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CHAPTER I

INTRODUCTION

T his d i s s e r t a t i o n  p r e s e n ts  th e  r e s u l t s  o f  in v e s t ig a t io n s  in to  th e  

i n t e r a c t io n s  o f  d ia to m ic  m o lecu le s  w ith  s o l id  s u r fa c e s  u s in g  th e  q u a s i ­

c l a s s i c a l  t r a j e c t o r y  (QCT) m ethod. In  p a r t i c u l a r ,  s tu d ie s  have been  made 

on th e  s c a t t e r in g  o f  HC1 m o lecu les  from  g o ld  and o f  NO m olecu les  from 

l i th iu m  f lu o r id e .  In  th e  fo rm er c a se , th e  o b je c t  i s  to  o b ta in  a t  l e a s t  a 

q u a l i t a t i v e  u n d e rs ta n d in g  o f  th e  H C l/A u (ll l)  c o l l i s i o n  dynam ics by f i n d ­

in g  a  model g a s - s u r fa c e  in t e r a c t io n  p o te n t i a l  w hich p rod u ces  r e s u l t s  in

a c c o rd  w ith  r e c e n t  e x p e r im e n ts .^  In  th e  l a t t e r  c a s e ,  th e  g o a l i s  to
2

e v a lu a te  a  new red u ced  e q u a tio n s  o f  m otion  (REOM) method f o r  in c lu d in g

in to  a  s c a t t e r in g  c a l c u la t io n  en ergy  t r a n s f e r  betw een  a  gas m olecu le  and

a  s u r f a c e .  T h is assessm en t i s  made by com paring th e  REOM r e s u l t s  to
3

th o s e  from  d e t a i l e d  c a lc u la t io n s  f o r  th e  NO/LiF(001) system  u s in g  th e
4

s to c h a s t i c  t r a j e c t o r y  method.

The d i s s e r t a t i o n  i s  d iv id e d  in to  th r e e  p a r t s ,  each  c o n ta in in g  two 

c h a p te r s .  The f i r s t  p a r t ,  c o n s is t in g  o f  C h ap te rs  I  and I I ,  p ro v id e s  an 

in t r o d u c t io n  to  th e  work p re s e n te d  in  th e  second  and t h i r d  p a r t s .  Chap­

t e r  I  su rv ey s  th e  l i t e r a t u r e  c o n ce rn in g  g a s - s u r fa c e  s c a t t e r i n g  th e o ry . 

C h ap te r I I  d is c u s s e s  th e  p ro ced u re s  em ployed to  im plem ent th e  q u a s ic la s ­

s i c a l  t r a j e c t o r y  method in  th e s e  s tu d ie s .  The second  p a r t  o f  th e  d i s s e r ­

t a t i o n ,  C h ap te rs  I I I  and  IV, d is c u s s e s  th e  work on s c a t t e r in g  o f  HC1

1
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from  g o ld . C hap ter I I I  e x p la in s  th e  c o n s tru c t io n  o f  th e  g a s - s u r fa c e  

i n t e r a c t io n  p o t e n t i a l s  u sed  in  th e  c a lc u la t io n s  and p ro v id e s  o th e r  r e l e ­

v a n t  n u m e rica l d e t a i l s .  I n  C hap ter IV, th e  c a lc u la t io n s  a re  p re s e n te d  

and compared w ith  th e  e x p e rim e n ta l r e s u l t s .  The f i n a l  p a r t ,  C hap ters  V 

and V I, d e s c r ib e s  th e  c a lc u la t io n s  perfo rm ed  on th e  NO/LiF(001) system  

u s in g  th e  REOM app ro ach . The d e r iv a t io n  o f  th e  REOM, a  d is c u s s io n  o f  th e  

p a r t i a l  v e l o c i ty  r e s e t  procedure,"* a  d e s c r ip t io n  o f  th e  g a s -s u r fa c e  

i n t e r a c t i o n  p o t e n t i a l  and an e x p la n a tio n  o f  co m p u ta tio n a l d e t a i l s  com­

p r i s e  C hap ter V. C hap ter VI i s  d ev o ted  to  th e  e v a lu a t io n  o f  th e  REOM 

method by com paring r e s u l t s  o b ta in e d  from  i t  to  th o se  o b ta in e d  from th e  

s to c h a s t i c  t r a j e c t o r y  method.

