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G. A. Somorjai and S. B. Bruabaeh 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
and Department of Chemistry; University of California, 

Berkeley, California 9^720 

I. Introduction 

In recent years, a great variety of experimental techniques has 

become available that permits study of the clean surface and the solid-gas 

interface on an atomic scale. The structure of surfaces and of adsorbed 

gases and the chemical composition of the topmost layer at the surface 

are being studied by low energy electron diffraction and electron spec

troscopy (pbotoelectron spectroscopy, Auger electron spectroscopy, appear

ance potential spectroscopy, ion neutralization spectroscopy, etc.). Lov 

energy electron beams (1-2.000 eV) are particularly applicable to investi

gate the atomic properties of the surface because of their lov penetration 

and large cross sections for excitation of both the electrons and pbonons 

of the solid surface. Atomic and molecular beams are perhaps even more 

surface sensitive than lov energy electrons. Emanating from a room 

temperature source their kinetic energy is about 0.02 eV, 2-U orders of 

magnitude lover than that of lov energy electrons. Since chemical bond 

energies are in the range of 0.5-10 eV, collision of incident atoms with 

atoms in the surface will not result in breaking of chemical bonds. 

Like electrons, atons ore scattered by the atomic potential, and their 
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penetration below the surface is negligible. If atomic beans ore surface 

sensitive,then why not use then to the saiie extent as lev energy electrons 

for surface studies? In present-day technology it is much easier to generate 

aad control (collimate, scatter and detect} charged particles than a bean 

of neutral species. Atomic beam scattering studies at present require 

special techniques nevly developed to measure the energy and spatial distribution 

of particles. Nevertheless, generation and detection of atomic beams has 

been developed in the past several years to the point where molecular beam-

surface scattering experiments can be carried out in most laboratories 

with relative ease using commercially available apparatus. 

Just as low energy electron diffraction and electron spectroscopy are 

very well suited to determine the structure and composition of solid surfaces, 

molecular beam scattering provides us with detailed information on the 

energy transfer during surface reactions. By measuring the velocity and 

angular distribution of the incident bean: and the beam scattered from the 

surface, one can determine the partitioning of the energy evolved in the 

surface chemical reaction between the reactants and the surface and among 

the reaction products. Thus, like crossed molecular beam gas phase 

reaction studies, surface scattering studies reveal the elementary energy 

transfer steps in surface reactions. The dynamics of surface reactions 

on an atomic scale are at our disposal from molecular beam scattering studies 

of gas-surface interactions. 

In this chapter, ve shall describe the molecular beam-surface scattering 

experiments, the nature of scattering (elastic, inelastic) and the 
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ezperiaental information that can be obtained from detection of the 

angular distribution and the kinetic energy of the scattered part ic les . 

We shall discuss the types of energy exchange that take place betveen 

a gas atom or molecule and the surface atoms and the theories that have been 

developed to explain some of these energy transfer processes. We shal l 

then review the results of some molecular beam-surface scattering experi

ments and point out directions for future investigation. We shall discuss 

most of the pertinent topics only briefly but provide references for the 

reader interested in exploring this important and rapidly developing 

f ie ld of surface science in greater detai l . Attention should be cal led 

1-1* 
to other recent reviews that are available in the l i terature. 

I I . The Molecular Beam-Surface Scattering Experiment 

A. Vacuum System 

A typical molecular beam vacuum system has three basic components, 

a beam source, a scattering surface and a detector for scattered part ic les . 

These components may be in separate, differential ly pumped chambers. The 

design of the vacuum system i s dominated by two competing considerations. 

The f i r s t i s the desire to keep the pressure in the scattering chamber 

low to maintain a scattering surface as clean as possible and to reduce 

the number of gas phase co l l i s i ons . The second i s that because of severe 

signal attenuation in the scattering process, i t i s desirable to have an 

incident beam as intense as possible so that acceptable signal levels can 



J i 

be obtained. The separate pumping of the detector chamber can also greatly 

enhance the signal-to-noise ratio by removing background gases. A typical 

vacuum system i s shown in Mock diagram form in Figure 1. 

B. Sample Preparation and Treatment 

I t i s necessary to have a scattering surface where the chemical composition, 

presence of adsorbed layers, atomic structure and roughness are ve i l defined 

to make a meaningful interpretation of scattering resu l t s . Several methods 

have been used to produce and maintain clean surfaces for .. -ttering. 

One can begin with a v e i l defined single crystal surface and keep the 

_o 5-7 
scattering chamber pressure below about 10 torr. This requires 

ultra high vacuum hardware and techniques. As a means of monitoring the 

e d , 5 

5-8 

composition of the surface, Auger electron spectroscopy can be used, and 

Low Qiergy Electron Diffraction can monitor the surface structure. 

One may carry out scattering studies from surfaces at sufficiently high 

sampletemperatures that impurity gases do not adsorb because of their 

low sticking probability and short surface resident time. This technique 

9 
was investigated by Yamamoto and Stickney with scattering from tungsten 

surfaces. S t i l l another method i s that of in s i tu deposition of a metal 

film on a. substrate at a rate faster than that at vhich i t becomes contaminated. 
This 1 0 

procedure was developed by Snith and Saltsburg and has since been used 
11-13 

in a vide variety of experiments. While the film surface can be 

oriented in a particular crystallographic direction, recent experiments 

8 
by Sau and Merrill indicate that there i s significantly more disorder 
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on an epitaxially grown film than on a well-annealed low Miller 

index single crystal surface. This vas determined by monitoring the angular 

distribution of scattered helium atomic beams which proved to be very 

sensit ive to surface disorder. * » 1 ' 

C. Beam Sources 

1 . Effusion Sources 

Tte effusion oven i s the c lassical means of obtaining a molecular 

beam. A gas at relatively low pressure ( less than 1 torr) i s allowed 

to effuse through a small or i f i ce (such that the mean free path of the 

gas i s large compared to the dimensions of the o r i f i c e ) . A collimated 

beam i s formed by pumping the gas through one or more subsequent o r i f i c e s . 

The effusing particles have a Haxwellian velocity distribution character

i s t i c of the temperature of the oven and have a cosine spatial d i s t r i 

bution. The problem with such sources i s their law intensity — typical ly 

10 - 10 ' particles str~ sec" —because of the limitation on the pressure 

in the effusion c e l l to maintain effusion conditions. Because of the 

cosine distribution, a large fraction of the effusing molecules are pumped 

away in the collimating process. 

2 . Hozzle Beams 

When a gas at a pressure of about 100 torr or greater i s expanded 

adiabatically into vacuum, the enthalpy of the high pressure gas i s converted 
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into  net  t r ans l a t iona l  motion.  I f  such  a  gas  flov  i s  properly  collimated, 

i t  i s  possible  t o  generate  a  very  intense  molecular  beam  as  discussed 

recent ly  by  Anderson,  Andres  and  Fenn.  With  such  beam  sources  i n t e n s i t i e s 

of  10    10  par t ic les  str~  sec"  have  been  repor ted.  Using  seeded 

lfl 
beans  very  high  kinetic  energies ,  in  excess  of  10  eV,  a re  avai lable . 

In seeded  beams  the  velocity  d i s t r i bu t ion  in  the  beam  i c  very  narrow, 

19 
corresponding  to  temperatures  as  low  as  1»°K.  The  r o t a t i o n a l  temperature 

for  a  diatomic  molecule  in  the  nozzle  beam  i s  a lso  reduced  although  not 

19 
as  much  as  the  t rans la t iona l  temperature.  Many  inves t iga tors  have  used 

pozzie  sources  t o  generate  beams  for  surface  s tud ie s ,  and  i t  i s  a  pa r t i cu l a r ly 

useful  technique  when  one  i s  invest igat ing  sca t te r ing  a s  a  function  of 

20 
incident  beam  energy.  The  nozzle  beam  sources  requi re  very  large 

(generally  a  few  thousand  l i t r e  sec"  )  pumping  speedsto  handle  the  associated 

la rge  gas  f lows. 

3 .  Multichannel  Arrays 

A compromise  between  the  low  in tens i ty  effusion  sources  and  the  high 

in tens i ty  nozzle  beam with  i t s  l a r g e  pumping  speed  requirement  i s  the 

212U 
multichannel  array  source.  This  source  consis ts  of  a  small  bundle 

of  about  1*000 capi l la ry  tubes ,  each  a  few  microns  in  diameter  and  about  a 

millimeter  long.  The  array  diameter  i s  also  on  the  order  of  a  mill imeter. 

The  normal  gas  pressure  behind  such  a  source  i s  on  t h e  order  of  a  few 

t o r r .  This  source  shows  pealsing  of  intensi ty  along  t h e  center  l ine  of 

21 
the  beam  considerably  in  excess  of  tha t  for  an  effusion  source. 
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This  can  increase  the  beam  in tens i ty  by  an  order  of  aagnitude  over  the 

effusion  source.  The  ve loc i ty  d is t r ibut ion  in  a  multichannel  array 

23 
beam  i s  nearly,  though  not  qu i t e ,  Haxwellian. 

