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- ATONIC AND t'10LECULAR PROCESSES AT SOLID SURFACES 

by 

Go A. Somorjai 

f1aterials and Nolecular Research Division, Lawrence Berkeley Laboratory, 

and Department of Chemistry, University of California, 

Berkeley, California 94720 

Abstract 

Developments of nevi techniques over the past 15 years permits the 

investigation of the structure, the composition and reactivity of solid 

surfaces on the atomic scale. Our present knm.,ledge of the structure of 

clean surfaces and of adsorbed roonolayers as studied by low-energy 

electron diffraction is reviewed. Surface crystallography ilrovides in

formation on the nature of'the surface chemical bond. 

Electron spectroscopy studies of the surface phase diagrams (surface 

composition vs. bulk composition and temperature) of binary alloy systems 

arc revic\'fed. The surface enrichl1ent of one of the alloy constitu-ents is 

cOliTllonlyobserved. The various thennodyna,mic and chemical variilbles that 

control the ,surface composition are discussed. 
. - . . 

The reactive sCilttering of l1x:llecular beams from surfaces reveals th~ 

kinetics and rrechanisms of surfa:e reactions. From the data the il1inii~Lim 
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surface residence times of the reactants and products and the partitioning 

of energy between the molecules and the surface are determined. The avail

able experimental data is reviewed and the utility of this technique is 

demonstrated by discussion of the H2-D2 exchange on platinum surfaces. 
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Introduction 

In recent years a very large number of ne\'1 techniques have become 

available that permit the investigation of surface phenomena on the atomic 

scale. Most of these involve the scattering of electrons, atoms, mole

cules or ions or photons (especially in the vacuum ultraviolet or higher 

energy range). Particles such as electrons and atoms are scattered very 

strongly by the topmost monolayer, thus the scattered species provide in

formation primarily about the surfaceo Elastically scattered (diffracted) 

electrons in the 15-200 eV range are the probes utilized in low-energy' " 

electron diffraction to aetermine the structure of an ordered surface or 

of an adsorbate (surface crystallography). Electrons that are emitted froM 

the valence shell or from the inner shells of surface atoms as a result 

of bonbardment by electrons or photons of higher energy (10-104 eV)are .the 

probes of ultraviolet photoelectron spectroscopy, Auger electro spectro

scopy and X-ray photoelectron spectroscopy_ These techniques are employed 

to determine the chemical composition of the surface and the oxidation 

states of surface atoms with a sensitivity of about 1% of a monolayer 

(~1013 atoms/cm2). Once we know the arrangement and composition of atoms 

at the surface we may study a variety of surface phenomena involving atom 

transport such as surface reactions and establish how the reaction rate 

and reaction path leading to observed product distribution depends on the 

surface structure and composition. Reactive scattering of a beam of mole-

cules that takes place upon their collision ''iith the surface has been used 

to unravel the elementary surface reaction steps. Studies of surface re-

actions by molecular beam scattering reveal the minimum surface resid~nce 

time of the reactan,t that leads to a cher:tical reaction, the reaction 
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probability (number of product molecules/number of incident reactant mole

cules) and the partitioning of energy (translation, vibration and rotation) 

among the reaction partners, the reactants, surface atoms and the desorbing 

product rno 1 ecul es 0 Other methods of s tudyi ng chemi ca 1 surface reacti ons at 

higher surface coverages than those used in molecular beam surface scatt~r
the ' 

ing experiments can also profit from relating/reactivity of the surface 

with its atomic structure and composition. 

This paper will be divided into three parts. First we discuss our 
" ' 

present knowledge of the atomic surface structure. Much of the atomic' 

scale information has been obtained by lm-l-energy electron diffraction 

studies over the past 15 years and these will be reviewed. Then we discuss 

what is known of the surface composition of multicomponent systems, pri

marily metal alloys since these have been studied in most detail. Finally. 
,°'1 

we shall revi ew our present unders tandi ng of energy trans fer duri ng s ur-

face reactions and how the reactivity depends on the structure and compo-

sition of solid surfaces. We shall neglect discussions of the techniques 

that have been utilized. Reviews on the use of lO\-I-energy electron diffrJc-

. 1 ,2,3 1 4 5 6 " . 7.3 tlon, e ectron spectroscopy' , and molecu ar beam scatterlng are 

available and should be consulted by the interested reader. 

The Structure of Solid Surfaces 

Figure 1 depicts schematically a solid surface. The surface is 

structurally heterogeneous, there are several different atomic sites which 

are distinguishable by their nuJi1ber of nearest neighbors or coordination 

number. There are atof!lS in terraces where they are surrounded by the 

largest number of neighbors. There are atoms in steps, and at kinks in 

r 
i 

" 

i 
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the stepso These sites have less neighbors than the atoms in the terraces. 

Adatoms that are located on top of the terrace have, of course, the small

est coordination numbero This model of the solid surface has been utilized. 

to develop the theory of the growth of crysta.ls and to explain thevapori

zation mechanisms of solids and other surface phenomena. New inform~tion 

that has been emerging from our studies, primarily single crystal surfaces, 

is that each of the. surface sites may have different chemical reactivity.9 

Our studies of transition metal surfaces indicate that chemical bond 

breaking (H-H, C-H and C-C bonds) are facilitated at low coordination 

number sites such as atomic-steps and kinks that can be present on suitably 

prepared surfaces with high concentrations.10,11 

If each crystal plane, step and kink sites at the surface have 

different chemical reactivity much of the complexity revealed in studies of 

heterogeneous catalysis or corrosion can readily be rationalized. Small 

particles used in heterogeneous catalysis for example are bound by differ

ent atomic planes and must have large concentrations of atoms in steps 

and in kink positions. A crystallographic model of one such particle 1s 

shown in Fig. 2. Thus the experimentally determined reaction rate and 

product distribution is that obtained by the sum total of the. rates' and 
: > ", 

products obtained at each surface site. It is very difficult, if "O't; 

impossible, therefore, to decipher the reactivity of each active surface 

site from the experimental data. It is possible, however, to prepare 

surfaces of single crystals where one or another surface site is present 

, ,. 
~ 
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in large concentrations and study them by 1m-i-energy electron diffraction 

