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The scattering of the hydrogenic nolecules H~ , ~~~
‘
, and RD from vacuum

I cleaved ~~~ 
(
~~ 1) along the (11OJ azimuth has been studied . A therma l beam at

300 K and 80 K was used. Part icula r emphasis has been placed on the r~ t at iona l
ineiasti. proce~ se9 whi:h accompany diffraction of RD. Singularities in the
scattering awplt~ ud~ f~ r the rotationally inelast ic  events have been found to

I significantly effect the scattered distributions. This effect , extreuial
scattering , has been expla ined in terms of a staple m chanism , allo wing -
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20. ABSTRACT (continued

accurate calculation of the scattering profiles and angles. The scattering
of helium along both the (110) and the <100) azimuths has also been studied.
Anomalous shifts and structure have been seen th the diffraction lobes for
scattering along the ~ llO) azimuth. These are explained in terms of a wave-
length dependent transit ion probability , calc ulated in the semiclassical
approxi ma tion
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EXTREMA L EFFECTS IN ROTATICI~A.LLY INE LASTIC DIFFRACTION

Lynn Charles Rathbun , Ph.D.
Coordinated Science Laboratory and Department of Physics

• r Univers i ty  of I l li no i s  at Lirbana-Champaign , 1979
L

The scattering of the hydrogenic molecules H2, D2, and RD f r om

vacuum cleaved Mgo (001) along the (110] azimuth has been studied . A

therma l beam at 300 K and 80 K was used. Particular emphasis has been

placed on the rotational inelastic processes which accomp any d i f f r a c ti on

of RD. Sing ularities in the scattering amplitude for the rotat ionally

inela stic events have been found to significantly effect th . scattered

distributions. This effect , extremal . scattering , has been explained in

terms of a s~mpLe mechanism , allowing accurate calculation of the

scattering profiles and angles. The scattering of helium along both

t he (110] and the 1100] azimuths has also been studied. Anomalous shifts

and s t r u c t u r e  have been seen in the diffraction lobes for scattering

along the ( 110 ! az imuth . These are explaine d in terms of a wavelength

dependent transition p r o b a b i l i t y ,  c alculated in the semiclassical

approximation .
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CHAPTE R 1

INTRODUCT ION

The interaction of gases with solid surfaces is a topic of considerable

fundamental  as well as technical interest. Such processes as catalytic

react ions , corrosion , and oxidation begin with the collision of a gas

molecule w i t h a surface. ~~e of the ways to study th i s  interaction is mo-

lecular beam scattering ) In this technique , a well  de fine d beam of atoms

or molecules is allowed to co l l ide  with  a crystal surface in an ultrahigh

vacuum . The resulting scattering distribution contains considerab le infor-

mation , not only on the scattering process itself , but also on the potential

and structure at the surface.

In this thesis , we investigate several aspects of the scattering of

ligh t molecules 
~H2’ D2 ,  MD,  and He) at thermal energies from magnesium

oxide. The magnesium oxide surface is of interest not only as an elementary

oxide , but also as a simple model system on which to stud y the dynamics of

the gas-surface interaction . ~ir primary emphasis is on the elastic and

ine lastic diffraction of the nolecular beam from the crystal surface. Of

pa t ticu iar interest are those ine lastic processes involving rotational

energy , which can accompany the scattering of diatom ic molecules. We will

show that a new effect , extrema l scattering , can cause singularities in the

intensity of these inelastic rotationa l processes. ~~r chief concern is

in study ing those scattering processes which are unique to mo lecular species ,

that is processes involving the interna l degrees of freedom. We have ,

however , undertaken limited studies of he lium ditfractio n from magnesium

oxide to afford a basel ine for compariso n with the more comp lex molecu lar

scat terthg .

-~~~ 
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Molecular beam scattering in the ~as phase , either single beam or

c rossed beam , has been used in chemical investigations for many year~ .

It has yielded considerable information not only on the intermolecular

potential s , but also on energy t r ans fe r  and the reactivity of vibracionally,

rotationally , and electronically excited species. In contrast , scatter ing

from su r f a ce s has not yet reached this leve l of sophistication. The

scatteri ng process can be completely characterized by the translational

energy , the t’ternal state , and th . angular distribution of both the

inc ident and scattered molecules. For gas phase and beam-beam scattering ,

these can be measured or controlled with relative ease. For instance ,

lasers can be used to selective ly excite the internal states of the beam ,

and fluorescence used to monitor the state of th~ ccattered species.

Unf ortunate ly, these techni~~.~~ cannot in general be applied in studying

scattering from surfaces. The requirements at ultrahigh vacuum keep the

beam and scattered intensi ties far too low. At present , for the most part ,

we a.~st be content with knowledge of the average incident energy and angle ,

and the scattered ang les. We must to a large extent rel y on interpretat~.on

of peak shape. and po sitions in the scattered distribut ion to arr ive at in-

s ights  about surface interactions. This restricti on severe ly limits the

type of information availab le on inelastic processes at sur faces ;  for the

most part , only quatLtacive information is available on these processes.

Diffraction of a molecular  beam was first observed by Stern and

Esternann , some 40 years ago , for H, and helium from lithium fluoride.

This work confirmed the deBrog lie hypothesis for atoms , coming only shortly

after the diffraction of electron s was observed by Davisson and Germer.3

-.-

~

-•—

~

--

~

---,m-

~ 

m- ~~~~~~~— --- ----~~~~~~~~ ——”-•-•--• - -~~ --~~~~~~~~~ -



- - - -

The exper iments  of Stern and co-workers  also y ie lded in fo rma t ion  on gas-

su r t ace  interactions , and provided a considerable s t imulus  for  the ea r ly

theories  of su r face  behavior .

Despite the success of Stern and Estermann , re la t ive ly t~. t tl e  work

on the dynamics of ga s- sur f ace  i n t e r a c t i o n s  was done us ing sca t ter ing

methods. The development of mol ecu la r  beam sca t te r ing  as a surface

technique had to await advances in vacuum and electronic technology . The

60’s marked the beginn ing of modern work on the sca t te r ing  of rare gases

as well as hydrogenic molecules from both ionic ’’5’6 and metal’’8 surfaces.

Much of this early work was concentrated on the dtffraction of

helium~
’’6 from the alkali halide surfaces. However , diffraction of hydro-

~enic motecules~
’’6 was also observec. In general, the angular distribut ions

for D, were found to be broader than those for This was believed to

be the result of inelastic processes between rot ationa l modes of the

molecules and surface phonons. The rotationa l spacing of D
2 

is approxi-

mate l ;  one-half that of H
2 

and is nearer the Debye phonon energy of these

surfaces. Because o~ the continuou s eiergy range of the phonons , it was

proposed the such Lnelastic processes would result in a smearing of the

scattering features. There was , however , no direct evidence- for this type

at rotat ional energy exchange .

Quite another type of rotational energy tr~~sfer is possible. Logan9

pointed out some time ago that rotational and translational energy could

be directly interchanged in scattering at a surface. He noted that if such

a process occurred , it woulo result ~rs discrete peaks , shifted from the

specular , containing only molecules of a given rotationa l state . The

possibility of inelastic diffraction was not considered , however; only

I~•— 
• -J
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transit ions from the specular peak were considered. Little nocLce was taken

ot this work , as these peaks were n~ t observed in the dat a  ava il ab le  at the

t inc.

Direct evidenc e fo r  this  type of process in gas-surface scat teri ng was

f~ rst obtained in 9~.. by R. Grant Rowe
tO l U at Ll. inois and independently

in Genoa by Boata , et al.~~ Rowe observed it for H., D2, MD tram M80 (001).

In Genoa , H~ from cold (80 K) US was studied . Distinct additional peaks

in the sc.~::ering dIstribution were seen. Beth exper iments  can be fit

weil to a mode l whtch postulates energy trans fer between rotat ional and

tr ansl a ti~ na l modes , withou t t~- irts fer to  the surface. In s imple ter~ s ,

this mode l can be viewed as sca ttering of a rigid rotor from a -igid pe r iodic

surface. The phenomenon is known as r~ tatio n al inelastic diffraction . The

magnitude ~ the rotationa l transfer , as well as the sharpness of the

resu lting peaks,wer e str .king ~.n the ear ly data on MgO (001) for inc ident.

along the ~lO •
10 . 1~~ The expe riments in this thesis were undertaken to

extend these -~~aaur emencs to  the [~~10J azimuth , and in particular t~ in-

vestigate the me chanism respon tb le for the sharpness of the rotat iona l

trans Itions. Singularities in the scatter ~n~ probability have been found

and explat ne d . As a re su l t , the peak shape s and positions for rotationally

inelast Ic d i f r3..t~ on can now be accurately predic ted . All our experi me nta l

work has been done on MgO (001). This surface is structurally similar to the

L~iF (001), wh ich is more co~~oniy used in beam scattering studies. We have

found , howeve r , that oue t . ~ i ts  higher Debye temperature , th e rma l ine l astic

scatt er~ -~g is cons iderab .~ reduced . The diffraction features are thus more

cl early defined .

~Xar pr ina r-. emphasis is on the p a r ti . ip .tion of rotati on a l degrees of

freedom in the scattering of molecules tr am a surface. We have also under-

taken studies of helium scattering from these same surfaces, for comparison

-U—— -
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w i t h  the more c omplex mo lecular  sc a t t e r in g  ddc a. These data for he lium ,

howe ve r , are not as s —ple to i n t e rp re t  a~ .~.r ~n~d.ly expected.  We have

therefore carr ied out c a l c u l a t i o n s  of the J i f f r a c t~~on p r o f i l e s  us ing the

semiclassical approximat ion.

- 13-16
A~Chough several quantum mechanical ‘.~li ns for gas-surface

s c a t t e r i n g  have been proposed , most are cu~~ersome , if not impossible to

use in r eal is t i c  st t u at i o n s . The numerical  ca lcula t ions  are extensive .

and convey ~~t t L e  f eel ing  f~ r the mechanic s of the interaction . Theoret ical

chemists  have in the past used semic a s s . ca l  c a l c u l a t i o n s  for  beam—beam

scattering at 1~~ ener~~te s. ‘ The semicl assical formalism ~s an outgrowth

of the class ic ~K3 method and has been extensively deve l oped for  sca t t e r ing

s tudies  by Marcus and by Mi~~ er .  In many c a ses , it give s quant~ t ative ly

accurate resu l ts for  t n t e n s i t t c s  in ~a s - s u r f a c e  s c at t e r i ng . 20 23 The calcu-

la t ions art not St t f t c u l t  and , as a result , the f o r ma l i s m  is ideal tor

fitting and tnt erpre t thg experim ental data. )~r calculations wi ll be done

u sing a s imp le model po ten ttal, known as Steele ’ s poten tial. ” This mode l

potentia l is ~~f:icient . however , to aLc~ ident i fIcatIon of the essential

te at~ res t~~. he urn scatt e ring data .

Althoug h in the past , work in the area of gas-surface scattering was

limited , there has been considerab le activit y in the last C y ears. A new

generation of very sophisticated molecular beam scatte ring system s has been

-~~.e1oped . with instr nentat ion and capabilities far surpassing those .
~~~ our

present apparatus. Thua , after these init i ai studies on MgO, we have

modified our system for work in a new , r e l a t i v e ly unexp l~ red area. We have

deve loped a method of usi-r~ the  unique capab~ iLties of the molecular beas.

p.

_____________  
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t o stud y s u r f a ce  d t f f u s i o n  of gaseous speci e s on crystal surfaces , about

— which only little is known . This new technique will be discussed briefly

in Ghapt.r 6.  

— — — -~~~,------ ~~ . - - -~~~~~---‘- - - - --—----- -~~~ —- - — -~~~ -~-.—- 



CHAPTER 2

F~JNDA~~ NTA iS

.~.l. Surface Geometry

Magnesium oxide is an ior .lc crystal having the NaCI structure. It

cle ave s eas ily along the (001) plane , the structure of which is shown in

Fig. I. The (001) is a non-polar plane , hav ing equa l numbers of posi t ive

and negative ions. Because of the discrete ion cores , the potential varies

strongly acr oss the surface. This periodic variation in the potent ial is

responsible for the re latively strong Ji ffrac tt -~n observed from these

surfaces. The surface unit cel l , shown in Fig. I., is 2.97 on a side

and is rotated .
~S from the bulk unit cel l . The surface rec .tpr ocal lattice

ve ctor s , also shown in Fig.  1,, th us lie alon g the 1’.OJ directions. In

these stud~es , we have , for the most part , investigated scattering

alo ng the (110] inc Ldent azia~th. In other words , the surface c ornponent

of the incident waveve ctor tIes along the (110) direction , the direction

between nearest like neighbors.

In scattering stud ies , the incident plane is that defined by the incident

wave vector and the surface normal; the scattered plane is that defined by

the incident wave vect or and the scattered wave vector. The simp lest case

is that in which the inc ident and scattered planes coinc ide ; this is known

as in-plane scattering. Although the beam may be scattered into any portion

of the ha l f-space above the crystal , considerable information can be gained

by considering only the in-p lane portion. The geometry appropriate to these

studies of th-~~ ine scattering is shown in Fig. 2, for the particular case

of incidence along the (110) azimuth .  The incident and scattered angles .

measured up fror~ the sur face , are denoted by 
~~ 

and 8 respect Ively; the

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _  _ _ _ _ _ _ _  
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Fig. ~~. The (001) plane of MgO and , the associated reciprocal lattice .
Surface unit cell is 2.97 A on a side.
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Surface
Norma l

Detector
. k0 Incident ~

Beam _ _

~~ I ,. ~~~~ 
~~~~ 

:-

Th? E:) [100]

aP -52C

Fi. . �. ScatterIng ge-~netry. . and are ir’~c ident and scattered wave

vectors, respective ly. The particula r case of the (110) inc ident

az imuth  is shown . and ~ are the incident and scattered angles ,
0

measured f r o m  the su r f ace .
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experin~er~tally measured angle 
‘
, the angle between the incident and

scattered beams, ts thereto re given by

(1)

.2 D i f f r ac t i on

In our scattering experimentS, we are for the most part concerned with

the diffraction of the molecular beam from th. periodic surface potential.

