
 Eindhoven University of Technology

MASTER

Monte Carlo simulations of the Cu3Pd(110) surface using embedded atom method potentials

Brienen, S.G.M.

Award date:
1995

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/070d4f5c-e2d0-49ec-a162-db63c96435ab


Technische Universiteit Eindhoven 
Faculteit der Technische Natuurkunde 
Vakgroep Vaste Stof 
Onderzoeksgroep Fysica van de Oppervlakken en Grenslagen 

Monte Carlo simulations of the 
Cu3Pd( 11 0) surface using embedded 

atom method potantials 

Bas Brienen 
July 1995 

Verslag van afstudeeronderzoek, uitgevoerd in de groep Theoretica! and 
Experimental Physics onder leiding van Prof. dr. H. van Houten aan het 
Philips Natuurkundig Laboratorium. 

Supervision: 
Dr. H. Feil (Philips) 
Dr. A.W. Denier van der Gon (TUE) 

Afstudeerhoogleraar: 
Prof. dr. H.H. Brongersma 



Abstract 

In this work the Cu3Pd(110) (2 x 1) surface is investigated. The aim of this study is to 
describe the surface with embedded atom method (EAM) potential functions using 
Monte Carlo simulations. 

Bulk simulations of the Cu3Pd crystal show a Cu3Au ordered structure below a 
temperature of T-250K. Phase diagrams in literature indicate that the order-disorder 
transition temperature of the Cu3Pd bulk is T-730K. 

The Cu3Pd(110) surface was found to have a Cu50Pd50 composition in the outer
most layer and 100% Cu in the second layer in case the surface is not reconstructed. The 
Cu50Pd50 layer is ordered and shows a (2 x 1) LEED pattem below a temperature of 
T-220K. Above a temperature of T-220K the order dissapears and the second layer is 
enriched with -5 at.% Pd. This result is in contradiction with LEIS-experiments on a 
Cu85Pd15(110) (2 x 1) surface which show -11 at.% Pd in the outermost layer and 
-40at.% in the second layer. 

Molecular dynamics simulations have been performed to assign the peaks in the 
spectrum found in the TOF-SARS experiments on a Cu85Pd15(110) (2 x 1) . The presence 
of a peak which was not mentioned in the spectrum indicates that the surface contains a 
large number of vacancies or other defects. 

Monte Carlo simulations to investigate the behaviour of the vacancies in the sur
face led to two possible surface terminations. First, a missing row reconstructed surface 
with 100% Cu in the outermost layer and a second layer consisting of -35at.% Cu and 
-65at.% Pd. This possibility is ruled out by TOF-SARS experiments. The other possibility 
is a stepped surface. The surface termmation of a stepped surface is a Cu50Pd50 composi
tion in the outermost layer with 100% Cu in the second layer and is in contradiction with 
LEIS-experiments. 
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Introduetion 

1 . I NTRODUCTION 

A catalyst is a substance which increases the rate of a chemica! reaction, without being 
consumed. Since most reactants will not penetrate into the bulk of the catalyst only the 
surface will catalyze the reaction. Therefore the study of surfaces is very important. The 
investigation of alloy surfaces is interesting because the catalytic properties of an alloy 
can be different from the compound properties. The goal is to design alloys with the cat
alytic properties necessary. 

Copper and palladium catalysts are efficient for a large number of reactions like 
oxidation of carbon manoxides and hydrocarbons, selective hydrogenation of carbon 
monoxidetomethanol and reduction of NOx to N2. An example is a palladium catalyst 
used in an automotive three-way catalyst. Recently such a catalyst was developed and 
commercialized [1]. Copper can also be used for the reactions necessary in an automo
tive catalyst. The problem using this element is sulfur poisoning. Sulfur poisoning was a 
smaller problem fora Pd-catalyst and has been overcome by decreasing the sulfur con
centration in gasoline. Although Cu and Pd can be used as catalyst for the same reac
tions, the reaction mechanisms are completely different. 

Future generation fuels like reformulated gasoline and alternative fuels (metha
nol, ethanol and natural gas) will require other catalytic properties. Copper and palla
dium are promising catalyst for these fuels. Maybe it is possible to construct an alloy of 
these elements which has the properties necessary for the future generation fuels. 

In this work the Cu3Pd (110) ( 1 x 2) surface is investigated. The aim of this study 
is to describe the surface with Embedded Atom Method (EAM) potential functions. The 
advantage of the EAM over other approachesforthese calculations is two-fold. First, as 
described in paragraph 3.1., the embedding function that is used for pure metals should 
still be valid for the case of alloys. This makes the application of this method relatively 
simple. The other advantage of using EAM relates to the computational simplicity of the 
method that allows one to perform atomistic simulations. An overview of alloy and sur
face simulations performed with the EAM potentials is given in Daw et al. [2]. The agree
ment between experiments and theoretica! predictions is good in case of segregation 
studies of Ni-Cu [3] and Au-Pd alloys. The method is also able to describe surface order
ing effects in Cu-Au aHoy-surfaces which agrees with symmetry and coverage found in 
experiments. 

The Embedded Atom Method potentials are used in Monte Carlo simulations 
and free energy calculations. If it is feasible to describe the surface by EAM potentials, 
the methad can be used to calculate properties of the surface, like the temperature 
dependent effects of the surface and phase transitions. Another interesting topic is the 
possibility to describe the composition of step edges on the surface. The composition of 
the step edges on the surface can be of considerable influence on the catalytic properties. 

The results of the calculations will be compared with LEIS experiments on a 
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Cu85Pd15 (110) ( 1 x 2) surface carried out by Bergmans et al. [4][5]. These experiments 
are in agreement with earlier studies of this surface using angle resolved X-ray photo 
electron spectroscopy (ARXPS), temperature-programmed desorption (TPD) and low 
energy electron diffraction (LEED) [5]. These studies resulted in a proposed surface 
structure which consistsof an almost complete copper top-layer and an ordered second 
layer of 50 at.% Cu and 50 at.% Pd. 

This report is organized as follows. An overview of the CuPd alloy and the 
results of the LEIS experiments carried out by Bergmans are given in chapter 2. The 
embedded atom method and the simulation techniques are discussed in chapter 3. The 
Monte Carlo simulation technique is used to describe to surface properties. The Molecu
lar dynamics simulation technique is discussed because it is used to simulate a TOP
SARS experiment. Chapter 4 covers a discussion of the results of the simulations and the 
free energy calculations. Chapter 5 deals with a condusion and an outlook. 
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Overview CuPd 

2. OVERVIEW CUPD 

2.1. Bulk structure 

The phase diagram of the CuPd alloys [6] is shown in fig. la. At low temperatures two 
regions exist in which the CuPd alloy orders. The a phase is based on the stoichiometrie 
Cu3Pd structure. The ~ phase is the stoichiometrie CuPd structure. The Cu3Pd structure 
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• Figure 1 • (a) Phase diagram of CuPd alloys. (b) Unitcellof the ordered Cu3Pd structure. 

has a Cu3Au (Ll2) type of lattice. The unit cell of the stoichiometrie Cu3Pd structure is 
shown in fig. lb. It is a Cu f.c.c. unit cell but with Pd atoms at every corner. The a phase 
in fig. la is divided in two regions, the a.' and the a." phase. The a.' structure has a cubic 
Cu3Au unit cell. The unit cell of the a." structure is a Cu3Au unit cell with a small distor
tion in one direction. This is called a tetragonal unit cell with an axial ratio of c/ a=0.986 
for a Pd percentage of -24 at.% [6]. The disorder structure, indicated in fig. 1 as the 
(Cu,Pd) phase, is a perfect defined f.c.c. lattice with a random distribution of Cu and Pd 
atoms. The lattice spacings of the alloy as function of the composition are given in fig. 2. 
The lattice parameter of the ordered state is the same as that of the disordered state. The 
crystal with 15 at.% palladium shows an order-disorder transition at T-770K (fig. la). At 
a temperature of T -730K the order-disorder transition of Cu75Pd25 occurs. 

In this work we mainly focus on the Cu3Pd crystal with a (110) surface and 
where possible also on the Cu85Pd15 crystal. The bulk CuPd phase diagram indicates 

3 
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- Figure 2 - Lattice parameter as function of percentage Pd in aHoy. These lattice 
spacing were reported to be accurate to -0.05%[7]. 

that at a temperature below -730K the Cu3Pd bulk will have Cu3Au order at this compo
sition. A cut along the (110) plane will therefore give alternate layers of 50 at.% Cu and 
50 at.% Pd or 100% Cu at the stoichiometrie Cu3Pd composition. So there are two possi
bie terminations of the (110) surface in case of no reconstruction or segregation, one with 
100% Cu in the first layer and 50 at.% Cu and 50 at.%Pd in the second layer. This surface 
is shown in fig. 3. The second possibility is a surface with 50 at.% Cu and 50 at.% Pd in 

110] 
Q First layer Cu [112] 
• Second layer Cu 

• Second layer Pd 
[114] 

- Figure 3 - Proposed structure of the Cug5Pd15 (110) (2xl) surface 
(after Holmes et al. [3]) and of the Cu3Pd (110) (2xl) surface. 

the first layer and 100% Cu in the second layer. The layer with 50 at.% Cu and 50 at.% Pd 
is ordered for both options. Due to the ordering of Pd in the [110] direction, low energy 
electron diffraction (LEED) experiments of this surface will show a . (2 x 1) pattem. A 
Cu85Pd15 crystal has Cu3Au order below T-770K. The Cu85Pd15(110) (2 x 1) surface 
investigated by Bergmans et al. [5] can therefore be used as comparison for the simula
tion results. 
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2.2. Previous experimental results 

With ion scattering experiments the Cu85Pd15(110) (2 x 1) crystal surface was investi
gated by Bergmans et al. [4][5]. The results of these experiments are important fortherest 
of this investigation and therefore the two ion scattering techniques and the results of the 
experiments will be discussed shortly. The techniques are implemented in an experimen
tal setup as shown in fig. 4. 
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- Figure 4 - Schematic representation of the experimental setup used to 
investigate the Cu85Pd15-crystal by Bergmans et al. [5]. 