(LEED), a technique that can identify these various surface sites. A 

scheme of the LEED experiment is shown in Fig. 3a. Low-energy electrons 

(10-200 eV) are back-scattered from a crystal surface and the elastically 

scattered fraction (those electrons that did not lose energy in the 

collision with the surface) is accelerated and impinge on a fluorescent 

screen where the diffraction spots are disp1ayed. 1 The diffractio~ patterns 

and schernati c representations. of the three types of surfaces of pl ati num 

that give large differences in relative concentrations of terrace, step 
\ 

and kink sites are shown in Fig. 3b. Surfaces ",here Illost of the atoms 

are interrace 
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positions can be _easily prepared and these exhibit high thermal and chemi-

cal stability. Alternately stable surfaces with over 20% of the surface 

atoms in step positions have been prepared. By appropriate cutting of a 

single crystal, one can introduce a high density of kinks into the steps.1l 

One may explore the chemistry of each of these surface sites by studying 

the reactivity as a function of step or kink concentration on a series of 

single crystal surfaces and compare the results with those obtained,on 

small particles. This is then the approach \'1e took in many catalytic 

studies using single crystal platinum surfaces to explore the mechanism .. 

of hydrocarbon reactions. 11 

A. The Structure of CleaN Solid Surfaces 

There are perhaps two major findings that emerge from low-energy 

electron diffraction studies over the past 15 years that \'/ere previously 

not known. 

1) Surface reconstruction.· Many surfaces have atomic structures 

that are different from that expected from the projection of the X-ray 

bulk unit cell. The surface atoms assume new equilibrium positions by 

out of p1 ane buckling or by nrel axing" inward (contraction) that often 

results in. entirely djfferent ordered surface structure. 

2) Surfaces that exhibit ordered surface irregularities (steps and 

kinks) are the stable structure of crystal planes of high r~iller index. 

A larger ,,!umber of crystal planes are characterized by an atomic structure 

in which terraces of a few atoms wide are separated by periodic steps of 

one atom in height. This ordered step-terrace arrangement persists up 

to the melting point of many solids. We shall give examples of ~,oth of 

these properties of solid surface structure. 
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Figure 4 displays the diffraction patterns and schematic representation 

of the structures of the (100) crystal face of platinu~. This surface ex

hibits the so-called (5xl) surface structure shown in the figure (Fig. 4a). 

There are two perpendicular domains of this structure and there are 1/5, 2/5 

3/5 or 4/5 order spots between the (00) and (10) diffraction beams. The 

surface structure appears to be stable at all temperatures from 25°C to the 

melting point although at elevated temperatures impurities from the bulk 

can come to the surface and cause a transformation of this structure to the 

impurity stabilized (lxl) surface structure (Fig. 4c). Preliminary calcu

lations by Clark et al. 12 and in this laboratory indicate that a r.10d~~\,'for 
Pt(lOO) in which the surface atoms assume a disordered hexagonal configu

ration by out-of-plane buckling is favored. The apparent (5xl) unit cell 

is then the result of the coincidence of the atomic position of atoms in 

the surface, i.e., in the distorted hexagonal layer, with atoms of the· 

undistorted second layer below. 

The surface atoms in any crystal face are in an anisotropic environ

ment which is very different from that above the bulk atoMS. The crystal 

symmetry that is experienced by each bulk atom is markedly higher than for 

atoms placed on the surface. The change of symmetry and the lack of 

neighbors in the direction perpendicular to the surface permit displacement 

of the surface atoms in ways that are not allowed the bulk. Surface re

laxation can give rise to a multitude of surface structures depending on 

the electronic structure of a given substance. The (lOa) crystals of 

gold and iridium that are neighbors of platinum in the periodic table ex

hibit the same surface reconstruction and the same surface structure as 

that of platinum. that is shown in Fig. 4. The (110) crystal faces of these 

. i 

. 
i: .. 
< 

j 1 
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three elements are also restructured and exhibit a different unit cell 

than that expected from the bulk X-ray structure. The (111) crystal face 

of these three metals has the same surface structure as that indicated by 

the bulk unit cell. Other metals such as tin, antimony and bismuth also 

exhibit surface reconstruction. For semiconductors, hOi-lever, most crystal 
, 

planes that have been studied show reconstruction. l ,3 Monatomic (Si, Ge), 

and diatomic (GaAs, InSb~ CdS, lnO, etc.) semiconductor surfaces have b(~en 

investigated in large numbers and surface reordering has been observed . 
for most of them. 1,3 Frequently there are changes of surface structure 

with temperature (order-order transformation) that are often irreversible. 

The mechanisms of surface reconstruction is not well understood. 

There are rrodels invoking changes of electronic structure at the surface 

or proposing the presence of surface relaxation or ordered vacancies to 

explain these findings. 13 Further,studies both experimental and theoreti

cal are clearly necessary to understand the "mechanism and nature of sur-

face restructuring. 