According to the deBroglia hypothesis , the particles will have a wavelength

• h/ p. For He atoms near room temperature the most probable wavelength,

k , is thus approximate ly 0.5 £.  Since the surface lattice has a periodicity

on the order of 3 -. , we can expect diffraction of the molecular beam from

the surface , if the sca tt e ring  Is suf f ic ien t ly coherent . It should be noted

that at therma l energies , that is , translational energies in the range of

40 meV , scattering occurs from the repulsive hard wail potential of the

surface layer of atoms ; the incident atoms do not penetrate the surface.

2.3 Diffraction of Monoenergetic Beam

The scattering of a monoenergetic beam is simplest and will be dis-

cussed first. We nay describe the incident and scattered beams by their

wave vectors , and ~~ , respective ly. The surface components of these are

denoted b~’ K0 and 
‘

~~~, that is

k — (K
0,k0 ) . (2)

The L.aue condit ion for a 2-D pot ential is thus

(3)

-,
where G is a sur face  reci proc a~ lat t ice vector . For a square symnetr ic

- 2 -  2!~ -
lattice , C — -j - nx ‘~~ 

-
~~
- my. This condition , along with conservation

.- ----.

~ 
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of energy k2 - k , uniquely determines the positions of the diffracted

peaks. For the particular case of in-plane scattering, we have

cos • cos + . (4)

The scattering distribution thus consists of a specu lar peak , that is the

(0 ,0) diffract ion peak , surrounded by a series of discrete diffraction

peaks. This is the situation appropriate to the scattering of low energy

helium atoms from an ionic surface .

2 .~. nelastic Diffraction

In addition to elastic scattering , several types of inelastic events

may occur. A molecule  can exchange energy fro m e i ther  t r ans l a t ional or

internal modes with the surfac e by coupling to phonons . At the energies

we are considering, electronic and vibrational excitations are forbidden ;

h owever , ro t a t iona l degrees of freedom , having energies itt the range 10

to 100 maV , can f ree ly  p a r t i c i p a t e .  Another type  of i ne l a s t i c  event involves

d i rec t  t r a n s f e r  of energy between t r a n s l a t i o n  and interna l, modes, without

energy exchange with the surface. If this occurs dur ing d i f f r a c t i o n , we

have r o t a t i o n a l ly  inelas t ic  d i f f r act i o n . t0 12 For th is  we have

2M ..E
k
2 — k

2 
.‘ —

~~
- (Sa)

0 ~~

i
~~~~

1o +
~~ nm , (5b)

where ~E is the energy t r a n s f e r r e d  from rotation to t r a n s l a t i o n . Since the

rotationa l energy leve ’
~s are quantized , new discrete inelastic peaks a re

expected. Trans i t ions  in which energy is transferred from rotation to

translation ‘.IE > 0) are ca l led  gain  t rans i t ions ; if energy is transferred

— —‘-j--- — ~~~.‘—- — —-- —~~~~~~~~~ ., ..~~~~~ — — --,~--~~~-~~- — ,— — -, 4
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fro m translat ion (O~E < 0) they are called loss transitions . Confining

ourselves again to in-plane scattering , the peak positions are given by

cos e — icos 
~ 

+ nA /d) (6a)

where

— (I + 2A E ~t \~ /h
2

J • (6b)

For the synsnetric rotors It., and D2, sy’umtetry forbids transitions

between even and odd rotational states , i.e., there is no ortho -para

conversion.25 The lowest all ow ed transitions ar e those in which the

ro ta t ional  quan t um number 1 changes f r o m  0-’ 2 , fo l lowed by l~~ 3 , the n

2 ‘
~~ ~e. For 1W, however , there is no such seiction rule .  Transitions

between adjacent rotational states are allowed. The spac ings of the

rotationa l transitions for the hydrogenic molecules are given in Tables

1-3 , along with the equilibrium population PCJ i ) P  of the initial state ,

at two beam temperatures , 300 K and 80 K. The transitions are labeled

by I.+ , 2 , 3 for gain (+) and loss(-) transitions , the integer denoting

the relat i ve magnitude of the energy change in the t r a n s i t i o n .  An ine las t ic

d i f f r a c t i o n  peak is thus  f u l l y  described by (n ,m) ± I. The energy change

in the lowest allowed t r ans i t ion  for lID is seen to be 255 cal/mode, c ompared

to 512 cal/mole and 1012 cal /mole for D
2 

and H
2 

respective ly . By comparison ,

the mean translational energy of these molecules in a beam at 300 K is

1190 cal /mole. Considerab le changes in the positions of the diffracted

peaks can therefore be expected due to  these rotationa l transitions .

2.5 Diffraction of a Therma l Beam

We have discussed the d i f f r a c t i o n  of a monoenerget ic beam of molecules .

All beams , however , have a distribution of velocities. A fairly mono-

~~~~ .—--— ~~-- -  £— — ----—-- ‘ — ___~_ ,m~- -‘--— -~~~ .,--.-- —--- ---- -—- - —-  —
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TAB LE 1
Rotational energies and allowed rotationa l transitions for liD.

Rotat ional  Energy  Levels (MD )

.1

0 0.0 cal/mole

1 255.06

2 763.4~

3 1521.65

4 252.~.6

Allowed Transitions (1W )

~.E (I) P(J~)

cal /mo le 300 ~ 80 K

+1 1-’ O + 255.06 0.39 0.37

2 l  • 508.38 0.28 0.025

+3 3-’ 2 758.2 1 0.11

- 1 0 - l  - 255.06 0.20 0.61

-2 L - 2  - 508.38 0.39 0.37

-3 2 - 3  758.21 0.27 0.025

-— 3-’ -~ - 1002.95 0.11 0.025 

~ - — - - - -- -. -- -~~~~~-— - -- ---—----- - —--- -~~~- -
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TABLE 2
Rotational energies and allowed rotational transitions for D2

.

Rotat iona l Energy Level s (H 2 )

J

0 0.0 cal~mole

1 338.68

2 1012.93

3 2016.64

4 3340.89

Allowe d Transit ions

- 

~ i ’
~~f .IF.

cal/mole 300 K 80 K

+1 ..‘ -‘O + 1012 0.117 0.002

3’~~l + 1678 0.091

+3 ..—2 2327 0.0~~

- 1  0-. 2 - 1012 0. 128 0.248

-
~~~ ~~.3 - 1678 0.658 0.750

-3 2-’-. - 2327  0. 117 0.002



— ~~~ - - - - --- -~~~— ~~~~~~~~ - - ---- — - -
~~~~

- -
~~ 

_ _ _ _ _

15

TAB LE 3
Rotational energies and allowed rotational. transitions ror H

2
.

Rotational Energy Levels  (D 2 )

3

0 0.0 cal/mole

1 170.8

2 511.7

3 1021.1

4 1 6 9 6 . 6

Allowed T rans i t i ons  ~D1)

I 3i 3f ~. E ( I )  P(J~ )

cai/mole 300 K 80 K

+1 2-s O +312 0.38 0.111

3-’ l ~850 0.11 0.003

+3 — -.2 +1185 0.09

- i  0-2 -512 0.181 0.534

-2 l-’ 3 - 850 0.204 0.329

-3 2- ’- . -1185 0.38 0.111

-4 3-.3 -151’. 0.01 0.003

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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energeti~. beam of neutral . can be obtained by aerodynamic expansion from

high pressure , a so-called nozzle beam.
26 127 With such a source , ve locity

h a l f - w i d t h s  on the order of It can be obtained f rom room temperature beams.

A much broader velocity distribution is obtained in a beam formed by

‘8 ‘9effusion . Molecules are allowed to effuse from a tow pressure source

in t o  vacuum through a smnal’~ hole or channel. If the mean tree path in the

gas behind the source is much longer than the diameter of the hole , the

distribut ion of ve locities in the beam will reflect the equilibrium

velocity distribution of gas in the source. The beam w i l l  have a modified

Maxwell-Boltzma n distribution , given by

g( v)dv • 2 )  V
3 exp( -  

T~~~~ 
‘ 

(7)

where T is the temperature of the source. The mean t r ans l a t iona l  energy

of the beam molecules is 2kT . Reca l l ing  that  ~ • h/M~v . the wavelengths

in the beam are d i s t r i bu t ed  according to

f(X)dX • —2 (X /\)5exp (-\ 1’.
2
) dc ~~-~ , 8)

‘ h
2

whe re ‘, • . The most probable wavelength ‘. is thus given by
8

1 2 h (9)N Sl~M8

The diffraction of a molecular beam from the 2 -D surface potential is

in many ways analogous to the diffraction of X-rays  f rom the bulk  crysta l .

For the l a t t e r  we have the 3-D taue condition for  cons t ruc t ive  inter-

ference of the scattered wave s ,

-

~ —



( 10)

For a given set of incident angles , only certain wavelengths will diffract;

all others destructive ly interfere. Becaus e of this , one can do X—ray

diffraction from a crystal with a broad wavelength source and still get

sharp d i f f r a c t i o n  spots.  The crys ta l  f i l t e r s  out the other wave lengths.

The di f fr a ct i o n  condition in 2-D is much less strict. 
~~

ly the two

equations • and conservation of energy must be satisfied . As

a result , all wavelengths will be diffracted from the surface , bu t each

will be scattered to a different angle. For a beam with a ri,.rrow velocity

distribution , this presents no problem. For a beam with a significant

wavelength distribution , as fn Eq. ~s), the situation is more complex.

Broad -i iffract-~on peaks are then expected , refl ecting the wavelength

distribution of ~he inc ident beam . This fs shown schematically in Fig. 3,

where calculated profiles for typical (~ 1,0) diffraction peaks are shown ,

assuming that the diffraction probability is independent of wavelength.

It should be noted that even in this s~ mp le cisc , the peak does not

correspond to the most probab le wavelength , or to any other simple

characteris t~ c of the beam . The wavelength dis t r ibut ion , t he t r ans i t i on

probability, and a geometrical  fac tor , i .’ de . all interac t to determine the

peak of the scattered distribution . The situation is even more comp lex for

inelastic scattering. It it precisely this geometrical factor which will

have a significan t effect on the detectability of the rotational inelastic

events we wish to study. This will be f u l l y  in .e s t t ga t ed  in chapter 5.

__________ 
_ _ _
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CHA PT!R 3

!XPERflIINTA L APPA RATUS A ND TECHNIQUE

Molecular beam experiments are conceptually simp le
30 

~~e

merely scatters a beam f r o m  a surface and measures the scattered intensity

as a function of angle. In practice , however , co ns iderab le di f f icul ties

arise . To do molecular beam scattering , and in particular to study

diffraction , one needs a well defined , preferably coheren t , source of

low energy molecules. An ultrahigh vacuum chamber is necessary, in which

.a c le an samp le can be pre pared and main ta in ed . One also needs an

effic ient method of detecting the scattered neutral molecules and discrim-

inating against the background . The apparatus described below accomplishe s

these objectives.

Our -olecul ar beam system consists of 3 sections ; the main

scattering chambe r , the beam formation chamber , and the gas handling secti on .

The entire apparatus is constructed of stainless steel. WHC copper ,

and pyrex glass , and can be routinely baked to 300°C. l l t r a h igh  vecuum is

attained in all sections . Schematic views of the system are shown in

Fig s. ~ and 5.

3 .1 Gas 14$ndlLnK System

To operate a molecular beam , gas must be deli ’.’e r cd to the source

at a constant pressure . Since the beam flux hitting the sample is typica l ly

a monolayer /sec . even small amounts of impurities could cause contaminat ion .

A system is therefore required both to purify the gas and establish a

constant pressure . A schematic of the apparatus built for this purpose is

shown in Fig. 6. This section is constructed entirely of pyrex , with

______  __ ~~~~~~~~~~~~~~ 
_ 
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me tal sealed L’HV values (Granville-Phillips , type C and series 206) and is

evacuated by a mercury diffusion pump (Xont.s-Martin). Deuterium and

helium are drawn from analyzed reagent grade flasks (Airco). H
2 

is obtaine d

by diffusion through a pallad ium leak (K & B Apparatus , Schenec tady , NY).

RD is made by equilibrating a 50/50 H
2-D2 

mixture over a hot tungsten

filament , resulting in a mixture of H2, D2, and ND. These gases ar e stored

in the reservoir at a pressure of severa l hundred torr.

For proper operation , th. source require s a constant pressure of

about I torr. It is necessary to control this pressure over periods of

hours to ~ l’~. This is accomplished by a servo valve Granvills-Phillips ,

Series 216’ using two Piran i gauges (LK3 , 3596’~ as a differentia l pressure

sensor . One Pirani. gauge is blanked off at the desired pressure . The

other measures the pressure delivered to the source . The outputs of the

two are compared using the bridge circuit shosm in Fig . “ . This arrange-

ment is necessary to compensate for fluc tuations in room temperature ,

which severely affect the read ing of any heat conductivity gauge , such as

a Pirani.

3,2 Beam Source and Beam Chamh~r

The molecu].jr beam is formed by effusion from a multicapiLlary

array (Brunswick Corp. , Coll imated Hole Structure). To form a beam by

effus ion , it is necessary to operate in the region where the mean free

pa th , L f .  is grea ter than d , th. diameter of the channel. Because of

this restricti on , more intensity can be achieved by using an array of

smal l  channels rather than a large channel. This is the rationale beh ind

the ‘r u lt i c a p i l l ar y  source. 31 
The source consists of about 100 paralle l 

-~~~~~~~~ ‘-- ~~~-~~~~~~~——- 4
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channels , each 3 m long and .05 m in diameter , through a stainless steel

disc . The channels are close-packed in a circular array about 1 in

d iameter. A diagram of the source assembly is shown in Fig . 8. The

source disc is brazed in the end of the source tube , forming a small

effusion chamber. Gas is supplied to this chamber at constant pressure

by the gas handling system previously described. The source tube can be

cooled to change the velocity distribution of the beam . This is

accomp lished by flowing cold nitrogen gas through the coils around the

source tube . A window is provided at the rear of the source tube for

alignment of the source and carge c with a laser.

The molecular beam for our experiments is formed by gas effusing

through the source channels into the vacuum . It thus has a velocity

distribution given by !qn . (7) and is peaked in the forwird direction .

A collimator hole ,0.7 -~~ in diame ter , approximate ly 1 cm downstream from

the source , all ows only a small portion of these molecules to enter the

main scattering chamber. The rest of the gas is rejected back into the

beam chambe r , where it t.s removed by differential pumping with an ultra-

high vacuum diffusion pump stack , (Edwards High Vacuum , UHVM2A and EM2).

When the beam is on, the pressure in the beam chamber is typically

l0~ torr . Typica l ly ,  the beam flux at the sample is 1&3/sec into a

spot I. m in diame ter.

As pre v iously discussed , this beam h~ s a broad ve loc ity

dis t r ibut ion . The a l t e rna t ive  source , an aerodynamic noztle,26 ’27 
is

character ized by a much narrower velocity distribu tion. However , this

s’~urce is somewhat more d i f f i c u l t  to f ab r i ca te  and operate than a conven-

tional effusion source~ moreove r , the beirn is more prone to contamination ,

L. 
-~~~ -—- - -~~~~-— -~~ - - - ~---“-- - - -~~~ - — 
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due to the high pressure (— 2-10 atm ) at which it is operated . Several

stages of high speed differentia l pumping would be needed to handle the

large gas loads which accompany this source. Furthermore , since we are

interested in studying the participation of the internal degrees of

freedom of molecules in the scattering process , the nozzle sources have

a serious disadvantage . The rapid expansion into vacuum from high

pressure lowers the random velocities, that is the translational

temperature , of the molecules. This energy goes into uniform translation

of the bulk gas , resulting in a fairly monoenergetic beam. In the same

manner , the internal degrees of freedom are to some extent frozen out in

the expans ion . The resulting internal energy distribution is cold
32 ’33

and is not well characterized . In contrast , the internal energy distribu-

tion of an effusive beam is well established at all temperatures. For

these reasons, there appeared to b-s some advantage to using an effusive

source for these studies.

In order to facilitate signa l processing, the beam is chopped by

a 25 Hz magnetic tuning for k (Ame rican Time Products, I.40C) as it enters

the main chamber. This allows the use of lock-in de tection of the

34
scattered signal. The tuned feedbac k amplifier , shown in Fig. 9,

drives  the chopper at it s  resonant frequency and provides a reference

signal for the lock-in amplifier.

3.3 Main Chamber

The scattering chamber consists of a stain ess stee l bell jar

30 cm in J iameter. It is evacuated by two separate pumping systems .

Main pump ing is by a ~iercury d i f f u s i o n  pump s t ack  (Edwards High Vacuum ,

UIIVM2A and EN2, having a pumping speed of 70 liters/sec for air.

___________  _- —~~~~
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When the mo lecular beam is turned on, additional pumping is required to

maint a in  a good vacuum and a clean sample. For this reason , a liqu id

helium cryo-sorption pump (Excalibur CVV-20l0) is built into the bottom

of the scatter ing chamber. When cooled to 4 K, it provides an additional

pumping speed of 2000 l i ters/sec for helium. With this pump activated , the

base pre ssure is below l0~~° torr , and rema ins bellow torr with the

beam on.

The molecules scat tered from the crystal are detected by a

quadrupole mass spectrometer (Extranuc lear 324-9). This allows scattering

experiments with mixed isotopes such as HD, which cannot be prepared in

pure form . The mass spectrometer rotates in an arc around the sample .

The entrance aperture of this detector  determines the angular resulution

of our experiments. This aperture may be adjusted from the outside

during a run to b. either 1.6 or 3.2.5 degrees. The rotation of the

detector is controlled , from the outside , by a stepping motor through a

bellows sealed rotary feedthrough. Since the quadrupole mass filter

can only analyze ions, the neutral molecule s from the beam must first

be ionized. This is accomplished with an electron impact ionizer atop

the mass filter. Molecules in the ionization region are ionized by a

beam of low energy electrons and then electrostatically focused into the

quadrupole filter section. A 21 stage Cu-i. electron multip lier

(EM!, Ltd .) at the exit of the mass filter amplifies the ion signal by

a factor of approxima tely 10~ before it is fed through the vacuum

envelope.

-- — - — -~~~~~~~~~~~~ ,.~~~~~~~~~~ -~~~.- - .~ -—~~ -~~~~~-~~ - ~~~~
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3.4 Crystal Holder and Specimens

The sample holder is shown in Fig . 10. The crystal (A) is

mounted in a square hole within a stainless steel block (8) in which it

is free to slide. It is held in place by small spring loaded stainless

steel balls. This allows the crystal to be moved forward in the block

for multiple cleavages. Translation is accomplished by pushing with

the cleaver rod (CL The entire crystal block is mounted inside a ball

bearing (D’ , with the face of the crystal tlush with the surface of the

race. This allows the crystal to be rotated about the surface norma l ,

so that the incident azimuth can be changed . This degree of freedom ,

however , cannot be accurately measured . Stops are therefore provided so

that the :l1 0 and :100) azimuths are reproducible .

The entire assembly is agai n mounted on two small ball bearings

(E), to all ow rotation about an axis in the plane of the sample . In

this manner , 
~~~~

