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1. INTRODUCTION 

An atom or molecule that approaches the surface of a solid always 

experiences a net attractiv~ potential. l As a result there is a finite 

probability that it is trapped on the surface and the phenomenon that 

we call adsorption occurs. Under the usual environmental conditions 

(about one atmosphere and 300K and in the presence of oxygen, nitrogen, 

water vapor and assorted hydrocarbons) all solid surfaces are covered 

with a monolayer of adsorbate and the build-up of mUltiple adsorbate 

layers is often detectable. The constant presence of the adsorbate 

layer influences all the chemical, mechanical and electronic surface 

properties. Adhesion, lubrication, the onset of chemical corrosion 

or photoconductivity are just a few of the many macroscopic surface 

processes that are controlled by the various properties of a monolayer 

of adsorbates. 

In this paper we shall review the various experimental parameters 

that can be used to characterize the adsorbate layer in the sub-monolayer 

to few-monolayers range. Then we shall discuss the principles of 

ordering of the adsorbate layer, since on~ of the most exciting obser

vations of low energy electron diffraction studies is the predominance 

of ordering within these layers. We shall list the ordered absorbate 

layer structures and shall summarize what can be learned about the 

nature of their bonding from the available structural data. This 

will be done separately for the many (~lOOO) surfaces whose two

dimensional unit cells are known in terms of shape, size and orientation, 

and for the fewer (~lOO) surfaces for which additionally the contents 

of the unit cell are known (adsorption site, bond lengths, etc.). 
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Many types of adsorption will be covered, including atomic and molecular 

adsorption, co-adsorption, metallic adsorbates, non-metallic adsorbates 

and organic adsorbates. 

References 

1. See, for example, J. Bardeen,Phys. Rev. 2!, 727 (1940); J. E. 

Lennard-Jones, Trans. Faraday Soc. 28, 28 (1932). - . 
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It. PRINCIPLES OF MONOLAYER ADSORPTION 

Consider a uniform surface with a number no of equivalent adsorption 

sites. The ratio of the number of adsorbed atoms or molecules, n, 

and ~ is defined as the coverage, e = nIno. The coverage in the 

monolayer is usually less than or equal to unity for a uniform surface. 

For a heterogeneous surface that exhibits mUltiple binding sites, 

i.e., more than one site per substrate unit cell, small adsorbate 

atoms may build up coverages somewhat greater than unity. We shall, 

however, ignore this possibility for the present. 

When adsorption occurs on the clean surface, heat is liberated 

during the formation of the surface bond. The heat of adsorption, 

~Hads, associated with the layer of adsorbates reveals the strength 

of interaction between atoms and molecules in the monolayer and the 

surface on which they are adsorbed. These two macroscopic, experimentally 

measurable parameters, e and tHads, usually well characterize the 

adsorbed monolayer and the form of their interdependence often reveals 

the nature of bonding in the adsorbed layer. 

Atoms or molecules may impinge on a surface from the gas phase 

where they establish a surface concentration [nAls [molecu1es/cm2 l. 

Let us assume that only one type of species of concentration [nA]g 

[mo1ecu1es/cm3 ] exists in the gas phase so that the adsorption process 

can be written as 

K 
A(gas) : A(surface) 

K' 

and the net rate of adsorption may be expressed as 



F[moleCliles] ;,;, k [nA]g - k' [nA]s 
cm2sec 
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(1) 

where k and k' are the rate constants for adsorption and desorption, 

respectively. Starting with a nearly clean surface, far from equilibrium, 

the rate of desorption may be taken as zero and Eq. (1) can be simplified· 

to 

F[molecules] 
cm2sec 

where ./ 

k = a( RT )1/2 [em/sec] 
\21TMA 

(2) 

a is the adsorption coefficient, MA. is the molecular weight of the 

impinging molecules, R is the gas constant and T is the temperature. 

The surface concentration [nA]s [molecules/cm2 ] under these conditions 

is the product of the incident flux, F, the surface residence time 

-dsec] : 

(3) 

If the incident molecules stay on the surface long enough to achieve 
~. 

thermal equilibrium with the surface atoms, L has a form of 
tHads/ RT 

L = LO e where LO is related to the average vibrational fre-

quency associated with the immobile adsorbate. The value of LO may 

be markedly different if the adsorbate possesses one or two translational 

degrees of freedom along the surface. 
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The heat of adsorption that is defined as the binding energy 

of the adsorbed species~ is always positive. Clearly, the larger 

I.S 6Hads and the lower is the temperature, T, the longer is the residence 

time. For a given incident flux, larger 6Hads and lower temperatures 

yield higher coverages. Substituting the vapor density by the pressure 

uS1.ng the ideal gas law [nA]g = NAP/RT (where NA is Avogadro's number) 

• we can reWrite Eq. (3) as 

molecules 
[nA]s 

cm2 
= aP NA L 0 e6Hads/RT = 

v'2TTMART 

3.52x1022 Ptorr 
L 

v'MAT 0 

6Hads/RT e 

(4) 

From the knowledge of P, T and 6Hads, [nA]s can be estimated. For 

example, assum1.ng that LO == 10-12 sec and a = 1, 6Hads = 2 kcal/inole 

and T = 300K, the surfac~ concentration of argon at P = 10-6 torr 

is immeasurable, [nAls ~ 104 molecu1es/cm2 (one monolayer is about 

1015 mo1ecules/cm2). It is still a fraction of a monolayer at one 

atmosphere. However, at T = 100 K the surface is saturated with a 

monolayer of argon at one atmosphere (~1015 mo1ecules/cm2). For a 

higher value of 6Hads, say 15 kcal/mole, the surface is covered with 

a measurable quantity (1-100% of a monolayer) of gas at 300 Keven 

at 10-6 torr. Gas-surface systems that are characterized by weak 

interactions (6Hads < 15kcal/mole accompanied by short residence 

times), that require adsorption studies to be carried out at low T and 

at relatively high pressure (~1 atm) , are called physical adsorption 

systems. Adsorbates that are characterized by stronger chemical 
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The heat of adsorption that is defined as the binding energy 

of the adsorbed species, is always positive. Clearly, the larger 

is ~Hads and the lower is the temperature, T, the longer is the residence 

time. For a gi~en incident flux, larger ~Hads and lower temperatures 

yield higher coverages. Substituting the vapor density by the pressure 

using the ideal gas law [nA]g =NAP/RT (where NA is Avogadro's number) 

we can reWrite Eq. (3) as 

[ ] ·[molecules] = nA s 2 ·cm 
ap NA T e~Hads/RT= 

127TMART 0 

From the knowledge of P, T and ~Hads, [nA]s can be estimated. For 

(4) 

example, assuming that To = 10-12 sec and a = 1, ~Hads = 2 kcal/mole 

and T = 300K,the surface concentration of argon at P = 10-6 torr 
4 . 

is immeasurable, [nA]s ~ 10 molecules/cm2 (one monolayer is about 

1015 molecules/cm2). It is still a fraction of a monolayer at one 

atmosphere. However, at T = 100 K the surface is saturated with a 

monolayer ·of argon at one atmosphere (~1015 molecules/c~2). For a 

higher value of ~ads, say 15 kcal/mole, the surface 1S covered with 

a measurable quantity (1-100% of a monolayer) of gas at 300 Keven 

at 10-6 torr. Gas-surface systems that are characterized by weak 

interactions (6Hads < 15 kcal/mole accompanied by short residence 

times), that require adsorption studies to be carried out at low T and 

at relatively high pressure (~1 atm) , are called physical adsorption 

systems. Adsorbates that are characterized by stronger chemical 
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interactions (L::.H;;;' 15 kcal/mole) where near-mon01ayer adsorption cOtmllences 

even at 300 K and at low pressures,~10-6 torr, are called chemisorbed 

systems. Although these traditional names imply two distinct types 

of adsorption the various gas-surface systems exhibit a gradual change 

from the physisorption to the chemisorption regime. 

The coverage, a, may be varied by changing the pressure over 

the surface while maintaining a well-chosen constant temperature. 

The a vs peT) curve so obtained for any given gas-surface system is 

called the adsorption isotherm. The simplest adsorption isotherm· 

is obtairied from Eq. (4) which we can rewrite as 

a = k"P (5) 

with 

k" = 

Thus the coverage is proportional to the first power of the pressure 

at a given temperature provided that we have an unlimited number of 

adsorption sites on the surface and that ~ads, which reflects the 

nature of the gas-surface interaction, does not change as the coverage 

is changing. Langmuirl has derived a different adsorption isotherm 

that has become very useful in describing many adsorption processes 

that terminate when a monolayer coverage is reached. He assumed that 

any gas molecule that strikes an adsorbed molecule must reflect from 

the surface while it adsorbs when impinging on the bare surface. 

If [no] is the surface concentration on a completely covered surface, 

the concentration of surface sites available for adsorption after 
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building up an adsorbate concentration [nAls is [nol - [nAls. Of 

the flux, F, striking the surface a fraction ([nA1s/[no» will strike 

molecules already adsorbed and therefore be reflected. Thus a fraction 

[1 - [nAls/[nollof the total incident flux will be available for 

adsorption. A~ a result Eq .. (3) is modified to 

(6) 

which can be rearranged to yield the Langmuir adsorption isotherm: 

k"P 
6 = 1 + k"P 

(7) 

Typical adsorption isotherms that obey Eqs. (5) and 0) are shown 

in Figs. 2.1 and 2.2, respectively. It should be noted that a linear 

Langmuir plot can be obtained by plotting l/[nA]s against liP where 
I 

the slope is l/k and the intercept is l/[no] as seen after rearrangeiDent 

of Eq. (7). The adsorption isotherms are utilized primarily to determine 

the surface area of porous solids and the heats of adsorption. The 

isotherms yield the amount of gas adsorbed. By multiplying with the 

area occupied per molecule that is determined independently, the total 

surface area is determined. For example, the area per molecule is 

16.2 A2 for N2 and 25.6 A2 for krypton on a large variety of surfaces. 

The heat of adsorption is obtained from adsorption isotherms measured 

at different temperatures using the Clausius-Clapeyron equation 

[
d £n pJ . 
d(l/T) 6=const. 

= - ~Hads 
R 

(8) 
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" 
Reference 

1.1. Langmuir,J . AiD •. Cbe1ll.S~c~ .40, 1361. (1918) 
.... ---

.. 
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Figure Captions 

Fig. 2.1: Adsorption isotherms of argon on silica gels (0' stands 

for 0); labels on curves indicate different temperatures 

irt degrees Celsius). 

Fig. 2.2: Adsorption isotherms 'of ethyl chloride on charcoal (0' stands 

for 0; labels on curves indicate different temperatures 

in degrees Celsius). 
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III. PRINCIPLES or ORDERING OF ADSORBED MONOLAYERS 

1. Causes of Ordering 

Onee a molecule lands on the solid surface it may slide along 

the surface plane or remain bound at a specific site during much of 

its surface residence time. As long as L'lHads and the activation 

* energy for bulk diffusion L'lED(bulk) are high enough as compared 

to kT (~10 kT), we are assured of a residence time that is long enough 

to permit thermal equilibration among the adsorbates and between the 

adsorbate and substrate atoms, i.e., adsorption. Ordering, however, 

primarily depends on the depth of the potential energy barrier that 

keeps an atom or moleeule from hopping to a neighboring site along 

the surface. The activation energy for surface diffusion, L'lE~(surface) 

is an experimental parameter that 1S of the magnitude of this potential 

* energy barrier. L'lE may be obtained fo·r self-diffusion 
D( sur face) . 

or for the diffusion of adsorbates on well-characterized surfaces by 

several techniques. Among them field ion microscopy1 and sinusoidal 

wave analysis 2 are the most prominent at present. * The L'lED(surface) 

for Ar, W adatoms and of 0 atoms on tungsten surfaces are 2 kcal, 

* 15 kcal and 10 kcal, respectively. For small values of L'lED(surface) 

ordering is restricted to low temperatures since the adsorbate atoms 

become very mobile as the temperature is increased. For higher values 

* of L'lED(surface) ordering cannot commence at low temperatures since 

the adsorbate atoms need to have a considerable mean free path along 

the surface to find their equilibrium position once they landed on 

the ·surface at a different location. Of course if the temperature 

is too high the adsorbed atoms or molecules desorb or vaporize. 
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It should be noted that in the limit of very large heats of ehemi

sorption one may form surface compounds, oxides or carbides, for exampie. 

In this circumstance ordering of the new surface phase may require 

the relocation of the substrate atoms as well as the adsorbate atoms. 

Such chemisorption-induced reconstructions have been observed for 

several systems and its presence makes the conditions necessary for 

ordering itt the surface layer very difficult to analyze indeed. Some 

of these systems will be discussed later in this paper~ 

The interatomic forces responsible for the binding of adsorbates 

at surfaces and for the ordering of overlayers are of various types. 

The binding of adsorbates to substrates is frequently due to the strong 

covalent chemical forces, as a r~su1t of the presence of electron 

orbitals overlapping both the substrate and the adsorbate. Some adatoms 

(notably the rare gases) and many molecules will only weakly stick 

to substrates. The binding force is then predominantly due to the 

Van der Waals interaction and we have physisorption. 

The binding forces have components perpendicular and parallel 

to the surface. The perpendicular component is mainly responsible 

for the binding energy (heat of adsorption), while the parallel compo

nent often determines the binding site along the surface .. The binding 

site may however also be affected by adsorbate-adsorbate interactions, 

which are also responsible for any ordering within an overlayer. These 

interactions maybe arbitrarily subdivided into direct adsorbate-adsorbate 

interactions (not involving the substrate .at all) and substrate-mediated 

interactions: the latter are complicated many-atom interactions. 

Dipole-dipole interactions are an example of such interactions, involving 
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the exact charge distribution of the adsorbed particles, the shape 

of the electrostatic dipolar fields at the surface and, of course, 

self-consistency requirements, since dipolar charge distributions 

are themselves affected by nearby dipoles. 

The adsorbate-adsorbate interactions can be repulsive; they always 

are repulsive at sufficiently small adsorbate-adsorbate separations. 

They may be attractive at larger separations, giving rise to the pos-

sibility of island formation. They may be oscillatory, changing back 

and forth between attractive and repulsive as a function of adsorbate-

adsorbate separation, with a period of several angstroms, giving rise, 

for example, to non-close-packed islands. 3 Such is the case of oxygen 

. 4 
adsorbed on W(llO), for instance. And they usually are anisotropic, 

differing according to the orientation of the lines connecting pairs 

of adsorbates, since the single-crystal substrate surface is inherently 

anisotropic. Additional anisotropy occurs with many-adsorbate interac

tions (as observed for oxygen on W( 110)4), as one can easily illustrate 

for a single adsorbate near a cluster of two adsorbates: it may be 

favorable to produce a 3-in-line cluster, or instead an L-shaped cluster. 

This particular form of interaction is ideally studied with Field 

Ion Microscopy, especially by observing the diffusion of such clusters 

5 along surfaces. However, the analysis of such observations is only 

1n its early stages. 

Except for the strong repulsion at close separations which 

prevents adsorbates from penetrating each other, the adsorbate-adsorbate 

interactions are usually weak as compared to the adsorbate-substrate 

interactions, even when one only considers the components of the forces 
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parallel .to the surface. Thus, in the caSe of chemisorption (which 

occurs primarily with single-atom adsorption), where the adsorbate

substrate interaction dominates, onefin~s that the adsorbates usually 

choose an adsorption site that is independent of the coverage and 

of the over layer arrangement, Le., independent of which positions 

the other adsorbates choose. As will be discussed in more detail 

in Section VI, this adsorption site is usually the site that provides 

the largest number of nearest substrate neighbors, which is indeed 

independent of the position of other adsorbates. Adsorbates with 

these properties normally do not accept close-packing: the substrate 

controls the over layer geometry and imposes a unique adsorption site. 

Close-packing of an adsorbate layer is, however, often observed with 

other adsorbates. Then the overlayer chooses its own lattice (normally 

a hexagonal close-packed arrangement) with its own lattice constant, 

independently of the substrate lattice: so-called incommensurate 

lattices form. In this case no unique adsorption site exists:. each 

adsorbate is differently situated with respect to the substrate. This 

situation is especia,lly common in the physisorptionof rare gases with 

its relatively weak adsorbate-substrate interactions, which therefore 

allows the adsorbate-adsorbate interactions to play the dominant role 

in determining the overlayer geometry. Sometimes the substate imposes 

a particular orientation on the overlayer lattice in this circumstance. 

The chemisorption case is exemplified by oxygen and sulfur on 

metals, the physisorption case by krypton and xenon on metals and 

graphite. Intermediate cases do exist: for example, undissociated 

CO on metals is not physisorbed butchemisorbed and nevertheless it 
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seems in many cases to be able to produce close-packed hexagonal 

overlayers. Also, some metal surfaces (for example, Pt(lOO), Ir(lOO), 

Au(100» reconstruct into different lattices, exhibiting the effect 

of adsorbate-adsorbate interactions (here the adsorbate is just another 

metal atom of the same species as 1n the substrate). 

As will be $een in S~ction V, the vari~ty of possible ordered 

surface structures is immense. This is a reflection of the large number 

of possible relative magnitudes of the various forces responsible 

for the bonding and the ordering. When one realizes that each of these 

forces varies in three dimensioris, often drastically, it is not surprising 

that a very large number of combinations and therefore of structures 

is possible. It may be true that every conceivable two-dimensional 

ordering arrangement 1S possible in nature on surfaces, even with 

simple adsorbates ort simple surfaces. 

The theory of the binding of single adsorbates to substrates is 

today understood to some extent (cf. Sections IV and VI), while the 

theory of adso~bate-adsorbate interactions and especially of large

scale ordering 1S in its infancy. 

2. The Degree of Ordering 

A perfectly-ordered surface represents the energetically most 

favorable surface configura.tion. However, no real surface is perfectly 

ordered. There are several reasons for this. Firstly, there is always 

some thermal energy available to make an adsorbate jump into an ener

getically less favorable configuration: for example, adsorbate atoms 

in an ordered overlayer can Jump out of registry. Even at zero te1l1perature, 

the zero-point motion gives rise to disorder in the form of vibrations 
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about the atomic equilibrium positions. Se~ondly, in no experiment 

is the surface allowed to reach the asymptotic equilibrium: some 

forms of disorder have characteristic half-lives of the order of many 

hours. Thus an adatom trapped interstitially in a normally unoccupied 

site of a c(2x2) overlayer arrangement on a square ... lattice substrate, 

will, at low enough temperatures, have very little chance of migrating 

to a proper unoccupied site prescribed by the c(2x2) lattice, since 

such a site may be located at a considerable distance. Other examples 

of long half-life disorder ~re steps in the surface (if they are undesir

able), bulk defects extending to the substrate surfate and, of ~ourse, 

impurities. 

Some forms of disorder common in adsorbed layers are: islands 

of clustered adsorbates leaving patches of bare substrate; domains 

1n which different patches of the over layer have identical structure 

but do not match at their junction because of an error in registry, 

i.e., an error in relative positioning parallel to the surf~ce; periodicity 

errors, in which individual adsorbates do not fit in the periodic 

arrangement of the surrounding adsorbates; these periodicity errors 

subdivide into those that involve inequivalent sites (e.g., an adsorbate 

choosing a two-fold bridge site, while the overlayer as a whole involves 

only four-fold hollow sites) and those that retain unique adsorption 

sites, but the improper ones; there are the cases of individual disorder 

(one adsorbate ina wrong position) and the cases of collective disorder 

(such asphonons and liquid layers). 

While perfect order is never present, perfect disord~r also does 

not exist at sufaces. In the liquid (or the gaseous) state of over-
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layers on surfaces, the adsorbates cannot pass through each other: 

this gives rise to a limited amount of short-range order. Additionally, 

there is always some non-zero parallel component of the substrate

adsorbate interaction that will make the adsorbates spend more of. 

their time at one type of location than at others: this also is a 

form of ordering. 

Surface-sensitive diffraction techinques, especially LEED, can 

in principle detect any kind of ordering or disordering at a surface. 

The exact state of a surface at any moment can be represented by a 

Fourier series that describes the surface in terms of all possible 

periodicities (Fourier components). Each different periodicity present 

in an overlaye~ produces diffraction into a well-defined direction 

specified by the period and the orientation of the particular periodicity. 

The intensity of the diffraction measures the amount of order with 

that periodicity (this intensity is modulated by the surface structure 

perpendicular to the surface and can therefore not be taken to be 

a direct measure of the amount of order without proper care). There

fore, diffraction methods allow one to easily filter out many forms 

of disorder: in LEED one may analyze just the sharp spots observed 

on a screen and thereby filter out all disorder that has periodicities 

defined by points between those spots. Non-diffraction methods do not 

have this kind of disorder-filtering capability: they usually average 

over all information, whether from the ordered part of the surface 

or the disordered part of the surface. Non-diffraction methods may 

sometimes have other types of disorder filtering, however: if disorder 

produces features at different energies of a spectrum, for example, 
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such energies might be screened out. Thus in High Resolution Electron 

Energy Loss Spectroscopy, undesired surface adsorbates could produce 

resonance levels at different energy losses, which can then be ignored. 

As an example of the analysis of the ordering of an over1ayer 

of adsorbates, we may take the question of detecting island formation. 

LEEDprovides a means for identifying when island formation takes 

3 4 place' although it does not always give a definitive answer. To 

monitor island formation the presence of adsorbate-induced extra spots 

in the diffrac tion necessary ~ Thus the adsorbat,e IDUst produce 

a super1attice and we assume this case in the following discussion. 

To recognize island formation one takes advantage of the difference 

between coherent and incoherent diffraction from a set of N identical 

scatterers. If the waves scattered off the individual scatterers 

are incoherent in their phases, the observed intensity will be proportional 

to N (addition of intensities). If, however, these scattered waves 

are coherent, the intensity will be proportional to N2 (addition of 

amplitudes). Incoherency occurs either when the incident wave arrives 

with incoherent phases at different scatterers, which occurs in practice 

for scatterers separated by at least the "coheren~e length" of the 

incident beam, or when the scatterers\themselvesare located incoherently, 

i.e., are disordered. 

The key to the detection of island format·ion is the coherence 

length (also called instrument response width or transfer width) of the 

incident electron beam, typically 100A. If the coherence length were 

uruch smaller or much larger than lOOA, one would not obtain information 

about island formation from LEED. If the coherence length were variable, 
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this degree of freedom would be valuable to study island formation 

on different scales (to a limited extent, it is variable, namely by 

changing the angle of incidence or the electron energy, but more flexibility 

would be useful). At low coverages, if islands form that are smaller 

than the coherence length and also farther apart than the coherence 

length, then a diffraction pattern characteristic of an island is 

produced: each of the extra spots has a sharpness inversely proportional 

to the island diameter. The extra-spot intensity is then proportional 

to the square of the covera~e, if one assumes that additional adsorbates 

will attach themselves to islands. If instead they initiate new islands 

(still far apart), the intensity would increase linearly with coverage; 

with such island birth, the spot sharpness is constant. In reality 

both island growth and island birth can take place simultaneously 

in varying proportions, depending on such factors as the surface mobility 

of the adsorbate and t~e biriding energy of adsorbates to islands: 

then the extra-spot intensities would vary with a law between the 

first and second power of the coverage. The extra-spot sharpness would 

simultaneously be less than inversely proportional to the island diameter, 

i.e., more cohstant. In contrast, non-island adsorption at low coverages 

g1ves no extra spots, but a weak diffuse baCkground. 

However, as soon as the coverage becomes sufficiently high that 

either the island diameter is at least equal to the coherence length 

or the island-island distance 1S at most equal to the coherence length, 

these relations change. With an island diameter at least equal to 

the coherence length, the extra-spot sharpness saturates at a value 

determined by the coherence length, while the extra-spot intensities 
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become linear with coverage. With an island~island distance at most 

equal to the coherence length, the extra spots remain relatively diffuse 

with increasing coverage (due to a relatively constant and small island 

size), while these spots weaken again due to antiphase domains (in 

some cases extra-spot splitting occurs). For comparison, non-island 

adsorption at these higher coverages produces either no order at all 

(no extra spots) or else spots with a sharpness determined by the order-

ing distance and with an intensity quadratic in the coverage. 

Complications in actual studies along the lines described above 

come from uncertainties in the question of island growth vs. island 

birth and a lack of understanding of the factors determining these. 

Also the range of the ordering forces plays a role that should ,be 

explored more systematically than hitherto. And, of course, the bonding 

configuration may change with coverage, causing a change in intensities 

not related to the effects described above. 

Generally, it is difficult to obtain experimental information 

about the exact form of disorder present on any actual surface: much 

work remains to be done in this direction. 

3. The Effect of Temperature 'on the Ordering of Adsorbed Monolayers 

In Fig. 3.1 the influence of temperature on the ordering of C4-CS 

saturated hydrocarbon molecules on the Pt(111) crystal face is shown. 

At the highest temperatures adsorption may not take place, since under 

the exposure conditions the rate of desorption is greater than the 

rate of condensation of the vapor molecules. As the temperature is 

decreased the surface cortverage increases and ordering becomes pos-

sible. First, one-dimensional lines of molecules form, then upon further 
. y 

-. 
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dropping of the temperature ordered two-dimensional surface structures 

form. Not surprisingly, the temperatures at· which these ordering 

transitions occur depend on the molecular weights of the hydrocarbons 

which also control their vapor pressure, their heats of adsorption 

and their activation energies for surface diffusion. As the temperature 

is further decreased multilayer adsorption may occur and epitaxial 

growth of crystalline thin films of hydrocarbon commences. 

Figure 3.1 demonstrates clearly the controlling effect of tempera

ture on the ordering and the nature of ordering of the adsorbed mono

layer. Although changing the pressure at a given temperature may 

be used to vary the coverage by small amounts and thereby change the 

surface structures in some cases, the variation of temperature has 

a much more drastic effect on ordering. All of the important ordering 

parameters (the rates of desorption, surface and bulk diffusion) are 

exponential functions of the temperature. 

An example of the control of surface diffusion on ordering is 

shown in Fig. 3.2. Naphthalene forms a poorly ordered structure when 

adsorbed on a Pt(lll) crystal face at 300 K. Upon heating the almost 

glassy layer to 450 K a well ordered (6x6) surface structure forms. 

For large molecules surface diffusion plays a visibly important role 

Ln ordering as detected by several investigations. 

Temperature also markedly influences the chemical bonding to 

the surfaces. There are adsorption states that can only be populated 

if the molecule overcomes a small potential energy barrier. The various 

bond breaking processes are similarly activated. The adsorption of 

most reactive molecules, on chemically active solid surfaces, takes 
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place without bond breaking at sufficient lylow temperatures. As 

the temperature 1S increased bond breaking occurs sequentially until 

the molecule is atomized. Thus the chemical nature of the molecular 

fragments will be different at various temperatures. There is almost 

always a temperature range, however, for the ordering of intact molecules 

in chemically active adsorbate-substrate systems. It appears that 

for these systems ordering is restricted to .low temperatures below 

150 K and consideration of surface mobility becomes perhaps secondary. 

4. The Effec t of Surface Irregularities on Ordering 

When a solid surface is viewed under the optical or the electron 

microscope it almost always exhibits a large degree of roughness on 

the macroscopic scale. There are protruding hills of several hundred 

atomic layers in height and discontinuities that separate relatively 

smooth terraces. A typical electron microscope picture of an etched 

platinum single crystal surface is shown in Fig. 3.3. On the atomic 

scale, however, the surface appears to be much smoother. The very 

high quality low energy electron diffraction pattern commonly observed 

from most cleaned and annealed solid surfaces must require the presence 

of domains of ordered atoms of larger than 100-200A in diameter. 

The coherent scattering of electrons that yield the sharp, small and 

high intensity diffraction spots can only occur if the size of the 

scattering areas is larger than the electron coherence length. Were 

the ordered domains smaller a broadening of the diffraction spots 

would be observed which is in fact what happens if the surface is 

roughened by ion bombardment, for example. Another technique, field 

ion microscopy (FIM), ~hich can display the surface topography of 
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a small tip of '\,lO-4cm diameter with atomic resolution, also shows 

the large degree of atomic order that is possible at surfaces. 

As long as nucleation is an important part of the adsorbate order

ing process, surface roughness is likely to play art important role 

in preparing ordered surface structures. It is observed frequently 

that the ease of ordering and the quality of the ordered surface struc

tures of adsorbate changes from one substrate sample to another. There 

is often great "improvement" in the ordering characteristics right 

after ion bombardment cleaning and brief thermal annealing of the 

substrate surface, then ordering becomes poorer as the substrate is 

annealed and thereby ordered more and more. The transforma·tion temper

ature or pressure at which one adsorbate surface structure converts 

into another can also be affected by the presence Gf uncontrolled 

surface i~regularities. Although the surfcae structures of adsorbates 

by and large are reproducible from sample to sample and laboratory 

to laboratory, the uncertainties in the experimental conditions neces

sary to form the ordered surface structures are caused most frequently 

by uncontrolled surface defects. The other causes that could influence 

ordering are the presence of small amounts of surface impurities that 

block nucleation sites or interfere with the kinetics of ordering 

or impurities below the surface that are pulled to the surface during 

adsorption and ordering. 

It is much easier to investigate the effect of surface irregularities 

on ordering using stepped crystal surfaces. Unlike in the case of 

uncontrolled surface defects on a (Ill) face of an fcc metal for example, 

steps are readily detectabh by LEED or FIM. They are likely to be 
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ordered with a well-defined periodicity and surfaces can be prepared 

in such a way that steps are the predominant highest concentration 

surface defects. 

The influence of atomic height steps on the ordering of adsorbate 

structures has been investig~ted in several studies. 6 In general, 

the smaller is the ordered terrace between steps the stronger is the 

effect of steps on ordering. The ordering of small molecular adsorbates 

on a 6(111) x (100) rhodium surface was largely unaffected by the 

presence of steps.6a However, ordering was influenced by steps on 

the larger step~density Rh(331) crystal face. 6a Nitrogen and carbon 

layers were observed to extend over several terraces on stepped copper 

6b ' 
surfaces and the ordering of Ar and Kr was unaffected by the presence 

of steps on copper and silver (211) ciystal faces. 6c Just as in 

the case of uncontrolled irregularities, steps can markedly affect 

the nucleation of ordered domains. It is frequently observed on W 

and Pt stepped surfaces that when 2 or 3 equivalent ordered domains 

may form in the absence of steps, only one of the ordered domains 

grows in the presence of steps. Oxygen surface structures exhibit 

this phenomenon as well and have been studied in the greatest detail. 

In many cases ordering is no longer observable in the presence 

of steps. Ordered carbonaceous layers form on the Ir( n 1) crystal 

face, for example, while ordering is absent on the stepped iridium 

surface. Ordering is absent on stepped Pt surfaces for most molecules 

that would order on the low Miller-Index (111) or (100) surfaces. 

In some cases, the step sites have different chemistry, i.e., 

they break chemical bonds, thereby producirtgnew chemical species 

.' 
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on the surface. This happens for example during NO adsorption on a 

7 stepped platinum surface. In this circumstance the step effect on 

ordering is through the new types of chemistry introduced by the pres-

ence of steps. Hydrocarbons for example dissociate readily at stepped 

surfaces of platinum or nickel while this occurs much more slowly 

on the low Miller-Index surfaces in the absence of a large concentra-

.'. 8 
tion of steps. As- a result ordered hydrocarbon surface structures 

cannot be formed on the stepped surfaces of these metals while they 

can be produced on the low Miller-Index surfaces. 