D.  Signal  Detection 

1 .  Ionization  Detectors 

The  most  common  detector  for  scattered  molecular  beams  uses  e lectron 
nude 

Impact  ionizat ion.  This  can  be  a / \ ionizat ion  gauge  which  measures  t o t a l 

gas  densi ty  or  a  small  mass  spectrometer,  generally  a  quadrupole  device 

vhich  measures  the  p a r t i a l  pressure  of  a  desired  component  of  the  scat tered 
usually 

gas.  The  ionization  detectors  /\  measure  the  densi ty  of  the  scat tered 

gas ,  not  the  flux.  Thus,  while  the  veloci ty  of  t h e  incident  pa r t i c l e s 

I s  considered  implici t ly  i n  measuring  the  f lux,  a  density  sensi t ive  detector 

i s  sens i t ive  t o  changes  i n  t h e  velocity  of  the  incident  molecules.  This 

must  be  kept  in  mind  when  ve loc i ty  analysis  of  scat tered  par t ic les  i s 

attempted. 

Generally  i t  i s  best  t o  place  the  detector  as  close  to  the  sca t t e r ing 

surface  as  prac t ica l .  I f ,  for  example,  the  molecules  are  scattered  with 

a  cosine  d is t r ibut ion ,  the  s ignal  intensi ty  wi l l  decrease  with  the  square 

of  the  surfacedetector  d i s t ance .  Similarly,  i t  i s  a l so  desirable  to  keep 

'the  incident  beamsurface  dis tance  short  although  t h i s  i s  not  as  important 

i f  th«  beam  i s  well  collimated.  If  the  angular  d i s t r ibu t ion  of  scat tered 

p a r t i c l e s  i s  studied,  i t  i s  customary  to  have  the  detector  mounted  on  a  ro ta tab le 
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feedthrough,  and  the  scattering  surface  i s  then  also  made  ro t a t ab l e . 

I t  should  he  meationed  that  with  presentday  electron  impact  ioniza

3  h 

t ion no more  than  one  out  of  10  or  10  atoms  incident  on  t h e  detector 

i s ionized.  This  low  detector  efficiency  l imi t s  the  s ens i t i v i t y  of 

molecular  beamsurface scattering  experiments. 

2. Electronic Signal  Processing 

The  output  from  the  ion  gauge  or  mass  spectrometer  detector  i s 

generally  a  dc  current  which  can  be  measured  with  a  simple  electrometer. 

However, in  most  r e a l i s t i c  molecular  beam  experiments  t h e  dc  signal  level 

of interest w i l l  be  very  small  and  the  s ignal tonoise  r a t i o  ra ther  poor 

(noise  being  due  to  ionization  of  background  gas  molecules),  requiring 

a more  complex  approach  to  signal  ex t rac t ion .  The  most  common  technique 

used i s that  of  ac  phasesensitive  de tec t ion .  Here  the  beam  i s  modulated 

vibrating 
mechanically  by a  ro ta t ing  s lot ted  d isc  or  attuning  fork  between  the 

source and  the  detector .  A reference  s ignal  i s  also  produced  by  simultaneously 

chopping  a. l igh t  beam.  This  ac  technique  allows  a  weak  modulated  signal 

to  be  detected  in  a  re la t ive ly  large  background  gas  pressure . 

E. Measurement  of  Average  Velocit ies  and  Velocity  Dis t r ibut ions 

In  addit ion  to  improving  the  s ignal tonoise  r a t i o  in  beam  experiments, 

the  phasesensitive  ac  method  can  a l so  give  information  about  the  time  of 

f l ight  of  the  molecules  between  t h e i r  chopping  point  and  the  detector . 

This  information  i s  contained  in  the  sh i f t  of  phase  angle  a t  maximum  signal 
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intensity compared to the phase of the chopper. For instance, if one were 

to chop the scattered beam, assuming it is Mamrellian, then one can obtain 

the average translational energy (temperature) of the beam from the length 

25-29 
of flight path, chopping frequency, molecular weight and phase shift. 

Furthermore, if one can measure both the phase shift and signal amplitude 

as a function of modulation frequency, than a complete velocity distribution 

23 
can be obtained. Similarly, if the beam is chopped before striking the 

crystal, the time dependence of the gas-solid collision can be investigated — 

28 29 
in particular, surface residence times can be measured. ' If one is 

investigating a reactive scattering event, the time dependence of the 

process can be measured via phase shifts to yield information about the 

28 
kinetics of the reaction,and these results can be compared to model systems. 

Phase shift measurements, in order to be meaningful, require careful 

measuring of the phase and amplitude of the detector signals with respect 

to stable reference signals, measurements which are not at all simple in 

most practical beam experiments. 

If one is interested in measurements of the velocity of the scattered 

molecular beam, an alternative to the phase shift measurement is the so-

31-33 
called "time of flight" technique. Briefly, in this method a narrow 

pulse of molecules is allowed to traverse a flight path and is detected 

by a multi-channel signal averaging instrument where the signal intensity 

as a function of time is measured and stored. After many cycles a complete 

intensity vs. time of flight curve is obtained. The disadvantages of this 

method are the weak signal,due to short "on time" periods for the beam,and 
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t n e  need  t o  know  the  effects  of  instrumentation  alone  on  the  resu l t ing 

waveform.  Data  obtained  in  such  an  experiment  a re generally  presented  as 

average  energy  and  the  "energy  spread"  cha rac te r i s t i c  of  the  beam 

temperature.  I t  should  he  mentioned  that  for  ve loc i ty  analysis  the  c l a s s i c a l 

method  of  ro ta t ing  s lot ted  disc  velocity  se lectors  can  also  be  used. 

This  method,  however,  suffers  from  signal  a t tenuat ion  by  re la t ive ly  low 

throughputs  for  most  veloci ty  selectors  since  most  of  the  molecules  are 

l o s t  i n  t h e  selection  process. 

F.  Measurement  of  Angular  Distr ibut ions 

A  convenient  means  of  obtaining  and  presenting  data  characterizing 

a  molecular  beamsurface  sca t te r ing  process  i s  the  scat tered 

beam  angular  d i s t r ibu t ion .  Two  important  features  of  the  d is t r ibut ion 

are  general ly  discussed;  the  angle  of  the  in t ens i ty  maTci'mum  of  the  sca t tered 

beam  with  respect  to  the  angle  of  the  incident  beam  and  i t s  peak  width 

a t  ha l f  maximum.  Most  measurements  are  " inp lane ,"  which  means  that  the 

angular  d is t r ibu t ion  i s  measured  in  the  plane  defined  by  the  incideat  beam 

and  the  surface  normal.  If  t h e  angle  at  which  the  scat tered  beam  has 

mMriimnn  in t ens i ty ,  9  (measured  with  respect  to  the  surface  normal), 

equals  t h e  angle  of  incidence  of  the  incoming  beam,  6.  (also  measured 

with  respect  to  the  surface  normal),  the  sca t t e r ing  i s  said  to  be  specular . 

I f  9  i s  between  6.  and  the  surface  normal,  the  sca t te r ing  i s  cal led 

subspecular.  If  6  >  0 . ,  t he  scat ter ing  i s  supra specular •  A  typical 

specular  d is t r ibut ion  i s  shown  in  curve  a  of  Figure  2 .  The  angle  of 



 u 

incidence i s usually denoted by an arrow on the abscissa. It i s a lso 

customary to plot l inear signal amplitude as a function of scattering 

angle although polar plots are sometimes used. In order to compared data 

from different experiments, the intensit ies are normalised by dividing 

by the maximum intensity of the incident beam. In the case where the 

particles emitted from the surface have completely equilibrated with 

the surface, one obtains a cosine distribution as shown in curve b of 

Figure 2. 

Finally, Figure 3 shows a molecular beam vacuum system used for 
design features and equipment.,, 

scattering studies and incorporating many of the / \ mentioned here. 

I II . Theories of Beam-Surface Interactions 

A. Types of Interactions 

Wien a gaseous part ic le in a molecular beam coll ides with a so l id 

surface, i t can interact either e last ical ly or ine last ica l ly . In an 

ine last ic col l is ion energy exchange occurs, and the interaction resul ts 

35 
in the creation and/or annihilation of phonons in the solid. In the 

e las t ic col l is ion there i s no net energy exchange between the gas atom 

and the sol id, and one may see diffraction phenomena. Mast of the 

theoretical work to date has been directed towards interpreting ine last ic 
using classical models, 

scattering of monatomie inert gases from sol id surfacesA There have also 

been quantum mechanical theoretical studies of inelastic scattering. 

Feuer studied the interaction between r ig id rotor diatomics and a 
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solid surface. There has been essential ly no theoretical work done to interpret 

reactive scattering. 

