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THE INTERACTION OF MOLECULAR BEAMS WITH SOLID SURFACES
G. A, Somorjai and S. B. Brumbach
'Inorganié Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; University of California,
Berkeley, California 94720

"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

gasés and the chemical composition of the toﬁmost‘layer at the surface

are ﬁeing studied by lqw'energy electron diffraction and electron spec-
troscopy (photoelectron spectroscopy, Auger»electron spectrosgopy, eppear-
ancerpotential épectroécopy, ion neutralization spectroscopy, etc.). - Low
enérgy eleéfrbn beams (1-2000 eﬁ),are particularly applicable‘toiinyesti-
gate the atomic properties 6f the surface because of their low penetratidn
and_largé crésé sectidns for excitation of both the electronsvand phonons
of the solid sﬁrface. Atoﬁic'and molecular beams are perhaps even more
surface_sensitive than low energy electrons.' Emapating from a room
température.source-their‘kinétic energy is about 0:02 ev, 2—& ofders of .
magnitude lower than that of low energy electroné. Sihce chemical bond
energies are in the range of 0.5-10 eV, collision'of<inéidentvétoms with‘
atoms in the surface will not result in breaking of chemical bonds,'

Like electrons, atoms are scattered by the atomic potential, and their

’
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penetration below the surface is negligible. If atomic beams are surface’
sensitive,éhen why not use them to tﬁe same exteﬁtvas low energy electrons
for surface stﬁdies? In presenf-day technology it is much easier to generate
and control (célliﬁate,'scatter and detect) charged particlés than a beam

of neutral species. Atomic beam scattering studies at present require

special techniques newly developed to measufe the énergy and spatial distribution

of particies. Nevertheless, generaﬁion and‘detectiOn of.atomic beams has
been developed in the:paét several years to the point where molecular beam-
 surface scéttering experiments can be carried out in most iaboratories
with relative ease using éommercially available appératus.

Just_as low energy electron_diffracﬁion andrelectron'spectroscopy are
very well_éuited to determine the structure and comppsition of‘solid surféces,
molecular beam scattering provideé us with detailed infofmation on the
energy transfer dui’ing surface reactions, By measﬁring the velocity and
angular'distribﬁtiqn.of the incident beam and the 5eam scattered from the.
surface, one can determine'the partitioning ofvthé énergy evolved in the.
surface chemical réaction between thevreactants and the éurface énd émong
the reaction products. Thﬁs,- like crossed molecular beam gas phase
reactiqn Studies, surface scattering studieé.reveal the elementary energy_
transfer stéﬁs,in'surfacé reacfions. "The dynamics'Of surface reactions -
on an atomic scale are at our disposal from molécuiér beam écattering étudies
of gas-surfﬁée interactions.

In this chapter, we shall describe the moleéulaf beam—éurface scattering

‘experiments, the nature of scattering (elastic, inelastic) and the

o]
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experiméntal information that can be obtained from detecti§n of the
.angularvdistribution and the kinetic energy of the scattered particles.

We shall discuss the fypes of energy exchange that take Place between

a gas atom or molecule and the surface atoms and the fheories that have been
developed to explain some ofithese eﬁergy transfér processes. We shall

then review the resulfsbof some molecular beam-surface scattering experi-
ments and point out directions for future investigation. We shall discﬁss
most of the pertinent topics 6nly briefly but provide reférences for the
reader-interested in explorihg this important and réﬁidly developing

field of surface scienée iﬁ greater detail. Atténtion'should be called

1-k4

to other recent reviews that are availéble in the literature.

II. The Molecular Beam-Surface Scattering Experiment
A. Vecuum System

A typical molecular beam vacuum system has three bésic components,
a beam source, a scattering surface and a detectbr:for scattered particles.
These components may be in separate, differentially pumped chambers. The
design éf thé,vécuum system is dbminated_by two éompéting:considérations.
The first is thé-desire fo keep the pressure in the scgttering chamber
low to méintain a séattering surface és clean as possible and to reduce
thé number of gas phase collisions. The second is'that.becauée of éevere
signal attenuation in the scattering process, it is desirable to have an

incident beam as intense as possible so that acceptable signal levels can
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- be obtained. The separate pumping of the detector chamber can also greatly‘

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

vacuum system is shown in biock diagram form in Figure 1.

B. Sample Preparation and Treatment | ' ’

It is necessary to have a scattering surface where the chemical composition,

presence of adsorbed layers, atomic structure and rbughness ére well defined

to make g meaningful interprététion of scattering results. Several methods
have been used to produce and maintain clean surfaces for scattering.

One can begin with a well defined single crystal surface and keep the
9 >=T

scattering chamber pressure below about 10 7 torr. This_fequires |
ultra high vacuum hardware and techniques. As a ﬁeans of ménitoring the %
composition‘of the surface, Auger electron spectroscopy can be'uséd,5 and :
Low EnérgybElectron Diffraction can monitor the surface structurels-s
One.may carfy out scattering studies from surfaces at sufficiently high
sampletempefatureSjthat'impurity gases do not adsorbAbecause of their ‘ i
low stickiﬁg.probability and short surface residentvtime. This technique
was investigated by Yamamoto and Stickney9 with scattering from tungsten %
surfacesf ’Still'anOthér methdd is that'of‘iﬁ situ deposifion of a‘metal-

-film oﬁ a substrate .at a rate féster thén that at whieh it becomes contaminated.

This L ' 10 - v
procedure was developed by Smith and Saltsburg and has since been used

11-13__ o
in a wide variety of experiments. 3While the film surface can be

oriented in a particular crystallographic direction, recent experiments

by Sau and Merrill indicate that there is significantiy more disorder
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on an epifaXially grown film than on a well-annealed low Miller
" index single crystal surface, This was determined by monitoring the angular -

distribution‘of.scattered hélium atomic beams which proved to be véry

14,15

sensitive to surface disorder.

C. Beam Sources
I Effusion Sources

Thé~effusion.6ven is the classical meané‘of:dﬁfaining a moliecular
beam. A_gasvat felatiﬁeiy.low pressure (less than l'torf).is allowed
‘to effuse through a small orifice (such that the mean free path of the
gaé is iarge compared to the dimensions of the orifice). A collimated
beam is formed by pumping the gas through one or more subsequent orifices.
-The effusing particles have a Maxwellian velocity distributibn character-
istic of the temperature of the oven and have a cosine spatial distrif
bution. The problem with such sources is théirvldﬁ‘intensity — typically
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2. Nozzle Beams
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ediabatidally into vacuud thé enthalpy of the ‘high pressuré-gds'is converted
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into net translational motion. If suchlaigas_flow»isiproperly collimated, _f !
it isrpossible to generate a very intense molecular beam as discussed o)

d'recently by Anderson, Andres and Fenn.16 With:such'beam~50urcesA intensities.

of lOl'8 - 1019

'part1c1es str lsec -1 have ‘been reported..l7 Usiné seeded.‘
beamslavery hlgh’kiuetic energies, in excess of 10=ev,~aredavailable.
'in.seeded‘beams the velocity distribution iu‘the beam is very narrow;
correspondlng to temperatures as low as h°K.l9 The rotatlonal temperature

for a dlatomlc molecule in the nozzle beam is also reduced arthough not

as much as the translat1ona1 temperature 19 Many 1nvestigators have used

nozzle sources to generate beams for surface studles, and it 1s a partlcularly .
.'.useful:technlque wheu one is 1nvest1gat1ng scatterlng as a function of | |
incident beam energy.20 The\noz21e beam sourceStreouire'very iarge, ?'

