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1. Introduétion

‘The fundamental problem in the Study;of tﬁgvgaé;solid intefaction is
the elucidation of the energy exchange bethenspﬁé $o1id and the gas. An
understanding of the chemistry and‘physics ofgtﬁe:séiid—gés interaction is
necessary to an understanding of such processes isiﬁeterogeneous catalysis,
corroSién; vapor depositibn, cloudvformation, condéﬁsation,”satellite
dynamics in rarified gaSes,'and.space Simulétion: xin the stud& of the
chemistryvand physics of surfacés, fhe energy.exchange Betwgen the gas
and,solid phéses is a fundamental prpblgm’of intg?éét. ‘More specifically,
the problem is to determine the microscopic initial and final energy étates.
of the gas—splid'sYstgm. This problem is_illuétfaﬁed;schematically in
FigureAl."An incident pafticle in the gas.phasé,fin thé state Ei’ ;ollides
with a solid in the state E;. After the coilision, Fhe partiéle is in
state Ef;:While the solid is in thg enefgy'staté ﬁE%l,Deﬁgnding on the
nature ofvthé indident.partiqle, Ei can bé‘a_éumvofitranslatidnal, rotatioﬁal,
vibrational and electronic states. Ei depends on_ﬁﬁgrstructure'and composition,
the temperafure, and various other parameters of "the solid 1attice. After
the interacgion, the inpident‘parﬁicie can leave tﬁe_sblid surface in the
same state, in a different (highéf or lowef‘energY)lsfaté, if_cén Eecbﬁé
a partvbf the solid'surface,-or it can leave the su;face as a chémically -
different sbecies; The solid surfaée can, aftér thé_inferactibn, be in the

 saﬁe state as it was initially, it can be in a different energy stéte, it
can be changed chemicglly'by the interaction, or surface,atéms can leave

the solid and enter the gas phase as a résult of a gas¥surface chemical

H

reaction.
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The 'problem of determining the molecular deféils 6f the gas—solid.energy
exchange is indeed a difficultvoﬁe for.thfee reﬁsops:
v(l) The diffiqulty of characterizing-the_iﬁitial and final states of
the system, especially that of the solid surface.1
(2) The necessity to use épproximate,>oftén unrealistic, theories
due to fhe intractability of the many—body‘quaﬁtum‘ﬁechanical calculations'
Which‘apply;
(3) The experimental difficulties arisingvffqﬁ‘dealing'with surface
interactions. |
 .An'especially fruitful experimental technique for studying thié energy.
exéhange haé}been molecular beam scattéring ffdm'sqlid‘surfaces. This‘ |
review will deal with the stgdy of‘the gas—solid'energy exchange by’mole—_

cular beam scattering techniques with particular emphasis on experimental

work in the last ten years, 1964 to the latter part of 1973. The very early

work in this field has been reviewed by Ramsey,l'and reviews by Hurlbut2
and Stickney3 cover studies carried out in the'eafly 1960's. Recent reviews .

by Merrill4 and J. N. Smith5 emphasize particular aspects of the field.

'Theoretical aspects of the problem will be dealt with in less detail than

the experimental work. References to excellenc_reyiew afticles and extehsivg ‘
rgferences‘to*the original work are'includéd in.Seétion 2. Section 2
contains a discussion of the major theoretical treatments pertinent to the
énergybexchange in the gas surface interaction. Comparison of theory:with
the experimental work is descriEed in Section 4. Sectioﬁ '3 .diSCﬁSSeS
experimental techhiques of studying the energy eXChahge which fall into

the broad category of beam scattéring methods. Section 4 looks at the



experimental work in this'fieid during thg_laétrt;ﬁ.yéérs with the
purpose of collecting and opganizing‘the infor@&ﬁidnvthat'haé been gained
-about ehergy exchénge iﬁ the gas-solid intergéﬁibﬁlutilizing molecular
beam scattering from solid surfaceé. :Section 5’Su@marizes the results of
‘the preceding ~ sections and indicates the difeétioh molecﬁlarvbeam
scatteriﬁg'invgstigations should pfoceed in qrdgf€£§ shed ﬁore light on a
very i@portant problem qf surface science,‘i,é;"tbé energeﬁics of gas~
surface interactions. This field is prpducing é;qiting results and

developing rapidly.

..
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2. Theories of Energy Exchange

A. Accommodation Coefficient Theory

A quantitative descriptibn of the total epergy transfer between a

solid.surface and an incident gas can be given‘by_a'quantity_called the

accommodation coefficient. The accommodationJc6efficient a is defined
as:

: E - E2
(l) v | . a:“—‘_‘El_Ez

where E, is‘tbe energy of the incident gas, Efis‘the energy of the
reflected gas, and E; is the energy-the(refle&géafgas'would have if it
were in éqﬁilibfigm With the surf;ce»at'tempefatqfé.Tl.' If all of thé
energy is translational (monatoﬁic gas) thenjﬁi ;'ZkTiN,'using the
Boltzmanﬂ distribution with N the numbér of pafticies per unit'area per
unit time. This allows the'accommoaatibn coefficient to be Written in
terms of temperatures. o '

- | T - Ty

For molecules wiﬁh interﬁal dégtees of freedom; a translational and

internal energy accommodation coefficient can be'defined.

Te - T, o Ty - T
(3) (Xt = o, =

whére Ty and T; are the temperatures related through the appropriate

distributions to the translational and internal energies of the scattered

gas. As can‘easily be seen, « approacheé unity for complete energy

transfer.
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Experimental determinations of the accommodation coefficient have

been made for many years by non—molecular béam”methods; 7-9 0f course,

a moleculér beam apparatus capable of'meaguringitﬁe‘initiél and-finél
f{énergyrstaﬁes éf the gas scattering from-thé shtfécé is the ideal
iapparatus for measuring the aécommodation:cqéffiéient. Because of th;s
compa:ibiiity of the molecular beam.technique téiéccommodatioh coéfficieﬁ£
measurement and because the theories form é.béékg:ound fof:ﬁore detailed
energy“traﬁsfer thebfies, this sectiqn'will :é&ié&ibriefly some Of"thg
theofies of the accommodation coéffiqieﬁt.’. |
The work of Goédmanlo—lzin the ear1y>l96éi§‘¢entered on claSSi§a1
mechanical calculations of'fhe>aCcohhodation'édefficiént bésed'on an.
n-dimensional semi-infinite lattice'modél."Thé:moael reéﬂlts indicated
a lowér.acédﬁmodation coefficient for tﬁe three—diﬁensional'¢35e'agd
included the possibility of trapping of-the'atdﬁ';t the 'surface. "Quan-
‘titative agreement was bbtained'With-Sevgral'r;féngas—metal experimental
sysﬁems..vAn interésting.reéulﬁ of the calculaﬁiQh Qf the velocity dis;

tribution function of the reflected gas based bﬁfthis'theory'is that the

accommodation coefficient is not restricted to Tie betWeen'Zero andyunity}g

The above model, and most other theoreticalrtreatments of the accom-
modation coefficient, are based on perfectly clearn surfaces. Since most
accommodation coefficient'measurements_haVe been made on surfaces likely
to be contaminated by impurities, the effect of”iﬁpurities on the theore-

. . R P - v 13,
tical calculations is indeed an important point. McCarroll, in a one-

dimensional semi-infinite lattice calculation, found that adsorption of

light atoms on the clean surface increased the accommodation coefficient.

This ié found to be the case for impurity covefagesfas low aS'lZ}éfAllenfT

o

t




and Feuerlsdiscpss.this effect in terms of 1ocalizéd modes due to the

impurity, which greatly increase the energy transfer. Evidence for this
interpretation has been obtained in this labofafofy while studying the

nature of energy exchange between diatomic gases. and clean and contami-

‘ : 16 : o Con '
nated surfaces. It was found that a platinum surface contaminated

. by CO gave rise to cosine scattering‘distributions for a variety of gases,

while cleah surfaces gave peéked'distributions, '(See Fig. 2.) .The
differénce‘can be ascribed to low frequency béﬁdiﬁg'modes of the adsorbed
co, which'éan absorb the incident gas transl#tisﬁal energy.

The possibility of energy transfer‘via interﬁal‘channels of the.
incident mblecule has not received as much theorétical-attention as
translationél energy transfer. Feuerl7 has prbbdséd'a quantum mechénical
theoryffér'rigid rotors scattered from a solid, :Hé‘finds that in‘mbst
cases 04 is considerably less than at.‘ This caichlﬁtién will be‘discus;éd
in a later section dealing with‘experimenCal inelaéfic scattering results.

Other classiéal mechénical treatments of the accoﬁmodation coefficient
are given by Chambers and Kinzef,;g’lg and Armaﬁﬂ.QOLogahz; uses the éoft
cube model to calculate o for rare gas scatteriﬁg f;om tungsten. Thié
model is discussed in gréater detail in a later éection. Based on this

model, the fraction of incident atoms trapped-at the surface can be

calculated., It is found that the accommodation coefficient increases

_for higher trapping fractions in agreement with the results discussed

above.
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More complex classical treatments * of the accommodation coeffi-

cient, as well as quantum mechanical calculations 25-28 related to

the Lennard-Jones Devonshire theory discussed in the following section,
havefpéen'advanced. The theory of accommodation- coefficients has not
progressed to the point of routine first principles calculations of a
for a given gas solid system. Semi-empirical fbfmdlas for a have been
22 . oy P
proposed,”™™ ‘and the theory as it now stands provides a physical insight

[

to the qualitative nature of ‘accommodation coeffiéiént determinations.

<

The use of molecular beam techniques for the preéisa determination of
o from well characterized surfaces should stimulate further theoretical =

- developments.



B. -Earlj Quantum Theory

The first quantum mechanical treatments of the energy exchange in

gas-surface scattering were stimulated by the experiments of Stern and

29,30 in the early 1930's. These early theories due to

31-33

his cowérkefs
Devdnsﬁiré, Lennard-Jones and Strachan hévéilaid the foundation for
the more complex‘and physically interesting tﬁebfies of the last severél
years. _THis sectiqn will briefly discuss the'dérivatibn of the eariy‘
theory in order to give the reader an introduction to the nomencla;uré and
reasoning used in the later quantum theories'whicﬁ will also be discussed.

-Figure 3 describes the,quantum'mechanical‘pfdbiem which is to be Solved.‘
P; is the.incident particle momentum with pefpéﬁAi?ular component p.
and.tangen#ial componen§ Pi’ Gi i$ the dangle of incidence, Gf is the
scattering angle, and Qf is the out of plane aﬁgié. @i, the inﬁident
;angential angle, is chosen to.be zero. pe is the scattered particle
momentum with components pfz and Pf; and Z is thg phonoh momentum with'
qomponents q, and Q. |

Fof direct inelastic scattering (energy trénéfer 0ccurs'betweeh
solid and gas) the initial and fiﬁal.states of the gas atom are eigenstates
qf the assumed gas—éurface potential. The theot& qf.Lennard~Jones,
Devonshire and Strachan treats the interaction of a'single gas atom with
a single surface atom. - The tangential momentumjgf tﬁé gas atom is
assumed unchanged by the encounter and the surfaéé atom_is.assumed to
behave as though it were in the bulk éf an infinite three—aimensional

Debye solid. A Morse potential is assumed for’thejinteraction between

.the gas and'surfaqe atoms. The theory is developed by a first ordér



perturbétion treatment, so the inelastically Scattered intensity must be
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small compared to the incident partiéle'intenSiﬁy.

