for vertical surfactant transport [327, 328].

The mechanistic information and conclusions are summarized in the scheme in Fig.

4.54. At the respective annealing temperatures, Ru atoms can detach from the island

edges (a), diffuse over the uncovered surface alloy (b) and exchange with Pt atoms in the

surface alloy layer (b,c). Upon detachment of the edge atom, a Ru edge atom from the

Figure 4.54: Schematic mechanism for up.floating of Pt in a Ru covered PtRu/Ru(0001) surface

alloy: detachment of a Ru atom from the island edge (a), diffusion of the Ru adatom over the

bimetallic surface and exchange with a Pt atom in the alloyed surface layer (b), attachment of the

exchanged Pt adatom (c) or of a detached Ru atom (d) at an ascending step or a monolayer PtRu

island on an free substrate area, exchange of a Ru island edge atom with an underlying Pt atom

(e) and diffusion plus attachment of the exchanged Pt adatom (f). (Analogous mechanism for Ru

covered PdRu/Ru(0001)).
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second layer will drop down to the first island layer (a). Previous calculations by Feibel-

man had shown that for diffusion of a Pt adatom across a step edge on a stepped Pt(111)

surface, a mechanism involving incorporation of the upper terrace adatom into the step

edge and simultaneous expulsion of the step edge atom to the lower terrace is energeti-

cally favored compared to direct migration of the Pt adatom across the step edge [329].

Therefore we expect a similar mechanism also in the present case, for the detachment of

a second layer edge atom of the bilayer Ru islands. The subsequent exchange processes

are already possible at 500 - 700 K [73]. The resulting mobile Pt adatoms may undergo re-

versible exchange with other surface atoms or attach at existing island edges or steps (c).

The same may happen also with Ru adatoms (d), which results in the pronounced island

growth observed experimentally (on sufficiently large terraces, Fig. 4.50e) or attachment

at ascending steps (on smaller terraces, Figs. 4.50e, 4.51e). Similar exchange processes

may happen also directly at the island edge (e,f), if overgrown Pt atoms are present in the

surface alloy layer at these positions, and at the ascending edge of fluctuating pinholes

in the Ru film. With decreasing Pt content in the overgrown surface alloy layer, the en-

ergetic stabilization of the bilayer islands disappears [73]. At the end, the overgrown Pt

atoms are completely transferred into the new surface layer, and the remaining islands

are of monolayer height (f). A similar scheme is proposed also for Ru/PdRu/Ru(0001),

with the exception that there is no decay of bilayer islands.

Summary and conclusions

We have investigated the stability and segregation behavior of monolayer PdRu/Ru0001)

and PtRu/Ru(0001) surface alloys by atomically resolved STM imaging with chemical

contrast and AES measurements. Using Pd0.44Ru0.56/Ru(0001) and Pt0.70Ru0.30/Ru(0001)

surface confined alloys as examples, we could demonstrate, by overgrowing the ’equili-

brated’ surface alloys with a Ru film of slightly more than one monolayer in thickness

and subsequent annealing to temperatures required for initial surface alloy formation,

that after the second annealing step the outermost surface layer is again transformed to

PdRu/Ru(0001) and PtRu/Ru(0001) monolayer surface alloys with Pt or Pd contents

very close (Pt) or essentially identical (Pd) to the initial ones. Furthermore, also the

2D distribution of the surface species closely resembles those in the initial surface al-

loys, with distinct 2D clustering for Pd0.44Ru0.56/Ru(0001) and a random distribution for

Pt0.70Ru0.30/Ru(0001). This confirms that the surface alloys indeed represent stable sur-

face configurations, metastable only towards entropically favored bulk dissolution, and
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that there is a distinct driving force for surface segregation of Pd and Pt guest species in

Ru(0001) subsurface regions. The observation of a distinct bilayer island growth of Ru

on the Pt0.70Ru0.30/Ru(0001) surface alloy at 500 K, in contrast to the layer-by-layer Ru

growth on Pd0.44Ru0.56/Ru(0001) under similar growth conditions, may be attributed to

the lower Pd content, the different 2D distribution of the components in the latter sur-

face alloy with more Ru3 surface sites as compared to Pt0.70Ru0.30/Ru(0001), or to a less

pronounced difference between Ru-Ru bonding and Ru-Pd bonding. In an atomistic pic-

ture, the initial formation of the surface alloys and their recovery after overgrowth by Ru

can both be explained by exchange processes between adatoms and underlying surface

atoms in combination with a preferential overgrowth of Ru areas as opposed to Pt or Pd

containing or dominated regions, due to the stronger bonding of both Pt and Pd as well

as Ru to Ru than to Pt or Pd.

