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A bstract

The structures formed by growing a range of metals and semimetals on Cu{100} single 

crystal are investigated by quantitative low-energy electron-diffraction (LEED). 

Symmetrized Automated Tensor LEED (SATLEED) calculations are used to determine 

the structure of the surface alloys and overlayers formed.

The Cu{100}/Pd system has been studied in the Pd coverage range 0.1-1.0 ML using 

SATLEED and Diffuse LEED (DLEED). Palladium atoms adsorb in the coverage range

0.1 < 0pd < 0.5 ML primarily by substitutional replacement of top layer copper atoms 

forming a two-dimensional CuxPd].x surface alloys leading to formation of an ordered 

Cu{100}-c(2x2)-Pd two-dimensional alloy at 0pa = 0.5 ML The kinetics and mechanism 

of an irreversible overlayer to underlayer transition in the Cu{100}-c(2x2)-Pd surface 

alloy (0pd = 0.5 ML) has been investigated. The activation energy for Pd site switching 

from the outermost layer to sub-surface (second layer) sites has been found to be 109±12 

kJ mol'1 (1.13+0.12 eV). The structure o f the underlayer alloy has been determined by 

SATLEED. Substitution of 0.5 ML of Pd into subsurface sites leads to significant 

expansion of the outermost two interlayer spacings Adzi2 = +3.3 ± 3.3 %, Adz23 = +6.6 ±

2.8 %. At monolayer coverage, Pd forms a double layer ordered c(2x2) CuPd alloy with 

p(2x2)-p2gg symmetry introduced into the outermost layer via clock rotation of the CuPd 

monolayer with the p(2x2) vertices centred over second layer Pd atoms. Lateral shifts of 

the top layer Cu and Pd atoms are determined to be 0.25+0.12A.

The room temperature deposition of 0.5 ML Pt on Cu{100} followed by annealing to 525 

K results an ordered c(2x2) Cu-Pt second layer capped with a pure Cu layer. The first and 

second interlayer spacings are found to be expanded by +5.1+1.7 % and +3.5+1.7%, 

respectively (relative to the bulk Cu interlayer spacing of 1.807 A) due to the insertion of 

the 8% larger Pt atoms into the second layer with Pt atoms rippled outwards towards the 

solid-vacuum interface by 0.08+0.06 A.

A Cu{100}-c(2x2)-Pt surface alloy structure formed by deposition of 1 ML Pt and thermal

processing to 550 K is shown to correspond to a copper capped bimetallic surface

localised alloy with an ordered c(2x2) CuPt monolayer in layer 2. The selvedge structure

within the LEED probing depth strongly resembles the {100} surface of the L I2 phase of
1



the bulk Cu3Pt alloy. Excess Pt is distributed in layers 3 (20±20at.%) and layer 

4(30±30at.%). Substitution of platinum into the selvedge results in a significant expansion 

in the surface interlayer spacings relative to clean Cu{100} due to the larger metallic 

radius of Pt and switches the weak oscillatory relaxation of clean Cu{100} to a strongly 

and non-uniformly expanded interlayer separation. A small rippling in the first CuPt 

underlayer with Pt atoms rippled outwards towards the vacuum interface within the 

composite layer occurs.

The surface structures formed by deposition of 0.25 ML and 0.50 ML Bi on Cu{100} at 

room temperature have been determined. At 0Bi=O.25 ML, Bi forms a partially ordered 

p(2x2) surface alloy with the Bi atoms located 0.56±0.06 A above the surface Cu atoms. 

At higher Bi coverage, de-alloying of Bi atoms occurs until a well ordered c(2x2) 

overlayer at 9bi=0.50 ML is formed. LEED calculations show that Bi atoms occupy four

fold hollow sites with a vertical Bi-Cu interlayer separation of dBi-cu= 2.17±0.06 A above a 

slightly perturbed substrate.

The Cu{100}/Sn bimetallic system has been re-examined by double scattering LEED 

simulation as a function of adsorbate coverage for a range of model structures. A model 

for a low coverage ordered phase (0sn-O.21 ML) has been suggested based on a “light” 

antiphase domain wall p(2x2) (0Sn=O.37 ML) structure. We have suggested alternative 

explanations for the structures of phases n  (p(2x6)) and III (p(3V2xV2)R45°) which yield 

better agreement with the relative intensities of superlattice beams in the LEED patterns 

compared to previous explanations. A possible explanation of the transition to the p(2x6) 

structure has been suggested involving formation of narrow domains of c(2x2) CuSn 

structure of two unit cells width separated by a p(2x2) unit cell yielding sixth order 

periodicity in [Oil] and [oi l] directions. The p(3V2xV2)R45° phase is suggested to have 

its origin in a c(2x2) structure with elastic strain due to the large metallic diameter of Sn 

leading to displacive reconstruction within the outer layer(s). The transition between 

phases occurs by nucleation of domains of the higher coverage phase within the lower 

coverage structure with concomitant density modulations across the surface. Further 

quantitative structural work both by LEED I-V analysis and STM are required to validate 

the proposed models and to differentiate between surface alloy and overlayer structures in 

this case.
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C H A P T E R  1 

I n t r o d u c t i o n
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A surface may be defined as the interface between a condensed phase of matter 

(solid or liquid) and another phase (solid, liquid or gas). A single crystal surface is 

formed when a solid is cut parallel to a selected plane of atoms. Surface atoms’ 

properties are expected to be different from the bulk of the solid due to the loss of 

neighbouring atoms. At the vacuum interface, rearrangement of atomic positions at 

the solid single crystal surface may take place such as atomic relaxation or 

reconstruction. Surface relaxation takes place in order for the surface to compensate 

for the loss of “bonding” in the form of an oscillatory change in the interlayer 

spacing. Surface reconstruction happens when simple truncation of the bulk crystal 

does not lead to the “expected” surface periodicity. Detailed discussion and 

examples on surface relaxation and reconstruction can be found in many reviews 

(see for example references [1-5]). The region over which atoms relax or reconstruct 

(usually few atomic layers deep) is often called the selvedge.

The atoms of single crystals are arranged in a regular lattice structure. For example, 

table 1.1 shows some of the common types of close-packed crystal structures 

adopted by metals with some examples.

Table 1.1: Close-packed crystal structures adopted by metals.

Crystal structures Abbreviation Examples

Face-centered-cubic Fee Cu, Pd, Pt, Au

Body-centered-cubic Bee K, Cr, W, Fe

Hexagonal-closed-packed Hep Co, Ti, Cd, Mg

1.1 Single Crystal Surfaces

Figure 1.1 illustrates the three planes corresponding to the simplest and most studied 

low Miller index surfaces of fee metals {100}, {110} and {111}.
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As shown in figure 1.1, compared to their normal bulk co-ordination number of 12, 

the {100} surface atoms have lost 4 nearest neighbours while the {110} and the 

{111} surface atoms have lost 5 and 3 nearest neighbours, respectively. This simple 

fact generally makes the {110} surfaces the most unstable in terms of surface 

relaxation and reconstruction and also the most reactive chemically, while the {111} 

is the most stable surface. The more stable the surface, the lower its surface energy 

which is attributed to the higher co-ordination induced by the increased bonding.

(100)

►

(110)
plane

(111)
plane

Y

fcc{100} fcc{110} fcc{l l l}

Figure 1.1: The {100}, {110} and the {111} planes of fee metals and their 

corresponding real space atomic arrangement. The dotted lines indicate the two- 

dimensional unit cells.

(a) Surface Relaxation

The Cu{ 100} selvedge undergoes a relaxation in which the first interlayer spacing is 

contracted by between 1 and 2% relative to the bulk value (1%=0.018A, 

2%=0.036A). This can be explained by considering the attractive forces between 

adjacent atomic layers before and after truncating the bulk crystal. Atoms of the
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outermost layer contract towards the second layer to increase their co-ordination to 

compensate for loss of nearest neighbours at the vacuum interface. Third layer atoms 

respond by expanding away from second layer atoms to compensate for the over

coordination of the second layer. In the most recent analysis of Cu{ 100} structure by 

low energy electron diffraction (LEED) I(V), a contraction o f -1.9% is found in the 

first interlayer spacing and an expansion of about +0.6% in the second interlayer 

spacing of Cu{ 100} compared to the bulk values at low temperature (80 K) [6].

(b) Surface Reconstruction

In the case of {110} surface where the surface energy is relatively large, in certain 

cases a surface reconstruction may take place to maximise surface atom co

ordination and to lower the surface energy. For example, the clean Au{110}-(lxl) 

surface forms the (1x2) missing-row reconstruction illustrated in figure 1.2 [7-9].

fcc {110}-(lxl) ->► fee {110}-(lx2)

o
o

Reconstruction

Top layer 
atoms

Second layer 
atoms

Third layer 
atoms

Figure 1.2: Reconstruction of the fcc{110} surface from a bulk truncated ( lxl )  

structure to a (1x2) missing row surface. Dashed lines show the unit cell in each 

case.

1.2 Surface Alloys

An alloy is a mixture o f the atoms of two or more metals. Surface alloys are made 

by the physical incorporation of usually submonolayer coverage of one or more 

metals within the selvedge of a different metal (the substrate). Physical Vapour 

Deposition (PVD) is a common technique used to make surface alloys by the
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selective evaporation of metals onto the substrate [10]. Examples of surface alloy 

formation are discussed in the comprehensive review by Bardi [11].

From a chemist’s point of view, surface alloys have the potential of being used as 

model heterogeneous catalysts. The importance of catalysts comes from their 

widespread use in many applications, for example: automobile exhaust control [16], 

polymerisation [17], ammonia [18] and methanol synthesis [19] and hydrocarbon 

reforming reactions [20]. Research in the field o f steam reforming catalysis revealed 

that a two-dimensional gold-nickel alloy system formed by deposition of 

submonolayer coverge of Au on Ni{ 111} have lead to the invention of a new nickel 

based catalyst, which is much more resistant to poisoning via carbon formation than 

the conventional nickel catalysts [21]. This is one of the few examples of how 

fundamental research can lead to the invention of new catalysts.

The importance of copper as a heterogeneous catalyst is demonstrated by its use in 

large-scale industrial processes including the synthesis of methanol [19], higher 

alcohols, ethers and in phenol oxidation [22].

This thesis addresses surface alloy formation on Cu{100}. The first surface alloy 

corresponding to formation of two-dimensional mixed CuAu monolayer was 

suggested by Palmberg and Rhodin in 1968 [12] to explain the observation of a 

c(2x2) LEED pattern upon evaporation of 0.5 ML of Au. This was later confirmed 

by Jona and co-workers using LEED I(V) analysis [13]. Surface alloy formation on 

Cu{ 100} has been recently reviewed by Barnes [15].

The Cu{100} surface is a model substrate due its well-defined and stable surface 

structure. Model systems such as Cu{100}-based surface alloys may be studied to 

establish a link between the microscopic level of understanding the bonding and 

reactivity of adsorbates and the macroscopic measurements of kinetic rate and 

thermodynamic properties of the reacting system. The knowledge may then be 

exploited to create surfaces with the required microscopic structure to produce the 

desired catalytic properties.
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Four elements were chosen as adsorbates in the course of this work: two open d- 

band metals with high catalytic activity: palladium (Pd) and platinum (Pt) and two 

less reactive sp-band metals: bismuth (Bi) and tin (Sn).

In this thesis, the surface structure of these four different systems was investigated 

as a function of adsórbate coverage.

Platinum and palladium catalysts, despite their high cost, have so far been found to 

be the best sufficiently durable catalysts for oxidising hydrocarbons and CO to 

produce acceptably low levels of these gases in automotive and factory effluent gas 

emissions [23]. Incorporating a small quantity of Pd or Pt within the surface of a 

cheaper metal such as Cu is receiving an increasing interest in the field of catalysis 

and environmental control. Such a catalyst could be tailored and manufactured to 

suit certain reaction requirements and it may in favourable circumstances lead to 

reduce catalyst poisoning and degradation.

In contrast, tin is an sp-band metal with little known catalytic reactivity. However, in 

the important catalytic conversion of CO to CO2, studies have shown that the 

catalytic activity of the surface alloy Pd{100}-c(2x2)-Sn is significantly larger than 

that of the surface of pure Pd [24]. This result was attributed to the presence of SnOx 

(x= 1-2). It was reported that Cu/CuxO surface clusters readily adsorb oxygen 

providing an enhanced coverage of reactive oxygen for CO oxidation [25]. 

Therefore, it is interesting to investigate the catalytic activity of Cu/Sn systems. At 

room temperature, Sn forms four different phases on Cu{100} depending on 

coverage. Structural determination of these phases is needed in order to interpret the 

results of any chemical reactions performed on such surfaces.

Bismuth is a well-established promoter of noble metal-based catalysts for the 

selective liquid phase oxidation of alcohols, aldehydes and carbohydrates with 

molecular oxygen [26]. In this thesis, the structure o f the surface alloy formed by 

depositing Bi on Cu{100} and the structural effect of increasing Bi coverage are 

investigated.

8



References

[1] H. van Beijeren and I. Nolden, in W. Schommers and P. von Blanckenhagen 

(Eds.), Structures and Dynamics of Surfaces, Springer, Berlin, 1987; Erio Tosatti 

and Furio Ercolessi, Surface reconstruction of noble metals: models and 

consequences, Modem Physics Letters B 5 (1991) 413; J. Villain, J. L. Rouviere, 

and I. Vilfan, Phenomenology of surface reconstruction, in Phase transitions in 

surface films 2, Plenum Press, 1991.

[2] L.J. Clarke, Surface Crystallography, Wiley, New York, 1985.

[3] M. Prutton, Surface Physics, Oxford University Press, Oxford, 1985.

[4] K.P. Bohnen and K.M. Ho, Surf. Sei. Rep. 19 (1993) 99.

[5] M. Nijs, The Chemical Physics of Solid Surfaces and Heterogeneous 

Catalysis, (Editors: D. A. King and D.P. Woodruff), Vol. 7, Chapter 4, Elsevier, 

Amsterdam, 1994.

[6] S. Walter, V. Blum, L. Hammer, S. Muller, K. Heinz and M. Giesen, Surf. Sei. 

458(2000)155.

[7] T. Gritsch, D. Coulman, R. J. Behm and G. Ertl, Surf. Sei. 257 (1991) 297.

[8] J.K. Gimzewski, R. Bemdt and R.R. Schüttler, Phys. Rev. B 45 (1992) 6844.

[9] M. B. Hugenschmidt, A. Hitzke and R J. Behm, Phys. Rev. Lett. 76 (1996)

2535.

[10] D. Mattox, Handbook of Physical Vapor Deposition (PVD) Processing,

William Andrews/Noyes Publications, New Jersey, 1998.

[11] U. Bardi, Rep. Prog. Phys. 57 (1994) 939.

[12] P.W. Palmberg and T.N. Rhodin, J. Chem. Phys. 49 (1968) 134.

[13] Z.Q. Wang, C.K.C. Lok, J. Quinn, Y.S. Li and F. Jona, J. Phys. C , 21 (1988) 

653; Z.Q. Wang, Y.S. Li, C.K.C. Lok, J. Quinn and F. Jona, Solid State

Commun. 62 (1987) 181.

[14] F. Delamare and G.E. Rhead, Surf. Sei. 35 (1973) 172.

[15] C.J. Barnes, The Chemical Physics of Solid Surfaces and Heterogeneous 

Catalysis, (Editor: D.P. Woodruff)Vol. 15, Elsevier, Amsterdam, 2002.

[16] R. Heck and R. Farrauto, App. Catal. A, 221 (2001) 443 and references therein.

9



[17] B.C. Gates, J.R. Katzer and G.C.A. Shuit, Chemistry of Catalytic Processes, 

McGraw-Hill, New York, 1979.

[18] W.G. Frankenburg, in P.H. Emmett (Ed.), Catalysis, vol. 3, Reinhold, New 

York, 1955, p.171.

[19] G. Natta, in P.H. Emmett (Ed.), Catalysis, vol. 3, Reinhold, New York, 1955, 

p.349; J. Nerlov, S. Sckerl, J. Wambach and I. Chorkendorff, App. Catal. A 191 

(2000) 97.

[20] F. Zaera, Prog. Surf. Sei. 69 (2001) 1 and references therein.

[21] J. Larsen and I. Chorkendorff, Surf. Sei. Rep. 35 (1999) 163.

[22] R.G. Herman, Catal. Today, 55 (2000) 233.

[23] G.A. Somorjai, Catal. Today, 18 (1993) 113; Kamil Klier et al, Catal. 

Today, 36 (1997) 3; G.A. Somorjai and P. Chen, Solid State Ionics, 141 (2001) 3.

[24] A.D. Logan and M.T. Paffett, J. Catal. 133 (1992) 179.

[25] J. Szanyi and D.W. Goodman, J. Catal. 15 (1994) 508.

[26] M. Besson and P. Gallezot, Catal. Today, 57 (2000) 127.

10



C H A P T E R  2  

E x p e r i m e n t a l  T e c h n i q u e s
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This chapter gives a description of the equipment used for collecting the data 

including the ultra-high-vacuum (UHV) chamber and metal/semimetal evaporation 

methods. The LEED experiment will be explained including the acquirement of 

LEED I(V) spectra, spot profile analysis (SPA) and how to prepare experimental 

data for analysis. Finally, an overview of the basic theory of desorption spectroscopy 

will be presented.

2.1 The UHV Chamber

All experiments were performed in an ion and titanium sublimation pumped 

stainless steel ultra-high-vacuum (UHV) chamber with a base pressure of 1 x 10'10 

Torr. Figure 2.1 shows a photograph of the UHV chamber used to produce all the 

data reported in this thesis.

The Cu{100} sample was mounted on a high precision goniometer (manipulator) 

with facilities for sample rotation and incorporating a tilt mechanism, allowing an 

accurate attainment of such as normal incidence (± 0.2°) required for LEED I-V 

spectra acquirement. The sample temperature was measured by means of a 

chromel-alumel thermocouple embedded in the sample.
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Figure 2.1: Photograph of the Dublin City University low energy electron 

diffractometer

There are two essential requirements needed to study the Cu{100} surface. Firstly 

preparing an atomically clean and well-defined surface and secondly keeping that 

surface clean over the period of the experiment that usually takes up-to a few hours. 

The former requirement may be achieved via the Ar+ bombardment technique while 

the latter explains the need for UHV.

The crystal was cleaned in situ by Ar+ bombardment in which the surface is 

bombarded with a beam of argon ions (or any other noble gas such as Krypton) of 

energies ranging between 500 eV to 5 keV. Upon striking the surface energy transfer 

from the argon ions to the substrate causes surface atoms to break their bonds with 

the substrate and desorb into the vacuum (this is called sputtering). The high-energy 

beam of Ar+ is achieved by passing high-purity argon gas through high-voltage 

electrodes in an ion gun producing positive argon ions. The argon gas pressure 

needed for the ion gun to operate is between 10'5 and 10-6 Torr. Therefore, the 

chamber is pumped by a diffusion pump and not by the ion pump as the latter is not 

effective at pumping noble gases.

13



Annealing the surface after sputtering is required (typically to 700 K for 10 minutes) 

to restore the original surface structure and to desorb atomic argon embedded in the 

selvedge during sputtering.

2.2 The Need for UHV

For a clean surface, the rate of contamination depends on the rate of collision of gas 

molecules with the surface. From the kinetic theory of gases, the rate of surface 

bombardment (Z) by molecules is given by equation (2.1):

Z = p / (27tmkT)m  m'2s_1
(2.1)

where p is the ambient pressure in Nm'2; m is the molecular mass in kg molecule'1; 

T is the temperature in K and k is the Boltzmann constant in JK"1 [1].

Assuming a sticking probability of unity (every molecule that collides with the 

surface sticks) and applying equation (2.1), a monolayer (full surface coverage) of 

CO gas will adsorb on a surface in approximately 2 seconds at a pressure of 10'6 

Torr at room temperature. In comparison, at a pressure of 10'10 Torr, such a 

contamination requires longer than 7 hours to take place. For most solid-gas 

interface studies, and since sticking probabilities are usually lower than unity and 

decrease as a function of coverage, it is found that a base pressure of lx  10'10 Torr is 

sufficient.

2.3 The Metal Evaporation Sources

Three types of evaporators were used in this work: (a) Tungsten-filament supported,

(b) Tantalum boat crucibles and (c) a commercial Kundsen cell. Each type of 

evaporator will be briefly outlined.

14



(a) Tungsten-filament supported

Figure 2.2 shows a schematic diagram of the evaporator used for the deposition of 

palladium and platinum. A thin wire of Pd/Pt (0.125 mm diameter, Goodfellow 

Metals Ltd, UK) was wrapped onto a tungsten wire (0.3 mm diameter, Goodfellow 

Metals Ltd, UK). Electric current is passed through the W wire to resistively heat the 

W wire which itself heats the Pd/Pt wire by conduction and starts to sublime Pd/Pt 

as the temperature is raised. These evaporators were degassed at below their 

operational electric current for a significant time prior to use and a warm up time of

2 minutes was allowed prior to each evaporation process. Generally, a coverage 

calibration is performed by constructing a curve of evaporation time and the amount 

of Pd/Pt detected by AES and/or LEED.

Pd or Pt wire

Figure 2.2: Schematic diagram of the home-made Pd and Pt evaporators.

15



(b) The Tantalum Crucible Evaporator

Deposition of bismuth was carried out using a tantalum crucible evaporator 

illustrated in figure 2.3. It consists of Ta boat-shaped crucible containing granules of 

high purity Bi. In this case, a boat is used instead of a wire because Bi evaporates 

well after its melting point hence is in the liquid phase during evaporation. The boat 

can be resistively heated by passing a direct current through Ta wires wrapped 

around the boat. The source was degassed for about 10 minutes prior to deposition. 

During Bi evaporation, a pressure of <5><1 O'10 Torr was maintained. For the 

calibration of the Bi source, a simple LEED calibration is applied which is highly 

accurate for the Cu{ 100}/Bi system (see Chapter 5).

Figure 2.3: Schematic diagram of the Bi evaporator.
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(c) Knudsen Cell

This cell (W.A. Technology) which is shown in figure 2.4 was used to deposit Sn 

onto the Cu{100} crystal. The Knudsen cell uses the molecular effusion principle 

introduced by Knudsen in 1909.

Sn granules are heated to provide a suitable vapour pressure in an isothermal 

graphite furnace. The furnace is designed as a removable cartridge that contains the 

crucible, heating element and heat shields. The heating filament is a tantalum foil 

isolated with pyrolytic boron nitride (PBN) shields and is water-cooled.

( b )

Figure 2.4: Photograph of (a) the Knudsen cell and (b) the Proportional Integral 

Derivative (PID) controller used for Sn evaporation.

17



The temperature of the furnace is monitored by a thermocouple carefully placed 

inside the graphite furnace in order to accurately reflect its internal temperature. The 

Sn is placed in a PBN crucible and planted inside the furnace. The deposition 

temperature can be held constant by means of a Proportional Integral Derivative 

(PID) controller that automatically controls the heating employing a built-in 

temperature feedback technology.

The temperature required for evaporation of Sn at a certain rate was judged from the 

relationship between vapour pressure and temperature. A flux rate of about 0.01 

monolayer of Sn per minute was utilised experimentally.

2.4 Basic LEED Theory

LEED is one of the most widely used surface science techniques [2-4], It is used to 

study the structure of crystalline surfaces [5-7]. In the LEED method, low-energy 

electrons are used to probe the crystal surface producing diffraction data which are 

analysed to provide the surface structural information. Monochromatic low-energy 

electrons, with energies ranging from 40 to 500 eV are incident upon the single 

crystal surface.

The electrons that are reflected (back-scattered) from the surface without energy loss 

are said to be elastically scattered. They represent a small fraction of the incident 

electrons while the majority of electrons exhibit kinetic energy losses and called 

inelastically back-scattered.

The depth that electrons may travel through the solid surface layers prior to energy 

loss is dependent on their kinetic energy. The inelastic mean free path (IMFP) is a 

measure of how far an electron can penetrate through a solid surface. It also depends 

on the material type.

For metals, a general formula to describe the IMFP was suggested by Seah and 

Dench [8]:



(2 .2 )

where a is the element’s mean atomic diameter (nm) and Ep is the primary electron’s 

kinetic energy (eV). Using this formula and for Cu{100} (a=0.255 nm), LEED 

electrons in the range between 40 and 500 eV will exhibit an IMFP in the range 

between 4 and 12A as illustrated in figure 2.5. Knowing that the interlayer spacing 

of bulk Cu{100} is 1.807A, electrons are expected to travel several atomic layers 

into the surface.

E l e c t r o n  K i n e t i c  E n e r g y  ( e V )

Figure 2.5: Inelastic mean free path (IMFP) for Cu{ 100} versus the incident electron 

energy.
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The de Broglie wavelengths of LEED electrons are estimated to be in the range 

2.74-0.39 A for kinetic energies between 40 and 500 eV using the de Broglie 

equation:

where X is the electron’s wavelength (A) and Ep is the electron energy (eV).

The resulting order o f wavelengths are comparable to the spacing between atoms 

both parallel and perpendicular to a metallic crystal surface, hence, the electrons 

may diffract (elastically backscatter) from the surface atoms. When a 

monochromatic beam of electrons hit a clean single crystal surface, at normal 

incidence, back-scattered (diffracted) electrons are produced satisfying the equation:

nX = a sind (2.4)

where n is the order of diffraction; a is an in-plane lattice spacing and 6  is the 

diffraction angle of the backscattered electrons, measured from the surface normal.

Figure 2.6: Diffraction from a one-dimensional periodic array o f surface atoms.



The collection of these electrons takes place in the UHV chamber using a 

commercial LEED optics illustrated in figure 2.7. The diffracted electrons travel 

from the sample towards a series of four concentric hemispherical meshes or grids 

and a phosphor screen. The first grid (Gl) and fourth grid (G4) and the sample are 

earthed to ensure that diffracted beams travel from the sample through a field-free 

region. The second (G2) and third (G3) grids are at potential several volts less than 

the electron-beam voltage. They filter out most of the inelastically scattered 

electrons coming from the sample. The elastically scattered electrons travel through 

the fourth grid and are accelerated towards the screen which is held at positive 

potentials (~5 keV). Beams appear on the hemispherical screen (S) as spots are 

called a LEED pattern. This pattern caused by electron diffraction is an image of the 

surface reciprocal-lattice.

Electron gun

CCD camera

Screen (S)

L
Video Monitor

Sample

LEED Control Unit

= 7 ---------------
Micro-Computer

Figure 2.7: The LEED apparatus.



Qualitative information such as the surface symmetry, 2D unit-cell dimensions, and 

crystallographic “quality” of the surface layers is available from the LEED pattern. 

The two-dimensional surface unit cell periodicity may be deduced by the visual 

inspection of the positions of the diffracted beams. The size of regions with well- 

ordered surface structure can be predicted from the sharpness and the shape of the 

beams. Qualitative LEED is widely used in surface science research laboratories 

usually simply involving the visual inspection of the LEED pattern. However there 

is more much information that can be obtained from LEED patterns if quantitative 

measurements of LEED spot intensities is performed..

According to a survey covering the last 50 years, quantitative LEED has proved to 

be the most widely used technique for surface structure determination [2]. As the 

energy of a diffracted electron increases its wavelength and the diffraction angle 

decrease. Therefore, with increasing energy the beams move toward the specularly- 

reflected electron beam (0,0). Patterns not only compress with increasing energy, but 

the intensities of discrete beams are modulated. If single scattering and infinite 

penetration were exactly applicable, then the beams would only have intensity at 

discrete energies as in traditional X-ray diffraction. If single scattering occurs from 

one single layer was exactly applicable, then the beams would have constant 

intensity for all energies. However, this is not so, and the intensity modulation is a 

result of multiple scattering within the top few atomic layers thus a situation 

intermediate between X-ray diffraction and diffraction from a single periodic two- 

dimensional layer applies. The variation in the intensities of beams as a function of 

energy is a fingerprint of the surface structure. Hence, it is necessary to collect 

spectra of each beam's intensity as a function its energy I(V) curves. The spectra, 

however, cannot be Fourier transformed to reveal the atomic locations on the 

surface, instead, an indirect analysis of the LEED I(V) spectra is needed involving 

calculations of LEED I(V) for a guessed structure and comparison with measured 

LEED I(V) via reliability factors.
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Kinematic diffraction theory which is based on the approximation of single 

scattering, and works well for higher-energy electrons and X-rays, is not applicable 

for LEED I(V) simulation. It generally produces incomplete and wrong structural 

results. Hence, the more complicated multiple-scattering theory must be used to 

model the experimental spectra.

The procedure adopted to solve a surface structure involves a series of steps: a 

surface structural model is first proposed. A range of structural parameters including 

a series of phase shifts to model the electron scattering properties of the atom types 

located within the selvedge. This model is used to produce theoretical LEED I(V) 

spectra. Several structural and non-structural parameters are systematically varied in 

order to obtain the “best-fit” between the theoretically calculated and the 

experimentally measured spectra. This is called the refinement process. Structural 

parameters include atomic interlayer spacing, in-plane atomic spacing and rippling 

and buckling in layers with atoms of two or more types. In addition to visual 

inspection, reliability factors (R-factors) are used to numerically evaluate the level 

of agreement between experiment and theory. The “correct structure2 corresponds to 

that yielding a minimum R-factor.

Because of both the small penetration depth of the electrons and the lack of a perfect 

periodicity in the perpendicular direction at the selvedge, the electron wave field 

does not see a perfect periodicity in the direction normal to the surface, but only in 

the parallel plane. The result is a quasi two-dimensional diffraction process that may 

be simplified to be corresponding to the three-dimensional case in which the lattice 

vector perpendicular to the surface is infinite. The perpendicular wave vector can 

have any value compatible with the kinetic energy, while only the parallel wave 

vector components have quantised values. The Laue conditions for diffraction are 

then

Ak.a=2nm, Ak.b=2m (2.5)
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where A k  is the change in the wave vector of the electron upon scattering while a  

and b  are the basis vectors in the surface plane and m  and n are integers. A two- 

dimensional reciprocal lattice is obtained:

G  = h a *  + kb* (2-6)

where h  and k are integers and the basis vectors a  * and b  * of the reciprocal lattice

are:

a *  = ( 2  n N x  b )  / A ; b *  =  ( 2 n N x a ) / A  (2.7)

in which A  is the area of the two-dimensional unit cell in the real space lattice, N  is

the surface normal vector.

Some of the incident electrons back-scatter elastically to form discrete beams (i.e., 

plane waves with well-defined wave-vectors) so that the total change in the 

wave-vector of the electron parallel to the surface is a vector of the reciprocal lattice:

A k \ \ = G  (2.8)

From observation of the diffraction pattern seen on the fluorescent screen, it is 

possible to find out directly the basis vectors a and b o f the two-dimensional real 

space lattice. However, to obtain the information about exactly where the atoms are 

located, measurements of intensity variations as a function of energy ( I(V) spectra) 

are required..

2.5 LEED I(V) Calculations

Several program libraries are available for the calculations of LEED I(V) spectra. In 

this section, the theoretical LEED spectra were calculated using the LEED package 

of Van Hove and Tong [10] modified to produce the Symmetrized Automated 

Tensor LEED (SATLEED) package of Van Hove and Barbieri [11]. In this thesis,



only a simplified synopsis of the LEED calculations theory will be given. The exact 

and detailed theory used is presented in reference [12], where the FORTRAN 

listings for the sub-routines are also discussed.

(a) The Inner Potential

In the vacuum, an electron beam is represented as a plane wave with a wave vector k 

and a kinetic energy E0:

where V0>r is the inner potential (or more precisely its real part). If we assume V0 to 

be energy independent then V0 may be regarded as a free fitting parameter.

The real part of the inner potential mainly moves the LEED IV spectra along the 

energy axis, i.e. it rigidly shifts the theoretical relative to the experimental spectra. 

The R-factor analysis then produces the final value of the real part of the inner 

potential, typically taking values in the range: 5-15 eV.

In LEED calculations, the inner potential V0 has also an imaginary part (V0,i), which 

is used to mimic the damping of the electron wave field within the solid. Inelastic 

processes are the physical reason for the limited penetration depth of electrons, 

modelled using an exponentially damped intensity. In the studies carried out in this 

work, an energy independent value (V0,,) was used as the imaginary part.

E0 = (2.9)

When the electron penetrates a crystal, its kinetic energy increases to E :

(2.10)
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(b) Thermal Vibrations

The approximation is generally made that the atomic vibrations are independent: the 

momentary positions of atoms caused by vibrations are supposed uncorrelated. 

Furthermore, if the probability distribution of atomic displacements is supposed to 

be Gaussian, one obtains the Debye-Waller factor exp(-M):

exp(-M) = [-(1/6) |Ak|2 <Ar>2 ] ^  ^

where Ak is the momentum transfer in diffraction and <Ar> is the mean square 

amplitude of the vibrations [3].

There may be a connection between the vibrational amplitude of adsorbate atoms 

perpendicular to the surface and the precision of the obtained distance between that 

layer and the substrate. The information of the location of a layer originates from 

back-scattering from that layer. In case of forward scattering the diffracted electron 

wave does not depend on the location of the layer at all; it does depend on the fact 

that the layer exists but not on its location. The largest influence of the location is on 

the backscattered wave. Most observed LEED electrons have scattered several times 

in the forward direction but only once backwards. However, a large perpendicular 

vibrational amplitude of the adsorbate atoms decreases their back-scattering 

amplitude while not affecting the forward scattering nor the scattering from the 

substrate atoms. It follows that most LEED electrons have backscattered once from 

the substrate atoms and only a very small portion of the electrons have backscattered 

from the adsorbate atoms. Thus, in the case of large perpendicular vibrations, the 

effect on the LEED spectra caused by the perpendicular position of the adsorbate 

layer is very small compared to those of the substrate layers. On the other hand, the 

vibrational amplitude parallel to the surface can be large without affecting the 

obtained layer distances.
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2.6 Acquirement of LEED I(V) Spectra

Figure 2.8(a) illustrates a photograph of a the LEED pattern of a Cu{100}-(lxl) 

surface measured at normal incidence at 147eV. The spots shown in the photograph 

are called the "integral-order" beams and arise from scattering from the bulk-like 

surface planes. At normal incidence, the 4-fold rotation and mirror-plane symmetries 

of the surface creates degenerate beam-sets {(1,0),(0,1),(-1,0),(0,-1)}, 

{(1,1),(-1,1),(1,-1),(-1,-1)}, {(2,0),(0,2),(-2,0),(0,-2)}...etc. Additional beams (spots) 

may appear as a result o f the addition/adsorption of different type of atoms. Figure

2.9 is a photograph of a the LEED pattern of Cu{100}-c(2x2)-Pd surface at normal 

incidence measured at 115 eV. Here, the bulk-like (Cu) and the superstructure (Pd) 

reciprocal beams are indicated. The additional beams, so called "fractional-order" 

beams, are labelled with respect to the integral-order beams. Thus, the set of beams 

{a, b, c, d} is labelled {(1/2,1/2), (-1/2,1/2), (1/2,-1/2), (-1/2,-1/2)}, respectively.

The LEED software consists of two main parts that can be run interactively. The 

former collects LEED I(V) spectra by the automatic tracking of diffraction spots 

whereas the latter measures line profiles through chosen diffraction spots.

A LEED I(V) spectrum reflects the intensity change of a chosen diffraction spot 

(y-axis) versus the incident beam energy (x-axis). As shown by the box in figure 

2.8(a), the (1,0) diffraction spot is being tracked with a window size of 12x12 pixel. 

Figure 2.8(b) represents the output spectra of the tracked spot. More than one spot 

can be tracked simultaneously.
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Figure 2.8: (a) Photograph of a the LEED pattern of Cu{100} at 147eV. The 

window size around the (1,0) diffraction spot is 12x12 pixel; (b) the output spectra 

of the tracked spot. A fitted background is represented by a dotted line.
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Figure 2.9: Photograph of a the LEED pattern of Cu{ 100}-c(2x2)-Pd at 115eV. The 

fractional-order beams are labelled a, b, c, and d which corresponds to (-1/2,1/2), 

(-1/2, -1/2), (1/2,-1/2), and (1/2,1/2) beams, respectively.

When measuring LEED-IV spectra, great attention should be paid to the energy axis 

which is automatically controlled and recorded by the computer software. It was 

found that a correction of the energy values requested by the software compared to 

the actual beam energy is required. Fortunately, a linear energy calibration proved to 

be sufficient and stable over long periods of time.

The correction equation used throughout this work is given as:

E p  =  0 . 9 6 3  E m e a s u r e d  +  3 . 7  ( 2 . 1 2 )

where Emeasured (eV) is the energy requested by the user via the computer software 

and Ep (eV) is the true energy.
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2.7 Spot Profile Analysis (SPA)

A LEED line profile through different spots can be measured by locating a computer 

generated line passing through the chosen diffraction spots as shown in figure 

2.10(a). The intensity along the line is recorded as y-axis while the x-axis reflects 

the reciprocal distance. Figure 2.10(b) represents the output spectrum (line profile).

(-1.0) 1
iT *

« (0.0)

<* •
(0.-1) 1

Figure 2.10: (a) A LEED photograph of the Cu{100}-(lxl) surface at 147eV with a 

line profile through the (-1,0) and the (0,-1) spots; (b) the output spectrum of the 

line drawn in (a).
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SPA is very useful when new diffraction spots grow in intensity as a function of 

adsorbate coverage during adsorption. This technique may be used as a calibration 

method of adsorbate coverage especially when the transition from one diffraction 

pattern to another takes place over a narrow range of adsorbate coverage.

2.8 Preparation of Experimental LEED I(V) Spectra for Analysis

When tracked, the reflections (spots) of the LEED pattern represents the raw 

experimental data. To minimise the effect of external magnetic or electrostatic 

fields, to correct for any deviations from normal incidence and to improve the 

signal-to-noise ratio, an average of the four beams represents the best approximation 

to the actual (1,0) I(V) spectrum at normal incidence [13].

In the following example of a set of raw data will be treated to produce the final data 

that can be used in a subsequent LEED analysis.

Figure 2.11 illustrates the output of a tracking a set of four symmetrically equivalent 

(1,0) beams from the clean Cu{100} surface measured at close to normal incidence. 

As the energy is increased, inelastically scattered electrons add an increasing 

unwanted “background” to the spots. The background intensity is removed by the 

subtraction of a manually fitted background from the individual spectra measured 

for each spot. The fitting of the background is somewhat empirical as it relies on the 

experimentalist judgement of the points to fit which represent I(V) minima. Figure 

2.12 shows the spectra after background correction.
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E l e c t r o n  e n e r g y  ( e V )

Figure 2.11: Raw experimental data from four symmetrically equivalent (1,0) beams 

of Cu{100} measured at close to normal incidence.



E l e c t r o n  e n e r g y  ( e V )

Figure 2.12: LEED I(V) spectra of the (1,0) beam after background correction

Smoothing of the averaged beams is usually required to reduce the noise in the 

spectra. Figure 2.13 shows the (1,0) beam after a 5-point adjacent averaging 

smoothing. Examining various extents of smoothing proved that a 5-point 

smoothing improved the spectra visually by removing most of the unwanted noise 

and at the same time retained features such as small peaks and shoulders. Hence, this 

value was chosen to be the optimum degree of smoothing.
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Finally, since the incident beam-current varies with the beam energy (Ep), the 

spectra should be corrected to correspond to constant incoming beam-current. A 

function is fitted to the LEED I(V) spectrum of the (1,0) beam measured from the 

clean Cu{100} to bring the relative intensities of the different peaks in agreement 

with that reported by Davis and Noonan [14]. This function is then applied to all 

experimental spectra. The Figure 2.14 illustrates the “analysis-ready” LEED I(V) 

spectra of the {1,0} beam from clean Cu{100}. The full line in figure 2.14 illustrates 

the “analysis ready” normal incidence I(V) spectra from the (1,0) beam of clean 

Cu{100} measured using the Dublin City University electron diffractometer and the 

dotted line corresponds to that measured by Adams [15], illustrate the level of 

agreement obtainable between independent laboratories. Both spectra are also in 

excellent agreement with those measured by Davis and Noonan for a shorter energy 

range [14].

Electron energy (eV)

Figure 2.13: Averaged and 5-point smoothed LEED I(V) of the (1,0) beam from 

clean Cu{100}.
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Electron energy (eV)

Figure 2.14: The final “analysis-ready” LEED I(V) spectrum of the (1,0) beam for 

clean Cu{100}. The dotted line spectrum is the LEED I(V) spectrum of the (1,0) 

beam from clean Cu{100} measured at room temperature and normal incidence by 

Adams [14].

2.9 Temperature-Programmed Desorption (TPD)

One of the fundamental surface kinetic processes is the desorption of adsorbed 

atoms/molecules from solid surfaces. These surface reactions are best followed by 

temperature-programmed desorption techniques. There is a range of techniques for 

studying atomic/molecular adsorption /desorption and surface reactions on surfaces 

that utilise temperature programming the sample to discriminate between processes 

with different activation parameters. Of these, the most useful for single crystal 

studies is Temperature-Programmed Desorption (TPD). TPD is also known as 

Thermal Desorption Spectroscopy (TDS). When the technique is applied to a system 

in which the adsorption process is, at least in part, irreversible and 

temperature-programming leads to surface reactions, then this technique is known as 

Temperature Programmed Reaction Spectroscopy (TPRS). As a surface analysis 

technique, TPD was first introduced by Apker in 1948 [16].
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In TPD, atomic/molecular species are adsorbed onto the crystal surface. Then a 

temperature ramp is applied to the crystal where the rate of desorption of certain 

fragments of fixed charge to mass ratio (m/e) from the solid surface back into the 

gas phase is followed as a function of temperature. To facilitate quantitative data 

interpretation, a linear heating rate ((3) is usually applied to the crystal that satisfies 

the equation

T(t) = T0 + p.t (2-13

where T is the crystal temperature, t the heating time and T0 is the initial crystal 

temperature. Experimentally, heating rates ((3) may take values as low as 0.01 Ks'1 

[17] or as high as 100 Ks'1 [18]. Flash desorption uses very high |3 values whilst 

most TPD experiments are usually done at (3 of around 1-10 Ks'1.

A quadrupole mass spectrometer (QMS) is used to detect and record the desorption 

of pre-set fragment masses under computer control with the possibility of quasi- 

simultaneous monitoring of a large number of possible products.

The sample is oriented close to the QMS filament, typically around 1-3 cm. Such an 

arrangement maximises the signal obtained. The QMS signal of a certain fragment is 

directly proportional to its partial pressure, and hence this signal is a direct 

quantitative representation of the amount of that fragment evolved from the sample 

surface.

The data obtained from such an experiment consists of the partial pressure of each 

recorded mass fragment as a function of temperature. The resulting graph is called 

the TPD spectrum from which information about the binding energies of different 

adsorbates may be deduced.

As adsorbate molecules may decompose into a range of products of differing mass,

this experiment often requires the simultaneous monitoring of several masses. This

can be achieved by allowing the mass spectrometer to switch between several
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detected masses as the temperature is increased. Thus, while truly simultaneous 

7monitoring is not possible, a quasi-continuous output is recorded.

For example, in the decomposition of the formate intermediate (HCOO), adsorbed 

on Cu{100} which decomposes to CO2 and H2 via cleavage of the C-H bond can be 

investigated by monitoring the masses of carbon dioxide (m/e=44), hydrogen 

(m/e=2) and the molecular formic acid (HCOOH) (m/e=46) (formed via re

combination of atomic hydrogen with formate) as the crystal temperature is 

increased. Figure 2.15 shows a typical TPRS spectrum resulting from adsorption of 

HCOOH onto Cu{100} crystal at 305K. In the spectrum, mass 44 amu (CO2) is 

recorded as a function of the sample temperature.

T e m p e r a t u r e  ( K )

Figure 2.15: A typical TPRS spectrum of HCOOH adsorbed on Cu{ 100} locked into 

mass 44 (a decomposition product of the formate HCOO intermediate). The feature 

“S” is desorption from the sample support wires.
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The shape of the TPRS spectrum originates from the product of two temperature- 

dependent physical parameters: the increasing rate of desorption versus temperature 

and the decreasing surface coverage as the temperature is increased. Figure 2.16 

shows schematically the TPD spectrum (red line) as a product of changes in surface 

coverage and rate constant as a function of temperature.

Temperature (K)

Fig 2.16: The rate of desorption (red curve) as a product of changes in surface 

coverage and rate constant as a function of temperature [19].

The sensitivity o f TPD technique is considered high due to the use of mass 

spectrometric detection. Detection limits below 0.1% of a monolayer of adsórbate 

are deemed attainable [20].

The rate of desorption per unit surface area may be described by:

-dN/dt = kd-Nm (2.14



where m is the order of desorption and N is the number of adsorbed particles [19]. 

The desorption rate constant, k<j, obeys an Arrhenius dependency and shows an 

exponential increase with temperature given by equation (2.15):

kd = A exp (-Ed/RT) (2.15

where Ed is the activation energy for the desorption process, A is a pre-exponential 

factor and R is the ideal gas constant (8.314 Jmol^K'1).

For a first order desorption process, A is assumed to be of the same order of 

magnitude as the molecular vibration frequency and is often assumed to be 1013 s '1 

for diatomic molecules [19]. Actual values, measured by other techniques such as 

Molecular Beam Relaxation Spectroscopy (MBRS), however, may differ from this 

value by as much as 105.

Substituting for kd and the heating rate P = dT/dt into equation (2.14) yields a 

representation of dN as a function of temperature (T):

-dN/dT = Nm (A/P) exp (-Ed/RT) (2-16

The rate of desorption reaches a maximum when T=TP and then the second 

derivative d2N/dT2 = 0 (the desorption maximum in figure 2.16). Hence, by 

differentiating equation (2.16) with respect to T and equating to zero, a general 

equation relating Tp, Ed and N can be derived:

Ed/R(T p) 2 = (A/P) m N"1'1 exp(-Ed/RTp) (2-17

Thus, as p and Tp are experimentally measured parameters, the activation energy Ed 

may be evaluated.

For a first order desorption process (m=l), equation 2.17 can be simplified to:

Ed/R(T p)2 = (A/p) exp(-Ed/RTp) (2‘18
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By assuming a first order desorption process, Redhead postulated a simple and 

direct equation to calculate the activation energy by knowing only the 

experimentally measured values Tp and p:

Ed = RTP [In (ATp/P)-3.46] (2-19)

For example, for formate desorption from Cu{100} shown in figure 2.15, the TPRS 

spectrum shows Tp at 450K. Using a heating rate of p = 2.5 Ks'1 and assuming a 

pre-exponential factor A=1013 s '1, the activation energy can be calculated as follows:

Ed = (8.314 Jm or1K‘1)(450K)[ln ((1013 s’1)(450K)/2.5Ks'1)-3.46]

- 118 kJmol'1

Note that Tp is variable for desorption processes with orders different from unity. 

King showed that Tp is dependent on the initial coverage N for desorption orders 

higher than unity. For adsorbates with no lateral interaction an asymmetric curve for 

first-order desorption is predicted while a symmetric curve in a second order 

desorption process is obtained [21],

A TPD spectrum can provide valuable information about the relative surface 

coverage. To practically make use of the TPD data for relative coverage evaluations, 

several assumptions must be made. For example when evaluating relative coverage 

via integration, the pumping speed of the UHV system is assumed constant. If this is 

the case, the area under the TPD curve is directly proportional to the surface 

coverage. Hence, a simple integration of the area under the curve allows a direct 

measurement of the relative coverage. Furthermore, if there is more than one 

binding state for a molecule on a surface (and these have significantly different 

adsorption enthalpies), multiple peaks will generally be observed in the TPD 

spectrum. Figure 2.17 shows data from a TPD experiment following adsorption of 

NO on Pt{331} at 300 K [22]. The pt{331} surface contains two distinct sites {111}
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“terrace sites” and step-edge sites. Clearly, two desorption peaks at high NO 

exposures are observed which implies the presence of more than one binding state 

for the NO molecule. In this case it seems logical to assign two distinct desorption 

states to desorption from terrace and step sites.

3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0

Temperature (K)

Fig 2.17: TPD spectra of NO (30 amu) adsorbed on Pt{331} at room temperature as 

a function of NO exposure. The exposures correspond to: (a) 0.05; (b) 0.1; (c) 0.2;

(d) 0.3; (e) 0.4; (f) 0.5; (g) 0.6 and (h) 0.75 L. (a) corresponds to the lower spectrum 

and (h) corresponds to the upper curve.

It should be noted that care should be exercised in assigning multiple peaks to 

distinct adsorption sites. In some adsorption systems exhibiting first order kinetics, 

increasing exposure leads to the desorption peak maximum temperature shifting to a 

lower value. Furthermore, low temperature additional peaks can often appear at the 

highest exposure. The existence of multiple desorption peaks and coverage- 

dependent shifts in peak maxima may arise from:

1. The presence of more than one distinct binding site with different activation 

energies for adsorption (e.g. hollow, atop, bridge);

2. Coverage-dependent lateral interactions between adsorbates [19].
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Abstract

The technique o f diffuse low energy electron diffraction (DLEED) I(V) analysis is 

shown to be a useful quantitative probe o f  the structure o f surface alloys in the early 

stages o f growth before long-range order develops.

The Cu{100}/Pd system has been studied in the Pd coverage range 0.10-0.55 ML. 

We demonstrate the Pd adsorbs at all coverages primarily by substitutional 

replacement o f top layer copper atoms forming a two-dimensional CuxPd[.x surface 

alloy. At low coverages a quasi-random substitutionally disordered two-dimensional 

alloy is formed with local order detected by LEED developing at Pd coverages 

above 0.25 ML. The surface geometry is not strongly coverage dependent with top 

layer Cu and Pd atoms almost coplanar and the first interlayer spacing slightly 

expanded (3%) with respect to the bulk value.
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1. Introduction

Investigation o f the structure o f low coverages o f disordered adsorbates has proved a 

difficult problem to solve. Local probes such as photo-electron diffraction, surface 

extended X-ray absorption fine structure and more recently X-ray standing wave 

techniques have in many cases been successfully applied [1,2]. However, while 

yielding accurate surface geometries their use necessitates access to synchrotron 

radiation facilities.

O f the laboratory based surface crystallographic tools, low energy electron 

diffraction (LEED) is highly successful for the study o f systems possessing a high 

degree of long range order. The introduction o f diffuse LEED by Pendry, Heinz and 

co-workers [3-6] opened the way for study o f low coverage disordered systems in 

which adsorbates occupy well defined sites as in the lattice gas model. A variant of 

this technique, diffuse LEED 7(F) involves the measurement o f the diffuse 

background intensity as a function o f beam energy as in traditional LEED I(V) 

analysis [7-10].

Adsorption o f Pd on Cu(100) at 300 K leads to formation o f an ordered c(2><2) 

overlayer alloy [11]. Lu et al. demonstrated by LEED I(V) analysis that the c(2x2) 

periodicity originated from formation o f a CuPd surface alloy with approximately 

0.5 ML of Pd substitutionally replacing Cu atoms within the outermost layer with Pd 

atoms slightly rippled outwards by 0.02±0.03 Á [12,13]. The same structure has 

been re-examined by LEED I(V) analysis [14] confirming the geometry initially 

proposed by Lu et al. Pope et al. using medium energy ion scattering favoured a 

geometry with Pd atoms rippled outwards with a slightly larger amplitude between

0.04 and 0.08 Á [15]. However, in the latter case it was implicitly assumed that first 

and second layer copper atoms remained in bulk truncated positions. Finally, 

embedded atom method calculations favoured a geometry with the first copper 

interlayer spacing contracted by 3% with Pd atoms buckled outwards by 0.12 Á

[16]. In contrast, little is known about the structure below Pd coverages o f 0.5 ML. 

The only work to date is the STM study o f Murray et al. [17], which indicates that 

surface alloy formation occurs even at low Pd coverages with a quasi-random
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substitution o f Pd into the outermost layer with preference for Pd atoms to occupy 

second nearest neighbour sites. In this short contribution we illustrate the power of 

the diffuse LEED 7(F) technique to provide structural information about the early 

stages o f Pd adsorption on Cu(100).

2. Experim ental

The experimental 7(F) spectra were acquired with an energy increment o f 1 eV and 

were symmetry averaged to reduce error due to sample mis-alignment [18] and 

residual electrostatic and magnetic fields and normalised to constant incoming beam 

current. In the case o f partially ordered and disordered overlayers, an identical 

tracking path was used as that for the (1/2,1/2) beam from the ordered Cu(100)- 

c(2*2)-Pd phase at maximum perfection.

In the case o f  the diffuse 7(F) data, a careful background subtraction o f the diffusely 

scattered intensity from clean Cu(100) under identical experimental conditions was 

applied to remove diffuse spectral structure from defects in the Cu(100) sample and 

phonon related diffuse scattering. This procedure is similar to that successfully 

adopted in previous diffuse 7(F) studies [9,10].

Palladium was evaporated from a well outgassed 0.3 mm diameter tungsten filament 

around which was wrapped high purity 0.125 mm diameter Pd wire (Goodfellow 

Metals Ltd.). Coverages were calibrated by measurement of spot profiles as a 

function o f evaporation time to determine the time required to bring the ( 1 /2 , 1 /2 ) 

beam to maximum intensity. Pope et al. have previously determined by Rutherford 

backscattering spectroscopy (RBS) that the (1/2,1/2) beam reaches maximum 

intensity at a Pd coverage o f 0.55±0.1 ML [14, 15]. Coverages below 0.25 ML 

yielded p( 1x 1) LEED patterns with increased background intensity. Diffuse circular 

c(2><2) beams were observed for Pd coverages above 0.25 ML which became 

increasingly sharp and bright in the coverage range 0.25-0.55 ML. The observation 

o f diffuse circular beams at coverages 0.25 ML suggests islanding in small c(2x2) 

domains with spot broadening due to finite size effects. The Cu(100)-c(2x2)-Pd 

surface alloy at a Pd coverage o f 0.55 ML yielded bright and sharp fractional order 

beams.
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3. Calculations

LEED calculations were performed using the Barbieri/Van Hove symmetrised 

automated tensor LEED package [19]. Up-to 10 phase shifts generated from the 

potentials o f Moruzzi et al. [20] were used. Other non-structural parameters used 

included bulk Debye temperatures (275 K for Pd and 335 K for Cu) [21] and an 

energy independent imaginary part o f the inner potential of 5 eV. Along with the 

structural parameters (the co-ordinates o f the Cu and Pd atoms in the outermost 

layer), the real part o f the inner potential was varied in the tensor LEED search 

routine. The theory-experiment agreement was tested using the Pendry /^-factor [22].