Overview o f  G as-S u rface  S c a t te r in g  Theory

The in t e r a c t io n s  o f  gases  w ith  s o l id  s u r fa c e s  occu r in  a  b ro ad  sp e c ­

trum  o f  fu n d am e n ta lly  im p o rta n t p ro c e s s e s ,  such a s  c a t a l y s i s ,  sem icon­

d u c to r  f a b r i c a t i o n  and l i f t  and d rag  on a i r f o i l s .  The p re v a le n c e  o f  gas- 

s u r fa c e  phenomena p ro v id e s  an  in c e n t iv e  to  u n d e rs ta n d  th e s e  p ro c e s s e s  in  

th e  g r e a t e s t  p o s s ib le  d e t a i l .  I n  th e  l a s t  two decades o r  so , trem endous 

p ro g re s s  i n  a c h ie v in g  such an u n d e rs ta n d in g  has  b een  made, due to  advan­

c e s  in  b o th  e x p e rim e n ta l and t h e o r e t i c a l  te c h n iq u e s . On th e  e x p e rim en ta l 

s id e ,  im provem ents i n  u ltra -h ig h -v a c u u m  te ch n o lo g y , l a s e r  and m o lecu la r 

beam te c h n iq u e s  and s u r fa c e  p r e p a r a t io n  and a n a ly s i s  methods have made 

p o s s ib le  d e t a i l e d  s tu d ie s  o f  th e  in te r a c t io n s  o f  atoms and m olecu les 

w ith  s u r f a c e s .  These i n  tu r n  have s t im u la te d  th e  developm ent o f  t h e o r e t ­

i c a l  m odels to  q u a l i t a t i v e l y ,  and som etim es q u a n t i t a t iv e l y ,  u n d e rs ta n d
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th e  e x p e rim e n ta l r e s u l t s .  The ad v en t o f  l a r g e r  and f a s t e r  com puters has

a l s o  a id e d  th e  grow th o f  th e  th e o ry . Com prehensive rev iew s co n ce rn in g

6-8 9 10th e  e x p e rim e n ta l and th e o r e t i c a l  ’ te c h n iq u e s  e x i s t  in  th e

l i t e r a t u r e .

The g o a l o f  th e  fo llo w in g  d is c u s s io n  i s  to  lo c a te  th e  p r e s e n t  work 

w ith in  th e  f i e l d  o f  g a s - s u r fa c e  in t e r a c t io n s  as a  w hole. S in ce  th e se  

s tu d ie s  in v o lv e  th e o ry , e x p e rim e n ta l s tu d ie s  w i l l  be m entioned  on ly  

b r i e f l y ,  in  th e  c o n te x t  o f  t h e i r  r e l a t i o n  to  p a r t i c u l a r  th e o r e t i c a l  

m odels. F u rth erm o re , s in c e  th e  g as-p h ase  s p e c ie s  in  t h i s  work a re  d i a ­

tom ic m o le c u le s , em phasis w i l l  be g iv en  in  th e  d is c u s s io n  to  th e o ry  

d e a l in g  w ith  m o lecu la r  r a th e r  th a n  atom ic c o l l i s i o n s  w ith  s u r f a c e s . The 

overv iew  b e g in s  by d e s c r ib in g  in  S e c tio n  A th e  e x a c t quantum m echanical 

tr e a tm e n t o f  th e  s c a t t e r in g  problem , known as th e  " c lo s e -c o u p lin g "  (CC) 

m ethod. Then S e c tio n  B o u t l in e s  th e  v a r io u s  approx im ate  tr e a tm e n ts ,  from 

th e  quantum m ech an ica l, s e m ic la s s ic a l  and c l a s s i c a l  m echan ical reg im es, 

w hich have been  u se d  to  model m o le c u le -su rfa c e  c o l l i s i o n s .

A. The E xact Quantum -M echanical Method: C lose-C oup ling

The e x a c t quantum -m echanical s o lu t io n  f o r  th e  s c a t t e r in g  o f  a  m ole­

c u le  from  a  s u r fa c e  b e g in s  w ith  th e  tim e -in d e p e n d e n t S ch ro d in g er equa­

t i o n  (T IS E ), w hich, in  th e  Born-Oppenheim er ap p ro x im atio n , i s  g iv en  by

Ht o t (S ,r ,? )  iKR,£ ,?)  -  Eto t  * « t , r , f )  , (1 .1)

where R and r  d eno te  th e  c e n te r-o f-m a ss  and in t e r n a l  c o o rd in a te s  o f  th e



m o lecu le , f  r e p r e s e n ts  tl\e . c o o rd in a te s  o f  th e  s u r fa c e  atom s, i s  th e
A

t o t a l  w av e fu n c tio n  and th e  t o t a l  energy  o f  th e  system , and H i s

th e  H am ilto n ian  o p e ra to r ,  g iv e n  by

A * 2  f  3 2  3 2  3 2  i  A

Ht o t  “  ~ m [  dx? + aW + Ht?  J + Hi n t ( r )