Since these findings represent general properties of PdRu/Ru(0001) and PtRu/Ru(0001)

surface alloys, they are representative for a wide range of compositions. Furthermore,

we suggest that the surface alloy formation process and the floating effect are generic

for many surface alloys that are stabilized by a sufficiently negative surface segregation

energy of guest metal atoms within the subsurface or bulk region of the host metal.
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In this work, various bimetallic model surfaces were prepared on Ru(0001) and Pt(111)

single crystals and structurally characterized by scanning tunneling microscopy (STM)

and Auger-electron spectroscopy (AES) to identify the atomic structures of surface con-

fined alloys, their stabilities and the surface alloy formation process. Furthermore, Monte-

Carlo (MC) simulations based on a 2D lattice-gas Hamiltonian provided an energetic de-

scription of the surface alloy structures and correlations with density functional theory

calculations. The main aim of this work was to correlate surface structure with (electro-

)catalytic properties of these model systems, which was several times achieved as dis-

cussed in the respective sections. In all bimetallic surface alloys investigated during

this work, the deposited metal amount and the composition of the surface layer were

determined by (atomically resolved) STM imaging and by AES measurements. Based

on atomically resolved STM measurement with chemical contrast, the atom distribution

could be quantitatively evaluated. For all 2D equilibrated surface alloys, STM images

were recorded at different positions on the same sample. Differences in surface composi-

tion and in the results of the statistical evaluations were within statistical accuracy.

5.1 Surface alloy structure – experiment, theory and simulation

The preparation of lateral equilibrated alloys confined to the outermost layer and their

characterization with respect to the atom arrangement was successfully performed for

the bimetallic systems PtxRu1−x/Ru(0001), PdxRu1−x/Ru(0001) and AuxPt1−x/Pt(111),

covering many different compositions in the range 0 < x < 1 for each system. To achieve

surface alloy formation, sub-monolayer amounts of a guest metal were deposited on the

respective host substrate, followed by annealing to a suitable temperature. The temper-

ature had to be high enough to allow for a place exchange process between diffusing

adatoms and surface atoms embedded in the underlying layer. On the other hand, too

high temperatures had to be avoided to minimize loss of the guest metal by thermal des-

orption or diffusion into the host bulk.
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The lateral distribution of the two components in the outermost layer was imaged

by scanning tunneling microscopy with chemical contrast. No long-range order was

found in any of the systems, but they showed a measurable short-range order, which was

quantified by short-range order (SRO) parameters based on pair correlation. Specifically,

PtRu/Ru(0001) is characterized by a near-random lateral atom distribution, whereas

PdRu/Ru(0001) and AuPt/Pt(0001) exhibit a clear tendency towards 2D clustering. To

allow correlations between surface structure and chemical properties, the abundances of

selected compact ensembles as well as the average composition of the nearest neighbor-

hood of the respective atom species (’ligand shell’) were statistically evaluated. The pres-

ence of ensembles / ligands in PtRu/Ru(0001) follows statistical frequency, as expected

from the experimentally found random atom arrangement, while PdRu/Ru(0001) and

AuPt/Pt(111) surface alloys exhibit an increased availability of homoatomic compact

ensembles / ligands in PdRu/Ru(0001) and AuPt/Pt(111), in agreement with their clus-

tered distribution.

Atom distributions can also be determined using simulations, e.g., via the Monte-Carlo

(MC) method. The parameters necessary for this purpose can be determined (i) by a

systematic search with the objective of maximum agreement with experimental avail-

able data or (ii) by fitting to density functional theory (DFT) data. Based on the ex-

perimentally found atom distribution in the systems PtRu/Ru(0001), PdRu/Ru(0001),

AuPt/Pt(111) and CuPd/Ru(0001) (atomically characterized in a former study), effec-

tive pair interactions (EPIs) could be derived by a systematic Monte-Carlo search based

on a pair potentials restricted 2D lattice-gas Hamiltonian. In all cases, these parameters

are sufficient to describe the atom distribution by Monte-Carlo simulations. More pre-

cisely, the qualitative agreement with experiment is excellent. Quantitatively, the exact

short-range order values are not always reproduced, especially for the two clustering

systems PdRu/Ru(0001) and AuPt/Pt(111), but the structural features important for the

chemical properties of the surface, namely the abundance of compact ensembles as well

as the ligand statistics, are reproduced very well. Furthermore, the EPIs allow the simu-

lation of the experimentally non-accessible order-disorder transition (performed here for

CuPd/Ru(0001)), and the calculation of 2D phase diagrams. These were derived for all

binary systems studied here, PtRu/Ru(0001), PdRu/Ru(0001) and AuPt/Pt(111).