The system is a one-dimensional box of léngth'L oriented along the

z axis. 'z = 0 is the equilibrium position of the surface atom, z > 0

is the gas atom region, and z < 0 is the solid;  The Morse potential is

V(z)__=-A('e_zaz - 2e7 2% where A and a are paré¢ECers. The following is

-a list of pertinent symbols:

M

= mass

ormal mode of vibratidnal.freqﬁenéf”of the solid.

= characteristic temperature of solid

‘T,.. = temperature

E_ = energy

QV " = modal frequehcy ;
o

“max ~

ﬁgnmx:= kO defines the characteristic solid temperéture. A set of dimen~

sionless variables is used, as defined by the foli@wing_relationships:

T

"
V.

SiX'dimenSionless parameters are necessary to describe the transition
probability between an arbitrary initial and final state of the gas-

surface system. They are U = mg/ms’ m

time =
v

max

Q

max

t

(t

real time)

8

’

€

maximum of modal frequencies.

gl

1}

alL

g !

Z -

t, and d where

~ .(dimensionless temperature)

o
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d = (2m )12,

B « .

The initial state of the .system is |gsi>, while the final state is .
|gsf>. The probability per unit time of transition between the initial
and finéi.state is

A : . ' 2 B

4 P(gsf = 2m|< i>]“ &8¢ -
(4) (gsf, g§1) . l gsf|v]gsi>] (€gr = €gor)
The potential is expanded as a power series and the gas-surface state is

separated into a state for the gas and a state for the solid. The

probability now becomes N
() ' P(gsf, gsi) = 2ﬂ[<sflzslsi>]2 |<gf1v7lgi>|2 X
G(ESf + egf - € egi)_
The problem is now reduced to determining the two matrix elements for
the transition. The matrix elément <sflzslsi>viéhévaiuated by writing Zg
in terms of.annihilation and creation dperators-f6r phonons invtheVSOlid

and rs> is expanded in the phonon eigenstates." Afﬁer'making a thermal

average over the phonon modes the matrix element becomes’

3y (egf - egi) I (Iégi - egil)

(6) | Zng | Texp ((egf - egi)/ts) f-l

where I(x) 1 0<x<1
=0 1 <x<20

In order to agree with the nomenclature used in more recent quantum

'treatmentsgé an A matrix is defined as

(7  <gf|Algi> = m, L7 <gf]v'|gi>

(ng Pgi)

where p £ is the final gas momentum. Matrix elements for the Morse
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potential used by Lennard-Jones, Devonshire and St£achan are given by35

(8) ) R
sinh (2w ) sinh(2mp .
‘ ( Pof , ¢ pgl) . 2 2)2
'_ Y12 ‘Pgf T Py
[cosh(2ﬂpgf)‘ cosh(Zngi)] 8 g

|<gt|algi>]? = w2

r(/z - a+ ipyg) . P(1/2 - d + ip,)
r(1/2‘- d +ipgg) | |T(1/2 - q.+ﬁipgf)

The traﬁsition probability can now be calculated in terms of the system
paraméters;descfibed above.
'Sincé this isfa first order perturbétion £hé6ry, it is expected to be
valid ﬁear the classical limit where u islsméll'aﬁd-fhe gas-solid énergy
. transfer ié small. As the energy tranngrred inéfeases, and as the
'probabilitx of one phonon enéquﬁters‘decréases,‘this fifst order treatmeﬁt 
no.loﬁger holds. j
An obvious iﬁprovement to'thié theory would bé to extend it to three
dimensidné;. Also a theory based on'c;nservétiéh éf particle flux would
eliminaté the problem of multiphonon encountérs{ . Some account should also
be taken of the presence of.surface phonon modés;-vEffarts along these lines
have been undertaken'and will be discussed Briefiy»in the section on
quantum ﬁechanical treatments. These early quantum théorigs have offefea
insight into the microscopic details of the gas-surface energy eXéhange.
The ﬁexivseétion deals with some simple classicai theoriés whicﬁ have also

helped in this regard.
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C. Cube Theories

Perhaps the most widely applied theory of Lh%_scattering of gas atoms
from a'$olid surface is ﬁhé so-called hard cube:mddel of Logén‘and Stickney36
ahd itéwdefivativeSQ The success of these theéries is based on their
simplicity and their ability to predict qualitatiVeiy‘the'scattering
distributions for a wide variety of ga#-solid gy#gms. Tﬁé basic assumptions,
results, successes, ‘and shbrttomiﬁgs of the hafdﬁéube thedry will be
discussed in what follows. The soft cube theoty3? and some recent

8,39

extensions will be treated as well.

The hard cube model is based on four assumptiéns. Theée assumptions
re: 36540,41 ’ |

(1) The gas particle and the surface atom aré figid elastic ﬁarticles.

(2) The surface is perfectly smooth. This ﬁééns that tﬁe tangential
component of the gas particlévvelocity is 1ot éhénged on collision with
* the surface.

- (3) Tﬁe surface atoms are independent partigiéé'confined by équare
well potentials.

(4) A one-dimensional MaxWelliaﬁ distributién“of Qelocities is
choéen for the motion of the surface atoms_norﬁél{to the sufféce.
A schematic diagram of the model is shown in Figﬁrévﬁ.'

The analysis of the hard cube model‘followéd‘ﬁhreé paths initiallyf
In the first case,36 the iﬁitial speeds of the gas.particle and surface
‘atom are given by mean speeds. The derivation is restricﬁed to gas

atom/éurface atom mass ratios (u) of <1/3 and gives a closed form
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solution for the position of the scattering pattern maximum only. The
resulting expression for the position of the scattering distribution

maximum is:

' ' ST, \
. . -1 l-yu 16 B s 1
(9) n =63 ~ cot - cotf ( v+ o T S 5 )

+ 7 T '
1 H 971 1 + HAig cos 60
where
60;:="angle of incidence
Gl = angle of reflection
no= % -9
Ts = surface,temperature define the mean speeds of the surface
= atom and gas atom velocity distributions.
N Tg = gas temperature

The second analysis of the model36 results in an exprgésiqn for tﬁe
_entife sgattefing distribution; but requires numgpical integratio#. 'It.'
takes into aécouﬁt the distribution of velocities of both the_surféqe
afom and the incidént gas particlé. The result;bf)ﬁhis analysis is the

expression‘belowi. : - o
1+ cot™® n0

(10)F(8,-6,m,T,'m,T)=_______________'_1__ o

v 1 1 | 0°. g’ g s’ s cotfy . Fo(qno, 60, mg,.Tg) X

n0 . :

F n0 nO n0 nl

6., m,m, T)u, du where u . and u , are the
0 8 s s . n :
normal ‘components. of the gas

l(unl’.unO’
_partitle'velcoity before and
after scattering.

’ results in a closed form expression for the

‘The third analysis4
»complete_séattering distribution and for the velocity distribution of the

scattered particles. By making the further assumbtidn that multiple

: \- g . .
collisions of the incident particle with the surface are unimportant,

e

]
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equation 11 for the scattering probability of a flhx of gas particles

into a unit angular range del at angle 6, results.”

faT \ 1/2  mT - _5/2

o _3[_s'g . : ' . s g o 2
(1L P(61) =7l 577 | B2(1§+ Blseceo)‘ 1 f = Bl
. g s g s
| . (i+w ol-wm
~ where (lla) B, = ( 5 SLneocothl:i. 5 cos@o)

- _f1+u . 2.\
~where (11b) B, = ( 5 s;neocsc 61)
Empldying a similar analysis for the calculation of the velocity

distribution of the'particles at‘each'el gives an'expression for the

velocity distribution of the atom flux leaving the surface at any angle

Ol. This expression is:
' T \2 - m T
- : - 4 Us g o2 3 52 s'g 2. 2
(12) P(U) = 2B3 {11+ - T.,Bl U exp B3 T Bl U
: g's S
U is the dimensionless velocity defined by
. : ' o 1/2' _ _
(13) | I &  and
: ‘ g ' .
_‘sinGl
B3 = Sind
0

The results of these analyses can be concisely“stated by examining
. - . . : max ‘ . .

*  the behavior of the deviation of 61 from specular (n) as a function

~of the'systemﬂparameters,.and comparing this behavior'with the experimental

behavior.
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Hard cube prediction - Experimental results

> 0 §-Q—- > 0

A : . om

B

on_
>0 . > 9

an Bn
or. <V | 3T <0

g ' g

an < _9_[]_ <

% 00 | 3 0

Figure 5 shows experimental and theoretical scattéring distributions for
comparisbn.. T ‘ o

The rémarkable qualifative agreement between. this médel'and the
observed-scattering behavior indicatés.fhat tﬁe assumptions upon.which
the model is based are valid assumptioné to a first approximation.

Stickney41 and Logan et al.40 discuss the assumptiOns in detail and

suggest modifications which have been incorporated in the theory. Goodman 3

has‘indiéated a quantum mechanical basis for theiaSSumption of a élanar
equiébtentiai’surface. The assumption of a plaﬁar equipotential surface
and the experimental evidence 3uppdrting this assumﬁtion say a great

deal about the nature of energy trnasfef in theAgés;solid interaction.

To a first approximation, change in:tangential mogéhtqm(can be ignored in
the scattering of gas particlesvfrom a sdlid Surfaée} Of course,'at
grazing éngles of incidence, or where chemical ;gadtion takes place, the
approxiﬁation breaks down. In any cﬁse,»thiS'assﬁmption; and the hard cube
theory Eased upon it, have added significantly to“qqr-understanding of

gas-surface energy transfer.
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Several of the drawbacks of the hard cubetmodel have led to
modificaﬁions and extensions of the theory'tobinclude more pbysically
reélisfic.assumptions. In most cases, these eXtenéioﬁs have also led to‘
a more cbmplex theory requiring numerical golutioﬁ; The first important‘
revision of the model by Logan and Keck is‘terméd thg soft-cube model.37
As its name implies, the gas-solid potential isvéssumed to be made up of a
square well attraétive-potential reéhlting inva’"soft" gas—surface collision
and an exponential repulsive potential. (Figure é;) Tﬁe attractive |
botential‘ié assumed'fixed in space while the rélesive paft of the
| pdtentiai oscillates about the equilibrium position of the surface atom
which behéﬁes as if attached to the remainder bf the rigid lattice By‘é-
single Spring. -The result of the analysis for in'plané scattering is given

: by.equation 14:

2 1/2 Co 2 2

: msu dvi o v_msu vi
a®) - POP = g -vo) | g [P\ = Rr_
5 L] s
where u = incident normal velbcity inside potential well
vC = (v coswto)/u
v, = initial amplitude of the surface oscillator
tO = time of turning point in collision

The soft cube model in this form introduces three parameters to describe
the potential; the well depth D, the interaction :énge b, and the surface
atom oscillator frequency w. These parameters are reflected in the final

38 ' . 44 o
result by u, v and tO. Forman, and Karamcheti and Scott  have utilized
a truncated harmonic potential in the soft cube model which simplifies

the analysis somewhat. The soft cube model also allows consideration of
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those p;rﬁiéles which are trapped upon collision with the surface; AThe
soft cube médel predicts the same trends of exﬁérimentalvbarameterévas_
the hard cube model, but greaﬁly'improves the quaﬁtitative.agreement'wiﬁh
expérimenﬁ éspec1ally in the case of the scatterlngvdlstrlbutlon w1dth.
A recent ex;en31on of the cube theories 1s_tha§ by Doll.39 He ‘has
developed the fbfmulism to include_séat;efing of ayﬁigid-rot6r by the
surfacé;.'This extension has improved thé agreeﬁé&t of theory and exper-
) iment'for the scattering of diatomic molecuies frdﬁ_solid surfaces, |
partlcularly the widths éf the scattering dlstrlbutlons. A.éémﬁarison of.
experlmental results with the simple hard cube model and the modified
rigid rotor model is shown in Table I. Figure_?lsﬁows the'collisiép-
,geome;:y-ofAthis modified model, The;final resﬁ%£ifpr the éééttéring  e

~ distribution is given by equation 15.