The excess free energy introduced by the creation of the surface in

duces other types of chemical change~ as well in addition to surface recon

struction •. " Alkali-halide surfaces have unit cells not visibly different 

from what is expected from the bulk X-ray unit cells. HDliever, the surface 

composition appears to be markedly different. Auger electron spectroscopy 

, l·d . . I d 13 studies~of alkali-ha 1 es revealed that excess vacanCles are lntrO(Uce , 

the surface becomes enriched in either cations or in anions depending on 

the relative sizes of the positive ions. Oxide surfaces, such as the sur-

face of aluminum oxide and vanadium pentoxide, exhibit both nonstoichio-

14 metry and change of surface structure. It ~ppears that under appropriate 
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conditions the cation is reduced at the surface and a lm'ier oxidation 

state surface oxide forms (A1 20 or V305) with surface structure and com- . 

position that are different from that of the bulk oxide. Still another 

type of surface restructuring is exhibited by the surface of crystals of 

large organic molecules. For example, phthalocyaninercrystals can be 

epitaxially grown on ordered metal surfaceso 15 \~hen copper phthalocyanine 

was grown on the copper (111) surface the surface structure of the grovdng 

organic single crystal layer did not resemble the structure of any of the 
bulk 

simpler crystal planes in the/structure of the organic crystal. It app.~a:s 
" 

that the ordered metal substrate predetermined the orientation and packing 

of the phthalocyanine monolayer which in turn control the orientation and 

packing of organic layers deposited on top of it. For large molecules 

such as phthalocyanine restructuring into a more stable crystallographic 

arrangement requires molecular rotation and diffusion processes that are 

too slow to occur under conditions of crystal growth. Thus the molecules 

are frozen into a surface structure that is predetenmined by the structure 

of the substrate and the first adsorbed organic monolayer. 

The preparation of surfaces with large concentrations of stable and 

ordered irregularities (steps and kinks) can be carried out by cutting 

crystal surfaces along high Miller index directions. Figures 5a and 5b 

show the cutting angles to obtain surfaces with given step and kink 

densities and also shows the schematic representations of these surfaces. 

Stepped surfaces of several metals, semiconductors and oxide surfaces 

d th o 13 I d f ° were prepare 1S way. t appears that ordere steps 0 one atom 1n 

height separated by terraces of low Miller index orientation that are of 
. ~~ny 

the same width, on the average, are the stable surface structures of/high 

'-

·i " 
'. 

l; 
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Miller index surfaces of solids regardless of their chemical bonding. Not 
9 all stepped surfaces are stable hm'lever. Figure 6 shoHs a stereographic 

in our laboratory 
triangle for platinum with all the crystal faces that \'Jere cut and studied/ 

indicated by the points on the triangle. With tJe exception of crystal 

faces in the regions indicated by arrows, the ordered step structure proved 

to be the stable surface structure on all these crystal faces. However, 

when a crystal face was cut that was located in the region indicated by 

one of the arrows (the (510) surface plane for example) this face ~"as un

stable and on heating it undergoes facetting into the two surfaces shmm 

at the ends of the arrows (the (100) and (210) crystal faces). Thus 

studies of the relative structural stability of the various surfaces per-

mits determination of their relative surface free energies (the more stable 

surfaces having the lower surface free energy). 

In several studies of adsorption and surface reaction on platinum 

surfaces we have found that atomic steps and kinks are the active sites 

to break strong H-H, C-H and C-C chemical bonds. In the absence of high 

concentration of these sites (for example on the (111) sur-face) thermal 

activation or high adsorbate pressures were necessary to obtain bond 

breaking activity comparable to that detectable on stepped surfaces. 

Theoretical calculations by Falicov et a1. 16 ,17,18 reVealed two major 

reasons for this enhanced chemical activity of low coordination nu~er 

surface si tes.One of the reasons is that at a corner sHe there is 

enhanced amplitude 0 f cha rge dens ity f1 uctua ti ons tha t 1 eads to an i n-

creased potential energy (~¢) of free electrons on the corner atone The 

magnitude of this potential energy difference for electrons at the corner 

site and away from it depends on the local atomic structure at the surface 
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irregularity .. As a result, some of the free electrons are displaced m.,ay 

from the corner site leaving behind a net positive charge. The number of 

electrons ~N that are removed from the corner site is proportional to 

~N 'U-~<:> x D(Ef } ~"here D(Ef } is the density of states at the Fermi 1 eve 1. 

The magnitude of ~cp is determined by the local step structure. Thus there 

is a large local electronic field present at the corner sites of the order 
o " 

of .3-.4 v/A that should help to further polarize the incoming molecules 

that have well-defined polarizabilities and break them apart. The higher 
--. 

the density of states at the Fermi level, D(Ef ), the larger is the positive 

charge in the corner site. For transition metals the density of states 
, 

at the Fermi level is very large indeed while for nontransition metals 

DeEf} can be quite small. Some of the val ues of D{Ef > that have been' 

determined are platinum: 2.1 e/v/atom; nickel: 1.1; tungsten: 0.7; 

copper: 0.4; and gold: 0.3. These values yield ~N of -0.6, -0.3 and -0.2 

for platinum, nickel and tungsten taking ~cp equal .3 volts. Thus, for 

metals with large values of DeEf} there are large variations of charge 

density at surface irregularities, i.e., low coordination number sites. 
for gold 

For gold, on the other hand, ~N is about -0.09. The surface irregularities/ 

do not show much charge density variation with respect to atoms at surface 
gold 

sites away from stepsp Therefore the/surface is likely to present uniform 

charge density to the incoming reactants and is homogeneous regardless 

of variations of surface sites. These conclusions are certainly supported 

by our experiments of chemisorption and chemical reactions on platinum,11 

gold19 "and iridium20 ,21 surfaces. t4hile surface irregularities like ator.1ic 

steps have different chemistry for platinum and iridiu~ both metals with 

with high density of states, gold surfaces show the sarr.-echemica1 behavior 

.. ' .. 
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regardl ess of surface atomi c structure. 