For small unit cells of the CuPd/Ru(0001) and AuPt/Pt(111) surface alloy systems,

density functional theory total energies were available. Concerning the mixing ener-

gies for ground state structures (T = 0 K) for CuPd/Ru(0001), both DFT energies and
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the experimentally deduced EPI Hamiltonians predict the same trends in the stabilities

for all considered ordered structures. In case of AuPt/Pt(111), the DFT energies were

transformed into EPI parameters. MC simulations using the DFT-based EPI parameters

reproduced the experimentally found availability of certain adsorption ensembles and

the average composition of local ligand shells with sufficient accuracy. Only for the SRO

parameters some measurable discrepancies between simulation and experiment were de-

tected.

Complementary studies (thermal desorption, electrochemical and infrared measure-

ments) were performed (outside this work) for all surface alloys characterized in this

work. Based on these complementary studies and the structural informations obtained in

this work, correlations between atom structure and chemical surface properties could be

derived, especially with regard of electronic ligand and geometric ensemble effects. The

parameterization of the atom distribution by EPI parameters allows the simulation of sur-

face compositions not studied by STM but used in adsorption or (electro-)catalytic model

studies. This demonstrates the use of well-defined surface confined alloys for providing

a fundamental basis to understand the chemical properties of the bimetallic surfaces and

to identify the contributions of electronic ligand, electronic strain and geometric ensem-

ble effects. Furthermore, they represent ideal model systems for comparative theoretical

studies of the surface chemistry of bimetallic components.

5.2 Stability of surface alloys

Surface alloys are metastable systems, since dissolution of the deposited metal into the

substrate bulk is entropically favored. In the case of CuPd/Ru(0001), both deposits

are immiscible with the substrate and at suitable temperatures 2D intermixing can be

achieved without being accompanied by desorption or bulk diffusion. In all binary sys-

tems studied, the deposited metal exhibits a strong negative segregation energy in the

corresponding bulk alloys, which is mainly caused by the differences in surface energy

(lower for the pure surface of the deposited metal compared to the substrate surface), and

by the differences in the nearest-neighbor bulk distances (mostly larger for the deposited

compared to the substrate metal). Both requirements are fulfilled for the discussed bi-

nary surface alloy systems PtRu/Ru(0001), PdRu/Ru(0001) and AuPt/Pt(111) and lead

to only negligible bulk diffusion during the annealing step necessary for surface alloy

formation. In the opposite case, no metastable 2D equilibrated surface alloy formation

is expected for deposition of metal with higher surface energy and smaller NN bulk dis-
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5 Summary

tance compared to the substrate. This is demonstrated for Ru/Pt(111), where significant

Ru-Pt exchange processes are observed above 523 K. These are not confined to the out-

ermost atom layer, and we conclude the formation of subsurface alloys. With further

increase of the temperature (> 773 K), the situation changes to a pronounced diffusion of

Ru into the Pt bulk.

For PtRu/Ru(0001), it is confirmed that no Pt, at least not for xPt < 0.8, is buried under-

neath the alloy islands, which are still present on the terrace after the alloying step. This

tendency can be further explained by the finding that both Pt and Ru prefer to adsorb

on Ru3 rather than on Ru2Pt, RuPt2, or Pt3 sites. This simple rule of thumb also explains

the formation of Ru bilayer islands on (i) Pt(111) for Ru deposition below 523 K and on

(ii) pseudomorphic Pt monolayer islands grown on Ru(0001). The latter shows that for

both, Pt and Ru, the chemical nature of the adsorption site is decisive for the preference

of Ru3 sites and that strain effects only play a minor role.

The strong driving force for segregation of the deposit material to the outermost layer

and therefore the metastability of the surface confinement of surface alloys in a cer-

tain temperature window, is confirmed by floating experiments, at least for the systems

PtRu/Ru(0001) and PdRu/Ru(0001). Covering the respective alloy layer by > 1 ML Ru

substrate material, followed by annealing to alloying conditions, the surface composition

and atom distribution is completely recovered with only negligible loss due to bulk dif-

fusion.

The early concepts for metastable surface alloy formation, differences in surface energy

and NN bulk distance, are fully confirmed by the experiments in this work and provide

general concepts to predict metastable surface alloy formation.

5.3 Formation of surface alloys

The detailed processes occurring at the onset of surface alloy formation were studied for

PtRu/Ru(0001). For that purpose a sub-monolayer amount of Pt was deposited onto the

Ru(0001) substrate, followed by annealing to temperatures at which the onset of Pt-Ru

exchange processes takes place. Afterwards, embedded Ru is exclusively observed at

the area of ascending steps of Pt islands or Pt step decorations. Vertical exchange inside

the Pt islands, as well as lateral exchange along the Pt|Ru interface between former Ru

step and Pt decoration, is not observed. Similar behavior was previously observed for

PdRu/Ru(0001).
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5.3 Formation of surface alloys