‘ 
the incident angle , can be adjusted by pushing the

cleaver rod . The assembly is held at a fixed incident angle by pressure

from small spring loaded balls.

The crystal holder assembly is mounted on a bellows sealed

rotary feedthroug h ( F ) ,  coaxial wi th  the beam. By rotat ion of the sample

holder about the beam axis , the surface normal can be rotated out of the

horizontal plane . This is essentially a rotation , about the beam , of

the crysta l coord inate system with respect to the laboratory system.

This degree of rotational freedom allows us to bring any scattered

vector into the horizontal plane without changing the incident conditions

in the crystal coordinate system. In this manner , much of the icattered

solid angle can be scanned , while avoiding the difficult task of moving

_ 
— — _______s_ ~--~--- -~~--- — —~~~- ----
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the plane of detector rotation.

For meaningful results , it is necessary to do experiments on

~ cle~sn surface . It has been standard procedure in beam scatter ing

experiments to cleave the crystal external to the sy.te.,46 ’33 ’~~

and tightly heat it under vacuum to obtain a clean surface . This pro-

cedure is at best shaky . The true state of such surfaces is still open

to considerable controversy.37 ’38 Furthermore , there is recent evidence

that the MgO (001) surface undergoes an irroversible reconstruction upon

heating to greater than 450 K.
39 To avoid such prob lems the crystal

in our experiments is cleaved in situ along the (001) p lane . Although

this is the preferred and rigorously clean approach , it severe ly limits

flexibility . Heating and cooling the crystal are for the most part

prec luded . As a result , these experiments are conducted vtth the surfLc.

at room temperature . result!.ng in an unfortunately large background of

therma l inelastic events.

The magnesium oxide specimens were obtained from the Norton Co.,

in the form of I * 1 x 5 cm blocks . The sides were ground down to uniform

size , using silicon carbide paper , to permit smooth slid ing in the

multiple cleavage sample holder. The samp le s were then thoroughly washed

in ethy l alcohol and dried in flowing nitrogen , prior to insertion in

the vacuum sy s tam.

3.5 ~)a~ a Hand l tn~

The scattered be am is detected synchronously with the chopped

incident baw using a lock-in amplifier (PAR 186). However, even with a

time constant of severa l seconds on the output filter , the s igna l is

noisy . Since signal is accumulated at  each angle for 10-30 seconds, it
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wou ld be desirab1.~ to integrate the signal over this entire time interva l

to reduce the noise . To accomp lish this , and to control the experiment,

a signal integrator and digitizer was constructed. A function block

d iagram of this instrument is shown in Fig . 11. The main section of this

instrument is a gated integrator . After the detector is in its desired

position , the integrator is enabled . It integrates the output of the

lock-in for a preset interval while the detector sits at one position .

This per iod may be adjusted ~rom ~~-“)  seconds. At the end of an interval .

the input to the integrator i3 disabled , and the accumulated signal is

digitized. Simultaneously , the angular position of the detector , as

measured with a potentiometer , is digittzed . Both p~~ces of information

are then printed onto a te tetype and punched on pape r tape for  late r

compu ter analysis. Finally, the integrator is reset to zero and the

detector is automatically stepped )~35
0~ The sequence then begins again

with the input of the thtegrator being enab led . This sequence continues

under digital control until the entire scan is completed .

3.6 £xpqrimental , Procedure

~io an experiment, it is first necessary t~ obtain an ultrahigh

vacuum . The entire system is bake d to 300 C for approx ima tely 12 hours .

Afte r about 24 hours, the system has coo led to roor t e m p er a t u r e  and the

vacuum is typica l ly  ~ ~ to”~° tort . At this point, however , there is

s t i l l  considerable gas coming fr om the large surface area of the porous

adsorbent in the cryopuap. Upon cooling the cryopump to LN1 temperature .

it ceases to be a source and ~egths to pump . The pressure goes to

2 x i~~
l) 

torr. (bce the pump is cooled to liquid helii— temperature the

pressure drops below lO~~~ tort . By periodically refilling the helium Dewer

_ _  -
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[ Logic and T~rner

Interface

GD~~ ~~~~ e ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
_ _ _

Fig.  ~~~~. Functional b lac k d i a g r a m  f automated signa l integrator and dig i t i ze r
showing integrator a~rçiif ie r :~ , st epping motor and ang le indicator
(S), and digi tal volt meters (DVM).
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(at the race of ~~ liters every ~ days) it is poss ib le  to keep the system

below 1) 10 
tort for several mon ths. The system is now ready for an

experiment.

The surfaces we are interested in are tormed by cleavage in

ultrahigh vacuum. The cleaving bit is a 30° wedge ground from tool

steel. It is connected to the outside by a flexible metal bellows coupling .

A sharp tap of the bit against the side of the crysta l is suffic ient to

produce a clean , relatively flat surface which gives reproducible data -.

The surfaces ,btathed are quite temune to contamination. Nonethe less .

for the most part , a new surface was cleaved every day . This presented no

problem as the crystal could be advanced along its length in the holder ,

permitting as many as 15 cleavages per crystal.

To proceed with a run , the pressure cont ro l le r  in the gas handling

system is activated to provide a constant beam intensity . The intensity

of the beam can be measured with the scattering detector by moving the

~ample out of the way . The sample is then returned to the center of the

vacuum system , and the incident angle and azimuth are set. The data

handlt~g s.scem can then be activated , and the experiment runs automa tically,

scanning the region from 50
0 

to 1800 from the beam. We are constrained

by the geometrY of the vacuum system from measuring the scattered flux

at less than 50
0 

from th. beam. When a run is completed , in approx imately

— 30 nin ut es , new inctdent conditions are set and another run begins . The

data collected on paper tape are then fed into a separste computer and plots

are generated . 

- 
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CHAPTER 4

~~LLUM SCATTERLNG FRQ’t MgO (001)

.èJ. Experimental Results: Helium Scattering

As a background for our examination of molecular diffraction , we will

present dat3 for the scattering of He from the (001) plane of MgO. Both

the [110) and the [100) incident azimuths have been invesc2.gated. ~~ly

the in-plane scatterLng data are presented , as these are the ones of

in t erest  tor comparison wi th  our subsequent studies on hydrogen. All of

the data in thL~ section were taa en w~th both the beam and the surface at

300 K. At these low energies , incerna l excitation of the helium atoms is

forbidden . The atoms should scatter as structureless particles. This will

provide us with a reference to compare with the scattering of hydrogenic

molecules , where we expect the interna l degrees of freedom to be important .

F .1.1 [1101 Azimuth

Data for several tnc ident angles along the (100 ) azimuth are shown

ir~ Figs. 12- 17 . The differential scattering intensity is plotted against

the angle ~~- beti..een the inciden t beam and the detector . As previous ly

iientioned , only that portion of the d i s t r i b u t i o n  scattered to ~ > 50• is

experimentally accessible. All data in this thesis have been normalized

to  a direc t beam intensity of 1000 units. Measurements were taken at

0.5 degree intervals. In the figures, eve ry data point is marked by a “+“,

with a line connecting each point . To reduce the noise to a low leve l ,

all data were collected us iig the integrator described th chapter 3.

