
Lawrence Berkeley National Laboratory
Recent Work

Title
LEED CRYSTALLOGRAPHY STUDIES OF THE STRUCTURE OF CLEAN AND ADSORBATE 
COVERED Ir, Pt AND Rh CRYSTAL SURFACES

Permalink
https://escholarship.org/uc/item/3xd953tv

Author
Koestner, R.J.

Publication Date
1982-08-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3xd953tv
https://escholarship.org
http://www.cdlib.org/


LBL-14766 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

L/AV 'LNCE 

Materials & Molecular 	_ y 
Research Division 

LIk3ARy lAND 
DOCUMENTS SECTION 

LEED CRYSTALLOGRAPHY STUDIES OF THE STRUCTURE OF CLEAN 
AND ADSORBATE COVERED Ir, Pt AND Rh CRYSTAL SURFACES 

Roland John Koestner 
(Ph.D. thesis) 

August 1982 	

TWO-WEEK LOAN COPY 
This is a Library Circulating Copy 

which may be borrowed for two weeks. 

For a personal retention copy, call 

Tech. Info. Division, Ext. 6782. 

y 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL- 14766 

LEED CRYSTALLOGRAPHY STUDIES OF THE STRUCTURE OF 
CLEAN AND ADSORBATE COVERED Ir, Pt AND Rh CRYSTAL SURFACES 

Roland John Koestner 

(Ph.D. Thesis) 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

August 1982 

This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Materials Science Division of the 
U.S. Department of Energy under Contract No. DE-AC03-76SF00098. 



-1- 

TABLE OF CONTENTS 

Page 

ABSTRACT ix 

I. 	INTRODUCTION AND ACKNOWLEDGMENTS 1 

References for Chapter I 6 

II. 	LEED CRYSTALLOGRAPHY: 	OVERVIEW 8 

A. 	HISTORY 8 

B. 	INSTRUMENTATION 11 

i) 	Faraday Cup 13 

ii) 	Spot Photometer 14 

iii) 	Photography 15 

iv) 	TV Camera 15 

v) 	CEMA/Phosphor and TV Camera 16 

vi) 	CEMA/RANICON 17 

C. 	ANALYSIS 18 

• i) 	LEED Theory 18 

ii) 	Reliability Factors 27 

References for Chapter II 30 

III. 	EXPERIMENTAL DETAILS 34 

A. 	APPARATUS 34 

B. 	SAMPLE PREPARATION 36 

i) 	Metal Samples 	(Ir, 	Pt, 	Rh) 36 

ii) 	Gas Samples 37 

C. 	LEED INTENSITY MEASUREMENT 38 



IV. 

-11- 

Reference for Chapter III 41 

Figure Captions for Chapter III 41 

Figures 42 

Ir, Au, AND Pt(100) SURFACE RECONSTRUCTIONS 44 

PART 1: 	EXPERIMENTAL OBSERVATIONS AND POSSIBLE 

STRUCTURE MODELS 44 

A. 	INTRODUCTION 44 

B. 	PREVIOUS OBSERVATIONS OF THE Ir, Pt AND Au(100) 

RECONSTRUCTIONS 46 

i) 	LEED Observations 46 

ii) 	Observations of Ir, Pt and Au(100) 

Reconstruct ions by Other Techniques 49 

iii) 	The Depth of Reconstruction 50 

iv) 	Unreconstructed Metastable Surface Structures 

of the (100) Faces of Ir, Pt and Au 51 

v) 	Previous Structural Analyses 51 

C. 	LEED INTENSITY MEASUREMENTS 52 

D. 	INTERPRETATION OF THE DIFFRACTION PATTERNS 53 

i) 	Ir(100) 53 

ii) 	Au(100) 53 

iii) 	Pt(100) 55 

iv) 	Au(111) 56 

E. 	SURFACE STRUCTURAL MODELS 58 

The Hexagonal Model 58 

The Missing Row Hexagonal Model 63 



-111- 

The Shifted Row Models 63 

The Charge-Density Wave (CDW) Model 66 

F. 	LASER SIMULATION 67 

1) 	Ir(lOO) 68 

ii) 	Pt(lOO) 	and Au(lOO) 69 

iii) 	Au(ll1) 70 

iv) 	Conclusions 70 

G. 	SUMMARY 71 

ACKNOWLEDGMENTS 72 

References for Chapter IV, Part 1 73 

Figure Captions for Chapter IV, Part 1 77 

Figures 80 

PART 2: 	STRUCTURE DETERMINATION OF THE Ir AND Pt(100) 

FACES 93 

A. 	INTRODUCTION 93 

B. 	DYNAMICAL LEED THEORY 93 

i) 	Methods Used 93 

ii) 	Physical Parameters 94 

iii) 	Geometrical Aspects 95 

C. 	RESULTS 99 

The Reconstructed Ir(100) Surface 102 

The Reconstructed Pt(100) Surface 104 

D. 	DISCUSSION 105 

Summary of Results 105 

Other Reconstructions 105 

Bond Lengths 106 



V. 

-iv- 

iv) 	Mechanisms of Reconstruction 109 

v) 	Layer Rotation 110 

vi) 	Correlations with Material Constants 111 

vii) 	Reconstructions and Adsorbates 112 

viii) Prospects For Finding Other Metal Surface 

Reconstructions 114 

References for Chapter IV, Part 2 117 

Figure Captions for Chapter IV, Part 2 129 

Figures 132 

CO AND CO2 ADSORPRTION ON RH(ll1) 138 

PART 1: 	RH(111)-(/3x/3)R30 0 -CO, CO2  STRUCTURE 

DETERMINATION 138 

INTRODUCTION 138 

EXPERIMENTAL 140 

LEED THEORY 145 

RESULTS AND DISCUSSION 147 

SUMMARY 152 

References for Chapter V, Part 1 154 

Figure Captions for Chapter V, Part 1 158 

Figures 159 

PART 2: 	Rh(111)-(2x2)-3C0 STRUCUTRE DETERMINATION 169 

INTRODUCTION 169 

EXPERIMENTAL 171 

RESULTS AND DISCUSSION 173 

i) 	Structural Models 173 

ii) 	LEED Theory 174 



VI. 

-v- 

Structure Determination with Dynamical LEED 175 

Comparison between Kinematic and 

Multiple Scattering Calculations 178 

D. 	SUMMARY 180 

References for Chapter V, Part 2 182 

Figure Captions for Chapter V, Part 2 183 

Figures 184 

THE ADSORPTION OF C3H4 , C3H6 , AND CIS- OR 

TRANS-2-C4H8 188 

A. 	INTRODUCTION 188 

B. 	EXPERIMENTAL 191 

C. 	RESULTS 192 

LEED Patterns 192 

Comparison of I-V Curves 194 

D. 	DISCUSSION 196 

1) 	Metastable Methylacetylene (H3CCCH) 197 

ii) 	Stable Propylene (CH3CHCH) 198 

iii) 	Stable Methylacetylene (CH 3 C!CH) 199 

Low (10 L) and High (1000 L) Exposure 

2-Butenes (CH3 CHCHCH3 ) 199 

Intermediate Exposure (-100 L) 2-Butenes 202 

E. 	SUMMARY 202 

References for Chapter VI 204 

Figure Captions for Chapter VI 207 

Figures 209 



-vi- 

VII. 	ETHYLENE ADSORPTION ON THE Rh(1l1) SURFACE 222 

A. 	INTRODUCTION 222 

B. 	EXPERIMENTAL 224 

C. 	LEED THEORY 227 

D. 	RESULTS 228 

E. 	DISCUSSION 230 

F. 	SUMMARY 235 

References for Chapter VII 236 

Figure Captiors for Chapter VII 246 

Figures 247 

VIII. C2 H21  C3H4 , and C 3  H  6 ADSORPTION ON THE 

Rh(ll1) SURFACE 254 

A. 	INTRODUCTION 254 

B. 	EXPERIMENTAL 256 

i) 	Apparatus and Intensity Measurement 256 

ii) 	Preparation of the c(4x2) Overlayer 257 

iii) 	Preparation of the (2x2) Layer of Adsorbed 

Propylene 258 

iv) 	Preparation of the (2x2) Layer of Adsorbed 

Methylacetylene 258 

v) 	Coadsorpt ion of Background H2  and CO 259 

C. 	RESULTS 261 

i) 	c(4x2) Layer 261 

Domain Preference 261 

Comparison of Intensity Curves 263 



Ix. 

-vii- 

ii) 	2/3x2/3)R30 °  Propylene Layer 263 

a) 	Comparison of Half-Order Intensity Curves 

for Ethylene and Propylene Structures 263 

b) 	(2/3x2ñ)R300 Structure Determination 

by LEED 264 

iii) 	(213x2/3)R300 Methylacetylene Layer 266 

D. 	DISCUSSION 266 

i) 	c(4x2) Layer 267 

a) 	Comparison of Intensity Curves 267 

b) 	LEED Analysis 268 

ii) 	(2/x2/3)R300 Propylene Layer 271 

a) 	Comparison in Intensity Curves 271 

b) 	(2/3x2/3)R30 0  Propylene Structure 

Determination 272 

c) 	The Disorder-Order Transition 273 

iii) 	(213x2/3)R30 0  Methylacetylene Layer 276 

E. 	SUMMARY 278 

References for Chapter VIII 281 

Figure Captions for Chapter VIII 282 

Figures 285 

ETHYLENE ADSORPTION ON Rh(100) 302 

A. 	INTRODUCTION 302 

B. 	ORGANOMETALLIC ANALOGUES 303 

C. 	RESULTS AND DISCUSSION 306 

Ethylene Adsorption on Rh(100) at 220 K 306 

Ethylene Dehydrogenation on Rh(100) at 700 K 310 



-viii- 

References for Chapter IX 312 

Figure Captions for Chapter IX 314 

Figures 315 

X. 	BENZENE AND NAP}ITHALENE ADSORPTION ON THE Rh(111) 

SURFACE 316 

A. 	INTRODUCTION 316 

B. 	EXPERIMENTAL 318 

C. 	RESULTS AND DISCUSSION 320 

i) 	Preparation of the Benezene Adlayers 320 

ii) 	Preparation of the Naphthalene Overlayers 322 

iii) 	Interpretation of LEED Patterns 323 

Benzene 323 

Naphthalene 326 

iv) 	Thermal Desorption Spectra 329 

Benzene 329 

Naphthalene 332 

D. 	SUMMARY 333 

References for Chapter X 335 

Figure Captions for Chapter X 338 

Figures 339 

APPENDIX I. 	EXPERIMENTAL INTENSITY CURVES 346 

Figures 347 

APPENDIX II. 	LIST OF PUBLICATIONS 399 



-ix- 

LEED CRYSTALLOGRAPHY STUDIES OF THE STRUCTURE 

OF CLEAN AND ADSORRATE COVERED Ir, Pt AND Rh CRYSTAL SURFACES 

Roland John Koestner 

(Ph.D. Thesis) 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 

ABSTRACT 

There have only been a few Low Energy Electron Diffraction (LEED) 

intensity analyses carried out to determine the structure of molecules 

adsorbed on metal surfaces; most surface crystallography studies 

concentrated on the structure of clean unreconstructed or atomic 

adsorbate-covered transition metal faces. The few molecular adsorption 

systems already investigated by dynamical LEED are CO on Ni(100), 

Cu(100) and Pd(100) as well as C 2H2 and C2H4 adsorbed on Pt(110. 

The emphasis of my thesis research has been to extend the appli-

cability of LEED crystallography to the more complicated unit cells 

found in molecular overlayers on transition metals or in the 

reconstructed surfaces of clean transition metals. The reconstruction 

of the Lr(100) surface was the first structure considered. The top 

layer of this surface rearranges into a hexagonal mesh with six-atoms 

in the overlayer unit cell. In contrast to semiconductor surfaces, the 

Ir reconstruction appears to be limited to only the top layer. Next, 

we examined the structure of the (/ixv5)R30 ° -CO and (2x2)-3C0 overlayers 
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that form on the Rh(l11) surface. We find that one Co stands above an 

atop site in the (/x/)R300 unit cell, while two CO molecules occupy 

near-atop sites and the other CO chooses a bridge site in the (2x2) 

cell. 

The adsorbed phases of C2H21  C2 H4 , C3H4 , and C 3  H  6  on Rh(111) as 

well as cis- and trans-2--C4H8  on Pt(111) produced a family of very 

similar structures. All the alkenes (C nH2n) yielded alkylidyne 

layers (C(CH2)CH3) on these surfaces near room temperature, 

while the alkynes (CflH2n_2) required the presence of coadsorbed 

hydrogen before the alkylidyne layer formed. Propylidyne on Rh(111) 

and butylidyne on Pt(11l) ordered into a (2x2) adsorption lattice and 

also gave a (2ñx2I)R30 °  superlattice of methyl and ethyl groups, 

respectively. The superlattice formation is probably driven by the 

Van der Waals forces acting between neighboring admolecules. 

We are presently studying benzene and naphthalene adsorption on 

the Rh(111) surface as well as ethylene and acetylene adsorption on the 

Rh(100) face. The aromatics appear to IT-bond to the metal with their 

carbon ring parallel to the surface. Dynamical LEED should be able to 

determine the overlayer geometry for these large hydrocarbons since 

only one molecule seems to be present in most of the surface unit 

cells. It will be interesting to see how important Van der Waals 

forces are in determining the overlayer geometry of these aromatics.-

Finally, our study of ethylene and acetylene adsorption on the Rh(100) 

face should allow us to examine the dependence of metal-adsorbate 

bonding on the metal substrate structure (i.e., (100) vs. (111) faces). 
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I. INTRODUCTION AND ACKNOWLEDGEMENTS 

With the advent of modern surface science, a number of techniques 

have recently been developed and employed to study the structure and 

bonding at surfaces. In Table 1, we list the more commonly used 

methods' 3  and stress the strengths and weaknesses of each technique 

since they are very complementary in nature. We have relied primarily 

on Low Energy Electron Diffraction (LEED) to determine the structure of 

clean and adsorbate covered transition metal surfaces. LEED has been 

fairly successful in determining the structure of clean unreconstructed 

and atomic absorbate-covered surfaces in the past, but our main 

objective has been to extend its applicability to more complicated 

surface unit cells. 

In the case of clean metal surfaces, we -studied the (111) face of 

Rh and the (100) faces of Ir, Pt, and Au. Unlike most transition 

metals, Ir, Pt, and Au exhibit surface reconstructions; that is, the 

topmost layer of metal atoms occupy very different lattice positions 

than predicted from a mere termination of the bulk structure. Our LEED 

intensity analyses (Chapter IV) of the Ir and Pt(100) surfaces support 

the popular model that the first metal layer rearranges into a buckled 

hexagonal lattice, while the lower layers maintain the square lattice 

expected from the (100) planes of face centered cubic crystals. 

Recently a larger set of intensity curves were obtained for the 

reconstructed Ir(lOO) surface where the buckled hexagonal structure is 

strongly favored with a Zanazzi-Jona R-factor of 0.34 and a Pendry 

R-factor of 0.45. 4  This reconstruction may well be driven by the 
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higher in-plane coordination number of the hexagonal layer that outweighs the 

mismatch energy between the hexagonal and square lattices. 

There have been only a few LEED crystallography studies carried 

out to determine the structure of molecules adsorbed on metal surfaces. 

The few adsorption systems already investigated by dynamical LEED are 

CO on Ni, 5  Cu, 5  and Pd(100) 6  as well as C2H2 and C2H4 on Pt(111). 7  

We began our study of molecular adsorption by considering the bonding of 

CO and CO2 to the Rh(l11) surface [Chapter V]. Both molecules order 

into a progression of overlayer lattices with increasing coverage. We 

examined the (/xi)R30 °  and (2x2) structures (with a coverage 0 = 1/3 

and 3/4, respectively) that form with either CO or CO2. The adsorp- 
F' 

tion site of CO in the (ñxñ)R30 0  layer is largely determined by the 

metal-admolecule interaction; however, adsorbate-adsorbate interactions 

become significant in the highly compressed (2x2) lattice. So a compro-

mise must be reached between the adsorption above a high symmetry metal 

site and the formation of an hexagonal overlayer of CO. These high 

coverage phases are particularly important to study since they more 

closely approximate the crowded adsorbate layers encountered in the 

metal surface reactions that are used in industry. The structure deter -

mination of the (v'3x/3)R30 ° -CO overlayer gave a Zanazzi-Jona R-factor of 

0.40 and a Pendry R-factor of 0.50, while the (2x2)-3C0 overlayer had a 

Zanazzi-Jona R-factor of 0.25 and a Pendry R-factor of 0.47. 

The focus of our molecular adsorption studies however has been 

the bonding of straight-chain and aromatic hydrocarbons to the low-

miller index faces of Rh and Pt. The C2 1  C3 and C4 unsaturated 

hydrocarbons produce alkylidyne (C(CH2)nCH3) species on Pt(111) 
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[Chapter VII and Rh(111) [Chapters VII, viii] near room temperature. 

(Our LEED determination of the Rh(l11)-(2x2)-C2H3 layer gave a 

Zanazzi-Jona R-factor of 0.49 and a Pendry R-factor of 0.52.) Below 

200K these alkenes (CflH2n) and alkynes (CnH2n_2) probably di-a 

bond to the metal via the unsaturated carbon atoms; upon warming, an 

interesting hydrogen shift reaction occurs which produces the alkyli-

dyne group. This group must be fairly stable because we believe it 

also forms on the (100) faces of Rh [Chapter IX] and Pt. 8  An anal-

ogous species, (CCH3)Co3(CO)9 1  is found in Organometallic 

Chemistry and is very resistant, to thermal decomposition and oxidation; 

yet the best evidence for the thermodynamic stability of these alkyli-

dyne clusters is the large number of very different'synthetic pathways 

that are available for their preparation. 9  

The most interesting feature of these hydrocarbon studies is that 

propylidyne (!C(CH2)CH3) on Rh(lll) [Chapter VIII] as well as 

butylidyne (C(CH2) 2CH3) on Pt(l1l) [Chapter VII each exhibit 

two distinct lattice periodicities. The x and 6 carbon atoms fit into 

a (2x2) unit cell a'bove the metal, while the y (and also S in the case 

of butylidyne) carbon atoms produce a larger (2/x2I)R30 °  periodicity. 

The most convincing evidence for this geometry comes from our LEED 

intensity analysis of the (2ñx2I)R30-3C3H5 layer that considers 

only kinematic scattering in the overlayer; and we are presently doing 

a full dynamical calculation to confirm this structure. This is the 

first example to our knowledge where a single admolecule has two 
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separate periodicities. The formation of this (2/3x2/3)R30 °  super-

lattice is probably driven by Van der Waals forces acting between the 

alkyl idyne chains. 

Although the adsorption of aromatic hydrocarbons on transition 

metal surfaces has been fairly well-studied to date, little surface 

structural information is really available for this important class of 

molecules. We have begun a systematic study of benzene (C6H6) and 

naphthalene (C10H8) adsorption on the Rh(111) surface [Chapter X] . 

Both molecules produce two different ordered structures as a function 

of temperature. At present, we believe benzene occupies two different 

C3v metal sites (atop, hcp hollow, or fcc hollow) in the two observed 

unit cells; naphthalene seems to parallel benzene adsorption. These 

structural models will be tested by dynamical LEED intensity calcula-

tions presently underway. Once again adsorbate-adsorbate interactions 

may play a considerable role in determining the surface structure, 

since the naphthalene and benzene cells are very crowded in most of 

these overlayers. 

This section would not be complete without a proper explanation 

of my use of the first person plural throughout the manuscript. This 

thesis would not be possible without the help of Gabor Somorjai and 

Michel Van Hove. Gabor's enthusiasm to do research, his clear and 

quick way of thinking, and his concern for my scientific career have 

made a deep impression on me that I will always be grateful for. 

Michel did all the LEED calculations necessary in the intensity anal-

yses and has been a constant source of encouragement, guidance, and 

advice to me. He has also written sections of this manuscript which 
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have already been published (most notably, all of Chapter Iv). All 

the Pt(11l) work that I present has been done in collaboration with 

Jonathan Frost and Peter Stair; Jonathan Frost was also largely 

responsible for the set of computer programs used to generate the 

experimental intensity spectra. Rong-Fu Lin should be credited for 

most of the aromatic adsorption experiments that I will discuss; and 

Frank Ogletree has been of considerable help in the methylacetylene on 

Rh(111) experiments. Finally, Greg Lewis as an undergraduate in the 

Chemistry Department helped me analyze most the Rh(111) intensity data. 
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II. LEEI) CRYSTALLOGRAPHY: OVERVIEW 

A. HISTORY 

The potential of Low Energy Electron Diffraction (LEED) as a sur-

face structural probe was recognized more than a half-century ago. 

As early as 1921, Davisson and KunsTnan' noticed anisotropies in the 

angular distribution of backscattered electrons from a polycrystalline 

Ni target, while the more decisive experiment that supported 

de Brogue's 2  wave theory of matter came accidently in 1927 when a 

polycrystalline Ni sample was inadvertently recrystallized via high 

temperature oxygen and hydrogen treatments by Davisson and Germer. 

The resulting single crystal Ni surface produced a dramatic variation 

in the backscattered electron angular distribution that could only be 

explained by diffraction from the Ni surface. They then went on to 

discuss the ordered adsorbate structures that could be detected by LEED. 

In 1936, Farnsworth4  clearly determined that most of the diffrac-

ted electrons originate from the first few atomic layers of the crystal 

since only three or four layers of gas were sufficient to completely mask 

the pattern of the underlying crystal. The large inelastic scattering 

cross-sections [1OA2 ] that Farnsworth observed had established LEED as 

a surface sensitive technique; on the other hand, Davisson and Germer 3  

had anticipated the need for a complicated multiple scattering to model 

the diffraction of electron through a metal lattice due to the large 

elastic scattering cross-section. So both the strengths and weaknesses 

of LEED as a structural tool were recognized from the very start. 
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Unfortunately, even with this encouraging beginning, the method 

was largely ignored until the early 1960's when two groups working at 

Bell Laboratories 5 ' 6  built an easy-to-use LEED spectrometer. This 

machine energy-analyzed the backscattered electrons with a retarding 

field grid and accelerated them onto a display-type fluorescent screen. 

This mode of diffraction beam detection suggested by Ehrenberg in 

1934 made it easy to determine the size and symmetry of the surface 

unit cell and avoided the need for the time-consuming Faraday cup 

measurements employed by earlier workers. 

The limited interest in LEED prior to 1960 may also have been 

caused by the relatively poor vacuum technology available then. All 

glass vacuum chambers that were sealed with rubber gaskets and evacu-

ated with sorption and getter pumps could only achieve 10 8  torr at 

best; such ambient pressures would contaminate the surfaces under 

investigation fairly rapidly. However, the space science program in 

the early 1960's introduced Ultra High Vacuum components that now 

routinely insure base pressures of 10 0 .10 9  torr. 

With the necessary experimental sophistication at hand, a dynami-

cal or multiple scattering theory had to be developed to model the 

diffraction process before LEED could be used to measure the equili-

brium positions of atoms in the surface unit cell. During 1969-71 the 

quantitative determinations of clean metal surface structures (where 

only the interlayer spacing was different from the bulk value) began to 

appear. 8  It was found that surface atoms with fewer nearest neigh- 

bors would show a larger interlayer spacing contraction in accordance 
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with long established principles 9  and in accordance with electron 

diffraction studies of 12-92 A radius metal clusters. 10  Most 

contractions were about 4% of the bulk value, but there are some 

notable exceptions such as A1(110) (5-15%) and Mo(100) (11-12%). 

In 1972, Pendry and Andersson" reported the structure of sodium 

chemisorbed on the Ni(100) surface; this was the first atomic absorbate 

studied with dynamical LEED. In 1976, L. L. Kesmodel et al., 12  

presented a LEED determination of a molecular adsorbate, namely acety-

lene chemisorbed on Pt(111). Up to now, more than a hundred structure 

determinations of clean and adsorbate covered surfaces have been 

published with peak activity periods occurring in 1973 and more so in 

1977. 

Presently, substantial progress is still being made in both LEED 

theory and experiment. More e:fficient approximation schemes are used 

to model the multiple scattering in the substrate and adlayer so that 

larger and more complicated surface unit cells can be considered. In 

this way, LEED can be applied to stepped metal surfaces, to the chemi-

sorption of large molecules, and to crowded (6 atoms or more) or large 

(>25 A 2 ) overlayer unit cells. On the experimental front, a new 

generation of LEED spectrometers are available that improve the preci-

sion, resolution, and speed of LEED intensity measurements. In the 

remainder of this chapter we will consider the instrumentation present-

ly used to measure LEED intensities and outline the basic ingredients 

in the theory of LEED. 
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B. INSTRUMENTATION 

In the LEED experiments, a well characterized single crystal with 

or without an adsorbed overlayer is illuminated with an electron beam, 

typically having a 1 i' amp current and a 1 A wavelength. The steady 

state back-diffracted electron current is energy-analyzed to remove the 

inelastically scattered electrons and then measured; the normalized 

current in each diffraction beam is then plotted versus the incident 

electron energy. These intensity-voltage (I-V) curves are compared to 

theoretical curves that assume a particular model geometry for the 

surface unit cell; that model geometry which gives best agreement 

between theory and experiment is considered to be the correct one. 

The level of agreement between theory and experiment is already 

approaching the agreement among experimental curves obtained from 

different laboratories for the same surface. This has been 

observed 13  quite convincingly for the W(100)-(lxl) system. Normal 

incidence curves were measured by six different groups over the past 

decade; the reliability factors for the best and worst agreement 

between theory and the separate experiments are 0.07 and 0.27, respec-

tively. (The Zanazzi-Jona reliability factor 14  used is a measure of 

the agreement between theory and experiment just as in the X-ray 

crystallography analogue.) The difference between the 0.07 and 0.27 

values is considerable and indicates the need, at least for this case 

of more accurate intensity measurements. 

There are a number of experimental difficulties that could affect 

the accuracy of the LEED intensity measurement. Here we consider three 
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major problems that are encountered before discussing the recent 

developments made in LEED spectrometers. 13  The incident electron 

current in most measurements is about 1 u amp with a beam diameter of 

roughly 1 mm; this high electron current can lead to decomposition or 

desorption of the adsorbate due to local heating and to space charging 

of poorly conducting surfaces. The LEED structural analysis of the 

Ni(100)-c(2x2)-00 overlayer by Andersson and Pendry 15  as well as by 

other authors ] Sb 	serves as a good example of this problem. It 

demonstrates the sensitivity of the molecular overlayer to electron 

beam damage. 

Long data collection times could lead to residual gas coadsorption 

and also does not permit the observation of time dependent processes on 

surfaces. For example, the clean Ni(100) surface I-V profiles were 

collected within 20 sec in one experiment 16  and within one hour in 

another; 17  the resulting curves were shown to be significantly 

different. 

The present electron guns provide beams which have a transfer 

width (or less precisely, a coherence length) of only 50-150 A. 18  

This severely limits the ability of LEED to examine the domain and 

defect structure of surfaces. Thus an ordering on the scale of -100 A 

or longer would be difficult to detect with the present generation of 

LEED spectrometers. Conversely, only very extensive disorder on the 

surface, causing a domain size of 100 A or smaller, can be detected by 

LEED at present. If a lower current gun could be used in the LEED 

experiment, the electron beam would be better collimated and could 

produce a significantly larger transfer width. A number of different 
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LEED spectrometers were built to avoid some of the above mentioned 

difficulties. We will now describe these machines and consider their 

relative merits; a chronological order will be followed. A summary of 

the important characteristics of these different spectrometers appears 

in Table 1. 

i) Faraday Cup 1 ' 3 ' 4 ' 13  

This is the oldest device used and is the only one that gives an 

absolute intensity. It involves a carefully shielded, movable cup with 

a small aperture for detecting the back-diffracted electrons. The cup 

is shielded to repel inelastically scattered electrons and to avoid 

secondary emission. The sensitivity of the method is limited only by 

the leakage current of the cup which is roughly o" A; this should, 

in principle, allow incident beam currents as low as 10 8  A to be 

used. 

The major advantages of this method is that absolute intensities 

are measured. Since relatively low incident currents may be used, the 

probability of electron beam induced decomposition/desOrPtiofl is 

reduced; a better collimation of the beam is also possible which could 

increase the transfer width. The dynamic range of the Faraday cup is 

about iO which permits fairly weak intensities to be measured. 

The important disadvantages are long and tedious measuring times, 

and the inability to quickly view the size, shape and symmetry of the 

diffraction pattern due to the surface unit cell under study. Typi-

cally, a single intensity-energy point requires 10 sec to record; this 

means that one diffraction beam intensity vs energy (i/V) curve ranging 

from 20-120 eV (in 1 eV intervals) would take 15 min to measure. Even 
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with the fastest Faraday cups designed to date, it would take more than 

an hour to record the 20 intensity spectra (at a given incidence angle) 

that are needed in the fit with theoretical curves. 

ii) Spot Photometer 

Here spherical retarding-field grid optics and postacceleration 

onto a luminescent spherical screen are used. The design is very 

similar to the spectrometer built by Lander et al. 6  The phosphores-

cent intensity displayed on the screen is strictly proportional to the 

impinging electron current; the light intensity of each Bragg beam is 

measured with the telephotometer. The incident beam current is 

10 6_10 7  A so that the backscattered current can adequately excite 

the phosphor. Each light spot must be tracked individually as the 

incident electron energy is varied; this leads to fairly long measure 

ment times. Typically, each intensity-energy point requires a 10 sec 

measurement time; thus about 15 min is again required for a single 

spectrum of 100 intensity points and about 5. hours for 20 spectra. 

The method has a large dynamic range (>10) and allows easy 

identification of the shape, size, and symmetry of the unit cell. 

Since the telephotometer measures the integrated intensity in an area 

on the screen significantly larger than the LEED beam cross section, 

this is the only method described that does not adequately remove the 

background intensity present on the LEED screen. This was shown to 

be a serious problem for the c(2x2)-0 and p(2x2)-0 structures on 

Ni( 100) 16 
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Photography20 ' 21  

This method was first used in 197520a and also relies on the 

postaccelerated display screen. Here all the intensity information on 

the LEED screen is recorded at once by photographing the entire screen 

image; the photograph is then digitized with a microdensitometer 20  or 

a vidicon system. 21  The film has a linear response over 3 orders of 

magnitude yielding a sufficiently large dynamic range. Typically, all 

the intensity spectra (-20 beams) each containing 100 energy points can 

be recorded in a few minutes. The off-line scanning of 100 frames of 

film can be performed in less than 10 min with the microdensito-

me ter . 2 b The resulting density grids are then analyzed by a set of 

computer programs that yield the desired I-V profiles. In the best of 

cases, only a few hours in real time are needed to run these programs. 

Similarly, with the vidicon system, a TV camera digitizes the photo-

graphic image and evaluates a single I-V profile containing 100 

intensity points in about 50 mm. 

TV Camera 22 ' 23  

This method was developed in E r l angen22ab in the past five 

years and is now commercially available. 23  A CdSe vidicon camera 

views and digitizes the image of the phosphor display screen; with the 

advent of very fast Analog to Digital Converters (ADC's), the video 

signal of the entire LEED screen can be acquired at the TV rate of 

1/50-1/60 sec. The vidicon camera rasters the screen image while a 

13.5 MHZ ADC with 8 bit resolution digitizes the image in only 18 

msec. The data can then be dumped onto magnetic tape for off-line 
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evaluation or it may be submitted to a suitable interface in the 

preliminary data reduction for on-line evaluation. 

In the off-line mode, the intensity data for 100 energy points and 

-20 diffraction beams is collected in 2 sec which is 10 2  times 

faster than the photographic method. The resulting intensity 

information can be analyzed with a similar set of computer programs 

that were used to evaluate the microdensitometer output. In the 

on-line mode, a special interface accepts only one LEED beam and 

discards the remaining intensity information contained in the screen 

image. The LEED beam intensity evaluation (-2 msec) along with the 

LEED screen digitization (18 insec) can be performed at the TV data 

acquisition rate (-20 msec, or 1/50-1/60 sec). A single I-V curve of 

100 intensity-energy points can then be measured on-line in 2 sec; 

while all the diffraction intensity information on the LEED screen 

(-20 I-V curves) takes about 40 sec 
	The dynamic range of this method 

is also sufficiently large (-10). 

v) CEMA/Phosphor and TV Camera 24 ' 25  

In this method the back diffracted electrons are again energy-

analyzed with spherical, retarding field grid optics, but the back-

diffracted current is then amplified (10 2_10 3 ) by a flat channel 

electron multiplier array (CEMA). A flat grid at ground potential is 

placed just in front of the high voltage CEMA to insure that the back-

scattered electrons maintain a radial trajectory. Yet since the LEED 

pattern is projected onto a flat detector the LEED beam spots on the 

detector will appear oval shaped and the LEED pattern will be slightly 
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distorted. These simple geometric distortions can be easily corrected 

during the data analysis. 

After leaving the CEMA, the LEED beams are again accelerated onto 

a phosphor screen. A vidicon camera 25  coupled to an optical multi-

channel analyzer, OMA, digitizes the resulting image displayed on the 

fluorescent screen. Each frame containing all the intensity informa-

tion on the screen is measured, and stored within 4 sec; the time needed 

to collect I-V profiles with 100 intensity points is about 8 mm, 

comparable to the photographic technique. The I-V profiles are then 

evaluated off-line as in the photographic technique. The major advan-

tage of this spectrometer is the very low incident current (iO 	A) 

used; all the earlier phosphor screen detectors required a 1 Ii amp 

incident current to adequately excite the phosphor. The dynamic range 

is again about io. 

vi) CEMA/RANIC0N26  

Here the spherical, retarding field grid optics are coupled to a 

two-stage CEMA and a resistive anode image convertor (RANICON). The 

back-to-back channel plates amplify the electron current by about 

106 ;  however, the electron pulse shape is severely distorted in the 

process. The electron current is then further accelerated onto the 

resistive anode that records both the position and the intensity of the 

electron pulse. Although the pulse is distorted, its centroid can 

still be accurately determined. The resistive anode acts as a current 

divider; by measuring the charge collected at the sides of the resis-

tive anode, the position as well as the total charge of an arriving 

electron pulse is determined. Since the detection electronics can 
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measure each event within 5-10 .i sec, a 50 kHz Count rate can be 

achieved without a severe pulse pileup. In this way, a full set of I-V 

profiles (-20 beams) containing 100 intensity points can be measured in 

less than 10 minutes. 

The major advantage of this spectrometer is the extremely low 

incident current (10-12  A) that would allow a much better collimation 

of the electron beam. The dynamic range is probably slightly less than 

3  -10 , while the pin cushion distortion caused by the flat detector 

can be easily corrected in the beam intensity evaluation programs. 

C. ANALYSIS 

In this section, I will describe the method used to extract 

structural information from the experimental intensity data. In the 

first step, theoretical I-V curves are calculated that assume 

particular model geometries for the surface unit cell. 27  These 

theoretical curves are then compared to the experimental ones; the 

model geometry that gives best agreement between theory and experiment 

is considered to be the correct one. Since a large computational 

effort is needed to generate the theoretical spectra, only a few 

probable structures can be tested in this way. Reliability factors are 

used to gauge the degree of certainty in any given determination. 

i) LEED Theory 

The calculation of intensity spectra is complicated by the high 

elastic cross-section of a low energy electron propagating through a 

crystal lattice. To reduce the computational effort involved, a number 
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of approximation schemes have evolved over the last 10-15 years that 

consider only the more important multiple scattering events in the 

diffraction process. We have relied mostly on the straightforward 

kinematic approximation that includes only single-scattering and on a 

perturbative method called Renormalized Forward Scattering (RFS) that 

includes full multiple scattering in the forward direction and a 

perturbative scheme for the weaker backscattering. 

Let's consider the kinematic diffraction of an incident plane 

wave, k = Ae -1 , from a two dimensional array of point 

scatterers. The total wave function is given by 

- 	 ik''R 

	

*(R) =k 	
+ Ae R 
	

F(k) 	 (1) 

2 

	

N 	 i(tk•r.) 
F(k) 	= 	: 	f.(8,4) e 	 (2) 

The summation is taken over the N 2  scatterers with positions, 

in the 2-D array; and the scattered term in 4(R) has the expected form 

with F-squared equalling the cross section. 

The Bragg condition results from interference among the scatterers 

that are present in the lattice with translation vectors a,b as shown 

below. 
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N-i 	i(k•a.) 	
N-i 	i(tk•b.) 

F= f 	e 	 e 

j=O 	 j=O 

itk•aN 	i1k•bN 

- 	1-e 	
i-e 

- 	itk•a 	3.1k•b 

i-e 	i-e 

(assume f = f.) 
1 

 

sin2 (ka N/2) 	sin2 (.Ak'b N/2) 

I a F•F * = lI2 
	sin2(ka) 	- sin 2(Ak'b) 

 

The intensity, I, has maxima when tk•a = 27m and k.b = 2rrn (m,n = 

integer); the height of the maxima is proportional to N 2  and its 

width is proportional to 11N. 

A strong energy dependence in the diffraction intensities arises 

when these layers are stacked to form a surface. If they are stacked 

in a periodic manner, the condition tk•c = 2wr (r = integer) appears, 

where c indicates the translation vector in the stacking direction; the 

peak width in the intensity vs. energy curves is proportional to (11N) 

where N represents the number of stacked layers. Typically, low 

energy electrons have a penetration depth of only -5 atomic layers; so 

the resulting I-V curves should show fairly broad peaks (3-15 eV) that 

are centered at energies where Bragg diffraction perpendicular to the 

surface is satisfied. Even if the inelastic cross-section for low 

energy electrons were very low, the high elastic cross-section (metal 

reflectivities of 50% occur at energies of 10 eV or lower) would open 

up wider band gaps that cause peak widths in the I-V curves of —5 eV. 
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Unfortunately this kinematic approximation does not model the 

electron diffraction in a metal lattice very well; yet it is useful in 

calculating the diffraction in atomic or molecular overlayers. The C, 

0, and H atoms that usually occupy the overlayer unit cells in our 

structural determinations are fairly weak scatterers and are placed 

fairly far apart from one another. The multiple scattering that occurs 

in the metal lattice requires a more complicated formalism. We start 

by considering the Schrodinger equation for an electron in the metal 

lattice: 

(h2 V2  + V(r)) 4(r) = E*(r) 	 (5) 

or 

0 2  + k2)*(r) = U(r)(r) = f(r) 

where 

2m 

	

____ 	 - 	
V(r) E = 	2m 	' 

° 	U(r) - 

The homogeneous solution to Eq. (5) (i.e., when f(r) = 0) is the set of 

ik •r 
plane waves 	11VV e 

0 	the inhomogeneous solution can be found 

by using the Green's function for a single electron, Gk(r,r'). The 

Green's function itself is the inhomogeneous solution to the source 

Eq. (6). 
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(V2  + k2 ) G 	
(6) k (r,r') = 6(r-r') 	,  

0 

where 

4(r') 

Gk(r,r') = 
	k2  - k2  

0 

S 	

(r) = 	
k + fG k(r,r') f(r')d3r' 

= +k + fGk(r,r') U(r') p(r') d3rt 
0   

= 4)+GU ip 	 (7) 

Unfortunately (r) appears on both sides of Eq. (7); sO we need to 

solve for (r) self-consistently. This leads to an expansion of (r) 

in terms of 4>k0 
 (r). 

(r) = 4) + GU4) + GUGU4) + ... 	 (8) 

Each term in this expansion corresponds to a different number of 

scattering events that the low energy electron could experience in the 

metal lattice. If only the first term, 4)k, is considered in the 

sum, we exclude all scattering and effectively ignore the potential, 

U(r). If the second term is included, we arrive at the Born approxima-

tion where only single scattering events are taken into account. Since 

we know a low energy electron feels a very strong scattering potential 

in a metal, the expansion in Eq. (8) should include a large number of 

terms. 
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The solution of *(r) in Eq. (7) is usually put in a slightly 

different form for the LEED intensity calculations. 

	

4' = 4+GThI) = 
	

(9) 

where 

T = U+UGU+... 

Combining Eqs. (6) and (9), a more detailed expression for (r) can be 

wr itt en 

j(r) = 	
(r) + fd3k k2- 
	

(fd 3r' 4(r') T(r',r) k(r)) 	(10) 

0 
0 

when the periodic crystal potential is inserted into the T matrix, we 

obtain 

(r) = 	(r) + k (e,) k 	5(k. - k 	+ g) 	(11) 
0. 	 g 	g 	

g11 

The intensity of a particular diffraction beam is equal to the square 

amplitude, 11(gI 
Different approximation schemes are available to calculate the 

amplitude, fkg• I will only briefly describe the method used in 

our work, namely Renormalized Forward Scattering (RFS). This method 

was first used by Pendry in 1972. 27  In this scheme, the propagation 

of a low energy electron through a metal lattice is considered in two 

steps. First, the electron is scattered by a single layer of atoms; 

this scattering redistributes the initial plane wave, 4k' among 

all the available diffraction beams, {$kg}• Second, these plane 
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waves should propagate to the next layer of metal atoms; the electrons 
ik •c 

will then experience a phase change, e g , in the process. 

The scattering of the low energy electrons within a metal layer is 

best described using a partial wave expansion in an angular momentum 

representation, while the propagation from one metal layer to the next 

is carried out in a linear momentum representation. This picture of 

the crystal being composed of many independently scattering layers is 

only useful when the layers are separated by a distance large enough to 

allow just a few evanescent plane waves to reach neighboring layers. 

At small interlayer spacings (< 1 A), too many evanescent waves need to 

be considered and this approximation scheme is not very efficient. An 

evanescent wave has an imaginary momentum perpendicular to the surface; 

this happens with the 4kg beams that have large g values since energy 

conservation must be satisfied. 

The scattering amplitudes for a single layer, f(O,4), calculated 

from Eq. (10) have the following form: 

' 

I in forward scattering: 	f(,4) 	( + M++Jgo 

(12) 
in reverse scattering: 	

fa(0,$)  = 
go 

where 

	

Y(k + 
	 + 

M, = 	 )T 	Y gg 	
1 	

L g 	LL' L,(k,) 

g 	LL' 

YL is a spherical harmonic, (±) indicates forward (+) or reverse (-) 

directions, 10 is a constant, and kg o, kg  are the incoming and 

outgoing plane wave momenta, respectively. The T(k,k 0) matrix shown 
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in Eq. (10) is given in a linear momentum representation, while the 

TLL1 matrix in Eq. (12) is given in an angular momentum representation. 

As mentioned earlier, the multiple scattering that occurs in the 

forward direction is fully treated by RFS, while reverse scattering is 

described by a perturbation scheme. This approach works down to low 

energies (< 10 eV) where the cross-section for reverse scattering then 

becomes too large. Let's first follow the diffraction of an incident 

plane wave, 	through the metal. We can represent the amplitudes 

for all the forward-scattered Bragg beams, {$kg} by a column vector 

A(g); so the incident beam can be described by setting A° (g= (0,0)) 

equal to one and leaving all the other elements of the column vector, 

A° (g), equal to zero. After scattering by the first layer, a new 

column vector A'(g) will give the redistribution of intensity (the 

intensity is just the square amplitude) among all the transmitted Bragg 

beams. 

A'(g) = 	P (I + + 
g 	

ggi ) Pg  A°(g') 	 (13) 

where 
+ 

ik •c/2 
g 

P =e 
g 

The matrix, I + M,, is calculated by Eq. (12) and the phase changes 

P, P, take into account the propagation from one layer to the next. 