Based on these results and on the studies presented above, the following alloy forma-

tion mechanism was predicted. Due to annealing, Pt atoms detach from the edges of

the Pt adlayer and exchange on the terrace with Ru substrate atoms, which attach at a

nearby island or step decoration. Further detachment, diffusion, exchange and attach-

ment of adatoms leads to an enrichment of Pt in the terrace and inclusion of Ru into

the outer perimeter area of the deposited Pt islands or Pt step decorations. In the out-

ermost layer, vertical exchange processes inside the islands and lateral exchange at the

Pt|Ru interface do not take place at these temperatures, since the activation barrier for

such exchange processes is much higher. The preference of Pt and Ru to adsorb on Ru3

sites finally results in an exclusive overgrowth of Pt free areas. The observed floating

of the guest metal in Ru covered PtRu/Ru(0001) and PdRu/Ru(0001), respectively, can

be explained by the same mechanism. As predicted previously for surfactant transport,

the vertical Pt(Pd)-Ru exchange may involve and be assisted by vacancies or fluctuating

pinhole defects in the deposited Ru film covering the alloy layer.

Certainly, further vertical exchange processes take place at temperatures necessary for

2D equilibrated surface alloy formation. But since the proposed mechanism is the only

one observed at ’lower’ temperatures, the activation barrier should be lower than those of

other possible exchange processes. Therefore, it is expected that this mechanism is by far

the fastest and the dominant one, also at the elevated temperatures required for surface

alloy formation. Considering that a similar mechanism for exchange onset has also been

proposed for AgPt/Pt(111) and for surfactant mediated growth processes, it is expected

that the predicted alloy formation and floating mechanism is generally valid for many

surface confined alloys that are stabilized by a sufficiently negative surface segregation

energy of guest metal atoms within the subsurface or bulk region of the host metal.
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6 Zusammenfassung

In dieser Arbeit wurden auf Ru(0001)- und Pt(111)- Einkristallen verschiedene bime-

tallische Modelloberflächen hergestellt. Diese wurden mittels Rastertunnelmikroskopie

(STM; engl. scanning tunneling microscopy) und Auger-Elektronenspektroskopie (AES)

strukturell charakterisiert um die atomare Struktur von Oberflächenlegierungen, deren

Stabilität, sowie den Prozess der Oberflächenlegierungsbildung zu bestimmen. Des wei-

teren lieferten, auf einem 2D Gittergas Hamilton Operator basierende Monte-Carlo (MC)

Simulationen, eine energetische Beschreibung der Oberflächenlegierungsstrukturen so-

wie Korrelationen mit Berechnungen aus der Dichtefunktionaltheorie. Das Hauptziel

dieser Arbeit war die Korrelation der Oberflächenstruktur mit (elektro-)katalytischen Ei-

genschaften dieser Modellsysteme. Solche Zusammenhänge konnten mehrfach identifi-

ziert werden und wurden in den entsprechenden Kapiteln ausführlich diskutiert. In allen

hier untersuchten bimetallischen Oberflächenlegierungen, wurde die aufgedampfte Me-

tallmenge sowie die Zusammensetzung der Oberflächenschicht mittels (atomar aufgelös-

ter) Rastertunnelmikroskopie und Auger-Elektronenspektroskopie bestimmt. Basierend

auf atomar aufgelösten STM-Messungen mit chemischem Kontrast konnte die Atomver-

teilung quantitativ ausgewertet werden. Bei allen Oberflächenlegierungen im 2D Gleich-

gewicht, wurden STM-Bilder an verschiedenen Positionen derselben Probe aufgenom-

men. Schwankungen in der Oberflächenzusammensetzung und in den statistischen Aus-

wertungen waren innerhalb statistischer Genauigkeit.

6.1 Struktur von Oberflächenlegierungen – Experiment, Theorie

und Simulation

Die Herstellung und atomare Charakterisierung von Oberflächenlegierungen – Legie-

rungen die auf die äußerste Atomschicht beschränkt sind und sich gleichzeitig im 2D

Gleichgewicht befinden – wurde für die bimetallischen Systeme PtxRu1−x/Ru(0001),

PdxRu1−x/Ru(0001) und AuxPt1−x/Pt(111) erfolgreich durchgeführt. Für jedes System

wurden viele verschiedene Zusammensetzungen im Bereich 0 < x < 1 bestimmt. Um

die Oberflächenlegierungen herzustellen, wurde eine Submonolage eines Gastmetalls auf
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6 Zusammenfassung

das Substrat aufgedampft und anschließend auf eine geeignete Temperatur erhitzt. Dabei

muss die Temperatur zum einen hoch genug sein um Austauschprozesse zwischen dif-

fundierenden Adatomen und darunterliegenden Oberflächenatomen zu erlauben, zum

anderen nicht zu hoch, um Verluste des Gastmetalls, hervorgerufen durch thermische

Desorption oder Diffusion in das Substratvolumen, zu minimieren.