It is apparent that the in-plane d stribution consist of a strong

specular peak , flanked by broad diffraction lobes on e i the r  side. Recal l

that the specular peak occurs at - — 180 - 29~ . Positive order d i f f r a c t i o n  

—-~~~~~~ - -—— 
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15.0 1 I ’ T

30.38 °

He12.5 - [110) 
-

10.0 - (tO) 
-

c 7 5—  -a)
C

5.0 — -

2.5 - -

0 I I 1 I I
50 60 70 80 90 100 110 120 130 140 150

Scattering Angte,77 (degrees )

Fig. 12. Helium scattering from M~0 (001), (l’~0J azimuth. 30.38 incident angle .
Specular intensity — 183 units. Data normalized to 1000 units direct
beam intensity. Data points every .45 degrees , each connected v i t L
line. Beam and surface at 300 K. Expected peak position denoted by

- arrow. 
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15 .0 1

36.0°
12.5 He —

[110]

(1,0)
10.0 - -

>‘

1~~~~~

•

~~~~~

- -

5.0 — -

2.5 - -

0 —  1 1 I

50 60 70 80 90 100 110 120 130 140 150
Scattering AngIe,i~ (degrees )

Fig. 13. He lium scattering from MgO (001), [110) az iim.ith , 8 - 36.0

degrees. Specular intensity — 144 units.
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15.C~ 
I I  

I I

45.0°

12.5 - 1 
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/ \~
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(1,0) -

5.0 -

2.5 -

0 1 1 1 1 • I
50 60 70 80 90 100 110 120 130 140 150

Scattering AngIe,’~ (degrees )

Fig. 14. Helium scattering from MgO (001), (1101 aziimith . 45.0’ incident
angle. Be am and surface at 300 K. Specular intensity — 84.9
units. Direct beam • 1000 units.
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Fig. 15. He lium scattering [110] azimuth. 51.4 degrees incident angle.
Specular — 60.4 units.
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12 1

60.15°
He -10 — 

[110]

8-  -
(1,0)

(I,
C 6 . .  -a,
C

1 1 I

50 60 70 80 90 100 110 120
Scattering Angle,’v? (degrees) 

~~~~
-

~~~~~~‘

Fig. 16. Helium , MgO (001), (110J azimuth. 60.15 degrees incident
angle. Specular intensity • 37.7 units. 
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Scattering Angle,17 (degrees)

Fig. 17. Helium scattering from flgO, (001), [110) azimuth. Incident
angle 58.7 degrees. Specular intensity • 44.3 units.
Complete regular scan taken at 10 sec. per point , 10 sec.
time constant ; inset , low noise blow up of selected portion
showing the small peak near • 70’. Taken at 60 sec. per
point , 60 sec . time constan t on integrator .
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peaks will occur at angles 11 greater than the specular ang le; negative

order diffraction peaks will occur at less than the specular angle.

At first glanc e these Lobes appear to be s imply the f i r s t  order d i f f r a c t i o n

peaks . This is , however , incorrect. The expected - )sitions of the low

order diffraction peaks are also indicated in the figures. As discussed

in chapter 2 , it is not sufficient to calculate the angle to which the

most probabie wave length is scattered . The positions shown in the figures

were obtained from peak shapes calculated ~or a beam with a velocity

distribut ion conforming to Eq.  (7), assuming that  the transition proba-

bility is independent of wavelength. Despite that , a considerable dis-

crepancy between the positions calculated in this nanner and the peak

positions actually observed is apparent . The experimental peaks in all

cases occur farther from the specular direction than expected. In fact ,

for several of the curves, the predicted peak lies near the bottom of the

va lley between the specular and the diffraction peak. In addition , at high

that is , toward norma l inc idence , there is evidence for a small additiona l

peak at the bottom of the valley . Although this peak is only s1i~~t1y above

the noise leve l , it is qu i te  reproducib le .  It can be seen for all incident

ang les greater than 50’; below that , it disappears into the baseline .

The additional peak can be seen near — 70’ in Figs. 16 and 17.

to examine this anoma lous peak more closely ,  several scans of the

selected area were taken using the integrator at its maximum setting to

optimize s igna l to noise. The typical runs shown in this chapter were take n

using ~ I. my sens i t iv i ty  on the lock-in , and integrat ing for 10 seconds at

each angle , with a 10 second time constant  on the integrator . For the se

short , low noise scans , the lock-in was operated at 50 or 100 ..V sensitivity ,

I
L 
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while integrating for 60 seconds at each point , with a 60 second time

constant on the integrator . With this improvement in signal to noise ,

the detailed structure in the scattered distribution can be seen clearly.

An example is shown in the inset in Fig. 17. The additional peak is

clearly ~ot due to background noise.

4.1.2 11001 Azimuth

IL Grant I~owe has previous ly presented data for the scat ter ing of He

from tigO (001) along the (100 ] incident azimuth.’° Neither a displacement
of the diffraction peaks from the expected positions , nor any additional

peaks were observed . In an attempt to clarify the situation , measurements

along the [100] were repeated on the same surfaces on which the 1110] data

above were obtained . For the most part , the [100] and [110] data were

taken in pairs for a given inc ident angle , a measurement on one azimuth

i~~~diateLy following the other on the same surface.

Along the (100], the in-plane diffraction peaks have indices (n ,n ) ;

~he lattice period icity along this direction is 4.20 ~~. In Figs. 18-21 the

dat a for the (100 ) azimuth can be seen for comparison with the data along

the (110) presented earlier in this chapter. The expected positions of the

first order diffraction peaks is also shown. For the [1003 the agreement

between the expected and observed positions is much bet te r  than for the

(110] . The (100) data presented here also agree wel l  with previous data

on this sur face .  The anomali es observe d with He d i f f r ac t ion  along the [1103

az imuth are clearly not artifacts of the experiment. Rather they must be

ind tcative of the interact ions between He and IlgO.

There are two aspects of the (110] data which require examination ;

a)  the systema t ic displacement of the peaks from the expected positions ,

—U
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50 60 70 80 90 100 110 120 130 140 150

Scattering AngIe,’v~ (degrees)
Fig.  18. Hel ium sca t t e r ing ,  from MgO (001), (1003 inc ident azimuth.

29.8 degrees inc ident angle . Specular thtensity — 29.4 units.
To be c ompared to Fig. 12 for the (1103 azimuth.  Expected
peak position denoted by arrow.
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Fig. 19. Helium, MgO (001), [100) azimuth . 35.’ degrees inc ident
ang le . To be compared to Fig. 13 , for the ( 1103 az imuth .
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30
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25 - 
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~(LI) 
-

20- ,~~~

• 

-

— 

-

~ t 
(1,1)

_ _ _ _ _ _
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Scattering AngIe,i~ (degrees )

Fig. 20. Me l iu n , MgO (001), (1003 inc ident azimuth.  ~ — 51. ..’.
63.5 units specular intensity , to be compares to Fig. iS
for  (110 3 az imuth.
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• Fig. 2 1 He l ium scattering from MgO (001), (100] azimuth . e • 60.5
degrees. 38.8 units specular in tensi ty ,  to be c om$ared with
F ig .  16 for ( 1103 azimuth .
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and b) the presence of small additional peaks. Neither effect is apparent

on the [100] azimuth. The small peaks do not appear at the ~ order

diffraction positions. this might be expected if the surface were to

reconstruct to a periodicity twice the bulk lattice . The displacement

could result from a straightforward superposition of higher order diffrac-

tion peaks. However, since the expected first order peak often occurs near

the bottom of the valley , a very large intensity in the higher orders

relative to the first order would be required . This appears unlike ly .

A possible explanation for the peak displacement ~s a diffraction

probability which is strongly a function of wave length. Since the high

energy , short wave length par t ic les  are diffracted closest to the specu lar ,

it is necessary to severely attenuate these in order to move the peak out-

ward. If these p ar t~ c 1es were p r e f e r e n t i a l l y  d i f f r a c t e d  in to  the higher

orde r peaks , the diffract ion pr~~f i Ie would sh i ft outward. Furthermore , if

the t ransi t ion probability were not monotonic , but oscillatory in wavelength ,

this might produce the small anomalous peak. It remains to mike these

arguments quantitative . To this end we have carried out calculations of the

diffraction intensity.

— .2 Semiclass icaL Ca iculat~~ons of Sca t t e r in g

We wish to ca lcu la t. diffraction probabilities as a function of wave -

length , in such a manner as to facilitate comparison with the experimental

data. The semiclassical approximation has proved use fu l  in calculations of

low energy elastic as well as inelastic collisions in the gas phase ,18 ’19 and

has recent ly been extended to elastic collisions at surfaces.20 23

Basically, the approach is to use c lassical mechanics for the collision

dynamics , but quantum mechanical superposition of the resulting scattering 

~~~~~~~~~~ — - •~~~~—~~ •~~~- -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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amplitudes. ~~e can show that in the classical limit , only those point s

on the surface  which lie on a c lass ica l  path between the initial and final

states w i l l  contribute strongly to the scattering amplitude. ~~ly these

trajectories are inc luded in the semiclassical calculation. A brie f

der ivation of the semiclassical formalism follows.
40

4 .2 .1  Review of Semiclassica l Theory

- We begin by writing

~ (r )  • A ( r ) e tS
~~~

) Th 
• ~~~~~~~ ~~~ . (11)

— We assu me the Maailtonian is independent of t ime . Substituting Eq. (11)

into the time independent Schr~d inger equation and separating into real

and imaginary parts yie ds

2 2 “~ V
2
A

(~~ 
8) •(p(r)j • A ( 12)

and

S — - —~-—— .V S (13)

• where

p(r) • ~k(r) — ~,2M
8
(E- V(r)) (14)

• is the local momentum. Recalling that the flux of partic les j1 is equa l to

*
• ~~~~~~~

— Im ~ 7 5 , (15) 
- -

$

it is apparent that Eq. (13) is just the cont inui ty  equation

7 . • V . (A ’7S) • 0 . (16)

We obtain the classical limit by dropping the last term in Eq. ( 12) . This

will be valid whenever

~l A << (p(r)3 2
. (17) 
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Using Eq. (16), this implies in one dimension that I~~~I c< I , that is, the

waveleng th doe s not change appreciab ly over a distance comparable to the

wavelength. In other words , ove r small di stances the motion is plane wave

like . Under these conditions , Eq. ( 12) becomes

1 
(‘7S(r)Y — E-V(r) . (18)

This is j ust the Hamilton-Jacob i equation of classical mechanics , where

S( r )  is Hamilton ’ s characterist ic function.41 
Equation (18) can be inte-

grated to give

S(r )  • ~~
. 

‘ 
~
‘ . d , 

• 
(19)

the integral being along the classical path through the potent ial. We

see that , in the classical limit , the “phase ” of our wavefunction is just

the action along the classical path iri un~.ts of ~
‘
. In a straightforward —

manner we can derive a relation for the amplitude of the wavefunction using

the continuity equat on Eq. (16), to yie ld

A (r) • ~~~~ 1 ~ (x ;) ) 3 4 (20)
V 0 0

The term in brackets is the Jacobian of the transformation from the fina l

coordinates (x ,y) to the in i t i al  coord inates (x ,y ) .

~ar semiclassical wavefunction thus becomes

~ ~ (x ,y )  _~~

~ (r ) — —
~j~ ~~~~~ , )

) exp ( ik 0’r 0 + i k( r )  . ds)  . (21)
V 0 0  rz o 
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It remains to use quantum superposition in the proper manner to find the

scattering amplitudes. In general there wil l exist several classical

paths through the potent~ a1 connec t ing the in i t ia l  and fina l states. All

or the quantum effects in the semiclassical approximation come from the

superposition of these trajectories.

We will write the wave function in a Fourier series with coefficients

Fn m ~
Z) — 

a
1
a ~(x,y, z) exp(_ i (X

o
+
~~n m

)
~~

)dxdy . (22)
X y unit cell

where we have made use of the periodic nature of the surface potential

The diffraction intensities will be given by vz Fn m 1
2
~ 

Substituting our

semiclassical wave functton , we obtain

Fn m
(Z) • ‘ L [~~~(x :v) ) t~~~~~j (~ 

~~~~~~~~~~~~~~~~ 
. (23)

x y  unit y o 0
cel l

We are interested in Eq. (23) only in the limit ~~~~ that is , far from

the sur face. The ~ntegra1 in Eq. (23) is over (x,y), that is , over

different starting points for the tra~ectortes. It is thus an integral over

a l l  the pos~~ib 1e t ra jec tor ies .  If S /~’ is large , the phase of the integrand

varies rapid ly as a function of (x ,y). Integrals of this type are usua lly

evaluated in the stationary phase approximation.~~ In one dimension , the

method of stat ionary phase applies to integals of the form

if(x)I — g(x)e dx

where f ( x )  is a rapidly va r ying function of a . The stationary phase

approx imation is

________ 

i f ( x~ )
I ~ t ~ (x~ )( f ” (x ~~ e (24)

i
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where the x~ are solutions to f’ (x
1

) — 0, that is , they are the points of

stat ionary phase. the stationary phase condition applied to Eq. (23))

howe ver , is precise ly the diffraction condition , Eq. (3),

.5 -. .4
K K  + G  (3)

0 n ,m

The diffraction condition is thus obtained in a very natural way within

the semiclassical approximation.

We have conc luded that only those points on the surface which li e a long

the classical trajectories will contribute to scattering , and , furthermore ,

that only those trajectories for which Eq. (3) is satisfied will contribute.

The primitive semiclassical approximation to the scattering intensities

results from a straight quantum superposition of th. several (two) contri-

buting amplttudes. We thus have the primitive semiclassical approximation

for the scatter ing amplitude

2 11
(Zn/i)

Fi n  ~ ~ ~ (p p ) (25a)
a x y

where L 
~ (x , y )

- - x~~dt + y~~dt ÷ z~~dt (25b )

and the sum is over a l l  the classically allowed trajectories in the unit

ce l l  sat isfying Eq. ( 3 ) ,  the d i f f rac t ion  condition .

The st ationary phase formula , Eq. (24), was derived by expanding the

phase , f , in a quadratic expression.  It becomes invalid if f” is small.