(generally.a few;thousand litre sec-l).pumping speedsto handle the associated'

‘large gas flows.
3.‘“Multi4channel Arrays

A comtromlse between tbe low 1nten51ty effu51on sources and the high
_1nten51ty nozzde beam wlth 1ts large pumplng speed requlrement is the'

' multi-channel array source.: feh Thls source con51sts of a small bundle
of about hOOO caplllary tubes, each a few mlcrons in diameter and about a
mllllmeter long. The array dlameter‘ls_also on tbe order of & milllmeter. g";u ;i
The uormal gas preSSure.bebind such a source isbou the order of a few

torr. This source shows peaklng of 1ntens1ty along the center line of

the beam considerably in excess of that for an effu51on sou:z’ce.a1
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This can incréase_the beam intensity by an order of magnitude over the

effusion source. The velocity distribution in a»multi-channel array

. . . 23
beam is nearly, though not quite, Maxwellian.

‘D. Signal Detection

.1l. Ionization Detectors

'~ The most common detector for scattered molecular beams uses electron
- nude ' . v ' ’ '
impact ionization. This can be a Alonization gauge which measures total

.gas density or a small mass spectrometer, geperally avquadrupoleidevice

which measures the partial préssure of a desired component of the scattered

usually
gas. The ionization detectors /A measure the density of the scattered

gas, not the flux. Thus, while the velocity of the incident particles
is considered implicitly in measuring the flux, a density sensitive detector
is sensitive to changes in the velocity of the incident molecules. This

must be kept in mind when velocity analysis of scattered particles is

~attempted.

Generally it is best to place the detector as close to the scattering

surface as practical. If, for example, thevmolecules are scattered with

‘& cosine distribution, the signal intensity will'decfease Qith the square

of the surface-detector distance., Similarly, it is also desirable to keep

the incident beam-surface distancé short although this is nét as important
if the beam is well collimated. If the angular distribution of scattered

particles is Studied, it is customary to have the detector mounted on a rotatable
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feedthrough, and the scattering surface is then also made rotatable.
It should be mentioned that with presént-day-electron impact ioniza-

3 or th atoms incident on the detector

tion no more:than one out of 10
is ionized. This low detector efficiency limits the sensitivity of

molecular beam-surface scattering experiments.
2. Electronic Signal Processing

The butput from the ion gauge or mass spectrometer detéctor'is
generally a dc current which can be measured with a simple electrometer.
~ However, in most reaiisﬁic molecular'beam experiments’thevdc signal level
of_interést will be very small and the signal—to-moise ratio rather poor .
(noise being due to ionization of background gas ﬁolé;ules); requiring
a more complek approach to signal extraction. The ﬁost common technique
uéed is that 6f ac phase-sensitive detection. Here-the beam is modulated
o _ : vibrating
mechanically by a rotating slotted disc or aAtuning fork between the
sourcé and the detectér. A reference signal is alsé produced_by simulfaneoﬁsly

chopping a light beam. This ac technique allows a weak modulated signal

to be detected in a relativély large background gas- pressure.

E. Measurement of Average Velocities and Velocity Distributions

In addition to improving the signal-to-noise ratio in beam experiments,
the phase-sensitive ac method can also give information about the time of
flight of the molecules between their chopping point and the detector.

This infqrmation is contained in the shift of phase angle at maximum signal




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

-

.inténsify compared to the phase of the chopper. For instance, if one were

to cho? the scattered beam, assuming it is Maxwellian, then one.can obtain
the average translational energy (temperature) of the beam from the length
of.flight path, chopping frequency, molecular weight 'aﬁd phase shift.25—29

Furthermofé, if one can measure both:thé phase shift andwsignal amplitude

'as a function of modulation frequency, then a complete velocity distribution

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 partiéular, surface residence times can be measured. If one is

investigating a reactive scattering event, the time depéhdeﬁce of the

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

28-30

Phase shift measurements, in order to be meaningfuls‘reqpire careful
measdrihg 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 whefethe signal intensity

as a function of time is measured and stored. Afﬁer many.cyélés a complete
intensity vs. time of flight curve is obtained. The disadvantages of fhis

method arethe weak signal,due to short "on time" periods for the beam,and
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the need to know the effects of instrumentation alone on the resulting
waveform. Data obtained in such an experiment aregenerally presented as

average energy and the "energy spread” characteristic of the beam

temperature; It should be mentioned that for velocity analysis the classical

method of rotating slotted disc velocity selectors can also be used.
This method, however, suffers from signal attenuation by relatively lowv
throughputs for most veloéity selectors since most of the molecules are

lost in the éeleétion process.

F. Measurement of Angular Distributions

A convenient means of obtaining and presenting data characterizing
& molecular beam-éurface_scattering.process ds R the scattered

beam angular distribution.  Two important features of the distribution

are generally discussed; the angle of the intensity:mdximum of the scattered

beam'wﬁth respect‘to.the angle of the incident beam and its peak width

' which means that the

at half maximum. Most measurements are "in—plané,’
angular'diSPribution is measured in the planévdefihéd by the incident beam
andvthe.surface normal. If thehaégle at which the scattered beam has"
maximum iﬁtehsity,'er (ﬁéﬁsﬁred withvféspeét tc the1surfaée nbrmal),.
equals thé gngle ofnincidenée of the.incoming Béam,.ei (also measured

with respect to the surface normal), the scafteriﬁé_is séid to be SQecular.

If Gr is between Bi and the surface normal, thé scattering is called

subspecular. If Br > ei, the scattering is supfaspeeular. A typical

speculer distribution is shown in curve a of Figufé 2. The angle of
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incidencevis usually denoted by an arrow on the abscissa. It is also

veustomary to plot linear signal_amplitude as a function of scattering

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

from different experiments, the intensities are normalized by dividing

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

particlee emitted from the surfece’have_eompletel& equilibrated with
the surface, one obtains a cosine distribntiOn as shown in curve b of
Figure 2.

Finally, Figure 3 shows avmolecular beam vacuum system used for

' design features and equipmen.t3h
scattering studies and incorporating many of the A mentioned here.

III. Theories of Beam-Surface Interactions

A, Types of Interactions

When a gaseous particle in a molecular beam cellides with a solid

surface, it can interact either elastically or inelasti‘cally. In an

inelastic collision energy exchange occurs, and the interaction results

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

'elastlc c011151on there is no net energy exchange between the gas atom

and the SOlld and one may see diffraction phenomena.' Most of the

theoretical work tofdate has been directed towards intenpreting inelastic
' using classical models.

scatterlng of monatomlc inert gases from SOlld surfacesA‘ There have also

been quantum mechanlcal theoretical studies of inelastic scattering.

Feuer36 ‘studied the interaction between rigid rotor diatomics and a
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solid surface. There has been essentially no theoretical work done to interpret

reactive scattering.