Die laterale Verteilung der beiden Metalle in der äußersten Schicht wurde durch STM-

Aufnahmen mit chemischem Kontrast abgebildet. In sämtlichen Systemen konnte keine

Fern-, dafür aber eine Nahordnung festgestellt werden. Die Nahordnung wurde durch,

auf Paarkorrelation basierende, Nahordnungsparameter (SRO-parameter; engl.: short-

range order) quantifiziert. In PtRu/Ru(0001) liegt eine nahezu zufällige Verteilung vor,

während in PdRu/Ru(0001) und AuPt/Pt(0001) eine deutliche Neigung zu homoato-

marer 2D Clusterbildung vorhanden ist. Um Zusammenhänge zwischen Oberflächen-

struktur und dessen chemischen Eigenschaften zu erkennen, wurde die Häufigkeit ge-

wählter kompakter Ensembles, sowie die durchschnittliche Zusammensetzung der di-

rekten Nachbarschaft um die jeweilige Atomart (’Ligandenhülle’), statistisch ausgewer-

tet. Wie aus der experimentell beobachteten Zufallsverteilung in PtRu/Ru(0001) zu er-

warten war, folgen die Ensemble- / Ligandenvorkommen der statistischen Häufigkeit,

während in den Oberflächenlegierungen PdRu/Ru(0001) und AuPt/Pt(111), in Über-

einstimmung mit ihrer Clusterbildung, eine erhöhte Häufigkeit für kompakte, homoato-

mare Ensembles / Liganden gefunden wurde.

Atomare Verteilungen können auch durch Simulationen bestimmt werden, z.B. mit

der Monte-Carlo (MC) Methode. Die für diese Anwendung nötigen Parameter können

durch (i) eine systematische Suche mit dem Ziel maximaler Übereinstimmung mit ver-

fügbaren experimentellen Daten, oder durch (ii) einen Fit an DFT-Daten erhalten wer-

den. Basierend auf den experimentell ermittelten Atomverteilungen in den Systemen

PtRu/Ru(0001), PdRu/Ru(0001), AuPt/Pt(111) und CuPd/Ru(0001) (in einer früheren

Studie atomar charakterisiert), konnten mittels einer systematischen MC-Suche, effek-

tive Paarwechselwirkungen (EPIs; engl.: effective pair interactions) bestimmt werden.

Grundlage für die MC-Suche war ein, auf Paarpotentiale beschränkter, 2D Gittergas Ha-

milton Operator. In allen Fällen sind diese paarweisen Wechselwirkungsparameter aus-

reichend um die jeweilige Atomverteilung durch Monte-Carlo Simulationen zu beschrei-

ben. Genauer gesagt, die qualitative Übereinstimmung mit dem Experiment ist hervor-

ragend, während quantitativ, v.a. bei den zwei clusternden Systemen PdRu/Ru(0001),

AuPt/Pt(111) die experimentellen Nahordnungswerte nicht immer exakt wiedergege-
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ben werden. Entscheidend ist aber, dass mit den Simulationen, die für die chemischen Ei-

genschaften relevanten strukturellen Besonderheiten, die Häufigkeit kompakter Ensem-

bles und die Ligandenstatistik, sehr gut reproduziert werden. Des weiteren ermöglichen

die EPIs die Simulation von experimentell nicht zugänglichen Ordnungs-Unordnungs-

übergängen (in dieser Arbeit für CuPd/Ru(0001) durchgeführt), sowie die Berechnung

von 2D Phasendiagrammen. Letztere wurden für alle untersuchten binären Legierungs-

systeme (PtRu/Ru(0001), PdRu/Ru(0001) und AuPt/Pt(111)) berechnet.

Für die CuPd/Ru(0001) und AuPt/Pt(111) Oberflächenlegierungen standen Energi-

en kleiner Einheitszellen aus DFT-Berechnungen zur Verfügung. Bei der Berechnung

von Mischungsenergien für CuPd/Ru(0001) Grundzustandsstrukturen (T = 0 K) erga-

ben DFT-Energien, und die aus dem Experiment bestimmten EPIs, denselben Trend be-

züglich der Stabilität aller betrachteten geordneten Strukturen. Im Fall von AuPt/Pt(111)

wurden die DFT-Energien in EPI Parameter umgewandelt. Die auf diesen DFT-EPIs ba-

sierenden MC-Simulationen, gaben die experimentell bestimmte Häufigkeit bestimmter

Adsorptionsensembles, sowie die durchschnittliche Zusammensetzung lokaler Ligan-

denhüllen mit ausreichender Genauigkeit wieder. Lediglich bei den SRO-Werten gab es

zwischen Simulation und Experiment messbare Abweichungen.