4. Results and discussion

Fig. 1 illustrates the LEED /(F) spectrum from the (1/2,1/2) beam from an ordered 

Cu(100)-c(2x2)-Pd surface alloy formed by deposition o f 0.55 ML of Pd at room 

temperature. This spectrum is in excellent agreement with the measurements of 

Valden et al. [23] from the same system and also in good agreement with earlier 

studies o f Lu et al. [12], Wu et al. [13] and Pope et al. [16]. Also shown are the 

equivalent diffuse /(F ) spectra from long range disordered overlayers o f Pd 

coverages o f 0.10, 0.15 and 0.20 ML and from partially ordered overlayers 

exhibiting diffuse c(2x2) beams for coverages o f 0.25 and 0.30 ML. The diffuse I{V) 

spectra have been normalised by 1 IE to account for the increase in the area of 

reciprocal space sampled with increasing energy [9].

Clearly the spectra at all Pd coverages are highly similar in terms o f spectral 

structure and peak positions. This strongly suggests that the local geometry 

surrounding the Pd adsorbate is coverage independent i.e. surface alloys are formed 

at all coverages studied with similar Cu Pd nearest neighbour bond lengths.
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Fig. 1: N o r m a l  incidence s y m m e t r y  averaged and b e a m  current normalised I(V) spectra from 
the (1/2,1/2) position for different P d  coverages m a r k e d  in the figure. A  single 13 point 

smoothing has been applied to all spectra.

In order to examine the effect of Pd coverage and lateral distribution within the 

outermost mixed CuPd alloy layer on LEED I(V) spectra, a series o f model 

calculations were performed for ordered surface alloys producing diffracted beams 

in the (1/2,1/2) position. Fig. 2 illustrates I(V) spectra from c(4><4) Fig. 2(A) and 

p(2x4) Fig. 2(B) (0pd=O.125 ML), p(2x2) Fig. 2(C) (ePd=0.25 ML) and c(2x2) Fig. 

2(D) (0pd=O.5O ML) surface alloys. In each case all structural and non-structural 

parameters were held fixed with the surface geometry corresponding to that 

obtained by Lu et al. for the Cu(100)-c(2x2)-Pd structure [12,13]. The high level of 

similarity in the calculated I(V) spectra for widely different Pd coverages and lateral 

distributions clearly illustrates that at normal incidence the spectral structure in the 

(1/2,1/2) beam is relatively insensitive to the exact Pd coverage/lateral distribution, 

suggesting that events involving multiple scattering between two or more Pd atoms
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is weak even for a strong scatterer such as Pd. The structure in all spectra is 

extremely similar, only very small changes occur involving mainly changes in peak 

relative intensities. The most significant change is in the peak at 140 eV which 

exhibits a large decrease in intensity with increasing Pd coverage. Model 

calculations (not shown) were also performed for the (3/2,1/2) and (3/2,3/2) beams, 

the results confirmed the similarity demonstrated for the ( 1 /2 , 1 /2 ) beam.

Also shown in Fig. 2 (curve E ) is a model calculation for a p(2><2) Pd overlayer, 

with Pd adatoms adsorbed in fourfold hollow sites above the outermost copper 

plane with a coppei^palladium interlayer spacing o f 1.945 A, equal to the bulk 

interlayer spacing in Pd(100). This structure yields a significantly different /(F) 

spectrum from that o f the surface alloy, and much poorer agreement with the 

experimental /(F ) spectra o f the Cu/Pd surfaces illustrated in Fig. 1. While it is 

possible that the copper-palladium interlayer spacing varies from that o f bulk Pd, it 

is unlikely to do so by more than 10%. An overlayer model for all physically 

reasonable surface geometries yields poor agreement when compared to the 

experimental data o f Fig. 1. This allows us to rule out overlayer formation at low 

Pd coverages and suggests that surface alloy formation occurs throughout the 

coverage range studied.

Finally, as the coverage and lateral distribution o f Pd appears to be relatively un

important, diffuse and partially ordered /(F) data may be analysed using model 

calculations for ordered overlayers which yield a diffracted beam in the region o f k- 

space for which the diffuse /(F ) spectrum was acquired.

50



ioo m  m
Energy t«V)

Fig. 2: Calculated normal incidence I(V) spectra for ordered surface alloys including: (A) 

C(4x4) (0Pd=O. 125 M L ) ;  (B) p(2x4) (0Pd=O.125 M L ) ;  (C) p(2><2) (0Pd=O.25 M L )  an d  (D) 

c(2x2) (0Pd=O.5O M L ) .  In all cases the surface geometry corresponds to that of L u  et al. [12] 

and W u  et al. [13], T h e  dotted line (E) s h o w s  a calculation for a p(2x2) over layer with P d  

adatoms in fourfold hollow sites and a copper-palladium interlayer spacing of 1.945 A.

Fig. 3 illustrates the optimal theory-experiment agreement and corresponding 

Pendry i?-factors for the diffuse I(V) spectra o f Pd coverages of 0.15, 0.25 and 0.55 

ML respectively using calculations for a perfect top layer c(2><2) CuPd alloy. For the 

purpose o f the fitting, all structural parameters in second and deeper layers were 

frozen at their bulk values. The only structural parameters which were allowed to 

vary were the first interlayer spacing and the rippling within the composite CuPd 

alloy layer along with a rigid shift in the real part o f  the inner potential. Freezing of 

the atomic positions in second and deeper layers appears a good approximation 

based on the results o f the LEED I(V) analysis o f the Cu(100)-c(2x2)-Pd ordered 

alloy by Lu et al. [12] and Wu et al. [13]. The favoured geometries are summarised 

in Fig. 3 and consist o f  an almost coplanar mixed layer with the first interlayer 

spacing slightly expanded by up-to 0.06 A (dz 1 2= 3 %). Optimal geometries were also
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obtained for the 0.25 and 0.15 ML data using calculations based on p(2*2) and 

c(4><4) overlayers respectively yielding geometries identical to within a few 

hundredths o f an Angstrom to those obtained with a c(2><2) model calculation with 

Cu and Pd again coplanar. The analysis confirms the observation that the similar 

nature o f the diffuse 1(V) spectra imply a highly similar local geometry.

The only previous geometric study o f Cu(100)/Pd surfaces below 0.5 ML coverage 

is the STM study o f Murray et al. [17]. Their work indicates that even at the lowest 

coverage studied (0.2 ML), formation o f a surface alloy is favoured with substitution 

of Pd into the outermost copper layer. As the Pd coverage is increased Pd atoms 

adsorbing in the vicinity o f alloyed Pd atoms avoid occupation of nearest neighbour 

sites, forming locally microscopic areas o f c(2x2) periodicity. The diffuse LEED 

results are thus in full agreement and independently support the STM work of 

Murray and co-workers that surface alloying occurs with Pd atoms occupying 

fourfold hollow sites within the outer monolayer at low coverages.

Our results agree rather well with those o f Lu et al. [12] and Wu et al. [13] and 

indicate that the copper and palladium atoms are close to coplanar at all coverages. 

However, it is important to note that the Cu atoms within the outermost layer, 

particularly at the lower Pd coverages, may exist in a range o f slightly different local 

geometries dependent on the number o f nearest and next nearest Pd neighbours. 

Hence an analysis based on a c(2><2) or p(2x2)/c(4x4) outer layers is strictly 

incorrect. In reality a range o f slightly different local geometries may exist. Thus the 

best an analysis o f the type presented here can achieve is to give an average picture 

of the top layer geometry. The situation is further complicated by the existence o f Pd 

in sub-surface layers [11, 16, 17, 23 and 24]. While the exact percentage of 

deposited Pd atoms located in the second layer varies from study to study, it would 

appear that the amount is in the range 15% to 40% o f the total quantity o f Pd 

deposited at maximum perfection of the ordered Cu(100)-c(2x2)-Pd phase. The 

STM study o f Murray et al. [17] indicates that at Pd coverages o f 0.20 and 0.35 ML 

(as calibrated by RBS) between 20% and 25% of Pd atoms are sub-surface. While 

the scattering from top layer atoms will dominate, both due to their higher 

concentration and to the additional loss o f intensity from second layer atoms due to 

inelastic scattering by the outer CuPd monolayer, their presence may lead to small
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systematic errors in the recovered geometry o f top layer atoms. While for a semi- 

quantitative analysis based on the ( 1 /2 , 1 /2 ) beam alone it is not realistic to include 

this additional complexity, the presence o f second layer Pd should be accounted for 

in a full quantitative study based on a larger data base. Collection o f /(F ) spectra 

from integral order beams at low Pd coverage (e.g. 0.2 ML) and analysis assuming a 

top layer substitutionally disordered alloy applying the average T-matrix 

approximation (ATA) may allow more accurate geometric determination and yield 

further insight in-to the concentration o f Pd in sub-surface sites. Work along these 

lines is presently underway and will be reported in a future and more comprehensive 

article.

Energy [eV]

Fig. 3: Theory-experiment agreement for palladium coverages o f (A) 0.15 ML; 

(B) 0.25 ML and (C) 0.55 ML. Calculated spectra shown as dashed lines. The 

Pendry /^-factors along with the optimal geometry in terms o f shifts in the Cu and 

Pd atoms in the outermost layer away from bulk truncated positions (Ad) is shown 

(positive values indicate expansions).



Most common metal adsorbates such as transition metals are strong scatterers and 

form monolayers whose atomic density are similar to that o f the substrate and thus 

provide sufficient diffusely scattered intensity that DLEED I(V) spectra can easily be 

collected for coverages as low as 0.10 ML using a standard CCD camera and display 

type LEED optics. In the case o f the Cu(100)/Pd system reported here, the 0.10 ML 

data was collected without significant difficulty at 300 K. The use o f liquid nitrogen 

cooling should enhance further the diffuse I(V) data quality, hence we can envisage 

that in principle, coverages as low as 0.05 ML could be studied. The diffuse I(V) 

technique could thus yield quantitative structural determinations of accuracy 

approaching that o f LEED analyses from ordered overlayers by collection o f diffuse 

I(V) spectra from a range o f regions o f ¿-space along with integral beams coupled 

with application o f the Average T-matrix Approximation (ATA) analysis.

5. Conclusions

The technique o f diffuse LEED I(V) analysis has been applied to study the earliest 

stages o f surface alloy formation during the room temperature growth of Pd on 

Cu(100).

We demonstrate that even for strong scatterers such as Pd, multiple scattering 

between two or more Pd atoms is weak for conditions normally applied in I(V) 

analysis (normal incidence, energy range 50-300 eV) provided adsorbates are 

coplanar. Thus, a quantitative analysis o f the surface geometry of lattice gas 

disordered overlayers is possible combining diffuse LEED I(V) measurements and 

calculations from ordered phases producing LEED beams in regions o f ¿-space at 

which diffuse I(V) measurements were performed.

For Pd adsorption on Cu(100) at 300 K in the coverage range 0.1 to 0.55 ML:

(a) the local geometry at all coverages corresponds to a Cu*Pdi* surface alloy with 

adsorbate atoms predominantly substituting into the outermost copper monolayer 

occupying substitutional lattice sites,
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(b) the local surface geometry is coverage independent within the resolution of the 

analysis and corresponds to an approximately coplanar CuPd outer monolayer and 

an expanded (3%) first to second interlayer spacing.
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A bstract

The kinetics and mechanism of an irreversible overlayer to underlayer transition in 

the Cu(100)-c(2><2) surface alloy has been investigated by LEED. The activation 

energy for Pd site switching from the outermost layer to sub-surface (second layer) 

sites has been estimated to be 109±12 kJ mol' 1 (1.13±0.12 eV).

The structure o f the underlayer alloy has been examined quantitatively by tensor 

LEED. The Cu(100)-c(2x2) underlayer is demonstrated to have its origin in 

substitution of approximately 0.5 ML of Pd into the second layer to form a c(2x2) 

CuPd underlayer alloy capped by a copper monolayer (i?p=0.28). A mixed third 

layer c(2x2) CuPd layer capped by a copper double layer may be ruled out. 

Incorporation o f sub-surface Pd into the Cu(100) surface leads to significant 

expansion o f both the first and second interlayer spacings of cfei2=+3.3% (0.06 A) 

and Dz23=+6 .6 % (0 . 1 2  A) relative to the bulk Cu( 1 0 0 ) interlayer spacing (1.805 A) 

leading to a net expansion of the outermost three layer slab o f 0.18 A.
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1. Introduction

The early stages o f epitaxial growth are often dominated by interfacial mixing 

resulting in surface alloy formation [1], Surface alloys consisting o f a mixed 

monolayer two-dimensional alloy or an interfacial mixed region several monolayers 

thick are o f great interest as they provide ideal templates to study the effect of 

alloying on surface electronic structure, catalytic activity and magnetic properties. 

One of the most fundamental questions that must be answered about a surface alloy, 

is the detailed nature o f the surface geometry including the exact location of 

adsorbate atoms within the selvedge and bond lengths within the mixed outermost 

layers. Low energy electron diffraction (LEED) is an ideal probe o f the geometry of 

surface alloys as it possesses the required sensitivity to both surface and sub-surface 

aspects o f the mixed interface.

The Cu(100)-c(2x2)-Pd surface alloy formed by deposition o f sub-monolayer 

coverages o f Pd on Cu(100) at 300 K is one o f the most extensively studied 

examples o f surface alloy formation. Graham was the first to study in detail the 

adsorption o f Pd on Cu(100), observing formation o f an intense c(2><2) LEED 

pattern over a range o f sub-monolayer coverages [2]. The geometric structure was 

subsequently solved by Lu et al. [3] and Wu et al. [4] using LEED I(V) analysis, and 

was shown to be due to a mixed CuPd monolayer formed by substitution o f 0.5 ML 

of Pd into the outermost copper monolayer in a c(2x2) array. The copper and 

palladium were found to be almost coplanar with Pd rippled outwards by 0.02±0.03 

A and the outermost interlayer spacings close to the bulk value. Subsequently, the 

basic geometry resulting from a top layer mixed CuPd compound was confirmed by 

Pope et al. [5] using LEED and Rutherford backscattering spectroscopy (RBS) [5, 6  

and 7].

Early studies o f the Cu(100)-c(2x2)-Pd surface alloy already pointed to additional 

complexity as the Pd coverage which was determined to be required to yield the best 

developed c(2x2) LEED pattern varied from the RBS determination o f Pope et al. 

[6 , 7] o f 0.55±0.1 ML upto a value o f 0.8 ML determined by Auger Electron 

Spectroscopy (AES) by Graham et al. [2, 8 ]. A deficiency in Pd in the outermost 

layer was reported [2-8] using desorption spectroscopy with CO as probe molecule
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and low energy ion scattering spectroscopy (LEISS). Valden et al. using CO 

desorption spectroscopy combined with polar X-ray photo-electron diffraction 

demonstrated that the top layer was heterogeneous with domains o f pure copper co

existing with areas o f c(2><2) CuPd alloy with significant quantities o f Pd located in 

the second layer [9], The non-ideal nature o f the surface alloy was most recently 

further confirmed by Murray et al., who using STM, illustrated that formation o f the 

most microscopically ideal top layer c(2 x2 ) occurred somewhat later than the 

optimisation in intensity o f half order LEED beams with excess Pd being present in 

sub-surface sites [10]. The surface structure corresponding to maximum intensity in 

half order LEED beams was demonstrated to consist o f significant areas o f pure 

copper in the outermost layer co-existing with domains o f CuPd c(2x2) alloy. Most 

recently, Shen et al. [11], using a calibrated quartz crystal microbalance determined 

that the best quality c(2x2) LEED pattern occured at a palladium coverage of 

0.58±0.06 ML. Furthermore, using LEISS the authors were able to determine that at 

this coverage approximately three quarters of the Pd atoms were localised in the 

outermost layer with the remaining 25% sub-surface [11].

The question o f the thermal stability o f the Cu(100)-c(2x2)-Pd top layer alloy has 

been addressed by Graham et al. [8 ] who report rapid incorporation of Pd into sub

surface sites at 440 K using LEISS as a probe o f surface composition. The LEED 

pattern was reported to remain c(2 x2 ) upon annealing leading to the suggestion of 

incorporation o f Pd into subsurface layers in an ordered array. Subsequent work by 

Andersen et al. [12, 13] using AES in combination with LEED, work function 

measurements and desorption o f probe molecules (CO) confirmed a temperature 

induced c(2 x2 ) overlayer to underlayer transition occurs and followed the kinetics of 

the transition by LEED/AES at 353 K. Their kinetic data suggested that the 

transition was complete at this temperature over a time period of approximately 60 

min. Koyman et al. [14] using Positron annihilation induced Auger spectroscopy 

studied the overlayer to underlayer transition at the higher temperature o f 423 K. 

Heating to 423 K led to the rapid disappearance o f the positron induced Pd Auger 

transitions, allowing Koyman et al. to infer that Pd atoms move to sites only one 

atomic layer below the surface.
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In this article we examine quantitatively the kinetics o f the transition between a 

Cu(100)-c(2x2)-Pd top layer surface alloy to an ordered underlayer alloy. In 

addition, the geometric structure o f this phase has been probed by tensor LEED to 

extract the detailed geometry o f the Cu(100)-c(2x2)-Pd underlayer, including the 

effect o f Pd on the outermost interlayer spacings of the Cu(100) substrate and to 

examine the extent o f rippling in the mixed CuPd underlayer due to the large size 

difference (7.8%) between copper and palladium.

2. Experim ental

All experiments were performed in an ion and titanium sublimation pumped ultra- 

high-vacuum chamber with a base pressure o f lx lO ' 10  Torr. The chamber was 

equipped with four-grid reverse view LEED optics for display o f  diffraction 

patterns, which could also be used as a retarding field analyser for AES. A 

quadrupole mass spectrometer was also available for residual gas analysis and as a 

detector for thermal desorption spectroscopy (TDS).

The Cu(100) sample was mounted on a high precision goniometer with facilities for 

sample rotation and incorporating a tilt mechanism for accurate attainment o f normal 

incidence conditions. The sample temperature could be measured with a 

chromel-alumel thermocouple.

The sample was cleaned in situ by cycles o f argon ion bombardment and annealing 

to 800 K until no contaminants could be observed above the AES noise level and the 

sample exhibited normal incidence LEED I(V) spectra o f the (1,0) beam in excellent 

agreement with literature reports [15].

Normal incidence was attained by adjustment o f the sample rotation and tilt until the 

( 1 ,0 ), (- 1 ,0 ), (0 , 1 ) and (0 ,- 1 ) beams where identical to within the standards typically 

attained in LEED studies [15].

LEED / -  V spectra were acquired with a CCD video camera (Hitachi-Denshi KP- 

M1E/K) with software supplied by Data Quire Corporation. The software allowed
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acquisition o f LEED beam spot profiles for study o f surface phase transformations 

and automatic tracking o f a user selectable number o f beams for collection o f LEED 

I(V) spectra.

In the case o f the Cu(100)-c(2><2)-Pd underlayer, five non-symmetric beams were 

collected, providing a normal incidence total energy range o f 1039 eV. The low 

intensity o f half order beams other than the ( 1 /2 , 1 /2 ) prevented reliable acquisition. 

Each beam was individually background subtracted and symmetry equivalent beams 

were then averaged to improve the signal-to-noise level and to compensate for any 

small remaining deviations from normal incidence and stray magnetic and 

electrostatic fields. All beams were normalised to constant incoming beam current 

and smoothed prior to data analysis.

Palladium was evaporated from a 0.3 mm tungsten filament around which was 

wrapped high purity 0.125 mm Pd wire. The evaporator was heated by a constant 

current power supply. The evaporation rate was calibrated by monitoring LEED 

beam profiles through the ( 1 /2 , 1 /2 ) beam as a function o f evaporation time and 

locating the time required for the (1/2,1/2) beam to reach maximum intensity. As 

mentioned earlier, Pope et al. [6 , 7] have reported using RBS in combination with 

LEED that the Pd coverage at which the (1/2,1/2) beam reaches optimal intensity is 

0.55±0.10 ML. All coverages are quoted based on this calibration.

The Cu(100)-c(2x2)-Pd underlayer alloy structure on which LEED I(V) analysis 

performed was created from a top layer c(2x2) alloy o f coverage 0.5 ML by heating 

of the top layer alloy to 550 K at a linear heating rate o f 5 K s '1. Upon cooling to 300 

K a sharp c(2x2) LEED pattern persisted but with fractional order beams of 

significantly lower intensity relative to integral order beams. Chemical probes o f the 

surface including CO desorption and decomposition o f a formate catalytic 

intermediate indicated penetration o f the majority o f Pd from top layer to sub

surface sites with only small amounts o f Pd (0.05 ML) remaining in the top layer.
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3. Theoretical considerations

LEED calculations were performed with the Barbieri/Van Hove symmetrized 

automated tensor LEED package [16]. Up to 12 phase shifts were used generated 

from the potentials o f Moruzzi et al. [17]. Other non-structural parameters used were 

a bulk Debye temperature o f 315 K for copper and an energy independent imaginary 

part o f the inner potential o f 5 eV. A Debye temperature o f 275 K was used in the 

case of Pd [18]. The energy independent real part o f the inner potential was allowed 

to vary in the LEED calculations with theory-experiment agreement tested using the 

Pendry /^-factor [19].

4. Results and discussion

4.1. The Cu(100)-c(2x2)-Pd overlayer to underlayer transition: kinetics and 

mechanism

Fig. 1(a) illustrates a normal incidence LEED I(V) spectrum of the (1/2,1/2) beam 

from a Cu(100)-c(2x2)-Pd overlayer o f 0.5 ML coverage deposited at 315 K (lower 

curve). This spectrum is virtually identical to that reported by Valden et al. [9]. The 

data is also in good agreement with earlier measurements o f Lu et al. [3, 4] and Pope 

et al. [5]. The c(2x2) underlayer alloy was then formed by thermal activation and the 

I(V) spectrum o f the (1/2,1/2) beam was re-measured upon cooling to room 

temperature and is also shown in Fig. 1 (a) (upper curve). Significant changes occur 

upon annealing. While at low energies the spectra are rather similar, an intense peak 

is observed around 250 eV from the annealed c(2x2) which is clearly absent in the 

directly deposited top layer alloy spectrum. In addition, the broad peak at around 

220 eV from the top layer c(2x2) alloy corresponds closely to a minimum in the 

annealed surface spectrum. A further general feature appears to be the larger relative 

intensity o f the I(V) peaks at higher beam energies from the thermally activated 

surface. Clearly these changes signal that a significant structural rearrangement 

occurs upon annealing. This hypothesis is confirmed by the CO thermal desorption 

data shown in Fig. 1(b). Saturation o f a Cu(100)-c(2x2)-Pd top layer alloy with CO ( 

100 L) led to a broad desorption peak ( r p=360 K). As CO does not adsorb on copper 

at temperatures o f 300 K, we assign this desorption state to CO bound to surface Pd
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atoms. Upon cooling the surface to room temperature, the surface was again re

saturated with CO and a second desorption spectrum acquired with identical sample 

position and mass spectrometer settings. The CO desorption signal was drastically 

reduced as illustrated in the lower spectrum o f Fig. 1(b).

Energy (eV)

(b)

Temperature (K )

Fig. 1: (a) Symmetry averaged normal incidence I(V) spectra from the (1/2,1/2) 

beam of the Cu(100)-c(2x2)-Pd top layer alloy (lower curve) and the Cu(100)- 

c(2x2)-Pd alloy formed by annealing to 550 K (upper curve). The spectra have not 

been normalised to incoming beam current in order to artificially emphasise higher 

energy diffraction features, (b) Mass 28 (CO) desorption spectra acquired with a 

linear heating rate of 5 K s' 1 from the Cu(100)-c(2x2)-Pd top layer alloy (upper 

curve) and after heating and re-cooling to room temperature (lower curve). Both 

surfaces were dosed with a saturation CO exposure (100 L). The sharp feature S 

corresponds to desorption from the sample support wires.
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In order to probe the kinetics o f  the transition, LEED spot profiles through 

the ( 1 ,0 ), (0 , 1 ) and ( 1 /2 , 1 /2 ) beams were collected as a function of time for a 

range o f temperatures. Fig. 2 illustrates the variation o f the (1/2,1/2) intensity 

with time for independently prepared top layer c(2><2) CuPd surface alloys 

recorded at three different temperatures at a primary beam energy o f 117 eV. 

The half order intensity decreases monotonically and non-linearly as a 

function o f time as the overlayer to underlayer transition is activated with the 

half order intensity reaching a constant value o f approximately 65% of that 

o f the top layer alloy when the transition is complete. Fig. 3 illustrates 

selected beam profiles at chosen times during the transition, illustrating that 

the c(2 x2 ) reflexes remain sharp.

Time (min)

Fig. 2: Variation o f the (1/2,1/2) beam intensity as a function o f time for substrate 

temperatures o f 345, 360 and 370 K at a primary beam energy o f 117 eV.
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Fig. 3: Selected spot profiles at chosen stages in the overlayer to underlayer 

transition at temperature o f 365 K.

First order kinetic plots using the (1/2,1/2) beam intensity variation, assuming that 

the ( 1 /2 , 1 /2 ) beam intensity is directly related to the concentration o f second layer 

c(2x2) yield good linearity. An example o f a first order plot is shown in Fig. 4 

(experimental data illustrated in the inset). Fig. 5 illustrates an Arrhenius plot, using 

a standard chemical kinetics approach fitting the data to Eq. (1):

\nk(T) = InA - AE/RT (1)

where \nk(T) is the natural logarithm o f the temperature dependent rate constant and 

AE  represents the activation energy barrier for transport o f Pd from the outermost to 

sub-surface layers. This yielded an activation energy barrier o f 109±12 kJ mol' 1 

(1.13±0.12 eV).
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Time (min)

Fig. 4: A first order kinetic plot o f the transition data illustrated in the figure 

inset. The data was recorded at a temperature o f 343 K.

1000/T (K‘l)

Fig. 5: Arrhenius plot for the overlayer to underlayer transition. The starred 

point represents data o f Anderson et al. [12].

This activation barrier is higher than the 0.88 eV determined by Pope et al. [20] for 

alloying of Pd into the outermost layer in a c(2><2) array, yet considerably lower than
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that for bulk interdiffusion which has been determined to be 2.1 eV by Go upper et 

al. [21] using X-ray diffraction from a Cu85Pd ]5 bulk alloy. A recent study of the 

kinetics o f a top layer to underlayer transition for 0.5 ML o f Pd deposited on a 

vicinal C u ( l , l , l l )  surface, consisting o f (100) terraces o f five unit cells width using 

He scattering determined an activation barrier o f 1.0±0.1 eV for substitution o f Pd 

into second layer sites, in good agreement with the value determined here for the 

atomically flat Cu(100) surface [21]. However, there is some indication from the He 

scattering data o f Goupper et al., which is reflected in the slightly lower activation 

barrier determined, that the top layer to underlayer transition occurs faster on the 

high step density surface, implicating steps may play some role in the transition 

mechanism.

The form of the variation o f the (1/2,1/2) intensity and half width with time does 

allow some qualitative conclusions to be drawn with respect to the mechanism o f the 

overlayer to underlayer transition. A mechanism by which top layer Pd atoms 

"randomly" exchange with second layer Cu atoms may be expected to conform 

closely to first order kinetics. However, such a mechanism would be predicted to 

lead to almost complete disappearance o f the ( 1 /2 , 1 /2 ) beam intensity and a marked 

increase in the full-width-at-half-maximum mid way through the transition. As the 

long range order in the top layer is gradually broken up due to top layer Pd atoms 

exchanging into layer 2 , the intensity scattered into half order positions would 

rapidly decay. The second layer c(2><2) diffracted intensity would not be expected to 

give a significant intensity until a large amount o f Pd is present in the second layer. 

Hence, such a mechanism would generate a rapid loss in half order beam intensity, 

reaching a minimum when approximately half o f the top layer atoms have 

penetrated sub-surface. This would be followed by an increase in intensity with the 

ordering increasing in layer two as the Pd coverage approaches the optimal Pd 

concentration o f 0.5 ML. Reference to Fig. 2 and Fig. 3 illustrate that this is clearly 

not the case.

A second mechanism would be one in which a place exchange o f a Pd atom in the 

top layer destabilises nearest neighbour Pd atoms in the top layer, thus making them 

more likely to subsequently undergo transport into layer 2. This would lead to a 

mechanism where top layer Pd atoms exchanging with second layer atoms form

67



nucleation centres which subsequently grow laterally with time, leading to formation 

of both top layer Cu two-dimensional islands and likewise patches o f second layer 

c(2x2) CuPd alloy. This would manifest itself in a delay period in which the half 

order beam intensity changes extremely slowly. This mechanism would not be 

expected to follow first order kinetics as the rate o f the transformation would be 

expected to depend strongly on the island edge area, which itself would depend on 

the island shape and two-dimensional density o f nucleation centres.

Finally, a simple mechanism exists invoking the participation o f step edges in the 

overlayer to underlayer transition. This involves copper atoms at step edges 

detaching themselves and diffusing away to cover exposed CuPd top layer alloy. 

The newly exposed Pd atoms at the receeding step edge then undergo place 

exchange with a copper atom in the layer below, thus forming newly exposed Cu 

step-edge atoms which may in turn diffuse away and further cover existing areas of 

CuPd. Such a simple receeding step-edge mechanism would be predicted to follow 

zero order kinetics as the step edge is regenerated and would thus predict a linear 

decrease in the ( 1 /2 , 1 /2 ) beam intensity with time, in disagreement with 

experimental observation. Thus, such a simplistic step related mechanism may be 

ruled out. An STM study would be invaluable to allow a detailed microscopic 

insight into the mechanism o f the overlayer to underlayer transition.

4.2. The struc tu re  of the Cu(100)-c(2x2)-Pd underlayer alloy

The surface structure o f Cu(100) has been the subject o f a number o f quantitative 

structural studies by LEED [22-26], medium energy ion scattering (MEIS) [27, 28] 

along with semi-empirical [29, 30] and first principles [31] calculations. All results 

lead to a first layer contraction (dzi2) between -1.1 and -3.0%. The most recent 

analysis is that o f Walter et al. [26], who have examined the geometry o f Cu(100) in 

some detail, including allowing the real part o f the inner potential to take an energy 

dependent form according to the Hedin-Lunquist local density approximation. A 

contraction o f the first interlayer spacing o f -1.9% (0.035 A) and a small second 

layer expansion of +0 .6 % (0 . 0 1  A) was found assuming the real part o f the inner 

potential to be energy independent. In the case o f allowing the real part o f the inner 

potential to become energy dependent a first interlayer contraction o f -2.5% (0.045
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A) and second interlayer expansion o f +0.3% (0.005 A) was recovered. Thus, a 

contraction of 0.025 A (-0.7%) and 0.04 A (- 1 . 1 %) of the outermost three layer slab 

results. We will use the average o f the two latter values i.e. a contraction o f 0.0325 

A (-0.9% of 3.61 A three layer slab) as our reference structure for the clean surface.

Data sets were collected from the top layer Cu(100)-c(2x2)-Pd surface alloy formed 

by room temperature deposition o f 0.5 ML o f Pd i.e. the precursor structure to the 

thermally activated underlayer alloy. Visual comparison o f our own data with 

previously published LEED I(V) spectra collected from this phase [3-5] indicated the 

data to be almost indistinguishable from previous reports. This technique of 

"fingerprinting" I(V) spectra ensures that the structures formed independently in 

different laboratories are highly similar. The visual inspection led us to believe that 

full LEED analysis o f this data would retrieve an essentially identical structure to 

that obtained by other groups [3,4].

Fig. 6  illustrates an underlayer c(2><2) alloy based on a mixed CuPd second layer. 

The major structural parameters varied within the analysis are illustrated which 

include the first, and second interlayer spacings (dzi2 , dz2 3)- Large variations were 

allowed due to the significantly larger lattice constant o f Pd (3.89 A) compared to 

Cu (3.61 A). Placing Pd in a two-dimensional array with nearest neighbour 

separation corresponding to the copper lattice constant would represent a 16% 

increase in two-dimensional density, hence it may be expected that such a situation 

may lead to significant changes in the outermost interlayer spacings to compensate 

for the increase o f the in-plane Pd density. Other structural variables include the 

rippling between copper and palladium atoms in the second layer (8 2 ). Rippling was 

also allowed in layer 4 (8 4 ). Symmetry constraints rule out the buckling in the 

outermost copper monolayer and layer 3 as all Cu atoms are in identical 

environments and thus experience identical forces.
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I si layer Cu 

2nd layer Cu

2nd layer Pd

5ih layer

Fig. 6 : Model o f the Cu(100)-c(2x2)-Pd underlayer alloy, (a) Top view, (b) 

Side view. The structural parameters varied within the analysis are outlined 

including the first, second and third interlayer spacings (dzi2 , dz2 3 and dz34_), 

rippling with the mixed CuPd layer and fourth copper layer ( 8 2  and 84)  and 

the distance between second and third layer Cu atoms Dz2 3 -

Fig. 7 illustrates the optimum theory-experiment agreement resulting in a minimum 

Pendry /?-factor o f 0.28. This compares with a minimum ^-factor o f 0.8 for a model 

o f a top layer c(2x2) alloy with identical geometry as determined by Lu et al. [3, 4]. 

In the case o f the top layer alloy model, geometric parameters allowed to vary 

included rippling within the outermost mixed CuPd layer and the third layer (again 

rippling in layer 2 is forbidden by symmetry). The first three interlayer spacings 

were also allowed to vary. The minimum /^-factor obtained for a top layer model 

was 0.4, and allowed this model to be ruled out.
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Energy (eV)

Fig. 7: Optimal theory-experiment agreement at normal incidence for the 

Cu(100)-c(2x2)-Pd underlayer alloy. Experimental data is shown as full lines 

and theory as dotted lines.

A structure in which the c(2><2) mixed CuPd slab was located in layer 3 was also 

tested. In this case the geometric parameters that were varied included rippling in 

layers 1 and 3 and the first three interlayer spacings. This model yielded a minimum 

R -factor of 0.37. In all cases the range o f the variations considered were 

commensurate with variations expected due to the difference in metallic radii o f Cu 

and Pd and the effective increase in the two-dimensional density encountered by 

constraining Pd within a Cu lattice.

Both LEED I(V) analysis and the kinetic/desorption data definitively rule out a top 

layer CuPd alloy structure for the annealed surface. A third layer bimetallic CuPd 

alloy gives a higher ^-factor than its second layer counterpart. Furthermore, it may 

be expected that site switching from layer 1 to 3 may be kinetically inhibited at the 

annealing temperatures for which the overlayer to underlayer transition occurs, 

further mitigating in favour o f a mixed CuPd second layer capped by a copper 

monolayer.
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Fig. 8  illustrates the variation o f the Pendry ^-factor with the first and second 

interlayer spacings and with the degree o f rippling in the second layer. The first 

copper interlayer spacing expands by +3.3% (0.06 A) while the second layer copper 

interlayer spacing (Dz2 3 in Fig.7) also expands by +6 .6 % (0 . 1 2  A). Thus, there exists 

a net expansion of 0.18 A which corresponds to a 5% expansion in the outermost 

three layer slab relative to bulk copper and 0 . 2 1  A corresponding to an 6 % increase 

relative to clean Cu(100) taking into account the clean surface layer relaxation. 

Substitution o f Pd into layer 2 leads to an average increase in the Cu-Pd nearest 

neighbour distances o f 0.06 A relative to those in bulk or 0.08 A relative to the clean 

Cu(100) surface. A small rippling in the composite second layer occurs o f amplitude 

0.07+0.05 A with Pd atoms rippled inwards away from the solid vacuum interface.

The analysis also indicates a significant rippling in layer 4 with an amplitude o f 

0.2+0.1 A, with fourth layer Cu atoms directly below second layer Pd rippled 

upwards leading to a P d C u  separation o f 3.58 A, which represents an 0.08% 

contraction relative to the sum o f Pd and Cu metallic radii. While it is physically 

reasonable that the Pd does produce buckling in layer 4, we regard the magnitude 

retrieved as surprisingly large. Attempts to artificially inhibit buckling in layer 4 led 

to a marked increase in Rp to 0.38, thus the layer 4 buckling does appear to be 

required in obtain a good level o f theory experiment agreement. It should be noted 

that the spacing o f the second three layer copper slab, consisting o f layers 3-5 is 3.63 

A, very close to that in bulk Cu (3.61 A). Thus, while rippling occurs in layer 4, the 

interlayer spacing below the third layer remain close to that in clean Cu(100).
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Fig. 8 : Variation o f  the Pendry ^-factor with: the first interlayer spacing 

(dzn), the second interlayer spacing (dz23); the rippling in the mixed CuPd 

layer and the fourth layer (S2 and 8 4  respectively).

We do not place a large emphasis on the large layer 4 rippling as the lack of half 

order beam data, which is the most sensitive to aspects o f the geometry leading to 

the c(2 x2 ) periodicity such as the chemical ordering in layer 2  and rippling in layer

4, will lead to a difficulty in assigning movements in deep lying layers which 

contribute weakly to the I(V) spectra due to inelastic damping. The retrieved rippling 

on layer 4 may be a compensation for aspects o f the actual geometry and Pd 

composition profile not correctly modelled (for example the presence o f small 

amounts o f Pd in layers 1 and 3). It should be noted that no rigorous effort was made 

to optimise the layerwise Pd concentration in this work. It thus remains a possibility 

that deviation from the ideal 50:50 concentration o f Cu and Pd in layer 2 occurs and 

that the 0.5 ML o f Pd deposited is actually partitioned between layers 1, 2 and 3 

with dominant concentration in layer 2. Consideration of this possibility may lead to 

an improved level o f  theory-experiment agreement and to a modification o f the 

retrieved geometry in terms o f interlayer spacings and buckling amplitudes. This is 

presently being investigated using an enhanced experimental data base including 

both normal and off-normal incidence I(V) spectra for both the Cu(100)-c(2x2)-Pd 

underlayer alloy and the corresponding precursor Cu(100)-c(2x2)-Pd top layer 

surface alloy.
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The overall level o f agreement obtained for the Cu(100)-c(2x2)-Pd underlayer is 

degraded relative to that of the clean C u(100)-(lx l) surface. Experimental data sets 

were measured on several separate occasions from freshly prepared c(2 x2 ) 

underlayer alloys indicating consistent I( V) spectra for the beams illustrated in Fig.

7. This suggests that the underlayer alloy may be formed reproducibly. While it is a 

characteristic even o f the ordered overlayers that a larger /¿-factor is retrieved 

compared to the clean Cu(100) surface, the size o f the increase in the Pendry R- 

factor in this case is suggestive o f imperfections in the c(2 x2 ) underlayer structure. 

For example, recent studies in our laboratory o f a Cu(100)-c(2x2)-Bi overlayer 

yielded a Pendry /¿-factor o f 0.20 indicating that for a rather perfect structure, a 

significantly better level o f theory-experiment agreement than that obtained for the 

c(2x2) CuPd underlayer is possible. The most likely reason is heterogeneity in the 

Cu(100)-c(2x2)-Pd underlayer arising from deviation in the Pd surface coverage 

from the exact value o f 0.50 ML required and the presence o f minority Pd in layer 1 

(and perhaps layer 3).

Evidence indicates that the Pd coverage at which the half order beams reach 

maximum intensity upon Pd deposition at room temperature is between 0.55 and

0.60 ML [7, 11] and that approximately 25% o f the deposited Pd already exists in 

layer 2 [11]. Regions o f clean Cu(100) are known to be present near step edges even 

close to maximal perfection [10]. It appears likely, given the accepted growth 

mechanism of the top layer c(2 x2 ) surface alloy, that regions exist on the surface of 

the underlayer alloy with Pd both in the top and second layers upon room 

temperature deposition as well as areas o f clean copper. Thus, it is likely that 

annealing this top layer alloy will create a somewhat heterogeneous underlayer 

structure consisting o f the major proportion o f the surface corresponding to an ideal 

Cu-capped CuPd underlayer along with minority regions o f c(2x2) underlayer with 

excess Pd atoms remaining in layer 1 possibly leading to areas o f double layer CuPd 

surface along with small areas o f clean copper. Copper capping o f areas with high 

local Pd concentration in both layers 1 and 2 would become difficult as it requires 

transport o f Pd into layer 3 or deeper layers. This process would be expected to be 

characterised by a high activation energy preventing the capping by Cu without 

destruction o f the c(2x2) CuPd underlayer via loss o f Pd into the bulk o f the sample.
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A limited number o f  calculations using the average T-matrix approximation (ATA) 

have been performed to model the effect o f 0-50% Pd remaining in the outermost 

layer in a random distribution above a homogeneous c(2*2) alloy. For structural 

models identical to that retrieved for a pure Cu layer outermost, insertion o f Pd in 

layer 1 led to an increased ^-factor. However, calculations with upto 20% Pd in 

layer 1 were performed in which the first three layer spacings and the rippling in 

layers 2 and 4 were allowed to vary, in an attempt to investigate whether a similar 

level o f theory-experiment agreement than with pure Cu surface layer could be 

obtained without such a large buckling in layer 4. Results indicated that the optimum 

geometry was essentially the same as with a pure copper surface layer and buckling 

in layer 4 was still required to achieve a good level o f theory-experiment fit.

The CO thermal desorption data indicates that small amounts o f Pd may remain in 

the outermost layer. The surface geometry (including the outermost interlayer 

spacings) o f areas o f structure with high local Pd concentration in both top and 

second layers is likely to be significantly different from the majority Cu-capped 

c(2x2) CuPd underlayer. Top layer Pd may also artificially lead to retrieval o f the 

large Cu buckling in layer 4. A set o f /(F ) spectra were also measured from a Pd 

coverage of 10% below that required to bring the top layer c(2><2) to maximal 

perfection. However, similar experimental /(F ) spectra were recovered to those 

shown in Fig. 7, suggesting that even at net Pd coverages below the ideal 0.50 ML 

required to form a "perfect" underlayer alloy, there are imperfections in the 

structure.

Embedded atom method calculations by Pope et al. [5] for the Cu(100)-c(2x2)-Pd 

system at 0.5 ML Pd coverage predict that an underlayer alloy is unstable with 

respect to a top layer alloy by 0.17 eV per Pd atom. This is in disagreement with the 

results obtained here, which illustrate that upon thermal activation, an irreversible 

switch from predominantly top layer to second layer sites occurs, implying that the 

underlayer alloy is the more stable structure. The c(2x2) top layer alloy is then 

metastable with Pd atoms simply kinetically frozen in the outermost layer. Based on 

surface energy considerations, there is a considerable driving force for the system to

75



form a copper capped geometry as the copper surface energy (1.85 J m'2) is 

considerably lower than that o f Pd (2.05 J m'2) [32, 33].

Formation o f underlayer CuPd alloys have been identified during room temperature 

growth o f Pd on Cu(l 10) at 300 K by Murray et al. [34] and Ruban et al. [35]. STM 

imaging at low Pd coverages illustrated domains o f p(2* 1) CuPd alloy capped by Cu 

islands. A second STM study at higher Pd coverages by Reilly et al., confirmed that 

copper capping o f a p (2* l) CuPd alloy occurs both in the low and higher coverage 

regime [36]. Thus, for the related Cu(110)-Pd system it is also clear that the 

formation o f an ordered CuPd alloy underlayer is a more stable situation that Pd 

located within an outermost mixed layer.

The composition profile o f the Cu( 100)-c(2 x2) Pd underlayer alloy reported here 

based on the assumption that all evaporated Pd resides in layer 2 closely resembles 

that o f the top three layer slab of a bulk Cuo.85Pdo.is(l 1 0) alloy, which exhibits a 

p (2x l) LEED pattern, due to a chemically ordered mixed CuPd second layer below 

a Cu rich surface layer [37-39]. This structure has been subjected to LEED I(V) 

analysis, indicating a Pd induced lattice expansion in which the clean Cu(l 1 0) 

surface, which itself undergoes a net compression o f -7% (0.09 A) in the outermost 

three layer slab when clean [40 and 41], reverts to an expansion of 4% (0.05 A) with 

Pd substituted in the second layer. This resulted in a net expansion of 0.14 A (5.5%) 

relative to clean Cu(110) similar to that obtained for Cu(100)-c(2x2)-Pd (6%). The 

surface structure o f  the same CuossPdo isO 10) alloy has been studied by Newton et 

al. [42] using polar X-ray photo-electron diffraction monitoring emission from both 

Pd 3d5/2 and Cu 2p3/2 core levels. Their results interpreted both by geometric 

arguments based on shifts in the observed emission angles o f forward scattering 

diffraction features relative to clean Cu(110) and by single and double scattering 

modelling [43], also favoured a lattice expansion in the outermost three layer slab. 

Weightman et al. [44] have studied extensively the local geometry surrounding 

dilute bulk Pd impurities in CuPd polycrystalline alloys by EXAFS. At very low Pd 

concentrations (1 at. %) a small Pd-induced expansion in nearest neighbour bond 

lengths o f 0.05±0.01 A was deduced. This compares with the average local nearest 

neighbour bond length increase determined here (0.08 A) in the case o f surface 

localised Pd for the eight Cu nearest neighbours in the plane above and below the
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mixed CuPd layer. However, in the case o f the Cu(100)-c(2*2)-Pd underlayer alloy 

the situation is somewhat more complex compared to the bulk alloy as the four 

nearest neighbour C u P d  distances in the (100) surface plane are fixed at the value 

o f the nearest neighbour separation in Cu(100) o f 2.55 A. This in-plane compression 

o f Pd is compensated by a large increase in the Cu-Pd nearest neighbour separation 

to layer 1 Cu atoms (0.12 A) and a smaller increase (0.03 A) to layer 3 Cu atoms.

5. Conclusions

A thermally activated transition from a Cu(100)-c(2*2)-Pd top layer surface alloy to 

an ordered c(2*2) underlayer alloy consisting o f a CuPd mixed second layer capped 

by a copper monolayer has been shown to occur. An activation energy o f 109±12 kJ 

mol'1 (1.13±0.12 eV) has been estimated for this transition.

A tensor LEED I(V) analysis has been performed on a Cu(100)-c(2*2)-Pd 

underlayer alloy. Substitution o f approximately 0.5 ML o f Pd into the second layer 

leads to a significant modification o f the first two copper interlayer spacings:

(a) the first interlayer spacing which is contracted in the case o f clean Cu(100) 

undergoes an expansion o f +3.3% upon insertion o f  Pd;

(b) the second interlayer spacing which is slightly expanded in clean Cu(100) 

undergoes an expansion o f +6.6% upon substitution o f Pd;

(c) the composite CuPd underlayer is rippled with a amplitude o f 0.07+0.05 A with 

Pd atoms being rippled inwards away from the solid-vacuum interface.

Insertion on approximately 0.5 ML of Pd into the second layer leads to a 

considerable lattice expansion of 0.18 A relative to bulk Cu(100) in the outermost 

three monolayer slab. This expansion occurs in response to the elastic lattice strain 

due to the substitution o f the larger Pd atoms into the smaller Cu lattice. The 

absolute value is considerably smaller (6%) than that predicted to be required to 

maintain Pd at constant density equal to that o f bulk (16%).
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A bstract

The structure o f a Cu{ 100}-p(2x2) surface alloy formed by deposition o f 1ML of Pd 

on Cu{100} at room temperature has been studied by Symmetrised Automated 

Tensor LEED (SATLEED).

The favoured model from the wide range tested consists o f  a double layer ordered 

c(2x2) CuPd alloy with p(2x2)-p2gg symmetry introduced into the outermost layer 

via clock rotation o f the CuPd monolayer with the p(2x2) vertices centred over 

second layer Pd atoms (Rp =0.21). Lateral shifts o f the top layer Cu and Pd atoms 

are determined to be 0.25±0.12A. Substitution o f 0.5ML o f Pd in both layers 1 and 2 

leads to a significant expansion o f the outermost two interlayer spacing to 

1.93±0.02A (+6.6±1.1%) and 1.90±0.03A (+5.3+1.7%) and a rippling of Pd and Cu 

atoms in the outermost layer o f 0.06±0.03A with top layer Pd atoms rippled 

outwards. This model is in keeping with previous ion scattering studies o f a Cu:Pd 

stoichiometry o f 1:1 in the outermost two layers.

A second mode o f film growth consisting o f adsorption o f 0.5ML of Pd on a copper 

capped Cu{100}-c(2x2)-Pd underlayer alloy leads to a structure which retains a 

simpler c(2x2) periodicity, clearly illustrating that growth o f the p(2x2)-glide line 

phase requires a c(2x2) CuPd outermost template.
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1. Introduction

Adsorption o f Pd on Cu{ 100} at room temperature leads to a structural phase transition 

as observed by Low Energy Electron Diffraction (LEED) in which a c(2x2) surface 

alloy consisting o f a mixed ordered CuPd outermost layer ( 0 Pci = 0.5 ML) transforms to 

a p(2x2) phase with systematic absences in the (0, n+1/2) and (m+1/2, 0) positions as 

the Pd coverage is increased towards and beyond the monolayer point consistent with a 

p4g or p2gg space group [1]. While the structure o f the c(2x2) phase is now considered 

to be solved [2-5], the p(2x2)-glide line phase has been the centre o f considerable 

debate. Three independent research groups, using different primary surface probes have 

attempted to solve the geometry with differing conclusions [6,7,8,9]. While all groups 

appear to agree that the sub-surface layer is a mixed c(2x2) CuPd alloy layer, no clear 

consensus has been reached on the top layer structure and composition. The four top 

layer models suggested to date are briefly summarised below (in each case unless 

explicitely stated, the second layer is assumed to be c(2x2) o f composition CuPd and 

the pure top layer Pd regions to exhibit a p(2x2)-p4g clock rotated structure):

(a) 80% clock rotated Pd{100} islands (fig 1(a)) mixed with 20% c(2x2) CuPd 

regions (fig 1(b)) (®Pd= 1.30ML) suggested by Pope et al based on a 

combined Medium Energy Ion Scattering (MEIS)/Low Energy Electron 

Diffraction (LEED) I-V analysis [6];

(b) a randomly intermixed top layer clock rotated Cu-Pd monolayer suggested 

by Yao and co-workers using Low Energy Ion Scattering Spectroscopy 

(LEISS) [8];

(c) a homogeneous p(2x2) outermost layer o f composition CuPd with a 50% 

decrease in surface layer atomic density above a clock rotated c(2x2) CuPd 

underlayer (fig 1(c)) suggested by Murray et al based on Scanning 

Tunnelling Microscopy (STM) observations (0pd=O.75ML) [7];

(d) 30% clock rotated Pd{100} (fig 1(a)) and 70% p(2x2) Cu3Pd phase 

suggested by Shen and co-workers using LEISS (fig 1(d)) (0pd= 1.0ML) [9].

The LEISS study of Yao et al [8] accurately determined the average composition to 

be 53 at % Cu: 47 at % Pd in the outermost layer and 58 at % Cu: 42 at % Pd in 

layer 2 with about 90% o f the deposited Pd residing in layers 1 and 2 and the
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residual Pd in third and deeper layers. Shen et al [9] have also reported that the top 

layer composition is very close to the ideal CuPd stoichiometry with a top layer Pd 

concentration o f 53±4% (Li+ ions) and 51±3% (He+ ions) with an outermost layer 

atomic density similar to that o f Cu{100}. This information was utilised by Shen 

and co-workers to rule out the models o f Pope at al [6] and Murray et al [8] which 

were found to be inconsistent with the top layer Pd atomic density and surface 

coverages as measured by LEISS.

The model o f co-existing areas of p(2x2)-p4g clock rotated Pd and p(2x2) Cu3Pd 

alloy was preferred over the earlier suggestion o f a top layer consisting of a random 

substitutionally disordered clock rotated CuPd alloy as it provided an explanation o f 

an observation reported by Shen and co-workers that the LEED pattern exhibits non 

zero intensities in p(2x2) superlattice positions which are symmetry forbidden for a 

p(2x2)-p4g phase alone. This structural model also provides a satisfactory theory- 

experiment agreement o f theoretical modelling o f the ion scattering process with 

measured LEISS data both in the form of kinetic energy scans and azimuthal ion 

distributions. An R-factor analysis allowed extraction o f the Pd displacement from 

4-fold hollow sites o f 0.25±0.07A within the clock rotated Pd domains and a 

fractional surface coverage of p(2x2)-p4g Pd domains o f 30%.

A major discrepancy remains unexplained: STM images an essentially

homogeneous non clock rotated p(2x2) outermost layer with a high density of 

defects such as anti-phase domain boundaries at a Pd coverage of 1.3ML [7]. At 

lower Pd coverages (1.1 ML) STM images indicated formation o f a heterogeneous 

surface with c(2x2) periodicity in large areas o f the surface[7]. LEED indicates a 

p(2x2) periodicity throughout the coverage regime 1.0 to 1.3ML with systematic 

absences indicating p4g or p2gg symmetry.

Symmetrised Automated Tensor LEED (SATLEED) has been demonstrated to be a 

technique ideally suited to full determinations o f ordered structures with large and 

complex surface unit cells [10,11,12]. While in the case o f the Cu{100}-p(2x2)- 

1ML- Pd structure , the surface unit cell is not particularly large, the possibility o f a 

heterogeneous surface consisting o f two areas with their own composition and 

geometry increases significantly the complexity o f the LEED structural search.
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The primary aim of this study, utilising an independently measured and enhanced 

experimental data base compared to the early LEED study of Pope et al [6], is to 

apply SATLEED to test the full range o f  models suggested to date to describe the 

geometry o f the Cu{100}-p(2x2)-lML-Pd structure. We demonstrate that none of 

these models provide a satisfactory level o f theory-experiment agreement. Instead 

we propose an alternative model with the two outermost layers consisting o f c(2x2) 

CuPd layers, with the p(2x2) periodicity introduced via a clock rotation of the 

outermost CuPd layer rotating in an alternate clockwise-anticlockwise motion 

centred on second layer Pd atoms. This model yields the correct top layer 

stoichiometry as well as being the only model tested to give a satisfactory level of 

theory-experiment agreement in the SATLEED analysis (Rp=0.21). A detailed 

picture o f the surface geometry is provided, including the degree o f clock rotation in 

the outermost CuPd monolayer, the buckling amplitudes in the outermost and 

second mixed CuPd layers and the outermost three interlayer spacings.

Finally, we examine an alternative mode o f preparation o f the Cu{100}-1ML-Pd 

phase involving deposition o f 0.5ML o f Pd on to a Cu(100)-c(2x2)-Pd “underlayer 

alloy” consisting of a mixed c(2x2) CuPd second layer capped by a pure copper 

monolayer [13], unambiguously demonstrating that formation o f the p(2x2) phase 

requires a c(2x2) CuPd top layer alloy template.