In both methods ions are accelerated to a kinetic energy of a few keV and 
directed towards the sample. An detector will registrate the scattered ions. Depending 
on the angle of incidence different processes can occur. 

f 

0 00 
- Figure 5 - An ion with kinetic energy Ei impinges on the surface and is backscattering by the surface 

atoms. The backscattering ion will have a kinetic energy Er. The EARISS is based on this process. 
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The energy and angle resolved ion scattering spectrometer (the EARISS) uses an 
angle of incidence of 90° with respect to the surface plane. The EARISS setup is shown in 
fig. 4. The ion souree produceslow energy ions and accelerates them towards the sur
face. A fraction of the incidentionsis backscattered (fig. 5). Ions backscattered over an 
angle of 145° will be detected. The lossin energy and the azimuthal distribution of these 
backscattered ions can be used to determine the surface composition. The system is 
much more sensitive than other techniques because it detects simultaneously the energy 
and the azimuthal angle of the scattered ions. 

The composition of the layers is determined using 2 keV Ne+ ions. Because of 
the open structure of the (110) surface, both the first and second layer can be measured. 
The integration over the Pd-peak obtained with the EARISS as function of the azimuth is 

(a) Ne+ ion backscattered of the Pd atoms 
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- Figure 6 - Azimuthal distribution of 2 ke V Ne+ ions backscattered off the surface atoms in the 
Cu85Pd15(110 surface as obtained with the EARISS. The simulations in the figure are performed by 

shown in fig. 6a. Fig. 6b shows the same measurements for ions that have scattered of the 
Cu atoms. From fig. 6a it can be determined that palladium is present in the second layer 
because the intensity as function of the azimuth varies. These variations are the result of 
blocking of the ions scattered from the second layer in certain directions. In case of a 
Cu50Pd50 terminated first layer and a 100% copper containing second layer the intensity 
would be the same in all directions. Because the detector can only detect ions, the neu
tralization probability has to be considered. The ions scattered from the second layer 
spend a longer time at the surface and therefore will have a larger neutralization proba
bility. The result is a much lower contribution to the signa! from second layer atoms than 
the contribution of the first layer. Taking the neutralization probability and the resolu
tion of the EARISS in account the composition of the surface was determined. For the 
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first layer a slight depletion in Pd is found ( 11 ± 2 at.%) whereas the second layer is 
strongly enriched in Pd ( 40 ± 8 at.%) . 

The other technique used is time-of-flight forward scattering and recoil spectros
copy (TOF-SARS). The TOF-SARS measurements were performed using 1.5 keV Ar+ 
ions with an incident angle of 13.6° with respect to the surface plane [5]. The detector has 
a fixed angle of 35° with respect to the ion source. A fraction of the ions will be scattered 
directly, called single scattering (fig. 7a). Same atoms will collide with two or more surface 
atoms befare leaving the surface (fig. 7b ). This callision is called multiple scattering. Same 
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Single Scattering 

(a) 

Multiple Scattering 

(b) 

\ 

'Et 
Recoil process 

(c) 

- Figure 7 - An ion with kinetic energy Ei collides with the surface atoms. After 
the collision the energy of the ion will be Er. In the recoil process the recoiled sur-

face atom willleave the surface with kinetic energy Erecoil• 

surface atoms may get enough energy during the callision process to escape from the 
surface. These atoms are called recoil atoms (fig. 7c). The ionsas well as the atoms scat
tered towards the detector will be detected and their flight time will be obtained. From 
this flight time the kinetic energy can be calculated. 

(a) Time-of flight spectrum of Cu85Pd 15 (110) 
obtained along the [ -11 4] direction. 

400 ,-------~------~--------. 

Cu_ ~bie (Pd single ) [Ïl4] direction 

"...._ 

'• ~ 300 
s:; ' 
:::l 
0 Cu ~ single 

"0 
ö 200 

>= C/0 
(1) rcc.'Oil 

] ... 
"' 100 

.--- Cureco•l Q. 

"...._ 

"' i: 
:::l 
0 
u 
'-' 
"0 
ö ·;;:., 
'§ 
u 
~ 
:::l u 

(b) lntensity of the Cu-recoil peak as a function 
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- Figure 8- The data were obtained with TOF-SARS using 1.5 keV Ar+ ionsatan incident angle of 13.6° with 
respect to the surface plane, and a scattering angle of 35°. 
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The spectrum of the measurement in the [-114] direction is shown in fig. 8a. In 
this spectrum the dominant peaks are the Cu single collision, the Cu double collision 
and a Cu recoil peak. In the Cu double collision peak is also a contribution of the Pd sin
gle collision peak induded. The fourth dominant peak, between the Cu recoil and Cu 
single collision peak, is not assigned. In fig. 8b, the intensity of the recoil peak versus azi
muthal angle is plotted. From this spectrum we can determine that the (2 x 1) LEED 
pattem is not the result of a missing row structure. Consider for example the minimum 
in the [-112] direction. In case of a missing row structure the distance between the atoms 
in the [ -112] direction would be optimum, and therefore a maximum in intensity would 
be expected instead of the observed minimum in the spectrum. 

2.3. Why simulations? 

The condusion of the EARISS experimentsis that the first layer is slightly depleted in Pd 
( 11 ± 2 at.%) The second layer is strongly enriched in Pd ( 40 ± 8 at.%) assuming that 

the relative neutralization probability for the second layer is the same as for the first 
layer. These experimental result are in reasonable agreement with a proposed model for 
the Cu85Pd15 (110) (2 x 1) surface. At a certain temperature this (2 x 1) ordering will 
disappear. 

The condusion of the TOF-SARS experiments is that the surface is unrecon
structed. The problem in these experiments is a large peak at -9 microseconds in the 
spectrum. The origin of this peak is not dear. 

The aim of this study is to describe the Cu3Pd surface with Monte Carlo simula
tion and to obtain the surface ordering temperature. The Monte Carlo simulations can be 
used to calculate properties like composition and structure of steps on the surface or 
phase transition effects at the surface. Simulation of the surface behavior is particularly 
interesting because other techniques can only be used in case the composition and con
tiguration is known. 

Another interestic topic is the unexplained peak in the TOF-SARS spectrum. 
Molecular dynamics simulations are performed in order to investigate the origin of the 
different peaks in the TOF-SARS spectrum. 

8 



Theory and simulation techniques 

3. THEORY AND SIMULATION TECHNIQUES 

In this chapter the simulation techniques are described. A Monte Carlo method is used 
to calculate the equilibrium surface and bulk structure of the CuPd alloys. The statistica! 
mechanics and the technique used in the Monte Carlo simulation are discussed in sec
tion 3.2. The TOP-SARS experiments are simulated by Molecular dynamics simulation. 
The Molecular dynamics method will be discussed in paragraph 3.3. The interaction 
potentials used in the calculations will be discussed in the next paragraph. 

3.1. The interaction potential 

The interactions between the different atoms are described by many-body potentials, the 
so-called Embedded Atom Method (EAM) potentials described by Daw and Baskes [8]. 
It is a semi-empirical, many-atom potential for computing the total energy of a metallic 
system. This approach has been widely used to study a broad range of problems in met
als and alloys like: phonons, liquid metals, defects, grain boundary structure, alloys, 
interdiffusion in alloys, fracture, surface structure, surface absorbate ordering, segrega
tion to surface and grain boundaries, surface order-disorder transitions, surface ordered 
alloys and surface phonons [9]. 

The starting point of the embedded-atom method is the approximation of the 
total electron density at a given lattice site i by a superposition of the free atomie densi
ties Pj of the remaining atoms j given by: 

Pi = L P J ( h - rjj) · ( 1) 
j-:ti 

In Eq.(l) it is also assumed that the atomie electron densities are spherical. The total 
energy takes the form: 

1 
E = ""F. (p .) +-"" <1> .. (R .. ) (2) 

tot ~ I I 2 ~. IJ IJ 
I I"# J 

In this formula Fi is the energy to embed an atom i into the surrounding electron 
density. The second term is a sumover the pair interactions descrihing the short range 
nuclear repulsion. The EAM is particularly appealing for studies of alloys because the 
embedding energy F is independent of the souree of the electron density. Therefore the 
same embedding energy can be used for an atom in an alloy that would be used in an 
pure metal. 