Für alle hier charakterisierten Oberflächenlegierungen wurden außerhalb dieser Arbeit

komplementäre Untersuchungen (thermische Desorption, elektrochemische und infrarot

Messungen) durchgeführt. Basierend auf diesen ergänzenden Untersuchungen und den,

in dieser Arbeit erhaltenen strukturellen Informationen, konnten Zusammenhänge zwi-

schen Atomstruktur und chemischen Eigenschaften der Oberflächen hergestellt werden,

v.a. bzgl. elektronischer Liganden- und geometrischer Ensembleeffekte. Die Parametri-

sierung der Atomverteilung mit Hilfe von EPI Werten ermöglicht desweiteren die Simu-

lation von Verteilungen, die nicht mit STM gemessen, aber bei Adsorptionsexperimen-

ten oder (elektro-)katalytischen Modellstudien verwendet wurden. Eindeutig definierte

Oberflächenlegierungen bieten daher eine grundlegende Basis, um die chemischen Ei-

genschaften bimetallischer Oberflächen zu Verstehen und um die einzelnen Beiträge der

elektronischen Liganden-, der elektronischen Verspannungs- und der geometrischen En-

sembleeffekte zu ermitteln. Des weiteren repräsentieren Oberflächenlegierungen ideale

Modellsysteme für vergleichende Theoriestudien bzgl. bimetallischer Komponenten in

der Oberflächenchemie.
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6.2 Stabilität von Oberflächenlegierungen

Da für das aufgedampfte Metall das Lösen im Substratvolumen entropisch begünstigt ist,

sind Oberflächenlegierungen generell metastabile Systeme. Im Fall von CuPd/Ru(0001)

sind beide aufgedampften Metalle mit dem Substrat nicht mischbar. Für geeignete Tem-

peraturen kann ein Vermischen im 2D erreicht werden, ohne dass dabei Desorption oder

Volumendiffusion auftritt. Für alle untersuchten binären Systeme besitzt das aufgedampf-

te Metall in der jeweiligen Volumenlegierung eine stark negative Segregationsenergie.

Dies wird hauptsächlich durch den Unterschied in der Oberflächenenergie (kleiner für

die reine Oberfläche des aufgedampften Metalls) sowie durch den Unterschied im nächs-

ten Nachbar (NN) Abstand im Volumen (meistens größer für das aufgedampfte Metall)

verursacht. Diese beiden Anforderungen sind bei den diskutierten binären Oberflächen-

legierungen PtRu/Ru(0001), PdRu/Ru(0001) und AuPt/Pt(111) erfüllt, was zu vernach-

lässigbarer Volumendiffusion während des, zur Bildung der Oberflächenlegierung nöti-

gen, Heizens führt. Im umgekehrten Fall, das Aufdampfen eines Metalls mit größerer

Oberflächenenergie und kleinerem NN Volumenabstand als das Substrat, ist die Bildung

einer metastabilen und lateral im Gleichgewicht befindlichen Oberflächenlegierung nicht

zu erwarten. Dies wurde im System Ru/Pt(111) aufgezeigt, in dem oberhalb von 523 K

signifikante Ru-Pt Austauschprozesse zu beobachten waren, die nicht auf die äußers-

te Atomschicht beschränkt sind. Vermutlich erfolgte die Bildung einer Legierung direkt

unter der äußersten Atomlage. Bei einer weiteren Temperaturerhöhung (auf > 773 K) er-

folgt eine ausgeprägte Diffusion von Ru in das Pt-Volumen.

Im Fall von PtRu/Ru(0001) wird zumindest bis xPt < 0.8 kein Pt unter den, nach

dem Legierungsschritt vorhandenen Legierungsinseln begraben. Dies dann dadurch er-

klärt werden, dass beide Metalle, Pt und Ru, bevorzugt auf Ru3-Plätze anstatt auf Ru2Pt-,

RuPt2-, oder Pt3-Plätzen adsorbieren. Diese einfache Daumenregel erklärt auch die Bil-

dung von doppelstöckigen Ru-Inseln auf (i) Pt(111) bei Ru-Abscheidung unter 523 K und

auf (ii) auf Ru(0001) aufgewachsene, pseudomorphe Pt-Monolageninseln. Der letzte Fall

zeigt, dass für beide Metalle, Pt und Ru, die chemische Natur des Adsorptionsplatzes ent-

scheidend für die bevorzugte Adsorption auf Ru3-Plätzen ist, und dass Verspannungsef-

fekte nur eine untergeordnete Rolle spielen.

Die starke Triebkraft des abgeschiedenen Metalls zur Oberflächensegregation in die

äußerste Schicht, und die sich daraus ergebende metastabile (stabil in einem gewissen

Temperaturbereich) Bildung von Oberflächenlegierungen, wurde durch ’Aufschwimm’-
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Experimente bei den Systemen PtRu/Ru(0001) und PdRu/Ru(0001) bestätigt. Nach Be-

decken der jeweiligen Legierungsschicht mit > 1 ML Ru Substratmetall und anschließen-

dem Legieren, wird die ursprüngliche Oberflächenzusammensetzung und Atomvertei-

lung wieder vollständig hergestellt. Lediglich ein vernachlässigbarer Pt-Verlust, verur-

sacht durch Volumendiffusion, wurde registriert.