2. Experim ental

All experiments were performed in an ion and titanium sublimation pumped ultra- 

high-vacuum chamber o f base pressure 2xlO"10 torr equipped with facilities for 

LEED, Auger electron spectroscopy (utilising the LEED optics as a retarding field 

analyser) and a quadrupole mass spectrometer for residual gas analysis. The 

Cu{100} sample was that used in previous studies [13] and was cleaned in-situ by 

repeated cycles o f argon ion bombardment and annealing to 800K until the surface 

was clean as judged by AES analysis and by careful comparison of the I(V) 

spectrum of the (1,0) LEED beam at normal incidence with previous reports [14]. At 

this stage the sample exhibited a sharp and low background p ( lx l)  LEED pattern.
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Palladium was evaporated from a 0.125mm Pd wire (99.99%) wrapped around a 

0.3mm tungsten filament. The Pd coverage was calibrated by determining the 

evaporation time required for room temperature deposition to maximise the intensity 

o f the (1/2,1/2) LEED beam at a primary beam energy o f 125eV via acquisition of 

spot profiles through the (1,0), (1/2,1/2) and (0,1) beams and setting this evaporation 

time to a coverage o f 0.55ML using the well established Rutherford 

Backscattering/LEED calibration of Pope at al [5]. The Cu{100}-p(2x2) structure 

was formed by evaporation o f below 1ML of Pd with the sample held at room 

temperature, followed by stepwise addition o f small amounts o f Pd until the p(2x2) 

structure appeared visually to attain optimal intensity. A Pd coverage o f 1.0+0.1 ML 

of Pd was required, which compares with previous reports o f Pope et al of 

1.1±0.06ML calibrated via Rutherford Backscattering Spectroscopy (RBS) [6] and 

by Shen and co-workers o f 1.2±0.1ML using a calibrated quartz crystal 

microbalance [9]. The structure formed was observed visually to have negligible 

intensity scattered in-to the (0,n+l/2) and (m+1/2,0) positions under conditions of 

normal incidence o f the incoming electron beam. Gentle annealing o f the Cu{100}- 

p(2x2) phase has previously been reported to improove the surface crystal quality in 

the form o f the sharpening of superlattice diffraction features [6]. Yao et al [8] 

indicate that annealing up-to 425K for short periods does not lead to significant 

changes in the top layer stoichiometry. It would thus seem likely that a short anneals 

between 350 and 425K should generate a surface with enhanced crystal quality for 

SATLEED analysis. In order to gauge the effect o f gentle annealing prior to 

collection o f I(V) data, we acquired LEED I(V) spectra from the (1,0) and (1/2,1/2) 

beams at normal incidence for room temperature deposited film and from the same 

surface after annealing to 350K for several minutes. No significant changes in 

spectral structure or peak positions were detected and we thus conclude that 

Cu{100}-p(2x2)-Pd surfaces formed by direct deposition and after thermal 

activation essentially have identical structures as sensed by LEED.

LEED I(V) spectra were measured at room temperature from a film thermally 

activated to 350K for several minutes under conditions o f normal incidence o f the 

primary electron beam, determined by variation o f the angular alignment until the 

four (1,0) beams were identical in terms o f spectral structure and peak positions to a 

level typically acceptable for LEED I(V) analysis [14]. The I(V) spectra were
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measured with a high sensitivity CCD camera connected to a microcomputer which 

was equipped with data acquisition software allowing automatic tracking o f a user 

defined number o f beams. Typically one full set o f symmetry equivalent beams 

would be acquired in a single “run”, allowing full symmetry averaging to increase 

the signal to noise level and compensate for any remaining deviation o f the angular 

alignment. Each beam was individually background corrected by fitting an empirical 

smoothly increasing background to selected minima in the I(V) curve before 

symmetry addition was performed and normalised to constant incoming beam 

current prior to R-factor analysis.

The data set utilised for the Cu{ 100}-p(2x2)-lML Pd structure consisted o f a normal 

incidence data base o f  total energy range o f 1496eV including six symmetry 

inequivalent beams ((1 ,0 ), (1,1), (2,0), (0.5,0.5), (1,0.5) and (1.5,0.5)) measured in 

an energy range o f 50-450eV .

3. Theoretical Analysis

All calculations were performed with the Barbieri/Van Hove Symmetrized 

Automated Tensor LEED package [15]. Atomic potentials for Cu and Pd were 

characterised by up-to 9 phase shifts obtained from the Barbieri/Van Hove phase- 

shift package. Initially the thermal vibration properties o f Cu and Pd were 

characterised by their bulk Debye temperatures o f 315 and 275K respectively [16]. 

Other non-structural parameters utilised included an imaginary part o f the optical 

potential o f magnitude -4eV while the real part o f the inner potential was assumed to 

be energy independent and was allowed to rigidly shift to obtain optimal theory- 

experiment agreement as is standard practice in LEED I(V) analysis. Theory- 

experiment agreement was tested using the Pendry reliability factor [17] and error 

bars calculated using the Pendry RR-factor. Normal incidence LEED is generally 

relatively insensitive to distortions within the plane o f the surface such as lateral 

shifts. However, in this particular case, the extent o f lateral movement in clock 

rotated models may be determined with a reasonable degree o f accuracy as the 

(1,0.5) beam is created as a result o f these systematic in-plane movements within a 

p4g or p2gg surface model. In the case o f models in which the outermost layer is
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heterogeneous and consists o f two domains o f differing composition and geometry 

the following procedure was adopted:

Step 1: The I-V spectra were initially calculated independently for both domains 

with all atoms in Cu{ 100} bulk positions. The geometry o f the first domain (domain 

1) was then optimised by varying the relevant geometric parameters. The I-V spectra 

utilised consisted o f addition o f intensities from domain 1 and bulk-like domain 2, 

with intensities being added in accordance with the percentage o f each domain 

within the structure;

Step 2: The geometry o f the second domain (domain 2) was then optimised. The I-V 

spectra utilised consisted o f addition o f intensities from the optimal domain 1 

structure obtained in step 1 to those o f domain 2 ;

Step 3: Stages 1 and 2 were repeated until the structure within both domains 

converged.

4. Results and Discussion

(a) The Cu{ 100}-p(2x2)-p4g/p2gg-lML Pd Phase:

Figure 1 illustrates top views o f models previously suggested including: (a) a Pd 

clock rotated p(2x2)-p4g structure; (b) a c(2x2) CuPd alloy ;(c) a p(2x2) CuPd 

outermost layer with a 50% decrease in atomic density relative to Cu{100} above a 

clock rotated CuPd underlayer having p2gg symmetry [7]; (d) a p(2x2) CusPd alloy . 

The structures (a), (b) and (d) are supported on a second layer c(2x2) CuPd alloy.

The structures illustrated in figure 1 are the basic building blocks o f previously 

suggested heterogeneous surface models including the MEIS/LEED based model of 

Pope et al [6] which combines structures illustrated in figures 1(a) and (b) in an 

80:20% ratio and that o f Shen et al [9] which combines structures outlined in figures 

1(a) and 1(d) in a 30:70% ratio.
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(a) (b)

(c) (d)

O  Cu 0 1st layer Pd #  2nd layer Pd

Figure 1: Top view o f models o f structures previously suggested for 

the Cu{100}-p(2x2)-lML Pd phase including: (a) a p(2x2)-p4g clock 

rotated Pd monolayer; (b) a c(2x2) CuPd monolayer; (c) a p(2x2) 

CuPd outermost layer with 50% decrease in atomic density above a 

clock rotated CuPd underlayer and (d) a p(2x2) Cu3Pd outermost 

layer. In all cases the outermost two atomic layers only are shown. 

Top layer unit cells are denoted by dotted lines.
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In the initial phase o f the analysis, atoms in layer 3 and deeper layers were assumed 

to be copper and were frozen at their bulk truncated positions since their 

contribution to the measured LEED intensities is relatively small compared to that of 

the outermost two monolayers. The geometric parameters varied for each model are 

summarised in table 1 and defined in the table caption. Table 1 also illustrates the 

minimum Pendry R-factor obtained in this initial screening stage o f the analysis and 

the available experimental energy range per geometric parameter optimised. In all 

models exhibiting p2gg symmetry, calculations were performed for two 

energetically equivalent domains rotated by 90° co-added in a 1:1 ratio. At this 

stage o f the analysis no effort was made to optimise non-structural parameters.

The STM model o f Murray et al [7] yielded a rather poor level o f theory-experiment 

agreement (Rp=0.54) as did the heterogeneous surface model o f Pope et al [6] 

(Rp=0.59). Neither o f these models yield the level o f agreement expected for a 

satisfactory solution o f a surface structure. O f the previously suggested models, only 

the model o f Shen et al yielded a reasonable level o f agreement (Rp=0.36).

To investigate whether allowing the top layer domain composition to vary led to an 

improovement in theory-experiment agreement, the percentage o f p(2x2)-p4g Pd 

domains was allowed to change in 10 at% steps for the model o f Pope et al [6]. A 

minimum Pendry R-factor of 0.41 was obtained for 10% p(2x2)-p4g Pd and 90% 

c(2x2) CuPd in the outermost layer yielding a total Pd coverage o f 1.05ML and a top 

layer coverage o f 0.55ML. Increasing the percentage o f p(2x2)-p4g-Pd islands not 

only led to an increase in Rp, but also yielded top layer Pd coverages well in excess 

of that determined by LEISS. While increasing the percentage o f model 1(b) within 

the heterogeneous surface leads to an increased level of agreement, areas consisting 

o f two adjacent c(2x2) CuPd layers would not generate beams in p(2x2) positions 

and small concentrations o f p(2x2)-p4g Pd such as that most favoured ((Rp=0.41) for 

10% p(2x2)-p4g Pd) would not yield sufficient intensity in p(2x2) positions to 

explain experimental observations.
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Table 1: Summary o f the structures examined in the first phase o f the analysis along 

with the minimum Pendry reliability factors (Rp) obtained for each structure. The 

structural parameters optimised in each case along with the experimental data range 

available per structural parameter are listed. The theoretical Pd coverage in the 

outermost layer and total Pd coverage is also given for each individual model. The 

lateral shifts o f first and second layer atoms away from four-fold hollow sites are 

denoted by a i and ct2 respectively. Interlayer spacing dz[2 and dz23 are quoted with 

respect to Cu atoms in layers 1,2 and 3 accepting for models with a top layer p(2x2)- 

p4g Pd phase where dzi2 represents the spacing between top layer Pd and second 

layer Cu atoms. The buckling amplitudes A] and A2 represent the rippling between 

Pd and Cu atoms in layers 1 and 2 respectively.

Model Ref. Top layer Pd 
coverage

(ML)

Total Pd 
coverage 

(ML)

Structural
parameters

varied

Energy range 
per structural
parameter (eV)

Rp

STM model: 
Murray et al

[71 0,25 0.75 d*n, dzvs, 
Al, An, <72

334 0.54

Pope et al:
80% p(2x2)-p4g Pd 

and 20% c(2x2)

[6] 0.9 1.3 d z d z i a ,  
Ai, Aj

167 0.59

Shen et al:
30% p(2x2)-p4g Pd 

and 70% p(2x2)-Gtt3Pd

[91 0.48 0.98 dzn, dz23,
A i (x2), A2

150 0.36

A p(2x2)-p2gg CuPd layer 
above a c(2x2) mixed 

CuPd 2nd layer 
Domain A 
Domain B

This
work

0.5 1.0 dzi‘2, dZ23, 
Ai, A2(x2), cti

278

0.34
0-39

A c(2x2) mixed CuPd layer 
above a p(2x2)-p2gg 

CuPd 2nd layer 
Domain A 
Domain 5

This
work

0.5 1.0 tfeia, dz-n,
Ai(x2), A2, (¡2

278

0.52
0.43

However, the tendency for an enhanced level o f agreement as the surface becomes 

increasingly dominated by the double layer c(2x2) structure prompted the trial o f a 

range o f models not previously discussed for the Cu{100}/Pd system that adhere to 

the measured top layer stoichiometry of Cu:Pd of 1:1 in the outermost two atomic 

layers and a LEED pattern with symmetry p(2x2)-p4g or p(2x2)-p2gg consistent 

with experimental observations. Figure 2 illustrates a simple homogeneous surface 

model consisting o f two mixed CuPd alloy layers. The sub-surface layer is a CuPd 

c(2x2) while the outermost mixed CuPd monolayer represents a p(2x2) clock rotated
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structure yielding a p2gg space group. In this particular case two non-energetically 

degenerate translated domains exist, depending on whether the vertices o f the p(2x2) 

clock rotated outermost layer are centred on second layer Pd as illustrated in figure 2 

(domain A) or second layer Cu atoms (domain B). As these domains exhibit 

different structures and bonding it is to be expected that one domain will be 

energetically preferred. Thus, calculations were performed from each translated 

domain independently and table 1 gives the minimum Pendry R-factor in each case. 

The lowest R-factor was obtained for domain type A (Rp=0.34) in which the vertices 

o f the p(2x2) clock rotated outer monolayer are centred above second layer Pd atoms 

compared to 0.39 for domain type B in which the vertices are located above second 

layer Cu atoms. The geometry corresponding to the minimum R-factor for domain 

type B also contained an unusually small second to third interlayer spacing of 

1.68A, along with an interatomic separation o f only 2.33A between top and second 

layer Pd atoms (a compression o f 15% relative to the bulk nearest neighbour 

separation in Pd). Taking into account the large in-plane compressive strain o f Pd 

atoms substituted in-to a smaller copper lattice, further compression in the growth 

direction is highly unlikely. The geometry retrieved for domain type B is considered 

to be physically unreasonable in addition to yielding a poorer level o f theory- 

experiment agreement and was rejected.

A model consisting o f a mixed c(2x2) outermost CuPd layer above a clock rotated 

p(2x2)-p2gg second layer was also tested as it would be in keeping with the 

inability o f STM to resolve the clock-rotation for the Cu{100}-p(2x2)-Pd system. 

However, as indicated in table 1, this model yields significantly higher R-factors 

than its counterpart in which the clock-rotation exists in the outermost mixed CuPd 

layer. At this stage o f the analysis, a variance o f 0.04 allows all models other than 

the structure corresponding to the model o f Shen et al [9] and a p(2x2)-p2gg clock 

rotated CuPd surface layer supported on a c(2x2) CuPd underlayer (figure 2) to be 

ruled out.
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CuPd

CuPd A2 -“^

r o s e o -

O  1st layer Pd

O  Cu
0  2nd layer Pd

Figure 2: Top and side views o f a double layer CuPd alloy consisting 

o f a c(2x2) underlayer and a clock rotated p(2x2)-p2gg CuPd outer 

layer including: (a) top view: the symmetry elements including two 

orthogonal mirror planes (m) and glide lines (g) are illustrated. The 

black dotted line denotes the p(2x2) unit cell; (b) side view: the main 

geometric parameters varied within the analysis are labelled; (c) the 

clock-rotation o f top layer Cu and Pd atoms illustrated in more detail.
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These two models were selected for further refinement, including variation of the 

third (dz34) and fourth (dz45) interlayer spacings and allowing buckling in layers 3 

and 4. In this second stage, the Pd and Cu phase shifts utilised were re-calculated 

specifically for the structural model investigated. Non structural parameters were 

also optimised including the imaginary part o f the inner potential and the Cu and Pd 

Debye temperatures.

In the case o f the model o f Shen et al, a number o f top layer domain compositions 

were tested. The composition originally suggested by Shen and co-workers (30% 

p4g-Pd and 70% Cu3Pd) which corresponds to a top layer Pd coverage Of 0.48ML 

and a total Pd loading o f 0.98ML yielded a Rp value o f 0.30. Increasing the 

proportion of p4g-Pd led to both an increase in Rp and a top layer Pd composition in 

excess o f that favoured by LEISS analysis. Reducing the proportion o f top layer 

p4g-Pd to 20% led to a small decrease in Rp to 0.28, however the corresponding top 

layer Pd coverage o f 0.40ML has already decreased to a value inconsistent with 

LEISS analysis. The large proportion o f p(2x2) CusPd top layer (80%) would again 

lead to considerable scattering in-to the systematic absence positions, inconsistent 

with our experimental observations.

The Pendry R-factor for the model illustrated in figure 2 was reduced to 0.21: the 

RR-value of 0.04 allows selection o f this model rather than the heterogeneous 

surface model o f  Shen and co-workers [9]. The optimised non-structural parameters 

for this model include an imaginary part o f the inner potential o f -4eV  and Debye 

temperatures for Cu and Pd of 315 and 255K respectively.

Figure 3 illustrates the level o f theory-experiment agreement obtained 

corresponding to a Pendry R-factor o f  0.21 with individual beam R-factors quoted. 

Figure 4 illustrates the sensitivity o f the analysis to the key geometric variables, 

including the lateral displacement o f  top layer atoms from four-fold hollow sites

(oi), the buckling amplitude in top layer CuPd layers (Ai) and the outermost two 

copper interlayer spacings (dzi2 and dz23). In each case the variation o f the Pendry 

R-factor is calculated with all other structural and non structural parameters held at 

their optimal values. The favoured value for each parameter along with its calculated 

error is shown at the top o f  each panel within figure 4.
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Figure 3: Optimal theory-experiment agreement. Experimental data 

is shown as full lines and theory as dotted lines.

94



0.9

0 .6

0.3

— 1--------------------------1----------------- ----------------------------- 0.6
( a ) d z 12 =1.93±0.02A

A  / 0.4

■ vy 0.2
1.8 1.9 2

*  d z 1 2 (A )

0 0.2 0.4 0.6

^ ( A ) a ^ a )

Figure 4: Variation o f the Pendry R-factor with the key structural parameters within 

the favoured model illustrated in figure 2 including: (a) the first interlayer spacing 

between outermost and second layer Cu atoms (dzi2) ; (b) the second interlayer 

spacing (dz23 ); (c) the lateral shift o f top layer Cu and Pd atoms within the clock- 

rotated outer CuPd monolayer (oi); (d) the buckling amplitude in the outermost 

monolayer (Ai). Favoured values for each parameter along with associated errors are 

shown at the top o f each panel.
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Table 2 summarises the structural parameters along with those deduced from both 

the MEIS/LEED study o f Pope et al [6] and the LEISS study o f Shen et al [9].

Table 2: Favoured structural parameters along with their associated errors. The 

second layer buckling amplitudes A2> and A22 refer to the rippling o f Pd atoms 

relative to the two symmetrically inequivalent Cu atoms within the second layer 2D 

unit cell. Geometric parameters obtained by Shen et al and by Pope et al for the 

p(2x2)-p4g Pd domains are also shown for comparative purposes. Also included are 

the spacings between Cu and Pd atoms in layers 1 and 2 in the favoured geometry. 

The nearest neighbour Pd-Pd spacings in bulk Pd{100} is also tabulated for 

comparative purposes. The atom pairs may be identified using key in figure 2.

Structural
parameter

Optimal value
(A)

Shen et al [9] Pope et al [6]

dzi2 1.93 ±0.02 2.03
dZ23 1.90 ±0.03 1.84
dzu 1.80 ±0.03
dzus 1.83 ±0.03

0.25 ±0.12 0.2 5 ±0.07 0.28
Ai 0.06 ±0.03
A-2i 0.02 ±0.06 0.14
A2a 0.03 ±0.05

Atom pair Spacing
(A)

A-A 3.11 /  3.61
B-B 4.11 /  3.61
A-B 2.58
B-C 2.67
B-D 2.51

Pd{100} 2.75
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SATLEED geometry retrieved is consistent with studies o f the lower coverage 

Cu{100}/Pd surface alloys [2,3,13] and previous structural work on the Cu{100}- 

p(2x2) 1ML Pd phase [6,8,9]. A lateral shift o f top layer Pd and Cu atoms within the 

p2gg clock rotated layer o f 0.25+0.12A agrees remarkably well with the lateral 

displacements o f  top layer Pd atoms o f 0.25+0.07A determined by Shen et al [9] and 

0.28A by Pope and co-workers [6]. The agreement is all the more remarkable 

considering that the top layer models used in previous studies correspond to lateral 

shift o f Pd atoms within p(2x2)-p4g pure Pd islands. A large expansion in the first 

interlayer spacing to 1.9310.02A was also found in the LEED study o f Pope et al [6] 

where an even larger value o f 2.03 A is preferred (in this case it must be remembered 

that the spacing corresponds to the spacing between an outermost pure Pd 

monolayer and second layer Cu atoms). Rippling o f Cu and Pd atoms in layer 2 is 

0.06±0.03A while a larger value o f 0.14A is favoured by Pope et al within the 

c(2x2) domain illustrated in figure 1(b) [6], in both cases with Pd atoms rippled 

towards the solid-vacuum interface. As expected, substitution o f 0.5ML of Pd in-to 

layers 1 and 2 leads to a significant expansion o f the outermost two interlayer 

spacings. The first two interlayer spacings are increased by 0.125±0.02A 

(+6.6+1.1%) and 0.10±0.03A (+5.3+1.7%) respectively, yielding a net expansion of 

the outermost three layer slab o f 0.23A (+6.4%). A recent study o f a Cu{100}- 

c(2x2)-Pd underlayer alloy in which 0.5ML o f Pd was substituted into the second 

copper layer also led to significant expansion of the outermost three layer slab of 

0.18A [13]. The larger metallic radius o fP d  means that Pd atoms substituted into the 

smaller copper lattice are under considerable compressive in-plane strain, which 

may be relieved by expansion o f  the interplanar spacings normal to the Cu{100} 

surface. The effect is strongest for Pd atoms substituted in second or deeper layers 

which experience a higher co-ordination and lack the freedom o f first layer Pd atoms 

to relax perpendicular to the surface. For example, substitution o f 0.5ML o f Pd into 

the outermost layer in a Cu{100}-c(2x2) surface alloy leads to a structure with an 

outermost interplanar spacing equal to that o f bulk Cu{100} [2,3], which represents 

only a very weak Pd-induced expansion o f about 0.02A (+1.2%) relative to the 

clean Cu{100} surface. A small top layer rippling o f amplitude 0.06±0.03A with Pd 

atoms rippled outwards is similar to that obtained in the Cu{100}-c(2x2)-Pd top 

layer surface alloy at a Pd coverage o f 0.5ML [2,3] in which a small outward 

rippling o f 0.02+0.03A occurs.
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The most attractive explanation for the occurrence o f the clock rotation within the 

outermost CuPd monolayer is that it is a response to the high level o f compressive 

stress experienced by Pd atoms forced to remain in the four-fold hollow sites 

provided by the underlying c(2x2) CuPd alloy which itself is commensurate with the 

Cu{100} substrate. Palladium atoms remaining at a separation dictated by the 

Cu{100} periodicity would be forced to adopt nearest neighbour Cu-Pd separations 

o f 2.55Â, compared to a favoured in-plane spacing o f 2.65Â based on the sum o f the 

Cu and Pd metallic radii. Calculated in plane Pd-Cu nearest neighbour distances in 

the favoured clock rotated structure along with the corresponding first to second 

layer Pd-Pd and Pd-Cu separations are listed in table 2. The combined effect o f the 

clock rotation and buckling serves to increase the nearest neighbour in-plane Cu-Pd 

separation in the outermost layer slightly from 2.55 to 2.58Â, while the nearest 

neighbour Pd-Pd separation between top and second layer Pd atoms is 2.61 k ,  

intermediate between a bulk Cu-Cu separation of 2.55Â and Pd-Pd separation of 

2.15k.

The model proposed has both first and second layer compositions o f CuPd, as 

suggested by the LEISS studies o f Yao et al and Shen et al [8,9] and is able to 

naturally explain the systematic absences in the experimentally observed LEED 

pattern.

One surprising aspect based on the model obtained here for the Cu{100}-p(2x2)-Pd- 

1ML phase is the inability o f STM to image the clock rotation [7]. This has 

previously been successfully achieved by Kishi et al [18] from a clock rotated outer 

Pd monolayer o f p(2x2)-p4g symmetry above a highly buckled c(2x2) PdAl 

underlayer in a Pd{100}-p(2x2)-p4g-Al surface alloy. The structure is characterised 

by a large bimetallic buckling in layer 2 o f  0.25±0.07Â with Pd buckled outwards 

and large lateral movement o f top layer Pd atoms o f 0.57±0.1Â within the outer 

monolayer [19,20]. The clock rotation has also been imaged by STM in the related 

Ni{100}-p(2x2)-p4g carbon structure, a classic example o f  lateral “clock-type” 

reconstruction [21] where a lateral in-plane shift o f top layer Ni atoms o f 0.45Â is 

favoured with a 0.16Â buckling amplitude of second layer Ni atoms [22]. We note 

that in both cases where a clock rotation has successfully been imaged by STM, the
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degree o f lateral motion o f top layer atoms was considerably larger than is the case 

for the Cu{ 100}-p(2x2)-lML-Pd phase. In the Cu{ 100}-p(2x2)-Pd system there is a 

much smaller buckling in layer 2. It is possible these two features combine to 

prevent the STM from resolving the clock rotation in the Cu{ 100}/Pd system.

The overall level o f theory-experiment agreement obtained (Rp=0.21) compares well 

with a Pendry R-factor o f 0.22 obtained by Onishi and co-workers for the Pd{100}- 

p(2x2)-p4g-Al structure [19]. A similar level o f theory-experiment agreement was 

obtained in the most recent LEED analysis o f the Ni{100}-p(2x2)-p4g reconstructed 

surface formed by carbon adsorption [22]. The structure o f the Cu{100}-p(2x2)-Pd 

phase at 1.3ML Pd is imperfect, with a high concentration of domain boundaries and 

other defects imaged by STM [7]. Disorder is also imaged for the lower Pd coverage 

o f 1.1ML [7]. This is reflected in the quality o f the LEED pattern, which exhibits a 

higher diffuse background intensity than the clean Cu{100} sample. It is thus likely 

that the lower crystal quality o f the Cu{100}-p(2x2)-p2gg-lML-Pd surface is a 

contributing factor to the slightly lower level o f overall agreement obtained 

compared to the clean Cu{100}-(lxl) phase (Rp = 0.15). It should also be noted that 

for Pd coverages utilised in our measurements (1.0ML), the STM studies o f Murray 

et al [7] indicate that the Cu{100}/Pd surface is heterogeneous with large areas of 

c(2x2) periodicity imaged by STM. While it appears that areas o f heterogeneity exist 

within the surface structure from which the I(V) data was acquired, the exact nature 

and extent o f the heterogeneity is unknown at present. However, I(V) data measured 

at a higher Pd coverage (1.2ML) are practically identical to those illustrated in figure

3, indicating that the structure as sensed by LEED is not strongly dependent on the 

exact Pd coverage deposited in the range 1.0 to 1.3ML. This suggests that either the 

heterogeneous regions do not play a major role in scattering in-to the measured 

LEED beams or alternatively that the local structure within these regions is similar 

to that modelled in the favoured p(2x2)-p2gg structure illustrated in figure 2.
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(b) The Cu{ 100} -c(2x2)- 1M L-Pd Phase:

A second alternative mode o f preparation o f the Cu{100}/Pd-1ML phase was 

investigated within this study. In this case, 0.5ML of Pd was evaporated on-to a 

clean Cu{100} substrate at room temperature forming a Cu{100}-c(2x2)-Pd top 

layer alloy. This structure was then converted by controlled thermal activation into a 

c(2x2) underlayer CuPd alloy consisting o f a mixed CuPd second layer capped by a 

copper monolayer slab as recently reported by Barnes and co-workers [13]. A 

further 0.5ML o f Pd was then evaporated to give a total Pd coverage o f 1.0ML. In 

this case no p(2x2) phase was observed despite the fact that the total Pd coverage 

was similar to that employed in the direct deposition method. Instead the periodicity 

remained c(2x2) with good crystal quality even after gentle annealing . In order to 

probe the geometry o f this Cu{100}-c(2x2)-Pd-lML structure, the I(V) spectra of 

the (1,0) and (1/2,1/2) LEED beams were measured at normal incidence from both 

the Cu{100}-c(2x2)-Pd underlayer alloy and after addition of the excess 0.5ML of 

Pd. Figure 5 illustrates the results. The I(V) spectra after addition o f the excess 

0.5ML Pd while not undergoing radical change do exhibit clear differences from 

those o f the underlayer alloy both in terms of peak position and spectral structure.

Figure 6 illustrates possible idealised models for the Cu{100}-c(2x2)-Pd-lML 

structure. Figure 6(a) illustrates a double layer c(2x2) model in which the additional 

0.5ML o f Pd substitutes into the outermost Cu layer to form a second c(2x2) CuPd 

alloy layer without clock rotation. As 50% o f top layer Cu atoms are expelled during 

this process the surface must be heterogeneous, consisting o f 50% c(2x2) CuPd 

double layer alloy and 50% double layer c(2x2) CuPd alloy capped by a Cu 

monolayer. Figure 6(b) illustrates a second possibility where Pd adsorbs as a 

pseudomorphic p ( lx l)  epitaxial film above the outermost copper monolayer. Again 

the surface formed will be heterogeneous, consisting of 50% of Cu{100}-c(2x2)-Pd 

underlayer alloy and the remaining 50% capped by a Pd-monolayer.
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Figure 5: Experimental normal incidence I(V) spectra from the (1,0) and 

(1/2,1/2) beams from a Cu{100}-c(2x2)-Pd underlayer alloy formed by 

deposition o f 0.5ML of Pd and thermal processing to 550K (lower curves=full 

lines) and after deposition o f a further 0.5ML (upper curves=dotted lines). In 

both cases the energy region between 150 and 350eV is also shown on an 

expanded scale (heavy dashed lines) in order to allow a more detailed visual 

comparison.
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Figure 6: Top and side view o f possible models for the Cu{ 100}-c(2x2)-Pd- 

1ML structure including: (a) a double layer c(2x2) CuPd alloy ; (b) p ( lx l)  

Pd clusters above a copper capped c(2x2)-CuPd underlayer alloy. The 

geometric parameters varied within the analysis are indicated in each case 

within the side views.
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In order to test which o f these models provided the best agreement, a limited set of 

SATLEED calculations were made. The case o f  the model shown in figure 6(b) was 

easier as the surface geometry o f 50% of surface corresponding to the Cu{100}- 

c(2x2)-Pd underlayer alloy with local Pd coverage o f 0.5ML may be frozen at that 

previously determined by Barnes et al [14]. This should be a good approximation 

provided the Pd island size is large. The geometric parameters varied in the 50% of 

the surface covered by a Pd monolayer included: the interlayer spacing between the 

Pd monolayer and the underlying Cu layer (dz^), the spacing between the pure Cu 

second layer and Cu atoms in the third mixed c(2x2) CuPd layer (dz23) and finally 

the buckling amplitude within this mixed layer (A3). The theoretical LEED I(V) 

spectra were then formed for each geometry by a 1:1 addition o f computed 

intensities from the two domains. The minimum Pendry R-factor obtained was 0.44. 

The high Pendry R-factor suggests this scenario may be discarded.

In the case o f the double layer c(2x2) alloy, a minimum Pendry R-factor of 0.31 was 

obtained. The geometry of both the double layer c(2x2) and the Cu capped double 

layer were allowed to vary. In the case o f the double layer domain, the outermost 

interlayer spacing and buckling in the outermost CuPd layer (dzi2 and Ai in figure 

6(a)) were optimised. The favoured geometry in the double layer c(2x2) alloy 

corresponds to a first interlayer spacing of 1.99A (+11%) and a buckling amplitude 

o f 0.02A in the outermost mixed CuPd layer with Pd rippled outwards. The favoured 

geometry for the Cu-capped double layer c(2x2) CuPd alloy correponded to an 

interlayer spacing between the outermost Cu monolayer and Cu atoms in the first 

mixed CuPd layer o f 1.84A (+2%) and a buckling o f 0.04A in the first sub-surface 

CuPd layer with Pd rippled downwards. It is likely that further parameter 

optimisation for this structure would lead to an increase in the level o f agreement 

yielding a similar level obtained for the Cu{100}-p(2x2)-p2gg-lML-Pd structure. 

Such a search would require a larger data base to extract with confidence the 

detailed geometry o f the two heterogeneous patches.

It should be noted that if  this model does represent the surface 

geometry/composition formed, a puzzle remains as to why the 50% of the surface 

adopting the double layer c(2x2) CuPd geometry does not adopt a clock rotated 

p(2x2)-p2gg structure similar to that o f a directly deposited 1ML Pd film. Many

103



other possibilities remain untested for the Cu{100}-c(2x2)-Pd-lML phase. For 

example, if  intermixing o f the second 0.5ML o f Pd with the outermost Cu is 

kinetically inhibited it may be expected that Pd will grow as clusters due to the 

higher surface energy o f Pd relative to Cu combined with the interfacial strain 

induced by the smaller Cu lattice spacing. It is thus also possible that Pd adsorbs in 

the form o f multilayer epitaxial clusters covering a much smaller fraction o f the 

surface than 50%.

Clearly further work using SATLEED and a larger experimental data base combined 

with chemical probes o f the nature o f  the top layer composition will be required 

before a definitive answer regarding the structure o f the Cu{100}-c(2x2)-Pd-lML 

phase is obtained.

Despite the uncertainty regarding the exact structure and compositional profile o f the 

Cu{100}-c(2x2)-Pd-lML phase two definite conclusions may be reached:

(a) A simple model consisting o f a heterogeneous surface with a 50% coverage of 

epitaxial p ( lx l)  Pd overlayer above a Cu capped c(2x2) CuPd underlayer alloy and 

50% pure Cu capped underlayer alloy may be ruled out;

(b) This second mode o f preparation o f the Cu{100}-1ML Pd surface provides 

definitive evidence that a top layer c(2x2) CuPd alloy is required as a template to 

form the p(2x2) clock-rotated CuPd structure .

5. Conclusions

The Cu{100}-p(2x2) structure formed by deposition o f 1ML of Pd on Cu{100} at 

room temperature has been re-analysed by Symmetrized Automated Tensor LEED 

(SATLEED). A wide range o f models suggested by MEIS/LEED,STM and LEISS 

along with selected new models in keeping with the accurately determined LEISS 

layerwise elemental composition have been tested.

O f the previously suggested models, the SATLEED analysis shows a preference for 

the structure based on low energy ion scattering spectroscopy consisting o f a
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heterogeneous surface with the outermost layer consisting o f domains o f pure clock 

rotated p(2x2)-p4g Pd and p(2x2) Cu3Pd alloy consisting of 30% p4g Pd and 70% 

Cu3Pd with a top layer Pd coverage o f 0.5ML and a total Pd loading of 1ML 

(Rp=0.30).

However, the favoured model among those tested consists o f a p(2x2) clock rotated 

ordered CuPd monolayer o f symmetry p2gg above a c(2x2) ordered CuPd 

underlayer (Rp=0.21). Top layer Cu and Pd atoms are laterally shifted by 

0.25±0.12A from four-fold hollow sites in an alternate clockwise and anti-clockwise 

fashion with the vertices o f the p(2x2) clock rotation centred over second layer Pd 

atoms. Substitution o f a high concentration o f Pd into the outermost two atomic 

layers leads to a significant expansion o f the outermost two interlayer spacings to 

1.93±0.02A and 1.90+0.03A.

A second mode o f preparation o f the Cu{100}/Pd-1ML phase has been investigated 

consisting of adsorption o f 0.5ML o f Pd at room temperature onto a Cu{100}- 

c(2x2)-Pd underlayer alloy consisting of a mixed c(2x2) CuPd second layer capped 

by a copper monolayer. In this case, the structure retains c(2x2) periodicity. This 

clearly implicates top layer c(2x2) CuPd as the required template for formation of 

regions o f p(2x2) clock rotated phase.
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CHAPTER 4

Cu{100}-c(2x2)-Pt Surface Alloy: 
Structural Analysis As a Function of Pt Loading
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Formation of a Cu-capped Cu{100}-c(2x2)-Pt 

Underlayer Alloy: a SATLEED analysis

E .  A lS h a m a ile h  and C  J .  B a m es

School o f  Chemical Sciences and National Centre for Plasma 

Science and Technology (N CPST), Dublin  C ity University, Dublin 9, Ireland.

Abstract

T h e  room  temperature deposition o f  0.5 M L  P t on Cu{100} fo llow ed  b y  annealing  

to 525 K  results in  a sharp c(2x2) L E E D  pattern. S A T L E E D  analysis for this phase 

shows that it consists o f  an ordered c(2x2) C u -P t second layer capped w ith a pure 

C u  layer. Th e  first and second interlayer spacings are found  to be expanded b y  

+5.1±1.7 % and +3.5±1.7% , respectively  (relative to the b u lk  C u  interlayer spacing  

o f  1.807 A) due to the insertion o f  the 8% larger Pt atom s into the second layer. Th e  

ordered m ixed layer is found  to be ripp led  b y  0.08±0.06 A  w ith Pt atoms rippled  

outwards towards the so lid -vacu u m  interface. A  sm aller rip p lin g  o f  0.03±0.11 A  in  

the fourth pure C u  layer was also detected w ith  C u  atoms d irectly  underneath Pt 

atoms ripp led  tow ards the second layer Pt resulting in  a P t-C u  bond length o f  2.52 A  

w h ich  com pares to the sum  o f  m etallic rad ii o f  2.67 A.
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1. Introduction

T h e  incorporation o f  catalytica lly  active metals into the top few  surface layers o f  

another metal is an area o f  grow ing  p h ysica l and chem ical interest [1-5]. Th e  C u-Pt 

com bination is o f  particular im portance due to the m any applications o f  both Pt and  

C u  in  heterogeneous catalysis in c lu d in g  oxidation o f  C O  and N O  gases over Pt [6-8] 

and m ethanol and am m onia  p roduction  [9,10].

In contrast to the Cu{100}/Pd b im eta llic  com bination, little w o rk  has appeared to 

date on the Cu{100}/Pt system . U s in g  H e + and L E I S S , G rah am  et al. have reported 

that the ro o m  temperature deposition o f  0.5 M L  Pt f ilm  on Cu{100} fo llow ed by  

annealing to 525 K  produces an essentially Cu-term inated surface [11]. O n  the 

contrary, Shen et al. suggested that at this coverage w ith  annealing to 453 K  for 10 

m inutes results in  a  surface a llo y  w ith  38 at. % in  the outerm ost layer and 10 at. % in  

the second layer [12]. T h e  d ifferent top layer com positions m ay be attributed to the 

d iffering  therm al activation procedures em ployed.

R ecently , R e il ly  et al. [13] have studied the form ation kinetics o f  the Cu{100}- 

c(2x2)-Pt b y  deposition o f  P t at room  temperature and m onitoring  the intensity and 

fu ll-w idth-at-half-m axim um  o f  (1,0) and (1/2,1/2) L E E D  beam s as a function o f  

temperature and tim e. It was found that annealing to 5 5 O K  fo r 30 seconds produced  

the m ax im um  ( 1/2 , 1/2) beam  intensity indicating  a state o f  optim al ordering o f  the 

c(2x2) phase. U s in g  C O  titration to probe the surface P t concentration, R e il ly  et al. 

reported a considerable reduction in  saturation C O  uptake after annealing the room  

temperature deposited P t to 5 5 O K. T h is  was interpreted as due to the form ation o f  a 

Cu{100}-c(2x2)-Pt underlayer a llo y  w ith  an alm ost pure copper layer outermost. 

T h e  authors excluded the p o ss ib ility  o f  top layer surface a llo y  form ation based on  

studies o f  C O  adsorption on C u sP t b u lk  a lloys [13].

In this paper, the structure o f  the Cu{100}-c(2x2) 0.5 M L  P t phase is determ ined b y  

Sym m etrised A utom ated T e n so r L E E D  ( S A T L E E D )  testing both a surface a llo y  

m odel w here the m ixed  layer is located in  the outerm ost layer and the underlayer 

a llo y  m odel w ith the m ixed  layer sandw iched in  the second layer a long w ith  

overlayer m odels w ith  P t occu p y in g  four-fo ld  ho llow , bridge and atop sites.
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2. Experimental

Th e  details o f  the L E E D  ultra-high vacu u m  has already been published [14]. In this 

study, the base pressure was 2 x  10' 10 T o rr. P latinu m  was evaporated v ia  resistively  

heating o f  a w ell outgassed 0.25 m m  diam eter W  w ire (99.99% , G o o d fe llo w  M eta ls  

Ltd .) around w h ich  was w rapped h igh  p u rity  0.125 m m  diam eter P t w ire (99.999 %, 

G o o d fe llo w s M eta ls, U K ) .  Th e  evaporation rate was calibrated m easuring the 

(1/2,1/2) beam -intensity and fu ll-w id th  at half-m axim um . T h e  deposition tim e  

needed to m axim ise the (1/2,1/2) beam  intensity was assigned to a Pt coverage o f  

0.60 M L  accord ing  to a recent study b y  R e il ly  et al. [15]. F ro m  the calibration curve  

constructed fo r the m easured ( 1/2 , 1/2) beam  intensity versus deposition tim e, we 

estimate the Pt coverage to be 0.50±0.10 M L .

D ep o sitio n  o f  0.5 M L  Pt at room  temperature results in  a w eak and diffuse h igh  

background c(2x2) L E E D  pattern. A n n e a lin g  this phase to 525 K  for 30 seconds 

produced a good quality  c(2x2) L E E D  pattern.

L E E D  I(V ) data were co llected  at close to room  temperature using a C C D  cam era  

interfaced w ith  a m in icom puter fo r data acquisition. A l l  spectra used in  this study  

were co llected  at norm al incidence. O n e  set o f  data measured fo r  the same phase on  

the same d ay  was used in  the calculations.

F iv e  non-sym m etric beam s (three integral: (1,0), (1,1), (2,0) and two fractional: 

(1/2,1/2), (3/2,1/2)) were used in  the analysis corresponding to a total energy range 

o f  1300 e V . B eam s were in d iv id u a lly  back-ground subtracted and sym m etry- 

equivalent beams were averaged to m in im ise  errors ensuing fro m  sm all deviations 

from  norm al incidence or residual m agnetic fie lds. Th e  beam s w ere then norm alised  

to constant in com ing  beam  current and fin a lly  sm oothed b y  a 5-point adjacent- 

averaging p rio r to analysis.
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3. Theoretical Considerations

Theoretical L E E D  I(V ) spectra were calculated using the S A T L E E D  package [16]. 

N in e  phase shifts for both Pt and C u  were used in  the ca lcu lations and were 

generated b y  the phase shifts package o f  Barbieri/van H o v e  [16]. In itially, b u lk  

D e b y e  temperatures o f  C u  and P t o f  343 K  and 240 K ,  respectively w ere used in the 

analysis [17]. A  fixed  value o f  -  5.0 e V  fo r the energy independent im aginary part o f  

the inner potential was used in  the in itia l phase o f  the analysis w hile  the energy 

independent real part was allow ed to be optim ised (vary) in  the course o f  the 

calculations. Th e  P en dry  R -factor (R p) was used to test theory-experim ent agreement

[18].

4. Results and discussion

F ig . 1 illustrates possib le  m odels fo r the Cu{100}-c(2x2) 0.5 M L  Pt phase. 

Extensive  L E E D  calculations w ere carried out for each m odel in vo lv in g  

optim isation o f  structural and non-structural parameters seeking the low est Rp 

factor. A t  this stage o f  the analysis, o n ly  the first two interlayer spacings were 

a llow ed  to v a ry  (d i2 and d23 are m easured from  1st layer C u  atoms to 2nd layer C u  

atoms in  the a llo y  m odels). T h e  ranges o f  variation fo r each m odel are indicated in  

table 1, w h ich  also show s the low est total Rp fo r the tested m odels. In the a llo y  

m odels w here m ix in g  o f  Pt and C u  takes place, a bu ck lin g  o f  about 0.3 A  was 

allow ed  fo r Pt atoms bu ckled  in  either vertical direction.

T h e  results c learly  indicate that the underlayer C u P t a llo y  y ie lds the best theory- 

experim ent agreement and all other structures fe ll outside the R R -va lu e  o f  0.05. 

H en ce , the underlayer m odel was considered fo r further optim isation exclud ing  all 

other m odels. T h is  refinem ent process in vo lved  the optim isation o f  all structural and 

non-structural parameters y ie ld in g  an optim al P en dry  R -factor o f  0.27.
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F ig . 1: Possib le  m odels for the Cu{100}-c(2x2)-Pt phase including: (a) four-fo ld  

h o llo w  overlayer; (b) atop overlayer; (c) bridge overlayer; (d) surface a llo y  and (e) 

underlayer a lloy.



Tab le  1: O ptim al Pen dry  R -factors fo r m odels show n in  F ig . 1.

M o d e l d i2 and d23 tested ranges

A

Rp

Fo u r-fo ld  h o llo w  overlayer 1.65-2.25 0.56

A to p  overlayer 2.50-2.90 0.62

B rid g e  overlayer 2.00-2.55 0.52

Surface a llo y 1.65-2.25 0.40

U n derlayer a llo y 1.65-2.25 0.32

F ig . 2 show s a side v ie w  o f  the m odel detailing  the favoured geom etric parameters. 

F ig . 3 illustrates the com parison o f  experim ental and calculated (best-fit) L E E D  I(V)  

spectra fo r the favoured underlayer structure. Th e  dependence o f  P en dry  R -factor on  

the first and the second interlayer spacings and the ripp lin g  in the m ixed  C u P t layer 

and the fourth C u  layer are show n in  F ig . 4.

T h e  favoured  m odel consists o f  a m ixed  C u P t underlayer capped w ith  a pure C u  

layer. T h e  first and second interlayer spacings were foun d  to be d i2 =1.90±0.03 A  

and d23=1.87±0.03 A, respectively , corresponding  to an expansion o f  5.1±1.7 % and 

3.5±1.7 %, respective ly  (relative to the b u lk  C u  value o f  1.807 A). T h e  third  

interlayer spacing experienced a sm all expansion o f  0.3±1.7 %. A  sm all bu ckling  o f  

0.08±0.05 A  was detected in  the m ixed  underlayer w ith  P t atoms ripp led  outwards 

tow ards the so lid-vacu um  interface.
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d i 2 =  1 . 9 0  A

d .23 — 1 . 8 7  A  

d 3 4  =  1 . 8 1  A

Pt Cu

F ie . 2: S ide  v ie w  a long  [ O il]  d irection  o f  the favoured m odel show ing the best-fit 

geom etrical parameters.



E n e r g y  ( e V )

F ig . 3: C o m p a rison  o f  experim ental (so lid  lines) and calculated (dotted lines) L E E D  

I(V ) spectra fo r the favoured Cu{100}-c(2x2)-Pt underlayer structure.
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d12 (A) d23 (A)

d34 (A ) A, (A)

F ig . 4: T h e  dependence o f  P en dry  R -facto r on  (a) the first interlayer spacing (d i2); 

(b) the second interlayer spacings (d23); (c) third interlayer spacings (d34) and (d) the 

bu ck lin g  in  the m ixed  C u P t layer (A 2). The  optim al value fo r each variable is show n  

at the top o f  each panel a long w ith the associated error. H o rizo n ta l lines indicate the 

variance.
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It is interesting to com pare the structure obtained in  this analysis to the 

corresponding Cu{100}-c(2x2)-Pd underlayer a llo y  analysed recently b y  L E E D  I(V)  

calculations [14]. It was found that P d  form s a m ixed  C u P d  underlayer w hen a top 

layer surface a llo y  form ed b y  deposition  o f  0.5 M L  P d  is therm ally treated [14]. 

T w o  m ajor d ifferences w ith our results can be noticed: firstly , in  the m ixed  

underlayer, P d  atoms are rippled inw ard w hile  P t atoms in  the m ixed underlayer are 

ripp led  outward tow ards the so lid-vacu um  interface. Secondly: in  the P d  system, a 

greater b u ck lin g  was detected in  the fourth C u  layer (0.2±0.1 A ) w hile  in  the Pt 

system  a m uch sm aller value is favoured (0.03± 0.11 A).

O n  the other hand, the two system s d isp la y  s im ilar general structure where the first 

and second interlayer spacings are expanded relative to the C u  b u lk  values. The  net 

expansion o f  the outerm ost three layer slab is found to be 0.18 A  and 0.15 A  for the 

Cu{100}/Pd and Cu{100}/Pt underlayer a lloys, respectively. T h is  sim ilarity  m ay be 

attributed to the alm ost identical sizes o f  P d  ( 12-coordinate m etallic radius=1.38 A) 

and P t ( 12-coordinate m etallic radius=1.39 A ) and m ay also be extended to the 

sim ilarity  o f  their electronic/bonding properties since they belong to the same group  

in  the period ic table.

W h en P t atom s replace every second C u  atom  in  the second layer, the C u -P t bond  

length calculated betw een 1st layer C u  atoms and 2nd layer Pt atoms is found to be 

2.56 A. T h is  value corresponds to a 4.1% contraction o f  the sum  o f  the 

12-coordinate m eta llic  radii o f  C u  and P t o f  2 .67 A. It is  interesting to note that the 

sum  o f  the first and second interlayer spacings in  the Cu{100}-c(2x2)-Pt undelayer 

is 8.6% w h ich  is v e ry  sim ilar to the size m ism atch between C u  and P t atoms o f  

8.1%. T h e  apparent contraction o f  P t atoms is a result o f  co-ordination w ith C u  

atoms w hile  the expansion in  the 1st and 2nd interlayer spacings com es from  the 

incorporating o f  the larger P t atoms into the second layer o f  the selvedge.

T h e  structure retrieved in  this study is in  accordance w ith  that suggested b y  R e il ly  et 

al. based on C O  titration results. T h e  authors also suggested that the top layer m ay  

contain som e Pt atom s (about 10% o f  the deposited Pt) [13]. In our study, we have 

m odelled  a  re lative ly  perfect d istribution o f  Pt atoms in  the system  represented by  

considering  a pure top C u  layer, a 50:50 m ixed  C u P t underlayer and pure C u  layers
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underneath. It is possib le  that the experim ent-theory agreement can be im proved i f  

the A ve ra g e  T -m atrix  A p p ro x im atio n  ( A T A )  technique is used to m odel 

im perfections such as lo w  Pt concentration in  layers 1 and 3. T h is  should lead to an 

enhanced leve l o f  theory-experim ent agreem ent and a detailed picture o f  the 

layerw ise com positional p ro file  a long w ith  sm all changes in  surface geom etric 

parameters to those obtained here based on assum ption o f  a som ew hat idealised  

layerw ise com position al p rofile .

F in a lly , it is w orthy o f  note that the {100} surface o f  a CuaPt b u lk  a llo y  prefers a 

c(2x2) m ixed  C u P t underlayer capped w ith  a pure C u  layer as determ ined b y  ion  

scattering studies [19]. T h e  tendency fo r preference o f  C u  term ination occurs due to 

the s ign ificantly  low er surface energy o f  C u  (2.09 Jm '2) com pared to P t (2.48 Jm '2) 

[20].

5. Conclusions

S A T L E E D  has been used to determ ine the structure o f  Cu{100}-c(2x2)-Pt 

underlayer a llo y  form ed by therm al activation o f  0.5 M L  Pt adsorbed on  Cu{100}. 

T h e  analysis retrieved a structure that consists o f  an ordered c(2x2) C u -P t second  

layer capped w ith a pure C u  layer.

(a) Th e  first and second interlayer spacings are found  to be expanded b y  +5.1±1.7 % 

and +3.5±1.7%, respectively (relative to the b u lk  C u  interlayer spacing o f  1.807 

A ) as a result o f  insertion o f  the ~8% larger P t atoms into the second layer.

(b) Th e  ordered m ixed  layer is found  to be ripp led  b y  0.08±0.06 A  w ith Pt atoms 

ripp led  outwards tow ards the so lid-vacu um  interface.
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Abstract

Th e  geom etric structure and com positional p ro file  o f  a Cu{100}-c(2x2)-Pt surface  

a llo y  form ed b y  therm al activation o f  a m onolayer Pt f ilm  has been determ ined b y  

tensor L E E D . A  w ide range o f  m odels have been tested. Th e  favoured m odel 

consists o f  an ordered c(2x2) C u P t underlayer be low  a C u  terminated surface. 

M o d e ls  in vo lv in g  a m ixed  ordered C u P t layer outerm ost m ay  be d efin itive ly  ruled  

out. T h e  average T -m atrix  approxim ation ( A T A )  has been applied  a llow ing  variable  

Pt concentrations to be introduced in-to both the outerm ost layer and deeper in-to 

the selvedge (layers 3 and 4) in  the fo rm  o f  a random  substitutionally disordered  

CuxPti-x a lloy. T h e  favoured concentration p ro file  corresponds to an alm ost pure 

outerm ost C u  m on olayer (®pt =10±10 at%) w ith  P t concentrations o f  20+20 at% and 

30±30 at% in  layers 3 and 4 respectively. Introduction o f  Pt into the surface layers 

induces a s ign ificant expansion o f  the selvedge y ie ld in g  m od ification  o f  the 

outerm ost three interlayer spacings to 1.84± 0.02A (A d z i2= +1.9+1.1%), 1.91±0.03A  

(A d23=+5.8+1.7  %) and 1.89± 0.03A (A d34=+4.7±1.7 %). Th e  ripp lin g  in the first 

m ixed  C u P t m onolayer is sm all and o f  am plitude 0.03+0.04 A  w ith Pt rippled  

outwards tow ards the so lid -vacu u m  interface.
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1. Introduction

Th e  b im eta llic  com bination Cu{100}/Pd is one o f  the best studied exam ples o f  

surface a llo y  form ation [1]. In contrast, the c lose ly  associated Cu{100}/Pt system  

has recieved m uch less attention, despite the app lication  o f  C u xP ti.x a lloys as a 

w ork in g  catalyst fo r both C O  oxidation  [2] and hydrocarbon reform ing reactions [3].