Equation (13) can be iterated for subsequent layers until the term, 

is arbitrarily small. Typically n is equal to five atomic 

layers due to the strong electron damping in the metal. 
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The reverse scattering is now treated perturbatively. The 

electron first backscatters from the nth layer, 

Bn(g) = 	PMP,Ag') 	
(14) 

g gg g 

The column vector, (Bnt( g )), gives the amplitudes for plane waves moving 

toward the surface and the matrixMt indicates the probability for 99 

turning the electron around. Next we should consider the back-

scattered wave at the (n-i) layer; this will have two contributions. 

The first term in Eq. (15) represents 

B'(g) = 	{PM,P,A'2(g') + P_M,P
t Bfl( g t)I 	(15) 

ggg g 	 ggg g 

the reverse scattering of the plane waves (A' 2 (g')) moving into the 

bulk and the second gives the forward scattering of the plane waves 

(B'(g')) already moving toward the surface. This process can be 

repeated until the amplitudes in the backscattered beams above the first 

layer, (B 1 (g)), is calculated. 

In this way, all single back-scattering events are included in the 

intensity calculation; to consider higher-order back-scattering, the 

outgoing plane waves with amplitudes, (82 (g)), can be reflected from 

the first layer and can make a second pass through the metal. Generally, 

only two or three passes are required to reach convergence in the out-

going plane wave intensities. These intensities are then plotted as a 

function of energy for later comparison with the experimental spectra. 
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Reliability Factors 14 ' 28  

X-ray crystallographerS use reliability factors (R-factors) to 

measure the fit between calculated and experimental curves and it 

should really come as no surprise that LEED crystallographers try to do 

the same. R-factors in the LEED analysis have three major advantages: 

In most of our structural determinations, 50 experimental 

beam profiles were obtained and about 100-200 distinct 

model geometries were tested. This leads to almost 10
4  

individual comparisons between theoretical and experi-

mental I-V curves. Visual inspection of the curves would 

be a very lengthy and error-prone process; so the use of 

R-factors can easily be justified. 

R-factors also are more easily standardized. The fit 

between theory and experiment can be measured on a conmion 

scale so that crystallographers can gauge the relative 

certainty of their proposed structures. 

(3) R-factor contour plots also can be used in structural 

searches. We can graph the R-factor value vs two struc-

tural parameters on a two-dimensional contour plot. The 

contours give the direction where a local minimum (lower 

R-factor means better fit) could be and in this way we can 

more efficiently determine the best values for the struc-

tural parameters in question. The contour plots also show 

the precision or resolution in the bond distances obtained 

in the analysis. A steep minimum in the R-factor contour 
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plot indicates a very precise measurement of the relevant 

bond distances, and a broad minimum would imply a poorer 

resolution. 

R-factor contour plots are now used on practically a routine basis 

with most LEED crystallography studies, but it should be kept in mind 

that any given R-factor will be sensitive to different features of the 

correlation between the calculated and experimental intensity curves. 28  

We have actually used five different R-factors in most of our structural 

determinations. In our study of the Rh(11l)-(IXV)R30 0 00 surface, the 

popular Zanazzi-Jona R-factor predicted bridge-bonded CO using only the 

normal-incidence data, yet the average of five R-factors chose the more 

likely adsorption site which is Co linearly bonded to the metal surface. 

This adsorption site was then clearly favored in the analysis of our 

off-normal incidence data. 

The Zanazzi-Jona R-factor' 4  is shown as an example in Eq. (16). 

R= Ef 	
1 

f E 1obs dE
S 

ci" 	- caic 	obs 
w(E) 	= 	I' 	-II' 	I obs 	obs max 

E f  

f w(E) ICi'a1c_IbsI dE 

E 5  

E f  

C 
= f I obs 

 dE 

E 
S 

(16) 

E f  

fi 	dE 
j 	caic 
E 
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The factor measures the difference in the first derivatives (Iaic ,  

Ibs) for the correlated intensity spectra and is thereby sensitive to 
o 

their shape. Using the difference between the intensities (Icaic ,  

lobs) instead would give an R-factor that is only sensitive to peak 

areas and not the peak shapes. The weighting factor, w(E), emphasizes 

the regions of high curvature in the curves where the second derivatives 

(I") are large and the first derivatives (1t) are small. 
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III. EXPERIMENTAL DETAILS 

A. APPARATUS 

Figure 1 diagrams the apparatus used in almost all the experi-

mental work described in later chapters. The apparatus can be divided 

into three separate sections: the Ultra-High Vacuum (UHV) chamber, the 

manifold, and the roughing line. The UHV chamber was maintained at 

5-10x10 0  torr during adsorption experiments using an Ultek 200 

liter/sec ion pump and a water cooled titanium sublimation pump. The 

manifold was used to introduce gases into the UHV chamber via a Varian 

leak valve; a rotary mechanical pump and a molecular sieve sorption 

pump kept the base pressure below about i.(iO 	torr). The roughing 

line had a base pressure of about 5x10 9  torr using a small 75 liter/ 

sec ion pump (Varian). This section could pump the manifold down to 

much lower base pressures than lu by opening a Viton valve and would 

thereby avoid contamination problems that arise when the manifold is 

filled with successively different gases. The roughing line also ion-

pumped the Ar and 02 from the main chamber after sample cleaning 

treatments. 

The UHV chamber is equipped with four-grid LEED!Auger optics, an 

ion sputtering gun (Varian), and a mass spectrometer head (UTI 100 C). 

An off-axis LEED gun (Varian) is mounted on the back 8" flange; this 

gun uses a directly heated tungsten ribbon filament as shown in Fig. 

2a. A glancing incidence electron gun (not shown in Fig. 1) is also 

mounted on a 2-3/4" flange for use in Auger Electron Spectroscopy. 
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The Auger and LEED electrons (see Fig. 2b) are energy analyzed with the 

standard four-grid optics. A phosphorescent screen biased by +8 kV 

displays the diffraction pattern of the sample surface in the LEED 

mode; it is also biased by +300 V and used as a current collector in 

the Auger mode. Mu metal shielding is wrapped cylindrically around the 

LEED gun and sample to avoid deflection of the low energy electrons by 

reducing the magnetic flux through the chamber; the magnitude of the 

transverse component of the magnetic field along the incident beam 

trajectory is 50 milligauss with the shielding present and about 600 

milligauss without the mu metal. The angle between the sample normal 

and incident LEED beam would change by less than 0.25 °  over the rele-

vant energy range when the transverse magnetic field strength is kept 

below 50 milligauss. 

The ion gun is directed at the sample to sputter clean its sur-

face; the well-focussed Ar+ beam would deliver a 1-4 .z amp current to 

the sample. The mass spectrometer head is used to monitor the residual 

gases in the main UHV chamber and to detect the desorption of gases 

from the sample as its temperature is raised (Thermal Desorption 

Spectroscopy). In order to orient the sample with respect to the 

incident LEED beam, a Varian "flip" manipulator was modified slightly 

to allow both polar and azimuthal rotations. The polar rotation axis 

lies along the manipulator shaft, while the azimuthal axis is parallel 

to the crystal normal. The crystal is spot welded onto 4 mil Ta foil 

and can be heated resistively to 1200 ° C. The sample can also the 

cooled to -50 ° C ( 220K) by immersing in LN2 filled dewars the copper 

bars that are thermally attached to the sample via copper braids. 
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The major difficulty with the main chamber design is the poor 

conductance from the sample region to the ion pump. The mu metal 

shielding that surrounds the sample area has only a few small apertures 

so the effective pumping speed near the sample may be quite low. This 

implies that the background pressure near the sample is significantly 

higher than that measured at the ion gauge which is located very near 

the mouth of the large ion pump. 

B. SAMPLE PREPARATION 

i) Metal Samples (Ir, Pt, Rh) 

The Ir(lOO) [10 ppm impurities, Orion Chemical] and Pt(lOO) [1 ppm 

impurities, Materials Research Corp.] crystals were oriented and spark 

cut to the proper crystallographic plane; they were then polished with 

a sequence of finer emery grits and finally with a 0.5 im diamond 

paste. The Ir sample was within a 1/2 °  of the (100) face, but the Pt 

crystal was misaligned slightly and a (012) facet could be observed in 

the LEED pattern. This facet was removed by prolonged Ar ion 

sputtering and annealing at 900 0 C.' 

Both crystals were cleaned of carbon and sulfur impurities by a 

combination of Ar+ bombardments and oxygen treatments. Calcium 

proved to be the most troublesome impurity and was depleted from the 

near surface region only after many short heating (occasionally in the 

presence of 02) and Ar+ sputtering cycles (for 2-3 days). Heating 

the crystal would draw Ca to the surface; and in the presence of oxy-

gen, this Ca segregation could be dramatically enhanced. The calcium 

was probably present as an oxide on the surface and produced a large 

number of different ordered superlattice structures. We also found 
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that the concentration of Ca varied significantly across the metal 

surf ace. 

The Rh(1l1) [1000 ppm impurities, MRC], Pt(111) [1 ppm 

impurities, MRC], and Rh(100) [100 ppm impurities, MRC] samples were 

similarly oriented and spark cut. The Rh(111) sample was only polished 

down to a 0.5 pm diamond paste, while the Rh(100) and Pt(111) samples 

were further polished with a 0.05 pm alumina slurry. The Rh(l11) LEED 

spots were noticeably larger than those for either the Rh(100) or 

Pt(l1l) surface; this suggests that the Rh and Pt metals should be fine 

polished to remove most of the surface damage present after facing and 

rough polishing. 

The Pt(111) sample was easily cleaned of trace amounts of calcium, 

phosphorous, and carbon by oxygen treatments (5x10 7  torr 021 10 

mm, 700 ° C with a subsequent flash to 1000 ° C) and Ar ion bombardments 

(with subsequent annealing at 800 ° C for 5 mm). The Rh(11l) crystal 

had small sulfur, chlorine, and carbon contamination as well as a major 

boron impurity. Only after two weeks of continuous Ar+ bombardments 

(1-3 p amps, 1.2 kV) with 5 min annealing at 800 ° C and 02 treatments 

(flowing 5x10 7  torr 02, 700 ° 0 was boron largely depleted from the 

near surface region. The Rh(100) sample (with a much lower bulk 

impurity level) required only one or two such treatments to become 

reasonably clean. 

ii) Gas Samples 

The carbon monoxide, carbon dioxide, ethylene, propylene, and 

cis- and trans-2-butene samples (Matheson, nominally 99+%) were drawn 
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directly from lecture bottles without further purification. Methyl-

acetylene (99.9%) purchased from Air Products was used similarly. 

Acetylene (Matheson, 99.8%) was trapped with a solid CO2/ethanol bath 

to remove any acetone that could be present. (The acetylene is stored 

in an acetone solution to prevent an explosion but the acetone 

concentration in the gas phase will increase dramatically as the 

acetylene pressure drops.) 

Reagent grade benzene (Mallinckrodt) was degassed by a few freeze-

pump-thaw cycles; its vapor pressure at room temperature ( -100 torr) 

was high enough to fill the manifold without substantial contamination 

from background gases. Solid naphthalene (reagent grade, J. T. Baker) 

was also degassed by freeze-pump- thaw cycles (m.p. -80 ° C); both the 

manifold and the naphthalene sample were heated to -80 ° C to obtain a 

reasonable vapor pressure (-10 torr) above the background gases. in 

order to reduce desorption of contaminants from the manifold walls, the 

manifold was first heated to 80 ° C and ion pumped for an hour before 

introduction of the naphthalene vapor. 

C. LEED INTENSITY MEASUREMENT 

The photographic technique (see Chatter II.B and Ref. 1) was used 

to collect all the intensity vs. voltage curves presented in later 

chapters. In this method, photographs of the LEED patterns displayed 

on the fluorescent screen are taken at 2 eV intervals; a typical energy 

range stretches from 20-150 e1. The electron beam, however, still may 

damage molecular overlayers during the 5 min interval needed to record 

all the intensity information; in the molecular systems we studied, the 

crystal was translated during the course of photography to reduce the 
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total electron beam exposure of any area on the surface to less than 25 

or 60 11 amp-sec. A more extensive discussion of possible electron beam 

effects will be presented for each molecular structure individually. 

A Beattie Varitron view camera (fitted with a Bencher external 

shutter and an 85 mm, f 1.8 Nikon lens) was adjusted for the maximum 

aperture and a 1/2 sec exposure time. The camera was loaded with a 

high speed Kodak film (Panchromatic 2484); the 150 ft roll of film 

(1200 exposures) was advanced frame by frame with high precision. This 

precision (< 1/64 in) is necessary for the subsequent reduction of the 

intensity data. After exposure, the film was spray developed with 

Dupont's extra fast X-ray developer. The developing, fixing, and 

working times were all 150 secs at 2R.5 ° C. 

The processed film was scanned using a computer controlled, 

digital output, stepping microdensitometer with the measured densities 

stored on a magnetic tape. The microdensitomer is a home-built device 

attached to a DEC-10 computer. The densitometer digitized the LEED 

image using a (120x120) density grid with about 500 effective gray 

levels; a typical diffraction spot would encompass between 10-100 

points on the density grid. Usually, 10 6  density points (corres-

ponding to 100 frames of film) could be measured and stored on tape in 

a 5-10 minute scan time. 

A set of computer programs were written by Jonathan Frost to 

analyze the digital output from the microdensitometer; these programs 

find each diffraction beam on the density grid and then calculate its 

intensity at that energy. In order to transform the measured density 

into an intensity, a calibration wedge should also be analyzed. The 
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wedge is prepared by changing the log of the intensity linearly along a 

length of film (using a neutral density filter); the variation in the 

optical density along the length of the wedge is then measured. This 

produces a calibration table mapping measured density into exposing 

intensity that is used by our computer programs. 

Once the intensity of each diffraction beam is measured at each 

energy, the resulting intensity vs. voltage curves are normalized for 

constant incident beam current, averaged over degenerate diffraction 

beams and independent runs, and smoothed twice by a three-point formula 

before they are compared to theoretical spectra. 
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Reference for Chapter III 

1. P. C. Stair, PhD Thesis (University of California, Berkeley, 1977). 

Figure Captions for Chapter III 

Fig. 1. Diagram of vacuum chamber used for most of the experiments 

described in this thesis. 

Fig. 2. (a) Schematic of sample mount and LEED spectrometer. 

(b) Distribution of electrons scattered from the sample. 

The LEED electrons are elastically scattered. 
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IV. Ir, Au, AND Pt(lOO) SURFACE RECONSTRUCTIONS 

PART 1: EXPERIMENTAL OBSERVATIONS AND POSSIBLE STRUCTURE MODELS 

A. INTRODUCTION 

It has been known for many years, from low energy electron 

diffraction (LEED) studies, that clean metal surfaces may reconstruct, 

that is, may have a structure that is not a simple termination of the 

bulk structure. At present the clean metal surfaces known to 

reconstruct are the (100) faces of Ir, Pt, Au, V, Cr, 5  Mo, W, 7  

the (110) faces of Ir, 8  Pt, 9  and Au' °  and the (111) face of Au.'' 

Since many metal surfaces have not been subjected to surface structural 

studies., surface reconstruction may well be a more widespread 

occurrence than is apparent at present. Also, only a few surfaces have 

been studied at low temperatures where the chances for reconstruction 

are greater than at room temperature (e.g., clean W000) reconstructs 

only when cooled). It has been found that some surfaces reconstruct 

under the influence of adsorbates, such as W(100) 12  and Ni(100) 13  

when hydrogen is present. The precise location of atoms in the 

reconstructed metal surface has been determined only for clean 

W(100) 4  (which exhibits a c(2x2) superlattice), Ir(110) 15  and 

Au(110) 6  (both of which have (1x2) superlattices). 

The knowledge of the surface structure is of particular importance 

in studies of surface and bulk phase transitions. The surface struc-

ture could correspond to a phase different from the bulk structure, 
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or the surface may act as the nucleation site for a bulk phase transi-

tion, just as other defects can. Determination of the reconstructed 

surface structure is also important for the understanding of the mecha-

nism of phase transitions and to test the theories (such as the soft-

phonon theory) proposed to explain their occurrence. Some surface 

reconstructions have been suggested to be caused by charge density waves 

[on W(lOO), 17  Mo(100), 17  Si(lll), 18  and 1T-TaS2(0001) 19 1, in which 

the conduction electron density has periodic fluctuations with a wave-

length a few times the lattice constant; thereby inducing a static 

wavelike deviation of the atomic equilibrium positions with that same 

wavelength. 

The precise location of atoms in the reconstructed surface must 

also be known for the analysis of the electronic structure of the metal 

surface. The existence and the characteristics of surface states 

depend on the surface structure which also controls the surface density 

of states. The importance of the surface structure of metals is also 

evident in the fundamental steps of heterogeneous catalysis since many 

chemical reactions are known to be surface-structure sensitive. The 

surface structure also plays an important role in crystal growth and in 

epitaxy. 

In this two part contribution we report a surface structure anal-

ysis of the intriguing (100) surface reconstructions of Ir, Pt and Au. 

We have studied in detail the sometimes complicated LEED patterns for 

these surfaces, and performed a dynamical LEED intensity analysis of 

the Ir and Pt(l00) reconstructions to determine the atomic locations. 
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B. PREVIOUS OBSERVATIONS OF THE Ir, Pt AND Au(100) RECONSTRUCTIONS 

1) LEED observations 

The first clean metal surface reconstruction was reported in 1965 

for the Pt(100) crystal by Hagstrom et al. 2  This metal surface 

exhibits a so-called "(1x5)"LEED pattern because of the appearance of 

diffraction beams in (or near) 1/5th order positions. In 1967, a 

Au(10O)"(1X5)" reconstruction was observed by Fedak and Gjostein3  and 

soon after by Mattera et al. 20 . Later in 1967, Fedak and Gjostein 

resolved a splitting in the LEED spots for Au, leading to a "(20x5)' 

rather than "(lxS)" superstructure; they were the first to propose a 

hexagonal overlayer on the square substrate mesh as a model for the 

surface rearrangement, 2 ' In 1969 Palmberg 22  similarly resolved 

split spots in the LEED pattern of reconstructed Pt(100) and decomposed 

the pattern into four equiv1ent domains, each having a (1 
	) unit 

cell. A single domain was formed by thermal stressing while heating 

the crystal to or above 1000 ° C, yielding a straightforward determina-

tion of the unit cell. Also in 1969, Grant found that the Ir(100) 

surface reconstructed and gives a sharp (1x5) LEED pattern without 

splittings,' cf. Fig. 1. 

In 1977, Stair23  studied the Pt(100) surface reconstruction, 

/14 1\ 
arriving at the somewhat different unit cell 	5) cf. Fig. 2, where 

the number 14 is an average over values ranging from 13 to 15; a closer 

look at the diffraction patterns favors a matrix element of about -1.5 

rather than -1, yielding a unit cell close to (1 p). In fact, 



-47- 

Blakely reported 24  in 1976 that the reconstruction unit cell in the 

(100) terraces of a few stepped Pt surfaces depends on the particular 

stepped surface; in addition, fewer domains are present simultaneously 

on stepped surfaces. For example, the Pt(13,1,1) surface, with 6-atom 

wide (100) terraces separated by 1-atom high steps of (111) orienta- 

tion, has a (15 ) unit cell, better written as (2 
	); the number 6 

3 	6

is possibly due to the width of the 6-atom wide terraces. In the 

presence of only about 0.02 monolayers of 02, the Pt(13,1,1) surface 

facets into a (100) face with a (1 
	) reconstruction unit cell and a 

(311) facet. The stepped Pt(911) surface, that has 4-atom wide (100) 

terraces and 1-atom high (111) steps, yields terraces with a (_ 3
1 	

) 

reconstruction unit cell. The stepped Pt(510) surface, that also has 

4-atom wide (100) terraces but 1-atom high steps of (100) orientation, 

facets to a (100) face again with a (1 	) reconstruction unit cell and 

a (210) facet. 

Other slightly different surface structures are reported by 

Heilman et al., 25  and by Norton and co-workers 26  on the clean 

Pt(100) crystal face. The first authors report a "Pt(100)hex-R0.7 0 " 

reconstruction which we identify with the (-114 1) structure, on the 

basis of the published LEED pictures which closely resemble those of 

Stair in the presence of all four domains. They also report a 

"Pt(lOO)-hex" structure. If we decompose the published diffraction 

pattern into four equivalent domains we arrive at a (1 
	) structure, 
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also observed by the second authors. Some of these patterns with their 

corresponding unit cells are shown in Fig. 3. The fact that steps seem 

to affect the reconstruction unit cell suggests that the detailed form 

of the reconstruction is influenced by the presence, and especially by 

the orientation, of surface defects. Similar orientational effects 

were obtained after sputtering the Pt(100) surface at an angle to the 

surface normal. 23  

The Au(100) diffraction patterns from the (20x5) structure exhibit 

some triplets of split spots that are not aligned, but have a V shape 

with an obtuse angle at the apex of the V. Because it was only weakly 

discernible, this feature was included in a few drawn renditions of the 

diffraction pattern but not commented upon, 21  although it implies a 

unit cell different from (20x5). More recent photographs 27 ' 28  

obtained when a more collimated electron beam was used, show additional 

split-off spots that clearly have a V or W or longer zigzag arrange-

ment, cf. Figs. 4 and 5. Our best estimate for the unit cell of this 

structure is a large centered cell labelled c(26x68). Here the number 

26 comes from direct measurement of spot separations and is uncertain 

by about ±1. The number 68 follows from the angle of the V shape and 

should be about 10/4x(26+1) = 68±2.5; however, the five partly unequal 

distances between visible spots along the line from the (00) to the 

(01) spot must be in the proportion n+1:n+1:n:n+1:n+1 with suitable n 

to produce a coincidence lattice; one then obtains the possible numbers 

2(5n+4), among which the one closest to 65 is 68 with n=7. The number 

26/2 = 13 corresponds to the often quoted and probably overestimated 

period 20 in the (noncentered) notation (20x5). 
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A different structure has also been observed on stepped surfaces 

of Au with reconstructed (100) terraces. Melle and Menzel 29  report 

a (14) structure on several such stepped surfaces (observed by 

RHEED). 

Here a comment is necessary concerning the above unit cell 

designations such as (14 1) or c(26x68). These designations assume 

that there is a finite unit cell, that is exclude structures obtained 

by superposing two incommensurate lattices. The diffraction patterns 

do not exclude incommensurate lattices, however. The only well-defined 

quantities are the numbers 5 and 1 in the matrix (1) ) for Pt(100) and 

in the designation (1x5) for Ir(100) since these are obtained by simple 

counting of the number of extra spots. All other quantities, such as p 

and q, and the Au(100) designation, are based on the measured ratio of 

two lengths in photographs and are therefore uncertain. Only if all 

these numbers are integers does one obtain a finite unit cell. (Note: 

the distinction between incommensurate and commensurate lattices 

becomes pointless from the point of view of LEED for coincidence unit 

cells larger than the coherence length of the electron beam, which is 

typically 100A, but larger in the case of Fig. 4.) 

ii) Observations of Er, Pt and Au(100) Reconstructions 

by Other Techniques 

Several studies using techniques other than LEED have monitored 

the Ir, Pt and Au(100) reconstructions. High energy ion scattering has 

been applied to Pt(100) 30  and Au(100), 3 ' yielding the information 
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that about one monolayer of the surface atoms are positioned well away 

from their ideal unreconstructed positions. Also, an ultraviolet 

photoemission study 32  reveals that the UPS spectrum of the unrecon-

structed Ir(lOO) surface resembles more that of Ir(1ll) than that of 

unreconstructed Ir(lOO). Similar results have been obtained on 

Au(100). 33  Observations with electron energy loss spectroscopy have 

been made 27  for Au(100) and (111) which also show great similarity 

between the reconstructed (100) and the unreconstructed (111) surfaces. 

It is interesting to note that field ion microscopy studies on Ir, 

Pt or Au tips have not reported the reconstructions of the (100) sur-

faces, 34  although a c(2x2) reconstruction on clean W(lOO) has recent-

ly been observed with FIN. 35  This may be due to field effects or to 

the fact that atomic arrangements are made obvious by FIM only near 

terrace edges where a reconstruction may either not take place or may 

not be readily detectable. As pointed out above, reconstructions do 

occur on some 4-atom wide terraces according to LEED observations. 	 I 
iii) The Depth of Reconstruction 

There is a certain amount of evidence that only the topmost layer 

of Ir, Pt and Au(100) reconstructs. First, the LEED patterns can be 

interpreted as a combination of a rearranged top layer and the 

unmodified square substrate lattice. This presupposes that the 

attenuation of the substrate contribution by the reconstructed surface 

layer is not too large; given known electron mean free paths, this can 

only be true for less than two layers, that is presumably for one 

reconstructed monolayer. Second, the HEIS results, 28 ' 30  which count 
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the number of displaced atoms, are not consistent with more than one 

reconstructed monolayer. Of course one cannot exclude small deviations 

from the substrate geometry in the second layer due to the modified top 

layer geometry. However, we shall ignore these. 

Unreconstructed Metastabie Surface Structures of the 

(100) Faces of Er, Pt and Au 

Clean, metastable, unreconstructed (100) (lxi) surfaces have been 

prepared for Ir, 36  Pt, 37  and Au27  and the temperatures needed to 

produce an irreversible order-order transition to a reconstructed state 

has been measured. The unreconstructed Ir(100) surface gradually and 

continuously reconstructs as the temperature is varied from about 700K 

to about 1200K. 32 ' 36  The resulting (1x5) pattern is stable from 55 

to 2100 K. 38  The metastable Au(100)(lxl) surface is converted into 

the "(20x5)" structure at 373 K. 27  The metastable Pt(100)(lxl) sur-

face transforms into the "(20x5)" structure at 400K, 37 ' 39  but upon 

further heating to 1100-1150 K it is converted into the "Pt(100)-hex-

R0.7" structure mentioned above. 39  The latter structure is stable 

from 77 to 1450 K. 39  

Previous Structural Analyses 

No full dynamical LEED analysis of the reconstructed Ir, Pt or 

Au(100) surface structures has been published. However, a double-

diffraction LEED calculation has been attempted in the case of Pt(100), 

that assumed the presence of a hexagonal top monolayer. A certain 

degree of agreement between experiment and theory has been 

achieved. 39  Dynamical (spin-polarized) LEED calculations have been 
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performed for the unreconstructed metastable surface structures of Pt 

and Au(100) 40  which yield good agreement with experimental IV curves 

when an ideal, unrelaxed surface was assumed; no relaxations of the 

surface atoms were considered. From past experience with similar 

studies one may assume that for this case the topmost layer spacing has 

the bulk value within about 5%. A HEIS result for metastable 

Pt(100)(lxi) indicates a minimal outward relaxation of this spacing by 

0. 5±0. 5% 30 

C. LEED INTENSITY MEASUREMENTS 

Photographs of the Pt(100) (14 1 ) and Ir(100)-(1x5) LEED patterns 

were taken within a 10 minute interval at a base pressure -4x10 9  torr 

with the crystal temperature falling from -50 ° C to -30 ° C. (Co had just 

been flashed off the crystal by heating to 600 ° C (for Ir) or 900 ° C (for 

Pt).) A Nikon F camera equipped with 85 nun lens, K2 + K3 + K4 extension 

rings, and motor drive was used; the film used was Kodak's Pan-X 2484. 

The Pt LEED pattern was photographed at polar angles 0 = 
009 4, 10 0 , 16 

with an azimuth 	
= 450 (0=0 °  being defined as a (0111 direction) in 2 eV 

steps stretching from 10 - 100 eV; the components in the Pt(100) (-l
1 	

) 

split spots were measured separately. The Ir LEED pattern was 

photographed at polar angles 0 = 0°, 100, 20 °  with an azimuth 	= Oe in 

2 eV steps from 20 - 200 eV. Only photographs of LEED patterns for one 

crystal orientation (for example 0 = 10 0 , 	= 0 0 ) with the specified 

energy range (for example, 20 - 200 eV) were taken during the 10 minute 

interval. The crystal was then recleaned before another set of 
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photographs were taken; the major contaminant after photography was C, 

probably produced by LEED beam fragmentation of the adsorbed CO from the 

ambient. 

Comparing the Ir and Pt I-V profiles, the Ir curves have more 

gaps, appear noiser, and have larger scaling factors; the major reason 

for the discrepancy is the shutter speed being limited to about 1/4 sec 

in the Ir data, rather than 1 sec as in the Pt data. 

D. INTERPRETATION OF THE DIFFRACTION PATTERNS 

Ir(lOO) 

The diffraction pattern of the reconstructed Ir(lOO) surface implies 

the presence of a (1x5) unit cell. There are no systematic absences or 

weaknesses of any of the (1x5) spots. This fact puts some restrictions 

on possible models, such as the absence of glide symmetry planes or 

domain structures (within the electron coherence length). However, it 

leaves open many options for the relative positions of the surface atoms 

within the unit cell since the unit cell has an area that is sufficient 

to accommodate up to 6 atoms in one plane. One possibility is a hexa-

gonal top layer, as illustrated in Fig. 6. The hexagonal layer, if 

it is planar, must be contracted in the 5-fold direction by 3.92% to 

be discussed in the next section. 

Au(IOO) 

The reconstructed Pt(lOO) and Au(100) diffraction patterns are more 

complicated. Figure 5 shows a diagram of the diffraction pattern 27 ' 28  

due to one domain of reconstructed Au(100). It implies a c(26x28) unit 
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cell structure of the surface which is approximated by a (20x5) unit 

cell in poorly resolved LEED patterns. Many of the possible diffrac-

tion spots, based on the c(26x68) unit cell, are not detected. Such a 

large unit cell can be understood as one large domain that consists of 

many (1x5) units identical to those of Ir(100)(1x5). The regular 

repetition of the domains produces the splitting of the 1/5th order 

spots due to the (1x5) units. It is necessary to assume (1x5) units 

within the domain to obtain significant intensity near the 1/5th order 

positions of the diffraction pattern. If we indeed have a domain 

structure, the individual split-off components of each 1/5th order spot 

should have an almost identical energy dependence of their intensities, 

except for constant factors. This is because such split spots can be 

regarded as the product of the (1x5) diffraction pattern, with its 

complicated energy dependence of intensities, and the c(26x68) super 

lattice pattern, which in itself produces only a smooth energy depend- 

ence of intensities. However, one can observe in the experiment that 

the split spots do not exhibit similar intensity changes as the 

electron energy is varied; for example, there are reversals in the 

intensities of neighboring split spots. Therefore,the simple domain 

model of (1x5) units is incorrect. 

A different interpretation of the c(26x68) periodicity comes about 

when one tries to understand the diffraction pattern with its many 

absent spots in terms of multiple scattering effects. The combination 

of a suitable hexagonal lattice and the square lattice of the unrecon-

structed surface would produce the observed diffraction pattern, with 

single-scattering spots the most intense and multiple diffraction 



-55- 

spots weaker or absent, depending on the order of multiple scattering. 

In Fig. 5 some first-order hexagonal spots are indicated, one of which 

lies at (1+1/16,3/5+1/68), the other at (0, 6/5+2/68) in terms of the 

substrate lattice. By multiple scattering one obtains all other 

observed extra spots with intensities that are smaller when the 

reciprocal lattice vectors needed to reach them are longer (Long 

reciprocal lattice vectors produce evanescent waves that contribute 

less intensity). Relative to bulk bond lengths, this hexagonal layer 

is contracted by 1/26 = 3.85% in one direction, and by 6.47% in the 

direction perpendicular to that. 

Other models besides the hexagonal surface layer model could also 

reproduce the observed c(26x68) diffraction pattern and we discuss one 

such model in Section E in connection with the shifted-row model for 

Ir(100). 

iii) Pt(100) 

Figure 3 shows some of the observed diffraction patterns of 

reconstructed Pt(100), assuming single domains. Here, as with Au(100) 

c(26x68), the absence of many spots can be interpreted as large domains 

containing many identical (1x5) units. In this case the two different 

intense parts of any split diffraction spot appear to have almost 

identical energy dependerices so that a domain structure of (1x5) units 

is a possibility. However, a suitable hexagonal model as proposed by 

Palmberg 22  can also explain the observed pattern. Figure 3 shows this 

interpretation by inclusion of first-order hexagonal diffraction 

spots. All other spots follow in a manner similar to Au(100) 
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discussed above and the observed spots with relatively short reciprocal 

lattice vectors are obtained by multiple diffraction. The 

above-mentioned 'nearly identical energy dependences of the split spots 

are then a result of the near-symmetry of the pattern. 

/\ 
In the 14 15) case, cf. Fig. '6, one thus obtains a hexagonal layer 

that is contracted by about 3.5% (nearly isotropically) and rotated by 

about 0.7 °  with respect to perfect alignment with the substrate; for the 

other unit cells shown in Fig. 3, hexagonal layers with slightly differ-

ent contractions and torsions by about 2 °  are required. 

Here also, other models can reproduce the observed diffraction 

pattern but the particular absence of many spots puts limitations on the 

possible models. Laser simulation is an effective method of studying 

such effects since a suitable general theory of two-dimensional 

diffraction patterns is not available to accurately specify those 

limitations. 

iv) Au(111) 

Because of its close relationship with the metal surface 

reconstructions that are the main topic of this work, the Au(lll) 

reconstruction''' 27 ' 28  deserves special attention. No structural mode 

for this surface has been published to our knowledge. The obsrv-.1 

diffraction pattern is shown in Fig. 7. It can be interpreted as th 

superposition of three 120 °  rotated domains, each domain consisting of 

rectangular (ñx22) unit cells which we designate ('/3x22) rect for 

convenience. 
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A model consisting of a 4.55% uniaxially contracted hexagonal top 

layer, cf. Fig. 8, satisfies the observed diffraction pattern in terms 

of single and double diffraction, the contraction direction being a 

[1101 direction. Interestingly, a transmission electron microscope 

study of Au(111) layer growth in ultrahigh vacuum observed "fringes" 

(not seen with other metals in (111) orientation) of about 63A periodi- 

city with just the characteristics expected from the model just described; 

three 120 °  rotated domains of the correct orientation. The 63A 

periodicity corresponds to about a rectangular (Ix22) unit cell and a 

with recent HEIS results. 28  

A domain-structure model can also be proposed for this reconstruc-

tion, involving alternate strips 11 atoms wide of different bulk struc-

ture terminations. An interesting possibility is that half the strips 

have the normal fcc termination, while in the other strips an hcp termi-

nation occurs through slippage of the topmost layer to different hollow 

sites of the second layer. For this model to be stable the two types of 

termination should have only a small difference in surface energies. 

Another possibility for this reconstruction is a charge density 

wave with an unusually long wavelength of about 22 lattice constants. 
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E. SURFACE STRUCTURAL MODELS 

In any LEED analysis, one must postulate plausible surface struc-

tural models and test each against experiment. In this section we dis-

cuss plausible models for the Ir, Pt and Au(100) reconstructions. 

i) The Hexagonal Model 

The most popular model for the Ir, Pt and Au(100) reconstructions 

assumes that the topmost atomic layer takes a hexagonal close-packed 

arrangement over the square-net substrate, 2 ' cf., Fig. 6. There are 

three main reasons for this idea. First, the hexagonal (111) face of 

face-centered cubic materials (the three metals studied here have an fcc 

bulk structure) is known to have the lowest surface energy among the 

possible crystal faces and it is the closest-packed. 4243  Therefore, a 

close packed reconstruction of the (100) face may conceivably lower its 

surface energy despite the resulting mismatch between the hexagonal layer 

and the substrate that would increase the strain energy at the .surface. 

Because of the balance of these different surface forces, reconstruction 

would then happen only for certain metals under certain conditions of 

cleanliness and temperature. Second, a number of epitaxially grown 

metallic layers have a crystallographic orientation that corresponds to 

the building up of hexagonally close packed layers on the substrate sur-

face often independently of the substrate orientation. 44  Thus such a 

structure appears to have some thermodynamic advantage over others. 

Third, the reconstruction unit cell of approximately (1x5) dimensions 

strongly suggest a hexagonal top layer. This was first apparent 2 ' with 
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Au(100) where the diffraction pattern is such that spots corresponding to 

a hexagonal layer were clearly identified together with weaker multiple-

scattering spots due to combinations of the substrate and hexagonal 

reciprocal lattices. Furthermore, it is easy to recognize that such a 

layer, in order to match the substrate mesh exactly, need only contract 

in one direction (the direction of 5-fold periodicity) by 3.9% with 

respect to its bulk size; this implies a bond length reduction of only 

2.9%. This reduction of bond length is further minimized if one allows 

the hexagonal layer to buckle, which it surely must do since different 

top layer atoms must have different registries and therefore different 

heights (d-spacings) with respect to the underlying square-net substrate. 

Thus if one assumes backbond lengths (bond lengths between the top layer 

and the next layer) equal to the bulk value', the bond lengths parallel to 

the surface need be contracted by only 0.7 to 1.0%, depending on the 

11 	 registry of the hexagonal layer as a whole. Such contractions seem quite 

reasonable since analogous contractions have been observed to have values 

of 1 to 4% for other metal surfaces, namely for backbond lengths on fcc 

(110), fcc (311), bcc (100) and bcc (111) surfaces. 45  

How much buckling occurs is an important question. An absence of 

buckling implies the flattest surface (minimum surface area), but maximum 

buckling (as described above) provides the most constant and bulklike 

backbond lengths. Surface flatness and constancy of bond lengths are 

both energetically favorable and so a compromise between the two may be 

best. 



Another interesting question concerns the registry of the hexagonal 

layer with respect to the substrate. Figure 9 shows the two high-

symmetry possibilities. The first involves bridge sites for 2/5 of the 

atoms which we call " two bridge registry" while the other has 1/5 of the 

atoms in top sites and 1/5 in center sites which we call "top/center 

registry". The remaining atoms have less symmetrical sites. Clearly the 

amount of buckling could depend on the registry. Assuming bulk bond 

lengths between the top and next layers, the buckling in the top/center 

registry is -0.8A, that is ±0.4A deviations about the middle plane, while 

for the two-bridge registry it reduces to 0.5A (±0,25A deviations). 

Thus the two-bridge registry provides for a smoother surface. In addi-

tion, it gives a more even distribution of the number of nearest neigh-

bors than the top/center registry (that is a more constant coordination 

number between each surface atom and its neighbors, thereby more evenly 

spreading the mismatch among the atoms). 

The differences between the LEED patterns of Ir, Pt and Au(100) can 

be explained conveniently with the hexagonal reconstruction model if one 

allows the top layer to contract slightly by different amounts, in both 

directions parallel to the surface, and/or to rotate about the surface 

normal. A hexagonal layer and a square layer, because of the inherent 

misfit between a hexagon and a square which essentially provides a slip 

fault, should have relatively little difficulty in translating or 

rotating with respect to each other. There is experimental 46  and 

theoretical evidence47  for such rotation in Ar overlayers on the basal 

plane of graphite. 



-61- 

Thus the LEED patterns can be explained by hexagonal reconstruction 

such as those shown in Fig. 6. Ir(100) (1x5) has the simplest structure, 

a uniaxially contracted hexagonal layer aligned with the substrate orien-

tation (no rotation) as described above. The Pt(100) (1 ) structure 

can be explained by a slightly rotated (0.7 ° ), biaxially contracted 

('3.55%, not allowing for buckling) hexagonal layer with a coincidence 

lattice spanned by the vectors (14,1)a and (-1,5)a (a being the substrate 

square edge). A very slight distortion by an angle of about 2 °  of this 

layer produces the observed (1 
	) structure spanned by the vectors 

(14,1)a and (0,5)a. Other contractions and distortions and/or rotations 

can produce the other observed structures. 

Instead of a simple rigid rotation of the hexagonal layer as 

discussed above, one may also imagine an unrotated (1x5) hexagonal 

structure to have dislocations every 14 atomic rows apart, 24  producing 

a (14  ,') or similar superstructure. The dislocation need not be abrupt, 

it may be spread out over several atomic rows. An abrupt dislocation 

(_3
14  

would be rather 'agged and thus energetically unfavorable unless a 	
1 

 

were adopted. This is shown in Fig. 10. The dislocations follow the 

rows of atoms, avoiding any jaggedness. A spread-out rather than abrupt 

dislocation as illustrated in Fig. 10 is also consistent with the (_1 
) 

and (1 	) geometries. Such a spread-out dislocation can also be 

regarded as just a relaxation of the rotated hexagonal models if one 

allows atoms to have preferences for some adsorption sites over others, 
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thereby letting atoms move as much as they can toward the nearest 

preferred sites. 

Finally, the Au(100) c(26x68) surface would have a hexagonal layer 

without rotation but with 3.85% and 6.47% contractions in the 26-fold and 

68-fold periodicity directions, respectively, corresponding to the 

20-fold and 5-fold directions, respectively, in the (20x5) notation. 

A difficulty with the hexagonal model is the 20% higher concentra-

tion of atoms in the topmost layer of such a reconstructed surface as 

compared with the unreconstructed (lxi) surface: about 6 rows of atoms 

in a hexagonal layer fit over five rows of atoms of the square substrate. 

The transition between the unreconstructed and reconstructed states 

occurs experimentally quite easily. Where do the 20% more atoms come 

from? Apart from the presumably insufficient number of defect atoms 

(metal adatoms migrating along the surface), the always present steps on 

the surface can provide the answer. A terrace bounded by a step may 

contract parallel to the surface with the step retreating over the 

terrace below it. Of course, all successive steps would retreat in this 

way by similar amoUnts leaving the step-to-step distance constant, but 

each retreating step exposes formerly unexposed second-layer atoms which 

provides the additional 20% surface atoms. Because the terraces should 

be at least a few hundred Angstroms wide to give the observed sharp LEED 

patterns, the step edges would then have to retreat by at least several 

tens of Angstroms in a reconstruction. 
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The Missing Row Hexagonal Model 

To avoid the problem of 20% higher surface concentration in the 

hexagonal model one may imagine that the hexagonal model is formed in 

strips five atoms wide with one vacancy row between such strips. We 

may call this the missing row hexagonal model. The formation of such a 

surface, however, would increase the surface energy. In considering 

this model in our analysis, we assume that the missing rows are in 

sytmnetry planes, such as the row of top-site atoms for the top/center 

registry, or a row of bridge-site atoms for the two bridge registry. 

This way we keep high symmetry in the surface structure. 

To produce the Pt(100) and Au(100) structures one would have to 

imagine a suitable domain structure to match the large observed unit 

cells. However, it is not clear what physical mechanism could produce 

the necessary ordering of missing rows. 

The Shifted Row Models 

Another set of (1x5) structures which do not require a 20% higher 

surface concentration we call shifted row models. This type of model 

was originally proposed by Burton and Jura. 48  Here two of the five 

atoms in each (1x5) unit cell are shifted 49  as indicated in Fig. 11; 

depending on the choice of shift, three basic structures are possible. 

One obtains a greater degree of close-packing than in the unreconstruc-

ted surface at the price of opening up channels with broken bonds. 

Compared with the hexagonal model, the shifted row models have less 

misfit between the top layer and the substrate, but more misfit within 
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the top layer. An advantage over the hexagonal model is that no bond 

length contraction is needed and that less movement of atoms is re-

quired in the reconstruction process. Also, this model provides an 

explanation for the decrease of the work function upon transition from 

an unreconstructed to a reconstructed lr(100) surface. The work func-

tion decreases since, the roughness of the surface increases. One 

expects a higher work function with a (111)-type top layer in analogy 

with the unreconstructed (111) face, neglecting effects due to the 

hexagon-square interface. There is no fundamental preference in this 

model for the observed 5-fold periodicity. Other periodicities could 

occur as well. A 7-fold periodicity has been observed in one experi-

men t44a supporting the plausibility of this model; this occurs when 

three or four layers of gold are deposited on a (100) surface of palla-

dium (although here the lattice constant of the gold substrate may be 

affected by the palladium substrate below the gold). Also, streaks have 

been observed in [110] directions when gold is deposited in certain 

coverages on Pt(100), indicating a disorder in the 5-fold period. 50  

One of the main arguments against the model proposed originally by 

Burton and Jura is that the atoms of the shifted rows are in bridge 

sites and, therefore, probably in an unstable situation. Surface 

phonon calculations have been carried out in the case of a (2x1) 

reconstruction involving a shift of every other row, showing that there 

is indeed an instability for low frequency phonons in this configura-

tion. 51  Figure 11 shows that in fact the model proposed here is 

slightly different since each atom of the shifted rows is moved to the 
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3-fold site formed by two of the unshifted atoms and one atom of the 

second layer. 