As outlined 5y Gcodman35 for the inelastic casc, there arevthreé
possible results_of the collision. First, the molecule cén lose enough:
of its energy to become frapped or adsorbed on the surface._ Adsorbed

‘molecules will e?entually desorb and-contributevtc the scattered signal.
-Since these mclecules have had & chance to equilibrate with the.surfacé,
they‘are'iikely to desorb with a cosine spatial distribution and with
Maxwellian velocitieé characteristic of the surface temperatufc. Second,
the molecule can lose some of its cnergy but stiil be scaftered directly
back into ﬁhe gas phase. - It is this second type of icelastic 5cattericg
which has received'the greatest émount of theoretical atteﬁtion. As an
intermédiaté_third case, the molecule may 1ose_ihsufficient'energy to
adsorb buf clso not scétter immediately. It becomes a "hopping" molecule
along the surface.35 |

Differcnt rcgimes of scattering can be described as a function of‘the
relative vclues of beam énergy and mass and surface atomic mass, temperature'

vand availacle phonon.energies.35 .Associatedeith these different scattering
vregimes,‘different tyﬁcs of"thecretical models appear more consistent.with
experimental observations. Some Qf.the better'kncwn classical 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
incideht'beam energies and relatively large gas-solid interaction distances

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

35 37 In this

This regime was first discussed by Oman.
case, the most important gas-solid interaction mechanism is through the

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

from metals.38 Because of the apparently flat surface, the thermal

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

surface.35
The theoretical models incorporating a fla.tv surface and only perpen-

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

the "hard cube" model,was developed by Logan and Stickney39 and is

as follows:
illustrated in Figure 4. The model assumptions are/\ (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 (émooth

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_atomsiare represented by independent
cubes and a gas particle interacts -with a single surface atom by

colliding with the cube once and then being séattered;"(h) a temperature-

- dependent velocity distribution is assigned to the surface atoms. There
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is no attractive part to the potential. Referring to Figure 4, the.

: a :
surface atom of nmass Ms moves withpeerpendicular velocity Vo' A gas

molecule of mass'Mgstrikes the surface cube of mass Ms at an incidént»angleb

_ . ~With an : .
eo (with respect to the surface normal) andAFncident_normal velocity vno
a - '

an@Atangential velocity Vto' The particle is then scattered at an anglezel'

with » : : v : .
andhygloc;t;es th = vto qnd an. The hard cube problem can be solved

exactly? and angular distributiéns of scattered atoms can be calculated

if the velocity distribution of the incident beam is known. The model

_is somewhat~unrealistic_in that it neélgcts the attractive part of the
gas-solid_potential in the’low incident beam energyvregion whefevit is
most important.35 The interection between solid gtoms is neglected ,and
tangential momentum exchanéé is not considered.

The first two failings are at least partly corrected in the»fSOft
cube”" model of logan and Kéck.ho In this model fhe assumptioh of a flaf
surface is ﬁaintained with no exchange 6f tangential momentum. .Now;
hoﬁever;vthere is a gas atom~solid atom poténﬂial with two parts,

a stationafy attfactive part ,which increases the/normal coﬁponent of the
'gas velocity’before the repulsive cblliéion‘and decreases it again
: afterwardé,and'aniexponential repulsive part. :Also;'thefsurface atom .

. involved in the collisibn_is connected by a single spring'to'a fixed

‘lattice. The ensemble of oscillators making up the surface has an eQuilibrium

distribution of vibrational energies corresponding to the temperature of
Lo ' : :
the solid. This model is shown in Figure 5. The model introduces

adjustable parameters for the potential well depth, range of interaction

n .




-15-

andvlettice atom'freqqency, Ihe SOlutions of the_equetions for angular

distribﬁtidns are apprdximate. The soft cube mbdel'is more successful

’than the hard cube model at predlctlng angular distributions for scattering

of heavy molecules where potentlal attractlons vould be expected to be

largest.ho The model*stlll does not_lnclude coupling between atoms of the

solid.

2. "Thermal.seattering" and General Three-Dimensional Models

The cube models are only single particle_models and only one-dimensional -

since they are restrietedfto energy transfer along the momentum component

perpendicular to the surface. Classical three-dimensional lattice models
L1-Lh ' )

have been developed by Oma.n,37 Lorenzen and.Raff,. and McClure.

' In the lattice models an ensemble of lattice points is constructed to

correspond_to a particular crystal plane. Classieal trajectoriesefor
scatteredvmelecules are calculated for.known.incident velocities and angles
ﬁy solving the equatiohs of motion of the gas molecule and the lattice
points. The gas molecule-solid atom potential is assumed to be a paifwise
Morse interaction in the work of Lorenzen and Raff and a Lennafd—Jones
6—12 potentlal 1n the models of Oman and McClure. Such a lattlce model is

1llustrated in Flgure 6 in a dlagram taken from Goodman._35

Subscript o
refers t01nc1dent molecules while 1 refers to reflected-molecules. O is
the Debye temperature of the solid. All eurface'atems are connected to

nearest neighbors by harmonic springs.' In order to obtain reasonably

'reliable results a large number of trajectories mﬁst be calculated, and
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the inc1dent trajectorles must be'chosen so that the distribution in
incident angle and energy is both smooth and reallstlc.35 Solving the'
necessary equations for the large number of trajectorles needed is
dlfflcult and tlme-consumlng and must be done numerlcally The recent

LU5-48

calculatlons of McClure have been. very successful at reproducing

experimental results.

3. . "Structure Scattering”

In his ceiculations Oman37

found that at high incident beam
energies new featuresvappeered in his scattered distributions which he
atttributed to the incident molecules "seeing" the periodic surface

lattice. This is the regime of large incident energies, short inter-

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

35

energy of the solid. The flat surface cube models no longer apply in

this regime; One model which has been successfully applied is the
oy . -
hard sphere by Goodman. 9 This model will not be discussed here

in detail.

An interesting phenomenon associated with the structure scattering

regime is rainbow scattering. This can be viewed as & classical mechanical

result of ﬁhe two-dimensional periodicity of the gas—-solid interaction
have been

, L .
potentia1.35» Its origins A\ discussed by McClure 8 and in an extension
has ‘
of his earlier lattice model hejcarried out very high resolution (3 5°)

47,48

calculations of the rainbow'scattering of Ne from LiF in excellent

agreement with experiment. These calculations.appear.sufficienﬁly reliable

t
1
i
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atomic beams by metals.; This has been discussed by Beeby ~and Weinberg -

;17_

allow

- to ) perameters for the gas-solid potential to be extracted by comparing

L7,48

theory with experiment. The calculations are not applicable to gas

atom—metal'syétems.
Sincé,énergy can onlyube exchanged between a gas phase particle and

a solid surféce through the phonons of the solid,:a logical theoretical

éourse is to treat the system quantum mechanicaliy. There has recently

. L 0,51
been a revival of interest in the quantum theory of gas-so0lid interactions.’ ? _
. E ) \

General inelastic scattering theories based on single phonon interactions
2 3 54,55
have been presented by Manson and Cell_i,5 Goodman,5 and Beeby. i

Ultimately, it is desirable to have a full three-dimensional multi-phonon

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

has not yet been reached, however.

C. Elastic Scattering

The theoretical description of the eléstic Phenomenon of particle
diffraction is a quantum mechanical problem. Quantum treatments of elastic
S | | 56 57,58
scattering have been formulated by Tsuchida and by Cabrera et al.