35 
As outlined by Goodman for the inelastic case , there are three 

possible resul ts of the co l l i s i on . First , the molecule can lose enough 

of i t s energy to become trapped or adsorbed on the surface. Adsorbed 

molecules w i l l eventually desorb and contribute to the scattered signal. 

Since these molecules have bad a chance to equilibrate with the surface, 

they are l i k e l y to desorb with a cosine spatial distribution and with 

Haxwellian ve loc i t i e s characteristic of the surface temperature. Second, 

the molecule can lose some of i t s energy but s t i l l be scattered directly 

back into the gas phase. It i s t h i s second type of inelast ic scattering 

which has received the greatest amount of theoretical attention. As an 

intermediate third case, the molecule may lose insufficient energy to 

adsorb but also not scatter immediately. It becomes a "hopping" molecule 

along the surface. 

Different regimes of scattering can be described as a function of the 

relative values of beam energy and mass and surface atomic mass, temperature 

and available phonon -energies. Associated with these different scattering 

regimes, different types of theoretical models appear more consistent with 

experimental observations. Some of the better known c lass ica l models 

and the conditions under which they are applicable are discussed briefly 

below. 
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B. Inelastic Scattering 

1. "Thermal Scattering" and the Cube Models 

The thermal scattering regime is characterized by relatively low 

incident beam energies and relatively large gas-solid interaction distances 

(no surface penetration) resulting in scattering from an apparently smooth 

35 37 

or flat surface. This regime was first discussed by Oman. In this 

case, the most important gas-solid interaction mechanism is through the 

thermal motion of the surface atoms and is most applicable to scattering 
38 

from metals." Because of the apparently flat surface, the thermal 

motion that is important during scattering is in the direction normal to the 

surface. 

The theoretical models incorporating a flat surface and only perpen

dicular surface atom motion are the cube models. The first of these, 

39 
the "hard cube" model,vas developed by Logan and Stickney and is 

as follows: 

illustrated in Figure U. The model assumptions areA f 1) the intermolecular 

gas-solid potential is such that the repulsive force is impulsive; 

(2) the scattering potential is uniform in the plane of the surface (smooth 

since 

surface), and A there is no motion of surface atoms parallel to the 

surface, there is no change in the tangential component of the incident 

particle velocity; (3) surface atoms are represented by independent 

cubestand a gas particle interacts with a single surface atom by 

colliding with the cube once and then being scattered; (U) a temperature-

dependent velocity distribution is assigned to the surface atoms. There 
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i s no attractive part to the potential . Referring to Figure k, the 
a 

surface atom of mass H moves with^perpendicular ve loc i ty V . A gas 

molecule of mass H strikes the surface cuhe of mass M at an incident angle 
g

 with an 
8 (with respect to the surface normal) andiincident normal velocity V 
o _ i\ no 

a 
and^fcangential velocity V. . The particle i s then scattered at an angle 6. 

with 
andMrelocities V t , = V̂  and V . . The hard cube problem can be solved 

exactly, and angular distributions of scattered atoms can be calculated 

i f the velocity distribution of the incident beam i s known. The model 

i s somewhat unrealistic in that i t neglects the attract ive part of the 

gas-solid potential in the low incident beam energy region where i t i s 

35 
most important. The interaction between sol id atoms i s neglected ,and 

tangential momentum exchange i s not considered. 

The f i r s t two fai l ings are at least partly corrected in the "soft 

cube model of Logan and Keck. In this model the assumption of a f la t 

surface i s maintained with no exchange of tangential momentum. Bow, 

1*0 
however, there i s a gas atom-solid atom potential with two parts, 

a stationary attractive part,which increases the normal component of the 

gas ve loc i ty before the repulsive col l i s ion and decreases i t again 

afterwards,and an exponential repulsive part. Also, the surface atom 

involved in the col l is ion i s connected by a single spring to a fixed 

l a t t i c e . The ensemble of osc i l la tors making up the surface has an equilibrium 

distribution of vibrational energies corresponding to the temperature of 

1»0 
the so l id . This model i s shown in Figure 5. The model introduces 

adjustable parameters for the potential well depth, range of interaction 
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and lattice atom frequency. The solutions of the equations for angular 

distributions are approximate. The soft cube model is more successful 

than the hard cube model at predicting angular distributions for scattering 

of heavy molecules where potential attractions would be expected to be 

1*0 
largest. The model still does not include coupling between atoms of the 

solid. 

2 .  "Thermal  Scat ter ing"  and  General  ThreeDimensional  Models 

The  cube  models  a re  only  single  p a r t i c l e  models  and  only  onedimensional 

s ince  they  are  r e s t r i c t ed  t o  energy  t ransfer  along  the  momentum  component 

perpendicular  to  the  surface.  Classical  threedimensional  l a t t i c e  models 

37  l*ll»li  45 

have  been  developed  by  Oman,  Lorenznn  and  Raff,  and  McClure. 

In  the  l a t t i c e  models  an  ensemble  of  l a t t i c e  points  i s  constructed  to 

correspond  to  a  pa r t i cu la r  c rys ta l  plane.  Classical  t ra jec tor ies  for 

scat tered  molecules  are  calculated  for  known  incident  ve loc i t i es  and  angles 

by  solving  the  equations  of  motion  of  the  gas  molecule  and  the  l a t t i c e 

po in t s .  The  gas  moleculesolid  atom  poten t ia l  i s  assumed  to  be  a  pairwise 

Morse  interact ion  in  the  work  of  Lorenzen  and  Raff  and  a  LennardJones 

612  potent ia l  in  the  models  of  Oman and  McClure.  Such  a  l a t t i c e  model  i s 

i l l u s t r a t e d  in  Figure  6  in  a  diagram  taken  from  Goodman •  Subscript  o 

r e fe r s  t o incident  molecules  while  1  refers  t o  ref lec ted  molecules.  <JJ)  i s 

t he  Debye  temperature  of  the  sol id.  All  surface  atoms  are  connected  t o 

nearest  neighbors  hy  harmonic  springs.  In  order  t o  obtain  reasonably 

r e l i a b l e  resul t s  a  la rge  number  of  t r a j ec to r i e s  must  be  calculated,  and 
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the Incident trajectories must be chosen so that the distribution in 

incident angle and energy i s both smooth and r e a l i s t i c . Solving the 

necessary equations for the large number of trajectories needed i s 

d i f f i cu l t and time-consuming and must be done numerically. The recent 

1»5-1»8 
calculations of McClure have been very successful at reproducing 

experimental results . 

3 . "Structure Scattering" 

37 
In his calculations Gtnan found that at high incident beam 

energies nev features appeared in his scattered distributions which he 

atttributed to tbe incident molecules "seeing" the periodic surface 

l a t t i c e . This i s the regime of large incident energies, short inter

action distances and a large ratio of incident beam energy to tbe thermal 

35 
energy of the sol id. The f la t surface cube models no longer apply in 

t h i s regime. One model which has been successfully applied i s the 

1*9 
hard sphere by Goodman. This model w i l l not be discussed here 

in de ta i l . 

An interesting phenomenon associated with the structure scattering 

regime i s rainbow scattering. This can be vieved as a classical mechanical 

result of the tvo-dimensional periodicity of the gas-solid interaction 

35 teve been U 8 

potential . Its origins ^ discussed by McClure , and in an extension 
1̂ 5 has 

of h is earlier la t t i ce model heKcarried out very high resolution (3-5°) 

U7 l»8 
calculations of the rainbow scattering of Ne from LiF ' in excellent 

agreement with experiment. These calculations appear sufficiently rel iable 



-17-

allow 
to A parameters for tbe gas-solid potential to be extracted by comparing 

U7 1»8 
theory with experiment. The calculations are not applicable to gas 

atom-metal systems. 

Since energy can only be exchanged between a gas phase particle and 

a sol id surface through the phonona of tbe so l id , a logical theoretical 

course i s to treat the system quantum mechanically. There has recently 

been a revival of interest in the quantum theory of gas-solid interactions.' 

General inelastic scattering theories based on single phonon interactions 

52 53 5>*,55 

have been presented by Manson and Cel l i , Goodman, and Beeby. 

Ultimately, i t i s desirable to have a ful l three-dimensional multi-phonon 

quantum treatment for a wide range of scattering phenomena. This state 

baa not yet been reached, however. 

C. Elastic Scattering 

The theoretical description of the e last ic phenomenon of particle 

diffraction i s a quantum mechanical problem. Quantum treatments of e las t ic 

56 57,58 

scattering have been formulated by Tsucnida and by Cabrera et a l . 

An interesting outgrowth of the theoretical calculations for e last ic 

scattering has been the investigation of the absence of diffraction of 

59 60 
atomic beams by metals. This has been discussed by Beeby and Weinberg 

61 
in terms of the Debye-Waller factor. Weinberg has suggested that the 

intensity of scattered molecules as a function of temperature might be 

used to calculate gas-solid potential well depths i f the surface Debye 

temperature i s known. 
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IV.  Results  of  Elast ic  Scattering  Studies 

Diffraction 

Atomic  beam  diffract ion  i s ,  in  pr inc ip le ,  a  very  a t t r ac t ive  technique 

for  obtaining  accurate  surface  s t ruc tura l  da ta .  Atomic  de  Broglie  vave

o 
lengths  are  in  the  region  of  0.515  A,  and  incident  energies  can  be  made 

quite  low  (<0.1  eV)  so  tha t  the re  i s  no  penetrat ion  into  the  surface, 

which  i s  a  problem  associated  with  Low Energy  Electron  Diffraction. 