Th e  earliest study o f  the Cu{100}/Pt system  was carried out b y  G raham , Schm itz  

and T h ie l [4] using A u g e r  E le ctro n  Spectroscopy ( A E S ) , L o w  E n erg y  Ion Scattering  

Spectroscopy (L E IS S )  and L o w  E n e rg y  E le ctro n  D iffra ctio n  ( L E E D )  illustrating  

that Pt grow s at room  temperature in  a som ew hat disordered overlayer as Pt clusters 

w ith som e interm ixing w ith  the un derly ing  C u  substrate. A u g e r  spectroscopy was 

used to calibrate the Pt surface coverage v ia  com parison o f  the A E S  intensities o f  Pt 

and C u  to those o f  A u  and C u  from  the C u{1 0 0 }-c(2 x2 )-A u  surface a llo y  

( 0 au=O.5 M L ) \  Fo rm atio n  o f  a w eak d iffu se  c(2x2) L E E D  pattern was reported for 

coverages 0 .8 M L  and above fo r room  temperature deposition. A n n ea lin g  o f  the 

Cu{100}/Pt interface to 5 2 5 K  at a P t  coverage o f  0 .8 M L  was indicative o f  strong  

copper segregation and form ation o f  a w ell ordered c(2x2) L E E D  pattern. G rah am  et 

al determ ined that fo r P t coverages up-to 1 M L , annealing to 5 2 5 K  leads to surfaces 

w ith a pure or alm ost pure C u  layer outerm ost [4]. In contrast, Shen and co-w orkers, 

using  a com bination o f  H e + and L i + L E I S S , report that therm al activation o f  a 1 M L  

P t f ilm  to the s lightly  lo w e r temperature o f  4 5 0 K  fo r 10 m inutes led  to form ation o f  

a c(2x2) structure w ith adjacent layers w ith P t concentrations o f  46 at% and 41 at% 

in  layers 1 and 2 respectively  [5]. C le a rly  the com positional p ro file  o f  the Cu{100}- 

c(2x2)-Pt surface a llo y  w ith  P t load in g  o f  around 1 M L  is h ig h ly  sensitive to the 

thermal treatment utilised. It w ou ld  appear that “ lo w  tem perature” therm al activation  

((450K ) lead to surfaces w ith  considerable Pt content in  the outerm ost layer, w hile  

“h igh  tem perature”  ( >525 K ) annealing leads to surfaces w ith a pure or alm ost pure 

C u  term ination at lo w  P t load ings. Therm al processing  at temperatures above 600 K  

leads to rapid destruction o f  the c(2x2) superstructure due to Pt interdiffusion into 

the b u lk  o f  the Cu{100} sam ple. H en ce , the Cu{100}-c(2x2)-Pt surface a lloys  

reported b y  G rah am  et al [4] and Shen et al [5] correspond to k inetica lly  trapped

* This calibration method is approximate due to differences in the growth mechanism o f  Pt and Au on Cu{100} 
and the assumption o f  identical cross sections for the Pt and Au for the Auger transitions monitored.
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meta-stable states w ith  face-centred-cubic dilute substitutional C u i-xPtx a lloys being  

the true th erm odyn am ica lly  favoured structure. N evertheless, once form ed, the 

Cu{ 100}-c(2x2)-Pt a llo y  is stable fo r pro longed operation temperatures be low  5 0 0 K  

and as such is useful to probe the effect o f  surface a llo y in g  o f  C u  and Pt on a range 

o f  reactions in clu d ing  hydrocarbon reform ing, C O  oxidation  and m ethanol 

synthesis. F o r  exam ple, in  a recent study o f  the Cu{100}-c(2x2)-Pt system, R e il ly  et 

al reported that Cu{100}-c(2x2)-Pt surface a lloys form ed b y  “ h igh temperature”  

(550K ) therm al activation o f  a P t film s o f  load ings o f  1 to 1 .5 M L  led to significant 

changes in  the decom position  kinetics o f  a form ate catalytic intermediate [6] .

T o  date no quantitative structural w ork  has been carried out on  the Cu{100}/Pt 

bim etallic  interface. T h e  Cu/Pt system  is a favourable b im eta llic  com bination to 

utilise the technique o f  tensor L E E D  ( T L E E D )  in  com bination  w ith the average T -  

m atrix approxim ation ( A T A )  to determ ine both the surface geom etric structure and 

the layerw ise com positional profile . In this paper we report the results o f  a T L E E D -  

A T A  analysis o f  a  Cu{100}-c(2x2)-Pt surface a llo y  form ed b y  “h igh  temperature” 

therm al activation o f  P t film s  o f  m onolayer coverage, illustrating that the c(2x2) 

p eriod ic ity  arises from  chem ica l ordering in  a m ixed  C u P t underlayer w ith an 

essentially Cu-term inated surface w ith a concentration p ro file  s im ilar to the outer 

bilayer o f  a C u 3P t{ 100} b u lk  a llo y  surface w h ich  adopts a C u  terminated L l 2 

structure consisting o f  alternate layers o f  pure C u  and c(2x2) m ixed C u P t [7].

2. Experimental

A l l  experim ents were perform ed in  an ion  and titanium  sublim ation pum ped ultra- 

high  vacuum  cham ber w ith  facilities for L E E D ,  A E S  and therm al desorption  

spectroscopy and a base pressure o f  lx lO '10 torr. T h e  Cu{100} sam ple was cleaned  

b y  standard procedures in v o lv in g  argon ion  bom bardm ent and annealing to 8 0 0 K  

until no contaminants w ere observed in  A E S  and L E E D  I(V )  spectra from  the clean  

C u { 1 0 0 } -( lx l)  surface were in  excellent agreement w ith  previous literature reports

[8]. P la tinu m  was evaporated from  ultra-h igh-purity (99.99% ) 0.125m m  Pt wire  

w rapped around a shrouded and collim ated 0.3m m  tungsten filam ent. Th e  p latinum
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evaporation rate was estimated using  the m ethod o f  R e il ly  et al [6] w h ich  consisted  

o f  period ic  m onitoring  o f  the intensity and fu ll-w idth-at-half-m axim um  (f.w .h.m ) o f  

the (1,0) and (1/2,1/2) L E E D  reflexes as a function  o f  P t evaporation time. Spot 

profiles were co llected  at constant temperature ( -3 3 0 K )  w ith  the surface being  

b rie fly  therm ally  activated to 5 5 0 K  u sin g  a temperature ram p o f  2 .5 K s_1 after each 

Pt dose in  order to prom ote c(2x2) surface a llo y  form ation. R e il ly  et al have argued  

that the co-incident m ax im um  in  the intensity and m in im u m  in  f.w .h .m  o f  the 

(1/2,1/2) beam  corresponds to form ation o f  a w ell ordered c(2x2) C u P t underlayer 

(0pt= O .5M L). T itra tion  experim ents w ith  C O  indicated that a sm all (0 .1 M L )  

coverage o f  P t rem ained in  the outerm ost layer, hence the evaporation time required  

to reach a m ax im um  in  the ( 1/2 , 1/2) beam  intensity and m in im u m  in  f.w .h .m  was set 

to a P t coverage o f  0 .6 M L . T h is  m ethod was adopted rather than traditional methods 

o f  coverage calibration such as construction o f  A u g e r signal versus deposition tim e  

plots, as it is kn ow n that the ro o m  temperature grow th m ode for the Cu{100}/Pt 

bim etallic  com bination  in vo lves P t clustering and surface a llo y  form ation m aking  

defin itive  coverage calibration  b y  A u g e r spectroscopy d ifficu lt.

The  Cu{100}-c(2x2)-Pt structure was form ed b y  deposition  o f  1 M L  o f  P t onto 

Cu{100} w ith  the sam ple held at ro o m  temperature, resulting in  a h igh background  

L E E D  structure w ith  w eak broad c(2x2) reflections. T h e  procedure adopted to 

determ ine the optim al therm al treatment to fo rm  a w ell ordered c(2x 2) surface a llo y  

was as fo llow s: a 1 M L  P t f ilm  was evaporated on-to a clean Cu{100} surface at 

room  temperature and a spot p ro file  across the ( 1,0), ( 1/2 , 1/2) and (0, 1) beams was 

recorded. T h e  surface w as then heated to increasing temperature in  increm ents o f  

between 20 and 2 5 K  w ith  the crystal held  at the anneal temperature fo r 1 m inute 

duration before co o lin g  to a constant temperature and acqu irin g  a spot profile. Th e  

optim al annealing tem perature w as decided b y  p lotting both the integrated intensity  

and f.w .h .m  o f  the ( 1/2 , 1/2) reflex  as a  function o f  annealing temperature: the 

optim al anneal tem perature o f  5 5 0 K  was that required to bring  the (1/2,1/2) beam  to 

a co-incident m ax im u m  intensity and m in im u m  f.w .h.m . A n n e a lin g  to temperatures 

above 6 0 0 K  led to destruction o f  the c(2x2) due to in terd iffusion  o f  P t deep in-to the 

Cu{100} sample.
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Th e  L E E D  I(V ) measurements w ere m ade at room  temperature under conditions o f  

norm al incidence using a C C D  v ideo  cam era and co llecting  data b y  automatic spot 

tracking. N orm al incidence was attained by variation o f  the sam ple alignm ent until 

the four ( 1,0) beams had identical spectral structure and h ig h ly  s im ilar relative 

intensities over the energy range 50-350eV . Sym m etry equivalent beams were co

added to reduce effects o f  residual sam ple m isalignm ent. P r io r  to sym m etry  

addition, each beam  was in d iv id u a lly  background subtracted b y  fitting an 

exponential background to chosen m in im a  in  the I(V ) curves. Th e  data was then 

norm alised to constant in com in g  beam  current. T h e  data set utilised in  the analysis 

corresponded to a total energy range o f  1260eV.

3. Theoretical Analysis

L E E D  calculations were perform ed w ith the B arb ieri/V an  H o v e  Sym m etrized  

Autom ated T e n sor L E E D  package [9]. U p -to  9 phase shifts were used for both 

copper and p latinum  in it ia lly  taken from  the V a n  H ove/B arb ieri phase shift package. 

O ther non-structural parameters in clu ded  b u lk  D eb ye  temperatures o f  3 1 5 K  for C u  

and 2 3 3 K  fo r P t [10]. In the in itia l stage o f  analysis these values w here fixed  w hile  

in  the final optim isation o f  the favoured structures both the P t and C u  D ebye  

temperatures were a llow ed to vary  in  order to obtain optim al theory-experim ent 

agreement. A n  energy independent im aginary part o f  the inner potential o f  -5 eV  was 

utilised throughout the in itia l stage o f  the analysis w ith this parameter again being  

optim ised in  the final refinem ent stage. T h e  energy independent real part o f  the inner 

potential was a llow ed  to vary  v ia  a rig id  shift in  the L E E D  calculations w ith theory- 

experim ent agreement being tested w ith the P en dry  R -factor [11]. E rro r bars were 

calculated based on the variance o f  the Pen dry  R -facto r using the standard 

prescription [ 11].
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4. Results and Discussion

The in itia l m odels tested were lim ited  b y  the fo llo w in g  assum ption that the c(2x2) 

structure observed upon therm al activation was due to chem ica l ordering o f  C u  and 

Pt in  c(2x2) sub-layers w ith com position  CuPt. B ased  on the structure o f  the {100} 

surface o f  a b u lk  C u 3P t L l 2 a lloy , a natural suggestion fo r the structure o f  the 

surface a llo y  w ou ld  be alternate C u P t and C u  layers in itia lly  confined  to the in-plane 

Cu{100} period icity  [7]. T o  test this structure, we a llow ed up-to 3 layers o f  C u P t 

sto ich iom etry to be distributed w ith in  the selvedge. Inclusion o f  one , two and three 

c(2x2) C u P t layers w ould  lead to creation o f  top two, fou r and six  layer slabs 

respectively  o f  average sto ich iom etry C u 3Pt. A s  L E E D  is insensitive to deeper ly in g  

layers, a 6 layer slab should correctly  m odel to a good leve l o f  approxim ation the 

entire L E E D  probing  depth as a distorted C u 3Pt L l 2 type structure. In each case, two  

possib ilities exist in  w h ich  the surface terminates either in  a m ixed  C u P t layer or a 

pure C u  layer. Structures were also tested in  w h ich  two or three ordered C u P t sub

planes (0pt= l and 1 .5 M L  respectively) were stacked in  adjacent layers. A g a in  

term inations w ith  either a m ixed  C u P t layer or pure C u  layer outerm ost were tested. 

Th e  structural parameters a llow ed to vary  included the first fiv e  interlayer spacings 

and rip p lin g  w ith in m ixed  C u P t layers and in pure C u  layers (w hen allow ed b y  

sym m etry). T h e  range o f  ripp lin g  am plitudes considered was ±0.2A  w h ich  is in  

excess o f  the d ifference in  m etallic radius between Pt and C u  o f  0.11 A. L ay e r  

spacings were also a llow ed  to v a ry  b y  ±0.3A  from  the b u lk  C u  value o f  1.805A ,  

w h ich  represents a variation  o f  17% w ith  respect to the b u lk  interlayer spacing. T o  

preserve the experim entally  observed 4-fo ld  rotational sym m etry observed in  the 

L E E D  pattern, calculations were perform ed fo r tw o dom ains rotated b y  90° and co

added w here appropriate.

Tab le  1 illustrates the results o f  this screening stage o f  the analysis. Th e  results 

collated in  table 1 c learly  illustrate that the favoured m odel consists o f  a m ixed  

c(2x2) C u P t underlayer capped b y  a pure C u  m onolayer (Rp=0.25). O f  all m odels 

tested, o n ly  two g ive a com parable level o f  agreement and consist o f  C u 3Pt L l 2 lik e  

structures w ith  the ordered C u P t layers extending deeper in-to the selvedge. Slabs o f  

C u 3Pt lik e  structure o f  fou r and six  atom ic layers th ick  both y ie ld  Pen dry  R-factors  

o f  0.29, w h ich  lie  just o n  the lim it o f  acceptable structures based on the R R -v a lu e
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fo r the favoured  structure o f  0.04. T h e  fo u r layer th ick  CusPt slab has what in itia lly  

appears to be an advantage: it corresponds to a net Pt load ing  o f  1 .0 M L, in  

agreement w ith  the experim ental coverage calibration. H ow ever, as the favoured  

m odel based o n  the Cu/CuPt/Cu/Cu/Cu stacking sequence contains o n ly  0 .5 M L  Pt, 

hence there exists the potential to further increase the level o f  agreement b y  

distributing additional Pt as a substitutionally disordered a llo y  w ith in  C u  layers 

w ith in  the L E E D  probing  d e p th .

Table  1: M in im u m  P en dry  R -factors fo r stacking patterns tested in  the in itial 

screening stage o f  the analysis. In each case the total Pt load ing  is g iven. A l l  m ixed  

C u P t layers were assumed to be ch e m ica lly  ordered w ith  a c(2x2) periodicity.

©Pt (M L ) S ta ck in g  p attern R p

0,5 PtCu / Cu / Cu / Cu / Cu 0,51
0.5 Cu / PtCu / Cu / Cu / Cu 0,25

1 FtCu / Cu / PtCu / Cu / Cu 0.S3
1 Cu / PtCu / Cu / PtCu / Cu 0.29
1 PtCu / PtCu / Cu / Cu / Cu 0.51
1 Cu / PtCu / PtCu / Cu / Cu 0.45

1.5 PtCu / Cu / PtCu / Cu / PtCu / Cu 0,53
1,5 Cu / PtCu / Cu / PtCu / Cu / PtCu 0.29
1,5 PtCu / PtCu / PtCu /  Cu / Cu /  Cu 0.55
1.5 Cu /  PtCu /  PtCu /  PtCu /  Cu /  Cu 0.46
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T w o  structures were selected fo r fin a l structural optim isation corresponding to 

stacking sequences Cu/CuPt/Cu/Cu/Cu/Cu (m odel A )  and Cu/CuPt/Cu/CuPt/Cu/Cu  

(m odel B ). T h e  m od e llin g  o f  Pt atoms in  the disordered substitutional a llo y  layers 

was achieved through application o f  the A T  A  approxim ation [12]. In this final 

refinem ent stage the Pt and C u  phase shifts utilised were also re-calculated fo r a 

m odels consisting o f  an ordered c(2x2) C u P t underlayer a lloys. Tota l P t loadings in  

the coverage range between 0.50 and 1.8 M L  were considered, w ith the excess Pt 

distributed in  layer 1, 3 and 4 in  steps o f  10 at % (m odel A )  and in  layers 1 and 3 

(m odel B )  again in  steps o f  10 at %. F o r  each com positional p ro file  tested, the tensor 

L E E D  allow ed a fu ll geom etrical optim isation. A d d it io n  o f  extra P t w ith in the 

m odel B  structure d id  not lead to any sign ificant decrease in  Rp be low  the value o f  

0.29 obtained for the ideal stacking sequence. In contrast the R -facto r fo r m odel A  

was reduced from  0.25 to 0.20 leav ing  this m odel alone as the c learly  favoured  

structure.

F igure  1 illustrates schem atically  the favoured geom etry and layerw ise  

com positional p ro file  and corresponds to a  P t coverage o f  1 .1± 0.6M L. F igure  2 

illustrates the leve l o f  theory-experim ent agreement obtained, corresponding to a 

P en dry  R -factor o f  0.20. N o n  structural parameters included D eb ye  temperatures o f  

1 55K  fo r Pt and 3 0 0 K  fo r  C u  and an im aginary part o f  the inner potential o f  -5eV .

Incorporation o f  such large quantities o f  P t in-to the outerm ost fo u r atom ic layer 

slab y ie lds an average sto ich iom etry close  to C u 3Pt. D u e  to the larger m etallic  radius 

o f  Pt, it is possib le  that P t induces an in-plane lateral expansion, how ever no 

experim ental evidence was found fo r Pt-induced in-plane expansion. Sharp circu lar 

L E E D  spots were alw ays obtained w ith  the in-plane p erio d ic ity  o f  the c(2x2) surface  

a llo y  being identical to that o f  Cu{100} w ith in  the resolution o f  the measurements. 

In order to further exam ine whether lateral relaxation leads to an increased leve l o f  

theory-experim ent agreement, a  series o f  calculations were perform ed in  w h ich  the 

in-plane spacing was increased in  steps o f  0 .0 3 A  (« 1% o f  the C u -C u  in-plane  

nearest ne ighbour separation). W h ile  sm all (1%) expansions y ie lded  no significant 

change in  Rp expansions o f  2% or m ore led to a m onotonic increase in  the R-factor, 

w ith expansions in  equal to or in  excess o f  3% being outside the Pen dry  R R  value o f  

0.04. T h u s, any P t-induced lateral expansion m ust be be low  2% (»0.05A).
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A2=0.03 A 
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dz12=1.84

d Z 2 3 = 1 ' 9 1
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F ig u re  1: M o d e l o f  the favoured  geom etry fo r the Cu{100}-c(2x2)-Pt 

surface a llo y  : (a) top v ie w  (outermost tw o layers o n ly  shown); (b) side 

v ie w  a long  the [110] azim uth d e fin in g  the m ajor geom etric parameters 

varied  w ith in  the analysis (the b u ck lin g  in  layers 2 and 4 is over

em phasised fo r c larity  as is the z-spacing  between adjacent layers). N ote  

that the second and fourth layers are out o f  plane w ith respect to the pure 

copper layers.
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F igure  2 : O p tim al theory-experim ent agreement. Experim enta l data is show n as fu ll 

lines and theory as dotted lines.
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Figure  3 illustrates the response o f  the P en dry  R -factor to the m ain geom etric 

variables, in c lu d in g  the first three interlayer spacings and the bu ck lin g  w ith in the 

m ixed  C u P t m on olayer (layer 2) w ith  all other structural and non-structural variables 

held at their nntimal values

dz12[A] dz23[Â]

dz34[Al a2[A]

F ig u re  3: V a ria tio n  o f  the Pen dry  R -fa cto r w ith  the first three interlayer 

spacings and b u ck lin g  in  the m ixed  C u P t second layer. Positive  buckling  

am plitudes correspond to P t atoms ripp led  outwards tow ards the solid- 

vacu u m  interface. T h e  optim al value fo r each parameter along w ith  the 

associated error is g iven  at the top o f  each panel.
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Th e  optim al value fo r each parameter is g iven  at the top o f  each panel a long w ith the 

estimated error. Substitution o f  Pt into the outerm ost four atom ic layers leads to a 

sign ificant expansion o f  the outerm ost three interlayer spacings, particu larly  dz23, 

w h ich  is expanded to 1.91 A  (+5.8%). A  sm all C u -P t b u ck lin g  am plitude o f  

0.03+ 0.04A  occurs in  the ordered m ixed  c(2x2) C u P t underlayer, w ith P t rippled  

outwards tow ards the vacuum  interface.

Th e  layer spacings w ith in  the surface a llo y  are strongly m od ified  from  those o f  pure 

copper: the structure o f  the clean C u { 1 0 0 } -( lx l)  surface determ ined fo r the same 

Cu{100} sam ple used in  this study y ie lded  a first layer contraction o f  -1.0+1.5%  

and a second layer expansion o f +1 .2+ 1.5% w ith  third and deeper layers at their bu lk  

truncated positions (Rp=0.15) [13]. C o n fin in g  Pt tw o-d im ensionally  to a Cu{100}  

lattice leads to a 17% increase in  the effective Pt tw o-dim ensional density. Th e  

surface a llo y  m ay  be expected to re lieve  the lattice strain b y  an expansion o f  the 

layer spacing in  the z-d irection. T h is  effect w ou ld  be expected to be considerably  

less than 17%, as such a large interlayer spacing  increase w ould  lead to sign ificant 

C u -C u  bond w eakening. A  com prom ise w ill be adopted, as was recently found  in  

the case o f  a Cu{100}-c(2x2)-P d  underlayer a llo y  structure [14]. In the case o f  the 

Cu{100}-c(2x2)-P d  underlayer a llo y  a net expansion relative to clean Cu{100} o f  

the outerm ost three layer slab o f  0 .1 8 A  (6%) resulted [14], com pared to the value o f  

0 .1 4 A  (8%) in the case o f  Cu{ 1 0 0 } -c(2 x 2 )-P t-lM L  structure.

Th e  com position  p ro file  adopted appears to be driven b y  the tendency o f  the system  

to fo rm  a layerw ise com position  profile  s im ilar to that o f  the {100} surface o f  a 

C u 3P t L l 2 b u lk  a llo y  w h ich  consists o f  alternate pure C u  and m ixed c(2x2) C u P t  

layers w ith  a C u  term inated surface [7]. W h ile  layers 2 (50 at%) and layer 4 (30±30 

at%) have h igh  P t concentrations and layer 1 a  very  lo w  P t content (10±10 at%) as 

expected, a considerable quantity o f  P t is located in  layer 3 (20±20 at%) w hich  

w ould  correspond to a pure C u  layer in  a C u 3P t{ 100} bu lk  a lloy. Form ation  o f  the 

surface a llo y  requires in terdiffusion  o f  s ign ificant quantities o f  Pt from  the Cu/Pt 

interface through m an y  copper layers. It is thus perhaps not unsurprising that 

quantities o f  Pt are k in e tica lly  trapped in  layer 3. A s  transport o f  Pt from  layer 3 to 4 

corresponds to a b u lk  in terd iffusion  process, m in im is in g  the Pt concentration in  

layer 3 com petes w ith  loss o f  P t from  layer 4 deeper into the b u lk  o f  the sam ple, thus
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m aking  it extrem ely d ifficu lt to prepare a Cu{100}-c(2x2)-Pt surface a llo y  w ith a 

perfect layerw ise com position . W h ile  the favoured Pt load ing  determ ined b y  A T A  

analysis o f  1 .1 ± 0 .6M L agrees rather w ell w ith the experim ental estimated o f  1 M L  

based on  the m ethodo logy o f  R e il ly  et al [6], the relative in sensitivity  o f  L E E D  to 

layerw ise com position  even fo r a re lative ly  favourable  b im eta llic  com bination such  

as C u  and Pt leads to a correspond ingly  large uncertainty in  the exact Pt loading.

F ig u re  4 illustrates a p lot o f  the P en dry  R -factor as a function o f  the concentration o f  

Pt in  layers 3 and 4, dem onstrating this rather w eak sensitiv ity  o f  the analysis to the 

layerw ise com position . In order to test the re lia b ility  o f  the analysis to the details o f  

the layerw ise com position , a second experim ental data set was collected. The  

experim ental data consisted o f  the same beams as the orig inal analysis and a slightly  

larger data range o f  1500eV. T h e  layerw ise com position , geom etric parameters and 

non-structural parameters were optim ised based on the favoured m odel illustrated in  

figure 1. Tab le  2 illustrates the results o f  the two analyses. There is excellent 

agreement both in  term s o f  structural parameters such as interplanar spacings and 

b u ck lin g  am plitudes and the layerw ise P t concentration extracted v ia  A T A  analysis. 

Th e  o n ly  sign ificant d ifference is in  outerm ost layer com position  for w h ich  analysis  

o f  the second data set favours a pure C u  layer outerm ost, although both analyses fall 

w ithin the estim ated error o f  10 at% fo r the outerm ost layer com position . Th is  

appears to suggest that the structure and com positional profile  o f  the Cu{100}- 

c (2 x 2 )-P t- lM L  a llo y  m ay  be form ed rather reproducib ly.

A  copper capped geom etry is in  fu ll agreement w ith  the ion  scattering studies o f  

G rah am  et al [5] w ho have determ ined the surface o f  a Cu{100} doped with P t and 

therm ally  processed to 5 2 5 K  to be essentially copper terminated up-to Pt loadings o f  

1 M L . C o p p e r capp ing  is c learly  favoured based on  surface energy considerations 

due to the s ign ifican tly  low er surface energy o f  Cu{100} (2.17 Jm '2) com pared to 

that o f  Pt{100} (2.73 Jm '2) [15]. T h is  d ifference is further enhanced i f  the surface 

energy per surface C u  o r P t atom  is considered due to the h igher atom ic density  

adopted b y  Cu{100} com pared to Pt{100}.
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1 la y e r  P t  c o v e r a g e  (at% )

F ig u re  4: V a ria tio n  o f  the P en dry  R -factor w ith layerw ise  Pt concentrations in  layer 3 

and 4 w ith all structural parameters held at their favoured values and the first layer 

concentration held  at the optim al value o f  10 at%. T h e  inset at the top o f  the figure  

illustrates the response o f  the P en dry  R -factor to the outerm ost layer com position , 

again w ith all structural parameters held  at their optim al values and third and fourth  

layer P t com positions at 20 and 30 at% respectively.
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Tab le  2 : C o m p a rison  o f  geom etric parameters and layerw ise Pt concentration fo r  

the_favoured m odel illustrated in  figure 1 obtained fro m  two independently prepared 

Cu{100}-c(2x2)-Pt (1 M L )  surfaces. L a y e r spacings are quoted w ith respect to 

copper atom  positions in  m ixed  C u P t layers.

Param eter D a ta  set 1 D a ta  set 2 Average

dzV2(k) 1.84 1.86 1.85

dzM(A) 1.91 1.91 1.91

dzsi( A) 1.89 1.86 1.88

A,(A) 0.03 0.03 0.03

(0pt)i(at%) 10 0 5

(0Pt)s(at%) 20 20 20

30 30 30

R eports o f  form ation  o f  a  Cu{100}-c(2x2)-Pt surface a llo y  w ith  Pt load ing  o f  1 M L  

v ia  annealing to the lo w er temperature o f  4 5 0 K  in  w h ich  sign ificant quantities o f  Pt 

are present in  both layer 1 (46 at%) and layer 2 (41 at%) c learly  indicate the 

p ossib ility  o f  form ation  o f  a second metastable ordered surface a llo y  [5] consisting  

o f  two adjacent c(2x2) C u P t layers w ith a m ixed  C u P t term ination. H o w e ve r the 

p rim ary  technique in vo lve d  in  this study was L E I S S  w h ich  is p rim arily  sensitive to 

atom ic com position , it is also possib le  that the structure corresponds sim p ly  to a 

heterogeneous surface consisting  o f  dom ains o f  C u  terminated c(2x2) C u P t  

underlayer co-existing  w ith  areas o f  Pt clusters in  the correct ratio to y ie ld  the 

m easured top layer com position . Further w ork  is required using  both T L E E D - A T A  

and chem ical probes o f  the top layer loca l com position  to establish the identity o f  

the intermediate C u{100}-c(2x2)-P t phase reported b y  Shen and co-w orkers [16].
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5. Conclusions

A  Cu{ 100}-c(2x2)-Pt surface a llo y  structure form ed b y  deposition  o f  1 M L  o f  Pt and 

therm al processing to 5 5 0 K  is show n to correspond to a copper capped b im etallic  

surface loca lised  a llo y  w ith  a sub-surface ordered c(2x2) C u P t layer. T h e  layerw ise  

com positional p ro file  has been extracted v ia  A T A  m od ellin g  resulting in  an alm ost 

pure outerm ost copper m on olayer w ith o n ly  a sm all Pt im purity  concentration  

(10+10 at%). Laye rs  3 and 4 contained higher Pt concentrations o f  20±20 and 30±30 

at% respectively.

Substitution o f  p latinum  into the selvedge results in  a  sign ificant expansion in  the 

surface interlayer spacings relative to clean Cu{100} and sw itches the w eak  

oscilla tory  relaxation o f  clean Cu{100} to a strongly and non -un ifo rm ly  expanded  

interlayer separation. T h e  outerm ost three interlayer spacings are strongly expanded  

b y  1.84+ 0.02A (+1.9+1.1%), 1.91± 0.03A (+5.8+1.7%) and 1.89± 0.03A

(+4.7±1.7%) respectively . A  slight ripp lin g  in  the c(2x2) C u P t underlayer o f  

am plitude 0.03+ 0.04A, w ith  P t atoms rippled outw ards towards the vacuum  

interface w ith in  the com posite layer occurs.

135



References

[1] U .B a rd i, R ep .P rog .P hys 57 (1994) 939.

[2] P.Praserthdam  and T .M ajitn apak u l, A p p l.C a ta l.A  108(1) (1994) 21.

[3] J .Y o sh in b u  and M .K a w a i, J .C h e m .P h y s 103 (1995) 3220.

[4] G .W .G ra h a m , P .J .S ch m itz  and P .A .T h ie l,  P h y s .R e v .B  41 (1990) 3353.

[5] Y .G .S h e n , J .Y a o , D .J .O ’C o n n o r, B .V .K in g  and R .J .M a cD o n a ld , S o lid  State 

C o m m u n , 100 (1996)21.

[6] J .P .R e illy , D . O ’C o n n e ll and C .J .B a m e s, J.Phys: Condensed M atter 11 (1999) 

8417.

[7] Y .G .S h e n , D .J .O ’C o n n o r and K .W a n d e lt, S u rf.S ci. 406 (1998) 23.

[8] H .L .D a v is  and J .R N o o n a n , J .V a c .S c i.T e c h n o l 20 (1981) 842 .

[9] M .A .V a n  H o v e , W .M o ritz , H .O v e r , P .T .R o u s , A .W a n d e r, A .B a rb ie ri, N .M aterer, 

U .S tark e  and G .A .S o m o rja i, S u rf.S c i.R e p  19 (1993) 191.

[10] N .W .A s h c ro ft  and N .D .M e rm in , S o lid  State P h ysics  , C B S  P u blish ing, Japan, 

1981.

[11] J.B .P endry , J .P h y s .C :S o lid  State P h ysics  13 (1980) 937.

[12] Y .G a u th ie r and R .B a u d o in g , in  “ Segregation and Related Phenom ena”  Editors: 

P .D o w b e n  and A .M ille r ,  C R C  Press, B o c a  R aton  (1990) p l6 9 .

[13] E .A lS h a m a ile h  and C .J .B a m e s, submitted to P h y s .R e v .B .

[14] C .J .B am e s, E .A lS h a m a ile h , T .P itkan en , P .K au k a so in a  and M .L in d ro o s , Surface  

Science 492 (200 1 )5 5 .

[15] L .V ito s , A .V .R u b a n , H .L .S k r iv e r  and J .K o lla r, S u rf.S c i. 411 (1998) 186.

[16] C .J .B a m e s and E .A lS h a m a ile h , w ork in  progress.

136



CHAPTER 5

Adsorption of Semi-Metals on Cu{100}: 
LEED Structural Studies of 

the Cu{100}/Bi and Cu{100}/Sn Systems
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LEED Investigation of the Alloying/De-alloying 

Transition in the Cu{100}/Bi system

E . A lS h a m a ile h  and C  J .  B am es

School of Chemical Sciences and National Centre for Plasma 

Science and Technology (NCPST), Dublin City University, Dublin 9, Ireland

Abstract

T h e  surface structures form ed b y  deposition o f  0.25 M L  and 0.50 M L  B i  on  

Cu{100} at room  temperature have been determ ined quantitatively using the 

Sym m etrised A utom ated  Ten sor L o w  E n e rg y  E lectro n  D iffra ctio n  ( S A T L E E D ) .  A t  

Gbi=0.25 M L ,  B i  form s a partia lly  ordered p(2x2) surface a llo y  w ith the B i  atoms 

located 0.56±0.06 Â  w ith  respect to centre o f  gravity o f  the buckled  outerm ost C u  

layer (buckling  am plitude= 0.11 Â ) . T h e  interlayer spacing in  the first three substrate 

layers are found to be: di2=1.71±0.06 A ,  d23= 1.82±0.06 Â ,  d34=1.81±0.06 A  

(dbuik= 1.807 A ) .  T h e  first and the third C u  layers are found to be buckled b y  

0 .1 1±0.06 A  and 0.05±0.06 A ,  respectively. A t  h igher B i  coverage, de-alloying  o f  B i  

atoms occurs cu lm inating  in  form ation o f  a w ell ordered c(2x2) overlayer at 

0Bi=O.5O M L .  B i  atoms o ccu p y  the four-fo ld  h o llow  sites w ith  a vertical B i- C u  

interlayer separation o f  dBi-cu=2 .17+0.06 A  above a s ligh tly  perturbed substrate. The  

interlayer spacing in  the first fo u r substrate layers are found to be: d i2= 1.82+0.03 A ,  

d23=1.80±0,03 A  and d34=1.84+0.03 A .  A  sm all b u ck lin g  o f  0.02+0.02 A  is detected 

in  the second C u  layer in  w h ich  C u  atoms be low  B i  atoms are rippled outwards. Th e  

structures obtained b y  L E E D  are com pared to those evaluated recently fo r the same 

system  b y  surface X -ra y  d iffraction .

138



1. Introduction

Th e  room  temperature adsorption o f  B i  on Cu{100} has been the subject o f  several 

studies using d ifferent techniques [1-5]. D elam are and R head first observed four ordered 

superstructures in  the subm onolayer B i  coverage regim e [1]. The structures were 

designated p(2x2), c(2x2), c(9V2xV2) and (V41xV41) corresponding  to B i  coverages o f  

0.25, 0.50, 0.56 and 0.60 M L  respectively. W h ile  the three h igher coverage phases m ay  

be reprodu cib ly  prepared, the lo w  coverage, p(2x2 ) phase was not reported in som e later 

studies [2,4]. B lu m  et al. have also observed a p(2x2) L E E D  pattern at lo w  B i  coverage  

fo r room  temperature adsorption w h ich  they interpreted as the result o f  the coexistence o f  

c(2x4) and c(4x2) dom ains w ith a sm all fraction o f  the c(2x2) phase [3].

R ecently , the surface geom etric structure o f  Cu{100}/Bi system  was studied b y  surface 

X -ra y  d iffraction  ( S X R D )  [4]. T h e  study reported that B i  form s a substitutionally  

disordered B i/C u  surface a llo y  up-to a  coverage o f  -0 .3 5  M L ,  w h ile  B i  de-alloying  takes 

place above this coverage lead ing  to the form ation o f  a w ell ordered Cu{ 100}-c(2x2)-Bi 

overlayer structure at 0.50 M L .  A t  B i  coverages b e low  -0 .3 5  M L ,  B i  atoms substitute 

into the C u  atoms located at 0.61±0.01 A  above the surface causing a 3-4% expansion o f  

the first C u  interlayer spacing. A t  the higher B i  coverage o f  0.50 M L ,  B i  is found to 

adsorb in  the four-fo ld  h o llo w  sites above the Cu{100} surface with C u -B i vertical 

interlayer separation o f  2.18±0.08 A  and a contraction o f  1.5% in  the first C u  interlayer 

spacing.

D y n am ica l L E E D  I(V ) analysis is considered as one o f  the m ost accurate and w idely  

used techniques o f  surface structure determ ination [6-7]. M o s t recently, the applications  

o f  Sym m etrised Autom ated  Ten sor L o w  E n e rg y  E le ctro n  D iffra ctio n  ( S A T L E E D )  

calculations have p roved  to be fast and reliable fo r structure determ ination often 

in vo lv in g  rather com plex  structures [8- 10].

In the present study, w e used S A T L E E D  to determine the surface structures o f  the c(2x2) 

and the p(2x2) phases o f  Cu{100}/Bi, investigating the room  temperature alloying/de

a llo y in g  phenom ena and in c lu d in g  the possib ility  o f  B i-in d u ce d  substrate distortions.
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2. Experimental

Th e  m easurements were carried out in  an ion  and titanium  sublim ation pum ped ultrahigh  

vacu u m  cham ber w ith  base pressure < 2x1 O' 10 T o rr described in  m ore detail elsewhere

[11]. Th e  system  was equipped w ith  facilities for low -energy electron d iffraction  

( L E E D ) ,  A u g e r electron spectroscopy ( A E S ) , and therm al desorption spectroscopy  

(T D S ) .

T h e  C u  sam ple o f  d im ensions 15x10x1.5 m m  was cut to w ith in 0.5° o f  the {100} plane. 

T h e  sam ple m ounting and clean ing  procedure have been described elsewhere [11]. H ig h  

purity  bism uth (6N )  was enclosed in  a  tantalum  boat wrapped w ith a tungsten co il fo r 

resistive heating. Th e  bism uth evaporator was equipped w ith a quartz crystal thickness 

m onitor fo r m onitoring  the B i  deposition rate. The  deposition o f  B i  onto the substrate, 

held  close to room  temperature, resulted in  L E E D  patterns in  excellent agreement w ith  

those reported in  the literature [1,3]. T h e  B i  coverage was calibrated b y  m onitoring the 

intensity o f  the ( 1/2 , 1/2) fractional-beam  and the ( 1,0) integral-beam  during evaporation  

at a  fixed  beam  energy o f  70 e V . T h e  evaporation tim e required to bring  the c(2x2) to 

m axim u m  perfection is determ ined fro m  the tim e needed to m axim ise  the half-order 

beam  intensity and this coverage is set to 0.50 M L .  T h is  technique has been successfu lly  

applied to coverage m onitoring  o f  various systems [23,24]. T h e  transition from  the 

c(2x2) phase to the com plex  c(9V2xV2)R 45° phase occurs in  the narrow  coverage 

w in dow  o f  0.50-0.56 M L  [5]. H en ce , it was straightforw ard to obtain a coverage 

calibration upon  assum ption o f  coverage-independent sticking probability  at room  

temperature. T h is  assum ption has been used earlier fo r this system  for the same purpose

[1]. T h e  B i  deposition rate used was -0 .0 5  M L  per m inute g iv in g  an estimated B i  

coverage error o f  ±0.02 M L .  T h e  L E E D  pattern o f  the p(2x2) phase exhibited very weak  

and d iffu se  fractional order d iffraction  beams w ith a noticeab ly  h igh  background.

L E E D  I(V )  spectra were collected  at ro o m  temperature using a C C D  cam era and a data 

acquisition  system  supplied b y  D ata  Q u ire  Corporation. A l l  spectra used in  calculations  

were m easured at norm al incidence, w h ich  was attained b y  careful v isu al com parison o f  

(1,0) sym m etrica lly  equivalent beam s, in  the electron energy range o f  40-480 e V . F o r  all 

system s studied, tw o independent sets o f  data were collected and com pared to ensure 

rep rod u cib ility  w hile  one com plete set o n ly  was used in  the analysis.
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Six  non-sym m etric beam s were used in  the analysis g iv in g  a total energy range o f  1380 

e V  fo r the C u {100}-c(2x2)-B i phase and 1356 e V  fo r the C u{100}-p(2x2)-B i phase. The  

total energy range fo r the clean Cu{100} was 1250 e V . B eam s were in d iv idu a lly  

background-subtracted and sym m etry-equivalent beam s were averaged to reduce errors 

resulting from  sm all deviations from  norm al incidence and residual m agnetic fields. In 

case o f  the d iffuse I(V )  data, a careful background subtraction o f  the d iffu se ly  scattered 

intensity fro m  clean Cu{100} under identical experim ental conditions was applied to 

rem ove d iffuse spectral structure from  defects in  the Cu{100} sam ple and phonon related 

d iffuse scattering. T h is  procedure is s im ila r to that su ccessfu lly  adopted in  previous  

d iffuse I(V )  studies [26-28]. In this case, no 1/E scaling o f  experim ental spectra was 

perform ed to account fo r the increase in  the area o f  reciprocal space sam pled with 

increasing energy as the p(2x2) was considered “ sem i-ordered”  rather than being truly 

disordered [26]. F in a lly , the beam s were norm alised  to constant in com ing  beam  current 

and sm oothed b y  a 5-point adjacent-averaging p rio r to analysis.

3. Theoretical Considerations

T h e  L E E D  calculations were perform ed w ith the B arb ieri/V an H o v e  automated tensor 

L E E D  package [13]. T e n  phase shifts calculated w ith the B arb ieri/V an  H o v e  phase shift 

package [14] were used fo r both copper and bism uth. T h e  use o f  10 phase shifts was 

deem ed su ffic ient as calculations based on  a or greater num ber o f  phase shifts resulted in 

an identical structure w ithout s ign ificant im provem ent o f  the P en dry  re liab ility  factor 

(Rp-factor) w h ich  was used to ju d g e  the theory-experim ent fit [15]. T h e  error bars quoted 

were estimated using  the Pendry double re lia b ility  R R -fa cto r [15].

Th e  energy-independent real part o f  the inner potential ( V 0>r) was optim ised during the 

course o f  the theory-experim ent fit. Th e  best-fit im aginary part ( V o,0 was found to be 

-5.0, -6.5 and -5 .5  e V  for the C u {1 0 0 }-c(2 x2 )-B i phase, the Cu{100}-p(2x2)-B i phase 

and the clean  C u{  100}, respectively.

D e b ye  temperatures fo r C u  (0d ,Cu) and B ì(0d ,bì) were assumed to take the bu lk  values o f  

©d .cu^ 3 4 3 K  and 0d ,bì= 119K  [17] in  the in itia l analysis procedure. In the final stage o f
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the analysis (i.e. fo r the geom etry optim ised  for the favoured adsorption sites fo r the 

c(2x2) and the p(2x2) phases) both C u  and B i  D eb ye  temperatures were allow ed to vary  

in  order to obtain the best-fit D e b y e  temperatures. T h e  final D e b y e  temperatures 

corresponding to the best-fit structures were found to be 0d,cu=33O±3O K  and 

6d,bi=95±20 K  fo r the c(2x2) phase and 0D;Cu=33O±3O K  and 0o,Bi=8O±2O K  for the 

p(2x 2) phase.

4. Results and Discussion

(a) The clean Cu{100} surface

A s  a first step, L E E D  I(V ) spectra were measured at room  temperature fo r the clean  

C u { 1 0 0 } -( lx l)  substrate and the structure determ ined b y  S A T L E E D .  G o o d  agreement 

w ith previous literature reports was ach ieved  represented b y  a best-fit P en dry  Rp factor o f  

0.18 and s im ilar trends o f  relaxation in  the top two interlayer spacings [18-22], The  

com parison between experim ental and calculated (best-fit) L E E D  I(V ) spectra fo r the 

clean Cu{ 100} is show n in  F ig . 1, w ith the in d iv idu a l Rp-factor fo r each beam  indicated. 

Relative  to the b u lk  interlayer spacing value do=1.807 A ,  the structure obtained in  this 

study show ed a contraction in  the first interlayer spacing b y  A d i2/d0= -1.2±1.7% and an 

expansion in  the second interlayer spacing  b y  A d 23/d0= +1.0+1.7%. T h ird  and subsequent 

interlayer spacings adopted the b u lk  value. Tab le  1 shows som e previous experim ental 

determ inations o f  A d i2/d0 and A d 23/d0.

Tab le  1: Changes o f  the first (Ad^/dbuik) and second (Ad23/dbuik) interlayer spacings 

and fo r clean Cu{100} evaluated b y  L E E D .

Ad^dbuik Ad23/dbuik R ef.

- 1.1 +1.7 [18]

- 1.2 +0.9 [19]

-1.5 +0.8 [20]

-2.4 -0.1 [21]

- 1.0 0.0 [22]

- 1.2 + 1.0 present
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F ig . 1: B est fit com parison  o f  experim ental (so lid  lines) and calculated (dashed 

lines) L E E D  I(V )  spectra fo r clean C u{100}. Individual Rp-factor values are 

show n fo r each beam.



(b) The Cu{100}-c(2x2)-Bi structure (0Bi=O.5O ML)

T h e  structure determ ination procedure fo r the Cu{100}-c(2x2)-B i phase was started by  

com paring  the experim ental L E E D  I(V )  spectra w ith  those calculated fo r four different 

possib le h igh sym m etry adsorption sites. F ig . 2 show s a schem atic o f  the sites tested, 

nam ely: atop, bridge, four-fo ld  ho llow , and a four-fo ld  substitutional surface a llo y  site. 

Th e  pre lim inary  search was done b y  a llo w in g  the z-atom ic co-ordinates o f  B i  and C u  

atoms in  the first fou r layers to be optim ised  w ith  C u  interlayer spacings and in-plane  

separations in itia lly  fixed  at b u lk  values. T h e  ranges o f  B i- C u  interlayer spacing  

investigated are indicated in  table 2. N on-structural parameters other than the real part o f  

the inner potential were kept constant fo r a ll m odels in  the course o f  the in itia l search. A s  

show n in  Tab le  2, the four-fo ld  h o llo w  site gave a sign ificantly  better Rp-factor than all 

the other sites tested and hence was chosen fo r further refinem ent in c lu d in g  a llow ing  

variation  in  non-structural parameters and re-optim isation o f  atom ic positions and 

a llo w in g  bu ck lin g  w ith in  deeper C u  layers.

Tab le  2: O p tim u m  P en dry  R -factors fo r the fo u r C u{100}-c(2x2)-B i structural 

m odels show n in  fig . 2. Th e  dei-cu range is the vertical B i- C u  distance lim its w ithin  

w h ich  the search was perform ed.

A d so rp tio n  site V e rtica l dBi-cu 

ra n g e (Â )

O ptim al vertical

dßi-cu (A )

R p

A to p 2.50 to 3.10 2.79 0.46

B rid g e 2.00 to 2.80 2.52 0.68

4 -fo ld  h o llow  (overlayer) 1.43 to 2.60 2.17 0.20

4 -fo ld  substitutional 

(surface alloy)

-0.10 to 0.80 0.10 0.52
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(a) (b)

0 0  ( d )

B i O C u

F ig . 2: Schem atic d iagram  o f  fo u r m odels fo r C u {100}-c(2x2)-B i structure including:

(a) four-fo ld  h o llo w  overlayer; (b) bridge overlayer; (c) atop overlayer and (d) fou r

fo ld  substitutional surface alloy. F il le d  circles represent B i  atoms,
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F ig . 3 illustrates the com parison o f  experim ental and calculated (best-fit) L E E D  I(V)  

spectra for the C u {1 0 0 }-c(2 x2 )-B i structure u sin g  the optim um  structural and non- 

structural parameters sum m arised in  Tab le  3, y ie ld in g  a  m in im u m  Pen dry  R -factor o f  

0.20. F ig . 4 illustrates the response o f  the P en dry  R -factor to the variation o f  the m ain  

geom etric variables, in c lu d in g  the B i- C u  interlayer spacing and the first three C u  

interlayer spacings w ith  all other structural and non-structural parameters held at their 

optim al values. Th e  optim al value for each variab le is show n at the top o f  each panel 

along w ith the associated error.

Tab le  3: B est-fit parameters fo r the final structure o f  Cu{100}-c(2x2)-B i four-fo ld  

h o llow  overlayer.

Structural

A to m X ( A )

Co-ordinates

Y  (A ) z \ A )

B i 1.278 1.278 -2.17 + 0.06

C u i 0.000 0.000 0.00 ± 0.03

C U 2 1.278 1.278 1.81 ± 0.03

C u 2 -1.278 1.278 1.83 + 0.03

C U 3 0.000 2.556 3.62 ± 0.03

C u 4 -1.278 1.278 5.46 ± 0 .02

CU4 1.278 1.278 5.46 ± 0.02

C U 5 0.000 0.000 7.27

Non-structural

0 D ,C u  (K )

0 D ,B i ( K )

Inner potential (eV )

330±30 

95±20 

-6.5 + 5 i

V alues w ithout error bars indicate that the value was not refined in  the 

analysis but held  at b u lk  position.

)
C u  atom  num bers correspond to substrate layer num ber. N ote  that, b y  sym m etry, 

there m ay exist tw o C u  atom s exhib iting  different heights in  layers 2 and 4.

Positive  values indicate d isplacem ent tow ards the bulk.

0 d  = D e b y e  Tem perature.
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J______ I______ I______I______ I______I______ 1______I___

1 0 0  2 0 0  3 0 0  4 0 0

E n e r g y  ( e V )

F ig . 3: B est fit  com parison  o f  experim ental (so lid  lines) and calculated (dashed 

lines) L E E D  I(V ) spectra fo r the C u { 100}-c(2x2)-B i fo u r-fo ld  h o llow  overlayer 

m odel. Individual Rp-factor values are show n fo r each beam.
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(a )

( c )

d 23 (A )

(b )

d ,2 (A)

(d )

F ig . 4: V a ria tio n  o f  the P en dry  R -factor as a fu nction  of: (a) B i- C u  interlayer 

spacing (dai-cu); (b) first C u  interlayer spacing (d i2); (c) second C u  interlayer 

spacing (d23); (d) th ird  C u  interlayer spacing (d34) fo r the Cu{100}-c(2x2)-B i. 

T h e  optim al value fo r  each variable  is  show n at the top o f  each panel a long w ith  

the associated error.
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The present m odel determ ined b y  fu ll dynam ical L E E D  I(V ) analysis corresponds to 

an overlayer o f  B i  atom s adsorbed in  four-fo ld  h o llow  sites o f  a slightly  perturbed  

Cu{ 100} surface. B ism u th  is found  to adsorb at a height above the first copper plane  

o f  2.17±0.06 A .  The  calcu lations show  a very  sm all r ip p lin g  in  the second C u  layer 

o f  0.02±0.02 A  in  w h ich  C u  atoms beneath the top layer B i  atoms are rippled  

outward towards the vacuum . T h e  change o f  the first three C u  interlayer spacing  

relative to the b u lk  are A d i2=+0 .7 ± 1.6%, Ad23=-0.4+1.6%, and A d 34=+1.8±1 .6%.

U s in g  S X R D , M e y e rh e im  et al. [4] studied the c(2x2) Cu{100}/Bi phase and reported  

that B i  reside in  the h o llo w  site at 2.18+0.08 A  above the surface w ith 1.5% contraction  

o f  the first C u  interlayer spacing. O u r  results fo r the c(2x2) phase at 0Bi=O.5O w h ich  give  

a B i- C u  height o f  2.17+0.06 A  is in  excellent agreement w ith the S X R D  result. H ow ever, 

the observed contraction o f  the first interlayer spacing w as not confirm ed and instead an 

expansion o f  +0.7+1.6% was retrieved w h ich  is between com bined error bars. In fact it 

m ay be expected that the L E E D  value w ith  its enhanced sensitivity w ith  respect to 

substrate interlayer spacings provides the m ore accurate value in  this case.

It should  be noted that our c(2x2) phase was prepared b y  d irect deposition o f  0.50 M L  B i  

at room  temperature w h ile  the S X R D  c(2x2) phase was m ade b y  deposition o f  large 

am ount o f  B i  (>1 M L )  and subsequent annealing to 500°C  for 5 m in. L E E D  I(V ) data 

collected  fro m  phases prepared using procedures in v o lv in g  direct deposition at room  

temperature and v ia  desorption o f  h igher B i  coverages seemed indistinguishable, 

how ever, the data analysed in  this study were taken using  the room  temperature direct 

deposition approach.

Based on a hard sphere m odel and assum ing a C u  radius o f  1.278 A ,  the effective B i  

radius in  the c(2x 2) overlayer is calculated to be 1.55+0.09 A .  Th e  crystal structure o f  

so lid  B i  is rohm bohedral, but B i  becom es m ore c lo se ly  packed on m elting w ith an 

anom alous density increase. O u r  result fo r the B i  radius com prises a 9% reduction  

com pared to the 12-fo ld  co-ordinate m etallic radius o f  1.70 A  [25]. The  effective radius 

com pares w ell w ith the literature rohm bohedral b u lk  B i- B i  shortest nearest-neighbour 

distance o f  3.10 A  [17].
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T h e  best-fit D e b ye  temperatures (0d) fo r  the c(2x2) m odel were found to be 0d.bi=95±2O 

K  and 0d,cu=33O±3O K .  F ig . 5 show s the dependence o f  P en dry  R -factor on  0d,bi- F ro m  

the exponential decay o f  the ( 1/2 , 1/2) spot intensity w ith  sam ple temperature fo r the 

c(2x2) B i/Cu{100} phase, D elam are  and R head calculated a 0d,bì o f  110±20 K  [1] w hich  

is consistent w ith in  the error lim its w ith  our 0d,bì fo r the same phase. O u r  0d,cu is in  

excellent agreement w ith  recent L E E D  calculations (e.g. 0Djc u=328±2O K  [22]).

Bismuth Debye Temperature (K)

F ie . 5: V aria tio n  o f  the P en dry  R -factor as a function o f  the B i  D ebye  temperature 

(0d ,bí) fo r the Cu{ 100}-c(2x2)-B i.

(c) The Cu{100}-p(2x2)-Bi structure (0bí=O.25 M L )

F o r  the p(2x2) phase, the w eak (1/2,1/2) d iffraction beam  has an I(V ) spectrum  very  

different from  the correspond ing  spectrum  measured fro m  the c(2x2) phase as illustrated  

in  figs. 3 and 6. T h is  suggests a  strong variation in  the lo ca l geom etry surrounding the B i  

adsórbate. L E E D  I(V )  data were m easured from  tw o independently prepared p(2x2) 

phases b y  depositing 0.25 M L .  Several h igh sym m etry m odels o f  Cu{100}-p(2x2)-B i 

have been tested a llo w in g  o n ly  the first four z-atom ic co-ordinates to vary. Interestingly
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and as show n in  Tab le  4, o n ly  a  surface a llo y  m odel gave good  theory-experim ent fit and  

hence further refinem ent o f  the analysis fo r this structure o n ly  was considered. Th e  

com parison  o f  experim ental and calculated (best-fit) L E E D  I(V ) spectra for the 

Cu{100}-p(2x2)-B i is show n in  F ig . 6 . T h e  best structure retrieved is illustrated in  F ig . 7. 