The second reason for the different chemistry with changing coordiniltion 

number is due to the local field experienced by the transition metal ion at 

various surface sites. This local field has two major effects: (l) causing 

a sizable electron transfer from the stepp~d corner to the bulk or vice 

versa; (2) producing different d-Qrbital level splittings and different 

d~orbital occupations depending on the position of the metal ion .. Ts~ng 
17 . 

and Falicov have calculated the energy levels of localized d-elcctrons 

at different surface sites \'/hen the crystal field is turned on. These 

calculations made across the periodic table for ions \'lith different number 

of d-e1ectrons. The d-electron wave function is a product of the radial 

and the angular part. Assuming that the radial part is constant, they 

display the resultant constant contour of the angular part for these various 

ions. These contours c1 early indi cate that the s tereocher;li stry of the 

corner atoms can be qui te di fferen t from that of a terrl1ce aeom, therefore, 

a different kind of bonding is favored at di fferent sites. The resul t 

of their calculations have been applied to explain the large differences 

between catalytic activity of various transition metal surfaces. Studies 

of the charge density, the energy and spatial arrangement of localized 

\. 
electronic orbitals at low coordination number surface sites, 'l.e .. steps 

and kinks, appears to be an important and challenging area of theoretical 

surface chemistry. 

B. The Structure of Adsorbed ~~nolayers 

Over the past 15 years, low-energy electron diffrilction studies of 

monolayers of adsorbates on crystal surface IhIVe shown that 1 )\adsorhatp 

monolayers are largely ordered under proPer condi tions of the eXper-llr-ent, 
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2) the surface crystallography reveals the nature of the surface chemical 

bond and 3) there is a marked crystal plane sensitivity of the surface 

chemical bond. Surface irregularities and kinks have different bond 

breaking abilities as compared to atoms in terraces. 

It is well established that atoms or small diatomic molecules order , . 
readily on low Miller index surfaces. There are over 200 surface structures 

that \'1ere detected have been tabulated. 1,22 In fact, the tabulq~ed data 

permitted us to propose rules of ordering for these small molec~les that 

allows prediction (within certain limits) of their surface structure~2~ 

The surface structures over 50 hydrocarbon molecules have been 

studied on the platinum (111) and (100) surfaces. Again, ordering in the 

adsorbed monolayer was more of a rule than an exception. However, caution 

should be exercised in establishing the best experimental condi1tions to 

study ordering of the adsorbed layers. The same hydrocarbon molecule; 

benzene for example, that orders readi'ly at 300 K on the Pt(l11) surface 

may decompose readily on the Ir( 111) surface or fail to adsorb: al together 

on the (111) surface of gold under identical experimental conditions. The 

metal-adsorbate interaction can be either too strong or too we~k and thus 

ordering is prevented in the monolayer. Ordering can be facilitated 

by lowering the surface temperature since most bond breaking processes at 

the surface require activation energy or in case of \'1eak surface bonding. 

lm'iered surface temperature resul ts in increased surface coverage of the 

adsorbate. 

Ordering of large molecules is generally best on high syrrrnetry sur

faces. (Pt{lll) rather than Pt(lOQ), for example). Aromatic molecules 

with high rotational syrrrnetry order the best with small substituent groups 

-. 
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and at low incident vapor flux. These conditions alloh' maximum opportunity 

for a molecule, once adsorbed, to reorient itself for incorporation into 

the grm'ling ordered region. Thus ordering of large molecules can be seen 

to be sorr.e\'/hat different from site adsorption for smaller molecules. In 
\ 

the fonner case the molecule may overlap many surface bonding sites and, 

beside requiring sufficient translational r.Jobility, the molecule must also 

have sufficient rotational mobility. 

The location of the adsorbed atom or molecule, its bond dist(lnces, 

bond angles with respect to other atoms in the slIrfdce can uniquely be 

determined by low-energy electron diffraction, . from analy~is of th(~ 

diffraction beam intensities •. Over the past 10 years the theory of 10\'1-

energy electron diffraction has been developed to the point that we can 

determine the surface structure of simple adsorbates. The field of slIrfdce 

crystallography has been born. 

In Table I we list the experimentally determined bond len~ths that 

were obtai ned from surface crys tallography s tudi es of several adsorbed 

atoms on metal surfaces. These results are compared I·lith the bond length 

obtained by surruning the covalent radii. In most cases the differences 
o 

are I.,i thin .1 A that is claimed for the uncertainty of the experi~TJf>ntal 

detennination, and in no case is the discrepancy greater than 10>;. Thi~; 

result suggests that the chemisorption bond is basically c6valent for these 

atoms which rreans that theoretical treatnents in terms of localized sur-

face complexes and clusters should b~ applicllble to chemisorption. 

Recently \'1e have analyzed the surface structure of the fi rs t (ldsor~erl lllo1e-

... - 2:; cule, that of acetylene (C2H2)~ on the (111) crystal face of pladllun. 

The nature of bonding of this fix>lecule to a metal surfJce has import-lnt 
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catalytic implications. Figure 7 shows the various molecular positions 

that ,,,ere consi dered for C2U2 as possible bondi ng sites. It ,.,as concl uded 

that acetylene is chemisorbed on platinum 01l} in one of bw possible 
o 

local bonding modes. at a distance of 1.95±.1 A above the topmost plane of 

platinum atoms. In the most likely bonding mode (C2) the molecule is 

centered on a triangular site~ the carbon atoms are equivalent by symmetry 
o 0 

and relevant C-Pt distances are 2.25 A and 2.259 A. In the other possible 

bonding mode (B1) the molecule is in an approximately t\'1o~fold position 

with each carbon coordinating to three platinum atoms~ the C-Pt distances 
o 0 

being 2.47 A and 2.65 A. The C2 mode of bonding is found to occur in 

various trimetallic metal ... a'lkine complexes whereas the bridging structure 

analogous to B1 occurs in bimetallic complexes. These findings and 

structure analysis contadicts popular notions of acetylene adsorption on 

transition metal surfaces that were thought to involve acetylene «-com-

plex coordinated to a single metal atom (model geometry Al or A2) or a 

di-sigma model has often been cited in connection with mechanism of de

hydrogenatio.n cif ethyl ene. C2H4~ to an acetyl ani c species upon adsorption 

with the ligand molecular orbitals in an sp2 hybrid configuration • 
. 