Similar ly,  atomic  beams  might  a lso  be  very  useful  in  investigations  of 

the  s t ructure  of  adsorbed  l a y e r s . 

62 
Unfortunately,  as  pointed  out  by  Mason  and  Williams,  atomic  beam 

sca t te r ing  as  a  s t ruc tura l  probe  suffers  from  the  fact  that  only  a  small 

f ract ion  of  the  t o t a l  sca t t e r ing  a r i ses  from  coherent  events.  This  i s 

pa r t i cu la r ly  t rue  for  metals  where  diffraction  has  been  seen  only  for 

the  r e l a t i v e l y  "rough"  tungsten  (112)  surface.  Efforts  by  Beeby 

60,6l 
and  Weinberg  to  cor re la te  the  lack  of  d i f f rac t ion  with  the  magnitude 

of  the  DebyeWaller  factors  have  not  been  successful .  I t  i s  l i ke ly  t ha t 

the  absence  of  diffraction  features  from  metal  surfaces  is  simply  due  to 

62 
a  much  too  weak  periodici ty  i n  the  surface  potent ia l  as  experienced 

by  t h e  incoming  gas  atoms. 

Unt i l  very  recent ly,  only  a lka l i  halide  c rys t a l s  had  yielded  in tense , 

unambiguous  diffraction  pa t t e rns .  Atomic  d i f f rac t ion  was  f i r s t  seen 

6U 
by  Estermann  and  Stern  in  1930  from  a  LiF  surface.  Subsequently,  t h e i r 

r e s u l t s  have  been reproduced  and  refined.  o'Keefe  et  a l .  have  reported 
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that H„0 is a very likely contaminant in their scattering vork from LiF(OOl) 

66,67 
and is very possibly a contaminant in previous vork. Williams in a 

recent and comprehensive study seems to have successfully cleaned bis 

LiF (001) surface. In one experiment he used a nearly monoenergetic 

nozzle beam of helium and,bis diffraction peaks are listed in Table la. 

of 

The first order peak is about lOJtvthe intensity of the specular (00) peak, 

and the second order peak is about lit,in agreement with theory. The 

relative intensities seem to be functions of incident beam angle. In a 

second experiment Williams observed diffraction vith a nozzle beam of 

neon from LiF(lOO). Figure 7 shows the resulting in-plane diffraction 

peaks. The total scattered intensity is much weaker than for helium, 

indicating a greater fraction of inelastic collisions. Also, the higher 

order peaks are more intense than the lover order peaks, in contrast to 

the helium results. The weak peaks in the vicinity of the (00) peak are 

attributed to inelastic scattering from phonons and will be discussed below. 

The complete diffraction pattern vith relative intensities is summarized 

6? 
in Table lb. Mason and Williams have also examined the diffraction by 

adsorbed molecules on LiF (001) and found they could obtain diffraction 

from an ordered overlayer of ethanol and even assign a tentative structure 

to this layer. 

In  addition  to  helium  and  neon,  di f f ract ion  has  been  observed  from 

a lka l i  halide  surfaces  with  H„  beams  and  H atoms  and  marginally  with 

D 2  b e a m s . 6 5 ' 6 8 ' 6 * 

The  f i r s t  observation  of  atomic  beam  di f f rac t ion  from  any  nonalkal i 
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70 
halide was the work on tungsten carbide by Weinberg and Merrill. 

Diffraction peaks are well defined with helium and poorly resolved with 

D„. The diffraction data are used to deduce a rather carbon-rich surface 

structure, possibly WC. 

The f i r s t observation of diffraction by a metal surface was recently 

reported from clean tungsten 1112) by Tendulakar and Stickney. 

Tungsten (112) i s a rather special case, however, since i t has an aniso

tropic surface unit c e l l consisting of closely packed rows of exposed atoms 

in the [ i l l ] direction separated by open troughs as shown in Figure 8. 

When the incident beam i s directed across the rows, the zeroth and f irst 

order diffraction peaks are seen, and their positions agree with predictions. 

However, no diffraction peaks are observed when the beam i s directed 

parallel to the rows and channels. 

B. Scattering of Helium and Other Atomic Beams to Monitor Surface 
Disorder end Morphology 

The helium-metal interaction i s almost completely e l a s t i c . This 

i s shown by the very narrow specular scattering peaks obtained from 

clean, well-ordered .single crystal surfaces. In one recent study, Smith 

and Merrill 1 ? examined helium scattering from single crystaj. P t ( l l l ) . 

They observed a specular scattering peak from a smooth, clean surface only 

s l ightly wider(7°) than the width of the incident beam (5°) . The intensity 

of scattering at the specular angle was shown to be very sens'tive to the 

amount of ethylene adsorbed on the surface. The specular intensity could 
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be quantitatively related to ethylene exposures as lew as 0.1 Langmuir 

(l Langmuir = 10~ torr sec) and thus was a measure of surface coverage. 

The intensity and 3hape of the scattered helium peak as probes of surface 

conditions on Pt (ill )vere also studied by West and Somorjai. They found 

large non-specular components due to surface roughness on chemically 

etched surfaces and on argon ion bombarded surfaces. Surfaces with 

disordered overlayers of carbon, CO and C_H_ gave very non-specular 

scattering while ordered CO overlayers were more specular although less 

so than clean, smooth surfaces. 

In a study of helium scattering from single crystal Ag(lll), Sau and 

o 

Merrill found that the intensity at the specular angle decreased and 

the peak width increased as the surface temperature, T , increased. This 

is shewn in Figure 9* An increase in beam width is always associated with 

a. decrease in intensity at the maximum. This broadening with increasing 

T is attributed to a "thermal roughening" of the surface which increases 

as the mean square displacements of vibrating surface atoms increase with 

higher T . There is a decrease in specular intensity and an increase 

in peak width going from helium scattering from the close-packed fee (ill) 

face of silver to the more open bec (110) plane of tungsten and to the 

8 
still more open fee (100) face of platinum. These changes in surface 

structure are slight and microscopic but are still detectable by helium 

8 
scattering. This technique has also allowed Sau and Merrill to conclude ' 

that epitaxially grown silver films are more disordered than conventionally 

prepared clean single crystal surfaces. 
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Ollis, et al. used beams of helium and neon as probes of the state of 

surfaces of molybdenum and rhenium during oxidation. They were able to 

obtain information on the coverage, binding states and binding energies 

of oxygen on their surfaces by measuring the intensity of gas atoms scattered 

specularly. 

V. Results of Inelastic Scattering Studies 

A. Rare Gas-Metal Systems 

When a monatomic gas particle collides inelastically with a metal 

surface in the absence of chemical interactions, there can be energy 

transfer between the translational states of the atom and the vibrational 

states of the lattice. The incident atom can transfer energy into the 

lattice (phonon creation) or can absorb energy from it (phonon annihilation) 

and scatter at a higher energy than the incident particle depending on 

the relative temperatures of the gas molecule and the surface. 

In the same paper in which they reported on helium scattering studies, Sau anc 

Merrill- also looked at inelastic scattering. Here the scattering is 

characterized by decreasing peak intensity with increasing 9. and increasing 

T as seen in Figure 10 for krypton. Also obvious is the non-specular 

maximum of the scattered peak with the non-specularity increasing with 

increasing 0,. For inelastic scattering there is no correlation between 

scattering intensity and microscopic surface roughness, 

identified 

\z The authors also  J\ an inelastic scattering regime in which 
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g 

substantial trapping occurs. Here, a significant number of incident 

atoms lose enough of their energy to become adsorbed. The regime is best 

illustrated by xenon scattering as shown in Figure 11 indicating large 

deviations from specularity and a substantial scattering contribution 

corresponding to a cosine distribution. This cosine component is from 

desorbed atoms which have equilibrated with the surface. Also typical 

of this regime is the increase in peak intensity with increasing T . 

This is due to the decreased trapping probability at high temperatures. 

The number of atoms trapped can be correlated veil to the estimated depth 

of the attractive potential well for various gas-metal systems. It 

should be noted that these observations of inelastic collisions 

are in qualitative agreement with the cube models. 