There is also a great deal of evidence for increased sticking 

probability at stepped surfaces. The change in the magnitude of the 

adsorption probability ranges from 20% to orders of magnitude. Also, 

several studies revealed increased binding energies at step sites. 

10-20% increase in binding energies at steps on Ni and Pt surfaces 

are common. Both the increased adsorption probability and binding 

energies at steps may strongly affect the kinetics of ordering. Thus, 

there are many reasons for the different ordering,characteristics 

of adsorbed monolayers in the presence of surface irregularities. 

S. Unit Cell Notations 

In the majority of cases where adsorbates form ordered surface 

structures, the urtit cells of those structures are larger than the 

unit cell of the substrate: the surface lattice is then called a 8uper-

lattice. The surface unit cell is the basic quantity in the descrip-

tion of the ordering of surfaces. It is necessary therefore to have 

a notation that allows the unique characterization of superlattices 

relative to the substrate lattice. 
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Two common notations are used to relate superlattices to substrate 

lattices, one of these notations being a simplification of the other 

for simple cases. Let the substrate surface lattice be charaet~rized 

by a pair of basis 
-+ -+ 

vectors (aI' a2) spanning the unit cell, and simi-

-+ -+ 
'larly the superlattice is represented by (b1 , b2 ). These pairs of 

vectors are in general related by a matrix M: 

This is the matrix notation, in which the matrix M uniquely characterizes 

the relationship between the unit cells (note that the concept of 

unit cell is not unique--different unit cells can describe the same 

lattice--and so different matrices M can characterize th~ relationship 

between two given lattices). 

A non-matrix notation, called Wood notation,9 can be used when 

the angles between the pairs of basis vectors are the same for the 
-+ 

substrate and the superlattice, i.e., when the angle between a1 and 

'+ • -+ -+ 
~ 1S the same as the angle between b 1 and b2 . Then the unit cell 

relationship is given by, in general, 

c or p (v x w) Ra 

Here v and ware the elongation factors of the basis vectors, i.e., 

while a is the angle of rotation between the lattices, i.e., the angle 

-+ -+ 
between a1 and b l . The prefixes "c" and "p" mean "centered" and 

"primitive," respectively, with "centered" representing the case where 

an adsorbate is added in the center of the primitive (v x w)Raunit 

cell. The prefix p is optional and often omitted, while the suffix 
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R is omitted when a = O. 

For illustration, we list in Table 3.1 a number of superlattices 

found commonly in overlayers. 

We should mention here a special notation used for describing 

high-Miller~index surfaces. Such surfaces can often be more usefully 

described as stepped surfaces involving relatively close-packed terraces 

of low-Miller-index orientation separated by steps whose faces have 

also a low-Miller-index orientation. For example, the fcc(755) surface 

can be more easily visualized with the notation fcc(S)-[6(1l1)x(100)], 

wher (S) means "stepped," since this indicates that the surface is 

composed of terraces of (111) orientation and 6 atoms wide, separated 

by steps of (100) orientation and 1 atom high. A list of such corres

pondences of notation for stepped fccsurfac,s 1S included in Section V. 

6. Unit Cells 

The unit cells of adsorbate layers are primarily a function of 

the coverage: as the coverage var1es, many adsorbates produce complete 

series of successive different unit cells, cf. Section V. The coverage 

is defined here in such a way that unit coverage, e = 1, occurs when 

the adsorbate oceupies all equivalent *dsorption sites. 

One can correlate the coverage e with certain features of the 

unit cells that the adsorbates can adopt on surfaces. Let us define 

S to be the area of the substrate unit cell. 

When l/e is an integer n, there are n substrate unit cells per 

adsorbate, and a superlattice with unit cell area nS can occur. Thus 

for e = 1/2, a superlattice with unit cell area2S may exist, examples 

of which are designated p(2xl) and c(2x2) ,and illustrated in Fig. 3.4. 
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When lie is a rational number min (m,n integer,undivisible); there 

are m substrate unit cells per set of n adsorbates: a superlattice 

with unit cell area mS can form, with the 8uperlattice unit cell containing 

n arbitrarily-positioned adsorbates. It may happen in this case that 

the adsorbates between themselves (ignoring the substrate) form a 

structure that has a smaller unit cell than the superlattice unit 

cell: one must then distinguish between the ove:i:1ayer unit cell (defined 

in the absence of a substrate) and the so....,called coincidence unit cell 

(describing the combined substrate-overlayersystem). An example 

is shown is Fig. 3.5 for the case of Pd(100) +( 2/2 x /2)R4So 2eO, 

which has two molecules per coincidence unit cell. IO Note that this 

adsorbate has managed to combine bridge sites with an approximately 

hexagonal arrangement. 

When l/e is an irrational number, the overlayer lattice bears 

1n general no relationship to the substrate lattice: the surface unit 

cell becomes infinite and the unit cell areas become incommensurate. 

This case corresponds to totally independent lattices, as is approxi

mated by physisorbed systems. 

In practice the distinction between rational and irrational values 

of 1/e is unimportant, because LEED cannot distinguish between unit 

cells larger than the coherence distance of the electron beam (~lOOA). 

It is customary to designate as incommensurate any overlayer that 

produces a coincidence unit cell larger than the LEED coherence dis

tance. In fact, a truly incommensurate overlayer is impossible, since 

it could only occur i~ the limit of vanishing adsorbate-substrate forces 

parallel to the surface. 
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Table 3.1 Wood and matrix notation for a variety of superlattices 

on low Millet index crystal surfaces. 

substrate Overlayer Unit Cell 

fcc(100), bcc(lOO) 

fcc{ 11l) 
(600 between 
basis vectors) 

fcc{ 110) 

bcc( 110) 

Wood notation 

p(lx1) 

c(2x2)=«(!x/Z)R45° 

p(2xl) 

p(lx2) 

p(2x2) 

(2/ixl2)R45 0 

p(2x1) 

p(2x2) 

(/3xl3)R30o . 

p(2xl) 

pOxl) 

c{ 2x2) 

p(2x1) 

Matrix Notation 

(~ ~) 

(1 -1) 
1 1 

(~ ~). 
(~ ~) 
(~ ~) 

(-i i) 

(~ ~) 

(~ ~) 
(-~~ ) 

(~ ~) 
(~ ~) 
(1 -1) 

1 1 

(
2 0) 
o 1 
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Figure Captions 

Fig. 3.1: Monolayer and multilayer surface phases of the n-paraffins 

C3-CS on PtOll), and the temperatures at which they are 

observed at 10-7 Torr. 

Fig. 3.2: Electron diffraction pattern from a monolayer of naphthalene 

on Pt(lll) for an electron energy of 52 eV as a function 

of temperature. Sharp spots correspond to good ordering. 

Fig. 3.3: Scanning electron microscope (SEM) photograph of an etched 

Pt(100) surface tilted at 45 0 to the incident electron 

beam to enhance the picture contrast. 

Fig. 3.4: Common superlattices on low Miller index crystal surfaces. 

The Wood notation 1S used. 

Fig. 3.5: Real space (left> and reciprocal space (right) applicable 

to Pd(100) + (2/:Zxl2) R45° 2CO. Substrate (overlayer) 

atoms and diffraction spots are indicated by crosses (circles). 

Large filled circles represent kinematically produced spots, 

small filled circles represent multiple-diffraction spots . 
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Fig. 3.2 
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Fig. 3.3 

.. ~ ... .:~ 
t l ..-

4 "" .. '4> 
. -. \. .-

XBB 7010-4914 

--



~. 

-37-
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p(1X1) c (2x2) p(2x 2) 
fcc(001), bcc(001) 

p(2x1) c(2X2) 
fcc (110) 

XBL 791~7763 

Fig. 3.4 
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IV. METHODS OF STRUCTURE ANALYSIS 

1. Introduction 

In surface structure determinations the basic information sought 

is the relative atomic positions at crystal surfaces on a scale of 

between roughly 0.001 and lOoA. This covers the knowledge of unit 

cell shapes, sizes and orientations, of bond lengths, of bonding geo

metry (bonding site and bond angles), of the internal structure of 

adsorbed molecules and of the degree of ordering and disordering within 

surface layers. For an understanding of surface processes, geometrical 

information is needed for the clean surface (which may be reconstructed 

or not with respect to the bulk geometry), and for adsorbed atoms 

and molecules on such clean surfaces, including the penetrati~n of 

atoms into the surface. 

In this chapter we review the various experimental techniques 

that are used to study the arrangement of atoms and. molecules at surfaces. 

First we discuss the basic aspects of the sample preparation, since 

this is a particularly critical step in surface studies. Then we 

discuss the principles involved in the measurements of surface-specific 

physical quantities. Since each of the many techniques of surface 

analysis 1S sensitive'to a few particular ~spects of the surface (such 

as relative atomic positions, electronic levels, chemical composition, 

binding eriergles and vibration frequencies), we classify the~e techniques 

according to the surface characteristic that they are most sensitive to. 

2. Sample Preparation 

Studies of surfaces all begin with sample preparation. Ideally 

we would like to use surfaces whose surface composition and atomic 
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structure is uniform. For studies of thermodynamically stable surfaces 

it is often necessary to heat the specimen to be used for surface 

studies to an elevated temperature in a controlled, chemically inert 

ambient (or in vacuum) to achieve equilibrium of the surface and bulk 

compositions and to remove excess defects that were introduced during 

previous specimen preparation. Frequently we desire to study ordered 

single crystal surfaces. In this circumstance single crystal rods 

or boules that were grown by zone referring,vapor transport or stain 

annealing are oriented by the back-reflection Laue technique and 

then cut along the desired crystal face. Diamond blade or spark erosion 

cutting techniques are used most frequently for this purpose. The 

cutting treatment damages the near surface regions of the specimen 

often severely (especially if the material is soft) and renders it 

amorphous. This damaged layer should be removed by chemical or electro

chemical dissolution (etching) that should not affect the surface orien

tation. The preparation of uniform surfaces also includes repeated 

polishing by fine mesh alumina or carbide particles followed by repeated 

etching. The sample so prepared is placed into the reaction chamber 

us~ng suitable holders that permit heating or cooling and accurate 

positioning. Usually a thermocouple is attached also for accurate 

temperature determination. 

Frequently the preparation of a speCl.men requires unique experi

mental conditions and must be performed inside the experimental chamber. 

For example, for studies of argon or xenon single crystal surfaces 

or for preparation of surfaces of solid benzene, methane or other high 

vapor pressure materials a low temperature environment is needed. 

.-
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For the preparation of a certain phase of solids that undergo phase 

transformations (iron, cobalt, uranium, etc.) again controlled tem-

perature ranges are required during preparation. In these circumstances 

the specimen may be prepared by vaporization (or vapor transport) onto 

a well--orderedsubstrate (generally an ordered single crystal surface) 

that is held at the desired temperature. The specimen is grown epi-

taxially until a multilayer (20 to 2000A) deposit is produced inside 

the experimental chamber. 

The surface of the specimen that is prepared outside the reac-

tion chamber is usually covered with a thick layer of carbonaceous 

deposit by the time that it is placed in the chamber. Alternatively, 

impurities from the bulk of the sample may be diffused to the surface 

tip on heating and segregate there. The impurities most frequently 

detectable in surface studies that segregate to the surface are carbon, 

sulfur, silicon, oxygen a~d aluminum. Some of these impurities may 

be removed by chemical treatments, by heating the sample in flowing 

oxygen or hydrogen, etc., to a pressure and temperature where there 

is a significant rate of solid-gas reactions that remove the impurity 

without changing the chemical composition of the sample. For the 

removal of other impurities, the sample surface is usually bombarded 

with ions of inert gas (argon, xenon or krypton) that are generated 

~. 
inside the experimental chamber using gas pressures in the range of 

-5 10 Torr. Ion fluxes with energies of 100 to 5000 volts and sufficient 

intensities are utilized to remove 1 to 100 layers/sec at the near 

surface region and remove impurities this way. The structural damage 

introduced by the high energy ion impact can be annealed by heating 
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the specimen thus allowing the surface atoms to move back into their 

equilibrium position by surface diffusion. In field ion microscopy 

small-diameter (~10-4cm) crystalline tips are utilized. X-rayabsorp-

tion fine structure studies permit the use of high surface area porous 

samples as well as crystalline surfaces. Since heterogeneous metal 

catalysts are frequently deposited on high surface areas oxides, this 

technique can be employed for the studies of supported catalysts as well. 

Generation of ultrahigh vacuum (UHV) 
and controlled processes for surface studies 

. -9 -4 
There are two main reasons why high vacuum (10 to 10 Torr 

. range) must be maintained around the samples during some phase of 

the surface chemical experiment. First, it is often desirable to 

start our investigation with initially clean surfaces: and ultrahigh 

vacuum (less than 10-8 Torr) is needed to achieve a surface that is 

free from adsorbed gases. Second, many of the surface characterization 

techniques use electrons or ions as probing particles to reveal the 

surface structure, composition and oxid~tion state. These particles 

need a long mean free path (larger than 10 cm) to be able to strike 

or exit the sample and then reach the detector without colliding with 

gas phase molecules. For this reason, pressures lower than 10-3 

Torr must be used. High vacuum may be generated with many different 

pumping devices (oil diffusion pump, vacuum ionization pump, sublim-

ation puinp, turbo-molecular pump, etc.) and may be maintained indefin-

itely in a leak-free chamber usually built out of nonmagnetic stainless 

steel. Vacuum technology has reached a level of sophistication where. 

obtaining high vacuum in short time (less than·an hour) has become 

a simple and reliable procedure. 

'. 
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Often we need to place a specimen in a high pressure env1ron-

ment after surface characterization iri high vacuum to carry out our 

surface studies. The sample may be enclosed by a small high pressure 

cell which is operated by hydraulic pressure or a threaded drive mechanism. 

It should be pointed out that the same apparatus can also be used 

for studies of reactions and processes at the solid-liquid interface. 

The liquid could read ily be introduced and then pumped out after the 

study and the surface can be studied by the various surface diagnostic 

techniques before and after the experiments. Using the same principle 

isolation cells that are capable of containing high pressures around 

the sample inside the uhv chamber can be constructed in .a variety 

of geometries. 

3. Principles of Surface Analysis 

In surface studies, one is confronted with the difficulty nf 

detecting a small number of ·surface atoms in the presence of a large 

number of bulk atoms: a typical solid surface has 10 15 atoms/cm2 

as compared with 1023 atoms/cm3 in the bulk. In order to be able 

to probe the properties of solid surfaces using conventional methods, 

one needs the use of powders with very high surface-to-volume ratio 

so that surface effects become dominant. However, this technique 

suffers from the distinct disadvantage of an entirely uncontrolled 

surface structure and composition which are known to play an important 

role in surface chemical reactions. It is thus desirable to use specimens 

with well-defined surfaces which generally means small surface area, 

2 of the order of 1 em , and .examine them with tools that are surface 

sensitive. 
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It turns out that electrons with energies 1.n the range of 10 

to 500 eV are ideally suited for this purpose. Figure 4.1 shows a 

plot of the mean distance of electron penetration in solids as a function 

of the electron energy. The curve exhibits a broad minimum in the 

energy range between 10 and 500 eV, with the corresponding mean free 

path on the order of 4 to 20A. Electron emission from solids with 

energy in this range must therefore originate from the top few atomic 

layers. By extension, all experimental techniques involving the incidence 

onto and/or emergence from surfaces by electrons having energy between 

10 and 500 eV are thus surface sensitive. 

Many such techniques have been developed and used. Low-Energy 

Electron Diffraction, in which electrons are elastically scattered 

off a surface, has been the most successful among those for surface 

crystallography. Inelastically scattered electrons also provide surface

structural information in a method called High-Resolution Electron 

Energy Loss Spectroscopy. Secondary electrons ejected from the surface 

by incident electrons can also. be used, especially for chemical compo

sition analysis (in Auger Electron Spectroscopy), an important and 

essent ial func tion in sur·face investigations. Impinging light, ions 

or atoms can cause electrons to leave the surface in ways characteris

tic of the surface structure: thus photoemission, Ion Neutralization 

Spectroscopy, Surface Penning Ionization and many other techniques 

have been applied in surface analysis. Low-energy atomic and ionic 

scattering off surfaces are uniquely surface-sensitive processes in 

which the scattering particles only come into contact with the outermost 



-45-

surface atoms, since no penetration through atoms occurs. Light reflection 

can also be turned into a surface-sensitive tool, as in Infrared Spec-

troscopy. 

It must be emphasized that all the surface analysis techniques 

developed so far have particular, often stringent, limitations. 

Thus some are more sensitive to chemical composition (AES)t others 

to relative atomic positions (LEED,angle-resolved photoemission and· 

SPI), others still to vibration modes (HREELS and IR), some to electronic 

levels (angle-integrated photoemission and INS), etc. To extricate 

the nature of any given surface it has become necessary to use several 

complementary and/or supporting techniques in parallel. For example, 

AES is a basic method used in nearly all studies, while in addition 

LEED together with Thermal Desorption Spectroscopy and photoemission 

or LEED together with HREELS and work function measurements might 

be used. 

We now briefly describe the mechanism, capabilities and limita

tions of the main techniques used in surface analysis,l classifying 

them by the nature of the information obtained with them. 

4. Methods Sensitive to Atomic Geometry at Surfaces. 

4.1 LEED (Low-Energy Electron Diffaction) 

LEED has yielded a relatively large amount of structural infor

mation and will therefore be treated relatively extensivelyhere. 2 

In LEED, electrons of well-defined (but variable) energy and 

direction of propagation diffract off a crystal surface. Usually 

only the elastically diffracted electrons are considered and we shall 

do so here as well. The electrons are scattered mainly by the indi-

i 
I 
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vidual atom cores of the surface and produce, because of the quarttum-

mechanical wave nature of electrons, wave interferences that depend 

strongly on the relative atomic positions of the surface under exam ina-

tion. 

The de Broglie wavelength of electrons, A, 1S given by the 

formula A: '(in A) = /150/E, where E is measured in eV. In the energy 

range of 10 to 500 eV the wavelength then varies from3.9A to 0.64A, 

smaller or equal to the interatomic distances in most circumstances. 

Thus the elastically scattered electrons can diffract to provide information 

about the periodic surface structure. The LEED experiment is carried 

out as follows: a monoenergetic beam of electrons (energy resolution 

approximately 0.2 eV) in the range of 10 to 500 eV is incident on 

one face of a single crystal. Roughly Ito 5% of the incoming electrons 

are elastically scattered and this fraction is allowed to impinge 

on a fluorescent screen. If the crystal surface is well-ordered, 

the diffraction pattern consisting of bright, well-defined spots will 

be displayed on the screen. The sharpness and overall intensity of 

the spots is related to the degree of order on the surface. When 

the surface is less ordered the diffraction beams broaden and become 

less intense, while some diffuse brightness appears between the beams. 

A typical set of diffraction patterns from a well-ordered surface 

1S shown in Fig. 4.2. 

The electron beam source cOllDllonly used has a coherence width 

of about 100 A. This means that sharp diffraction features are obtained 

only if the regions' of well-ordered atoms ("domains") are of (100 A)2 

or larger:. Diffraction from smaller size domains gives rise to beam 
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broadening and finally to the disappearance of detectable diffraction 

from a disordered (liquid-like) surface. 

One may distinguish between "two-dimensional" LEED and "three-

dimensional" LEED. In two-dimensional LEED one observes only the 

shape of the diffraction pattern (as seen and easily photographed 

on a fluorescent screen). The bright spots appearing in this pattern 

correspond to the points of the two-dimensional reciprocal lattice 

belonging to the repetitive crystalline surface structure, i.e., they 

are a (reciprocal) map of the surface periodicities. They therefore 

inform Us about size and orientation of the surface unit cell: this 

is important information, since the presence of, for example, reconstruction-

induced and overlayer-induced superlattices is made immediately visible. 

This information also includes the presence or absence of regular 

steps in the surface. 3 The background in the diffraction pattern 

contains information about the nature of any disorder present on the 

4 surface. As in the analogous care of x-ray crystallography, the 

two-dimensional LEED pattern in itself does not allow one to predict 

the internal geometry of the unit cell (although good guesses can 

sometimes be obtained): that requires an analysis of the intensities 

of diffraction. Nevertheless, two-dimensional LEED already can g1ve 

a very good idea of essential features of the surface geometry, in 

addition to those mentioned before. Thus one may follow the variation 

of the diffraction pattern as a function of exposure to foreign atoms: 

it is often possible to obtain semi-quantitative values for the coverage, 

for the attractive and/or repulsive interactions between adsorbates,5 

for some details of island formation,6 etc. The variation of the diffraction 
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pattern with changing surface temperature also provides information 

about these interactions (in particular at order/disorder transitioilS6 ,7), 

while the variation with electron energy is sensitive to quantities 

such as surface roughness perpendicular to the surface and step heights. 3a 

In three-dimensional LEED, the tw()-dimensiona1 pattern is supple

mented by the intensities of the diffraction spots (thereby focusing 

the attention on the periodic part of the surface structure, i.e., 

the ordered regions) to investigate the three-dimensional internal 

structure of the unit cell. This is most readily done by considering 

the variation of the spot intensities as a function of electron energy 

and/or direction of incidence. 

Measurements of the diffracted electron beam intensities can 

be carried out by various techniques that include photographing the 

fluorescent screen or collecting the electrons at any given angle 

of emission. The resultant intensity vs. electron energy curves (usually 

called I-V curves) or 1-6 or I-~ curves (for variation of the polar 

or azimuthal incidence angles, respectively), serve as the basis for 

surface structural analysis. A set of I-V curves from a PtC 111) crystal 

face is displayed in Fig. 4.3. They exhibit pronounced peaks and valleys 

which are indicative of constructive and destructive interference 

of the electron beam scattered from atomic planes parallel to the 

surface as the electron wavelength is varied. Often, Bragg peaks (due 

to simple interference between electrons backscattered from different 

atomic planes, as in x-ray diffraction) can be identified. However, 

in addition to these and also overlapping with these, there are usually 

extra peaks that are due to multiple scattering of electrons through 
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the surface lattice. 

The presence of well-defined peaks and valleys in I-V curves 

indicates thatLEED is indeed not a purely two-dimensional surface 

diffraction technique. There is a finite penetration and diffraction 

takes place in the first 3to 5 atomic layers. The depth of penetra-

tion affects peak widths markedly: the shallower the penetration, 

the braoder is the diffraction peak. By simulating such I-V curves 

numerically with the help of a suitable theory, it is often possible 

to determine the relative positions of surface atoms (including therefore 

bond lengths and bond angles)2a,f; it may also be possible to indicate 

. 2a 
roughly the thermal vibration state. of surface atoms.· However, 

a chemical Jdentification of the surface atoms is not possible with 

LEED. 

The analysis of LEED intensities requires a theory of the 

diffraction process. This is a nontrivial point because of the fact 

that multiple scattering of the LEED electrons by the surface is always 

present and is not easy to represent in a theory. Even a simple single-

scattering theory (such as is used in x-ray crystallography) must 

justify its validity with respect to the neglect of multiple scattering. 

Clearly the computational effort increases with the complexity of 

the theory and so the present situation has arisen in which a variety of 

theories of different complexity co-exist, each justifying its existence 

by a different compromise between computational effort, ease of use, 

amount of experimental data required, reliability, accuracy, type 

of information produced and range of applicability. 

In order of increasing computational complexity, the following 
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main theoretical methods are used today in LEED: 

simple kinematical theory (single s-wave, i.e., isotropic, 

scattering, as in x-ray diffraction theory, with inner poten-

tial correction); 

the above with an anisotropic atomic form factor; 

any of the above with averaging of experimental data (to 

average away multiple scattering effects);8 

any of the above with Fourier trartsformation from momentum 

d . 9 space to coor 1nate space; 

quasi-dynamical theory {this includes multiple scattering 

between, but rtot within atomic layers parallel to the surface);lO 

iterative dynamical theory (multiple scattering is iterated to 

convergence; examples are the Renormalized Forward Scattering2a 

and Reverse Scattering Perturbation ll methods); 

full dynamical theory2a (multiple scattering is included 

in closed form; examples are Beebyis matrix inversion, the 

Layer Doubling and the Bloch-wave methods; the first two 

of these assume a crystal of finite thickness, which 1S 

increased until convergence of the results in the case of 

Layer Doubling); 

Spin-polarized LEED theoryl2 (relativistic spin-dependent 

. effects are added to a dynamical theory); 

LEED theory for disordered surfaces13 ,4c (effects of disorder 

in the surface structure are added to a full dynamical theory). 

Roughly speaking the LEED theories in the order listed above 

g1ve increasing accuracy and reliability of the structural results. 
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Few of these methods can produce a result with a single calculation: 

with most methods a trial-and-error search for the actual structure 

must be undertaken (giving rise to the desirability of independent 

hints about the structure from other surface analysis techniques). 

Most results of surface crystallography by LEED to date have been 

obtained with iterative or full dynamical theories. With these theories 

as they stand today the limitations on the possibilities are roughly 

the following: 

unit cell areas are limited to about 25A2 (the equivalent 

of a (2x2) superstructure on a low-index face of a simple 

metal) ; 

the number of atoms in one unit cell per layer parallel 

to the surface is limited to about 4; 

the accuracy in distances perpendicular to the surface is, 

depending on the case, about O.lA or better (for comparison, 

atomic vibration amplitudes at room temperature are usually 

of the order of O.lA); 

the accuracy in distances parallel to the surface is of 

the order of O.2A, unless a well-defined symmetrical atomic 

position can be assumed, in which case one assumes no uncer

tainty; 

the resulting accuracy in bond lengths varies from less 

than O.05A (for bonds more or less parallel to the surface, 

assuming no uncertainty in the bonding site) to 0.2A; this 

translates to a relative uncertainty between less than 2 

and 10% of the bond length. 
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In order to indicate the theoretical ideas involved in LEED ' 

crystallography, we now outline the main dynamical (i.e., multiple

scattering) methods used to compute I-V curves for comparison with the 

experiment (cf. also References 28 and 2f). 

The crystal surface is imagined to consist of individual atomic 

layers parallel to the surface. Whenever convenient, theLEED electrons 

between these layers are represented by a set of plane waves (to each 

diffracted beam corresponds one plane wave), as the electron-solid 

inter:action potential is assumed to be a constant between the layers. 

These plane waves are diffracted· any number of times by these individual 

atomic layers, whose diffraction properties are discussed below and 

assumed known here. The multiple scattering between layers is treated 

usually 1n one of three ways: 

1) In the Bloch-wave method the periodicity of the crystal 

perpendicular to the surface underneath the deviating surface region 

is exploited: the Bloch theorem applies and enables the electronic 

eigenfunctions (the Bloch waves) to be determined. These eigenfunctions 

are then matched across the surface region to the conditions outside 

of the surface (consisting of one incident beam and a set of reflected 

beams): this matching fixes the intensities of the reflected beams. 

2) In the Layer Doubling method the diffraction properties 

of pa1rs of layers are determined exactly from those of the individual 

layers: this 1S done by summing up the mUltiple scattering between 

the layers as 1n a geometrical series, but using matrix inversion 

rather than the series expansion. By repeating this combination of 

layers, the crystal can be built up layer by layer until convergence 

.-



-53-

of the stir face reflectivities (in the periodic bulk e~ch step cart 

double the thickness of the growing slab of layers). This procedure 

converges because of the·presence of electron "absorption": most 

of the incoming electrons lose ertergy as they move through the crystal 

surface and are therefore removed from the flux of elastically scattered 

electrons that we are 1nterested in (this absorption is simulated 

bya mean free path or by an imaginary part of the electron energy). 

The Layer Doubling method ~s computationally more efficient than the 

Bloch-wave method and it is more flexible intehns of varying the 

surface structure, as is necessary in a structural search. 

3) In the RenormalizedForward Scattering (RFS) method sub-

stantial computation time is saved by recognizing and exploiting the 

fact that many multiple-scattering processes are too weak to contribute 

significantly to the diffracted intensities.. Namely, ~scattering 

off· any atomic layer is usually weak (forward scattering is not) and 

therefore scattering paths are ordered according to increasing number 

of such backscatterings. This method is cast in a convenie~t iterative 

form, providing a most efficient computatiort scheme for interlayer 

multiple scattering (non-convergence, however, occurs in cases of 

very strong scattering. and small interlayer spacings). 

The individual layer diffraction properties needed as input 

to the methods described above are obtained as follows. The multiple 

scattering between the atoms of a given layer can be summed up exactly 

to produce a matrix inversion, in a way analogous to the treatment 

of interlayer multiple scattering in (he Layer Doubling method. Compu-

tationally .this is manageable only when the individual atoms of the 
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crystal surface are assumed to be spherical and spherical waves may 

be used between the atoms. One therefore uses an electron-solid interaction 

potential consisting of non-overlapping spherically symmetrical regions 

~ith a con~tant interstitial value: such ~ potential 1S called a 

"muffin-t in potential." This approach is used in all· curr.ent dynamical 

LEED computations for treating individual atomic layers. These layers 

may have more than one atom per unit cell and these atolns need not 

be coplanar. 

In fact it is possible to consider the entire surface as a 

single thick layer composed of perhaps 5 individual layers (since 

only finite electron penetration occurs) that would be treated by this 

"matrix inversion method in angular momentum space": however this 

solution gives rise to matrix dimensions that rapidly exceed the pos

sibilities of all existing computers; also the matrix inversion would 

have to be repeated for each different surface geometry, a waste 

that is largely overcome by using plane waves between atomic layers. 

Generally speaking, plane waves are used as often as possible, because 

they offer clear computational advantages. , 

A perturbation expansion version of this matrix inversion method 

~n angular momentum space has been introduced with the Reverse Scat

tering Perturbation (RSP) method, in which the ideas of the RFS method 

are used: the matrix inversion is replaced by an iterative, conver

gent expansion that exploits the weakness of the electron backscattering 

by any atom and sums over significant multiple scattering paths only. 

This method can be applied to individual atomic layers or to a thick 

layer representing the entire surface, but remains relatively time-
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consuming compared to the plane-wave methods, except when the separa-

tionbetween individual layers becomes small ($ O.5A). 

To obtain the above-mentioned layer diffraction properties, 

one needs as input the single-atom scattering properties. These, in 

the case of spherically symmetrical atoms, are given by a set of phase 

shifts (which are species- and energy-dependent). The phase shifts are 

obtained by a numerical integration of the Schrodinger equation with 

an atomic potential, that in turn has to be generated from first principles, 

including electrostatic and exchange-correlation effects in the electron-

atom interaction, as well as the effects of neighboring atoms. 

In practice the atomic scattering properties are modified by 

including a Debye-Waller factor that represents the effect of the 

thermal vibrations of the surface atoms: thus the temperature correc-

tion is applied at each scattering in each chain of scatterings. 

Thermal atomic vibrations have in LEED an e·ffect similar to that in 

x-ray diffraction: the intensity of the diffracted beams is decreased, 

while the b.ackground reflection between beams increases (electron-

phonon scattering can impart a change of momentum parallel to the 

surface that generates intensity in directions other than those of 

the beams). The decrease in. i·ntensity of the beams also behaves often 

-. as in x-ray diffraction in spite of multiple scattering: an exponen-

tial decrease is usually observed, which can be described by the Debye-

Waller factor 

where ~k is the change in electron momentum,. T the temperature, m. 

the atomic mass and kB Boltzmann's constant. This factor involves 
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a material-dependent constant, the Oebye temperature eo' that quanti

fies the rigidity of the crystal lattice and thereby influences the 

amplitudes of the vibrations. eo can be obtained experimentally for 

a surface through measurement of the Oebye-Waller factor and typical 

results are shown in Fig. 4.4: the experimental eO is observed to 

vary irregularly with the LEEO electron energy, tending at high energies 

to a constant that lies in the neighborhood of the value of eo for 

the inside of the crystal. The Oebye temperature eo' being a material 

constant, should not depend on characteristics of the probe used to 

measure it (here the electron energy). The interpretation of this 

anomalous behavior is the following. At high energies the electrons 

penetrate deeply into the surface and sample the bulk properties of 

the crystal. As the energy is lowered, two effects are noticed. 