The embedding function is uniquely defined using the universa! sealing equa
tion of Roseet al. [10] which shows that the total energy of most of the metals can be 
found as a function of lattice constant by: 

(3) 

9 
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where a* is a measure of deviation from equilibrium, 

a* = (~ -1)/BQ (4) 
ao Esub 

The introduced bulk parameters are the equilibrium sublimation energy Esub' the bulk 
modulus B, the equilibrium lattice constant a0 and the equilibrium volume per atom n. 
Combining Eq. (2) and Eq. (3) the embedding function is 

1 
F (p) = ERose (a) - z<l>i (a) (5) 

To apply this method, the electron density and the pair repulsion should be 
determined. This can be done in two different ways: by theoretica! considerations or by 
fitting to experimental data. 

Table 1: Parameters defining the effective charges (Eq. (8)) and the atomie density (Eq. (6)) [11]. 

Cu Pd 

Zo 11 10 

a 1.7227 1.2950 

~ 0.1609 0.0595 

V 2 1 

ns 1.000 0.8478 

In this study the method developed by Foiles et al. is used [11]. The electron den
sities are computed from Hartree-Fock wave functions [12] by 

(6) 

with ns and nd are the number of outers and d electrons and psand pd are the densities 
associated with the s and d wave functions. The total number of s and d electrons, 
ns + nd, is fixed to be 10 for Pd and 11 for Cu. Thus the atomie density of each element 
depend on one parameter, n s • 

The pair interaction function is chosen as: 

ZA (R) Z8 (R) 
<I> (R) = R (7) 

where 

(8) 

The pair interaction term is purely repulsive. The value of Z0 is the total number of outer 
electrons of the atom, thus Z0 = 10 for Pd and Z0 = 11 for Cu. Taking v = 1 for Pd and 
v = 2 for Cu leads to a good representation of theelastic constants as found empirically. 

10 
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There still remain three adjustable parameters a, ~ and n s needed to determine 
the embedding energy. The values of a and ~ are primarily determined by the shear 
moduli of the pure metals and the vacancy-formation energy. The parameter ns will be 
determined so that the potential will give the proper heats of solution of the alloys. The 
parameters derived by Foiles et al. [11] to define the electron density and the pair interac
tions are given in Table 1. 
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- Figure 9- (a) The effective charge Z(R) used to define the pair interaction. (b) Electron 
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3.2. Monte Carlo simulation 

Monte Carlo simulation is a well established approach to model a wide variety 
of equilibrium thermadynamie phenomena at finite temperatures [14]. The underlying 
concept is that a system which is not in equilibrium is allowed to evolve towards equilib
rium through a serie of configurational changes. Monte Carlo stands for using a random 
number generator to decide whether or not such a configurational change will be 
accepted. 

3.2.1. Monte Carlo simulation technique 
In the Monte Carlo simulation a calculation is made of thermadynamie average of a cer
tain property. The thermadynamie average of a certain property A is given by 

f exp ( -PK (p)) dp JA (q) exp ( -PU (q)) dq 
(A) = , (9) 

J exp ( -PK (p)) dp J exp ( -P U ( q)) dq 

as an integral over momenturn (p) and configurational space (q) where P = I/kT. The 
momenturn and configurational space tagether is called the phase space. The basic idea 
of the Monte Carlo method is to calculate the phase space integral numerically. An inte
gral fJ(x) dx is approximated by a sum with a finite number of terms LJ(x) öx. Monte 
Carlo inlegration is used here because standard numerical inlegration routines take 
more calculation time before a reliable result is obtained. 

The Monte Carlo method introduced hereis the Metropolis method [15]. This is 
a sampling algoritm basedon the idea of 'importance sampling'. Here the phase points 
are selected according toa probability P(p,q). The integral is taken over a simulation cell 
constructed of atoms on perfect lattice points. During the simulation the simulation cell 
will be allowed to make configurational changes. There are three different kinds of con
figurational variations included in the simulation: 
i) An atom is chosenat random and the type of the atom will be changed with a certain 
probability. The desired bulk composition is obtained by adjusting the relative chemica! 
potentials of the elements in the bulk. In general, a prescribed set of chemica! potential 
differences will define the equilibrium composition of the system at a given temperature. 
ii) The position of the atoms may change in small displacements from their current posi
tion. This simulates atomie vibrations and relaxation effects between atoms of different 
elements. 
iii) The entire volume can be expanded or compressed. The volume of a crystal is 
changed by sealing simultaneous all the coordinates of all the atomie positions. This 
variation includes the thermal expansion effects. 

A change in contiguration is accepted or rejected depending on the thermady
namie probability of the occurrence. Repeating this procedure many times will usually 
lead to thermadynamie equilibrium. The transition probability can be calculated using 
statistkal mechanics. 

12 
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3.2.2. Statistica! Mechanics 

Transition probability 

The Hamiltonian of the simulation cell can be expressed as a sum of kinetic and potential 
energy functions of the set of coordinates ~ and momenta Pi of each atom i: 

H(p,q) = K(p) + U(q) (10) 

with kinetic energy: 

N 2 

K(p) = L~ 
2m. 

Î = 1 I 

(11) 

If N, the number of atoms in the simulation cell, is large enough the concept of a contin
uous density of phase points can be introduced. To do this, we define a function p (pv p,q 

P2, ... , P3N' qv ~,. .. , q3N; t) so that Pp, q (p, q; t)dp dq is the number of the phase points, at 
time t, in the element of volume dpv dp2, ... , dp3N, dqv d~, ... , dq3N of phase space. This 
density can be normalized in such a way that it becomes the probability density of the 
state (p, q). 

Using Liouville's theorem [16][17], for the probability density of the state (p,q) of 
a canonkal system (constant N, T, V) it can be found that: 

p p, q = C x exp ( -~H (p,q) ) 

Then the probability density can be described by: 

exp ( -~H (p,q)) 
Pp,q = Q 

with 

(12) 

(13) 

Q = Nlt !NJJexp(-~H(p,q))dpdq (14) 
·h 

where a constant h is introduced in order to make Q dimensionless. Q is called the parti-
tion function.The N! is included because of the indistinguishability of the particles, in 
accordance with the rule of 'correct Boltzmann counting'. 

Because the energy is expressible as a sum of kinetic and potential energy contri
butions the probability for a certain configuration is: 

_ exp(-~U(q))Jexp(-~K(p))dp _ 1 exp(-~U(q)) 
p q - Q - A3N Q (15) 

A being the thermal de Broglie wavelength 1 

A = ( 21l~:BT J (16) 
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For a system with a fixed pressure P instead of a fixed volume V, the so called 
isothermal-isobark ensemble, the probability density is proportional to 

p v- exp ( -~ (H (p,q) + PV)) . p,q, (17) 

In this case in the partition function is also a sumover V is included. 
Another system that will be considered is one with a variabie number of parti

cles. In this case the chemkal potential Jl will be kept fixed. The probability density of 
this ensemble, the grand-caneonkal ensemble, will be proportional to 

Pp, q, N-exp(-~(H(p,q) -JlN)). (18) 

In the partition function of this ensemble a sumoverNis included. 

In the simulations a thermadynamie system is used whkh is a lattice with N1 
atoms of component 1 and N2 atoms of component 2. N1 and N2 are variabie but the 
total number of atoms N=N1+N2 is fixed . The other fixed parameters are temperature 
(T), pressure (P) and the chemkal potentials Jl1, Jl2 of the two partiele types. In a Monte 
Carlo simulation this system is allowed to make two different configurational changes. 
Configurational changes with constant Jl1, Jl2, V and T, described by the grand-canoni
cal ensemble and configurational changes with constant N, Tand P, described by an iso
thermal-isobark ensemble. 

In the configurational change with constant Jl 1, Jl2, V and T, an atom is chosen 
at randomandit is displaced by a certain amount, less or equal to 0.1 nm. The type of 
this atom will be changed with a certain probability1. With the statistkal mechanks the 
transition probability for this Monte Carlo step is calculated. The probability that the 
ensemble will have the parameters of the system before a change is made is: 

1 exp (~ (JllNl + Jl2N2)) exp (-~Einitial) 
P initia[ = N

1 
N

2 
Q (19) 

Al A2 11,112 VT 

with N 2 = N- N 1 • The probability that the ensemble will have the parameters of the sys
tem after the change is made is 

1 exp (~ (Jl1 (N1 + 1) + Jl2 (N2 -1))) exp (-~Efinal) 
Pfinal = N

1 
+ 1 N

2
-l Q (20) 

A 1 A
2 

11 1112 VT 

Therefore the probability that the system will change is 

1. There are four possible interchanges of atomie types. They are as follow for the CuPd aHoy: (a) Pd for Cu; 
(b) Cu for Pd; (c) Pd for Pd; (d) Cu for Cu. Replacements (c) and (d) do notproduce a change in Iocal com
positions; they may, however, result in displacements . 