Similar results were observed on scattering rare gases from Pt(lll) 
72 

and W(110). In the Pt(lll) experiments it was found that if an incident 

beam temperature of TOO°C was used instead of a room temperature beam, 

the scattered peaks were closer to the specular angle and narrower. This 

is shown for krypton in Figure 12. There is also a reversal in trend in 

intensity as a function of T . These trends are predicted by the three-

dimensional lattice models,and the effect is attributed to a shorter col

lision time. A trend toward narrower angular distribution and a supra-

specular shift in the peak TnaYiTmnn with increasing beam temperature were 

T3 
also observed earlier by Saltsburg and Smith for heavy molecules scattered 

from Ag(lll). Still another investigation by Romney and Anderson^ using 

nearly monoenergetic argon nozzle beams with incident energies 0.05 - 5 eV 
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confirmed the supraspecular shift to about 0.3 eV but then showed a 

reversal in th i s trend at higher incident energies with the scattering 

iHflT<rnnm returning to the specular angle. This return to specular angle 

i s not predicted by the cube models which f a i l , not surprisingly, at the 

high incident energy l imi t . Miller and Subbarao confirmed the above 

findings and noted that the scattered peak width f i r s t decreases with 

incident energy and then increases again. The energy of the minimum 

peak width i s a function of the gas scattered, being higher for heavier 

gases. 

One of the hest ways t o analyze the translational energy transfer 

in an inelast ic molecular beam-surface interaction i s to measure the 

v e l o c i t i e s of atoms or molecules scattered from a surface for an incident 

beam of known velocity. To date a few such measurements have been made 

for monatomic and diatomic gases. Early work by Fisher, Hagena and 

75 
Wilmotb. was carried out using polycrystalline nickel and stainless 

s t ee l surfaces. Subsequently Yamamoto and Stickney studied the average 

ve loc i ty of argon scattered from single crystal W(llO) using the phase-

shift technique and a nearly monoenergetic nozzle beam source. Their 
that 

resul ts are shown in Figure 13- They found^for a given incident velocity 

k -1 

(5 JC 10 cm sec ) the average velocity of the scattered gas increased 

as the angle of incidence increased. Also, the average energy decreased 

monotonically as a function of scattered angle away from the surface normal 

for all incident angles. The latter is predicted by the hard cube model 

as shown by the dashed curves of Figure 13. As noted, there is good 
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qua l i t a t ive  but  poor  quant i ta t ive  agreement.  The  experiment  vas  a l s o 

performed  at  various  surface  temperatures,  and  i t  was  found,  not  s u r p r i s 

ing ly ,  tha t  the  average  ve loc i ty  of  scattered  atoms  increased  as  the 

surface  temperature  increased. 

20 
Recently  Subbarao  and  Miller  studied  the  scat ter ing  of  neon 

and  argon  from  ep i tax ia l ly  grown  Ag(l l l )  using  nozzle  beams  of  various 

incident  ve loc i t ies .  They  found  that  a t  low  energies  (0.31  eV  and  lower) 

t h e  mean  veloci t ies  are  highest  at  the  surface  normal  and  decrease  mono

ton ica l ly  towards  the  surface  tangent  in  agreement  with  Yamamoto  and 

q 
Stickney.  At  high  incident  energy,  1.36  eV,  t h e  mean  velocity  i s 

v i r t u a l l y  constant  with  sca t te r ing  angle.  Their  measurements  of  the 

thermal  spread  in  the  sca t te red  beam  show  nearly  Maxwellian  d i s t r i bu t ions 

a t  t he  surface  normal  and  narrower  d i s t r ibu t ions  towards  the  tangent . 

At  high  incident  energy  the  thermal  spread  appears  constant.  The 

scat tered  beams  were  a l l  much  more  nearly  Maxvellian  than  the  incident 

beam.  They  also  found  t h a t  a t  high  incident  beam  energies  normal  momentum 

t rans fe r  becomes  l e s s  e f f i c i en t ,  the  scat ter ing  becoming  more  e l a s t i c . 

Also,  there  i s  an  increase  in  tangential  momentum  transfer  in  agreement 

with  t h e  theory  of  McClure. 

26 
Siekhaus,  Schwarz  and  Olander  report  a  very  in teres t ing  experiment 

scattered 
in  which  they  A  various  thermal  beams  from  pyrolytic  graphite  a t 

di f ferent  temperatures  and  then  measured  the  temperature  of  the  sca t te red 

beam.  They  found  that  for  0_,  D_,  xenon  and  krypton  there  was  e s sen t i a l ly 

no  change  in  reflected  beam  temperature,  T  ,  for  la rge  variat ions  in  beam 
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temperature, T. . Helium and neon beams shoved a slight increase in T 

with increasing T. . A most unusual result is that in several cases 

T vas less than both T. and the surface temperature T . As they point 

out, in a global exchange process this vould violate the second law of 

thermodynamics. They also studied the effect of T on T for room 

temperature beams, and these results are shown in Figure lit for the annealed 

basal plane of pyrolytic graphite. The data can be fitted to the empirical 

formula T /T = 1 - exp(-T /T ) where T is a constant depending only 

on the incident gas and the nature of the solid surface. The authors 

20 
suggest taat T , while only an empirical parameter,does have some 

characteristics of gas-surface binding energy and does increase with 

increasing atomic weight of the incident gas. They discuss their result 

of T being virtually independent of T. and its dependence on T in 

terms of partial trapping, i.e., incident molecules are trapping long 

enough to uncouple the re-emission process from the incident energy but 

not long enough to completely equilibrate with the solid. 

B. Scattering of Diatomic and Polyatomic Molecules from Metal Surfaces 

The case of scattering diatomic or polyatomic molecules from a metal 

surface is more complicated than for monatomic gases because of the addi

tional possibility that the internal states of the molecule may interact 

with the vibrational states of the solid. The vibrational levels of most 

light molecules are at too high energy to be involved in a gas-solid 

interaction, but the rotational and translational states certainly are 
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avai lable  for  in terac t ion  with  the  solid  phonons.  In  a  case  where  the 

surface  temperature  i s  higher  than  the  gas  temperature,  energy  can  he 

transferred  from  the  l a t t i c e  phonons  to  t h e  t r ans l a t iona l  or  i n t e rna l 

states  of  the  molecule. If  the gas  temperature  i s  higher  than  t h e 

surface  temperature,  t h e  t rans la t iona l  and  in t e rna l  energy  leve ls  of  the 

molecule  can  interact  with  the  l a t t i c e  modes  resu l t ing  in  phonon  c rea t ion . 

Scattering  of  diatomic  molecules  was  investigated  by  Palmer,  Saltsburg 

11  3  U 

and  Smith  who  f i r s t  compared  He  and  He  sca t te r ing  from  ep i t ax ia l 

Ag( l l l )  films  and  found  them  very  similar  i n  specular  in tens i ty  and  peak 

width.  They  then  scat tered  H_,  D_  and  HD from  the  same  surface  and  found 
similar  t o  t ha t  of 

t ha t  H„  scattered  in  a  manner very A helium  out  tha t  HD and  D  both  gave 
a  very  much  reduced  specular  in tens i ty .  The  r e s u l t s  for  the  bydrogenic 

11 
molecules  are  shown  in  Figure  15.  They  a l so  looked  a t  the  sca t te r ing 

of  HD and  D_ as  a  function  of  beam  temperature,  finding  the  d i s t r ibu t ions 

very  broad  for  80°K  beams  compared  to  300°K  and  ra ther  more  specular  a t 

1500°K  than  a t  300°K.  Their  r e su l t s  a re  discussed  in  terms  of  the  coupling 

of  the  l a t t i c e  phonons  with  the  ro ta t iona l  l eve l s  of  the  hydrogen  mole

cu le s .  For  Hp,  the  lowest  ro ta t iona l  t r a n s i t i o n  energy  i s  at  1032  cal/mole. 

For  D„ t h i s  i s  only  516  cal/mole.  The  estimated  Debye  phonon  energy  in 

s i l v e r  i s  1»50 cal/mole,  ra ther  close  to  the  D„  t rans i t ion  energy,  while 

H_  would  certainly  need  a  l e s s  probable  multiphonon  process  t o  i n t e r a c t . 

There  i s  also  a  t r ans i t i on  a t  516  cal/mole  in  HD.  The  conclusion  drawn 

from  t h i s  analysis  i s  t h a t  i t  should  be  much  easier  for  D  and  HD to  couple 

with  the  l a t t i c e  via  t h e i r  ro ta t iona l  s t a t e s  than  for  H„.  This  question 
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of rotational coupling vas examined for D^ on P t ( l l l ) by Smith and Merrill. 
that 

They found.the fraction of diffuse D„ scatter increased with increasing 

surface temperature. Since th i s i s the reverse of the trend for trapping 

they suggest that this increase in diffuse scatter i s due to increased 

rotational coupling with the more highly excited l a t t i c e vibrations. 

72 
Merrill and coworkers found similar results for D„ scattered from tf(llO) 

o 
and most recently for scattering from single crystal Ag( l l l ) . 

The scattering of diatomic and polyatomic molecules from platinum 

(lOO) was studied by West and Somorjai for a variety of surface conditions. 

They found for HO, CO, H 2 , 0„, H„ and D„ a broad scattered peak, with a 

mnTiimiTn at or near the specular angle. All the peaks were rather broad, 

indicating substantial energy interaction or possibly surface roughness. 