+ Hg ( | )  + V ( R , r , | ) .  (1 .2 )

A
M i s  th e  red u ced  mass o f  th e  m o le c u le - s o l id  system , R ■ (X ,Y ,Z ), H,i n t

A

and H a re  th e  H am ilto n ian s  f o r  th e  in t e r n a l  m otion  o f  th e  m olecu le  and s

th e  s o l id ,  r e s p e c t iv e ly ,  and V i s  th e  g a s - s u r fa c e  i n t e r a c t io n  p o te n t i a l .  

B ecause th e  s o l id  c o n ta in s  so many atom s, s o lu t io n  o f  e q u a tio n  (1 .1 )  i s  

e x tre m e ly  d i f f i c u l t .  C onsequen tly , th e  r ig id - s u r f a c e  ap p ro x im atio n  i s
A

u s u a l ly  invoked . When t h i s  i s  done, Hg in  e q u a tio n  (1 .2 )  i s  z e ro , th e  in ­

dependence o f  ij> and V i s  su p p re sse d  and M becomes th e  mass o f  th e  

m o lecu le . W olken^  was th e  f i r s t  to  ap p ly  e q u a tio n  (1 .1 )  to  m o lecu le - 

s u r fa c e  s c a t t e r i n g .  Assuming a  r i g i d ,  p e r f e c t ly  p e r io d ic  su r fa c e  

l a t t i c e ,  he  expanded th e  w av efu n c tio n  rj> and th e  p o t e n t i a l  V as

* < 3 ,r )  -  I ^ ( l / r )  uv j ( r )  Yjm (5 ,^ )  exp{i(K  + Gk l ) . ; )  f v jm k l(Z ), (1 .3 a )

V (R ,r)  -  I  vk l (Z ,? ) exp(iG k l .p ) ,  (1 .3 b )
k l

w here r  »  ( r ,6,<l>), p ■ (X ,Y ,0) i s  th e  component o f  R p a r a l l e l  to  th e  

s u r f a c e ,  K ■ (k ^ ,k y ,0 )  i s  th e  component p a r a l l e l  to  th e  s u r fa c e  o f  th e  

in c id e n t  c e n te r -o f -m a s s  w avevector lc, G ^  i s  a  r e c ip r o c a l  l a t t i c e  

v e c to r ,  uv j ( r  ̂ a  r a d i a l  w av efu n c tio n , Yjm(0 ,^ )  i s  a  s p h e r ic a l
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h arm onic , and and v ^ ( Z , r )  a r e  th e  ex p an sio n  c o e f f i c i e n t s ,

w hich depend on Z, th e  component o f  R norm al to  th e  s u r f a c e .  The in d ic e s  

v ,  ( j ,m )  and ( k , l )  a re  th e  v i b r a t i o n a l ,  r o t a t i o n a l  and d i f f r a c t i o n  

quantum num bers, r e s p e c t iv e ly .  The w av efu n c tio n  Xvj m(^) m
A

( l / r ) u vj ( r ) Y j m(tf ,^ )  i s  an e ig e n fu n c tio n  o f  H^n t  w ith  e ig e n v a lu e  . By
•j|*

s u b s t i t u t i n g  e q u a tio n s  (1 .3 )  in to  ( 1 .1 ) ,  m u l t ip ly in g  each  s id e  by ^
vJ m

“+  “ f

ex p (—i G ^ ^ / v )  and in t e g r a t i n g  o v er r  and p,  Wolken d e r iv e d  th e  coup led -

ch an n e l e q u a tio n s  f o r  th e  am p litu d es  , w r i t t e n  i n  m a tr ix  form

11as

[ i g | r  + D2 j f(z)  -  V(Z) f ( Z ) ,  (1 .4 )

w here 1 i s  th e  u n i t  m a tr ix ,  f(Z )  i s  th e  m a tr ix  whose columns a r e  s e t s  o f

am p litu d e s  f v j mk i ( z ) co rre sp o n d in g  to  d i f f e r e n t  i n i t i a l  c o n d i t io n s ,  and
2

th e  e lem en ts  o f  th e  d ia g o n a l m a tr ix  D and th e  sq u a re  m a tr ix  V(Z) a re

2
D r, / f. / ,  f - i t  “  6 /  6 . / . S  f S. /, h. t. v  j  m k  1 ,v jm k l v v  j  j  mm k k  1 1

* C "I*-  (Etot “ £vj> -  <K + 3kl>] ' C.5)

Vv ' j 'm 'k ' l ' . v j m k l / ^  ”  ft2 ^  * v 'j  ' m '  I vAkAl/r ’^  I *vjm (1*®)

In  e q u a t io n  ( 1 .6 ) ,  Ak »  k '-^c, Al ■ l ' —1, and th e  in t e g r a t i o n  i s  o ver r .