, : 2 Uy 1+ ctn 81 o .
(15) v P(el) = ?(ﬁ;) (*‘&;e-(')'—‘ cos? x E k
/"/? TR +S)(l+y)d¢> |
0o [+ (u'T/um)S 121+ (up/uy )cos eov /[1 + (uT/u s’ ] }2.__,, :

where:

il
i

‘ sinﬁb'

T
-
TC‘

=
m
mELﬁE
)

Hr

Yy = 0.5[(1 + s° + um)(ctnel/ctneo) f_um + S f,l]

Replacing sin¢ by zero gives the correct two-dimensional atom/hard

36,39

cube expression as would be exﬁected.
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TABLE I. Shown are the experimental (E), atom/hard cube (HC), and
modified rigid rotor (MRR) maxima locations (8;,,) and widths (fwhm) for
several diatomic scattering distributions. Tg and Ts give beam and
surface temperature (°K) and FRR.is 2¢max/ﬂ. (Ref. 39.)

Omax - fwhm
System Tg ~ Ts 6, FRR E. HC IMRR “E  HC MER
D,+Ag 80 560 50 0.68 41 33 33 49 38 42
D, +Ag 300 560 50 0.39 51 46 46 31 28 32
D, +Ag 1400 560 50 0.19 53 51 51 15 14 15
D,+Ag 80 560 70 0.68 47 45 43 51 54 56
D, +Ag 300 - 560 70 0.39 64 64 62° -39 35 40
D, + Ag 1400 560 70 0.19 69 70° 69 18 16 . 18
Hy,+Ag 300 560 50 0.28° 50 48 48 5 20 23
N, +Ag 300 600 50 0.83 48 31 32 42 48 52

N, + Ag 1500 600 50 0.46 55 56 55 25 37 43

N, + Pt 300 475 45 0.83 43 36 36 48 39 46

‘N

Ni + Pt 298 521 45 0.83 44 35 35 48 40 45
N, + Pt 298 800 45 0.83 34 29 29 48 39 43

, +Pt 298 973 45 0.83 32 26 27 - 48 38 42
0, +Pt 300 475 45 0.8 45 36 35 51 41 47
Hy + Pt 300 1175 - 45 0.28 44 42 42 60 20 22
D, + Pt 300 1175. 45 0.39 45 40 .39 60 26. 30




-20-

The success of the "cube'" theories in explaining and predicting
gas—surfacé scattering distributions has added a great deal to the under-

~standing of the gas-solid energy exchange.-AThe,simplicity of the results -

and thé54§§arent experimental verification of many of ﬁhe assumptions
upon whichvthe theories are based has led to a physicél picture of the

- processes involved in the gas—surface interaction..

%
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D. (Classical Scattering Theory

Brief mention will be made of the classical'trajectory type
calculations of gas surface scattering. ' Extensive references to the
original literature are included for the reader interested in examining
these theories in greater detail. Effectively, three groups have developed
this method in the past decade. The method consists of numerical solution
of the equations of motion for a large number of gas particles incident
on an idealized surface. The surface is composed of a lattice of atoms
connected by harmonic potentials. The approaches of the three groups
differ in numerical techniques and the gas—surfa¢e.interaction potential
used in the calculation.

o 45-49 ... e e o

Lorenzen and Raff utilize a Morse potential for the interaction.

45 46 e
Calculations for two- and three-'~ dimensional surfaces exhibit semi-
’ ' : , .
quantitative agreement with experimental data for He scattering from Ni .
. S 49 . Y AP
and Ar from W.. They treat the effect of surface impurities, finding
"an increase in energy transfer for surfaces contaminated by submonolayer
quantities of contaminants.
50-53 L. . — R , :

McClure uses a 6-12 pairwise interaction potential. His two-

dimensional finite range interaction model points out the dependence of
P, . ' L 50 .
the scattering results on the tangential momentum transfer. This
dependence is neglected in the cube models discussed pfeviously. A very

interesting result of these calculations is the appearanée of 'surface

. . . . ey e 51 ., .
rainbows't in the calculated scattering distribution.’ This structure

T So named because of similarities between this effect and rainbow
structure observed in gas phase scattering. For example, see H. C.

Van de Hulst, Light Scattering by Small Particles (J. Wiley & Sons, New York,
1957). : o '
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can be used to extract information about the gas-surface interaction

'potentiél._ Comparisons are made with experimentélfdata for Ne/LiF

scattering showing very good quantitative agreement;sz’s3

f ) :
24=39 use a 6-12 potential for the gas-surface

‘The cél%ﬁﬁ%tions of Oman
'intéractions‘fTﬁevthebry is three-dimensional and has been applied to the

ST 4 . . . L - .
scattering of rare gases5 »9 and diatomic molecu1e556 from silver.

Qualitative agreement with‘éxperimeht and the simpié'cubé theories is

obtained.' The'calculations:also agree with the hétd'Sphere model of

60-62

. Goodman at the limit of high incident gas energy.

Several other trajedtdry-Eypelcalculations have been done,63—65

but all attempts suffer from the same drawback. - The convergence
characteristics of the Monte Carlo techniques used necessitate the

4

caiculation of 10" to 105 trajectories for each set of incident conditionms.

This is an expensive way to extract information about the gas~surface -

potential field. Recent work by Stee1e66’67'giVihg an analytical expression

for the scattering probability, and the semiclassical methods developed -

68,69

by Doll and others, appear to give a large return of information for

: invested computational time.
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E. Quantum Mechanical Theories

Present day quantum'mechénical treatments of gas-surface energy

exchange have built on the early theory of Lennardeones, Devonshire
. 31-33 : o
and Strachan. As discussed above, the major problems of the early
theory were that it was one-dimensional, it could not account for large
non-specular fluxes (first-order perturbation theory), it treated surface
atoms as if in the bulk, and the inelastic scattering theory was limited
to single phonon processes. Recent developments in the theory have
attempted to correct these problems. An extensive review of the state
of quantum theories of scattering up to 1966 is given by Beder.
e 35,71 S .

More recent reviews by Goodman discuss several of the corrections.

‘A revival of interest in quantum theories of ‘gas-surface scattering

_in the mid-1960's stimulated the work of Bedef,72 Hdwsmon73 and TSuchida.74

Their wofk;'as well as the early efforts of Goodﬁan énd coworkers34’75
extended and clarified the one-dimensional single phonon first order tﬁeory
of Lennérd-Jones énd Devdnshire. o

The.bfeakdown of the first order perturbation'treatment was discussed
initially by Cabrera, Celli, Goodman, and Manson’,34 They developed first
an.elastié scattering theory and then a one phongﬁ.inelaStic'theory76 which
is based on the conservation of pérticle flux (an unitary theory).7
The elastic theory has been applied with qualitative.success to the scat-
tering of 3He and 4He by LiF.75 vThe role ofvvariqué'attractive pqtentials

in the framework of this theory has been ihvestigated by Goddman.77’78_
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Beeby's develobment of a formzlism to treét muitiébonon encount;ers79-81
indicates that one and evén two phonon termé dé*notfexplain experiméntal
Ireéulés._ The numerical calcﬁlation required to;deai with multiphonon

yscatteriﬁévié’sd extensive that infinite or&erICAlcuiations are not
feasible. His treatment dépends on the Debye-Waller factor for explanation
of observed diffractioﬁ. Weinberg82 points outrtﬁ;t local éurface |

potential is just as important in this regard.

" The problem of generalization ta ﬁhrge_diménsibns and recognition
that the surface atom is not in fact"liké'éﬁ atom in.the bulk of the
solid was treated by Goo'dma'n.g3 The surface atom_is-assumed to behave
as if its dharébteristic temperature were_that-bflfhé:surface Debye
témpéfature&A.rather thanvthe bulk Debye temperatuig. This theoty.is !
v éxténded'tbbbe generaily applicable in the t:eatméqt‘qf el#stic and inelastic
écatterihé separately and in COmbination.85—87 fﬁe“inelas:ic the§ry is
able to pfedit; phonon creation and annihilation pe;ksvarqund elastic
scatﬁeripg peaks.’

The.quantum-theory of'gés—sunface écatterinéfhéé progréssed to the
-Stage whgrg'qualitative agreeheﬁt with experimgntal results is gengrally
obtained;A Vefy recent treatments are yielding qﬁantitative agreement
for heliqﬁ/élkali halide scattering sysgems. Since a detailed theoretical
understanding of the gas metal enéfgy transfer is essential to an

understanding of heterogeneous catalysis, this field will remain a fruitful

one for theoretical study.
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" F. Reactive Scattering Theory

There has been very little work on the development of theories for
reactive gas-surface scattering. What work has been done has generally
' ‘. , ‘ s . o . 88-91
been limited to model descriptions of particular experimental systems.
There have been few attempts at formulating a geqéfal theory of reactive

scattering. For the most part, this can be explained by the variety of

processes that constitute reactive scattering and.which a general theory

should be able to treat. These processes are:

(1) Dissociation or rearrangement of the incident'gas'particle on collision

with the surface. AB. A + B
. gas surf surf

(2) Formation of chemical bonds between incident and surface atoms on

i s '+
impact. Agas f BSolid ABgaS or ABSurf

(3) Reaction of incident particles with other particles from the gas
phase at the surface or with atoms adsorbed on the surface.
4+ B > AR
Asurf Bsurf ABsurf or ABgas
(4) Desorption of volatile surface species containing atoms of the ‘
surface or only atoms from the gas phase. AB . > A or AB
o . surf gas gas

These various processes occur separately or simultaneously during reactions

such as dissociative chemisorption, oxidation, heterogeneous catalysis

“and vaporization. An interesting discussion of the energetics, possible

92

ﬁechanism$ and kinematics of thése processes is{given by Wise and WOod
in their review article on reactive collisions bethéen'gas and surface
atoms;'

Lacking a genefal theoretical'trgatment ofbréacﬁive scatteriﬁg, the

various processes making up reactive scattering have been investigated.
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o . s e il 93297
Theoretical treatments of dlssoc1at1vewghemlsorp;1on9 ?

and surféce
98,99

ionization are available. Macroscopic theories of oxidation and
. ' 100 . S : o
oxide scale growth are well known. Theories of heterogeneous catalysis
are less numerous because this again involves several separate processes,
o 101,102, 103.104 . .
but there are electronic™ "’ ‘and geometric™ T’ arguments proposed to
s . | o105 L
explain catalytic behavior. The Langmuir-Hinshelwood mechanism and
106 . UL "
the Rideal-Eley mechanism have been used to explain catalytic systems
S - ' g 107 = 108
for several years. Batty and Stickney, and Weber and Cassuto have
used quasi-equilibrium thermodynamics to expalin. evaporation rates of
volatile transition metal oxides at low pressure’and high Cemperature.f
In_géneral, reactive scattering theotiesAtaka their form from several
fields not hécessarily_related to molecular bean écattering from solid
~surfaces. In the future, it is hopad that more cohesive theories will
be available which build on the enérgy_exchange foundation of the scattering

theories described previously and incorporate theftesults of much work -

in the fields of chemisorption, oxidation, catalysis and vaporization.

i
.
;
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3. Experimental Techniques

A. Thé.Molecular Beam Surface Scattering Experiment

As mentioned previously, molecular beam techniques are particularly
well suited to the étﬁdy of the gas-solid ene:gybexchange. The reason
for this éuitability lies in -the ability to cgaracterize Qith a fair
degree of certainty the initial and final States_of the gas.  Molecular
beam methods can provide a spatially defined incident fiux-of gas
particles with a given kinetic'energy or distribution of kinetic energies.l
vThe internal energy of the gaé can be selécted‘using proper techniqués.log.
Partiéles leaving the solid can be characterizédvas to compoéition,
direction; and energy (both translational and'in£ernal). When these

techni@ues are combined with modern methods of solid surface preparation and

characterization, a Véry powerful tool is available to the ekperimenter

interested in the gas-solid energy exchange.