This will occur whenever two points of stat ionary phase , x1, and x2, coalesce.

the trajectories for which this occurs are of considerable interest in

scattering calculations . To avoid the singularity which occurs in using

a- ~~~~~—~~ ---~~-— — — --- - _..e_ -~~
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Eq. ~2-. ) when f ”  is small , the uniform semiclassical approximation was

developed)9t’ By expand ing f(x) near the points of stationary phase as

a cubic , a new stationa ry phase formula , involving Airy functions , can be

derived which is well behaved in this critical region. The scattering

intensities in the uniform semiclassical  approximation become 22 , l9b

~n , m — (1
~ l I ÷ 

~~~~ qt AL4 (q ) + - l~
? 2 I~

) q~3j 2 (.q) (26 )

2/3wher e q • (3/41 

~l 
- (27)

and

• 
2 

(2 8)
a 

~ (x
0

, y )

The phases ;~ for the two trajectories are given by Eq. (25b). We will use

the semiclassical approximation in this form.

There is an alternative derivation of the semiclassical approximation

which proceeds not from the Schr~3dinger equation , but fro-~ the Feynman

path integral~
3 

formulation of quantum mechanics .  It is mentioned here

br ie f l y for the insigh t it provides to the nature of the approximation .

Li the path integral formu lati on , the quantum propagator ~ (q1,q 2) is given

by

H (t 2 -t 1 ) S(q 2 , q 1 )q2 ~
~ (q

1
,q
2
) — (q 2~ e ~q 1

) 
~ ~

‘ 
e (29)

where the integral on the right side is over mU the possible path s connecting

th e initial and f ina l states , and S is again the classical action associated

with a given path. This is exact quantum mechanics. It says all paths

______________ -U 
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contribute to the scattering amplitude , each with its own phase. All

t ha t  i s  necessary to get to the semiclassical approximation is to evaluate

this integral in the stationary pha se approximation ; now only the

c lassically allowed paths contribute. All the approximations made in

the earlier derivation are thus equivalent to onl y one coesnon assumption ,

chat is , the va l idity of the stationary phase approximation.

4_J~~~
.2 Calculation of Diffrac t ion tntensities

We wish to calculate the diffraction probabilities using Eqs . 26)-

(28,. We desire a potential which contains the essential features of the

surface potential yet which is calculationa lly simple . th~ly in plane

scattering from a potential with one d imensiona l periodicity will be

considered . The po ten t i a l

0

2~xV ( x , z )  • -V .~ > a > cos(~~~~ (30)

• 2—xz < Z  cos (—)
0 a

shown cchematicall y in Fig. 22 has previously been used b y Steele 24 and

Doll” for calculation of gas-surface interactions. It is a corrugated

hard wall with a square well in front of it. The real surface potential

has a gentle long range attractive part and a shor t range , fa irly hard

repulsion . The long range -~ttraction , however , has beer~ ~o,m to have

little effect on the scatteri n g .~~~’45 Only the hard , short ra nge

potential is important. Thus, although this mode l potential is crude,

• it contains the essential features of the interaction , and has been

adopted for our ca l cu l a t i ons .

_ _ _ _ _  _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Fig. 22. Steele ’s potential , showing one of the classical paths . An
eq uivalent path strikes the wall at x.0. The lattice spacing

is “a ” . Z0/a exaggerated for c l a r i t y .
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Our semiclassical approximation should be most appropriate for short

wave lengths and for gradually changing potentials. Masel ,
2
~~ however ,

has compared the semiclassical solution to an exact quantum solution for

normal incidence in a simple corragated hard wall potential. This hard

wall should be art extreme test of the semic lassical theory. Essentially

exact agreement between the quantum and semiclassical results was obtained

d own to waveveccors ka - ~~~~~~~ 10, that is , up to wave lengths ~ 1.8 A.

Since this is more than three times the most probable wavelength in a

thermal beam at 300°K, the semiclassical apprc~ximation should give

excellent results , even for this simple potential.

The classical trajectorie s in this piecewise constant potentia l are

straight lines. One sucn trajectory is shown in Fig. 22. There are two

equivalent trajector ies per unit cell , correspond ing to the two points of

equal slope. These are denoted by A and B in the figure. For this case ,

cons iderable simplification of Eq. (26) results. We obtain
22 ’46

P ( e ,E)  • 4rq~~ A i ( — q ) 1~T , (31)

where

(1-tan tan y)(l+tan
2
cr)

- “1 
- 

~
‘2 

- 

8~-
2l cos v R

cos(_
~~~

)(  ) . (32)

The angles are given by V • 90 - ~ and sin ‘Y — Jl+V/E sin V~~, the 
*

referring to the correspond ing angle measured inside the well. x~ is

• the x coordinate at which the trajectory intercepts the hard wall and ~‘ is

the slope of the corrugation at that poin t . P~ (9~E) is the probability of

a particle of energy E being diffracted into diffract~oa 1 eak n at

- • -~~~~ - ~~~~~~~~~~~ ~~~---- ~~~~~~~~~~~~~~ — a~~~~- —— - - - - --
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Using the semiclassical formalism just described we have undertaken

the calculation of the diffraction peak profiles , close ly following the

procedure of Doll..
22 

The semiclassical intensities P 0
(~~,E) for

-5 < n < 5 were thermally averaged over the energy distribution of a

thermal beam

F~E)dE — (kT ) 2E e x p ( - E / k T ) d E  . (33)

The intensity at any angle (except the specular ) is given by
2
~~

— cos e
3 

E~ F(E )P(~~, E )  (34 )

where E — E ( n ,~~~,~’) is the energy of the atoms diffracted from 8
0 

to

in diffraction channe l n , subject to Eq. (3) and conservation of energy .

The P(~~,E )’s are the uniform semiclassical intensities given by Eq. (31).

The term in front of the sunination arises from for elastic scattering .

Within this model the calculat ions are straightforward and can be done for

a range of para meters. The variable parame ters in the model are the

depth of the square well . V0, 
and the amplitud e of the hard wall , Z0~

Calculated distributions for a range of parameters ior scattering

along the 1lO~ are shown in Figs. 23-32 , where V is given in degrees

~(eLv in and Z in units of the lattice parameter , a.

The effect of variation of V0 at constant 20 is shown in Figs. 23-26.

The major t~ffect of V0 is to refract the trajectories as they exit the

well. This shifts the sharp cutoff at high and low angles away f rom the

specular. These cutoffs occur at the so-called rainbow angles , a carryove r

fron classical scattering . Classic~ lly , there exists ~ maximum arid minimum

— — ~~~~ - —- .--- - ~~ ---- — -— ---
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Scattering Angle,17 (degrees)

Fig. 23.  He l ium semiclassica l scatterin g calculat ions . 300 K beam .
0 K , Z • 0.13 A . Arbitr ary units. ( l l O J  azimuth.

_ _ _ _ _ _ _ _ _ _ _ _ _  
- 

•

i_ _ _i_ - _ - • -~~~~•_



_ _ _ _ _ _ _  • --~~~~~ _ •

60

2.0 -f

He
[i’ol

f 590

/ VO:50 K —

/ \ Z0 o.13A
I

• Io I I
• 1 I

I Io 1 I
. I

I
I.

~~~~~ . Ic I4) . I
I I
I I

- J I
— I

— I

0 1~~~~~i I
0 25 50 75 100 125

Scattering AngIe,~ (degrees)

F i g .  24 . Semiclassical sca t t e r ing  d i s t r i b u ti o n  for • 59 , [~ 1OJ

azimuth . HeUum from M$O (001). V0 - 50 K, — 0.13 ~~,

Beam • 300 K.
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Fig. 25. Same as Fig. 23 except V0 
• 100 K.
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Fig. 26. SemicLassi~al calculation for helium scattering.
— 0.13 A , V • 200 K. ~il0J az imuth .
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angle at which scattering from a periodic potential can occur; for our

case this corresponds to trajectories which strike the inflection points

on the hard wal l , the po ints  of maximum slope . Trajectories which

require a deflec:ion larger than this cannot occur . This classical factor

enters our semiclassical formalism through the Jacobian , ~~~~. The sharp

cutoff is entire ly the result of our hard wall potential. For a

realistic potential , the inclus ion of complex (tunneling) trajectories

sof tens  th is sharp edge . For our hard wall potential , no such comp lex

trajectories exist. Rainbow scattering , however , is not just a classical

effe ct. The same cutoffs , albeit not as sharp,  appear in a f u l l  quantt~~

treatm ent  of surface scat tering .”~

We are for the most part int erested only tn tha t por t ion of the

scat ter ing d i s t r ibu t ion  closer to the specular. As 
~~ , 

appears to have

l i t tl e  e f f e c t  on this  par t  we w i l l  continue these calculations with

V f ixed at  100 K. This corresponds to a well depth of 8.62 meV , or

about 16 per cent of the partic le s incident kinetic energy. By

comparison , the Morse po ten t i al  well depth for  he l ium on US, derived

from experiment ,”9 is ~.59 meV . The MgO well, depth can be expec ted

to be of the same order of magnitut~e.

Variat ion of 2
0 

has * significant e f f e c t  upon the calcula ted

p r o f i l e s .  Shown in F igs .  2 ’ -30 , as well as Fig . 25 . I re the dis t r ibut ions

calculated for various 2 for 
~~ 

— 590 
and V0 — 100 K, as we ll  as the

exper imen ta l ly  obse rved positions from Fig. 1~ . It is apparent tha t the

broad lobes observed in the experiments ire the sum of up to S dif-

f r a c t i o n  peaks. S i g n i f I c a n t  s h i f t s  in the peaks take  place as .i function

—U 

—- —_  • •  -— - — - ~~~~~~~~~~~ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — ~~— - ~~~~~~~~--
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Fig. ~~~7 . Seatc lass i~a1 scattering calculations for he l ium, Z • .05 A ,
V
0 

— 100 K . • 5 9 .  For co.paris n w i t h  experimenta l  data  in
Fig. 17. The specular pos i t ion  indica ted  by dashed l ine .
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Fig. 28.  Semic La ssical  sca t te r ing  d is t r ibut ions  for helium , 2 • .1 A .
V — 100 K. - 39’ . L attice spacing - 2.’~7 . Average over
therm a l beam It 300 IC . diffraction channels J n J  < 3 ,  Experimenta l
peak positions taken ~r~n F ig. 
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Fig. 29. Calculated semiclassical distributions for ,Helium , (110J azi~ ich
MgO (001). ~ - 39’, V — 100 K , Z — .2 ~~ Therma l averaged

prof ile tor • 300 K. Compare to data in Fig . 17. Experimental

peaks indicated by arrows .
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Fig .  30. CaLculated semiclassical diffraction profile at 59 incident
a n g l e .  Z 0.16 A , V • 100 K. Thermal beaa at 300 K.0 0

Experimental peaks indicated by arrows. See Fig. 17.
Only port ion ~ SO’ is experimental ly accessib le , arbitrary
un i t s .  (1L 0J  azi~mzth .
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of 2 ;  for  large Z0 , the lobe s p l i t s  into several peaks. S ignif icant

osci l la t ions  also appear in the intensi ty  of the individua l d i f f r a c t i o n

channels. This can be seen in Fig . 3]. where the diffraction lobes have

been broken down into their component peaks. These oscillations are due

to o scI l l a t ions  in the A i r y  funct ion factor  in Eq. 31. Physically , th is

results from the interference of the two classical trajectories which

contribute in the semiclassical approximation to a given diffraction

channel.

A few notes of caution on these calculation s should be made . We

have assumed that there is no classical multiple scattering ; the

part icle  h i t s  the w a l l  only once. This w i l l  not be a good approximation

at glancing inc idence angles , glanc ing exit angles , or at h igh Z0 . For

our potential , however , refraction at the square-well keeps the

t r a j ec to r i e s  inside the well closer to norma l incidence . Furthermore ,

it is the long wave length , low energy particles for which these glancing

ex i t  angles  occur. These are precise ly  those f~ r which the semic lassical

approximation is least valid . The section of the d is t r ibut ions far  from

the specular is thus the least accurate . Fortunately, it is the phenomena

which occur far from this region , near the specular , we are interested in .

4.3 Diicussion

Qualitatively, both the anomalous features in the :110: data can be

explained at  • 59° with ‘
~~~, 