An intéresting outgroﬁth of the theoretical calculations for elastic

scattering haS”beeh the investigation of the absence of diffraction of

60

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

intensity of scattered molecules'as a function of teﬁperature‘might be -
used to calculate gas-solid botentiai well depths if the surface Debye

temperature is known.
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IV. Results of Flastic Scattering Studies

A. Diffraction

Atomic beam diffraction is, in principle, a very attractive techniQue

for obtaining accurate surface structural data. ‘Atomic de Broglie wave-

. , : . . ° o . :
lengths are in the region of 0.5-1.5 A, and incident energies can be made

quite low (<0.1 eV) so that there ié no penetration dnto the surface,
which ié a prdblem associated with Low Energy Eiectron Diffraction.
Similarly, atomic beams might also be vefy usefulfin investigations of
the structure of adsorbed layers."

Unfortunately, as pointed out by Mason and Willia.ms,-62 atomic beém
scattering as a étructural probe suffers from the fact that only a small
fraction of the-tdtal scatte;ing arises frbm coherent events. This is
particularly true for>metals where diffraction has been seen only for
the relatively '"rough" tungsten (112) surface.63 Efforts . by Beebysg

3

and Weinberg6 to correlate the lack of difffaction with the magnitude
of the Debyéewaller factors have not been successful. It is likely'that
the absence of diffraction feétures from metal suffaces is simply due to
a much too,weak-periodicity_inbthe_surface poténtial.2 as experienced
by the incoming gas atoms.

Until very fecently, only alkali halide crystals had yielded intense,
unambiguous diffraction patterns. Atomic diffraction was first seen -

. 64 i
by Estermann and Stern in 1630 from a LiF surface. Subsequently, their

results have been reproduced and refined. Q'Keefe et al.65 have reported
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0 is a very likely contaminant in their'scattering work from LiF(001)

2
66,67 .

and is very possibly a contaminant in previous work. Williams in a

that H

recent and ¢omprehensive study seems to have succéssfully cleaned his
| L 67 '

LiF (001)‘surface. In one experimeht he used a nearly,monoenergetic

nozzle beam of helium and,his diffraction peaks are listed in Table la.
The first order peak is about lO%Aphe intensity of the specular (00) peak,.

56

and the second order peak is about 1%,in agreeﬁent with theory. The
relative.iﬁtensities'seem to be fﬁnctioné of ipcident‘beam angle. In a
second ex’periment66 Williams observed diffractioﬁ with a nozile beam of
neon from LiF(lOO). Figure T shows the resﬁltiﬁg in—plane‘diffraciion
peaks. 'The total scattered'intensity is much weaker than for helium,
. indicating a greater fraction of inelastic collisibns; Also, the higher
order peaks are more intense than the lower order peaks, in contrast to
the helium resuits. The weak peaks in the vicihity of the (00) peek are
gtffibuted,to iﬁelastic scattering ffom phonons and will be discussed below.
The coﬁbleté diffraction pattern with relative intensities is suﬁmarized
in Table.lb. Masdn and William562 have also examined the diffraction By
adsorbed molecules on LiF(001) and found they éould obtain diffraction
from an ofdered oveflaye;.of.éthanol ~and even assign a_tentative’étructure”
té.this layer. | | |
In addition to helium and ﬁeon, diffraction has beenrobéerved from
alkali hélide surfacés wit‘h.H2 beams and H atoms and mafginally with
65,68,69

D2 beams.

The first observation of atomic beam diffraction from any non-alkali
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halide was the work on tungsten carbide.by Weinberg and Merrill.7

Diffraction peaks are well defined with helium and pborly resolved with
D2.
structure, possibly WC.

The diffraction data are used to deduce a réthér carbon-rich surface

The first observation of diffraction'by a metal surface was recently

reported from clean tuﬁgsten (112) by Tendulekar and Stickqey.63
Tungsten (112).is a rather special case,wﬁowever;‘siﬁce it has an aniso-
.tropic surface ﬁnit cell consisting of closely paéked'rows of exposed atoms
in the [llij direétion separated by opeﬁltroughs as shown in Figure 8.
When the inéident beam is diregted across the rows, the zeroth and first
order diffraction peaks are seen, and their positiohs agree With predictions.
However, no diffraction éeaks are observed when_the‘béam is directed

parallel to the rows and channels.

B. ‘Scattering of Hellum and Other Atomic Beams to Mondtor Surface
Disorder and Morphology -
The helium-metal interaction is almost comﬁletely elastic. This
is shown.b& the very narrow specular scattering ééaks obtained from
clgan,rveli;ordered;single crystal surfaces. In onélfecént study, Smifh
and Merrilll5 examinegq heliﬁm scattering ffém singie crystal Pt(111).
.Theyobserveda speéﬁlarvscatteriﬁg peak from a smoéth, clean surface only_
slightly wider(7°) than the width of the incident beam (5°). The intensity
of scattering at the specular angle was shown to be vefy sénsftive to the

amount of ethylene adsorbed on the surface. The specular intensity could

b
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. be quantitatively relgtedbtb etliylene éXposureé_as low as 0.1 Langmuir
_(1~Langmuir.= 10-6 torr sec) and thus was a meésupe of surface coverage.
The intensity and shape of the scattered helium peak as probes of surface

1k They found

conditiopsbén Pt (111) were also studied by West and Somorjai.
lérge nqg—specuiar components due to surface roughnéss on chemically
.etched surfaces:and on argon ion bombardéd surfaées. Surfaces with
disOrdeied o#erlayerslof carbon,de and_CéH2 gave very non-specular
scattering while ordered CO overlayers were more speculér‘although less
so than.élean, smooth-surfaces. |

 ',In g.étudy of helium scattering from single crysfal Ag(111), Sau and
Merriq.l8 found that the intensity at the specular angle decreased and
- the peak width increaSed as the surface temperature, Ts’ increased. This
is shown in_Fiéure 9. An increase in beam width is always associated with
a décrease in ihtenSity.ét the maximum.‘ This brsadening with increasing
T, is éttributed to a "thermal roughening" of thé surface which increases
as the mean square displacements'of vibrating,surfacé atoms increase with
higher TS.' There is a décrease in specular'infenéity'and an increase
in peak width going from heliﬁm scattering from the close—packed fee (111)
féce,qf'silvérbfo the more opén bCC'(llO)‘plane 6f tungsteﬁ- and to the
still more épen'fcc.(loo) face of platinumf8 These chaﬁgéé'in'surface
. structure are sligﬁt‘and micréscopic but.are still detectable by helium
scattering. This technique has alsq allbwed Sau ﬁnd Merrill8 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
sﬁrfaces of molybdenum and rhenium during oxidation. The& were able to
obtain information on the coverage, binding states and'bindingsénergies
of oxygen on their surfaces by measuring the iﬁtensity of gas atoms scattered

specularly.

V. Results of Inelastic Scattering Studies
A, Rare Gas-Metal Systems

When a monatomic gas particle collides ineléstically with a metal
surface in the abéence of chemical interactions, there can be energy
transfer between the translational states of the atom aﬁdvthe vibrationai
states of the lattice. The incident atom can transfer energy into the
lattice (phondﬁ creation) or can absorb energy from it (phonon annihilation)
and scatter at a higher energy than the incident particlé depending on
the relative temperatures of the gas molecule and the surface.