The preparation'of weli characterized solidﬁsﬁffaces haé depended
greﬁtly on thé development of the technology fot attaining aﬁd maintaining
ulfré'high vacuum (<10—9 Torr Hg).l.lO Only in:éﬁ.ambient atmosphere of this
magnitudé can a surface be.expected to remain free of contaminants from

the background for periods of time long enough for surface studies.84

The étudy_of atomically clean surfaces can be accomplished in the

- folowing three ways.lll (1) Ideally, a clean surface is prepared by

in situ methods (cleaving, chemical treatment, ion bombardment) and is

112

kept clean by performing the studies in UHV. (2) The surface of a

'refractoryimetal sample (such as tungsten or tantalum) is cleaned by
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heating td'évhigh temperature and is kept clean by kéeping the surface

113

so hot that contaminants will not stick. (3) The solid surface is

kept cleén_By conﬁinuous deposition of the surface,layer at a fate greater
than‘the fiUx_of contaminants from the backgrouﬁd_gas;ll4 The actual
preparation of étbmiéally.clean solid sﬁrféces fét:ﬁoleculér beaﬁ
écatteriﬁg targefs often combines thesé three teghﬁiques to sqﬁe extent.
Onceia clean surface hés been prepaged, tH¢ éoﬁdition of the surface
‘must be charécterized. This can be accomplished_in severé1 ways. The use
of high puri;y bulk single crystal samples is'Ver&.héipfui in providiné :

112,114,115 -

a 8urfacé with definable atomic geometry. - This geometry can

be verified by the techniqﬁe of Low Energy Electron‘Diffraction (LEED).116

The chemical"coﬁposition of the target Surfaée.mustiélso be known. This

can be determined by eiectrqh-spectroséopy of thé'fifst few atbmi¢ layers
" of thé samplé.' Two techniqueS'in particulér are éépeéially sensitive

to the chemiéa1-composition of the surface. Theéé are Auger Electron

Spéctroscopy (AES)117'and Qltraviolet or x-ray photéeiectron spectroécopy

(upPs and'XPS).118

The combination of modern surfaqe analysis tools like
LEED and AES with ultra ﬁigh vacuum.techniques for m61ecﬁ1ar beam SEatter—
| ing;studiésrhave provided. a 1a:ge source of solid”éxperimental.information
oﬁ the.detailévof the gas-solid interacfion. SeQefal resea;cﬁ'grQUps are
‘at present uéing‘éystems designed with the‘above coﬁgideratidns in mind,llg’llsfllg
and much ﬁore information aboup beam scattering from‘well defined solid

surfaces is forthcoming. Figure 8 shows a schematic diagram of a scattering

apparatus designed for well characterized surface work.

-
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B. Sources

The pféduction of a high intensity well céllimated atomic or
“molecular beam is crucial to the study.of gas—solid‘enérgy exchange by
-molecular beam techniques. An ideal source forbsﬁgh an ekperiment mus t
satisfy seve;al‘critéria. (1) Iﬁ must be of a high‘éﬁough inteﬁsity that
useable signal-to-noise ratioé are obtained. (2)“It'shouldvbe monoenergeatic
or at*least‘have a well defined energy distributibh.v (3) It must be
spatially defined with small divergence, so that the angle of collision is
well known. (4) 1t should be of variable intensity,VQariéble energy, and
if should be versatile (a range of molecules and.atqms able to be used).

There are three basic source configurafions which meet these criteria
to a‘greatet”or lesser extent and involve varying amounts of technical
investmeﬁt;_ These source configurations are the effpsion source, the
multichénnél’capillary'array, and the nozzle beam'spurce._ Figure 9 shows
"a schematic diagram of the three sources along with their angular distri-
bution and velocity distribution characteristics.

‘The effusioﬁ source is genefally a temperature controlled oven with
a small opening through which the source gas effusés randomly. The laws
governing'éffusion are well known and are treated in ény standard textbook
bn’physical éhemistry}zo the major requirement being that the mean free path.
of-tﬁe gas inside the source must be greater than the oven orifice. The
angular‘distfiﬁufion of molecules emerging from the opening varies as the
cosine of thg-angle from the normal to the source opening. The energy
distribution 6f thé molecules is a Maxwellian distribution at the temperature

of the oven. The advantages of this source are its simplicity and well
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deflned beam energy distrlbution. Since ir must be operated atrpressnres
low enough that the effusion is random, its major’ drawback is its low
intensity.v | |

The multichannel capillary array is basicailytan effusion oven fitted

with a small opening composed of a bundle of.Very"fine capiilary tubes.

Flgureli)shows-a ohotomicrograph of such an erray. The length—to—diameter
ratio of these tubes is of the order of 50 to 1, reenlring in a source
‘whosehangular distribution is peaked along the normel(to the source opening.
In this way,,higher intensities are ettained et the targer for theISame
total leak rate and therefore the same investment in pumping speed. These
sources can also be operated at'nressuree above thoee for random effusion,'
again‘increasing the source intensity. The energy'disrribution of the bean
molecuieevis.experinentaliy deternined'to.be nearly'Maxwellian,<with a

slight increase in high speed molecules ‘at the:expense of the low energyvtail

of the distribution. ‘A series of'papers by Olanderfand coworkersl21-127 treats

the design; use, and:theoretical-aspécts of these very‘useful molecnlar beam
sOurcee.; .

The énperSOnie nozzle source is used to prodneeinery high»intensiry
nearly mondenergeticvmoleouiar beams. Free expansion of a_high pressure gas
through a nozzle-skimmer arrangement converts the enrhalpy of‘the gas into
a net_transletional energy.along the normal to the nozzie opening.lzBThis
expeneion produces a cooled beam‘whose translationelfspeed is determiued by
the nozzle—skimmer geometry but whose speed distribution can be characteristic
of very low temperature. - This nerrow distribution'and the fact thar rota-
tional and vibrational temperatures can be defined for the expanded gas make

this source very useful when the energy of the incident molecular beam must
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be well known. Its ability to operate at very high driving pressures

gives a high intensity beam but also provides ité_major shortcoming.

Very‘large pumping speeds are required to pump away the high throughput

of molecules. Using seeding techniques,_l29 nozzle beam sources can attain

energies frot less than .1 to about 20 eV. The original work of Kantrowitz
< 130 . o131

and Grey, and of Kistiakowsky and Schlichter as well as several

129’132’133'discuss the design and use of nozzle beam

review articles,
sources.

vTﬁé bfoblem of producing a monoenergetic soﬁrée'without the iarge
vpumpigg'reqqirements of the nozzle source can be solved with the use of
a slottéd disk velocity Selector;134 A.series'6f:siottedeheels are
placéd in the molecular beaﬁ produced by anveffﬁéion type'source.
(Figureﬁll,) By propervplacgment of the openiﬁgs and rotation of the
aSsembly'at constant speed, only a certain portion éf'the velocity
distribﬁtion can pass through the filter. This results in a nearly
monoenergetic beam atvthe loss of a great deal (about 997 usﬁally) of
fhe incident beam intensity.

Tﬁeré is a great deal of literature available.dn the design of
specialized sources suéh as sources for ions or dissociated atoms. This
literature is reviewed in the sféndard works on.ﬁolE§ular beam techniﬁues

1 135 : . .
such as Ramsey and Fraser as well as the annual series on advances in

chemistry and physics.136
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C. Detectors

The,détecfion of particles leavingAtHe sﬁfface can be accomplished
in seveféi.ways. Surface ionization detectors‘aréfuseful for alkali
and alkialine earth atom scattering from surfaéés.ﬁ Their Bigh sensitivify
forbtheée‘species is offset by the very narrow rgnge-of species which |
they will.detect. Very little surface scatteriﬁg:is.done using alkali
atom bea@s,'so the use of this detector in gas-surface scattering studies

is not widespread.137

A more versatile detector is one based on the ionization of particles

to be deCeéted by inteféction with an electron béémf These electron bom—
bardment ‘detectors fall inté two.genefal categoriéé;'ion gauges and mass
filters. As Figure 12 shows, thé ion gauge méasﬁres a total ion cﬁrrent
while the ﬁasé filter measures a.signa1 dué to é péﬁticular mass ion.
V:The’most widely used ma;s fiitervdetector is tHe'compact quad;ubole
mass filﬁer; ‘Figurevl3 shows a schematic'diagraﬁaof a'typical_quadrupole_
detector. Ions are formed in the‘ionizer'by bdﬁbardment with ~70 eV |
electrogs.'.fhe ions are extracted downward throﬁgh;thé quadrupole assembiy

which defines avariable RF-DC field. Ions of the'prbper mass to charge

ratio forzthé particular field'pass through theffiltéf énd strike an electron

multiplier oeraradaY'cup collector where the current dué fo that ion is
measured.. All other ions have unstable trajectofies in the RF-DC field:
and collide with the quadrupolé'aésembly instead of being detected. The
advantages of the mass filter and ion gauge detectors are their universal
applicability. However ionization.ié inéfficient_with one ion produced for

every 104 - 105 particles passing throtgh the detéétor. The mass filter
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detector is essential when reactive scattering fakes place and the identity
of particles iéaving the surface must be known.

Figure 12 also indicates the differénce between a flux sensifive
and density sensitive.detector.’.The signal froﬁ the flux sensitive
detector is proportional to the tbtal flux entéfiﬁg ﬁhe detector, since
there ié only one opening to thevdétector. The'aénsity sensitive detector
prodgqes a signal proportional to the instantaneoﬁs number dénsity of
particleé in thé ionizing region, since thé particiés are allowed to
fiow_throﬁgh the ionizing»region.lll’;38

'Deteptors for gas—-surface scattering can be either fixed or roté;able
about theVCrystal surface. 'Fixéd detecﬁbré‘are geﬁerélly used only in systems
designed ;o study reactive scattering.139 The teghﬁiques'uéed to study
 reactive scattering will be discussed in-aflatér'Section; Rotatable
detectors present a design pfoblem of fair propoftions in an ultra-high
vacuum scattering chamber.112 They are howevef ébsolutely essential for
elucidation of the nature of gas—surface'eﬁergy éxchange, because of

the information available in the angular distribution. " Both ion gaugel40

112,139 have been successfully inéorporated in

and mass filter detectors
ultra high vacuum scattering systems.

A wdrd or two should be said here about the use of lock in detection
to improve the signal to noise characteristics of gas—surface scattering .

~ 141 . g s

systems. Generally the incident molecular beam is mechanically
chopped at a fixed or variable frequency and the scattered'signal-is
detected and amplified by a narrow band amplifier tuned to the same

frequency. See Figure 1l4. This eliminates detection of gases not

modulated at the incident beam frequency and improves signal to noise
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ratios by several orders of magnitude. More will be said about this useful
technii "ué_ in the section on reactive :s_ca'tterivng methods.
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D. Velocity Measurement

:Impqrtant complementary information to the apgular scattering distri-
bufion determined with rotatable detecﬁors is the velocity distribution of
particles léaving the surface. This information is eésential to a complete
understanding of the gas-surface enérgy exchange,but unfortunately it is
not withdutvexperimental difficulties.