Die frühen Konzepte, die Unterschiede in Oberflächenenergie und im NN Volumen-

abstand, um die Bildung metastabiler Oberflächenlegierungen vorherzusagen werden

durch die Experimente in dieser Arbeit bestätigt.

6.3 Die Bildung von Oberflächenlegierungen

Für das PtRu/Ru(0001) System wurden die zu Beginn der Bildung von Oberflächenle-

gierungen einsetzenden Vorgänge, näher untersucht. Dazu wurde eine Sub-Monolage Pt

auf eine Ru(0001) Einkristalloberfläche aufgedampft und anschließend auf Temperatu-

ren erhitzt, bei denen erste Pt-Ru Austauschprozesse zu beobachtet waren. Anschließend

wird eingebettetes Ru ausschließlich in der Nähe aufsteigender Pt-Inselstufen oder an

aufsteigenden Pt-Stufendekorationen gefunden. Vertikaler Austausch innerhalb der Pt-

Inseln sowie lateraler Austausch entlang der Pt|Ru Grenzfläche zwischen Ru-Stufe und

Pt-Dekoration, wird nicht beobachtet. Ein ähnliches Verhalten konnte bereits zuvor bei

PdRu/Ru(0001) festgestellt werden.

Basierend auf diesen Ergebnissen und den weiter oben diskutierten Untersuchungen,

wurde auf den folgenden Mechanismus für die Bildung von Oberflächenlegierungen ge-

schlossen. Durch Erhitzen lösen sich Pt-Atome von den Kanten der Pt-Adschicht und

tauschen auf der Terrasse mit Ru-Substratatomen aus, die wiederum an benachbarten

Inseln oder Stufendekorationen anbinden. Weitere Ablöse-, Diffusions-, Austausch- und

Anbindungsvorgänge von Adatomen führen zu einer Anreicherung von Pt in der Terras-

se, und den Einschluss von Ru in den äußeren Bereich der aufgedampften Pt-Inseln oder

Pt-Stufendekorationen. In der äußersten Atomlage finden bei den verwendeten Tempe-

raturen, vertikale Austauschprozesse innerhalb der Inseln sowie lateraler Austausch im

Pt|Ru Grenzbereich nicht statt, was auf die wesentlich höhere Aktivierungsbarriere für

derartige Austauschprozesse zurückzuführen ist. Da Ru3 als bevorzugter Adsorptions-

platz von Pt und Ru agiert, werden ausschließlich Pt-freie Bereiche überwachsen. Das

beobachtete Aufschwimmen des Gastmetalls bei Ru bedeckten PtRu/Ru(0001) bezie-

hungsweise PdRu/Ru(0001) kann durch denselben Mechanismus erklärt werden. Wie
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bereits früher beim ’Surfactant’-Transport vorhergesagt, könnte der vertikale Pt(Pd)-Ru

Austausch u.a. über, im aufgewachsenen Ru-Film vorhandene Lochstellen oder fluktuie-

rende Porendefekte erfolgen.

Sicherlich finden bei Temperaturen, die nötig sind um sich im 2D Gleichgewicht befind-

liche Oberflächenlegierungen herzustellen, weitere vertikale Austauschprozesse statt. Da

aber der vorgeschlagene Mechanismus der einzige ist, der bei ’niedrigeren’ Tempera-

turen beobachtbar ist, sollte die Aktivierungsbarriere niedriger als für andere mögliche

Austauschprozesse sein. Deshalb erwartet wir, dass dieser Mechanismus auch bei den für

die Bildung der Oberflächenlegierung nötigen Temperaturen, bei weitem der schnellste

und damit der dominierende Prozess ist. Die Tatsache, dass ein gleichartiger Mechanis-

mus bereits für den einsetzenden Austausch in AgPt/Pt(111) sowie für das ’Surfactant’

vermittelte Wachstum vorgeschlagen wurde, legt nahe, dass der hier für die Legierungs-

bildung und den Aufschwimmprozess vorgestellte Mechanismus, für viele Oberflächen-

legierungen in denen das Gast-Metall im Substrat-Metall eine ausreichend hohe negative

Segregationsenergie aufweist, generelle Gültigkeit besitzt.
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7 Appendix

Configurational entropy based on the pair approximation

The entropy of short-range ordered systems can be calculated by the pair approximation,

which is based on the CVM approach. For binary alloys without sublattices of LRO, this

results in a configurational entropy of

Spair = N kB

[
(z− 1) ∑

i
(xi ln xi − xi)−

z
2 ∑

ij

(
xij ln xij − xij

)
+
( z

2
− 1
)]