Although these bonding modes could be operable in some other bonding 

situations. they are not the favored bonding arrangements of acetylene on 

the ~t(lll} surfaces. 

Surface crystallography by low-energy electron diffraction permits 

us to determine the chemical bonding of atoms or sinple molecules on 

solid surfaces. This information in turn will aid in determining the 

nature of the surface chemical bond. This may also aid our learning about 

adhesion and lubrication and other surface phenomena in the molecular level. 
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Surface irregularities, steps and kinks, play important roles in 

breaking chemical bonds that otherwise would not easily be broken in the 

absence of these sites. There are r.Jany reports of the variation of heats 

of adsorption and the types of binding states that are available, from 

crystal face to crystal face •. A polycrystall ine surface or the surfaces 

of small parti cl es provi de several bondi ng sites each \'lith its Di'/n chem;

cal activity. It is difficult to compare the reactivities of these 

structura 11y and therefore cherni ca 11y heterogeneous surfaces tha tare pre-
. ... ~. 

pared in different laboratories since minor changes in surface preparati~~ 

changes their surface structure and thus may markedly alter their re

activity. It;s therefore essential to correlate the atomic surface 

structure and reactivity of model systems such as single crystal surfaces 

and using the similarity'in chemical reactivity between these crystal 

surfaces and polydispersed systems to learn about the atomic surface 

structure of dispersed small particles that are utilized frequently as 

heterogeneous catalyst systems. 

The Surface CompoSition of Binarv Alloys 

The composition of alloys in the tOPIOOSt roonolaye.r is likely to be 

very different from the bulk composition for several reasons and h'e shall 

review briefly each one of them. 

a) For syster.Js that exhibit regular solution behavior, the surface 
-

free energy (l'Ihich is always positive) is minir.lized by the segregation of 

that constituent \·lith the lO\'1er surfa'ce tension. For metals that have 

high surfilce tensions as compared to organicstlrf'-!ces or roost oxide surfi!ces, 
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such surface enrichment is likely to be very marked indeed. For a system 

obeying regular solution theory, it has been shovm26 ,27 that the compo

sition of the surface monolayer is given by Eq. (1). 

Where~x1 and xb are the atom fractions in the surface monolayer and bulk, 
, t" 

respectively. In this expression a is the surface energy, a is the molar 

surface area, T is the absolute temperature, R is the ideal gas cons~ant, 
V 

n is the regular solution parameter which is given from the heat of mixing 

o? 6Hm/ (Pb x~ ) 
(2) 

The packing parameter 19ives the fraction of an atom's nearest neighbors 

which are in the same plane parallel to the surface as the atom. Similarly 

m is the fraction of nearest neighbors which are in an adjacent parallel 

plane. For instance, in an fcc lattice, an atom has 12 nearest neighbors 

so a (111) plane has 6 nearest neighbors in the plane of an atom and 3 

nearest neighbors in the plane below the atom. Thus in this case 1 = 

6/12 and m = 3/12. 

Electron spectroscopy techniques, especially Auger electron spectro

scopy and photoelectron spectroscopy. have been eminently succes~fJf fH'i 

dat~nnining the surface phase diagrams, i.e., the surface composition as 

a function of bulk composition and temperature, for several binary metal 

systems. A typical I\uger spectrum of an alloy system that of silver-

gold is shown in Fig. 8. 28 From the Auger peak intensi"ties one may 

determine surface composition for a series of bulk compositions and from 
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thi s data the surface phase di agram is deduced. The I:lOS t seri ous experi-

mental difficulty in converting the Auger peak intensities to surface 

concentrations lies in estimating the depth near the surface from \',hich 

the Auger electrons of differen~ kinetic energy are emitted and the relative 

scattering power of the tHO types of atoms in this volume salTlpledby the 

electrons. Since part of the Auger signal is due to atoms below the sur

face~ it is essential to subtract this part from the signal intensities 

in order to extract the surface contribution. Nuch of the discrepancy 

between resul ts reported from di fferent 1 aboratori es on the same all oy ::'" 
system can be attributed to difficulties in estimating relative contri-

butions of surface atoms to the various Auger peak intensities. 

b) Adsorbed gases or impurities segregating at the surface can 

markedly change the surface composition. If one of the constituents 

forms strong chemical bonds \'/ith the adsorbate (oxygen~ CO, carbon~ 

sulfur or calcium, most commonly) it will be accumulating on the surface 

even though that it may not be at the surface in the absence of the 

adsorbate. COp for example, that forms strong bonds Hith many transition 

metal atoms may aid the segregation of these atoms at the surface at the 

expense of~ other constituents that form weak CO bonds. In essence an ad-

sorbate converts a u'lo-component system to a three component system 

thereby altering the surface composition at equilibriui:I. 

c) Solute atoms with large or small radii with respect to the size 

of the solvent (majority) atoms may be "excluded" from the bulk because 

they introduce excessive strain in the crystal lattice. As aresult~ 

surface segregation of one component that is misfit in the crystal lattice 

can be observed. The strain energy contribution w~y enhance the surface 
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concentration of that component that would segregate on the surface on 

account of its effect of decreasing the total surface free energy. Con

versely this strain energy contribution may oppose the effect of surface 

segregation of one constituent in some cases. 

d) There are complex phase diagrams that exhibit the formation of 

stable compounds of high lattice energy. In this circumstance the energy 

necessary to exchange the two atoms, A and B, by removing them from their 

equilibrium lattice site is so large that it overrides the influence of 

surface forces that would induce surface segregation. Thus the bulk 

composition pins the surface composition, i.e., the surface and bulk 

compositions remain identica1. :'/e have found in studying the complex 

gold-tin phase diagram that this phenomenon occurs at the bulk composition 

of AuSn· tha t forms a compound \'1ith hi gh cohes i ve energy. 