First, mUltiple scattering produces rapid variations in the experimental 

80 with electron energy. Some decrease in eO is also attributable 

to multiple scattering at low energies, but not enough. This second 

effect (a decrease in eO at lower electron energies) is to a large ex

tent explained by larger thermal vibration amplitudes of surface atoms 

as compared with bulk atoms, combined with the shallower penetration of 

low-energy electrons. One can estimate in this way that clean~$urface 

atoms have vibrations enhanced by typically 50% in the direction perpen

dicular to the surface, and little enhanced in directions parallel to 

the surface, in good agreement with theoretical predictions. Due to 

the complication of multiple scattering, however, attempts to extract 

more precise information about surface vibrations have not met with 

success, not even in the simplest case, that of clean metal surfaces. 
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4.2 RHEED and HEED {Reflection Hi h-EnerElectron Diffraction 
and Med1.um-EnergyElectron Diffraction 

RHEED and HEED14 differ fromLEED in the range of energies 

used: while in LEED "low" energies of about 10-500 eV are used, in 

RHEED "high" energies of about 1-10 keV are used, with HEED bridging 

the intermediate energy range. The surface sensitivity of LEED is 

guaranteed by the small mean free path (~5-10A) at the low energies. 

At higher energies the mean free path increases (~20-100A for RHEED 

energies) and so impairs the surface sensitivity on the atomic scale, 

unless grazing angles of incidence and emergence are used: this is 

therefore the normal choice in HEED and RHEED. However, grazing angles 

of incidence put stronger requirements on the large-scale planarity 

of the surface than the roughly perpendicular incidence directions 

used in LEED. The multiple scattering present in LEED is also present 

at the higher energies: corresponding dynamical theories have been 

14b c developed, 'but there is a lack of accurate experimental data 

to interpret. 

In many studies the chemisorption and the surface reaction 

1.S just the first step in a series of solid state reactions that take 

place as atoms from the surface move into the bulk. Corrosion, oxide, 

carbide and other compound formations are generally initiated at the 

surface and then propagate into the bulk. There may be a concentration 

gradient of certain constituents at the surface in a multicomponent 

system that would influence the mechanical or chemical properties 

of the system. Hardening of materials and other forms of passivation 

treatment frequently involve introduction of certain substances only 

in the near surface region. For the investigation of these problems 
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The electron-optical techniques are increasingly often being 

applied under conditions of ultra high vacuum, allowing the study 

of surfaces under controlled circumstances. 15 The most significant 

developments for electron microscopy however have been in the imaging 

mode where considerable enhancement of resolution has occurred, leading 

to var~ous forms of operation. 

Transmission electron microscopy (TEM) is most like light-optical 

microscopy. Electrons, accelerated in the 100 kV range from either 

a thermionic or field emission gun, are used to illuminate a specimen 

which is typically 3 rom in diameter and ~ 50001\ thick. After trans

mission through the specimen, the electrons are focused by an electro

magnetic objective lens to form an ~mage. Other lenses are also utilized 

in the optical column to demagnify the source onto the specimen, to 

image the diffraction pattern at the back focal plane of the objective 

and to magnify up to 1 million times the image produced by the objective. 

The final image ~s recorded photographically and can show clearly 

resolved detail ~n the 2 to 3A range. 

Even though the TEM image is a two-dimensional projection of 

the specimen structure, it u highly sensitive to changes in thickness. 

Therefore, particularly when enhanced by certain imaging techniques, 

surface steps and morphological irregularities can be examined visually. 

These imaging techniques employ either diffraction contrast for thick 

specimens (? 1500 A) or defocus contrast for thinner specimens 

(~ 500 A). Step structures having a height of ~ lOA may be revealed 

0° 
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by either method, although the latter technique has successfully been 

used in the imaging of monolayer steps and of single, heavy-element 

atoms on specially prepared substrates. 

Scanning electron microscopy (SEM) utilizes a highly focused 

electron beam which is scanned over the surface of the specimen. 

Since penetration through the specimen is r:tot es'sential for this in-

strument, thicker samples (cm range) and lower accelerating potentials 

(low kV range) are commonly used. The most popular mode of operation 

is the emissive mode which utilizes those electrons that have either 

been emitted by the speClmen as secondaries, or have been backscattered. 

Due to the strong dependence of the number of collected electrons 

on incident illumination angle, surface topography is dramatically 

revealed by this technique. Resolution is primarily determined by 

the spot size of the focused er-ectron beam, and is rather less than 

lOOA. With thin enough specimens, a detector may be placed such 

that it collects the transmitted electron signal. This is the prln-

ciple behind scanning transmission electron microscopy (STEM), which 

has allowed resolution down to 2-3A as a result of very small electron 

probe sizes. The electron-atom cross sections here also limit observ-

ability to heavy atoms on light substrates (typically carbon films). 

The thin substrate films moreover do not have single-crystal surfaces, 

but are amorphous. 

In electron microscopy, generally intense electron beams are 

used which can severely damage the surface (however, at high energies 

the electron-atom cross sections become smaller). Often, large mag-

netic fields are also present that could affect th~ surface structure. 
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Since the first electron-microscopical observation of a heavy 

atom on a surface,15a different studies have looked at effects related 

to individual atomic adsorbates. These include diffusion along the 

surface (atoms can be tracked in real time), giving results in agreement 

with equivalent FIM observations., and pair spacing distributions, 

showing for example apeak in the distribution near 4-5 A for uranium 

. l5c . atoms on a carbon surface. Clustering can be stud1ed in some cases 

as well. 

It would be interesting to extend such studies to other light-

atom substrates, such as the metals beryllium and aluminum, and to 

investigate step effects. Heavier-atom surfaces can also be analyzed 

in the form of thin films of mono-atomic thickness on a lighter sub

strate, as has recently been done. 15d 

4.4 FIM (Field Ion Microscopx) 

In Field Ion Microscopy,16 a hemispherical sample tip is imaged 

by allowing a gas (usually helium, but also hydrogen, neon and others) 

to ionize at the surface of the tip under the influence of a strong 

applied electric field, which also projects the ions onto a screen 

that can be photographed. The ionization probability depends strongly 

on the local field variations induced by the atomic structure of the 

surface: protruding atoms generate appreciably stronger ionization 

than atoms embedded in close-packed atomic planes and so produce individual 

bright spots on the screen. The imaging by the ions from the sample 

tip to the screen occurs with very little motion tangential to the 

tip surface, especially at low temperatures (T ~ 21K is often used 

for that reason), allowing a resolution of 2-3A. The use of sma1l-
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radius tips (500-2000 A) is needed to produce the large field required 

for ionization, but also is responsible for the immense magnification 

of this microscope: the tip surface is directly imaged with a magni

fication of about 107 . 

Only a limited class of materials withstand the strong electric 

field at the sample tip without desorption of the surface occurring. 

Thus, mainly metals with large atomic number (W, Pt, Rh, Re, for example) 

are used. Any adsorbates are equally affected by field desorption, 

greatly restricting the range of usable substrate-adsorbate systems 

that can be studied by FIM. Furthermore, the properties of surfaces 

under high-electric-field conditions may differ from those of the 

. field-free state. Nevertheless, FIM has been very helpful in under-

standing the properties of metal surfaces and metal-on-metal surfaces, 

including defect structures, thermal disordering, atom-atom interactions, 

two-dimensional cluster formation and evolution, and atomic surface 

diffusion (since real .... time observation of individual atoms is possible). 

As an example, we may cite the study by FIM of the self-diffusion 

. 16f 
and correlated motions of Rh atoms on Rh substrates. . The self-

diffusion shows strong anisotropies on crystal faces that are channelled, 

such as fcc(110), with a large mobility along the channels and a low 

mobility across the channels. 

Concerning the analysis of the detailed geometrical surface 

structure, FIM unfortunately does not provide the depth information 

required to investigate the coordination of surface atoms to underlying 

atoms (i.e., layer registries cannot be determined) or .to measure 

bond lengths. 

':0 

'0 
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4.5 LEIS, HEIS and HEIS (Low-, Medium- and High-Energy Ion 
Scattering 

Ion scattering at low energies (~ 2 keV) , medium energ1es 

(~ 50-500 keV) and high energies (~ 500 keV) has been used to study 

17 17 surface structures. In LEIS a high surface specificity 1S obtained 

because the very large crosssectiona for ion scattering ensures scattering 

off the outermost atomic layer only. Mutual shadowing of surface atoms 

1S exploited to investigate their mutual positions. However, the physics 

of the scattering proces·s at these energies is not well understood, 

leading to uncertainties in position determinations of the order of 

0.5 A. This does allow gross (but important) observations such as 

whether adsorbed atoms lie tucked away between substrate atoms (for 

example, in the channels of fcc(llO) surfaces) or instead are situated 

in more exposed positions (for example, on the ridges of fcc(llO) 

f ) A h ' h ,17c 'd b h f ' 1 sur aces. t 19 energ1es, atta1ne y t e use 0 10n acce erators, 

the cross sections become very small, allowing deep penetration into 

the surface, But surface sensitivity is maintained by using channeling 

(penetration along open channels in the bulk crystalline structure) 

and looking for the blocking of this channeling by surface atoms whose 

positions deviate from the bulk positions. 

This amounts to a kind of "triangulation," 1n which the directions 

of the lines connecting pairs of surface atoms are identified by looking 

for shadowing of one atom of each pair by the other atom: these directions 

are than sufficient information to determine the relative positions 

of surface atoDiS. At high energies the well-understood Rutherford 

scattering is the dominant mechanism, simplifying the interpretation. 

At medium energies ion scattering gives additional information about 
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surface composition, since backseattered ions lose an amount of energy 

. .. 17b 
that depends on the mass of the h1.t surface atom. A general problem 

with ion scattering is that the thermal vibrations of the surface 

atoms complicate the interpretation. Sometimes computer simulations 

of the scattering are therefore made to sort out the structural from 

the thermal effects. In principle accuracies of better thanO.l A 

in the determination of atomic positions are possible. 

As an example of such work, the clean Ni(llO) surface has been 

. d . MEIS· 17d f" h . f h .' stud1e W1.th , con 1rm1.ng t e contrac.t1on 0 t e topmost l.nter-

layer spacing observed by LEED. Adsorption of half a monolayer of 

sulfur was found to cancel that contraction and actually expand the 

topmostinter1ayer spacing beyond its bulk value. The position of 

the adsorbed sulfur in the deepest hollows of the substrate surface 

could also be determined, the result being in agreement with that of 

a preV10US LEED study (although there a spacing expansion was not 

investigated). 

4.6 Atomic Scattering and Diffraction 

The de Broglie wavelength associated wtih he1i~ atoms is 

g1ven by 

h 
A(A) = 

(2ME)1/2 

_ 0.14 
- E(eV) 172 

Thus atoms with thermal energy of about 0.02 eV have ). = 1 A and can 

readily diffract from surfaces. A beam of atoms is chopped with a 

var.iab1e frequency chopper before striking the surface. This way, 

an alternating intensity beam signal is generated at the mass spec-

trometerdetector, that is readily separated from the "noise" due 
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to helium atoms in the background. 

There are three processes observed during the scattering of 

atomic beams 18 of helium that are displayed in Fig. 4.5. There is 

specular reflection of the helium atoms from the surface (Le., the 

helium atoms scattering at an angle that is equal to the angle of 

incidence) (curve a). There is rainbow scattering (curve b) that 

results in the. appearance of multiple peaks; this type of scattering 

may be viewed as the classical limit of diffraction: it is due to 

scattering of atoms by the varying surface potential. The third type 

of process (curve c) is diffraction, and it appears to be detectable 

from suitable surfaces for values of d > A > 0.15 d, whered is the 

interatomic distance in the surface, and when using fairly monochro

matic incident atomic beams. 

All three of these processes have been observed under various 

conditions of the beam scattering experiment. A typical diffraction 

pattern of helium from a LiF(100) surface is shown in Fig. 4.6. The 

first order beams, although broad, are clearly discernible. Diffraction 

from LiF has also been observed using neon, hydrogen and deuterium. 

Diffraction of helium from other surfaces--tungsten (112), silver (111) 

and tungsten carbide and silicon (l1l)--has also been detected·. Another 

phenomenon, the presence of bound states for the incident helium atom 

has also been detected during the helium-lithium;"fluoride diffraction 

experiments. A fraction of the helium atoms appear to be trapped at the 

surface in weakly bound (2 to 12 cal) states but can readily translate 

along the surface before re-emission without energy loss. Such a 

phenomenon has been predicted by Lennard-Jones and Devonshire in 1938. 
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Rainbow scattering has been detected from high Miller Index 

stepped platinum surfaces. Typical rainbow scattering patterns are 

shown in Fig. 4.7. The increase in intensity of the surface rainbows, 

as displayed by this figure, for an increase in the angle of irtcidence, 

qulitatively follows the trend predicted from calculations by McClure 

for classical scattering for helium atoms. At grazing angles of inci-

dence, the surface appears less spatially rough and thus allows a 

more intense elastic scattering contribution. At more normal angles 

of incidence, the elastic scattering distribution is less intense 

due to an increase in spatial roughening of the surface as seen by the 

helium atom. Rainbow scattering has been observed fram a stepped 

platinum surface while the smooth Pt(lll) surface exhibits only specular 

scattering. 

Helium, in general, gives strong specular scattering from ordered 

surfaces. As the surface temperature is increased, the specular 

beam intensity drops. this effect is similar to that observed for 

low-energy electrons and for x-rays and is due to s'urface atom vibra-

tions that give rise to the Debye-Waller factor. However, the form 

of the Debye-Waller factor is different for atom beam diffraction 

as compared to the scattering of these other two surface probes. .-

The slow, low energy helium atoms encounter the attractive surface 

potential that has a well depth similar to the thermal energy of ap-

proaching atoms and the temperature dependence of the scattering is 

influenced by the well depth of this potential. Beeby has derived a 

formula for the temperature dependence of the helium beam intensities: 
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Here D·is the depth of the atomic potential as sensed by the incident 

atom and Mg and Ms are the masses of the scattering atoms and surface 

atoms, respectively, and e is the surface Debye temperature. For s . 

the diffracting x-rays and eleCtrons that have much higher energy 

as compared to helium atoms, the surface potential well can be neglected 

as having an unimportant effect on scattering. It appears, therefore, 

that the temperature dependence of atom scattering can yield information 

on the attractive potential that is operative during the solid-gas 

interaction. 

Another important property of the specularly scattered fraction 

of atoms is their great sensitivity to surface disorder. On scattering 

from a well ordered surface, nearly 15% of the scattered helium atoms 

appear in the specular helium beam. This fraction decreases to 1 

to 5% when the surface is disordered. Thus measurements of the fraction 

of specularly scattered helium can provide information on the degree 

of atomic disorder in the solid surface. 

4.7 SEXAFS (Surface-SensltiveExtended X-ray Absorption Fine 
Structure) 

In SEXAFS incident x-rays of variable energy eject, for example, 

19 low-energy adsorbate core Auger electrons, which by their small mean 

free path guarantee surface sensitivity on the atomic scale. It is 

possible to focus attention on adsorbates, for example, by considering 

only ad~orbate Auger lines: it is sufficient th~t the adsorbate be 

different from substrate atoms and that suitable Auger lines are present. 
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The yield of the ejected electrons is modulated as a furiction of incident 

energy due to interference between outgoing electrons and electrons 

backscattered from the neighboring atoms. By Fourier-analysis of 

this modulation, the interatomic distances can be extracted with an 

accuracy that may exceed that of LEED. It is also possible to find 

the number of neighbors at the individual distances, thereby fixing 

h d . . . h h h d .. b 19b tea sorpt10n s1te t roug t e coor 1nat10n num er. 

One of the basic physical inputs to the SEXAFS analysis is 

a set of phase shifts for electron scattering off surface atoms. 

The uncertainty in these is one of the limiting factors in the accuracy 

of the method. However, in some cases comparison with experimental 

EXAFS data from bulk material can help in circumventing the phase 

shift uncertainty: essentially the bulk and surfa~e phase shifts are 

assUined equal and these then divide out in the ratio of the surface 

to bulk data. 

A drawback of SEXAFS is that synchrotron radiation 18 needed 

as a source of x-rays. 

5. Methods Sensitive to Electronic Structure and Geometry of Surfaces 
• 

5.1 Pho toemi s sion ) 

Photon-induced emission of electrons 1S an obvious tool for 

structural analysis in two ways. Firstly, it is sensitive to the 

initial density of states of the emitted electrons (originating from 

the first few atomic layers of a surface), and so to the surface geometry. 

Secon~ly, if the angular distribution of the emitted electrons is 

considered, additional information about the initial electron states 

(in particular orbital shape and bonding symmetry) and about the atomic 

.-
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positions (through mulitiple scattering in the final electron state) 

can be obtained. UPS and XPS (XPS was at first called ESCA: Electron 

Spectroscopy for Chemical Analysis) differ in the photon energy range 

used. With UPS energ1es between a few eV and about 100 eV are chosen: 

this provides sensitivity to the valence electrons, the conduction 

electrons and the first deeper-lying bound states, all of which give 

access to information about the surface structure. In XPS higher 

photon energies (x-rays) are used, allowing deep core levels to be 

explored: these allow chemical identification (therefore the name 

ESCA) , but they are of additional i~ter~st because they exhibit energy 

shifts ("chemical shifts") that are characteristic of the atomic 

environment. 

UPS and XPS have been extensively used 1n surface analysis 

and have yielded much qualitative information about the surface geo

metry.20 Thus one can distinguish with these techniques between atoms 

that are In the adsorbed state, the same atoms that have penetrated 

the surface to form compounds and those that have remained in intermediate 

stages (often interpreted as incorporation within the topmost surface 

layer), since such differences appear as shifts in initial-state levels. 

It is also possible to investigate, with more or less precision, the 

adsorption orientation and the structural modifications of molecules 

deposited on surfaces. Thus CO adsorbed on metals has been extensively 

studied with UPS. It is easy to distinguish between molecularly adsorbed 

and dissociative1y adsorbed CO: the characteristic molecular 4a, 

l7T and Sa levels are either present or absent, respectively, in the 

UPS spectrum (even if often the sa and l7T levels coincide in energy). 
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In the case of molecular adsorption it is furthermore usually clear 

that the Sa orbital, which is located more towards the C end of the 

molecule, undergoes a larger energy shift upon adsorption than the 

4a orbital, which is located towards the other end of the molecule. 

This strongly suggests that the molecule is bonded by its C end to 

the surface, with the 0 end sticking out away from the surface. 

While little theory is needed in the above kind of analysis 

with UPS and XPS (unless a detailed understanding of " re1axation energies," 

and the like is sought21 ), the situation is quite different in ARUPS. 

It is now well-established that final-state multiple scattering effects 

are important there: a treatment of these processes along the lilies 

of LEED theory (requiring well-ordered surfaces) is needed and is 

. d . 1 22 start1ng to pro uce encourag1ng resu ts. Also needed are an adequate 

treatment of the initial state and the initia1-to-fina1-state matrix 

elements and maybe of the refraction of the incident photons at the 

surface. It appears that ARUPS is sensitive to bonding symmetry 

more than to bond 1engths22e (LEED has the reverse trend) and that 

an analysis of initial states (such as bonding orbitals and surface 

states) is indeed possible. ARUPS has been applied successfully to 

c lean metal surfaces, where for, example the d-band emission could 

be reasonably well reproduced. It has also been applied to atomic 

over1ayers (such as Sand Se on Ni(lOO», confirming the binding site 

determined previously by LEED, as well as to molecular adsorption 

of CO on Ni(lOO): the CO is confirmed to adsorb by its C end t9 a 

single nickel atom, as predicted by LEED, but some uncertainty as 

to the orientation of the molecular axis (normal to the surface or 
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tilted by about 300 from that) remains. 

The computational effort is larger in ARUPS than in LEED, since 

more physical processes are involved, so that for the limited purpose 

'of surface crystallography LEEDseems more appropriate. Furthermore, 

ARUPS is best done with synchrotron radiation, which limits its avail-

ability. 

5.2 INS (Ion Neutralization Spectroscop~:> 

23 In INS ~low, positively ionized noble gas atoms (typically 

He+ ions) are allowed to neutralize at a surface by attracting surface 

electrons. The energy liberated is transferred to other surface elec-

trons (not belonging to the incoming ion) which can leave the surface 

and be detected. The probability of this two-electron process involves 

the self-convolution of the surface density of occupied states, the 

density of final states and matrix elements for electron tunneling 

to the ion and for ejection of the detected electrons (a final-state 

problem also encountered in LEED, SPI and photoemission). The procedure 

is the extract by deconv()lution from the measured emission probabilities 

the surface density of occupied states for energies between the :Fermi 

level and about 10 eV below that, and to predict the relative atomic 

positions from that information about the electonic structure of the 

surface: for example, adsorbate-induced peaks will occur, that depend 

on the adsorbate and its position, as in UPs. This technique is primarily 

sensitive to the outermost atoms of the surface, in particular adsorbates, 

since the emitted electrons originate from those regions only. The 

difficulties in deconvoluting and interpreting the density-of,-states 

information have limited the use of INS. 
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The technique has however been applied to the adsorption of 

0, S and S~ on Ni(lOO), Ni(110) and Ni(lll). In the cas~ df 0 on 

Ni(lOO) a substrate reconstructiori was inferred, with penetration 

of the adsorbate into the topmost substrate layer, in disagreement 

with LEED results. A small distortion of the substrate was concluded 

for S on Ni(100), but the same adsorption site was found as with LEED 

(cf. Section VI). 

5.3 SPI (Surface Penning Ionization) 

A metastable helium atom incident (with thermal kinetic energy) 

onto a surface allows a surface electron to tunnel to the unoccupied 

low helium level, enabling the excited helium electron to be emitted 

and detected;24 This occurs with energy and angular distributions 

characteristic of the electronic structure and therefore,geometry 

of the surface, in a way similar to photoemission (s.ee the heading: 

UPS and XPS). Whereas in photoemission the excitation occurs via 

a dipolar photon-electron interaction, in SPI it is an 1;1 - ;2 1-1 

electron-electron interaction that takes place, so that the selection 

rules are differ~nt. A further difference appears in the surface sensi-

tivity: the photoemission excitation ~s sensitive to the entire region 

covered by the initial state of the electron to be excited, while the 

SPI excitation occurs where the empty incident-atom wave function starts 

to overlap with the surface wave functions, i.e., at the outer edge 

of the outermost atoms (final-state multiple scattering of the emitted 

electron is however similar in SPI and photoemission). SPI has similarities 

with INS, but is intrinsically easier to interpret, mainly because 

of the absence of a deconvolution of the surface density of occupied 

.-

-. 
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states; furthermore SPI is more surface-sensitive even than INS. 

SPI is currently being applied to clean metal surfaces and 

to CO adsorbed on such surfaces. 

6. Method Sensitive to Electron Distribution at Surfaces. 

6.1 Work function measurements 

The work function is the potential that an electron at the , 
Fermi level must overcome to reach the level of zero kinetic energy 

in the vacuum. It is due to the interaction of an electron with the 

charges of the surface, through electrostatic, exchange and correlation 

ff t 
25,lb 

e ec s. Any change of charge distribution at the surface will 

in general change the woik function: especially charge redistributions 

perpendicular to the surface can produce sizeable work function changes 

(up to 2-3 eV l.n some cases), as is for example common when an 

adsorbed layer is deposited on a surface. Therefore work function 

measurements have become a sensitive technique for monitoring the 

state of the surface, usually as a function of coverage. 

Experimentally, the work ~unction itself can be measured with, 

among other methods, photoemission, since the work function appears 

as a clearly distinguishable threshold energy there. Changes in work 

function are often measured by the KelV'inmethod, which uses a vibrat-

l.ng capacitor. 

Unfortunately, the work function is a rather complicated (and 

not fully understood) function of thesurfacecoIDposition and geometry. 

The work function change is usually attributed to the formation of 

a dipole layer on the surface, such as occurs when charge flows from 

a substrate to an adsorbate, or vice versa. If a is the dipolar charge 
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density, d the dipolelerigth (perpertdicular to the surface) and ~ 

the electronic charge, then one can write 

M = 4lTead. 

This relation enables one to estimate the charge transfer from measured 

values of 64> and. values of d determined ·for example by LEED. (However, 

the picture of dipoles consisting of two point charges a distance d 

apart is a drastic simplification of the actual continuous charge 

distribution at a surface). This use of work function measurements 

1S applied in Section VI to the case of atomic adsorbates. 

The work function change 1S not normally proportional to the 

concentration of adsorbates, except at very low coverages (9 < 0.1). 

The main reason is that dipoles mutually depolarize each other, the 

more so the higher the concentration. This effect is included in 

the following relation,25c based on considering the polarizability 

of the adsorbates, 

= 
4lTea e 

o 

1+9ae2/ 3 

where aO is the dipolar charge density at e = 1 and a is proportional 

to the polarizability. This relation only rarely fits the experiment, 

however, because the charge distribution at surfaces is governed by 

more complicated processes than polarizability, such as charge transfer 

between substrate and adsorbate. Thus, there are examples of sigrt 

reversal of the work functiort change as coverage varies, while there 

is no detectable change in adsorption geometry (cf. Section VI). 

Nevertheless, general systematic observations are quite helpful. 

For example, the sign of the work function change for atomic adsorption 

-. 
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is mostly that implied by the sign of the valency of the adsorbates, 

as one would expect; furthermore, in atomic adsorption it appears 

that large atoms (such as alkali atoms) produce large work function 

changes, mainly because of the size effect. Many organic molecules 

adsorbed on metal surfaces produce a decrease in work function, indi-

cating the transfer of electrons from the molecules to the substrate; 

also IT-bonding is often implied for such molecules. 

The most common usage of work function changes is in the moni-

toring of the various stages of adsorption as a function of coverage: 

often the work function change will go through a minimum or maximum 

at particular coverages corresponding to the completion of, say, an 

ordered c(2x2) arrangement; also the onset of adsorption in new adsorp-

tion sites may be detected in this way. 

7. Methods Sensitive to Chemical Composition at Surfaces 

7.1 AES (Auger Electron Spectroscopy) 

In AES surface atoms are ionized (usually by incident electrons) 

1n their deep-lying electronic levels; these levels are then filled 

by electrons from higher-lying levels; the gain of energy either is 

emitted as x-rays or (in the AES process) it is transferred to electrons 

from other electronic levels, which are then emitted and detected 

at energies characteristic of the particular levels involved. Since 

the level energies depend strongly on the chemical identity of the 

atoms, the emitted electrons have energies characteristic of the chemical 

'd . f h .. . 26 1 ent1ty 0 t e em1tt1ng spec1es. Each species has therefore a 

particular fingerprint in AES, which makes this technique ideal for 

the determination of the chemical surface composition. Thus AES is 
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routinely used to monitor surface cleanliness in most surface analysis 

work: impurity concentrations of the order of 1% of a monolayer are 

detectable (except with hydrogen and helium, to which AES is not sensitive 

for lack of suitable energy level~). Similarly the surface composition 

of alloys can be investigated with AES. (By depth profiling, through 

the sputtering away of surface layers, this composition can be determined 

to any depth.) Such applications however do not clearly distinguish 

between atoms adsorbed on and atoms incorporated in the substrate, 

because the signal comes from a surface layer of thickness equal to 

the electronic mean free path, which is of the order of several atomic 

layers. The signal strength may be due to a small concentration of 

adsorbed atoms or to a larger concentration of atoms incorporated 

in the first few layers of the substrate. This ambiguity, coupled 

with uncertainties in the absolute yield of the AES excitation process 

for different species, makes a quantitative analysis of atomic concen-

trations at surfaces difficult and unreliable. 

A different aspect of AES concerns shifts in the observed peak 

energies that are due to chemical shifts of atomic core levels. Thus 

one is able to distinguish between atoms 1n different chemical environ-

ments (in a way analogous to XPS). In particular, studies of different 

oxidation states of oxygen adsorbed on metals have shown chemical 

shifts that grow with increasing oxygen valency. 

7.2 TDS (thermal Desorption Spectroscopz) 

The technique of TDS27 (also called flash desorption) measures 

the rate of desorption of adsorbed atoms and molecules from surfaces 

as the temperature is steadily raised; this is usually repeated at 
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a succession of different coverages of the adsorbate. One or more 

broad peaks appear in the desorption rate vs. temperature curves. 

When more than one peak is observed, each peak corresponds to a dif-

ferent bonding state, since different temperatures are required to 

induce desorption from these states. One therefore can monitor with 

TDS how many different bonding states are occupied at any given coverage 

and one may also estimate their relative populations. Thus CO was dis-

covered to have two different adsorption states, labelled a and 8, 

on a W substrate. For both CO and H2 on Pt(lll) one state is found, 

while the same adsorbates on a stepped Pt(lll) substrate exhibit two 

states: the new state is presumably to be·attributed to adsorption at 

the steps. One often finds that with rising coverage first one state 

(site) is populated and then a second state (site) begins filling up. 

The positions and relative heights of the desorption peaks 

as a function of initial coverage can be analyzed with appropriate 

models: one obtains in this way good estimates for the binding energies 

(heats of adsorption). 

Sometimes also the coverage itself can be obtained from the 

TDS spectra, since a suitable integration over the spectra should 

give the amount of adsorbate removed. 

The reliability of TDS is somewhat limited by the fact that 

the effect on the desorption of mutual interaction energies between 

adsorbates is probably substantial and poorly understood. 

7.3 SIMS (Secondary Ion Mass Spectroscopy) 

SIMS analyzes the mas~ and angular distribution of clusters 

28 of atoms ejected during ion bombardment of a surface, using incident 
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ions with kinetic energies of the order of 1 keV; the ejected clusters 

are often ionized. The knowledge of the cluster masses allows the 

chemicdcomposition of the surface to be investigated. For example, 

.. + 
a Ni(lOO) surface saturated with oxygen and bombarded with 2000 eV Ar 

. • 1 f N' + N . + . + ± ± . ~ .+ l.onsproducesmal.n y clusters 0 1., 1.2 ' N1.3 , 0 , 02' N1.v, N1.20 , 

Ni02 and Ni203 -. This list incidentally illustrates that the depth 

resolution of SIMS is of the order of a few atomic layers. 

A quantitative surface compositional analysis requires the 

comparison of the experimental yield of the individual clusters with 

corresponding yields obtained theoretically: this may be done by 

28b numerical simulatiort of the complex collision process, but the 

accuracy of the result cannot yet be ascertained. The.accuracy of 

the compositional analysis depends to some extent on such poorly known 

factors as the interatomic potential, ionization cross-sections and 

quantum-mechanica1 corrections to a treatment based on classical trajectories. 

Once the theory of the SIMS process is properly understood, 

this technique should be capable of analyzing some aspects of the 

detailed surface geometry, such as the registries of adsorbates on 

a substrate and whether molecules adsorb associatively or dissociatively. 