The s c a t t e r i n g  problem  i s  so lv e d  by  in t e g r a t i n g  th e  co u p led  e q u a tio n s

11 12(1 .4 )  a c c o rd in g  to  th e  s ta n d a rd  boundary  c o n d i t io n s :  ’



f (Z  -* +®)
2

£  f o r  c lo se d  c h an n e ls  (Dv j m̂  < 0) (1 .7 b )

f (Z  -  +») I  + 0 S f o r  open ch an n e ls  (D_ (1 .7 c )

where ^  and 0 a re  d ia g o n a l m a tr ic e s  o f  f lu x -n o rm a liz e d  incom ing and 

o u tg o in g  a sy m p to tic  (p lane-w ave) s o lu t io n s ,  and S i s  th e  s c a t t e r in g  

m a tr ix  (S m a t r ix ) , w hich c o n ta in s  a l l  th e  s c a t t e r i n g  in fo rm a tio n . I f  i  

and f  d en o te  th e  i n i t i a l  and f i n a l  ch an n e l quantum numbers ( t h a t  i s ,  

s e t s  o f  quantum numbers v jm k l) , th e n  th e  p r o b a b i l i t y  am p litu d e  f o r  th e  

i  ■* f  t r a n s i t i o n  i s  g iv e n  by |S ^ ^ |2 .

In  p r i n c i p l e ,  th e  ex p an sio n  o f  th e  w av efu n c tio n  ij> in  te rm s o f  th e  

b a s i s  o f  i n t e r n a l  and d i f f r a c t i o n  s t a t e s ,  e q u a tio n  ( 1 .3 a ) ,  in c lu d e s  an 

i n f i n i t e  number o f  b a s i s  fu n c tio n s  ( c h a n n e ls ) .  I n  p r a c t i c e ,  how ever, i t  

s u f f i c e s  to  employ a  l im i te d  number o f  ch an n e ls  to  o b ta in  converged 

t r a n s i t i o n  p r o b a b i l i t i e s ;  th e  s iz e  o f  th e  b a s i s  i s  d e te rm in ed  e m p ir i­

c a l l y ,  b a se d  on th e  d e s i r e d  d eg ree  o f  accu racy  and th e  a v a i la b le  compu­

t e r  c a p a c i ty .  S in ce  th e  c o m p u ta tio n a l e f f o r t  s c a le s  as  N3 , where N i s

13th e  number o f  ch an n e ls  in  th e  b a s i s ,  th e  c lo s e -c o u p lin g  method becomes 

p r o h ib i t i v e ly  ex p en siv e  f o r  system s h av in g  a  la rg e  number o f  open chan­

n e l s .  Thus, m ost o f  th e  a p p l ic a t io n s  o f  t h i s  te c h n iq u e  have been  to  th e  

s c a t t e r i n g  o f  l i g h t  m o lecu les  such  as  I ^ ,  D£ and HD a t  low e n e rg ie s  (0 .1  

eV o r s o ) , f o r  w hich a  sm a ll number o f  i n t e r n a l - d i f f r a c t i o n  ch an n e ls  a re

open. W o lk en ^  a p p l ie d  th e  CC fo rm alism  to  ^ / L i F ^ O l )  s c a t t e r i n g ,  to

14compare w ith  th e  ex p erim en ts  o f  O 'K eefe e t  a l .  He u se d  b a s i s  s e ts  

c o n ta in in g  16 and 34 ch an n e ls  a t  E -  104 meV, and found good

agreem ent w ith  th e  e x p e rim e n ta l r e s u l t s .  S chinke u sed  a b a s i s  o f  54 

ch an n e ls  a t  60 meV (n in e  d i f f r a c t i o n  s t a t e s  f o r  each  o f  th r e e  open and
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th r e e  c lo s e d  r o t a t i o n a l  s t a t e s )  in  h i s  tho rough  s tu d y  o f  r o t a t i o n a l ly -  

m ed ia ted  s e l e c t i v e  a d s o rp tio n  (RMSA) reso n an ces  in  H D /P t( l l l )  s c a t t e r ­

i n g , ^  w hich h ad  p re v io u s ly  been  e x p e r im e n ta lly  observ ed  by  Cowin and