In the same paper in which they reported on helium scattering.studies, Séu anc
Merr1118 also looked at inelastic scattering. Here_the scaftering is
characterized by decreasing peak intensity with increasingfﬁi and increasing E
T, as seen in Figure 10 for krypfon. Also obvious is thé non—spe;ulg;
maximum of the scatpered peak with the non-specularity’ihcfeasing with
increasing ei. :For inelastic scattering there is no correlation betwegn
scattering intensity and microscopic surface roughness.

identified o
The authors also [\ an inelastic scattering regime in which
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substantial trapfihg occurs? Here, a significant number of incident
atoms losé:énough of their éﬁergy to become adsorbed. The regime is best
_illﬁstrgted'by‘xénon'scattering as shown in Figure 11 indicating large
deviétions from specﬁlarity and a éubétahtiél scattering contribution
corresponding to a cosiné distribution. This cbéine‘componenf is from
desorbea atoms which have equilibratéd with thevsurface. Also typical
of this.fegime is the increase in peak intensity.with increaéing Ts'.
| Thié is dué to the decreased trapping probabilitfrét high temperatures.
The number of étoms trapped can be correlated well to the eéstimated depth
of the attractive pofential well for various gas-metal systems. It
'shouldiﬁe'noted that these observations of _ inelastic.éollisibnS'
are in qualitafive agfeemént with the cube ﬁodels. |

Similar results wére observed on scattering rare gases fronith(lll)7
and W(liO).Yg_ In fhe Pt(lll) experiments it waé found that if an incident |
beam temperature of 700°C was used instead of a room temperature beamn,
the scattered peaks were closer fo the specular angle and nafrower. This
is shown fdf krypton in Figure 12; There is also a réversgl in trend in
intensity as a function.of Ts. These trends arevpredicted by the three-
dimensional lattice models,and the effect is atﬁfibuted to a shorter col-
vlisioﬁ timé. A trepd.towardvnarrOWer angular diéﬁributiéﬁ aﬁd a éupraé
specular shift in the peék maximum with increasing'beam iemperature were
also observed earlier by Saltsburg and Smith73 for’heavy molecules scattefed
from Ag(111). Still another investigation by Rbmney and Andersonl2 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 this trend at higher incident energieszith the scattering
maximumvrefurning to the specular angle. This return to speculaf angle
is not prédicted by the cube modelé which fail; hot surprisingly, at the
high incident energy limit. Miller and Subbaraor(h confirmed the above
findings aﬁd noted that the scatfered peaklwidth first decreases with
incidenf enérgy and fhen increases again. The eﬁérgy of the minimum
peak width is a function of the gas scattered, Béing higher for heavier
gases,

One.of the best ways to analyze the translationalienergy transfer
in an ihelaétic moleculaf beam-surface interaction is to meaéure the
velocities of atoms or molecules scattered from a surface for an incident
beam of known velocity. To date a few such meaéurements héve beén made
for monaﬁomic and diatomic gases. Early work by Fisher, Hagena and
Wilmoth7? wﬁs carried out usingApolycrystalline nickel and stainless
steel surféces. Subsequentiy Yamamoto and Stickney9 studied the average
velocity of argon scattered from single crystal w(110) using the phase-
shift technique and a nearly monoenergetic nozzle beam source. Their
rééults are shown in.Figure_13; They fouzgi}orva.given inqideht vélocity ,
(5 x 10§ cm sec-l).tﬁe average veiocity 6f tﬁe écaitered gaé increaéed
" as the angie of incidenée increased. Also, the,avérage energy aecreased
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 notéd, there is good -
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qualitaiive_but poor quantitative agreement. The experimeht was also
performed at various surface temperatures, and it was found, not surpris-
ingly, that the average velocify of scattered atoms increased as the

surface temperature increased..
| | 20

Reéently Subbarao aﬁd Milier studied‘the-scattering‘bf neon
and argon from epitaxially grown Ag(1l11l) usiné nozzle beams of varioue'
incidenﬁ velocities. They found that at low energies (0.31 eV and lower)v
‘the mean velocities are highest at the surface nqrmal and decrease'mono—'
tenically towafds the surface tangent in agreement with Yamamoto and
Stiékney,9 ,Atrhigh incident energy, 1.36 eV, the mean velocit& is
virtually cqhstant with scattering angle. Their'measurements.of‘thé
thermal’spreed in the scattered beaﬁ show nearly MaXWeilian distriﬁﬁtions
at the surface normal and narrower distributions towards the tangent.
At‘high‘incident energy’ the thermal spread appears'eonstant. The\
scattered.Beems'were all much more nearly Maxwellian than the incident
Aebeam. They aiso found that at high incident beam energies normal mementum-
transfer becomes less eflicient, the scattering becoming more elastic.
Also, there is an.increase in tangentiai momentum transfer in agreement
with the theory of Mc:Clure.h8 | |

Siekhaus, Schwarz and Olander  report a very interesting experiment

scattered _ .
in which they A various thermal beams from pyrolytic graphite at

- different temperatures and then measured the temperature of the scattered
beam. They found that for 02, D2, xenon and krypton there was essentially

no change in reflected beam temperature, Tr’ for large variations in beam
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temperature, Tb' Helium and neon beams showed a slight increase in Tr

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

'I'r was less than both Tb and the surface temperature Ts. As they pdint
out, in a global exchange process this would violate the second law of
thermodynamics. They also studied the effect of TS on Tr for room‘
temperature beams, and these results are shown in-Figure 14 for the annéaled
basal plane:of pyrolytic graphite. The data can be fitted to the empirical
formula Tr/Tc =1 - exp(-Ts/Tc) where T  is a constant'depending only .
on the incident gas and the nature of the splid surface..Thé authors
suggeétzovthét Tc,'while only an em?irical paraﬁeter,doeé have éome'
characteriétics of gas-surface binding energy and does incréase with
increasing atomic weight of the incident gas; _They discuss their result

of Tr being virtually igdepéndent of Tb

and its dependence on 'I‘s in
terms of partial trapping, i.e., incident molecules are trapping long
enough to ﬁndouple the re-emission process from the incident energy buf

not long enough to completely equilibrate with the solid.

B. Scattering of Diatomic and Polyatomié‘Molecules from Metal Surfacés

The éase of scatfering diafoﬁic or polyatomic ﬁ§le§ules from a_metal
sufface‘islmore-complicaﬁed than for monatomic gases because of the addi-
tional possibility that the internal states of the moiecule ﬁay interact
with the vibrational states of the solid. The vibfational levels of most
light molecules are at too high energy td be involved in a gas-solid

interaction, but the rotational and translational states certainly are
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availabie.for interaction with thé solid phoﬁons.‘ Ip a case where the
surface temperature is higher thaﬁ the'gas température} enefgy can be
transferred from tﬁe lattice phonqné fo the translatioﬁal ér internal
states of the molecule. If the gas.temperature isvhigher'than the

surface témperature, the franslational‘and.internal energy levels of the
molecule can interact with the iattice modes resulting in phonon création.