They noted almost no difference, between H_ and D„ scattering although 

broadening due to surface roughness may have hidden any changes due to 

rotational interactions. The polyatomic molecules C0„, NO, NO , C„H , 

HH_ and methylenecyclobutane were also examined. For a l l except HH_ 

there was a maximum in intensity very close to the specular angle and 

again the peaks were rather broad. For BH_ the distribution was cosine, 

indicating complete accommodation. Some of the same molecules were scattered 

from a Pt(lOO) surface with a graphite overlayer. These results did not 

differ significantly from those on clean Pt(lOO). 

The absence of complete accommodation for most molecules indicates 

ineff icient energy transfer between the la t t i ce modes and the incident 

translational energy even though these energies are of the same order of 
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magnitude. Indeed, it has been suggested by Beebe and Dobrzynsky that 

inefficient transfer is expected if translational and vibrational energies 

are nearly equal. 

Both CO and acetylene chemisorb on Pt(lOO) to form rather well ordered 

overlayers. In the same series of experiments, West and Somorjai also 

scattered CO from a Pt(lOO) surface with an ordered layer of CO and scattered 

C„Hp from an ordered layer of C„H„. The comparison between acetylene 

scattered from clean and acetylene covered Pfc(lOO) is shown in Figure 16. 

For acetylene the distribution is very nearly cosine. For CO the distri

bution is very broad, and its maximum does not shift as the incident angle 

is changed. Both examples indicate nearly complete energy accommodation. 

It is possible that when gases such as CO or acetylene are adsorbed, 

new vibrational modes exist which do allow efficient energy transfer with 

the incident CO and acetylene gas molecules. It is also pointed out 

that for these rather heavy molecules with low energy rotational transi

tions, it is likely that considerable interaction is tailing place between 

the lattice phonons and the rotational states. There could also be transfer 

of rotational energy into translational energy of the gas molecule. 

In other work on polyatomic molecular scattering Saltsburg and 

73 
Smith looked at CH^ and HH_ scattered from Ag(lll) films and found 

also that HH_ has a cosine distribution and CHi is highly non-specular 

77 
although non-cosine. Also, Saltsburg, Smith and Palmer scattered 

COg, CO, 0 , H , H , D and HD from Ag(lll) films, finding broad peaks 

at or near the specular angle in all cases. 
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C.  Direct  Observation  of  Fhonon  Interaction 

In  t h e  papers  in  which  high  resolut ion  helium  and  neon  diffract ion 
66  67  r e P ° r t e d 

was  repor ted ,  Williams  '  a l so  f\  small  peaks  in  t h e  v ic in i ty  of  the 

specular  peak  which  he  a t t r i bu ted  to  direct  phonon  in te rac t ion .  These 

peaks  a r e  seen  in  Figure  7  for  neon.  Both  phonon  absorption  and  emission 

are  seen.  From  his  data  on  helium  and  an  assumption  of  surface  phonons 

78 
only,he  was  able  to  calculate  a  dispersion  r e l a t i onsh ip .  Fisher  and  Bledsoe 

scat tered  0.058  eV helium  from  LiF(OOl)  and  analyzed  the  scattered  veloci ty 

d i s t r i b u t i o n s ,  also  finding  peaks  they  assigned  t o  s ing le  phonon  absorptions 

and  emissions,  with  emissions  dominating. 

In  a  study  of  very  low  energy  helium  sca t t e r ing  from  a  Ag(l l l )  f i lm, 

79 
Subbarao  and  Miller  observed  a  peak  in  the  angular  d i s t r ibu t ion  which 

they  a t t r i b u t e  t o  ine las t i c  sca t t e r ing  from  l a t t i c e  phonons.  The  r e s u l t s 

are  shown  in  Figure  17  The  pos i t ion  of  the  peak  maximum  i s  a  function 

of  the  incident  beam veloc i ty  while  the  specular  peak  width  remains 

80 
constant .  Recently,  Subbarao  and  Miner  have  expanded  th i s  work  on 

helium  on  Ag( l l l )  and  come  t o  the  conclusion  tha t  the  interact ion  involves 

bulk  phonons  only. 

VI.  Reactive  Scat ter ing  of  Molecular  Beams 

How  i s  the  energy  of  a  chemical  surface  reac t ion  dis t r ibuted  among 

the  reac tan ts  and  the  products?  This  i s  one  of  the  fundamental  questions 

of  surface  science,  and  i t  appears  that  the  technique  of  reactive  sca t te r ing 
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of  molecular  beams  can  provide  the  answer.  To  demonstrate  t b i s  l e t  us 

consider  a  re la t ive ly  simple  surface  reac t ion ,  the  recombination  of 

hydrogen  atoms  on  a  metal  surface.  The  hydrogen  atoms  emanate  from  a  high 

temperature  source  (greater  than  2000°K)  and  have  kinetic  energy  co r r e s 

ponding  to  the  source  temperature.  As  the  hydrogen  atoms  impinge  on  t h e 

surface  that  i s  held  a t  a  lower  temperature,  some  of  the i r  t r a n s l a t i o n a l 

energy  i s  transferred  t o  the  solid  through  l a t t i c e  vibrations  (TV  energy 

t r a n s f e r ) ,  and  many  of  the  atoms  become  trapped  on  the  surface.  As  a 

r e s u l t  of  surface  dif fusion,  there  i s  a  high  probabil i ty  of  recombination 

of  t h e  adsorbed  atoms  t ha t  i s  in  general  a  highly  exothermic  reac t ion 

(over  100  keal  for  hydrogen).  The  reaction  energy  i s  then  par t i t ioned 

between  the  solid  and  the  desorbing  molecules.  By measuring  the  ve loc i ty 

of  t h e  desorbing  molecules  and  the i r  angular  d i s t r ibu t ion ,  the  d i s t r ibu t ion 

of  chemical  energy  can  be  determined. 

I f  the  molecules  s tay  on  the  surface  long  enough  after  the  chemical 

r eac t ion ,  they  can  come  t o  equilibrium  with  the  surface.  In  t h i s  circum

s tance ,  the  desorbing  molecular  beam  wi l l  have  a  cosine  angular  d i s t r ibu t ion 

and  an  average  " t r ans la t iona l "  temperature  t ha t  i s  equal  to  the  surface 

temperature.  A noncosine  angular  d i s t r ibu t ion  and/or  a  higher  t r a n s 

l a t i o n a l  energy  than  expected  based  on  the  surface  temperature  would 

indicate  poor  thermal  equilibrium  and  th&t  a  portion  of  the  chemical  energy 

i s  converted  to  t r ans l a t i ona l  energy  of  the  scat tered  molecules.  If  the 

desorbing  molecules  carry  with  them  much  of  t h e  energy  of  the  chemical 

r eac t ion ,  they  may  be  in  an  excited  r o t a t i o n a l ,  vibrat ional  or  elect.vr.ic 
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state in addition to having increased kinetic energy. The partitioning 

of chemical energy between internal modes of the molecules and their 

translational energy is another important question that can be answered 

by molecular beam scattering studies utilizing measurements of the velocity 

of the reaction product and their angular distribution. So far, such 

detailed measurements of energy partitioning in surface chemical reactions 

have not been made although the experimental techniques that have 

been developed in various laboratories recently can provide such information. 

Bb doubt, investigations of this type will be carried out in the near future. 

We shall now review the reactive scattering studies that have been 

carried out so far using molecular beams and clean solid surfaces. These 

reactive scattering studies may be divided into two classes: (A) chemical 

reactions where the surface acts as a catalyst for dissociation or recom

bination of the reactant molecules and (B) those in which the surface is 

one of the reactants. 

A. Catalytic Surface Reactions 

The hydrogen-deuterium exchange reaction, H„ +  Up  = 2HD has been 

Q-i 

studied by Saltsburg et al. on epitaxially grown nickel surfaces with 

(ill) orientation. The angular distribution of ED was cos 6 instead 

of cos 6 indicating incomplete accommodation of the reaction product with 

the surface. It was argued that HD molecules formed only when an H atom 

and a D atom were in close proximity and evaporated coherently to explain 

the angular dependence that was observed. The H„-D_ exchange reaction 
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vas  studied  by  Bernasek  et  a l .  using  platinum  single  c ry s t a l  surfaces. 