16 12 cow orkers. L i l l  and K ouri t e s t e d  c a lc u la t io n s  f o r  l^ /c o r r u g a te d -

s u r f a c e  c o l l i s i o n s  u s in g  approx im ate  te c h n iq u e s  a g a in s t  c lo se -c o u p le d

r e s u l t s  o b ta in e d  w ith  a  b a s i s  o f  90 ch an n e ls  (15 d i f f r a c t i o n  f o r  each  o f

s ix  r o t a t i o n a l  s t a t e s )  a t  t  -  0 .1  eV. D ro lshagen  e t  a l . ^  perform ed

"benchmark" c a lc u la t io n s  u s in g  th e  same p o te n t i a l  energy  fu n c t io n  as 

11Wolken , b u t  a t  e n e rg ie s  up to  0 .7  eV, in  o rd e r  to  e v a lu a te  approx im ate

te c h n iq u e s  em ployed a t  th e se  e n e rg ie s .  T h is  work in v o lv ed  s e v e r a l  b a s i s

s e t s ,  th e  l a r g e s t  c o n ta in in g  64 ch an n e ls  (w hich f o r  norm al in c id e n c e  was

by symmetry e q u iv a le n t  to  340 c h a n n e ls ) . The l a r g e s t  CC c a lc u la t io n

re p o r te d  f o r  a  m o lecu le  s c a t t e r in g  from a  c o r ru g a te d  s u r f a c e ,  by L i l l  

18and K o u ri, c o n ta in e d  225 r o t a t i o n - d i f f r a c t i o n  s t a t e s .

6-8B ecause o f  th e  e x p e rim e n ta l i n t e r e s t  i n  s c a t t e r in g  o f  h e a v ie r  

m o lecu le s  from  s u r f a c e s  a t  h ig h e r  e n e rg ie s ,  v a r io u s  c lo s e -c o u p le d  c a lc u ­

l a t i o n s  f o r  such  system s have a ls o  been  perfo rm ed . For h e a v ie r  m olecu les 

th e  number o f  open d i f f r a c t i o n  and r o t a t i o n a l  s t a t e s  in c re a s e s  r a p id ly .  

However, many o f  th e  e x p e rim e n ta l s tu d ie s  in v o lv e  lo w -c o rru g a tio n  s u r ­

f a c e s ,  such  as  th e  (111) fa c e  o f  t r a n s i t i o n  m e ta ls , and th e  experim en ts  

do n o t r e s o lv e  th e  c lo s e ly -s p a c e d  d i f f r a c t i o n  p eak s . Thus th e  f l a t - s u r -  

fa c e  a p p ro x im a tio n  ( i n  which th e re  i s  no d i f f r a c t i o n )  i s  em ployed in  

c lo s e -c o u p lin g  s tu d ie s  o f  th e s e  sy stem s. Of p a r t i c u l a r  i n t e r e s t  has  been

th e  s c a t t e r i n g  o f  NO from  A g ( l l l ) , f o r  which d e t a i l e d  e x p e rim e n ta l 

19-25m easurem ents have b een  co n ducted  f o r  a  w ide ran g e  o f  in c id e n t

e n e rg ie s ,  a n g le s  and s u r fa c e  te m p e ra tu re s . These have y ie ld e d  f i n a l



19 24 25 20r o t a t i o n a l  s t a t e  d i s t r i b u t i o n s ,  ’ ’ a n g u la r  d i s t r i b u t i o n s ,  s p in -

21 25o r b i t  and A -d o u b le t p o p u la tio n s  ’ and deg ree  o f  p o la r i z a t io n  o f  th e

22 23r o t a t i o n a l  a n g u la r  momentum. ’ One o f  th e  m ost i n t e r e s t i n g  r e s u l t s  o f

19 25th e  ex p erim en ts  was a  b im odal r o t a t i o n a l  s t a t e  d i s t r i b u t i o n .  ’ At low

f i n a l  j , th e  d i s t r i b u t i o n  e x h ib i te d  " s t a t i s t i c a l "  b e h a v io r  ( l i n e a r