Th e  structure found in  this study b y  L E E D  I(V ) analysis has a B i- C u  vertical distance o f  

0.56±0.06 Â  w h ich  agrees very  w ell w ith  the corresponding value o f  0.61±0.01 Â  found  

b y  S X R D  [3]. Th e  insertion o f  B i  atom s into the top C u  surface causes a significant 

r ip p lin g  o f  0 .1 1±0.06 Â  in  the first C u  layer. A  sm all r ip p lin g  o f  0.05±0.06 À  in the third  

C u  layer was detected in  w h ich  C u  atom s underneath the surface B i  atoms are rippled  

aw ay from  the B i  atoms. T h e  m ajor relaxation was observed in  the first substrate 

interlayer spacing and found to be a contraction o f-5 .3 ± 2% .

Tab le  4: P en dry  R -factors fo r the fou r m odels tested fo r the Cu{100}-p(2x2)-B i low - 

coverage structure.

A d so rp tio n  site V ertica l dBi-cu 

ra n g e (Â )

O ptim al 

dßi-cu (Â )

Rp

A to p 2.50 to 3.10 2.62 0.40

B rid g e 2.00 to 2.80 2.80 0.59

4 -fo ld  h o llow  overlayer 1.43 to 2.60 2.15 0.52

4-fo ld  substitutional surface a llo y -0.10 to 0.80 0.56 0.29
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__ 1______I______I______I______1 ■______I—

1 0 0  2 0 0  3 0 0  4 0 0

E n e r g y  ( e V )

F ig . 6 : B e st fit com parison  o f  experim ental (so lid  lines) and calculated (dashed 

lines) L E E D  I(V ) spectra fo r the Cu{100}-p(2x2)-B i substitutional surface alloy. 

Individual Rp-factor values are show n fo r each beam.
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(a)

F ie . 7  (a-): T o p  v ie w  structural m ode l fo r  the Cu{100}-p(2x2)-B i substitutional 

surface a llo y  w ith  inequivalent C u  atoms num bered.
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( b ) [ 0 0 1 ]

Surface

m ixed

layer

>nd2" 

C u  

layer

>rd

C u

layer

4th

C u

layer

dBi-cu — 0.56 A  

A , = 0.11 A

d i2= 1.71 A

d23= 1.82 A  

A 3 = 0.05 A

d34= 1.81 A

F ig . 7 (b): Side v ie w  structural m odel fo r the Cu{100}-p(2x2)-B i substitutional 

surface a llo y  show ing the best-fit geom etrical parameters. T h e  arrow s indicate the 

ripp lin g  d irection o f  C u  atom s in  layers 1 and 3. F ille d  circles represent B i  atoms.
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5. Conclusions

Sym m etrised A utom ated  Ten sor L o w  E n e rg y  E le ctro n  D iffra ctio n  ( S A T L E E D )  has been 

used to determ ine the surface structures o f  the C u {100}-c(2x2)-B i and the 

Cu{100}-p(2x2)-B i form ed b y  deposition  o f  0.50 M L  and 0.25 M L  B i  on Cu{100} at 

room  temperature. B ism u th  was foun d  to form  a surface a llo y  at 0.25 M L  w ith the B i  

atoms located 0.56±0.06 A  outw ards fro m  the outerm ost C u  layer. Th e  interlayer spacing  

in  the first three substrate layers are foun d  to be: di2=1.71+0.06 A ,  d23= 1.82±0.06 A ,  

d34= l.81+0.06 A .  W ith  increasing  B i  coverage, de-alloyin g  o f  B i  atoms occurs until a 

w ell-ordered c(2x2) overlayer is form ed w ith B i  atoms o ccu p y in g  the four-fo ld  h o llow  

site w ith  a vertical B i- C u  interlayer separation o f  2.17+0.06 A  above a slightly  perturbed 

substrate structure. T h e  interlayer spacing  in  the first fou r substrate layers were found to 

be: di2=1.82±0.03 A ,  d23=1.80±0.03 A ,  d 34= l .84+0.03 A  and d45= l.81+0.02 A .  The  

structures o f  both the lo w  and h igh  coverage Cu{100}/Bi obtained in  this study are in  

good agreement w ith  those evaluated recently  fo r the same system  b y  surface X -ra y  

d iffraction  and provide an enhanced precision  fo r B i  induced relaxation w ith the C u  

selvedge.
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Abstract

The coverage dependent structural phase transitions o f  S n  on Cu{100} have been re

exam ined b y  L o w  E n e rg y  E le ctro n  D iffra c tio n  ( L E E D ) .  D o u b le  scattering L E E D  

pattern sim ulations have been applied both to a range o f  possib le new  m odels and to 

prev iously  suggested structures w ith the a im  o f  iden tify in g  the most lik e ly  surface 

geom etries throughout the sub-m onolayer coverage regim e. A  m odel consistent w ith  

both the Sn  surface coverage and the com plex  split beam  L E E D  pattern observed  

has been suggested fo r the lo w  coverage (9sn = 0.21 M L )  ordered phase based on  a 

p(2x2) structure w ith  “ ligh t”  antiphase dom ain  w alls. W e also demonstrate that 

higher coverage p(2x6) (0sn = 0.37 M L )  and p(3V2xV2)R 45° (0Sn = 0.50 M L )  

structures based o n  c(2x 2) local p eriod ic ity  y ie ld  a consistent explanation o f  the 

higher coverage L E E D  data. W h ile  the sim ulations identify  lik e ly  structures, the 

lim itations o f  this approach m itigate against defin itive  structural assignments. 

H o w e ve r S im ulations fo r m odels based on c(2x2) structures incorporating defects in  

the fo rm  o f  p eriod ic  density m odulations com bined w ith  substrate reconstruction  

lead to an enhanced agreem ent w ith  observed L E E D  data com pared to overlayer 

m odels p rev iou sly  suggested.
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1. Introduction

The adsorption o f  metal subm onolayers, m onolayers and m ultilayers to form  

m odified  b im eta llic  surfaces and th in  film s w ith  d iffering  lattice constants and/or 

crystal structures is  an area rece iv ing  increasing attention [1]. These systems are 

potentially im portant in  fie lds as d iverse as heterogeneous catalysis and m agnetic 

data storage [2]. Increasingly, it is being revealed that in term ix ing  between f ilm  and 

substrate takes place in  m any systems in  the earliest stages o f  f ilm  grow th lead ing  to 

surface a llo y  form ation  [3].

The Cu/Sn system  is an excellent exam ple o f  a com plex  b im etallic  com bination. 

C o p p er adopts a face centred cu b ic structure o f  lattice constant 3.61 A. T in  is 

m etallic at 3 0 0 K  adopting a tetragonal structure. F o r  room  temperature grow th a 

large m ism atch exists in  the 12-fold coordinate m etallic rad ii o f  26% [5], T h e  Cu/Sn  

system  has a h ig h ly  com plex  bu lk  phase d iagram  w ith  a lloys form in g  throughout the 

com position  range in c lu d in g  a range o f  interm etallic com pounds [6]. W h ile  Sn  

d iffu sio n  into copper is k in etica lly  lim ited  at 3 0 0 K  in  b u lk  a lloys, d iffu s io n  o f  C u  

into Sn occurs v ia  an interstitial m echanism  w ith  a sm all activation barrier o f  

approxim ately 0 .3 e V , hence in terdiffusion m ay be sign ificant even at 3 0 0 K  [7]. 

Thu s, surface a llo y  form ation is quite possib le fo r room  temperature grow th o f  Sn  

on Cu{100}.

Th e  adsorption o f  S n  on  Cu{100} was first studied by A rg ile  and R h ead  [8] using  

A u g e r spectroscopy in  com bination w ith  L E E D .  F o u r ordered phases were 

discovered in the subm onolayer regim e, nam ely, Phase I: a “com plex”  pattern w ith  

unidentified  unit ce ll; Phase II: a rotated dom ain  p(2x6); Phase HI: a rotated dom ain  

p(3V2xV2)R 45° and Phase IV : a  p(2V2x2V2)R 45° m onolayer at a tin  coverage o f  

0.625 M L  w ith respect to the C u { 1 0 0 } -( lx l)  density o f  1 .5 3 8 x l0 15 atoms cm '2. 

Phases II-IV  have been explained  in  terms o f  overlayer structures consistent w ith the 

determ ined surface coverages and sym m etry/periodicity o f  the L E E D  patterns.

F o r  phases II and i n  it has been observed that the L E E D  beams in  the c(2x2) 

positions are s ign ifican tly  brighter over a w ide energy range than the other
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superlattice reflexes. A  possib le explanation o f  this observation is that phases II and 

H I originate from  a c(2x2) superstructure w ith additional w eaker reflexes arising  

from  a longer range m odulation in  the c(2x 2) due for exam ple, to strain in  the 

adlayer-substrate com bin ation  or anti-phase dom ain  boundaries w h ich  offers a 

different interpretation to the structural m odels presented b y  A rg ile  and Rhead. O ne  

obvious suggestion fo r the o rig in  o f  a c(2x 2) structure w ould  thus be a surface a llo y  

form ed b y  substitution o f  0.5 M L  o f  Sn  into the outerm ost copper layer. T h is  

structure has been identified  for a num ber o f  transition metal adsorbates on Cu{100}  

in c lu d in g  Pd, A u ,  M n , P t and R h  [9-12], E v id e n ce  fo r surface a llo y  form ation in  the 

Cu{100}/Sn system  has been provided  b y  A b e l et al. [13] using Rutherford  

Backscattering  Spectroscopy (R B S ).

In this paper we re-exam ine the Cu{100}/Sn system  b y  L E E D  provid ing  further 

insight into the surface phases form ed and their coverage dependent transitions. W e  

present data supporting the assertion that Sn adsorption leads to sign ificant 

perturbation o f  the copper selvedge, consistent w ith  adsorbate induced  

reconstruction/surface a llo y  form ation. A  range o f  new  m odels are suggested for 

structures I-IH  w h ich  are show n to be in  good agreem ent w ith double scattering 

sim ulations o f  the L E E D  patterns.

2. Experimental

T h e  experim ents were perform ed in  an u ltra-h igh-vacuum  cham ber operated at a 

base pressure o f  1 x 10' 10 torr. T h e  system  was equipped w ith  4-grid  reverse v iew  

L E E D  optics ( V G  M icro tech ). T h e  Cu{100} sam ple o f  d im ensions 15 x 10 x 1.5mm  

(M eta l C rysta ls and O x id e s , L td .)  was polished m ech an ica lly  to a m irror fin ish. The  

specim en was cleaned in-situ b y  cycles o f  argon io n  bom bardm ent and annealing to 

8 0 0 K , as m onitored b y  a chrom el-alum el therm ocouple. T h e  atom ica lly  clean  

sam ple y ie lded  a sharp w ell contrasted p ( l x l )  L E E D  pattern w ith I -V  spectra in  

excellent agreem ent w ith  literature reports [14],

D ep o sitio n  o f  tin  on room  temperature Cu{100} was carried out using a water 

coo led  K n u d se n  ce ll evaporator ( W A  Tech n o lo g y) w h ich  provided  a constant tin
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flux  o f  approxim ately 0.015 M L  m in ' 1 w ith the cham ber base pressure rem aining  

below  3 x lO '10 torr. T h e  L E E D  patterns obtained w ere in  excellent agreement w ith  

the report o f  A rg ile  and R head  [8], in  term s o f  the sym m etry and period icity  

observed. Coverage assignm ents were made b y  m onitoring  L E E D  spot profiles as a 

function o f  evaporation times. T h is  analysis indicated that phases I to I V  reached  

m axim al perfection at Sn  coverages o f  0.21, 0.37, 0.50 and 0.70 M L  respectively  

based on the assum ption that the coverage at w h ich  phase i n  reaches m axim um  

perfection is that o f  a perfect c(2x2) i.e. 0.50 M L  and a coverage independent 

stick ing  probability. These coverages com pare w ith values o f  0.42, 0.50 and 0.625 

for phases II, III and I V  determ ined b y  A rg ile  and R head [8] based on  their ow n  

postulated structure fo r phase II. T h e  apparent disagreem ent for the m onolayer 

coverage (Phase IV )  m ay  be explained b y  the fact that in  this w ork we assume a 

coverage independent stick ing  probab ility  fo r the tin  and scale our coverages 

according  to evaporation tim e. In the w ork  o f  A rg ile  and R h ead  [8] a decrease in  the 

sticking p robab ility  close to m onolayer form ation was indicated b y  a non-linearity in  

A u g e r uptake m easurements. The  spot profiles indicate that the transition between 

phases occurs b y  phase co-existence rather than sharp coverage dependent phase 

sw itching  and consists o f  nucleation o f  dom ains o f  the higher coverage structure 

w ith in  the low er coverage phase.

D iffra ctio n  data was acquired w ith  a h igh  sensitiv ity  C C D  cam era (H itach i D en sh i 

K P -M 1 E / K )  interfaced to a  m icro-com puter. Spot p ro files and I -V  spectra were 

acquired w ith software provided  b y  D ata-Q u ire  C orporation  (Stony B ro o k , N e w  

Y o rk ).

3. Results

L E E D  I-V  spectra w ere co llected  fo r beams com m on  to all phases, in clu d ing  the 

p ( l x l )  beams and fractional order beams in  c(2x 2) positions (other than phase I 

where these beam s are split into quartets centred o n  the c(2x2) positions). F igure  

1(a) illustrates the sym m etry averaged ( 1,0) beam  at norm al incidence from  clean  

Cu{ 100} and fo r  phases I to IV . A dsorptio n  o f  S n  leads to very  sign ificant changes 

in  the I -V  spectrum  o f  the (1,0) beam  fo r phases II, i n  and IV .
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Fig u re  1: (a) Sym m etry  averaged and beam  current norm alised  norm al incidence  

L E E D  I -V  spectra fro m  the (1,0) beam  from  clean Cu{100} and Sn phases I to I V  

and L E E D  I -V  spectra from  the C u { 100}-c(2x2)-N a  phase [15]. (b) Sym m etry  

averaged and beam  current norm alised  norm al incidence L E E D  I -V  spectra from  the 

(1/2,1/2) beam  fo r S n  phases I to I V .
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A  num ber o f  I -V  analyses o f  s im ple  ordered c(2x2) m etallic overlayers on Cu{100}  

in  w h ich  the adsórbate leads to a sm all perturbation o f  the Cu{100} selvedge 

structure are availab le in  literature. Perhaps the m ost relevant is a recent study o f  the 

structure o f  a sim ple c(2 x2 )-N a  overlayer on C u{  100} in  w h ich  N a  atoms sit in  four

fo ld  h o llo w  sites o f  an essentially structurally unm od ified  Cu{100} substrate [15] . 

So d iu m  has a larger 12-fold coordinate m etallic  radius than tin  {1.91 Á  (N a) versus 

1.62 Á  (Sn) [5]} w h ich  both d iffer substantially from  that o f  copper (1.275 Á ) . Thus, 

i f  both adsorbates adopted a sim ple  overlayer structure w ithout significant 

m od ifica tion  o f  the substrate structure, a s im ilar leve l o f  m od ification  o f  the spectral 

structure o f  integral order beam s m ay  be expected. C o m p arison  o f  the integral beam  

I -V  spectra from  this phase and clean Cu{100} illustrate changes as show n in  figure  

1(a) (dotted line). H ow ever, the Sn  phases II, III and I V  have integral order I -V  

spectra m od ified  to a greater degree than was the case fo r N a , in clu d ing  substantial 

shifts o f  B ra g g  peaks. T h is  suggests that adsorption o f  S n  m ay lead to a 

reconstructive m od ifica tion  o f  the copper surface structure [8]. T h is  hypothesis is 

further enhanced b y  noting that both A rg ile  and R h ead  and A b e l et.al. observed that 

Sn  adsorption at a  substrate tem perature be low  2 0 0 K  inhib ited  form ation o f  phases 

I-IV  and instead o n ly  a  d iffuse p ( l x l )  was observed [8,13]. T h e  L E E D  patterns fo r  

the ordered phases o n ly  becam e apparent upon w arm ing to between 250 and 35OK. 

Surface d iffu sion  coefficients fo r metal adatoms on  Cu{100} are sufficient even at 

2 0 0 K  to a llo w  ordered overlayer form ation and lo ca l d isp lacive  substrate 

reconstruction [4]. T h e  I -V  spectra o f  the (1/2,1/2) beams fo r phases I to I V  

illustrated in  figure 1(b) d iffer strongly, suggesting that the lo ca l surface geom etry  

g iv in g  rise to the dom inant c(2 x 2) p erio d ic ity  is d ifferent fo r a ll fou r phases. In the 

case o f  phase I, the c(2x 2) beam s show n correspond to the integrated intensity o f  the 

fo u r sp lit beams.

T o  simulate the expected L E E D  patterns the double scattering L E E D  sim ulation  

program  o f  Panagiotides et al. was utilised [16]. Th e  program  uses o n ly  s-w aves, 

producing  the correct sym m etry and p erio d ic ity  but not quantitatively reliable  

intensities in  the L E E D  pattern. T h e  patterns were sim ulated in  the energy range 

100-200eV  in  5 e V  steps, w ith  the resulting patterns b e in g  co-added to provide an 

overv iew  o f  the L E E D  pattern over a  reasonable energy range. Th e  geom etric 

structure fo r all m odels is based o n  the clean surface structure o f  Cu{100} w ith tin
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atom  positions determ ined by distances calculated geom etrically  based on the 12- 

fo ld  coordinate radius o f  tin.

(a) Phase I: N o  structure has yet been proposed for this phase, w h ich  produced the 

com plex  L E E D  pattern show n in  figure 2, although it has been suggested that the 

spot splitting m ay be a result o f  dom ain  w alls [8]. G iv e n  that the tin coverage is 0.21 

M L  (accord ing  to our calibration) w hen the pattern reaches m ax im um  intensity and 

that the centre o f  gravity  o f  the sp lit beams are centred on positions o f  a p(2x 2) 

superstructure w h ich  w ould  reach m axim um  perfection at a coverage o f  0.25 M L ,  it 

is reasonable to suggest that phase I m ay be explained in  terms o f  a p(2x 2) 

perio d ic ity  w ith  “ ligh t”  dom ain  w alls. M easurem ent o f  the splitting o f  the (m, n/2) 

and (m/2 , n) beams relative to the reciprocal lattice vector o f  the substrate in  the

[ O il]  and [ o i l ]  d irections indicate the dom ain  w all structure adopts a period icity  

that is 11 tim es that o f  the real space lattice unit ce ll in  the [ O il]  and [oi 1 ] 
directions as can be seen in  figure 2 .

Th e  m odels g iv in g  the best agreem ent w ith experim ental observations is illustrated  

in  figure 2 and consists o f  sm all units o f  p(2x 2) structure, w ith rows o f  copper 

atoms separating them  in  both the [Oil] and [on] directions. These m odels  

correspond to a tin coverage o f  0.18 M L .  F igures 2(b) and 2(d) illustrate the L E E D  

patterns generated, w h ich  are in  excellent agreement w ith  observations, producing  

(m,n/2) and (m/2,n) beam s sp lit into doublets and (m/2,n/2) centred beams split into 

quartets. M o d e ls  based on both overlayers and surface a lloys in  w h ich  Sn atoms 

penetrate into the outerm ost copper layer y ie ld  s im ilar L E E D  patterns w h ich  m ay  

not be easily  differentiated w ithout a fu ll dynam ic I-V  analysis.
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Fig u re  2: (a) S ing le  dom ain  structural m odel fo r a p(2x2) C u{100}-S n  surface a llo y  

w ith “ ligh t”  antiphase dom ain  w alls; (b) sim ulated L E E D  pattern fo r (a) averaged 

over the energy range 100-200eV; (c) as (a) but fo r an overlayer m odel; and (d) the 

sim ulated L E E D  pattern fo r (c).
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(b) Phase II: F igure  3(a) illustrates a single dom ain  o f  the p(2x6) m odel suggested 

by A rg ile  and Rhead, consisting  o f  a  co in ciden ce  m esh w ith 5 Sn  atoms fitting into 

six copper interatom ic spacings in the [oi l ]  direction. W h ile  this m odel is entirely  

consistent w ith  the p(2x6) p erio d ic ity  observed w ith a Sn coverage o f  0.42 M L ,  it 

w ould not necessarily  be expected to produce (m/2,n/2) beams w ith  considerably  

higher intensity than other superlattice beams as has been observed experim entally. 

A s  illustrated in figure 3(b), the sim ulations co n firm  this expectation. W e  suggest 

that phase n ,  has its o rig in  in  a  m ixed  c(2x2)/p(2x2) structure. A  m odel capable o f  

reproducing  the L E E D  observations and y ie ld in g  a Sn  coverage o f  0.42 M L  is 

show n in  figure 3(c). T h is  structure consists o f  dom ains o f  c(2x2) C u S n  surface 

a llo y  o f  two unit ce lls  w idth, separated b y  a p(2x 2) unit ce ll, leading to sixth order 

perio d ic ity  in  the [ O il]  and [o 11 ] d irections fo r the two m onoenergetic rotated 

dom ains. F ig u re  3(d) illustrates the L E E D  pattern generated b y  this m odel w h ich  

exhibits dom inant (m/2 ,n/2) beams fro m  the loca l c(2x 2) structure w ith in  these 

narrow  dom ains. A  second p ossib ility , show n in  figure 3(e), is a p(2x6) unit cell 

consisting o f  a single c(2 x 2) un it ce ll w ith tw o p(2x 2) unit ce lls on  either side, 

y ie ld in g  a coverage o f  0.33 M L .  T h e  sim ulated L E E D  pattern, figure 3(f), is not 

d iss im ilar to that show n in  figure  3(d), the o n ly  difference (as expected) is an 

increase in  (m/2,n) and (m,n/2) beams relative to their c(2x2) counterparts. H en ce  it 

is quite possib le that phase II consists o f  a  m ixture o f  dom ains o f  the structures 

illustrated in  figures 3(c) and (e).
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F ig u re  3: S ing le  dom ain  structural m odels fo r a single rotated dom ain  p(2x6) 

structure (phase II) and the sim ulated energy averaged L E E D  patterns in clu d ing  : 

(a), (b) the A rg ile  and R h ead  overlayer structural m odel; (c), (d) the surface a llo y  

m odel based on dom ains o f  c(2x 2) surface a llo y  separated b y  p(2x 2) un it cells
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Figure  3: (cont’ d) (e), (f) p(2x2) m icro-dom ains separated b y  a single c(2x2) unit 

cell. S im u lation  o f  the overlayer m odels present sim ilar L E E D  patterns.

(c) Phase III T h e  transition between phase II and III is a m ost dram atic one in  terms 

o f  the observed p erio d ic ity  o f  the L E E D  pattern g iven  that this transition is 

com pleted b y  addition  o f  o n ly  an extra -0 .1 0  M L  o f  Sn. T h e  structural m odel 

suggested b y  A rg ile  and R h ead  along w ith  the sim ulated L E E D  pattern is show n in  

figures 4(a,b) w h ich  generates the correct p erio d ic ity  but dom inant (m/2,n/2) beams 

were not predicted [8]. B ased  on the structural m odels proposed fo r phase II, c learly  

the obvious location  o f  the additional Sn atoms is to f i l l  the vacan cy  in  the centre o f  

the p(2x2) unit ce lls  separating the c(2x2) dom ains and y ie ld  the observed Sn  

coverage o f  0.50 M L .  S im p le  substitution o f  Sn atoms into the c(2x2) sites in  the 

vacant copper row s w ou ld  lead to a perfect c(2x 2) structure rather than the 

p(3V2xV2)R 45° structure observed. D u e  to the large m etallic radius o f  Sn, a sim ple  

c(2x2) structure w ith  Sn  and C u  coplanar w ith in  a surface a llo y  m odel w ould  lead to 

sign ificant strain a long  the [010] directions. W e  thus propose that this strain is 

relieved b y  b u ck lin g  and/or sm all lateral d isplacem ents o f  S n  and C u  atoms. T o  

m odel this, figure 4(c) shows a c(2x2) overlayer w ith pairs o f  Sn atoms “pinched”
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to g e th e r. W h i le  c le a r ly  th is  is  o n e  o f  m a n y  p o s s ib i l i t ie s  f o r  w h ic h  c o m b in e d  la te ra l 

a n d  p e rp e n d ic u la r  m o t io n  o f  C u  a n d  S n  a to m s  y ie ld  a  p ( 3 V 2 x V 2 )R 4 5 °  u n it  c e l l  it  

se rv e s  to  i l lu s t r a t e  th e  p r in c ip le  th a t  a  m o d e l b a se d  o n  a  c ( 2 x 2 )  o v e r la y e r  w it h  m in o r  

m o d if ic a t io n s  m a y  le a d  to  th e  o b s e rv e d  p e r io d ic it y .  I n  s u c h  m o d e ls  th e  m a g n itu d e  o f  

the  la te r a l d is p la c e m e n t  o f  c o p p e r  a to m s  c o n t r o ls  th e  r e la t iv e  in te n s it ie s  o f  the 

c ( 2 x 2 )  b e a m s  a t  (m /2 ,n /2 )  p o s it io n s  a n d  th e  r e m a in in g  su p e r la t t ic e  b e a m s  w it h  

la rg e r  d is p la c e m e n ts  t e n d in g  to  in c re a s e  th e  in te n s it y  o f  th e  n o n  c ( 2 x 2 )  s u p e r la t t ic e  

b e am s. F ig u r e s  4 ( d ) - ( f )  i l lu s t ra te  th e  s im u la te d  L E E D  pa tte rn s  fo r  v a r y in g  d e g re e  o f  

la te ra l s h if t in g  o f  C u  a n d  S n  a to m s  in d ic a t in g  th a t a  la te ra l s h if t  o f  a p p ro x im a te ly

0 . 4 Â  ( f ig u re  4 e )  y ie ld s  th e  b e s t q u a li t a t iv e  a g re e m e n t  w it h  th e  o b s e rv e d  L E E D  

in te n s it ie s .

-2.S -2.D -1.S -1.D -0.S n.n Ü.S 1.D 1.5 2.D 2.5 

Â J

F ig u r e  4: S in g le  d o m a in  s t ru c tu ra l m o d e ls  f o r  a s in g le  d o m a in  p ( 3 V 2 x V 2 )R 4 5 °  

s tru c tu re  (p h a se  H I )  a n d  s im u la te d  e n e rg y  a v e ra g e d  L E E D  p a tte rn s  in c lu d in g :  (a) 

a n d  (b )  th e  A r g i le  a n d  R h e a d  o v e r la y e r  m o d e l,  r e s p e c t iv e ly .
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F ig u r e  4 : ( c o n t ’ tO ( c ) - ( f )  th e  c ( 2 x 2 )  su r fa c e  o v e r la y e r  m o d e l w it h  su b s tra te  

r e c o n s t ru c t io n  w it h  la te r a l d is p la c e m e n ts  o f  s u r fa c e  C u  a to m s  o f  (d ) 0 .2A ; (e ) 0 .4  A 
an d  ( f)  0 .6  A r e s p e c t iv e ly .  S im u la t io n  o f  s u r fa c e  a l lo y  m o d e ls  p re s e n t  s im i la r  

re su lts .
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4. Discussion

T h e  d o u b le  s c a t te r in g  L E E D  s im u la t io n s  h a v e  e n a b le d  u s  to  su g g e s t  a  p o s s ib le  

m o d e l b a se d  o n  a n  a n t ip h a se  d o m a in  p ( 2 x 2 )  s t ru c tu re  fo r  p h a se  I  w h ic h  a re  

c o n s is te n t  w it h  b o th  th e  S n  su r fa c e  c o v e ra g e  a n d  th e  o b s e rv e d  c o m p le x  s p l i t  b e a m  

L E E D  p a tte rn . F u r th e rm o re ,  w e  h a v e  d e m o n s tra te d  th a t p h a se s  I I  a n d  ID  a re  r e a d i ly  

e x p la in a b le  in  te rm s  o f  c ( 2 x 2 )  s t ru c tu re s  c o n ta in in g  lo c a l  d e n s ity  m o d u la t io n s  an d  

su b s tra te  re c o n s t ru c t io n . T h e  d o u b le  s c a t te r in g  s im u la t io n s  f o r  th ese  m o d e ls  a re  in  

b e tte r  a g re e m e n t w it h  th e  o b s e rv e d  L E E D  p a tte rn s  th a n  th e  o r ig in a l  s t ru c tu re s  

su g g e s te d  b y  A r g i le  a n d  R h e a d .

P r e v io u s  w o r k  w it h  s im i la r  la rg e  a to m s  s u c h  as C u { 1 0 0 } / B i  a n d  C u { 1 0 0 } / P b  

in d ic a te  th a t at c o v e ra g e s  w e l l  b e lo w  0 .5  M L  su r fa c e  a l lo y s  f o rm  [17 ]. In  th e  c a se  o f  

B i  a  d is o rd e re d  o r  p a r t ia l ly  o rd e re d  p (2  x  2 )  p h a se  fo rm s  a ro u n d  0 b ; = 0 .2 5  M L  

w h ic h  h a s  b e en  d e m o n s tra te d  to  b e  a  s u r fa c e  a l lo y  b y  g r a z in g  in c id e n c e  X - r a y  

d i f f r a c t io n  [17 ]. D e a l lo y in g  o c c u r s  as th e  c o v e ra g e  is  in c re a s e s  fo rm in g  a  c ( 2 x  2 )  B i  

o v e r la y e r  a t 0B i =  0 .5 0  M L ,  w it h  B i  a to m s  lo c a te d  in  f o u r - f o ld  h o l lo w  s ite s  a b o v e  the  

f ir s t  c o p p e r  la y e r  [1 7 ]. B is m u th  is  s l ig h t ly  la g e r  th a n  S n  h a v in g  a  1 2 - fo ld  c o o rd in a te  

r a d iu s  o f  170  p m  v e r s u s  162  p m  f o r  S n . A  s im i la r  s c e n a r io  h o ld s  f o r  P b . A t  a  

c o v e ra g e  o f  0 .3 7 5  M L  a  c (4  x  4 )  s t ru c tu re  is  fo rm e d  w h ic h  c o n s is t s  o f  a  s u r fa c e  2 D  

a l lo y  w h ic h  u p o n  r a is in g  th e  c o v e ra g e  to  0 .5 0  M L  le a d s  to  th e  fo rm a t io n  o f  a  c ( 2 x  2 ) 

s tru c tu re , id e n t i f ie d  a s  a n  o v e r la y e r  as in  th e  c a se  o f  B i[ 1 8 ] .

I f  a  s im i la r  b e h a v io u r  w e re  f o l lo w e d  in  th e  c a se  o f  C u { 1 0 0 } /S n ,  P h a s e  I  w o u ld  

re p re se n t a  s u r fa c e  a l lo y ,  w h i le  P h a s e  III a t 0 sn = 0 .5 0  M L  w o u ld  b e  a n  o v e r la y e r .  

T h e  in te rm e d ia te  p h a se  (P h a s e  II)  e x is t s  in  th e  in te rm e d ia te  re g im e  w h e re  the  

t ra n s it io n  f r o m  a  s u r fa c e  a l lo y  to  a n  o v e r la y e r  o c c u rs .  T h e  la rg e  c h a n g e s  in  th e  I V  

sp e c tra  o f  th e  (1 /2 ,1 /2 )  a n d  (1 ,0 )  b e a m s  f o r  p h a se s  I  a n d  I I  w o u ld  b e  q u a li t a t iv e ly  in  

k e e p in g  w it h  a  g ro s s  s t ru c tu ra l re a r ra n g e m e n t  s u c h  as th a t o f  a  s u r fa c e  a l lo y  

s w it c h in g  to  a  d e a llo y e d  s u r fa c e  o v e r la y e r  s tru c tu re .

A b e l  et al. [13] re p o r t  a  p ( l x l )  L E E D  p a tte rn  f o r  th e  a d s o rp t io n  o f  0 .3 3  M L  o f  S n  at

1 7 0 K ,  w h i le  a  p ( 2 x 2 )  L E E D  p a tte rn  a p p e a rs  u p o n  w a rm in g  to  2 5 0 K .  T h e  o r ig in  o f

th e  fo rm a t io n  o f  th e  s p l i t  p ( 2 x 2 )  u p o n  d e p o s it io n  a t 3 0 0 K  a n d  a n  u n s p l it  p ( 2 x 2 )  b y
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a d s o rp t io n  a t lo w  te m p e ra tu re  f o l lo w e d  b y  c o n t r o l le d  a n n e a lin g  is  u n k n o w n  at 

p re sen t. M o s t  in te re s t in g ly ,  s u b m o n o la y e r  S n  d e p o s it io n  w a s  fo u n d  to  le a d  to  an  

increase in  th e  C u  R B S  su r fa c e  p e a k , a  r e s u lt  w h ic h  w o u ld  n o t  b e  e x p e c te d  f r o m  

o v e r la y e r  g ro w th , a n d  th e  a u th o rs  su g g e s t  th a t C u  a to m s  a re  d is p la c e d  f r o m  th e ir  

r e g u la r  la t t ic e  s ite s  a n d  th a t e a ch  S n  a to m  d is p la c e s  o n e  c o p p e r  su b s tra te  a tom , i.e . 

su r fa c e  a l lo y  fo rm a t io n .  T h e  re la te d  C u { l l l } / S n  s y s te m  a ls o  fo rm s  a  su r fa c e  a l lo y  

u p o n  d e p o s it io n  o f  0 .3 3  M L  o f  S n  as d e m o n s tra te d  b y  a lk a l i  io n  s c a t te r in g  

s p e c t ro s c o p y  [19 ], T h e  V 3 x V 3 R 3 0 °  s t ru c tu re  h a s  S n  a to m s  r ip p le d  o u tw a rd s  b y  

a p p ro x im a te ly  0.4A w it h  re sp e c t  to  th e  o u te rm o s t  c o p p e r  p la n e . N o  q u a n t ita t iv e  

in fo rm a t io n  is  a v a i la b le  to  d a te  o n  ch a n g e s  in  th e  o u te rm o s t  in te r la y e r  s p a c in g s  

in d u c e d  b y  in c o r p o r a t io n  o f  S n  o r  p o s s ib le  S n  in d u c e d  b u c k l in g  in  su b -s u r fa c e  

la y e r s  [19 ].

5. Conclusions

W e  h a v e  r e -e x a m in e d  b y  L E E D  th e  C u { 1 0 0 } / S n  b im e t a l l ic  s y s te m  b y  d o u b le  

s c a t te r in g  L E E D  s im u la t io n  as a  f u n c t io n  o f  a d so rb a te  c o v e ra g e  f o r  a  ra n g e  o f  m o d e l 

s tru c tu re s .

( i)  A  m o d e l f o r  th e  lo w  c o v e ra g e  o rd e re d  p h a se  h a s  b e e n  su g g e s te d  b a sed  o n  a  

“ l ig h t ”  a n t ip h a se  d o m a in  w a l l  p ( 2 x 2 )  s tru c tu re ;

( i i )  W e  h a v e  su g g e s te d  a lte rn a t iv e  e x p la n a t io n s  f o r  th e  s tru c tu re s  o f  p h a se s  I I  a n d  I I I  

w h ic h  y ie ld  b e tte r  a g re e m e n t  w it h  th e  r e la t iv e  in te n s it ie s  o f  s u p e r la t t ic e  b e a m s  in  the  

L E E D  p a tte rn s  c o m p a re d  to  p r e v io u s  e x p la in a t io n s  o f  A r g i le  and  R h e a d  [8]. A  

p o s s ib le  e x p la n a t io n  o f  th e  t r a n s it io n  to  th e  p ( 2 x 6 )  s t ru c tu re  in v o lv e s  fo rm a t io n  o f  

n a r r o w  d o m a in s  o f  c ( 2 x 2 )  C u S n  s tru c tu re  o f  tw o  u n it  c e l ls  w id th  se p a ra te d  b y  a 

p ( 2 x 2 )  u n it  c e l l  y ie ld in g  s ix t h  o rd e r  p e r io d ic it y  in  [ O i l ]  a n d  [ o i l ]  d ir e c t io n s .  T h e

p(3V2xV2)R45° phase is suggested to have its origin in a c(2x2) structure with 

elastic strain due to the large metallic diameter of Sn leading to displacive 

reconstruction within the outer layer(s);

172



( i i i )  T h e  t r a n s it io n  b e tw e e n  p h a se s  o c c u r s  b y  n u c le a t io n  o f  d o m a in s  o f  th e  h ig h e r  

c o v e ra g e  p h a se  w it h in  th e  lo w e r  c o v e ra g e  s t ru c tu re  w it h  c o n c o m ita n t  d e n s ity  

m o d u la t io n s  a c ro s s  th e  su r fa c e .

C le a r ly  fu r th e r  q u a n t ita t iv e  s t ru c tu ra l w o r k  b o th  b y  L E E D  I - V  a n a ly s is  a n d  S T M  is  

r e q u ire d  to  v a lid a te  th e  p ro p o s e d  m o d e ls  a n d  to  d if fe r e n t ia te  b e tw e e n  su r fa c e  a l lo y  

a n d  o v e r la y e r  s tru c tu re s .
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T h e  te c h n iq u e  o f  d if fu s e  L E E D  I(V) a n a ly s is  h a s  b e e n  a p p lie d  to  s tu d y  the  e a r lie s t  

s tages o f  s u r fa c e  a l lo y  fo rm a t io n  d u r in g  the  r o o m  te m p e ra tu re  g ro w th  o f  P d  o n  

C u {  1 0 0 } . F o r  P d  a d s o rp t io n  o n  C u { 1 0 0 }  a t 3 0 0  K  in  th e  c o v e ra g e  ra n g e  0.1 to  0 .55  

M L ,  th e  lo c a l  g e o m e try  a t a l l  c o v e ra g e s  c o r re s p o n d s  to  a  C u * P d i*  su r fa c e  a l lo y  w it h  

a d so rb a te  a to m s  p r e d o m in a n t ly  s u b s t itu t in g  in to  th e  o u te rm o s t  c o p p e r  m o n o la y e r  

o c c u p y in g  s u b s t itu t io n a l la t t ic e  s ite s . T h e  lo c a l  s u r fa c e  g e o m e t ry  is  fo u n d  to  be 

c o v e ra g e  in d e p e n d e n t  w it h in  th e  r e s o lu t io n  o f  th e  a n a ly s is  a n d  c o r re s p o n d s  to  an  

a p p r o x im a te ly  c o p la n a r  C u P d  o u te r  m o n o la y e r  a n d  a  s l ig h t ly  e x p a n d e d  f ir s t  to  

s e c o n d  in te r la y e r  s p a c in g  (+ 3% ).

A t  a  c o v e ra g e  o f  0 .5  M L ,  a  t h e r m a l ly  a c t iv a te d  t r a n s it io n  f r o m  a  C u {  1 0 0 } - c (2 * 2 ) -P d  

to p  la y e r  s u r fa c e  a l lo y  to  a n  o rd e re d  c (2  ><2) u n d e r la y e r  a l lo y  c o n s is t in g  o f  a C u P d  

m ix e d  s e c o n d  la y e r  c a p p e d  b y  a  c o p p e r  m o n o la y e r  h a s  b e e n  s h o w n  to  o c cu r .

A  te n s o r  L E E D  I(V) a n a ly s is  h a s  b e e n  p e r fo rm e d  o n  a  C u { 1 0 0 } - c ( 2 x 2 ) - P d  

u n d e r la y e r  a l lo y .  S u b s t it u t io n  o f  a p p r o x im a te ly  0 .5  M L  o f  P d  in to  the  s e c o n d  la y e r  

le a d s  to  a  s ig n if ic a n t  m o d if ic a t io n  o f  th e  f ir s t  tw o  c o p p e r  in te r la y e r  sp a c in g s . T h e  

f ir s t  in te r la y e r  s p a c in g  w h ic h  is  c o n tra c te d  in  th e  c a se  o f  c le a n  C u { 1 0 0 }  u n d e rg o e s  

a n  e x p a n s io n  o f  + 3 .3 %  u p o n  in s e r t io n  o f  P d  w h i le  th e  s e c o n d  in te r la y e r  s p a c in g  

w h ic h  is  s l ig h t ly  e x p a n d e d  in  c le a n  C u { 1 0 0 }  u n d e rg o e s  a n  e x p a n s io n  o f  + 6 .6%  

u p o n  s u b s t itu t io n  o f  P d .  T h e  c o m p o s it e  C u P d  u n d e r la y e r  is  r ip p le d  w it h  P d  a tom s 

b e in g  r e la x e d  in w a rd s  a w a y  f r o m  th e  s o l id - v a c u u m  in te r fa c e . In s e r t io n  o f  

a p p r o x im a te ly  0 .5  M L  o f  P d  in to  th e  s e co n d  la y e r  le a d s  to  a  c o n s id e ra b le  la t t ic e  

e x p a n s io n  r e la t iv e  to  b u lk  C u { 1 0 0 }  in  th e  o u te rm o s t  th re e  m o n o la y e r  s la b . T h is  

e x p a n s io n  o c c u rs  in  re sp o n se  to  th e  e la s t ic  la t t ic e  s t r a in  d u e  to  th e  s u b s t itu t io n  o f  th e  

la rg e r  P d  a to m s  in to  th e  s m a lle r  C u  la t t ic e . T h e  a b s o lu te  v a lu e  is  c o n s id e ra b ly  

s m a lle r  (6 % ) th a n  th a t p re d ic te d  to  b e  r e q u ire d  to  m a in t a in  P d  at c o n s ta n t d e n s ity  

e q u a l to  th a t o f  b u lk  (1 6 % ).

T h e  C u { 1 0 0 } - p ( 2 x 2 )  s t ru c tu re  fo rm e d  b y  d e p o s it io n  o f  1 M L  o f  P d  o n  C u { 1 0 0 }  at 

r o o m  te m p e ra tu re  h a s  b e e n  r e -a n a ly s e d  b y  S A T L E E D  u s in g  a n  e n h a n ce d  n o rm a l 

in c id e n c e  d a ta  b a se . A  w id e  ra n g e  o f  m o d e ls  su g g e s te d  b y  M E I S / L E E D ,  S T M  an d  

L E I S  a lo n g  w it h  s e le c te d  n e w  m o d e ls  in  k e e p in g  w it h  th e  la y e rw is e  e le m e n ta l 

c o m p o s it io n  d e te rm in e d  b y  L E I S  h a v e  b e e n  tested .
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T h e  fa v o u re d  m o d e l c o n s is t s  o f  a  p ( 2 x 2 )  c lo c k  ro ta te d  o rd e re d  C u P d  m o n o la y e r  o f  

s y m m e t ry  p 2 g g  a b o v e  a  c ( 2 x 2 )  o rd e re d  C u P d  u n d e r la y e r . T o p  la y e r  C u  a n d  P d  

a to m s  a re  la t e r a l ly  s h if te d  f r o m  fo u r - f o ld  h o l lo w  s ite s  in  an  a lte rn a te  c lo c k w is e  an d  

a n t i- c lo c k w is e  fa s h io n  w it h  th e  v e r t ic e s  o f  th e  p ( 2 x 2 )  c lo c k  r o ta t io n  c e n tre d  o v e r  

se co n d  la y e r  P d  a to m s . T h e  d is p la c e m e n t  o f  the  to p  la y e r  C u  a n d  P d  a to m s  is  fo u n d  

to  b e  0 .2 5 ± 0 .1 2 A . S u b s t itu t io n  o f  a  h ig h  c o n c e n t ra t io n  o f  P d  in to  th e  o u te rm o s t  tw o  

a to m ic  la y e r s  le a d s  to  a  s ig n if ic a n t  e x p a n s io n  o f  th e  o u te rm o s t  tw o  in te r la y e r  

sp a c in g s .

S A T L E E D  h a s  b e e n  u se d  to  d e te rm in e  th e  s tru c tu re  o f  C u { 1 0 0 } - c ( 2 x 2 ) - P t  a l lo y  

fo rm e d  b y  th e rm a l a c t iv a t io n  to  5 2 5  K  o f  0 .5  M L  P t  a d s o rb e d  o n  C u { 1 0 0 } .  T h e  

a n a ly s is  r e t r ie v e d  a  s t ru c tu re  th a t c o n s is t s  o f  a n  o rd e re d  c (2 x 2 )  C u - P t  s e c o n d  la y e r  

c a p p e d  w it h  a  p u re  C u  la y e r .  T h e  o rd e re d  m ix e d  la y e r  is  fo u n d  to  b e  r ip p le d  w it h  P t  

a to m s  r ip p le d  o u tw a rd s  (0.08±0.06A) to w a rd s  th e  s o l id - v a c u u m  in te rfa c e .

A  C u { 1 0 0 } - c ( 2 x 2 ) - P t  s u r fa c e  a l lo y  s t ru c tu re  fo rm e d  b y  d e p o s it io n  o f  a  1 M L  P t  an d  

th e rm a l p ro c e s s in g  to  5 5 0  K  is  s h o w n  to  c o r re s p o n d  to  a  c o p p e r  c a p p e d  b im e ta l l ic  

s u r fa c e  lo c a l is e d  a l lo y  w it h  a n  o rd e re d  c (2 x 2 )  C u P t  u n d e r la y e r .  E x c e s s  P t  is  

d is t r ib u te d  in  la y e r  3 (2 0  ± 2 0  at. % ) a n d  la y e r  4  (3 0  ± 3 0  at. % ). T h e  s e lv e d g e  

s t ru c tu re  w it h in  th e  L E E D  p r o b in g  d e p th  re s e m b le s  th e  { 1 0 0 }  s u r fa c e  o f  th e  L l 2 

p h a se  o f  th e  b u lk  C u 3P t  a l lo y .  S u b s t it u t io n  o f  p la t in u m  in to  th e  s e lv e d g e  re su lts  in  a  

s ig n if ic a n t  e x p a n s io n  in  th e  s u r fa c e  in te r la y e r  s p a c in g s  r e la t iv e  to  c le a n  C u { 1 0 0 }  

du e  to  th e  la rg e r  m e ta l l ic  r a d iu s  o f  P t  a n d  s w itc h e s  the  w e a k  o s c i l la t o r y  r e la x a t io n  o f  

c le a n  C u { 1 0 0 }  to  a  s t r o n g ly  a n d  n o n - u n if o r m ly  e x p a n d e d  in te r la y e r  se p a ra t io n .

T h is  n e w  c la s s  o f  m a te r ia ls ,  n a m e ly  u n d e r la y e r  a l lo y s  m a y  h a v e  p o te n t ia l f o r  fu tu re  

u se  as c a ta ly s ts :  th e  in c lu s io n  o f  m e ta ls  s u c h  as P t  o r  P d  in  la y e r  2 w i l l  le a d  to  

d if fe r e n t  s t a b i l i t y  o f  re a c ta n ts  d u e  to  p r e v e n t io n  o f  to p  la y e r  C u  re c o n s t ru c t io n .

T h e  su r fa c e  s t ru c tu re s  o f  a  C u { 1 0 0 } - c ( 2 x 2 ) - B i  a n d  C u { 1 0 0 } - p ( 2 x 2 ) - B i  p h a se s  

fo rm e d  b y  d e p o s it io n  o f  0 .5 0  M L  a n d  0 .2 5  M L  B i  r e s p e c t iv e ly  o n  C u { 1 0 0 }  a t r o o m  

te m p e ra tu re  h a v e  b e e n  d e te rm in e d . B is m u th  w a s  fo u n d  to  f o rm  a  su r fa c e  a l lo y  at

0 .2 5  M L  w it h  th e  B i  a to m s  lo c a te d  0 .5 6 ± 0 .0 6  A o u tw a rd s  f r o m  th e  o u te rm o s t  C u  

la y e r .  W i t h  in c re a s in g  B i  c o v e ra g e , d e - a l lo y in g  o f  B i  a to m s  o c c u r s  u n t i l  a  w e l l-
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o rd e re d  c (2 x 2 )  o v e r la y e r  is  fo rm e d  w it h  B i  a to m s  o c c u p y in g  the  f o u r - f o ld  h o l lo w  

s ite  a b o v e  a  s l ig h t ly  p e r tu rb e d  su b s tra te  s t ru c tu re . T h e  s t ru c tu re s  o f  b o th  th e  lo w  an d  

h ig h  c o v e ra g e  C u { 1 0 0 } / B i  o b ta in e d  in  th is  s tu d y  a re  in  g o o d  a g re e m e n t  w it h  th o se  

e v a lu a te d  r e c e n t ly  f o r  th e  sam e  s y s te m  b y  s u r fa c e  X - r a y  d i f f r a c t io n  a n d  p ro v id e  an 

e n h a n ce d  p r e c is io n  f o r  B i  in d u c e d  r e la x a t io n  w it h  th e  C u  se lv e d g e .

F in a l ly ,  s tru c tu re s  o f  th e  C u { 1 0 0 } / S n  b im e t a l l ic  s y s te m  has b e e n  re -e x a m in e d  b y  

d o u b le  s c a t te r in g  L E E D  s im u la t io n  a s  a  f u n c t io n  o f  a d so rb a te  c o v e ra g e . A  m o d e l f o r  

the  lo w  c o v e ra g e  o rd e re d  p h a se  h a s  b e e n  su g g e s te d  ba sed  o n  a  “ l ig h t ”  a n t ip h a se  

d o m a in  w a l l  p ( 2 x 2 )  s tru c tu re . W e  h a v e  su g g e s te d  a lte rn a t iv e  e x p la n a t io n s  to  th o se  

p r e v io u s ly  a sse rte d  b y  A r g i le  a n d  R h e a d  f o r  th e  s tru c tu re s  o f  p h a se s  II  a n d  i n  w h ic h  

y ie ld  b e tte r  a g re e m e n t w it h  th e  r e la t iv e  in te n s it ie s  o f  s u p e r la t t ic e  b e a m s  in  th e  

L E E D  p a tte rn s . A  p o s s ib le  e x p la n a t io n  o f  th e  p ( 2 x 6 )  s t ru c tu re  (p h a se  II) in v o lv e s  

f o rm a t io n  o f  n a r r o w  d o m a in s  o f  c ( 2 x 2 )  C u S n  s tru c tu re  o f  tw o  u n it  c e l ls  w id th  

se p a ra te d  b y  a  p ( 2 x 2 )  u n it  c e l l  y ie ld in g  s ix t h  o rd e r  p e r io d ic it y  in  [ O i l ]  a n d  [ o i l ]  

d ir e c t io n s .  T h e  p ( 3 V 2 x V 2 )R 4 5 °  p h a se  (p h a se  I I I )  is  su g g e s te d  to  h a v e  its  o r ig in  in  a  

c ( 2 x 2 )  s t ru c tu re  w it h  e la s t ic  s t ra in  d u e  to  th e  la rg e  m e ta l l ic  d ia m e te r  o f  S n  le a d in g  to  

d is p la c iv e  re c o n s t ru c t io n  w it h in  th e  o u te r  la y e r ( s ) .
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Appendix A

T h is  s e c t io n  b r ie f ly  d e s c r ib e s  th e  c o d e  u sed  in  th e se  c a lc u la t io n s ,  n a m e ly  the

S y m m e tr is e d  A u to m a te d  T e n s o r  L E E D  ( S A T L E E D ) .

A.1 The Symmetrised Automated Tensor LEED (SATLEED) 

A.1.1 Search Strategy and Partial Automation Approach

T h e  s t ra te g y  f o r  s o lv in g  a  p a r t ic u la r  s u r fa c e  s tru c tu re  ca n  b e  s u m m a r is e d  in  th e

f o l lo w in g  steps:

1. T e s t in g  s e p a ra te ly  d if fe r e n t  p o s s ib le  su r fa c e  m o d e ls  w h ic h  h a v e  to  b e  c h e m ic a l ly  

a n d  p h y s ic a l ly  lo g ic a l.

2. F o r  e a c h  m o d e l,  g u e s s  re a so n a b le  s ta r t in g  c o -o rd in a te s  f o r  a l l  a tom s . T h is  is  

c a l le d  th e  re fe re n c e  s tru c tu re .

3. F o r  e a c h  re fe re n c e  s tru c tu re , th e  L E E D  p ro g ra m  ( T L E E D 1 )  is  r u n  to  c o m p u te  

a c c u ra te  d y n a m ic  L E E D  in te n s it ie s ,  a n d  to  c o m p u te  te n so rs  re la te d  to  p o s s ib le  

a t o m ic  d is p la c e m e n ts  f r o m  th e  p o s it io n s  a s su m e d  in  th e  re fe re n c e  s tru c tu re .

4. T h e  s e c o n d  L E E D  p ro g r a m  ( T L E E D 2 )  is  r u n  u s in g  th e  re su lt s  f r o m  T L E E D 1  to  

o p t im is e  th e  a to m ic  p o s it io n s .  T L E E D 2  v a r ie s  a to m ic  p o s it io n s ,  c o m p u te s  

a p p ro x im a te  L E E D  in te n s it ie s  a t th e se  m o d if ie d  p o s it io n s ,  c o m p a re s  th ese  

in te n s it ie s  w it h  e x p e r im e n t , u p d a te s  a to m ic  p o s it io n s  b a se d  o n  the  re s u lt  o f  the  

c o m p a r is o n ,  a n d  ite ra te s  u n t i l  c o n v e rg e n c e  o f  th e  c o -o rd in a te s  is  a c h ie v e d . T h e  

c o m p a r is o n  b e tw e e n  th e o ry  a n d  e x p e r im e n t  is  m a d e  th ro u g h  o n e  o r  m o re  

R - fa c t o r s ,  w h ic h  q u a n t i f y  th e  m is f i t  b e tw e e n  c a lc u la t io n  a n d  e x p e r im e n t .

Simulation of LEED I(V) spectra
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R - fa c to r s  a re  th e n  m in im is e d  to  p ro d u c e  m o d if ie d  s tru c tu re s  r e a d y  f o r  fu r th e r  

te s t in g  a n d  r e f in e m e n t .  T h e s e  m o d if ie d  s tru c tu re s  a re  c a l le d  " t r ia l s tru c tu re s " .

5. I te ra t in g  th e  la s t  s te p  ( T L E E D 2 )  w it h  d if fe r e n t  s ta r t in g  s tru c tu re s , n e a r  th e  

re fe re n c e  s tru c tu re , to  m a k e  su re  th a t  a  p ro p e r  R - f a c t o r  m in im u m  is  fo u n d  an d  

th e  s t ru c tu re  o b ta in e d  d o e s  n o t  h a v e  m u lt ip le  m in im a .  T h e  o c c u r re n c e  o f  

m u lt ip le  m in im a  n e a r  a n  o p t im u m  s t ru c tu re  u s u a l ly  in d ic a te s  th a t m o re  a to m ic  

c o -o rd in a te s  s h o u ld  be  f i t  to  th e  e x p e r im e n ta l d a ta , i.e . th a t  so m e  c o -o rd in a te s  

w e re  k e p t  f ix e d  th a t  s h o u ld  b e  a l lo w e d  to  v a ry .