Ho  HD signal  was  detected  on  scat ter ing  a  mixed  hydrogendeuterium  beam 

from  the  ( i l l )  c rys t a l  face.  However,  when  the  diatomic  molecules  vere 

scattered  from  a  stepped  high  Miller  index  platinum  surface,  510?  HD 

product  was  detectable .  High  Miller  index  single  crys ta l  surfaces  are 

characterized  by  ordered  arrangement  of  atomic  steps  one  atom  high 

separated  by  te r races  of  low  Miller  index  or ien ta t ion .  In  t h e i r  study 

the  terraces  were  9  atoms  wide  and  of  ( i l l )  or ienta t ion .  The  observed 

H_,  D„  and  HD sca t t e r ing  d is t r ibut ions  from  the  ( i l l )  and  the  stepped 

platinum  surface  are  shown  in  Figure  18 .  This  study  has  shown  tha t 

atomic  steps  play  an  a l l  important  r o l e  in  dissociat ing  large  binding 

energy  diatomic  molecules.  Chopping  the  incident  beam  to  generate  an 

ac  signal  was  used  t o  obtain  a  be t te r  s ignal tonoise  r a t i o  and  to  measure 

surface  residence  times  by  the  phase  shi f t  technique.  Varying  the  chopping 

frequency  has  yielded  HD residence  times  of  25  milliseconds  on  a  stepped 

platinum  surface  at  a  700°K  surface  temperature.  Such  a  long  residence 

time  should  resu l t  in  complete  thermal  equi l ibra t ion  between  the  surface 

and  the  reaction  products.  This  was  found  by  experiments  as  the  desorbing 

HD beam  exhibited  cosine  angular  d i s t r i bu t ion . 

Reactive  sca t ter ing  studies  with  two  or  more  reactants  can  be  carr ied 

out  ei ther  using  a  mixed  molecular  beam  or  by  preadsorbing  one  of  the 

reac tants  on  the  surface  and  monitoring  the  react ion  between  one  of  the 

reac tants  in  the  molecular  beam  and  the  other  reactant  t ha t  was  adsorbed. 

Although  detailed  comparison  between  the  two  modes  of  reactions  have  not 
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been  made  as  ye t ,  i t  i s  l i k e l y  that  the  surface  react ion  kinet ics  may 

change  as  the  reaction  conditions  are  varied  in  t h i s  manner. 

The  dissociation  of  Eg  on  tungsten  surfaces  was  studied  by  Smith 

82 
and  F i t e .  The  reaction  probabi l i ty  increased  t o  0.3  above  3000°K. 

The  angular  d is t r ibut ion  of  H atoms  was  cos ine l ike  indicating  thermal 

equi l ibrat ion  between  the  hot  surface  and  the  desorbing  H atoms.  This 

vas  a l s o  corroborated  by  a  long  residence  t ime,  280  usee,  that  was 

measured.  The  dissociat ion  of  H„  on  tantalum  surfaces  was  studied  by 

Krakovski  et  a l .  in  the  temperature  range  of  11002600°K.  The  react ion 

probabi l i ty  increased  v i t h  increasing  temperature  Just  as  for  tungsten 

underwent 
surfaces.  The  hydrogen  atoms  A  complete  thermal  accommodation 

on  t h e  surface.  By varying  t h e  kinet ic  energy  ("beam  temperature") 

of  the  incident  beam  they  have  determined  an  ac t iva t ion  energy  of  l.U  kcal/mole 

for  t h e  atomization  surface  reac t ion .  Thus,  the  atoms  once  formed  cannot 

undergo  recombination  before  desorption  from  the  hot  surface.  The  r a t e 

l imi t ing  step  in  the  react ion  appears  t o  be  t h e  desorption  of  H atoms 

which  has  an  act ivation  energy  of  about  75  kcal/mole.  The  surface 

diffusion  of  H atoms  does  not  require  ac t ivat ion  energy. 

The  dissociation  of  H„0  on  hot  tungsten  has  been  investigated  by 

81* 
Muschlitz.  The  decomposition  probabil i ty  approaches  unity  a t  high 

surface  temperatures.  The  product  H  was  emitted  with  a  cosine  d i s t r ibu t ion 

while  nei ther  oxygen  atoms  nor  oxygen  molecules  could  be  detected  in  the 

scat tered  beam.  I t  appears  tha t  oxygen  reac ts  with  the  tungsten  surface 

during  the  decomposition  of  N„0.  Both  H  and  HO were  found  in  the 
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scattered beam and the ratio of the two species , Np/NO, vas approximately 

12:1 at 2500°K. During the dissociation of H_0 on platinum surfaces 

85 
that vas studied by West and Somorjai again both SO and N„ vere found, 

the HO concentration being larger than that found on desorption from 

tungsten surfaces. The angular distribution of the product BO molecule 

that formed by dissociation at the clean platinum surface was of the cosine 

type indicating complete accommodation of the HO molecule on the surface 

prior to re-emission. The angular distribution of NO product molecules 

i s quite different, however, when they are emitted from carbon covered 

platinum surfaces at 1125°K. The angular distribution i s certainly 

non-cosine, and i t peaks at or near the specular angle. Such a peaked 

spatial distribution re f lec t s a lack of energy accommodation during the 

surface dissociation reaction of H_0 on the carbon covered platinum (100) 

surface and suggests a direct reactive scattering mechanism. H„0 may under

go a variety of chemical reactions on platinum and carbon covered 

platinum surfaces. 

"Those chemical reactions that can take place 

between the carbon on the platinum surface and HpO are largely exothermic 

and yield CH, CO or C0_ reaction products in addition to H. and HO. 

On the clean platinum surface where the incident H20 molecules can only 

In t h i s case the 
undergo endothermic chemical reactions- /\ dissociated species appear 

to be fully accommodated on the surface before re-emission as indicated 

by the cosine angular distribution of the scattered beam. On the carbon 
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covered  platinum  (100)  surface  where  surface  react ions  can  be  strongly 

exothermic,  there  i s  evidence  for  direct  r eac t ive  sca t te r ing ,  and  NO 

molecules  are  emitted  without  complete  energy  accomodation  between  the 

incident  beam  and  the  surface  as  indicated  by  the  noncosine  angular 

d i s t r ibu t ion  of  the  scat tered  beam.  Direct  sca t ter ing  i s  commonly 

observed  in  studies  of  chemical  reactions  between  crossed  molecular  beams 

t h a t  a re  exothermic  and  exoergic. 

The  chemical  react ion  between  deuterium  and  oxygen  to  form  D„0 

occurring  on  the  ( i l l )  platinum  surface  has  been  investigated  by  Smith 

86 
and  Ifelmer.  In  these  s tudies  the  molecular  beam  was  C  ,and  the  oxygen 

vas  preadsoroed  on  the  platinum  surface  which  was  maintained  in  an  oxygen 

ambient.  The  production  of  D„0  was  studied  as  a  function  of  D„  flux 

and  temperature,  oxygen  pressure ,  platinum  surface  temperature,  and 

•4?  •  a n g l e  of  i nc idence  o f  t h e  D p  beam.  I t  was 

found  t ha t  the  reaction  r a t e  i s  proportional  t o  the  second  power  of  t h e 

D„  pressure  and  the  0.8  power  of  the  oxygen  pressure .  The  adsorption 

of  D_  requires  an  ac t iva t ion  energy  of  1.8  kcal/mole.  I t  i s  proposed 

t ha t  i n  the  adsorbed  s t a t e  t h e  reaction  proceeds  upon  the  co l l i s ion  of 

k  adsorbed  deuterium  atoms  with  an  adsorbed  oxygen  molecule  or  act ivated 

oxygen  complex. 

87 
Butt  and  Kapur  reported  on  preliminary  experiments  involving  the 

oxidation  of  ammonia  using  HH,  and  O2 mixed  molecular  beams.  The  reac t ion 

products  were  N_,  H.0  and  HO in  the  temperature  range  of  6001200°K,  and 

the  react ion  probabili ty was about  0.10.2. 
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on silver surfaces no 

The oxidation of C„B vvas studied by Smith et al. They found 

no evidence for the formation of ethylene oxide, CO being the dominant 

reaction product. The surface temperature dependence of the CO- formation 

indicated an activation energy of 8 kcal/mole. The reaction probability 

vas less than 10 at 820°K,and poisoning of the surface reaction by carbon 

that builds up on the silver surface vas inferred from the experimental 

data. The hydrogenation of ethylene was studied using the (ill) crystal 
89 

face of platinum. The reaction probability can be estimated to be about 

-k 
10 in the range of 500-700°C. As a result, the formation of ethane could 

not be detected. 

2Q on 
Olander et al. have studied the oxidation of both the basal plane 

and the prism plane of graphite. The product of the oxidation reaction is 

CO although a small C0„ signal vas also detectable during oxidation of the 

prism plane. The reaction rate vas monitored as a function of surface 

temperature. From the chopping frequency dependence of the reaction 

probability they have concluded that there must be at least tvo parallel 

reactions, one slow and one faster, taking place on the graphite surface. 

For the basal plane the faster reaction is attributed to the migration 

of atomic oxygen over the surface to reaction sites where oxidation occurs. 

The rate constant, k, for this step is given by k = 2.5 x 10 exp{-30 

kcal/RT) sec" . The slower iaaction step is the desorption of CO, and its 

12 —1 

rate constant, k., is given by k, = 3 x 10 exp(-50 kcal/ET) sec . 