To explain the Pt(lOO) and Au(lOO) reconstructions, regularly 

spaced defects have to be introduced in the shifted rows model. Figure 

12 shows a sketch of a possible model associated with the reconstruc-

tion of platinum. Here the shifted atoms form rows of a finite length 

(14 atoms long) instead of the infinite length rows of iridium. Simi-

lar dislocations can also produce the various other observed unit 

cells. 

The length of 14 for the shifted rows could be explained by a 

contraction or expansion of the atomic size by a factor 1/14; then each 

shifted row would contain 15 or 13 atoms, respectively. This would 

permit asmooth transition at the ends of each shifted row. It would 

also remove the criticism raised for Au(100) that all split parts of a 

spot should have a similar energy dependence since we no longer have a 

simple domain structure. 

A suitable model for the Au(100)c(26x68) reconstruction involves 

dislocations in two directions instead of one for platinum. Figure 12 

shows a sketch of a possible structure. In one of the directions the 

type of defect is similar to that of platinum (finite chains of 14 

shifted atoms), but platinum shows no defects in the other direction. 

For Au(100) there is a different interaction between chains and there 

appears a stacking fault of chains after every 34 chains. In Figure 

12, we have represented the models with three unshifted rows followed 

by two shifted ones, corresponding to Fig. lic. A similar model can be 

built with the structures shown in Figs. lid and lie. 



This model for Au(100) explains the difference in the nature of 

the spot splittings. On the one hand, the doublet formation many authors 

have observed and which gives rise to the designation (20x5) is asso-

ciated with the first type of defect (finite length of shifted rows), 

while the V-shaped triplet formation which few experiments show 27 ' 28  is 

associated with the second type of defect, such as interaction between 

chains. This second type requires a much better ordering of the surface 

since first the chains have to be formed and then ordered. 

Such dislocations are very common in three dimensions with 

polytype crystals, and it would not be surprising if a similar effect 

could exist at surfaces. In the preceding section we proposed a model 

of this type for the Au(lll) reconstruction as well. 

An argument against the shifted row models is the HEIS observation 

that about one full monolayer is shifted out of alignment with chains 

of substrate atoms for Pt(100), Au(lOO), and Au(l11). 

iv) The Charge-Density Wave (CDW) Model 

Several clean surface reconstructions have been described as 

charge density waves (CDW's), including W(100)c(2x2) 17  for which a 

LEED analysis gives a structure consistent with a CDW, Mo(100), 17  

Si0i1)(7x7), 8  and 1T-TaS 2 (0001) 19  with various superstructures, 

among them (vTx/fl). In a CDW5 ' atoms are displaced from their 

ideal position in a wavelike pattern by no more than about 0.1 A. 

A (1x5) structure on fcc(100) can be obtained with a CDW that has a 

wavelength 5a (abulk bond length) and direction parallel to rows of 
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close-packed atoms, such as (011]. The (_1 1 	), c(26x68) and similar 

structures can be obtained with pairs of CDW's of different wave 

vectors. The Au(l11) structure can also be interpreted as a long 

wavelength CDW. 

Many other surface models in addition to those discussed here can 

be imagined which will fit the (1x5) and other observed unit cells 

(missing rows, additional rows above the surface, etc.) but none that 

we considered seemed intuitively more plausible than the models des-

cribed above. 

F. LASER SIMULATION 

Laser simulation of LEED patterns has been frequently used in the 

past to test various types of surface structure models, especially when 

large unit cells, domain structures, or disorder are involved. The 

basis of this technique is described by Ellis. 53  Fedak et al., 54  

have applied this technique to the reconstruction of Au(100), supporting 

their conclusion of a hexagonal top-layer model with some modulation. 

Laser diffraction was also used in a recent study of the Pt(100) 

reconstruction. 25  We have used this approach to study many more models 

for these reconstructions than has been done previously. 

Our implementation of laser simulation is quite simple. The sur-

face atoms are represented by arrays of dots (usually small dots for 

the first substrate layer and large dots for the top layer), computer 

drawn directly onto microfiche or 35 nun film with a basic lattice 

constant of typically 30 jim. This produces convenient diffraction spot 

separations on a screen a few meters away and an overall size compara-

ble to the laser beam diameter of about 1 mm. Since the coherence 
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length across the laser beam is about equal to its diameter, we effec-

tively simulate a LEED beam coherence length of about 100A, a realistic 

result. For simplicity we have not attempted to include different 

domain orientations simultaneously since one domain orientation is 

sufficient for the purposes of the following discussion. Atomic dis-

placements perpendicular to the surface (such as in a layer buckling) 

are simulated by dot displacements of proportional magnitude parallel 

to the plane of the film. 

We now consider what laser diffraction can teach us concerning the 

surface models proposed in Section E in relation to the observed LEED 

patterns for the reconstructed Ir, Pt and Au(100) surfaces. For con-

venience, we shall term the integral-order spots (those present without 

reconstruction) substrate spots, while those due to a hexagonal array 

by itself are called hexagonal spots, even though the hexagon may be 

somewhat distorted. 

i) Ir(lOO) 

Starting with the simple nonbuckled (1x5) structure of the 

hexagonal model (cf. Figs. 6 and 9), we find that only the substrate 

and hexagonal spots have strong intensity in laser diffraction, as seen 

in Fig. 13c. To obtain an intensity in the other extra spots 

comparable to the intensity of the substrate and hexagonal spots, as 

required by the experimental observation for Ir, it is necessary to 

include a modulation of the top-layer atomic positions in the 5-fold 

direction. This suggests that the real Ir(100)(1x5) surface also has 

such a modulation. The obvious choice is a buckling perpendicular to 

the surface already described in Section E. Laser simulation leads to 
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the same conclusion for the Pt and Au structures based on the hexagonal 

model; a buckling is also likely there. Note that with such buckling the 

extra spots are already present in the kinematic limit; multiple. scatter-

ing is not required to produce them. 

We find that laser diffraction puts few limitations on the missing 

row and shifted rows models for the (lxS) structure. Some typical 

patterns are shown in Figs. 13b and 13c. However, the charge-density-

wave model does not produce adequate intensity in the extra spots, cf. 

Fig. 13e. 

ii) Pt(lOO) and Au(lOO) 

Concerning the (1 	), c26x68 and similar surface structures, 

the simple hexagonal model produces realistic laser diffraction 

patterns, but it is necessary, in order to obtain sufficient intensity 

in the split spots away from the (1x5) spot positions, to include a 

modulation of atomic positions in the 14-fold and 26-fold directions, 

respectively. This comes in addition to the modulation needed in the 

5-fold direction. The effect is seen in Figs. 13g and 13h. As above, 

this may be indicative of buckling. Buckling would be reasonable in 

this direction as well, since different atoms would have different 

registries as a result of the contraction of the layer by factors of 

1/14 and 1/26, respectively. Sufficient intensity in the split spots 

for Pt(100) may also be obtained by the spread-out dislocation model of 

Fig. 10, which includes not only a possible buckling, but also a 

position modulation parallel to the surface. It is interesting to 

observe what happens as the dislocation becomes more localized; more 
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and more spots appear which extend from one row of 1/5th order spot 

positions to the next, cf. Fig. 13. If the dislocation were of the 

domain boundary type, all these additional spots would disappear 

again. Thus patterns very similar to those of Figs. 13g and 13h could 

also be produced (not shown) with the dislocation model of the shifted 

rows structure (Fig. 12). 

The Au(100)C(26x68) unit cell is so large that it was not possible 

to perform the laser diffraction satisfactorily in this case. However, 

by approximating the structure with a (20x5) unit cell, we obtain with 

the hexagonal model the same effects due to position modulations as 

with the Ir and Pt structures shown in Figs. 13j and 13k. The V shape 

of the diffraction multiplet observed in LEED could also be produced (not 

shown) with suitably reduced unit cells. This is possible with both the 

hexagonal and the shifted-rows models. 

Au(111) 

In Fig. 13 we show a laser diffraction pattern for Au(111)(/X22) 

rect, modeled in Fig. 8, without position modulations. Inclusion of 

such modulations would multiply the number of split-off spots, repro-

ducing the appearance of Fig. 7. A charge-density-wave structure for 

Au(111)(ix22) rect would also be capable of producing the observed 

diffraction pattern, especially if a few higher harmonics of the basic 

periodicity are included. 

Conclusions 

We reach the following conclusions based on laser simulation. 

The hexagonal model is realistic and probably requires buckling or a 

similar position modulation. The missing row and shifted rows models 
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are also compatible with the LEED patterns. However, no abrupt dis-

locations other than domain boundaries should occur as one moves in the 

direction perpendicular to the 5-fold direction. Also the charge-

density wave model can be ruled out for the (100) reconstructions. 

G. SUMMARY 	- 

In this part we have brought together and analyzed the various 

observed reconstructions of the Ir(100), Pt(100), Au(100) and Au(ll1) 

surfaces. Ir(100) shows a simple (1x5) structure (no spot splittings) 

indicating a relatively small unit cell. Pt(100) exhibits a variety of 

patterns, including (! 	), 
(1 	

), (! ) an
d 	

( 	
), some of which 

occur on stepped Pt(100) surfaces. According to high quality diffrac-

tion patterns Au(100) has a c(26x68) reconstruction which, in lower 

quality patterns, appears approximately as a (20x5) structure. 

On stepped AU(100) surfaces a ( 14
! 	) structure has also been observed. 

Au(111) reconstructs with a rectangular (ñx22) unit cell. 

This part also describes the measurement of LEED intensities for 

Ir(100) and Pt(100). These are to be used in a detailed structural 

analysis with dynamical calculations (see part 2); but first we interpret 

the LEED patterns in terms of possible structural models and do a laser 

simulation to test those models and some of their parameters. The 

hexagonal top-layer model can explain all observed diffraction patterns 

with varying contractions and rotations of the top layer. The laser 

simulation indicates that this model probably requires a buckling 

perpendicular to the surface. The missing row hexagonal model and the 
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shifted row models cannot be ruled out by laser diffraction, but have to 

include suitable domain structures to explain the more complicated LEED 

patterns. Models based on charge density waves can be ruled out, 

however, for the (100) faces. 
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Figure Captions for Chapter IV, Part 1 

Fig. 1. LEED patterns for clean reconstructed Ir(lOO). 

Fig. 2. LEED patterns for clean reconstructed Pt(100). Four domains 

are present in (a); only two domains are present in (b). 

Fig. 3. Unit cells and schematic LEED patterns for different recon- 

structions of Ir and Pt(100). Dot size is roughly 

proportional to average spot intensity. Triangular dots 

represent thexagonal spots" due to a hexagonal layer. 

Fig. 4. LEED patterns for clean reconstructed Au(lOO). (Courtesy of 

J. F. Wendelken and D. N. Zehner). 

Fig. 5. Schematic LEED pattern for clean reconstructed Au(100), with 

unit cell in reciprocal space. Conventions as in Fig. 3. 

Fig. 6. Hexagonal models for Ir(100)(1x5) and Pt(100) ( 	
) recon- 

structions. Top layer atoms are shown as thick circles, next 

layer as thin circles. The two-bridge registry is assumed. 

Fig. 7. LEED diffraction patterns for clean reconstructed Au(1ll). 

(Courtesy of J. F. Wendelken and D. M. Zehner). 

Fig. 8. Hexagonal model for Au(1ll) (Ix22) rect reconstruction. 

Conventions as in Fig. 6. 

Fig. 9. Detail of hexagonal model for Ir(100)(1x5) with two regis-

tries. Side views, parallel to the surface, are shown at top, 

exhibiting full buckling. Views from the top are shown at 

bottom. Thick circles represent atoms closer to the viewer 

than thin circles. 
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Fig. 10. Hexagonal-layer dislocation model for Pt(100) (! ) compared 

to Ir(100)(1x5) model shown in (a). (b) gradual dislocation, 

(c) abrupt dislocation. 

Fig. 11. Five models in top view for the reconstruction of Ir(100)(1x5). 

(a) hexagonal model with two-bridge registry, (b) hexagonal 

model with center/top registry, (c) shifted rows model with 

5-atom clusters, (d) as (c) with 4-atom clusters, and (e) as 

(c) with 3-atom clusters. 

Fig. 12. Sketched domain structure of the shifted rows model for Pt(100) 

(! 	) and 
(14)  (left) and for Au(100)c(26X68) (right) 

assuming clusters. Only the top layer is shown. Unshifted 

rows of atoms are represented by continuous line segments; 

shifted rows (possibly contracted or expanded) are represented 

by dashed lines. 

Fig. 13. Laser diffraction patterns for various models of the (100) 

reconstructions of Ir (a-f), Pt (g-i), and Au (j,k) and of 

the (111) reconstruction of Au(L) (only one domain is included 

in each pattern). Substrate spots are sometimes weak in these 

patterns. 

(a,b) Ir(100)(1x5) hexagonal model, (a) without and (b) with a 

position modulation in the 5-fold direction. 

Ir(100)(1x5) hexagonal model with missing rows. 

Ir(100)(1x5) shifted rows model (3-atom) clusters. 

(e,f) Ir(100)(1x5) charge density wave model with o.iA and 

0.4A amplitudes, respectively. 
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(g,h) Pt(100) (! 	) hexagonal model with one (g) or two (h) 

sine—wave position modulations in the 14—fold direction. A 

modulation in the 5—fold direction is included in both cases. 

(i) Pt(lOO) 	) hexagonal model with abrupt dislocations as
14  

in Fig. 10. 

(j,k) Au(100)(20x5) hexagonal models (j) without and (k) with 

(k) position modulations in both the 5—fold and 20—fold direc-

tions. Pattern (k)is very similar to low resolution LEED 

patterns. (1) Au(111)6'3X22) rect hexagonal model without 

position modulation. 
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PART 2:. STRUCTURE DETERMINATION OF THE Ir AND Pt(100) FACES 

INTRODUCTION 

In part 1, we analyzed the experimental information contained in 

the two—dimensional diffraction patterns of reconstructed Ir(lOO), 

Pt(100), Au(lOO) and Au(ll1). That analysis, together with the 

measurement of LEED intensity data for Ir(100)(1x5) and Pt(IOO) 14 ( _ 1 

prepared the way for a detailed structural investigation of these 

surfaces, which is described in this part of Chapter IV. The structural 

investigation is based on the analysis of measured LEED intensities with 

dynamical (multiple scattering) calculations. 

Since Ir(lOO) has the surface reconstruction with the smallest unit 

cell and thereby is the most economical case for LEED calculations, we 

concentrate our efforts on this surface, analyzing many of the struc-

tures discussed in part 1. We also make calculations with a few struc- 

tures for the Pt(100) 	surface, using suitable approximations 

with minor consequences) to deal with the very large unit cell. The 

results will be discussed in terms of the mechanism of reconstruction 

and a comparison with other surface structures will be given. 

DYNAMICAL LEED THEORY 

i) Methods Used 

The large unit cells of the models to be analyzed by dynamical LEED 

calculations present special computational problems for the existing 

theories. First, many beams occur, giving rise to high—dimensional 
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interlayer diffraction matrices. Second, many atoms fit in the unit 

cell, giving rise to high-dimensional intralayer multiple scattering 

matrices. We adopt the "combined space method," 1  in which the spheri-

cal wave representation is used within each layer. The top reconstruc-

ted layer counts as one layer containing 5 or 6 atoms in the unit cell. 

The plane wave representation is used between these layers. 

The Renormalized Forward Scattering (RFS) method 2  is used for the 

interiayer wave propagation. The intralayer multiple scattering is 

treated by the Matrix Inversion method'' 2  for the strongly scattering 

platinum and by the Reverse Scattering Perturbation (RSP) method' for 

the less strongly scattering iridium (no calculations were made for 

gold). That iridium behaves relatively kiriematically in LEED has been 

noticed before, 3  but we have no explanation for it. Both RSP and RFS 

are allowed to converge to essentially the exact result and therefore 

involve the neglect of no important scattering events. 

ii) Physical Parameters 

The iridium atomic potential employed here, due to Arbman and 

Hoernfelt, 4  has been used before in studies of Ir(111) 3  and 

Ir(110) 5  (the latter either reconstructed or overlayer-covered). The 

agreement between theory and experiment was often not as good as with 

many other metals, and this difficulty is thought to stem partly from 

the use of an inadequate potential: therefore we expect a corresponding 

measure of disagreement in the present case. A modification of this 

potential by Feder 6  to include relativistic spin effects has also been 

applied in this work, but does not produce a noticeable improvement (as 

was already the case for Ir(110)(1x2) 5 ). The platinum potential7 
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has also been used previously, namely in studies of Pt(111) 8  and 

unreconstructed Pt(100). 9  This potential appears to be better than 

the iridium potential, but is again not as good as in the case of a 

number of other metals. In this work, a relativistic spin correction to 

the potential is tried as well, 6  with the same inconclusive result as 

for iridium. (The same result was also found in a study of 

Pt(lll). 8b) 

The number of phase shifts used in our calculations is mostly 6 

(Lmax = 5) for an energy range up to 120 eV for iridium and 100 eV for 

platinum. (Some platinum calculations were made with 5 phase shifts, 

but for platinum 5 phase shifts are not sufficient at the higher 

energies). The real part Vor of the inner potential (muffin-tin 

constant) is set to 15 eV for iridium and 14.3 eV for platinum, based on 

results of previous work, and allowed to be fit a posteriori to experi-

ment by shifting the zero point of energy. The imaginary part of the 

potential is set to a constant 5 eV for iridium and 4 eV for platinum 

and Debye temperatures of 236K and 193K, respectively, are used for all 

layers. These temperatures are reduced from bulk values to allow for 

enhanced atomic vibrations at the surface. 

iii) Geometrical Aspects 

Many of the (1x5) models discussed and illustrated in Section E of 

part 1 have structures with a pair of orthogonal mirror planes, e.g., 

the hexagonal models with two-bridge registry and with top/center regis-

try (c.f. Fig. 9 of part 1), the missing row hexagonal model, the 

shifted row models (c.f. Fig. 11 of part 1) and the charge-density-wave 

model with an appropriate phase of the deformation wave. This symmetry 
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is then exploited at normal incidence in our calculations to considera-

bly reduce the computationaleffort.' For the same reason, off-normal 

incidence calculations are performed for incidence directions retaining 

one mirror plane. 

Among the large-unit-cell models, we chose to test the hexagonal 

model for the Pt(lOO) 	structure since it is based on the most 

popular suggestion for the reconstruction. For this purpose it is 

necessary to make some simplifications since the top layer contains 

about 88 atoms in the unit cell and the number of beams is 71 times as 

large as with the unreconstructed surface. As one sees in Fig. 6 of 

part 1, the 	unit cell can be regarded as being composed of 14 

successive (1x5) units. The diffraction by the entire 11 
	unit cell 

is then simply the sum of the interfering diffraction amplitudes from 

each of those 14 (1x5) units. In the case of the abrupt dislocation 

model of the hexagonal top layer (cf. Fig. 10 of part 1) most of the 14 

(1x5) units are identical with only a few different ones near the dis-

locations. This can then be simulated by a relatively simple (1x5) 

structure identical to that for Ir(100)(1x5) (thereby ignoring the 

effect of the few different (1x5) units containing the dislocation) and 

therefore an identical calculation is sufficient. We refer to the 

discussion below about the question of the correspondence of spots 

between the Ir and Pt structures. 

On the other hand, in the rotated-hexagonal-layer model, each of 

the (1x5) units is slightly different from its immediate neighbors. The 
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difference is a small shift (of about 1/14th of the bond length, i.e., 

about 0.2A) in the registry of the top layer. Since electron multiple 

scattering is not particularly sensitive to small geometric changes more 

than a few bond lengths away (because of damping) it should be adequate 

to assume that the diffraction by any one of these 14 (1x5) units is 

equal to the diffraction by a complete surface with this particular 

(1x5) unit as the repetitive unitcell. Therefore, we may simulate the 

overall diffraction by the stun of interfering beam amplitudes obtained 

from a series of relatively simple (1x5) structured surfaces, each with 

a slightly different registry of the top layer. Of course, different 

registries imply different bucklings perpendicular to the surface, 

and this is included in the calculation. Because of symmetry and 

structural-sensitivity considerations, it was found that four different 

registries would reasonably sample the 14 different registries of the 

(1x5) units. This small number of four comes about because all 14 

registries, when mapped in a single (1x5) unit cell, correspond to a 

cumulative shift by only about half a bond length. By symmetry, one 

half of the registries are identical to the other half, leaving a total 

relevant shift of about a quarter bond length, i.e., about 0.7A. Four 

equidistant registries are then separated by 0.7/4 < 0.2A which is a 

lateral shift that LEED does not strongly detect near normal incidence. 

To keep the computational effort within acceptable limits, a 	- 

further slight simplification has to be made. The top layer registry 

has to satisfy a mirror plane symmetry (with the mirror plane being 

parallel to the 14-fold direction). This restriction induces an error 



-98- 

in atomic positions of at most about O.1A and so is thought not to 

affect the result too much. 

Finally, it must be realized that with these simplifications one 

effectively calculates the intensities of beams in the 1/5th order 

positions rather than of the multiplets of beams actually observed [cf, 

the differences between the Ir(100)(1x5) and the Pt(100) (_1 1 5) 

patterns]. However, it was found experimentally that the different 

components of these multiplets have very similar IV-curves, implying 

that the error in using either of these components or a hypothetical 

1/5th order beam should be small. The error is mainly due to the small 

difference of at most a few degrees between the emission angles of the 

multiplet components. (This difference is less influential than when 

the crystal sample is tilted by such angles, since in our present case 

the incidence direction is not changed at all.) 

We do not carry out an R-factor analysis to compare theoretical and 

experimental LEED IV-curves. There are two reasons for this. First, 

the photographic technique produces tV-curves that in this case have 

relatively large gaps with no intensity measurements being made over 

certain energy ranges of weak intensities. No presently available 

R-factor treats such gaps in a fair manner and, in any case, such gaps 

could induce serious spurious effects in the R-factor when the inner 

potential is varied. Second, the experimental curves have not been 

smoothed, so that any R-factors using derivatives (i.e., most presently 
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used R-factors) become useless. Thus it would be difficult to compare 

R-factor values from this work with those in other work. However, an 

R-factor analysis was carried out recently on a larger set of intensity 

data for the Ir(100)(1x5) structure collected by Langetal. 36  

C. RESULTS 

The surface structures that have been tried with dynamical LEED 

calculations are listed and detailed in Table 1. In this table, the 

registry of a hexagonal layer ("two-bridge" or "center/top") is 

designated as in Section E of part 1. The rotated hexagonal layer for 

Pt(lOO) can be "anchored" at the bridge sites or at the center/top 

sites, and these sites are then chosen to designate the registry of the 

complete layer. The buckling of a hexagonal layer is described as 

either "full buckling" or "2/3 buckling" or "1/2 buckling," the 

non-buckled case being called "planar." Full buckling is obtained by 

at first assuming bulk bond lengths between the top and the next layers 

and then allowing the top layer to rigidlj shift up and down normal to 

the surface, so that the buckling is not made dependent on this shift. 

For 2/3 and 1/2 buckling the fully-buckled top layer is contracted 

uniformly to 2/3 or 1/2 of its thickness, respectively. (Thickness is 

defined as the maximum distance between nuclear planes of the buckled 

layer.) The atoms in the planar hexagonal layer are assumed equally 

contracted parallel to the surface. In the buckled geometries the 

interatomic distances parallel to the surface are not changed from those 

in the planar case, although some small (< O.IA) differences might occur 

in reality because of the different perpendicular displacements of the 

various atoms above the next unreconstructed layer. A test of the 
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effect of relaxing this assumption was made with the somewhat extreme 

"uneven contraction" model, in which the contraction is confined to one 

atom in the (1x5) unit cell, while the other atoms have diameters equal 

to their bulk value. 

The reconstructed top layer has a "d-spacing" to the next unrecon-

structed layer. In the (1x5) structures this spacing is defined as the 

smallest of the distances between each nuclear plane of the top layer 

and the nuclear plane of the sqUare-net second layer. This definition 

of spacing applies not only to hexagonal layers, but also to the 

shifted-rows and charge-density-wave (CDW) models. In the 14 1) (_ 1 5 

calculations using a series of different registries, the d-spacing is 

referred to the distance D, which is the distance one would obtain by 

assuming bulk bond lengths between top-and-next-layer atoms. In the 

shifted-rows models, the shifted atoms are given bulk bond lengths to 

their neighbors, assuming positions as shown in Fig. 11 of part 1, and 

then the entire 5atom-per-unit-cell top layer is allowed to rigidly 

shift up and down. In the CDW model the wave-like atomic deviations are 

either in the direction perpendicular to the surface or "angled." In 

the latter case, deviations parallel to the surface (in the 5-fold 

direction) are chosen, but the atoms are allowed to displace at an angle 

over the underlying atoms, so as to conserve bond lengths, again 

followed by rigid shifts up and down 

The phase shifts used are described as All for Arbman-Hoerrifelt, 4  

AHF for the same with correction by Feder, 6  A for Andersen 7  and AF 

for those with a correction by Feder.6 
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The search procedure through the plausible structures was as 

follows. The Ir(100)(1x5) surface was extensively studied since it has 

a relatively simple diffraction pattern and less multiple scattering 

than Pt (cf. Section B), making any results more reliable and more 

economical to achieve. The largest number of calculations were per-

formed at normal incidence (8 = 0 ° ) to benefit from higher symmetry, 

using 7 independent beams in the comparison with experiment. Two of f- 

normal angles of incidence (8 = 10 °  and 8 = 20 ° ) where chosen to further 

check the hexagonal model, using 13 and 14 independent beams, respec-

tively. This structure was also chosen in the Pt(100) 
( _ 

1 	
analysis,14 1) 

in which various calculations were performed to independently test some 

of the geometrical variables. 

Before the discussion of the comparison between theoretical and 

experimental IV-curves, it should be remembered that the quality of 

agreement between theory and experiment is not expected to be as good as 

for some other structural determinations. In addition to the usual 

uncertainties of experiment and theory, the atomic potentials appear to 

be of somewhat poorer quality, and for Pt(100), various small approxima-

tions have had to be introduced (cf. Section B). Also, many more struc-

tural parameters could, in principle, be optimized than we have done 

(For example, with 6 atoms in the unit cell there are 18 unknown 

position parameters, not counting possible distortions of the underlying 

atoms of the substrate.) 
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i) The Reconstructed Ir(100) Surface 

A selection of calculated IV-curves for Ir(100)(1x5) are compared 

with experiment in Figs. 1-4. This selection exhibits the level of 

agreement between experiment and calculation as well as various trends 

with varying parameters. Lack of space prohibits the inclusion of 

enough figures to provide a basis for selection of the optimum geometry. 

In examining all calculated IV-curves, it emerges in case of the 

hexagonal model of Ir(100)(1x5) the theory and experiment clearly agree 

best if the two-bridge registry rather than the center/top registry is 

assumed (cf. Fig. 9 of part 1). Furthermore, a 1/2 or 2/3 buckling 

appears best, with a d-spacing of 2.2± 0.1 A. So the bridge-positioned 

surface atoms have essentially the bulk bond length to the next-layer 

atoms and the reduced buckling implies that those atoms sticking out 

above the bridged ones are drawn in somewhat toward the bulk, smoothing 

the surface. As a consequence, the most protruding atoms have bond 

length contractions of 6 or 9%, depending on whether one chooses 2/3 or 

1/2 buckling. The average contraction of the backbond lengths are then 

3 or 4%, respectively, with an uncertainty of ±0.1 A in determinjng the 

d-spacing. (The backbonds are the bonds between atoms in the first and 

second layers.) A more recent LEED analysis 36  using a larger data 

base confirms the hexagonal model, but it gives a fully buckled top 

layer with a slightly larger interlayer contraction of 5% with a 

d-spacing of 2.0 ± 0.1 A. The Zanazzi-Jona R-factor for this geometry 

is 0.34 and the Pendry R-factor is 0.45. 

The off-normal incidence calculations for the hexagonal model (see 

Table 1) are found to slightly favor a d-spacing of 2.0-2.1 A over other 
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D. DISCUSSION 

Summary of Results 

We first summarize the results presented in the preceding Section. 

For Ir(100)(1x5) the hexagonal model with two-bridge registry (cf. Fig. 

9 of part 1, left) with 2/3 or 1/2 buckling and a d-spacing of 2.2±0.1 A 

is the favored structure. However, a more extensive LEED analysis 36  

of normal incidence intensity curves obtained from the Ir(100)(1x5) 

structure gives a two-bridge hexagonal model with full buckling and a 

d-spacing of 2.0±0.1 A. For Pt (100) 	the hexagonal model 

described above with a rotation of about 0.7 °  gives reasonable agreement 

with experiment, cf. Fig. 6 of part 1. The shifted-rows model was not 

tested for Pt and no calculations were performed for the reconstructed 

Au(IOO) surface. 

The reconstructions of Ir. Pt and Au(lOO), as well as Au(111), can 

all be rationalized with the simple idea of a hexagonal top layer (see 

Section D of part 1). The diffraction patterns can be understood with 

appropriate choices of the lattice parameters and of the orientation of 

the hexagonal layers. 

Other Reconstructions 

At this point it is of interest to mention other metal surface 

reconstructions. On the cooled clean w000) crystal face a c(2x2) 

pattern is observed. The IV-curves from this surface structure have 
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been analyzed,' °  showing that zigzag chains of W surface atoms 

probably form by slight displacements from the ideal positions. This 

structure can be understood in terms of a charge density wave." The 

cooled clean M6(100) surface exhibits a split c(2x2) pattern 12  that 

may have a similar structure as W(100)c(2x2) and then also can be 

interpreted as being due to a charge density wave. 

The clean Ir(110) and Au(110) surfaces have (1x2) structures. 

These have been determined 5 ' 13  to probably consist of alternately 

missing rows, producing a microfacetted structure, each microfacet 

having the close-packed atomic arrangement of a (111) face. This result 

is an argument in favor of a hexagonally close-poacked top layer for Ir, 

Pt and Au (100). Furthermore, relatively large backbond length contrac-

tions of about 3% occur in this case. Pt(110) also can exhibit a (1x2) 

structure, but several attempts at determining this structure have not 

yet led to conclusive results. 

Finally, clean Au (111) has a reconstruction 14  that may consist 

of a 4,55% uniaxially contracted top hexagonal layer (although a charge-

density-wave structure is also possible), as discussed in Section D of 

part 1. 

iii) Bond Lengths 

It appears that bond length changes are an important aspect of the 

reconstructions. In the hexagonal models of reconstruction, we find 

that bond lengths in the Ir, Pt and Au exhibit contractions within the 
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hexagonal layer of 1%, 3% and 4.2%, respectively. (These numbers are 

averages over different directions parallel to the surface and take the 

buckling into account). Backbonds are reduced by, on the average, 3.5% 

and 6.3%, respectively for Ir and Pt, while the more recent Ir(100)(1x5) 

structure determination 36  indicates a 5% backbond contraction. Such 

values are compatible with bond length contractions observed at other, 

mostly unreconstructed, metal surfaces,' which range from 0 to 4%. 

However, so far contractions were only clearly observed on the 

less-densely-packed surfaces, such as fcc (110), fcc(311), bcc(100) and 

bcc (111). Diatomic molecules show rather larger contractions, such as 

14% for Au2 and 13% for Cu2 as compared with bulk Au and Cu lengths, 

respectively. 15  

Bond length contractions have also been observed in small clusters 

of metal atoms. Platinum clusters of diameters 12A and 20A (containing 

about 60 and 280 atoms, respectively) have Pt-Pt bond length reductions 

of 7% and 5%, respectively. 16  Slightly larger clusters have less 

contraction: 0.5% for 38A -diameter Pt clusters, 17  0.3% for 

35A-diameter Au clusters, 18  0.6% for 40A-diameter Ag clusters 19  and 

0±0.1% for clusters of Cu with diameter of 38A and more. 17  Note that 

platinum and gold clusters contract significantly, but not the copper 

clusters. This fits the pattern of surface reconstructions on Pt and Au 

surfaces and their absence on Cu surfaces. Howevr, silver appears to 

behave more like platinum and gold in clusters, unlike the behavior at 

surfaces, where silver does not reconstruct. As is well known, 20  bond 

lengths increase monotonically with the number of nearest neighbors, 

i.e. the coordination number, and thus a contraction is indeed expected 
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for surface atoms. In Fig. 6 we show the bond length contractions 

observed at surfaces' assuming a value of 0% for many fcc(100), 

fcc(11l) and bcc(110) surfaces, since most results for these surfaces 

give the bulk value within the uncertainty of the LEED method. We shall 

discuss these in more detail below. 

It is interesting to add observations made during epitaxy of over-

layers of one metal on substrates of another. A simple monolayer of Au 

or Ag deposited on Cu(100) produces different superstructures, 15  des-

pite virtually identical bulk Au and Ag bond lengths. These structures 

can both be interpreted as hexagonal overlayers, but then the Au layer 

requires a 3.3% larger uniaxial contraction than does the Ag layer. 

Thus Au has a greater tendency to bond length reduction than Ag. In 

another comparison, we start with the fact that the bulk Au lattice 

constant is about 4.3% larger than that of Pt. A monolayer of Pt 

deposited on Au(100) produces a square-lattice Pt layer about 5% smaller 

than the (by now unreconstructed) Au(100) substrate lattice, 2 ' showing 

a small contraction of this Pt monolayer by about 1%. On the other 

hand, a Au monolayer deposited on Pt(100) produces a square lattice with 

the Pt lattice constant 2 ' indicating a 4.3% contraction of the Au-Au 

distance. Thus Au can contract also more than Pt when deposited by 

epitaxy, in agreement with the findings discussed above for the 

reconstructions of clean Pt and Au surfaces of (100) and (111) 

orientations (ignoring backbond lengths, which we cannot compare). 

Note, among the above results, the formation of contracted 

square-lattice overlayers, also observed for Au on Pd(100)) 5  it 
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appears that hexagonal layers are not the universal form of reconstruc-

tion even in the case of misfits, but we cannot assess whether these 

square-lattice overlayers are possibly only metastable phases that could 

transform to more stable hexagonal (or other) overlayers. Note also the 

dependence of the overlayer contractions on the substrate lattice 

constant. There is an interplay between the substrate lattice and the 

overlayer that, for a given adsorbate species, produces overlayer 

lattices different both in symmetry (square vs. hexagonal) and in size, 

depending on the particular substrate. 22  

Clearly then the Ir, Pt and Au(100) reconstructions involve bond 

length contractions and this may be the very reason for the 

reconstructions. Frank and van der Merwe 23  have proposed a theory of 

the competition between pseudomorphism (crystal growth with the 

substrate's lattice) and independent-lattice growth. This theory 

predicts that for typical metals up to a 9% difference in lattice 

constants can be accommodated by strain for one monolayer deposited on a 

substrate and that only a smaller difference can be accommodated for 

multilayers. This behavior is observed for some of the above-mentioned 

cases, such as for the pseudomorphism of a monolayer of Au on Pd(100) or 

on Pt(100), but apparently not for other cases, such as for the 5% 

smaller monolayer of Pt on Au(100) or for the clean reconstructed 

Pt(100) and Au(100) structures, although the actual surface lattice 

constants in these examples differ by less than 9%. 

iv) Mechanisms of Reconstruction 

Bond length contractions are not necessarily the only mechanism for 

reconstruction that is operative for the (100) crystal faces of Ir, Pt, 
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and Au (as noted in Ref. 15). It appears that other effects such as 

rehybridization of bonding orbitals may play an important role as well. 

In this respect, Palmberg and Rhodin 15  already pointed out the unusual 

electronic characteristics of Pt and Au (and predicted, before its 

observation that Ir might have a similar reconstruction 24). For Pt 

and Au, there is a relatively small activation energy between the atomic 

ground state and a state in which a Sd electron is promoted to a 6s or 

6p orbital. Thus a reconstruction may induce a sufficient gain in 

energy to offset that small promotion energy. Such a mechanism is often 

invoked to explain bulk phase transformations 25  and may very well 

operate in the present case as well. But it must be pointed out that 

the electronic prOperties of Cu are not very different from those of Au 

in this respect, and Cu(100) is not known to reconstruct. Furthermore, 

an investigation of the known difference in cohesive energy for 

different bulk phases of various elements, 26  either experimentally 

measured or theoretically calculated for non-existing phases, shows that 

from the point of view of phase transformations Pt and especially Au are 

in fact unlikely to reconstruct. Au has one of the largest differences 

in cohesive energy of all metals between bulk phases.' Furthermore, V, 

Cr, Mo and W, all of which exhibit surface reconstructions, also have 

relatively large differences in cohesive energies between different bulk 

phases. 

v) Layer Rotation 

The question of a rotation of hexagonal top layer in the Pt(lOO) 

reconstruction is of particular interest. An analogous rotation by a 

small angle has been observed for a close-packed layer of Ar whose 
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lattice almost, but not quite, fits into a (fxI) R30 °  structure on a 

graphite basal plane. 27  Moreover, such a possibility had been 

predicted theoretically. 28  Although this situation of physisorption 

cannot be directly compared with the metal-on-metal case, there is no 

immediately obvious reason why an orientational reordering might not 

also take place in the latter case. 

The analogy betweeen the Ir, Pt and Au(100) surface reconstructions 

and the reconstructions on bcc surfaces (Cr, Mo, W) seems tenuous. 

The Cr, Mo, and W(100) surface reconstructions may be due to charge den-

sity waves, which from our calculations are a very unlikely cause for 

the Ir, Pt and Au(lOO) surface reconstructions. 

vi) Correlations with Material Constants 

One may explore the possibility that the observed bond length con-

tractions at Ir, Pt and Au surfaces, as well as the tendency of these 

surfaces to reconstruct, correlate with any other physical properties of 

these metals. Obvious quantities to consider are those describing the 

stiffness of the lattice such as the Debye temperature, the melting 

point, the cohesion energy and elastic constants. First, a clear trend 

is found in the bond length contractions themselves (see Fig. 6). The 

bond length contractions tend to increase markedly (only identical 

crystallographic surface orientations must be compared), as one goes to 

the right in the Periodic Table among the fcc metals, for which the most 

data are available. These bond length contractions also correlate well 

with the mechanical softness of the elements. Figure 6 includes the 

compressibility x as an example; x also increases towards the right in 

the Periodic Table among the fcc metals. On the other hand, although 
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the 5d metals exhibit larger bond length contractions than 4d or 3d 

metals, their compressibility is not smaller; W and Ir are well known to 

be hard materials. In fact,it is interesting to note that throughout 

the Periodic Table (Fig. 6) the compressibility tends to be locally 

minimized near metals that reconstruct. 

Among various other materials constants and constants and combi-

nations thereof, we have only found a clear-cut trend for the ratio of 

bulk Debye temperature to melting point. This ratio is unusually small 

for those metals that reconstruct. Since, on the one hand, a low Debye 

temperature is related to weak restoring forces of vibrating atomic 

cores (where the mass is concentrated), while, on the other hand, a high 

melting point is related to strong chemical bonds, this unusual combina-

tion may be pictured as a relatively free vibration of the atomic cores 

within a set of bonding orbitals that are more rigidly held in place by 

the neighboring atoms. In more conventional terms, this would corre-

spond to a relatively high polarizability of the 5d metal atoms, coupled 

with strong bonding. A related point of view is that of the soft-phonon 

theory of reconstructions. Abnormally low phonon frequencies (which we 

tentatively relate here to lower Debye temperatures) are taken as a sign 

of propensity to reconstruction. 

vii) Reconstructions and Adsorbates 

We now consider the effect of adsorbates on the reconstructions of 

Ir(100) and Pt(lOO) crystal surfaces, since this may be relevant to the 

mechanism of reconstruction. Little work has been done in this respect 

on Au(lOO) surfaces partly because few atoms or molecules adsorb on that 

chemically inert surface near 300 K. The experimental evidence is 
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summarized in Table 2 for Ir(lOO) and Table 3 for Pt(lOO), where the 

resulting unit cell is indicated upon adsorption on either the clean 

unreconstructed surface or the clean reconsructed surface. 

Because the reconstructions are rather sensitive to impurities and 

methods of preparation, some caution is required in interpreting the ob-

servations. One must also allow for molecular decomposition on the sur-

face. A large molecule that decomposes can affect the surface structure 

through its fragments while the intact molecule may not have an affect. 

Some trends are clearly discernible in Tables 2 and 3. The Ir(lOO) 

surface reconstruction seems to be more resistant to adsorbates than the 

Pt(lOO) surface reconstruction. This probably is attributable to elec-

tronic effects rather than geometric effects, since it is not clear how 

the small geometric differences between the reconstructions could be 

responsible for this difference in structural resistance to adsorbates. 

Another trend is that the reconstruction is more resistant to ad-

sorbates at lower temperatures. This is not surprising, given the fact 

that the the reconstruction can be removed merely by heating the clean 

surface to a sufficiently high temperature, as described in Section B of 

part 1. Also the adsorbate bonding may change its character and could 

become stronger with increasing temperature. 

It appears that molecules that easily dissociate also destroy the 

reconstruction more easily. This often may be due to individual carbon 

and oxygen atoms in the fragments strongly bonded to the metal surface. 

If the molecules do not dissociate, direct carbon bonding may still be 

involved in destroying the reconstruction. Namely, if carbon-carbon 

double or triple bonds in unsaturated molecules reduce their bond order 
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by one (or two), the carbon atoms can bind strongly to the substrate and 

affect its structure. This empirical rule is seen to be followed in 

Table 3. However, the presence of methyl groups (-CH3) seems to often 

inhibit the effect on the substrate, perhaps by sterically keeping the 

multiple C-C bonds away from the metal atoms. 

An interesting parallel appears in the effect of hydrogen on small 

platinum clusters. As mentioned before, these clusters (of 12-20A 

diameter) contract by 7-5% when "clean" (in fact helium-covered). When 

these clusters are covered with hydrogen rather than helium, the 

contraction virtually disappears. 7  Such a bond length increase 

(although smaller, namely of the order of 1-2%) has also been detected 

on hydrogen adsorption on the Pt(l11) surface, both by LEED 3 ' and by 

High Energy Ion Scattering 32  

viii) Prospects For Finding Other Metal Surface Recontructions 

Finally, let us consider which other metals besides those mentioned 

here might exhibit clean-surface reconstructiots. Since many 5d metals 

have small ratios of Debye temperature to melting point, one might 

expect, for example, rhenium and osmium to reconstruct, even though 

their bulk has the hcp structure. Since several bcc(100) surfaces 

reconstruct it would be useful to investigate for example Nb(100) and 

Fe(100) at low temperature. (They do not reconstruct at room 

temperature. 33 ')Metals which have bulk phase transitions might 

reconstruct at their surfaces. Mn, Co and Tc are good candidates (but 

the surface of Co(111) and Co(0001) are known to have their respective 

bulk structure 35  at room temperature and above). One may also expect 

non-close-packed surfaces to reconstruct more easily than close-packed 
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surfaces, since w(llO), Ir(ll1) and Pt(111) apparently do not 

reconstruct, while w(100), Ir(lOO), Ir(110), Pt(100) and Pt(110) do. 