14 



Theory and simulation techniques 

(21) 

with ÓJ.l = Jll - Jl2 and óE = Efinal- Einitiat· 

In the other configurational change the volume of the simulation is changed. The 
pressure P, the number of particles N and the temperature T will be kept constant during 
this process. The probability of this ensemble can be given by 

• .N . . . 
1 

exp (-APV . .. 1) exp (-AE. .. 1) V mltw 1-' mltla 1-' tnttw 
P initial = N

1 
N

2 
Q 

Al A2 ~T 

(22) 

In the probability of this system an extra factor vN has to be included because Monte 
Carlo simulation is integrating over a unit cell while the integral has to be calculated 
over the volume V. The probability density of the system after the Monte Carlo step is 
given by 

VVfinat exp C-PPVfinat) exp ( -PEfinat) 

Pfinal = N
1 

N
2 

Q 
Al A2 NpT 

(23) 

Therefore the probability of transition is 

Pfinal _ ( Vfinal JN A ( V ) ) ( A (E E ) ) 
-- - V exp ( -pP Vfinal- initial exp -..... final- initial 
P initial initial 

(24) 

Chemica! Potential 

The chemical potentialis used in the simulations to control the composition of the alloy. 
The chemical potentials measure how the Gibbs free energy of a phase depends on any 
changes in its composition. In random alloys the chemical potential difference between 
the elements is found by adjusting the chemical potential difference until the desired 
bulk composition is obtained. In case of an ordered alloy the chemical potential has to be 
calculated exactly. In Cu3Pd this can be done easily because all the Cu atoms have the 
same neighbor atoms and all Pd atoms have the same neighbor atoms. We follow the 
method of Foiles et al. [18]. 

Consider a system with N lattice sites that are divided into two sublattices, one 
with A atoms and the other one with atoms of type B. In the A3B alloy there will be three 
A sites for each B site. Each site will be occupied by a type A atom or a type B atom. For 
the energy per atom of this system we can write: 

(25) 

where E0 is the energy of the ideallattice, nAB is the number of B atoms on an A lattice 
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site and EAB is the energy difference between a lattice with one A lattice site occupied by 
a B atom and the ideallattice. The configurational entropy per atom of the system is 

s 3 (4 ) 1 N = 4s 3nAB + 4s ( 4nBA) 

with the entropy s given by 

s (x) = -kB [x In (x) + (1 - x) In (1 - x) ] 

The total number of type A atoms will be 

NA = N( ~ + n BA - n AB) 

and the number of type B atoms 

NB= ~l +nAB-nBA) 

(26) 

(27) 

(28) 

(29) 

Minimization of the grand potential E-TS- ~).tiNi gives for the number of B atoms on 
the A la ttice 

3 
nAB = 4 

1 + exp 

and for the A atoms on the B lattice 

1 
exp( 

nBA = 4 (EBA+ JlB- !lA) 
1 + exp k 

(30) 

(31) 

BT '/ 
In an ideal composition the number of B 'atoms on the A lattice will be equal to the num-
ber of A atoms on the B lattice (nAs=nsA). Taking the zero temperature limit gives: 

(EBA -EAB) 
J.LA-J.LB = 2 (32) 

With the Gibbs free energy equation 

G = H- TS = U+ P V- TS (33) 

and the relation between the Gibbs free energy and the chemica! potential 

(34) 
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we find for zero pressure 

(35) 

One of the chemica! potentials can be eliminated by combining Eq. (32) and Eq. (35). In 
the zero temperature limit this gives 

Eo (EBA-EAB) 
Jl A = N + g (36) 

3.3. Molecular dynamics simulation 

The Molecular dynamics simulation discussed here will be used to describe the interac
tion process between a partiele with a certain kinetic energy and a sample. Molecular 
dynamics treats a group of atoms as classical particles. The interaction between the 
atoms is described by a potential energy function. From this function, the forces on the 
atoms are calculated, which in turn gives the positions and velocity by solving the New
ton's equation of motion. The potential functions used here are the embedded atom 
potentials. To incorporate more repulsive interactions at small intemuclear separations, 
the potentials are splined toa Moliere potential with a screeninglengthof 0.83 times the 
Firsov value [19]. 
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4. RESULTS 

With the methods discussed in chapter 3 the bulk and the surface structure of a Cu3Pd 
and where possible fora Cu85Pd15 crystal are calculated using the EAM potentials. The 
Cu3Pd structure is used here instead of a Cu85Pd15 because some parameters like for 
instanee the chemical potential can only be calculated for perfectly ordered structures, 
where all the chemical identical atoms have the same neighbor atoms. Because the 
Cu85Pd15 as well as the Cu3Pd structure show Cu3Au order, the results of the 
Cu85Pd15(110) (2 x 1) experiments by Bergmans et al. [4][5] will be compared to the 
results of the Cu3Pd (110) surface simulations. The potential functions were taken from 
Foiles et al. [11]. They constructed a set of potentials for Cu, Ag, Au, Ni, Pd, Pt, and their 
alloys. 

The surface energies for a Cu, a Pd and a Cu3Pd crystal is calculated at a temper
ature of OK using the EAM potentials. The values will be compared to values known 
from literature. Monte Carlo simulations are performed to describe the properties of the 
surface at finite temperatures. Molecular dynamics simulations are carried out to simu
late the TOF-SARS experiments and to assign the peaks in the TOF-SARS spectrum. 

4.1. Free energy calculation of the bulk structure 

Fora temperature of T=OK the Gibbs free energy of the Cu3Pd and the Cu85Pd15 crystal 
bulk is calculated. The Gibbs free energy is calculated using Eq. (33) for a crystal with 
864 atoms. The crystal structure in thermodynamic equilibrium has the lowest Gibbs free 
energy possible for the composition. 

The Gibbs free energy of the ordered Cu3Pd crystal is G = -3.71235eV /atom. The 
disordered crystal consistsof randomly distributed Cu and Pd atoms on a perfect f.c.c . 
lattice. The average Gibbs free energy of ten configurations of the disordered Cu3Pd 
crystal is G = -3.675±0.001 eV /atom. The ordered Cu3Pd structure has the lowest Gibbs 
free energy at a temperature of T-OK and will therefore be the equilibrium structure. 

For the composition Cu85Pd15 the ordered crystal is a perfectly ordered Cu3Pd
crystal with randomly Pd atoms interchanged for Cu atoms to obtain the correct compo
sition. The average Gibbs free energy of ten ordered crystal configurations is G = -
3.63729 ±0.00002 eV /atom. An average value has to be calculated because the Cu85Pd15 
crystal still shows a certain amount of disorder. The disordered Cu85Pd15 crystal has a 
f.c.c. lattice with a random distribution of Cu and Pd atoms. The average Gibbs free 
energy of ten disordered Cu85Pd15 crystal configurations is G = -3.623±0.001 eV I atom. 
The ordered Cu85Pd15 structure has the lowest Gibbs free energy and is therefore the 
equilibrium structure at a temperature of T-OK. 

The Gibbs free energy can be calculated as a function of the temperature in the 
harmonie approximation. In the harmonie approximation, a quadratic expansion is 
made about the equilibrium positions. The vibrational modes and frequencies of the lat-
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- Figure 10 - Gibbs free energy as function of the temperature of a Cu3Pd crystal. 
The dasbed line is the Gibbs free energy of the ordered Cu3Pd crystal. The solid 

line is the average Gibbs free energy of the disordered crystal. 

tice are computed by diagonalizing the dynamica! matrix as described in references [20] 
and [21] and the Gibbs free energy is computed as a sumover the vibrational modes. The 
Gibbs free energy of a random configuration includes also a configurational entropy 
term. 

The Gibbs free energy for an ordered and a disordered Cu3Pd crystal of 32 atoms 
is calculated and plotted as a function of temperature in fig. 10. The dashed line in the 
figure is the Gibbs free energy of the ordered Cu3Pd crystal. The solid line is the average 
Gibbs free energy of ten disordered crystal configurations. The two lines cross at a tem
perature of T -700K. Below a temperature of T -700K the ordered Cu3Pd structure will be 
the equilibrium structure. Above a temperature of T -700K the disordered Cu3Pd stroc
ture will be the equilibrium structure. 

The order-disorder transition temperature is very sensitive for a shift in the 
Gibbs free energy curves, as can be observed in fig. 10. Therefore, we would expect the 
transition temperature to be sensitive to the size of the unit cell. 

4.2. Investigation of the bulk structure by Monte Carlo simulation 

To investigate the influence of the temperature on the structure of the crystals accurately, 
Monte Carlo simulations have been done. In the Monte Carlo simulations the initia! sim
ulation cell contains 864 atoms on ideal lattice positions. Three dimensional periadie 
boundary conditions are employed to minimize size effects. In the bulk simulations the 
first configurational step as described in paragraph 3.2.1. is different. The number of 
atoms of each element is fixed during the simulation. Insteadof taking one atom at ran
dom two atoms will be chosen and exchanged. The transition probability for this transi
tion is 

P (i-? j) = Pt = exp ( -~LlE) (37) 
pi 

The advantage of this method is that there is noneed to know the chemica! potential dif-
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ference of the two elements. The volume is changed after approximately all the atoms of 
the simulation cell have undergone one Monte Carlo step. The transition probability for 
this step is given by Eq. (24) on page 15. 