6. I te ra t in g  the  T L E E D 1  step  o n c e  o r  tw ic e  w it h  u p d a te d  o p t im is e d  a to m ic  c o 

o rd in a te s , i.e . w it h  n e w  re fe re n c e  s t ru c tu re s  ( e s p e c ia l ly  i f  th e  T L E E D 2  se a rch  

h a s  s h if te d  a to m s  b y  m o re  th a n  a b o u t  0 .1  A ) ,  f o l lo w e d  b y  a  n e w  o p t im is a t io n  

w it h  T L E E D 2 .

7. R e p e a t in g  as n e c e s s a ry  to  re d u ce  th e  p o s s ib i l i t y  o f  b e in g  t ra p p e d  in  a  " lo c a l 

m in im u m " ,  ra th e r  th a n  in  th e  " g lo b a l m in im u m " .  T h e re  e x is t s  n o  fa ils a fe  

p ro c e d u re  f o r  lo c a t in g  the  g lo b a l m in im u m , an d  th e re fo re  a n  e x h a u s t iv e  se a rch  

a p p ro a c h  s h o u ld  b e  c o n d u c te d .

8. R e p e a t in g  th e  sa m e  p ro c e d u re  f o r  o th e r  m o d e ls . H o w e v e r ,  ite ra t io n s  a re  o n ly  

n e c e s s a ry  f o r  m o d e ls  th a t  lo o k  p r o m is in g  o r  c o m p e t it iv e  w it h  th e  b e s t  one .

9. T h e  b e s t  s t ru c tu re  m a y  b e  fu r th e r  r e f in e d  w it h  im p ro v e d  p h a se  s h if t s  a n d  p e rh a p s  

i f  n e c e s s a ry  a n  in c re a s e d  n u m b e r  o f  p h a se  s h if t s .  D if f e r e n t  v a lu e s  o f  o th e r  n o n -  

s t ru c tu ra l p a ra m e te rs , s u c h  as th e  im a g in a r y  p a r t  o f  th e  in n e r  p o te n t ia l a n d  the  

a to m ic  v ib r a t io n  p ro p e r t ie s  m a y  h e lp  th e  f in a l  s t ru c tu re  d e te rm in a t io n .

A. 1.2 Structural Models: Reference Structures and Trial Structures

N o r m a l ly ,  th e re  a re  s e v e ra l p o s s ib le  q u a l i t a t iv e ly  d if fe r e n t  m o d e ls  p o s s ib le  f o r  the

s u r fa c e  s t ru c tu re  to  b e  d e te rm in e d . E x a m p le s  a re  d if f e r e n t  a d só rb a te  s ite s , d if fe re n t
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r e c o n s t ru c t io n  ty p e s , d if fe r e n t  m o le c u la r  re a r ra n g e m e n ts , e tc . E a c h  m o d e l w i l l  h a v e  

to  be  te s ted  in d e p e n d e n t ly  a g a in s t  e x p e r im e n t  w it h  se pa ra te  L E E D  c a lc u la t io n s .  F o r  

e a c h  m o d e l,  a  f u l l  d y n a m ic a l L E E D  c a lc u la t io n  w i l l  b e  n e c e s s a ry  ( u s in g  p ro g ra m  

T L E E D 1 ) ,  u s in g  p h y s ic a l ly  a n d  c h e m ic a l ly  re a s o n a b le  s ta r t in g  c o -o rd in a te s .

W h e n e v e r  c o -o rd in a te s  a re  s p e c if ie d  f o r  a  g iv e n  m o d e l a n d  a  d y n a m ic a l L E E D  

c a lc u la t io n  is  p e r fo rm e d  u s in g  T L E E D 1 ,  w e  sp e a k  o f  a  re fe re n c e  s tru c tu re . T L E E D 2  

w i l l  th e n  e x p lo r e  t r ia l  s t ru c tu re s  th a t  d e v ia te  f r o m  th e  re fe re n c e  s tru c tu re . In  g e n e ra l, 

i f  tw o  m o d e ls  d i f f e r  in  a n y  a to m ic  c o -o rd in a te  b y  0 .2  A o r  m o re , th e n  sepa ra te  

T L E E D 1  c a lc u la t io n s  w i l l  b e  re q u ir e d  f o r  th e  tw o  re fe re n c e  s tru c tu re s . T h is  is  

b e ca u se  th e  a u to m a te d  s e a rc h  a lg o r it h m  c a n n o t  b e  g u a ra n te e d  to  lo c a te  th e  c o r re c t  

s t ru c tu re  w h e n  s ta r te d  f r o m  m o re  th a n  a b o u t  0 .2  A a w a y . T h e  c a lc u la t io n s  s h o u ld  

le a d  to  th e  d e s ire d  g lo b a l m in im u m  in  th e  r e l ia b i l i t y  fa c to r  ra th e r  th a n  a  lo c a l  

m in im u m  th a t m ig h t  le a d  to  th e  w ro n g  s tru c tu re .

A.1.3 Composite Layers

T h e  L E E D  p ro g ra m s  a ssu m e  a l l  a to m s  to  b e  a r ra n g e d  e ith e r  in  s im p le  la y e rs  

( B r a v a is - la t t ic e  la y e r s )  w h ic h  c o n ta in  1 a to m  p e r  2 D  u n it  c e l l ,  o r  in  c o m p o s it e  la y e r s  

w h ic h  c o n ta in  m o re  th a n  1 a to m  p e r  2 D  u n it  c e l l .  T h e se  la y e r s  m a y  b e  c o p la n a r  o r  

n o t. T h e  a s s ig n m e n t  o f  a to m s  to  th e se  tw o  ty p e s  o f  la y e r s  is  v e r y  im p o r ta n t  fo r  

r e d u c in g  c o m p u te r  re q u ire m e n ts :  m e m o ry  a n d  t im e . P r in c ip a l ly ,  m a t r ix  d im e n s io n s  

s h o u ld  b e  m in im is e d  to  sa v e  s to ra g e  re q u ire m e n ts  a n d  to  sp e e d  u p  m a th e m a t ic a l a n d  

m a t r ix  o p e ra t io n s .

A t o m s  o f  t r ia l  s t ru c tu re s  a re  a r ra n g e d  in  te rm s  o f  s im p le  an d  c o m p o s ite  la y e r s  in  th e  

S A T L E E D  p ro g ra m s . T h is  a r ra n g e m e n t  m u s t  b e  in p u t  in to  th e  c a lc u la t io n .  

W h e n e v e r  p o s s ib le ,  s im p le  la y e r s  a re  p re fe r re d  o v e r  c o m p o s ite  la y e r s  in  te rm s  o f  

c o m p u t in g  e f f ic ie n c y .  H o w e v e r ,  i t  is  n o t  o f te n  p o s s ib le  to  a v o id  h a v in g  to  c o m b in e  

s im p le  la y e r s  in to  c o m p o s it e  la y e rs . T h e  re a s o n  is  th a t s im p le  la y e r s  th a t h a v e  a 

s m a ll  m u tu a l in te r la y e r  s p a c in g  g iv e  r is e  to  d iv e rg e n c e s  in  th e  L E E D  th e o ry , a 

s itu a t io n  w h ic h  is  d i f f i c u l t  to  p ro d u c e  c o n v e rg e n c e . A n y  s u r fa c e  w i l l  th u s  b e  

c o m p o s e d  o f  a  " s u r fa c e  r e g io n "  w it h  a  n u m b e r  o f  s im p le  a n d /o r  c o m p o s ite  la y e rs , 

f o l lo w e d  b y  a  " b u lk "  w it h  s im p le  la y e r s  a n d /o r  c o m p o s ite  la y e rs .
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G iv e n  a  s p e c if ic  s u r fa c e  s tru c tu re  m o d e l,  o n e  s ta rts  b y  c o n s id e r in g  a l l  a to m s  to  be 

a r ra n g e d  in  s im p le  p la n e s  o f  a to m s  p a r a l le l  to  th e  su rfa c e . T h e s e  p la n e s  u s u a lly  

c o n ta in  o n ly  o n e  a to m  p e r  2 D  u n it  c e l l  (w h e th e r  i t  is  th e  ( l x l )  c e l l  o f  b u lk  la y e r s  o r  

th e  s u p e r c e l l o f  s u r fa c e  la y e rs ) . T h u s ,  a n y  b u lk  a to m  w i l l  d e f in e  a  s im p le  p la n e  w it h  

( l x l )  p e r io d ic it y ,  w h i le  a  s u r fa c e  a to m  (e .g . in  a n  o v e r la y e r )  m a y  d e f in e  a n o th e r  

s im p le  p la n e  w it h  a  2 D  su p e r la t t ic e  p e r io d ic it y .

C o m p o s ite  la y e r s  a re  fo rm e d  b y  c o m b in in g  s im p le  p la n e s  th a t a re  c lo s e ly  se pa ra ted , 

as f o l lo w s :  a n y  tw o  s im p le  a to m ic  p la n e s  w h ic h  a re  sp a ce d  le s s  th a n  1 A apa rt 

(p e rp e n d ic u la r  to  th e  s u rfa c e , m e a su re d  b e tw e e n  n u c le a r  p la n e s )  M U S T  be 

c o m b in e d  in to  o n e  c o m p o s it e  la y e r .  A  c o m p o s it e  la y e r  th e n  c o n ta in s  tw o  o r  m o re  

a to m s  p e r  u n it  c e l l ,  o n e  e a c h  f r o m  e a c h  s im p le  la y e r .  S e v e ra l c o m p o s it e  la y e r s  m a y  

be  c re a te d  in  th is  w a y .  S im p le  p la n e s  th a t d o  n o t  b e co m e  p a r t  o f  a  c o m p o s it e  la y e r  

a re  s im p ly  c a l le d  la y e r s .

M o s t  im p o r ta n t  is  th a t  d if fe r e n t  c o m p o s it e  la y e r s  m u s t  th e re fo re  b e  sp a c e d  b y  at 

le a s t  a b o u t  1 A. T h u s ,  n o  a to m ic  p la n e  in  o n e  c o m p o s it e  la y e r  m a y  c o m e  c lo s e r  th an  

1 A to  a n y  a to m ic  p la n e  in  a n o th e r  c o m p o s it e  la y e r .  A  c o m p o s ite  la y e r  m u s t  a ls o  be 

sp a ce d  b y  at le a s t  1 A f r o m  a  s im p le  la y e r .  S im p le  la y e r s  m u s t  b e  sp a ce d  a t le a s t  1 

A apa rt. I t  is  a l lo w e d  to  le t  a  c o m p o s ite  la y e r  c o n ta in  s p a c in g s  la rg e r  th a n  1 A, i.e . i t  

c o u ld  a lt e r n a t iv e ly  b e  s p l i t  in to  se p a ra te  c o m p o s it e  la y e rs ,  b u t th is  a r ra n g e m e n t  is  

c o m p u ta t io n a l ly  w a s te fu l.

A  g o o d  e x a m p le  o f  a  c o m p o s ite  la y e r  is  a  b u c k le d  la y e r ,  in  w h ic h  a to m s  l ie  in  

s l ig h t ly  se pa ra te  p la n e s . A n o t h e r  e x a m p le  is  a n  a d a to m  in  a  d e ep  h o l lo w  s ite , s u ch  

th a t th e  a d a to m  p la n e  is  le s s  th a n  1A  f r o m  th e  n e a re s t  su b s tra te  a to m ic  p la n e . M a n y  

m o le c u le s  a ls o  m u s t  b e  a r ra n g e d  in to  c o m p o s it e  la y e rs .  B u lk  la y e r s  in  a  c o m p o u n d

o fte n  a ls o  m u s t  b e  g ro u p e d  in to  c o m p o s it e  la y e rs .

A  s u r fa c e  m o d e l to  b e  a n a ly s e d  m u s t  th u s  f i r s t  b e  s l ic e d  in to  o n e  o r  m o re  c o m p o s ite  

la y e r s  a n d  a n y  r e m a in in g  s im p le  la y e rs .  F o r  s im p le  su b s tra te s , th e  b u lk  w i l l  be  

c o m p o s e d  o f  w e l l- s p a c e d  s im p le  la y e r s ,  w h ic h  a re  t re a te d  as su ch . F o r  e x a m p le , in  

l o w - M i l le r - in d e x  fe e  a n d  b c c  c ry s ta l s u r fa c e s , b u lk  la y e r s  a re  s im p le  a n d  w e l l 

sp a ced .
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C o m p o s ite  la y e r s  r e q u ir e  m u c h  m o re  c o m p u te r  m e m o r y  a n d  t im e  th a n  s im p le  la y e rs .

A ls o ,  th e  c o m p u te r  re q u ire m e n ts  w i l l  r is e  s te e p ly  w it h  th e  n u m b e r  o f  a to m s  p e r  2 D

u n it  c e l l  in  a  c o m p o s it e  la y e r .  T h u s ,  th e  u se  o f  c o m p o s ite  la y e r s  s h o u ld  b e

m in im is e d  w it h in  th e  f o l lo w in g  c o n s tra in ts :

1. A l l  a to m s  w h o se  c o o rd in a te s  a re  to  b e  d e te rm in e d  w h i le  s o lv in g  f o r  th e  s tru c tu re  

s h o u ld  fo rm  p a r t  o f  a  c o m p o s it e  la y e r ;  th u s , o n e  n o r m a l ly  trea ts  th e  e n t ire  

su r fa c e  re g io n ,  in  w h ic h  a to m ic  c o o rd in a te s  a re  to  b e  d e te rm in e d , as o n e  o r  m o re  

c o m p o s it e  la y e rs .

2. A l l  c o m p o s it e  la y e r s  an d  a n y  r e m a in in g  s im p le  la y e r s  s h o u ld  be  m u tu a l ly  sp a ce d  

b y  a t le a s t  a b o u t  1 A.

3. W h e n e v e r  p o s s ib le ,  i t  is  b e s t  to  s p l i t  a  c o m p o s it e  la y e r  in to  th in n e r ,  w e ll- s p a c e d  

c o m p o s ite  la y e r s ,  a n d  to  s p l i t  o f f  a n y  w e l l- s p a c e d  s im p le  la y e rs .

4. W h e n  a  s im p le  la y e r  w it h  s u p e r c e l l l ie s  so  c lo s e  to  a  s im p le  la y e r  w it h  ( l x l )  

p e r io d ic i t y  th a t  th e y  s h o u ld  b e  c o m b in e d  in to  a  c o m p o s ite  la y e r  ( s u c h  as w it h  an  

o v e r la y e r  l y in g  n e a r ly  c o p la n a r  w it h  a  s im p le  b u lk  la y e r ) ,  th o se  la y e r s  m u s t  be 

c o m b in e d  in to  a  c o m p o s it e  la y e r  w h ic h  ta k e s  th e  s u p e rc e ll p e r io d ic it y .  O n e  

th e re b y  lo s e s  th e  p o te n t ia l c a lc u la t io n a l b e n e f it  o f  th e  ( l x l )  p e r io d ic it y  b u t 

g a in s  th e  b e n e f it  th a t  o n e  m a y  r e la x  th e  ( l x l )  la y e r  s t ru c tu re  s u c h  th a t i t  b re a k s  

th e  ( l x l )  p e r io d ic it y .

5. C o m p o s it e  la y e r s  s h o u ld  b e  p la n n e d  t a k in g  in to  a c c o u n t  p la u s ib le  a to m ic  

d is p la c e m e n ts  th a t  w i l l  o c c u r  in  th e  a u to m a te d  se a rch , i.e . d is p la c e m e n ts  o f  u p  to 

a b o u t  0 .5  A.

6. D if f e r e n t  m o d e ls  ( o r  d if fe r e n t  re fe re n c e  s t ru c tu re s )  g e n e r a lly  r e q u ire  d if fe r e n t  

a r ra n g e m e n ts  o f  a to m s  in to  c o m p o s ite  la y e r s .  F o r  c o n v e n ie n c e ,  o n e  th e re fo re  

o f te n  c h o o s e s  a  c o m m o n  a rra n g e m e n t  in to  c o m p o s it e  la y e r s ,  th a t  w i l l  s a t is fy  

s e v e ra l d if f e r e n t  m o d e ls  w h ic h  m a k e s  in te r c h a n g in g  d if fe r e n t  la y e r s  to  p ro d u c e  

d if f e r e n t  m o d e ls  a n  e a s ie r  ta sk .
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A. 1.4 Surface Symmetry

W e  a re  h e re  c o n c e rn e d  w it h  th e  p o s s ib le  s y m m e t r ie s  o f  th e  s u r fa c e  s t ru c tu re  i t s e l f  

ra th e r  th a n  a n y  s y m m e t r y  o f  th e  d i f f r a c t io n  g e o m e t ry  w h ic h  a re  d is c u s s e d  in  th e  n e x t  

s e c t io n . S t ru c tu ra l s y m m e t r ie s  in  q u e s t io n  a re  a x e s  o f  ro ta t io n , m ir r o r  p la n e s , g l id e  

p la n e s  a n d  c o m b in a t io n s  th e re o f.

T h e re  a re  th re e  le v e ls  o f  s y m m e t ry  to  b e  c o n s id e re d  in  a  S A T L E E D  c a lc u la t io n :

1. T h e  id e a l t e rm in a t io n  (u n re la x e d , u n re c o n s t ru c te d )  o f  the  su b s tra te  m a y  p o s se s s  

s y m m e try . T h u s ,  a n  id e a l ly  te rm in a te d  f c c ( lO O )  s u r fa c e  h a s  a  4 - f o ld  r o ta t io n a l 

a x is  a n d  4  m ir r o r  p la n e s  (p a s s in g  th ro u g h  s u ita b le  p o in t s  o n  the  su rfa c e ) . T h is  

su b s tra te  s y m m e t r y  is  la b e l le d  S .

2 . A  re fe re n c e  s t ru c tu re , u s e d  in  p ro g ra m  T L E E D 1 ,  m a y  p o s se s s  e q u a l o r  lo w e r  

s y m m e t ry , la b e l le d  S I .  F o r  in s ta n c e , a n  o v e r la y e r  o n  fc c ( lO O )  m a y  h a v e  a  (2 x 1 )  

s u p e r la t t ic e  b y  a d s o rb in g  in  b r id g e  s ite s: e ith e r  o f  th e se  c o n d it io n s  lo w e r s  the 

s y m m e t ry  b y  b r e a k in g  th e  4 - f o ld  ro ta t io n a l s y m m e t ry  a n d  a t le a s t  2  o f  th e  4 

m ir r o r  p la n e s .

3. A  s tru c tu re  e x a m in e d  in  th e  c o u rs e  o f  a  s t ru c tu ra l se a rch , i.e . a  t r ia l  s t ru c tu re  

w h ic h  is  u s e d  in  p r o g r a m  T L E E D 2 ,  m a y  h a v e  a n o th e r  s y m m e try , la b e l le d  S2 , 

w h ic h  m u s t  b e  e q u a l to  o r  lo w e r  th a n  S I .  T h u s ,  in  th e  c o u rs e  o f  a n  a u to m a te d  

se a rch , s t ru c tu re s  h a v in g  n o  s y m m e t ry  w h a te v e r  m ig h t  b e  e x p lo re d . N o te  th a t 

o n e  c a n  s p e c if y  th a t  t r ia l  s tru c tu re s  o b e y  c e r ta in  s y m m e tr ie s ,  i f  so  d e s ire d .

4 . I t  is  n o r m a l ly  a s s u m e d  th a t  a  s u r fa c e  s t ru c tu re  w it h  s y m m e t ry  lo w e r  th a n  th a t o f  

th e  su b s tra te  e x is t s  o n  the  s a m p le  in  s t r u c tu r a l ly  e q u iv a le n t ,  b u t  o r ie n ta t io n a l ly  

d if fe re n t ,  d o m a in s  a n d  th a t  th e se  d o m a in s  h a v e  e q u a l a reas. T h e n , th e  m e a su re d  

in te n s it ie s  a re  a v e ra g e s  o v e r  th e se  d o m a in s , ta k e n  w it h  e q u a l w e ig h ts .  T h e  

p ro g ra m  T L E E D 2  m a k e s  th e  sam e  a s s u m p t io n .

A  s im p le  g e n e ra l r u le  is  th a t  a  lo w e r - s y m m e t r y  s u r fa c e  s t ru c tu re  c a n  e x is t  in  as 

m a n y  d o m a in  o r ie n ta t io n s  as th e  s y m m e t ry  e le m e n ts  o f  th e  id e a l ly  te rm in a te d
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su b s tra te  c a n  g ene ra te . T h u s ,  o n  f c c ( lO O ) ,  a n y  p ro p o s e d  t o t a l ly  a s y m m e t r ic a l 

s u r fa c e  s t ru c tu re  c a n  e x is t  in  f o u r  e q u iv a le n t  o r ie n ta t io n s , i.e . 4  d o m a in s , d u e  to  

th e  4 - f o ld  r o ta t io n  a n d  m ir r o r  s y m m e tr ie s .  B u t  i f  th e  p ro p o s e d  s tru c tu re  h a s  

so m e  s y m m e t ry  e le m e n t  i t s e lf ,  s u c h  as a  m ir r o r  p la n e , s o m e  o f  th e se  4  d o m a in s  

w i l l  b e  in d is t in g u is h a b le ,  so  th a t  w e  m a y  e n d  u p  w it h  ju s t  2  o r  e v e n  1 d o m a in  

o r ie n ta t io n s .

O n e  p ra c t ic a l c o n s e q u e n c e  is  th a t  w e  m u s t  s p e c if y  ( in  a n  in p u t  f i le )  th a t a l l  

b e a m s  b e  c a lc u la te d  w h ic h  w i l l  h a v e  to  b e  a v e ra g e d  to g e th e r  in  th e  c o u rs e  o f  

d o m a in - a v e ra g in g .  T h u s , w e  m u s t  in p u t  a  l is t  o f  a l l  b e a m s  th a t w i l l  h a v e  to  b e  

c a lc u la te d  a n d  s u b s e q u e n t ly  a v e ra g e d  tog e th e r.

T w o  c o d e s  a re  in p u t  to  s p e c if y  th e  d e s ire d  s y m m e t ry  le v e ls ,  o n e  ( N S Y M S )  

s p e c if y in g  th e  s y m m e t r y  S 2  th a t th e  t r ia l  s t ru c tu re s  m u s t  o b e y  d u r in g  th e  se a rch , 

a n d  a n o th e r  ( N S Y M )  w h ic h  a d d s  th e  s y m m e t r y  e le m e n ts  r e q u ire d  to  re c o v e r  

s y m m e t ry  S I  f r o m  S 2 .

A. 1.5 Diffraction Symmetry

F o r  p r iv i le g e d  in c id e n c e  d ir e c t io n s ,  th e  d if f r a c te d  b e a m s  e x h ib it  s y m m e tr ie s  th a t 

r e f le c t  th e  su r fa c e  s t ru c tu ra l s y m m e tr ie s ,  i.e . b e a m  in te n s it ie s  w i l l  s h o w  

c o r r e s p o n d in g  s y m m e t r ie s .  N o r m a l  in c id e n c e  p ro d u c e s  b e a m  s y m m e t r ie s  w h ic h  are  

id e n t ic a l to  th o se  o f  th e  s u r fa c e  s tru c tu re . O f f - n o r m a l in c id e n c e  in  a  m ir r o r  p la n e  o f  

th e  s t ru c tu re  p ro d u c e s  b e a m s  w it h  a  m ir ro r - p la n e  s y m m e t ry , a n d  s im i la r ly  f o r  g l id e  

p la n e s . (H o w e v e r ,  s y m m e t r ic a l ly - e q u iv a le n t  d o m a in s  o n  th e  s u r fa c e  c a n  in c re a se  

th e  a p p a re n t s y m m e t r y  b e tw e e n  d if f r a c t e d  b e a m s  a t n o rm a l in c id e n c e ,  o f te n  to  the  

s y m m e t r y  le v e l  o f  th e  id e a l ly - t e rm in a te d  su b s tra te .)

W i t h  th e  S A T L E E D  p ro g ra m s , s u c h  d i f f r a c t io n  s y m m e t r ie s  c a n  b e  e x p lo ite d  a t a l l  

le v e ls  o f  th e  t h e o ry  ( i.e . b o th  in  th e  p la n e -w a v e  a n d  in  th e  s p h e r ic a l-w a v e  

re p re s e n ta t io n s ) . T h is  y ie ld s  la rg e  s a v in g s  in  c o m p u te r  t im e  f o r  h ig h ly  s y m m e t r ic  

s tru c tu re s . T o  m a k e  u s e  o f  t h is  c a p a b i l i t y  o r  to  tu rn  it  o f f ,  th e  u s e r  s im p ly  s p e c if ie s  

th e  a p p ro p r ia te  s y m m e t r y  c o d e  N S Y M S .
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A. 1.6 Layers and Interlayer Vectors

A n  im p o r ta n t  s te p  in  p re p a r in g  a  L E E D  c a lc u la t io n  is  th e  a s s ig n m e n t  o f  a to m s  to  

d if fe r e n t  s im p le  o r  c o m p o s it e  la y e r s  (a s  d e s c r ib e d  in  s e c t io n  A .  1.5 a b o v e ) . T h is  

s e c t io n  a im s  a t g iv in g  a n  id e a  a b o u t  w h a t  is  p o s s ib le .

A l s o ,  b y  p r o v id in g  v a lu e s  f o r  th e  p a ra m e te rs  N S T 1 ,  N S T 1 E F F ,  I V E C T  a n d  N L A Y  

fo r  s e v e ra l e x a m p le s , i t  i s  s h o w n  h o w  a  s t ru c tu re  c a n  b e  e n te red  in to  th e  co d e s .

S a m p le  in p u t  f i le s  a n d  a  m o re  d e ta i le d  d e s c r ip t io n  c a n  b e  fo u n d  in  A p p e n d ix  A .  

N o te  th a t  th e re  a re  a lw a y s  se v e ra l d if f e r e n t  w a y s  fo r  p u t t in g  in  th e  s tru c tu re . T h e se  

a re  a ls o  d e s c r ib e d  in  A p p e n d ix  A .

I n  th e  f o l lo w in g  e x a m p le s , th e  in p u t  p a ra m e te rs  w it h  w h ic h  th e  c o d e  w o u ld  w o r k  

m o s t  r a p id ly  a re  g iv e n .

1. c le a n  su r fa c e s  w it h  s in g le  la y e r  A B  s t a c k in g  (e .g . f c c ( 1 0 0 ) - ( lx l ) ,  f c c ( 1 1 0 ) - ( lx l ) ,  

b c c ( 1 0 0 ) - ( lx l ) ,  h c p ( 0 0 0 1 ) - ( lx l ) )

(a ) p a ra m e te rs  f o r  th e  v a r ia t io n  o f  th e  1st la y e r  d is ta n c e :  N S T 1  = 3; N S T 1 E F F  = 1; 

I V E C T  = 1; N L A Y  =  1,1,1

(b )  p a ra m e te rs  f o r  th e  v a r ia t io n  o f  th e  1st a n d  2 n d  la y e r  d is ta n ce s :  N S T 1  = 4 ; 

N S T 1 E F F  =  2 ; I V E C T  =  1; N L A Y  = 1 ,1 ,1 ,1

(c )  p a ra m e te rs  f o r  th e  v a r ia t io n  o f  th e  1st, 2 n d  a n d  3 rd  la y e r  d is ta n ce s :  N S T 1  = 5; 

N S T 1 E F F  = 3; I V E C T  = 1; N L A Y  = 1 ,1 ,1 ,1 ,1

2 )  O v e r la y e r  s tru c tu re s  o n  s u r fa c e s  w it h  s in g le  la y e r  A B  s ta c k in g  w it h  th e  r e g is t r y  

f r o m  A  la y e r  to  B  la y e r  b e in g  e q u a l to  th e  r e g is t r y  f r o m  B  la y e r  to  A  la y e r  (e .g . 

f c c ( 1 0 0 ) - p ( 2 x 2 ) - 0 ,  f c c ( 1 1 0 ) - ( lx 3 ) - H ,  b c c ( 1 0 0 ) - c ( 2 x 2 ) -N ) ;  th e  e x a m p le s  b e lo w  are 

f o r  o n e  a d so rb a te  a to m  in  a  p ( 2 x 2 )  o v e r la y e r  u n it  c e l l;  m o re  a d a to m s  p e r  u n it  c e l l  

c a n  b e  h a n d le d  b y  in c r e a s in g  th e  f i r s t  n u m b e r  in  N L A Y .  N o te  th a t A S A  h a s  n o n e  

v a n is h in g  y  a n d /o r  z  c o m p o n e n ts  in  th e se  e x a m p le s .

(a ) p a ra m e te rs  f o r  th e  v a r ia t io n  o f  th e  a d so rb a te  h e ig h t  o v e r  a  b u lk  l ik e  substra te : 

N S T 1  = 2; N S T 1 E F F  = 1; I V E C T  = 1; N L A Y  = 1,1

186



(b )  p a ra m e te rs  f o r  th e  v a r ia t io n  o f  th e  a d so rb a te  h e ig h t  a n d  a  1st su b s tra te  la y e r  

re la x a t io n :  N S T 1  = 3; N S T 1 E F F  = 2 ; I V E C T  = 1; N L A Y  = 1,4,1

(c )  p a ra m e te rs  f o r  th e  v a r ia t io n  o f  th e  a d so rb a te  h e ig h t  a n d  a  1st a n d  2 nd su b stra te  

la y e r  r e la x a t io n :  N S T 1  = 4; N S T 1 E F F  =  3; I V E C T  = 1; N L A Y  = 1 ,4 ,4 ,1

A.1.7 Preparing Input Files for Calculations

A  s p e c if ic  o rd e r  fo r  p r e p a r in g  th e  v a r io u s  f i le s  a n d  q u a n t it ie s  is  p ro p o s e d  th a t m u s t 

b e  se t fo r  a n y  p a r t ic u la r  c a lc u la t io n .  O n ly  q u a n t it ie s  th a t  r e q u ire  s p e c ia l c o m m e n ts  

h e re  w i l l  b e  d is c u s s e d . D e t a i ls  f o r  r e m a in in g  q u a n t it ie s  are  e x p la in e d  w it h in  th e  

p ro g ra m  s o ftw a re . I n  a d d it io n ,  a  s a m p le  o f  th e  in p u t  f i le s  a n d  m a in  p ro g ra m s  fo r  the  

s y s te m  C u { 1 0 0 } - c ( 2 x 2 ) - P t  s y s te m  w i l l  b e  a t ta ch e d  at th e  e n d  o f  th is  a p p e n d ix .

It is  a s s u m e d  th a t a  se t o f  a p p ro p r ia te  p h a se  s h if t s  to  b e  in s e r te d  in  f i le  T L E E D 5 . I  

h a v e  b e e n  p ro p o s e d . I t  is  a ls o  a s s u m e d  th a t  th e  it  is  d e c id e d  h o w  to  o rg a n is e  th e  

a to m s  in  la y e rs :  a s  s im p le  la y e r s  a n d  c o m p o s ite  la y e r s  d is c u s s e d  p r e v io u s ly .

a) Input File: TLEED5.I

T h is  f i le  is  re a d  b y  b o th  T L E E D 1  a n d  T L E E D 2 .  I t  d e f in e s  a  re fe re n c e  s t ru c tu re  a n d  

th e  m a in  d i f f r a c t io n  c o n d it io n s  (g e o m e try , e n e rg ie s , e tc .) . T h e  m a in  in p u t  

p a ra m e te rs  n e e d e d  in  th is  f i le  a re  d e s c r ib e d  b e lo w .

I D E G :  t h is  is  th e  h ig h e s t  r o ta t io n a l s t ru c tu ra l s y m m e t ry  c o m m o n  to  a l l  " s im p le "  

la y e rs ,  in c lu d in g  th e  s im p le  la y e r s  w it h in  c o m p o s it e  la y e r s ,  in d e p e n d e n t  o f  d ir e c t io n  

o f  in c id e n c e  ( " s im p le  la y e r s "  c o n s is t  o f  o n e  la y e r  o f  a to m s  w h i le  " c o m p o s ite  la y e r s "  

a re  m a d e  o f  tw o  o r  m o re  la y e r s  o f  a to m s). P o s s ib le  v a lu e s  a re  2 , 3 , 4  a n d  6 (a n y  

p e r io d ic  s im p le  la y e r  h a s  a t le a s t  2 - f o ld  r o ta t io n a l s y m m e try ) .  T h u s , w h e n  an  

o v e r la y e r  w it h  2 - f o ld  r o ta t io n a l s t ru c tu ra l s y m m e t ry  l ie s  o n  a  su b s tra te  w it h  3 - fo ld  

ro ta t io n a l s y m m e t ry , I D E G = 2 .

N L 1 ,  N L 2 :  th e se  a re  c a lc u la te d  a u to m a t ic a l ly  a n d  d o  n o t  h a v e  to  b e  en te red . T h e se  

tw o  in te g e rs  a re  c h o s e n  s u c h  th a t  th e  la t t ic e  p o in t s  n * A R A l  + m * A R A 2  (w ith
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n = 0 , . . . , N L l - l  a n d  m = 0 , . . . ,N L 2 - l )  p ro d u c e  a  se t o f  u n iq u e  p o in t s  in  th e  su p e r la t t ic e  

u n it  c e l l .  T h u s , n o n e  o f  th e se  N L 1 * N L 2  la t t ic e  p o in t s  c a n  b e  t ra n s la te d  o n to  e a ch  

o th e r  b y  th e  s u p e r la t t ic e  t ra n s la t io n s . F o r  in s ta n c e , f o r  a  ( \ 3 x V 3 ) R 3 0 °  s tru c tu re , 

N L 1 = 3  an d  N L 2 = 1  ( o r  v ic e  v e rsa :  N L 1 = 1 ,  N L 2 = 3 ) .  T h e  p a r t ic u la r  c h o ic e  o f  N L 1  

a n d  N L 2  m a y  d e p e n d  o n  th e  p a r t ic u la r  c h o ic e  o f  A R A 1 ,  A R A 2  an d  o f  the  

c o r r e s p o n d in g  s u p e r la t t ic e  v e c to r s  A R B I ,  A R B 2 .

L M A X :  T h e  n u m b e r  L M A X + 1  (o f te n  c a lle d  th e  " n u m b e r  o f  p h a se  s h if t s " )  a ffe c ts  

th e  c o m p u t in g  e f fo r t  v e r y  m u c h  a n d  is  th u s  a n  im p o r ta n t  p a ra m e te r:  m a n y  m a tr ic e s  

h a v e  d im e n s io n s  th a t  d e p e n d  c r i t ic a l ly  o n  it, a n d  p a rts  o f  th e  c o m p u ta t io n  re q u ire  

t im e s  p r o p o r t io n a l to  th e  4 th o r  6 th  p o w e r  o f  L M A X + 1 .  I n  p r in c ip le ,  L M A X  sh o u ld  

be  ta k e n  as  in f in it e  f o r  f u l l  c o n v e rg e n c e , b u t  L M A X  s h o u ld  th u s  b e  m in im is e d  

w it h o u t  d a m a g in g  th e  q u a l i t y  o f  th e  c a lc u la t io n .  L M A X  g e n e r a lly  g ro w s  s lo w ly  

w it h  in c r e a s in g  Z  ( a to m ic  n u m b e r) :  L M A X = 7  is  t y p ic a l  f o r  e le m e n ts  in  the  m id d le  

o f  th e  p e r io d ic  ta b le  f o r  e n e rg ie s  u p  to  a b o u t  2 0 0  e V .  L M A X  a ls o  g ro w s  ( r o u g h ly  

l in e a r ly )  w it h  e n e rg y . O n e  s h o u ld  c h o o s e  L M A X  fo r  th e  w o rs t  c a se  in  th e  p r o b le m  

at h a n d : h e a v ie s t  a to m  a n d  h ig h e s t  e n e rg y . A  t r ia l- a n d -e r r o r  a p p ro a c h  to  d e te rm in e  

its  o p t im u m  v a lu e  m a y  b e  u sed . O n e  m a y  a ls o  u s e  a  s m a lle r  v a lu e  o f  L M A X  in  

e a r ly  s tages o f  a  s t ru c tu re  d e te rm in a t io n , a n d  in c re a s e  it  la te r  f o r  h ig h e r  a c c u ra c y .

T H D B , A M , F P E R , F P A R , D R 0 :  f o r  su b s tra te  a to m s , o n e  t y p ic a l ly  u se s  th e  b u lk

D e b y e  te m p e ra tu re  f o r  T H D B ,  a n d  F P E R = F P A R = 1 .4  to  re p re s e n t  e n h a n ce d  su rfa ce  

v ib r a t io n  a m p litu d e s , w h i le  D R 0 = 0  ( z e ro -p o in t  v ib r a t io n ) .  A M  is  th e  a to m ic  m ass  

o f  the  e le m e n t  (e .g . f o r  C u ,  A M = 6 3 .4 5  a m u ). F o r  a d s o rb e d  a to m s , o n e  o fte n  u se s  a 

v a lu e  o f  T H D B  c a lc u la te d  to  m a k e  th e  v ib r a t io n  a m p litu d e s  e q u a l to  th o se  o f  b u lk  

a to m s , to g e th e r  w it h  F P E R = F P A R = 2 .0  to  re p re se n t e n h a n c e d  su r fa c e  v ib ra t io n s .  

T h e s e  v a lu e s  a re  n o t  c r i t ic a l  to  th e  s t ru c tu re  d e te rm in a t io n ,  a n d  m a y  b e  re f in e d  la te r  

in  a  t r ia l- a n d -e r r o r  fa s h io n .

P h a s e  sh if ts :  I t  is  im p o r ta n t  to  a v o id  d is c o n t in u it ie s  b y  n as a  fu n c t io n  o f  en e rg y , 

w h ic h  p ro d u c e  in c o r r e c t  in te rp o la te d  p h a se  s h if t s  ( th e  la s t  s te p  in  th e  B a r b ie r i - V a n  

H o v e  p h a se  s h if t  p a c k a g e  s p e c i f i c a l ly  re m o v e s  s u c h  d is c o n t in u it ie s  b y  n).
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A R A 1 ,  A R A 2 :  th e se  2 D  la t t ic e  v e c to r s  d e s c r ib e  th e  2 D  s t ru c tu re  o f  a  " s im p le "  b u lk  

la y e r .  T h e y  d e f in e  th e  ( l x l )  la t t ic e . A R A 1  an d  A R A 2  s h o u ld  b e  o r ie n te d  w it h  ca re  

to  r e f le c t  a n y  d e s ire d  s y m m e t r ie s  a n d  m u s t  b e  c o n s is te n t  w it h  th e  b e a m  la b e ls  (1 0 ), 

(0 1 ) , e tc. U s u a l ly ,  A R A 1  is  c h o s e n  to  p o in t  in  th e  y - d ir e c t io n  (to  th e  r ig h t  in  th e  

s u r fa c e  p la n e ) , s u ch  th a t  A R A 1 ( 2 ) = 0 .  I t  is  im p o r ta n t  th a t  th e  a n g le  b e tw e e n  th e se  

v e c to r s  b e  c o n s is te n t  w it h  th e  v a lu e  o f  I D E G  c h o s e n  a b o v e  ( i.e . 3 6 0 / I D E G ,  e x c e p t 

fo r  I D E G = 2 ,  w h e n  a n  a n g le  o f  9 0  d e g re e s  ra th e r  th a n  180  d e g re e s  s h o u ld  be  c h o se n  

b e tw e e n  A R A 1  a n d  A R A 2 ) ;  th u s , f o r  a  su b s tra te  w it h  3 - f o ld  ro ta t io n a l s y m m e try , 

th e  a n g le  b e tw e e n  A R A 1  a n d  A R A 2  c a n  b e  120 o r  6 0  d e g re e s , r e q u ir in g  ID E G = 3  o r

6, r e s p e c t iv e ly .

C A U T I O N  w it h  f c c ( l l l ) ,  h c p (0 0 0 1 ) ,  d i a m o n d ( l l l )  a n d  o th e r  3 - fo ld  s y m m e t r ic a l 

su b s tra te s : e x p e r im e n ta lly ,  o n e  u s u a l ly  d o e s  n o t  k n o w  th e  o r ie n ta t io n  o f  th e se

su b s tra te s  w it h in  a  180  d e g re e s  a z im u th a l ro ta t io n , i.e . r o ta t in g  th e  c ry s ta l 

a z im u t h a l ly  b y  180  d e g re e s  f i t s  th e  o b s e rv e d  p a tte rn  e q u a l ly  w e l l  ( th is  o r ie n ta t io n  

c o u ld  b e  o b ta in e d  b y  b u lk  X - r a y  d i f f r a c t io n . )  In  th is  ca se , L E E D  c a lc u la t io n s  fo r  

b o th  o r ie n ta t io n s  a re  n e c e s s a ry  ( f o r  a l l  p la u s ib le  su r fa c e  s tru c tu re s ) :  th e  b e s t  f i t  to  

e x p e r im e n t  th e n  d e c id e s  w h ic h  is  th e  c o r r e c t  o r ie n ta t io n . F o r  o f f - n o rm a l in c id e n c e  

d ir e c t io n s ,  t h is  c a n  b e  d o n e  b y  c h a n g in g  th e  in c id e n t  a z im u th  b y  180  d e g re e s  ( F I  in  

T L E E D 5 . I )  a n d  c h a n g in g  th e  c o r re s p o n d e n c e  b e tw e e n  th e o re t ic a l a n d  e x p e r im e n ta l 

b e a m s  (see  I B P  in  f i le  R F A C . D ) .  A t  n o rm a l in c id e n c e ,  in  p r in c ip le ,  a  s im p le  

r e la b e l in g  o f  th e  a lr e a d y  c a lc u la te d  b e a m s  is  s u f f ic ie n t  in  p la c e  o f  n e w  c a lc u la t io n s .

A R B I ,  A R B 2 :  th e se  2 D  su r fa c e  v e c to r s  a re  th e  b a s ic  la t t ic e  v e c to r s  th a t d e f in e  the  

su p e r la t t ic e . T h e  o r ie n ta t io n s  o f  th e se  2 D  su p e r la t t ic e  v e c to r s  a re  a ls o  im p o r ta n t , as 

th e y  s p e c if y  o n e  p a r t ic u la r  d o m a in  o r ie n ta t io n ;  t h e ir  c h o ic e  im p l ie s  a  p a r t ic u la r  

la b e l in g  s c h e m e  o f  th e  th e o re t ic a l f r a c t io n a l- o r d e r  ( " e x t r a " )  b e a m s , re la t iv e  to  the  

(1 0 )  a n d  (0 1 )  b e a m s  d e f in e d  b y  A R A 1  a n d  A R A 2 .  O n ly  th e  b e a m s d u e  to  th e  one  

d o m a in  o r ie n ta t io n  d e f in e d  b y  A R B I  a n d  A R B 2  w i l l  b e  c a lc u la te d .  C o r re s p o n d e n c e  

w it h  o th e r  b e a m s  d u e  to  o th e r  d o m a in  o r ie n ta t io n s  s h o u ld  b e  m a d e  th ro u g h  I B P  in  

f i le  R F A C . D .

A S A ,  A S B :  T h e se  a re  th e  in te r la y e r  v e c to r s  b e tw e e n  d if fe r e n t  la y e r s  as d e s c r ib e d  

a b o v e .
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I F L A G :  u s u a l ly  I F L A G = 0  is  c h o se n , so  th a t  a to m ic  lo c a t io n s  in  a  c o m p o s ite  la y e r  

a re  g iv e n  b y  3 D  v e c to rs .  F o r  c o m p le x  m o le c u le s ,  I F L A G = T  is  o f te n  c o n v e n ie n t ,  as 

a to m ic  p o s it io n s  are th e n  d e f in e d  in  te rm s  o f  b o n d  le n g th s , b o n d  a n g le s  an d  d ih e d ra l 

a n g le s  ra th e r  th a n  C a r te s ia n  c o -o rd in a te s  (w ith  th e  p o s s ib i l i t y  to  in p u t  o n ly  

s y m m e t ry - in e q u iv a le n t  a to m s  to g e th e r  w it h  s y m m e t ry  in fo rm a t io n  to  g ene ra te  the 

p o s it io n s  o f  th e  o th e r  s y m m e t r y - e q u iv a le n t  a tom s).

b) Input File: TLEED4.I

T h is  f i le  is  a ls o  re ad  b y  b o th  T L E E D 1  a n d  T L E E D 2 ,  b u t its  m a in  u se  is  to  d ir e c t  the  

s e a rc h  in  T L E E D 2 .  T h e  m a in  in p u t  p a ra m e te rs  n e e d e d  in  th is  f i le  a re  as f lo o w s :

I S T A R T :  se t I S T A R T = 1  o n ly  w h e n  ite r a t in g  th e  se a rc h  b y  T L E E D 2 ,  i.e . w h e n  

re s ta r t in g  T L E E D 2  w it h  th e  la s t  t r ia l  s t ru c tu re  o b ta in e d  b y  T L E E D 2 ;  se t I S T A R T = 0  

o th e rw is e .

N T O :  th is  is  th e  n u m b e r  o f  e x it  b e a m s  to  b e  c a lc u la te d . I t  s h o u ld  in c lu d e  a l l  th e  

e x p e r im e n t a l ly  a v a i la b le  b e a m s  a n d  th o se  w h ic h  w i l l  h a v e  to  b e  a v e ra g e d  to  a c c o u n t  

f o r  d if f e r e n t  d o m a in  o r ie n ta t io n s .

c) Input File: EXP.D

T h is  f i le  is  re a d  b y  T L E E D 2  a n d  c o n ta in s  th e  e x p e r im e n ta l I - V  c u rv e s , to g e th e r  w it h  

b e a m -a v e ra g in g  in fo rm a t io n .  T h e  p r o g r a m  re a d s  I - V  c u rv e s  f o r  o n e  b e a m  a t a  t im e . 

I t  r e q u ire s  e n e rg y - in te n s it y  p a ir s  w it h  a  fo rm a t  th a t  th e  u se r  c a n  c h o o s e  a n d  m u s t 

re a d  in  e x p l i c i t ly  as w e l l  (a s  F M T :  fo rm a tte d  F o r t r a n  in p u t ) .  T h e  in p u t  p a ra m e te r  

L A V E  in d ic a te s  w h ic h  e x p e r im e n ta l I - V  c u rv e s  a re  in  p r in c ip le  s y m m e t ry -e q u iv a le n t  

a n d  th u s  w i l l  b e  a v e ra g e d  to g e th e r .

c) Input File: RFAC.D

T h is  f i le  is  re a d  b y  T L E E D 2  a n d  m a in ly  a s s ig n s  o n e  e x p e r im e n ta l b e a m  to  o n e  o r  

m o re  c a lc u la te d  b e a m s , w h i le  s p e c if y in g  h o w  to  tre a t I - V  c u rv e s  s u ch  as sm o o th in g
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o r  a v e rg a in g  a n d  w h ic h  R - fa c t o r s  to  u se . T h e  p a ra m e te r  I B P  d e f in e s  th e  n u m b e r  o f  

s y m m e t r ic a l ly - in e q u iv a le n t  b e a m s  a n d  th e re fo re  re la te s  th e o re t ic a l to  e x p e r im e n ta l 

b e a m s  a n d  h e n ce  in d ic a te s  a v e ra g in g  o v e r  th e o re t ic a l b e a m s , i f  n e ce s sa ry . F o r  

n o rm a l in c id e n c e ,  s in c e  th e  th e o ry  a p p lie s  to  c a lc u la t io n s  f o r  o n ly  o n e  d o m a in , a n d  

s in c e  th e  e x p e r im e n t  in c lu d e s  b e a m s  f o r  a l l  d o m a in  o r ie n ta t io n s , I B P  m a y  b e  u sed  to  

re la te  a  th e o re t ic a l b e a m  c a lc u la te d  f o r  o n e  d o m a in  o r ie n ta t io n  w it h  a n  e q u iv a le n t  

e x p e r im e n ta l b e a m  m e a su re d  f o r  a n o th e r  d o m a in  o r ie n ta t io n .

A. 1.8 Input Parameters for the Main Programs

a) TLEED l.for

T h is  p r o g r a m  c a lc u la te s  L E E D  in te n s it ie s  b y  " e x a c t "  m u lt ip le -  s c a t te r in g  th e o ry  fo r  

a  g iv e n  " re fe re n c e  s t ru c tu re " . N o r m a l ly  o n ly  a  f e w  p a ra m e te r  s ta te m en ts  n e e d  be  

m o d if ie d  f r o m  o n e  ty p e  o f  r e fe re n c e  s t ru c tu re  to  ano th e r: th e se  a re  th e  f ir s t  f e w  

p a ra m e te r  s ta te m en t l in e s  o f  th e  p ro g ra m . I n s u f f ic ie n t ly  la rg e  o r  in c o n s is te n t  v a lu e s  

o f  th e  p a ra m e te rs  w i l l  c a u se  th e  p r o g r a m  to  s to p  w it h  a n  a p p ro p r ia te  w a rn in g  a n d  

e x p la n a t io n .

T h e  p a ra m e te rs :  I P N L 1 ,  I P N L 2 ,  I P L M A X ,  I N L A Y ,  I N T A U ,  I N S T 1 ,  I N S T 2 ,  IN T O  

an d  J S M A X  s h o u ld  b e  se t e q u a l to  th e  c o r r e s p o n d in g  v a r ia b le s  in  th e  in p u t  f i le s  

T L E E D 5 . I  a n d  T L E E D 4 . I ,  n a m e ly :  N L 1 ,  N L 2 ,  L M A X ,  m a x ( N L A Y ) ,  N E L ,  N S T 1 ,  

N S T 1 E F F ,  N T O , L S M A X ,  r e s p e c t iv e ly .  F o r  th e  o th e r  p a ram e te rs :

I P C L M :  u se  a p p ro p r ia te  v a lu e  N L M S ( L M A X )  f r o m  D A T A  s ta te m en t f o r  N L M S  in  

m a in  p r o g r a m  T L E E D 1 .

I P C A A :  u se  a p p ro p r ia te  v a lu e  N C A ( L M A X )  f r o m  D A T A  s ta te m e n t f o r  N C A  in  

m a in  p r o g r a m  T L E E D 1.

I P C U T :  a  v a lu e  o f  1 0 00  is  g e n e r a l ly  s u f f ic ie n t  w h e n  n o  s y m m e t ry  is  u sed . A  m u c h  

s m a lle r  v a lu e  is  a p p ro p r ia te  w h e n  s y m m e t ry  is  u sed . T h e  p ro g ra m  c h e c k s  tha t th e  

in p u t  v a lu e  is  s u f f ic ie n t .
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N L M B 2 :  u se  a p p ro p r ia te  v a lu e  f r o m  th e  h e a d e r  o f  s u b ro u t in e  G A U N T .

N R O M :  a  v a lu e  o f  2 5 0  is  g e n e r a l ly  s u f f ic ie n t ,  b u t  m u c h  c o m p u te r  m e m o ry  is  

g a in e d  b y  r e d u c in g  N R O M  as m u c h  as  p o s s ib le .  T h e  p ro g ra m  c h e c k s  tha t th e  in p u t  

v a lu e  is  s u f f ic ie n t .

b) TLEED2.for

T h is  p ro g ra m  c a lc u la te s  c o r re c te d  L E E D  in te n s it ie s  f o r  t r ia l  s t ru c tu re s  th a t d e v ia te  

f r o m  th e  re fe re n c e  s t ru c tu re  u se d  in  p r o g r a m  T L E E D 1 ,  a n d  it  o p t im is e s  th e  t r ia l 

s t ru c tu re  b y  i t e r a t iv e ly  m in im is in g  th e  R - fa c to r ( s ) .

H e re  a ls o , w e  n e e d  o n ly  to  m o d if y  a  f e w  p a ra m e te r  s ta te m en ts  f r o m  o n e  ty p e  o f  

re fe re n c e  s t ru c tu re  to  a n o th e r  ( u s u a l ly  n o  ch a n g e s  a re  n e e d ed  b e tw e e n  d if fe r e n t  ru n s  

o f  T L E E D 2  fo r  d if f e r e n t  se a rch e s  n e a r  a  g iv e n  re fe re n c e  s tru c tu re ):  th e se  a re the 

f ir s t  f e w  p a ra m e te r  s ta te m e n t l in e s  o f  th e  p ro g ra m .

I P N L 1 ,  I P N L 2 ,  I P L M A X ,  I N L A Y ,  I N T A U ,  I N S T 1 ,  IN T O , J S M A X :  s h o u ld  b e  se t 

e q u a l to  c o r r e s p o n d in g  v a r ia b le s  in  th e  in p u t  f i le s  T L E E D 5 . I  a n d  T L E E D 4 . I ,  i.e . ju s t  

as in  p ro g ra m  T L E E D 1  n a m e ly :  N L 1 ,  N L 2 ,  L M A X ,  m a x ( N L A Y ) ,  N E L ,  N S T 1 ,  

N T O , L S M A X ,  r e s p e c t iv e ly .

I N L T O T ,  I N L I N ,  I N B E D :  s h o u ld  b e  se t e q u a l to  c o r r e s p o n d in g  v a r ia b le s  in  th e  

in p u t  f i le s  T L E E D 5 . I  a n d  T L E E D 4 . I ,  n a m e ly :  ( £ ( N L A Y ) + n u m b e r  o f  n o n -s tru c tu ra l

p a ra m e te rs ) , S ( N L A Y )  a n d  N T O ,  r e s p e c t iv e ly .

I P C U T :  a  v a lu e  o f  1 0 00  is  g e n e r a l ly  s u f f ic ie n t  w h e n  n o  s y m m e t ry  is  u sed . A  m u ch  

s m a lle r  v a lu e  is  a p p ro p r ia te  w h e n  s y m m e t r y  is  u sed . T h e  p ro g ra m  c h e c k s  th a t the  

in p u t  v a lu e  is  s u f f ic ie n t .

E N E R G :  to ta l n u m b e r  o f  p o in t s  o n  c a lc u la te d  e n e rg y  g r id .
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I E E R G :  to ta l n u m b e r  o f  p o in t s  o f  th e  u n io n  o f  th e  c a lc u la te d  a n d  m e a su re d  e n e rg y  

g r id s ,  a f te r  in te rp o la t io n  o n to  a  c o m m o n  g r id  w it h  in c re m e n t  E I N C R  ( E I N C R  is  

re a d  i n  f r o m  f i le  R F A C . D ) .