E. SUMMARY 

Our structural analysis of the clean reconstructed Ir and Pt(lOO) 

surfaces indicates that a close-packed hexagonal, top monolayer can 

explain each of the observed reconstructions. For Ir and Pt, the 

preferred model for the hexagonal top layer has the "two-bridge" 

registry, 1/2 or 2/3 of full buckling and average contractions of 

backbonds (i.e., bonds between atoms in the first and second layers) of 

3.5±3% and 6.3%, respectively (cf. Fig. 9 of part 1). Recently a LEED 

analysis 36  of the Ir(100)(1x5) structure using a larger set of normal 

intensity curves confirms the hexagonal model, but indicates full 

buckling in the top layer and a shorter d-spacing of 2.0±0.1 A (that 

corresponds to a 5% backbond length reduction.) The Zanazzi-Jona and 

Pendry R-factors (0.34 and 0.45) for this structure are very reasonable. 

Bond length contractions parallel to the surface are on the average 

about 1% for Ir, 3% for Pt and 4.2% for Au (cf. Fig. 6 of part 1). The 

hexagonal layer has close-packed rows of atoms aligned with a (110) 

direction for Ir and Au, but rotated by about 0.70  for Pt. (The figures 

for Pt apply to the 	structure; slightly different values would 

apply for the closely-related (i 	

), (

14 and other structures.) 



-116- 

Thus the most likely reconstructions of Ir, Pt and Au(100) involve 

the formation of contracted and sometimes rotated hexagonal monolayers 

with a surface density of atoms increased by 20%, 23.7% and 27.7%, 

respectively, relative to a bulk (100) layer. The reason for this 

reconstruction might be a reduced bond length between surface atoms, 

which induces too much strain in the unreconstructed geometry. It may 

also be due to a decreased surface energy as a result of the closer 

packing. 

We find a correlation of the occurrence of surface reconstructions 

in several Sd metals with a relatively small bulk compressibility and 

with a relatively small ratio of Debye temperature to melting point for 

the 5d metals. Thus a connection with the soft-phonon theory of 

reconstruction may exist. It also follows that other 5d metals, such as 

Ta, Re and Os, may exhibit surface reconstructions. Bcc(100) surfaces 

may also reconstruct in general at low temperatures, as well as metals 

with bulk phase transitions. 

It is not clear that- other experiments with the existing surface 

analytical techniques, other than LEED, will be able to more closely 

determine the reconstruction geometries of Ir, Pt and Au(lOO). But in 

the near future, Low-Energy Ion Scattering Spectroscopy and Atomic 

Diffraction may be able to quantitatively determine the roughness 

(buckling) of the topmost atomic layer and thereby further support our 

hexagonal model. Also, Atomic Resolution Electron Microscopy may soon 

be able to provide further information about the relative atomic 

locations at surfaces. 
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Table 2. Surface structures resulting from the deposition of various 
adsorbates on the (lxi) unreconstructed Ir(100) or the (1x5) 
reconstructed Ir(100) surface. 

Adsorbate 	 Clean Surface 	 Temp. 	Refs. 

Ir(iOO)(ixl) 	Ir(100)(ix5) 	[K] 

Acetylene 	CC (lxi) 	(1x5) 150,300 1 

Benzene (1x5) 150 1 

Benzene (lxi) 	(lxi) 298 1 

Carbon C c(2x2)+graphitic 298 this work 

Carbon monoxide CO c(2x2) 298 2 

Carbon monoxide CO (lxi) 	or split 298 2,3 
(2x2)+weak (ix5) 

Carbon dioxide CO2 c(2x2)+ split 	(2x2)+ 298 2 
(20x7) weak (1x5) 

Ethylene C=C (lxi) (1x5) 150,300 1 

Hydrogen H2 weak 0x5) 298 4 

Nitric oxide NO (lxi) 150,300 5 

I, 

Oxygen 02 	 weak 'IxJ) 

Oxygen 02 	 (2x1) 	 900 	4 

Oxygen 02 	 (2x1) 	 high 	2 

Xenon Xe 	 (lxi) 	 (3x5) 	 55 	7 

References for Table 2 

T. N. Rhodin, C. Broden and W. Capehart, Surface Sci. 61 (1976) 143. 
J. T. Grant, Surface Sci. 18 (1969) 228. 
C. Broden and T. N. Rhodin, Sol. St. Comm. 18 (1976) 105. 
T. N. Rhodin and C. Broden, Surface Sci. 6071976) 466. 
J. Kanski and T. N. Rhodin, Surface Sci. 65 (1977) 63. 
C. Broden and T. N. Rhodin, Faraday Disc. Chem. Soc. 60 (1975) 42. 
A. Ignatiev, A. V. Jones, and T. N. Rhodin, Surface Sci. 30 (1972) 
573. 



-123- 

U) — (1 C-1 C14 Ce., 

0) 

en 

0 - 
— 0 - ON as 0' 0' as 

E C'4 m 

C-si 

Cl) 

•0 bd 
0) Co 
14 0) 
U 5-. 

O I.. C-si C-si — Cl) — — — — 
01.1 X x X + x x x x 

— 5—' 5-, 5—.' 5-,  
4.10 

5__• 
U 

5_• 
U 

5-,  

— 

U 
Co 

444 
'-4 

Co 
0) — 
- X 
o — 

5-, 
-5 
0 
0 
— 
-5-,  
4.1 

o 0 0 
H \ 

II I 

CN  

Aj 

Aj 

Co 

s.d 0 
00 
Cfl — 

Cl) 

ow ._4 1.) 
l.dU 

Cl) 
0 

ow 
s.d 

'I 
= 

Cl) 
0 u' 

E1.J 
0 

440 

— 

U) 
WCI) 

0 

wl)) 

U 

d X 
Cl) 

0) 
Uw 

44.4 .4.1 

'-4 

cJ0 

fn 

0) 

Co 



LW 
a) c.l c..1 

C) - 
C•4 cli 

c7N 	a' 	a' 
c'4 	c'4 

'.0 

N. 

c'.J 	co 

C' 	0' 	0'. 
C'1 	C4 	C4 

•0 X 

U Wi0 Z 
ci II 

1_I ,-41.Ja) x 
.a)CU)Q •0 — — 

.0 0U.4.0CCO 0 •-. 
0. •- -I0" CO — 

(1 a) 
x 

—4 	—4 
x 	x 
— — 
'.-. 	. 

a) 
U 

o s.' 
o 
—4 n 

J0 

a) 

p 

I 	 I 
0 

0) 	0) 

a) 	C) 
N N 

a) 	a) 
- - 

c. o ci 0- 
0 	0 0 0 I 

0 0 
z 

C) a) CJ 

•.tl 0 C) Z 
.- •- 0 

C) 0 0 
0 0 0 a) 
O 0 •-1 N 
E E 0 0 

a) a) 
O-- 

0 	0 0 0 0 0 

sw 	I-i CO CC 
CO 	CO CO CO s ) 
0 	0 0 0 0 0 

a) 

a) 
0 
U 

0 

a) 

-124- 

— 
x 

law 

C 
C 
—4 

cli 
x 

c..J 

U 
+ 

—4 

x 
— 



-125- 

U, 
U-4 c.l 	 c4 	C'J — — 

ON 	C4 	N. 	O 	C4 	O 
- 	tfl 	C'4 	- 	4 

o 00 
o c 
C'J 	C4 

( • i C1 
a) 004 •— —'  

I-I —4 .—. 
Aj x 
to .'a) ) — a) a) ow + U) . '-' Cl) . U) 

C '4-i ) U4 a) Ull, 	 U-I C 
X (44-4 $a U 4U.I Cl — •—' . - = 	• 

C-.l 
—1 

) 	C.,l — 
.—. 	U 

C 

I ll iii i 1  	; 
0 
U 

-4 

 

a) 

U 

'-I 
4.1 
U, 

0 
V cz 

—4 

x 
—4 

0 
C 

 

(,) 

I-I 
0 



tI 

' + +4 
0 C 

C') 
C') —'cl) —scI) 
.._ LI 	•4  

C..) .-. Ca  
— 1-4 Cci) O0 -4  . 

C..) 0 C.') 	1-i C') 	W  

U 0- U) 

— 

—4 

c-I 

o 
.c 
— a) 

4.JO 

U 

I-I 

C', 

Ca 
— 

- x 
o — 

C 
C 
— 

0- 

-126- 

a, 

— 

c. l C'J C14 Q\ 	C4 
Lñ C 

0' 
C..) -:j-  It  

— - C' 	0' 
C.' I C' 0' ON C'.I 	C•l 

ON 
0' 0' C..) 

0 

8 
0 

0 ci) I 
I 0 C Z 

C') 

I C.') 0 
0 = 0 

ci) C C ci) X 

4)  
) C4 cici  

— X 0 h.J •- 0 

I Cl) C)) I Cci  

C -4 Z Z Z Z 

cu 

a 
c-I 

—4 

ci) 

cci 

1-4 
0 



-127- 

4 	Cl 	— 	C4 	 C 	C4 

Cl) 

'V - 
C' 	0' 	c-I 	0' 	0' 

c-Si 	11, 	c-.i 	C14 	 -It 	C__i 	C_I 

U) 

'V t 
.0 'V 0 + + 

I_4 d 

o 
U) U) — C1 C-1 	C__i 1' 0 1 C_i U) 

10 + )< x X — X — — ci c_i 	c-_i ) 	to x C_i X — '...' '-' C 'V  

U U C_i 	w U C_i.i 

o — 

0 
('4 	C_i -. xx x C__ic_i 
U 

0 
o II I 0 

C_-I I / C' C 0 I 

0 

E 

ci 
10 

'V 

C) 

U) 
C 
0 
U 

'V 
0 

cn 

'VI 
x 

- 
C 
C 

4.4 

'V 
0 
0 

Id 

0 
U) 



-128- 

References for Table 3 
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Figure Captions for Chapter IV Part 2 

Figure 1. 	Experimental (dashed lines) and theoretical (solid lines) 

IV-cures for Ir(100) (1x5) with shifted-rows geometries. 

Curves labelled a: 5-atom clusters with d-spacing of 

1.62A. Curves labelled b: 3-atom clusters with 

d-spacing 2.12A. 

Figure 2. 	As Fig. 1, but comparing various hexagonal models, all 

with a d-spacing of 2.2A. 

Curves labelled a: two-bridge registry, 1/2 buckling, 

Feder phase shifts; 

Curves labelled b: as 'a' without Feder correction. 

Curves labelled c: two-bridge registry, full buckling, 

no Feder correction; 

Curves labelled d: two-bridge registry, no buckling 

(planar), no Feder correction. 

Curves labelled e: center/top registry, full buckling, 

no Feder correction. 

Figure 3. 	As Fig. 2, but for off-normal incidence (010 ° , 00°). 

The d-spacing is 2.1A, with two-bridge registry, 1/2 

buckling and Feder phase shifts. 	 - 	- 

Figure 4. 	As Fig. 3 for 020', 00 ° . 

Figure 5. 	Experimental (dashed lines) and 

theoretical (solid lines) IV-curves for Pt(1OO)(' 	
) 
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with a 1/2 buckled hexagonal top layer in two-bridge 

registry, using Feder phase shifts. The d-spacing is 

d=D-0.3A (curves b), and d=D-O.1 (curves c), where D is 

defined in the text. The two dashed lines in each panel 

correspond to the two components of the split spots that 

are near the 1/5-order positions indicated. (Fig. 3 of 

part 1). 

Figure 6. 	Part of the Periodic Table showing occurrences of 

clean-surface reconstructions, indicated by the Miller 

indices of the affected faces. For each element, bars at 

left have heights proportional to surface bond length 

contractions for different surface orientations, while 

other bars are proportional to selected bulk material 

constants (see key at top). A distinction is made 

between backbonds (between topmost and next atomic 

layers) and in-plane bonds parallel to the surface. The 

heights of the drawn bars can be compared directly from 

element to element. The plotted data, covering only the 

knbwn results, are based mainly on the following 

references: 

G. A. Somorjai and M. A. Van Hove, Structure and 

Bonding , Vol. 38, p.  1 (1979), Springer-Verlag, 

Heidelberg. 

Handbook of the Physiochemical Properties of the 

Elements, C. V. Samsonov, ed, IFI/Plenum Press, New York 

(1968) pp. 397-8. 
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International Tables for X-ray Crystallography, 

Vol. III, Kynoch Press, Birmingham, England (1962) pp. 

233-41. 



U, 

C 

a 

-o 
C. 

>.' 
a. 

U, 
C 
w 
a. 
C 

-132- 

I 	I 	I 	I 	I 
Ir(100) (1x5) 6=00 
shifted-rows models 

	

A 	T-3lOK 

f 4  
5 

b b...' 

I p. 
p. 	1 	txI5 

S 
t 

(01  5 

S.,  
I' 
gt 
• 	lip. 

p. 
p. 

p. 

(0, 
.) 

x4 

or 
S 
I 
I 

S  

- 

bT\f\,, O 5 

(0,i) 

- 	 x5 

I 	 I 	1x15'I 

o 20 40 60 80 100 0 20 40 60 80 100 120 

Energy (eV) 

XBL79II- 14537 

Fig. 1 



-133- 

Lr(l0O)(1x5) 0=00  T-310K 
hexogOflol models  

A 
II 
St 
a' 
1% • 	% 

S 
I 

(0, 
6

) 

U, 

C 

C 

C 

C 191 

(0,l) 

e 

öb 0 20 

Energy (eV) 

I' 

x15 , 

I 	I 	tx151 
40 60 80 100 120 

XBL 791 1-14538 

Fig. 2 



7i 

C 

C 

.0 a 
U, 
C 
a, 

-134- 

1 	1 	I 	I 	I 	I I 	I 	I 	I 	I 	I 
Ir(I00)(1 x 5) 	6 	10°, 	:O°  

(*,o) (o 	) T —  310K 
hexagonal model 

\_J 	,\ 
,ciol 	, 

xlQ t 

— 	: 

'I 
I' 
I 

Ii 	I 
It 

I' 
S X2 	xIO'rxIO 2 	' 	'A 	- 

(0, -3) 	X20  

I XI0 	xIO 
I  I 

'0)  7 Z(O 51  

'I 

1\ 
x4 

I 
xlO 

a 

x2 	 X25' 	/ x25 

	

I 	I- 

x20 — 
x10\ 

I 	I 	I 	I 	I I 	I _______________________ 

(—i, -) 

\'[ 

I 1 

I I 	

I 	I 

210)  
I 	x15 	- - 

II 2 1 	1 	Ld I 	I 	I 	L I 	Ii 	 I 	1 I 
0 20 40 60 80 100 I0 U eu LfU U CL) ILA)  

Energy (eV) 
XBL 79II-I459 

Fig. 3 



-135- 

U, 

C 

0 

.0 

C 

U, 
C 
0) 
C 
-4 

II 	I 	I 	I 	I 	I 

l ot 

	

to 	 \2Q 

	

L_2 I 	x2( 

J'2,0 ) 

\ 	•_ •_ 
$ 	I 	I 	I 	I 	1 

\ (-k.°) 
\\,/ P 

I
i 

	

x2O' 	I 
Xto 

Ir(100)(1x5) 6:20°, 0 : 
T— 310K 

hexagonal model 

r\J'\ (-"-k) 

- \._,..,_/ i' %- 	S x 
(-L°) 

\ r\ 
x20/\ 

(-1,0) 

\x2 

r A 
• 	I 

' 	'dO  

I 	I 	I 

,c20' s\x20 

* 

u 
x20 - 

I 	I 	I 

'I.  

I 	I 

1 p 	•• 
I' 	I 

•*l 	 fQ 
1* 	I 	I 	I 

0 20 40 60 80 100 120 0 
	

40 60 80 tOO 120  
Energy (eV) 

X8L7911- 14540 

Fig. 4 



( 

 

(0,2) 

rbb
ft 

\/ 
 

I 

... 	.1 
' '- 

(°*) 

c iE .2..i 	• 	a • 	I 

' 	' I 
— - 

I •._.._1____ I 

U, 

C 

C 
4-. 

0 

> 

U, 
C 

C 

(0,') 

# 

— — 

(0, 
4) 

,. a 
S 

-136- 

Ca VA (°1) 
	14 

Pt (100) 	 o° 

I 310K 

hexagonal models 

% 	I  
I ' I ,  

I 

A 

o 20 40 60 80 100 0 20 40 60 80 100 
Energy (eV) 

X B L 7911- 14536 

Fig 5 



-13 7- 

Bond length Backbofld 

controctions(%) bond 1 tn.plone 
at different faces  

fcc (Ill) 
hcp(000l) 

bcc(.)0) I fcc (100) 

fcc(lO) 
bcc (1 00) 

fccl l) 
bcc (Ill)  

Crystal Structure at room temp. 
Face that reconstructs 

bye/ melting point 

Compressibility X 

Ii 

II 
IiiiIIII 	I 	I 	III I  I I 

kk 

1_I. II• 	I 

I IIPP 	
S 

4 	 _ _ 

I. 	• 	...—. 	. 	..• U 	U• 
XBL 801-4636 

Fig. 6 



-138- 

V. CO AND CO2 ADSORPTION ON RR(lll) 

PART 1: Rh(ul)-(r3xn)R30 ° -.CO, CO2 STRUCTURE DETERMINATION 

A. INTRODUCTION 

There have only been a few low energy electron diffraction (LEED) 

intensity analyses carried out to determine the structure of molecules 

adsorbed on metal surfaces; most surface crystallography studies have 

concentrated on the structure of adsorbed atoms on low Miller index 

faces of transition metals. The few molecular adsorption systems 

already investigated by dynamical LEED are CO on Ni(100), 1  Cu 

(100)1C,ld and Pd(100) 2  as well as C2H2 and C2H4  on Pt(111). 3  

In this chapter we present a similar study on the Rh(lll) (ñx/)R30 0  

[Part 11 and (2x2) [Part 2] CO structures. 

CO adsorption on Rh(1l1) has already been examined with a variety 

of surface sensitive techniques. Grant and Haas, 4  using LEED and 

Auger electron spectroscopy (AES), were the first to investigate CO and 

CO2 adsorbed on Rh(111); they saw a (2x2) LEED pattern for CO and a 

'split' (2x2) for CO2. Castner et al. 5  observed a series of LEED 

patterns that appear with increasing CO coverage. The progression is a 

(13x/3)r300 at 0=1/3, a split (2x2) at 1/3<0<3/4, and a (2x2) pattern at 

0=3/4. The patterns were interpreted as a continuous compression of a 

hexagonal overlayer of CO molecules in the coverage range 1/3<0<3/4. 

The order-order transition from the split (2x2) to the (2x2) structure 

was noted to be reversible with respect to CO pressure and temperature, 

while thermal desorption spectra (TDS) showed first-order desorption 

kinetics with only one CO peak detectable. CO2, although requiring a 
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5-10 fold higher gas exposure, has an identical progression of LEED 

patterns and identical thermal desorption spectra as CO, suggesting 

dissociative chemisorption into an oxygen atom and a CO molecule. The 

fate of this oxygen atom was not further investigated. 

Strong evidence that the oxygen atom, derived from dissociated 

CO2 1  dissolves into the rhodium lattice was found by Thiel etal. 6  

At least 40% of the saturation coverage of 02 on Rh(lll) must be 

present before any 02 desorption with increasing temperature can be 

measured; the large fraction of adsorbed oxygen that does not desorb 

dissolves into the crystal. However, the possibility that the oxygen 

could react with adsorbed CO and desorb as CO2 cannot be ruled out. 

They also saw a residual oxygen peak in the Auger electron spectrum 

after a high temperature crystal heating of the Rh(11l)-(2x2) 0 struc-

ture, indicating roughly a 1 atom% concentration near the surface; this 

residual oxygen peak had a very different line shape from chemisorbed 

oxygen, and the peakcould not be reduced by extended heat treatments or 

H2 /C0 adsorptions. More recently, Thiel and coworkers 7  detected a 

low coverage (01/4) (2x2) LEED pattern for CO adsorbed on Rh(lll). 

Dubois and Somorjai, 8  using high resolution electron energy loss 

spectroscopy (HREELS) in combination with LEED, conclude that CO and 

CO2 adsorb only at top sites ("terminal bonding") with the carbon end 

down at 01/3, begin populating the bridge-bonded positions in the 

1/3<0<3/4 coverage range, and finally occupy about twice as many top as 

bridge sites at the saturation coverage of 03/4. In addition they 

studied CO chemisorption on pretreated Rh(1ll). H2 pre- or post-

adsorption at room temperature had no noticeable effect on the 
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vibrational or thermal desorption spectra, while 02 and carbon 

preadsorption blocked possible CO adsorption sites as well as weakening 

the metal-CO bond and strengthening the CO bond. Interestingly, the 

02 pretreated surface inhibited the bridge-bonded species from 

appearing and the carbon pretreated surface inhibited the linear bonded 

species. Further evidence for the dissociation of chemisorbed CO2 

came from the observation that the adsorbed CO and CO2 vibrational 

loss spectra were identical. 

We report in the first part of this chapter a full dynamical LEED 

analysis with reliability factors for the Rh(1ll)-(/3xv'3)R30 °  CO and 

CO2 surfaces. The I-V curves for CO and CO 2  adsorption are found to 

be identical, which further indicates that CO2 dissociates into CO on 

the Rh(ll1) surface. Our determination of the (/3x13)R30 °  CO structure 

provides a necessary check on the proposed correlation between adsorbed 

CO vibrational frequencies and its adsorption sites on fcc(lll) metals 

(see Table 1); it also yields a calibration of the vibrational loss 

spectroscopies, which makes their predictions at different coverages, 

in different ordered states, and on different substrate faces more 

reliable. 

B. EXPERIMENTAL 

The crystal orientation (000 and oo°, 000)  was determined by 

checking the degeneracy of beam I-V profiles; an engraved scale on the 

manipulator head would allow an accurate (within 0.1 ° ) displacement of 

the polar angle (0) from normal incidence (00 ° ). With the LEED beam at 

normal incidence, a 6-fold degeneracy should exist for the (1/3,1/3) 
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beams because of the mirror plane and rotational symmetry of the 

(/3x/3)R30 0 -CO, CO2 unit cell on the Rh(lll) surface. (Even if the 

basis of the (/3x/3)R30 °  unit cell had a lower symmetry, equivalent 

domains would regenerate the full symmetry in the diffraction pattern.) 

The (2/3, -1/3), (1/3, 1/3), and (1/3, -2/3) beam profiles are indeed 

nearly degenerate at the assigned EO °  orientation (Fig. 1). Similarly 

at 0*00, 	0 0  (that is, when the projection of the incident LEED beam on 

the crystal face is parallel to the [112 - ] direction), there should be 

a mirror symmetry about the plane containing the surface normal and this 

[112] direction. Figure 2 shows that this symmetry is nearly 

realized in the experiment. 

The I-V curves were collected using the photographic method pre-

viously described [Chapter IIIC and Ref. 91. The Nikon F camera was 

adjusted to an aperture of fl.8 and a shutter time of 1/2 sec; a high 

speed Kodak film (pan 2484) was used. Four independent beam profiles, 

ranging from 44-224 eV were obtained for the clean Rh(111) surface at 

00° ; these curves are identical to those published previously by 

others) °  The analysis of these experimental clean Rh(111) I-V curves 

will be published elsewhere. 11  A total of 27 independent profiles, 

ranging from 24-144 eV, were obtained for the Rh(11l)+(/3x/3)R30 °  CO, 

CO2 system at three different incidence angles (00 ° ; 010 0 , 00 ° ; and 

0=20 ° , 0=0 ° ); most of these I-V curves for the clean and CO covered Rh 

surface are plotted in Appendix I. The I-V profiles for the CO over-

layer were reproduced again with the Rh(11l)+(13x/3)R30 °  CO2 system 

(Figure 3). This not only supports the claim that CO2 dissociates 
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into CO on this surface, as discussed in the Introduction, but also 

provides an independent check on the I-V curves for adsorbed CO. 

The experience gained in the analysis of the Ni(100)-c(2x2)-CO 

structure by Andersson and Pendry 	and by other authors' 	led us 

to take special precautions in this work. Three difficulties were 

encountered in the CO/Ni analysis. First, the ordering of. CO on Ni(100) 

is very sensitive to surface perfection and cleanliness. Second, there 

was a considerable decrease of intensity (-30% for the (1/2,1/2) beam) 

in the extra diffraction spots during the time needed to collect the I-V 

curves with a telephotometer. Third, the c(2x2)  pattern nucleates 

(island formation) quickly. The extra diffraction spots would reach 

near maximum intensity far before the optimal coverage of 01/2. In 

light of this Ni(100)-c(2x2)-CO work, we paid particular attention to 

the surface cleanliness of the Rh(11l) crystal, the LEED beam induced 

damage of the CO overlayer, and the optimal exposure values for the 

(/3xy'3)R30 °  structure. 

An Auger electron spectrum of the crystal after only a few cleaning 

cycles showed substantial sulfur and boron as well as smaller chlorine 

and carbon peaks (Fig. 4). Boron (a 17 ppm bulk impurity) proved most 

troublesome to remove; only after weeks of continuous Ar+  bombardments 

(1-3 amps, 1.2 kV) with five minute annealing at 800 ° C and 02 treat-

ments (flowing 5x10 7  Torr 02, 700 ° C) was it largely depleted from 

the near surface region. Auger electron spectra taken during the CO and 

CO2 adsorptions still revealed small contaminant peaks (s, B, C, Cl 

(See Fig. 4b)); even months after ths study was completed, with many 

additional cleaning cycles done, the amount of surface impurities had 
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not been further reduced. It should be noted that the residual probably 

subsurface oxygen seen by Thiel et al. 6  treatments, is just below the 

detectability limit of our retarded-field Auger electron spectra; the 

expected residual oxygen peak (0 515 /Rh256=l.5%) is comparable with 

the noise level near 515 eV in our spectra (see Fig. 0,40. It should 

be noted that although a substantial carbon peak is measured no oxygen 

peak is detected in the Auger electron spectra of Rh(lll)-(/3x1)R30 ° -CO 

surface (Fig. 4c); the expected 0515/Rh256 ratio is roughly lO%--a 

value significantly above the observed noise level of about 2-3%. This 

ratio is estimated from the Rh and oxygen peak height ratio measured for 

the Rh(l1l)-(2xl)-O structure with coverage 01/2. 12  We believe that 

this discrepancy is due to the incident Auger electron beam (2.2 keV, 20 

vamps) induced fragmentation of the adsorbed CO and subsequent desorption 

of an oxygen ion. In fact, the higher coverage Rh(11l)-(2x2)-CO (03/4) 

considered in the second part of this chapter shows the same effect even 

more dramatically. 

The LEED beam would first slightly improve the ordering of the 

overlayer structure; then an exponential decay with electron exposure 

would start in the extra diffraction spots. Figure 5 shows this decay 

for the (1/3,1/3) beam intensity. There seems to be two distinct decay 

rates at different electron exposures, although this was not further 

investigated. In light of this, the electron beam damage was minimized 

by moving the electron beam across the crystal during photography,'C 

thus limiting the electron exposure of any given region of the surface 

to about 40 pamp-secs. As a result, the LEED spots would actually 

increase somewhat in intensity (<5%), indicating that with this exposure 
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the exponential decay was not sufficient to offset the initial 

improvement in the ordering. A further check on our data is provided by 

the absence of detectable discontinuities in the I-V profiles at the 

energies where the electron beam was moved to a different region of the 

surface. In addition, the independent experiments to check for 

reproducibility had staggered energy intervals to insure that no false 

peaks would arise at the joining energies. 

The gas exposure could not be accurately measured with the needle 

doser used, but a constant CO pressure burst would repeatedly produce a 

sharp, intense LEED pattern with low background. Thiel et al. 7  found 

that the (1/3,1/3) beam intensity falls to a half-maximum value with a 

15-20% over- or underexposure of CO, showing that the coverage can be 

fairly accurately determined by just checking the quality of the 

resulting LEED pattern. In addition, the CO2 gas exposure was about 

10-fold larger than the CO, but still produced identical I-V curves. If 

our overlayer coverage had been poorly controlled and if the I-V 

profiles were sensitive to CO coverage, we would not expect the CO and 

CO2 beam profiles obtained in different gas exposure regimes to be 

identical. It should be mentioned that a small amount of ambient 1-12 

and CO were adsorbed on the crystal during cooling to -30 ° C (10 mm) 

prior to CO or CO2 exposure. After the adsorption of CO and CO 2 , a 

crystal heating to 10-25 ° C would desorb H2 and considerably sharpen 

the LEED spots. 



-145- 

C. LEED THEORY 

We apply established dynamical LEED formalism in our theoretical 

analysis of the I-V curves.' 3  In particular, renormalized forward 

scattering is used between individual atomic layers, which include 

separate carbon and oxygen layers. The rhodium atoms are represented by 

a band structure muffin-tin potential,' 4  which has been used success- 

fully in other work on Rh(1l1). 10a,b For the C and 0 atoms, X 

muffin-tin potentials calculated for a NiCO cluster have been chosen as 

these produced good LEED results on a nickel substrate)e We also 

tried the C and 0 atomic potentials used in other CO/Ni work with 

LEED1b but found no material improvement in our results. The 

muffin-tin zero was initially set at -10 eV with respect to the vacuum 

level and then adjusted to -8 eV to best fit the clean Rh(lll) I-V 

curves as described elsewhere.'' This value is not further changed in 

the presence of the CO layer, since the work function change is 

negligible. Furthermore, the CO layer is given the same muffin-tin zero 

as the substrate, since a change was tested for CO on Ni(100) 15  and on 

Pd(100) 2  but proved to have little effect at the energies under 

consideration. An imaginary part of the potential proportional to 

E" 3  was chosen by observation of the peak widths in the experimental 

I-V curves. Rhodium thermal vibration amplitudes were increased by a 

factor of 1.4 relative to the bulk value for Rh, while the adatoms were 

given double the bulk rhodium vibration amplitudes. Variation of these 

amplitudes had a negligible effect on the structural determination. - 

Theory and experiment are compared through a set of R-factors and 

their average. These are:'' 
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ROS = fraction of energy range with slopes of opposite 

signs in the experimental and theoretical I-V curves; 	(1) 

Ri = 0.75 f I I e  -ci  ti I dE/f fi.
el 

I dE 
	

(2) 

R2 = 0.5 f (I -ci 
)2 
 dE/i 12 dE ; 	 (3) 

e 	t 	e 

RRZJ = 0.5 f 	I"-cI"I'-cI' / ( I. 
+X I' ) 

} 
dE/ 

	

e 	t 	e 	t 	e 	e 

(0.027 1 I I 	dE) 	; 	 (4) 
e 

RPE = 0.5 f 	
2 
/ f 	

22 	
Y(E)=L/(i+V 

2  
01L  2 ), L1'/I (5) 

Here c = f I e dE/ f JI t J dE; the apostrophe designates differentia-

tioñ with respect to the energy. RRZJ is the reduced Zanazzi-Jona 

R-factor, 16  while RPE is Pendry's R-factor,' 7  both renormalized with 

a factor 0.5 to match the scale of the other R-factors. 

While the final R-factor value for a given surface structure is 

obtained by averaging over all available beams with weights proportional 

to each beam's energy range, we also exploit in the structural search 

the differences between R-factors for different beams. This is because 

different beams should simultaneously show minima when the correct 

surface structure is used, while it would be improbable to obtain this 

coincidence of minima with incorrect geometries. The justification for 

this is described in Ref. ii. in short, in the kinematic limit each 

beam is sensitive to the projection of the atomic positions onto the 
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direction of the particular momentum transfer vector corresponding to 

that beam. Therefore, it would be unlikely, even after multiple 

scattering is allowed for, that a particular incorrect surface geometry 

could have correct projections onto every available momentum transfer 

direction and produce R-fáctor minima in each beam. 

Finally, the experimental curves were smoothed twice with a single 

three point smoothing formula. Both theory and experiment were also 

multiplied by an exponential function to give the high energy intensi-

ties weights equal to the low energy intensities and thus compensate for 

the intensity reduction due to thermal vibrations and the scattering 

amplitude. 

D. RESULTS AND DISCUSSION 

The clean Rh(ll1) surface was confirmed to have the ideal bulk 

structure, as described elsewhere, 11  with a Zanazzi-Jona R-factor 

value (2xRRZJ) of 0.14 and a Pendry R-factor value (2xRPE) of 0.20. For 

the Rh(lll)(/3X/3)R30 ° C0 structural determination, four adsorption 

Sites were analyzed which may be labelled aaABC ... (top site), bbABC... 

(hcp hollow site), ccABC... (fcc hollow site), and ddABC.. .(bridge 

site). The CO molecule was kept perpendicular to the surface. The 

hollow sites were easily ruled out by comparison of normal incidence I-V 

curves. Beam dependent R-factors for the top and bridge sites are 

plotted in Fig. 6 in the case of the 	10°  incidence direction. Varia- 

tions in both the Rh-C and the C-O distances are included. It is easy 

to spot in Fig. 6 that coincidence of beam R-factor minima does not 

occur for any reasonable geometry of the bridge site; but coincidence is 
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easily recognized for the top site with interlayer spacings of 

dRhCl.9$ and dCol.lA. This geometry is illustrated in Fig. 7. 

More precise values for the interlayer spacings can be obtained as 

described in Ref. 18. Consider the two-dimensional space of the varia-

bles dRhC and dco.  For each dRhC  the value of dCO  giving the 

smallest average R-factor is plotted; lines of R-factor minima can then 

be produced. Two such lines intersect at the desired overall minimum. 

if the average R-factor near this minimum is taken to have a quadratic 

dependence on dRhC and  dco, the two lines in question are straight 

and a graphical determination of the position of the minimum is 

straight-forward, while points on the straight lines are easily deter-

mined by parabolic interpolations. In this fashion, the 000  data 

produce a minimum average R-factor (using ROS, Ri, R2, RRZJ, and RPE) 

near (dRhc ,  dco)(2.Ol, 1.02)A, while the 0100 and  0200  data 

produce minima at (1.945, 1.075)A and (1.945, 1.085)A, respectively. 

Averaging with weights proportional to the amount of data at each angle 

of incidence produces values of dRhcl.95±O.lA, and dcol.O7±O.lA, 

where the conventional uncertainty of LEED analyses is quoted. We 

visually interpolate the averageR-factor values at the minimum to 0.25 

at 00 ° , 0.20 at ElO', and 0.26 at 020 ° , averaging out at about 0.23. 

The corresponding Zanazzi-Jona R-factor is about 0.40 for this struc-

ture and the Pendry R-factor is about 0.50 which is to be compared with 

about 0.50 and 0.40 for CO on Ni and Cu(100). 	Representative I-V 

curves are shown in Fig. 8. 
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It is interesting that the best Zanazzi-Jona R-factor for the 

bridge site is only slightly larger than that for the top site (about 

0.42 to 0.40); whereas the other R-factors clearly favor the top site 

(on the average by about 0.30 to 0.23). Thus a conventional analysis 

using just the Zanazzi-Jona R-factor would not be considered decisive. 

This is a strong argument in favor of (1) using more than one R-factor, 

and (2) using the coincidence of beam R-factor minima for distinguishing 

between two local minima in the average R-factor. 

An additional structuralfeature that was tested is the topmost 

Rh-Rh interlayer spacing, which was found to be indistinguishable from 

the clean surface case, i.e., essentially bulk-like. 

We observe in the R-factor dependence on dRhC and dco  a feature 

already noted by Andërsson and Pendry ld  for Co on Ni(100); an R-factor 

contour plot around the minimum can have an elongated elliptical shape 

with a major-to-minor axis ratio of up to 4:1. The elongation implies 

an uncertainty in the carbon position, but not in the oxygen position. 

This can also be seen by the constancy of the optimum Rh-O distances 

found at our three incidence directions (3.03, 3.02, and 3.03A at 00, 

10, and 200  respectively), while the C position varies by 0.07A. The 

idea of shadowing of the C atoms by the overlying 0 atoms put forward by 

Andersson and Pendry may be correct; however, our data sample shows more 

momentum transfer space farther away from the surface normal than theirs 

and should, therefore, be less susceptible to such shadowing. 

The uncertainty in the carbon position may explain the slight 

discrepancy between our result (dRhcl.9SA, and d0l.07A)and known 

Rh-C and C-0 bond lengths in rhodium carbonyls, which range from 1.82 to 
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1.91A, and from 1.09 to 1.17A, respectively, according to a tabulation 

for terminal bonding in 10 different such carbonyl cluster. 19  In 

those clusters the Rh-O distance ranges from 2,96 to 3.04A. Thus our 

determination puts the C atom somewhat far from the metal, but not the 0 

atom. 

The slightly too small C-O interlayer distance may also be 

explained 	as due to the molecular axis bending away from the surface 

normal. However, it is difficult to understand an overestimated Rh-C 

distance with an argument of this kind. 

The discrepancy in the case of CO on Rh(11l) might also be ascribed 

to beam damage, as it was for the first C0/Ni(100) analysis. There a 

rather smaller CO interlayer spacing of 0.95A was obtained. However, we 

have taken special precautions in this respect, as described in Section 

B. In addition, the CO/Pd(100) system suffered at least as much beam 

damage as the present one (as witnessed by clearly observable 

discontinuities between segments of I-V curves measured at different 

spots on the Pd sample), but produced very reasonable bond lengths, in 

particular 1.15a for the C-O distance. Furthermore, that study did not 

use beams emerging at large polar angles. Thus it is not at all clear 

where the uncertainty in our carbon position comes from and whether it 

can be correlated with beam damage or with a lack of large polar-angle 

data. 

Clearly the level- of agreement that we obtain between theory and 

experiment is not of the best quality, but according to the Pendry 

R-factor it is essentially the same as Andersson and Pendry ultimately 

reached with CO on Ni(100). Probably improvements in either theory or 
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experiment for CO on Rh(111) would reduce the uncertainty in the carbon 

position. However, our various tests do not indicate where an improve-

ment is required. 

Our result of top site adsorption for Rh(111)-(/3x/3)R30 ° -CO serves 

as a confirmation of the postulated correspondence in vibrational loss 

work between adsorption site and frequency range for CO adsorbed on 

different metal surfaces. Our result extends this confirmation to 

other than the fcc(100) substrate face, for which it was established 

with CO on Ni, Cu, and Pd(100). A summary of these results is shown 

in Table 1. It is seen that the CO stretching frequency in the Rh(111)-

(/3x13)R30 °  structure is closer to the frequency range associated with a 

bridge-bonded CO molecule than that for CO on Ni or Cu(100). This 

determination provides an important calibration of the vibrational loss 

techniques in the sense that the knowledge of the CO adsorption site of 

one coverage or on one crystal face can be used to determine, without 

the help of further LEED intensity analyses, the adsorption site (but 

not necessarily the bond lengths and angles) at other coverages, in 

disordered states or on other substrate faces. 

The identity, within experimental error, of the I-V curves measured 

for CO and CO2 adsorption on Rh(1l1) provides a strong confirmation of 

the belief derived from TDS and HREELS work that CO2 decomposes to CO 

and 0, the CO taking the same structure as that described above for 

gaseous CO adsorption. The fate of the oxygen may be speculated upon in 

the light of the similarity in I-V curves. One has to account for 1/3 

of a monolayer of oxygen. It is hard to image this oxygen settling in 

the immediate subsurface region of the rhodium without affecting the I-V 
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curves at least through a slight change in average Rh-Rh interlayer 

spacings, which we have tested. If the oxygen were interstitially 

located between the CO molecules on top of the substrate, the restricted 

available space would produce at least some degeee of ordering of the 

oxygen atoms in a (/x1)R30 °  pattern and would thereby presumably 

affect the measured I-V curves. However, we found that the Rh(1l1)-

(/3x13)R30 ° -CO and CO2 surfaces produce identical I-V profiles. Since 

TDS and HREELS do not detect this oxygen, it seems likely that it either 

diffuses deep into the substrate or desorbs as CO 2 . The latter 

possibility actually requires that a substantial CO partial pressure is 

present during the CO2 exposure. 

E. SUMMARY 

For the Rh(11l)-(13x13)R30 °  CO system, CO was found to be termi-

nally bonded with the carbon end down and perpendicular to the surface. 

The best fit interlayer spacings for the CO overlayer are 

dRhcl.95±O.lA and dcol.07±O.1A. The corresponding R-factors of 

this geometry are 0.40 for the Zanazzi-Jona factor (2xRRZJ) and 0.50 for 

the Pendry factor (2xRPE); these values are comparable with the Pendry 

R-factors 0.50 and 0.40 obtained for CO on Ni and Cu(100), ld 

respectively. 

The CO and CO2 derived I-V curves are identical; this gives 

further evidence that the adsorbed CO2 dissociates into a CO molecule 

and an oxygen atom. There is no identifiable trace of this oxygen in 

the I-V curves, supporting the claim that this oxygen dissolves into the 

substrate or desorbs as CO2. 
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The Zanazzi-Jona R-factor did not adequately distinguish between 

the top (0.40) and the bridge (0.42) site adsorption models. However, 

the other R-factors clearly favor the top site (on the average by about 

0.30 to 0.23), and the coincidence of the individual beam R-factor 

minima with only the top site geometry also provided a clear discrimina-

tion among the structural models tested. 

The R-factor contours around the minimum in the dRhCdCo plane 

imply a larger uncertainty in the Rh-C spacing than for the Rh-0 

spacing. To further support this observation, the Rh-0 distance 

obtained agrees well with organometallic cluster compound values and is 

well reproduced in the different polar-angle data, while the Rh-C dis-

tance appears slightly too large when compared to the organometallic 

compounds and is not as well reproduced in the different polar-angle 

data. 

Our result of the top site adsorption for Rh(lll)-(IXI)R30 ° CO 

extends the postulated correlation in vibrational loss spectroscopies 

between the adsorption site and the adsorbed CO vibration frequency 

range to fcc(lll) metal surfaces. 
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Figure Captions for Chapter V, Part 1 

Fig. 1. Nearly degenerate beams at assigned e=o °  orientation. (Minor 

discrepancies pointed out by arrow head.) 

Fig. 2. Nearly degenerate beams at assigned 4O0 orientation. 

Fig. 3. Identity of CO and CO2 derived I-V curves. 

Fig. 4. Auger electron spectra. 

Fig. 5. (1/3, 1/3) Beam intensity decay with electron exposure. 

Fig. 6. Plot of individual beam R-factor minima with respect to dRhC 

and dCO• 

Fig. 7. Structure of Rh(100)-(/3xI)R30 0 00, 

Fig. 8. Comparison between experimental (dark) and theoretical (light) 

I-V curves for (a) 80 ° , (b) e=io°, 	O0, and (c) 0200 , 	O0. 
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PART 2: Rh(11l)-(2x2)3C0 STRUCTURE DETERMINATION 

A. INTRODUCTION 

The adsorption of carbon dioxide on single crystalline transition 

metal surfaces has received considerable attention' over many years. 

This is readily understood since the chemisorption of CO on a metal 

surface can be regarded as a model adsorption system and since the 

industrial importance of CO hydrogenation 2  (in the Fischer Tropsch 

Synthesis) and oxidation 3  (in controlling auto exhaust emission) using 

metal catalysts is well-recognized. Recent Low Energy Electron 

Diffraction (LEED), 4  Thermal Desorption Spectroscopy (TDS), 5  and 

Ultraviolet Photomission Spectroscopy 1  studies suggest very similar 

bonding of CO to the (111) faces of noble metals, despite their varying 

electronic configuration and metal-metal distances. Yet vibrational 

6 i spectroscopy results 
1, ndicate substantial differences in the 

bonding of CO to these metals. The CO species is found to occupy atop, 

bridge, or possibly even hollow sites at low coverages (less than one 

half of a monolayer) while multiple site adsorption often occurs as the 

CO overlayer compresses towards saturation coverage. (The form that 

this compression takes is under debate: a compound hexagonal CO lattice 

has been proposed for many cases, but ordered domain structures are 

generally in better agreement with all observations.) 