Whether or not a equilibrium state is achieved is judged by monitoring the evo
lution of different physical parameters as a function of the number of the Monte Carlo 
steps. In the case that the simulation cell has an ordered structure, this physical parame
ter will be the structure factor. In other cases the parameter will be the volume or the 
energy of the simulation cell. 

The lattice constant as function of the composition is calculated. The initial simu
lation cell is a perfect fee lattice with a random distribution of Cu and Pd atoms over the 
lattice sites, a disordered lattice. Because the lattice constant of the randomstatesis equal 
to the lattice constant of the ordered states at the same composition [7], the lattice param
eter can be compared directly to literature. In case of a 100% Cu or a 100% Pd crystal the 
lattice parameter calculated in the simulation matches perfectly with the values in litera
ture. This is obvious because the potential functions are fitted tothese parameters. Good 
agreement is obtained between the lattice parameters in literature and the lattice param
eters calculated for the alloy as shown in fig. 11. 
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• Figure 11 • Lattice spacing as function of the atomie percentage of 
palladium in a CuPd alloy. The dasbed line show simulation results, 

the crosses show the literature valnes [7]. 

In the literature it is reported that the Cu85Pd15 and the Cu3Pd crystal will be 
ordered below a certain temperature Torder . This order temperature is 770K for the 
Cu85Pd15-crystal and 730K for the Cu3Pd-crystal. To evaluate the ordering as a function 
of temperature in the simulation we calculate the structure factor, which will be used 
here as an order parameter. The structure factor is defined by 

Sk ; ~(~~ exp( (i) ( k k,) )[\ (38) 

where the sum is over the Cu and Pd atoms, kis the wave vector in redprocal space, Ri 
is the position of atom i and the angular brackets denote an average over the configura
tions generated in the simulations. The Cu3Au structure will show peaks for k = (1,0,0), 
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(1,1,0), (2,1,0) and (2,1,1) in the structure factor [22]. These peaks will disappear in the 
disordered state. 

4.2.1. Cu3Pd 
The initial simulation cellof the Cu3Pd crystal is a perfect stoichiometrie Cu3Pd lattice. It 
is not possible tostart with a disordered alloy because the simulation will not evolve to 
the stoichiometrie Cu3Pd structure. The simulation will probably be stuck in a local min
imum before the ordered equilibrium is reached. Calculating the structure factor as func
tion of temperature results in an order temperature of -250K for the Cu3Pd-crystal as 
shown in fig. 12. The structure factor shows a small decrease between OK and - 200K. 
This reduction is the result of the increasing temperature because the atoms will get 
small displacements from their initial position for increasing temperatures. Between the 
200-280K temperature trajectory the amount of order decreases resulting in a completely 
disordered bulk at temperatures above 280K. 
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- Figure 12 - Structure factor with k = (110) as function of temperature. The simulated 
crystal is Cu3Pd. For the simulation at the transition temperature 3 millions MC steps 

have been carried out before the structure factor converged. 

4.2.2. Cu85Pd15 
The initial simulation cell for the Cu85Pd15 simulation is a perfectly ordered Cu3Pd-crys
tal with randomly Pd atoms interchanged for Cu atoms to obtain the necessary composi
tion. It is not possible to start with a purely disordered alloy with 15% palladium and 
85% copper because the simulation will not converge to an ordered alloy as before. The 
results of the simulation are shown in fig. 13. Above a temperature of 200K the stoichio
metrie structure is disappeared. The crystal will be completely random. For a tempera-

6 7 ture of lOOK the crystal shows a structure factor of -3 x 10 after 10 Monte Carlo steps. 
Consiclering the monotonic decrease of the structure factor in time we can conclude that 
the order in the crystal at a temperature of lOOK may disappear as well. For tempera
tures below lOOK the monotonic decrease of the structure factor in time is smaller, but 
still existent. From the Gibbs free energy calculation at T-OK in paragraph 4.1 can be 
concluded that the crystal shows order at this temperature which implies that there is an 
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order-disorder transition temperature. The simulations are too much time consuming to 
obtain the exact order-disorder transition temperature. 

(a) Structure factor as a function of temperature (b) Structure factor as a function of the number 
of Monte Carlo steps. 
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- Figure 13 - The k =(110) structure factor in case of Cu85Pd15 crystal simulations 

4.3. Surface energy calculation of the crystal surfaces 

The surface energy of the Cu3Pd crystal is calculated at a temperature of T-OK. A cut 
along the (110) direction will offer two possibilities of surface terminations. A surface 
with 100% Cu in the outermost layer and a ordered mix of Cu and Pd in the second layer. 
This surface termination is shown in fig. 14a. The other possibility is a Cu50Pd50 termi
nated surface with 100% Cu in the second layer as shown in fig. 14b. 

(a) Cu terminated Cu3Pd surface (b) CusoPdso terminated Cu3Pd surface 

- Figure 14 - Initial surfaces of the Cu3Pd simulation cell. The dark 
atoms are palladium atoms. The other atoms are copper atoms. 
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If Jlcu and Jlpd are the Cu and Pd chemica! potentials, respectively, the surface 
energy per unit area y is calculated with the relation [23] 

(39) 

HereEis the energy of the slab (which contains ncu copper and nPd palladium atoms) 
and A is the total surface area. The surface energy is calculated using a slab of 25layers 
consisting of 16 atoms each. In order to perform the surface energy calculation of pure 
copper and pure palladium the chemica! potentials of pure Cu and pure Pd have to be 
known. The chemica! potential of pure materialscan be calculated by dividing the bulk 
free energy by the total number of atoms. The chemica! potential for pure Cu is 
Jlcu = -3.540eV and for pure Pd Jlpd = -3.910eV. With Eq. (32) and Eq. (36) the chemi
ca! potentials of Cu and Pd are calculated for the Cu3Pd structure at a temperature of 0 
K. In the Cu3Pd crystal the chemica! potential of copper is J..lcu = -3.565e V and palla
dium gives J..lpct = -4.155eV. The surface energy of the different surface terminations is 
shown in table 2. The surface energy is calculated fora surface with the atoms on ideal 

Table 2: Surface energy of Cu, Pd and two Cu3Pd surfaces. 

Bulk structure Surface structure Yinitial (11m
2

) Yrelax (11m
2

) Yur (11m2
) [24] 

Copper (fee) Cu [110] 1.42 1.41 1.85 
Palladium (fee) Pd [110] 1.56 1.48 2.10 
Cu3Pd Cu100 [110] 1.47 1.41 
Cu3Pd Cu50Pd50 [ 11 0] 1.41 1.36 

lattice positions ( Yinitial) and for a surface where the atoms in the outermost two layers 
were free to relax ( Yrelax ) . The surface energy of the Cu and the Pd crystal can be com
pared to the experimental values reported in literature (Yur) [24]. The Cu50Pd50 termi
nated surface has the lowest surface energy, and is therefore the preferred structure of 
the Cu3Pd crystal. 

4.4. Investigation of the crystal surfaces by Monte Carlo simulation 

The properties of the Cu3Pd surface for higher temperatures are simulated with Monte 
Carlo simulations. The initia! simulation cell for the surface simulations is a perfect 
ordered Cu3Pd-crystal and contains 3360 atoms. The number of layers in the simulation 
cellis 24 and each layer contains 140 atoms. The initia! cell has two (110) surfaces, one 
100% Cu terminated surface with a Cu50Pd50 composition in the second layer (fig. 14a) 
and a Cu50Pd50 terminated surface with 100% Cu in the second layer (fig. 14b). Periodic 
boundaries in the directions parallel to these surfaces are applied in order to minimize 
size effects. 

24 



Results 

In the surface simulations the chemica! potential difference between the two ele
ments is used to control the composition. Using the chemica! potential, the grand-canon
kal approach, is similar with connecting the simulation cell to an infinite Cu3Pd 
reservoir. With Eq. (32) and Eq. (36) the chemical potential of Cu is found to be 
Jlcu = -3.565eV and the chemica! potential of palladium gives Jlpd = -4.155eV in the 
Cu3Pd bulk at a temperature of 0 K. 
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- Figure 15 - Palladium concentration in surface layers as function of the temperature (K). 
Diamonds: at.% Pd in outermost layer and triangles: at.% Pd in the secoud layer. 

The simulation is in equilibrium after 4 million steps. The outermost layer of the 
surface with initially the 100% Cu terminated surface is enriched with Pd until a Pd con
centration of 50 at.% is obtained. The second layer of this contiguration will be enriched 
with copper. After 4 million Monte Carlo steps the capper concentration in the second 
layer will be -100%. 

The surface with initially a Cu50Pd50 structure (fig. 14b) is more stabie during the 
simulation. Below a temperature of -240K the surface will keep the same composition. 
In fig. 15 the composition of the first and the second layer of the initially Cu50Pd50 termi
nated surface is plotted as a function of the temperature. Initially the outermost layer 
consistsof 50 at.% Cu and 50at.% Pd. This composition holds on in the calculated tem
perature range. The second layer of this contiguration consistsof 100% Cu atoms ini
tially. Above a temperature of -240K the second layer gets a small enrichment of 
palladium atoms in equilibrium. 