In Table II we list those metal systems that have been studied by 

electron spectroscopy and indicate which ele~nt is found in excess at 

the surface. 

Since the topmost surface layer is the first line of defense of the 

solid against external chemical attack such as corrosion, it is essential 

that we determine and learn how to control the surface composition. 

Perhaps alloys with unique corrosion resistance under high temperature and 

high pressure conditions can be developed by the addition of small 
i 

quantities of appropriately chosen constituents that passivate the surface 

layer by segregating there. 

tmlecular Beam-Surface Scattering 

One of the important questions we must answer in order to unr~yel the 

. . 

". 
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nature of surface reactions is hO~1 the energy partitions in a chemiciil re

action beb/een" the reactant, product molecules and the surface atoms. 7,H 

Also it is useful to know the necessary minimum residence time of moleculf's 

on the surface for the chemical reaction to take place. To ans\'/er these 

questions we are studying the interaction of \'/ell-defined beams of mole-

cules Hith crystal surfaces. The scheme of the molecular De(m-surface 

scattering experiment is shown in Fig. 9.A beam of molecules impinges on 

the surface and the sc~ttered product molecules are detected as a f~nction 

of angle (angular distribution) by a rotatable mass spectrOf!leter detector .. 

By chopping the incident beams periodically the flight time pf the rnole-' 

cules can be determined. This experimental information yields the surface 

residence ti~ of the impinging r.olecules before readmission to the gas 

phase and the velocity and the momentum of the incident molecules and of 

the scattered products. The surface structure and composition of the 

crystal surfaces are also determined by simultaneously utilizing 10w-ener~lY 

electron diffraction and Auger electron spectroscopy. 

Using this sensitive molecular beam probe we have determined that the 

amount and type of energy tr.ansfer between the incident beam and surfJce 

depends very much on the surface structure and composition. r·lolecu1es 

scattered from ordered cledn metal surfaces undergo little loss of their 

kinetic energy (velocity). If the surface is covered with a layer of ad-

sorbed rrolecules, for example CO, the impin9ing atoms and molecules lose 

all their kinetic energy to the surface and are tra;"lped lon'] enou9h that 

complete energy equilibration occurs betHeen the gas and the surface before 

the re-emission of the molecule. 29 
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This effect is demonstrated in Fig. lOa and lOb. Here the linedr 

signal intensity due to the scattered beam is plotted as a function of the 

scattering angle. The peaked angular distribution of hydrogen and the fact 

that the angle at which the scattered molecular beam has maximlli:l intensity 

equals the angle of incidence of the incoming beam (which is indicated by 

the arrow at the abcissa) are characteristics of specular scattering (Fig. 

lOa) • 
\ , 

This type of ping-pong ball like scattering is associated \'iith poor 

energy exchange between the incident gas molecules and the surface. In 
. , 

the case when the particles emitted from the surface have completely equili-

brated \'Iith the surface, one obtains a cosine like angular distribution as 

shown in Fig. lOb. t~hen hydrogen is scattered from a monolayer of adsorbed 

carbon monoxide, complete energy equilibration occurs bet\·/een the incident 

molecules and the surface. r1uch of the energy accolliliX>dation bet~.,een incident 

parti cl es and the surface depends on the nature of energy trdns,fer bet\'/een 

the translational and rotational modes of the gas molecules (and vibrdtional 

modes if these can be excited or de-excited during the collision) and the 

vibrational modes of the surface atoms. It appears that the local ized 1m., 

frequency bending roodes of adsorbed carbon monoxide are very effective in 

adsorbing much of the translational energy of the incident hydrogen wole-

cules. A recent reviel'i sUlT1TIarizes the results of energy transfer studieS 

during non-reactive molecular beam-surface scattering. 7 

Reactive scattering studies c~n be divided ~nto two groups: 1) the 

reaction takes place on the surface under the catalytic influence of the 

surface atoms that however are not present among the reactants or the pro

ducts (for example, AZ(gas)+ B2 (ga5) surfac~ 2A3{.gas)); 2) the .surface atom 

is one of the reactants (AZ{gas) + S-+-SAZ(gas». Using a r.ldSS spectror;~ter 
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the product distribution and the rates of formation of the product rnolc

cules (reaction probabilities) are determined as a function of the system 

variables. From the dependence of the reaction rate on the incident beam 

velocity, the activation energy for adsorption (if any) is determined. 

From the surface temperature dependence of the rate, the activation ener~JY 

of the surface reaction is obtained. 