In the hope of obtaining a more detailed picture of the bonding of 

CO to metal surfaces, we have been studying ordered CO overlayer 

structures that form on Rh(l11) system with LEED crystallography. 

In Part 1 of this chapter we found that CO stands above the atop sites 
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in the low-coverage (01/3)(/3x13)R30 °  structure in agreement with an 

earlier High Resolution Electron Energy Loss Spectroscopy investiga-

tion. 6  In this part we report the determination of the high-coverage 

(0=3/4)(2x2)-3C0 structure; there are four salient points in this LEED 

analysis that we should mention here. 

(1) Our determination provides a necessary check and also a 

calibration on the rule originally proposed by Eischens and 

Pliskin 7  that relates the measured C-O stretching frequency to 

either atop, bridging, or hollow site adsorption. The need for a 

calibration of this rule is indicated best by way of example. The 

C-O stretching frequency ranges between 1820 - 1840 cm 	at low 

coverage (0<1/3) on Pd(l11); this frequency is probably related to 

hollow site adsorption since coexisting bands at 1936 cm
-1 and 

2092 cm 	are assigned to bridging and terminal CO, respec- 

tively. 8  On the Ni(l1l) surface the CO stretching frequency 

shifts from 1810 to 1910 cm' as the coverage increases 9 ; this 

band falls into the bridge-bonding range (Table 1 in part 1). 

However it may also be related to hollow site adsorption that has a 

large frequency shift with coverage which could be caused by 

adsorbate-adsorbate repulsion, vibrational coupling, dipole-dipole 

interactions, and decreased metal-carbon back bonding effects. 

From these earlier studies then, we can only conclude that the 1860 

and 2070 cm' stretching frequencies measured for the Rh(11l)-

(2x2)-3C0 overlayer by HREELS 6  can be assigned to either hollow/ 

top or bridge/top site adsorption. 
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The relative importance of adsorbate-adsorbate and 

metal-adsorbate interactions can be examined in this structure 

analysis. If metal-adsorbate interactions dominate, CO should 

stand directly above high symmetry sites; yet if adsorbate-

adsorbate interactions are significant, the CO overlayer may relax 

into a more hexagonal arrangement above the metal surface. 

Until now, LEED crystallography has been applied to only a 

few molecular overlayers which usually had two scattering atoms in 

the unit cell. (See Introduction to Part 1.) However in this 

study we demonstrate that LEED can be successfully applied to a 

molecular overlayer which contains six atoms in the overlayer unit 

cell. 

Since a larger computational effort is required, we 

calculated the diffraction beam intensity curves by including 

increasing amounts of multiple scattering in the overlayer. We 

found that the kinematic approximation (single scattering) is 

sufficiently accurate to select a few probable structures which can 

then be tested and refined with a full dynamical calculation. An 

intermediate approximation that considers multiple scattering only 

within each CO molecule gave intensity spectra that are very 

similar to the curves obtained with the full dynamical treatment. 

B. EXPERIMENTAL 

The rhodium sample was prepared as described in Part 1 of this 

chapter. Here we are concerned with the high coverage end in the 

progression of ordered structures that form on the Rh(lll) surface with 
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increasing CO exposures. The order-order transition from the "split" 

(2x2)[1/3<0<3/4] to the (2x2) structure [03/4] is reversible with 

respect to the ambient CO pressure and crystal temperature. Near 300K a 

background pressure of 10 6  - lO 	torr CO is necessary to produce 

the (2x2) overlayer; however if the crystal temperature is raised to 

325K, even an ambient CO presence of 10 	torr is not sufficient to 

produce the (2x2) structure. In our experiment the (2x2) layer was 

formed by cooling the sample to 240 K and exposing it to a constant 

pressure of 2 - 4 x 10 6  torr CO. This steady state pressure was 

maintained by using a small leak rate and throttling the ion pump. 

The intensity vs. voltage (i-V) profiles for a number of diffrac-

tion beams were collected using a photographic technique described in 

Chapter IIIC. The intensity data was measured at three angles of inci-

dence and a second independent experiment was done in each case to check 

for reproducibility. The data set contains 5 independent beams at 

normal incidence (000), 8 beams at 	10 ° , 40 ° , and 8 beams at 020 ° , 

Electron beam damage to the (2x2) overlayer  was minimized by 

moving the sample during the course of photography, in this way, the 

electron exposure at any given region of the surface was always less 

than 40 uampsec. 

The decay rate of the (0,1/2) beam intensity with electron exposure 

is about one tenth as large as that measured for the (1/3,1/3) beam in 

the Rh(1ll)-(/3x/)-CO overlayer. If electron beam induced desorption 

of CO is more probable than decomposition, the background presence of CO 

needed to produce the (2x2) structure may fill any vacancies that are 
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due to desorption. This could be the reason why we measured a signifi-

cantly lower decay rate in the diffraction beam intensity from the (2x2) 

overlayer. Alternatively, the dense crowding of CO molecules in the 

(2x2) cell may inhibit CO tilting; and the tilting motion may be re-

quired in the decomposition mechanism. 

C. RESULTS AND DISCUSSION 

i) Structural Models 

The left hand side of Fig. 1 describes the model geometry that we 

tested in the LEED analysis along with the adjustable bond lengths and 

angles. The upper illustration presents a side view and the lower one 

gives an atop view of the CO layers. Three CO molecules need to be 

positioned in the (2x2) unit cell above the Rh(lll) surface. One CO 

molecule is placed directly above a bridge site, while the two other CO 

molecules stand along the long diagonal of the (2x2) cell near the atop 

sites. Two mirror line symmetries were maintained in the model along 

the large and short diagonals of the (2x2) overlayer cell to minimize 

the computational effort in the structural search. (Only one of these 

mirror line symmetries has a corresponding mirror plane symmetry in the 

metal lattice.) Registries other than the bridge/near atop geometry 

were not tested since the agreement between calculated and measured 

intensity curves for this geometry was found to be very satisfactory. 

The Zanazzi-Jona and Pendry R-factors were 0.25 and 0.47, respectively. 

The CO bond length (d) was assumed to be the same for all the 

admolecules. The carbon atom in the bridge-bonded CO species is a 

distance, diRh 	above the first metal layer, while the other carbon 

atoms located near the atop site were raised by an additional distance, 
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dICC from the Rh lattice. The two near-atop CO molecules which were 

symmetrically disposed to each other, were moved a distance, d,,co...co 

from the bridged CO molecules and were allowed to tilt by an angle, 0, 

towards the bridged molecules along the diagonal. 

So five separate parameters (d1Co ,  djRhC ,  dicc ,  dlICCO and 

0) were considered in determining the structure of the (2x2)-3C0 over-

layer. Among the model geometries tested, we find the fully relaxed 

hexagonal layer of CO (see dotted small circles in Fig. 1) that would 

result if adsorbate-adsorbate interactions are dominant as well as the 

bridge/atop site geometry that would result if only the metal-adsorbate 

interactions are most important. 

ii) LEED Theory 

The muffin-tin potentials used for the Rh, C, and 0 atoms are the 

same on those in Part 1 of this chapter and will not be reported here. 

The Renormalized Forward Scattering (RFS) approximation' °  [see Chapter 

lic] was used to calculate the interlayer multiple scattering for the 

metal and CO lattices. The in-plane multiple scattering of the metal 

was treated fully, but three different approximation schemes were tried 

for the CO layer. 

In the poorest approximation, no multiple scattering 

between carbon and oxygen atoms was considered (kinematic limit). 

For a better approximation, only multiple scattering 

within each molecule was properly treated. 

Finally, a calculation including full multiple scattering 

was done for the CO overlayer. 
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This approach was taken to examine how important different multiple 

scattering events are in the CO overlayer. If only reasonable agreement 

between theoretical and experimental intensity curves can be achieved 

with the kinematic or even partial mutiple scattering scheme, the 

savings in computational costs would allow many more models to be tested 

in a preliminary structural search. The complete mutiple scattering 

calculations would then be used in the refinement stage of the LEED 

analysis to choose among the more probable geometries. 

iii) Structure Determination with. Dynamical LEED 

Let's first discuss the geometry of the CO unit cell predicted by 

the full dynamical calculation. The structural result is illustrated on 

the right-hand side of Fig. 1; and the degree of agreement between 

theory and experiment is shown in Fig. 2 using reliability factors. The 

agreement is significantly better for the (2x2) structure (average 

R-factor = 0.19) than that we obtained for the (/xi)R30 °  overlayer 

(average R-factor = 0.23). Both the Zanazzi-Jona (0.25 to 0.40) and 

Pendry (0.47 to 0.50) R-factors favored the (2x2) structure 

determination. We find the two CO molecules within the (2x2) unit cell 

move 0.53A off the atop site towards each other. This is still 0.25A 

short of the displacement necessary to produce an hexagonal lattice of 

CO. The closest bridge to near-atop and near-atop to near-atop CO 

distances are fairly small, 2.85 or 2.88A, respectively (see Fig. 1); 

these distances are well below the Van der Waals radius for CO (3.1 or 

3.2) which suggests a strongrepulsive interaction between these CO 

species.'' The next larger CO separations are 3.23 and 3.60A. 
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The CO-CO distance that we find to be significantly shorter than 

the Van der Waals distance (2.8 or 2.9 < 3.2A) must be balanced with the 

cost in energy for moving the CO molecule away from the high-symmetry 

atop site. In our model, the CO species must move along the diagonal by 

a distance of 0.78A from the atop site to produce an hexagonal lattice. 

We measure that the CO molecules are in fact displaced by most of that 

distance (0.53 out of 0.78A) in the actual structure. 

The other interesting parameter in this structure determination is 

the tilt angle (0) of the near-atop CO molecules. We find that these CO 

molecules stand perpendicular to the metal layer which gives an OCRh 

bond angle of about 16 ° . A strain energy is undoubtedly present in this 

"bent" bond where the overlap between the CO (5a, 21T*)  and metal (4d) 

orbitals is reduced. 

Both the near CO-CO distance (2.85A) and the bent CO-metal bonds 

suggest a much weaker adsorption energy than that found at lower 

coverages. Since the (2x2)-3C0 unit cell will transform to the lower 

coverage split (2x2) structure at 300K in the absence of a background CO 

pressure, we know that the adsorption energy is less than 15 kcal/mol 

(which should be compared to 30 kcai/mol at low coverages). (This is 

calculated via AHad 	RT in 1'vap where RT = .6 kcai/mol and "yap = 

10-9  atm.) A more accurate isosteric (differential) heat of adsorp-

tion could be obtained by measuring the pressure versus temperature 

dependence at saturation coverage, but we did not have a reliable method 

to measure the coverage (work function change, for example). 

The other distances (djCC) djc, and djo) we determine are 

expected from organometailic analogues. 12  The CO bond length is 
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1.15A, while the metal-carbon bond distances are 1.94 and 2.03A for the 

near-atop and bridged species, respectively. The relative uncertainty 

for the five structural parameters can be estimated in the R-factor 

contour plots. The distance, dco_co appears the most uncertain in 

Fig. 2; the elongated contours are narrow in the dthC direct ion 

(0.1A), but quite wide in the 	direction (.2 - .3A). The large 

error associated with the displacement of the CO molecules parallel to 

the metal surface (as reflected in d11co...co) is probably caused by our 

diffraction experiment being most sensitive to the projection of bond 

distances onto the momentum transfer vector, tk. At normal incidence, 

the electron beam with a typical energy of 100 eV has a momentum 

transfer component of 8$1 perpendicular to the surface and only one 

of iA 	in the parallel direction. We are presently analyzing the 

off-normal incidence data where a greater sensitivity to the dICO-CO 

distance is anticipated. 

The dco vs. djc plot implies that the Rh-O distance in the 

bridge-bonded CO molecule is fairly precise, but the carbon position is 

determined with less certainty. This can clearly be seen since the 

oval-shaped contour in the R-factor plot has a minor axis along the 

(dc0 +dic) direction and a major axis along the (djco - 

diRhC direction. As pointed out in part 1 of this chapter, shadowing 

of the carbon atom by the overlying oxygen atom may be responsible for 

the uncertainty in the carbon atom position. If the incident LEED beam 

is not normal to the metal surface, we may expect less shadowing of the 

carbon atoms. In fact we found in the (/3x13)R30 °  - CO structure that 
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the C-O distance approached the expected value (1.15A) with the larger 

polar angle data (1.02A for E0 ° , 1.07A for 010 0 , and 1.09A for 	200), 

The d1cc vs. d RhC  plot in Fig. 
2 also suggests an uncertainty 

in the carbon position of the near-atop CO but not in the oxygen 

position. The sum (djCc+djC) indirectly gives the height of the 

oxygen atom above the surface (since the C-O bond length is kept 

constant) while the difference (dccdpj.c) depends on the carbon 

atom position as well. The contour shapes in the 9 vs. d iuc plots do 

not have any special meaning because of the different units used for the 

x- and y- axis. }owever, an uncertainty of 100  in 9 is suggested. 

iv) Comparison between Kinematic and Multiple Scattering 

Calculat ions 

The search for the best structural model can be facilitated with 

the use of R-factors 

preliminary indicate 

be varied to achieve 

included in the plot 

will suggest in what 

these R-factor plots 

global minimum. 13  

and more importantly by reducing the cost of the 

how the relevant bond distances and angles should 

a local minimum. Even if the actual minimum is not 

the shape of the contours surrounding the minimum 

direction the plot should be extended. However, 

can only be used to search for a local and not a 

In order to sample a large number of preliminary structures, we 

have used a less accurate and less expensive calculation of the 

intensity curves for the (2x2)-3C0 overlayer. Figure 3 gives the 

R-factor plots obtained with the intensity curves that were calculated 

assuming only kinematic scattering in the CO layer. There are three 

major differences in the R-factor plots given in Figs. 2 and 3. 
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(1) The R-factor minima are significantly lower for the full-dynamical 

calculation. (2) The R-factor contours are slightly wider in the kine-

matic approximation indicating a larger uncertainty in the position of 

the minima; and finally, (3) the optimal bond distances (djco djcc ,  

dJ.1thc and diico_co) are slightly different (±O.1A). 

This comparison does however demonstrate the usefulness of the 

kinematic approximation in the early stages of the structural search. 

Well-defined minima do occur for all four R-factor plots illustrated in 

Fig. 3 and they represent bond distances and angles which are very 

consistent with those in the full-dynamical treatment. This approxima-

tion probably works as well as it does because the neighboring CO 

molecules in the overlayer are fairly well separated and are weaker 

scatterers than the Rh metal atoms. 

Figure 4 shows similar R-factor plots obtained with the inter-

mediate case of partial multiple scattering in the overlayer. Here we 

allowed full dynamical scattering between the carbon and oxygen in each 

admolecule, but did not include intermolecular multiple scattering. 

This approximation gave substantially lower R-factor minima than the 

pure kinematic limit. This result is very reasonable since the carbon 

and oxygen atoms in the same molecule are fairly close to one another 

and should be more likely to multiply scatter the incident electrons. 
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D. SUMMARY 

We find that the structure of the CO layer that forms on 

the Rh(111) surface at 240 K and at saturation coverage is a 

compromise between adsorbate-adsorbate and metal-adsorbate 

interactions. One CO molecule stands above the bridge site, and 

two others lie near atop sites. On the one hand, repulsive 

adsorbate-adsorbate interactions displace the near-atop CO by 0.53 

A from the direct atop position; and on the other, the attractive 

metal-adsorbate interactions force the adsorbed CO fairly close to 

one another (2.8-2.9 A) when compared to its Van der Waals diameter 

(3.1-3.2 A). 

The carbon-metal and carbon-oxygen bond distances that we 

determine are consistent with similar organometallic clusters; and 

the three CO molecules in the (2x2) overlayer unit cell do not 

appear to be tilted. 

The average R-factor that we obtained in the (2x2)3C0 

structure analysis (0.19) is significantly better than that in the 

(/5_x1xR30 ° -CO study (0.23) presented in the first part of this 

chapter. Both the Zanazzi-Jona (0.25 to 0.40) and Pendry (0.45 to 

0.47) R-factors are also significantly better in the (2x2) 

structure determination. The uncertainty in three of the bond 

distances in the (2x2) layer (dico ,  dic, and  djcc)  is 

estimated to be ±0.05A by looking at the R-factor contour plots. 

The fourth bond distance, dCO_CO, has a greater uncertainty 

(±0.1-0.15A) because our diffraction experiments is more sensitive 
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to perpendicular rather than parallel displacements at the 

surface. The uncertainty in the tilt angle (0) of the near-atop CO 

molecules is about ±100. 

(4) We found that a kinematic approximation for the electron 

scattering in the CO layer was quite useful in the preliminary 

stage of our structural determination; the resulting bond distances 

and angles obtained from the less expensive calculation are consis-

tent with those obtained from the full dynamical treatment. 
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Figure Captions for Chapter V, Part 2 

Fig. 1. The structure of the (2x2)-3C0 layer is shown. The upper 

figure presents a side-view of the surface and the lower figure 

gives an atop-view. The large circles represent Rh atoms 

(dotted--out of plane, full--in plane); and the small circles 

are either carbon or oxygen atoms (dotted--hexagonal mesh, 

full--measured positions). The five structural parameters that 

were varied in the LEED analysis are illustrated on the left 

side. 

Fig. 2. Reliability factor contour plots for the normal incidence data 

are shown. The calculated intensity curves in this R-factor 

analysis included full dynamical scattering for the overlayer. 

Fig. 3. R-factor plots obtained with only kinematic (single) scattering 

in the overlayer are illustrated. 

Fig. 4. R-factor plots for partial multiple scattering in the CO layer. 
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VI. THE ADSORPTION OF C3H4 , C306 , AND CIS- OR TRANS-2-008  

ON Pt(lll) 

A. INTRODUCTION 

The structure of adsorbed monolayers of unsaturated hydrocarbons 

on platinum single crystal surfaces has been the subject of intense 

investigation with a variety of techniques over the last several 

years. For the most part, these studies concentrated on the structure 

of acetylene and ethylene adsorbed on the Pt(1ll) face as a function of 

temperature. A clear picture is now emerging on the bonding of these 

simple hydrocarbons to the Pt(l1l) surface. Below room temperature, 

both acetylene and ethylene have been proposed to be di-a bonded to two 

Pt atoms and have their carbon-carbon bond parallel to the surface; 

however, only acetylene forms an ordered overlayer (with a diffraction 

pattern corresponding to a (2x2) surface structure). Figure 1 shows 

the model proposed for this metastable, low temperature acetylene phase 

on the basis of high resolution electron energy loss spectroscopy 

	

FIREELS 	and ultraviolet photoemission spectroscopy UPS) 3,4 

studies; acetylene is thought to be roughly sp 2  hybridized and may 

have some additional w bonding to a third metal atom that tilts the 

molecular plane away from the surface normal. The metastable, low 

temperature ethylene species is probably di-a bonded to two Pt atoms 

	

3 	 1,3,4 
and sp hybridized. 
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In the temperature range of about 350-450 K, the low temperature 

acetylene phase transforms irreversibly into vinylidene (CCH2) in 

the absence of coadsorbed hydrogen and into ethylidyne (C-CH3) in 

the presence of coadsorbed hydrogen. Evidence for the vinylidene 

transition comes from UPS5  and HREELS 1  studies, and from the 

existence of similar reactfons in organometallic chemistry; 6  the 

transition to ethylidyne was first proposed by a dynamical low energy 

electron diffraction (LEED) analysis. 7  This transition to ethylidyne 

is an order-order transformation of (2x2)+(2x2) surface structures, 

while it is not known whether the transition to vinylidene gives an 

ordered surface structure. In addition to the ethylidyne model, early 

HREELS work' suggested an ethylidene (=cHcH3) species and UPS 

studies 5  indicated a vinyl-like (=cH-cH2-) s.pecies (better named 

1-ethanyl-2-ylidene). Recently, however, the ethylidyne species (see 

Fig. 2) has gained acceptance over the competing models partly as a 

consequence of a normal mode analysis 8  of the IR spectrum for an 

organometallic analogue, C O 3(CCH3 )(C0) 9 , that shows excellent 

agreement with the ethylidyne model's vibrational peak assignment for 

the original HREELS spectrum. 1  Further, the C2H3 stoichiometry 

of ethylidyne was measured for the ethylene overlayer from a combined 

UPS and thermal desorption spectroscopy (TDS) study, 5  while an 

angle-resolved UPS study 9  indicated the presence of an ethylidyne 

species. 

The low temperature ethylene phase was similarly observed to make 

an irreversible transition to an ethylidyne species at 280 K since the 

resulting LEED pattern, 10  I-V profiles, 10  HREELS spectra,' and 
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UPS spectra"  are identical to those obtained from the stable, 

hydrogen-treated acetylene overlayer. Finally, both acetylene and 

ethylene above 450 K have been seen by HREELS 12  to fragment into 

smaller hydrocarbon species (!CH,=CH2). 

These studies reveal the rich diversity and temperature dependent 

character of the surface chemical bond of organic molecules. It is our 

aim, by systematic studies of the structure of small hydrocarbon mole-

cules on transition metal surfaces, to uncover the dominant bonding 

characteristics common to this family of adsorbed molecules. For this 

reason we have studied and report in this chapter the structure of 

ordered monolayers of propylene, methylacetylene, and the cis- and 

trans-2-butenes adsorbed on the Pt(ll1) face. We present interpreta-

tions of both the observed LEED patterns and the large set of intensity 

vs. energy (i-V) curves obtained for these molecules. In this way we 

aim to demonstrate that these larger, unsaturated hydrocarbons bond to 

the Pt(11l) face in a way very similar to acetylene and ethylene by 

forming alkylidyne (!C_(CH2)CH3) species at room temperature. 

Specifically, the C3 and C 4  structures can be obtained by substitu-

ting methyl groups for single hydrogens of the C2 and C 3  alkylidyne 

species, respectively. Table 1 summarizes our models for C21 C 3 , 

and C4 hydrocarbon adsorption on the Pt(1l1) surface; this table is 

included to aid in following the discussion below by exhibiting the 

relationship among various structures. 

Convincing additional evidence for our proposed alkylidyne 

structure on the Pt(1l1) comes from similar HREELS 13  and LEED 

(Chapter VIII and Ref. 14) experiments being performed for the same 
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hydrocarbon molecules adsorbed on a different metal surface, Rh(1l1), 

where a very similar sequence of LEED patterns and I-V curves occurs. 

B. EXPERIMENTAL 

The C3 and C4  hydrocarbon adsorption experiments were carried 

out in two different vacuum chambers; each was equipped with retarding-

field Auger electron spectroscopy, a Varian ion sputtering gun, a 

Varian off-axis LEED gun, a UTI quadrupole mass spectrometer, and a 

modified Varian manipulator allowing azimuthal and polar rotations. 

The base pressure of both chambers was maintained at 1x10 9  torr 

withH2 and CO as the major background gases. The I-V curves were 

measured using a photographic technique already described in Ref. 15 

and Chapter [II.C. The photographs of the LEED spot pattern, taken at 

2 eV intervals, were digitized with a scanning microdensitometer; the 

resulting density map at successive energies was translated with a new 

computer program into the desired intensity-energy (i-v) profiles. 

The Pt sample was cleaned of calcium, phosphorus, and carbon by a 

combination of oxygen treatments (5x10 7  torr 02, 10 minutes, 700 ° C 

with a subsequent flash to 1000 ° 0 and Ar ion bombardments (with subse-

quent 800 ° C annealing for 5 minutes). Ar ion bombardments would not 

leave any contaminating carbon on the surface after a series of 1-2 L 

hydrocarbon exposures; however, after the 100-1000 L exposures, oxygen 

treatments were necessary to effectively remove the carbon. The sample 

was flashed just before the hydrocarbon exposures to remove any pre 

adsorbed carbon monoxide and hydrogen; yet about 0.05 monolayers of 

carbon monoxide (as determined by Thermal Desorption Yield Spectroscopy) 
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would co-adsorb with each hydrocarbon exposure due to the displacement 

of the carbon monoxide from the chamber wall. 

C. RESULTS 

i) LEED Patterns 

The clean platinum (111) crystal face was held at 300 K while it 

was exposed to the different hydrocarbons. A 1-2 L exposure 0 L = 

10 6 torr sec) of methylacetylene or propylene was sufficient to 

produce a well ordered (2x2) surface structure with sharp diffraction 

beams. (Our gas exposures are uncorrected for ion-gauge sensitivity 

and for any pressure difference between the ion-gauge and crystal.) It 

was found that overexposure to either organic vapor would not reduce 

the quality of the LEED pattern, whereas only a 10% overexposure to 

acetylene in previous studies would cause a noticeable disordering of 

the adsorbed layer. 1°  Both C3 hydrocarbons ordered spontaneously 

upon adsorption, unlike ethylene that ordered well only when exposed to 

the electron beam.' °  The C3 adsorbates showed about a 50% higher 

carbon coverage than the C2 overlayers by Auger Electron Spectroscopy 

(AES). 

Only one ordered phase of propylene was found by the inspection of 

the I-V curves from its (2x2) surface structure in the temperature 

range of 280-400 K. Below 280 K a poor (lxi) LEED pattern is obtained 

that is indicative of disordered propylene adsorption. The methyl-

acetylene that also adsorbs in a (2x2) surface structure at room 

temperature makes an order-order transition [(2x2)metastable+(2x2) 

stable] in the presence of a background hydrogen after one hour at 

350-400 K or after 24 hours at 300 K as determined by monitoring the 



-193- 

I-V curves. The (2x2) surface structures of both c3  hydrocarbons 

would disorder at around 400 K similar to the behavior of the C2 

hydrocarbons adsorbed on Pt(1ll). 

The cis- and trans-2-butenes were admitted into the chamber at low 

(-10 L), intermediate (-100 L), and high ('1000 L) exposures. For even 

the lowest exposures (-1/4 L), a (2v'3x2,'3)R30 °  surface structure was 

observed. The half-order spots of this very low exposure pattern, 

i.e., those already present in the diffraction pattern of a (2x2) unit 

cell, had gained substantial intensity and were fairly well focused, 

while the remaining spots (those in addition to the half-order and 

integral-order spots) were very diffuse and weak in intensity. Upon 

increasing the exposure to - 10 L. the half-order spots would reach 

near-maximum intensity, though the remaining sixth-order spots did not 

become comparably strong and sharp until an exposure of - 1000 L had 

been reached. At intermediate exposures of -100 L, a well-ordered LEED 

pattern corresponding to an (8x8) surface structure would sometimes 

form, while at other times the (2/3x213)R30 °  structure would continue 

to appear with the sixth-order beams becoming gradually more intense 

and better focused as the hydrocarbon exposure approached 1000 L. 

When the (8x8) phase did form, it could easily transform into the 

(2v'3x2/3)R30 °  structure with increasing exposure. Figure 3 shows the 

LEED patterns associated with (a) the stable propylene (2x2) structure, 

(b) the (2x2) structure of the 2-butenes formed at - 10 L, (c) the 

(2/x2/)R30 0 -2-butene overlayer at -1000 L, and (d) the (8x8)-2-butene 

structure seen at -100 L. 
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The cis- and traris-2-butenes did not give an ordered LEED pattern 

below about 280 K. while the ordered, room temperature phases 

[(2/'x2ñ)R30 °  and (8x8)] would disorder at 325 K. Interestingly, the 

intensity of the half- and integral-order spot intensities would not 

fade as quickly as that from the other spots in the (2v'3x26)R30 °  and 

(8x8) overlayers when the temperature or the electron beam exposure is 

increased. Thus the gradual emergence of a well-ordered (2v'3x213)R30 0  

surface structure with increasing hydrocarbon exposure as well as the 

delicate nature of the sixth- or eight-order spots with increasing 

temperature or LEED beam exposure suggests the presence of a 

(2/3x213)R30 °  superlattice imposed on the usual (2x2) lattice of 

hydrocarbon adsorption sites. 

ii) Comparison of I-V Curves 

The I-V spectra for metastable methylacetylene (28 independent 

beams), stable methylacetylene (28 independent beams), and propylene 

(26 independent beams) at five angles of incidence (0=0,4,8,10,16 ° ; 

00) were obtained. A smaller data base of only normal incidence 

curves (0=0 ° , 4-7 independent beams) was obtained for the (2/x2i)R30 0  

cis- and trans-2-butene, and (8x8) trans-2-butene structures; these 

C4 spectra are shown in Appendix I. In this chapter we show several 

I-V curves that may be taken as representative of the available much 

larger data base. 

There are many identities and similarities to be found in the 

diffraction data obtained for the different hydrocarbons studied. We 

would like to call attention to four important findings: (1) Figure 4 
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illustrates the similarity between I-V curves obtained for, the meta-

stable methylacetylene and acetylene structures. (2) Figures 5 and 6 

show that the stable phases of acetylene, ethylene, methylacetylene, 

and propylene have nearly identical I-V curves except for a few 

systematic and reproducible differences which occur between the curves 

for C2 hydrocarbons and C3  hydrocarbons. (3) We compare in Fig. 7 

the low exposure (10 L) (2x2) cis-2-butene I-V curves to both the high 

exposure lOOO L) (21x2/)R30 0  cis- or trans-2-butene and the (2x2) 

propylene curves. The spectra for the (2x2) cis-2-butene structure are 

intermediate between those for (2x2) propylene and those for 

(2Vx2/3)R300 cis- or trans-2-butene. This comparison of I-V curves 

indicates that when the extra diffraction beams from the (2/3x2i (3)R30 0  

structures of the C4 hydrocarbon overlayer are very weak in intensity 

and diffuse, the half-order intensity spectra are very similar for all 

the C21 C 3 , and C4  hydrocarbon overlayers. But once the 

(2ix2/3)R300 surface pattern is fully developed, the half-order 

intensity curves for the C2 or C 3  hydrocarbons and the C4  hydro-

carbon diverge. (4) We compare in Fig. 8 some common I-V profiles for 

the high exposure (2/3x2v'3)R30 °  cis- or trans-2-butene as well as the 

intermediate exposure (8x8) trans-2-butene structures. The three sets 

of common I-V spectra are seen to be identical within experimental 

error, indicating the cis- and trans-isomers probably form the same 

overlayer structure, as well as showing that the (8x8) trans-2-butene 

overlayer geometry must be very similar to that of the (2/3x2/3)R30 0  

surface structure. 
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D. DISCUSSION 

The similarity or virtual identity of the C23 C 3 , and C4  

hydrocarbon I-V spectra indicate the structural similarity in the 

adsorbed species. The geometric location, bond distances, and orienta-

tion of that part of the carbon skeleton in each molecule (!C_CH2R or 

H2CCHR) that is responsible for anchoring it to the platinum surface 

in an ordered structure is the same from adsorbate to adsorbate. The 

very similar progression of LEED patterns for these adsorbed species 

with increasing temperature further indicates the similarity in both 

their structure and their intramolecular rearrangement during the 

metastable to stable phase transition. 

The similarity of the temperature dependent structural reorganiza-

tion is also demonstrated in a recent thermal desorption study 

(TDS) 16  of these molecules as can be seen in Fig. 9. The desorption 

of hydrogen is monitored from the adsorbed monolayers of the alkenes on 

the Pt(111) crystal face. The peaks indicate the maximum rates of 

desorption. The adsorbed layers dehydrogenate sequentially with 

increasing temperature in a very similar manner. Peaks A and C are 

found in all the desorption traces for ethylene, propylene, and the 

2-butenes, while peak B shifts to lower temperature with the longer 

chain hydrocarbons. Peak A is assigned to partial dehydrogenation of 

the alkene by removal of one hydrogen in the conversion from a parallel 

bonded, metastable species to a stable species. Peak B corresponds to 

C-C bond scission and fragmentation of the hydrocarbons, and peaks C 

probably represent the final dehydrogenation of the small hydrocarbon 

fragments left on the platinum surface. It is important to note the 
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adsorbed hydrocarbons do not (at peak A) decompose into the species 

that the smaller hydrocarbons adopt; this indicates that the larger 

adsorbed hydrocarbons retain their gas-phase carbon skeleton at room 

temperature. 

Let us now address the question why certain diffraction beam 

intensities from the ordered overlayers of the C23, C3 , and C4  

hydrocarbons remain unaltered. A perfectly disordered layer is diffuse 

in space. If that layer gradually orders into a certain lattice, the 

contribution by that layer to beams defined by its reciprocal lattice 

grows. As a result, existing I-V curves can be strongly affected if 

the scattering strength of the newly ordered atoms is significant. 

Thus our observations of a (2/3x2/3)R30 °  surface structure developing 

from a (2x2) structure with gradual changes in the I-V curves from the 

(2x2) structure indicate that atoms which were disordered, are ordering 

into a (2/3x2/3)R30 °  lattice; at the same time the other atoms 

responsible for the ordered (2x2) structure are very little affected by 

this new ordering process. 

We shall now discuss the proposed structures for each adso.rbate 

(methylacetylene, propylene, and the 2-butenes). These surface 

structures are also summarized in Table 1. 

i) Metastable Methylacetylene (H3CC!CH) 

We interpret the virtual identity of the metastable acetylene and 

methylacetylene I-V spectra shown in Fig. 4 as follows: Replacing a 

hydrogen atom of the adsorbed c2H2  species by a methyl group 

produces the structure of adsorbed methylacetylerie, if one assumes a 
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randomness in the choice of the hydrogen atom or a randomness in the 

orientation of the methyl group. The probable sp 2  rehybridization of 

methylacetylene twists the methyl group away from the surface, thereby 

giving it the necessary space to rotate more freely. Figure 10 

illustrates our proposed geometry for the metastable methylacetylene 

spec ies. 

ii) Stable Propylene (CHvCHCH )  

Between 280 K and the decomposition temperature of 400 K, the I-V 

spectra for propylene and ethylene are nearly identical, as can be seen 

in Figs. 5 and 6. This can be interpreted to imply that the room 

temperature propylene species has a structure like that of the room 

temperature ethylene except that one of the ethylidyne hydrogens is 

replaced by a methyl group that is rotationally disordered. This 

model, consisting of a propylidyne species, is illustrated in Fig. 11.. 

Using standard Van der Waals atomic radii, we find that neighboring 

molecules nearly touch in this structure. In fact, some relative 

orientations of neighboring methyl groups are sterically not possible, 

but enough rotational freedom is left to explain the virtual identity 

of I-V curves mentioned above. These steric considerations are also 

consistent with the observed spontaneous ordering of the stable 

propylene molecules, contrasting with the non-spontaneous ordering of 

the smaller stable ethylene molecules that require exposure to the 

electron beam. Furthermore, a 50% overexposure of propylene or methyl-

acetylene does not disorder the (2x2) LEED pattern, whereas it does 
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with ethylene or acetylene; this should be expected since there would 

be less interstitial adsorption due to the C3 hydrocarbons' larger 

size. 

Stable Methylacetylene (CH3-CCH) 

Methylacetylene like acetylene shows a hydrogen assisted order-

order transformation to form a stable (2x2) overlayer at 300-350 K. 

The stable structure I-V curves (Figs. 5, 6) are nearly identical to 

those for the room temperature ethylene, acetylene, and propylene 

phases. This, together with the intactness of the carbon skeleton, 

demonstrates that the parallel bonded sp 2  hybridized methylacetylene 

transforms in the presence of additional hydrogen into the same 

propylidyne species that propylene does (Fig. 11). 

Low (-10 L) and High (-1000 L) Exp.osure 2-Butenes 

(cHrCH=CHCH2. 

The cis- and trans-2-butenes gave identical (21(3x2/3)R30 0  I-V 

profiles in Fig. 8 and have been shown to yield identical TDS 

spectra. 16  This indicates that both isomers form the same surface 

structure so that we can ignore their different molecular origin in the 

following discussion. 

At even the lowest 2-butene exposures ( - 1/4 L) tried, a LEED 

pattern corresponding to a (2/3x213)R30 °  unit cell was observed with 

poorly developed extra spots, i.e., those in addition to the half-order 

and integral-order ones. In Fig. 7 we saw that the half-order I-V 

profiles for the low exposure 2-butene phase seem intermediate between 

the stable propylene spectra and the 2-butene curves from the well 

developed (2Ix2I)R30 °  structure. This suggests that the lowexposure 
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structure consists of a butylidyne species (EC-CH2 -CH2-CH3) with 

a partially disordered ethyl group (-CH 2-CH3 ), while the high 

exposure structure consists of a butylidyne species with the ethyl 

group ordered into a (2/3x2/3)R30 °  unit cell. 

From a parallel study, 114  propylene adsorbed on the Rh(lll) 

surface is shown to behave very much like the 2-butenes on Pt(lll) by 

forming a low exposure (2x2) and, at higher exposures, a (2/3x2v'3)R30 °  

surface structure. In fact, the half-order diffraction beam I-V curves 

from the low exposure propylene phase on Rh(lll) are even more similar 

to the I-V spectra obtained from the (2x2) ethylene structure than for 

the corresponding low exposure 2-butene intensity spectra on Pt(1ll). 

This observation is to be expected since the partially ordered ethyl 

group (-CH2 CH3 ) of butylidyne (C-(CH2 ) 2-CH3 ) has a larger 

scattering strength than the methyl group (-CH3) of propylidyne 

(C-CH2-CH3) and thus should alter the resulting I-V spectra more 

dramatically. 

The appearance of a (213x2/3)R30 °  unit cell is presumably due to 

the interaction between neighboring ethyl groups in the butylidyne 

overlayer. A possible structural model is illustrated in Fig. 12. Few 

other models are compatible with the available experimental evidence. 

Three butylidyne molecules fit in the unit cell, but are restricted in 

the orientation of the ethyl groups by mutual steric hindrance. The 

upper part of Fig. 12 shows hydrogen atoms with their Van der Waals 

radii, while the lower part emphasizes the hydrocarbon skeleton in the 

same structure. The neighboring hydrocarbon arms are rotated as far as 

possible from each other, while the well-known planar zig-zag 
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conformation of the carbon skeleton within each butylidyne species 

leads to a minimum in the repulsion of non-bonding carbon atoms in the 

chain. Note that this model places the upper methyl groups in a 

vertical direction, thus minimizing overlap between these groups on 

neighboring molecules. We have assumed in Figs. 11 and 12 a 

"staggered" rather than "eclipsed" bonding arrangement about the two 

carbon atoms closest to the metal surface, paralleling the lowest 

energy conformation of ethane. The exact bond lengths and angles in 

the ethyl groups can only be determined by a detailed analysis of the 

I-V curves which would also test the correctness of our structural 

model. Such an analysis is planned. 

Finally, we note that the butylidene [=CH_(CH2)2-CH3] or 

1-butanyl-2-ylidene [=cH-CH(CH2CH3) - ] species cannot be as easily 

packed into the (2/3x213)R30 °  unit cell; this, then, provides further 

support for ethylidyne (c-cH3) over ethylidene (CH-CH3 ) or 

1-ethanyl-2-ylidene (CH-CH2). 

Interestingly, a 100-fold higher exposure is needed to adequately 

order the sixth-order spots in the diffraction pattern for the 

(2/3x2/3)R30 0  structure. It may be that the large hydrocarbons can 

block neighboring adsorption sites so that only after a period of time 

would any given butylidyne species conform in such a way to open a 

neighboring, unoccupied site to an approaching molecule. In this way 

the saturation coverage is reached only after a fairly long time and 

only then could the C4 molecules be crowded enough to adequately 

order into the (2/3x2v'3)R30 °  unit cell. Yet it should be emphasized 
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that we believe a near-saturation coverage is already achieved at 10 L 

since the half-order spots are very well focused and near maximum 

intensity. 

v) Intermediate Exposure (-100 L) 2-Butenes 

The (8x8) trans-2-butene pattern formed after - 100 L exposure at 

300 K on the Pt(l1l) surface; Fig. 8 shows that the cotmnon beam pro-

files between the (8x8) and (213x2v'3)R30 °  structures are identical. 

This indicates that the two phases must have very similar structures, 

yet we cannot suggest a reasonable model for the (8x8) structure at 

present. 

E. SUMMARY 

Within the range of molecules considered in this paper (ethylene, 

acetylene, propylene, methylacetylene, and the 2-butenes), the alkenes 

and alkynes have closely related LEED patterns and I-V spectra. Two 

phases exist for each of these molecules adsorbed on Pt(111); for each 

molecule, a low temperature, "metastable" species is parallel bonded to 

the surface. Upon warming to about room temperature, and in the 

presence of hydrogen for the alkynes, a. conversion takes place to an 

alkylidyne species that is bound to three platinum atoms and has its 

C-C bond nearest to the metal substrate oriented perpendicularly to the 

surface. Table 1 summarizes the different surface structures proposed 

for the C21 C3 , and C4  hydrocarbons considered. 

Though a LEED analysis should be undertaken to confirm our 

proposed butylidyne structure, convincing evidence is already contained 

in the similarity of the I-V spectra, in the Van der Waals models of 

these large close-packed hydrocarbons, in the gradual development of a 
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(213x2/3)R30 °  LEED pattern with increasing exposure, and in the corre-

lations among C21 C 3 , C4  hydrocarbon TDS spectra. We show that 

the LEED pattern comes about by having the ethyl group of the 

butylidyne species begin to order into a (2f3x213)R30 °  unit cell, while 

two carbon atoms of the C4 molecule that are nearest the metal remain 

in positions that are identical to those occupied in the ethylidyne 

species with (2x2) unit cell. We further show that the model of the 

alkylidyne surface species agrees with the experimental evidence much 

better than other models such as alkylidene or 1-alkanyl-2-ylidene. Of 

interest also is a parallel sequence of very similar structures found 

for C2 and C3  hydrocarbons on Rh(111). 

Finally, we suggest that the intermediate exposure (8x8) 2-butene 

structure may also consist of a butylidyne species. Yet more 

experiments are needed to elucidate this structure. 
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Figure Captions for Chapter VI 

Fig. 1. The inetastable acetylene species is shown di- bonded to two 

Pt atoms with some additional it bonding to a third Pt atom. 

Fig. 2. The stable acetylene or ethylene phase forms an ethylidyne 

species. 

Fig. 3. Progression of LEED patterns for the room temperature 

structures of the C21 C3 , and C4  hydrocarbons. 

I Fig. 4. Comparison of the I-V curves obtained from the metastable 

acetylene and methylacetylene structures. 

Fig. 5. Comparison of the I-V curves obtained from the stable 

acetylene, ethylene, methylacetylene, and propylene phases. 

Fig. 6. Comparison of the I-V curves obtained from the stable 

acetylene, ethylene, methylacetylene, and propylene phases. 

Fig. 7. Comparison of the I-V curves obtained from the (2x2) 

propylene, the low exposure (10 L) (2f1x2,/3)R300 2-butene, 

and the high exposure ( - 1000 L) (2/3x2/3)R30 °  cis-2-butene 

structures. 

Fig. 8. Comparison of the I-V curves obtained from the high exposure 

(-1000 L) (2/3x2/3)R30 °  cis-2-butene, the high exposure 

(-1000 L) (2V3x2/3)R30 °  trans-2-butene, and the intermediate 

exposure (100 L) (8x8) trans-2-butene structures. 

Fig. 9. TDS spectra of ethylene (C 2 H4 ), propylene (C3H6 ), and 

the 2-butenes (C4H8 ) adsorbed on Pt(1l1). (This figure is 

taken from Ref. 16). 



Fig. 10. The metastable methylacetylene species is di-a bonded to two 

Pt atoms with some additional ir-bonding to the third Pt atom. 

The methyl groups is presumed randomly attached to either of 

the two lower carbon atoms 

Fig. 11. The stable methylacetylene or propylene phase forms a 

propylidyne species, shown here with various methyl 

orientations. 