L IM ITA TIO N S :

C u r r e n t ly ,  t h is  S y m m e t r is e d  A u t o m a te d  T e n s o r  L E E D  p ro g ra m

1) d o e s  n o t  a l lo w  o f f - n o rm a l in c id e n c e ;

2 )  is  v a l id  f o r  th e  R F S  ( R e n o rm a lis e d  F o r w a r d  S c a t te r in g )  s c h e m e  o n ly ;

3 )  d o e s  n o t  a l lo w  u se  o f  g l id e -p la n e  s y m m e t ry .
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A. 1.9 Example Input Files: The Cu{100}-c(2x2)-Pt Underlayer

TLEED5.I

C u ( 1 0 0 ) - c ( 2 x 2 ) - P t
4 

20
0.2000 1.200 
0.0020 
0.00 0.00

7 . 5 0  - 5 . 5 0
9
2
1 1  I T

3 1 5 . 0 0 0 0  6 3 . 5 4 6 0  1 . 0 0 0 0  1 . 0 0 0 0
1 5 0 . 0 0 0 0  1 9 5 . 0 9 0 0  1 . 0 0 0 0  1 . 0 0 0 0
3 3 0 . 0 0 0 0  
0 . 1 8 3 8
3 . 2 6 2 3  . 0649 - . 2 0 3 6  . 0002 .0000

- 0 . 3 8 5 7 - 0 . 0 8 0 7 - 1 . 5 0 1 8  0 . 0008  0 . 0000
. 3 67 6

3 . 0 9 8 7  . 1 3 0 2  - . 1 2 1 6  . 0024 . 0 0 0 1
- 0 . 6 0 6 1 - 0 . 1 7 7 6 - 0 . 4 1 8 3  0 . 0 0 8 3  0 . 0 0 0 3  

0 . 5 5 1 4
2 . 9 3 9 1  . 1 5 9 6  - . 1 3 4 2  . 0087 .0004

- 0 . 7 9 6 1 - 0 . 2 7 1 2 - 0 . 4 7 4 1  0 . 0 3 0 7  0 . 0 0 1 5
. 7 3 5 3

2 . 7 9 3 3  . 1 5 6 1  - . 1 3 8 6  . 0 2 1 3  . 0 0 1 3
- 0 . 9 6 5 9 - 0 . 3 6 2 0 - 0 . 5 4 2 6  0 . 076 4  0 . 0049 

0 . 9 1 9 1
2 . 6 6 1 2  . 1 3 0 1  - . 1 3 2 7  . 0 4 1 6  . 0030

- 1 . 1 2 0 0 - 0 . 4 5 0 9 - 0 . 6 0 4 4  0 . 1 5 3 1  0 . 0 1 1 5  
1 . 4 7 0 6
2 . 3 3 0 4  - . 0 0 8 5  - . 0 7 6 8  . 1 5 5 9  . 0 1 7 4

- 1 . 5 1 0 8 - 0 . 7 0 6 5 - 0 . 7 4 2 9  0 . 5 8 1 3  0 . 0 6 3 6  
2.0221
2 . 0 7 2 6  - . 1 6 6 2  - . 0 2 0 5  . 3 3 2 8  . 0509
1 . 3 1 9 6 - 0 . 9 3 9 8 - 0 . 8 4 2 9  1 . 0 3 2 8  0 . 1 7 9 4  
2 . 9 4 1 2
1 . 7 4 8 6  - . 3 9 8 1  . 0069 . 623 9  . 1 4 9 3
0 . 9 2 0 5 - 1 . 2 6 8 2 - 0 . 9 9 6 1  1 . 3 7 7 8  0 . 4 7 7 8  
4 . 0 4 4 1
1 . 4 6 4 1  - . 6 1 3 1  - . 0 1 6 0  . 8 5 1 8  . 2920
0 . 5 6 3 8  1 . 5 6 7 2 - 1 . 1 7 5 1  1 . 5 4 0 1  0 . 8 2 4 6
4 . 9 6 3 3
1 . 2 7 4 9  - . 7 5 5 8  - . 0 4 0 1  . 9872  . 3 9 1 0
0 . 3 2 3 7  1 . 3 6 1 6 - 1 . 3 0 6 6 - 1 . 5 4 3 1  1 . 0 6 5 2  
6 . 066 2
1 . 0 8 1 3  - . 9 0 2 3  - . 0 6 7 4  1 . 1 1 8 5  . 4805
0 . 0 7 6 3  1 . 1 4 9 5 - 1 . 4 4 2 3 - 1 . 5 2 0 0  1 . 3 1 3 1  
6 . 9 8 5 3

. 9 4 0 0 - 1 . 0 1 0 9  - . 0 9 1 9  1 . 2 0 4 2  . 5 4 1 8
- 0 . 1 0 4 6  0 . 9 9 2 4 - 1 . 5 4 3 8 - 1 . 5 1 5 8  1 . 4 7 9 6  

8 . 0 8 8 3
. 7 9 0 2 - 1 . 1 2 7 7  - . 1 2 3 7  1 . 2 8 3 6  . 6077

- 0 . 2 9 6 2  0 . 8 2 3 3  1 . 4 8 4 2 - 1 . 5 1 7 6 - 1 . 5 0 1 8  
9 . 0 0 7 4

. 6 7 9 5 - 1 . 2 1 4 6  - . 1 5 0 0  1 . 3 3 7 1  . 6566
- 0 . 4 3 8 2  0 . 6 9 7 2  1 . 3 9 5 9 - 1 . 5 2 4 3 - 1 . 3 8 8 9  

9 . 9 2 64
. 5 7 9 5 - 1 . 2 9 3 2  - . 1 7 4 6  1 . 3 8 3 6  . 6 9 9 1

- 0 . 5 6 7 3  0 . 5 8 2 6  1 . 3 1 4 1 - 1 . 5 3 5 8 - 1 . 2 9 0 0
1 1 . 0 2 9 4

. 4 7 0 8 - 1 . 3 7 8 2  - . 2 0 1 1  1 . 4 3 2 0  . 7 4 2 5
- 0 . 7 0 9 3  0 . 4 5 7 1  1 . 2 2 4 3 - 1 . 5 5 3 5 - 1 . 1 8  93
1 1 . 9 4 8 5

. 3 8 7 6 - 1 . 4 4 3 0  - . 2 2 1 3  1 . 4 6 6 4  . 7 73 9
- 0 . 8 1 9 3  0 . 3 6 0 0  1 . 1 5 5 5 - 1 . 5 6 9 0 - 1 . 1 1 8 7  
1 3 . 0 5 1 4

. 2 9 5 0 - 1 . 5 1 5 1  - . 2 4 4 3  1 . 5 0 0 6  . 8079
- 0 . 9 4 2 8  0 . 2 5 0 7  1 . 0 7 8 1  1 . 5 5 4 5 - 1 . 0 4 5 7  
1 3 . 9 7 0 6

. 2 2 2 8 - 1 . 5 7 1 4  - . 2 6 2 9  1 . 5 2 4 1  . 8 3 4 3

u n d e r l a y e r  p t 3

THDBl AMI FPER1  FPAR1DR01  
THDB2 AM2 FPER2FPAR2DR02 
TI

0 . 0000 

0 . 0000  

0.0000 

0.0000 

0.0000 

0.0000 

0.0000 

0 . 0 0 0 5  

0 . 0 0 3 6  

0 . 0 1 1 4  

0 . 0 3 0 2  

0 . 0 5 4 3  

0 . 0899 

0.1210 

0 . 1 5 0 6  

0 . 1 8 2 7

0 . 2 0 7 8

. 483 7  . 2 965  . 1 8 3 2
1 . 0 8 6 4  0 . 6 3 7 6  0 . 3 8 8 3  0 . 2 3 6 6

.5060 .3164 .1983

E h a b ' s  p h a s e  s h i f t s  
IDEG 
NPSI

FR ASE ( t he  r a d i u s ? ? )  
TST 

THETA F I  
W  VI  

LMAX 
NEL

0 . 0 7 0 0  
0 . 0 7 0 0

.0000 .0000 .0000 
0.0000 0.0000 0.0000

.0000 .0000 .0000 
0.0000 0.0000 0.0000

.0000 .0000 .0000 
0.0001 0.0000 0.0000

.0001 .0000 .0000 
0 . 0 0 0 3  0 . 0 0 0 0  0 . 0 0 0 0

.0002 .0000 .0000 
0 . 0008  0 . 0 0 0 1  0 . 0000

. 0 0 1 7  . 0 0 0 1  .0000
0 . 0 0 7 2  0 . 0 0 0 7  0 . 0 0 0 1

. 0070  . 0008 . 0 0 0 1
0 . 0 2 7 3  0 . 0 0 3 7  0 . 0004

. 0 3 07  . 0 0 5 1  . 0007
0 . 1 0 6 5  0 . 0 2 1 7  0 . 0 0 3 6

. 0 8 76  . 0209 .0040
0 . 2 5 9 1  0 . 0 7 6 2  0 . 0 1 8 5

. 1 4 9 2  . 0456  . 0 1 1 0
0 . 3 8 8 0  0 . 1 4 4 8  0 . 0 4 5 1

. 2 2 08  . 0863  . 0267
0 . 5 2 0 3  0 . 2 3 3 4  0 . 0 9 3 0

. 2 7 0 7  . 1 2 3 7  . 0458
0 . 6 1 9 3  0 . 3 0 0 0  0 . 1 3 9 1

. 3 1 9 5  . 1 6 5 7  . 0734
0 . 7 3 0 4  0 . 3 7 0 8  0 . 1 9 2 7

. 3 549  . 1 9 6 0  . 0977
0 . 8 1 3 7  0 . 4 2 6 6  0 . 2 3 3 0

. 3 87 9  . 2 2 2 1  . 1 2 0 9
0 . 8 8 6 6  0 . 4 8 0 5  0 . 2 6 9 8

. 4 2 5 0  . 2499 . 1 4 5 7
0 . 9 6 3 3  0 . 5 4 1 7  0 . 3 1 2 2

. 4 5 3 4  . 2 7 1 5  . 1 6 3 7
1 . 0 2 1 5  0 . 5 8 8 0  0 . 3 4 7 4



- 1 . 0 3 9 3  0 . 1 6 4 8  1 . 0 1 6 8  
1 4 . 7 0 5 9

. 1 6 8 1 - 1 . 6 1 4 1  - . 2 7 7 5  
- 1 . 1 1 2 5  0 . 0 9 9 4  0 . 9 6 9 5

2 . 5 5 6 0  0 . 0000  
0 . 0 0 0 0  2 . 5 5 6 0
2 . 5 5 6 0  2 . 5 5 6 0  

- 2 . 5 5 6 0  2 . 5 5 6 0
1

1 . 8 0 7 5 0 0 0  0 . 0 000000  0

1 . 5 3 9 9 - 0 . 9 9 1 2  1 . 1 3 6 3  0 . 6 7 5 4  0 . 4 2 0 3  0 . 2609

. 854 3  . 5 2 2 2  . 3 3 1 4  . 2 1 0 1

. 9 5 1 0  1 . 1 7 2 9  0 . 7 0 4 1  0 . 4 4 4 1  0 . 2 80 2  
(SUBSTRATE LATTICE VECTORS)

1 1

1 . 5 4 0 4  
1 . 5 2 8 1 - 0 .

ARAI 
ARA2 
ARBI 
ARB2
IVECT (NUMBER OF INTERLAYER VECTORS IN INPUT)

00000000 A S A ( 1 , J ) , J = l , 3 
NS T 1 , NST1EFF,NTENS

(OVERLAYER LATTICE VECTORS)

8 1 NLAY(i ) , i = 1 , N S T 1  ( 1  l a y e r ,  two,  o n e ( b u l k ) )
0 I  FLAG
2 1 NTAU( l ) , i = l , N S T l  (Cu, Cu+Pt ,  Cu)
1 1 1 2 l  :1 1 1 L P S ( l )  (Cu=l  )
1 L P S (2) (Cu=l ,  Pt =2)

- 0 . 0 5 7 0 0 . 0000 0 . 0000 1 ( c o o r d . ( p e r p , p a r a i )  o f  atom 1  i n
- 0 . 0 6 1 0 0 . 0000 2 . 5 5 6 0 2

1 . 8 4 0 0 - 1 . 2 7 8 0 1 . 2 7 8 0 4 CARE!
1 . 7 6 0 0 1 . 2 7 8 0 1 . 2 7 8 0 3 Pt  Ca r e
3 . 7 1 0 0 0 . 0 0 0 0 0 . 0000 5 a s b ( 2 , j ) , j = l , 3
3 . 7 1 0 0 0 . 0000 2 . 5 5 6 0 6
5 . 5 1 0 0 1 . 2 7 8 0 1 . 2 7 8 0 7
5 . 5 3 5 0 - 1 . 2 7 8 0 1 . 2 7 8 0 8
1 . 8 0 7 5 0 . 0 0 0 0 0 . 0000

0 . 5 0 0 . 0 0 - 5 . 0 0 FRCL( 2 ) , V C L ( 2 ) , VI CL( 2 )
7 . 3 4 2 0 0 . 0 0 0 0 0 . 0 0 0 0
1 . 8 0 7 5 0 . 0 0 0 0 0 . 0 0 0 0 a s b  (3,  j  ) ,  j = l ,  3

0 . 5 0 0 . 0 0 - 5 . 0 0 FRCL( 3 ) , VC L ( 3 ) , VI CL( 3 )
40. 00 5 0 0 . 0 5 . 0 0 E l ,  E F , DE

TLEED4.I

1 1 0 IPR ISTART LRFLAG
8 8 0 . 0 2  0 20 NSYM NSYMS STEP
5 1 4 8 NT0 NSET LSMAX
5 NI NSET( l )

1 . 0 0 0 0 0 . 0 0 0 0 BEAM 1
1 . 0 0 0 0 1 . 0 0 0 0 BEAM 2
0 . 5 0 0 0 0 . 5 0 0 0 BEAM 3
1 . 5 0 0 0 0 . 5 0 0 0 BEAM 4
2 . 0 0 0 0 0 . 0000 BEAM 5

1 NDIM
0. 0000 0 . 0000 0 . 0 0 0 0 1 DI SP (1/ i ) 1 = 1 , 3
0.0000 0.0000 0.0000 1 D I S P ( 2 , i ) 1 = 1 , 3
0 . 0 0 0 0 0.0000 0.0000 1
0.0000 0 . 0 0 0 0 0.0000 1
0.0000 0.0000 0.0000 1
0.0000 0.0000 0.0000 1
0.0000 0.0000 0.0000 1
0.0000 0.0000 0.0000 1
0.0000 1 DVOPT, LSFLAG

2 0 0 MFLAG, NGRID, NIV
200 ITMAX

1.0000 0 . 5 0 0 0 2 . 0 0 0 0 ALPHA,BETA GAMMA
0 . 0 0 1 0 . 0 0 0 5 FTOLl , FTOL2
20 . 0050 NSTEP, STSZ
1.000 0.000 0.000 0.000 0.000 UDIR
0.000 1.000 0.000 0.000 0.000 UDIR
0.000 0.000 1.000 0.000 0.000 UDIR
0.000 0.000 0.000 1.000 0.000 UDIR
0.000 0.000 0.000 0.000 1.000 UDIR

VSTEP
LLCUT

LFLAG
LFLAG
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EXP.D

C u ( 1 0 0 ) - c ( 2 x 2 ) -  
Pt  

5
1  2 3 4 5

(F6 . 2 ,  F8 . 5)
1 . 0 0

(1,0)
433
l.OOOOE+OOO

6 3 . 1 2  3 . 2 9 2 5 3
64. 08 3 . 7 8 5 3 6
65 . 0 4  4 . 2 9 5 6 8
66 . 00  5 . 3 5 4 0 2
66 . 96  6 . 4 3 1 1 5
6 7 . 9 2  7 . 5 0 1 9 4
68. 88 8 . 4 8 0 9 1
69. 84 9 . 2 5 6 4 9
7 0 . 8 0  9 . 7 5 5 3 5
7 1 . 7 6  9 . 90028
7 2 . 7 2  9 . 7 0 1 7 6
7 3 . 6 8  9 . 1 6 2 7 9
74 . 6 4  8 . 4 1 1 1 4
7 5 . 6 0  7 . 4 9 0 4 3
7 6 . 5 6  6 . 5 3 2 1 2
7 7 . 5 2  5 . 6 0 3 5 6
7 8 . 4 8  4 . 8 1 5 8 0
7 9 . 4 4  4 . 1 6 9 1 6
8 0 . 4 0  3 . 7 1 0 3 4
8 1 . 3 6  3 . 3 8 5 3 3
8 2 . 3 2  3 . 1 5 5 1 6
8 3 . 2 8  2 . 9 6 6 9 2
8 4 . 2 4  2 . 7 9 9 1 8
8 5 . 2 0  2 . 6 1 2 7 9
8 6 . 1 6  2 . 4 0 5 7 4
8 7 . 1 2  2 . 1 9 0 0 3
88 . 08 1 . 9 6 8 4 6
89. 04  1 . 7 1 8 7 6
90 . 00  1 . 4 7 7 1 0
90 . 96  1 . 2 3 1 2 6
9 1 . 9 2  0 . 9 7 9 5 9
92 . 88  0 . 7 5 4 5 0
93 . 8 4  0 . 5 7 3 4 6
94 . 80  0 . 4 3 9 4 5
9 5 . 7 6  0 . 3 6 4 1 3
9 6 . 7 2  0 . 3 6 0 2 4
97 . 68  0 . 3 9 7 7 0
98. 64  0 . 4 6 0 6 6
99 . 60  0 . 5 1 4 0 9

1 0 0 . 5 6  0 . 5 8 5 0 4
1 0 1 . 5 2  0 . 6 4 3 4 0
1 0 2 . 4 8  0 . 693 04
1 0 3 . 4 4  0 . 7 4 5 2 0
1 0 4 . 4 0  0 . 8 2 3 8 7
1 0 5 . 3 6  0 . 9 0 5 5 3
1 0 6 . 3 2  1 . 0 1 7 9 1
1 0 7 . 2 8  1 . 1 5 9 0 0
1 0 8 . 2 4  1 . 3 1 4 0 8
1 0 9 . 2 0  1 . 4 7 3 4 8
1 1 0 . 1 6  1 . 6 4 6 0 4
1 1 1 . 1 2  1 . 8 3 7 1 1
1 1 2 . 0 8  2 . 0 3 8 1 2
1 1 3 . 0 4  2 . 3 0 6 0 8
1 1 4 . 0 0  2 . 6 7 6 6 2
1 1 4 . 9 6  3 . 1 1 0 0 8
1 1 5 . 9 2  3 . 6 4 6 1 5
1 1 6 . 8 8  4 . 2 2 4 8 3
1 1 7 . 8 4  4 . 7 7 5 2 8
1 1 8 . 8 0  5 . 2 0 9 2 6
1 1 9 . 7 6  5 . 5 1 8 3 7
1 2 0 . 7 2  5 . 6 4 2 5 0
1 2 1 . 6 8  5 . 6 1 6 3 6
1 2 2 . 6 4  5 . 4 8 1 7 2
1 2 3 . 6 0  5 . 3 0 2 9 6
1 2 4 . 5 6  5 . 1 3 8 2 2
1 2 5 . 5 2  5 . 0 1 8 2 5

1 2 6 . 4 8  4 . 9 8 1 3 7
1 2 7 . 4 4  5 . 04084
1 2 8 . 4 0  5 . 1 9 0 6 0
1 2 9 . 3 6  5 . 3 9 3 9 5
1 3 0 . 3 2  5 . 6 4 1 2 3
1 3 1 . 2 8  5 . 9 1 2 8 0
1 3 2 . 2 4  6 . 1 9 1 2 9
1 3 3 . 2 0  6 . 45804
1 3 4 . 1 6  6 . 7 3 5 1 0
1 3 5 . 1 2  6 . 993 84
1 3 6 . 0 8  7 . 2 1 7 3 1
1 3 7 . 0 4  7 . 3 8 9 0 5
1 3 8 . 0 0  7 . 5 1 3 8 0
1 3 8 . 9 6  7 . 5 5 0 1 6
1 3 9 . 9 2  7 . 4 9 2 8 7
1 4 0 . 8 8  7 . 3 5 5 8 8
1 4 1 . 8 4  7 . 1 1 5 6 5
1 4 2 . 8 0  6 . 7 8 0 3 7
1 4 3 . 7 6  6 . 3 8 3 3 4
1 4 4 . 7 2  5 . 9 4 5 0 2
1 4 5 . 6 8  5 . 4 8 3 8 3
1 4 6 . 6 4  5 . 0 48 87
1 4 7 . 6 0  4 . 6 4 9 5 6
1 4 8 . 5 6  4 . 3 1 3 7 9
1 4 9 . 5 2  4 . 0 3 5 8 5
1 5 0 . 4 8  3 . 8 0 2 9 3
1 5 1 . 4 4  3 . 5 9 5 2 4
1 5 2 . 4 0  3 . 4 0 3 8 0
1 5 3 . 3 6  3 . 1 8 9 3 7
1 5 4 . 3 2  2 . 9 5 7 3 3
1 5 5 . 2 8  2 . 7 1 7 7 4
1 5 6 . 2 4  2 . 4 6 8 2 5
1 5 7 . 2 0  2 . 2 1 8 8 3
1 5 8 . 1 6  1 . 9 9 0 3 3
1 5 9 . 1 2  1 . 7 8 2 8 0
1 6 0 . 0 8  1 . 5 8 9 0 5
1 6 1 . 0 4  1 . 4 2 6 6 6
1 6 2 . 0 0  1 . 2 8 0 5 8
1 6 2 . 9 6  1 . 1 5 5 6 1
1 6 3 . 9 2  1 . 0 5 8 2 8
1 6 4 . 8 8  0 . 9 9 4 3 1
1 6 5 . 8 4  0 . 9 6 1 9 9
1 6 6 . 8 0  0 . 97 989
1 6 7 . 7 6  1 . 0 3 0 3 9
1 6 8 . 7 2  1 . 1 0 7 0 7
1 6 9 . 6 8  1 . 1 9 8 8 9
1 7 0 . 6 4  1 . 2 9 5 1 7
1 7 1 . 6 0  1 . 3 7 9 3 4
1 7 2 . 5 6  1 . 4 5 4 1 8
1 7 3 . 5 2  1 . 5 1 7 2 3
1 7 4 . 4 8  1 . 5 6 4 2 4
1 7 5 . 4 4  1 . 6 0 0 8 4
1 7 6 . 4 0  1 . 6 1 6 9 2
1 7 7 . 3 6  1 . 6 1 7 0 1
1 7 8 . 3 2  1 . 5 8 9 4 7
1 7 9 . 2 8  1 . 5 4 0 0 2
1 8 0 . 2 4  1 . 4 5 4 0 8
1 8 1 . 2 0  1 . 3 4 0 9 2
1 8 2 . 1 6  1 . 1 9 7 6 4
1 8 3 . 1 2  1 . 0 3 1 1 4
1 8 4 . 0 8  0 . 8 5 3 0 7
1 8 5 . 0 4  0 . 67 87 0
1 8 6 . 0 0  0 . 5 2 3 5 4
1 8 6 . 9 6  0 . 3 9 1 6 7
1 8 7 . 9 2  0 . 2 9 88 6
1 8 8 . 8 8  0 . 2 3 9 9 1
1 8 9 . 8 4  0 . 2 1 5 7 5
1 9 0 . 8 0  0 . 2 1 7 8 0
1 9 1 . 7 6  0 . 2 4 3 3 2
1 9 2 . 7 2  0 . 2 9 2 1 9
1 9 3 . 6 8  0 . 3 6 2 5 0
1 9 4 . 6 4  0 . 4 5 3 0 0
1 9 5 . 6 0  0 . 5 5 8 7 4
1 9 6 . 5 6  0 . 6 7 9 4 3
1 9 7 . 5 2  0 . 8 1 4 2 9

1 9 8 . 4 8  0 . 9 5 9 6 3
1 9 9 . 4 4  1 . 1 1 5 2 3
2 0 0 . 4 0  1 . 2 8 3 8 2
2 0 1 . 3 6  1 . 4 7 4 2 4
2 0 2 . 3 2  1 . 6 7 2 7 5
2 0 3 . 2 8  1 . 8 8 9 0 6
2 0 4 . 2 4  2 . 1 0 5 7 1
2 0 5 . 2 0  2 . 3 2 3 8 7
2 0 6 . 1 6  2 . 5 3 4 7 2
2 0 7 . 1 2  2 . 7 3 4 4 1
2 0 8 . 0 8  2 . 9 1 5 9 6
209 . 0 4  3 . 0 8 3 8 8
2 1 0 . 0 0  3 . 2 3 1 4 1
2 1 0 . 9 6  3 . 3 4 0 3 3
2 1 1 . 9 2  3 . 4 1 2 1 4
2 1 2 . 8 8  3 . 4 2 5 4 9
2 1 3 . 8 4  3 . 3 7 4 0 7
2 1 4 . 8 0  3 . 2 6 7 6 2
2 1 5 . 7 6  3 . 1 1 5 5 4
2 1 6 . 7 2  2 . 9 3 9 6 5
2 1 7 . 6 8  2 . 7 6 0 3 6
2 1 8 . 6 4  2 . 5 9 4 4 4
2 1 9 . 6 0  2 . 4 4 0 0 6
2 2 0 . 5 6  2 . 3 0 2 1 7
2 2 1 . 5 2  2 . 1 6 4 4 5
2 2 2 . 4 8  2 . 0 2 6 2 7
2 2 3 . 4 4  1 . 8 8 6 1 1
2 2 4 . 4 0  1 . 7 4 0 1 3
2 2 5 . 3 6  1 . 5 9 8 0 1
2 2 6 . 3 2  1 . 4 6 6 3 9
2 2 7 . 2 8  1 . 3 4 9 4 8
2 2 8 . 2 4  1 . 2 5 4 7 7
2 2 9 . 2 0  1 . 1 8 2 7 3
2 3 0 . 1 6  1 . 1 2 7 1 4
2 3 1 . 1 2  1 . 0 8 3 6 7
2 3 2 . 0 8  1 . 0 5 2 7 0
2 3 3 . 0 4  1 . 0 2 8 2 0
2 3 4 . 0 0  1 . 0 0 9 4 1
2 3 4 . 9 6  0 . 9 9 5 5 0
2 3 5 . 9 2  0 . 98824
2 3 6 . 8 8  0 . 9 8 8 1 1
2 3 7 . 8 4  0 . 9 9 3 5 4
2 3 8 . 8 0  1 . 0 0 7 3 7
2 3 9 . 7 6  1 . 0 3 1 0 7
2 4 0 . 7 2  1 . 0 5 9 0 0
2 4 1 . 6 8  1 . 0 8 9 3 2
2 4 2 . 6 4  1 . 1 2 1 5 6
2 4 3 . 6 0  1 . 1 4 5 0 7
2 4 4 . 5 6  1 . 1 6 3 7 4
2 4 5 . 5 2  1 . 1 7 5 8 8
2 4 6 . 4 8  1 . 1 7 1 2 8
2 4 7 . 4 4  1 . 1 5 0 1 8
2 4 8 . 4 0  1 . 1 2 4 1 6
2 4 9 . 3 6  1 . 0 8 6 1 6
2 5 0 . 3 2  1 . 0 3 8 6 0
2 5 1 . 2 8  0 . 9 8 9 5 3
2 5 2 . 2 4  0 . 9 3 9 4 2
2 5 3 . 2 0  0 . 8 8 3 6 5
2 5 4 . 1 6  0 . 8 2 3 4 5
2 5 5 . 1 2  0 . 7 6 9 3 1
2 5 6 . 0 8  0 . 7 2 2 6 4
2 5 7 . 0 4  0 . 6 8 2 0 3
2 5 8 . 0 0  0 . 6 5 7 2 9
2 5 8 . 9 6  0 . 6 4 8 3 1
2 5 9 . 9 2  0 . 6 5 0 4 2
2 6 0 . 8 8  0 . 6647 0
2 6 1 . 8 4  0 . 6 9 1 8 0
2 6 2 . 8 0  0 . 7 2 0 6 8
2 6 3 . 7 6  0 . 7 5 1 9 0
2 6 4 . 7 2  0 . 7 8 4 3 0
2 6 5 . 6 8  0 . 806 96
2 6 6 . 6 4  0 . 8 1 9 3 0
2 6 7 . 6 0  0 . 8 2 2 1 5
2 6 8 . 5 6  0 . 8 1 5 7 9
2 6 9 . 5 2  0 . 7 9 3 3 2

2 7 0 . 4 8  0 . 7 6 3 1 1
2 7 1 . 4 4  0 . 7 2 6 9 1
2 7 2 . 4 0  0 . 68 7 4 3
2 7 3 . 3 6  0 . 64299
2 7 4 . 3 2  0 . 6 0 3 3 8
2 7 5 . 2 8  0 . 5 6 7 1 4
2 7 6 . 2 4  0 . 5 3 1 2 9
2 7 7 . 2 0  0 . 4 9 7 7 4
2 7 8 . 1 6  0 . 4 6 7 8 2
2 7 9 . 1 2  0 . 4 3 3 5 8
2 8 0 . 0 8  0 . 3 9 8 5 7
2 8 1 . 0 4  0 . 3 6 5 5 9
2 8 2 . 0 0  0 . 3 2 8 6 6
2 8 2 . 9 6  0 . 2 9 2 8 7
2 8 3 . 9 2  0 . 2 5 9 4 1
2 8 4 . 8 8  0 . 2 2 8 4 4
2 8 5 . 8 4  0 . 1 9 8 9 1
2 8 6 . 8 0  0 . 1 7 4 5 0
2 8 7 . 7 6  0 . 1 5 5 3 5
2 8 8 . 7 2  0 . 1 3 8 3 2
2 8 9 . 6 8  0 . 1 2 3 0 4
2 9 0 . 6 4  0 . 1 1 0 6 7
2 9 1 . 6 0  0 . 1 0 7 2 8
2 9 2 . 5 6  0 . 1 0 2 1 3
2 9 3 . 5 2  0 . 1 0 4 0 1
2 9 4 . 4 8  0 . 1 1 1 6 4
2 9 5 . 4 4  0 . 1 2 6 9 0
2 9 6 . 4 0  0 . 1 4 2 8 6
2 9 7 . 3 6  0 . 1 6 7 8 0
2 9 8 . 3 2  0 . 2 0 09 5
2 9 9 . 2 8  0 . 2 4 2 3 3
3 0 0 . 2 4  0 . 2 8 7 1 5
3 0 1 . 2 0  0 . 3 3 9 4 3
3 0 2 . 1 6  0 . 3 9 6 87
3 0 3 . 1 2  0 . 4 5 9 3 3
3 0 4 . 0 8  0 . 5 2 1 1 8
3 0 5 . 0 4  0 . 5 86 8 2
3 0 6 . 0 0  0 . 65 979
3 0 6 . 9 6  0 . 7 3 0 7 6
3 0 7 . 9 2  0 . 7 9 6 6 1
3 0 8 . 8 8  0 . 8 6 3 6 5
30 9 . 84  0 . 9 2 7 2 6
3 1 0 . 8 0  0 . 96890
3 1 1 . 7 6  1 . 0 1 5 9 4
3 1 2 . 7 2  1 . 0 5 3 9 8
3 1 3 . 6 8  1 . 0 8 6 2 9
3 1 4 . 6 4  1 . 1 1 2 6 9
3 1 5 . 6 0  1 . 1 4 2 7 0
3 1 6 . 5 6  1 . 1 5 7 2 9
3 1 7 . 5 2  1 . 1 6 6 1 6
3 1 8 . 4 8  1 . 1 6 2 9 6
3 1 9 . 4 4  1 . 1 5 1 1 5
3 2 0 . 4 0  1 . 1 3 2 9 8
3 2 1 . 3 6  1 . 1 0 6 3 9
3 2 2 . 3 2  1 . 0 8 4 3 6
3 2 3 . 2 8  1 . 0 6 5 6 6
3 2 4 . 2 4  1 . 0 4 9 9 9
3 2 5 . 2 0  1 . 0 3 5 6 6
3 2 6 . 1 6  1 . 0 2 9 4 8
3 2 7 . 1 2  1 . 0 2 0 7 0
3 2 8 . 0 8  1 . 0 1 6 3 9
3 2 9 . 0 4  1 . 0 0 8 7 5
3 3 0 . 0 0  1 . 0 0 1 1 3
3 3 0 . 9 6  0 . 9 8 7 3 5
3 3 1 . 9 2  0 . 9 7 1 2 1
3 3 2 . 8 8  0 . 94 495
3 3 3 . 8 4  0 . 9 1 7 6 6
3 3 4 . 8 0  0 . 8 8 1 9 1
3 3 5 . 7 6  0 . 8 4 2 0 5
3 3 6 . 7 2  0 . 7 9 5 7 9
3 3 7 . 6 8  0 . 7 4 5 9 3
3 3 8 . 6 4  0 . 6 9 3 1 6
3 3 9 . 6 0  0 . 6 4 2 3 5
3 4 0 . 5 6  0 . 60005
3 4 1 . 5 2  0 . 5 6 0 5 1
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3 4 2 . 4 8  0 . 5 3 0 2 9
3 4 3 . 4 4  0 . 5 0 9 3 3
3 4 4 . 4 0  0 . 4 9 5 2 8
3 4 5 . 3 6  0 . 4 8 3 1 1
3 4 6 . 3 2  0 . 4 8 3 8 6
3 4 7 . 2 0  0 . 4 9 2 0 6
3 4 8 . 2 4  0 . 5 0 2 3 8
3 4 9 . 2 0  0 . 5 1 8 1 4
3 5 0 . 1 6  0 . 5 5 0 8 1
3 5 1 . 1 2  0 . 5 8 1 7 7
3 5 2 . 0 8  0 . 6 1 0 3 9
3 5 3 . 0 4  0 . 6 4 5 3 7
3 5 4 . 0 0  0 . 6 7 7 5 0  
354 . 96 0 . 69463
3 5 5 . 9 2  0 . 7 1 1 0 0
3 5 6 . 8 8  0 . 7 2 6 4 3
3 5 7 . 8 4  0 . 7 3 2 5 6
3 5 8 . 8 0  0 . 7 3 8 7 2
3 5 9 . 7 6  0 . 7 5 2 0 5
3 6 0 . 7 2  0 . 7 6 0 5 3
3 6 1 . 6 8  0 . 7 6 5 7 2
3 6 2 . 6 4  0 . 7 6 9 2 1
3 6 3 . 6 0  0 . 7 6 9 1 0
3 6 4 . 5 6  0 . 7 5 2 8 4
3 6 5 . 5 2  0 . 7 3 7 8 1
3 6 6 . 4 8  0 . 7 1 7 3 2
3 6 7 . 4 4  0 . 69488
3 6 8 . 4 0  0 . 6 694 6
3 6 9 . 3 6  0 . 6 4 7 1 8
3 7 0 . 3 2  0 . 6 2 3 1 8
3 7 1 . 2 8  0 . 6 0 3 2 0
3 7 2 . 2 4  0 . 5 8 2 9 8
3 7 3 . 2 0  0 . 5 6 7 7 5
3 7 4 . 1 6  0 . 5 5 4 1 2
3 7 5 . 1 2  0 . 5 4 9 3 0
3 7 6 . 0 8  0 . 5 4 6 3 4
3 7 7 . 0 4  0 . 5 4 6 7 6
3 7 8 . 0 0  0 . 5 5 0 0 9
3 7 8 . 9 6  0 . 5 5 4 9 8
3 7 9 . 9 2  0 . 5 6 1 4 0
3 8 0 . 8 8  0 . 5 6 8 7 3
3 8 1 . 8 4  0 . 5 7 8 0 9
3 8 2 . 8 0  0 . 5 8 2 2 4
3 8 3 . 7 6  0 . 5 8 6 3 5
3 8 4 . 7 2  0 . 5 8 3 1 8
3 8 5 . 6 8  0 . 5 7 8 2 6
3 8 6 . 64  0 . 5 6 9 0 3
3 8 7 . 6 0  0 . 5 6 0 7 2
3 8 8 . 5 6  0 . 5 5 1 6 5
3 8 9 . 5 2  0 . 5 3 9 5 1
3 9 0 . 4 8  0 . 5 2 6 2 2
3 9 1 . 4 4  0 . 5 1 3 2 8
3 9 2 . 4 0  0 . 4 9 8 5 1
3 9 3 . 3 6  0 . 4 8 7 8 1
3 9 4 . 3 2  0 . 4 7 7 7 6
3 9 5 . 2 8  0 . 46907
39 6 . 2 4  0 . 46097
3 9 7 . 2 0  0 . 4 5 8 2 1
3 9 8 . 1 6  0 . 4 5 3 4 8
3 9 9 . 1 2  0 . 4 5 2 4 8
400. 08 0 . 4 5 0 5 2
4 0 1 . 0 4  0 . 4 5 2 3 6
4 02 . 0 0  0 . 4 5 2 9 5
4 0 2 . 9 6  0 . 46062
4 0 3 . 9 2  0 . 4 6 4 9 3
404 . 88  0 . 4 7 3 7 2
4 0 5 . 8 4  0 . 48044
406 . 80  0 . 4 8 7 5 0
4 0 7 . 7 6  0 . 48669
4 0 8 . 7 2  0 . 4 8882
409. 68  0 . 4 9 2 7 1
4 1 0 . 6 4  0 . 4 9 83 9
4 1 1 . 6 0  0 . 5 0 5 0 1
4 1 2 . 5 6  0 . 5 1 5 6 6
4 1 3 . 5 2  0 . 5 2 6 7 7
4 1 4 . 4 8  0 . 5 3 6 9 5
4 1 5 . 4 4  0 . 5 4 8 3 7
4 1 6 . 4 0  0 . 5 6 0 3 8

4 1 7 . 3 6  0 . 5 70 0 9
4 1 8 . 3 2  0 . 5 8 0 8 1
4 1 9 . 2 8  0 . 5 9 0 1 5
4 2 0 . 2 4  0 . 5 9 7 4 0
4 2 1 . 2 0  0 . 6 0 5 1 0
4 2 2 . 1 6  0 . 6 1 3 0 8
4 2 3 . 1 2  0 . 6 2 0 0 3
4 2 4 . 08  0 . 6 3 2 0 9
4 2 5 . 0 4  0 . 6 4 2 87
4 2 6 . 0 0  0 . 6 5 1 9 5
4 2 6 . 9 6  0 . 6 6 8 3 3
4 2 7 . 9 2  0 . 68 45 6
4 2 8 . 8 8  0 . 6 9 5 5 1
4 2 9 . 84  0 . 7 07 6 9
4 3 0 . 8 0  0 . 7 1 9 9 9
4 3 1 . 7 6  0 . 7 2 6 1 5
4 3 2 . 7 2  0 . 7 3 1 4 0
4 3 3 . 6 8  0 . 7 3 8 4 8
4 3 4 . 64  0 . 7 4 8 0 3
4 3 5 . 6 0  0 . 7 6 0 0 1
4 3 6 . 5 6  0 . 7 7 1 3 6
4 3 7 . 5 2  0 . 7 9 07 8
4 3 8 . 4 8  0 . 8 1 4 5 4
4 3 9 . 4 4  0 . 8 3 8 1 3
4 40 . 4 0  0 . 8 6 84 5
4 4 1 . 3 6  0 . 902 67
4 4 2 . 3 2  0 . 9 3 5 5 0
4 4 3 . 2 8  0 . 96862
4 44 . 2 4  1 . 0 1 0 5 4
4 4 5 . 2 0  1 . 0 5 0 4 0
4 4 6 . 1 6  1 . 0 8 9 7 9
4 4 7 . 1 2  1 . 1 2 9 6 3
4 48 . 08  1 . 1 6 7 8 1
449. 04  1 . 1 9 8 6 1
4 5 0 . 0 0  1 . 2 2 2 1 2
4 5 0 . 9 6  1 . 2 3 8 9 8
4 5 1 . 9 2  1 . 2 5 3 4 3
4 5 2 . 8 8  1 . 2 6 3 8 9
4 5 3 . 8 4  1 . 2 7 3 8 6
4 5 4 . 8 0  1 . 2 7 0 1 8
4 5 5 . 7 6  1 . 2 6 6 5 5
4 5 6 . 7 2  1 . 2 4 9 0 9
4 5 7 . 6 8  1 . 2 2 2 1 7
4 5 8 . 6 4  1 . 1 7 8 6 3
4 5 9 . 6 0  1 . 1 3 6 2 5
4 6 0 . 5 6  1 . 0 8 1 9 5
4 6 1 . 5 2  1 . 0 2 5 5 1
4 6 2 . 4 8  0 . 9 64 2 7
4 6 3 . 4 4  0 . 9 0 3 3 2
4 6 4 . 40  0 . 842 04
4 6 5 . 3 6  0 . 7 8 2 5 0
4 6 6 . 3 2  0 . 7 2 5 2 0
4 6 7 . 2 8  0 . 6 7 1 8 6
4 68 . 2 4  0 . 6 2 6 3 2
4 6 9 . 2 0  0 . 5 8 4 5 5
4 7 0 . 1 6  0 . 5 5 1 3 3
4 7 1 . 1 2  0 . 5 1 9 3 3
4 7 2 . 0 8  0 . 4 9 0 5 7
4 7 3 . 0 4  0 . 4 6024
4 7 4 . 0 0  0 . 4 3 7 9 1
4 7 4 . 9 6  0 . 4 1 3 1 2
4 7 5 . 9 2  0 . 3 9 1 6 2
4 7 6 . 8 8  0 . 3 7 4 4 6
4 7 7 . 8 4  0 . 3 5 9 7 8  
(1,1)
378 1 . OOOOE+000
1 0 3 . 4 4  0 . 8 8 5 8 5
1 0 4 . 4 0  0 . 9 5 6 9 5
1 0 5 . 3 6  1 . 0 3 5 5 2
1 0 6 . 3 2  1 . 1 8 6 3 3
1 0 7 . 2 8  1 . 3 3 9 3 0
1 0 8 . 2 4  1 . 4 7 8 4 7
1 0 9 . 2 0  1 . 5 7 3 3 5
1 1 0 . 1 6  1 . 6 1 0 8 7
1 1 1 . 1 2  1 . 5 8 6 8 6
1 1 2 . 0 8  1 . 5 0 5 6 7
1 1 3 . 0 4  1 . 3 7 9 9 5
1 1 4 . 0 0  1 . 2 2 4 8 9

1 1 4 . 9 6  1 . 0 6 3 6 4
1 1 5 . 9 2  0 . 9 0 87 6
1 1 6 . 8 8  0 . 7 7 5 8 0
1 1 7 . 8 4  0 . 6 7 3 0 7
1 1 8 . 8 0  0 . 6 0 4 9 1
1 1 9 . 7 6  0 . 5 6 3 1 2
1 2 0 . 7 2  0 . 5 4 5 1 7
1 2 1 . 6 8  0 . 5 4 3 6 6
1 2 2 . 6 4  0 . 5 5 1 8 0
1 2 3 . 6 0  0 . 5 6 4 5 1
1 2 4 . 5 6  0 . 5 8 4 7 6
1 2 5 . 5 2  0 . 6 1 4 2 8
1 2 6 . 4 8  0 . 6 5 5 8 9
1 2 7 . 4 4  0 . 7 1 6 2 2
1 2 8 . 4 0  0 . 7 9 7 9 0
1 2 9 . 3 6  0 . 9 0 1 2 0
1 3 0 . 3 2  1 . 0 2 5 8 5
1 3 1 . 2 8  1 . 1 7 0 1 1
1 3 2 . 2 4  1 . 3 2 4 9 7
1 3 3 . 2 0  1 . 4 8 6 3 3
1 3 4 . 1 6  1 . 6 4 5 8 9
1 3 5 . 1 2  1 . 7 9 3 1 1
1 3 6 . 0 8  1 . 9 1 8 6 9
1 3 7 . 0 4  2 . 0 1 8 3 8
1 3 8 . 0 0  2 . 0 8 3 8 9
1 3 8 . 9 6  2 . 1 1 3 3 1
1 3 9 . 9 2  2 . 1 0 8 9 5
1 4 0 . 8 8  2 . 0 7 3 5 6
1 4 1 . 8 4  2 . 0 1 1 0 2
1 4 2 . 8 0  1 . 9 2 9 0 3
1 4 3 . 7 6  1 . 8 3 4 0 5
1 4 4 . 7 2  1 . 7 3 0 5 9
1 4 5 . 6 8  1 . 6 2 4 9 1
1 4 6 . 6 4  1 . 5 2 1 5 8
1 4 7 . 6 0  1 . 4 2 4 1 7
1 4 8 . 5 6  1 . 3 3 3 7 2
1 4 9 . 5 2  1 . 2 5 2 4 7
1 5 0 . 4 8  1 . 1 8 0 1 2
1 5 1 . 4 4  1 . 1 1 5 7 6
1 5 2 . 4 0  1 . 0 5 7 9 2
1 5 3 . 3 6  1 . 0 0 7 5 4
1 5 4 . 3 2  0 . 96298
1 5 5 . 2 8  0 . 9 2 2 6 9
1 5 6 . 2 4  0 . 8 85 4 4
1 5 7 . 2 0  0 . 8 4 7 5 0
1 5 8 . 1 6  0 . 803 94
1 5 9 . 1 2  0 . 7 5 3 1 3
1 6 0 . 0 8  0 . 6 9 5 1 1
1 6 1 . 0 4  0 . 6 3 1 5 3
1 6 2 . 0 0  0 . 5 6 9 8 3
1 6 2 . 9 6  0 . 5 2 0 4 9
1 6 3 . 9 2  0 . 4 9 3 4 8
1 6 4 . 8 8  0 . 5 0 2 2 1
1 6 5 . 8 4  0 . 56069
1 6 6 . 8 0  0 . 6 8 2 2 0
1 6 7 . 7 6  0 . 8 7 7 8 5
1 6 8 . 7 2  1 . 1 5 9 4 4
1 6 9 . 6 8  1 . 5 3 2 0 1
1 7 0 . 6 4  1 . 9 9 8 2 4
1 7 1 . 6 0  2 . 5 5 7 3 3
1 7 2 . 5 6  3 . 2 0 5 0 8
1 7 3 . 5 2  3 . 9 3 1 6 6
1 7 4 . 4 8  4 . 7 2 4 6 1
1 7 5 . 4 4  5 . 5 6 5 0 6
1 7 6 . 4 0  6 . 42 3 8 4
1 7 7 . 3 6  7 . 2 6 6 68
1 7 8 . 3 2  8 . 0 5 3 4 7
1 7 9 . 2 8  8 . 7 4 4 2 9
1 8 0 . 2 4  9 . 2 9 9 3 0
1 8 1 . 2 0  9 . 6882 7
1 8 2 . 1 6  9 . 89065
1 8 3 . 1 2  9 . 89943
1 8 4 . 0 8  9 . 7 1 5 3 7
1 8 5 . 0 4  9 . 3 5 4 7 0
1 8 6 . 0 0  8 . 84569
1 8 6 . 9 6  8 . 2 2 1 7 8
1 8 7 . 9 2  7 . 5 1 9 1 5
1 8 8 . 8 8  6 . 7 7 8 2 3

1 8 9 . 8 4  6 . 0 3 5 2 0
1 9 0 . 8 0  5 . 3 1 6 1 3
1 9 1 . 7 6  4 . 64 206
1 9 2 . 7 2  4 . 0 2 7 4 2
1 9 3 . 6 8  3 . 4 7 9 4 6
1 9 4 . 6 4  2 . 9 9 9 1 3
1 9 5 . 6 0  2 . 5 8 6 3 5
1 9 6 . 5 6  2 . 2 3 6 3 6
1 9 7 . 5 2  1 . 9 4 2 3 9
1 9 8 . 4 8  1 . 6 9 4 4 3
1 9 9 . 4 4  1 . 4 8 1 6 7
2 0 0 . 4 0  1 . 2 9 3 3 5
2 0 1 . 3 6  1 . 1 2 1 7 2
2 0 2 . 3 2  0 . 9 6 1 0 3
2 0 3 . 2 8  0 . 8 1 0 7 0
2 0 4 . 2 4  0 . 6 7 4 3 2
2 0 5 . 2 0  0 . 5 5 6 3 0
2 0 6 . 1 6  0 . 46062
2 0 7 . 1 2  0 . 3 9 1 0 3
2 0 8 . 0 8  0 . 3 4 7 7 4
209 . 0 4  0 . 3 2 8 0 6
2 1 0 . 0 0  0 . 3 2 7 8 6
2 1 0 . 9 6  0 . 3 4 3 1 4
2 1 1 . 9 2  0 . 3 6 9 84
2 1 2 . 8 8  0 . 4 0 6 1 7
2 1 3 . 8 4  0 . 4 5 2 3 1
2 1 4 . 8 0  0 . 5 0988
2 1 5 . 7 6  0 . 5 8 0 1 7
2 1 6 . 7 2  0 . 6 6 4 2 7
2 1 7 . 6 8  0 . 7 6 1 1 9
2 1 8 . 6 4  0 . 86744
2 1 9 . 6 0  0 . 9 7 84 7
2 2 0 . 5 6  1 . 0 8 9 0 7
2 2 1 . 5 2  1 . 1 9 4 0 4
2 2 2 . 4 8  1 . 2 8 9 0 3
2 2 3 . 4 4  1 . 3 7 2 2 6
2 2 4 . 4 0  1 . 4 4 2 6 0
2 2 5 . 3 6  1 . 5 0 0 5 8
2 2 6 . 3 2  1 . 5 4 6 7 7
2 2 7 . 2 8  1 . 5 8 3 1 4
2 2 8 . 2 4  1 . 6 1 0 4 0
2 2 9 . 2 0  1 . 6 2 9 5 5
2 3 0 . 1 6  1 . 6 4 0 6 8
2 3 1 . 1 2  1 . 6 4 4 1 8
2 3 2 . 0 8  1 . 6 3 8 6 3
2 3 3 . 0 4  1 . 6 2 2 7 5
2 3 4 . 0 0  1 . 5 9 4 9 9
2 3 4 . 9 6  1 . 5 5 3 9 4
2 3 5 . 9 2  1 . 4 9 8 6 1
2 3 6 . 8 8  1 . 4 2 8 9 4
2 3 7 . 8 4  1 . 3 4 6 0 0
2 3 8 . 8 0  1 . 2 5 1 6 1
2 3 9 . 7 6  1 . 1 4 8 3 0
2 4 0 . 7 2  1 . 0 3 8 5 8
2 4 1 . 6 8  0 . 9 2 6 5 5
2 4 2 . 6 4  0 . 8 1 5 7 8
2 4 3 . 6 0  0 . 7 096 7
2 4 4 . 5 6  0 . 6 1 1 1 4
2 4 5 . 5 2  0 . 5 2 3 6 8
2 4 6 . 4 8  0 . 44800
2 4 7 . 4 4  0 . 3 8 4 5 2
2 4 8 . 4 0  0 . 3 3 3 4 9
2 4 9 . 3 6  0 . 2 9 5 2 0
2 5 0 . 3 2  0 . 2 6 8 2 7
2 5 1 . 2 8  0 . 2 5 3 3 8
2 5 2 . 2 4  0 . 2 5 0 7 8
2 5 3 . 2 0  0 . 2 60 2 8
2 5 4 . 1 6  0 . 2 8 1 7 9
2 5 5 . 1 2  0 . 3 1 6 6 5
2 5 6 . 0 8  0 . 3 6 4 7 2
2 5 7 . 0 4  0 . 4 2 7 1 0
2 5 8 . 0 0  0 . 5 0 5 4 5
2 5 8 . 9 6  0 . 6 0 0 4 1
2 5 9 . 9 2  0 . 7 1 1 8 0
2 6 0 . 8 8  0 . 8 4 0 3 5
2 6 1 . 8 4  0 . 9 8 5 1 1
2 6 2 . 8 0  1 . 1 4 4 1 0
2 6 3 . 7 6  1 . 3 1 5 7 5
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2 6 4 . 7 2  1 . 4 9 8 5 9
2 6 5 . 6 8  1 . 6 8 9 5 4
2 6 6 . 6 4  1 . 8 8 7 5 9
2 6 7 . 6 0  2 . 0 9 2 5 9
2 6 8 . 5 6  2 . 3 0 5 2 3
2 6 9 . 5 2  2 . 5 2 6 3 3
2 7 0 . 4 8  2 . 7 5 8 8 7
2 7 1 . 4 4  3 . 0 0 3 0 6
2 7 2 . 4 0  3 . 2 5 7 7 6
2 7 3 . 3 6  3 . 5 1 9 6 4
2 7 4 . 3 2  3 . 7 8 3 0 7
2 7 5 . 2 8  4 . 0 3 8 2 0
2 7 6 . 2 4  4 . 2 7 4 9 8
2 7 7 . 2 0  4 . 4 8 2 6 2
2 7 8 . 1 6  4 . 6 5 0 2 5
2 7 9 . 1 2  4 . 7 6 8 9 1
2 8 0 . 0 8  4 . 8 3 3 4 4
2 8 1 . 0 4  4 . 8 4 1 0 1
2 8 2 . 0 0  4 . 7 9 2 2 7
2 8 2 . 9 6  4 . 692 49
2 8 3 . 9 2  4 . 5 4 9 2 9
2 8 4 . 8 8  4 . 3 7 1 9 6
2 8 5 . 8 4  4 . 1 7 1 4 7
2 8 6 . 8 0  3 . 9 5 7 8 1
2 8 7 . 7 6  3 . 7 3 7 8 1
2 8 8 . 7 2  3 . 5 1 6 7 7
2 8 9 . 6 8  3 . 2 9 6 4 8
2 9 0 . 6 4  3 . 0 7 6 4 6
2 9 1 . 6 0  2 . 8 5 5 2 4
2 9 2 . 5 6  2 . 6 3 1 5 1
2 9 3 . 5 2  2 . 4 0 3 6 0
2 9 4 . 4 8  2 . 1 7 2 1 4
2 9 5 . 4 4  1 . 9 3 8 5 1
2 9 6 . 4 0  1 . 7 0 5 7 7
2 9 7 . 3 6  1 . 4 7 8 9 0
2 9 8 . 3 2  1 . 2 6 3 7 8
2 9 9 . 2 8  1 . 0 6 6 5 8
3 0 0 . 2 4  0 . 8 9 3 5 5
3 0 1 . 2 0  0 . 7 4 9 5 4
3 0 2 . 1 6  0 . 6 3 7 1 6
3 0 3 . 1 2  0 . 5 5 7 8 5
3 0 4 . 0 8  0 . 5 1 0 3 3
3 0 5 . 0 4  0 . 4 9 1 7 1
3 0 6 . 0 0  0 . 4 9 8 2 3
3 0 6 . 9 6  0 . 5 2 5 6 5
3 0 7 . 9 2  0 . 5 6884
3 0 8 . 8 8  0 . 6 2 3 5 0
3 0 9 . 8 4  0 . 6 8 5 4 6
3 1 0 . 8 0  0 . 7 5 1 3 9
3 1 1 . 7 6  0 . 8 1 7 9 3
3 1 2 . 7 2  0 . 8 8 2 5 1
3 1 3 . 6 8  0 . 9 4 3 1 5
3 1 4 . 6 4  0 . 99829
3 1 5 . 6 0  1 . 0 4 6 3 0
3 1 6 . 5 6  1 . 0 8 6 8 5
3 1 7 . 5 2  1 . 1 1 9 9 4
3 1 8 . 4 8  1 . 1 4 5 4 4
3 1 9 . 4 4  1 . 1 6 3 7 7
3 2 0 . 4 0  1 . 1 7 5 1 4
3 2 1 . 3 6  1 . 1 7 8 9 9
3 2 2 . 3 2  1 . 1 7 5 0 2
3 2 3 . 2 8  1 . 1 6 2 7 7
3 2 4 . 2 4  1 . 1 4 2 0 1
3 2 5 . 2 0  1 . 1 1 2 9 9
3 2 6 . 1 6  1 . 0 7 7 1 4
3 2 7 . 1 2  1 . 0 3 5 9 3
3 2 8 . 0 8  0 . 9 9 1 3 8
3 2 9 . 0 4  0 . 94 5 08
3 3 0 . 0 0  0 . 8 9 9 1 6
3 3 0 . 9 6  0 . 8 5 4 8 5
3 3 1 . 9 2  0 . 8 1 3 0 0
3 3 2 . 8 8  0 . 7 7 4 2 6
3 3 3 . 8 4  0 . 7 3 9 6 6
3 3 4 . 8 0  0 . 7 0 9 1 5
3 3 5 . 7 6  0 . 68 2 6 2
3 3 6 . 7 2  0 . 66008
3 3 7 . 6 8  0 . 6 4 1 3 6
3 3 8 . 6 4  0 . 62 489