— 100 K and Z0 — 0.16 A. The small peaks

near • 55~ and ~ — 70° genera l ly  disappear below • 0.14 ~~ . Similar

c~i 1cu 1at ions at  • 30
0 

~nd — 310 for these potent ia l  parameters are 

~~~~~~~~ - -~ ---~~-— ~~-—~~~-- -~~~~~-—- —~~~~— - ———----— -----~~~ — - — —-~~ - - - —_ ~~~~~~
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F ig. 31 . Calculated semiclassica l dif fra ction peak profiles for MgO (001),

[UO) az i~s.zth. He iutn scattering averaged over therma l beam at
300 K. The indiiidual d~ ff raction peaks up to 1n ~ — S are shown
for  V • 100 K, 2 • .2 A , at — 59 . The total profile , as

3 0 0

di splayed in previous f igures , is the sum of these individual
distribut ions .
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sho~m in Figs.  32 and 33 , respectively. These are to be compared to the

data in Figs. 12 and 3.5. In Fig. 32 for 
~ 

— 30°, the calculated and

exrer ime ntal position s agree well; the peak is somewha t broader than

exper imentally observed . The shape of this peak is , however , quite scm-

sit tve to V .  At 
~ 

— 51° in Fig . 33 , the large peak at — 990 
fits

well  to the data ; the small peak near • 89~ has disappeared into the

i n e l a s t i c  bac kground . The tow angle lob, does not f i t  nearly as well ,

however. the calculated peak occurs at - • 52 o , 7
0 below the experimental

peak at fl a 59°. In contrast , the position of the (1 ,0) peak calculated

using a constant transition probability as described earlier gives a

pe -t~ at ~ 
a 63°, •~,

O 
to the othe r side of the experimental peak .

tnforturtate ly , we cannot study these peaks over a wider range of

above 8 — 500 , the (1 , 0) peak is expe r imental ly inaccessible .

The r 100i da ta  f rom F igs .  18-2 1 do not show any seriou s sh i f t s  of

extra peaks. In these semiclassical calculations , the scattering prof ile

is i sensitive func t~ on of the corrugation amplitude Z0 and the lattice

spacing ~~; the well depth V0 has a lesser e f f e c t .  Along the [l00 the

effective lattice spacing is 4.2 A~, that is, • ‘2 times longer than the

11) spacing . If we take Z0 to be the same along both azimuths, we can

qualitative ly consider the e f f e c t  of changing the lattice dimension. As

a increases , 
~m ’ 

the maxitm.un slope of the potential wall , decreases.

The rainbow angles , 9 • move inward accord ing to 8 — 9 + ~ . AKm 0 — r n

~iajor effect will thu s be to concentrate  the scat ter ing into a narrower

angular region ; -ill othe r things equal , we would thus expect the

— scatter”-~ distribut~~n to become sharper and ta l le r .

~ 

— - - - - -
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Fig. 32. Calculated semiclassica~ d i s t r i b u t i o n  for  hel ium scattering
at 8 — 3 0 .  Z — .16 ~ and V — 100 K. The experimental

0 0 0
peak position from Fig. 12 is ind icated . The small bump near

— 140 is the (1,0) diffraction peak which is ene rget i c ly
closed to moat of the beam molecu les .
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Fig. 33. Semiclassical distribution for 8 — 51’, 2 • .16 A , v , • 100 K.

For comparison with  experimental  data in Fig. 15. Experimentally
observed peaks indicated by an arrow . Only the portion at

> 50 is experimentally accessible.
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Semiclassical calculations have been done along the ~l00] azimuth

using the same procedure as for the [110:. It was not possible, however ,

to fit the experimental peak positions to the calculations using the same

potential parameters as de termined for the 110:. The same corrugation

amplitude , Z
~ 

- 0.16 ~~, was used but a much deeper well, V0 — 200 K was

required . Calculated d i s t r i bu t i ons  using the se parameters for • 60°

and - 30° are shown in Figs. 34 and 35 for comparison with the data

in Figs. 21 and 18. The positions of the major peaks f i t  wel l .  However ,

for — 60° in Fig . 3.~e , the small peak near — 67° is not visible in

the data even though a similar peak was c lear ly  vis ible in the [1102

data. We can only conclude that it has become lost in the inelastic

tail of the specular peak. The peak at — 96° for a 3Q0 in Fig . 35

also fits well to the data. The small lobe to the right of the specu lar

angle , near 1400, is the high energy tail of the (1 ,0) diffraction peak.

This channe l is energet ica l ly  closed to a s igni f icant  f rac t ion  of the

beam molecules. This small lobe is not observed in the data.

It should not b~ surprising that a different potentia l is required

along the :ioo: than along the ~11O . As shown in Fig . 1, the [110] is

the direction between nearest like ions on the surface , whereas the 21001

direction passes through alternate positive and negative ion cores.

t such ida 50 has calcu lat ed the helium-LiF potential by su~~ation of

pairwise interactions . The He-MgO interaction should b. qualitative ly

similar . The V • + 1000 cal/mole equipotentia ]. surface of this potential

is ahown schematically in Fig . 36. One quarter of the unit cell is shown .

~ 

-- - - - - - -—~~~~~~~~~ - -~~~. -— - --- - - - - - ~~~~~
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Fig. 34. Semiclassical calculation for 1100) azimuth. a 60
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The contours repre sent  the dis tance from the surface plane to the

— 

- equ ipo ten t i a l .  Since the mean energy in a beam at 300 K is 1192 cal/mo le ,

this sur face  approxima te s the classical turning point surface and can be

roughly compared to our hard wall. Along the :110 the .quipot.ntia l.

appears to be a s imple sinus oidal function of distance , with the valley

midway between the like ions. In fact , the effective roughness of

Tauchida ’s potential , similar to our Z , is 0 .17 A .ilong the ~llY , in

exce l lent  agreement wi th  our 0 .16 1. This is , however , perhaps fortuitous.

A long the ioo: azimuth , the potential is more complex with 2 maxima per

u n i t  cell. Thus it may be that our model potential is too simple to

handle scattering along the !:~ oo: azimuth . A more realistic potential ,

such as Tsuchida ’s, could be hand led by the same semiclassical

formalism we have used . It wou ld require , however, numerical integration

of the c lass ica l  equation s of motion through the potentia l . Note that

since there are ~. inflection points per unit ce ll  ~i~~~ng the :110: for

th~i p o t e n t i a l , there wil l in general be . contributing trajectorie s

instead of the two in our calculation . This could significantly change

the t’terference structure in the scattered distributions. Although - 
-

such a calculat ion could be d one , would be extensive and it thus

would de fea t  one of our mai n purposes , that is , to have as simple

calculational schem. to aid in experimental interpre tation .

The potential parameter s determined here shou ld be considered only

an approx imation . ~h .’ model is not intended to be q u a n t i t a t i v e . Although

the c a l c u lat i o n  wor k.. we l l  for  most of the dat a , the po ,it ion  of the

low peak 
~ 

— ‘n the 1l~ a q  well as the absence of the small

-e 
-~~~ -——-

~~~~~~~~~~
- ----~~~~~~~~~ — —
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peaks in the dat a .600 on the [1002 remain troublesome . This should

not , howeve r , be -i~ e to a deficiency in the semiclassical approx imation

but rather due to inadequac ies in the model potential and the artificial

limitation to tn-plane scattering . The primary purpose of these

calculations has , however , been served ; tha t  is to qualitatively explain

the experinental pear~ positions and fine structure . We conclude that

the transition probabillty for elastic diffraction , r ( ) - ) ,  is a strong

function of wave length. In addition , there is considerable intensity

in the higher order diffraction peaks up to n~ • 5. It is the

superposition of these peaks , each having i ts  own s t ructure  d i c t a t ed  by

T~~’), wh ..ch results in the experimentally observed distributions.

A cIxmlent on the use of a the rmal beam for elastic diffraction

— stud~.es ts in order. Our ca lcu la t ions  indica te  s ignif ican t diffraction

intensity out t~ ~~ — 5. Not only are the individual diffraction peaki

broad due to the d i s t r i b u t i o n  of veloctt ies  in the beam distribution ,

but there I ;  ilso ex tens ive  p eak  overlap.  The f i ne  struc ture and

i n t e n s i t i es  of the ind ividua l peak.. are thus not observable wi th  a the rn~a1

beam . -~on s ide rab iø  t i f o r m a t i on  is los t,  it is c lear  tha t  q u a n t i t a t i v e

ctud ies of the gas-surface potent ial  through e l a s t i c  d~t f f ract i o n  of

no lecu lar  beams require a monoenergetic beam .
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CHAPTER 5

SCATTERING OF HYDROGENIC MOLECULES

5.1 Expe r imen ta l  Resu l t s :  LW

In th is chapter we will present the scattering of the hydrogenic

molec ules H,, D2 , and MD from the (00 1 ) pL ane of Mg0 along the ( 1 t 0 j

incident  az imuth .  We wish to investigate the participation of rotat ional

modes of s imple  molecules in gas s u r f a c e  sca t t e r ing .  Par t icular  emphasis

w i l l  thus be placed on the scattering uf  HD , as the ro ta t iona l  modes of’

t h i s  mol ecule  most s t r o n g l y  couple to the sur face .  Data were tak en with

the sur face  at 300 K, for beam temperature at both 300 K and 80 K. - -

The r esu l t s  of scat tering exper tme n t s  w i t h  RD at a beam temperature

uf  300 K are shown in F igs .  37-...l. ~por~ comparison with  the he l ium

measurements  p resen ted  e a r l i e r , severa l  d i f f e r e n c e s  are iuas edia t elv

a p p a r e n t .  There is considerab ly more i n e l a s t i c  sca t: er utg for RD than

for the heliun . the specular peak has been seve re ly attenuated , and the

iiffractton lobes are less wel l defined. However , despite the large

background due to therma l inela stic events and peak overlap , the features

are c~..ear v marked . Instead - f  the smooth , broad diffraction peaks which

~~ observed for hilirn , the RD distribution is dominated by a serie s of

sharp and very narrow peaks. I: is irm~ed ta te ly clear that these peaks

resu l t  from a d i f f e r en t  proc ess than the es sen t i a l l y  e l a s t i c  d i f f rac t ion

observe d fo r  he ium scattering . Recal l ing our discussion in Chapter 2,

it appears t h ese  peaks ar~ due to rotationally inelastic diffraction

pr ocesses.

Of particu lar interest  in these distribution is the sharpness of many

of th. pe aks . Althou gh only the tops are visib le , they appe ar to be

k ________________________ 
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considerably narrower than the elastic peaks we saw for helium . This

raises a que tion : why should the inelastic peaks be narrower than the

e l a s t i c  peaks. This w i l l  be explored la te r  in thi s  chapter .  For c l a r i t y

and future reference , the expected positions of the rotational loss peaks

have been labe led in these figures. The calculation of the peak positions

is not straightforward , however. It is intimately related to the calcu-

lation of the peak shapes. The labeling of the peak positions has not been

j u s t t f i e d  at th is  point . This entire matter , however , will be covered

e x t e n s i v e l y  later in this section .

In order to more clearly see the shapes and positions of these

rotational peaks , several 1~~~w noise scan s have been taken of selected areas ,

using the integrator in the manner described in the previous chapters.

*~e such scan is shown in Fig. 41, where the peaks fo r  
~ 
• 13.2’ are

clearly revealed. There appears to be a distinc t asysmietry in the peak

L abeled (i ,0)-l near • 130’. It rises almost vertically on the low angle

side , with a more s.oping decrease on the right side.

The large background in the data presented in this chapter has two

or ig ins ; a) thermal inelas t i c  events , which broaden the peaks , and b) peak

overlap. Significan t reduction of the therma l backgrou nd , requ i res  c~ oling

the c ry s t a l  itself below the ambient temperature . This was not possible

in these exper iments .  Measurement s have , however , been taken  with an

30 ~ beam of MD, again inc ident alon g the (110] azimuth . These data are

shown in Figs . ~~~~~ R e c a l l i n g  that ~ • h / P ~~h/~~2M gkT~ and

cos8 • cos8 n\/d , (4)

we e,rpect the elastic diffraction peaks to move outward , away from the

specular , as the tempera ture  of the beam is lowered. By lowering T, 

~~~~~~.- - -—~~~~~~~-— - -~~~~~-~~ - -~~~~~~~ -



- ---~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

85

I I

HO (~~Q) (1,0)-i
9~: 13.20 ‘ /s

6 - 

(L0)-3 
(
/
7 

/
(T~0)2 

.

5 - 

(~~ 0)-2
\
\~~~~ ( /b

U
~~
O

~~~~~~~
3

(2 ,0) 1- . 
+ !$ t Ft

- ~~~~~~~~~~~~~ ~

_

*~~~~~~
.

_

(2~0) \ ,. V 
~~

+ 

~j - -

ko ,O)
3 -  -

2 -  -

1 -

I I I0
45 65 85 105 125 ~45 165

Scattering Angle , ~( Degrees )

Fig . 4 1. Slow , low nois e scan o f selected portion of distribution
showing sharp rotat ional  peaks . 8

0 
• 13.2’ for MD , [110]

azimuth . Data t aken  at 60 sec. t ime constant , 60 sec.
per point .

- - -  

~~

--

~

- -

~

-

~~ 

-

~~~~~~

-

~~~~

- -

~~ 
- —-*---- —- -- --- - - - -



86

6

HO
10.70

- 

[110]
80K (1,0)

~~~~
4.. I 

I

_ _ _ _ _ _ _ _ _ _ _ _ _ _

50 60 70 80 90 100 110 120 130 140 150 160 170
Scattering angIe, i~ (degrees)

Fig. 42. MD scattering at 80 K. [110] azimuth. 1O.7 inc ident angle.

L - - - - 
- --



- - ---- 
~~~
--—

~~~~~~~~~~~~~~~~~~

- —-- --- 

~~~~~~~~
-- -

~~~~~~~~~
----

~~~~

87

10.0
W .

(10)-i HO .

50 60 70 80 90 100 110 120 130 140 150
Scat terin g Angle,77 (degrees )

Fig. 43. MD scattering, 80 K beam, 1 110) azimuth, 49.4’ incident angle.

~

- -

~

- - - -  -- - - ~~~~~~ - - - - - - - - - - - - -~~~ - - - -
—---------

~~~~



AD—Ao l? 151 ILLINOIS UNIV AT URBANA—CHAMPAIGN COORDINATED SCIENCE LAB F/S Tm
r EXTREMAL EFFECTS IN ROTATIONALLY INELASTIC DIFFRACTION. (U)

MAR 79 1. C RATHBUN DAARO7—72—C—0259
UNCLASSIFIED R 5’40 NL

_  
_  

DPhir!!! Ifl_
_I 

_  _  

_  

_

!CP!C~ ~ ~~ r•~j~

S
— 

-—- - - .  a—



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ -.~-‘~~~~~~~ —— - —-——

88

8 
~ r

(LO) 
(�,O)-2 HD

297°

50 60 70 80 90 100 110 120 130 140 150
Scattering 4ngIe,~ (degrees)

Fig. e4 . lID scat t.r tng for 80 K bean . Incident  mngI. — 29.~~ .
[1 10) azL~ .&th.

~1



II 89

we can hope to decrease peak overlap and mor e clearly resolve the

indtvidua l peaks.

Lowering the temperature of the source has effects other than

changing and shifting the peaks outward. Cooling the beam w i l l

a lso shift the distribution of rotationa l states toward ~~wer J , as

sho~.m in Fig.  .5. Furthermore , as T is Lower ed , that is , as th. energy

of the beam is lowered , fever elastic scattering channels are open.