The structure factor of the Cu50Pd50 terminated surface is calculated with Eq. 
(38). The sum in this equation is over the palladium atoms. The structure factor is plotted 
as function of k in fig. 16 for a temperature of OK, 220K and 400K. Increasing the temper
ature results in a decrease of the ( o, ~Jï. o), ( 1, ~J2. o) and the ( 2, ~Jï. o )peak in the spec
trum. Those peaks show the (2 x 1) ordering of the Cu50Pd50 terminated (110) surface. 
The intensity of the ( o, ~Jï. o) peak is given as function of the temperature in fig. 16. The 
intensity of the peak gets smaller in the temperature trajectory 200-260K. Above a tem
perature of -260K the·order has disappeared. 
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- Figure 16 - The structure factor, S(k), as defined in Eq. (39) computed for the (110) 
surface. The peaks in (c) show order in Iaftice pos~ions. Cooling downtoa tempera

ture ofO K peaks appear (a). In (d) the k=l 0, ~Jï. 0 j peak is shown as function oftem
perature. The kx and ky vector are in units of (27t/a) with a the lattice parameter. 
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4.5. Simulations of the TOF-SARS experiments 

Molecular dynamics simulations are performed of the TOF-SARS experiments on 
Cu85Pd15(110) and Cu(110) surfaces. The TOF-SARS spectrum of Cu85Pd 15 (110) with the 
original assignments of the peaks is shown in fig. 8a on page 7. The aim of the simula
tions is to assign the different peaks in the TOF-SARS spectra toscattering or recoil pro
cesses. In order to do so, MD simulations have been carried out of the bombardment 
with 1.5 keV Ar+ ions on Cu terminated and Cu5oPd50 terminated Cu3Pd surfaces. Also 
simulations have been carried out on a Cu(110) surface with different angles of inci
dence. 

In the simulations, a non-reconstructed (110) surface of a fee microcrystallite that 
consists of 4 layers of 24 atoms per layer is used. Periodic boundary conditions parallel 
to the surface are applied in order to minimize boundary effects. The size of the microc
rystallite is sufficiently large to prevent interference due to the periodic boundary condi
tions and its finite size parallel to the surface. The bottorn layer atoms are coupled to 
their initia! positions with an harmonie force. The value of the force constant is 155 Nm-1• 

For each case, a set of trajectodes is developed by uniform sampling of a repre
sentative area reflecting the underlying symmetry of the surface. With every new trajec
tory, a fresh surface is bombarded with the projectile. The simulations produce 
quantitative, time-resolved information of the motion of all atoms in the crystallite and 
are continued for the time that a scattered ion or recoil atom needed to escape from the 
surface. Statistkal information is obtained on the veloeities of the scattered ions and 
recoil atoms. 

4.5.1. Cu3Pd(110) 
The first simulations are carried out in order todetermine the possibility to discriminate 
between a Cu terminated and Cu50Pd50 terminated surface of a Cu3Pd(110) crystal with 
the TOF-SARS technique. Cu3Pd has been chosen in favor of Cu85Pd15 as the latter cannot 
have perfect ordered surfaces due to the lack of stoichiometry. 

The angle of incidence is 17.5° with respect to the surface plane, the azimuthal 
angle is along the [-114] direction of the (110) surface. In fig. 17 the results are shown of 
the simulations for the two different terminations of the (110) surface. The flight times 
are displayed with an offset in the time scale so to obtain a good match with the experi
ments for peaks at small flight times (which are due to scattered Ar+ ions). From the sim
ulations it can be observed that the main difference between the two figures is the 
contribution of Pd at large flight times. Unfortunately, detection at large flight times 
appears to be impossible with the current experimental set up. From the simulations it is 
observed that the peak at the smallest flight times corresponds to multiple scattering of 
the Ar+ ions on Cu and/ or Pd atoms. The peak at t-12J..Ls is due to Cu recoil atoms and 
the peak at t-19J..Ls is due to Pd recoil atoms. 

The large experimental peak at t-9J..Ls is not observed in the simulations. 
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(a) Cu tenninated Cu3Pd surface (b) Cu5oPdso tenninated Cu3Pd surface 
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- Figure 17 - Simulated TOF -SARS experiment of a Cu3Pd(110)(2x1) surface. Diamonds: Ar, 
triangles: Cu and squares Pd. A diamond at beta=17.4° and flighttime=7J.LS represents a scat
tered Ar ion with exit angle 17.4° with respect to the surface plane, that had a time-of-flight of 

7J.LS. 

4.5.2. Cu(llO) 

In order to check the computer simulations on its ability to obtain agreement with exper
imental data, experiments and simulations are carried out with a single crystalline 
Cu(110) surface. This surface is known to have a non-reconstructed (110) surface and is 
well suited for the comparison of experiments and simulations. 

In both the experiments and simulations the angle of incidence is 17.5° with 
respect to the surface plane. Two cases are investigated: one with the azimuthal angle 
along the [-114] direction of the (110) surface and the second with a 6 degrees offset from 
the [-114] direction towards the [001] direction. 

(a) [ -114] direction (b) [-114] + 6° direction 
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- Figure 18 - Simulated TOF -SARS experiment. Diamonds: Ar and triangles: Cu. 
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Results 

The experimental TOF-SARS spectrum of the first case is very similar to the 
experimental spectrum of Cu85Pd15(110) and shows a considerable peak originating 
from Cu recoils. However, a peak at t-9J..Ls is not observed in the spectrum. In the second 
case, with the 6 degrees offset from the [-114] direction towards the [001] direction, the 
amount of Cu recoils has become very small. In de TOF-SARS spectrum a peak appears 
at t- 9J..Ls that is larger than the Cu recoil peak. 

The simulation data are shown in fig. 17. lt is clearly demonstrated that also in 
the simulations a large peak appears at t-9J..LS. lt is now possible to investigate the origin 
of this peak. In fig. 19 one of the trajectodes is visualized of an Ar+ ion that contributes to 
the peak at t- 9J..Ls. When the azimuthal angle is such that an surface atom can be hit at 
the side, the ion will continue its trajectory horizontally until it is scattered from a next 
atom and finally escapes from the surface towards the detector. When the azimuthal 
angle is along the [-114] direction, the shadow cones of other atoms prevent this process 
from taking place. 

The way to obtain the t- 9 J..LS peak is to hit the surface atoms low enough to 
make the trajectory possible visualized in fig. 19. The t- 9 J..LS peak in the Cu85Pd15 TOP
SARS spectrum can not be caused by an 6 degrees offset from the [-114] direction 
because in that case the Cu recoil-peak will become very small. The recoil peak in the 
TOF-SARS experiments is a maximum as can been seen in fig. 8a on page 7. 

The shadow cone which prevents the Ar+ ion from hitting the surface atom at 
the side is caused by another surface atom. Removing this atom will result in a possibil
ity fora scattering process that contributes to the peak at t- 9 J..LS. The condusion is that 
the surface must have a missing row structure, a high step density or a lot of vacancies. 
A missing row construction was ruled out because of the TOF-SARS spectrum as 
explained in paragraph 2.2. on page 8. Therefore we investigate the properties of a sur
face containing vacancies. 
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(a) 

[-114] 

(b) 

(c) 

- Figure 19 - Trajeetory of a scattered Ar+ ion that bas a flight time of approximately 9jlS. The 
large spheres are Cu atoms, the small sphere is the Ar+. 
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Results 

4.6. Behavior of vacancies in the surface 

Monte Carlo simulations are performed to investigate the behavior of vacancies in the 
(110) surface. The simulation method is similar with the method used in the surface sim
ulations in paragraph 4.4. The composition of the alloy is controlled with the chemica! 
potentials of the elements. The simulation cell contains 4608 atoms. The number of layers 
is 24 and each layer consistsof 192 atoms. The vacancies are treated like atoms which 
have no interaction withother atoms. Because the number of vacancies has to be fixed, 
another procedure for the configurational changes of the simulation cellis followed. An 
atom is chosenat random in a Monte Carlo step. If this atom is a Cu or Pd atom the pro
cedure as described in paragraph 3.2.1. on page 12 is followed. In the case that a vacancy 
'atom' is chosen, a second surface 'atom' (Cu or Pd atom or a vacancy) will be chosenat 
random and the two 'atoms' will be exchanged. 

The first simulation is carried out in order to investigate the general behavior of 
the vacancies. Initially one surface termination consists of 100% copper atoms. Half of 
the surface atoms is exchanged with vacancy atoms. The vacancies are distributed uni
formly over the surface. The other surface has a Cu50Pd50 composition. Half of the Cu 
atoms and half of the Pd atoms are exchanged for vacancies. The number of vacancies is 
50% because we want to allow the surface to form a missing row construction. 

(a) Simulation after 25 million MC steps. (b) Simulation after 50 million MC steps. 

- Figure 20 - A Monte Carlo simulation to simulate the behavior of vacancies in the surface. 
The initia) surface contains 50 at. %vacancies equally distributed over the surface. The 

shaded part corresponds to the final vacancy distribution. 