3 3 9 . 6 0  0 . 60985
3 4 0 . 5 6  0 . 5 9 5 4 0
3 4 1 . 5 2  0 . 5 80 6 2
3 4 2 . 4 8  0 . 5 6 4 3 3
3 4 3 . 4 4  0 . 5 4 7 1 4
3 4 4 . 4 0  0 . 5 2 9 1 5
3 4 5 . 3 6  0 . 5 1 0 4 9
3 4 6 . 3 2  0 . 4 9 1 5 2
3 4 7 . 2 8  0 . 4 7 2 8 7
3 4 8 . 2 4  0 . 4 5 4 1 6
3 4 9 . 2 0  0 . 4 3 4 9 0
3 5 0 . 1 6  0 . 4 1 4 6 7
3 5 1 . 1 2  0 . 3 9 2 9 6
3 5 2 . 0 8  0 . 3 6 9 2 6
3 5 3 . 0 4  0 . 3 4 3 4 1
3 5 4 . 0 0  0 . 3 1 6 0 8
3 5 4 . 9 6  0 . 2 8 8 3 6
3 5 5 . 9 2  0 . 2 6 1 4 7
3 5 6 . 8 8  0 . 2 3 6 9 4
3 5 7 . 8 4  0 . 2 1 6 3 4
3 5 8 . 8 0  0 . 2 004 8
3 5 9 . 7 6  0 . 1 8 9 5 9
3 6 0 . 7 2  0 . 1 8 3 5 8
3 6 1 . 6 8  0 . 1 8 2 0 6
3 6 2 . 6 4  0 . 1 8 4 7 0
3 6 3 . 6 0  0 . 1 9 1 2 3
3 6 4 . 5 6  0 . 2 0 1 7 0
3 6 5 . 5 2  0 . 2 1 6 5 5
3 6 6 . 4 8  0 . 2 3 6 2 2
3 6 7 . 4 4  0 . 2 60 5 0
3 6 8 . 4 0  0 . 2 8 9 7 1
3 6 9 . 3 6  0 . 3 2 3 9 4
3 7 0 . 3 2  0 . 3 6 2 4 6
3 7 1 . 2 8  0 . 4 0 4 3 7
3 7 2 . 2 4  0 . 4 49 5 4
3 7 3 . 2 0  0 . 4 9 7 1 5
3 7 4 . 1 6  0 . 5 4 6 3 9
3 7 5 . 1 2  0 . 5 9 7 3 0
3 7 6 . 0 8  0 . 6 5 0 3 0
3 7 7 . 0 4  0 . 7 0 5 3 6
3 7 8 . 0 0  0 . 7 6 294
3 7 8 . 9 6  0 . 8 2 3 4 6
3 7 9 . 9 2  0 . 88694
3 8 0 . 8 8  0 . 9 5 3 0 0
3 8 1 . 8 4  1 . 0 2 0 7 5
3 8 2 . 8 0  1 . 0 8 8 7 7
3 8 3 . 7 6  1 . 1 5 5 7 1
3 8 4 . 7 2  1 . 2 2 0 3 2
3 8 5 . 6 8  1 . 2 8 1 6 5
3 8 6 . 6 4  1 . 3 4 0 1 3
3 8 7 . 6 0  1 . 3 9 6 7 6
3 8 8 . 5 6  1 . 4 5 3 4 1
3 8 9 . 5 2  1 . 5 1 2 3 8
3 9 0 . 4 8  1 . 5 7 6 2 4
3 9 1 . 4 4  1 . 6 4 6 6 0
3 9 2 . 4 0  1 . 7 2 5 7 1
3 9 3 . 3 6  1 . 8 1 4 2 8
3 9 4 . 3 2  1 . 9 1 2 6 7
3 9 5 . 2 8  2 . 0 20 8 9
3 9 6 . 2 4  2 . 1 3 9 3 9
3 9 7 . 2 0  2 . 2 6 6 5 1
3 9 8 . 1 6  2 . 4 0 1 1 9
3 9 9 . 1 2  2 . 5 4 1 2 0
4 00 . 08  2 . 6 8 3 0 3
4 0 1 . 0 4  2 . 8 2 1 3 9
4 0 2 . 0 0  2 . 9 5 1 6 9
4 0 2 . 9 6  3 . 0 6 8 1 1
4 0 3 . 9 2  3 . 1 6 5 4 2
4 04 . 8 8  3 . 2 3 9 5 4
4 0 5 . 8 4  3 . 2 8 7 7 1
4 0 6 . 80  3 . 3 0 8 3 6
4 0 7 . 7 6  3 . 3 0 1 6 4
4 0 8 . 7 2  3 . 2 6 8 8 4
4 09 . 6 8  3 . 2 1 2 2 3
4 1 0 . 6 4  3 . 1 3 5 5 0
4 1 1 . 6 0  3 . 0 4 1 4 7
4 1 2 . 5 6  2 . 9 3 3 8 3
4 1 3 . 5 2  2 . 8 1 6 1 8

4 1 4 . 4 8  2 . 6 9 1 5 6
4 1 5 . 4 4  2 . 5 6 2 0 8
4 1 6 . 4 0  2 . 4 3 1 6 4
4 1 7 . 3 6  2 . 3 0 2 8 8
4 1 8 . 3 2  2 . 1 7 8 3 1
4 1 9 . 2 8  2 . 0 6 0 8 2
4 2 0 . 2 4  1 . 9 5 2 9 1
4 2 1 . 2 0  1 . 8 5 5 4 1
4 2 2 . 1 6  1 . 7 6 8 8 2
4 2 3 . 1 2  1 . 6 9 3 5 5
4 2 4 . 0 8  1 . 6 2 8 7 3
4 2 5 . 0 4  1 . 5 7 3 3 7
4 2 6 . 0 0  1 . 5 2 6 4 2
4 2 6 . 9 6  1 . 4 8 7 3 0
4 2 7 . 9 2  1 . 4 5 4 6 4
4 2 8 . 8 8  1 . 4 2 7 7 2
42 9 . 84  1 . 4 0 5 8 3
4 3 0 . 8 0  1 . 3 8 8 5 2
4 3 1 . 7 6  1 . 3 7 4 7 5
4 3 2 . 7 2  1 . 3 6 3 5 5
4 3 3 . 6 8  1 . 3 5 3 7 7
4 3 4 . 6 4  1 . 3 4 4 2 7
4 3 5 . 6 0  1 . 3 3 3 7 0
4 3 6 . 5 6  1 . 3 2 0 9 8
4 3 7 . 5 2  1 . 3 0 5 5 9
4 3 8 . 4 8  1 . 2 8 7 2 1
43 9 . 4 4  1 . 2 6 5 6 6
440 . 4 0  1 . 2 4 0 5 6
4 4 1 . 3 6  1 . 2 1 1 9 4
4 4 2 . 3 2  1 . 1 7 9 7 8
4 4 3 . 2 8  1 . 1 4 4 0 0
4 4 4 . 2 4  1 . 1 0 4 8 2
4 4 5 . 2 0  1 . 0 6 3 1 6
4 4 6 . 1 6  1 . 0 1 9 7 6
4 4 7 . 1 2  0 . 9 7 5 1 4
448 . 08  0 . 92 987
449 . 04  0 . 8 8 4 3 5
4 5 0 . 0 0  0 . 8 3 8 6 8
4 5 0 . 9 6  0 . 7 9 2 8 7
4 5 1 . 9 2  0 . 7 4 7 5 6
4 5 2 . 8 8  0 . 7 0 3 4 0
4 5 3 . 8 4  0 . 6 6 1 2 2
4 5 4 . 8 0  0 . 6 2 1 8 1
4 5 5 . 7 6  0 . 5 8608
4 5 6 . 7 2  0 . 5 5 3 9 0
4 5 7 . 6 8  0 . 5 2 5 7 3
4 5 8 . 6 4  0 . 5 0 1 2 0
4 5 9 . 6 0  0 . 4 7 9 9 7
4 6 0 . 5 6  0 . 4 6 1 5 9
4 6 1 . 5 2  0 . 4 46 20
4 6 2 . 48  0 . 4 3 2 4 5
4 6 3 . 4 4  0 . 4 1 9 7 7
4 6 4 . 40  0 . 4 0764
4 6 5 . 3 6  0 . 3 9 5 3 3
( 1 / 2 , 1 / 2 )
270 1 . OOOOE+000

42 . 0 0  2 . 8 5 9 8 7
4 2 . 9 6  2 . 9 3 8 7 9
4 3 . 9 2  3 . 2 2 2 6 9
44. 88  3 . 6 1 8 7 8
4 5 . 8 4  4 . 1 0 0 6 3
4 6 . 8 0  4 . 5 1 1 9 4
4 7 . 7 6  4 . 7 2 9 5 8
4 8 . 7 2  4 . 65004
49 . 68  4 . 2 7 2 7 0
50 . 6 4  3 . 6 5 9 2 4
5 1 . 6 0  2 . 9 2 2 6 5
5 2 . 5 6  2 . 1 8 7 6 6
5 3 . 5 2  1 . 5 3 5 8 3
54 . 4 8  1 . 0 2 0 4 6
5 5 . 4 4  0 . 6 6 5 1 5
5 6 . 4 0  0 . 4 6 0 2 0
5 7 . 3 6  0 . 3 8 3 2 9
5 8 . 3 2  0 . 4 2 5 2 8
5 9 . 2 8  0 . 5 8 3 8 0
60 . 2 4  0 . 8 4 5 1 8
6 1 . 2 0  1 . 1 8 6 3 5
6 2 . 1 6  1 . 5 9 5 2 6

6 3 . 1 2  2 . 0 6 8 2 1
64. 08 2 . 5 9 0 9 9
65 . 04  3 . 1 4 4 5 1
66 . 00  3 . 6 8 3 0 0
66 . 96 4 . 1 5 0 5 9
6 7 . 9 2  4 . 4 7 9 9 2
68. 88 4 . 6 4 0 3 8
69. 84 4 . 6 3 4 1 4
7 0 . 8 0  4 . 5 1 6 7 2
7 1 . 7 6  4 . 3 5 2 3 4
7 2 . 7 2  4 . 2 1 2 1 7
7 3 . 6 8  4 . 1 2 9 4 0
7 4 . 6 4  4 . 1 1 8 0 0
7 5 . 6 0  4 . 1 7 1 5 6
7 6 . 5 6  4 . 2 8 4 7 3
7 7 . 5 2  4 . 4 4 3 3 7
7 8 . 4 8  4 . 6 3 4 6 3
7 9 . 4 4  4 . 8 3 7 4 6
8 0 . 40  5 . 0 1 9 6 8
8 1 . 3 6  5 . 1 4 6 7 1
8 2 . 3 2  5 . 1 8 0 4 9
8 3 . 2 8  5 . 1 0 2 1 1
8 4 . 2 4  4 . 8 9 1 0 2
8 5 . 2 0  4 . 5 5 8 3 3
8 6 . 1 6  4 . 1 1 4 0 4
8 7 . 1 2  3 . 5 9 8 1 1
88 . 08  3 . 0 3 8 4 4
89 . 04  2 . 4 8 3 2 8
90 . 00  1 . 9 5 8 7 9
90 . 96  1 . 4 9 6 6 4
9 1 . 9 2  1 . 1 0 4 7 9
92 . 88  0 . 7 9890
9 3 . 84  0 . 5 7 7 1 5
94 . 80  0 . 4 4 1 2 6
9 5 . 7 6  0 . 3 8 0 5 4
9 6 . 7 2  0 . 3 9 0 6 5
97 . 68  0 . 46054
98. 64 0 . 5 8 5 9 5
99 . 60  0 . 7 5 6 8 3

1 0 0 . 5 6  0 . 9 7 5 8 7
1 0 1 . 5 2  1 . 2 4 2 0 9
1 0 2 . 4 8  1 . 5 6 2 6 6
1 0 3 . 4 4  1 . 9 4 3 9 8
1 0 4 . 4 0  2 . 3 9 6 5 0
1 0 5 . 3 6  2 . 9 2 5 3 8
1 0 6 . 3 2  3 . 5 2 8 7 1
1 0 7 . 2 8  4 . 1 9 7 5 0
1 0 8 . 2 4  4 . 9 0 9 4 1
1 0 9 . 2 0  5 . 6 4 1 7 1
1 1 0 . 1 6  6 . 3 7 0 7 0
1 1 1 . 1 2  7 . 0 80 4 2
1 1 2 . 0 8  7 . 7 4 8 2 2
1 1 3 . 0 4  8 . 3 5 3 9 6
1 1 4 . 0 0  8 . 8 7 9 4 5
1 1 4 . 9 6  9 . 3 0 7 0 2
1 1 5 . 9 2  9 . 6 2 5 2 2
1 1 6 . 8 8  9 . 8 2 2 2 0
1 1 7 . 8 4  9 . 9 0 1 1 8
1 1 8 . 8 0  9 . 8 6 1 8 8
1 1 9 . 7 6  9 . 7 1 8 5 6
1 2 0 . 7 2  9 . 4 7 9 3 5
1 2 1 . 6 8  9 . 1 6 5 5 4
1 2 2 . 6 4  8 . 79409
1 2 3 . 6 0  8 . 3 8 8 5 9
1 2 4 . 5 6  7 . 9 5 9 5 9
1 2 5 . 5 2  7 . 5 1 9 2 8
1 2 6 . 4 8  7 . 0 8 1 6 3
1 2 7 . 4 4  6 . 6 6 3 6 2
1 2 8 . 4 0  6 . 2 7 7 3 3
1 2 9 . 3 6  5 . 9 3 1 6 7
1 3 0 . 3 2  5 . 62 899
1 3 1 . 2 8  5 . 3 6 7 0 0
1 3 2 . 2 4  5 . 1 3 6 8 1
1 3 3 . 2 0  4 . 9 3 0 7 2
1 3 4 . 1 6  4 . 7 3 5 1 6
1 3 5 . 1 2  4 . 5 3 7 0 5
1 3 6 . 0 8  4 . 3 1 7 0 5
1 3 7 . 0 4  4 . 06086
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1 3 8 . 0 0  3 . 7 5 4 4 5
1 3 8 . 9 6  3 . 3 9 9 5 4
1 3 9 . 9 2  3 . 0 0 8 1 9
1 4 0 . 8 8  2 . 6 0 6 1 4
1 4 1 . 8 4  2 . 2 2 1 2 3
1 4 2 . 8 0  1 . 8 8 4 4 0
1 4 3 . 7 6  1 . 6 1 6 0 1
1 4 4 . 7 2  1 . 4 2 5 4 5
1 4 5 . 6 8  1 . 3 0 5 5 4
1 4 6 . 6 4  1 . 2 4 5 2 0
1 4 7 . 6 0  1 . 2 2 4 8 2
1 4 8 . 5 6  1 . 2 2 4 5 6
1 4 9 . 5 2  1 . 2 2 2 4 6
1 5 0 . 4 8  1 . 2 0 4 3 1
1 5 1 . 4 4  1 . 1 5 8 2 9
1 5 2 . 4 0  1 . 0 8 2 9 5
1 5 3 . 3 6  0 . 9 8 0 3 2
1 5 4 . 3 2  0 . 8 6 0 3 3
1 5 5 . 2 8  0 . 7 3 0 9 8
1 5 6 . 2 4  0 . 6 0 3 1 5
1 5 7 . 2 0  0 . 48644
1 5 8 . 1 6  0 . 3 9 0 3 3
1 5 9 . 1 2  0 . 3 2 3 5 3
1 6 0 . 0 8  0 . 2 9 2 7 4
1 6 1 . 0 4  0 . 3 0 1 4 0
1 6 2 . 0 0  0 . 3 4 7 0 4
1 6 2 . 9 6  0 . 4 2 5 6 3
1 6 3 . 9 2  0 . 5 3 0 8 5
1 6 4 . 8 8  0 . 6 6 3 2 6
1 6 5 . 8 4  0 . 8 1 1 4 5
1 6 6 . 8 0  0 . 9 6 6 1 1
1 6 7 . 7 6  1 . 1 1 2 9 2
1 6 8 . 7 2  1 . 2 4 9 7 0
1 6 9 . 6 8  1 . 3 7 2 1 4
1 7 0 . 6 4  1 . 4 9 0 6 7
1 7 1 . 6 0  1 . 6 2 0 8 1
1 7 2 . 5 6  1 . 7 7 5 1 2
1 7 3 . 5 2  1 . 9 5 1 7 8
1 7 4 . 4 8  2 . 1 4 4 1 8
1 7 5 . 4 4  2 . 3 4 2 8 1
1 7 6 . 4 0  2 . 5 3 3 1 6
1 7 7 . 3 6  2 . 7 0 7 0 5
1 7 8 . 3 2  2 . 8 6 6 2 6
1 7 9 . 2 8  3 . 0 0 6 7 3
1 8 0 . 2 4  3 . 1 1 9 9 7
1 8 1 . 2 0  3 . 1 9 2 9 9
1 8 2 . 1 6  3 . 2 2 1 3 5
1 8 3 . 1 2  3 . 1 9 7 8 3
1 8 4 . 0 8  3 . 1 2 9 0 7
1 8 5 . 0 4  3 . 0 2 3 8 8
1 8 6 . 0 0  2 . 9 0 3 3 0
1 8 6 . 9 6  2 . 7 7 7 3 1
1 8 7 . 9 2  2 . 6 5 7 1 8
1 8 8 . 8 8  2 . 5 4 7 9 0
1 8 9 . 8 4  2 . 4 5 7 1 8
1 9 0 . 8 0  2 . 3 9 0 5 8
1 9 1 . 7 6  2 . 3 4 9 6 0
1 9 2 . 7 2  2 . 3 3 5 7 1
1 9 3 . 6 8  2 . 3 4 9 3 1
1 9 4 . 6 4  2 . 3 8 9 7 0
1 9 5 . 6 0  2 . 4 4 4 9 1
1 9 6 . 5 6  2 . 5 0 8 7 4
1 9 7 . 5 2  2 . 5 7 0 9 8
1 9 8 . 4 8  2 . 6 2 9 3 6
1 9 9 . 4 4  2 . 6 7 4 4 1
2 0 0 . 4 0  2 . 7 0 7 0 4
2 0 1 . 3 6  2 . 7 2 5 8 3
2 0 2 . 3 2  2 . 7 4 0 5 0
2 0 3 . 2 8  2 . 7 5 0 2 0
2 0 4 . 2 4  2 . 7 6 2 3 4
2 0 5 . 2 0  2 . 7 7 6 5 5
2 0 6 . 1 6  2 . 8 0 2 9 6
2 0 7 . 1 2  2 . 8 3 8 6 5
2 0 8 . 0 8  2 . 8 8 4 1 9
209 . 0 4  2 . 9 3 5 1 0
2 1 0 . 0 0  2 . 9 9 1 0 3
2 1 0 . 9 6  3 . 0 4 9 7 4
2 1 1 . 9 2  3 . 1 0 4 3 5

2 1 2 . 8 8  3 . 1 5 2 4 4
2 1 3 . 8 4  3 . 1 8 6 2 2
2 1 4 . 8 0  3 . 2 0 7 1 4
2 1 5 . 7 6  3 . 2 0 8 2 0
2 1 6 . 7 2  3 . 1 9 4 6 5
2 1 7 . 6 8  3 . 1 6 6 2 2
2 1 8 . 6 4  3 . 1 3 4 1 8
2 1 9 . 6 0  3 . 09989
2 2 0 . 5 6  3 . 0 7 5 7 9
2 2 1 . 5 2  3 . 0 5 9 4 2
2 2 2 . 4 8  3 . 0 5 3 8 3
2 2 3 . 4 4  3 . 0 5 0 7 7
2 2 4 . 4 0  3 . 0 5 4 4 3
2 2 5 . 3 6  3 . 0 5 5 1 0
2 2 6 . 3 2  3 . 0 5 5 7 7
2 2 7 . 2 8  3 . 0 5 2 5 0
2 2 8 . 2 4  3 . 0 5 4 6 8
2 2 9 . 2 0  3 . 0 5 7 6 3
2 3 0 . 1 6  3 . 0 64 4 7
2 3 1 . 1 2  3 . 0 7 8 0 3
2 3 2 . 0 8  3 . 0 9 2 6 5
2 3 3 . 0 4  3 . 1 0 4 8 0
2 3 4 . 0 0  3 . 1 0 5 6 1
2 3 4 . 9 6  3 . 0 9992
2 3 5 . 9 2  3 . 0 8 0 7 3
2 3 6 . 8 8  3 . 0 5 5 7 7
2 3 7 . 8 4  3 . 0 2 0 0 8
2 3 8 . 8 0  2 . 9 7 6 1 0
2 3 9 . 7 6  2 . 9 1 4 3 6
2 4 0 . 7 2  2 . 8 3 6 0 5
2 4 1 . 6 8  2 . 7 4 1 2 9
2 4 2 . 6 4  2 . 6 3 9 0 0
2 4 3 . 6 0  2 . 5 3 4 6 0
2 4 4 . 5 6  2 . 4 3 0 8 3
2 4 5 . 5 2  2 . 3 2 5 5 5
2 4 6 . 4 8  2 . 2 1 9 3 9
2 4 7 . 4 4  2 . 1 1 1 9 5
2 4 8 . 4 0  2 . 0 0 5 3 0
2 4 9 . 3 6  1 . 9 0 2 5 8
2 5 0 . 3 2  1 . 8 1 0 0 5
2 5 1 . 2 8  1 . 7 3 0 4 7
2 5 2 . 2 4  1 . 6 6 4 4 5
2 5 3 . 2 0  1 . 6 1 3 2 1
2 5 4 . 1 6  1 . 5 8 1 7 9
2 5 5 . 1 2  1 . 5 7 0 1 2
2 5 6 . 0 8  1 . 5 7 6 1 6
2 5 7 . 0 4  1 . 5 9 0 3 2
2 5 8 . 0 0  1 . 6 0 8 0 1
2 5 8 . 9 6  1 . 6 1 7 7 1
2 5 9 . 9 2  1 . 6 1 4 3 6
2 6 0 . 8 8  1 . 5 9 5 4 0
2 6 1 . 8 4  1 . 5 6 5 8 0
2 6 2 . 8 0  1 . 5 2 6 1 4
2 6 3 . 7 6  1 . 4 7 7 1 1
2 6 4 . 7 2  1 . 4 2 2 4 1
2 6 5 . 6 8  1 . 3 6 2 4 4
2 6 6 . 6 4  1 . 3 0 6 8 3
2 6 7 . 6 0  1 . 2 5 6 9 9
2 6 8 . 5 6  1 . 2 1 8 4 1
2 6 9 . 5 2  1 . 1 8 5 4 7
2 7 0 . 4 8  1 . 1 6 2 6 4
2 7 1 . 4 4  1 . 1 4 2 3 8
2 7 2 . 4 0  1 . 1 2 6 6 8
2 7 3 . 3 6  1 . 1 1 3 1 7
2 7 4 . 3 2  1 . 1 0 8 3 9
2 7 5 . 2 8  1 . 1 0 9 0 4
2 7 6 . 2 4  1 . 1 1 2 6 0
2 7 7 . 2 0  1 . 1 1 6 7 5
2 7 8 . 1 6  1 . 1 1 9 8 0
2 7 9 . 1 2  1 . 1 1 9 8 7
2 8 0 . 0 8  1 . 1 1 5 5 2
2 8 1 . 0 4  1 . 1 1 2 3 6
2 8 2 . 0 0  1 . 1 0 8 4 0
2 8 2 . 9 6  1 . 1 0 3 3 8
2 8 3 . 9 2  1 . 0 9 2 5 6
2 8 4 . 8 8  1 . 0 7 7 8 4
2 8 5 . 8 4  1 . 0 5 4 7 0
2 8 6 . 8 0  1 . 0 2 3 2 6

2 8 7 . 7 6  0 . 98444
2 8 8 . 7 2  0 . 9 4 2 1 1
2 8 9 . 6 8  0 . 8 9 5 7 3
2 9 0 . 6 4  0 . 8 4 5 7 7
2 9 1 . 6 0  0 . 7 9 4 3 5
2 9 2 . 5 6  0 . 7 4 1 6 0
2 9 3 . 5 2  0 . 6 8 7 7 8
2 9 4 . 4 8  0 . 6 3 2 5 9
2 9 5 . 4 4  0 . 5 8 0 2 0
2 9 6 . 4 0  0 . 5 3 1 1 3
2 9 7 . 3 6  0 . 48689
2 9 8 . 3 2  0 . 4 5 1 6 8
2 9 9 . 2 8  0 . 4 2 7 5 4
3 0 0 . 2 4  0 . 4 1 8 6 4  
( 3 / 2 , 1 / 2 )
1 49  l.OOOOE+OOO
1 7 8 . 3 2  1 . 5 2 3 2 6
1 7 9 . 2 8  1 . 6 3 4 7 0
1 8 0 . 2 4  1 . 7 4 3 0 5
1 8 1 . 2 0  1 . 8 4 1 2 4
1 8 2 . 1 6  2 . 0 3 5 7 8
1 8 3 . 1 2  2 . 2 1 9 9 1
1 8 4 . 0 8  2 . 4 1 0 2 3
1 8 5 . 0 4  2 . 5 7 6 0 9
1 8 6 . 0 0  2 . 7 4 8 1 8
1 8 6 . 9 6  2 . 9 3 4 2 2
1 8 7 . 9 2  3 . 1 5 5 5 5
1 8 8 . 8 8  3 . 4 2 0 7 7
1 8 9 . 8 4  3 . 7 3 7 5 1
1 9 0 . 8 0  4 . 1 0 3 0 4
1 9 1 . 7 6  4 . 5 3 7 0 5
1 9 2 . 7 2  5 . 0 3 0 0 7
1 9 3 . 6 8  5 . 5 6 3 1 9
1 9 4 . 6 4  6 . 1 0 8 5 0
1 9 5 . 6 0  6 . 6 6 2 1 1
1 9 6 . 5 6  7 . 1 9 4 4 3
1 9 7 . 5 2  7 . 6 8 7 1 4
1 9 8 . 4 8  8 . 1 0 7 4 1
1 9 9 . 4 4  8 . 4 6 1 8 6
2 0 0 . 4 0  8 . 7 4 8 3 9
2 0 1 . 3 6  8 . 962 09
2 0 2 . 3 2  9 . 0 9 5 9 0
2 0 3 . 2 8  9 . 1 6 6 7 9
2 0 4 . 2 4  9 . 1 8 1 4 9
2 0 5 . 2 0  9 . 1 4 9 6 8
2 0 6 . 1 6  9 . 0 7 3 0 5
2 0 7 . 1 2  8 . 9 5 7 5 5
2 0 8 . 0 8  8 . 8 2 9 1 4
2 0 9 . 0 4  8 . 69694
2 1 0 . 0 0  8 . 5 5 2 0 7
2 1 0 . 9 6  8 . 3 9 0 2 6
2 1 1 . 9 2  8 . 2 1 4 1 4
2 1 2 . 8 8  8 . 0 1 7 8 5
2 1 3 . 8 4  7 . 7 9 7 3 1
2 1 4 . 8 0  7 . 5 4 3 2 0
2 1 5 . 7 6  7 . 2 5 7 1 3
2 1 6 . 7 2  6 . 9 5 7 5 1
2 1 7 . 6 8  6 . 6 5 0 86
2 1 8 . 6 4  6 . 3 5 1 9 8
2 1 9 . 6 0  6 . 07 4 6 7
2 2 0 . 5 6  5 . 8 3 1 6 8
2 2 1 . 5 2  5 . 6 3 1 5 0
2 2 2 . 4 8  5 . 4 8 5 8 5
2 2 3 . 4 4  5 . 3 8 7 3 0
2 2 4 . 4 0  5 . 3 4 2 1 8
2 2 5 . 3 6  5 . 3 5 1 1 4
2 2 6 . 3 2  5 . 4 1 3 9 8
2 2 7 . 2 8  5 . 5 2 1 0 2
2 2 8 . 2 4  5 . 6 7 7 1 2
2 2 9 . 2 0  5 . 8 8 2 6 7
2 3 0 . 1 6  6 . 1 3 4 8 8
2 3 1 . 1 2  6 . 4 3 1 2 8
2 3 2 . 0 8  6 . 7 6 2 2 0
2 3 3 . 0 4  7 . 1 1 3 5 0
2 3 4 . 0 0  7 . 4 7 7 7 1
2 3 4 . 9 6  7 . 84 88 9
2 3 5 . 9 2  8 . 2 0 3 8 4
2 3 6 . 8 8  8 . 5 4 2 0 4

2 3 7 . 8 4  8 . 84486
2 3 8 . 8 0  9 . 1 1 3 5 5
2 3 9 . 7 6  9 . 3 4 7 8 6
2 4 0 . 7 2  9 . 5 47 5 4
2 4 1 . 6 8  9 . 7 0 2 1 5
2 4 2 . 6 4  9 . 8 1 88 9
2 4 3 . 6 0  9 . 8 83 2 6
2 4 4 . 5 6  9 . 90036
2 4 5 . 5 2  9 . 8 7 2 2 4
2 4 6 . 4 8  9 . 80003
2 4 7 . 4 4  9 . 6 9 5 1 4
2 4 8 . 4 0  9 . 5 6540
2 4 9 . 3 6  9 . 4 1 0 8 2
2 5 0 . 3 2  9 . 2 5 0 5 6
2 5 1 . 2 8  9 . 09442
2 5 2 . 2 4  8 . 9 45 6 5
2 5 3 . 2 0  8 . 8 1 5 2 4
2 5 4 . 1 6  8 . 7 0 1 8 1
2 5 5 . 1 2  8 . 59867  
2 5 6 . OS 8 . 5 1 4 0 8
2 5 7 . 0 4  8 . 4 4 3 6 1
2 5 8 . 0 0  8 . 3 8 8 7 1
2 5 8 . 9 6  8 . 3 4 4 9 5
2 5 9 . 9 2  8 . 3 0 7 3 2
2 6 0 . 8 8  8 . 2 6 7 5 3
2 6 1 . 8 4  8 . 2 2 5 2 3
2 6 2 . 8 0  8 . 1 7 4 8 9
2 6 3 . 7 6  8 . 1 1 9 5 0
2 6 4 . 7 2  8 . 057 68
2 6 5 . 6 8  7 . 9 87 9 6
2 6 6 . 6 4  7 . 9 0 9 1 7
2 6 7 . 6 0  7 . 82 064
2 6 8 . 5 6  7 . 7 2 5 1 5
2 6 9 . 5 2  7 . 6 2 0 1 3
2 7 0 . 4 8  7 . 50864
2 7 1 . 4 4  7 . 3 9 6 9 2
2 7 2 . 4 0  7 . 2 8 4 5 5
2 7 3 . 3 6  7 . 1 7 2 9 7
2 7 4 . 3 2  7 . 0 7 2 7 9
2 7 5 . 2 8  6 . 98460
2 7 6 . 2 4  6 . 9 1 4 5 5
2 7 7 . 2 0  6 . 86658
2 7 8 . 1 6  6. 84049
2 7 9 . 1 2  6 . 8 3 8 1 8
2 8 0 . 0 8  6 . 8 6 4 1 4
2 8 1 . 0 4  6 . 9 1 4 2 0
2 8 2 . 0 0  6. 98908
2 8 2 . 9 6  7 . 0 89 5 8
2 8 3 . 9 2  7 . 2 1 1 6 5
2 8 4 . 8 8  7 . 3 5 1 7 1
2 8 5 . 8 4  7 . 5 0 7 5 8
2 8 6 . 8 0  7 . 6 7 2 8 3
2 8 7 . 7 6  7 . 8 4 3 7 5
2 8 8 . 7 2  8 . 0 1 6 2 3
2 89 . 6 0  8 . 1 8 1 8 4
29 0 . 6 4  8 . 3 3 9 4 2
2 9 1 . 6 0  8 . 4 8 2 3 1
2 9 2 . 5 6  8 . 6 0 6 0 1
2 9 3 . 5 2  8. 70998
2 9 4 . 4 8  8 . 7 9 4 0 5
2 9 5 . 4 4  8 . 85 05 8
2 9 6 . 4 0  8 . 8 8 1 7 4
2 9 7 . 3 6  8 . 8 8 4 5 1
2 9 8 . 3 2  8 . 8 6 1 5 0
2 9 9 . 2 8  8 . 8 1 7 6 1
3 0 0 . 2 4  8 . 7 5 7 1 4
3 0 1 . 2 0  8 . 68444
3 0 2 . 1 6  8 . 60 7 7 2
3 0 3 . 1 2  8 . 5 2 6 2 9
3 0 4 . 0 8  8 . 442 79
3 0 5 . 0 4  8 . 3 5 4 0 7
3 0 6 . 0 0  8 . 2 6974
3 0 6 . 9 6  8 . 1 9 1 1 9
3 0 7 . 9 2  8 . 1 1 6 2 3
3 0 8 . 8 8  8 . 0 4 7 1 6
3 0 9 . 8 4  7 . 9 9 1 6 8
3 1 0 . 8 0  7 . 9 3 5 8 7
3 1 1 . 7 6  7 . 8 7 9 9 1
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3 1 2 . 7 2  7 . 8 1 9 6 2
3 1 3 . 6 8  7 . 7 4 8 0 3
3 1 4 . 6 4  7 . 6 6 7 5 3
3 1 5 . 6 0  7 . 5 8 2 3 4
3 1 6 . 5 6  7 . 4 8 7 2 5
3 1 7 . 5 2  7 . 3 9 4 0 9
3 1 8 . 4 8  7 . 3 0 7 3 7
3 1 9 . 4 4  7 . 2 1 6 2 2
3 2 0 . 4 0  7 . 1 2 1 0 2
(2,0)
280 l .OOOOE+000
1 8 6 . 9 6  0 . 1 5 9 6 4
1 8 7 . 9 2  0 . 1 9 7 9 6
1 8 8 . 8 8  0 . 2 8 6 7 2
1 8 9 . 8 4  0 . 4 2 6 6 2
1 9 0 . 8 0  0 . 6 1 0 7 2
1 9 1 . 7 6  0 . 8 4 3 7 7
1 9 2 . 7 2  1 . 0 9 9 4 8
1 9 3 . 6 8  1 . 4 0 8 3 8
1 9 4 . 6 4  1 . 7 4 0 0 2
1 9 5 . 6 0  2 . 0 9 2 9 6
1 9 6 . 5 6  2 . 4 4 6 3 3
1 9 7 . 5 2  2 . 8 3 4 7 0
1 9 8 . 4 8  3 . 2 1 4 4 6
1 9 9 . 4 4  3 . 5 4 8 3 1
2 0 0 . 4 0  3 . 8 0 5 9 3
2 0 1 . 3 6  3 . 9 8 2 4 9
2 0 2 . 3 2  4 . 1 0 0 5 7
2 0 3 . 2 8  4 . 1 4 9 1 3
2 0 4 . 2 4  4 . 1 6 7 5 8
2 0 5 . 2 0  4 . 1 4 2 2 7
2 0 6 . 1 6  4 . 0 9 3 5 9
2 0 7 . 1 2  3 . 9 6 3 1 2
2 0 8 . 0 8  3 . 7 4 3 3 5
2 0 9 . 0 4  3 . 4 0 7 6 1
2 1 0 . 0 0  2 . 9 7 9 3 7
2 1 0 . 9 6  2 . 4 7 6 1 5
2 1 1 . 9 2  1 . 9 4 1 5 6
2 1 2 . 8 8  1 . 4 3 4 7 2
2 1 3 . 8 4  1 . 0 0 2 5 9
2 1 4 . 8 0  0 . 6 8 3 7 0
2 1 5 . 7 6  0 . 4 7 7 1 2
2 1 6 . 7 2  0 . 3 7 8 5 2
2 1 7 . 6 8  0 . 3 5 9 4 5
2 1 8 . 6 4  0 . 3 9 9 1 1
2 1 9 . 6 0  0 . 4 6 7 8 2
2 2 0 . 5 6  0 . 5 4 7 4 9
2 2 1 . 5 2  0 . 6 2 7 4 9
2 2 2 . 4 8  0 . 7 0 2 3 7
2 2 3 . 4 4  0 . 7 6 6 2 0
2 2 4 . 4 0  0 . 8 3 2 6 6
2 2 5 . 3 6  0 . 8 9 6 1 8
2 2 6 . 3 2  0 . 9 5 8 3 5
2 2 7 . 2 8  1 . 0 1 9 9 4
2 2 8 . 2 4  1 . 0 8 9 9 6
2 2 9 . 2 0  1 . 1 7 6 5 5
2 3 0 . 1 6  1 . 2 8 8 0 7
2 3 1 . 1 2  1 . 4 3 2 2 2
2 3 2 . 0 8  1 . 6 1 7 0 1
2 3 3 . 0 4  1 . 8 5 1 1 0
2 3 4 . 0 0  2 . 1 2 2 4 7
2 3 4 . 9 6  2 . 4 0 6 8 6
2 3 5 . 9 2  2 . 6 7 2 1 1
2 3 6 . 8 8  2 . 8 8 9 8 3
2 3 7 . 8 4  3 . 0 4 9 7 8
2 3 8 . 8 0  3 . 1 2 8 9 4
2 3 9 . 7 6  3 . 1 4 9 0 8
2 4 0 . 7 2  3 . 0 9 7 4 3
2 4 1 . 6 8  2 . 9 9 6 2 8
2 4 2 . 6 4  2 . 8 2 7 6 3
2 4 3 . 6 0  2 . 6 2 4 0 2
2 4 4 . 5 6  2 . 3 9 3 4 9
2 4 5 . 5 2  2 . 1 6 3 0 1
2 4 6 . 4 8  1 . 9 3 7 4 3
2 4 7 . 4 4  1 . 7 2 6 6 4
2 4 8 . 4 0  1 . 5 3 3 9 3
2 4 9 . 3 6  1 . 3 5 4 4 2
2 5 0 . 3 2  1 . 2 0 3 1 0

2 5 1 . 2 8  1 . 0 8 5 7 5
2 5 2 . 2 4  1 . 0 1 3 2 1
2 5 3 . 2 0  0 . 9 7 6 2 5
2 5 4 . 1 6  0 . 9 6 3 7 8
2 5 5 . 1 2  0 . 9 6 3 6 5
2 5 6 . 0 8  0 . 9 7 5 0 8
2 5 7 . 0 4  0 . 9 9 1 4 2
2 5 8 . 0 0  1 . 0 1 0 8 1
2 5 8 . 9 6  1 . 0 2 2 3 7
2 5 9 . 9 2  1 . 0 2 3 1 0
2 6 0 . 8 8  1 . 0 0 2 4 0
2 6 1 . 8 4  0 . 9 67 3 4
2 6 2 . 8 0  0 . 9 1 9 2 2
2 6 3 . 7 6  0 . 86842
2 6 4 . 7 2  0 . 8 1 1 3 7
2 6 5 . 6 8  0 . 7 5 1 7 5
2 6 6 . 6 4  0 . 6 8 87 7
2 6 7 . 6 0  0 . 6 2 2 1 9
2 6 8 . 5 6  0 . 5 7 6 7 4
2 6 9 . 5 2  0 . 5 5 7 2 8
2 7 0 . 4 8  0 . 5 6 9 3 3
2 7 1 . 4 4  0 . 5 9 7 8 3
2 7 2 . 4 0  0 . 6 4 6 1 5
2 7 3 . 3 6  0 . 6 9 3 2 1
2 7 4 . 3 2  0 . 7 5 0 2 9
2 7 5 . 2 8  0 . 8 2 2 7 9
2 7 6 . 2 4  0 . 92 969
2 7 7 . 2 0  1 . 0 6 1 4 0
2 7 8 . 1 6  1 . 2 1 5 3 5
2 7 9 . 1 2  1 . 3 8 4 9 5
2 8 0 . 0 8  1 . 5 6 4 7 4
2 8 1 . 0 4  1 . 7 5 6 0 3
2 8 2 . 0 0  1 . 9 6 9 8 1
2 8 2 . 9 6  2 . 2 2 3 0 4
2 8 3 . 9 2  2 . 5 1 2 9 9
2 8 4 . 8 8  2 . 8 3 6 1 9
2 8 5 . 8 4  3 . 1 8 3 3 1
2 8 6 . 8 0  3 . 5 4 8 5 4
2 8 7 . 7 6  3 . 9 2 8 2 5
2 8 8 . 7 2  4 . 3 1 5 5 9
2 8 9 . 6 8  4 . 7 2 7 6 1
2 9 0 . 6 4  5 . 1 6 0 9 1
2 9 1 . 6 0  5 . 6 1 9 0 8
2 9 2 . 5 6  6 . 08886
2 9 3 . 5 2  6 . 5 7 5 7 1
2 9 4 . 4 8  7 . 0 5 9 2 9
2 9 5 . 4 4  7 . 5 3 7 5 8
2 9 6 . 4 0  7 . 9 9 85 4
2 9 7 . 3 6  8 . 4 4 1 5 4
2 9 8 . 3 2  8 . 83 66 0
2 9 9 . 2 8  9 . 1 7 5 1 5
3 0 0 . 2 4  9 . 4 5 0 0 7
3 0 1 . 2 0  9 . 66824
3 0 2 . 1 6  9 . 8 1 9 9 6
3 0 3 . 1 2  9 . 9002 7
3 0 4 . 0 8  9 . 8 9 1 6 9
3 0 5 . 0 4  9 . 7 8 4 1 3
3 0 6 . 0 0  9 . 5 7 7 1 2
3 0 6 . 9 6  9 . 2 6 6 2 3
3 0 7 . 9 2  8 . 8 7 3 8 0
3 0 8 . 8 8  8 . 4 1 7 6 1
3 0 9 . 8 4  7 . 9 3 9 3 1
3 1 0 . 8 0  7 . 4 4 5 3 7
3 1 1 . 7 6  6 . 95 84 2
3 1 2 . 7 2  6 . 4 8 3 4 2
3 1 3 . 6 8  6 . 0 4 1 7 8
3 1 4 . 6 4  5 . 6 2 9 3 0
3 1 5 . 6 0  5 . 2 4 4 6 1
3 1 6 . 5 6  4 . 8 8 5 7 3
3 1 7 . 5 2  4 . 5 6 1 2 0
3 1 8 . 4 8  4 . 2 7 9 5 3
3 1 9 . 4 4  4 . 0 3 5 7 0
3 2 0 . 4 0  3 . 8 3 5 6 9
3 2 1 . 3 6  3 . 6 8 0 2 0
3 2 2 . 3 2  3 . 5 7 7 7 3
3 2 3 . 2 8  3 . 5 2 3 0 6
3 2 4 . 2 4  3 . 5 1 3 8 3
3 2 5 . 2 0  3 . 5 4 6 6 1

3 2 6 . 1 6  3 . 6 2 4 8 0
3 2 7 . 1 2  3 . 7 4 5 7 9
3 2 8 . 0 8  3 . 89 9 0 2
3 2 9 . 0 4  4 . 0 7 3 6 5
3 3 0 . 0 0  4 . 2 6 5 3 4
3 3 0 . 9 6  4 . 4 6 1 5 9
3 3 1 . 9 2  4 . 6 5 7 7 0
3 3 2 . 8 8  4 . 8 3 7 4 1
3 3 3 . 8 4  4 . 99989
3 3 4 . 8 0  5 . 1 2 6 9 5
3 3 5 . 7 6  5 . 2 1 5 7 6
3 3 6 . 7 2  5 . 2 5 2 6 6
3 3 7 . 6 8  5 . 2 3 3 6 1
3 3 8 . 6 4  5 . 1 5 5 4 7
3 3 9 . 6 0  5 . 0 3 2 2 0
3 4 0 . 5 6  4 . 86 60 3
3 4 1 . 5 2  4 . 6 7 1 4 6
3 4 2 . 4 8  4 . 4 5 5 6 1
3 4 3 . 4 4  4 . 2 2 8 2 0
3 4 4 . 4 0  3 . 9 8 7 4 0
3 4 5 . 3 6  3 . 7 4 1 0 1
3 4 6 . 3 2  3 . 4 8 8 8 2
3 4 7 . 2 8  3 . 2 3 7 0 2
3 4 8 . 2 4  2 . 9 8 2 8 6
3 4 9 . 2 0  2 . 7 3 3 2 6
3 5 0 . 1 6  2 . 4 9 3 4 9
3 5 1 . 1 2  2 . 2 7 0 4 2
3 5 2 . 0 8  2 . 0 6 4 48
3 5 3 . 0 4  1 . 8 8 3 1 9
3 5 4 . 0 0  1 . 7 2 4 6 3
3 5 4 . 9 6  1 . 5 8 8 7 8
3 5 5 . 9 2  1 . 4 6 1 7 1
3 5 6 . 8 8  1 . 3 4 7 0 7
3 5 7 . 8 4  1 . 2 4 2 3 7
3 5 8 . 8 0  1 . 1 4 7 9 9
3 5 9 . 7 6  1 . 0 5 7 7 7
3 6 0 . 7 2  0 . 9 7 7 0 7
3 6 1 . 6 8  0 . 9 1 0 8 8
3 6 2 . 6 4  0 . 8 5 5 4 4
3 6 3 . 6 0  0 . 8 1 3 4 4
3 6 4 . 5 6  0 . 7 7 8 8 7
3 6 5 . 5 2  0 . 7 5 1 4 9
3 6 6 . 4 8  0 . 7 1 8 9 0
3 6 7 . 4 4  0 . 6 8 3 7 6
3 6 8 . 4 0  0 . 6 3 8 2 3
3 6 9 . 3 6  0 . 5 8969
3 7 0 . 3 2  0 . 5 3 1 3 8
3 7 1 . 2 8  0 . 4 7 2 5 7
3 7 2 . 2 4  0 . 4 1 2 6 4
3 7 3 . 2 0  0 . 3 6 5 6 5
3 7 4 . 1 6  0 . 3 2 9 1 3
3 7 5 . 1 2  0 . 3 06 88
3 7 6 . 0 8  0 . 2 9 1 1 6
3 7 7 . 0 4  0 . 2 8 1 4 5
3 7 8 . 0 0  0 . 2 6 8 3 4
3 7 8 . 9 6  0 . 2 5 3 6 7
3 7 9 . 9 2  0 . 2 4 3 5 0
3 8 0 . 8 8  0 . 2 4 2 7 6
3 8 1 . 8 4  0 . 2 5 4 5 3
3 8 2 . 8 0  0 . 2 7 5 9 1
3 8 3 . 7 6  0 . 3 1 4 4 8
3 8 4 . 7 2  0 . 3 6 2 0 8
3 8 5 . 6 8  0 . 4 2 3 3 9
3 8 6 . 64  0 . 4 8 7 0 7
3 8 7 . 6 0  0 . 5 5 9 1 0
3 8 8 . 5 6  0 . 6 2 3 5 5
3 8 9 . 5 2  0 . 68967
39 0 . 48  0 . 7 5 0 6 8
3 9 1 . 4 4  0 . 8 1 7 6 3
3 9 2 . 4 0  0 . 8 8 4 8 1
3 9 3 . 3 6  0 . 95899
3 9 4 . 3 2  1 . 0 3 2 3 3
3 9 5 . 2 8  1 . 1 0 6 3 6
3 9 6 . 2 4  1 . 1 8 0 3 7
3 9 7 . 2 0  1 . 2 5 5 8 9
3 9 8 . 1 6  1 . 3 2 9 1 3
3 9 9 . 1 2  1 . 3 9 2 9 3
400. 08 1 . 4 4 7 4 5

4 0 1 . 0 4  1 . 4 9 0 4 5
4 02 . 0 0  1 . 5 2 3 4 4
4 0 2 . 9 6  1 . 5 4 8 3 9
4 0 3 . 9 2  1 . 5 7 2 3 5
404. 80  1 . 5 9 5 3 7
4 05 . 84  1 . 6 1 7 8 7
4 06 . 80  1 . 6 3 9 3 9
4 0 7 . 7 6  1 . 6 6 0 4 6
4 0 8 . 7 2  1 . 6 8 6 8 3
409. 60 1 . 7 2 0 2 0
4 1 0 . 6 4  1 . 7 6 3 6 4
4 1 1 . 6 0  1 . 8 1 5 7 2
4 1 2 . 5 6  1 . 8 7 7 7 9
4 1 3 . 5 2  1 . 9 5 0 5 4
4 1 4 . 4 0  2 . 0 3 4 5 2
4 1 5 . 4 4  2 . 1 2 8 5 2
4 1 6 . 4 0  2 . 2 3 5 5 4
4 1 7 . 3 6  2 . 3 5 8 0 2
4 1 8 . 3 2  2 . 4 9 2 9 6
4 1 9 . 2 8  2 . 6 3 8 0 6
42 0 . 2 4  2 . 7 9 1 8 4
4 2 1 . 2 0  2 . 9 5 1 0 6
4 2 2 . 1 6  3 . 1 1 0 6 4
4 2 3 . 1 2  3 . 2 6 5 4 9
42 4 . 08  3 . 4 1 5 9 8
42 5 . 0 4  3 . 5 5 2 1 4
42 6 . 0 0  3 . 6 6 9 6 3
4 2 6 . 9 6  3 . 7 6 1 2 8
4 2 7 . 9 2  3 . 8 2 9 0 9
428 . 88  3 . 8 6 6 7 5
429 . 84  3 . 87 984
4 3 0 . 8 0  3 . 8 7 1 8 5
4 3 1 . 7 6  3 . 8 5 3 4 2
4 3 2 . 7 2  3 . 8 2 5 9 0
4 3 3 . 6 8  3 . 7 9 1 5 4
4 3 4 . 6 4  3 . 7 4 8 7 1
4 3 5 . 6 0  3 . 6 9 3 7 4
4 3 6 . 5 6  3 . 6 3 0 1 1
4 3 7 . 5 2  3 . 5 5 5 2 6
43 8 . 4 0  3 . 4 7 2 8 0
43 9 . 4 4  3 . 3 7 8 3 0
440 . 4 0  3 . 2 80 9 7
4 4 1 . 3 6  3 . 1 7 7 1 8
4 4 2 . 3 2  3 . 0 7 3 9 9
4 4 3 . 2 8  2 . 9 6 8 3 7
444 . 2 4  2 . 8 7 0 8 5
4 4 5 . 2 0  2 . 7 8 1 4 8
4 4 6 . 1 6  2 . 7 0 2 7 3
4 4 7 . 1 2  2 . 6 3 3 4 7
448. 08 . 2 . 57583
449. 04  2 . 5 3 2 4 6
4 5 0 . 0 0  2 . 4 9 8 5 0
45 0 . 9 6  2 . 4 7 5 5 4
4 5 1 . 9 2  2 . 4 5 7 8 7
45 2 . 8 0  2 . 4 4 8 3 2
45 3 . 84  2 . 4 3 7 9 5
4 5 4 . 8 0  2 . 4 2 6 5 4
4 5 5 . 7 6  2 . 4 092 9
4 5 6 . 7 2  2 . 3 8 9 2 1
4 5 7 . 6 8  2 . 3 6 4 1 4
45 8 . 64  2 . 3 3 6 9 5
45 9 . 6 0  2 . 3 0 4 3 3
4 6 0 . 5 6  2 . 2 6 3 7 6
4 6 1 . 5 2  2 . 2 1 1 6 9
4 62 . 40  2 . 1 4 8 2 4
4 6 3 . 44  2 . 0 7 4 2 8
46 4 . 40  1 . 9 9 2 5 0
4 6 5 . 3 6  1 . 9 0 7 0 7
46 6 . 3 2  1 . 8 1 7 0 0
4 6 7 . 2 8  1 . 7 2 3 2 3
468. 24  1 . 6 2 2 9 0
4 6 9 . 2 0  1 . 5 2 3 6 7
4 7 0 . 1 6  1 . 4 2 4 4 6
4 7 1 . 1 2  1 . 3 3 0 7 2
4 7 2 . 0 8  1 . 2 3 9 5 8
4 7 3 . 0 4  1 . 1 5 3 7 6
4 7 4 . 0 0  1 . 0 6 6 8 4
4 7 4 . 9 6  0 . 98008
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4 7 5 . 9 2  0 . 8 9 3 4 7
4 7 6 . 88  0 . 8 0 8 1 9
4 7 7 . 8 4  0 . 7 2 6 3 9
4 7 8 . 8 0  0 . 6 4 5 3 3
4 7 9 . 7 6  0 . 5 6 6 2 5
4 8 0 . 7 2  0 . 4 9 8 1 1
4 8 1 . 6 8  0 . 4 4 4 9 1
4 82 . 64  0 . 4 2 3 9

RFAC.D

1 2  3 4 5 6 IBP
0 . 5  EINCR
1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 1.0000

5 0 0 ISMOTH IREN IRGEXP
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