Scattering of diatomic molecules was investigated by Palmer, Saltsburg

and Smithll who first compared He3 and Heh 5cat£ering from epifaxial
Ag(111) films and found them #ery similar in speéular intensity and peak °
vwidth They then scattered H2, D2 and HD from the same surface and found

: similar to that of
that H,. scattered in a manner very Ahellum but that HD and D2 both gave

2
a very much reduced specular intensity. The results for the hydrogenic
- 11 ' »
molecules are shown in Figure 15. They also looked at the scattering

'of.HD and'D2 as a function of beam temperaturé,ffigding.the distributions

very broad for 80°K beams compared to 300°K and rather‘morélspecular at

1500°K ﬁhan at 300°K. Their resulté are discussed in terms of the coupling

of the lattice phonohs with the rotational leveis of thé hydrogen mole-

cules.' For‘HQ, ﬁhe lowest rotational transition energy is at 1032 cal/mole.
2

silver is h50 cal/mole rather close to the D2 tran31tlon energy, while

For D this is only 516 cal/mole. The estlmated Debye phonon energy in

H2 would certalnly need a less probable mult;—phonon process to interact.
There is also a transition at 516 cal/mole in HD. The conclusion drawn
'from this a.nalysisll is that it should be much eas1er for D2 and HD to couple

with the lattice via their rotational states than for H2 Thls questlon
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of rotational coupling was examined for D

2
. that :
They foundfshe fraction of diffuse D2,scatter increased with increasing

surfacé temperature. Since this is the reverse of the trend fof trapping
they suggest that this incrgase in diffﬁse‘scatter is due to-increased
rotational coupling with tﬂe more highly excited lattice vibrations.
.scaftéred from w(110

and most recently for scattering from single crystal Ag(lll).8v

Merrill and coworkers found similar results foer2

The scattering of diatomic and polyatomic molecules from platinum
(100) was studied by West and Somorjai5 for a variety of surface conditionms.

They found for NO, CO, N', 02, H2 andﬁDz‘avbroad scattered peak ﬁith a

maximum 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 H2 and D2 scattering although

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

rotational interactions. The polyatomic molecules CO2, N20, NOE’ 02H2,'

3 3

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

NH, and methylenecyclobutane were also examined. For all except NH

again the peaks were rather broad; For NH, the distribution was cosine,

3

indicating complete accommodation. Some of the same molecules were scattered

" from a Pt(lQO) surface with a graphite overlayer. .TheSe results did not
differ significéntly from those on clean Pt (100).

The absence of complete accommodation for most molecules indicates
inefficient energy transfer between the lattice modes and the incident‘

translational energy even though these energies are of the same order of

on Pt(111) by Smith and Merrill.6




:magnitude.s. Indeed,‘it has been suggested by Beebe.and Dobrzynsky

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

 smith

"also that NH
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4

76 that

inefficient transfer is expéétéd if translational and vibrational energies

are nearly equal.

Both CO and acetylene chemisorb on Pt(100).to form rather well ordered
> also
scattered CO_from a Pt(100) surface with an ordered layer of CO and scattered

0232 from an ordered layer of302H2. The comparison between acetylene

scattered from cleen and acetylene covered Pt(lOO) is shown in Figure 16.

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

bution iS'Qery broad, and its maximum does not shift as the incident angle .
is changed;"Bofh examples indicate ﬁeafly complete énergy accommodation;

It is possible that when gases such as CO or acetylene are'adgorbed,
new vibrational modes exist which do ellow efficient energy tfaﬁsfer with
the incident CO and acetylene gas molecules.5 It is also péinted out.
that,fdf these rather heavy mqleculés with low eneréy fotationai transi-
tions,.it is likely that considerable ihtefaction is ﬁaking place betwéen
the lattiée'phOnons and the rotational states. There could also bg tfansfer
of rotational energy into translationél energy éf.the gas molecule.

In other work on polyatomic molecular scattering Saltsburg and

73 looked at‘cHu_and‘NH3'scattefea frém Ag(111) films &nd found

has a cosine diStribution and CHh is highly non-specular

3
alﬁhough non&cosine; Alsb, Seltsburg, Smith and Palmer7 st%tered

C0,, €O, 0y, N D, and D from Ag(111) films, finding broad peaks

at or near the specﬁlar angle in all cases.

2° H2’



C. Direct Observation of FPhonon Interaction

In the paperé in which high resolution helluﬁ and neon diffraction
| 66,67 reported - | .

was reported- Wllllams ‘ also /\ small peaks_ln the v1c1n1ty of the
' specular peak whiéh he attributed to direct phon§ﬁ interaction. These
peaks are seen in Figure T for neon. Both phonon absorptlon and emission
'are seen. »Frdm his data on helium and an assumptionlof surface phonons
only,he was able to calculate a dlsper51on relatlonshlp ~ Fisher and Bledsoe
‘scattered. O 058 eV helium from L1F(001) and analyzed the scattered velocity
dlstrlbutlons, also flndlng peaks they- a531gned t0131ngle phonon absorptlons
and emissions, with emissions dominating. o

In a study of very low energy helium scatterlng from & Ag(111) film,
Subbarao and Mlller'n;observed a peak in the ang@lar_dlstrlbutlon whlch
they attribute to_inelastic scattering from latfiééfphonons. The results
are shown-in Figure 17. fhe position of the peékimaximuﬁ is a function
of £hé inéidént'beam velocity while the spécular;pe&k width remains
constant. .Récenﬁly; Subbarao .and Mille?o-lmwe expanded this work on

helium on Ag(lll) and come to the conclusion that the interaction involves

bulk phonons only.

VI. Reactive Scattering of Molecular Beams

How is the energy of a chemical surface rea¢tion distributed among v,‘f‘
the reactants and the products? This is one of the fundamental questions

of surface science, and it appears that the techniqné of reactive scattering
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» of:moleculer‘beams can proyide the answer. . To deﬁonstrate this iet us
eogsiderva relatively simple surface reaction, the recombination of
h&drogeh atoms on a metal surface. -The hydrogen'etqms emanate from a high
temperature eource (greater than 2000°K) and have kinetic energy eorres-
éondihg to the source temperature. Ae the hydregen atems impinge on the
"surface that is held at a lower temperature, some of ‘their translatlonal
energy is transferred to the solid through lattice vibrations (T V energy
transfer), and meny of the atoms become trapped on the surface. As a
: result of surface‘diffusion, there is a high probability of recombination
.; of?the,edsqrbed‘etoms that is in general a highly:exothermic reaction
(over 106 kcal for hydrogen). The reaction energy is then pertitioned
between thefeolid and the desorbing molecules.,:By‘meaeﬁring the velocity
of the desorbing molecules and their angu;ar distribﬁtioh, the distributioﬁ
of chemicai energy‘can be determined. | |
. If the molecules etay on the surface long ehough after the‘chemical

reaction, they can come to equilibrium with the surface. In this circum-
stance, the desorbing ﬁolecular beam will have a-eosine aﬁgﬁlar dietribﬁtion
and an average "traneletional" temperature that'is equal to the Surfacee
temperature‘ A non-cosine angular distributien:aﬁd/or a higher’trans-
lational energy then expected baeed on the surface temperature would
indicate.toer‘thermal-equilibrium and that avportion of the chemicel energY'
is.converted-to‘translational energy of the scattered moleculee. If'the
desorbing molecules.cerry withvthem much of the eﬁergy-of the chemical

reaction, they may be in an excited rotational, vibrational or electronic

N,
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state in addition to having incfeased kinetic ehergy. The partitidning
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 prodﬁét and their angular distriﬁution.v So far, suéh_
detailed measurements of energy partitioning in surface chemical reactions
have not been made although the experiméntal techniques that have
been deﬁelqped in various laboratories recently céﬁ provide.such information.

No 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 clédﬁjsolid>surféces. These
reactive scatﬁering studies may‘be divided into tﬁo classes: (a) chémiéal
reactionébwhere the surfacevacfs as a catalyst_for dissociation or recom-
bination of the reactanf molecules and (B) those in which the surface is

one of the reactants.