Boltzm ann p l o t ) , w h ile  a  b ro a d  maximum appeared  a t  h ig h  j , which was
96

i d e n t i f i e d  as  a  " r o t a t i o n a l  ra inbow ". B arker e t  a l .  m odeled N O /A g(lll)

a s  a  hom onuclear m o lecu le  im ping ing  on a  f l a t  s u r f a c e ,  and perfo rm ed  CC

c a lc u la t io n s  u s in g  a l l  even r o t a t i o n a l  s t a t e s  j  <, 54 (28 c h a n n e ls ) , and

o b ta in e d  m a rg in a l su c c e ss  in  rep ro d u c in g  th e  b im o d a li ty . Voges and 

27Schinke d id  b e t t e r  by u s in g  an  asym m etric p o t e n t i a l  a p p ro p r ia te  f o r  a

h e te ro n u c le a r  d ia to m ic  l i k e  NO, and k eep in g  b o th  even and odd j

c h a n n e ls . Based on t h i s  work, th e y  a t t r i b u t e d  th e  bim odal d i s t r i b u t i o n

28to  r o t a t i o n a l  ra inbow s a t  b o th  low and h ig h  j . L auderda le  e t  a l . u sed

22 23a  55-c h a n n e l b a s i s  ( a l l  j  < 54) to  in v e s t ig a te  th e  observed  ’

r o t a t i o n a l  p o la r i z a t io n .  The l a r g e s t  b a s i s  s e t  y e t  r e p o r te d  f o r  c lo se -

c o u p lin g  c a l c u la t io n s  u s in g  s ta n d a rd  m ethods i s  t h a t  employed by Smedley 

29e t  a l .  to  s tu d y  c o l l i s i o n s  o f  2II m o lecu les  ( l i k e  NO) w ith  a  s u r fa c e .

T h e ir  c a l c u la t io n s  w ere d e s ig n ed  to  p ro p e r ly  in c lu d e  th e  s p in - o r b i t  and

A -d o u b le t s t a t e s  o f  th e  m o lecu le , and th u s  re q u ire d  4 ch an n e ls  f o r  a

g iv e n  j ; a t  an  en erg y  com parable to  t h a t  u sed  in  th e  ex p erim en ts  o f  

21Luntz e t  a l ,  t h i s  r e q u ire d  j  ^  7 0 .5 , o r  282 c h a n n e ls . B ren ig  and

30cow orkers developed  an a l t e r n a t i v e  CC method by e x p re s s in g  th e

S ch ro d in g er e q u a tio n  as an  i n t e g r a l  e q u a tio n  in  te rm s o f  J o s t  

31fu n c t io n s ,  w hich f o r  M orse-type p o te n t i a l s  i s  v e ry  f a s t  s in c e  th e  

n e c e ss a ry  in t e g r a l s  f o r  th e  J o s t  fu n c tio n s  can  be done a n a l y t i c a l l y .
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They perfo rm ed  a s e r i e s  o f  c a lc u la t io n s  on th e  N O /A g(lll) sy s-

30 32 33 33tem, ’ ’ u s in g  b a s i s  s e t s  in v o lv in g  a s  many as 325 c h a n n e ls , in

w hich th e y  found t h a t  s u r fa c e  c o r ru g a t io n  r a th e r  th a n  s u r fa c e  v ib r a t io n

p la y s  a  m ajo r r o l e  i n  b ro ad en in g  th e  rainbow  f e a tu r e s  in  th e  r o t a t i o n a l

s t a t e  d i s t r i b u t i o n .

B. A pproxim ate Methods

As th e  d is c u s s io n  in  th e  p re c e d in g  s e c t io n  i l l u s t r a t e s ,  th e  s iz e  o f  

c o u p led -ch an n e l b a s i s  s e t s  h a s  in c re a s e d  o v e r th e  y e a r s ,  due to  im prove­

ments i n  com puter c a p a b i l i t i e s  and in t e g r a t i o n  m ethods. Even so , th e  

s o lu t io n  o f  th e  c o u p led -ch an n e l e q u a tio n s  in c lu d in g  in t e r n a l  and d i f ­

f r a c t i o n  c h a n n e ls , n o t  to  m ention  phonon s t a t e s  o f  th e  s o l id ,  a t  t y p ic a l

e x p e rim e n ta l e n e rg ie s  i s  s t i l l  beyond re a c h . The CC approach  a ls o  s u f -

13f e r s  from  th e  d isa d v a n ta g e  t h a t  th e  p o t e n t i a l  m ust b e  p e r f e c t ly  p e r i ­

o d ic , a l lo w in g  th e  ex p an sio n  (1 .3 b ) ;  s u r fa c e s  w ith  im p e rfe c t io n s ,  such 

as s te p s  o r  a d s o rb a te s ,  a re  th e r e f o r e  ex c lu d ed . F u rth erm o re , n u m erica l

in t e g r a t i o n  o f  th e  co u p led  e q u a tio n s  p ro v id e s  l i t t l e  p h y s ic a l  in s ig h t