After 25 million MC simulation steps at a temperature of 200K the configuration 
is like fig. 20 . The general trend is missing row and island forming on the surface. Con
tinuing the simulation for another 25 million Monte Carlo steps does not change the 
structure much. The composition shows a small change. The rows which form the miss
ing row constructions are strongly enriched with copper. The islands on the surface seem 
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to have a Cu50Pd50 composition. From the island formation can be concluded that there 
will be no individual vacancies in the surface because the vacancies will diffuse to the 
steps. 

4.6.1. Missing row structure 
The missing row structure is investigated using a simulation cell with two surfaces. One 
surface is a 100% Cu surface where half of the rows are removed to construct the missing 
row structure. The outermost layer of this surface will notshow any changes in structure 
and just a small change in composition during the simulation. The second layer of this 
surface, which initially contained 50 at.% palladium and 50 at.% copper atoms will have 
a small enrichment in palladium in equilibrium. The second layer consists - 65 at.% Pd 
at a temperature of 200K. 

· Figure 21 - The initial cell of this simulation bas a [110] Cu3Pd missing row surface with 100% Cu in the out
ermost layer. This is the configuration after 25 million MC steps at a tempersture of 200K. The shaded part 
correspond to the missing rows. The dark atoms are the palladium atoms The other atoms are copper atoms. 

The other simulated surface was a Cu50Pd50 surface initially. Half of the rows 
was removed again to construct a missing row structure. The structure is stabie during 
the simulation. In equilibrium the rows on the surface will be enriched with copper and 
the final composition of the second layer will be -65 at.% Pd and -35 at.% Cu. 

The surface energy of missing row surfaces is calculated. At a temperature of 0 K 
the surface energy of the Cu terminated missing row surface is Yinitial =1.42 J /m2. In case 
the atoms in the outermost layers were free to relax the surface energy is Yrelax = 1.36 J I 
m2

. The Cu50Pd50 terminated missing row surface gives an surface energy of Yinitial =1.47 
J/m2 and after relaxation Yrelax=l.42 J/m2. The missing row reconstructed 100% Cu ter
minated surface and the unreconstructed Cu50Pd50 terminated surface have the same 
surface energy. 

32 



Results 

4.6.2. Stepped surface 
The existence of the t- 9 ~s peak mayalso be explained with a stepped surface or an 
island structure on the surface. The Ar+ ionsin the TOF-SARS experimentscan hit the 
atoms on the step without being disturbed by the shadow cones of other atoms. Monte 
Carlo simulations have been performed to investigate the stability of the step. Initially 
one surface of the simulation cellis constructed of 100% copper atoms. In order to create 
a step on the surface, half of the atoms is exchanged for vacancy 'atoms'. The result is a 
surface with half of the outermost layer Cu50Pd50 and half of the surface consisting of 
100% Cu. The other surface is a Cu50Pd50 surface initially. Half of the atoms is exchanged 
with vacancies as well. 

(a) Initially the shaded part was 
Cu5oPd50 and the other part 100% Cu 

(b) Initially the shaded part was 
100% Cu and the other part CusoPdso 

• Figure 22 • Simulation of surface with one step at a temperature of 200 K. The bulk structure is 
Cu3Pd. The dark atoms are the palladium atoms The other atoms are copper atoms. 

In equilibrium the surface parts with 100% copper initially are enriched with Pd 
until a composition with -50 at.% Pd is reached. The Cu50Pd50 partsof the surface will 
keep the same structure. The second layer will be enriched with copper. The surface con
figurations after 25 million simulation steps are shown in fig. 22. Surface energy calcula
tion at a temperature of T - OK is not possible in this case because the underlying 
structure is unknown. 

The composition of the step edge was investigated as function of the tempera
ture. The row atoms at the step edge has a small enrichment of copper. The row consists 
of -55 at.% Cu and -45 at.% Pd. The row just beneath this step edge has the same com
position astherest of the surface, which means -50 at.% Cu and -50 at.% Pd. The com
position of the step edge on the surface is not temperature dependent at temperatures 
between 100 K and 400 K. 
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Condusion 

5. CONCLUSION 

The outermost layer of the Cu3Pd(110) surface has a Cu50Pd50 composition at a tempera
ture of T=OK. The second layer consistsof 100% Cu. The calculated surface energy of the 
CusoPd50 terminated surface is y= 1.36 J /m2. 

The Monte Carlo simulations of the Cu3Pd(110) crystal surface show the same 
terminatien for low temperatures. The Cu50Pd50 layer is ordered. The order-disorder 
transition temperature of the Cu50Pd50 terminated surface is T -220K. The surface order
disorder transition temperature is lower than the bulk order-disorder transition temper
ature because the atoms in the surface are less bounded than the bulk atoms. Therefore 
the surface atoms will be less restricted to move. Above the order-disorder temperature 
the second layer of the Cu50Pd50 terminated surface shows a small enrichment in Pd of 
-10at.%. The Cu50Pd50 terminated surface can not be ruled out by the TOF-SARS experi
ments. The detector is not able to measure the Pd recoil atoms, because of their low 
kinetic energy. The EARISS experiments are in contradietien with the simulations 
because those experiments show -llat.% Pd in the outermost layer and -40at.% Pd in 
the second layer. 

A peak which was not mentioned in the TOF-SARS spectrum can be assigned to 
aresult of an scattering processlow in the surface. This is only possible in case vacancies 
are existent in the surface. 

Monte Carlo simulations which allow vacancies in the surface show that the 
vacancies will group. The resulting configurations are a missing row reconstructed sur
face or a stepped surface. The outermost layer of the missing row reconstructed surface 
contains 100% Cu atoms. The surface energy of this structure is y=1.36J /m2 at a temper
ature of T-OK. The missing row reconstruction is ruled out because this structure is in 
contradietien with the TOF-SARS experiments. The stepped surface is also a stabie con
figuration with a Cu50Pd50 terminated surface. The step density has to be very high to 
cause a large peak at t-9J..Ls. 

It can be concluded that using the EAM potentials the surface will be a missing 
row reconstructed surface with 100% Cu in the outermost layer or a Cu50Pd50 stepped 
surface with a high step density. Both configurations are in poor agreement with the 
experimental results. Despite the good agreement between literature and calculations for 
the bulk situation a good agreement of the surface properties is not obtained with this 
method. Therefore care mustbetaken in the interpretation of the simulation results. 

This work strongly suggests that the number of defects in the 
Cu85Pd15(110) (2 x 1) surface is very large. The structure of the surface has to be investi
gated further for example by SPA-LEEDor STM. The crystal used in the experiments by 
Bergmans may have a large miscut. The large number of defectsin the surface can also 
be aresult of the anneal temperature. In case that the anneal temperature in the experi
ments is too low, islands can appear on the surface. 
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It can be very useful to increase the sensitivity of the TOF-SARS detector for 
larger flight times because the kinetic energy of the recoils of the Pd element is too low to 
be detectable with this setup. This problem can simply be solved by increasing the 
kinetic energy of the ionsin the experiments. 

Another suggestion for further investigation is the calculation of the ratio 
between the number of Cu recoil atoms and the number of Ar+ scattered ions in the 
t~9~s peak in the TOF-SARS spectra. The result of this calculation is probably a value 
which represents the number of steps on the surface. If this is true, the TOF-SARS can be 
used as a sensitive technique to measure the step density and the step composition on 
surfaces. 
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Appendix A: Embedded Atom Method potential functions tor Al-Cu Alloys 

A.1. Introduetion 
Since interconnects make up a large fraction of the area of an IC, reducing the average 
interconneet widths allows use of a greater number of devicesper unit of circuit area. 
Increasing the number of devicesper unit of circuit area, and therefore a reduction of the 
transmission distances, leads to an increase of the achievable speed of operation of the 
IC. Unfortunately, the ability to implement these designs is currently limited by reliabil
ity concerns, due primarily to electromigration. 

Electromigration is electronk current induced atomie diffusion. Because of the 
smaller dimensions of the interconnects, the current density in the conductor increases. 
At current densities as high as those used in integrated circuits ( -4 x 10

5 
A/ cm2) there is 

enough transfer of momenturn from the electrons to the atoms of the conductor to cause 
a biased atomie self-diffusion in the direction of the electron transport. The result is a net 
flux of atoms in the direction of the electron flow and a net flux of the vacancies in the 
opposite direction. The diffusion of the conductor atoms can lead to voids in the inter
connects. The growth and coalescence of voids can eventually lead to open circuit fail
ure. 

The problem of diffusion of conductor atoms is minimized by the addition of 
small amounts of copper (-1 at.%) to the aluminum. However, there is no clear under
standing of the role of the Cu atoms in the Al interconnects. Therefore theoretica! work 
needs to be done to investigate the Cu behavior in the Al, especially grain-boundary seg
regation of Cu in Al because the interconnects consists of Al grains. In this investigation 
Monte Carlo and Molecular Dynamics simulations will play a crudal role. These simula
tions make use of interatomie potentials. A set of embedded a torn method (EAM) poten
tials is developed by Rohrer [Al]. The potentials developed by Rohrer describe dilute 
Al-Cu-Ag alloys, but they are not capable to describe experimental observed ordered 
phases. 