Fig. 12. The 2-butenes form a butylidyne complex on Pt(111), seen 

here perpendicular to the surface. The upper sketch shows 

the Van der Waals radii of the adsorbed hydrocarbon, while 

the lower sketch emphasizes the carbon skeleton. The 

(2/3x2/3)R30 °  unit cell containing three butylidynes is drawn. 
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Metastable acetylene on Pt(lll) 

XBL8I7-6066 

Fig. 1 
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Pt (III) + ethylidyfle 
XBL7946167  

Fig. 2 
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T3OO K, 	 52eV 

Pt (HI) _C2  H4  - ( 2x2) 
	

P0II)-cis-2-C4H8- (2x2) + diffuse (2/3x2I3) R30°  
ii 	-C 2 H+H- H 

-C 3 H 6 - 

'I  

Pt (III) - cis-2 C4H8-(2x2)+(2J3x2J)R30 0 
	

Pt (ItI)-trons-2-C4H8(8x8) 
It 	-trans-2-C4H8 -" 	 of 

Fig. 3 
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STABLE STRUCTURE-Pt(IlI) 
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Mefastoble methylocetylene 

XBL8I7'-6067 

Fig. 10 



fcc(III)+ C3 H5  (propylidyne) 

XBL8I 7 6065 

Fig. 11 
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fcc (Ill) + ( 213x 2J) R30°  C4 H7 (butylidyne) 

XBL 813-5411 

Fig. 12 
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VII. ETHYLENE ADSORPTION ON THE Rh(111) SURFACE 

A. INTRODUCTION 

In the past several years the structure of acetylene and ethylene 

adsorbed on the Pt(lll) face has been investigated with a number of 

techniques including dynamical low energy electron diffraction (DLEED), 

high resolution electron energy loss spectroscopy (HREELS), ultraviolet 

photoemission spectroscopy (UPS), and thermal desorption spectroscopy 

(TDS). A progression of different surface phases is believed to form 

with increasing temperature. Below room temperature, HREELS'' 2  and 

UPS 3 ' 4  indicate a di-a, iT bonded acetylene and a di-a bonded ethylene 

species; yet an early DLEED investigation 5  proposed a purely it  bonded 

acetylene complex. In the temperature range 300-450 K, the same 

"stable" phase structure forms with either ethylene or acetylene plus 

hydrogen adsorption. 2 ' 6 ' 7  This room temperature phase has been 

fairly contoversial, and three very different structures have been 

proposed: ethylidyne (!c-cH3 ) based on DLEED, 8  ethylidene 

(CH-CH3) based on HREELS,2 and a vinyl-like species (CH-CH2), 

better named 1-ethanyl-ylidene, based on UPS. 9  

Recently though, the ethylidyne model has gained a clear prefer-

ence over the ethylidene and l-ethanyl-2-ylidyne due to a reinterpreta-

tion of the HREELS spectrum.' °  A normal mode analysis "  was done 

on the IR spectrum of an organometallic analogue, CO3(C0)CCH 3
0 

to 

surface ethylidyne; the vibrational peaks observed in the IR and HREEL 

spectra have a one-to-one correspondence except for two additional 

peaks in the surface case. These additional peaks however are removed 
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by a thorough hydrogen treatment of the surface' °  and can be assigned 

to the presence of some coadsorbed vinylidene (=C=CH2) by comparison 

with a vinylidene HREEL spectrum2  and by similar reactions on small 

metal clusters.' 2  

Interestingly, Rh(111), 13  Pd(1l1), 14  and Pt(100) 15  have an 

ethylene overlayer with nearly identical HREEL spectra to the 

ethylidyne structure on Pt(111). The vibrational study on the Rh(l11) 

surface indicated that two different ethylidyne phases form as a 

function of temperature. At <230-270 K, a (2x2) lattice of ethylidyne 

appears at a 1/4 monolayer coverage; while heating to 270-420 K 

produces a c(4x2) lattice of ethylidyne. Above 420 K, the 

carbon-carbon bond breaks to leave a C-H species present on the surface 

to 700 K. 

In this chapter, we will present our structural determination of 

the Rh(111)_(2x2)_C2Hn layer using a LEED intensity analysis. Our 

study confirms the ethylidyne model found by HREELS and also provides 

additional bonding information. First, ethylidyne is clearly shown, to 

stand above an hcp hollow site rather than the fcc hollow found for 

ethylidyne in Pt(111). 8  We believe that this shift is probably 

caused by the presence of 'coadsorbed hydrogen on Rh(l11) and by its 

absence on Pt(111). Second, the measured carbon-carbon (1.45 A) and 

metal-carbon (2.03 A) bond distances for ethylidyne on Rh011) can be 

neatly explained by a- w hyperconjugation. That is, the lower (or 

apical) carbon atom in ethylidyrie is probably carbynic (sp-hybridized) 

permitting effective delocalization of the C-H group's a-bond electrons 

into the metal valence band. The bonding of ethylidyne to the surface 



-224- 

can then be represented by a non-directional triple bond rather than 

three separate sp3  orbitals pointed toward different Rh atoms. 

Substantial evidence for this unusual bonding arrangement is also 

present in similar organometallic clusters, such as CO3(C0) 9 H3 . 

However, our LEED analysis of the c(4x2)-C2H layer could not 

confirm the ethylidyne structure predicted by HREELS. Possible reasons 

for this discrepancy will be discussed in Chapter VIII where we include 

the c(4x2)-C 3H layer obtained after C3H6  or C3H4+H2  

adsorption. 

B. EXPERIMENTAL 

The apparatus and sample cleaning are described in Chapters III 

and V so we will only discuss the preparation of the (2x2)_C2H 

overlayer and the subsequent collection of the intensity data. Before 

the ethylene exposure, the crystal was routinely flashed to 400 ° C to 

remove pre-adsorbed carbon monoxide and hydrogen; the crystal would 

then cool to -30 ° C in less than 10 minutes. A measured exposure of 0.5 

L was used to produce a well-ordered (2x2) lattice. (The exposure 

value is not corrected for the ion gauge sensitivity or for the 

pressure difference between the pump and the gauge.) With this 

procedure, some carbon monoxide would be displaced from the chamber 

walls and would then coadsorb to give 0.05 monolayer coverage, as 

determined by thermal desorption yield experiments. 

An over- or under-exposure of ethylene would cause the ethylene 

layer to disorder. Upon heating the crystal gently to room temperature 

over the course of several hours, the LEED pattern indicated the over-

layer first disordered and then reordered into a c(4x2) structure. 
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Figure 1 shows the LEED patterns for the clean Rh(111), Rh(111)-(2x2)-

c2H and Rh(111)-c(4x2)-C 2H surfaces. If however coadsorbed 

hydrogen is present on the Rh(111) surface, both (2x2) and c(4x2) 

structures can form simultaneously at 230 K. To show this, we 

deliberately predosed the surface with atomic hydrogen; the ethylene 

that was then adsorbed at 230 K produced weak but well-focused 

quarter-order LEED spots corresponding to domains with a c(4x2) lattice 

as well as much more intense and similarly well-focused spots corres-

ponding to domains with a (2x2) lattice. So it appears the order-order 

transition [(2x2) + c(4x2)] of adsorbed ethylene can be forced at lower 

temperatures by the presence of coadsorbed hydrogen. 

The intensity vs. voltage (I-V) curves for the various diffraction 

beams were collected by a photographic method already described in 

Chapters II and III. The intensity curves were checked for a 3-fold 

symmetry at normal incidence (e0 ° ) and a remaining mirror-plane 

symmetry off normal incidence (0*0, 40); in addition, each IV profile 

was reproduced in a second, independent experiment. For use in the 

reliability factor analysis, the I-V spectra were then averaged over 

degenerate beams and independent runs, normalized to a 1 u amp incident 

beam current, and smoothed twice with a three-point formula. 

Similar to our finding in an earlier study of the Rh(1ll)-(/3Xi/3) 

R30-00 system [Chapter V], the LEED beam would first slightly improve 

the ordering of the (2x2)_C2Hn layer, and then an exponential decay 

with electron exposure would begin in the extra order diffraction spot 
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intensities. Figure 2 shows the change in the (0,1/2) beam intensity 

for the (2x2)_C2Hn overlayer as a function of electron beam expo-

sure. There is a slight increase in the beam intensity during the 

first 15 p amp-sec and then an exponential decay that reached half-

maximum intensity in another 36 p amp-sec. The extent of enhanced 

ordering by the electron beam depended on the amount of coadsorbed 

background hydrogen on the surface; as the coadsorbed hydrogen coverage 

increased, a longer electron beam exposure was necessary to reach the 

maximum spot intensity. In yet another similarity with the earlier 

C0/Rh(111) study, a semilog plot of the (0,1/2) beam intensity vs. 

electron exposure (see Fig. 3) for the (2x2)-C2H phase again shows 

two rather different decay constants. Although the initial decay rate 

for the ethylene overlayer (c*j = 0.029 p amp-sec) is about twice 

as fast for the carbon monoxide overlayer (a1 = .016 p amp-secl), 

the second decay rates are essentially identical (a2 = .0086 p amp-

sec' for ethylene, a2 = .0088 p amp sec 	for carbon monoxide). 

In light of this sensitivity, the electron beam damage was mini-

mized by moving the beam across the crystal during photography,' 6  

thus limiting the electron beam exposure of any given region of the 

surface to less than 25 p amp-sec. As a result, the LEED spots asso-

ciated with the ethylene overlayer would stay within 5-10% of the 

maximum intensity during photography. 
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C. LEED THEORY 

The LEED calculations for the Rh(1l1)_(2x2)_C2H n structure 

were performed with convergent multiple scattering through renormalized 

forward scattering. 17  The rhodium atoms are represented by a band 

structure muffin-tin potential,' 8  used in previous LEED calculations 

for rhodium surfaces [Chapter V and Ref. 19]. For the adsorbed 

molecular species we used the approach indicated by Kesmodel et 

8920 for a similar molecular species on Pt(111). The hydrogen 

atoms are ignored, being weak electron scatterers. The spherically 

symmetrical potential inside the carbon muffin-tin spheres was obtained 

from molecular-orbital wave functions given by Palke and Lipscomb 2 ' 

in a self-consistent field treatment for acetylene. The potential 

consists of an electrostatic term and a slater exchange term, and some 

overlap with nearby platinum atoms is included.. An imaginary part of 

the potential proportional to E" 3  was chosen. Rhodium thermal 

vibration amplitudes were increased by a factor of 1.4 relative to the 

bulk value for Rh, while the adatoms were given double the bulk 

vibration amplitudes. 

Theory and experiment are compared through a set of R-factors 

(reliability factors) and their average. These are an R-factor measur-

ing the fraction of the energy range with slopes of opposite signs in 

the experimental and theoretical I-V curves, two R-factors based on 

intensity differences (both in absolute value and squared) as well as 

Zanazzi-Jona and Pendry R-factors (called ROS, Ri, R2, RRZJ, and RPE, 

respectively, in Chapter V and Ref. 19.0. We not only average 

R-factors over all available beams but also contrast the R-factors for 
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different beams, looking for coincidence in the structural predictions 

by the different beams. 

D. RESULTS 

Four different adsorption sites were tested for the Rh(lll)-(2x2)-

C2ln determination; they are the atop (aaABC ... ), the hcp hollow 

(bbABC..., xbABC ... ), the fcc hollow (ccABC ... ), and the bridge 

(ddABC ... ) sites. At each site, the carbon-carbon axis was kept 

perpendicular to the surface except for the hcp hollow (xbABC...) where 

the axis was also tilted by 28_400 from the normal along the [011] 

direction; the carbon-carbon and carbon-metal distances were then 

varied in 0.10 A increments. Table 1 summarizes the set of all 220 

structural models tried. 

The comparison between theoretical and experimental I-V curves at 

normal incidence (nine independent beams) eliminated the atop 

(aaABC ... ) and fcc hollow (ccABC ... ) sites as well as the models with a 

tilted carbon-carbon axis (xbABC ... ) and with a quarter monolayer of 

atomic carbon (bABC...). Figure 4 shows the average R-factor contour 

plots for the hcp hollow (bbABC...) and bridge (ddABC ... ) sites. We 

see that the minimum R-factor reached in both plots, when varying the 

metal-carbon and carbon-carbon distances, is about the same (0.29 for 

the hcp hollow, 0.30 for the bridge). Yet the contours for the hcp 

hollow site are much steeper than those for the bridge site. 

To confidently distinguish between those two models, we considered 

the intensity curves (39 independent beams) taken at three off-normal 

incidence angles. Figure 5 shows the R-factor contour plots for the 

hcp hollow and bridge sites at each of the three off-normal incidence 
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angles. The R-factor minima for the hcp hollow sites are significantly 

lower than those for the bridge site at 8=21 °  and 8=31 ° ; while we again 

notice that the contours are much steeper for the hcp hollow than for 

the bridge site. Also, the metal-carbon and carbon-carbon distances 

are much more consistent for the hcp hollow site at the different polar 

angles. Figure 6 gives a representative comparison between theoretical 

and experimental intensity curves for our best structure. 

The R-factor contours obtained in this determination are compa-

rable both in shape and magnitude to those available in two other 

molecular structure determinations using dynamical LEED. For the 

Rh(111)-(fxñ)R30 ° C0 system [Chapter V], a Zanazzi-Jona reliability 

factor of 0.40 and a Pendry factor of 0.50 were obtained, while Pendry 

R-factors of 0.50 and 0.40 were found for CO on Ni and Cu(100), 22  

respectively. We obtain a Zanazzi-Jona R-factor of 0.49 and a Pendry 

R-factor of 0.52 for the Rh(lll)_(2x2)_C2H3 determination. It is 

interesting that the R-factor contour plots around the minimum have, in 

this work and in the CO investigations, an elongated elliptical shape 

that becomes less pronounced at polar angles further off normal 

incidence, thus implying a greater uncertainty in the position of the 

underlying carbon atom. This feature has already been discussed in 

Chapter V and Ref. 22. 

Our analysis gives the projected metal-carbon (dphc) and 

carbon-carbon (djcC) distances to be 1.31 and 1.45 A, respectively. 

These values represent a weighted average over the polar angle data 

that accounts for the different number of beam profiles at each angle. 

The individual metal-carbon (djpC) and carbon-carbon (djcc) 
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distances for each angle can be found in the R-factor plots (Figs. 4 

and 5) or Table 4. An ethylidyne species (c-cH3) is strongly 

implied by these distances in agreement with earlier HREELS work. 

Figure 7 illustrates the (2x2)-C2H3 structure we find by dynamical 

LEED as well as the c(4x2)-C2H geometry predicted by HREELS. 13  

Our result for the (2x2)-ethylidyne layer should be contrasted with a 

similar study8  of the Pt(lll)_(2x2)_c2H3 system which indicated 

an ethylidyne group standing above a fcc rather than an hcp hollow 

site. This change could not be detected with HREELS, but is clearly 

seen in our LEED determination. Table 2 summarizes the bond distances 

determined for these two overlayers. 

A possible explanation why ethylidyne would select different 

hollow sites on the Pt and Rh(lll) surfaces involves the role of 

coadsorbed hydrogen. Thermal desorption spectra (TDS) of the Rh(lll)-

and Pt(lll)-(2x2)-C2H3 surfaces' 3 ' 23  indicate that the extra 

hydrogen released to form ethylidyne from ethylene remains on the Rh 

surface (240 K), but mostly desorbs from Pt (300 K). The hydrogen that 

is then present on the Rh surface may block a fcc hollow site but still 

permit adsorption above the hcp hollow near it. However, it should be 

mentioned that the adsorbed ethylene probably has only a quarter 

monolayer coverage so there are other fcc hollow sites present on the 

surface for ethylidyne to occupy if it were sufficiently mobile. 

E. DISCUSSION 

The objective of most structural studies is to gain more informa-

tion on the bonding of the molecule or complex being investigated. In 

this section, we will interpret our structural results in the context 
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of similar organometallic compounds that have been extensively studied 

to date. The carbon-carbon bond distance (1.45 A) for the 

Rh(111)-(2x2)-C 2H3  structure is significantly smaller than the 

single bond distances (1.53-1.54 A) found in saturated hydrocarbons and 

also substantially larger than the double (1.34 A) or triple (1.20 A) 

bond lengths found in unsaturated hydrocarbons. Though our LEED study 

cannot determine the hydrogen positions, HREELS and TDS work 13  

indicate that an ethylidyne species does exist on the surface. 

After considering similar organometallic species, we can arrive at 

a consistent explanation of the slight double bond character in the 

carbon-carbon distance for the surface ethylidyne species. The apical 

carbon does not make classical sp 3  hybridized bonds to the surface, 

but rather becomes sp-hybridized and then it bonds to the surface in a 

way very similar t:o the nietallocenes. This rehybridization of the 

apical carbon permits the energetically favorable delocalizatiort of 

electrons from the alkyl group into the metal valence band; the 

delocalization is due to a-ri hyperconjugation of the CH groups and the 

it orbitals of the M 3 C group, as illustrated below: 

H 
	

H 

H 

LI 
Iii 

I/I 	I/I 
0 
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The carbon-carbon distance acquires some double bond character in the 

resonance structures. Some charge is also transferred to the electron 

withdrawing metal at the expense of the CH orbitals; and the apical 

carbon-metal surface bond strength is decreased. 

Let's now consider the available structural evidence for the 

carbon-carbon and metal-carbon distances of organometallic and surface 

ethylidyne complexes; we will find that the bond lengths fit our simple 

hyperconjugation model very neatly. In Table 3, we group carbon-carbon 

single bond distances for organic, organometallic, and surface ethyli-

dyne complexes according to their assigned hybridizations. The single 

bond in diacetylerie (HCC-CECH) is shortened by electron delocalization 

to practically a double bond distance (1.37 A). While we observe the 

(CO) 9CO 3C-CC0 3 (CO) 9  cluster has the same shortened carbon-carbon 

distance although there are no explicit double or triple bonds on the 

carbon atoms. This suggests that there is substantial it bonding between 

the carbon atoms in (CO) 9Co 3CCC0 3 (CO) 9 
 and requires that the api- 

cal carbon become nearly sp-hybridized. 

Turning now to the M3 CCH3  clusters in Table 3, the ethylidyne 

carbon-carbon distance falls into the same hybridization category 

(Csp2 -csp 3 ) as the single bond length in propylene; this would 

give the apical carbon in the M3 CCH3  clusters close to a sp 2-hybrid-

ization. Yet the carbon-carbon distance of the surface ethylidyne falls 

into the c 5 -05 3 hybridization category along with the single bond 

length of propyne. This difference in hybridization for the surface and 

cluster ethylidyne group is to be expected since a balance must be met 
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between the energetically favorable delocalization of electrons from 

the alkyl group into the metal and the energetically unfavorable 

sp-hybridization of the apical carbon that reduces the overlap with the 

metal d-orbitals. The metal surface can produce a more extensive 

delocalization of the alkyl group's electron density to offset the 

rehybridization energy than the M 3 C-R cluster can since more metal 

atoms are present on the surface than in the M3C-CH 3  cluster. 

This ability for the metal surface to better delocalize the alkyl 

group's electrons is suggested in the IR spectra 28  for CH3C0CH31 

PhCOPh, and [c03(CO) 9C1 2C0. These spectra show a progressive 

weakening of the Co bond strength "co = 1719, 1667, and 1385 cm', 

respectively] since the CO w-electrons are most delocalized in the 

[CO3 (CO) 9 C] 2C0 cluster. The very low CO stretch frequency for 

this cluster indicates how much more effectively the CO3(CO) 9C can 

delocalize the CO valence electrons than the phenyl group can. This 

should be anticipated since the CO3(CO) 9C cluster has 121 valence 

electrons while the phenyl group has only 29. The valence band of the 

Rh surface should produce an even more extensive delocalization of the 

alkyl group's electron density than the CO3(CO) 9C cluster and thus 

be able to offset the considerable energy needed to sp-hybridize the 

apical carbon. 

In Table 4, we list the apical carbon covalent radii (rc) for 

three different alkylidyne groups; the radius is defined as the metal 

atom to apical carbon bond distance minus the metal-metal distance. 

The covalent radii in the first group of M3CCH31 	C-C11 and 

M3C-0- clusters are all 0.66-0.67 A,  even though different ligands 
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are attached to the trinuclear cluster and different metal atoms are 

used. The surface ethylidyne with an apical carbon covalent radius of 

0.69 A comprises the second group. While the CO3CC Co 3  dimer of 

the third group gives a carbon covalent radius of 0.73 A. This trend 

in covalent radii indicates that the a-carbon (or apical carbon) to 

metal bond strength decreases as the a-carbon to s-carbon single bond 

strength increases; in other words when the a-carbon in M3CR allows 

a greater electron delocalization from the alkyl group (R) into the 

metal cluster (M3), the overlap of the a-carbon orbitals with the 

metal dxzI d 	 orbitals is reduced.
yz  

Thus, the structural evidence from the organometallic compounds 

M3 (C0) 9CCH3  as well as our Rh(1l1)-(2x2)-C2H3  determination 

indicates a sp 2- or sp-hybridized a-carbon and significant 	hyper- 

conjugation in the ethylidyne group. Table 5 now summarizes the com-

plementary electronic evidence available on the organometallic com-

pound, CO 3 (C0) 9CCH31 for sp 2-hybridization and hyperconjuga- 

tion. Unfortunately, the determination of the Pt(111)-(2x2)-C 2 H3  

structure does not fit snugly into this picture (Table 2); the carbon-

carbon distance for ethylidyne is slightly too large (1.50 rather than 

1.45 A) and the apical carbon covalent radius is much too small (0.61 

rather than 0.69 A). A likely explanation for this departure is that 

no R-factor analysis was used in the Pt(l11) study to interpolate 

between the tested bond distances. That is, the Pt(lll) study 

considered only some carbon-carbon distances that occur at regular 

intervals (1.20, 1.30, 1.40, and 1.50 A); while an R-factor 
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analysis could interpolate between these values to yield our bond 

length of 1.45 A. 

Another less likely explanation can account for this departure. 

We recall that ethylidyne stands above an hcp hollow site on Rh(lll) 

and above a fcc hollow site on Pt(1ll). This change could pull the 

apical carbon of ethylidyne into the hollow site on Pt and may 

strengthen the overlap between the metal d-orbitals and the apical 

carbon's sp3  orbitals. Hyperconjugation should then be reduced 

because it requires a more strongly bound sp 3-hyhridized apical 

carbon to be replaced by sp-hybridized apical carbon. 

F. SUMMARY 

Ethylidyne forms on the Rh(l11) surface at <230-270K after 

ethylene adsorption; it orders into a (2x2) lattice with one molecule 

per unit cell. The CCH3  fragment stands above an hcp site rather 

than the fcc hollow site found for ethylidyne on Pt(11l). This change 

in adsorption sites for Pt and Rh may be due to the coadsorbed hydrogen 

present only on the Rh surface; this hydrogen could occupy a fcc hollow 

site that may block ethylidyne adsorption if the CCH3 group is not 

very mobile. 

The carbon-carbon (1.45 A) and metal-carbon (2.03 A) distances 

determined in this study have a Pendry R-factor of 0.52 and a Zanazzi-

Jona R-factor of 0.49. The distances suggest that the carbon atom 

bound to the surface is carbynic (sp-hybridized) and that the electron 

density in the C-H bond is delocalized into the metal valence band. 
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Table 1. Summary of the 220 different structural models tested in the 
LEED determination of Rh(lll)-(2x2)-C2H3. 

Site 	djRhc[A] 	dcc[A] 	dcc[A] 	Remarks 

ccABC... 	1.1(.l)l.4 	1.1(.1)1.6 	0 

bbABC... 

xbABC... 

1.1(.1)1 .8 

1.1(.1)1.4 

l.l( .1)1.6 

1.1(.1)1.6 

IC 

.74 	gives tilt angle 
o 
CC

=42.3, 30, 

27.5 0  at dLccl.l 
1.5, 1.6A, 
respectively 

aaABC... 	1.1( .1)2.2 	1.1(.1)1.6 
	

Ef 

ddABC... 	1.1(.1)1.8 	1.1(.1)1.6 
	

Li: 

bABC... 	1,1(,1)1.4 	- 	 - 	no 2nd C; 1/4 
monolayer C 
coverage 
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Table 2. Comparison of ethylidyne bond distances on Pt(111) and 
Rh(111). (c = carbon-carbon distance, m = metal-carbon 
distance, rM = measured metallic radius, r = carbon 
covalent radius). 

c(A) m(A) rM( A )  rC(A)tnrM 

Rh(111)-(2x2)-C 2H3  1.45 2.03 1.34 0.69 

Pt(111)-(2x2)-C 2 H3  1.50 2.00 1.39 0.61 
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Table 3. Variation of carbon-carbon bond lengths for organometallic 
clusters and surface species: evidence for sp and sp 2  
hybridization of the apical carbon for YCC03(CO)9. 

c-c 	 C -C 
sp sp 	 2 

sp 	sp 
2 

 

HCC--CCH24 	 1.37 A 	H2 C=HC--CHCH 2 24 	 1.48 A 

(CO) 9Co 3C--CCo 3 (CO) 9 25 	1.37 
	

(ir-C6 H3Me 3 )(CO) 6 CO 3 C--C6 H5 32  1.48 A 

(CO) 9 Co 3C--CC-CCo 3 (CO) 326  1.37 
	

(ir-C8 H8 )(CO) 6 Co 3C--C6 H5 32 
	

1.47 

C 2 C 	 csp—c 3 
sp 	sp 	 sp 

H2 CCH--CH3 24 	 1.51 A 	HCC--CH 3 24 	 1.46 A 

(CO) 9 Co 3 C--CH 3 28 	 1.53 	Rh(111) - (2x 2 )C - CH 3 	probably 
1.45 

(CO) 9H 3 Ru 3CCH329 	 1.51 

(CO) 9 F1 3Os 3C--CH 3 3° 	 1.51 

[P(C 6H 5 ) 3 ](CO) 9Co 3 C--CH3 3 	1.50 
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Table 4. Comparison of apical carbon covalent radii for alkylidyne 
clusters and ethylidyne on Rh(lll). (c = carbon-carbon 
distance, m = metal-carbon distance, rM = measured metallic 
radius, rC = carbon covalent radius) 

c(A) 	m(A) 	rM(A) 	rC(A)mrM 

I. M CCHM C-C , or M C-0-- 
3 	3' 3 	\ 	3 

Co 3 (C0) 9CCH328 	 1.53(3) 1.90(2) 	1.24 	0.66 

H3Ru 3 (CO) 9CCH3 29 	 1.51(2) 2.08(1) 	.1.42 	0.66 

H30s 3 (CO) 9CCH 3 3° 	 1.51 	2.08 	1.42 	0.66 

(C0) 9Co 3COBH 2N(C 2H 5 ) 3 34 	 -- 	 1.92(1) 	1.25 	0.67 

(CO) 9Co 3COBCl 2N(C 2H 5 ) 3 3 	 -- 	 1.89(2) 	1.24. 	0.67 

(CO) 8 [P(C 6H 5 ) 3 ]Co 3CC}i 3 36  1.50(2) 	1.91(2) 	1.25 	0.66 

(C0) 6 (1T-C 6H 5Me 3 )Co 3CPh 32  1.48(2) 1.89(2) 	1.23 	0.66 

(C0) 6 (7t-C 8H 8 )CO 3CPh 32 	1.48(2) 1.89(2) 	1.23 	0.66 

II. 	Rh(lll)-(2x2)-C 2 1-13  

 average 1.45 2.03 1.34 0.69 

 e = 00 1.41 2.03 1.34 0.69 

 110 1.44 2.03 1.34 0.69 

• 	 12) 21 °  1.49 2.01 1.34 0.67 

13) 310 1.46 2.03 1.34 0.69 

III. Co 3 C-CCo 5 	 1.37(1) 	1.96(1) 	1.23 	0.73 
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Table 5. Complementary electronic evidence for sp- or sp 2-hybridiza-
tion and hyperconjugatiort in Co3(CO) 3CCH3 . 

Technique 	 Result 	 Implication 

1) H' NNR25 	H65 ppm for Co 3 (CO) 9 CCH3 -- 	C-H bond weakening; 

deshielded to C 2 H  6(6H91 ppm) 	
hyperconjugation 

--midway between C 2 H  4(6H8•2 
ppm) and C 

2  H  2 H 47  

H'  NMR37 	6H*0.6 ppm for Co 3 (CO) 9CCH 

and Co3(CO ) 9CCHOHMu* 

8.5 ppm for Me 2CH and 

Me 2  CH*OH 

13 c NMR3 	 ppm for Co 3 (CO) 9 CC*H2  

and Co 3 (CO) 9CC*H 2O 6c* 2 SS 3  

ppm for Me 2 C*H2  and Me 2 C*H2 OH__ 

for 

(C6H5 )Fe(C6 H5 C*H2OH) and 

(C 6H 6 )Fe(C6H 5C*H 2 ) 

positive charge 
on cluster carbonium 
ion very delocalized 

positive charge on 
cluster carbonium 
ion very delocalized 

(continued) 
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2 
Table 5. Complementary electronic evidence for sp- or sp -hybridiza-

tion and hyperconjugation in CO 3 (CO) 3CCH3 . (continued) 

Technique 	 Result 	 Implication 

13C NNR37 
	6=258•4 ppm for Co3(CO)9-sp- 
	2 or sp - 

CCO 	
hybrid izat ion 

2Et--only close to carbyne 	of apical carbon 
complexes RC*M(CO) 4X 

59 Co Nuclear 	electron donation or withdrawal 	sp- or sp 2- 
Quadrupole 	from R to Co group in 	 hybridization 

38 	 of apical carbon 
Resonance 	Co 	 it 3 (CO) 9CR occurs via - 

reonance expected for sp- or 
sp -hybridized apical carbon 
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Figure Captions for Chapter VII 

Fig. 1. LEED patterns from surface structures produced by C 2H4  

adsorption on Rh(1l1). (a) clean Rh(l1l) at 93 eV, (b) (2x2)-

C2H3  at 74 eV, and (c) c(4x2)-C 2H3  at 68 eV. 

Fig. 2. Plot of (0 1/2) beam intensity vs. electron beam exposure. 

Fig. 3. Semilog plot of (0 1/2) beam intensity vs. electron beam 

exposure. 

Fig. 4. R-factor contour plot for bridge and hollow sites at 0 = 0 0 .  

(Contour levels occur at .0.025 intervals.) 

Fig. 5. R-factor contour plot for bridge and hollow sites at 0 1 0 0 , 

= 0 ° . (Contour levels occur at 0.025 intervals.) 

Fig. 6. Representative set of I-V curves for Rh(11l)-(2x2)-C 2H3 . 

Experimental curves, taken at T = 240 K, are drawn with thick 

lines. Corresponding theoretical curves, drawn with thin lines 

and shifted upward for clarity, refer to the bbABC... structure 

(hcp-type hollow site) with djRhC  = 1.3 A, dicc = 1.5 A and 

C-C axis perpendicular to the surface, which is close to the 

"best" structure (djC = 1.31 A, djcc = 1.45 A). 

Fig. 7. Schematic of the ethylidyne lattices that apear on the Rh(1l1) 

surface. Our LEED analysis confirms the (2x2)-ethylidyne but 

not the c(4x2)-ethylidyne structure proposed in a HREELS 

study.'3 
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VIII. C2R2 , C311 f , AND C 3  H  6  ADSORPTION ON THE Rh(111) SURFACE 

A. INTRODUCTION 

In this chapter we will consider three different hydrocarbon 

structures that occur on the Rh(lll) surface. 

A c(4x2) overlayer lattice forms above 270 K if ethylene, 

propylene, acetylene plus hydrogen or methylacetylene plus hydrogen is 

adsorbed. Intensity vs. voltage (I-V) profiles for all the c(4x2) 

layers are found to be identical within experimental uncertainty 

which implies that their structure should also be the same or very 

similar. High Resolution Electron Energy Loss Spectroscopy (HREELS) 

results' suggest that the c(4X2) layer obtained with ethylene or 

acetylene plus hydrogen contains an ethylidyne species. Our LEED 

analysis cannot at present confirm this claim, and we will examine 

possible reasons for the discrepancy. 

Propylene adsorption on the Rh(1ll) surface at <240-270 K 

produces a (2x2) lattice of propylidyne; the overla-yer structure is 

analogous to the (2x2)-C2 H3  layer we considered in Chapter VII with 

one important difference. The extra carbon atom in the propylidyne 

group can produce a (21'3x2/3)R30 °  superlattice. The formation of the 

superlattice is probably driven by the Van der Waals forces acting 

between the neighboring methyl groups. This structure is found by a 

preliminary LEED analysis (which assumes kinematic scattering in the 

hydrocarbon layer) and by a direct comparison of intensity curves that 

were measured after propylene and ethylene adsorption at 240 K. 
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Quite interestingly, low propylene exposures (1-2 L) will generate 

a well-ordered (2x2) adsorption lattice, while much higher gas exposures 

(-1000L) are necessary to order the y-carbon superlattice in the 

propylidyne overlayer. (Our gas exposures are uncorrected for ion-gauge 

sensitivity and for the different gas pressures at the ion-gauge and 

crystal.) Our Auger Electron Spectroscopy (AES) and diffraction beam 

intensity measurements indicate the carbon coverage of the low and high 

exposure phases is nearly the same. We believe the disorder-order 

transition that is observed with increasing gas exposure may be caused 

by the kinetics of propylene adsorption near saturation coverage. The 

kinetics is probably controlled by a repulsive Van der Waals interaction 

between the adsorbing propylene and the propylidyne already present on 

the metal surface. 

(3) A (2x2) lattice also forms during methylacetylene adsorption 

on the Rh(111) surface at <240-270 K; as in the (2x2) propylidyne layer, 

a (2/1x2/)R300 superlattice appears with increasing gas exposure and 

becomes well-ordered only near -1000 L. We have collected intensity 

data for this system and they bear little resemblance to the intensity 

curves for the (213x2v'3)R30 ° -3c 3 H5  layer. (I should mention that 

Frank Ogletree is most responsible for generating this set of intensity 

spectra from the data on film.) Although we have not yet begun a LEED 

analysis of these curves, the structure of this overlayer is probably 

analogous to other alkyne layers formed on the Rh' and Pt(l1l) surface 

(Chapter VI). 
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B. EXPERIMENTAL 

i) Apparatus and Intensity Measurement 

The cleaning of the Rh(lll) crystal and the apparatus that was used 

for these experiments have been described in earlier Chapters III and V; 

so we will only add a few more experimental details here. The base 

pressure of our UMV chamber was typically 5-10xlO 0  torr during these 

adsorption experiments; and the measured H 2 /CO ratio in the ambient 

gas was -4. This translates as a partial pressure ratio of -2 after 

correcting for the sensitivity of the mass spectrometer. 

The UTI 100C mass spectrometer was also used in the thermal 

desorption experiments; the mass numbers were detected with only a 2-3 

amu resolution to improve the signal-to-noise ratio. So we did not 

distinguish between C 3 H6  and C3 H8  or C 3  H  4  desorption. The 

linear temperature ramp was -6 K/sec. 

The intensity vs. voltage profiles for all the adsorption systems 	 - 

to be discussed were collected using the photographic technique. The 

overlayers were sufficiently sensitive to electron beam damage that the 

incident LEED beam was moved across the crystal during the course of 

photography. In this way, the electron dose at any given region of the 

crystal was limited to about 25 j.iamp-sec; and the resulting intensity 

loss due to electron beam damage was less than 5%. The half-order beams 

for these overlayers decayed to half their maximum intensity in 100-200 

liamp-sec. 

Interestingly, the intensity of the half-order spots were observed 

to increase initially with electron exposure for all the low temperature 

(240 K) structures (see also Chapter VIIB). This effect (also observed 
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for the ethylidyne and CO layers at 240 K on Rh(lll)) is probably caused 

by the electron beam-induced desorption of coadsorbed hydrogen. In 

agreement with this explanation, we did not find an initial increase in 

the spot intensity with increasing electron exposure for the c(4x2) 

overlayers that were formed at 300 K since a quarter monolayer of 

coadsorbed hydrogen should have a significant desorption rate at this 

temperature. 

ii) Preparation of the c(4x2) Overlayer 

When the (2x2) lattice of ethylidyne (Chapter VII) that we formed 

at (<240-270 K) was slowly warmed to room temperature over the course of 

2-3 hours, a well-ordered c(4x2) overlayer would develop.' The LEED 

patterns for both the (2x2) and c(4x2)_C2Hn  structures are shown in 

the upper part of Fig. 1. The (2x2) layer would quickly disorder if 

heated to -270 K, but the c(4x2) lattice would then take several hours 

to fully order. The c(4x2) layer ordered best if a high background of 

hydrogen was present. This was achieved by flowing i' torr H2 

through the UHV chamber for 1/2 hr with the mass spectrometer filaments 

on; the crystal was then flashed to 400 K to desorb the hydrogen prior 

to the ethylene exposure. In some cases, a c(4x2) layer was obtained at 

240 K together with the (2x2) phase when a hydrogen treatment preceded 

the ethylene exposure; however, both layers disordered and only the 

c(4x2) lattice re-emerged when the crystal was slowly warmed to room 

temperature. 

Propylene adsorption behaved very much like ethylene. Adsorbed 

acetylene and methylacetylene on the other hand would produce a very 

poorly ordered c(4x2) lattice unless a hydrogen treatment preceded the 
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hydrocarbon exposure. An atomic hydrogen treatment done after alkyne 

adsorption would still not yield a well-ordered c(4x2) lattice even 

though the crystal was kept at 240 K and allowed to warm slowly to room 

temperature. 

Preparation of the (2x2) Layer of Adsorbed Propylene 

As shown in the lower left panel of Fig. 1, the propylene layer 

that appears after a 1-2 L gas exposure (which is uncorrected for ion 

gauge sensitivity and the pressure difference between gauge and sample) 

with the crystal at <240-270 K has a well-ordered (2x2) lattice but also 

a coexisting (2i5x2)R30 °  lattice which is fairly disordered. With 

increasing exposure (1000 L), the (2v'3x2/3)R30 °  lattice becomes 

well-ordered as illustrated in the lower right section of Fig. 1. Using 

a telephotometer, we measured that the half-order diffraction beam 

intensity would reach a near-maximum level after only a 2 L exposure, 

while the intensity of the sixth order reflections (that arise from the 

(2/3x2/3)R30 °  lattice) would increase steadily until an exposure of 

- 1000 L was reached. However, we did not observe any improvement in the 

ordering of the (213x2/3)R30 °  lattice if a high exposure (-4000 L) of 

n-butane (n-C4H 10 ) followed the adsorption of 1-2 L propylene. 

Preparation of the (2x2) Layer of Adsorbed Methylacetylene 

Methylacetylene adsorption at 240 K gives the same progression of 

LEED patterns with increasing exposure as propylene (see Fig. 1). A 

well-ordered (2x2) coexists with a fairly disordered (2/3x2i13)R30 0  

lattice at low exposures (1-2 L), while higher exposures ( -4000 L) 

produce a well-ordered (2v'3x2/3)R30 °  periodicity. The ordering of the 

(2/3x2v'3)R30 0  lattice was fairly sensitive to the amount of background 

) 
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H2  in the chamber. In fact, we only did about three adsorption 

experiments (each using - 1000 L exposures) before another bakeout was 

found necessary. Already during the third adsorption experiment, 

ordering of the (2Ix2/)R30 0  lattice was noticeably poorer than that 

obtained after the first experiment. To insure that the slight 

disordering did not affect ourineasured intensity curves, we made certain 

that one set of intensity data at each polar-angle was collected during 

the first or second adsorption experiment in every bakeout cycle. 

Acetylene adsorption was more sensitive to our background H2  

pressure than methylacetylene. Operating at a lower base pressure 

('- 1x10 0  torr), L. H. Dubois etal.' produced a sharply focused 

(2x2) LEET) pattern after a low acetylene exposure (1-2 L) at a low 

temperature (240 K). We were only able to produce a fairly disordered 

(2x2) pattern just after an extended bakeout of our IJHV chamber. After 

a few adsorption experiments the (2x2)-C2H2  pattern became even more 

disordered. 

v) Coadsorption of Background H and CO 

The major background gases in the UHV chamber (H2  and CO) did 

influence our hydrocarbon adsorption experiments. H2 desorption 

occurs near 300 K on the clean Rh(lll) surface; but a substantial 

amount of H2  can remain adsorbed with the hydrocarbon layer at 240 K 

where the desorption rate is quite small. This coadsorbed hydrogen is 

probably responsible for the poor ordering of the acetylene and methyl-

acetylene overlayers on-the Rh(ll1) surface at 240 K. We believe 

the hydrogen reacts with the adsorbed alkyne to produce a mixed phase of 

alkylidyne and alkyne. 
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To a lesser extent, coadsorbed hydrogen can also disorder molecular 

overlayers which do not react with it. This was observed in plots of 

the intensity of the overlayer diffraction beams vs. the electron 

exposure. For both CO and hydrocarbon adsorption at 240 K, the inten-

sity for the overlayer reflections would show a slight increase at first 

( 20 u amp sec for (2x2)-C 2H3  as shown in Fig. 2 of Chapter VII) and 

then an exponential decay with electron exposure. As the background 

H2  pressure rose, we needed larger electron exposures (-100 iamp-sec 

for (2x2)-C2 H3 ) to reach the maximum intensity in the overlayer 

reflection. (Yet the resulting intensity curves were found to be the 

same for both preparations of the (2x2)-C 2H3  layer.) On the other 

hand, CO and hydrocarbon adsorption at 300 K, where the H2 desorption 

rate is significant, did not show any electron-beam induced ordering of 

the overlayer lattice. In another experiment described in Chapter V, 

the (/3x13)R30 ° -CO layer obtained at 240 K was slightly disordered, but 

'could become very well-ordered by flashing the sample to 325 K whereupon 

some H2  desorption was detected with the mass spectrometer. 

CO coadsorption was also observed during our hydrocarbon exposures. 

Thermal Desorption Yield Spectroscopy indicates that very little CO 

adsorbs prior to the hydrocarbon exposure. However, during the hydro-

carbon exposure about 0.05-0.10 monolayers of CO adsorbs on the Rh(111) 

surface. This coverage is estimated by comparing the peak areas of 

thermal desorption spectra obtained from the (ixi)R30 ° -00 structure at 

0=1/3 and from the coadsorption phases. These coadsorption phases 

include the ethylene, propylene, methylacetylene, and acetylene layers 
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that order into (2x2) or c(4x2) lattices; it also includes the (2x2) and 

c(4x2) ethylene overlayers that were post-exposed to a few langmuirs of 

CO. 

We should point out however that the post-adsorption of CO can be 

important under more severe conditions; we found that an ordered c(4x2) 

ethylene layer can be disordered with a -10 L CO exposure. As shown in 

Fig. 2, the disorder is directed only along the long edge of the primi-

tive rectangular unit cell. The estimated coverage of CO after this 

treatment is still near 0.10 monolayers as measured by Thermal Desorp-

tion Yield Spectroscopy. This suggests that only a small amount of CO 

can be post-adsorbed into the c(4x2) ethylene overlayer and that this 

amount will cause a disordering in the c(4x2) lattice. 

Other evidence also implies that post-adsorption of CO into the 

c(4x2) lattice is not significant. As we'll see in the Results section, 

the intensity spectra for the ethylene and propylene-derived c(4x2) 

overlayers are identical within experimental error. Since the propylene 

layer is more crowded than ethylene, we would expect the propylene and 

ethylene intensity spectra to be different if CO post-adsorption were 

significant. That is, the more crowded propylene layer should allow 

less CO to post-adsorb than the ethylene c(4x2) lattice. 