The mést straightforward method of determin;ﬁg the velocity
distributioh of the scattered mdlecules‘ié the qsé'of the slotted disk
veloéity selector discussed aboye}34VThe'same.dfawbacks (i.e. loss of
éignal) apply as when used to monoéhroﬁatize‘the incidentbbeam. When
used to filter the Sééttered beam however, fﬁrther'éomplications arise,
.the major one being the incompatibility of UHvV coﬁdiﬁions and the greased
bearings of high speed synchronous‘motors. |

Time of flight techniquesl>’»142-146

can be used to overcome the loss
of signal pfobiem. In this case, a singlé'mechaniqal chopper is used to
‘gate the scattered beam, and delay electronics recérd the signal in

fixed time intervals after the opening of the gate. . This technique gives

a velqcity distribution over a wide range of velocities if the gating fre—.
quéné? can:bé changed readily. A fixed frequency.cén gng é distribution -
1imite& bj the particular frequencyvand the geometry of the detection
systém. _Vafiable frequency time of flight velo;ity analyzers are again
incompatiblevwith UHV scattering systems, while fixed frequenéy'tuning

fork-type chbppers are uséable in UHV systems.
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Thé”aVérage speéd of the écattered beaﬁ.paﬁﬂﬁéreasily determinéd by
vphase—sensitive detection of the séattéred beém at aifi#ed frequency}41;l47'l49
The phase difference Between,the detected sigﬁélignd;a reference from the~:
chopper is directly felated.to the time of flighf of “the scattered molecules.
For examplé,.considef a system with a choppgr—to;détéctor distance of 10 cm.

f particleé traveling from the chopper to the dégeéﬁor Have a mean speed
of 1 X ibs'cm/sec, the fligﬁt time over ;he 10 qm distante is
d 1 x 10! cm |

e t u 1 X_lO5 cm/sec 1 x 10‘, sec

If the chopper’is operated at £ = 1 x 103 hz,‘the'pbase_shift due'to'flight

timé will be

(17) . ¢ = (3.6 x 102)f1

(3;6'X 102 deg /cycle) (1 leO3 cyéles/ééc)(l x 10~% sec)

o

]

3.6 x 101 degrees
In principle, the amplitude of the'modulated signal can be used with the
- phase shift to determiné the velocity distribution Qf‘the scattered beams.l_25

‘Equaﬁion.18 shows the relation between the velocity;distributign and the .

- -phase. and amplitude of the detected signal.
(18) . : f(v) ~.f6_ I(t)elmtdt ='A(w)e1¢(w). .

rf(v) is the veidéity distribution which i§ propoftional to fhe integral éf
3 the time depehdenﬁe-of thé‘intensity at the detectéritl(f)] éf a beam
chopped Qith frequency w = 2ﬂf5 This integral is.the Féurier transform

of the amplitude A(w) and the phase ¢(w) as a fpncfion of the angular
chopping frequency. This method suffers ‘from the:sensitivity df the

deconvolution to random experimental errors.-
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.A final method of aetermining theAaVerage spééd of particles leaving
the surface is based'on the différence betweeﬁ é flux sensitive detector
and a dehsity sensitive detector.l38 Sinceé the ﬁUmﬁer density signal is
proportiohal to the particle flux divided by the mean particle speed,
thie ratio of the flug signal to the number denéityﬂsignal should be
proportional to the mean particle speed.

N 3

number density in cm™

flux in (sec_l)(cm'z)

F

(19) | —gé ¥ in (cm) (sec™1)
Propér.design of a detector that can aiéernateiy measure flux and
number density signals should give the mean épeéd. 

- The techniques for measuring.the speed of molecules leaving the solid
surfacé are ‘available, but in each case their ekperimentél incorparation
"introducesrnew problems. These problems have soifqr prevented experimen-
talists from designing single sYstems capable of measuring angular:and

velocity distributions together in a UHV scattering environment.

Hopefully work toward this end will be fruitful in the near future.
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E. Reactive Scattering Methods

f%ﬁé ébility to study the detailed kinetic bghévior of surface reactions

has been reélized duevto the deyelopment of several experimental techniques
amenablé'fo the special problems surfécé reactioné»poée. The design and
widespread USe of compact mass spectrometers, sucﬁ'§s tﬁe quadrupole mass
. filter described above, has made deﬁe¢tion of rééc;ipn product signgls
”'_routine.;JSigﬁél pfoceséingAtéchniques, suéh.éé:io;k;in‘aeiection “and
'ion‘counting'electroniCS, have become a'tool.qu_e#tﬁacting kinetic
information not available by hon—ﬁoleculér_ﬁgam meghods.» fhis sectiqn will
be devotéd to a brief discussion of the principieslbehinavthese techniques'
énd_theinySe in unravéiing.surface reaction meéhaﬁisms.

A beamﬂéf molecules impingiﬁg'on a surfacejﬁith intensity I, when
mechanically -chopped at angular frequency w, Can7bé*thought‘of as a modulated
driving fgnctibn. .When a reaction takes place on-ﬁhe surface, this modﬁlated
function is’chaﬁge& by the processés of the surface feaction. The éﬁrface
acts as a differen;ial operator operating 6n the-moddlated incident beam.

A beam of produéts leaves the surface Qith diffe?éﬁt modulation. By
monitoring the waveform of the product modulatedlﬁéam as a functiqn.of'v
igcidént beam'modulation frequency, ihcident béém inﬁeﬁéity, inéident

beam enefgy, surface temperature, tdpography and éomposition; incident beam
aﬁgle_andjséattered.beam angie, models.for the surface operafpf (tﬁe’
su;face reactioh.mechanism) can be formulatedvand'compared with the
experimental waveform behaviqr. This is the_essenéé of surféce reaction

mechanism determination by the modulated molecular beam technique.
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150-152 . ' . ;
and signal averaging devices can

Iqh.éounting eleqtronics
be uséd tbvfecord the entire product waveform. The most detailed information
ab aut the.Surface reaction is contained in the entire'waveform, but often
the reaction is complex enough to make interpretatiﬁn of waveform results

not entirely unambiguous. A more common technique is to measure only

the first Fourier component of the scattered waveform by means of lock-in

149,153

detection. For surface reactions showing first order pressure

dependenée, the higher order Fourier compongnts_do-not contain surface
reaction information.

The”procéssing of the modulated product beam_in the lock-in amplifier
(Figure'14)vrésuits in a signal with amplitude A;v¢_degrees out of phase
with tﬁe referéncé signal‘formed at the meghanical‘éhopper. For first
ordér‘processes, the Behavior of A and ¢ as a fuac;ion of thé kinetic
vériables mentioned above gives informétion about the surface reaction
mechaniém. An example of the method for a simplevadso;ption—desorption
process should help to illustrate the technique.lsé

Consider a beam of diatomic moleculeS'A2 qf intensity IO'chopped
by a gating function g(t). They interact with the s$urface with sticking
probability_n ana desorb with ;ate constant kd.

o ”10 : kd .
(20) AZ(g) + ZS—*f—+~2[SAadS]-~+ 25 + ZA(g)

. A surface mass balance on adsorbed A atoms gives

d[SAads]

1) dt

= anOg(t) - kd[sAads];
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Substituting a sinusoidal driving function for g(;) and a trial solution
for [S4q,] atves

e % ot _ iwt gk ot
(22) = delsAglTen T = nlgge kqlShgggl™e
_quation 22 is solved for [SAads]* to give
oo : B 2nl g
| . w8y
(23) _ [SAads] - kd + iw

Writing the complex number in polar form and solying;for the rate of
' R ok e ' '
Qesorptlon (kd[SAadS] ) glveb.‘ . |
' o ' : -itan(w/kg)
ZnIOgle Al

VI + (w/k)?

v o ~v_’ ' *
N M C R

A reaction'product vector can be defined which is’the ratio of scattéred

product signal to incident reactant flux. Invthé limit of low reaction
. : »

]

probabilities this vector is just the ratio of kd[SAa to I

ds 081

by avphase factor related to the surface residence time of the products.

kglSA,0 0% Lie o
(25) g = adst o 10
. 081
Equation 24-caﬁ then be written
~id 2ne-—_lt:an(w/kd) 3

€e

N 1E @ip?

‘€, the ratio of product to reactant signal, is given by

(27)» | | | o an s -

1+ (w/kq)?2

modified

b
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'éndv¢, the phase  difference between product and reactant signals, is

given by
(28) ' ' ¢ = tan—l(w/kd)

By observing the amplitude and phase of the product and reactant
signals as a function of chopping freqﬁency w? kd can be determined by
a plot of tand vs. w and N can bevdetermined.by.a plot of l/ez_ggL w?.
Determinations of kd at several surface'temperaturés can give the
activéfion energy énd pre-exponential factor'fpr an Arrhenius-type rate
equation. Similar analyses of more compiex surféce reaction models,
includiné series, pérallel and COmbination series ‘and parallel models,

"enable the experimenter to extréct kinetic‘paraﬁéters and to choose appro-
 priéte surface reaction mechanisms.

In the above énalysis, a sinusoidal gatiﬁg function was employed.

As has been previously pointed out, for.first order surface processes a
sinusoidal gating function is allowed in the anélysis regardless of the
actﬁal wayeform of the incident béam due to the.lack of information in
higher ofder.Fourier comenents. For processes other than first order
the analyéis becomes more complex and musﬁ take account of the actual
gating function waveform. Several examples of ponffirstvorder processes
have been treated by Olander. 155

Modulated beam methods can also bevused to de;ermine residence times
in non-feacfive scattering(156The phase'shift of a modulated beam on
scattering from a surface can be directly related to the surface residence

time after corrections for beam transit times and instrumental corrections

have been made. For example, consider a system with chopper-to-crystal
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digtanée, dl = 10 cm, and érystal—to-detector'diéténce,de = 10 cm. For,
aléﬁéﬁping frequency of £ =1 x 103 hz and a bea@'bf particles with
aﬁérageVSPeed u=1%X 105‘cm/sec, as shown in ﬁhé.previohs section,

the phase shift due to particle flight time would be-

' r £(d; + d,) SO R
(29) . %¢1iphe T 1u 2 ‘(3.6 x 10%) = 7.2 x 10" dégrees

This would be equal to the measured phase shift if the surface residence

time wéfe'zero. If a 108 degree phase shift were measured, then

(30) . 1 ' ¢res time ¢measm- ¢flighf =‘§6:§egrees
. _ . 2 " )
(31) R Tres = ¢/£(3.6 x.10%)
= 3.6 x 10! - = 1% 1074 sec

(3.6 x 102) (1 x.103)

Tﬁis simﬁle example should give an ideaAof the method. In actqality,
the fact that a distribution‘of particle velocitiesﬂis being dealt withv
éompiicates-thé analysis slightly. Harrison, ﬁﬁmﬁer, and Fite treét this
problem and>provide tables of pﬁase éhift_as a.fﬁnc&ioﬁ of distance,
particle maés,‘énd velocity for.Maxweilian beams:147

- Crosé correlatién techniques have-alsovbeéh uéed to measure the rééi—
dence tihe_dis?ributidn}57.Care shodld,be exerciged in realizing that the
phase én& amplitude of'the scatteréd Beam and théif.relationship to
‘residencé time are Somewhat scattering model depeﬁdént;' Yahamoto and

Stickney discuss this point.158

|
i
]
{
i
i
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4. Experimental Studies of Energy Exchange