34in to  th e  s c a t t e r in g  p ro c e s s .  Due to  th e s e  l i m i t a t i o n s ,  developm ent o f  

a l t e r n a t i v e  m ethods f o r  m o le c u le -su r fa c e  s c a t t e r in g  c a lc u la t io n s  has  

g e n e ra te d  c o n s id e ra b le  i n t e r e s t ,  le a d in g  to  a  h o s t  o f  approx im ate te c h ­

n iq u e s  w hich a re  q u a n ta l ,  s e m ic la s s ic a l  o r  c l a s s i c a l  in  n a tu re .  The 

p r e s e n t  s e c t io n  p ro v id e s  an overv iew  o f  th e se  te c h n iq u e s .
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1. Q uantum -M echanical A pproxim ations

Among th e  quantum -m echanical t r e a tm e n ts ,  one o f  th e  m ost p o p u la r  has

b een  th e  sudden ap p ro x im atio n , w hich was f i r s t  in tro d u c e d  f o r  m o lecu le -

35s u r fa c e  s c a t t e r i n g  by  G erber e t  a l .  The b a s ic  id e a  b eh in d  th e  sudden

ap p ro x im atio n  i s  t h a t  f o r  la rg e  c o l l i s i o n  e n e rg ie s ,  such  th a t  E t  »

2 2 2 h G /2M and E. . »  G . ,  th e  e lem en ts  o f  th e  D m a tr ix  in  e q u a tio n  mn t o t  v j =

(1 .5 )  become in d ep en d en t o f  th e  ch an n e l quantum num bers. Thus th e

c o u p le d -c h a n n e l e q u a tio n s  (1 .4 )  can  be  decoup led  by a  c o o rd in a te

tr a n s fo rm a tio n  w hich d ia g o n a liz e s  th e  p o t e n t i a l  m a tr ix  ( 1 .6 ) .  A pplying

th e  in v e rs e  tr a n s fo rm a tio n  to  th e  S m a tr ix  o b ta in e d  from  th e  decoupled

e q u a tio n s  y ie ld s  th e  d e s i r e d  S m a tr ix . T h is  form o f  th e  sudden ap p rox -

35im a tio n  i s  known a s  th e  m a tr ix -d ia g o n a l iz a t io n  sudden (MDS). A nother

v e r s io n ,  c a l l e d  th e  c o o r d in a te - r e p r e s e n ta t io n  sudden (CRS), can  be

35 36d e r iv e d  ’ by c o n s id e r in g  th e  c o o rd in a te  r e p r e s e n ta t io n  o f  th e  S 

m a tr ix ,  w hich i s  r e l a t e d  to  th e  p r o b a b i l i t y  f o r  making a t r a n s i t i o n  from 

th e  c o o rd in a te s  ( p , r )  to  th e  new s e t  ( p ' , r ' ) .  In  a  "sudden" c o l l i s i o n ,  

th e  c o o rd in a te s  do n o t change, so  th e  S m a tr ix  i s  d ia g o n a l and g iv en  by 

S_(p,r )  -  e x p [2 i» j( / j , r ) ] , where »?(/>,r )  i s  th e  WKB phase  s h i f t .  The S-

m a tr ix  e lem en t f o r  th e  i  ■ (v jm kl) -► f  ■ ( v ' j 'm 'k ' l ' )  t r a n s i t i o n  i s  th e n

found by  tra n s fo rm in g  S ( p , r )  to  th e  quantum s t a t e  r e p r e s e n ta t io n :

Sf i  “  ^  j  J  * v ' j ' m ' (?)
x S ( p ,r )  Xvj m( r )  exp(iG k l »p) d r  dp, (1 .8 )

w here th e  p i n t e g r a t i o n  i s  o v er th e  s u r fa c e  u n i t  c e l l  and A i s  th e  a re a
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o f  th e  u n i t  c e l l .  An in te rm e d ia te  a p p ro x im a tio n , th e  d if f r a c t io n - s u d d e n

c lo s e - c o u p le d - r o ta t io n  (DSCCR) m ethod, h a s  a ls o  b een  fo rm u la te d . ^  In

t h i s  c a s e  o n ly  th e  d i f f r a c t i o n  s t a t e s  a r e  u n coup led , le a v in g  e q u a tio n s