In this work the Al-Cu potential functions will be improved by extending their 
applicability to an experimental observed ordered phase, the 8 phase. From experiments 
it is observed that eis the precipitate which nucleates and grows at grain boundaries.The 
impravement of the Al-Cu potential functions is done by a least-square fit of the free 
energy of the bulk calculated as a function of the lattice parameter to Augmented-spher
ical-wave (ASW) [A2] calculations performed by H. Feil. 

In the next paragraph a small overview of the Al Cu alloy is shown. In paragraph 
3 the EAM potential functions by Rohrer will be discussed and in paragraph 4 the results 
of the fitting will be discussed. 
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A.2. Overview 
The phase diagram of the Al-Cu alloy for small atomie percentages of capper is shown in 
fig. 23 [A3]. The composition of interest for this work contains -1 at.% Cu. At low Cu 
percentages there are two structures possible, Al in a fee lattice with randomly Al atoms 
exchanged for Cu atoms, or regions of Al2Cu 8 phase in an Al fee bulk. 
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• Figure 23 • Phase diagram of an AI-Cu alloy [A3]. 

From experiments it is known that at the grain boundaries the Al2Cu 8 phase 
arises [A4]. The structure of the 8 phase in Al-Cu is shown in fig. 24. 
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• Figure 24 • The structure of the fee (a) and the Ah Cu 8 phase. The dark atoms are Cu, white Al [A4]. 
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A.3. Embedding Atom Method potentials for Al-Cu 
The potentials used to describe the interactions between the aluminum and copper atoms 
are the Embedded Atom Method potentials. In this approach, the energy of the metal is 
viewed as the energy obtained by embedding an atom in the local electron density pro
vided by the remaining atoms of the system. This results in a con tribution of many- body 
interactions in the calculation of the total energy of the metallic system. 

The total energy of the system is described as a sum of the energy (Fi) necessary 
to embed an atom in the local density (pi) and a pair interaction term (<l>ij): 

E = ""'F. (p .) + ~ <1> .. (r .. ) (40) tot "'-' I I L..J IJ IJ 
i i,j >i 

where Fi only depends on the element of atom i. For the local electron density a linear 
superposition can be made of the electron densities from atom i at distance r given by 

Pi = LP; Cjr;- rjp (41) 
j 

In this equation Pt is the electron density of the remaining atoms. The parameterized 
functions of the electon density where taken from Rohrer [Al]. The electron density func
tion used for each type of atom type is shown as follows: 

a [ JC. ( JC. + 3) JC. J 
pi (r) = C; r 'exp (-Bir) + 2 ' r 'exp (-2Bir) (42) 

The pair interaction used is in the form of the Morse potential shown as follows: 

<I> .. (R .. ) = D .. [exp(-2a .. (r .. -R .. )) -2exp(-a .. (r .. -R .. ))] 
IJ IJ IJ IJ IJ IJ IJ IJ IJ 

(43) 

To be suitable for use in Molecular dynamics and Monte Carlo simulations, the 
interatomie potential and its first derivatives with respect to their nuclear coordinates 
need to be continuous at all geometries of the system. Therefore we force the pair poten
tial and the electron density to be zero at this cut-off distance by defining a smoothing 
function [AS] 

fsmooth(r) = f(r) -J(rcut) + ';;:t[l-(-!-)m](~~),=r (44) 
cut cut 

where f(r) denotes <l>(r) or p(r) and m=20. The cut-off distance (reut) is used in the fitting 
procedure as well. When the pair interaction and the electron density functions are 
defined, the embedding energy can be found from the universa! equation defined by 
Roseet al. [A6]. 

Fitting these functions with a least-squares fit of calculated material properties to 
experimental values led to the parameters given in Table 3. The experimental values are: 
the anisotropy ratio, the shear modulus, the bulk modulus, the vacancy formation energy 
and the intrinsic stacking fault energy. The potential functions for each element were fit
ted independently of one another by adjusting the like pair interaction parameters Dij' <Xjj 
and R;j and two of the three electron density parameters, Kj and Bi, with the ei values held 
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constant. Like pair interaction parameters are the parameters in the potential function 
descrihing the interaction of elements with the same chemical identity. Unlike pair inter
action parameters are the parameters in the pair interaction function of elements with 
different chemical identity. The sealing factors ei in the electron density function and the 
unlike pair interaction parameters Dij' aij and Rij are determined by fitting to the dilute 
heats of salution of the binary alloy and to volume relaxations caused by impurities. 

Table 3: Best-fit Morse potential and electron density 
function parameters for Al and Cu. 

Al-Al Cu-Cu Al-Cu 

Dij (eV) 1.0245 0.9721 1.6515 

Rij (A) 2.1608 2.2158 2.2418 

aij(A-1) 1.3066 1.3099 1.9507 

Pi(A1) 2.9562 3.0672 ---

Ki 10.2137 6.6651 ---

C· 0.0400 2.9341 ---I 

feut of <l>i/A) 5.55 4.91 6.55 

feut of Pij(A) 6,55 4.91 ---

A.4. Fitting results and discussion 
The goal of this workis to extend the Al-Cu potential functions of Rohrer to potentials 
which are capable to describe the Al2Cu 8 phase. Only the parameters of the potential 
functions which concern the Al-Cu interaction are refitted. The parameters which will be 
varied during the fit are the unlike pair interaction parameters Dij' Ujj and Rij of Al-Cu. 
The parameters are fitted to the ASW calculations performed by H. Feil. The total energy 
of a Al2Cu e unit cell containing 12 atoms is obtained from these ASW calculations as a 
function of the lattice parameter. The axial ratio (c/a) of thee unitcellis kept constant in 
the calculations. The results of the ASW calculations at 7lattice parameters is shown in 
Table 4. 

The fitting is done by minimization of the least-squares function x: 

X= '2.)Efit(a(p),Dij'aij'Rij) -EASW(a(p))]
2 

p 

(45) 

In this equation EAsw(a(p)) is the energy at lattice parameter a(p) calculated with the 
ASW calculations (Table 2). Efit(a(p ),Dij,aij,Rij) is the energy for this lattice calculated with 
the EAM potential functions. 
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Table 4: ASW calculations of the Al2Cu S phase as a function of 
lattice parameter. 

a(p) in (A) EAsw(a(p)) in (eV) a(p) in (A) EAsw(a(p)) in (eV) 

5.90 -42.3124 6.15 -42.6222 

5.95 -42.5188 6.20 -42.4934 

6.00 -42.6476 6.25 -42.3120 

6.07 -42.7078 

Therefore a code is developed which minimizes the function x. A subroutine 
calculates the total energy (Efit(a(p),Dij,aij,Rij)) of a cell with atoms with an Al2Cu S struc
ture as a function of the unlike pair interaction parameters Dij,aij,l~ij and the lattice 
parameter. The parameters are adjusted until the function reached a minimum. The min
imization method is called the Powell's method [A7]. In this method, the function is min
imized for one variable. From this point the method goes on with another variable. The 
function is minimized for this variabie and so on until the function stops decreasing. 

The initial parameters of this least-square fit are shown in Table 3, Dij= 1.6515, Rij 
=2.2418 and aij = 1.9507. The final parameters are Dij= 1.4787, aij = 2.2854, Rij= 1.8879. 
The value of X at the end of the fit is X - 300. Initially the X was - 3300. The free energy 
of the Al2Cu S phase with the fitted parameters is ES= -41.94 eV in equilibrium. The ran
dom distribution of the Al and Cu atoms on a fee lattice gives a lower free energy (Ercc = 
-42.68 eV). Initially these values were ES= -42.81 eV and Ercc = -43.30 eV. The value of ES 
in the ASW calculations is ES= -42.71 eV in equilibrium. The energy difference between 
ES and Ercc for the potential functions by Rohrer was 0.49 eV. In case of the fitted param
eters the energy difference is 0.74. The difference became larger insteadof smallerand 
therefore it makes no sense to continue this procedure. 

There are two opportunities left which can be tried. One opportunity is to force 
the free energy of the S phase to be lower than the free energy of the fee phase, the free 
energy of the fee lattice in equilibrium is included in the fit. The result is an extra con
stant to fit on, the free energy of the fee phase at the equilibrium lattice parameter. In lit
erature it is reported that the Al2Cu S phase is stabie below a temperature of -900K. 
Below this temperature the crystal is ordered. Above this temperature the alloy melts. 
The random distribution of Al and Cu atoms on an fee lattice at this composition 
includes a configurational entropy term. The configurational entropy (Scoor) is calculated 
with 

(46) 

where Nis the number of atoms and x is the atomie fraction of a compound. The free 
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energy of the 8 phase should be at least TSconf lower than the fee free energy with T -
900K because the configurational term of an ordered state is zero.Preliminary results are 
not very hopeful. 

The other opportunity is to vary the sealing parameters ( cJ of the electron den
sity function during the fit procedure. The result is an extra fitting parameter to obtain a 
better fit. The variation of this parameter will not result in a change of the pure metal 
potential function parameters, because sealing the electron densities doesnotchange the 
the embedding energies of the pure elements. 
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