In Table III we list all of the pre-exponential factors, activation 

energies and reaction probabilities for the surface reactions that were 

studied by molecular beam scattering techniques lind \'/here such data \'Jere 

reported. From thi s i nformati on a grea t deal can be learned about the 

kinetics and mechanisms of surface reaction~. 

let us consider, as an example, the mechanism of II-H bond breakinS) on 

platinum surfaces that can be investigated by studying the exchange of 
. 30 

hydrogen and deuterium to form HD using molecultlr beam scatterin9. One 

cif the fundamental questions of heterogeneous catalysis is how surfaces. 

lower the activation energy for simple reactions on the atomic scale so 
the 

that they proceed readily on the surface \'Ihi 1 e the sa~ reac ti on in/ gas 

phase is improbable. The reaction of hydrogen and deuterium molecules 

to form hydrogen deuteride is one of the simple reactions that takes pl ace 

readi ly on ~ta 1 surfaces. even a t temperatures below 100 K. The same }"'C-

action is completely inhibited in the gas phase by the large dissocic1tion 

energy of H2 or D2 (103 kcal/fiIOle). Once the HZ molecule is dissociated, 

the successive atom-molecule reaction (U + ()2 := liD + D) ill thl.~ 9c1S pll<l~e 

still has a potential energy barrier of about 10 kCJ1/l:101co If He Here 

to study this reaction at high pressures (about 10
3 

Torr), the exchdn9~ 

trtkes place so rapidly on r.~st transition metal surfaces that equilibrium 
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is readily established among the various hydrogen molecules, Ht ,'02 and 
I 

HO. In order to study the kinetics of this reaction one has 'to carry 

out the experiments far from equilibrium. r.1olecular beam-surface scattering 

experiments work the best far from equilibrium at low incident beam pressures 

( -7 -6 ' about 10 -10 Torr) and at low surface coverages. The H2-D2 exhange 

reaction was studied by Bernasek et al. 30 using platinum Singl~ crystal 

surfaces of low and high r1iller index. Under the conditions Of the experi

ments which puts strict limitations on the residence time of the detected 

molecules the reaction product, HO, could not be detected from the',.Jll 1 ) 
" 

crystal face. However, the reacti on product was readily detectable from 

the hi gh Hi 11 er index stepped surface. The integrated reaction probabil i ty 

defined as total desorbed HO flux/HZ flux incident on the surface ,is 

approximately 10-1 \'/hile HO forllldtion \'1as below the limit of detectability 

on the platinum (111) surface (reaction probability less than 10-5). High 

Miller index single crystal surfaces are characterized by ordered arrange

ments of atomic steps of one atom height separated by terraces of low 

Miller index orientation. Thus atomic steps at the platinum surface must 
I 

play controlling roles in dissociating the diatomic molecules. Fig. 11 

shows'the scattering distributions from both the (111) and the stepped 

pl ati num surfaces. Varying the chopping frequency of the in.,cident mol e

cular beams have yielded flO residence times of about 25 mlliisecon'ds and 

longer up to 1 second on a stepped platinum surface in the 700-1000 K 

surface temperature range. Such long residence times should result in 

complete thermal equilibration beb'leen the surface and the reactant pro

ducts. Indeed it "IdS found byexperinents that the desorbing flO exhibits 

cosine angular distribution as seen in Fig. 11. 
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The reaction probability \'las also dependent on the angle of 112 inci

dence. The maximum reaction probability \'1as obtained upon incidence nor/llal 
.! 

to the step edges. The experiments have also revealed thJt the exchan~JC 

reaction occurs by a b/o-branch mechani sm. The faster rcacti on takes 

place at the step Hhile a slm'ler reaction (\'/ith surface residence times 

af seconds) occurs on the atomic terraces. The absence of beam kinetic 

energy dependence of the rate indicates that adsorption and dissociation of 

hydrogen does not reqllire activation energy. The surface is able to store 

a sufficiently large co~centration of atoms which rcact with other surfJce 

atoms by a b·/O-branch mechanism. The rate constants for tilt Ji2-02 reaction 

were al so determi ned under condi ti ons of cons tan t hydrogen c1 tom covera~j(' 

and are given in Table III. The rate determining step J;:>pears to be the 

di ffusion of 0 atoms on the surface to a site \·,here 110 is for;;-:ed by a tl'lO 

centered reaction subsequent to "2 or D2 dissociation at the step. At 

higher tempera tures the reacti on betl'leen an adsorbed H a tOI:! and an i ncid~n t 
\1 

D2 gas molecule may also become an important reaction channel. The catZllyst 

action of the platinum surface for the exchange reaction is due to its 

ability to adsorb and dissociate hydrogen molecules \'1ith near z~ro acti

vation energy and to store atomic hydrogen on the surface thereby converting 

the gas phase molecule-molecule reaction to an atom-atop-! reaction of lO~-I 

activation energy. 

It would be of great importanc~ to n~asure the velocity of the scattered 

, pl'Oducts from tii~ of flight measurer.ents usin~ a m(lss spectrolf'eter, in 

addition to their angular distribution, in ord('r to d~tcrnine the nature 

of energy transfer betHeen the liD product molecules and tl!~ surfJce prior 

to desorption. It is likely that during certilin exotheroic ;surfdce re-
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actions (for example hydrogen or oxygen atom recombination) much of the 

chemical energy is converted into internal energy and translational energy 

of the product molecules. Studies of energy transfer during exothermic 

surface chemical reactions are in progress in several laboratories. 
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Table I 

Adsorbate-Substrate Bond LengthsUetermined by LEE~5 

Substrate Adsorbate Bond Length (experimental) Bond Length (predicted) ------------
0 0 

Ni{OOl) 0 1.97 A 1.90 A 
0 0 

S 2.18 A 2.28 A 
i-

0 0 

Se 2.27 A 2.41 A 
0 0 

Te 2.58 A 2.61 A 
0 0 

Na 3.37 A 3.10 A 
0 0 

Ni{llO) 0 1.91 A 1.90 A 
0 0 

S 2.17 A 2.28 A 
0 0 

Ni(lll) S 2.02 A 2.28 A 
0 0 

Ag{OOl) Se 2.80 A 2.61 A 
0 0 

Ag(lll) I 2.75 A 2.77 A 
0 0 

A1 (l00) Na 3.52 A 3.32 A 
0 0 

r10(001 ) N 2.02 A 2.03 A 
0 0 

l~ (110) 0 2.08 A 2.05 A 
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Table II 

Surface Enrichment of Binary r-Ietal Alloys ... 