A. Diffractive Scatteting

The elastic scattering of gas particles from solid surfaces does

not invqlVe energyvtransfer betﬁeen the surface and the incident gas. The
results of elastic scattering experiments do givé:a great deal of infor-
mation about the interaction potential between thé'éurfacé and the gas
_éarticle. This information is contained in the presencevor absence of
diffraction and in the temperature dependence of elastic scattering
-intensity. o

- Diffraction of gas particles by a solid surface was first observed

by Stern and his coworkers in the early 1930'5.30’158

Their observation
of He diffraction by LiF crystals proved the wave-particle duality postulate
of the new quantum mechanics. Since that time, the experiment has been

repeated with H atoms; 3He, 4He, H2, D2, and Ne scattered from LiF with

well defined diffraction peaks being observed in all cases;159—167
Except for the few caées discussed below, diffraction has not been
observed on scattering from surfaces other than.alkali halide crystals.
Tendulkar énd Stickney168 observed well defined diffraction peaks on
scattering hélium frém a tungsten(llZ)'surface. This surface consists
of cloée‘packed rows separated by troughs as éeen in Figure 15. Helium
atoms incident perpendidular to the rows showed diffraction, while atoms
incident parallel to the rows showed only specuiarvscattering. Weinberg

169,170

and Merrill have observed diffraction of He and D2 from a tungsten

carbide surface. This surface was characterizedAby;a_stiff WC surface with
holes due to Stacking faults having the correct periodicity to exhibit

a W(110)R(3x5)
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LEED pattern. In both cases of diffraction from non-alkali halide
sﬁifﬁbes;‘the diffracting surface had a pronouhcedﬂperiodicity and a stiff
'sbiiaflattice. For LiF scattering the same conditions are met. As

3 treats the effect of 'lattice stiffness as

diédusséd Pfeviously,'Beeby
a condiﬁibﬁ'for diffraction. WeinbergSz‘points qut the necessity for a
strongly periodic scattering potentiél as a difffaétion condition. Thus
_tﬁe obsérvatibn of difffaétion from a sblid'sufface‘tells a good deal about‘
the na;ure.éf the gas solid scattering.

"The“oﬁly other reported.observatidﬁ of difﬁfaéfioﬁ from a metal
suffacé'héé‘been tﬁdtiof Chappell.aﬁd Haywa:d}7l’172 They have feporﬁed'
diffraction“ftom a pol&crystalliné platinum éuffacé.b‘Since the diffractiéﬁ
was~réported at a single angle of incidehce_andréipglé sﬁ:face temperaturé,
_fhé»obsérvatiop of.diffractioh”is not well vérified.i The polycrystalline‘
natufe of Fhe surféce also suggésts écattering ffom:adjacent.crystallites'
cquid éxplaih.the anomolous peak.

ﬁelipmi&iffraction has also been used to dgkégt the.ordering of‘a.‘v'
physisorbed'iayer of‘ethanol molécules on a LiFﬂéﬁrface}73 Reorientétion
of physisorbed  ethanol éb&ve ~130°K resulted in tﬁe observation of diffrac—
tion peaks. ’Below this temperature, and with otﬁer'organic moiecules
‘éxhibitihg‘disofdéfed physisorption,’noldifffaction féaturesvwere observéd}
' This result . again points out the importance of proﬁéunéed surface périodicity
Ain-diffracFivé séattefing.

‘QﬁanﬁitaﬁiQe iﬁformatiqﬁ.ébout the surface 1at£ice stiffness is con-

tained in the temperature dependence of elastic scattering intensities.

‘ 84
In the harmonic oscillator model of the solid,  the mean square displacement.

'
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of the surface atoms is related to the temperature of the surface by

2
(32) 30T

<ut> =

z mskeDi

2, : . .
. where <uz>,1s the mean square displacement, T, is surface temperature,

m. is surface atom mass, and GD is the surface-Débye temperature which

S L

is charaéteristic of the lattice stiffness. This surface Debye temperature
can be detérmined by measuring the specular scatfefing intensity as a
funcfion_of surface temperature since

@3 ' Ispec @ exp [<(k + W]

where Ak is the momentum transfer on impact and'g.is the instantaneous
displacemenf of the surface atom. Hoinkes, Nahr éﬁd Wilsch174 determined
the surface Debye temperature of LiF to be 568°K.$y this method.

Doll266 has treated this problem in more detail. If the gas atom—
surfacé atom well depth is large in relation to .the incident gas atom
energy;lthe well depth interaction dominates the écéttering. As the
‘ratio Qf incident energy to well depth increases; the particle is more
abié to saﬁple the tﬁermal motion of the surface atoms and the classical
Débye—Wéller attenuation in scattering intensity is observed. This two
regime effect is nbt seen with x-ray and eléctfoﬁ scattering because the
incident pafticle energy is much higher tﬁan thelﬁell depth which is of
the order.éf kT.

Diffractive scattering, alphough not involving energy transfer between
the gas:and the surface, gives a gfeat deal of iﬁformétion about the.:

interaction potential between a surface and incident gas atom.
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. B. Inelastic Scattering -

The greatest wealth of information abbut'the-gas—solid energy exchange .
is contained in the results of inelastic molecular beam scattering
experiments. A great number of systems have been studied; some well {

characterized, others not so well defined. By dealing with the work of

the last ten years on two particular systems (siiVer and.lithiﬁm‘fluoride),
- this éeciion wiil point out the eXﬁérimental dé@eiépﬁents'of tﬁis peridd, 1 k
and the infofmétion which has been gained about the nature of the gas-sélid.
.interaction. Other-s&stems will be discussed aﬁ&_feferenceé given wﬁgre?ef
helpful tb e#pand on particular pbints.
| _?reﬁ#réfion of well-defined silver scattéring surfaces by epitaxial
growth on a mica substrate has been used'very'succgssfulllyrby Saltsburg,-: §
.-Palmér:aﬁd Smith;175-177_ They have“determined the scattering distributionv ;
for a‘vafieti of gases scatteréd from silver sﬁrfaCes prepared inithis ‘ ' E
manner. In contrast to their resﬁlis with gold filliall4 the epitaxial,
silver layéis‘showed very little éhange in scat;gfiﬁg pattgrn between
expgriﬁenfs during deposition and experi;ents after the film was déposite&;
The fbrmétion'of a tigh;ly bound inert contaminated.layer with topology-
sindlar_té-the ciean surface explains thié obéefv;tion.;75 'The
contrastingviesults of the two systems show the'iﬁportance bf the surface
layer on the energy exchaﬁge witﬁ incident gas parﬁicles. NH3 was found to
scatter with:a cosine distribution, indicating'cgmplete'energy transfer.

He, Ne, Ar, Xe and CH4 gave peaked scattering distributions indicating

varying degrees of energy transfer. Scattering of velocity filtered
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Ar and Xe beams from the silver surface resulted‘in scattering

. e L . 176 R
distributions very similar to those for Maxwellian beams. This indicates
that the thermal motion of the scattering lattice is the main reason for
the broadness of the scattering patterns and is the most important factor
affecting energy exchange in the gas-surface interaction.

The same investigators studied the scattering HZ’ D2 and HD from
. . . ' 177 . o .

the silver epitaxial surface. Their remarkable results are shown in
Figure 16. HZ alone shows highly specular scattéfing characteristic of

Iight atoms such as He or Ne. D2 and HD showed very broadly peaked

distributions at much lower intensities. The reason for this difference

can be seen by an examination of the nature of internal energy transfer
on scattering. The allowed rotational energy transitions of the hydrogenic

species are shown in Table II.

Table IT - Rotational State Transitions

Transition (cal/mole)

J(0-2) J(1-3) - J(0-1) J(1=2)  J(2-3)

Hé , 1032 1720
D, - s16 860 | |
HD o - | 248 - 516 775

'The energy of a Debye phonbn in silver is ~450 cal/mole, corresponding

rather closely to rotational transitions in D2 and HD. A multiphonon

process wodld be necessary for energy transfer to the internal states of

H2. This rotational coupling has been observed on single crystal Ag(lll)178

and at Pt(lll)179 surfaces as well.
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-180-184

Experimental studies of high energy atomic beam scattering from .silver

surfageé#have been made by a number of groups. As the incident beam

'eugrgfi érincreased, the maximum intensity peaglshifts'toﬁards'thé surface
tangeﬁﬁﬁ ‘At even higher energies it éhifts back again.to the normal.181“
This.behayior along Qith theoretiéal predictioné-for three‘models-is'
sho&n ih figure‘l7. The study poinfs out the iimitations of the cube
theories for describing energy exchange for high iﬁcident vélocity.
It also indicates the different parts of the interaction waich must ‘be
sampled aé.the incident.energy islincreased. |

Thé above study, and other investigations, eséeéiallybwork"by”v

Miller armd.Subbarao,'182 and Calia and O'man,l.s3 indicate a transition between

54,185

écattéfing regimes as the in;ident Beam energykis'iﬁcreased; Oman
‘éhéfactérizes these regimes as thermal scatteriﬁg énd strugture'scattering.
Aé the incident beam enérgy_is increased, more and moré of the surface
periodicity is sampled by the atoms, so the beam "sees" thé*structure
' df'ﬁhe ngttering surface. At thermal energies the interaction is
aVeréged'q§ef several lattice sites and the beamlié not semsitive to the
 sqrface_s§ru£ture. These two regimes call for SQpaféte fheoretical
.treatmeﬁts. 
A sﬁudy ofvthé speed distribuﬁions of Ar scatteréd from single cf&stgl
silver surfaces gives direct_experiméntal verifig;tibn of the natufe1of
.eﬁergy egchange indicatéd by cosine and specular ééé;tering. Bishara and.
Fisher186 found that thermal energy Ar beams displéyed peakedvscattering
with a lérge.cosine component. Determination of tﬁé'velocity diétributidh
by time-bfeflight techniques indicated ﬁearly MakQéilian distributiéns.

with mean speeds near the temperature of the scattering
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surface for atoms iﬁ the cosine component, Measufements of the velocity
in the subspecular lobe indicated tangential momentum conservation
- and low enérgy accommnodation. A study on Ni yieidéd similar results¥87
Subbarao and Miller have measured the velocity distributioné of high
energy Ar beams reflected from Ag%88 They found constant mean velocity at
~all scattering angles and nearly Maxwellian velocity distributions much
wider than ﬁhe incident beam velééity spread. This result indicates that
the séattéfihg is becoming more elastic, energy trénsfer being less
efficient.

'Scaptering from silver single crystal surfaces in the thermal
regime ﬁas Been exhaustively studied by Sau and.ﬁerrill}78 They identify
three types of scattering in this ene;gy range. He, HZ’ and D2 exhibit
quasi-elastic scéttering, characterized by peaked scattering distributions
and boor energy exchange. Ne, Ar and Kr show inelastic scattering, as
evidenced by broad subspecular distributions which»ére sensitive to surface
temperature.v Xe exhibits trapéing dominated scatte;ing with a large
cosine component and high thermal equilibration. Classification of
scattering pattérns into these three types correlates well with the
reduced gas-surface potential well depth, D/kTg, derived from independent
measurements. (D is a Lennard-Jones type well depth, k is the‘Boltémann
constant,.and Tg thé characteristic temperature of the incident gas beam.)
An'interestiﬁg correlation with the microscopic fdughness of the

scattering surface and energy transfer is also noted. As the microscopic

178 150

‘roughness is increased in going from Ag(11l) to Pt(lll)189 to W{110)

1

to Pt(lOO),lg the energy accommodation increases as evidenced by the
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broadening and the decrease in intensity of the'directed peak.
Before going on to discuss inelastic scattering_from LiF surfaces;
reference should be made to studies on other metal surfaces which show

-'déveIOpment similar to that of the silver system.