7.4 ISS (Ion-Scattering Spectroscopy) 

ISS . + + + ff f In ,l.ons .uch as H ,He and Ar are scattered 0 a sur ace 

and their energy distribution is observed. 29 During the scattering 

process, the ions lose energy to the surface atoms. The collision 

process is usually so rapid (with kinetic energies of the order of 

1 keV to 1 MeV) that a binary collision model isa good description 

of the situation. It is then easy to relate the energy loss ~ to 

", 
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the mass M of the surface atoms involved: 

where E is the incident energy, m the ion mas~ and·e the laboratory 

scattering angle. Once the masses M of the surface atoms are known, 

the chemical composition follows. 

Depending on energy and incidence direction {including channeling 

and blocking effects} the depth resolution of ISS can vary from a 

monolayer to about·300A.Quantitative evaluations of the chemical 

composition of surfaces may be achieved in special cases, but are 

generally hampered by uncertainties in the ion-atom scattering potential 

{especially at the lower energies}, the possibility of multiple scatter-

ings and the ever-present question of the depth distribution of indi~ 

vidual species. 

8. Methods Sensitive to Vibrational Structure of Surfaces 

8.1 IR {Infrared Spectroscopy} 

Absorption of infrared radiation by characteristic vibrations of 

a surface can be used to obtain information about that surface, by 

comparison with known absorption frequencies in molecules of known 

structure. Surface sensitivity is obtained by using small particles30a 

d h · f 01· 30b b·· 1 0 1 fl 0 0 h an t 1n 1 ms or, etter, a mut1p e-re eet10n arrangement W1t 

optimized angles of incidence and reflection,30c in particular making 

work on single-crystal surfaces difficult: the difficul ty comes from· 

the very small cross-section for interaction {about 106 times smaller 

than for vibrational excitation by electrons}. The accessible energy 

losses are somewhat restricted, so that only a limited set of vibrations 
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can be detected. On the other hand, the resolution is largely sufficient 

for present-day needs. One .great advantage of infrared spectroscopy 

is that it may be carried out while the surface is subjected to high 

g~s pressures 6r in the presence of liquids: election spectroscopies 

cannot be used under such circumstances. Electromagnetic laws, however, 

permit only vibration modes with significant components perpendicular 

to the surface to be detected. The knowledge of vibration frequencies 

has for example enabled statements to be made about the adsorption 

geometry of CO molecules on metal surfaces, supporting the view that 

such molecules bond by their C end to the surface, sometimes to single 

metal atoDis (top bonding), sometimes to pairs of metal atoms (bridge 

bonding) or else to more metal atoms (hollow bonding). Such results 

are based on the knowledge of the vibration frequencies and geometries 

of metal carbonyl clusters: the metal-carbon bond vibrations can 

be recognized on the surface, while there appear no metal-oxygen 

vibration frequencies. It is furthermore found that these vibration 

frequencies can shift as a result of the coadsorption of electron-

donor or electron~acceptor species. The change in electron density 

at the top metal layer presumably modifies the bonding between the 

metal and the carbon, and thereby also affects the c-o bond, shifting 

both frequencies. 

However, the limitations inherent to IR spectroscopy have prevented 

it from being applied usefully to many other adsorbates. 

8.2 HREELS (High-Resolution Electron Energy Loss Spectroscopy 

Electrons scattering off surfa~es can lose energy in various 

ways. One of these involves excitation. of the vibrational modes of 
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atoms and molecules on the surface. The technique to detect vibrational 

excitation from surfaces by incident electrons is called high resolution 

. . 31 
electron energy loss spectroscopy (HREELS). It requires a beam 

of electrons with energy of incidence of about 10-20 eV, and with 

energy spread of at most about ±10 mil1ielectron volts (that corres-

ponds to about ±80 wave numbers). This energy spread is about an 

order of magnitude smaller than the energy spread of the electrons 

used presently for low-energy electron diffraction. This highly mono-

chromatic electron beam, upon incidence on the surface, excites the 

vibrational mode of the different chemical bonds (M-H, M-C, M-O, C-C, 

C-H, etc. where M is a substrate atom). These modes have frequencies 

in the range of 100 to 300 millielectron volts (BOO to 2400 wave numbers) 

and thus are readily detectable with the high energy resolution of 

this instrument. The electrons are back-reflected from the surface 

with energies equal to Ereflected = Eincident - Evibration and are 

detected by a suitable energy analyzer. The high resolution electron 

energy loss spectrum from hydrogen and deuterium adsorbed on the tungsten 

(110) crystal face is shown in Fig. 4.B. Not only is hydrogen readily 

detectable at coverages much less than a monolayer, but the isotope 

shifts on account of the different masses of Hand D are also observed. 

The peaks are narrow and of high intensity and yield information on 

the location and structural symmetry of the sites where the surface 

atoms molecules are located. 

Adsorbed species with chemical bonds which are perpendicular 

to the surface plane are more readily detectable than chemical bonds 

that are parallel to the surface. The sensitivity of this technique 
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appears to be 0.1 to 1% of a monolayer. Thus, the structure of the 

diff~rertt adsorption sites that are filled up successfully with increas

ing coverage of the adsorbate, can all be detected. There lS a wealth 

of surface structural information that l8 becoming available from 

the high resolution electron loss spectra of adsorbed hydrocarborts 

and other molecules. A unique feature of this technique is that it 

is able to detect adsorbed hydrogen on the surface, because of the 

high-frequency vibrational modes of this atom when it is bound to 

the surface or to other adsorbed atoms (C-H, O-H, etc.). Hydrogen 

cannot be readily detected by other techniques such as LEED or other 

electron spectroscopies because of its small elastic and inelastic 

cross sections for scattering. This unique feature makes high-resolution 

electron loss spectroscopy an important tool for studying the surface 

chemistry of hydrogen, hydrocarbons and other hydrogen-containing 

molecules. 

9. Simuiation Methods 

9.1 Model Calcuiations 

Cutting across the domains of the various techniques mentioned 

above, are the model calculations. 32 These are theoretical attempts 

to predict the structure of surfaces from first principles. The model 

calculations differ from the theories mentioned in conjunction with 

the experimental techniques listed above, in that the former are not 

primarily designed to describe the interaction of a probe with a surface, 

although obviously much overlap exists. Thus the calculation of ion 

electronic states at surfaces seeks to describe from first principles 

a situation (the structure of the surface) that is analyzed experimentally 
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by any of the techniques mentioned above, using external probes; but 

some of these techniques also involve the motion of electrons through 

the surface region: this motion in turn is clearly related to the 

electronic structure. of the surface, and so the first-principles calcu-

lation and the surface-analysis technique may have and often do have 

much in COmmon. 

Model calculations are used in surface crystallography by com-

paring their predictions with observed values of electronic level energies, 

including densities of states (obtained mainly from UPS, XPS, and INS), 

of atomic and molecular binding energies (mainly from TDS and LEED) , 

of vibration frequencies (from IR and EELS), of work function changes, 

etc. Model calculations can be subdivided into those that take a 

semi-infinite or film-like model of the surface and those that represent 

the surface by a cluster containing a finite number of atoms. The 

former are based on methods of solid-state physics, while the latter 

Originate in molecular physics. The surface, especially when atomic 

adsorbates are present, 1S an intermediate situation between the crystal 

interior (with its three-dimensional periodicities) and molecules 

(with their limited dimensions). The loss of some translational symmetry 

is troublesome for solid-state theories, while the essentially infinite 
f 

size of surfaces is troublesome for molecular physics. In a first 

stage therefore, model calculations were applied to idealized simple 

surfaces that could not be directly compared to real surfaces. However, 

progress has led to a situation in which now more and more cases of 

agreement with results from the other techniques of surface crystallography 

are reported. This will be seen in individual cases in Section VI. 
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9.2 Clusters 

Recently it has been recognized that similarities exist between, 

on the one hand, metal surfaces with adsorption and, on the other 

hand, clusters consisting of a core of a few (l to about 12) metal 

atoms, surrounded by various ligands, especially small attached mole-

33 cules. This opens up a new avenue for surface crystallography, 

since knowledge which is sometimes more easily gained on clusters 

may possibly be extrapolated to ~urfaces. Clusters are the near~st 

approximation to a crystal surface that ~s presently available experi-

mentally for comparison. Such clusters can be analyzed structurally 

and energetically by various established methods, such as x-ray crystal-

lography of clusters regularly arranged in single crystals. To what 

extent the analogy between clusters and surfaces is sufficiently 

close to make extrapolations from the former to. the latter (or vice 

versa) is not clear yet, because of a paucity of directly comparable 

cases in the experiments performed to date. 

One promising class of structures concerns CO adsorption on 

metals a~d its metal carbonyl cluster counterparts. In such clusters, 

CO is found to often attach itself molecularly to the metal frame, 

with the C end bonded to either one, two or three metal atoms (terminal, 

edge and face bonding, respectively). There are corresponding clear 

differences in bond lengths (not only in the metal-C bond but also 

in the CO bond) and ~n binding energies between the different bonding 

configurations. There are also clusters containing hydrocarbon ligands, 

which are useful analogies in the study of hydrocarbon adsorption. 

For example, the adsorption of ethylene (C2H4) and acetylene (C2H2) 
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maybe studied by 'comparison with, theclusi:ersCo)<CCH3)(CO)9' 

RU3{CCJi3)H3(CO}9' '~rjCCH3" (Ph3P)2Pt(G2Ph2) ~,co2(C2Ph2) (CO) 6" 
'5 ,,' '", ','.', ' ',' ',", , ' ,""','",, ,,' " 

'Rn2~h -CS
HS)2 (CO) 2<CF jC:zCF 3)' andOs3( C2Ph2) (CO)ia', 
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Figure Captions 

Fig. 4.1: The "universal curve" for the electron mean free path as 

a function of electron kinetic energy. Dots show individual 

measurements. 

Fig. 4.2: Electron diffr~ction patterns for Pt(111) at different 

electron energies, at normal incidence. With increasing 

energy the diffraction spots converge toward the specular 

refle~tion spot, here hidden by the crystal sample. 

Fig. 4.3: Experimental intensity vs. voltage (energy) curves for 

electron diffraction from at Pt(111) surface. Beams are 

identified by different labels (b,k) representing reciprocal 

lattice vectors parallel to the surface. An incidence 

angle of 4 0 from the surface normal is used. 

Fig. 4.4: Measured Debye temperatures as a function of electron kinetic 

energy for Pd (top) and Pb (bottom) surfaces. 

Fig. 4.5: Schematic atomic scattering distributions for: (a) specular 

scattering, (b) rainbow scattering and (c) diffraction. 

Fig. 4.6: Angular dependence of the diffraction of the atoms from 

a LiF(100) surface. 

Fig. 4.7: Normalized scattered intensity vs. angle from surface normal 

for ari azimuthal angle of <P ::. 24 0 with a fixed angle of 

incidence of 45 0 on a stepped Pt (553) surface. 
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Fig. 4.8: High-resolution electron energy loss spectra for Hand 

D adsorbed atomically art W( 100). The elastic peak is shown 

at left. The loss energy for hydrogert is plotted along 

the horizontal axis. The coverage varies from 0 = 0.4 

to 0 = 2.0 (saturation), exhibiting a change in adsorption 

site,while the deuterium spectrum is shown at 0 = 2.0 

only. [After H. Froitzheim, H. Ibach and S. Lehwald, Phys. 

Rev. Lett. 36, 1549 (1976).] 
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V. OVERVIEW OF THE ORDERING OF ADSORBATES 

1. Introduction 

While only about 40 surface structures have been analyzed by 

methods of surface crystallography in order to determine the precise 

location of adsorbed atoms, or molecules, nearly 1000 ordered surface 

structures of adsorbates have been reported. It appears that almost 

any adsorbate monolayer may be ordered to form at least one and fre-

quently several structures under appropriate conditions of gas exposure 

and temperature. The proper experimental conditions achieve a balance 

among the variou~ surface forces (heats of adsorptiort, activation 

energies of surface and bulk diffusion, etc.) that facilitate the 

formation of large ordered domains that yield sharp diffraction features. 

The ordering of adsorbed mono1ayers is a.very sensitive function of· 

temperature. For example, the lowering of the temperature of rhodium 

single crystals from 300 to 270 K greatly increases the size of the 

ordered domains of CO, ()2 and other adsorbates which, in turn, visibly 

improves the quality of the diffraction patterns. Similar observations 

are reported commonly for other adsorbed monolayer systems as well. 

The adsorbate ordering obviously also depends strongly on coverage, 

since a particular periodic arrangement of adsorbates at one coverage 

cannot freely accommodate a change in coverage. Among other similar 

. 0 
examples, Pb deposited on Au(100) produces c(2x2), c(7I2xl2)R45 , 

c(3/2'x/2')R45° and c(6x2) arrangements as the coverage is varied. 

(The unit cell notation is discussed in Section III.) 

In this section we present comprehensive tabulations of the observed 

ordered structures for any adsorbate on any substrate. For most of 

.1 

". 
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these cases the surface structure has not been analyzed beyond the 

implications of the unit cell shape, size and orientation. Many of 

these structures are good ~andidates for a structural analysis of 

the binding sites, bond lengths and bond angles. It is hoped that 

the list of geometrically analyzed structures (discussed in detail 

in Sections VI and VII) will grow rapidly so as to present an expanding 

base for the extraction of fundamental laws governing the adsorption 

phenomenon. 

Low Miller index sur·faces of metallic single crystals are the 

most commonly used substrates in LEED investigations. The reasons 

for the widespread use are that they have the lowest surface free 

energy and therefore are the most stable, have the highest rotational 

symmetry and are the most densely packed. Also, in the case of transition 

metals and semiconductors they are chemically less reactive than the 

higher Miller index crystal faces. 

The metal substrates used in the LEED experiments have either 

face centered ~ubic (fcc), body centered cubic (bcc) or hexagonal 

closed packed (hcp) crystal structures. For the cubic metals the 

(111), (100) and (110) planes are the low Miller index surfaces and 

they have threefold, fourfold and twofold rotational symmetry, respec

tive 1y. The top layer of a (111) surface actually has sixfold symmetry, 

but the rotational symmetry of the top layers together is threefold. 

Since the near surface region can influence where gases adsorb on 

the surface and the LEED intensities exhibit threefold rotational 

symmetry at normal incidence, the (111) surface will be considered 

to have threefold rotational symmetry. Although most of the adsorp-
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these case~ the surface structure has noi been,analyz~d beyond the 

implications of the unit cell shape, size and orie,ntation. Many of 

these structures are good candidates for a structural analysis of 

the binding sites, bond lengths and bond angles. It is hoped that 

the list of geometrically analyzed structures (discussed in detail 

1n Sections VI and VII) will grow rapidly so as to present an expanding 

base for the extraction of fundamental lawsgovernin..g the adsorption 

phenomenon. 

Low Miller index surfaces of metallic single crystals are the 

most commonly used substrates in LEED investigations. The reasons 

for the widespread use are that they have the lowest surface free 

energy and therefore are the most stable, have the highest. rotational 

symmetry and are the most densely packed. Also, in the case of transition 

metals and semiconductors they are chemicjlly less reactive than the 

higher Miller index crystal faces. 

The metal substrates used in the LEED experiments have either 

face centered cubic (fcc), body centered cubic (bcc) or hexagonal 

closed packed (hcp) crystal structures. For the cubic metals the 

(111), (100) and (110) planes are the low Miller index surfaces and 

they have threefold, fourfold and twofold rotational symmetry, respec

tively. The top layer of a (111) surface actually has sixfold symmetry, 

but the rotational symmetry of the top layers together is threefold. 

Since the near surface region can influence where gases adsorb on 

the surface and the LEED intensities exhibit threefold rotational 

symmetry at normal incidence, the (111) surface will be considered 

to have threefold rotational symmetry. Although most of the adsorp-

", 
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tion studies have been carried out on fcc and bcc crystals, there 

have been several studies reported on hcp crystals. For hcp metals 

the basal or (0001) plane is the surface most frequently studied by 

LEED investigations and it is the most densely packed plane having 

threefold rotational symmetry. 

2. Metals on Metals 

In Table 5.1 the surface structures of ordered metal monolayers 

adsorbed on metal surfaces are listed. For each substrate, the crys

tallographic structure, the distance between nearest neighbors, and 

the heat of sublimation (that is proportional to the surface free 

energy) are given. For each metal adsorbate the identical information 

1S provided along with the technique of deposition and all the ordered 

surface structures that form with increasing coverage. 

One of the striking results of these studies that 1S revealed 

by the inspection of Table 5.1 is the predominance of the formation 

of ordered mono layers regardless of the relative magnitudes of the 

surface free energies of the substrate and adsorbate metals. Surface 

thermodynamic considerations would predict monolayer formation only 

when the total surface free energy is minimized this way (i.e., during 

the deposition of a metal of lower surfac~ free energy on a metal 

substrate of higher surface free energy). If these circumstances 

are not met the growth of three-dimensional crystallites is predicted 

(i.e., when the adsorbate surface free energy is greater than that 

of the substrate) to minimize the total surface energy. However, 

the experimental data indicate that regardless of the surface free 

energy differences (for example, even for Mo on Ni, Pt on Au and eu 
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ort Zn), ordered monolayer deposits form. 

There is one exception to the formation of ordered monolayers: 

Fe on W forms three-dimensional crystallites even though surface thermo

dynamic considerations would predict ~onolayer for~ation. 

At low adsorbate coverages the surface structure of the deposited 

metal is determined by the substrate periodicity. Thus, urtder these 

conditions the adsorbate-substrate interaction is predominant. At 

higher coverages the adsorbate may continue to follow the substrate 

periodicity or form coincidence structures with new periodicities 

that are unrelated to the substrate periodicity. The ordering geometry 

of large-radius metallic adatoms (especially K, Rb and Cs) shows relatively 

little dependence on the substrate lattice: they tend to form hexagonal 

close-packed layers on any metal substrate. It appears that for these 

systems the adsorbate-adsorbate interaction predomin~tes during ordering. 

The available data are inadequate to permit a detailed analysis 

of the various factors that control the ordering of metal monolayers on 

metal surfaces. It is likely that both the electronic interaction 

between the two metals and the r.elative ato~ic sizes should be important 

in determining the nature of ordering in the monolayer. 

3. Non-metallic Adsorbates 

In Tables 5.2 to 5.7 we list the observed adsorbate surface structures 

(excluding metall ic adsorbates, 1 is ted in TableS.1). The substrates 

are classified according to the rotational symmetry of their surfaces: 

three-fold in Table 5.2, four-fold in Table 5.3, and two-fold in Table 

5.4. Stepped surfaces are considered in Table 5.6; this is preceded 

by Table 5.5 which lists the relation between the special notation 
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for stepped surfaces and the conventional surface plane notation. 

Finally, structures formed with organic· adsorbates are brought together 

in Table 5.7, Most of the substrates in the tables 5.2, 5.3 and 5.4 

are low index faces and the gases absorbed are, for the most part, 

small inorganic molecules such as H2 , 02' N2 , CO and NO. Inspection 

of the tables permits one to propose two general rules that are usually 

obeyed during the adsorption of these small molecules: 1) the observed 

surface structures have the same rotational symmetry as the substrate, 

and 2) the unit ce 11 of the surface structure is the smallest allowed 

by the molecular dimensions and adsorbate-adsorbate interactions. 

The frequent occurrence of ordered fractional-coverage adsorption 

indicates that adsorbate-adsorbate interactions at close range(~ 5A) 

are often repulsive. Island formation can occur simultaneously, showing 

that at larger separations these interactions can become attractive. 

There is also a general tendency for adsorbates of any type to 

form identical superstructures on different substrates of a g1ven 

symmetry, showing the effect of adsorbate-adsorbate interactions. For 

example, oxygen forms a (2x2) superstructure on the hexagonal faces 

of Ag, Cu, Ir, Nb, Ni, Pd, Pt, Re, Rh, and Ru. This is most obvious 

for the physisorption of rare gases, where the adsorbate-substrate 

interactions parallel to the surface are so small that a hexagonal 

close-packed layer is formed even on substrates of different surface 

.symmetry and greater roughness, such as with Xe on Cu(lOO), Cu(llO), 

Cu(211) and Cu(3ll). This hexagonal overlayer has been analyzed for 

Xe on Ag( 11 1) and found to correspond to the (111) plane of the fcc 

inert gas solid (cf. Section VI). 
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In the last few years LEED studies of high Miller index or stepped 

surfaces have become more frequent. Almost all of these studies have 

been on fcc metals, where the atomic structure of these surfaces con

sists of periodic arrays of terraces and steps. A nomenclature Which 

is more descriptive of the actual surface configuration has beendevel

oped for these surfaces, as described in Section III. In Table 5.5 

the stepped surface nomenclature for several high Miller index surfaces 

of fcc crystals has been tabulated. In Fig. 5.1 the location of 

these high Miller index surfaces are shown on the unit stereographic 

triangle. As can be seen from that figure all the stepped surfaces 

which have low Miller index type steps lie on the 100, 110 and 111 

zone lines. For surfaces which lie inside the unit stereographic 

triangle the steps themselves have steps· and this type of surface 

is classified as a kinked surface. The only kinked surface for which 

su~face structures have been reported is the Pt(10,8,7) or Pt(S)

(111)x(310) surface. The real space drawings and LEED patterns of 

the platinum (111), (55) and (10,8,7) surfaces are shown in Fig. 5.2. 

In calculating the stepped surface designations that are listed 

1.n Table 5.5, it was assumed that the surfaces were stable in a monatomic 

step configuration, which is. generally the case for the clean surfaces. 

This can readily be verified by LEED. In LEED patterns of stepped 

surfaces the step periodicity is superimposed on the terrace periodicity 

resulting in the splitting of the terrace diffraction spots into doublets 

or triplets at certain beam voltages. The direction of the splitting 

1.S pe~pendicular to the step edge and the magnitude of the splitting 
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1S inversely proportional to the terrace width, so the terrace width 

can be obtained by me~suring the splitting observed 1n the LEED pattern. 

The step height can be determined from the formula 

150 2 
V (singlet max) = n 

00 . 2 2 
4d cos ¢ 

where V are the voltages for which a singlet intensity maximum of 
00 

the (0,0) beam 18 observed, d is the step height, ¢ is the angle between 

surface normal and terrace normal, and It 1S an integer. By combining 

the terrace width and step height with the angle between the terrace 

and step planes the macroscopic surface plane can be determined. 

The stability of stepped surfaces is an important consideration 

in LEED studies. Although these surfaces have higher surface free 

energ1es than the low index faces, most of the clean stepped surface·s 

are stable in a single step height configuration from room temperature 

to the melting point of the metals. When gases are adsorbed on these 

surfaces, however, their stability can noticeably change. Some surfaces 

reconstruct, forming multiple height steps and large terraces. Other 

high index surfaces form large low index facets while some retain 

the single step height configuration. 

The surface structures observed for gas adsorption on stepped 

surfaces are listed in Table 5.6. In this table the stepped surfaces 

are denoted by either their Miller index label or stepped surface 

designation, depending on which system was used by the original author. 

By using Table 5.5 one may convert back and forth between these two 

systems. It is interesting to compare the surface structures formed 

on stepped surfaces to those formed on the low index faces given in 

Tables 5.2-5.4. For stepped surface~ with fairly large terrace widths 
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('V6 to 8 atoms or larger) the surface structure that forms on the 

terrace is generally the same as .the one that forms on the low index 

face. The surface structures on the low index surfaces tend to be 

more well ordered than those on the stepped surfaces. An example 

of this is the existence of several one-dimensional structures on 

stepped surfaces. The one-dimensional structures cause streaks to 

occur in the LEED patterns and are denoted as n-(ld) structures in 

the tables, where n is the number of streaks between rows of the substrate 

diffractions spots. Also, the adsorption of gases may cause faceting 

of the substrate due to the high surface free energy 6f stepped surfaces. 

4. Ordered Organic Monolayers 

The adsorption characteristics of organic molecules on solid 

surfaces is important in several areas of surface science. The nature 

of the chemical bonds between the substrate and the adsorbate, the ordering 

and orientation of the adsorbed organic molecules play important roles 

in adhesion, lubrication and hydrocarbon catalysis. Several studies 

have been undertaken to determine the molecular structure, ordering 

and interaction of monolayers for different groups of organic cOmpounds 

under well-characterized conditions on low Miller index metal crystal 

surfaces. However the structures of only two of the small organic 

molecules, acetylene, (C2H2), and ethylene (C2H4) adsorbed on the 

(111) crystal face of platinum has been determined so far using a 

combination of surface crystallography using the diffraction beam 

intensities measured by LEED, high resolution electron energy loss 

spectroscopy (HREELS) and ultra-violet photoelectron spectroscopy 

(UPS) . These were discussed in Section III. 
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Over 50 other organic monolayers have been studied by tEED and a 

combination of other techniques when adsorbed on single crystal surfaces. 

Although structure analysis has not been carried out for these systems, 

their ordering characteri~tics, the size and orientation of their 

unit cell, have been determined. By studying the systematic variation 

of their shape and bonding characteristics, correlations can be made 

between these properties and their interactions with the metal surfaces. 

Analysis of the ch~nges of surface structure with the shape or size 

of their unit cell often permitted unambiguous determination of their 

location and orientation on the surface even in the absence of surface 

crystallography. 

We shall review the surface structures of monolayers of various 

homologues of organic compounds, the paraffins, the phthalocyariines, 

a few aromatic systems and amino acids ,that have been determined during 

recent investigations. 

4.1 Normal Paraffin Monolayers and Thin Crystals of Platinum 

and Silver 

Straight chain saturated hydrocarbon molecules from propane (C3HS) 

to octane (CSH1S ) were deposited from the vapor phase on platinum 

and silver (Ill) crystal surfaces in the temperature range 100-200 K. 

The ordered monolayer was produced first and then, with decreasing 

temperature a thick crystalline film was condensed and the surface 

structures of these organic crystals were also studied by tEED.I 

At the highest temperature, T
l

, at which the organic molecule 

condenses,at a given vapor flux, a surface structure is formed that 

exhibits only one-dimensional order. As the temperature is lowered 
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these monolayer structures become more ordered and form a two-dimensional 

ordered surface structure at T2 . Upon further lowering the temperature 

to T3 , the rate of condensation of the organic vapor on the surface 

becomes greater than the rate of evaporation. At this temperature 

or below, the growth of organic multilayerscommences. In Fig. 3.1 

the phase transition temperatures for the various adsorbed paraffins 

are plotted as a function of chain length for adsorption and growth 

on the Pt(ll1) crystal face. The transition temperatures fall on 

a ~mooth curve and they increase with increasing chain length. Similar 

results have been obtained for deposition on the Ag(lll) surface. 

The paraffins adsorb with their chain axis parallel to the platinum 

substrate. Thus their surface unit cell increases smoothly with increasing 

chain length as shown in Fig. 5.3 The n-butane molecules, unlike 

the larger molecules, form several monolayer surface structures as 

the experimental conditions are varied. It appears that the smaller 

the paraffin the more densely packed it 1S on the surface. Evidently, 

as the packing becomes too dense for n-butane in one surface structure 

it forms a different one. 

The monolayer adsorption characteristics of the C
4

-C
S

paraffins 

are very similar on the Ag(lll) to that on the Pt(lll). The monolayers 

are less strongly held on the silver surface as manifested by the 

lower temperatures necessary to produce ordered surface structures 

on silver. 

Multilayers condensed upon the ordered monolayers ~aintained the 

same orientation and packing as found in the monolayers. Thus, the 

monolayer structure determines the growth orientation and the surface 

.. 
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structure of the growing orgartic crystal. This phenomenon is called 

pseudomorphism artd as a result the surface structures of the ,growing 

organic crystals do not correspond to planes in the reported bulk crystal 

structures. The exception appears to be n-octane on the Ag( 111) surface 

that is deposited with the (loT) orientation of its bulk crystal structure. 

The saturated hydrocarbons are very susceptible to electron beam 

damage, both in the monolay'er and multilayer forms. While aromatic 

hydrocarbons and other conjugated systems exhibit minimal or no beam 

damage effects during the times necessary to carry out the LEED experi-

ments, the ordered structures of paraffins disappear after ~ 5 sec 

of electron beam exposure as a result of desorption or partial dissocia-

tion of the organic adsorbates. 

4.2 cloh~xadiene, C clohexene, C clohe~ane and N. htha1ene 
on Plat1num and S1lver 

Benzene adsorbs on the platinum (111) crystal face into a well 

ordered metastable (6-~) structure at 300 K under ultrahigh vacuum 

d;· 2 Th' ... 1 f" bl (4-2) con 1t10ns. 1S 1n1t1a structure trans orms 1nto a sta e 0 5 

structure at a rate that is sensitive both to the sample temperature' 

and to the flux of benzene vapor to the surface. I-V curves were 

taken from the diffraction beams of both surface structures and these 

indicate very little change in the carbon-platinum layer spac1ng during 

the structural transformation. However the work function changes with 

( (
4-2)' respect to the clean 111) platinum surface are -1.4 eV for the 0 4 

and -0.7 eV for the (6-~) surface structures, a very large variation. 

Both the surface unit cell size and the calibrated Auger determination 

of the surface carbon content indicate that the adsorbate structure 

must have some of the benzene molecules inclined at an angle to the 
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surface. In the absence of surface structure analysis the precise 

location of the benzene molecules with respect to each other or relative 

to the surface platinum atoms cannot be identified. However a complete 

set of I-V curves is available and should be a sufficient data base 

for structure analysis. 

Benzene forms a rotationally disordered structure on the recon-

structed (100) platinum surface. However, the work function changes 

with increasing surface coverage are similar to that of benzene on 

the (Ill) crystal face. 

The adsorption of cyclohexadiene on the Pt(lll) surface produces 

the same two surface structures that were found· during the adsorption 

of benzene on this crystal face. 2 Thus, this molecule readily dehy-

drogenates on this platinum surface to benzene at 300 K. 

Cyclohexene adsorbed
2 

on the Pt(lll) surface produces a (Z-~) 
surface structure at 300 K. The work function change upon adsorption 

is -1.7 eV. As the temperature is increased to 450 K a new (~ ~) surface 

structure appears. 

Cyclohexane3 forms a (9x9) surface structure on the Ag(lll) crystal 

face and a (i-;) surface structure on the Pt(lll) crystal face at 

around 200K. This latter surf~ce structure. corresponds to the (001) 

surface orientation of the monoclinic bulk crystal structure of the 

molecule. On heating the platinum crystal face to 450K a (~ ~) surface 

structure forms that is identical to the surface structure formed 

by cyclohexene monolayers at the same temperature. It appears that 

cyclohexane dehydrogenates at elevated temperatures on platinum to 

form the same species or that of cyclohexene. 

-. 
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Naphthalene forms 2 a glassy, poorly ordered monolayer on Pt(11) 

at 300K. However, upon heating to 450K the monolayer orders to form 

a (6x6) surface structure. Adsorbed naphthalene forms a disordered 

layer also on the AgOll) crystal face at 300K. However, below 200K 

d . h . 11 ( 2.8 0.8) d . an ordere structure appears W1t a un1t ce_2 . 0 3.8 an somet1mes 

another, less stable monolayer structure is also detectable. 

It is interesting that benzene and naphthalene form monolayer 

surface structures on the Pt(lll) crystal face at 300K and higher 

temperatures while monolayer surface structures form only at low tem-
. 3 

peratures (~ 200K) on the Ag(lll) crystal face., While these aromatic 

molecules are held by strong chemical bonds to the platinum, their 

heats of adsorption must not be greater. than the heats of sublimation 

(10.7 and 17.3 kca1/mo1e for benzene and naphthalene, respectively) 

on the silver crystal plane. Thus adsorbate""'adsorbate and adsorbate-

substrate interaction are of the same magnitude for silver. 