~~e e U ect  of this ~an he seen in comparing Fig. 37 to Fig. .2 , for

scattering at approxin~ateLy ~~ 
50’ at 300 K and 80 K respecti:ely.

The specular intensity (i.e. the elastic , no~t -di ffract .d  intensity) is

approx imate ly t w ic e  as large at 80 K as at 300 K.

5 .2  Extr ema l. E f f e c t s

Of partic~~ ar interest i~n t he data is the apparent sharpness of the

peaks , as wei~ as their peculiar shape . Furthermore , it can be noted

that aLthoug~t s ome of the transitions are strong , others are not observed

at all , ~~~ examp le , at • 30’, the (1 .0) • 2  is cle ar l y  v is ib~e but

not the (I,0)i~3. The reason for these effects becomes apparent if we

examine more closely the mechanism involved .51 ’52

Recal irg Eq. (5), rotationally inelastic diffraction can be described

by
2M~AE

• k2 + (conservation of energy) (Sa)0

k • (conservation ~f momentum) , (Sb )
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F~~ . .5. Rotat iona~ state population for norma l RD at 300 K and
80 K, from Table 1.
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where again a (1,k )  and are the inc ident and scattered wave

vector s , respective ly , and ...E is the energy transferred from rotation

c~ translat ion. Note that for inelastic scattering , the scattered wave-

length \ , is no longer equal to the inc ident wavelength , 
~~ 

We will

at present confine ourselve s to in-plane scattering along the tILO )

azimuth ; for this case m — 0  and the ine lastic diffract ion peaks are labe led

(n ,0)±L . From Eq. (3) we previously obtained Eq. (6) for the scattered

angles
n~.A 0cosO — ~

— (cos8 ~~—) (6a)

— L l+ 2~ EM ~~
2 I h ) t (6b)

Although at first these relations appear norma l , on c loser examination .

peculiar behavior is observed. Consider the case of a :oss transition

from the (1,0) diffraction peak , for which both ~E and n are negative .

In this instance , \/X is an increasing function of wavelength , whereas

cose is a decreasing function. Case iS the product  of these two

terms and thus the relationship can be double valued , that is , it may

have a turning po.r~t. Such a relation between and is shown in Fig. 46,

where it is important to recall that and are related by —

The effect of this extrem*sn on the rotationa l inelastic peaks can now

be clearly seen. We know that the d i f f e r e n t i a l  scattering intensity

can be written as

d>,

~L.. Z(flT(’.0’
~f(’. ~ 

2 (35)

where TO~.0
) and f(X0

) are the transition probability and the wavelength.

_ _ _ _ _ _ _ _ _ _ _  ~~- - — - - - - - - - - -
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distributi on respectively. Z(t) is the populat ion of molecules in the

proper rotationa l state for transition I. It is apparent frost Fig. 46b

that become infinite at the turning point , that is , at the angle

e — . This is shown in Fig . 46c.
m

This simple argument predicts a singularity in the scattering

intensity for these rotational processes at certain - scattered angles , 9 ,

called the extreinal angles. Wa will denote this process as “extrema l

scattering ”. Qualitatively we can understand this process by referring

again to Fig . .6. At the extreuta l angle , a lar ge range of wavelengths is

scattered to the same scattered angle. The kinematics of the inelastic

scatteri ng process have acted to foc us the scattered partic~.e s. This is

in contrast to the elastic diffraction peaks , wher e each wavelength goe s
dA

to a Jifferent angle. Extreatal scattering will occur whenever —~f 
a

If f o l l o w s  front Eq. (6) that the extrenta l angle is given by

‘ 2n h  2cos . • (I + , . (36)in -, ~~~.
-~~ ~.~EZ’t cos

g 0

The wavelength of the iflc ident molecules  scattered at 8 is
in

— 2 ~EM~ dcose 0 . (37)

Ext rema l scatterin g peaks can thus only occur whe n n , the diffraction

index , and .~E the energy change , have the same s ign (nonzero). The extrema l

scattez~thg peaks will therefore appear between the elastic diffraction peak

and the specular (0.0) peak. Although these considerations predict a

singularity in the differential scattering intensity , this singularity

will be removed by integration over the finite aperture of the detector  in

- - —-

~

. - -.

~

-

~
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any real experiment . However , we expect these peaks to remain quite

distorted and sharp  when compared wi th  the elastic scattering peaks.

To get a clear ins ight into the magnitude of extrem.aI scattering ,

we have undertaken some calculations to simulate the experi menta l, peak

shapes. Calculations were done for two different beam temperatures ,

300 K and 80 K. The elastic diffrac tion peaks will shift outward , away

f r o m  the specular , as the temperature is decreased and the wavelengths

~ncrease. The posit ions of the extrema l peaks , however , given by Eq. (36),

depend on ly on “ and ~.E and should not change . The shapes shou ld change

however , as the wavelength distribution shifts through the singularity.

Several factors should influence the observed shape s and i n t e n s i t i e s

of the rotationa l peaks. Brief ly , the most important are :

1) The transition pr obab i l~ t y ,  T ( X ) ,  as a func t ion  of wavelength .

2) The initial wavelength distribution , f0~
,), in this case a modified

Maxwe i ..-Boltzmann distribut ion.

3) The extrem~al focusing mechanism .

~
) The finite detector resolution .

For the present calculations we will ignore the transition probab ility as a

function of wavelength. This variation is expected to be ninor with respect

to the expected singularities due to extrema l focusing. Th. simulations

were done by solving Eq. (5) for a weighted distribution of several

thousand individual wavelengths and integrating the resultant distribution

at each angle over the fiflite detector aperature of 3.25 degrees. These

calculations , for a bem~i of RD incident on MgO (001) along the (110 1 azimuth ,

are shown in Figs. 47-50. In each f igure , the upper section represent s

scattering at a beam ternperature of 300 K and the lower at 80 K. The

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~ -—~~
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calculated intensities are plotted vs ‘
, the experimental angle. These

JistrLbuttons were calculated as • ni.ig an equal number of molecules in

each initial rotationa l state. ~~ly the i n i t i a l  veloci t ies  have been

Boltzmartn weighted ; the d i s t r i b u t t on  of initial rotational states will

be accounted for later.

Consider for examp le , the (1 ,0) set of peaks for • 49 .5 , shown

in Fig.  o 7 . At 300 K , the +1, +2 , and +3 peaks al l  exh ibit extr ema l

scatter ing. The peaks rise rapidly on the low angle side and ~‘en fall

p r e c i p i t o u sly  to zero at the extremal angle. These sharp peaks are what

remains of the singularity after integrat~on over the detector aperture .

The behavior  fo r  • 10.67° and 29.7 °  shown in Figs . .8-49 is s imilar .

Here the -1 and -2 t r a n s i tion s  clear ly  show the extrema l behavior . The

t r an s i t i on  (1, 0)-3 is d i f f e r e n t . This peak remains smooth . We recall ,

h owever , chat the extrema l singularity is associated with the scattering

of a narrow range of wave lengths near ~~ . For (i , 0)-3 at this angle , 
~
.

is far from the most probable wavelength in the beam. There are thus

relatively few bean molecules in the region of the singularity. After

integration over the detector , no evidence of it remains. An interesting

intermediate case is evident in Fig. 50 for — 49.5’. Here the (1,0)-I

shows a peculiar doub le peaked structure : one caused by the peak in f ( X ) ,  -

the other by the singularity in ~~~~
‘ . In all cas es , however , the extremel

edge occurs , as expec ted , at 
~ 

~- ~. ,  where .. is the half width of the
detector aperature .

At a beam temperature of 80 K, the situation is similar ; there are

fewer peaks involved ,however. These are shoe . in the lower portions of

Figs. 47-50. In going to lovir beam temperatures , the elas tic peaks have 

— r n--—~~~~~~~~~~~~~ •~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ -- • - - - • _ ~~~~- - -~~• - - ~~ ~~~ •~~~~~~~ -~~~~—•-~~~~~~•
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s h i f t e d  outward . Most of the higher order rotatfonal peaks have been

seve re ly a t t e n u a t e d ;  they have become en e rge t i . a 1 1y  closed to a signi-

ficant portion of the beam population . Furthermore , fr om Table 1 on

page 13, we see that there is an appreciable population of molecules in

the ~n i t~ a sc~ t e onl y for  the .~~, — , and —~~ t r a n s i t i o :~s. This will

f~~r t h e r  attenuate the .~:hcr transitions. As a resu l t , the + 1 los s peaks

along wi th  the e ast ~~c peaks now clearly dom inate the d~.stribucions . There

~~i little peak overlap to obscure the rotac~ ona l features. Note that

the positions of the extrema l edges do ~ot change as the beam temperature

is changed.

t should be noted again th a t  not al l rotat~ onal inelastic transitions

are a f f e c t e d  by th i s  axt r e n o l s c a tt e r t ~~ i~ec~~ nism . An example of non-

extrema l t r a n s i t i -~~s is shown Ui Fi~~. 51 , ca i cu ~ ate d for hel~ um at 300 K ,

inc ident at .4 .5° . The n . .~E < 0  t r a n s i t i on s  are shown. The distribution s

are a l .  smooth. No evidence  of •L n g ~.la r i t~ e5 ex i s t . .

From these c a lc u l a t i o n s  we ca~ make severa l  ob ser va t ions  to  guide us

Ui our interpretation of the experin~ental data. The extrem.al scattering

peaks shOuld dominate the distribution. This should be particularly true

at 300 K, where the pea k s over lap to a s ~ftcan t extent , smearing out all

but the sharpest features. These calcuLations were done assuming equal

transition probability into each peak , except when a channe l was closed to

a particular wavelength . The disproportionate he ight of the extrema l peaks

is sole ,y caused by the extremal focusing nechanisin; it is not caused by

• differences in t r ans i t i on  p robab i l i t y .  We should be able to resolve hese

peaks even if only a fraction of the ~nc ident mo l ecules  undergo these

-U 
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Fig. 51. Non-extrema MD transitions. The 1 ,0) gain peaks and

(1,0) toss peaks at 49.5 degrees are shown. Extrema l
singularities are not expected since _E .n<0. These
smooth shape s are typical Of such non-extrema l rotational
transitions . Intensity in arbitrary units. 
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tran s~ t~~on1. However , only those transitions for which n._E >0 will have

these singularities. Cf these , o n v  transitions having a significant

nuther of molecules near will be strongly affected .

The 300 K MD s ca t t e r ing  data shown in Figs. 37-...1 have been labeled

wi th  peak pos~ t t ons as calculated a .cording to this procedure , on the

~~sumpt ion of a transition probability independent of wave length. The peaks

wh~~h are expected to have an extrema l stngu larity have been labeled with

a sub-s , to indicate we expect then to be sharp. Those peaks for which the

extrema i ~ingu~.~ rLty should not be present have been labeled with a sub-b ,

for broad . ~~ly “s ’ peaks are clear ly visible in the exper imental distri-

butions. These peaks occur very close to the calculated positions . The

strength of these transit~~.ns is somewhat exaggerated due t o  the peculiar

shape of the extrema l peaks.

The data for scatter~.ng at a beam temperature of 80 K have been

repeated in the upper portions of r igs. 5~ -S-. with the extrema l scattering

calculations shown in the 1o.*r panels. We recall that only the .4, -1 ,

and -2 transit~ ons have an appreciable population ~n their ini tial states.

Only the etast~ c and the ± rotation al transition s are evident in the

distributions.

5.3 Scatterin& of_K2 
and D,

The preceding data and ca l cu la t ion s were for MD. Similar effects shou ld

occur for the scattering of H2 and D, . It is instructi ve to consider what

we expect for H2 
and D2 in light of our f indings for  MD s ca t t e ring .

Rotat iona l scattering is expected to be stronger for MD for  several reasons .

RD is a very asyusnetric rotor , resulting in stronger coupling to the surfa re

,ot.’~ tLal. Furthermore , as shown in Tables 1-3. the energies of the allowed

_- - -_— ----— —-_-- - _ _ _  rn — - - - ——-— _ .- - —- — - _— ___ — _ _ _ -_-__-
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Fig. 52. IW scattering from MgO (001). [110 1 a z i m u t h .  00 K beam .
Experiaentai data in upper panel. Calculation s in lower
panel.
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Fig.  53. MD scattering at 80 K. Same as Fig .  52 except .Q .
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Fig.  54. MD scat ter ing at 80 K. Exper imenta l  data in upper panel .
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rotational transitions for 1W are cons ide rab ly  smal le r  (255 ca l/ m o le  vs.

1012 cil,mole and 512 cal/mole tar the lowest transitions of H
2 

and D
2
.

It should be noted that since MD is an asymmetric rotor , all, rotat ional

trans~,t ions are allowed by symee cry. For the syum~etr ic molecules and

D2
,th e selection rule ,.J — even is dictated by symmetry ; in other words ,

there is no ortho-para conversion.

The d i s t r i bu t ion  of rotationa l states for H
2 

at 300 K is p a r t i c u l a r l y

unfavorable for detecting rotationa l transitions. 6 57. of the beam is in

the  J • 1. s t a t e , which can only go to the J— 3 state , that is a -2 transition .

This requires 16’.3 cal/mo le transferred from translation . However , the mean

t r a n s l a t i o n a l  energy in the beam is only 1192 cal/mole. Using Eq. (33) we

can ca lcula te  that at 300 K , all rotational inelastic diffraction channels

are closed to  at least 54 ’. of the beam ~~lecules . On:y the + I. transitions

are e n e r g e t i c a l l y  f avorab le  but on ly  about 107. of the beam is in each of

these s ta tes  3 .0  and J 2 ) .