—'ff'JPlatinum192—196’has:also been studied extehsiVély due to its utility

in heterogeheous catalysis. Studies of diatomic and polyatomic molecular

scattering from platinum as well as other surfaces have shown broader

192 The transfer

scattering'distributions than for atoms of Similéi'mass.
of energy to internal modes is responsible for the more efficient energy .

exchange. This behavior is supported by recent célculations”by:Doll.39

197,198 187,199-203 ~190,168-170,204
777 tungsten, ,

~ Scattering from graphite,

_molybdehum,l7l’205’206 .

nickel,

206,207 201 .

henium and stainless steel surfaces” = has

. been studied under varying degrees of characterization. A very interesting

"stﬁdy By Siekhaus, Schwarz and Olander198 6f simp;efgéses scattered f;om v
graphite indicate that the speed of refiected gas reéches.a maximum at é
particular surfacé temperature, dependent on thé nature of thé gas and
sﬁrfacé, and that any iﬁcréase in surface témperature beyond that‘point_goes
not change the speed of thé.réflected gas.-,Whethé;kdrvnot this-isvtypical
éf evéry 'gés—301id system remains to be seen..vihé authors do not offer'
_ any‘expiahation for this unéxpected observation;:'Clarificatioh of the
results of this study could add a great deal to Qurbknowledge of energy
'transféf. |

Several of the .studies of beam scattering f?oh-iiF have been discussed
in the seétion on diffractive scattering. Howevef»séveral points éhouid
be discussed with regard to inelastic scatteringfiﬁ these systems.
In generai gases heavier than neon do not exhibit diffractiﬁe scattering

from LiF surfaces. For example, Ar scattered frbm LiF208 results in a
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broadened subspecular peak as in Ar scattering from metal surfaces. Even
with light gases, if internal coupling is possible, diffraction features
o 160 B
are broadened and eventually washed out.
Dipole-induced dipole attractive forces have been postulated to explain
the observation of Ar scattering peaks in fixed;difections along rows of

second nearest neighbbrs in the LiF lattice.l61’209

This obsérvation of
fixed peaks purportedly caused by interaction with normal mddes of the
solid is not describable in terms of the simplévcube theories of scattering.
‘Obviously, a viable theory of energy transfer must{bé ablevto,account»for
such observations by treating thé surface vibrétioﬂal properties. Calcu-
lations by McCluresl indicate that the fixed'sééﬁtéfing peaks have

nothing to do_with a dipole—indpced dipole scattering mechanism. Good

210

agréement is obtained with the results of 0'Keefe 2t al. and the

trajectory type calculations of McClure.

Williémsl64’l65

observes peaks in He and Ne-ééattering from LiF that

' caﬁ be aftributed to phonqn emiséion and absorptio# in the neighbofhood of

the elagtic peaks. (Figure 18.5 Coupled with a useable theory of gas-surface
ééattering, detailed experiments such as these éould be used to determine

fhe éurface phonon spectrum ofvsolids. With this information, detailed
predictions :of energy transfer between the gasband'solid cén be
reliébly.made. o

| -Seléctive adsorptién in molecular beam scatteriﬁg'frdm solid surfaces

211 . T .
1 This phenomenon gives information about

162,163,166,167

was first observed by Stern.
bound surface states ahd their energies. A difference in

bound state energy is found for the two isotopes of He, while HZ and DZ‘

have comﬁarable but much larger.(than He) bound state energies.
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It is seen that détailed measufement of iﬁélééfic gas'surface
scatpering aistributions can give a great deal of iﬁformation abouﬁ the
nafp:e of enérgy exchange. Energy accommoda;iqﬁ;éﬁénon spec;ré,and"
béUﬁdlsﬁété energie$‘are some—of.the exéefimentaitpaiameters that can be
measﬁréd aqd used to desc;ibe the energy exchange_inﬁéraction. in many

cases,predictions about energy exchange await a useable, accurate gas-surface

i

'

i
1

scattering theory.
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C. Reactive Scattering

The study of surface chemical reactions by mblecular beam techniques
is the;logicél goal of gas—surfécé energy transfer'studies. The answer
to the quéstion of energy partitioning among thé‘surface atoms aﬁd the
various Aegreés of freedom of the desorbing gas paféicle is vital to an
»understanding of surface chemistry. More and more work is now.being done
to elﬁcidéte the mechanisms of surface rééctions andvanswer this_important
question of energy transfer.

Surféce reactions fall inta»tﬁo categorieé;'thﬁse in which the surface
acts'asbé éatalyst for tﬁe'reactiOn, andvthosg ip whiqh the surface is one
of tﬁe teéctants. The simplest of the'fifst type a£e surface dissqciatioh,
deCOméosition or rearrangemént reactions. More compiex examples are
hydrogenation, gxchange and oxidationvreactibns. The second type of reactions
are EXemplified'by suﬁstrate oxidation and cor;osiqn reactions.

Probably the simplest, yét'mbst important, surfacé.chemical reaction
is the diséocation of hydrogénvon catalytic surféceé. This reaction is an
‘essential initial stéb‘to countless technically important catalytic systems.
It has been étudied by a variety of techniques on a ?ariety of surfaces,212
but only recenfly have molecular beam techniques been brought to bear on

this interesting proBlem. Smith and FiteZlJ

studied the production of H
atoms on sCattering HZ from tungsten. Using modﬁiéted beam techniques,
Krakowski and Olander113.studied H atombformation on_tantalum. Both of
thése studies_indicated an increasing reaction proBability with increasing

surface temperature and residence times indicating complete thermal

accommodation of the atoms before emission from the surface. Mixed hydrogen-
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deuterium Beams scattered from the tantelum'surfeees did not result in HD
formation. Surface diffusion and atom e?aporetipn-gt the high surface
tempe;atures used is thought to accouhtvfdr the_iee#_df HD fotﬁation.
_iﬁ;éregen—deuterium exchange was observed oﬁ_éeetgering deuterium from
epite%iel'nickel surfaces in.an ambient of hydrégeﬁ.214 ~The ‘angular distri-
bution of ﬁhe'product HD was cos36, perhapé indicéting,inéompiete energy
aCcommedatibn. ' The isotope exchéhge reaction héé e1so been stﬁdied on
low and high Miller Index platinum sipgievcrysfaljsurfaces. Bernasek
et al.l?geheve found ﬁe HD formation on tﬁeiPt(i115:Surface aﬁd‘5516%
‘HD produet on scattéringvffom avserfaee ef Millef iﬁdex (997)'undef identical:
egﬁerimentelfcoﬁditions. vThe (997) éUrface is cemposed of low Miller Index:
terraces of (111) orientation niﬁe.atoﬁs wide; separated by steps one atom
'_ high. (Figure 19.) Apparently the surface stepé ere essenﬁial fo the Hz'vv
diéseeiation end sdbsequent recombinatibn to formvﬂﬁ. The angular |
dlstributlon of the HD product was found to be c051ne, contrary to’ the
results‘ofiPalmerfet al.214 on nickel epitaxial 1ayers.- The difference
eoeld'be.ascfibed to differences in'sdffaCe éleaﬁliness‘or to.diffefences
in the HD su?face.bqnd caused by the topology of the epitaxieliy grewn
;sﬁrface.215 :quelayed beam>studies of.the'exchange':eaction indicate long .
_,reeidencegfimes fof the HD preduct; first order'breséure-dependence'on both
ﬁz aﬁdsz éfeesure, and a poesib;e two branchvmeehenisﬁ‘fof the dissociation"
Vandvrecombination.216~_ : o ..;‘7 L ' ._A ' -
0 on catalyst sqrfaCeé‘ie;a slightly more eompli_

l 217 218

: TheAdiseociation of N2

cated process. Coltharp et al.’ have used mouulated beam techniques to

measure the angular dlstrlbutlons of N20, N2 and NO formed when NZO is

scattered from a polycrystalline tungsten target. Cosine angular
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'distribﬁﬁiqﬁs for NO and N, indicate long résidgnéévtimes for dissociating
N,0 moleéuies. Wgst and So‘xﬁorjai89 have obtaiﬁéd Simi1ar results.for the
 decomposition of NZO on clean Pt(100) single-cryétai surfaces. However,
from a carbop covered platinum sufface the product angular distribution
is'peaked near tﬁe specular. ' This indicates diféct scattering of the
product befﬁre thermal equilibration with the surface. The difference
can>probably.be attributed to the exothermicity of reactions between C
‘and NZO giving CN, CO and CO2 as reaction products. The dissociation of

2

N,.O on the clean surface 1s an endothermic reaction.’

The -oxidation of NH3 on platinum, a reactioﬁ spécific to platinum

219

They find N2, HZO and NO

metals, Has been studied by Nutt and Kapur.
products formed at the surface and no evidénce of a gaseous radical inter-
mediate. .As this was a fixed detectof'apparatus,_ﬁo.information is
availablé'on the energy accommodation of the'prqdﬁcts by angular distribution
measurementsf' A more extensive kinetic study of tﬁig importént reaction
has been undertaken by Ulman and Olahder.220 Préliminary results indicate
a pressufe Aependent étickihg probabiliﬁy for NH3.

~-Smith and Palmer221 have. studied the o#idation of deuterium on
an épitaxial platintm surface. They ébserved formacion of D20 when a
ﬁodulated D, beam was scattered from the platinumvsubstrate in an O2
- ambient. The angular distribution of the product‘Dzd was éosine, indicating
thermal equilibration with the surface. They proéoéé the mechanism of the
oxid;tion to ﬁe the édsorbed state reaction of four D ato@s and an O2

molecule to give 2D20. Pressure dependenée and angle of incidence

dependence measurements support this mechanism.
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Several more complex catalytic reactions have been given preliminary.
examihation. The oxidation of ethylene on silver surfaces was found to

222 223

proaﬁée'CQ‘ as the major product by Smith et al.™ t Acharya et al.

2
have studied the isotope exchange and decoméosition‘of water on pyrolytic
- graphite surfaces. Their kinetip resuits are eﬁéiéﬁﬁed by diffusion of water
~into thelbulkjof the solid iarget. The decémpoéitidﬁ of formic acid on
nickel surfaces is presently being studied by Mééi#.and cdworkers.224’225
Preliminary'results indicaté higﬁ sticking coeffibiéhts for the reactants
and evidence for a surface . chain reaction dec0mpbsition. Hopefully detailed
kinetic studies will be able to shed some light éﬁvthe_energy exchange in.:
“this impbrtént gas—-surface reaction.