C. RESULTS 

i) c(4x2) Layer 

a) Domain Preference 

The LEED pattern for the c(4x2) layer has many diffraction beams 

which arise from only one of the three possible rotational domains. If 

we look at Fig. 1, we see that the intensity for equivalent diffraction 
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beams from separate domains can be dramatically different. Two domains 

give nearly the same intensity to equivalent LEED spots, while the third 

domain has much weaker diffraction intensities. We can see this quite 

easily by looking at the equivalent spots about the mirror planes in the 

(10) and (01) directions in the c(4x2) pattern given in Fig. 1. (We 

should not forget however that the intensity vs. voltage spectra for all 

the equivalent spots are proportional to each other even though their 

absolute intensities are found to be different.) 

Since one domain has a corresponding set of diffraction beams that 

are fairly weak in intensity, it should have a lower coverage on the 

surface. The probable reason for this domain preference is the presence 

of a fairly large step density on the metal surface. Two of the 

rotational domains would then remain nearly equivalent with respect to 

the step edge and their orientation would be favored over the third 

domain. 

The orientation of the step edge must lie in only a few possible 

directions to give the observed domain preference in the c(4x2) 

structure. There are six mirror lines in the ethylene overlayer (three 

of which are also mirror planes in the metal substrate). Since two 

rotational domains are nearly equivalent with respect to the step edge, 

this edge must lie along one of two possible mirror planes. Now the 

step edge may also be rotated by as much as 3 °  away from these mirror 

planes since this small perturbation should not strongly affect 

the apparent symmetry between the two near equivalent domains. This 

simple argument implies that the step edge lies in a 12 °  sector out of a 

possible 180°. 
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Next we can ask what probability is there that the step edge would 

lie in a direction that makes two rotational domains nearly equivalent. 

-. 	 Here again we will assume that the step edge may be rotated about 30 

away from the mirror plane without appreciably affecting the measured 

intensities in the near-equivalent domains. The probability we 

calculate is 1/5. 

b) Comparison of Intensity Curves 

We collected a full set of intensity curves for the c(4x2) ethylene 

and propylene overlayers that are being used in the LEED analysis. The 

intensity data includes four angles of incidence (0=0 ° , 11 ° , 21 °  and 

31 °  with 0 = 0 0 ) and has an energy range of 24-150 eV. We also measured 

I-V spectra for the acetylene plus hydrogen and methylacetylene plus 

hydrogen overlayers at two angles of incidence (8=0 °  and 31 °  with 

Figures 3-5 show 12 independent diffraction beam intensity 

curves for each of the c(4x2) overlayers. We see that within 

experimental uncertainty these curves are identical. 

ii) (2/3x2/3)R30 0  Propylene Layer 

i' 	 a) Comparison of Half-Order Intensity Curves 

for Ethylene and Propylene Structures 

At low exposures (1-2 L) with the crystal at <240-270 K, the 

propylene layer forms a well-ordered (2x2) lattice but also a fairly 

disordered (2/3x2/3)R30° lattice appears. Only normal incidence 

intensity curves were collected for the half and integral order reflec-

tions in the low exposure propylene phase, while a full set of spectra 

including the sixth order diffraction beams was obtained for the high 
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exposure propylene phase at four angles of incidence (0 = 0,11,21 and 31 

at 4=0 ° ). The high exposure propylene curves were checked for repro-

ducibility by a second, independent experiment. 

Figures 6-8 show a comparison of corresponding intensity curves for 

six different diffraction beams from the (2x2)-C2H31  the low expo- 

sure propylene, and the high exposure propylene structures. We see that 

the intensity spectra from the (2x2)-C 2H3  and low exposure propylene 

phases are very similar, but they depart significantly from those for 

the high exposure propylene layer. 

b) (2V'3x213)R30 0  Structure Determination by LEED 

We did a preliminary structure determination of the high exposure 

propylidyne lattice using only the normal incidence intensity curves. 

The LEED theory has already been described in Chapter VII.0 for the 

similar (2x2)-C 2 H3  structure determination. In this preliminary 

analysis, the electron scattering in the overlayer was assumed to be 

fully kinematic. 

The model geometries that were tested in the LEED analysis assumed 

the a and a carbon atoms of adsorbed propylene occupy the same positions 

as those measured for adsorbed ethylene in the (2x2)-C2H 3  structure 

determination. Only the distance of the a-carbon atom above the hollow 

site(dlRhC was varied. This approach is based on the strong 

similarity in the intensity curves measured for the ethylene and low 

exposure propylene phases. 

The y-carbon atom position in the (2/x2)R30 °  structure was 

varied over a fairly large range of possible bond distances and angles. 

The 8-carbon to y-carbon distance, dCC, was set at either 1.50 A (for 



-265- 

a single bond) or 1.33 A (for a double bond), while the c(cz) —c()—c(y) 

bond angle (e)  was varied from 105-130 ° . The y-carbon was also 

allowed to rotate 	about the c(a) -c(8) bond; however we always 

kept the three y-carbon atoms in the (2/x2/3)R30 °  unit cell rotated by 

120 °  relative to each other. 

The reliability factors for this model geometry are plotted in 

Fig. 9. We first notice the well-behaved minima that appear in each 

plot and also the values of the R-factor minima are of the right 

magnitude. The best agreement between theory and experiment is obtained 

for dtRhc = 1.40 A, dcc = 1.50 A, 	= 106 0 , and most importantly 

kc = 30 ° . The distance between the top Rh layer and the a carbon 

(djRhc) is only slightly greater than that obtained in our earlier 

(2x2)-C2H3  determination (dhc = 1.31 A:); and the values for 

dcc and 0 	 are consistent with a propylidyne species above the Rhcc 

surface (where dcc = 1.54 A and 6 	 = 109 0 ). The small scatter incc 
these distances.and angles from expected values can be due to the fairly 

crude approximation (kinematic) used to model the electron diffraction 

in the hydrocarbon overlayer. (See Chapter V, Part II). 

An atop view of the (21x2V)R30 °  lattice is shown in Fig. 10. The 

y-(or methyl) carbon atoms are rotated about the C(a)-C() bond by an 

angle cc = 30 ° ; the significance of this orientation will be fully 

considered in the Discussion section. To our knowledge, the propylidyne 

layer illustrated in Fig. 10 is the first example of an adsorbate 

exhibiting two separate periodicities. That is, the a and 8 carbon 

atoms occupy a (2x2) lattice, while the y-carbon atom orders into a 

(2/x2/1)R30 °  superlattice. 
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iii) (213x213)R30 0  Methylacetylene Layer 

Intensity data for the low and high exposure methylacetylene phases 

has been collected. (Frank Ogletree is most responsible for generating 

the I-V spectra from the intensity data on film.) The low exposure 

(1-2 L) methylacetylene layer has a well-ordered (2x2) but a fairly 

disordered (213x2/3)R30 °  periodicity. The (213x2/3)R30 °  lattice also 

becomes well-ordered after a high exposure (-1000 L) of methylacetylene. 

The data for each methylacetylene overlayer contains four angles of 

incidence (0 = 0, 11, 21 and 31 at 40 ° ) that spans an energy range of 

24-150 eV, 

Unfortunately we could not examine the series of intensity curves 

for the acetylene, low exposure methylacetylene and high exposure 

methylacetylene phases as we did for the C2 and C3  alkenes on 

Rh(11l). The acetylene layer could not be ordered well enough to take 

intensity measurements. As mentioned in the experimental section, we 

believe the relatively high H2 background pressure is responsible for 

this disordering of the acetylene overlayer. Since an HREELS study 1  

of the (2x2)-C2H2 layer has already been done, the comparison of 

intensity spectra from the (2x2)-C 2 H 2  and low exposure methylacetyl-

ene layer could have provided valuable structural information. None-

theless, a structural determination of the well-ordered (2ãx2i)R30 ° -

methylacetylene overlayer using dynamical LEED is planned. 

D. DISCUSSION 

Throughout this section, we will compare intensity spectra from 

different adsorption systems which will give us valuable structural 

information directly without any LEED calculations. To do this, it will 
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be important to realize that our diffraction experiments are not 

sensitive to atoms that are disordered above the metal surface. These 

atoms do not scatter the incident plane wave of electrons coherently and 

thereby cannot influence the resulting intensity curves. On the other 

hand, if these atoms begin to order into an overlayer lattice, we should 

expect to find changes in the resulting I-V spectra. 

i) c(4x2) Layer 

a) Comparison of Intensity Curves 

Our intensity curves for the c(4x2) lattices of adsorbed ethylene 

and acetylene plus hydrogen are very similar; this indicates the 

structures of these C2 overlayers should be nearly identical. A 

HREELS study' of the ethylene and acetylene plus hydrogen overlayers 

predicts that an ethylidyne species occupies the c(4x2) unit cell. 

Figure 11 shows the HREELS spectra measured for the (2x2) and c(4x2) 

ethylene overlayers; these spectra are nearly identical to each other. 

In Chapter VII, we found that the (2x2)-ethylene layer consisted of an 

ethylidyne species adsorbed above an hcp hollow site. The near identity 

in the (2x2) and c(4x2) HREELS spectra implies that an ethylidyne group 

probably also exists within the c(4x2) unit cell. Figure 12 illustrates 

the c(4x2) ethylidyne structure, which is predicted by HREELS, along 

with the (2x2) lattice determined by our earlier LEED intensity 

analysis. 

We can now consider the near identity in the measured intensity 

curves for the C2 and C 3  unsaturated hydrocarbon overlayers with a 

c(4x2) lattice. This identity implies that the C3 hydrocarbons 

produce a propylidyne layer with randomly oriented y -(or methyl) 
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carbon atoms. Since the randomly oriented i-carbon appears disorderd in 

our diffraction experiment, the intensity spectra for the C2 and C 3  

layers should be the same. 

We can rule out the possibility that the adsorbed propylene or 

methylacetylene molecules fragment to form a c(4x2) lattice of ethyli-

dyne plus a disordered carbon residue by our Thermal Desorption Spectro-

scopy experiments. These measurements strongly suggest that carbon 

skeleton of the C3 hydrocarbons remains intact up to temperatures near 

380 K. Figure 13 shows the c(4x2) lattice of propylidyne with the 

methyl group randomly oriented above the metal surface. 

b) LEED Analysis 

Our intensity analysis for the c(4x2) overlayer cannot confirm the 

ethylidyne structure predicted by HREELS, 1  even though we have tested 

over 900 possible geometries. There are a number of possible reasons 

for this disturbing discrepancy. (1) The HREEL spectrum may be mislead-

ing because the c(4x2) lattice was not well-ordered during the measure-

ment. 3  The overlayer was prepared with a very low background pressure 

of H2 in the HREELS study since the total pressure in the IJHV chamber 

during the adsorption experiment was 1x10 10  torr. 3  

We found during our LEEI) study that the ordering of the c(4x2) 

lattice is promoted by a fairly large background H2 pressure. So it 

is possible that a substantial amount of the (2x2) ethylidyne phase was 

still present on the surface when the HREELS spectrum was measured. On 

the other hand, the 1-IREEL spectra for the c(4x2) layer obtained from 

either ethylene or acetylene plus hydrogen adsorption were very similar 	 - 
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which suggests that sufficient hydrogen was available to make a nearly 

complete transition from the (2x2) phase. 

Another possible explanation for the discrepancy between LEED 

and HREELS concerns the coadsorption of Co in the c(4x2) hydrocarbon 

layers. We measured with Thermal Desorption Yield Spectroscopy that 

very little CO pre-adsorbs on the Rh(11l) surface, but about 0.05-0.10 

monolayers of CO coadsorbs during the hydrocarbon exposure. In our 

preparation, the (2x2) and c(4x2) ethylene structures must have the 

same amount of coadsorbed CO and we have already done a LEED intensity 

analysis on the (2x2)-C 2 H 3  layer that produced very satisfactory 

agreement between calculated and experimental spectra. So we do not 

believe that coadsorption of CO is the cause of the discrepancy. 

We should also consider the post-adsorption of CO into the 

c(4x2) ethylene or propylene overlayer. The c(4x2) ethylene layer was 

kept in vacuo for 5-10 hours prior to measurement of the diffraction 

intensities, while the intensity data form the low temperature (240 K) 

(2x2) phases of ethylene and propylene was collected immediately after 

adsorption. 

Our Thermal Desorption Yield measurements indicate however that 

the c(4x2) ethylene layer also has a CO coverage of about 0.05-0.10 

monolayers. We would expect to measure a higher coverage in the c(4x2) 

layer if CO post-adsorption were significant. In addition, we do not 

find a noticeable increase in the CO coverage for the c(4x2) ethylene 

layer after a 10 L CO exposure, even though the LEED pattern shows a 

disordering along the longer edge in the rectangular overlayer unit 
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cell. This suggests tha CO does not post-adsorb easily into the c(4x2) 

ethylene layer, while the small amounts of CO that can post-adsorb 

under fairly severe conditions will disorder the c(4x2) lattice. 

To further support our claim that post-adsorption is neglible for 

the c(4x2) hydrocarbon phases, we remember that the intensity spectra 

for the propylene and ethylene c(4x2) lattices are nearly identical. 

If post-adsorption of CO was indeed a significant problem, we would 

expect the more crowded propylene layer to be less affected than the 

ethylene overlayer and to give noticeably, different intensity curves. 

The relative crowding of the propylene and ethylene overlayers has 

been illustrated in earlier experiments. We found that overexposing 

the Rh(1ll) (Chapter VII) or Pt(1ll) (Chapter VI) surfaces to ethylene 

will disorder the hydrocarbon overlayer; yet high exposures of 

propylene will not disorder the C3 overlayer. We believe this occurs 

because additional ethylene molecules can adsorb at interstitial sites 

after the (2x2) layer is fully developed, but interstitial adsorption 

is much more difficult in the more crowded propylene phase. 

It is not apparent which of the above-mentioned possibilities is 

the actual cause for the discrepancy between LEED and HREELS. We 

believe further HREELS experiments are necessary to rule out some or 

possibly all the suggested problems. This would mean studying more 

closely the effect of H2 and CO on the c(4x2) overlayer. Another 

HREEL Spectrum should be measured for an ethylene layer that has been 

thoroughly pretreated with H2 to insure a complete conversion to the 

c(4x2) structure. Also WREEL spectra should be obtained for the 

c(4x2)-ethylene layers after post-exposures of CO in order to be 
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certain that our LEED intensity measurements were not carried Out on a 

c(4x2) lattice which had significant amounts of post-adsorbed CO. If 

both the LEED and HREELS experiments were done correctly, we plan to 

test even more ethylidyne structures in the LEED intensity analysis for 

the c(4x2) overlayer. 

ii) (2/x2/)R300 Propylene Layer 

a) Comparison in Intensity Curves 

Figures 6-8 showed the comparison of corresponding half- and 

integral-order diffraction beam intensity curves for the (2x2)-ethyli-

dyne, low exposure propylene, and high exposure propylene phases. The 

ethylene and low-exposure propylene curves are nearly identical. This 

similarity could arise from a (2x2)-propylidyne lattice that is identi-

cal to (2x2)-ethylidyne except for the presence of an extra carbon 

atom. The 1-carbon atoms that are present only in the propylidyne 

layer would then be disordered and essentially not detected by our LEED 

experiment. 

Our TD spectra show a large H2 desorption at 390 K that strongly 

suggests the propylene carbon skeleton is kept intact during the forma-

tion of the (2x2) overlayer. 2  This evidence speaks against the 

possibility that ethylidyne plus a disordered carbon fragment forms 

after propylene adsorption on Rh(111) at <240-270 K. 

The high exposure intensity spectra in Figs. 6-8 look very diE-

ferent from the low exposure curves. We interpret this as an ordering 

of the 1-carbon atoms. When these extra carbon atoms do become 

ordered, they can scatter the incident electrons coherently and begin 
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to change the resulting intensity curves, The (213x213)R30 °  unit cell 

seen in the LEED pattern would then correspond to the ordering of those 

i-carbon atoms. 

b) (2y'3_x2/N)R30 °  Propylene Structure Determination 

The interpretation of the TD and intensity spectra given in the 

previous section is supported by our preliminary LEED analysis of the 

(2/Ix2ñ)R30 °  propylene structure that assumes only kinematic scatter-

ing in the overlayer. Figure 10 shows the result of this determination 

with an atop view of the propylidyne lattice. The a- and - carbon 

atoms have a (2x2) periodicity, while the i-carbon orders into a 

(2ñ'x2/1)R30 °  unit cell which is drawn. The cz,8-carbons occupy the 

same positions in the (2x2) adsorption lattice as they did in the 

(2x2)-CCH3  layer. However, the most interesting feature of this 

overlayer is the configuration of methyl groups (or i-carbon atoms). 

Figure 14 suggests why the i-carbons assume their measured positions. 

The neighboring hydrogen atoms in a triplet of propylidyne groups are 

blown up to their Van der Waals radii; we see that these Van der Waals 

spheres just touch one another when the y-carbon atoms are rotated to 

their measured positions. This implies that Van der Waals forces 

between neighboring propylidyne species are probably driving the 

superlattice formation. 

Force field calculations4  that consider standard Van der Waals 

potentials also suggest that the i -carbon superlattice is driven by 

only Van der Waals forces. The methyl groups shown in Fig. 10 are 

allowed in these calculations to rotate in phase about the a-carbon to 

B-carbon bond. If no intramolecular rotational barrier is assumed for 
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the methyl carbon, the predicted positions of the y-carbons coincide 

with those measured by our LEED analysis. 

c) The Disorder-Order Transition 

The half-order diffraction beams were found to reach near maximum 

intensity with only a 1-2 L exposure of propylere, while the sixth 

order beams (which arise from the (2/3x213)R30 °  superlattice) do not 

reach near-maximum intensity until exposures of about 1000 L. Why 

should the (2x2) cell order at much lower propylene exposures than the 

(213x2/3)R30 °  superlattice? There are two likely explanations. 

(1) The low exposure of propylene already saturates the metal 

surface with propylidyne, but larger exposures are needed to anneal the 

methyl superlattice by energy transfer from the impinging molecules. A 

recent molecular beam experiment 5  observed that adsorption of NO in a 

second layer above the Pt(111) surface occurs with complete energy 

accommodation; or in other words, the NO molecules that strike a 

saturated overlayer of adsorbed NO on Pt(l1l) at 290 K can effectively 

transfer energy to the admolecules even though the residence time of 

the second layer NO is only about 0.1 msec. 

2) An alternative explanation considers the kinetics of propylene 

adsorption near saturation coverage after a 1-2 L exposure of 

propylene, the hydrocarbon layer is nearly saturated as evidenced by 

the near maximum intensity measured for the half-order diffraction 

beams in the LEED pattern. However, a number of residual vacancies 

could exist; and they may require a much higher gas exposure to be 

completely filled. A likely reason for the low sticking coefficient 



-274- 

near saturation coverage is that neighboring propylidyne groups can 

block adsorption of propylene at the vacancy site. This is illustrated 

in the top part of Fig. 15 where the hydrogen atoms attached to the 

propylene group are blown up to their full Van der Waals radii. We see 

that neighboring propylidyne species could easily rotate their methyl 

groups above the vacancy sites thus blocking adsorption of an incoming 

propylene molecule. A very similar process was shown to dominate the 

adsorption kinetics of ethylene on Pt(100) 6  using Auger Electron and 

Ultra Violet Photoemission Spectroscopies (AES and UPS). Upon 

adsorption ethylene is thought to form a c(2x2) lattice of acetylene. 

(See Chapter IX). The probability of ethylene adsorption decreases 

significantly if a nearest neighboring site in the c(2x2) lattice is 

occupied by acetylene. The probability of acetylene adsorption however 

is not influenced by the occupation of nearest neighboring sites. So 

an incoming ethylene molecule probably experiences much stronger Van 

der Waals repulsive forces than acetylene; and these forces 

significantly affect the adsorption kinetics of ethylene but not 

acetylene. 

Unfortunately, our retarding field Auger Electron Spectrometer can 

not resolve the small changes in total carbon coverages to see if the 

residual vacancies are removed with increasing gas exposure. Instead 

we tried a simple experiment where a lOOO L butane (C4H10) expo- 

sure followed the adsorption of 1-2 L propylene. Butane will not 

adsorb on the Rh surface at 240 K, but can transfer energy to the 

y-carbon in propylidyne to help order the superlattice. We should 

recall that gas phase NO (which has a lower heat of vaporization than 
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butane) was able to fully transfer its energy to the adsorbed layer 

present on the Pt(1ll) face. Since the (2/3x213)R30 °  lattice did not 

become better ordered after the 1000 L butane exposure, we believe the 

residual vacancy model is probably the correct one. 

In Chapter VI we found that adsorbed propylene on the Pt(111) 

surface produces a propylidyne group with a randomly oriented y or 

methyl carbon atom. This layer was prepared at 300 K but no change was 

observed when it was cooled to 240 K. (In fact, Frank Ogletree has 

recently cooled the Pt sample to 140 K, but the expected superlattice 

still did not form.) Why should the y-carbon in propylidyne order into 

a superlattice on Rh(111) and not Pt(111)? We believe the 4% larger 

lattice spacing of Pt moves the methyl groups of neighboring 

propylidyne species sufficiently far away from one another to reduce 

their Van der Waals interactions. On the Rh(1l1) at 240 K, we believe 

the enthalpy term (tH) in the Gibbs free energy governs to produce an 

ordered superlattice, but on Pt(111) at 240 K the entropy term (TDS) is 

more important which leaves the y-carbon atoms disordered. 

It should be interesting to cool the propylidyne layer on Pt below 

140 K to see at what temperature the enthalpy term becomes more 

important than the entropy. This transition may very well be first 

order since the entropy (S = aG/TI) should be different for the 

disordered and ordered y-carbon atoms. Similar transitions are 

observed in many bulk crystal (such as CO, NO, and some hydrocarbons). 

At a certain temperature, the molecules change from a cubic lattice 

- 

	

	 where no rotation is possible to an hexagonal one where they can rotate 

freely about their center of mass. 
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Quickly heating above the transition temperature could also yield 

information on the kinetics of this transition. One may wonder why we 

didn't try heating the propylidyne on Rh layer to see the order-

disorder transition of the y-carbons. Unfortunately for this system, 

the propylidyne groups rearrange into a completely different structure 

(probably a c(4x2) lattice of propylidyne) before the order-disorder 

transition can occur. 

iii) (2V'3x2,(3)R30 0  Methylacetylene Layer 

The methylacetylene overlayer on Rh(1ll) produces a well-ordered 

(2x2) unit cell and a fairly disordered (2r'3x2v'3)R30 °  superlattice at 

low exposures (1-2L) and low temperature (<240-270 K). With higher 

exposures (4000 L), the (2/3x2/3)R30 °  superlattice also becomes 

well-ordered; this disorder-order transition with increasing gas 

exposure parallels that for the propylidyne overlayer on Rh(111). 

Figure 16 shows a likely structure for this methylacetylene species 

87, predicted by a number of HREELS studies. 1, 	The unsaturated carbon 

atoms are sp 2-hybridized and di-a bonded to two metal atoms. The 

carbon-carbon double bond probably also it-bonds to a third metal atom 

on the Rh surface. The unsaturated carbon-carbon bond is parallel to 

the metal surface and centered nearly above the hollow site. 

HREEL spectra for acetylene on Rh(1l1) 1  at 240 K, Pt(1l1) 7  at 

140 K, and Pd(111) 8  at 150 K predict a geometry similar to that shown 

in Fig. 16; however a LEED analysis has not been done to confirm any of 

these structures. (Actually an early dynamical LEED study of acetylene 

on Pt(ll1) was done, 9  but the results are questionable at this time.) 
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In Chapter VI, we found that the "metastable" acetylene and 

methylacetylene layers on Pt have intensity curves that are nearly 

identical and thereby concluded that adsorbed methylacetylene may also 

di-a, it bond to the metal surface. The extra carbon atom in the 

methylacetylene species was not detected in the diffraction experiment 

because it is randomly oriented due to tumbling about the unsaturated 

carbon-carbon bond and possibly the arbitrary attachment of the methyl 

group or either unsaturated carbon atom. Similarly, methylacetylene 

may adsorb like acetylene on the Rh(l1l) surface at 240 K and give the 

structure illustrated in Fig. 16. Unfortunately, we could not compare 

the intensity curves for acetylene and methylacetylene adsorbed on 

Rh(lll) because the acetylene overlayer did not order well with our 

high H2 background pressure. We believe the comparison however would 

indicate that the intensity spectra are nearly identical and that the 

methylacetylene does in fact di-a, it bond to the metal. A LEED 

analysis of our experimental intensity curves is planned that will 

hopefully confirm our proposed geometry. 

The (2/3x2/3)R30 °  superlattice that is observed in the 

methylacetylene layer on Rh(ll1), but not on Pt(l11), is probably 

caused by the ordering of the methyl carbons; the driving force for the 

superlattice formation should again be Van der Waals interactions. We 

remember that the propylidyne superlattice formed on the Rh(l1l) 

surface but not an Pt(111) due to the 4% larger lattice spacing for 

Pt(l1l). Probably for the same reason, methylacetylene produces a 

superlattice on Rh but not Pt. If we cool the Pt substrate 
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below 300 K, we should hope once more to observe a disorder-order 

transition in the position of the methyl carbons. 

We can again ask ourselves what causes the ordering of the super-

lattice at higher gas exposures. We believe the residual vacancy 

explanation should be favored over annealing of the methylacetylene 

layer after larger gas exposures. 

E. 	SUMMARY 

Three different hydrocarbon structures that form on Rh(lll) were 

considered in this Chapter. (1) Ethylene, propylene, acetylene plus 

hydrogen, and methylacetylene plus hydrogen all produce a c(4x2) lattice 

at 300 K. The nearly identical intensity spectra for these separate 

overlayers indicate that the same or nearly the same hydrocarbon struc-

ture exists. By Thermal Desorption Spectroscopy (TDS), we determine 

that the C2  and C3  hydrocarbon chain is kept intact under our 

experimental conditions and that the extra carbon atom in the C3 

overlayers is randomly oriented. A HREELS study of ethylene and 

acetylene plus hydrogen on Rh(lll) predicts an alkylidine species forms 

in the c(4x2) lattice. However, our LEED analysis has not been able to 

confirm this at present; this discrepancy may be due to CO post-

adsorption into the hydrocarbon lattice before the LEED intensity 

measurements were made or may be due to the partial transition from the 

(2x2)+c(4x2) phases during the HREELS experiment. It is also possible 

that more model geometries should be tested in the LEED analysis. 

(2) Propylene produces a (2x2) lattice of propylidyne at <240-270 

K; with high gas exposures ( - 1000 L), the y-carbon atoms further order 

into a suerlattice. To our knowledge, this is the first example of an 



-279- 

admolecule that exhibits two different surface periodicities. The a,B 

carbons have a (2x2) periodicity, while the 'y'-carbon atoms order into a 

(2ix21)R300 superlattice. The a,8 carbons occupy the same positions 

as we found for ethylidyne in Chapter VII; the methyl groups of the 

neighboring propylidyne species rotate towards each other due to their 

Van der Waals interaction. This result is consistent with force-field 

calculations that assume standard Van der Waals parameter and predict 

the same y-carbon position which we measure by LEED. 

Our preliminary LEED analysis of the high exposure propylene phase 

assumed only kinematic scattering in the overlayer. A more refined 

calculation that considers full multiple scattering in the hydrocarbon 

layer is presently underway and should confirm our early result. (See 

Chapter V, Part 2). At low exposures ( 1-2 L), the propylidyne species 

has a randomly oriented y -  (or methyl) carbon atom; this is shown by a 

direct comparison of intensity curves for the ethylene and low exposure 

propylene layers. 

(3) HREELS studies indicate that adsorbed acetylene bonds to the 

Rh, Pt, and Pd(111) in the same way. The molecule is thought to di-a, 

yr-bond to three top layer metal atoms with the carbon-carbon bond 

parallel to the surface and its center near as hollow site. 

Methylacetylene on Pt(111) gave very similar LEED intensity curves to 

the acetylene overlayer investigated with HREELS (Chapter VI); this 

implies that methylacetylene also di-a, it bonds to the metal but the 

extra carbon atom is randomly oriented. 
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Although we couldn't collect intensity spectra for the acetylene 

layer on Rh(lll), we believe they would again be similar to the low 

exposure methylacetylene curves. The high exposure methylacetylene 

layer produces a (2/x2/)R300  superlattice in addition to the (2x2) 

adsorption lattice seen at lower exposures. We plan to do a LEED 

analysis of this high exposure methylacetylene structure. 
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Figure Captions for Chapter VIII 

Fig. 1. 	LEED patterns obtained at 84 eV and normal incidence are shown 

for the C2H41  C3H4 , and C 3  H  6  derived overlayers. 

Fig. 2. 	The c(4x2) ethylene overlayer can disorder after a 10 L CO 

exposure. This post-exposure of CO changes the c(4x2) LEED 

pattern shown in Fig. 1 into the pattern illustrated here. 

The elongation in the LEED spots represents a disordering 

along the longer edge in the c(4x2) rectangular unit cell. 

Figs. 3-5. Intensity spectra for the c(4x2) lattice of ethylene, 

propylene,acetylene plus hydrogen, and methylacetylene plus 

hydrogen overlayers are plotted. The curves from the 

different hydrocarbon layers are identical within our 

experimental uncertainty. 

Figs. 6-8. Intensity curves are shown for the ethylene, the low exposure 

(1-2 L) propylene, and the high exposure ( - 1000 L) propylene 

layers. The (2x2)-ethylidyne lattice has intensity curves 

that are very similar to the low exposure propylene spectra. 

Fig. 9. 	Reliability factor contour plots indicate the degree of 

agreement between theoretical and experimental intensity 

curves. The calculated curves that were used in this R-factor 

analysis did not consider any multiple scattering in the 

overlayer. 
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Fig. 10. 	An atop view of the propylene structure that is suggested by 

our preliminary LEED analysis is illustrated. The large 

circles are top layer Rh atoms and the slashed circles 

represent hydrogen atoms. The unit cell drawn indicates the 

(21Tx21)R300 superlattice that the y-carbon atoms occupy. 

Fig. 11. 

	

	High Resolution Electron Energy Loss Spectra are given for 

ethylene adsorbed on the Pd(ll1), 8  Rh(1ll), 1  and 

Pt(lll) 7  surfaces. The similarity in the vibrational 

spectra suggest that ethylidyne exists in each of the 

overlayers. 

Fig. 12.. 	Real space models for the c(4x2) (top) and (2x2) (bottom) 

ethylidyne structures are illustrated. 

Fig. 13. 	A real space model for the c(4.x2) propylene or methylacetylene 

plus hydrogen overlayer is drawn. 

Fig. 14. 	A glancing view of three propylidyne groups adsorbed on 

Rh(111) in a (2x2) lattice. The y-carbon atoms are rotated to 

their measured position as determined by our LEED analysis; 

and the nearest neighboring hydrogen atoms are blown up to 

their Van der Waals radii. 

Fig. 15. 	Another atop view of the (2v'3x2/3)R30° lattice of propylidyne 

is shown. The crowding of this overlayer can be appreciated 

when all the hydrogen atoms in the propylidyne group are blown 

up to their Van der Waals radii. 
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Fig. 16. 	A possible structure for the (213x2 13)R30 °  methylacetylene 

overlayer is drawn. The methyl carbon atom could be 

disordered by a tumbling about the unsaturated carbon-carbon 

bond or by attaching it randomly to either of the two 

unsaturated carbon atoms. 



Fig. 1 

-285-
Leed patterns 
84 eV; 0 = 00  

Clean Rh (111) 

Rh (111)- (2 X 2) + diffuse Rh (111)- (2/3 X 7/ 

XBB 818-7425 

Rh (111) -(2 X 2)- C 2 H 4  Rh (111)-c (4 X 2)- C 2 H 4  



Rh(1I1)-c(4x2)—c 2 H + IOLCO 

1=300K, E"-8OeV 

Fig. 2 	 B 828-6780 



JA 
b: (01/2) 

C 

(1/2 1/4) (1/2 1/2) 

IL 
I 

C 

7 H4  

3 H 6  

3 H 4  + H 

2 H 2  + H 

_ H4 

3 H 6  

C3 H 4  + H 

C 2 H 2  + H 

-287- 

S Table Slructure 
Rh(111)-C(4X2) 
T - 300 K; 6 

U 	i 	U 	IC 	 •V'. 	•'' 	 -- 	-- 	-- 

Energy (eV) ---- p' 

XBL 8181090 

Fig. 3 



C 2H 2  

C2 H4  

(3' 
42 

0 3 H 4  

C3 H6  

(51 
42 

C2H2 

ji 	 CH 

>- 

z 
U 

z 

(3I 
22) 

C2 H 2  

C2 H4  

C 3 H4  

C 3 H 6  

(13 
24 

C2H2 

C 2 H4 

C 3 H 4  

-2 C b- 

Rh011)- c(4x2) 
T=300K. 9=31 °, 00

0 
 

Stable Structure 

0 	50 	100 

	

C3H6 	 l\ 
p/I 

	

150 	0 	50 
ENERGY (eV) 

J\H6 

100 	150 

XBL 818-6220 

Fig. 4 



C 2 H 4  C 2 H 4  

50 	100 41] 

C 3 H 4  

C3 H6  

150 

XBL8IB- 6221 

CH 

j3H6 	_ 

100 	150 	0 
ENERGY (eV) 

/ 

-289- 

Rh011)—c(4X2) 
T:300K, 6:310, c=O° 

Stable Structure 

(31 
44 (o.) • 	•1 	 I 	 ' 	I  

C 2 H 2 
	 C 2  H 

C2H4 
	 CH 

C 3 H6 
	 C3H6 

>- 
I- 
C') 
z 
LU 
I-
z 

(i.L)a  (II 
42 

C 2 H 2 	 C 2 H 2  

Fig. 5 



C., 

0 
a, 

th 
a, 
-J 
a, 
x 

-290- 

I 

U, 

+1 
I 
	

- 

C-, 	 x 

x 

	 00 

 cn 

CN 

— 

0 '  

I 	—C) 

ii 

0 

0 
LC) 	LU  

8 

0 LO 

0 

0 

0 

-4--- Atsuau 



—291- 

0 

CID
—j  

 o 

 

LU 

c  

0 

I 

Q 
le 
0 
lw 

>( 
('1 

Aisuaui 



0 
U, 

—4 
a.. 
—I 
—4 
—4 

—4 
co 
—J 

-292- 

0 
0 

S. 
..••• 	— 

...... ...• eq 
- •5 

= •.............S............. 

0 
	

I 
eq 	 CN 

C-) 

— 
eq 
x 

0 
	

(N 

5— 	 S 

: 

S 

• 	 . 

: 

• 0 

.•..••.•• •.•• 

•• ••••... 

S. 

•000 ...... 

t 	-1  

O00_ 

- -S.  

—S.  

— 
------ -5. 

0 
0 
C.) 

C., 

(N 

x 
C., 

a, 
(#4 

+ 
eq 

(N 

C. 

SZ 	 (4 

) 
= 

( 

-S. 

- ----S. 

— 
- -5 

--S 

—S — 

— 

—S  

(N 

0 U) 

00 
0 

bC 
> 	•r 
a 

— 	LU 

0 U, 

0 

Ausuau 



i1average over 	r-iuiur, 

d:l.50A 
35 0 

1100 	I20 
ecc. 

1300  

-293- 

RhOIU+ (213x 2I) R 300 (C3H)3  propylidyne 

8 : 00 ,  T=240K 

R- factor contours 

	

5 	
- -------- 

1.4 
dRhC 

(A) 	13 

1.2 

dRhC 

(A) 
4037 

.45 

3- 	
.4.5 	

.37 

dc L5OA 

6: 109.5°  cc 

0° 
	

30 
cc 

d j. 

() 	I'  

—00  

0000-, 

38 

OCC 

d: 1334 

8CIC 122° 

6Ô° 

XBL 827- 6249 

Fig. 9 



-294- 

Rh(IlI) + (2J5x2'I)R 30 0  (propYli dyne) 

XBL 821-5101 

Fig. 10 



(111) -(2 X 2)- C2 H4  

Kesmod&, J.A. Gates ('81) 

111)-c(4 X 2)-C2 H 

Dubois, D.G. Castner, G.A. Somorjai ('80) 

> 
U, 

w 

Ii) -(2 X 2)- C2 H 4  

)ubois, D.G. Castner, G.A. Somorjai ('80) 

-295- 

HREEL Spectra 
ethylidyne (E C-CR 3 ) orfcc (111) 

1360 

435 	

1130 I 

1420 

Pt(111)-(2X2)-C 2 H 4  

H. Ibach, S. Lehwald ('78); 
900, 

	

I 	 A.M. Baro', H. Ibach ('81) 

f, V 	 2900 

1' 	 13000  

1000 	 2000 	 Jutiu 

Energy loss (cm1) 	 XBL 818-11189 

Fig. 11 



-296- 

p(2 

fcc (ifi) + C 2 H3  (ethyildYfle) 

X BL B 13-5407 

Fig. 12 



-297- 

Rh(IlI) + c(4x2) (propylidyne)- disordered methyl groups 

XBL 8215100 

Fig. 13 



/ 
( 

Zh 

-298- 

Rh(IID— (2A x2J3) R 30
0_ C

3 H5  

T = 240 K, Side View 

X8L 827-6247 

Fig. 14a 



H 

Rh 

-299- 

Rh(IID- (2J25) R30°-C3H5 
T:240°C Top View 

XBL 827- 6248 

Fig. 14b 



-300-- 

fcc (III) + ( 2Ix 2J) R30 °  C3 H 5  (propylidyne) 

XBL83-54I0 

Fig. 15 



-301- 

M eto.stable methylacetylene 
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IX. ETHYLENE ADSORPTION ON Rh(100) 

A. INTRODUCTION 

In this chapter we present our preliminary results on the 

structure and bonding of ethylene adsorbed on the Rh(100) surface. The 

emphasis here will be to suggest possible structural models for this 

system that could hep guide our ongoing research; to this end, we will 

also discuss other work relevant to ethylene adsorption on Rh(100). 

When completed, our study should provide an interesting comparison with 

alkene or alkyne bonding to the Rh(11l) face that was presented in 

Chapters VI through VIII. Such comparisons could begin to shed some 

light on the ancient issue of structure sensitivity in hydrocarbon 

catalysis. 

Before discussing our experimental results, a brief summary of 

relevant organometallic clusters will be presented; these clusters bear 

some similarity to the (111) and (100) surfaces of Rh and will suggest 

plausible hydrocarbon structures than can form on these surfaces. Our 

preliminary Thermal Desorption Spectroscopy (TDS) and LEED experiments 

will then be introduced; the results so far indicate that ethylene 

probably rearranges to acetylene on the Rh(100) face near room 

temperature. These conclusions are based in large part on similar 

studies of ethylene adsorption on the reconstructed and unreconstructed 

Pt(lOO) surfaces. 3 ' 11  

Unfortunately we presently believe that a mixture of species 

(ethylene, ethylidyne, and acetylene) is usually present on the (100) 

surface simultaneously. Only at higher temperatures will an overlayer 
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of just acetylene form. This acetylene layer does not order well under 

our experimental conditions (> 200K) and may need to be cooled to still 

lower temperatures. A possible explanation for this effect is that 

acetylene may occupy a number of different adsorption sites above 200 

K. At much lower temperatures, this acetylene species could move to 

the lowest energy sites which would produce sufficiently long range 

order for a good LEED pattern to be obtained. Such a case has been re-

ported already for the adsorption of CO on the Pt(lll) surface near 300 

K. 4  

Although a LEED intensity analysis probably can not be done on the 

acetylene overlayer until lower temperatures are available, we have 

collected intensity information for the Rh(100)-c(2x2)-C layer that 

forms after the ethylene-derived layer is heated to 700 K; the carbon 

in this layer should have either a quarter or a half monolayer cover-

age. The LEED analysis of the c(2x2)-C structure that is planned 

should provide the relevant bond lengths and angles for the adsorbed 

carbon atoms. 

B. ORGANOMETALLIC ANALOGUES 

Alkylidyne (C(CH2) nCH3) overlayers seem to form on the 

Rh(l1l) surface at <240-420 K after ethylene or propylene adsorption. 

The alkyries (acetylene and methylacetylene) may also produce an al-

kylidyne structure in the presence of hydrogen when the Rh sample is 

heated above 270 K. A similar sequence was observed after ethylene, 

propylene or 2-butene adsorption on the Pt(lll) surface near room tem-

perature, while the alkynes would again give an alkylidyne overlayer in 

the presence of hydrogen. Finally, recent HREELS experiments5 
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indicate ethylidyne formation also occurs on a Pd(lll) surface after 

exposure to ethylene. Since these structures occur on the (111) 

surfaces of three different noble metals and for a number of different 

adsorbing molecules, the alkylidyne complex is thought to be very 

stable. Ethylidyne then could possibly exist on the (100) faces of 

these same metals even though the square lattice cannot accommodate the 

trivalent ethylidyne group as easily. 

Organometallic clusters also demonstrate the stability of alkyli-

dyne complexes. The trinuclear nonacarbonyl alkylidyne clusters (such 

as CO3(CO) 9CCH3 ) are quite resistant to thermal decomposition or 

oxidation and can be easily synthesized by a variety of synthetic 

pathways. 6  The relevance of these organometallic complexes is borne 

out by the very similar chemical transitions that are found for the 

clusters and that are thought to occur on the Rh, Pt, and Pd(lll) 

surfaces. A HREELS study 7  found that acetylene rearranges to vinyl- 

idene (=c=cH2) on the Pt(l11) face at 340 K. In the presence of 

hydrogen, this species reacts quickly to give ethylidyne. A corre-

sponding series of acetylene complexes are observed for triosmium clus-

ters. Acetylene reacts with H 2 0s 3 (C0) 9  (I) to give H0s 3 (CHCH2 )(C0) 10  

(ii) that upon mild heating yields H20s3(CCH2)(C0)9 (III).8 Cluster 

(III) is equivalent to the surface vinylidene structure identified by 

HREELS. After bubbling H2 through a refluxing n-heptane solution of 

(III) for 24 hours, the ethylidyne complex, H 3 0s 3 (CCH3 )(C0) 9  (IV),9 
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can be isolated. So both surface transitions of acetylene to vi-

nylidene upon mild heating and of vinylidene to ethylidyne in the 

presence of hydrogen have parallels in Organometallic Chemistry. 

With the apparent analogy between Surface and Organometallic Chem-

istry, can we anticipate what hydrocarbon structures will form on the 

Rh(100) surface from relevant cluster models? Some information can be 

gained from dimetal complexes recently prepared and characterized) 0  

Here an acetylene dimetallocycle [Ru 2 (CO)(U-CO)(U-C(0)C2 H2 )(n-05 H5 ) 2 ) 

(I) forms a bridge-bonded vinylidene species [Ru 2 (CO) 2 (-CO)(ij-CCH 2 ) 

(n-05 H5 ) 2 ] (II) upon mild heating; the vinylidene group (II) can be 

protonated to give an ethylidyne carbonium ion [Ru 2 (CO) 2 (-CO)(-CCH3 ) 

(n-05 H5 ) 2 ] [BF4 ] (III) which easily reacts with hydride (HBF 4 ) to pro-

duce a bridge-bonded ethylidene (CH-CH3 ) cluster [Ru 2 (CO) 2 (p-00) 

( -CHCH3 )(n-05 H5 ) 2 ] (IV). The charge on the carbonium ion (III) is 

delocalized onto the bridging Ru metal atoms to stabilize the cluster. 

Since a dimetal ethylidene complex (Iv) has been isolated in 

cluster chemistry, it seems very reasonable that it may also exist on 

the Rh(100) surface. This surface has atop and bridge sites as in the 

dimetal cluster in addition to fourfold hollow sites, but it does not 

have any three-fold hollow sites where the trivalent ethylidyrie species 

is probably most stable. The vinylidene group (II) should be very 

reactive as on the (ill) surface and should react with any coadsorbed 

hydrogen to produce either an ethylidene (Iv) or ethylidyne (III) 

species. It is surprising that the ethylidyne carbonium ion (iii) can 
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even be isolated as an intermediate in the synthesis of the ethylidene 

complex (Iv). The ethylidyne species would be further stabilized on 

the (100) surface by bonding to a third metal atom. This bonding would 

probably place the a-carbon at some low symmetry position between the 

bridge and hollow sites. 