4.3 Other Organic Adsorbates on Platinum 

The adsorption and ordering characteristics of a large group 

of organic compounds has been studied on the platinum (100) and (111) 

2 single crystal surfaces. Low-energy electron diffraction has been 

used to determine surface structures. Work function change measurements 

have been made to determine the charge redistribution which occurs 

on adsorption. The molecules that have been studied are aniline, benzene, 

biphenyl, n-buty1-benzene, t-buty1benzene, cyanobenzene, cyc10pentane, 

mesity1ene, 2-methy1naphtha1ene, nitrobenzene, propylene, pyridine, 

toluene, and m-xy1ene. All of the molecules studied adsorb on both 

the Pt(1ll) and Pt(100)-(5x1) surfaces and are electron. donors to 
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the metal surface. The adsorbed layers are more ordered on the hexagonally 

symmetric Pt(lll) surface than on the square symmetric Pt(lOO) surface. 

Unsaturated molecules generally adsorb on these crystal faces of platinum 

by forming rr-bonds with the metal surfaces, indicated by work function 

change studies as well as the large heats of adsorption of these molecules 

when compared to the heats of adsorption of saturated hydrocarbons. 

4.4 Phthalocyanine Monolayers and Films on Copper 

Monolayer structures and epitaxial growth of vapor-deposited 

cryStalline phthalocyanine films on single crystal copper substrates 

were studied using low energy electron diffraction. 4 Ordered monolayers 

of three different phthalocyanines,copper, iron, and metal-free, 

were seen on two different f~ces of copper, the (Ill) and (100). 

The monolayer structures formed were different ort the two crystal 

faces and the several phthalocyanines yield nonidentical monolayer 

structures. 

Ordered multilayer deposits were grown on both the Cu(lll) and 

Cu(IOO) substrates. Electron beam damage to the phthalocyanine molecules 

was not observed. Space-charge effects due to electron bombardmertt 

were not apparent below an incident. electron energy of 25 eVe 

The surface structures observed for the multilayer deposits of 

the phthalocyanines on both substrate faces, Cu(lll) and Cu(IOO), 

were not those of any plane in the bulk crystal structure of the phthalo~ 

cyan1nes. 

The monolayer surface structures observed for the var10uS phthalo

cyanines on the two copper substrates are summarized in Table 5.7. 

In all cases, the size of the surface unit mesh is consistent with 
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a surface structure unit cell containing a single planar phtha10cyanine 

molecule oriented parallel to the substrate. The bonding to the copper 

substrate is largely through the phthalocyanine ligand rather than 

through the central metal atom; since the metal-free phthalocyanines 

are found, from thermal desorption experiments, to be bound as strongly 

to "the Cu(lOO) and Cu(111) surfaces as the Cu- and Fe-phthalocyanines. 

While the "central metal atom in the phthalocyanines has no effect 

on the surface structures formed on Cu(100), it does playa major 

role in determining the surface structure on Cu(ll1). Not only are 

the monolayer structures different for the three phthalocyanines, 

but the epitaxy of the multilayer deposit indicates a fundamental 

difference in the interaction of the metal and metal-free phthalocyanine 

with the Cu(lll) surface. The metal-free phthalocyanine film grows, 

in the multilayer deposits, as a number of individual domains or crystal

lites, each yielding its own diffraction beams including its own specular 

reflection, since the surface planes are not parallel to one another. 

The metal-free phthalocyanine film exhibits sixfold symmetry in crystallite 

orientation. The Cu(lll) surface, although sixfold symmetric in the 

atomic positions in the top layer, is only threefold symmetric when 

the positions of the second and third layer atoms are included ( ... ABC ... 

stacking of an fcc crystal). Thus the metal-free phthalocyanine interacts 

with the substrate surface either throughnonlocalized interactions 

such as van der Waals force"s or bonds with only electrons in the copper 

which exhibit sixfold symmetry, i.e., the metallic s electrons of 

the top copper layer. Copper- and iron-phthalocyanines exhibit threefold 

"symmetry in crystallite growth. Thus the addition of a metal atom 
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in the phthalocyanine reduces the apparent symmetry of the substrate. 

The central metal atom is thus involved in bonding to the second layer 

copper atoms or to threefold symmetric electron orbitals, for example, 

d orbitals, of the surface copper atoms. 

Deposition of Cu-phthalocyanine ona Pt(lll) surface resulted 

in only poorly ordered monolayer structures and no ordering of multilayer 

structures. This demonstrates the importance of the details of the 

adsorbate-substrate interaction even for very large adsorbates which 

overlap tens of surface atoms. The absence of an ordered multilayer 

structure on this substrate indicates the role of an initially ordered 

monolayer 1n controlling epitaxial growth. 

Ordered multilayer deposits of phtha10cyanine molecules could 

be observed by low-energy electron diffraction with no apparent electron 

beam induced chemical effects. This appears consistent with the general 

trend for molecules with highly conjugated electron systems to be more 

stable under electron bombardment than other organic molecules. 

The surface structures observed for the multilayer phtha10cyanine 

films are summarized in Table 5.7. These structures do not correspond 

to planes of either of the previously reported crystal structures 

of vapor deposited phtha10cyanine films since the unit mesh constants 

reported in this work are considerably smaller than those previously 

reported. The unit cell dimensions correspond much more closely to 

a unit cell containing one molecule rather than, for example, the 

four molecules per cell reported for a-phthalocyanine. 

4.5 Amino Acid Mono1ayers and Films on Copper 

Monolayer structures and ordered multilayer films of several 

"-
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amino acids on single-crystal substrates were studied using low-energy 

electron diffraction. 5 At monolayer coverage, ordered layers of 

glycine, alanine, D":", and L-tryptophan were observed on both Cu(lOO) 

and Cu(lll). For both glycine and alanine on Cu(lll) the unit cell 

size suggests several molecules per unit ce11, considering the dimensions 

of the nearly close-packed ac plane in bulk glycine .. The alanine 

unit cell on Cu(lOO) is consistent with as ingle molecule per unit 

cell. The unit cell for glycine on Cu(lOO) requires at least two 

molecules per unit cell. 

The monolayer structures for tryptophan are consistent with one 

and two molecules per unit cell, respectively, for Cu(IOO) and Cu(lll). 

The structures observed for D- and L-tryptophan are related by mirror 

inversion which is consistent with the symmetry relationship between 

the two molecules. A mixture of the optical isomers,DL-tryptophan 

does not form an ordered monolayer, thus there is no segregation or 

cooperative interaction between the different isomers. 

In addition to forming ordered monolayer structures, ordered 

multilayer films of several hundred Angstrom thickness were also grown 

for tryptophan. Ordered multilayers could be grown for DL-tryptophan 

even though the DL-tryptophan monolayer was disordered. 

ELectron beam damage effects followed the general rule that molecular 

groups in intimate contact with the metal substrate and aromatic groups 

appear relatively stable • Thus in the monolayer, alanine, with a 

methyl group likely sticking out from the surface, was the only molecule 

found to be unstable. In multilayer films, only tryptophan with the 

aromatic indole group to stabilize the molecule was found to yield 
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mu1ti1ayers stable under electron beam irradiation. 
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Table >.1: Adsorption properties .of metal IDOnoJayers on metal substrates. '{be clean substrate properties are alao given for cOIDpariaon. Sub.·trate. are 
ordered by lattice type (fcc, bcc, hcp, cubic, diamond and rhombiC>. The structures,' nearest neighbor distance. and heat .. of vaporization refer 

Substrate 
.etal 

Rh 

Rh 

Ir 

lr 

lr 

Iii 

Hi 

Hi 

Hi 

Hi 

Hi 

Hi 

Hi 

Hi 

Hi 

to the bulk material of the substrate or the adsorbate. YO, 10 and S stand for vapor depoaition, ion be .. depo.ition and lurfaee legreaatioD. 
reapectively. TO, WF and TE'O stand for thermal desorption, work function measurements and tranl.inion electron diffraction. relpeet;';ely. 

Adsorbed 
aetal 

Fe 

Cr 

Au 

Me 

r; 

C 
I 

Ba 

Cr 

Me 

Fe 

Co 

Cu 

Structure 

fcc 

bee 

fcc 

bee 

fcc 

,fcc 

bee 

bee' 

bee 

bee 

bee 

bee 

bee 

hep 

fcc 

Nearest 
neighbor 
diatance 

2.69 

2.48 

2.71 

2.50 

2.88 

2.49 

3.66 

4.52 

5.23 

4.35 

2.50 

2.72 

2.48 

2.50 

2.56 

Heat of 
vaporization 
(keal/g.atom) 

127 

85 

160 

73 

82 

91 

24 

19 

16 

36 

13 

128 

85 

93 

73 

Deposition 
technique 

VD 

VD 

YD 

ID/YD 

10 

10 

ID/YO 

ID 

ID 

10 

YD 

YO 

S 

YD 

YO 

YD 

Substrate 
orientation 

(100) 

oil) 

(111) 

(100) 

(111) 

OlD) 

(100) 

(110) 

(100) 

(110) 

(100) 

(100) 

(111) 

(100) 

(100) 

(100) 

Technique of 
invutigation 

TED 

LEED-AES-WF 

LEED-AES-wF 

LEED-WF 

LEED 

LEED 

LEED-WF /LEED 

LEED 

LEED-WF/LEED 

LEED 

LEED-WF 

TED 

LEED 

TED 

no 

RHEED-,u:S 

Surface Itrueturel oblerved 

Fe( 100) and Fe( 110) n IIh(lOO) 

he.aaoDal 

(~ ~) 

(~ t) 
be.aaoDal 

di.ordered Itrueturel. bexagonal 

(~ ~)/ hexagon" 

diaordered .trueture. 

(~ ~)/ hexagonal 

di.ordered .trueturel 

dilordered over layer 

(~ ~) 
(~ ~) , (~ ~), (~ ~O)' U ~O) 
(110) Fe " (100) Hi 

(~ ~) 
(~ ~) 

IefereDeel 

13 

14 

14 

IS.1l.16-
20 
16.19.21 

16.19.21 

15.18.22 

16 

15.23 

16 

15 

23 

8' 

13 

25 

2b 

I ..
..
\D 
I 
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Substrate .Ad.orbed Structure N,·ar.'st Hpat of Ucpos ~ t ~on Sub.trate Technique o·f Surface· structures oblerved llefereneee 
.etal metal npi~hbor vaporization technique orientation inve. t igat ion_ 

distance ("cal/g.atom) 

Hi Ag fcc 2.89 61 VO (t11 ) LEEO/AES (~ ~) 27,28 

Hi Au fcc 2.88 82 S (tIl) LEEO-At:S/LEEO (60) (110) (60) o 6' 0 11 / 0 6 29,10 

Hi Pb fcc 3.50 42 VO (100) LEED n+),(i~) 11 

VO (tIl) LEED (I I) (7 0) (11 0) (1 0) T 2 ' 0 7' 0 11' 0 3 / hexagonal 11,12 

d '30 (10) e I) rotate . , 0 3 ' 1 2 

VO (t10) LEED (: t), (~ ~), (~ ~), (~ ~) 31 

Pd fcc 2.75 90 

Pd Fe bee 2.48 85 VD (100) TED (100) Fe U (lOO)Pd and (110) Fe U II 
(100) Pd 

Pd Hi fcc 2.49 91 VD (100) TED (~ ~) 33 
, ...,. 

(~~) 
N 

Pd Ag fcc 2.89 61 VD (100) LEED 34 0 , 
Pd Au fcc 2.88 82 VD (tOO) LEED/TED (~ ~) 34,35,36 

VD (Ill) TED (~ ~) 36 

Cu fcc 2.56 13 

Cu Fe bee 2.48 85 VD (100) TED (~ ~) 1l,17,38 

VD (111) LEED-AES (~ ~) 39 

Cu Co hep 2.50 93 VD (100) TED (~ ~) 40,41 

Cu Hi fcc 2.49 91 VD (100) TED (~ ~) 42 

VD (tIl) LEED/RHEED (~ ~) 43,44,45 

Cu Ag fcc 2.89 61 VD (tOO) LEED (f ~) 34,46 

VD (I II) LEED/RHEED,TED (8 0)1 .. 41> ,45 ,4 7-o 8 three dlmenslonal crystals 
SO 

I ' '.,.. '1:;.", ~ ( 
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Substrate Ad.orbed Structurl~ N(~ar"st Heat of lkpos i l illn Sub~lrate Technique of Surface structures observed Reference. 
.etal metal nt~ i. ghbor vapor i zat"ion techn ique ori.entation investigation 

d lstance (keal/g.atom) 

Cu Au fcc 2.88 82 YD (tOO) LEED (:t)· (1~) )4.~1 

YD (\ II) LEED-At:S/RHt:ED (2/1 tIl) (2 0) . m 41) •. a 2 I three d, •. crYltal. ~2.41.~) 

YD (10) LEED-AES (T12 )~2)' (~ ~). (~ ~). coaplex ~2 
atructurea 

Cia Sn diam 2.81 10 S (00) LEED-AES a ~). ~4 

S (t ll) LEED-AES Hn ~4 

Cu Pb fcc 1.50 42 YD ( lOa) LEED/LEED-AES- (i D· (1 ~) ~~.~6-~8. 
TD/TED 

(~ ~) 
~9 

YD (Ill) LEED/LEED- ~~.~8 
AES-TD 

(i :). (~.~)/(+ :). (~ ~). (~ ~) YD ( 110) LEEDI LEED-AES ~~.~6 

YD (111) LEED-AES/LEED- .(~ ~) ~6.58 
AES-TD 

YD (511 ) LEED-AES (~ ~) ~6 I -YD (311) LEED-AES (~ D. (~ ~) ~8 
N -

(~ ~) 
I 

YD (211) LEED-AES-TD ~8 

Cu' Ii rhoe 3.01 43 . YD (tOO) LEED/LEED-AES (~ ~). (: t). (t ~); (t~) 60.57 

VD Oil) LEED (t D· (~ 1). G ~) 61 

AI fcc 2.89 61 

As Na bcc 3.66 24 YD Oll) LEED-AES-TD (~ ~) 62 

YD (1l0) LEED-AES-TD (~ ~) 63 

AI Rb bee 4.84 18 YD Oil ) LEED-AES-TD (~ ~) 64 

Ag Kg hcp 3.20 32 YD Oll ) TED disordered over layer 65 

Ag Cr bee 2.50 73 YD (L II) TED disordered over layer &5 

Ag Co hcp 2.50 91 ·YD (tIl) TED disordered overlayer &5 
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Substrate Adsorbed St rue t ure Neart"st H~at of 1>epos it ion Sub8trat~ Technique of Surface structure. oblerved lie ferencea 
.etal .etal neighbor vaporization technique orientation inveltilation 

distsnee (keal/g.atola) 

Ag Ni fcc 2.49 91 vo (l00) TED (~~) 66 

VO (III) TEO/RHEEO hexagonal overlayer 65,67 

Ag Pd fcc 2.15 90 VO (III) TED disordered overlayer 65 

Ag Cu fcc 2.56 13 VO (l00) TED. (~ ~) 66 

YO (III) RHEEO-TED hexagonal over layer 68-70 

Ag Au fcc 2 .. 88 82 VO (l00) TED (~ ~) 3S 

VO (III ) LEEO-AI!S/TEO a ~) 65,71,72 

AI Zn hep 2.66 27 VO (Ill) TED no eondenaatiOn 65 

Ag Cd hep 2.98 24 VO (III) TED no eondenaation 65 

AI Al fcc 2.86 68 VD (Ill) TED .diaordered overlayer 65 
I 

AI Tl hcp 3.46 39 YO (Ill) TED hexagonal overlayer 65 -N 
N 

AI Sn di .. 2.81 70 YO (Ill) TED disordered over layer 65 I 

AI Pb fcc 3.50 42 YO (Ill) TED hexagonal over layer 65,73 

AI Sb rhoall 2.91 47 VO (11) TED diaordered over layer 65 

AI Ii rh .... 3.07 43 VO (11) TED diaordered over layer 65 

Au fcc 2.88 82 

Au lIa bee 3.66 24 VO 000) LEEO aeriea of atructurea, hexslonal 74 

Au Cr bee 2.50 73 YO (Ill) LEEO-AI!S-WF hexagonal 15 

Au Fe bee 2.48 85 YO 000) TED (~ ~) 16-18 

YO 011 ) TED (~ ~) 76,78-80 

Au Pd fcc 2.75 90 YO ODD) LEEO/TEO (~ ~) 34,81 

VO tlln TED (~ ~) It.,82 

~' .' [,., , " Ie, 
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Substrate Adsorbed Struc ture Near('st Heat of Deposit ion Substrate Technique of Surface structures observed Referencea 
metal metal neighbor vaporization technique or ientat ion inve.st igat ion 

distance (kcal/g.atom) 

Au Pt fcc 2.77 122 YO ( 100) UED-AiiS/TEO (~ ~) 3,4 

YO (111 j TED (~ ~) 8l 

Au Cu fcc 2.S6 7J YO (iOO) LEED (~ ~) 14 

YO ( 111) RHEEO extra 1 inea . 84,8S 

Au Ag fcc 2.89 6.1 YO (100) LEEO/TEO (~~) 34,39,86,81 

(III) UtD-AES (~ ~) 11 

Au Pb fcc 3.50 42 YD (100) UED-AES (! f)· (i !). (+ ~), (f ~) 5,6 

YO (111) LEEO-AES hexagonal rotated tSO 6,88 

YO (110) LEED-AES (~ ~), (~ ~), (~ ~), (~ ~), (~ ~) 6,88 

YO (11,1..1) LEEO-AES G t), (f ~) 6 

YO (911) UEO-AES (11) e 0) 6 -1'" .. 3 N 

(!t), (t~) 
I,..) 

YO (11) LEEO-AES 6 I 

YO (Sl1 ) UED-AES O!), (~ ~) 6 

YD 011) LEED-AES (~ ~) 89 

YD (20) LEED-AES. (~ ~) 89 

YD (210) UED-AES (~ n 90 

Au Bi rho .. 3.07 43 YD (100) UED (i ~) 91 

(Ill) LERD eO 10) 
10 20 

91. 

(10) LERO (! t), H D, (~ ~) 91 

Al fcc 2.86 68 

Al Na bee 3.66 24 10 ( 100) UED-AES-WF G 1), (1 ~). 92-94 

10 (Ill) UEO-AES-WF H ~). (~ ~) OJ3 

Al Hn cubic 2.24 54 YD (III) LEEO-AiiS (6 0) a T 2 '. hexagonal rotated !OJ 'IS 
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Substrate Adsorbed StructurE" N('.1rpst Ht!at 1)£ Depos i t ion Substrate Technique of Surface structures observed lie ferencea 
.etal .. etal neighbor vaporiz.ation technique orientation inve8tig~tion 

distance (keal/g.atom) 

Al Fe bee 2.48 85 VD (100) TED poor epitaxy 13 

Al Hi fcc 2.49 91 VD (III) TED (t D 96 

Al Sn diam 2.81 70 VD (100) LEED-AES (t ~) 97 

VD (111 ) LEEO-AES hexaaonal rotated !9° 98 

Al Pb fcc 3.50 42 VO (100) LEED-AES (f ~) 97 

VO (111) LEEO-AES hexaaonal rotated ±90 98 

Nb bee 2 .. 86 172 

Nb Sn diu 2.81 70 VO (llO) LEEO diao.rdered atructurea, (~ ~) 9.9 

ra bee 2.86 180 I ..... 
.plit (t ~) 

N 
ta Au fcc 2.88 82 VO (l00) LEI!O 100 ~ 

I 
ra Al fcc 2.86 68 VO (110) LEEO· hexaaonal, aquare 101 

ra Th fcc 3.60 137 VO (100) LEEIHIF C 1) C 0) I I ' 0 I 
102 

110 bee 2.72 128 

"0 Ha bee 3.66 24 IO (110) LEEO-AES no ordered atrueture 103 

KG It bee 4.52 19 10 (110) LEEO-AES hexaaonal 103 

KG Rb bee 4.84 18 10 (110) LEEO-AES/AES hexaaonal 103,104 

"0 Ca bee 5.23 16 10 (llO) LEEO-AES hexaaonal 103 

KG Aa fcc· 2.89 61 VO (100) SEM-AES/ LEED- (100) Aa II (100) KG and 105-106 
AES ( 011) Aa II (001) KG 

"0 Al fcc 2.86 68 VO (110) LEEO-AES hexaaonal 107 

KG Sn rhomb 2.81 70 VD ( 100) LEED-AES C n, (~ ~) 1.08 

, . \., , . I,. 
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Substrate Adsorbed Structure Nearpst Heat of Dep08 i t ion Substrate Technique of Surface structures observed References 
.. etal lDetal ne ighbor vaporiz.ation techn ique or ientat ion investigation 

d"istance (keat/g.atom) 

V bee 2.74 185 

V Li bee 3.02 32 YO (t 10) LElio-WF (i ~), (~ ~), (+ ~) 109-111 

YO (l12) LIiEo-WF (4 0) e 0) e 0) . e 0) o 1 ' 0 1 ' 0 1 ' lneohe rent, 0 I 110,112 

V Na bee 3.66 24 YO (100) RHEEo-To CH 113 

YO (110) UED-VF (15) (20) (11) (11) (1 1) 12' 02' T 2 ' 0 8 i 05' 7 

hellagonal 

10 (112-) UEo (~ ~), eoapressed (~ ~) 114 

V K bee 4.52 19 vo (100) RHEEO on 115 

V ib bee 4.14 18 10 (100) UEo-AES (: }), (~ ~), hexagonal 116 

V c. bee 5.23 .16 ID-Yo (100) UEo-AES/ (1 1) (2 0) . (2 0) 117,118,119 I 
UEo-wr 

IT' 0 2 ' Spilt 0 2 : -(~ ~), (~ f), hellagonal 
N 
VI 
I 

vo (110) UEo/LEEO-AES disordered hellagonal, hexa,onal 120,121,117 

V Be hep 2.22 74 YO (1I0) UEo (~ ~), (~ ~), (~ ~) 122 

W Sr fee 4.30 34 YO (lID) UEO-Wl' (3 3)_ (2 2) (2 2) (I I) I 5' 0 6' I 6' 0 3 ' hella.onal 123 

V Ba bee 4.35 36 YO (100) UED-Wl' (2 0) . C I) e I) C I) J 2 ' spilt "2" 2' "2" 2' I T 124 

VO {I 10) LEEO-Wl' _ - (2 2) disordered hellagonal, hellagonal, 0 6 ' 125 

(~ ~), (: ~), hellagonal ea.pact 

W Se hep 3.25 81 YO (110) UED-Wl' (~ n, a ~) 126 

W Y hep 3.55 93 YO (110) LEEO-Wl' hexagonal 127,128 

W Zr hep 3.17 122 YO (100) UEO-RHEEO (~ ~), (t~) 129 

W Fe bee 2.48 85 YO (lID) UEO three dimensional eryatala _ 10 

W Pd - fee 2.75 90 VO (lID) LEEo-AES C 0) -o 3 ' hexagonal 130 

W Cu fcc 2.56 73 vo (100) LEEo-AES-To (~ ~), (: n III 
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Substrate Adsorb"d St rue tUft" Nl'ol rl'st Heat of Ut'pos i t inn Substr-atf' Technique of Surface structure.8 observed keferencel 
.. etal .. eta I n~ i ~hbor vaporiz8t ion techn iquf" orientation invest"igation 

distance -(keal/g.atom) 

VO ( 110) Lt:EO/LEt:O-AES heKagonal structures 112 ,Ill ,Ill 
WF-TD 

W Ag fcc 2.89 61 VO ( 100) Lt;lm-AES-WF- (~ ~), (: }), (~ ~) 114 
TO 

VO (110) LEEO-AES-:WF- -hexagon-al structures 114,IlS 
TO 

W Au fcc 2.88 82 YO ( 100) LEEO-AES-WF- (~ ~), (f ~), (~ n 114 
TO 

YO ( 110) LEEO-AES-WF- hexagonal Itructurel 1l4,Il6 
TO 

W Hg rholllb 3.01 14 VO (100) LEEO-AES (~ ~) 137 

W Pb fcc l.50 42 YO (100) LEEO/LEED,-AES- dilordered (~ ~), Iplit C H, e H, \38,139 
WF-TD 

(t D, heltlionai/(~ ~), (f ~), G H, (~ ~) -. eO) eO) 139,140 
N 

YD (110) LEED-AES-WF- Ipllt .. 1 ' T 1 0-
TD I 

W Sb rholllb 2.91 47 VD (I~a) RHEED (~ ~), (: t), (~ ~) 141,142 

YD (no) RHEED/LEED-WF (~ !), (i ~), H ~), (i ~) 141,143 

vo (112) RHEED (~ ~), (~ ~) - 141 

W Th fcc 3.60 117 VD (laO) LEEO/LEED-AES- (: +), (~ ~)/G i), (~ ~), H ~), 144-146, 
WF 147,148 

hexagonal 

Ti hcp 2.89 106 

Ti Cu fcc 2.56 ,3 vo (0001) LEED extra spots 

Ti Cd hcp 2.98 24 YD (0001) LEED (~ ~) 2 

{ , ',' \.1. ~H 
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Substrate Adsorbed Struc·ture Nf>.l rt'st H('at of I..k~pos i t ion Substrate Technique of Surface structures observed Reference •. 
metal metal ne i ghbor vaporization techn i qUt~ orif":ntation invest igat i.on 

distance (keal/g.atom) 

Re hep. 2.74 152 

Re Ba bec 4.35 36 VO COOOI) LEEO-WF (~ ~). hexagon. 1 II 

Zn. hcp 2.66 27 

Zn Cu fec 2.56 73 VO COOOI) LEEO (~ n '* I -p.,J . ....., 
Sb rhomb 2.91 62 I 

Sb Fe bce 2.48 85 VO (0001) TEO (~ ~) 12 
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TABLE 5.2 . 

Surface Structures on Substrates with Threefold Rotational Symmetry 

Surface Adsorbed Gas Surface Structure Reference 

Ag(111 ) O2 (2x2)-0 1 
(l3xl3) R30o-0 1 "" 

Not Adsorbed 146 
(4x4)-0 147,148 

" . 
12 ( I3xl3) R30o-1 145,149,150 

C1 2 . (l3xI3}R30o-C1 151 
(lox10)-C1 151-
AgCl( 111) 152 

C2H4C1 2 (l3xl3) R30o-C1 153,154 
(3x3)-C1 153,154 

Br2 (l3xl3) R30o-Br 155 
(3x3)-Br 155 

Xe Hexagonal Over1ayer 156,157,158,159,160 
Kr Hexagonal Overa1yer 156 

CO+02 (2xl3) - (CO+02) 27 
NO Disordered 163 

Al(111) O2 (4x4)-0 123 
Au( 111) O2 Oxide 161 

Not Adsorbed 162 
Adsorbed 162 

Be( 0001) 02 Disordered 22 
CO Disordered 22 
H2 Not Adosrbed 22 
N2 Not Adsorbed 22 

C(l11),diamond °2 Adsorbed 16 
Not Adsorbed 164 

N2 Not Adsorbed 164 
NH~ Not Adsorbed 164 
H2 Not Adsorbed 164 

H2 ( 1xl}-H 30 .. 
p ( I3x/31 R30o-P 30 

C(OOOl), graphite Xe ~ I3x/31 R30o-Xe 165 
Kr 13x/3)R300 -Kr 166,167,174 

CdS(OOOl) O2 Disordered 25 
Co (OOOl) CO (l3x/31 R30o-CO 168 

Hexagonal Over1ayer 168 
Cr{lll ) O2 (/Jx/3) R30o-0 169 
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TABLE 5.2, Continued 

Surface Adsorbed- Gas Surface Structure Reference 

Cu( 111) O2 
Disordered 7,170,171 

(7x7)-0 7,8 
:,. (l3x/j) R300-0 7,8 

-FX2~-0 115,7,8 
3x3 -0 8 

. {l1x5)R5O-0 9 . 
{2x2}R300-0 115,119 
Hexagonal 246 

CO Not Adsorbed 26 
(l3x~O 1-72,173 

(ll73x /3 R49.1 172,173 
(3/2x3/2) ,173 

C1 2 ( I3x~300-C1 151 
(6/3x6 3 R300-C1 151 
( 12I3x12/j)R300-C1 151 
(4/rx417) R19. 20-C1 151 

~ H2 Not Adsorbed 7 

H2S ( I3x/j) R300-S 35 
Adsorbed 35 

Xe (l3x/j) R300-Xe 159 

Cu/Ni(l1l) CO Disordered 173 

Fe(ll1) O2 
(6x6)-O 175 
(5x5)-0 175 
{4x4)-0 - 175 

(2/rX2~19.10-0 175 
{213x2 3 R300-0 175 

NH3 Disordered 176 
(3x3)-N 176 

(li9xli9) R23. 40-N 176 
(l2Tx/2T) R10. 90-N 176 

H2 Adsorbed 177 

Ge( 111) O2 
Disordered 17,18 

r (lx1 ) 19,21 

P { 1xl}-P 19 

H2S (2x2}-S 37 
(2xl) -S 178 

H2$e (2x2)-Se 37 

H2O (lx1)-H2O 121,179 --

12 (lx1 )-1 19 
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TABLE 5.2, Continued 

Surface Adsorbed Gas Surface Structure Reference 

Ir(lll) O2 (2x2)-0 124,180,181,182,183,184 
(2x1)...;O 182 --

Ir oxide 181 
CO (l3x~300-CO 124,180,182,183,185,186 

(213x2 3 R30o-CO 180,182,183,185,186 -. 
H2O Not Adsorbed 182 

H2 Adsorbed 187 

NO (2x2)-NO 188 

Mo{lll ) O2 ( 211) facets 14,189 
(110) facets 189 

(4x2)-0 190 

H2S C(4x2)-H2S 191 
MoS 2(OOOl) 191 

Nb{11l) O2 (2x2)-b 192 
(lxl)-O 192 

Ni(lll) O2 (2x2)-0 2,3,4,116,193,194, 
195 , 196,197 , 198 

{ I3x~R300-0 2,5,195 
(l3x 21)-0 116 
NiO{lll) 4,6,116,193,194 

CO {l3xl3} R30o-CO 195,196,199,200 
Hexagonal Over1ayer 200 

A2X2)-CO 3 ( 3X~~r-O 5 
. (2x 3 ';'CO 5 
{/39x 39 -C 5,27 
Disordered 198 

(/7x/7)R19.1° 195,196 
C{4x2) 195,196 

CO2 A2X2l-C02 5 
( 3xl3) R30o",,0 5 .. 
(2xl3}-c02 5 -

(l39x/39) -C 5,27 

H2 (lxl)-H 3 
(2x2)-H 29,201,202,204 

Disordered 203 

NO C(4x2)-NO 193 
Hexagonal Over1ayer 193 

(2x2)-0 193 
(6x2)-N 193 
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TABLE 5.2, Continued 

Surface Adsorbed Gas Surface Structure Reference 

H2S (2x2)-S 36,118,197,198,205,294 
(l3x/3) R30o-S 36,118 .. (5x5)-S 36 

Adsorbed 36 
. H2Se (2x2)-Se 137 . 
" (l3x/3) R30o-Se 137 

C1 ( /3)(/3) R30o-C1 206 2 
(~ ~) -C1 206 

N2 Not Adsorbed 131 

Pd( 111} °2 (2x2) ;.0 207. 
(l3x/3) R30o-0 207 

(2x2)-PdO 207 

NO C(4x2)-NO 208 
(2x2)-NO 208 

CO (l3x/3) R30o-CO 209,210 
. Hexagonal Over1ayer 209 

C(4x2)-CO 210 

H2 (1 x1}-H 211 ,212 

Pt(l11) °2 (2x2)-0 10,11,213,214,215,216,217 
(/3xl3}-R30o-0 214,215,217 
Not Adsorbed 120 

( 413x4/3) R30o-0 214,215 
Pt02(OOOl) 214,215 
(3x15)-0 217 

CO ( I3xl3) R30o-CO 218 
C(4x2)-CO 28,120,218,219 

Hexagonal Overlayer 218 
(2x2)-CO 120 

H2 Not Adsorbed 120 
Adsorbed 220,221 

.r H2+02 ( I3xl3) R300 11 . 
NO Di sordered 222 

H2O ( I3x/3) R300 -H2O 223,224 
H2O(111) 224 

S2 (2x2}-S 225,226,227,247 
(v"3xI3)R30o-S 225,226,227,247 

( 4 -1) -S -1 2 225,226 
Hexagonal 227 

N Disordered 228 



140 

TABLE 5.2, Continued 

Surface Adsorbed Gas Surface Structure Reference 

Re(OOOl) 0 (2x2)-0 23,24,229 
2 ~ . 