The r ot a t i o n a l  d i s t r i b u t i o n  of D2 at 300 K is more favorable (Table 3).

Trans i t ions  up to  3 are ene rge t i ca l l y  allowed ; the r o t a t i on a l  d is t r thu t ion

is peaked at 3 .2  but the other s ta tes  are also reasonably  populated.  From

mere energy and population cons iderat ions , the I - “-1 (.J•2 -. 3.0) transition

appears to be the most favorab le .

Data for the scat ter ing of and It, along the [110] azimuth is pre-

sented in Figs. 55 and 56, along with the predicted positions of the

rotational scattering peaks , using the same procedure and notation as used

for  MD. A note on the data presentation for these two figures is in order.

For cotipactness . several scans at different e are superimposed . Each is

shifted up from the previous one. The baseline appropriate to each curve
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Fig. 55. D2 scat ter ing from MgO (001). [110] azimuth.
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is indicated by the horizontal portion of the arrow indicating the inc ident

angle. The full intensity of the specular peak is indicated where the

peak extend s off the page . Again , the expected extremal peaks have been

labeled w ith a sub-”s ’.

~e w i l l  consider the D, data first. It is immediately evident that

there is ~mach less rotationa l inelastic scattering. The scattering is

much more like the hel ium scattering in Chapter 4 than the M.D scattering

earlie r in this chapter. There are a few peaks which can be identified as

extrema l scattering. The (2,0)+l for • 49.l is most clear ly marked .

Additional evidence can be seen for the (2 , 0 )- I  for  • 29.0’ and the

(1 ,0)-I for - 9.8°, but  these are tery weak. As expected from the

considerations earlier in this section , the +1 rotational transition is the

most distinct.

It is instructive to compare this D2 
data to the helium data presented

earlier. Deuterium and helium have the same me ss and thus the same wave-

length .  The specular  i n t ens i t y  for  D2 is lower than for He by almost an

order of magnitude.  This is due to a large extent to the increased in-

elastic scattering involving rotationa l modes of the D2 
molecules.

The H
2 

data in Fig. 56 show even less rotational scattering.

Little direct evidence of any of the extrema l transitions can be seen. The

intensity of the specular peak is cons iderab ly more for and D2 . This

may , h oweve r , not a l l  be due Co decreased ine lastic scattering. The wave -

length of is . 2  longer than that of or helium at the same energy .

There are thus fewe r e l a s t i c  d i f f r a c t i o n  channels open as well.

~
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5.4 Sum~nary

The sharp peaks which appear ~n the s c a t t e r i n g  d i s t r i b u t i o n s  of hydro-

genic molecules from MgO are in keeping with the etfects predicted by our

theory of extremal scattering. These peaks are actually singular ities in

the d i~ ferential scatterLng intensity. For these rotationally inelastic

transitions , molecules with a significant range of wave lengths can be

focused into a s m a l L  angular  i n c r em en t .  The r e su l t i ng  sharp peaks stand

Out against the smooth background of elastic scattering. In a sense , the

use of a beam with a broad energy d is t r ibu t ion  has , therefore , proved to

be an advantage .

Extremal scattering occurs for all the hydrogenic molecules , but is

particularly strong for MD. It could , however , occur in the scattering

of other , heavier diatomic molecules. Several things stand in the way ,

however. Diffraction , a necessary precondition for extremil scattering ,

has not yet been observed for these heavier molecules. Furthermore , the

rotat iona l  L eve ls  of these molecules  are so closely spaced that the peaks

wou ld not be separa te ly  reso lvab le .  The occurrence of extremal singularities,

has been very important , in allowing us to establish rotational-trans-

Lational. interchange. Rotationa l inelastic events of this type occur with

high probab i l i ty  for the hydrogenic molecules. Although direct ~ data are

not ava i l ab le  for other molecu les , we expect rotationa l inelastic scattering ,

as de scribed here , to play an important part in energy transfer for other

diatomic molecules at surfaces.

_ _ _ _ _ _ _ _ _  
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CHAPTER 6

DIFFUSION OF CHZNIS(~ .BED GASES

The dynamics of chemical reactions on surfaces is governed to a large

degree ny the energetics of adsorption , d i f f u s i o n , and desorp t ions of the

reactan t species. In a typical reaction , adsorbate molecules may have to

d i f f u s e  to an active site or to each other in order to react .  The rate of

d i f f u s i o n  re lative to the rate of desorption , for example , may be of c r i t i c a l

importance. Little , however , is known abou t the energetics of d i f fus ion  of

even simple gases on low index crys tal  surfaces . 53 ’5’ One of the prob lems

that  has stood in the way of learn ing more about d i f f u s i o n  is the need to

create  a s p a t i a l l y  localized i n i t i a l  deposit , the spread ing of wh ich can be

stud ied. During the course of t h i s  invest igat ion of molecular beam

scat tering , we have inc ident ly mastered this particular aspect of the

prob lem , and have developed a qui te  general technique for  obta in ing data

on the su r face  d i f f u s i o n  of gases on macroscopic single crystal surfaces.

It co~~ ines a mo lecular  beam source wi th  an Auger elec t ron spectroscopy

detector. The technique can be used for any gaseous specie s which adsorb s

re adi l y on the substrate of interest , with the notable exception of hydrogen.

The substrate , howeve r , must be in a form to allow rapid heating and

cooling. Although quan t i t a t i ve  data are not yet available because of

difficulties with some of the Instrumentation , the proposed technique and

the equipment wilt be briefly described in this chapter.

6 .1 Exper imenta l  Apparatus

We w ish to meas ure the ra te at which a localized deposit proceedes

toward a spatial equilibrium distribut ion by diffusion across the surface.

We thus require I) a method of establishing a reproduc ible lateral concen-

tration gradient of the chemisorbed gas , and 2) a method of measuring both

L -~~~~~~ - - -- - - .~~~- - -~~~~~ - ————..-~ —~~~ -—~~-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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the in~ t L a l  and fina l concentration profiles. We w i l l  use our molecular

beam to create the initial deposit , and a form of scanning Auger electron

spectroscopy to measure it. To carry out these measurements the scattering

equipment in Figs. _5 has been modified as indicated by the schematic view

in Fig. 57~

-~ We are now interested in the gas which sticks to the sur face , and not

that which scatters. We wi ll  use the molecular beam to form the concen-

t ra t ion gradient . This is done by slowly rotating the sample in an arc in

front of the molecular beam. If done under the proper conditions , this

should produce a narrow line of chemisorbed gas running across the crystal.

The flux of molecules at the surface  from the molecular beam is approximately

LO~ t imes the flux due to the background gas .  so there  should be considerable

contrast between the line deposit and the back ground.  The beam has been

stopped down to approximately 0.020” diameter for these experiments. We

thus expect a line extend ing across the crystal surface slight ly wider than

0.020.

Auger electron spectroscopy will be used to measure the l a te ra l  concen-

trat ion profile . In this technique , we measure the energy distribution of

secondary electrons when the sample is boabarded with ~ 3 kV electrons.

Each element has a characteristic set of transitions. Because of the short

mean free path of low energy electrons in a solid , the technique is on ly

sens i t ive  to the eurface  layer .  Concentrat ions down to — O. 1’~. can be

detected for most e lements.

A commercial ly ava i l ab le  cy l i nd r i ca l  mirror electrostatic energy

analyzer (QiA ) (PHI, 10-234 G) is used to detect the Auger electrons. The

spati al resolution is linited by the lateral size of the electron beam.

—I

~ 
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Fig. 57. Modified molecular beam system for diffusion studies. Top view.
A) Gas inlet , B) L.E.E.D screen , C)Source , D) Collimator ,
E) Mass spectrometer , F) Sample ; CMA is the cy l in4rical mirror
Auger analyzer.
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~Xir analyzer deliver s a beam 0.004” in diameter at 3 kV. Scanning Auger

electron spec t roscopy t y p i c a l l y involves e l ec t ro s t a t i c a l l y  de f l ec t ing

the beam bac k and tor th  across the surface  with the analyzer  f ixed . One

can thus obtain l a t e r a l  concent ra t ion  p r o f i l e s .  The f i e l d  of view of most

e l ect r o n  energy ana lyze r s  ~s qu~ te small , however; one is typically Limited

to areas less than 1/2 mm by 1/2 ~ n. That is too small for this  experiment ,

as the in itial deposit  is larger  than that . We wilt therefore keep the

ana lyz e r and the electron beam fixed , and accurately translate the samp le

across the front of the analyzer , perpendicular t~ the line depoa~ t.

Although this method is admittedly more cuabersome , it has the advantages

that line scans can be done across a large area and that the transmission

of the analyzer  vi1~. not vary with position .

The experiment requires rap id heating (to 2400 K) and cooling in u l t r a

h igh vacuum. The sample holder nust be vibration f ree ; also , it must accu-

rately translate in the y-direction (perpendicular to the line source) in

increments of 0.001” for measurements of the dif~ usion profile . fina:ly , it

must rotate by more than 180’ to allow positioning of the sample in front of

the Auger analyzer or the molecular beam , as shown in Fig. 57. A new sample

holde r , incorporating these features , has been built. In the present design ,

the sample , in the form of a 0.010” thick wafer , is electron beam welded to

two 0.080” U pins. These are f i rmly held in molybdenum clamps which are an

i n t eg ra l  part of the liqu id nitrogen cooling tubes , as shown in Fig. 58. The

sample is heated by passing current directly through it. On the order ct 100

amps are required to heat  the crystal to 2000 K; \ t  cools from 1400 K to

room temperature in * 15 seconds. The requirements of good thermal and

e lec t r ica l  contact as well as rigidity are at odds with the therma l
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expansion of the c r y s t a l  when heated to 2400 K. These problems have pre-

vented quantitative experiments to date. Most difficultie s appear to be

so lved , however. We have been ab le c~ create a line deposit of molecular ly

adsorbed V -n i tr ogen  on a W ( t l 0 )  su r face .  As yet we have not attempted to

deposit chemisorbed ~-nLtroge n , that is , nitrogen which iS  held as atoms.

Rowever , a brie i indication of how the experiments should be carried out

appears in order.

~,.2 Proposed Experiments

Measuring the diffusion of gases on a crystal involves the fo1lowin~

operations :

I) c l ean ing  the sample ,

2) using the molecular beam to deposit  a l ine source ,

3) using Auger electron spectroscopy to measure the initial

concentration profile ,

) heating at a f ixed temperature for a fixed period of time ,

5) measuring the final concentration profile .

These steps mist be repeated for  a nunter of temperatures and time ~nterva ls

to characterize the diffusion process.

We are interested in diffusion in a plane , in a direction perpendicular

to a Line source. Th. initial concentration profile C(x ,0), and the f inal

concen tra t ion p ro f i l e , C(x , t ) ,  are a c t u a l l y  measured. Diffusion proceeds

$ 55accord in g to Ticks second law , which in one dimension is

~C(x1t) • j  ~C(x,t) 8
~~~~~~~~~~~~ 

‘ (3)
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where 0 is the diffusion coefficient . We will assume that D is inde-

pendent of concen t ra t ion ; Eq.(38 )  then reduces to

3C~x , t) 
D —

~
—

~ 
C(x ,t )  . (39)

For an initial distribution in the form of a delta function , that is ,

for

C(x ,t 0 )  C
0

6 (x)

the solution to Eq. (39) can be wri t ten by inspection as

C 2C(x , t)  • 
0 exp(-x /4Dt ) . (40)

.,4—Dt

The beam source c annot be expected to create such an initial di~ trtbution.

For a more realistic distribution , we proceed as follows . Sy integrat ing

Eq. (40) over the initial distribution , we obtain the gene ral solution

C
C(x , t )  • ~~~~~~_ f(x +~~) exp ( -~

2 /4Dt ) d~ • (4 1)
.,,4Dt -~

where f ( x )  • C(x , t • 0) is the experimentally measured initia l concentration

at x. Substitution into Tick’s second law , Eq. (39), confirms that th is is

the correct solution . For simpl. distributions , this integral can be done

a n a l y t i c a l l y .  Otherwise , it is necessary to evaluate it n~~~ricaLLy . In

either case , the experimental data , that is, C(x,O) and C(x ,t )  at a fixed

temperature , are fit to this solution using the diffusion constant , D,

as a variab le parame ter.

Diffusion on a solid surfac, generally occurs over an activation

barrier. The atom must gain sufficient energy to surmount the barrier

between binding sites.  This is shown schematically in Fig. 59. The

1
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dirfusion coefficient can be written in terms of t h i s  a c t i va t i on  bar r ie r ,

E , as
*-E /kT

Dçr) — D0e (42 )

where T is the temperature. From measurement of D(T) vs T we obtain the

act ivation barrier to diffusion . Onr diffusing atoms thus provide us with

a microscopic probe of the surface potential.

The above technique can be applied to almost any gas-solid system in

which the gas chemisorbs readily from the gas phase. Th. major exception

is hydrogen , which has no Auger transitions . Some other method would be

necessary to detect hydrogen. We have begun studies on the d i f f u s i o n  of

chemisorbed nitrogen on tungsten (100). The adsorption of nitrogen on

tungs ten  has previously  been extensive ly character ized . This makes it an

ideal system for our initial studies.

There are numerous interesting prob lems to which this techn~.que can

be applied . For instance , the diffusion of a gas on various planes of

the same material can be studied . Of particular interest is diffusion on

h igh ly  anisotropic plane s such as the W(112), which is composed of one-

dimensional channels. Studies in the field ion microscopes have shown

that for metal adatoms , diffusion occurs only along the channels , not over

the ridges. The correlation of diffusion behavior of chemisorbed gas with

substrate structure would provide us with valuab le informat ion on microscopic

surface forces.
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