A. Catalytic Surface Reactions

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

2 2
studied by Saltsburg et aJu8l on epitaxially grown nickél’surfaqes with
(111) orientation. The angular distribution of HD was cos3 6 instead o ..

of cos 6 indicating incomplete accommodation of the reaction product with

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

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

the angular dependence that was observed. The H2—D2 exchange reaction
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was'studiéd by Bernasek et al.3h using_platinum,éingle cryStél gurfaces.
No HD'Siéhal was detected on scattering a mixed'hydrogen—déuterium beam
from fhe (lll).érysﬁal fécé. Howévér,,Qhenvthe ai§tomic moiecules vere
séattéfed from a stepped high Miller index platiﬁﬁh surface, 5-10% HD
product.was.détectable. High Miller index single crystai surfaces are
characterized by ordered arrangement of atomic $tepé one atom hiéh
seﬁarated.by terraces of low Miller index orientatiqn. In their sfudy

' the'terraéés were 9 atoms wide and of (111) orientation. The observed

2

_Hé,_ D. and HD scattering distributions from fhé.(lll) and the stepped.
bplatinum'surface are shown in‘Figure'lB. This study:has_showh that
atomic sﬁeps play an all importént role in dissociating large binding
energy diatomic molecules. Chopping the incident'beam tb géneréﬁe An
éé signal‘was used to oﬁtain a better signal-tofnéise raﬁio and to measure
>$urface residenc¢ times.by the phase shift techniQué.' Varying the éhopping
freéﬁency has yielded HD'residencé times of 25 ﬁiiliseconds.on‘a stepped
plafinum surfade at a 7006K surface femperatﬁre;‘_Sgéh a long residence
time éhould result in complete thermal equilibratidn between tﬁe surface
andvthe.reagtion products; This was found by experiments as the desorbing
HD béam:exhiﬁitéd cosine angular distribution.

vReactiQé séattéring.studies with.two or ﬁére reaétanfs Eén be carried -
out either'using.a miied.@olecular'beam or by-préadéorbing oﬁe of the
reécfaﬁts’on the surface and monitoring ﬁhe reagtibn between one of the
feactants in the molecular beam and the other reactaﬁt that was adsorbed.

. Although detailed comparison between the two modes of reactions have not
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béen made as yet, it is likely that the surface reaction kinetics may
change as the reaction conditions are varied in this manner. -
The dissociation of H2 on tungéten surfaces was studied by Smith

82 he reaction probability increased to 0.3 above 3000°K.

and Fite.'
'The ahgulér distribution of H atoms was cosine-like indicating thermal
equilibratibn between the hot surface and the desorﬁing H afoms. This -
ﬁas also cdrrObofétedvby>a long residence time, 280 ﬂsec, that was.
measured. The dissociation of ﬁz on tantaium éurfaées was studiedqby

83

Krakowski et al. in the temperature range of 1100-2600°K. The reaction

probability increased with ihcreaéing temperature Jjust as for tungsten

, : underwent ’ o
surfaces.' The hydrogen atoms /\ complete thermal accommodation
on the surface. By varying the kinetic energy ("beam temperature")‘
of the incident beam they have determined an activation energyfdf 1.4 kcal/mole
for the atomization surface reaction. Thus, the atoms onée'forméd-cannot
undergo'reéombination before desorption‘ffom the hot surface. .The rate
limiting step in the reaction appears to be the desorption of H atoms

which has an activation energy of about T5 kcal/mole. The surface

diffusion of H atoms does not require activation energy.

2

0 on hot tungsﬁen has been investigated by L e ﬁ
o -84 : : o S
Muschlitz.  The decomposition probability approaches unity at high.

The dissociation of N
surface temperatures. - The product N2 was emitted with a cosine distribution
while neither oxygen atoms nor oxygen molecules could be detected in the
scattered beam. It appears that oxygen reacts with the tuhgsteﬁ surface -

during the decomposition of N20. Both N2 and NO were found in the
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scattered'bgém'and the rati§ ofithebfwo SPecieé,«N2/NO, was approximatély
12:1 at 2500°K. ﬁuring the dissdciation of NéO on platinum surfaces
tha;-wgs sfudied by West and SomorJaiB? again béth_ﬁO and N, were found,
the NO con¢entration being larger thaﬁ~that'founé on desorption from
tungsﬁen'surféées. The angular diétribution of the product NOimolecule
that formed_by,dissociation at the ¢1ean platihum.surface‘was<;f the cosine
tjpe ihdicéting ccmpleté accommodation of the NO molecule on the surface
pridr to re-emission. 'The'angular distributioh'df NO product ﬁolecﬁles

is quite.different, hoﬁever,.when they are emitted from carﬁon covered
platinum surf§ces at 1125°K. The angular distribution isrcertaiply: |
non-cosiné,.ﬁnd'it peaks at or near the spéculaf angle. Such a éeaked
spatial distribution reflects a lack of’energy_acébmmOQgtion during the
surface dissociation reaction of N20 on the carboh'covered plétingm (lOQ)
'gurface énd suggests a diréct‘reactive ;cattering.mechanisﬁ. NEO may under—

gb . 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_NQO'are largely exothermic

and yield CN, CO or CO, reaction products in addition to N, and NO.

On the clean platinum surface where the incident N,0 molecules can only

_ In this case the v :
undergo endothermic chemical reactions. /\ dissociated species appear
to be fully accommodated on the suiface before re-emission as indicated

by the cosine angular distribution of the scattered beam. On the carbon
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covefed plat inum (100) surface whgre'surface reactions can be stréngly
exothermic, there is evidence for direct reactive scattering, and NO
moleculesfare emitted without qomplete'energy aécomﬁodation bétweep the
incident beam and the sufface as indicated by>theinonecosine angular
'distribﬁtibn of the scattered bea@f ,Direct_scattering-is cqmmonly
.obseryed.in studies of chemical reactions between crossed moiecular beams
that are exothermic and exoergic. |
Thé}che@ical reaction between deuterium and oiygen to‘form D20
| occurring oﬁ the (111) platinum surface has been igvgstigated-by Smith
and_Palmér.§6 In these sﬁudies the molecular beam Vas Dg,and the oxygen
was preadsorbed on the piatinum surface which was maintained in aﬁ oxygen
ambiént.. The production of D20_was studied aslg_funcﬁiop of D2 flux -

and temperaﬁure, oxygen pressure, platinum suiface temperature, and

2

found that the reaction rate is proportional to the second power of the

< . angle of incidence of the D beam. It was
D2 pressure and the 0.8 power of the oxygen pressure.  The adsorption
of D2 requires an activation energy of l.8¢kcal/molé. It is proposed
that in the adsorbed state the reaction proceeds. upon the collision.of
h‘adsorbed deuterium atoms with an adsorbed oxygen:molecule_Qr‘activated
oxygen complex.
’ 87 - . . .