CO Not Adsorbed 24 
(2x2}-CO 23 

Disordered 230 . 
( 2x/3) 230 c 

H2 Not Adsorbed 24 

N2 Not Adsorbed 24 

Rh(111 } °2 (2x2}-0 12,231 

CO (/3x/3) R30o-CO 231 
(2x2}-CO 12,231 . 

CO2 (l3x/3) R30o-CO 231 
(2x2}-CO 231 

H2 Adsorbed 231 

NO C(4x2)-NO 231 
(2x2)-NO 231 

Ru{OOOl) °2 ' {2x2}-0 12,232.248 

CO ( I3x/3)R30o-CO 12,233,248 
(2x2)-CO 12,248 

CO2 (l3x/3) R30o-C02 12 
{2x2),..C02 12 

H2 {l xl}-H 234 

N2 Adsorbed 234 

NH3 (2x2}-NH3 234,235 
( I3xl3} R300 -NH3 235 

Si{lll} °2 Disordered 17,20.21 

N2 (8x8)-N 34 
p (6I3x6/3) -p 132,133 

(lxl}-P 132 ,.. 

(2I3x2/3) -p 132 
. 

(4x4) -P 133 

e1 2 Disordered 138 
(7x7)-Cl 138,236 
{lxl}-Cl 138,236 

12 (lxl)-I 133 

H2 (lxl)-H 237 
(7x7}-H 237 
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. TABLE 5.2, Cont inued 

Surface Adsorbed Gas Surface Structure Reference 

NH3 (8x8)-N 238 
.... PH3 . ?X7~-P 239 

lx1 -P 239 
(613x613) -P 239 - (2I3x213) -P 239 , 

Ti{OOOl) °2 (lxl) -0 18 
CO ~lXl)-CO 18,240 

2x2)-CO 240 

N2 (lx1)~N 241,242 
( I3x/j)R30o-N 241,242 

Th{ 111) O2 Disordered 243 
Th02(11l) 243 

CO Disordered 243 
. Th02(1l1) 243 

U02{ 111) °2 (3x3)-0 13 
(2!3x2/j) R30o-0 13 

W(lll ) °2 Disordered 244 . 
(211) facets 15 

Zn{ 0001) O2 (1 xl)-O 122 
ZilO(OOOl) 245 

Zn( oooT) O2 (/3x/j) R30o-0 122 
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TABLE 5.3 

Surface Structures on Substrates with Fourfold Rotational Syrrunetry 

Surface Adsorbed Gas Surface Structure References 

Ag(100) °2 Di sordered 146 

C2H4C1 2 C(2x2)-Cl 154,249 ." 

Se C(2x2)-Se 250 

A1 (100) O2 Disordered 42,43,44 " . 

Au(100) H2S (2X2l-S . 251 
C(2x2 -S· 251 

(6x6)-S 251 
C(4x4)-S 251 

CO Disordered 252 

Xe Disordered 252 

C(100) ,diamond O2 Di sordered 16 
Not Adsorbed 164 

N2 Not Adsorbed 164 

NH3 Not Adsorbed 164 

H2S Not Adsorbed 164 

Co(100) CO C(2x2)-CO 253 
(2x2) -C 253 

O2 (2x2)-0 254 
C(2x2)-0 254 

Cr(100) O2 C(2x2)-0 255 
Cr203(310) 256 

Cu( 100) O2 (lxl)-O 9, 45 
(2x1)-0 9,45,46 

(2x4)R450-0 7,47,246,261 
(2x3)-0 119 

C(4x4)-0 . 119 
C(2x2)-0 171,246,257,258, 

259,260,263,264 
(2x2) 171 

(2x212) R45° 259,262,263,264 .. . 

Hexagonal 259 
(410) facets 259 

CO C(2x2)-CO 125,126,265 
Hexagonal Over1ayer 126,127,265 

(2x2)-C 26,125 

N2 (1 xl) -N . 49 
C(2x2)-N 47,132,258,261,266 
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TABLE 5.3, Continued / 

Surface Adsorbed Gas Surface Structure References 

~ 
Mo{lOO) O2 Disordered 61,62 

C( 2x2) -0 . 61,62,63,64,284 
{ I5xl5)R260 -0 61,62,189,190,284 

: 
{2x2)-0 61,189,190 

C(4x4)-0 62,189,284 
{2xl}-0· 189,190 
{6x2)-0 284 
{3xl)-0 284 
{lx1)-O . 284 

CO Disordered 62 
{1 xl} -CO 62,64,285,286 

C(2x2)-CO 64,285,286 
./ {4x1)-CO 64 

H2 C{4x2)-H 77 
{lxl)-H 77 

N2 {lx1)-N 62 
C{2x2)-N 287 

H2S {lX%S 130 
(l5x 5 .-5 130,288 
C(2x2}-S 130 
MoS2(100) 288 

NaCl(100) Xe Hexagonal Overlayer 289 

Nb( 100) O2 C(2x2}-0 192,290 
(lxl}-O 192,290 

{3x10)-Nb02 290 

N2 (5xl}-N 290 

Ni{ 100) O2 (2x2)-0 2,49,50,51,198,296-299,310 
C( 2x2)-0 2,6,52-57,197,198, 

290-299,310,340 
(2xl)-0 198 

NiOpOO~ , 6,297
2

298
2
299,310 

; Ni 0 111 98, 99 . . 
CO C(2x2)-CO 54,55,68,129,198,300,301,302 

(2x2)-CO 69 
Hexagonal Over1ayer 129,301,302 

(2x2)-C 198 
CO2 (2x2)-0 + C(2x2)~CO 76 

N2 Not Adsorbed 80,81 

H2 Disordered 198,203,211 
C(2x2)-H 301 
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TABLE 5.3, Continued 

Surface Adsorbed Gas Surface Structure References 

HS Adsorbed . 35 2 (2x2)-S 35,260,262 .;, 

(2xl)-S 128 
Te (2x2)-Te 267 

" Xe Hexagonal Over1ayer 159 
Fe(100) O2 C(2x2)-0 60,269,270,271,274 

(lxl)-O 144,268,271,272 
FeO( 1 00) 60,269,270,272,273 
FeO(lll) 270 
FeO(llO) 272 

Disordered 273,276 
CO C(2x2)-CO 275 
H2S C(2x2)-S 276,277 

H2 Adsorbs 177 

NH3 Disordered 176 
C(2x2)-N 176 

H2O C(2x2) 278 
Fe/Cr(lOO) O2 C(2x2)-0 279 

C(4x4)-0 279 
Oxide 280 

Ge(lOO) 0 2 Disordered 17,18 

12 (3x3)-1 19 
Ir(lOO) 0 (2xl)...;0 48,281 2 {5xl)-0 48 

CO C(2x2)-CO 48 
(2x2)-CO 48 
(lxl)-CO 282 

CO2 C(2x2)-C02 48 
(2x2)-C02 48 

(7x20)-C02 48 .. -
NO (lxl)-NO 188 

H2 Adsorbed 281 
Kr (3x5)-Kr 283 

Kr{1ll ) 283 
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TABLE 5.3, Continued 

Surface Adsorbed Gas Surface Structure References 

CO+H2 C(3x3) 301 
0. H2S (2x2)-S 36, 118,197 ,198 

C(2x2)-S 36,118,197,198,293, 
294,303,304,340 

: ' {2xl)-S 198 
C{2x2)-H2S 304 

H2Se (2x2)-Se 197,198 
C(2x2)-Se 142,197,198,293; 

294,305,340 
(2xl)-Se 198 

C(4x2)-Se 305 

Te (2x2)-Te 197,198,306 
C(2x2)-Te 197,198,294,305,340 

(2x1)-Te 198 
C(4x2)-Te 305,306 

S02 C(2x2)-S02 86 
(2x2)-S02 86 

NiO(100) H2 Adsorbed 307 
Ni( 100) 307 

H2S Ni(lOO)-C{2x2)-S 308 

C1 2 Disordered 309 

Pd( 100) CO Disordered 70 
C(4x2)-CO 70 
C{ 2x2)-CO 210 

(2x4)R450-CO 71 ,209,210 
Hexagona 1. Over 1 ayer 209,210 

Xe Hexagonal Overalyer 311 

Pt(100) O2 Not Adsorbed 120,312 
Adsorbed 312,315 

(212x2/2) R450-0 215,313 
Pt02(0001) 215 

· (5x1 )-0 315 
. (2xl)-0 315 

· CO C{4x2)-CO 28,72,73,120,314,316 · {312xl2) R4So-CO 28,72,73,316 
{l2xl5} R450-CO 72,73 

{2x4)-CO 10 
(lx3)-CO 10 
(lx1)-CO 120,312,314,316 

C{2x2)-CO 312,316 



146 

TABLE 5.3, Continued 

Surface Adsorbed Gas Surface Structure References 

H2 Adsorbed 312,317 
(2x2)-H 72,74 

; 

Not Adsorbed 312 

CO+H 2 C(2x2)-(CO+H2) 72,74 ". 
NO . (lxl)-NO 318 

C(4x2)-NO 319 

N Disordered 228 

H2S (2x2)-S 247,320 
C(2x2)-S 247,320,321 

S2 (2x2)-S 225;226 
C(2x2)-S 225,226 

RhOOO) O2 (2x2)-0 231 
C!2X2j-0 2~~ 2x8 -0 

CO E 2x2 -CO 231 
Hexagonal Overlayer 231 

(4xl)-CO 58 
CO2 C(2x2)-CO . 231 . 

Hexagonal Overlayer 231 

H2 Adsorbed 231 

NO C(2x2)-NO 231 

S; (100) O2 (lxl)-O 17,18,20 
(lll)facets 17,18,20 

H2 (lx1 )-H 322,323,324 
(2xl)-H 237 

H (lxl) -H 325 
(2xl) -H 325 

NH3 (111) facets 238 

12 - (3x3) -I 326 ... -
Sr( 1 00) O2 SrO(lOO) 327 

Ta(lOO) °2 (2x8/9)-0 328 . 
C(3x1 ho 328 . 
( 4x1)-0 328 

CO C(3xl)~0 328 

. CO2 C(3xl)-0 328 

NO C(3xl)-0 328 

N2 Adsorbed 328 
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TABLE 5.3, Continued 

Surface Adsorbed. Gas Surface Structure References 

Th(lOO) °2 Disordered 329 
Th02 · 329 

CO Disordered 329 

'" V(lOO) O2 (lxl)-O 65 
(2x2)-0 65 

: H2 Disordered 65 

W{lOa) O2 Disordered 330 
{4xl)-O 66,330-333,336 
(2x2)-0 330-334 
(2xl)-0 66,67,330-336 
(3x3)-O 331,333,335 

C(2x2)-0 333 
C{8x2)-0 333 

(3xl)-0 333 
(lx1)-O 333 
(8xl)-0 333 
(4x4)-a 333,335 

(no) facets 333 

CO Disordered 75 
C{2x2)-CO 66,75 

H2 C(2x2)-H 66,78,79,337,411 
(2xS)..;H 79 
( 4xl)-H 79 
(lxl)-H 411 

CO2 Disordered 338 
(2xl)-0 338 

C(2x2)-CO 338 

NO (2x2)-NO 339 
( 4xl)-NO 339 
(2x2)-O 339 
(4xl) ;.0 339 
(2xl)-0 339 

N2 C(2x.2)-N 68,82,131 

" NH3 Disordered 84 . 
C{2x2)-NH 2 84 
(lxl)-NH2 84 

NO (lx1)-N20 143 2 (4xl}~N20 143 

CO+N2 (4xl)-(CO+N2) 82 
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TABLE 5.4 

Surface Structures on Substrates 
with Twofold Rotational Symmetry. 

Surface Adsorbed Gas Surface Structure References 
J. 

Ag(110) 
°2 (2x1)-O 146,341,342,343,344 

(3x1)-O 146,341,342,343 '. 

(4x1)-0 .146,341,342 
(5x1)-O 146,341 
(6x1)-0 146,341 
(7x1)-0 146 

NO Disordered 345 
C2H4C12 (2x1)-C1 154 

c(4x2)-C1 154 
Xe Hexagonal over layer 159 

A1(110) °2 (331) facets 123 
(Ill) facets 122 

Au(llO) H2S (lx2)-S 251 
c(4x2)-S 251 

C(110), diamond °2 Not adsorbed 164 

N2 Not adsorbed 164 

NH3 Not adsorbed 164 

H2S Not adsorbed 164 

Cr(110) °2 (3x1) -0 140 
(100) facets 140,256 
Cr203 (0001) 140,256 

'-

Cu(110) °2 (2x1)-O 7,8,9,45,46,246 -

c(6x2)-0 8,9,45,46,246 
(5x3)-0 8,115 

CO ordered ID 26 
(2x3)-CO 26 
(2x1)-CO. 255 

Hexagonal over layer 255 

H2 Not adsorbed 7 
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TABLE 5.4, Continued 

Surface Adsorbed Gas Surface Structure References 

H2O Disordered 26 

H2S c(2x3)-S 35 

Adsorbed 35 

" Xe c(2x2)-Xe 159 
Hexagonal over layer 159 

.-
Cu/Ni(110) °2 (2x1)-O 134 

CO (2x1)-CO 134 
(2x2)-CO 134 

H2S c(2x2)-S 134 

Fe(110) °2 c(2x2)-O 87,88,99 
c(3x1)-O 87,88,99 
(2x8)~O 98 

FeO(111) 87,88,99,269 
(Zx1)-O 141 

CO (3 -2)_CO 
·04 346 

N2 (3 -2)_N 
042 346 

H2 (2x1) -H 177 
(3x1)-H 177 
(1x1)-H 177 

HZS (Zx4)-S 114 
(lx2)-S 114 

Fe/Cr (110) °2 Cr203 (OOOl) 280 

- Amorphous oxide 279 . 
Ge(llO) °2 Disordered 17,18 

. 
'" (lxl)-O 17,18 

H2S (10x5)-S 178 

Ir(llO) °2 (1x2)-O 347 

CO (2x2)-CO 347,348 
(4x2)-CO 348 
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TABLE 5~4, Continued 

Surface Adsorbed Gas Surface Structure References 

H2 Adsorbed 347 

N2 Not adsorbed 347 

LaB6 (110) °2 (lx1)-O 349 
;. 

Mo(110) °2 (2x2)-O 62,63,100 --

(2x1)-O 62,63,100 
(lx1)-0 62,63 

Disordered 350 
Cb (lx1)-CO 62,100 

c(2x2)-CO 94 
Disordered 406 

CO2 Disordered 94 

H2 Adsorbed 100 

N2 . (lx1)-N 62 

H2S ·(2x2)-S 351 
c(2x2)-S 351 

(lx1)-S ·351 . 

c(lx3)-S 351 
c(lxS)-S 351 

(lx3)-S 351 
c(lx7)-S 351 

(lx4)-S 351 
(lx5)-S 351 

c(lxl1) -S 351 
-

(j~) -s 
-. 

351 
. 

Mo(211) 0 2 (2xl) -0 105 
~ 

(lx2)-0 105 
(lx3)-0 105 

c(4x2) -0 105 
CO Disordered 105 

H2 (lx2)-H .105 
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TABLE 5.4, Continued 

Surface Adsorbed Gas Surface Structure References 

N2 Not Adsorbed 105 

Na(110) O2 NaO(lll) 352 

~ Nb (110) O2 (3x1)-0 101 
NbO(111) 192 

: NbO(110) 192 
NbO(220) 192 

oxide 101 
CO Disordered 101 

(3xl)-0 101 

H2 (lxl)-H 111 

Ni(110) O2 (2x1)-0 2,3,51,57,83, 
89,91,92,99,198, 
353,354,355 

(3x1)-0 2,51,83,89,91, 
92,94,198,353, 
354,355 

(5x1)-0 2,89 
(9x4)-0 51,354,355 

NiO(100) 6,51,83,91,198, 
354,355 

CO (lx1)-CO 2,94 
Adsorbed 198 

c(2x1)-CO 353,356,359 
(2x1)-CO 356,357,358 

~. 
c(2x2)-CO 359 

(4x2)-CO 359 
. 

(lx2) -H - H2 59,81,94,110,198, 
203,353,360 

NO (2x3)-N 361 
(2x1)-0 361 

HO 2 (2x1)-H2O 110 

H2S c(2x2)-S 36,198,205,294 
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TABLE 5.4, Continued 

Surface Adsorbed Gas Surface Structure References 

(3x2)-S 36 
H2Se c(2x2)-Se 137 . 

:; 

co + O2 (3xl)-(CO+02) 91 

Pd(110) O2 (1x3)-0 95 -:. 

(1x2)-0 95 
c(2x4) -0 95 

CO (5x2)-CO 95 
(2xl)-CO 95,209. 
(4x2)-CO 209 

c(2x2)-CO 209 

H2 (1x2)-H 212 

Pt(110) °2 (2x1)-0 11,363 
(4x2)-0 11 

Adsorbed 362 
c(2x2)-O 363 

PtO(lOO) 363 

CO (lxl)-CO 139,364 
(2xl)-CO 366 

C302 (lxl)-C302 365 

NO (lxl)-NO 222,364 
CO + NO (lxl)-(CO+NO) 364 

H2S c(2x6)-S 247,367,368 
(2x3)-S 247;367,368 
(4x3)-S 247,367,368 ... -

c(2x4)-S 247,367,368 . 
(4x4)-S 247,367 ~ 

Rh(llO) O2 Disordered . 96,97 
c(2x4)-0 96,97 
c(2x8)-0 96,97 

(2x2)-0 96,97 

(2x3)-0 96,97 
(lx2)-0 96,97 
(lx3)-0 96,97 
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TABLE 5.4, Continued 

Surface Adsorbed Gas Surface Structure References 

CO (2x1)-GO 369 
c(2x2)-C 369 

~ 
Ru(1010) °2 c(4x2)-O 370,371 

. (2xl)-O 370,371 
.: 

c(2x6)-O 370 
(7x1)-O 370 

c(4x8)-O 370 
CO Disordered 371 

H2 Not Adsorbed 371 

N2 Not Adsorbed 371 

NO c(4x2)-(N+0) 370,371 
(2x1)-(N+0) 370,371 

(2x1)-O 371 
c(4x2)-0 371 
c(2x6)-O 370 

(7x1)-O 370 
c(4x8)-O 370 

(2x1)-N 371 
c(4x2)-N 371 

Ru(101) °2 
(1 1) 0 30- 374 

(~6) -0 374 

(~ 6)-0 374 
~ . 

co (~ 6) -co 372 
' . . 

(~ 6 )-c 372 

NO Disordered 373 

Si(110) H2 (1x1)-H 375 

Si(311) NH3 Adsorbed 238 

Ta(100) °2 (3x1)-O 101,102 
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TABLE 5.4, Continued 

Surface Adsorbed Gas Surface Structure References 

Oxide . 101,102 
CO Disordered 101,102 · (3x1) -0 101,102 .' 
H2 (lx1)-H 102 
N2 Not adsorbed 101 · :. 

Ta (211) °2 . (3x1)-0 101,102 
Oxide 101,102 

CO Disordered 101;102 
(3x1)-O 102 

H2 (lx1)-H 102 

N2 Disordered 102 
(311) facets 102 

Ti02 (100) O2 Disordered 376 

H2O Disordered 376 

V(110) °2 (3x1)-0 101 

CO Disordered 101 
(3x1)-0 101 

W(110) °2 (2x1)-0 57,103,377-387 
c(2x2)-0 104 

(2x2)-0 104,387 
(lx1)-0 104 

c(14x7)-0 57,103,104 
c(21x7) -0 104 
c(48x16)-0 104 
W03 (100) 388 -. 

W03 (111) 388 . 
· 

CO Disordered 109 
c(9x5)-CO 109 

(lx1):"CO 379 
c(2x2)-CO 379 

(2x7)-CO 389 
c(4x1)-CO 389 
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TABLE 5.4, Continued 

Surface Adsorbed Gas Surface Structure References 
(3x1)-CO 389 
(4x1)-CO 389 
(5x1)-CO 389,390 

"" 
(2x1)-(C+O) 389,390 

c(9x5)-(C+O) 389 

: CO+02 c(11x5)-(CO+02) 93 

H2 (2x1)-H 136 

12 (2x2)-I 391 
(2xl) -I 391 

W(211) O2 (2x1)-0 15,106,107 
108,403,404 

(lx2)-0 15,106,404 
(lx1)-0 106,107,403,404 
(lx3)-0 ··106 

(lx4)-0 106,404 
CO Disordered 108 

c(6x4)-CO 108 
(2x1)-CO 108 

c(2x4)-CO 108 

H2 (lxl)-H 112 

NH3 c(4x2)-NH2 113 

CO+02 (lx1)-(CO+02) 108 

(lx2)-(CO+02) 108 

W(210) CO (2x1)-CO 138 
~. (lx1)-CO 138 

N2 (2xl) -N . 131 . . 
W(310) N2 (2x1)-N 131 

c(2x2)-N 131 
ZnO(10IO) O2 (lxl)-O 392 
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TABLE 5.5 

Miller Indices, Stepped Surface Designations and Angles Between 
the Macroscapi c Surface and Terrace Pl anes for fcc Crystals 

Angle Between 
the Macroscopic Surface 

and Terrace 
r~i 11 er Index SteEEed Surface Designation {degrees} 

(544) (S)-[9(111)x(100)] 6.2 

(755) (S)-[6(111}x{100)] 9.5 

(533) (S)-[4(111)x(100)] 14.4 . 

(21T) (S)-[3(111)x(100)] 19.5 

(311) (S)-[2(111)x(100)] . 29.5 

(311 ) (S)-[2(100)x(111)] 25.2 

( 511) (S)-[3(100)x(111)] 15.8 

(711 ) (S)-[4(100)x(111)] 11.4 

(665) (S)-[12(111)x{111)] . 4.8 

(997) (S)-[9(111)x{111)] 6.5 

(332) (S)-[6(111)x{111)] 10.0 

(221 ) (S)-[4(111)x{111)] 15.8 

(331) (S)-[3(111)x(111)] 22.0 

(331) (S)-[2(110)x{111)] 13.3 

(771 ) (S)-[4(110)x{111)] 5.8 

(610) (S)-{6{1PO)x(100)] 9.5 

(410) 
# 

(S)-[4(100)x(100)] 14.0 

(310) (S)-[3(100}x(100)] 18.4 

(210) (S)-[2(100)x(100)] 26;6 

(210) (S)-[2(110)x(100)] 18.4 

(430) (S)-[4(110)x(100)] 8.1 

(l0,8,7) (S)-[7(111)x(310)] 8.5 

. .. 
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TABLE 5.6 

Surface Structures on Stepped Substrate~ 

Surface Adsorbed Gas Surface Structure References 

Ag(21l) Xe Hexagonal Overlayer 159 

. Ag( 331) O2 Disordered 393 .. Ag(llO-(2xl}-0 393 

C1 2 (6xl)-Cl 393 
; Au(S)-[6(111)x(100»). O2 Oxide 161 

Cu(210) O2 (410),(530)facets 259 

Cu( 211) Xe Hexagonal Over1ayer 156 

Kr Hexagonal Overlayer 156 

Cu(311) Xe Hexagonal Overlayer .394 

CO Adsorbed 394 

Cu(841) O2 (410),(100)facets 259 

Cu(S)-[3(lOO)x(100)] CO Not Adsorbed 132 

N2 (lx2)-N 132 

Cu(S)-[4(100)x(lOO)] O2 (1 xl)-O 132 

CO Not Adsorbed 132 

N2 (lx3)-N 132 

Cu(S)-[4(100)x(111)] H2S 8(ld)-S 35 

Ir(S)-[6(111)x(lOO)] O2 (2x1)-0 182 

CO Di sordered 182 

H 0 2 Not Adsorbed 182 

H2 Adsorbed 187 

Ni(210) O2 facets 395 

N2 ' . Ni(100)-(§/2xI2)R450-N 395 

Ni(110)-(2x3)-N 395 

Pd(210) CO (lx1)-CO 209,210 
..,. (lx2)-CO 209,210 

Pd(311) CO (2x1)-CO 209 
'. 3(ld)-CO 209 
~ 

Pd(S)-[9(111)x(111)] CO ( I3xI3}R300 -CO 209 
Hexagonal Overlayer 209 

Pt(S)-[4(111)x(100)] H2 facets 221 
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TABLE 5.6, Continued 

Surface Adsorbed Gas Surface Structure References 

Pt(S)-[6(111)x(100)] O2 . 2(ld}-O 120 
;. 

Pt(l 11 )-( 2x2}-0 215 
Pt(l11)~x/3)R300-0 215 , 

Pt(l11)-( 9x179)R1807'-0 215 
Pt(111)-(4x2!3)R30o-0 215 

pte 111) -3(ld)-0 215 
CO Oi sordered . 120 

H2 2(1d)-H 120,221 
Adsorbed 396 

Pt(S)-[11(111)x2(lOO)] 396 
Pt(S)-[9{111)x(100)] H2 2(1 d)-H 221 
Pt(S}-[9(11i)x(111)] O2 (2x2)-0 397,398,399 

Not Adsorbed 120 
CO Disordered 120 

H2 (2x2)-H 120 
Adsorbed 400 

Pt(S}-[12(lll)x(111)] NO (2x2)-NO 401 

NH3 Disordered '401 
Re(S)-[14(OOOl)x 

(1011 )] CO (2x2)-CO 230 
(2xl)-C 230 

Rh(331) O2 2(ld)-0 402 

(1 6) ~O 402 

( 1 2)_0 
7 -1 402 

facets 402 
CO (1 2) 402 

.., 

5_1-CO -

(~ 6 ) -co 402 . . 
Hexagonal Overiayer 402 

CO2 C 2) -CO 5 -1 . 402 

(~ 6 }-co 402 

Hexagonal Overlayer 402 
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TABLE 5.6, Continued 

Surface Adsorbed Gas Surface Structure References 

H2 Adsorbed 402 
NO Disordered 402 

-
(-1 6) 402 

: 
Rh(S)-[6(111)x(100)] 0 (2x2)-0 402 2 Rh(S)-[12(111)x 

2(100) ]-( 2x2)-0 402 

Rh(lll) -( 2x2)-0 402 
CO ( I3x/j) -R30o-CO 402 

(2x2)-CO 402 
CO2 (v'3x/j) -R30o-CO 402 

{2x2)-CO 402 

H2 Adsorbed 402 
NO (2x2)-NO 402 

W{S)-[6(110)x(110)] O2 (2xl)-0 382 
..... 

W(S)-[8(110)x(112)] O2 (2xl)-0 382 
W(S)-[10(110)x(011)] O2 (2xl)-0 405 
W{S)-[12{110)x(lTO)] O2 (2xl) -0 382/ 
W{S)-[16(110)x{112)] O2 (2xl)-0 . 382 
W{S)-[24(110)x(011)] O2 . {2xl)-0 405 

. . 
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TABLE 5.7 

Surface Structures Formed by Adsorption of Organic Compounds 

Surface Adsorbed Gas Surface Structure References 
.l 

Ag(110) HCN Disordered 407 
C2N2 Disordered 407 -. 

Au(ll1) C2H4 Not Adsorbed' 161 
n-heptane Not Adsorbed 161 

cyc10hexene Not Adsorbed 161 
benzene Not Adsorbed 161 

naphthalene Disordered 161 
Au(S)-

[6 (111) x (100) ] C2H4 Not Adsorbed 161 ' 

n-heptane Not Adsorbed 161 
cyc lohexene, Not Adsorbed 161 

benzene Not Adsorbed 161 -
\ • • • ,# • 

161 naphthalene Disordered 
Cu(lll) . C2H4 Not Adsorbed 26 

Fe-phtalocyanine Adsorbed 408 
Cu-phta1ocyanine Adsorbed 408 
H-phta1ocyanine Adsorbed 408 

glycine (8x8) 409 
L-a1anine (2IT!x2iI!)R13040' 409 

L-tryptophan (-~ !) 409 

D-tryptophan (-8 1) 
-2 4 409 

Cu(100) C2H4 (2x2) 26 .... 

Fe-phta1ocyanine (~. -~) 408 
. 

(~ -~) 
. 

Cu-phta1ocyanine 408 

H-phta1ocyanine (~ -~) 408 

glycine (4 x 2) 409 
( 8 -4 ) 

.' 4/5 8/5 
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TABLE 5.7, Continued 

Surface Adsorbed Gas Surface Structure Reference 

L-alanine (~ J) 409 

L-tryptophan (4x4) 409 
D-tryptophan (4x4) 409 

; 
Cu( 11 0) C2H4 ord. 1D 26 

Cu(S) - . 
[3(100)x(100)] CH4 Not adsorbed 132 

C2H4 Not adsorbed 132 

Cu(S)-
[4(100)x(100)] CH4 Not adsorbed 132 

C2H4 Not adsorbed 132 

Fe(100) C2H4 c(2x2)-C 274 

lr (Ill) C2H2 (l3"xl3") R30 0 187 
(9x9)-C 187 

C2H4 (l3"xl3")R30o 187 
(9x9)-C 187 

cyc10hexane Disordered 187 
(9x9) -C 187 

benzene (3x3) 187 
(9x9)-C 187 

Ir(100) C2H2 Disordered 281,410 
c(2x2)-C 281,410 

C2H4 Disordered 410 
c(2x2)-C 410 

- benzene Disordered 410 . 
Ir(110) C2H4 Disordered 347 

.• (lxl)-C 347 • 
benzene Disordered 347 

(lxl)-C 
Ir(S)- C2H2 [6 (111)x (100)] 

(2x2) 187 

C2H4 (2x2) 187 

cyc10hexane (2x2) 187 
benzene Disordered 187 
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TABLE 5.7. Continued 
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TABLE 5.7, Continued 

Surface Adsorbed Gas Surface Structure Reference 

C2H6 (2x2) 117 

C5H12 (4x3) 422 
~ (4x5) 422 

Pt(111) C2H2 (2xl) 28 
. . (2x2) 423,424,425 

C2H4 (2x2) 40:424,425 
(2x1) 28 

2(ld)-C 221 
Graphite over1ayer 221,426 

n-butane (-i ~) 427 

( 2 2) 
-5 5 427 

(~ -~) 427 

n-pentane ( ~ ~') 427 

n-hexane Ci .~) 427 

n-heptane ( 2 1 427 
(2x~) 221 

n-octane (-i ~) 427 

cyclohexane (i -; ) 427 

Disordered 221 
(2x2) 221 

- Graphite over layer 221 . 
benzene (-~ ~) 221,429 

. -
(6 -~) 428 

-.. - - -- . (~ -~) 428 

(-2 2)-
44. 429 

toluene 3(ld) 221,430 
(4x2) 430 
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TABLE 5.7, Continued 

Surface Adsorbed Gas Surface Structure Reference 

Graphite over1ayer 430 
naphthalene (6x6) 224,429 

naptha1ene (001) 224 ~. 

pyridine (2x2) 429 
m.,..xy1ene 2.6(ld) 430 -. 

mesity1ene 3.4(ld) 430 
T-buty1benzene Disordered 430 
N-butylbenzene Disordered 430 

aniline 3(ld) 430 
nitrobenzene 3(ld) 430 
cyanobenzene . 3 (ld) 430 

Pt(100) C2H2 c(2x2) 28,72,321,431,432 

C2H4 c(2x2) 28,72,313,321,431 
Graphite over1ayer 313,426 
(511), (311)facets 426 

benzene Disordered 432 
2(ld) 429 

naphthalene (6x6 ). 429 
pyridine (lx1) 429 

c(2x2) 429 
toluene 3(ld) 430 

M-xy1ene 3 (ld) 430 
mesity1ene 3(ld) 430 

T-buty1benzene Disordered 430 
N-buty1benzene Disordered 430 

aniline Disordered 430 --
nitrobenzene Disordered 430 . 
cyanobenzene Disordered 430 .• 

C2N2 (lx1) 433 

Pt(110) HCN ( 1 2/3) . -1 2/3 . 434 

c(2x4) 434 
(lxl) 434 

C2N2 (lx1) 407,435 
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TABLE 5.7, Continued 

Surface Adsorbed Gas Surface Structure References 

PtfS)- C2H4 Disordered 221 
4(111)x(100)] Graphite over1ayer 221 , 

<- Facets 221 
cyc10hexane Disordered 221 . 