If the analogy between Surface and Organometallic Chemistry is 

accepted, ethylene could reasonably form acetylene, vinylidene, ethyli-

dyne, and ethylidene on the Rh(100) surface. The preference probably 

leaning towards the acetylene and ethylidyne species. 

C. RESULTS AND DISCUSSION 

1) Ethylene Adsorption on Rh(100) at 220 K 

After adsorbing ethylene on the Rh(100) surface at 220 K, a fuzzy 

c(2x2) LEED pattern is obtained; this structure forms at probably a 

half-monolayer coverage of ethylene. 1  Since an earlier AES study 

showed slow adsorption kinetics for ethylene on Pt(100), 1  we used a 

wide range of gas exposures (1-500 L) that did not significantly change 

the quality of the LEED pattern. The pattern did improve slightly when 

we adsorbed ethylene at 200 rather than 220-250 K; but unfortunately it 

was still not adequate for intensity measurements. 

Our TDS and LEED experiments for ethylene on Rh(100) have a strong 

similarity to those for ethylene on Pt(100). Figure 1 shows our 

thermal desorption spectrum for ethylene on Rh(100); while the inset 

illustrates the TDS spectra obtained from ethylene adsorbed on 

Pt(100)) Before discussing the TDS spectra any further, it may be 

helpful to consider in more detail ethylene adsorption on the recon-

structed and unreconstructed Pt(100) surfaces. 
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An Ultraviolet Photoemission Spectroscopy (UPS) study 1  indicates 

that ethylene will form a mixture of species on the Pt(100) face 

depending on the temperature, coverage, and metal geometry. At 200 K, 

a mixture of ethylene, acetylene, and vinyl species (C=CH2) is 

thought to exist on the unreconstructed Pt(100) face; at low coverages 

(e < 0.2) only acetylene is observed while ethylene and a vinyl species 

appear at higher coverages (> .4). Heating this hydrocarbon layer to 

330 K produces only acetylene in a poorly ordered c(2x2) structure. 

The reconstructed Pt(l00) surface probably has an hexagonal array 

of top layer metal atoms rather than the expected square array seen for 

most fcc(l00) faces (see Chapter Iv). According to the UPS study, 

ethylene adsorbed on this surface at less than a half monolayer 

coverage resulted in a disordered ethylene phase at 200 K, a poorly 

ordered c(2x2) vinyl species at 330 K, and a poorly ordered acetylene 

layer (again c(2x2)) at 473 K. Above a one half monolayer coverage, 

ethylene would adsorb as acetylene over the entire temperature range. 

More recent High Resolution Electron Energy Loss Spectroscopy 

(HREELS) measurements 11 ' 12  indicate that ethylene does not form a 

vinyl species but rather ethylidyne (c-cH3) on the reconstructed 

Pt(100) surface. Baro and Ibach' conclude that ethylene forms 

ethylidyne on the (5x20) Pt(100) surface at room temperature since the 

measured HREELS spectrum is identical to that found for the ethylidyne 

overlayer that develops on the Pt(11l) face at 300 K. A similar 

spectrum was obtained for the (2x2) ethylidyne layer that occurs on the 

Rh(111) surface between <230-270 K; 13  the existence of an ethylidyne 
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layer on Rh and Pt(111) has been confirmed by LEED intensity 

analyses' 4 "516  and by an Angle Resolved UPS study. 

The UPS spectra of ethylidyne on Pt(il1) 3  are in fact identical 

to those measured for ethylene on the reconstructed Pt(100) face at 

330 K; this further supports the claim that ethylidyne may exist on 

Pt(100). Originally the UPS spectrum from ethylene adsorbed on Pt(111) 

was thought to correspond to a vinyl species; 3  and for the same 

reasons, the spectrum obtained for what is probably ethylidyne on the 

Pt(100) surface was assigned to a vinyl group. 

Returning to the TDS spectra in Fig. 1, the lower trace in the 

inset is obtained after ethylene adsorption at room temperature on the 

unreconstructed (lxi) face of Pt(100). The UPS and TDS spectra of this 

layer were identical to those measured after acetylene adsorption at 

the same temperature. The upper trace corresponds to ethylene 

adsorption on the reconstructed (5x20) face of Pt(100). Here UPS and 

HREELS indicate an ethylidyne species may exist. The extra desorption 

peak at 430 K in the upper curve is assigned to hydrogen abstraction 

from the ethylidyne species; an acetylene group then forms as indicated 

by UPS and by the remaining section of the TDS spectrum. The area 

under this 430 K desorptiort peak is one-third of the total' which 

further supports an ethylidyne species with stoichiotnetry of C2H3. 

Our TDS curve in Fig. 1 has three peaks that may also be due to 

acetylene decomposition. The 320, 340, and 400 K peaks that are 

measured after ethylene adsorption on Rh(100) are quite similar in 

intensity and separation to those for ethylene or acetylene on the 

Pt(100) surface. The striking difference is a rigid shift of about 
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200 K in the temperature scale; this would make the Rh(100) surface 

much more reactive than Pt(100) in the dehydrogenation of ethylene to 

acetylene. Another shoulder at 260 K appears in our TDS spectrum; this 

peak probably corresponds to desorption of coadsorbed hydrogen that 

develops during ethylene dehydrogenation to acetylene and adsorption 

from the ambient gas. 

Ethylidyne may form on Rh(100) at lower temperatures since a simi-

lar process seems to occur on the unreconstructed Pt(100) face. The 

UPS spectra indicate that the hydrocarbon layer on this Pt(100) surface 

is inhomogeneous and may contain acetylene, ethylidyne, and ethylene. 

This suggests that ethylene adsorbed on the Rh(100) below 220 K may 

also produce an. overlayer comprised of a mixture of species; the layer 

would not be ordered and thereby not very suitable for a LEED intensity 

analysis. 

However, acetylene probably forms on Rh(100) after an ethylene 

exposure at 220 K as seen from the TDS spectrum in Fig. 1. Since this 

layer seems to be homogeneous, we should be able to order it. Our 

c(2x2) LEED pattern of the acetylene layer improved as the Rh crystal 

was cooled to the lowest temperature presently available ('-200 K). 

This may be due to a small amount of decomposition that already occurs 

when the temperature is raised to about 260 K. However, we recall that 

the acetylene overlayer on the Pt(l00)-(lxl) surface did not order into 

a very good c(2x2) lattice at temperatures that were far below the 

onset of acetylene decomposition. We believe then this effect on both 

the Rh and Pt(100) faces is caused by the presence of two or more 
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possible sites with similar adsorption energies. At a given 

temperature, there may be a statistical mixture following the Boltzmann 

distribution. With this explanation, cooling the acetylene layer that 

forms at 200-260 K on Rh(100) to much lower temperatures may help the 

ordering. A similar effect has been observed for CO adsorption on the 

Pt(lll) surface. 4  Here bridge or linear bonded CO molecules were 

separated by only a one-half kcal/mole difference in adsorption energy; 

so even at 170 K a sufficient number of bridge sites are populated to 

disorder the (l3xv'3)R30 °  structure that forms at a one-third monolayer 

coverage. 

ii) Ethylene Dehydrogenation on Rh(100) at 700 K 

Ethylene was adsorbed at low temperatures ( - 220 K) on the Rh(100) 

surface; we used a gas exposure of about 30 L to reach a near satura-

tion coverage (probably one-half of a monolayer). As reported in the 

previous section, a fuzzy c(2x2) LEED pattern appears after this 

treatment. The crystal was then heated to 700 K for a few minutes to 

produce a very sharp and intense c(2x2) pattern. During the heating 

period, the hydrogen in the hydrocarbon layer is completely removed 

since our TDS spectra show that all the hydrogen desorption takes place 

at temperatures below 500 K. 

LEED intensity vs. voltage profiles were collected for the 

Rh(100)-c(2x2)-C structure at two angles of incidence (0=0 °  and.010 °  

at 445 ° ) with an energy range of 24-150 eV. Each set of intensity 

data was reproduced by a second independent adsorption experiment; the 

clean surface intensity curves were also obtained and checked with 

already published spectra. 17  The analysis of these curves that is 
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planned should determine the structure of the carbon overlayer. One 

likely structure that will be tested is a carbide layer with each 

carbon atom above a fourfold hollow site in a c(2x2) lattice. A recent 

HREELS study 18  is consistent with such a geometry. 

The disordered c(2x2) structure that formed on Rh(lOO) after 

ethylene adsorption at 220 K probably has a one monolayer carbon 

coverage, but the c(2x2)-C lattice may only have a half-monolayer 

carbon coverage. We believe the excess carbon either desorbs as 

acetylene or ethylene, or is disordered on the Rh surfaces. We plan to 

to use AES to check if the carbon coverage is reduced after forming the 

c(2x2)-C lattice and also to use TDS to see if any acetylene or 

ethylene desorbs in the formation of the c(2x2)-C lattice. 
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Figure Captions for Chapter IX 

Fig. 1. An H2 Thermal Desorption Spectrum for ethylene adsorbed on 

Rh(lOO) at 240 K is shown. The heating rate is about 

10 K/sec. Similar H2 TD spectral from ethylene adsorbed 

on the (5x20) and (lxi) Pt(100) surfaces at 300 K are 

illustrated in the inset. 
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X. BENZENE AND NAPHTRALENE ADSORPTION ON THE Rh(lll) SURFACE 

A. INTRODUCTION 

To date, structural studies of benzene adlayers on noble metal 

surfaces have focused on the tilt of the carbon ring relative to the 

surface plane and on the adsorption site that is chosen. Angle-

Resolved Photoemission (ARPES) measurements at normal emission indicate 

that benzene adsorbs parallel to the Pd(100) 192  and Pt(106) 3  sur-

faces. Further angle-resolved spectra4  taken at varying emission 

angles suggest that the benzene ring also adsorbs parallel to the 

Pd(lll) and Ni(lll) faces. 

High Resolution Electron Energy Loss Spectroscopy (HREELS) experi-

ments 5  indicate that benzene associatively adsorbs parallel to the Ni 

or Pt(lll) faces and further suggest that benzene occupies two dif- 

ferent kinds of a C3v symmetry sites on the surface. There are three 

sites available (atop, hcp hollow, and fcc hollow) on fcc(lll) 

faces, but it is not clear which two are chosen. Interestingly the 

relative population of the two sites varied with coverage and tempera-

ture in the disordered benzene overlayers that were examined. However, 

HREELS studies for the ordered Ni(lll)-(2/3x2v'3)R30 °6  and 

Rh(lll)-c(2,'3x4)Rect 7  benzene adlayers show that only one C3v site 

is occupied. 

The emphasis in this Chapter will be to suggest possible 

structural models for adsorbed benzene and napthalene on Rh(lll) that 

could help guide our ongoing research in this area. In addition to the 
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LEED, Auger Electron Spectroscopy (AES) and Thermal Desorption Spectro-

scopy (TDS) experiments that we have already done for benzerie and 

naphthalene on Rh(lll), I will draw upon other work done on aromatic 

adsorption on transition metals. (I should qualify my use of the first 

person plural throughout this chapter by crediting Dr. Lin Rongfu for 

most of the experimental work that will be described.) 

Our investigation when completed should provide more detailed 

structural information (bond distances and angles) for aromatic 

adsorption on a noble metal surface than previously available by ARPES 

or HREELS. The Rh(lll) face has two ordered layers for both benzene 

and naphthalene; and most of these lattices probably have only one 

admolecule in a relatively small primitive unit cell. This simplifies 

the dynamical LEED intensity calculations and gives us a good starting 

point in a systematic study of the structure and bonding of aromatic 

molecules to noble metal surfaces. 

The nature of the phase transition that exists for both the 

benzene and naphthalene adlayers on Rh(lll) will hopefully be 

elucidated when a structure determination for each phase has been
2)  

completed. For benzene, a 	-2 or equivalently a c(2/3x4)Rect 

lattice forms below 75 ° C; one admolecule probably lies in the unit cell 

with an implied carbon coverage of 0c = 	This overlayer 

transforms irreversibly between 90-125 ° C to a (3x3) lattice with O = 

2/3. Annealing the naphthalene overlayer at 75 ° C produces a mixed 



-318- 

phase containing both a (3/3xn/3)R30 °  [where n equals 1 or 31 and a 

(3x3) lattice with an expec.ted carbon coverage of O = 10/9, while 

only the (3x3) lattice remains after the sample is heated to 125-150 ° C. 

Similar transitions are also seen on the Pt(l1l) surface. Here an 

ordered benzene overlayer makes an irreversible transition at 50 ° C to a 

lower coverage lattice, 8  while adsorbed azulene 9  transforms from a 

mixed phase containing (3x3) and an incommensurate (3x3)R30 °  lattices 

to one containing only a (3x3) layer after heating to 180 ° C. This 

suggests that a strong parallel may exist for aromatic adsorption on 

the Pt(11l) and Rh(111) surfaces as we already found for the alkenes 

and alkynes (Chapters VI-VIii). 

Besides examining the phase transitions that occur with benzene 

and naphthalene adlayers on Rh(111), our dynamical LEED investigation 

will also consider the role that adsorbate-adsorbate interactions play 

in determining the structure of these crowded aromatic overlayers. As 

in our earlier investigations of the Rh(111)-(2x2)-3C0 (Chapter V, Part 

2) and the Rh(111)-(2 x2/3)R30 ° -3c 3 F15  (Chapter VIII) layers, 

direct intermolecular forces may be nearly as important as 

metal-adsorbate interactions in understanding the bonding of these 

aromatics to a metal surface. 

B. EXPERIMENTAL 

The cleaning of the Rh(111) sample and a description of the UHV 

chamber were already presented in earlier Chapters (III, V) so we will 

only discuss the preparation of the benzene and naphthalene gas samples 

here. Reagent grade benzene (Mallinckrodt) was stored in a glass 
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vessel that was connected to a glass and stainless steel manifold; the 

manifold was baked out at 80-100 ° C for a few hours with an ion pump 

before any benzene was introduced into the line. The benzene sample 

was degassed by three freeze-pump-thaw cycles prior to every adsorption 

experiment. With this treatment, the manifold pressure was less than 

5p when the benzene was cooled to a liquid nitrogen temperature and the 

pumps (both sorption and ion) were valved off. The manifold was then 

filled to the vapor pressure (-100 torr) of benzene at room temperature 

just before the adsorption experiment. 

Reagent grade naphthalene (J. T. Baker) was kept in a glass tube 

that was connected to a stainless steel manifold; the glass to metal 

seal was made with a torr-seal connector using viton gaskets. A copper 

line was also tried but some naphthalene decomposed on the walls at 

80-100 ° C. The stainless steel manifold was first baked out at 100-

120 ° C for a few hours using an ion pump. The naphthalene sample was 

then outgassed with three freeze-pump-thaw cycles; after this 

treatment, the line pressure was again below 5i with the naphthalene 

cooled to a liquid nitrogen temperature, the pumps valved off, and the 

line heated to 80-100 ° C. Prior to the adsorption experiment, the 

naphthalene sample was melted ( - 80 ° C) to get a sufficiently high vapor 

pressure (-10 torr) and the line was kept at 80 ° C to maintain this 

pressure at the leak valve. The vacuum side of the leak valve was not 

heated directly; and the naphthalene passed through 3" of 1/4" O.D. and 

1" of 1/16" O.D. stainless steel tubing before being admitted into the 

U1-IV chamber near the crystal (-1"). 
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The intensity data for the naphthalene and benzene overlayers was 

collected with the photographic technique described in Chapters II, 

III, and V. Each set of intensity data, ranging from 24-150 eV at a 

given crystal orientation, was taken in a 5-10 minute period; the 

incident LEED beam was not moved across the.crystal during this time 

because the total intensity decay for any extra-order diffraction beam 

was less than 5%. All the photography was taken with the Rh(l1l) 

sample at 240-250 K. 

We obtained two sets of intensity data at each sample orientation 

(0 = 0,10,20 and 30 °  with 	= 0 ° ) for the c(21ix4)Rect-benzene, (3x3)- 

benzene, and (3x3)-naphthalene structures. (There are two exceptions 

to this rule where we collected only one set of intensity data at 0 = 

20 and 30 °  for the (3x3)-benzene layer.) The two sets of intensity 

data which were collected for almost every orientation and structure 

came from different adsorption experiments in order to check for repro-

ducibility. In addition, we have obtained one set of intensity data 

for the mixed phase of naphthalene [(3/3xn/3)R30 ° +(3x3)} at 00 0 . 

C. RESULTS AND DISCUSSION 

1) Preparation of the Benzene Adlayers 

A well-ordered c(2v'3x4)Rect-benzene layer formed at -40 ° C with a 

30 L exposure as shown in Fig. la. (All exposure values have not been 

corrected for the ion gauge sensitivity or for the pressure difference 

between the gauge and sample.) However, a 15 L exposure produced only 

a diffuse and weak c(2v'3x4)Rect LEED pattern. All our intensity data 

for the (3x3) and c(2/3x4)Rect-benzene layers were obtained after a 60 

L exposure. Since the c(2/3x4)Rect lattice orders already at -40°C, 
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benzene should have a fairly large surface mobility at this tempera-

ture. A similar procedure using a 70 L exposure (which can be directly 

compared to ours) for a Pt(l1l) sample at 25 ° C gave a well-ordered 

(2v'3x4)Rect-benzene structure. 8  

The c(2Ix4)Rect lattice is stable up to 75 ° C, but a mixed phase 

of ordered (3x3) and c(2tx4)Rect domains as illustrated in Fig. lb can 

form after a short anneal ( - 2 minutes) at 90 ° C. Further heating at 

100 ° C for --15 minutes produced a clear (3x3) structure that is shown in 

Fig, ic. Our Auger Electron Spectra did not detect any change of 

carbon coverage during the transition. (We obtain C(272)/Rh(229) = 

0.46±0.04 at 10V 	modulation in the dN/dE mode.) The (3x3) lattice 
ptp 

then disordered after a 5 minute anneal at 125-150 ° C. The 

(2Ix4)Rect-benzene overlayer on Pt(1ll) showed a similar irreversible 

phase transition to a (2ix5)Rect lattice. 8  At 50 ° C, the 

transformation to the (213x5)-benzene layer would be completed in -50 

minutes, and well-ordered domains of both the (2/x4) and (2V3x5)Rect 

lattices co-existed during the course of the transition. 

In our preliminary adsorption experiments for benzene on Rh(111), 

however, a fairly disordered (3x3) layer formed already at -40 ° C. We 

believe this was caused by either CO coadsorption or a small carbon 

impurity present on the surface; but we have not yet investigated this 

point further. The (3x3) layer that formed at -40 ° C required annealing 

at 100 ° C for '-15 minutes to fully order. 

A carbon impurity may favor the (2/x5)Rect-benzene layer on 

Pt(lll).8b When an Auger Electron Spectrum was measured for the 
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clean Pt(lll) surface prior to benzene adsorption, the (2/3x5)Rect 

rather than the (2i7 x4)Rect lattice would form initially. It is 

believed that the electron beam used in the AES measurement may have 

decomposed adsorbed CO from the background gas to give a carbon 

impurity. (The atomic oxygen may desorb as an ion or may react with 

coadsorbed CO to form CO 2  that then quickly desorbs.) 

ii) Preparation of the Naphthalene Overlayers 

A structure containing disordered (3ixnI)R300  and (3x3) lattices 

formed after a 5 L exposure (again uncorrected) of naphthalene with the 

Rh(lll) sample at -40 ° C. The layer was ordered by annealing at 75 ° C 

for 5 minutes. We also tried larger exposures of naphthalene, but the 

quality of the LEED pattern did not improve and the Auger carbon signal 

did not increase. The superposition of the (3/3xn/3)R30 °  and (3x3) 

LEED patterns indicates that either two kinds of domains exist 

simultaneously on the surface or the (3x3) layer has a (3v 73_ xni)R30 0  

superlattice associated with it. As shown in Fig. 2a, the third-order 

diffraction beams were much more intense than the other extra-order 

reflections which implies that either a higher coverage of the (3x3) 

domains is present on the metal surface or the superlattice represents 

only a subtle structural change in the basic (3x3) cell. 

Our observation that the overlayer ordered only near 75 ° C 

indicates a much lower mobility for adsorbed naphthalene than for 

benzene. This is consistent with naphthalene 10  and azulene 9  

adsorption on Pt(lll). A sharp (6x3) LEEI) pattern was obtained after 

annealing the naphthalene overlayer on Pt(111) at 100 ° C, while the 

(3x3)- and (3x3)R30 ° -azulene layers ordered near 125°C. 
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Heating the (3x3)+(3Vxn15R300 phase of naphthalene on Rh01l) 

to 125-150 ° C for -5 minutes produced a well-ordered layer as shown in 

Fig. 2b. This transformation seems to be irreversible; yet the 

(3/3xnn)R30 °  periodicity did reappear slightly after we kept the 

annealed naphthalene layer at room temperature for one day. Our Auger 

Electron Spectra indicate that the carbon coverage does not change 

during the transition. (We obtain C(272)/Rh(229)0.50±O.04 at 10 

modulation in the dN/dE mode.) Further heating to 175 ° C for 

5 minutes permanently disordered the (3x3) lattice. In another set of 

adsorption experiments, only the (3x3) domain formed after annealing 

the naphthalene overlayer at 50-75 ° C; we suspect that trace amounts Of 

impurities (such as carbon or CO) may have caused this change, though 

we have not vet investigated this point further. 

There is once again a strong parallel with aromatic adsorption on 

Pt(110. Although naphthalene forms only a (6x3) overlayer on Pt(111), 

azulene yields a mixed phase of (3x3) and (3x3)R30 °  lattices below 

190 ° C, a (3x3) layer between 190-200 ° C, and a disordered structure 

above 200 ° C. 9  Interestingly, the mixed phase of (3x3)•  and 

(3x3)R30 ° -azulene could make a reversible transition to only a (3x3) 

layer at 100-160 ° C for 0c = 1.1-1.3. We have not however seen such a 

reversible transition for the two ordered naphthalene phases on 

Rh (111). 

iii) Interpretation of LEFD Patterns 

a) Benzene 

Figure 3 shows the real space unit cells (dashed lines) of the 

c(2/3x4)Rect and (3x3)-benzerie layers above the Rh(1ll) surface. 
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HREELS experiments 7  indicate that the benzene ring lies flat above 

the metal surface and may adsorb at a C3v site in the Rh(110-

c(2v'3x4)Rect structure. On the left-hand side of Fig. 3, the benzene 

admolecules are placed in the c(2/3x4)Rect unit cell above atop sites 

with two different orientations about their six-fold axis. (We do not 

show the other likely registries (hcp and fcc hollow sites) that allow 

adsorbed benzene to have C3v symmetry.) The carbon positions in the 

upper left geometry shown in Fig. 3 are similar to those found for 

adsorbed acetylene on the Pt, Rh and Pd(111) surfaces, 1 ' while the 

hydrogen-hydrogen separation in neighboring admolecules has the largest 

value possible for this lattice (2.9-3.OA). In the lower left geometry 

illustrated in Fig. 3 the hydrogen-hydrogen distance is 2.4A which is 

close to the Van der Waals distances measured for a number of molecular 

crystals 12  (2,4 10.2A) including solid benzene I and 1112b (2.64 and 

2.23 A, respectively). For this reason, we favor the benzene 

orientation given in the lower left of Fig. 3. Now rotating each 

benzerie shown in the upper left of Fig. 3 by 19 °  about its six fold 

axis points neighboring C-H bonds toward each other and results in the 

shortest possible H-H separation for this lattice (2.1 A). 

The implied carbon coverage for the c(2V3x4)Rect structure is 

three-quarters of a monolayer (0 C  = 3/4). At the right side of Fig. 

3 we show a plausible benzene geometry for the (3x3) layer that forms 

on the Rh(111) surface. The carbon coverage for this structure is 

probably only two-thirds of a monolayer (e c  = 2/3). Since no HREELS 

measurements have yet been done on the (3x3) layer, we have assumed 

that benzene again lies flat on the metal surface above a C3v 
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adsorption site. A HREELS study 5  for benzene adsorbed on Ni and 

Pt(1ll) indicated that two different C3v sites are populated in a 

disordered layer that forms at low exposures (with C-H out-of-plane 

bending frequencies at 730 and 820±10 cm), yet only one C3v site 

was found in a similar study on the Ni(11l)-(213x2/3)R30 °  structure 6  

(with a C-H out-of-plane bending frequency at 750±10 cm). This 

suggests to us that benzene may occupy two different C3v sites in the 

two lattices that appear after adsorption on both the Pt and Rh(1l1) 

faces. 

The particular orientation we chose for adsorbed benzene in the 

(3x3) structure shown at the upper right of Fig. 3 is at best only 

slightly favored by the Van der Waals arguments we used for the 

c(215-x4)Rect layer. The benzene admolecules have neighboring C-H 

groups pointing towards each other, but the H-H distance (that is the 

shortest possible for this lattice) is still significantly larger 

(3.1$) than the optimal value (2.4$). The geometry illustrated in the 

lower right of Fig. 3 shows another orientation of the benzene layer 

whereby the H-H distances are maximized O.M. In either case, 

adsorbate-adsorbate interactions should not be nearly as important as 

we believe they are in the c(2/3x4)Rect overlayer. In fact, the 

admolecules may be randomly oriented above the metal since the 

adsorbate-metal interactions may also not significantly inhibit 

rotation about the six-fold axis. 13  This suggests an attractive 

possibility whereby the c(2/3x4)Rect to (3x3) phase transition is 

caused by the increasing importance of the entropy term in the Gibbs 

Free Energy at higher temperatures (C = 1-1-TtS). 
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The benzene layers on the Pt(1ll) surface have a similar density 

to those on Rh(111). We found that a glide line symmetry exists along 

the longer edge of the (2V3x5)Rect unit cell after carefully inspecting 

the photography collected by P. C. Stair, 8  The presence of this 

glide line strongly suggests that there are two admolecules in the 

(2/x5)Rect cell contrary to earlier findings that relied on C 14  

radiotraces 14  (one molecule/cell) or Auger Electron Spectroscopy8  

(three molecules/cell). 

Figure 4 shows a schematic of the LEED patterns for the (2/3x4) 

Rect and (2/'rx5)Rect benzene overlayers on Pt(l1l). In Fig. 4a, some 

LEED spots are missing at normal incidence for the (213x4)Rect layer 

that suggests a glide line symmetry, but these spots do not 

unfortunately clearly reappear when the crystal is rotated by as much 

as 16 °  off-normal incidence. In Fig. 4b, the LEED spots for the 

(21Tx5)Rect adlayer that are drawn as circles are again not present at 

normal incidence, but do appear when the crystal is rotated four 

degrees off-normal incidence. If a glide line symmetry is present in 

the (2/x4)Rect structure, we calculate a carbon. coverage of Oc =  

3/4; while the carbon coverage for the (215x5)Rect layer is 0c = 

b) Naphthlene 

The superposition of the (3/3xn/3)R30 °  and (3x3) periodicities in 

the naphthalene layer on Rh(lll) (Fig. 2a) makes it difficult to deter-

mine n uniquely. There are two arguments however that favor n=3 over 

n1. (1) The (3v'x/)R30 °  cell is very long and narrow and does not 

allow an optimal packing for the naphthalene layer. (2) A (3/3x/3)R30 0  

lattice would also have a LEED pattern with many single-domain 
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diffraction beams. As described in Chapter VIII, the Rh(lll)-c(4x2)-

ethylene structure produced a number of single-domain diffraction 

beams; and we observed that the equivalent beams from different domains 

had very different absolute intensities. This domain preference was 

attributed to the step density that exists on our Rh(lll) sample. We 

expect that a (3/3x/3)R30 0  naphthalene lattice on the same Rh(lll) 

sample should also give equivalent single domain diffraction beams with 

very different absolute intensities. However, Fig. 2a shows that the 

possible single domain LEED spots, which would be equivalent by the 

mirror plane symmetry along the (10) or (01) direction, have nearly the 

same absolute intensity. It is more likely then that a (3/3x3v'3)R30 0  

rather than a (313x/3)R30 0  naphthalene periodicity exists on the 

Rh(111) surface. 

Our Auger Electron Spectra suggest that •both naphthalene layers 

which form on the Rh surface have the same coverage. The (3x3) phase 

probably has one admolecule in each primitive cell, while the 

(3v'3x3/3)R30 0  lattice contains three. The implied coverage for both 

these layer is B c  = 10/9. There are too many molecules present in 

the (3/3x3/3)R30 °  cell to permit a likely structure to be drawn. 

However, a possible model for the (3x3) naphthalene layer is 

illustrated in Fig. 5. The naphthalene ring lies flat on the surface 

with the hydrogen atoms from neighboring admolecules meshed in a bevel 

gear arrangement. The smallest hydrogen-hydrogen separation is only 

1.6 A which is significantly less than the optimal Van der Waals 

distance of 2.4 ± .2 A. The admolecule may however be somewhat 
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distorted (C-H tilting, for example) to reduce these repulsive Van der 

Waals interactions between nearest neighboring hydrogens. 

Rotating the adsorbed naphthalene about an axis perpendicular to 

the surface will produce even shorter hydrogen-hydrogen distances than 

those given in Fig. 5. As drawn in our model, the two C6 rings of 

naphthalene are centered 0.3 A away from the neighboring hcp and fcc 

hollow sites. This would be consistent with HREELS results 5 ' 6  that 

suggest benzene on Ni and Pt(lll), may be centered above a three-fold 

hollow in at least one of the two adsorption sites that are occupied on 

the metal surface. 

Naphthalene adsorbs in a (6x3) lattice on the Pt(lll) surface; 

most probably two admolecules are located in each cell since a glide 

line symmetry is found along the (10) and (01) directions in the LEED 

15 pattern. 10 
 Force field calculations, 	which assume standard Van 

der Waals parameters and neglect metal-adsorbate interactions, predict 

that the two naphthalene molecules lie flat above the metal and have a 

relative rotation of 60 ° . The packing potential energy for the layer 

is calculated to be a negative 5-6 kcal/mole. However, a positive 

potential energy of 4 kcal/mole is obtained when the relative rotation 

of naphthalene molecule is reduced to 0 ° . This latter orientation 

corresponds to the naphthalene overlayer illustrated in Fig. 5; but an 

even more repulsive interaction energy for neighboring naphthalene 

molecules should exist in the (3x3) lattice on Rh(111) since the Rh 

substrate spacing is about 4% smaller than that for Pt. Why 

naphthalene prefers the (3x3) cell on Rh(1l1) rather than a (6x3) cell 
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with glide lines as on Pt(11l) is not at present understood in the 

framework of our Van der Waals arguments. 

Azulene adsorbed on Pt(110 9  produces a mixed phase of two 

ordered domains ((3x3)R30 °  and (3x3)) that have an equal density of. 

admolecules. A very plausible model for the azulene overlayer is 

similar to our naphthalene lattice shown in Fig. 5 except that the 

closest hydrogen-hydrogen distances are 2.0 (2 hydrogens/molecule) and 

2.2 (4 hydrogens/molecule). Force Field calculations 16  in this case 

predict a packing potential energy of a negative 4-5 kcal/mole. 

iv) Thermal Desorption Spectra 

a) Benzene 

Figure 6 shows the H2  TD spectrum obtained with either the 

c(2v'3x4)Rect or (3x3) benzene overlayers on Rh(lll) and with a linear 

temperature ramp of 5-10 ° C/sec. The first hydrogen desorption peak 

occurs at 140 ° C and has a width of only 20 ° C, while a second broader 

peak appears at 300 ° C. The H2 TD spectrum for benzene adsorbed on 

Pt(l11) 17  is very similar in shape, but the peak desorption tempera-

tures are shifted to higher values (270, 380 ° C). The sharp first peak 

in the TD spectra probably signals the decomposition of the benzene 

molecules, while the broader second peak should then correspond to the 

dehydrogenation of the hydrocarbon fragments that form on the surface. 

An analogous sequence of decomposition and further dehydrogenation 

steps has been followed with HREELS and TDS for the alkylidyne layers 

that form on the Rh and Pt(111) surfaces (Chapters VI and VIII). 

Since no H2 desorption is detected between -40 ° and 100 ° C, 

benzene appears to adsorb non-dissociatively on the Rh(l1l) surface. 
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If benezene did decompose, the hydrogen that would be released should 

desorb near room temperature. Chemical displacement reactions support 

the non-dissociative adsorption of benezene on Pt(lll). Trimethyiphos-

phine ((CH3) 3P) completely displaces benezene from the Pt(lll) 

surace if the crystal temperature is kept below the onset of the 

thermal desorption(<220 ° C) 17 . The same conclusion is reached for 

benzene adsorbed on the Ni(lll) surface where the peak hydrogen 

desorption occurs at 180 ° C. 18  These desorption experiments on Rh, 

Pt, and Ni(lll) indicate that the Rh surface is the most reactive since 

benzene decomposition occurs at the lowest temperature on this metal; 

the Pt surface then turns Out to be the least reactive. 

A flat or TI-bonded benzene admolecule is suggested from the 112 

desorption spectra; this claim is further supported by the HREELS, 

ARPES, and LEED studies that have already been described. If the 

molecular plane of benzene was tilted away from the metal surface, we 

would expect either a rehybridization of the carbon atoms in the ring 

which would remove the energetically favorable 71-resonance of benzene, 

or a dissociative a-bonding of one or two carbon atoms to the metal 

which is also unlikely since there is no detectable hydrogen evolution 

below about 100 ° C on any of the metal surfaces discussed. 

Both order-order phase transitions for benzene adsorbed on the Pt 

and Rh(lll) surfaces leads to lower coverage structures. The c(2Ix4) 

Rect to (3x3) lattice transformation that occurs with benzene on 

Rh(lll) should change the carbon coverage from O c =  3/4 to °c = 

2/3. The transition on the Pt(lll) surface probably goes from a 

(2/'x4)Rect cell (Oc = 3/4) to a (2/ix5)Rect one (ec  = 3/5) since 
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those rectangular cells are found to probably have a glide line 

symmetry. If the benzene layer is initially saturated on Rh and 

Pt(1l1), the 12% (for Rh) or 20% (for Pt) reduction in the benzene 

density must come from either decomposition or desorption. As shown in 

Table 1, benzene desorption from the Pt(11l) surface can occur at 

100-130 ° C hydrogen evolution does not become appreciable until a 

temperature of 270 ° C has been reached. This suggests that the excess 

benzene desorbs intact during the irreversible phase transition. 

Although we have not measured the benzene thermal desorption 

spectrum from the Rh(l11) face, we believe benzene again desorbs near 

100 ° C. To support this claim, we notice that the benzene desorption 

temperature is between 100-130 ° C for both Ni and Pt(1l1), even though 

the H2  desorption peaks have very different temperatures (180 and 

270 ° C). The transition from the c(2Ix4)Rect to the (3x3) lattice that 

occurs on Rh(l11) is probably caused by benzene desorption rather than 

decomposition even though the decomposition reaction can proceed 

rapidly at 140 ° C in this case. Our Auger Electron Spectra for the two 

benzene layers on Rh give the same carbon coverage. (We obtain 

C(272)/Rh(229) = 0.46 ± 0.04.) However, the experimental uncertainty 

is too large (-10%) to clearly discriminate between desorption or 

decompos it ion. 

It is quite surprising that the benzene transition on the Pt(lll) 

surface can actually take place at room temperature by either leaving 

the sample in vacuo for 3-4 hours or continuing the benzene flux for 

- 	. 	,.-7 u mm at iv 	torr. 	The benzene desorpt ion rate at room 

temperature is too small to account for the 20% loss in density that is 
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necessary, while a continued benzene exposure should saturate the 

benzene overlayer rather than cause a 20% reduction in density. Two 

possible explanations can be posed. (1) The initial benzene layer may 

not be fully saturated after a 70 L exposure at room temperature. This 

implies that there are many benzene islands with 20% of the metal 

uncovered; and it does not easily explain why higher benzene exposures 

would cause the phase transition to the (2/3x5)Rect layer. (2) Or the 

major background gases (H2 and co) may remove some adsorbed benzene. 

CO. for example, could displace some benzene and allow the benzene 

lattice that remains to expand. In support of this argument, the first 

benzene desorpt ion peak occurs at a much lower temperature (100-130 ° C) 

then found for CO; this implies that CO is more strongly bound to the 

Pt(lll) surface. 

b) Naphthalene 

The H2  desorption spectrum for the combined (3/3x3V3)R30 ° +(3x3) 

phase or the (3x3) phase is illustrated in Fig. 7. A sharp peak is 

detected near 310 ° C and a broader peak at about 430 ° C (with a linear 

temperature ramp of 5-10 0 C/sec). We again interpret the first peak to 

correspond to a decomposition reaction and the higher temperature peak 

indicates further dehydrogenation of residual hydrocarbon fragments. 

As shown in Table 1, naphthalene decomposition occurs at comparable 

temperatures on Rh and Pt(1ll) (3000  and 310 ° C, respectively) along 

with azulene decomposition on Pt0l1) (275 ° C). Unfortunately, mole-

cular desorption was not studied on any of these surfaces. 

The naphthalene phase transition on the Rh(lll) surface is com-

pleted in -15 minutes at 150 ° C even though we measure an appreciable 
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decomposition probability only near 300 ° C. Dissociation of adsorbed 

naphthalene then may not cause the transformation from the (3x3)+ 

(3i/3x3V'3)R30 0  phase to the (3x3). However, decomposition of adsorbed 

azulene on Pt(111) is found to occur at 190 ° C, even though the measured 

H2 desorption temperature is 275 ° C.9 

D. SUMMARY 

Benzene produces two different ordered overlayers on the Rh(lll) 

surface. The c(213x4)Rect lattice (at an implied coverage of 8 c =  

3/4) transforms irreversibly to a (3x3) structure (at a lower coverage 

of 6c 2/3) upon heating to near 100 ° C. Similarly, naphthalerie 

forms a mixture of (3/x3/)R30 °  and (3x3) lattices on the Rh(111) 

surface (with an implied coverage of 6 c =  10/9) below 125 ° C, while 

only the (3x3) phase remains after heating to 150 ° C. The superposition 

of the (3/3_x3/)R30 °  and (3x3) LEED patterns indicates that the 

(3Ix3/)R30 0  lattice either exists as a separate domain from the (3x3) 

phase or occurs as a superperiodicity on the (3x3) structure. 

Our Thermal Desorption Spectra (TDS) suggest that both the benzene 

and naphthalene layers are non-dissociatively adsorbed, while our Auger 

Electron Spectra do not indicate any change in carbon coverage after 

the c(2/3x4)+(3x3)-benzene or (3'x3/)R30 0 +(3x3)+(3x3)-naphthalene 

transitions. We still believe however that some benzene (12%) desorbs 

from the surface in the c(2/3x4)+(3x3) transformation since our Auger 

Spectra have a comparable uncertainty (-10%) and such desorption 

without any accompanying decomposition has been found on the Pt and 

Ni(lll) surfaces (see Table 1). 
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Intensity vs. voltage curves have been collected for the benzene 

and naphthalene layers, and a LEED determination of their surface 

structure has just begun. Reasonable geometries for these aromatic 

layers can be posed and will be tested in our dynamical LEED studies. 

The LEED pattern, thermal desorption spectra and High Resolution 

Electron Energy Loss Spectra (HREELS) suggest that benzene lies flat on 

the surface in the c(213x4)Rect structure. A likely orientation of the 

benzene ring about its six-fold axis gives H-H contacts of 2.4A and 

carbon positions that are very similar to that found for acetylene 

adsorbed on Rh, Pt and Pd(11l). The (3x3)-benzene layers may also be 

it-bonded to the metal since no H2 desorption seems to occur in the 

c(2/3x4)Rect+(3x3) transition. The adsorbate-adsorbate interactions 

are probably very weak in this structure; if the inetal-adsorbate 

interaction does not inhibit rotation about the six-fold axis, this 

layer may be orientationally disordered. 

The (3x3)-naphthalene layer may also be it-bonded to the metal. In 

this case, adsorbate-adsorbate interactions should strongly inhibit any 

rotations about an axis perpendicular to its molecular plane. In fact, 

the optimal orientation (assuming no distortion of the admolecule) 

already gives very small H-H contacts ( 1.6A). 
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Table 1. Thermal desorption data for adsorbed aromatics. 

Benzerte (C6H6) 

metal 	 H2  desorption (T ° C) 	benzene desorption (T ° C) 

Rh(lil) 	 140,300 	 (?) 

Pt(l 11)17 	 270,380 	 100-130,200-220 

Ni(lll) 8 	 180,(?) 	 115-125,(?) 

Naphthalene (C10H8) 

metal 	 H2  desorption (T ° C) 
	

naphthalane desorption (T° C) 

Rh (111) 
	

300,420 
	

(?) 

Pt(lll) 
	

310,360 
	

(?) 

Azulene (C10H8) 

metal 	 H2  desorption (T ° C) 
	

azulene desorption (T ° C) 

Pt(111) 	 275,390 	 (?) 
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Figure Captions for Chapter X 

Fig. 1. Rh(l11)-benzene LEED patterns. Pattern (a) forms after 

adsorption at -40 ° C, (b) occurs after a 2-minute anneal at 

90 ° C and (c) appears after a 15 minute anneal at 100 ° C. 

Fig. 2. Rh(111)-naphthalene LEED patterns. Pattern (a) forms after a 

5 min anneal at 75 ° C and (b) appears after a 5 min anneal at 

125-150 °  C. 

Fig. 3. Plausible geometries for the Rh(111)-benzene structures. We 

favor the lower left geometry for the c(2v'3x4) phase and an 

orientationally disordered benzene lattice for (3x3) phase. 

Fig. 4. Schematic of LEED patterns found for the Pt(111)-(2v'3x4) and 

(213x5)-benzene structures. 8  

Fig. 5, Plausible geometry for the (3x3)-naphthalene layer. 

Fig. 6. F12 thermal desorption spectrum for either the Rh(111)-(3x3) 

or c(2/3x4)Rect-benzene overlayer. The heating rate is 

5-10 ° C/sec. 

Fig. 7, H2  thermal desorption spectrum for either the (3y'x3/)-

R30 ° +(3x3) mixed phase or (3x3) phase of naphthalene on 

Rh (111). 
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Observed G'ide Line Symmetry for Pt(III)-C 6 H 6  
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APPENDIX I. EXPERIMENTAL INTENSITY CURVES 

Ir(100)-(5x1) 

Rh(111) 

Rh(1i1)-(/3x/3)R30 ° -00 

Rh(111)-(2x2)-3C0 

Rh(111)-(2x2)--CO-0O2 Exposure 

Rh(111)-(2x2)-C2H3 

Rh(111)-(2x2)-C3H5 (low exposure) 

Rh(111)-(2/3x213)R30 ° -C3H5  (high exposure) 

Rh(1i1)-(2i'3x213)R3O ° -c3H4  (high exposure) 

Rh(111)-c(4x2) with C2R2+H, C2H4 , C3H44H, c3H6  

Rh(111)-(3x3)-C6H6 

Rh(111)-(3x,'3xn/3)R30 ° +(3x3)--C1OH8 

Rh(111)-(3x3)-C10118 

Rh(100) 

Pt(111)-(2x2)-C3H5 

Pt(111)-(2f3x213)R30 0 -2-C4H8 (high exposure) 

Pt(111)-(8x8)-2-C4H8  (intermediate exposure) 

Pt(111)-(2x2)-2-C4H8 (low exposure) 
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