System Object 

A9_Au(28) Ag 

Ag_Pd(31) Ag 

Al_Cu(32) Al 

Au_Cu(33) Au 

A I {34} u- n In 

Au_Ni.(35 ) Au 

Cu-I'li (36 ,37) Cu 

In_Pb(38) Pb 

Ni_Pd(39) Pd 

Fe_Cr(40) Cr 

Pt-Sn (41) Sn 
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Table III 

Pre-exponential Factors, Activation Energies and Reaction Probabilities 
for Several Surface Reactions Studied by t'~olecu1ar (3eam SCuttering 

Reaction A* __ ~ a (kca 1 /r.',0 1 c ) 
Reaction Reference Probability" 

-0 

H+D2~HD «600 K) 2xl05 (sec- l ) ~.5 '\.10.1 30 0 

H+D2 ~HD (>600 K) 2 -1 1xl0' (sec ) 0.6 '\.10-1 30 
Pt 12 CJ' 

D+02~D20 (700 K) 42 

CO+O Ac02 (700 K) '\.10- 3 J',;;. 
20 43 

AfJ '} <1,()-2 
U1 

C2H4+02~C02 (800 K 8 44 0 

2H graphit~ H2 (800-1000 K) 1.06x10-2cm2/atom sec 15.9 10-3_10- 2 45 {,'" 

H2~2H (1100-2600 K) 75 4xl0-1 46 ~, 

I 

HeOOH de~~m~ CO2 «455 K) 1012 (sec"') 
N 

20.7 47 -.0 
I 

HCOOH d ~!; ~ • CO 2 (>455 K) 5.8xl013 (sec-1) 
..t.. 

2.5 "vO.9 47' cco",p 
C+02-CO (1000-2000 K).· 2.5xl07 (sec-1) 30 10-3_10-2 49 

C+02~CO (1000-2000 K) 3xl012 (sec-f) 50 '0 .. 3~10-2 49 

C+4H~CH4 (500-800 K) 1.27x10-18cm4/atom sec 3.3 . 10-3_10-2 45 

2C+2H~ C2H2 (>1000 K) ,l.59cm2/atom sec 32.5 10-3_10-2 45: 

Ge+02--..SeO (750-1100·K) _ 1016 (sec-1) 55 2xl0-2 50 . 



Reaction 

Ge+O~ GeO (750·1100 K) 

Ge+O 3 GeO (750-1100 K) 

Ge+C1~GeC12 (750·1100K) 

Ge+Br~GeBr2 (750·1100 K) 

~GeBr4 
Si+C1Z-SiC'2 (1100·'500 K) 

Ni+C1 2--NiC1 (900·1400 K) 

Table rIicontinucd) 

A* 

1016 (sec .. 1) 

1016 (sec·1) 

107 (sec·') 

107 (sec· l ) 

108 (sec·') 

107 (sec·') 

E a (k C ell / mo 1 e ) 

55 

55 

25 

20 

40 

30 

Reaction 
P robabn Hoi 

3xl0·1 

5xl0·1 

3xl0·1 

3xl0·1 

3xl0-1 

8xlO·1 

Reference· 

51 

52 

47 

53 

47 '. 

48 

* For bimolecular reactions, the pre-exponential factor also includes the surface concen-
tration of one of the reactants that is held constant during the experiments. . 

I 
(,.0.) 

o 
I 
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Fi gure Capt; ons 

~odel of heterogeneous solid surface depicting different sur-

face sites. These sites are distinguishable by their number 

of nearest neighbors. 

Crystallographic model of'a small particle. 

a) Scheme of the 1m-i-energy electron di ffraction (LEED) experiment. 

b) Low-energy electron diffraction patterns ilnd schel'natic repre

sentations of the surface configurations of platinum sinule 

crystal surfaces: a) Pt(111) containing less than 1012 defect/ 

cm
2; b) Pt(557) surface containing 2.5xl014 atoin/al\\~ith an , 

average spacing between steps of 6 atoms and c) Pt(679) sur

face containing 2.3xl014 step atom/cri and 7xl014 kink atollls/ 
I 

cm2 \-Ii th an average spaci ng bet\'ieen steps of 7 atoms and 

between kinks of 3 atoms. 

a) Diffraction pattern from the Pt(100)-(5x1) structure. 

b) Schematic representation of the (lOa) surface \~ith hexagonal 

over1ayer. c) Diffraction pattern from the Pt(100)-(lxl) 

structure. d) Schematic representation of the (lao)' surface. 

The cutting angles necessary to obtain stepped and kinked 

surfaces whose schematic diagrams are shown. 

A stereographic triangle of a platinum crystal depictinu the 

various high ~tiller index surfaces of platinum that \'lere 

studied. 

Trial georr.etries of C
2

H
2 

on the Pt(lll} surface. Division,> 

a,b and c refer to coordination to 1,2 or 3 nei~hboring 

platinum atoms. The lahels 1 and 2 distinguish90~ ~otated 

1OO1ecules. 
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Auger spectra of Au-Ag alloys and of pure Au and Ag. 

Scheme of the molecular beam-surface scattering experiment. 

a) Scattering distribution of 112 from a cleiln surface; b) 

Scattering distribution of H2 from a CO covered surface. 

a) Angular distribution of H2 and D2 scattered from Pt(111) 

single crystal (HO signal is undetectable). b) An9U1Jr 

distribution of H2-D
2 

and HD scattered from a stepped platinuill 

single crystal. Schematic diagrallls of the surfaces are shmm 

above the figures. 
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a) Pt-(TII) 

b) Pt - (557) 

~OI3J 

. [211J '" .. 
• 
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