, 
(4x2) -c 221 

n-heptane (4x2) 221 
(4x2) .-C 221 

benzene Disordered 221 
Graphite over1ayer 221 

Facets 221 
toluene Disordered 221 

2(ld)-C 221 

Pt(S)-
[6 (lll)x (100)] 

C2H4 (2x2) 120,221 

( 3 2) -2 5 -c 221 

( 6 l)_c 
-1 7 

221 

(l[gxl[g)R23.4°-C 426 
Graphite over layer 426 

cyc10hexane 2(ld) 221 

n-heptane (2x2) 221 

C~ 1) 221 

(9x9)-C 221 

benzene 3 (ld) 221 
"';, (9x9)-C 221 

toluene Disordered 221 
. (9x9) -c 221 . 

Pt(S)- C2HI~ Disordered 221 
[7(111)x(310)] Graphite over1ayer 221 

cyclohexane Disordered 221 
n-heptane Disordered 221 

benzene Disordered 
/ 

221 
toluene Disordered 221 

Graphite overlayer 221 
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TABLE 5.7, Continued 

Surface' Adsorbed Gas Surface Structure References 

PtfS)- . C2H4 Adsorbed 221 
9 (111)x(100)] 

cyc10hexane Disordered 221 ~ 

n-heptane (2x2) 221 

( -~ ~) 221 -, 

(5x5)-C 221 
(2x2)-C 221 

( 1 1 )-C 221 
-1 2 221 

.. 
~ 2(1d)-C 221 

benzene Disordered 221 

(J 1)-C 221 

Graphite overlayer 221 
toluene 3(1d) 221 

Graphite over layer 221 

Pt(S)- C2H4 Disordered 120 
9 (111)x(111) Graphite overlayer 398,399 

N Disordered 228 

Pt(S)- C2H,. Graphite over layer 426 
5(100)x(111) 

(511),(311) and (731) facets 426 
Re(OOOl) C2H2 Disordered 436 

(2xlJ) R30o-C 436 
C2H4 Disordered 436 

(2xlJ) RJOo-C 436 :-
Rh(lll) C2H2 c (4x2) 231 

C2H4 c (4x2) 231 
. 
~ 

(8x8)-C 231 
(2x2)R30o-C 231 

(l[gx~)R23.4o-C 231 
(2IJx21J)R30o -C 231 

(12x12)-C 231-

Rh(100) C2H2 c(2x2) 231 
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TABLE 5.7, Continued 

Surface Adsorbed Gas Surface Structure References 

C2H4 c(2x2) 231 
c(2x2)-C 231 

Graphite overlayer 231 
. Rh(331) C2H2 ( -16) ~ 402 

C2H4 (-1 6) 402 

Graphite over1ayer 402 

Rh(S)- C2H2 Disordered 402 
[6 (111)x(100)] 

C2H4 Disordered l~02 

(111),(100) facets 402 
Si(111) C2H2 Disordered 437 

Si(311) C2H2 c(1x1) 135 
(2x1) 135 
(3x1) 135 

C2H4 c(lxl) 135 
(2xl) 135 
(3x1) 135 

Ta(100) C2H4 Adsorbed 328 

W(111) CH4 (6x6)-C 41 

W(100) CH4 (5x1)-C 41 

W(110) C2H4 (15x3) Re<.-C 41 

(15x12) RO<:-C 41 
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Figure captions 

Fig. 5.1: The unit stereographic triangle for fcc showing the loca-

don and Miller indices of various faces. 

Fig. 5.2: Electron diffraction patterns and atomic structures of 

a step-free (A), a stepped (B) and a ki~ked (C) surface 

of platinum. 
\ 

Fig. 5.3: Observed surface unit cells for n-paraffins on Pt(1ll). 
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A. Pt(1I1) 
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VI. SURFACE CRYSTALLOGRAPHY OF ORDERED MONOLAYERS OF ATOMS 

1. Introduction 

By the use of mainly LEED and lately ion scattering techniques 

the location of many atomic adsorbates, their bond distances and bond 

angles from their nearest neighbor atoms have been determined. The 

substrates utilized in these investigations were low Miller Index surfaces 

of fcc, hcp and bcc metals in most cases, and low Miller Index surfaces 

of semiconductors that crystallize in the diamond, zincblende and 

wurtzite structures in some cases that could be cleaned and ordered 

with good reproducibility. 

Since the substrate on which adsorbates are deposited greatly influ

ences the behavior of those adsorbates, it is important to first examine 

the substrates themselves. We must distinguish between the clean surface 

and the same when covered with adsorbates, because adsorbates are capable 

of modifying the geometric (and electronic) structure of the substrate. 

To enable a convenient comparison, Table 6.1 combines the structures 

to us for both clean and adsorbate-covered surfaces, as far as they have 

been determined with a reasonable degree of precision and reliability by 

the various surface crystallographic techniques mentioned in Section IV 

(co-adsorption and molecular adsorption are treated in the next Section). 

2. The Effect of the Adsorbate on the Substrate Surface Structure 

We shall here distinguish between surfaces that, in the clean 

9tate, have reconstructed or have unreconstructed structures. In 

the case of reconstructed structures, the surface atoms have moved 

sufficiently far away from their ideal bulk positions to either generate 

superlattices (i.e., larger two-dimensional structural unit cells) 
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or, if no superlattice is present, at least substantially modified 

bond lengths or bond angles. 

The general rule governing the small atomic displacements on 

clean unreconstructed surfaces seems to be that bond lengths increase 

slightly with the number of nearest neighbors (called the coordination 

number), in accordance with long-established knowledge. Jl9 Thus a 

surface atom, having lost some nearest neighbors compared to the 

. bulk, tends to have a reduced bond length to its neighbors. Since 

the lattice constant parallel to the surface in the top layer is usually 

forced upon the top layer by the substrate, only the bond lengths 

to the second-layer atoms should in general decrease. This effect 

is smal1 (at most about 4% contraction of bond lengths) and is sometimes 

presumably drowned in the· experimental and theoretical uncertainty 

(1 to 2% of these bond lengths) of the LEED analyses that have produced 

most of these results. In general, however, the effect is clearly 

discernible. A closer look at Table 6.1 shows that on clean close-

packed faces--such as the fcc(1l1), hcp(0001), bcc(110) and fcc(100) 

faces of meta1s--a1most no contraction is usually detected (rare cases 

of very small expansions are nevertheless reported). On less close-

packed faces--such as the bcc(100), fcc(110), bcc(111) and fcc(311) 

faces of metals--smal1 co.ntractions are systematically detected in 

LEED analyses (cf. Fig. 6.1). Such results find independent confirmation 

1n ion scattering experiments and theoretical calculations (cf. references 

in Table 6.1). They are also in qualitative agreement with very small 

(rv1%) bond length contractions observed, e.g., in electron diffraction 

studies of 12 to 92 A radius metal cJusters. 120 
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The physical or chemical origin of these contractions can be 

explained in different terms. First-principles descriptions are too 

involved for inclusion here (see Ref.32a of Section IV). Instead 

we indicate some phenomenological descriptions. Firstly one can imagine 

the electron cloud to attempt to smooth its surface (as if there were 

a surface tension), thereby producing electrostatic forces that draw 

the surface atoms towards the substrate. This effect should be the 

stronger the less close-packed the surface is. 78 Secondly, with fewer 

neighbors the two-body repulsion energy is smaller; allowing greater 

atomic orbital overlap and therefore more favorable bonding at shorter 

bond lengthS. Thirdly one may say that for surface atoms the bonding 

electrons are partly shifted from the cut bonds to the remaining non

cut bonds, thereby increasing the chatge content of the latter and 

so reducing the bond length. On ionic crystal surfaces the asymmetries 

1n the ionic electrostatic forces at surfaces may explain the contrast 

between similar bond length contractions observed on CoO(lll) and 

the lack of observable contractions on MgO(100) and NiO(100).121 

The above descriptions of the origin of bond length contractions 

at surfaces are consistent with the observations made when adsorbates 

are deposited on these surfaces: the shortened bond lengths are sys-

tematically lengthened again (sometimes to more than their bulk values) 

by the presence of adsorbates, as is visible in Table 6.1 (cf~ Fig. 

6.2). 

Surprisingly only a half monolayer of adsorbates is often suf-

ficient to restore the bulk bond length between the substrate atoms. 

This behavior is observed both by LEED and by ion scattering experiments. 
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With Fe(100) + p(lx1)O the underlying metal bond lengths are expanded 

to beyond their bulk value and in that process the FeO bulk oxide 

geometry is approached, presumably exhibiting a first stage of the 

oxidation process ~t a surface. Ion scattering e~periments indicate 

a similar behavior (not searched for in an earlier LEED analysis) 

for Ni(110) + c(2x2)S. In this connection it 1S interesting to note 

the case of THOOO!) + (lxl)N, where a surface slab of three layers 

essentially identical to the bulk compound TiN is formed by a slight 

expansion of the topmost Ti-Ti layer spacing and intercalation of 

nitrogen (cf . Fig. 6. 2f). Not properly understood yet is the case 

of Ni(lOO)+ p(2x2)C in which an expannon of the topmost Ni-Ni layer 

spac1ng also occurs and possibly some kind of nickel carbide is formed. 

With 0 on A1(100) (not studied with LEED) there is considerable evidence 

f d .. l'·d f . 122 or a atom penetrat10n, 1.e., meta OX1 e ormat10n. Oxides can 

of course be formed on many surfaces, but details of geometry and 

behavior remain to be elucidated. 

~ variety of different reconstruction geometries are thought 

to occur on surfaces. On fcc metals large super1attices, e.g., (5x1) 

, 123' 124a ' 125 
or (Sx20), are observed on Pt(100), Ir(100) and Au(100). 

Some indications point to a hexagonally close-packed restructuring 

of the topmost atomic layer, but other structures are possible. A 

weakly bound adsorbate layer, such as that formed during the physisorption 

124b of Xe on Ir(lOO), appears to not affect the basic geometry of 

the reconstructed substrate. However these reconstructions are usually 

destroyed in favor of the unreconstructed geometry'as a result of 

chemisorption with its stronger substrate-over1ayer bonding. This 
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cart even happen with rather small coverage, such as a few percent 

of a monolayer. In essence the ada toms simulate the "missing half" 

of the substrate. These "impurity-stabilized" unreconstructed surfaces 

(e.g., Pt(100) and Au(100» have the structure known for the other 

stable clean unreconstructed metal surfaces. 

The (110) face of these materials (Pt, Ir and Au) often exhibits 

a (2xl) reconstruction, or more generally (nxl) reconstructions (such 

as on Ir(110) with n = 2, 3 or 4)126 with sometimes a statistical 

distribution of the values of the integer n (as on Au(110), where 

2 d · ) 127 n = om1nates . Several models for these reconstructions have 

been suggested, but the "missing row" model seems to be the .most promising 

in studies of Ir(110)(2xl) (cf. Fig. 6.3) and Au(110)(nxl)127 with 

random n: 1n this model small facets of the hexagonally close-packed 

(Ill) face are built (note the analogy with the fcc(lOO) reconstructions), 

which is consistent with the knowledge that the (Ill) face of fcc 

metals is energetically the most favorable one. These reconstructions 

also seem to be destroyed by adsorbates in favor of the unreconstructed 

structure. This has been established in particular with the Ir(110) 

surface. There the (2xl) reconstruction disappears as a result of 

adsor~tion of a disordered quarter monolayer of oxygen; in fact the 

resulting substrate shows contracted bond lengths just as with the 

unreconstructed clean fcc(110) surfaces. Adsorption of an additional 

half monolayer of oxygen, which orders in a c(2x2) arrangement, then 

removes that bond length contract. ion. This two-step process supports 

the notion that the effect of adsorbates on the substrate grows with 

the coverage. But apparently the effect is sometimes strong (a small 

.. 
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fraction of a monolayer can destroy a reconstruction) and sometimes 

weak (a full film of xenon on Ir(100) seems not to destroy the recon

struction). A special behavior is found for hydrogen on Ni(IIO), 

which produces a (2x!) superlattice believed to be due to a pairwise 

attraction and approach of adjoining rows of surface nickel atoms 

(the row-pairing model). 

Although the (111) face of fcc metals is of the lowest surface 

free energy--a fact which may explain the reconstructions of the (l00) 

and (110) faces--, the (111) face itself may also reconstruct: Au (1 11 ) 

is normally reconstructed with a structure that may nevertheless sti1l 

involve the hexagona1ly close-packed layer geometry (since extra sets 

of hexagonally arranged spots appear in LEED) , but with a lat~ice 

. 128 
constant different from that of the bulk. 

On bcc metals only one reconstruction has been thoroughly analyzed, 

namely that of W(100)c(2x2), which occurs at low temperatures, cf. 

Fig. 6.4). The mechanism responsibie for this could be a charge density 

wave l29 that induces a structural wave which can have a wavelength 

related to the lattice constant (as with W(100)c(2x2») or not related 

to it (as with Mo(lOO». 130 

Hydrogen chemisorption at less than full coverage appears to 

. . 75c 
not change the structure of the W(lOO)c(2x2) surtacenot1ceably. 

Interestingly, chemisorption of hydrogen at room temperature on an 

unreconstructed W(IOO) surface seems to gerterate the same c(2x2) recon

struction obtained by simple cooHng. 75c ,76 At full hydrogen coverage, 

the reconstruction disappears and W-W bond length contractions seem 

d · . 11 76 to 1sappear as we . 
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A type of reconstruction that one might expect to occur but that 

has not been observed is related to the relatively easy phase transition 

between hcp and fcc metals: this involves only the shifting of hexagonally 

close-packed layers of atoms, from the ... ABABAB ... to the ... ABCABC ... 

stacking arrangement. Such a shift could easily occur for the topmost 

atomic layer ·of hcp(OOO) or fcc(111) surfaces. Interestingly, it 

does not seem to take place in reality on the five hcp(OOOl) and nine 

fcc(lll) surfaces analyzed so far; this includ~~ the case of Co on 

both sides of its hcp-fcc phase transition. 

Reconstructions are particularly frequent on semiconductor surfaces. 

In three cases the structure and the underlying mechanism have most 

probably been identified. For GaAs(1l0) (and ZnSe(110), which behaves 

as GaAs(110), but whose properties have been less extensively studied), 

rehybridization of the orbitals around the surface Ga and As atoms 

occurs, producing new optimum bond angles (different from the tetrahedral 

angles of the bulk) that force substantial movements of the surface 

atoms (bond lengths remaining almost unchanged). In this case the 

atomic movements can be accommodated without enlarging the surface unit 

cell, so that no superlattice is generated, cf. Fig. 6.5. This type 

of reconstruction is also predicted by several model calculations. 

The adsorption of a monolayer of arsenic on this reconstructed surface 

restores the bulk lattice geometry in the topmost substrate layer; 

as a LEED analysis indicates (the adsorbed As atoms bond to the surface 

Ga atoms). Oxygen adsorption also has the same effect on GaAs(llO). 

Oxygen (which appears to bond to the surface As atoms) approximately 

restores the bulk geometry of the surface. This is indicated both 

J 
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b UPS d 99b d b h . . 1· 1 1 1 . . 99c y ata an y t eoret1ca custer ca cu at10ns: 

For Si(100)p(2xl) a long search has produced a structure derived 

from the Schlier-Farnsworth model,l31 in which adjoining surface 

atoms (each with two unsatisfied "danglingbonds") simply bond together 

by bending over towards each other and pairing up dangling bonds (one 

dangling bond per surface atom remains unsatiSfied). A substantial 

bond bending occurs and this distortion propagates ~lastically through 

the lattice down to a few layers' depth,108 cf. Fig. 6.6. Adsorption . 
,. 

of hydrogen up to a certain coverage onto this surface seems not to 

change the nature of this reconstruction. However a higher coverage 

of hydrogen destroys the reconstruction and restores the bulk geometry 

at the silicon substrate surface (apparently the surface Si-Si bonds 

have been broken and possibly replaced by bonds between the surface 

silicon atoms and the additional hydrogen atoms). 

The special influence of hydrogen on the substrate should be 

stressed. Whereas other adsorbates leave the substrate essentially 

unchanged or else remove a reconstruction, hydrogen at low coverages 

can induce a substrate reconstruction (at high coverages hydrogen 

behaves as other adsorbates). 

3. The adsorption geometry of atoms 

With atomic adsorption on semiconductor surfaces one expects 

adsorbates to choose positions on the substrate that are relatively 

more predictable than with metal substrates: semiconductor surfaces 

often have relatively well-defined unsatisfied bonds (dangling bonds) 

ready to serve as adsorption sites, whereas such a simple argument 

does not seem to apply to metal surfaces. Such a behavior would be 
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expected also from the geometry of bulk compounds, which tend to be 

relatively unique and predictable for semiconductors (e.g., the very 

common zincblendeand wurtzite structures based on tetrahedral arrange

ments) but much more varied and complicated for compounds containing 

metal atoms (thus many different crystallographic phases of such compounds 

exist, e.g., with metal oxides). On the other hand the stronger tendency 

towards surface reconstructions for semiconductors compared to metals 

(possibly due to the lack of close-packing and ensuing freedom of 

movement in semiconductors, associated with a strong desire to satisfy 

stiochiometry) adds a different dimension to the structural possibilities. 

Thus the one established geometry for adsorption on a semiconductor, 

that for GaAs(llO) + p(lxl)As, has the simple structure expected from 

the bulk geometry of GaAs, i.e., As bonds to the surface Ga atoms, 

cf. Fig. 6.5. With oxygen on GaAs(llO), it appears from UPS99b and 

cluster calculations99f that the reconstruction is also removed. 

For hydrogen on Si(lOO), although the hydrogen positions have not 

been determined directly, the hypothesis of adsorption to the Si 

dangling bonds is consistent with the observations of the disappearance 

of the (txl) reconstruction of the clean surface and with model calculations, 

cf. Fig. 6.6. 

Turning to metal substrates, in most cases of atomic adsorption 

on metal surfaces where the adsorption geometry has been determined 

(ef. Table 6.1), only one adsorption site is involved, i.e., all adatoms 

have identical surroundings (the exceptions are Ni(lll) + p(2~2)2H 

and Ag(lll) + Xe, discussed below). The adsorption can thus be conveni

ently characterized by the adsorption site and the metal-adsorbate 
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bond lengths. 

Adsorption sites (or "registries") on metals differ mainly 1n 

the number of nearest metal neighbors (the coordination number) artd 

the two-dimensional symmetry. One might expect the adatom valence 

to influence the number of nearest metal neighbors and therefore the 

adsorption site. However there 1S little evidence for such a behavior. 

The divalent oxygen chooses the 2-fold coordinated short-bridge site 

on NiCllO) and I~(110), while on Ag(llO) the long"':'bridge site with 

an uncertain coordination number (depending on the unknown bond lengths) 

may be chosen. Oxygen on other surfaces and the divalent S, Se and. 

Te, as well as all other adsorbates, on various surfaces do not show 

this behavior. Instead, one finds the strong tendency for adatoms 

to occupy the sites with the largest available number of nearest metal 

neighbors, cf. Table 6.1 and Fig. 6.2. Even W(110) + p(2x1)O seems 

to involve the three~fold adsorption site rather than the higher-symmetry 

central two-fold site that one might predict from the oxygen valency 

or by using sites obtained by extending the substrate lattice out 

beyond the surface. 

It is interesting to note that this tendency towards occupy1ng the 

site with the largest coordination number during adsorption on metals 

holds (except with oxygen on fcc(llO» independently of the crystallo

graphic face for a given metal, independently of the metal for a given 

crystallographic face and independently of the adsorbate for a given 

substrate. 

It will be observed that adsorption sites with many nearest 

neighbors are usually also sites of high symmetry. Therefore one 
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may say that adsorbate atoms appear to favor sites of high symmetry. 

There is only one exception to this preference: in W(llO) + p(2xl)O 

the oxygen seems to choose a site that by itself (igrioring other adsorbed 

atoms) has one mirror plane instead of a site that has two orthogonal 
• 

m1rror planes; this may be related to the fact that the overlayer as 

a whole already has low symmetry (only a 2-fold axis of rotation). 

Even for oxygen on fcc(llO) surfaces, a site with the highest possible 

symmetry is chosen: no other site has higher symmetry (although several 

have the Same symmetry, two orthogonal m1rror planes). 

If one now also takes the second and deeper substrate layers 

into consideration, one may in particular wonder whether the adsorbate 

atoms choose an adsorption site consistent with a continuation of 

the substrate lattice. It appears from the available results that 

the bulk lattice is in fact usually continued into the overlayer, 

as if a substrate atom rather than a foreign atom had adsorbed, despite 

differing bonding charac'teristics. This bulk lattice conti'nuation 

is satisfied by nearly all the cases listed in Table 6.1; Oon.fcc(llO) 

again is an exception. Ni(lll) + p(2x2)2H and Ti(OOOl) + p(lxl)Cd 

are also exceptions, belonging to an interesting class of surfaces. 

These are the hcp(OOOl) and fcc(lll) surfaces, which we describe by 

the registry sequences ABABAB ... and ABCABC ... , respectively (surface 

at left). Using lower case letters for overlayers, the continuation 

of the bulk lattice into the overlayer would imply the sequences bABABAB •.. 

and cABCABC ... , respectively. These sequences are indeed found for 

fcc Ag(lll) + p(lxl)Au, fcc Ni(lll) + p(2x2)S and fcc Ag(lll) + (/:3x/:3) 

R300 I. For fcc Ni(lll) +p(2x2)O it could not be determined whether 
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the sequence is cABCABC ... or bABCABC... With fcc Ni(lll) + p(2x2)2H 

and its two adatoms per unit cell, cf. Fig. 6.7, LEED predicts that 

both three-fold coordinated sites are used, i.e., both cABCABC ... 

and bABCABC.;. occur simultaneously (with Ni-H bond lengths identical 

to within 0.1 A). Some recent model calculations agree with this 

insofar as they predict that the two three-fold sites and the top 

site have higher binding energies than other adsorption sites, with 

the top site possibly less favorable from the point of view of diffusion. 

On the other hand, hcp Ti(OOO!) + pOxl )Cd was found to have the 

deviating sequence cABABAB ... , meaning that the cadmium atom is repelled 

by second-nearest Ti neighbors. 

Multilayers of Cd of Ti(OOOl) have been studied as well, indicating 

a Cd crystal growth according to the sequence ... acacABAB ... : the 

Cd film has the expected hcp structure known for the bulk material. 

In this case the Ti and Cd lattice constants are sufficiently close 

to allow growth of the film in registry with the substrate mesh. 

A further question regarding the adsorption registry is whether 

it depends on adsorption coverage, i.e., on density of adatoms: this 

15 relevant to the effects of adatom-adatom interactions. The situation 

is illustrated by a: limited set of results, namely those for quarter

monolayer and half-monolayer adsorption of 0, S, Se and Te on Ni(lOO) 

in p(2x2) and c(2x2) periodicities: the adsorption site is found 

not to depend on coverage in these cases (the nearest adatom-adatom 

distances are 4.90 and.3.46 A for the two coverages, respectively, 

compared with the largest adatom diameter of about 2.7 A for Te). 

Adsorption in many different adsorption sites simultaneously 
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1S expected for overlayers with an incommensurate lattice (cf. Section 

III) . This has been confirmed by LEED intensity artalyses for the 

case of an incommensurate overlayer of Xe on Ag(lll), where both the 

substrate and the overlayer consist of hexagonally close-packed layers 

(with unrelated unit cells) parallel to the surface. 

Concerning adsorption bond lengths, it is necessary to first 

recall the uncertainty in the determination of these. Depending on 

the case (such as on the orientation of the bonds, among other factors) 

the uncertainty in bond lertgths in atomic adsorption determined by LEED 

varies from about 0.04 about 0.09 A, corresponding to relative uncertainties 

of 2% to 4% of the bond length. Medium- and high-energy ion scattering 

and SEXAFS may have uncertainties of about 0.02 A or 1% in the few 

cases examined so far. 

Figure 6.8 reproduces the adsorption bond length information 

contained in Table 6.1. The first observation is that the bond lengths 

found at surfaces agree well (with a few exceptions) with those found 

in other environments: molecules and solid compounds containing the 

atom pairs under consideration. 119 As is well known, bond lengths 

1n molecules tend to be smaller than .those in bulk compounds, because. 

of the difference 1n coordination number (number of nearest neighbors). 

On the whole it seems that bond lengths at surfaces lie closer to 

the bulk values than the molecular values, which, again on the basis 

of coordination numbers, seems reasonable. 

The uncertainty in the surface bond lengths is sufficiently small 

that the main bonding mechanisms can probably be investigated. For 

I . ltd 132 f .. hI' h examp e, apart1a s u y 0 systemat1cs 1n t ese resu ts, 1n t e 
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spirit of Reference 119, suggests that the long-established concepts 

of bond order, valency saturation and resonating bonds are applicable. 

Model calculations are also beginning to shed light on the particulars 

of the chemisorption mechanisms, cf. Reference 32 of Section IV. 

A non-structural quantity useful in the understanding of chemi

sorption is the charge transfer between adsorbates and substrates. 

This charge transfer (giving rise to dipole moments that influence 

the work ftinction) can be roughly estimated from the observed work 

function change ~¢ during adsorption and the relative positions of 

the surface atoms, using the relation ~¢ ~ 4TIead for the potential 

change through a dipole layer, where e is the electronic charge and 

a the dipolar charge density; d represents the,length of the dipoles 

and may for example be taken to be the . component of the adsorbate

substrate bond length perpendicular to the surface. One may ask now, 

within this simple model, what fraction ~e/e of an electron transferred 

at each adsorbate site through a distance equal to this component 

of the bond length produces the measured work function change. This 

fraction ~e/e is plotted in Fig .. 6.8, in those cases where work function 

changes have been measured. The first observation is that I~e/el 

is relatively small--at most about ll%--even for alkali adsorbates 

(which produce the largest work function charges; the larger bond 

lengths for alkali adsorption probably explain the larger work function 

changes). A number of model calculations for single adsorbates (the 

low-coverge limit) also predict such small charge transfers. Addition

ally, at higher coverages (those applicable to the results shown in 

Fig. 6.9) one may invoke the effect of dipole-dipole interactions: 
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these tend to reduce the dipole strengths. This last point is confirmed 

by ,the observed coverage dependence of the implied charge transfers: 

the charge transfer per adatom is reduced when the adsorption coverage 

is increased. However, the behavior of charge transfers is seen to 

be even more complicated, when one notices that the work function 

change and the'charge transfer can switch their signs on a variation 

of the coverage, as happens with Se adsorbed on Ni(lOO), 133 evert though 

the bonding geome.try is not noticeably affected. Furthermore, Te 

on N{(lOO) produces charge transfers opposite in sign to 0 and S on 

Ni(lOO), despite the same valency.133 
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Tahl.· h.1 Results of surface crystallography for clean surfaces .1nd atomi(- adsorption, classifi.ed by structural typE" of substrate surface (alphabetical 
order is used within classps, considp.ring only the Iptters of thp chemical species). First the cases with metal substrate·s are listed, in order of 
decreasing close-packednes5 of the metal surfaces; these are then followed by the other materials. For metal substrate., the second col~ indicat,. 
relative bond length changes between first and second Isyers of the clean surface or the substrate and the corresponding layer spacing changea(betveen 
aquare bracketsi.. referred ·to the bulk vslues, expansions and contractions have· positive and negative aigns, reap. (valuea cloae to 0% are _aUy quoted 
al 0%, .. inly when no variation away from 0% vas tried in LEED calculations>. In the adaorption aite delcription, the Itacking lequence for fcc(lll) 
and hcp(OOOI) is indicated by the familiar ABCABC ... or ABABAB ... notation, lover-case letters being used for adaorbatea; for other aubatratea the adaorp
tion aite ia often characterized by the coordination number ("n-fold" meaning n nearest neighbore). Adlorption bond lengtha are c_pared with bond lenltha 
known froa other aourcea for molecules and bulk compounds (to be found in the standard structure and crYltallographic tablea). Analytical .ethoda are 
abbreviated aa followa (aee also Section 11.1), KLEED, DDLEED, QDLEED, DLEED and SPLEED for· Kinematical, Double-Diffraction (an approxu..tion), Quaai
Dyna .. ical, ·Dynaaical and Spin-Polarized LEED; eV8, EH and x., for Generalized-Valence-Bond, Extended Hucke1 and X" eluater calculationa. 

Surface tne Topmost substrate Adsorption Adsorption Adsorption- Equivalent Method Referencea C..-nu 
and aurface bond length land site layer bond length bond length. 

layer spac ing) spacing (A) for non-
rel ••• tion (A) surfaces 

~ 
AIOll ) -I to +\. 5% DLEED 

(-3 to +5%) 
-1% (-3%) KLEED.' 