There are two types of reaction sites postulated with surface concentrations 

1 1 - 2 8 - 2 
of 10 cm and 10 cm , respectively. Grain boundary and possible bulk 
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diffusion  of  oxygen  was  found  to  he  an  important  step  in  the  oxidation 

of the  prism  face. 

B. Reactions  Between  Gases  and  Solid  Surfaces 

The  interaction  between  chlorine  molecular  beams  and  nickel  surfaces 

91  92 

has been  studied  by  MeKinleyand  Smith  and  F i t e .  The  reaction  probabi l i ty 

i s ;  0.8 at  1000°K>and  both  HiCl  and  NiCl„  are  detectable  among  the  react ion 

products.  The  formation  of  NiCl  predominates  a t  low  temperatures  while 

M.C1-  forms  almost  exclusively  above  ll*00oK.  The  mechanism  tha t  i s 
a 

proposed  involvesiNi_Cl p  surface  intermediate.  The  formation  of  t h i s 

dimer  appears  to  be  the  r a t e  l imit ing  step  in  the  overall  react ion  while 

the  desorption  of  NiCl  and  NiCl p  are  rapid  react ion  s teps .  The  residence 

time of  the  desorbing  NiCl  i s  9l6  psec  at  1150°C  and  lfcO  usee  a t  1300°C, 

and the  NiCl  residence  times  are  even  longer .  The  oxidation  of  germanium 

93  91* 

was  studied  by  Anderson  and  Boudart  and  Maddix  and  Boudart.  The 

reaction  probabil i ty  was  0.0b  and  independent  of  temperature.  However, 

the oxidation rate  of the  surface  was  dependent  on  the  oxygen  beam 

temperature  which  indicates  100200  cal/mole  act ivat ion  energy  for  the 

adsorption.  I t  appears  t ha t  the  d issocia t ive  adsorption  of  oxygen  i s  the 

rate  determining  step  in  the  react ion.  The  oxidation  reaction  using 
95 

oxygen  atoms  instead  of  oxygen  molecules  was  a lso  investigated.  The 

reaction  probabi l i t ies  in  t h i s  case  are  in  t h e  range  of  0.20.3j  much 

higher  than  for  oxygen  molecules  for  surface  temperatures  in  the  range 

of  83O1110°K.  The  difference  in  r e a c t i v i t i e s  appears  to  be  due  t o  the 
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requirement that both atoms in the oxygen molecule interact simultaneously 

with the surface atom. Thus, the interaction probability depends on the 

orientation criterion. 

Some of the surface reactions that have been studied were endothermic 

(the decomposition of N„0, for example) while others were exothermic 

(oxidation reactions, etc.). It should be noted that only exothermic 

reactions are likely to yield reaction products with excess translational 

or internal energy because in this circumstance surplus chemical energy 

is available to the desorbing molecules. During endothermic reactions 

the reaction products are likely to thermally equilibrate with the surface 

and then desorb with acosine spatial distribution and without excess 

translational or internal energy. 

V H . Future Trends 

The field of molecular beam-surface scattering is one of the frontier 

areas of surface science. The energy transfer that takes place in surface 

reactions between the gas and the surface atom is the key to understanding 

the reactivity of surfaces. Therefore, this field will be growing rapidly 

over the next decade, we believe. There are many areas of development 

that can be identified already. Improvements in experimental techniques 

will permit the investigator to use single crystal surfaces and to 

monitor the velocity of the scattered products as well as their angular 

distributions. Perhaps the velocity of the scattered beam is a more 

important experimental parameter in understanding energy transfer than the 
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angular distribution of the emitted beam. The use of single crystal 

surfaces of well defined structure permits studies of the correlation 

between gas-surface energy transfer and surface structure to explore the 

effects of atomic steps, the variation of atomic spacing and the structure 

of the adsorbed layer. Nozzle beam techniques wi l l allow the use of more 

monochromatic molecular beams of higher intensity with corresponding 

improvements in measurements of residence times of adsorbed molecules, 

intens i t ies of the emitted beams and their times of f l ight . 

There are various types of energy transfer processes that can take 

place between the incident gas and the surface that involve T-V, R-V , 

V-V and other types of energy transfer processes as mentioned in t h i s 

chapter. Experiments can be devised that w i l l separate these various 

processes and study the transition probabilities of each. The important 

question' of how the to ta l energy of the co l l i s i on partners i s distributed 
and 

among the surface atom/\the translational and internal energy modes of 

the emitted particles w i l l then be answered. 

One of the important areas of the molecular beam surface scattering 

f i e l d i s the study of beams of condensible vapors as they interact with 

surfaces. There are several laboratories where research in this area 

has been initiated recently, and there i s a great number of interesting 

problems that may be solved by this technique. Problems of crystal growth 

i/rom the vapor, surface diffusion mechanisms, and energy transfer during 

condensation and nucleation can be studied th i s way. 

Reactive scattering of molecular beams promises to shed l ight on 
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the elementary steps of surface reactions. This field is Just beginning 

to attract a great deal of interest and will be growing rapidly during 

the next decade. Holecular beam surface scattering studies are likely 

to ansver many important scientific and technical problems in the fields 

of surface science, heterogeneous catalysis, aerospace sciences and 

astrophysics. 
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Figure Captions 

Figure 1 Block diagram of a molecular beam-surface vacuum system. 

Figure 2 Curve a: Angular distribution of highly specularly scattered 

beam. Arrow indicates angle of incidence. 

Curve b: Scattered beam with cosine angular distribution. 

3k 
Figure 3 Molecular beam-surface scattering apparatus. 

Figure U The "hard cube" model. 

Figure 5 The "soft cube" model. 

Figure 6 A three-dimensional l a t t i ce model. 

Figure 7 In-plane scattering of neon atoms from LiF(lOO) showing peaks 

due to diffraction and phonon absorption and emission. 

Figure 8 Atomic structure of the (112) face of tungsten. 

Figure 9 Angular distribution of helium scattered from Ag( l l l ) single 
p 

crystal as a function of surface temperature. 
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Flgure 10 Angular distribution of krypton scattered from Ag(lll) single 

crystal as a function of surface temperature (top) and incidei 

Q 

angle (bottom). 

Figure  11  Angular  d i s t r ibu t ion  of  xenon  sca t te red  from  Ag(l l l )  s ingle 

c rys ta l  as  a 

angle  ( r igh t ) 

c rys ta l  as  a  function  of  surface  temperature  ( le f t )  and  incident 

8 

Figure  12  Angular  d i s t r ibu t ion  of  krypton  sca t te red  from  P t ( l l l )  a t  beam 

temperature  of  23°C  (top)  and  700°C  beam  (bottom). 

Figure  13  Average  ve loc i ty  of  argon  atoms  sca t te red  from  W(llO)  s ingle 

crysta l  as  a  function  of  scat tered  angle  for  various  incident 

angles.  Arrow  indicates  U.,  the  incident  velocity,and  U  , 

the  veloci ty  the  atoms  would  have  i f  completely  accommodated. 

q 
The  dashed  l i n e s  show  the  predict ions  of.  the  hard  cube  model. 

Figure  lh  .  Temperatures  of  atoms  scattered  from  the  annealed  basal  plane 

of  pyrolytic  graphi te  as  a  function  of  surface  temperature. 

26 
Beam temperature  i s  27°C. 

Figure  15  Angular  d i s t r ibu t ions  of  hydrogenic  molecules  from  ep i t ax ia l ly 

grown  Ag( l l l ) .  Surface  temperature  =  570°K.  Beam  temperature 

300°K. 1 1 
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Figure 16 Angular distribution of acetylene scattered from clean Pt(lOO) 

(top) and acetylene covered Ft(100) single crystals (bottom). 

Figure 17 Angular distributions of helium scattered from epitaxial ly 

grown Ag( l l l ) for various incident beam temperatures. Surface 

temperature « 560°K.T 9 

Figure 18 Left-band side: Angular distribution of Hp and D_ scattered 

from P t ( l l l ) single crystal . Right-hand side: Angular 

distribution of H„, D„ and HD scattered from a stepped Pt 

single crystal . Schematic diagrams of the surfaces are shown 

above the figures. The HD distribution i s shown with scale 

3k 
expanded. 
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Table I 

(a) Approximate Relative Intensities of the 

Observed Diffraction Peaks for He/LiF"? 

(00) 178 

(0-1) 16 

(0-2) 1.1* 

(0-3) 0.05 

(b) Approximate Relative Intensit ies of t i e 
Observed Diffraction peaks for Ne/IiF 6 

(00) 30 (-1-1) 2.5 (-3-3) 11 

(0-1) Ik 

(+1-1) 21 (0-2) 50 (-k-k) 9 

(0-fc) 10 

(+2-2) 20 (2-U) 8 

(-1-3) 11 

(+3^3) fc (-2-2) 2.5 

C-1-1) 15 (1-1) 3.1 (2 

(-1-2) 1.6 (1-2) 0.6 (2 

C-i-3) 0.3 (1-3) 0.07 

(-2-2) 1.2 
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