(7.1)

with the number of atoms N, the coordination number z, the fraction xi of metal i (i =

atom type A or B) and the fraction xij of nearest neighbor atom pairs ij (ij = AB, AA or

BB). From these definitions of the variables, the following interrelation arises:

xAB = xBA ; xAB + xAA + xBB = 1 ; xi = ∑
j

xij and xj = ∑
i

xij (7.2)

In this work, exclusively surfaces with hexagonal symmetry are considered. Including

the coordination number z = 6 valid for such surfaces, the pair-approximation for hexag-

onal surfaces leads to

Spair = N kB

[
5 ∑

i
(xi ln xi − xi)− 3 ∑

ij

(
xij ln xij − xij

)
+ 2

]
. (7.3)
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Table 7.1: List of CuxPd1−x/Ru(0001) unit cells (’dark’: Cu; ’bright’: Pd), their calculated DFT

total energies1 and mixing energies (cf. section 4.1.1); all energies are given in eV atom-1.

unit cell structure composition total energy mixing enthalpy

Pd1 ML/Ru(0001) -45.912 0

Cu1 ML/Ru(0001) -44.449 0

Cu0.25Pd0.75/Ru(0001) -45.598 -0.0515

Cu0.33Pd0.67/Ru(0001) -45.485 -0.0589

Cu0.50Pd0.50/Ru(0001) -45.257 -0.0765

Cu0.67Pd0.33/Ru(0001) -45.017 -0.0787

Cu0.75Pd0.25/Ru(0001) -44.877 -0.0619
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Table 7.2: List of AuxPt1−x/Pt(111) unit cells (’dark’: Au; ’bright’: Pt), their calculated DFT total

energies2 and mixing energies (cf. section 4.1.5); all energies are given in eV atom-1.

unit cell structure composition total energy mixing enthalpy

Pt(111) -35.026 0

Au1 ML/Pt(111) -32.422 0

Au0.11Pt0.89/Pt(111) -34.717 0.0197

Au0.22Pt0.78/Pt(111) -34.417 0.0299

Au0.22Pt0.78/Pt(111) -34.426 0.0217

Au0.25Pt0.75/Pt(111) -34.338 0.0370

Au0.33Pt0.67/Pt(111) -34.139 0.0189

Au0.33Pt0.67/Pt(111) -34.137 0.0210

Au0.33Pt0.67/Pt(111) -34.131 0.0272
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Au0.33Pt0.67/Pt(111) -34.117 0.0412

Au0.44Pt0.56/Pt(111) -33.834 0.0349

Au0.44Pt0.56/Pt(111) -33.847 0.0214

Au0.44Pt0.56/Pt(111) -33.840 0.0286

Au0.44Pt0.56/Pt(111) -33.846 0.0227

Au0.50Pt0.50/Pt(111) -33.690 0.0340

Au0.50Pt0.50/Pt(111) -33.695 0.0290

Au0.50Pt0.50/Pt(111) -33.696 0.0281
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Au0.50Pt0.50/Pt(111) -33.699 0.0246

Au0.50Pt0.50/Pt(111) -33.699 0.0248

Au0.50Pt0.50/Pt(111) -33.700 0.0240

Au0.50Pt0.50/Pt(111) -33.702 0.0220

Au0.50Pt0.50/Pt(111) -33.707 0.0173

Au0.50Pt0.50/Pt(111) -33.707 0.0169

Au0.50Pt0.50/Pt(111) -33.707 0.0168

Au0.50Pt0.50/Pt(111) -33.716 0.0084
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Au0.50Pt0.50/Pt(111) -33.708 0.0157

Au0.50Pt0.50/Pt(111) -33.711 0.0128

Au0.50Pt0.50/Pt(111) -33.709 0.0152

Au0.50Pt0.50/Pt(111) -33.711 0.0128

Au0.50Pt0.50/Pt(111) -33.715 0.0088

Au0.50Pt0.50/Pt(111) -33.716 0.0081

Au0.56Pt0.44/Pt(111) -33.548 0.0316

Au0.56Pt0.44/Pt(111) -33.560 0.0189

206



Au0.56Pt0.44/Pt(111) -33.554 0.0251

Au0.56Pt0.44/Pt(111) -33.562 0.0173

Au0.67Pt0.33/Pt(111) -33.276 0.0144

Au0.67Pt0.33/Pt(111) -33.279 0.0112

Au0.67Pt0.33/Pt(111) -33.270 0.0197

Au0.67Pt0.33/Pt(111) -33.263 0.0272

Au0.75Pt0.25/Pt(111) -33.049 0.0240

Au0.78Pt0.22/Pt(111) -32.983 0.0173
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Au0.78Pt0.22/Pt(111) -32.989 0.0119

Au0.89Pt0.11/Pt(111) -32.704 0.0073
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