Fourier tranaf. Ie 
Ag(lll ) 0% (0%) DLEED 2 

ItLEED , 
averaging 3 

Ag(III)+p(1x1)Au 0% (0%) cABC ... 2.36 2.88 2.88 DLEED 2b 

~111)+ 0% (0%) cABC ... 2.25 2.80 2.54-2.85 DUED 4 
( x/J)1300 1 0% (0%) cABC ... Ia 5 good reaulta uaina DLERD leo.etry; 

cABC .•. better thaD bAle .•• 
b or cABC ... 2.34 2.87 ! 0.02 SEXAFS 6 

Agdll) + 0% (0%) variable 3.5 variable 3.53 KLEED , 
inc..-nsurate Ie Pourier tranaf. 1 

3.55 DUED 8 

AuOll ) 0% (OX) DUED 2b. recoDatructions often observed 

Co (I 11 ) 0% (0%) DURD 9 biab-te.perature pbaae 

CuOll ) -I.J to 0% DLEED 10 
(-4 to 0%) 

IrOll ) -0.8 ! 1.6% DLEED , KLEED II 
(-2.S ! 5%) , Pourier tranaf. 

lIiOll ) 0% (0%) DUED 12 
KUED , II 
Averaging 

, 
N 
~ 
\D 
I 



511r face tlpe' Topm() 5 ( SlIbs[ ralt' Arls'orpt ion Adsorption Adsorpt ion i':qu i va lent 'Method References C..-erit. 
and surface bond I"n,:lb I and s i l~ laY"r bond length bond lengths 

layer spacin~ I spacing (II) for non-
'tTelaxat ion (II) surfaces 

Ni(III)+p(2x2)2H 01 \01) b .1Ir.! cABC ... 1.15'0.10 1.84 ' 0.06 1.47 - 1.87 DLEED 14 graphitic over layer gea.etry 
a,b, and cABC ... 1.42 - 2.02 2.02 - 2.48 IIOdel calc. I~ 

Ni(III)+p(2x2)0 01 \01) b or cABC ... 1.20 ' 0.10 1.88 ! 0.06 1.84 - 2.18 DLEED 16 

Ni011 )+p(2x2)S 0% \01) cABC •.. I ~ 40 0.10 2.02 0.06 2.10 - 2.21 DLEED 17 
" 1.57 2.1l EH 18 

Pt011 ) 01 [01) DLEED " SPLEED 1.9 
HElS and HElS 20 

RhO 11) -0.1 ~ 0.61 DLEED 21 
[-I 1 21) 

hcp(OOOll 

&e(000\) 01 [01) DLEED 22 

Cd(OOOI) oi [0%) DLEED 21 
I 

Co(DOO\) 0% [0%) DLEED 9 l'orteaperature pha.e N 
N 

Ti(OOOI) -0.5% \-2%) DLEED 
0 

24 I 

Ti(OOOl)+p(lxl)Cd 01 [01) cABA .•• 2.57 ~ 0.05 1.08 ! 0.01 1.01 DLEED 23.25 

Ti(OOOI)+p(lxl)N +1%(+5%) kBAB ... 1.22 ! 0.05 2.095 ! 0.01 2.12 DLEED 26 underlayer in octahedral holea 

Zn(OOOI) -0.5%\-2%) KLEED " 27 
averaging 

~ 
'e(110) 0% \0%) SPLEED 28 

Na(110) 0% \0%) DLEED 29 

WOIO) 0% \0%) KUED " 10 
averagiDg 
DLEED 11 

W(llO)+pC2xl )0 0% \0%) )-fold 1.25 !O.IO 2.08 • 0.,07 \.75 - 2.12 DLEED )2 ceD'tral bridge .ite not exc:1uded 

.. " ,. .. . '-
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Syrface tll!f' Topmost substrate Adsorption Adsorption Adsorpt ion i::qllivalpnt Hpthod References COBDent. 
a~d surface bond len~th land !ii. te 1 aYlor bond. I .. ngth bond I .. ngths 

layer .paein~1 spa(:ing (,\) (or 000-

relaxation (A) surfaces 

~ 

At( 100) 0% (0%1 OLt:::t:::D Ib,le ,ll .. HEW 34 
KLEED & Ie 
Fourier tran.f. 

AI(100)+c(2x2)Na 0% 10%1 4-fold 2.06 ' 0.11 2.88 ! 0.08 2.82 - 3.00 DLEED 35 

Ag(IOO) 0% (0%) DLEED 36 

Ag(100)+c(2x2)CI 0% (0%) 4-fold 1.72 ' 0.10 2.67 • 0.06 2.36 - 2.77 DLEED J7 

Ag(100}+c(2x2)Se 0% (0%) 4-fold 1.91 • 0.10 2.80 '.0.07 2.46 - 2.86 DLEED 38 

Au(IOO) 0% (0%) SPLEED 19 8etaatable aurface 

Co( 100) -1.5% (-4%) DLEED 40 

Cot 100)+C(2x2)0 0% (0%) 4-fold 0.80 1.94 2.12 DLEED 41 
I 

Cu( 100) 0% (0%) DLEED 10a,42,43· N 
N .. KLEED' 44 ~ 

aye raging I 
KLEED' Ie 
Fourier trana!. 

Cu( lOO)+c(2x2)H 0% [0%) 4-fo1d 1.45 0.04 2.12 0.03 1.991 - 2.11 KLEED , 45 layer apacing of 0.90 ia 2nd choice 
ayeraging 

0.90 0.10 2.02 0.05 DLEED 46 poor agree8ent between theory and 
experWent 

Cu(100)+p(2x2)Te 0% (0%) 4-fold 1.70. 0.15 2.48 0.10 2.51 - 2.76 DLEED 47 

Hi( 100) 0%(0%) DLEED 12a,I2c ,48 .. KLEED , Ie 
Fourier tranaf. 

Hi( lOO)+p<2x2)C +4%[+8.5%) DLEED 49 C poaition unknown; eapanaion 
confir8ed by BEIS 

Hi(100)+c(2x2}Ha 0% (0%) 4-fold 2.23 0.11 2.84 • 0.08 2.80 - 3.10 DLEED 50,51 

Hi(100}+c(2a2)0· 0% (0%) 4-fold 0.90 0.10 1.98 • 0.05 1.84 - 2.18 DLEED 52 
0.90 0.20 1.98 ! 0.10 LEIS 51 

IHS 54 o embedded in t,.p Hi layer 



Surface tlee Topmost sub8trat~ Adsorption Adsorption Adsl)rpt ion ~:qlJ i va I pnt Hethod Reference. C_nta 
and surface bond h-ngth I and 8 ~ [p layer bond lenllth bond Irngth. 

layer spacingl spacing (A) (or non-
relaxation (A) sur Cac.es 

Ni(\00)+p(2x2)0 0% [0%) 4-fold 0.90 • O. 10 1.98 • 0.05 1.84 - 2.18 DLEED 55 thil gea.etry load in AaUPS theory 
VI. experi_nt 

0.96 2.01 eVil 56 
bridge 1.20 • 0.10 2.1l • 0.05 EN 18 4-fold aite expected .. ith hrler 

cluater 
4-fold 0.75 1.91 X'l 57 

Ni(\00)+c(2112)5 0% [0%) 4-fold 1.10 • 0.10 2.19 • 0.06 2.10 - 2.21 DLEED 52,58 thia leOlletry 100d in AaUPS theory 
'va. experi_nt 

lola 2.19 LEIS 59 
INS 60 aubstr8te hollo .. diatorted 

(di_ood ahape) 

Ni( 100)+p(2x2)S 0%, (0%) 4-fold 1.10 0.10 2.19 • 0.06 2.10-2.21 DLEED 55 .. 1.33 2.21 GVI 56 
1.31 2.20 EN 18 

Ni(100)+c(2x2)Se 0% (0%) 4-fold 1.45 • 0.10 2.28 0.06 2.31- 2.53 DLEED 52 
1.47 2.29 EN 18 

Ni(100)+p(2x2)5e 0% (0%) 4-fold I. 55 0.10 2.14 0.07 2.11 - 2.51 DLEED 55 I 
N 
N 

Ni(,100)+c( 2x2)Te 0% (0%) 4-fold 1.90 0.10 2.58 0.07 2.54 - 2.85 DLEED 52,61 t;J 

Ni(100)+p(2x2)Te 0% [0%) 4-fold 1.80 0.10 2.52 0.07 2.54 - 2.85 DLEED 55 

pt( 100) 0% (0%) SPLEED 62 _taatable aurface 

11\( 100) 01 (01) DLEED 61 

hOOO) 0% (01) ItLUD 64 

bc~ 

hOOO) -0.7 to -I. 5% DLEED and SPLEED 65 lea a contraction wen leaa clean' 
(~1.4 to -4%) 

'e(IOO)+p(lxl)O +31( +7.51) 4-fold 0.48 2.02 and 2.08'2.09 - 2.15 DLUD 66 o cloaeat to 2nd layer Fe ataas 
0.48 EH 67 

re( 100)+<0( 2.2)S 01 (01) 4-fold 1.15 0.05 2.ll 1.99 - 2.44 DLEED 68 

",,(100) -41[-12%) DLEED 69.-c [-Ill) found by surface resonance 
analysis cf lef. 69d 

Ho( 100)+c(2x2)N 01 (0%1 4-fold 1.02 0.10 2.45 ! 0.05 2.11 - 2.ll DLEED 70 

Ho( 100)+p(2xl)0 0% [0%) 4-fold 0.70 2.28 and 2.11 1.66 - 2.07 DLEED 71 

.. , 'I 
'" 
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surfacp [y~e Tnpmost s\1bstr.lr~ Adsorption Adsorption Adsorption EqulValf"n~ Ht-thod Rtderences Coaaents 
and surface bond l~nRth land sit t" layer bon,1 I engt h bond I,-ngth. 

lay"r spacinr.1 spac ing (II) for non-
relaxation (II) sur(acp.s 

Ho(IOO)+p(lxl)Si 0% 10%) 4-fold 1.11> ' 0.10 2.~1 ' 0.05 2.53 DLEED 72 

W(IOO) -2 to -4% DLEED 1l.,3Ib,71 
[-4.4 to -11%) .nd SPLEED 
o to -2.5% NElS 74 
[0 to -6%) 

W(lOO)d2x2) [-6%) DLEED 75 low-temperature recon.tructioD: zia-
zag rOVa of touching top-I.yer W 
ata.. 

W(100)+c( 2x2)H [-6% ) DLEED n.,76 prob.bly aubatr.te identic.1 to 
WOOO)c(2z2) 

" 
W( 100)+p( Ixl )2H 0% [0%) DLEED 76 H prob.bly in bridge aitea 

fC£ll.!2l 

AI( 110) -3 to -4.5% DLEED la-d,ll 
[-9 to -15%) KLEED " 77 I 

Fourier tr.nat. N 
MEED 34 N 

W .ode 1 calc. 78 I 

AI(IlO) -2 to-3% DLEED 36b,79 
[-6 to -10%\ KLEED " 71 

Fourier tr.naf. 

AgO 10)+p<2z1)0 DLEED 80 prob.bly long-bridge aite 
LEIS 81 prob.bly lonl-bridle aite 

CuOIO) -3 to -4% DLEED 82 2nd I.yer .P.cinl .. y be .lao con-
[-10 to -12%) tr.cted 

IrO 10)(2z1) -2% [:-10% ) DLEED 83 .i •• iDI row reconatructioDi 2nd 
l.yer .t .... pre",ed .idew.y •• _vb.t. 

IrO 10)( Iz1) -2.5% [-7 .5%) DLEED 84 qu.rter-.onol.yer of r.ndoaly poai-
tioned 0 prevent. recon.truction 

Ir(110)+c(2z2)0. 0% [0% ) short bridge 1.17t 0.05 1.93 0.05 DLEED 85 1/4-.onol.yer of r.ndoaly poaitioned 
o preaent 

Ni(110) -1. 5%1-5%) DLEED 12.,48 
-1.2%1-4% ) KLEED " 77 

Four ier t r.na t. 
-1.2%[-4%1 MEIS 86 
+0·3%1+1% ) KEIS il6 1/3 monol.yer of randomly positioned 

o present 
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Rh( llO) 
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hUll ) 

~ 
CuOIl ) 

Surface type 
and aurlace 

Other·lurfacel 

CoOl IIIl 

CeAI(IOO) 

CaAa( 110) 

Topmost S\lb8tral~ Adsorption Adsorption Ad.orpt ion I-:qulval"nt 
bond Ipngth land site layer bond Ir.ngth bond Irngths 
layer spac ing I· spacing (A) [or non-
relaxation (A) surfaces 

-2.5%(-8%1 

0% (0%) short bridge 1.46 0.05 1.92 • 0.04 1.84 - 2.18 
" 

0%(0%) center 0.9) ! 0.10 2.17 0.10 2.10 - 2.23 
+6 t J% 0.87 0.0) 2.11 ! 0.0) 
[+1.5 ~ 0.75%1 
0% [0%) long bridge 1.04 2.04 

-0.9%(-2.7%) 

-1.5%(-15%) 

-1%( -5%) 

Surface Itructure, including bond length (and layer spacing) relaxationl, 
relative to bulk 

O-terainated polar face of MaGI Itructure; top layer contraction -5%(-15%) 

Bulk Itructure with Aa teraination; no relaxation 

Zincblende structure with top ea an4 A. atOtlls rotated into, relp. out of 
lurface, (keeping about conltant mutual bond length, rotated by projected 
angle of 270 ); Ca and A. back banda contracted by -2.5% and -).6%, reap. 

CaA.(IIO)+(lxl)AS Subltrate has unrelaxed bulk structure; As bonded to surface Ca as in 
bulk (poaaible SIDell bond angle change) 

HgOCiOO) Unrelaxed bulk MaCI structure within 1'5%) 
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DLEED· 
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DLEED 
MEIS 

eVB 

DLEED 

DLEED 

DLEED 

Method 

DLEED 

DLEED 

DLEED 

_del calc. 

QDLEED 

DLEED 

Re[erences C_ntl 

87 (2xl) Itructure probably due to 
lubltrat~ reconltruction (row pair-
ing); H poait ion unknown· 
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89,90 
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91 

92 

9) 

94 
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Surface type 
and surface 

HoS2{OOOll 

Ma20{ III) 

NbSe2{OOOI) 

MiOOOO) 

SHIII)"{lxi)" 

Si{\1\)p{2xi) 

Si{\ 1\){ 7x7) 

siC lOO)p{2xl) 

siC lOO)+p{ %x1)H 

5i{IOO)+p{lxl)2H 

Ti52(OOO\) 

Ti5e2{OOOl) 

ZnO{OOO\) 

ZnO{\OIO) 

Zn5e{\ 10) 

" " 

Surface structur~, ioclulhog bond If'ogth land layer spacio"I reiaxatinn!ol, 
relative to bulk 

Layer compound cLeaved between two l-pLanp. layers; top contraction by 
-1.6%(-4.7%1 first Van der Waals spacing contracted (-3%1 

Fluorite structure terminated between tvo Na layers, no relaxation 

as "052(0001), but top contraction by -0:2% (-0.6%1, firat Van der Waals 
.pacing contracted (-1.4%) 

Unrelaxed bulk MaCI structure within ('5%) 

Bulk structure with -2% (-15%) top contraction. 
Bulk structure with +0.8% (+5%1 and +1% (+1%) expansions in two topmost 
layer spacings, resp. 
Bulk structure with -4% (-10%) top contraction 

.Bulk structure with -1% (-6%) top contraction. 

Top layer contracted -1% (-8%), buckled!3% (!22%); 2nd layer spacing 
contraction -10% (-10%) . 
Qualitatively as above 
ai DDLEED, but buckled· !IO% (!50%), no 2nd layer spacing contraction 

Top double layer may tend toward one planar (graphitic) layer, buckled 
and coincident with .ubstrate with period (7x7) 

Top atom patring (5chlier-Farnsnworth model)'with elastic relaxation. 
down .everal layer. 

Probably: Sub.trate·as 5i(100)p(2xl) 

Unrelaxed unreconstructed .ubstrate 

A. "052, but top contract.ion by -1.7% [-5%1, first Van der Waals spacing 
contracted (-5%1 

As Mo52, but top expan.ion by +1.7% [+5%1, firat Van der Waal. spacing 
contracted (-5%1 

Unreconstructed Zn-terminated vurtzite structure with top contraction by 
-)% (-25%1 

Unreconstructed vurtzite structure, top Zn and 0 pulled into suface 
so.evhat 

Zincblende structure reconstructed as GsAs(llO) 
Qualitatively as above 

Method 

DLEED 

DLEED 

DLEED 

DLEED 

DLEED 
DLEED 

NIMDO eluater 
IIOdel calc. 

DDLEED 

"IMDO eluater 
IIOdel- calc. 

Itl.EED 

KLEED 
QDLEED 
DLEED 
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Figure Captions: 

Fig. 6.1. Atomic arrangement in various clean metal surfaces. In 

'each panel (a-h) the top and bottom sketches give top and 

side views, respectively. Thin-lined atoms are behind 

the plane of thick-lined atoms. Dotted l,ines represent 

atoms in unrelaxed (ideal bulk) positions; relaxations 

are shown by arrows. 

Fig. 6.2. Top and side views (in top and bottom sketches of each 

panel) of adso_rption geometries on various metal surfaces. 

Adsorbates are drawn shaded. Dotted lines represent clean

surface (relaxed) atomic positions; arrows show atomic 

di~placements due to adsorption. 

Fig. 6.3. Atomic arrangement in the missing-row model of the Ir(l10)(2xl) 

~urface. Conventions as in Fig. 6.1. 

Fig. 6.4. Top V1ew of the W(lOO)c(2x2) surface. Conventioris ~s in 

Fig. 6.1. 

Fig. 6.S. Perspective V1ew, looking along surface of clean reconstructed 

GaAs(ll0) at left and GaAs(llO)+(lxl)Asat right. Open 

and shaded circles represent Ga and As atoms, respectively. 

.-
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Fig. 6.6. Top and side views (in top and bottom sketches, respectively) 

of ideal bulk-like Si(lOO) at left and Si(lOO)p(2xl) in 

the modified Schlier-Farnsworth model at right. Layer 

spacing contractions and intra-layer atomic displacements 

relative to the bulk strUcture are given. Shading differen

tiates surface layers. 

Fig. 6.7. Top V1ew of the Ni(11l)+p(2x2)2H surface. The dashed lines 

indicate the unit cell. Adsorbate atoms are drawn shaded. 

Fig. 6.8. At left: comparison of adsorption bond lengths at surfaces 

(arrows showing uncertainty) with equivalent bond lengths 

in molecules and bulk compounds (blocks extending over 

range of values found 1n standard tables). At right: 

induced charge transfers (obtained as discussed in text) 

for adsorption. 
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ABCABCA A B A B A 

(0) fee (III) (b) hcp(COOI) (c) bee (110) (d) fee (100) 

(e) bee (100) Cf) fee (110) (Q) bee(llt) (lI)fec (311) 

XBL. 7BI2-6294 

Fig. 6.1 



(0) tcC<111l. hcp(OOOi): hollow site 

(d) bcc(100): hollow site 

-229-, 

(blbcC(110): 3-fold site 

(e)tcC<110): center lon9' ond • short 
bridge sites 

Fig. 6.2 

(c) fccCl00): hollow sife 

(f) h c p (0001): underloyer 

X8L.1812-6293 
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:".' 

fcc (110) (2xl) _missing row 
XBL 7812-6289 

:. 

Fig. 6.3 
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b c c (I OO)c ( 2 x 2 ) 

XBL 7812-6288 

Fig. 6.4 
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Go As (110) 

Fig. 6.5 

GoAs (110)+ (Ixl) As 

XBL 7812-6291 
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Si (100) 
p(2xl) 

o 

o 
±0.09A ~-+n-IL-*--4_-01-.1-5~A- :!: 0.051 

-0:10 A 

o 
-0 A 

XBL 7812- 6285 

Fig. 6.6 
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Ni(II\}+ p(2 x2)2H 

XBL 7812-6284 

Fig. 6.7 
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VII. SURFACE CRYSTALLOGRAPHY OF ORDERED MULTI-ATOMIC 
AND MOLECULAR MONOLAYERS 

1. Introduction 

Molecules deposited on surfaces may retain their basic molecular 

character, bonding as a whole lightly to the substrate. Theymay 

dissociate into their constituent atoms, which then bond individually 

to the substrate. Molecules may instead break up into smaller fragments 

which become largely independent or recombine into other configurations. 

Intermediate cases also can occur, such as with relatively strong bonding 

of molecules with resulting strong distortions. In addition, countless 

cases of co-adsorption of different atoms or different molecules can 

be investigated. The exact form that such multi-atomic or molecular 

adsorption takes among those mentioned above is known to depend strongly 

on the temperature, as will be discussed below: this provides a way 

to determine the bond strengths. 

The study of the structure of multi-atomic and molecular adsorbates 

is 1n its very early stages, but more and more efforts are devoted 

to it because of its obvious importance in catalysis and other fields. 

The techniques of investigation used are primarily LEED, photoemission 

and high resolution electron energy loss spectroscopy. The detailed 

adsorption geometry has been analyzed so far for a few cases of co-

adsorption of atoms and a few adsorbed molecules. The ordering char-

acteristics of molecular mono layers have been investigated for a number 

of small molecules and a sizeable family of larger organic molecules. 

2. Co-Adsorption of Atoms 

One small family of surfaces created by coadsorption of two 

different atomic species has been structurally investigated. l The 

r. 
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substrate is fcc Ni(100) which is not structurally affected by the 

adsorption. The adatoms are Sand Na, deposited sequentially in that 

order,each in either half-coverage c(2x2) or quarter...,coverage p(2x2) 

ordered overlayers. With a half monolayer of each species (cf. Fig. 

7.1a), the position of the S atoms in hollow sites is n~t affected 

by the addition of the Na atoms; the Na atoms choose the unoccupied 

hollow sites on the substrate, where they have 4 nearest S neighbors 

with a Na-S bone length of 2.76 ± 0.1 A (compared with 2.735-3.38 

in a number of bulk compounds). The Na atoms are 0.2 A farther away 

from the substrate than in the absence of S, an increase by 0.15 A 

of the Ni-Na bond length. Halving the Na coverage, leaving that of 

S unchanged, does not affect these results (cf. Fig. 7.1b), indicating 

little charge effect in the bonding. This last impression is confirmed 

by work function measurements. For ha1f-monolayer coverage of both 

species the work function change relative to the bare substrate is 

-2.65 eV (compared with -2.55 eV in the absence of S), while halving 

the Na coverage yields -2.85 eV; this halving therefore induces a 

charge transfer of the order of 1% of an electron between two atoms. 

With a quarter monolayer of both Sand Na, again the position 

of the S atoms is insensitive to the addition of Na atoms (cf, Fig. 

7 .1c), and .again the Na atoms choose unoccupied hollow sites on the 

substrate, but only those sites that provide the c10~est contact with 

S atoms; rather than the sites that allow closer contact with the 

substrate~ So an attractive force acts between the coadsorbed species. 

Again the Na""S bond length is. 2.76 ± 0.1 A, even though the number 

of nearest S atoms is now reduced from 4 to 2. The work function 
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change (relative to the bare substrate) is now -3.10 eV, so that again 

little charge effect is seen in the bonding, despite the fact that 

Na and S could be expected to have strong ionic character. The mutual 

destruction of parallel dipoles seems to playa significant role here, 

as in all cases of high-coverage adsorption discussed previously. 

3. Dissociative Adsorption of Carbon Monoxide 

On many metal substrates, CO dissociates into individual atoms 

that in some cases still produce an ordered monolayer. The resulting 

geometry has been investigated for a titanium substrate and for an 

1ron substrate. 

With Ti(OOOl) + p(2x2)CO, preliminary re.ults 2 suggest that 

the C and 0 atoms occupy threefold hollow sites, the C atoms forming 

a p(2x2) array and the 0 atoms forming a similar but shifted p(2:ic2) 

array. Both C and 0 are found to probably choose the same type of 

hollow site, but which of the two inequivalent threefold sites (bABC •.• 

or cABC ... ) is not knoWn. 

In the case of Fe(lOO) + c(2x2)CO, the LEED analysis3 finds 

that the C and 0 atoms individually and randomly occupy fourfold hollow 

sites in a c(2x2) array, i.e., a c(2x2) array of unoccupied sites 

exists, all other sites being occupied at random by either C or 0 

atoms. The average Fe-C and Fe-O bond length is 1.93 A (C and 0 

usually have very similar radii), somewhat smaller than for FeOOO) 

+ pOxl)O (where it is about 2.08 A); however, an expannon of the 

topmost substrate inter layer spacing has not been considered in this 

dissociative case (the bulk spacing was assumed), resulting in some 

uncertainty in the Fe-adsorbate bond length as well. 
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4. The Adsorption Geometry of Molecules 

Determinations of the surface structure by computing the diffrac

tion beam intensities from low energy electron diffraction are concEm

trated 1n two frontier areas at present. One is the determination 

of the surface structures of adsorbed molecules 6f ever bigger size 

and the other is the determination of the atomic locations in recon

structed clean solid surfaces. 

So far, only a very few adsorbed molecular structures have been 

analyzed by surface crystallography. The first system studied in 

detail was acetylene adsorbed on the (Ill) crystal face of platinum. 

We shall discuss the complex adsorption and structural characteristics 

of this small organic molecule in so'me detail as it reveals the unique 

surface bonding arrangements that are possible and points to the impor

tance of the use of additional techniques to complement the diffraction 

information. 

Acetylene forms spontaneously an ordered (2x2) surface structure 

on the Pt(lll) surface at 300K, at low exposure under ultrahigh vacuum 

conditions. The intensity profiles reveal that this structure is 

metastable, and upon heating to 350-400 K for one hour, it undergoes 

a transformation to a stable structure with the same (2x2) unit cell. 

Ethylene adsorbs on the Pt(111) surface and at 300 K, it forms an 

ordered (2x2) surface structure that is identical to the stable acetylene 

structure as shown by the intensity profiles. 

Data was taken in the electron energy range of 10-200 eV, but 

little sensitivity to the organic adsorbate is found above ~ 100 eV. 

The observed diffraction pattern arises from three equivalent 1200
-
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rotated domains of (2x2) unit cells. The optimum agreement between 

calculated and experimental intensity data for the metastable 

acetylene structure is achieved for an atop site coordination. 4 The 

molecule is located at a z-distance of 2.5 A from the underlying surface 

platinum atom. However, the best agreement is obtained if the molecule 

1S moved toward a triangular site, where there is a platinum atom 

in the second layer, by 0.25 A, as shown in Fig. 7.2. 

The same system, i. e., C2H2 on Pt(lll) has also been studied 

by ultraviolet photoelectron spectroscopy (UPS), by high resolution 

electron energy loss spectroscopy (HREELS), and by thermal desorption 

spectroscopy (TDS). The authors have all reported the presence of 

at least two states of binding and conversion from one state to the 

other as a function of temperature. 

To solve the stable acetylene surface structure the combined 
.. 5 

experimental informations that came from LEED and ELS were required. 

ELS studies of the vibrational spectrum indicated the presence of 

a methyl group and that the molecule must be lined up at some angle 

to the crystal surface. LEED structure analysis determined that the 

species is coordinated to a threefold site where there is no metal 

atoms underneath, in the second layer. The C-C axis is normal to 

the surface within our uncertainty of 15 0
• The C-C bond length was 

found to be 1.50 A ± 0.05 A. This value is nearly identical to the 

single bond carbon-carbon distance in most saturated organic molecules. 

There are also three. equivalent Pt-C bond lengths of 2.00 A ± 0.05 A. 

The surface species most consistent with all of the studies is 
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ethylidyne (~ C-CH3) and its structure 1S shown in Fig. 7.3. This 

structure is found also in many organometallic acetylene clusters. 

The ethylidyne group forms readily upon exposure of ethylene (C2H4 ) 

to the Pt(lll) surface with the transfer of one hydrogen atom to the 

surface per ethylene. Th~ complete conversion of C2H2 to ethylidyne 

requires the presence of surface hydrogen atoms and proceeds rapidly 

only at ~ 350 K. By comparison with reported reaction mechanisms 

on related transition metal clusters it seems likely that vinylidene 

(> C = CH2 ) is an intermediate during the conversion from the meta

stable to the stable acetylene structure. An interesting question 

is the source of hydrogen that must be attached to the molecule to 

form ethylidytie from acetylene. It appears that there is enough hydrogen 

on the metal surface from the residual background of the ultrahigh 

vacuum diffraction chamber to provide the hydrogen necessary for the 

1/4 monolayer of adsorbate. The disproportionation reaction of C2H2 

can be ruled out as neither LEED nor HREELS show evidence for the 

presence of more than\one surface species. Indeed, increased hydrogen 

partial pressures during the adsorption studies facilitates the formation 

of the stable surface structure of acetylene from the metastable structure. 

Both the long C-C bond distance (1.50 A) and the very short Pt-C 

distances (2.0 A) indicate the strong interaction between the adsorbed 

molecule and the three platinum surface atoms. The covalent Pt-C 

distance would be 2.2 A. The shorter metal-carbon distances indicate 

m':1ltiple metal-carbon bonding that may be carbene or carbyne-like. 

Compounds .with these types of bonds exhibit high reactivity in metatheSis 
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d . dd· . . 6 an 1n other a 1t10n react10ns. The carbon-carbon single bond distance 

indicates that the molecule is stretched as much as possible without 

breaking of this chemical bond. 

It is likely that the unique surface and catalytic chemistry 

of platinum is associated with the formation of hydrocarbon molecular 

intermediates of the type produced by the adsorption of C2H2 or C2H4 • 

Metals to the left of platinum in the periodic table would form stronger 

metal-carbon bonds. As a result the carbon-carbon bond would snap 

and molecular fragments would form instead of the ethylidyne species; 

LEED and HREELS studies of the structure and bonding of C2H2 and C2Hi. 

on Ni andPd(lll) surfaces are in progress. Preliminary electron 

spectroscopy evidence indicates that the molecules remain oriented 

parallel to these metal surfaces. 

The second molecular system that has recently been studied is 

CO in a c(2x2) arrangement on the Ni(lOO) crystal face. 7 It appears 

from LEED that this molecule is bound by its carbon end to one nickel 

atom with a Ni-C bond length of 1.S ± 0.1 A, cf. FIg. 7.4. The carbon-

end bonding configuration has long been expected from UPS and IR evidence 

and HREELS confirms bonding to a single nickel atom. However, the 

CO internuclear axis is observed not to be perpendicular to the surface 

but tilted by 34 ± 100 from the surface normal. But photoemission 

results do favor a perpendicular position of the molecule. 

A LEED analysis of CO adsorbed in a (2~ x l2larrangement on 

Pd(lOO) also indicates molecular adsorption,S as expected from previous 

studies. However there is bridge-bonding of the carbon ends to pairs 

of metal atoms with a Pd-C bond length of 1.90 ± 0.06 A and no noticeable 
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tilting of the CO axis from the perpendicular to the surface, the 

CO .bond length being 1.15 ± 0.1 A, cf. Fig. 7.5. There is some indi

cation of relatively large vibration amplitudes for the 0 atoms, the 

nature of these vibrations remaining unresolved. 

Comparing these results for CO bonded to Ni(100) and Pd(100) 

to the structure of metal carbonyl clusters, one finds that the multiply

coordinated cO on palladium has relatively smaller metal-carbon bond 

lengths than in terminal-bonding to nickel, suggesting a stronger 

bonding to palladium. Flowever.the heats of adsorption are rather 

similar. 
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Figure Captions 

Fig. 7.1: The co-adsorption geometry of S (small shaded circles) 

and Na (large shaded circles) on Ni(lOO) (open cir~les), 

in top and side views: (a) half-mortolayer of Sand half

monola.yer of Na; (b) half-monolayer of Sand quarter-monolayer 

of Na; (c) quarter-monolayer of Sand quarter-monolayer 

of Na. 

Fig. 7.2: Perspective Vl.ew of metastable C2H2 0n pdlll) (hydrogen 

atom positions are uncertain). Thin-lined atoms belong 

to second substrate layer. 

Fig. 7.3: Perspective view of ethylidyne on Pt(lll), the stable structure 

reached after acetylene adsorption with hydrogen addition. 

Fig. 7.4: Proposed structure of CO on Ni(lOO) from LEED studies, 

in top and side views. The CO molecules are tilted 340 

away from the surface normal; the unknown tilt azimuth 

is chosen random here for illustration purposes. The C 
I 

and 0 atoms are given equal touching-sphere radii. 

Fig. 7.5: The adsorption structure of CO on Pd(lOO) at a half-monolayer 

coverage, in top and side views. 
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