Reactions in which the surfaée plays the rolé §f a reactant havé beéﬂ
'ﬁoré'éxtéhsiVelyvsfudied, pérhaps because of tﬁé:généraliy-higher reaétion
.probability.for surface oxidation and cbrrosion‘cibe'reactions. McKinley's
'inveStigatioﬁs of the nickél—chlorine226 and nickei?bfomine227 Systéms are »
an eariy_éxample‘of this type of study. ResultS‘ofgfhesé studies indi&aﬁe
dissociative adsorption of the halégen folldwedzbyiaé50rption of NiX or
disp:oportiohafion and desorption of Nin. -

The-bxidatién of silicon and germanium has~béen.ex;ensively studied
bby_moléculér:beam methods. A reaétidﬁ proﬁability of.~0.04 was foﬁﬁd

for the oxidation of germanium and silicon by molecular oxygen.228_230

Atomic oxygen yielded a reaction-probability in the range 0.3—0.6.23L

Oxidation of the semiconductor surface by ozone had a reaction pfobability_f

of 0.2—0.5.232 These results indicate that the diésOciatidn of the 02

molecule by transfer of energy from the surface to'the oxygen-oxygen bond

is the rate limiting step in surface oxidation of these semiconductors.
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~ Similar studies of halogen corrosion of semiconductor surfaces indicated

high (0,2—0.5)'reaction'probabilities for reaction of molecular halogens

90,233 There appears to be a large steric hindrance to

with the éurfaces.
energy tréﬁéfer between the "dangling bonds" of the semiconductor surface
and the oxygen molecule, while the larger halogén molecules and ozone can
more easily. interact with the surface to form teactive'atomic species.
Other 6xidation studies have included the,oxidétion of pyrolytic

91,234 235 236

graphite, tungsten,“”” molybdenum,

and ;antalum(237 The graphite

oxidation appears to be the most complex, witﬁ diffuéion'iﬁto the bulk at

grain'ﬁoundafies the rate determining'step."Suffaée diffuéion of oxygen

to aﬁ active site appears to be necessary for the axidation of molybdenum.
Detailed kinetic studies of surface reactions by molecular beam

techniques are adding a great deal of information to the surface scientist's

knowledge of energy transfer in the gas-surface interaction. More work

needs to be done in determining the dependence of reaction rates on the

energy state of the gas particle, and on determining the partitioning of

energy among the reaction products. This information, along with kinetic

parameters for a wide variety of reactive systems, will hasten the under-

standing of such processes as catalysis and corrosion.



-58-

D. Other Methdds

A great deal of information about the gas-surface energy exchange is

v aﬁaiiéblévfrom moleculér beam type experimeﬁts which do not readily‘fall
intb:the classifications discussed above. vMicrbbalance momentum transfer
étudies, condensation, and desorption expefiméﬁts-all give important
inforﬂé;iqn ébout the energy traﬁsfer process;.

The use of a microbalance to measuré-direé;ly £he force of an

intidenﬁ beam of molecules op'a solid surfaceAgaﬁ give information about
the nérmél:momentum transfer in'thé'g§s4$urfacé interaction. Early work
by Stickney2 8 indiéated an increase in the-efficiency of mémentum.transfer
with inéfeasing‘inéident gas molecuiar wéight éﬁd_fodghness of the
target‘sﬁrféée. Under the mon-UHV cdnditionS»Qf the experiment, the

'aécommddation appeéred to be independent'of the‘ﬁéfure of the sdlid'itself.
Thése fesuifs_cannot be explained by'assumiﬁg a_ébécularly scattered
comﬁohéht*and a completely accommodated cosine éémponent. Abauf and

'Marsdenzgg ha&e'studied the angular dependence of momenthm_accbmmodation

with a similar experimental appafatus. By éktfabblation tﬁey derived

valuesffor_fhe normal momentum-acéommodatioh of-Hé;and'Ar on contaminated

Al and miéaisurfaces forAvarioué incident'beam énéfgies. |

The'debosition of molecules on a surface fféﬁ’a:molecular beam can be
used with a ‘variety of other techniques to learn about energy trangfér,

The deposition oflatomic and moleéular H2 on a'tqusten'field.emitﬁer tipzao

vindicatés'that the condensation depends on a critiéél'velocity of the H2

molecule fér the second adlayer. The first layer‘ﬁés a stickiﬁg coefficient

independent of the incident H

2 velocity. Reflection coefficients for atomic
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oXygeﬁ;havé:been.meaéﬁrea with a pulsed beam methOd oh a variety of
surfaceé.zél Thé reflection‘céefficient is found to be.strongly temperature
.dependent, partigularly for metal surfaces. Diréct measurement of sticking
'coefficienpﬂ(or fraction trapped) can be accompliéhed with a molecular
'beaﬁ techniQue.  Accurate knOWiedge of the incident fiux in the molecular
beam and thebpressuré in the chamber enable éccuraﬁe measurgment of the
| sticking probability. For N, on W foii‘So was fouhd,to be 0.61 * 0;02 iﬁde—‘
peudent of angle of incidence.2421'The initial‘sticking probability on
. W(111) was found to be 0.08 1 0.0l.and on W(llO)'n6 adsorption was detected.
This aggin_points oﬁt the importance.of grain bé;naa;ies and.étep and edge
| si;es:for dhemisorption on metai surfaces. (See f;f. 179.) 02 on W(lOO)243
yiel&ed.a value of 0.98 * 0.03 and szon W(lOO)244 a value of 0.51 % 0.03.
Data of this precision is certainly important ih“uﬁderstanding the
.incipient_ehérgy transfer on adsorption.

Measuremént.of thevaﬁéﬁlaf and vélocity distriéution of molecules
desorbed from solid surfaces utilizes the detecti@n techniques of the
molecular beam method regardless of the initial source of the desorbing
particles. For example, Van Willigen,245 and Stiékney and coworker3215’246’247
have used”énéular and velocity distribution meaégreménts to study the
permeation‘and deSorpFion of H2 from a variety oﬁ métal membranes. They
found that Spatial_distribﬁtions peaked at the normal and velécity
distributions indicative of desorption of particlesvwith excess kinetic
enérgy wére‘oﬁserved for carbon and sulfur coﬁtamigated Fe, Ni, Nb,_Pt
and stainleés steel surfacés. For clean surfaces thg desorbed moiecules
exhibited cosine distribution. Surprisingly, cleanvcopper éurfaces exhibitéd

the same behavior as the contaminated surfaces of the other metals.

v
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(Figure 21.) The copper behavior is attributeqlto'an activation energy

vba:rier for dissociative adsorpfion of H2 on Cu. Modifications of the

fﬁblecular beam methods discussed above have beep:used to measure
residence times for surface ionization,z’s 250 and the spatial and

1 i er i 251,252 o
speed distributions of vaporizing particles. ~77 All of these
techniqﬁes and results add to our understanding of enefgy transfer in

the gas-solid interaction.
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E. Ion Scattering

Scattering of ion beams from solid surfaces has been used to study

high energy gas-surface interactions. These studies are generally designed

e . . . 253-2
to investigate ion implantation, > >3

256-258

-irradiation damage, surface

259’26?‘ Energy transfer

sputtering and surface composition.

between incident ions and the solid surface is also conveniently studied
i elis ] 258 . . . S i’

using this technique. Since a brief discussion of the experimental
technique has been given above, it will suffice to refer the reader to

263f265 as well as

review articleé by invéstiga;ors active in the field
the driginal literature cited above. .Dﬁe to the high eneréy incident
iqés'ﬁsually employed, the information avéilable from thgse expefiments
isvbf a.complementary nature to ‘that provided b&yﬁeﬁtral beam scattering

' ét'ﬁhermal energies. The analytical uses of tﬁe'téchnique are of interest

to the surface chemist, while structural information and surface charge

state distributions are of value in all areas of surface science.
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5. Conclusion

Thé use‘of molecular beam techniques to sfﬁ&f-thé'nature of energy
. exchange in the gas—solid'ihteractibn is increésing rapidly. The
purpose of this article ha; been to give an intrédu¢£i§n”to the technique
to those unfamiliar with this field-of surface'gciéﬁce,’and to provide
a collection of data for workers.in thé fieldyiﬁtéfésted'in the literature
of the last ten years. The authors have noﬁ attempted to be exhaustive
Aiﬁ cgllééting all the pertinent literature, but to‘éall,attention, in
their'opinions,?to the'major.eiperimental and pheorgtical devélopmeﬁts
in the fiéldQ'

" As has'beeﬁ'mentioned from time to time fhfdughéﬁt the body of this
'arficle,_mUCh wqu remains to be doné in ofder to'ﬁére full& understand
the méchaﬁiém of energy traﬁsfer betWéen the gasxaﬁd'tﬁe sblid‘surface.
Invpérﬁicular; a uSeaﬁle theofy of inelastic scatféring is necessary for
aéédraﬁe detefminatiqn of gas—surface:interéctidn potentiai paramefers.
This ﬁofk will certaiﬁiy be acceleratéd by ﬁhe'avéiiabiliﬁy.of-detailed

experimental scattering data from a variety of wellécharacterized solid

surfaces. Accurate velocity distribution measurements of particles scattered

'fromvwéll-characterized surfaces will tell a great deal about the energy .
transfer process if the experimental difficulties can be overcome. The
dependence of energy ‘transfer on the internal state of the incident

gas molecule is a field where very little work has been doune. . The use of

state selected sources and development of experi¢ental methods to determineg

-the internal state of the scattered beam should shed some light on this

important question.
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_In the field of reactive gas surface interactions, a large variéty of
systems remain to be investigated. As the udderstanding of simple reaction
systems becomes more clear, these methods will be_applied to more éomplex
heterogeneous catalytic reactions. The use ofvthese teéhniques will
hopefully be applied to more and more ”realistiéally” interesting surfaces
(such as stepped~cry;tal surfaces), in order to iﬁérgase our ﬁnderstanding
of such important processes as catalysis AndICOrrosion. Of course; develop-
ments in the very complex theory Qf reactive scaﬁtering will be welcomed,
and:the importance of the internal state distribution of reactants and
products on this theory should not be ignored.

The ﬁroblem qf energy transfer in the gas-solid interaction is one
' particularly amenable to study by molecular beam methods. As evidenéed
by the work cited here and by speculations abéuf-fdture developments,vit
is.a field which will attract the interést of sﬁrface scientists of all -
persuasioﬁs. It promises to shed light on important problems in
heterogeneous catalysis, oxidation, aerospace sciences, and other branches

of surface science.

N
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FIGURE CAPTIONS

Schematic diagram of gas-solid interaction.

Scattering distribution of NZ’ Hzland‘Ar scattered from

clean Pt(111) (lower plot) and CO chéred Pt(111) (dpper

‘plot). Arrow indicates angle of incidence.

Model for quantum theory of inelastic scattering.
Hard cube séattering model (réf.v36)w

Comparison of experimental (o) and theoretical (solid line)
scattering distributions for Argon‘ffdm platinum using the

hard cube model. (Ref. 41.)

- - Soft cube scattering model. (Refl 37.)

Modified rigid rotor hard cube scattering model. (Ref.,39.)_'
Schematic of UHV molecular beam surface scattering apparatus.

Comparison of geometry, intensity, pumping requirements,
angular and velocity distributions for three molecular

beam sources.
Photomicrbgraph of multichannel capillary array source.

Schematic diagram of rotating disk;velocity selector.
Transmitted velocity u is u = %%9- where 1 is distance
between disks, n is the number of slits and w is the
angular frequency in radiauns sec _..

Comparison of ion gauge and mass spectrometer detectors,

showing difference between flux sensitive and density

sensitive configurations.

Schematic diagram of quadrupole mass spectrometer.

- Schematic diagram of lock-in amplifier.

Schematic diagram of W(112) surface. (Ref. 168.)

Scattering distributions of hydrogenic molecules from

Ni(111l). (Ref. 177.)



V Figure 17

’Figure‘18_ 

Figure 19 -

Figure 20
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Comparison of experimental and théérefital positions of
scattering distribution maxima. ‘Iﬁéident aﬁgle: 50°.
Triangles: .eiperimental. Squarés:'ﬁsoft cube model.
Circles: 'Oman's calculations. Sdlid curve: hard cube
model. (Ref; 181.)

Scattering distribution of He from LiF showing phonon
loss peaks. (Refs. 164,165.)

Scattering distribution of H,, D and-HD formed at the

22 72 7 »
surface from Pt(111) and Pt(997) single crystal surfaces.
Drawing above distribution is schematic of surface

structure. (Ref. 179.)

Angular desorption distributidns for H2 diffusion through

contaminated Fe, Pt, Nb andvstainless steel surfaces (left)

and clean and contaminated Cu surfaces (right). (Ref. 215.)
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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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