Nutt and Kapur reported on preliminary experiments involving, the

' qxidation of ammonia using NH, and Op mixed molecular beams. The reaction

3
products were_Nz, HZQ-and NO in the temperature range ofA6OO—12009K, and

the reaction probability was about 0.1-0.2.
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The oxidation of C thyas studied by Smith et al. They found
no evidence for the formation of ethylene oxide, CO2 being the dom1nant
reaction product. The surface temperature dependence of the 002 formation
indicated an activation energy of 8 kcal/mole. The;reaction probability
was. less than 10—2'at 820°K,and poisoning'of the‘surface reaction by carbon
that builds up on the ‘silver' surface was inferred from the experiment'al
data. The hydrogenation of ethylene was studied u51ng the (111) crystal
face of platinum 89 The reaction probabillty can be estimated to be about
10 -h in the range of 500-700°C. As a result, the formation of ethane could
not be detected. » |

Olander et ai'29;90 have studied the oxidafion of both the baeal.plane
and the prisn plane of graphite. The product of.fhe oxidation reaction is
co althoughva,small 002 signal was also detectable during oxidation of the
prism plane. : The reaction rate was monitored as‘a functiOn of surface
temperature. From the chopping frequency dependence of the reaction
probability fhey have concluded that there must beeat least two parallel
reactions,_one slow and one'faster,taking place on the graphite surface.
For the.basal piane the faster reaction is attributed to the nigration
of atomic oxygen .over the surface to reactlon 51tes where ox1dat10n occurs.

7 exp(-30

The rate constant k for this step is glven by k= 2.5 x 10
kcal/RT) sec l: The slower reaction step is the desorption of CO,and its
rate constant, ki, is given by ky = 3 x 1012'exp(—50'kcai/RT) §ec_lA
There are two types of reaction sites postuiated with surface concentrations‘

of lOll cm-'2 and 108 cm-z; respectively. Grain boundary and possible bulk
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H

diffusion of oxygen was found to be 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

92 The.reaction*probability

has been studied by McKinley9%nd Smith and Fite.
is;d.s éfwlOOO°K,and both NiCl and NiCl, are detectable among the regction
products., The formation of NiCl predominates at low-temperatures while
N1012 forms almost exclusively above 1400°K. The mechanism that is
Proposed-invblvésﬁNi2C12vsurfaée intermediate. The formatignvof this
dimer appears to be the rate iimiting step in the overall reaction while

5 are rapid read¢tion steps. The residence.
time of the .desorbing‘NiCl is 916 usec at 1150°C and 140 psec at 1300°C,

the desorption of NiCl and NiCl

-and the NiClIresidence,timés are even longer. The oxidation of germanium
wasvstudied by Anderson and BOudart93 gnd Maddix and Boudart.gh The
reéction probability was 0.0L and independené of teﬁperature. However,
the oxidation rate of the surface was dépendéntJAn thé‘oxygen beam.
tempéréture which indicates 100-200 cal/mole aétivatiop'energy‘for the
adsorpﬁion;v I£.appears that the dissoéiatifé aasorption‘Of.oxygen is the
fate determining sfep_in the reactién. The oxidation reaction using
oxfgen'atoms insteéd of oxygen mole;ules was also iAnvestigz:at't:ed.95 The
reacti&n probabilities in this case are in the rangé of 0.2-0.3; much
higher than for oxygen ﬁolécules for surface teﬁpératﬁres in the range

‘of 830-1110°K. The difference in reactivities appears to be due to the




-39-

?eqﬁirementfthatvboth atoms in the oxygen molecuie.interact simultaneously
with the surface atom. Thus, the interaction probability depends on the
grientatioﬁ criterion.

’Some bf~the surface_reactiéns that have been studied were endothermic
(the decomp&Sition'bf N20, for example) whiie othéré were gxothermic
A(oxidatioh reactions, eté,). It should be noted that only exothermic
reaétions afé“likely tp yield reaction products with excess translétional
6? internal enérgy Bééause-in this circumstancé surplus chemical energy
is available to the desorbingvmolecules. Duringvendothermic reactions -
the reaction products are iikely to thermally equilibrate with thé surface
and then desorb with acosine spafial distribution and without excess

translational or internal energy.

‘v‘ VII. Future Trends

' The field 6f molecular beam-surface scatterihg-is one of the frontier
areas of surface science. Thé energy transfer thﬁt takes placé\in surface
reactions between the gas énd the surfece a@om is the key to underétanding‘
the reactivity of §urfaces; Therefore, this fieid will be growing rapidly
over tﬁe.ﬁeit decgdé, we believe. There are hanyzéréas.of devélbpment |
that can be identified already. Improvements in experimental techniques
will permitthé investigator to use single crystal surfaces and to
monifor the velocity'éf the scattered products aé well as their angular

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

important experimental parameter in understanding energy transfer than the
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fangular dlsﬁribution of the emitted beam. The?ﬁeeiof eingle crystal
surfaces of:well defined structurepermitsetudieebof the correlation
between-éasesurface energy trensfer and surface“sﬁructure to explore'the
effects of atomlc steps, the varlatlon of atomlc spac1ng and the structure
» of the adsorbed layer. Nozzle beam technlqueszwlll~allow the use of ﬁore
monochromatlc molecular beame of h1gher 1ntenslty w1th corregpoedlng |
__1mprovements_1n measurements of residence tlmes;of;adsorbed molecules,
intenéiﬁies“ef-the emitted beams and their timeefofvfllght.

Thereﬂere various types_of'energy traneferfprocessesvthet can take -
place between the incident gas and the surfacetfﬁet7inVolve -V, R—V;

V=V and.ofher types of energy transfer'processesfasimentioped in‘this
chapter: Ekperiments can be devised that will'separate these'various'
processes.and study the transition probabilitieeiof eachl' The important
questlon of how the total energy of the colllslon partners is distributed
among the surface atomj?f%e translatlonal and 1nternal energy ‘modes of -
the emluted partlcles will then be answered.

One.of ‘the important areas of the molecularfbeam surface scattering
field is the study of beams of condensible vapors es they interact with
surfaces; There are several laboratorles Where research in thls.area
has been 1n1t1ated recently, and there is a great ﬁumber of interesting
problems that may be solved by thls technlque Problems of crystal growth
from the vapor, "surface diffusion mechanlsms, and energy transfer during

condensatlon and nucleation can be studied this way.

Reactive scattering of molecular beams promiees to shed light on
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fhe.eleﬁehtary steps‘of surface reactions. 'Thi§ field is just beginning
to attract a éreét deal éf inferest and will bevgrowing rapidly during
the néxtvdgcadef Molecular beam surfgée scattering studies are iikeiy

'~ to answer many important scientific‘énd'technicﬁl probiems.in’ﬁhe fiélds
of surface:science, heterogenéous éatalysis,.aerbspace sciences and

astrophysics.
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. . Table I

(a) Approximate Relative Intensities of the
Observed Diffraction Peaks for He/LiF T

(oo)," 178 (=1-1) 15 : (1-1) 3.1 (2-2) 2.5

(-1) 16 = (-2) 1.6 - (1-2) 0.6 (2-4)
(0-2) = 1.k (2-3) 0.3 (1-3)  0.07
(-3) ~ o0.05  (=2-2) = 1.2~ - - i

(b) - Approximate Relative Intensities'df.gge
Observed Diffraction peaks for Ne/LiF

(o0) 30 (;1f;) 2.5 ,_'(-3—3)‘_" 11
| ' (0-1) . 1k S
(+1-1) 21 (0-2) 50 (-b-k) 9
- (0-4) 10
(+2~2) 20 (2-4) 8
o (-143) 1

(+3-:3.) ' Y (=2-2) .‘ 2.5
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SCATTERED BEAM SIGNAL (ARB!TRARY UNITS)
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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