co u p led  in  th e  i n t e r n a l  quantum numbers v , j  and m; th e s e  a r e  so lv e d  f o r

th e  ~p-dep en d en t S m a tr ix  S / .  / r . ( p ) , from  w hich th e  f u l l  S m a tr ix  i s  r e v  j  m +-vjm'r /  ’

found from  an  e x p re s s io n  s im i la r  to  e q u a tio n  ( 1 .8 ) ,  w ith  X fS (p ,r)x ^  

r e p la c e d  by 'm '+ -v jm ^  ’ an(* t *le * in t e g r a t i o n  o m itte d . The

ad v an tag es  o f  th e s e  m ethods a r e  c l e a r .  F i r s t ,  th e y  g r e a t ly  reduce  th e  

number o f  co u p led  c h an n e ls  and th e r e f o r e  th e  c o m p u ta tio n a l e f f o r t ,  

p a r t i c u l a r l y  a t  h ig h e r  e n e rg ie s  where th e  CC method i s  i n t r a c t a b l e .  

Second, th e y  o f f e r  s i g n i f i c a n t  p h y s ic a l  in s ig h t  in to  th e  s c a t t e r in g  

p ro c e s s .  The CRS ap p ro x im atio n  in  p a r t i c u l a r  a llo w s f o r  a n a ly t i c a l

d e r iv a t io n s  o f  many p r o p e r t i e s  o f  th e  S m a tr ix ,  in c lu d in g  s c a l in g ,

15 35-37 f a c t o r i z a t i o n  and sum r u l e s .  ’

The sudden  ap p ro x im atio n s  have b een  em ployed f r e q u e n t ly  in  th e

35l i t e r a t u r e .  G erber e t  a l .  u sed  th e  CRS to  e s t a b l i s h  s e v e r a l  p r o p e r t ie s  

o f  th e  S m a tr ix  and a s s o c ia te d  t r a n s i t i o n  p r o b a b i l i t i e s ,  many o f  which

w ere v e r i f i e d  by t h e i r  c a l c u la t io n s  u s in g  th e  MDS, a s  w e ll as  th e  CC

17 37c a l c u la t io n s  o f  D ro lshagen  e t  a l .  P ro c to r ,  K ouri and G erber u sed  th e

DSCCR to  in v e s t ig a t e  Am t r a n s i t i o n s  in  s c a t t e r i n g  from  sq u are  and

r e c ta n g u la r  l a t t i c e s ,  and found  s tro n g  dependence o f  th e  Am *  0

p r o b a b i l i t y  on th e  c o r ru g a t io n  and on th e  r a t i o  o f  d ia tom  bond le n g th  to

l a t t i c e  p a ra m e te r  (w hich a f f e c t s  th e  e f f e c t iv e  c o r r u g a t io n ) . They a ls o

o b serv ed  s tro n g  Am s e le c t io n  r u le s  f o r  s p e c u la r  s c a t t e r i n g ,  w hich th e y

in t e r p r e te d  u s in g  th e  CRS. M o tiv a ted  by th e  o b s e rv a tio n  o f  a  r o t a t i o n a l

19 38(A j) rainbow  in  N O /A g (lll)  s c a t t e r i n g ,  Schinke em ployed th e  CRS
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(e v a lu a te d  u s in g  th e  s ta t io n a ry -p h a s e  ap p ro x im atio n ) to  in v e s t ig a te

39rainbow  e f f e c t s  in  m o lecu le - s u r fa c e  c o l l i s i o n s ;  P ro c to r  and K ouri u sed

a  s im i la r  m ethod to  a n a ly z e  Am rainbow s. By t r e a t i n g  d i f f r a c t i o n ,  r o ta -

40t i o n  and s u r f a c e  v ib r a t io n  in  th e  sudden l i m i t ,  Schinke and G erber

d e r iv e d  a  th e o ry  f o r  th e  s u r fa c e  te m p e ra tu re  dependence o f  r o t a t i o n a l

en ergy  t r a n s f e r  in  term s o f  a  j-d e p e n d e n t D ebye-W aller f a c to r .  ( In

n e u t ro n - s u r f a c e  s c a t t e r i n g ,  th e  DW f a c t o r  g iv e s  th e  a t t e n u a t io n  o f  th e

zero -phonon  d i f f r a c t i o n  s p o ts  due to  th e  th e rm al m otion  o f  th e  l a t t i c e . )

They found  t h a t  th e  DW a t te n u a t io n  o f  th e  Aj t r a n s i t i o n  p r o b a b i l i t y  d-

e c re a s e s  as  th e  f i n a l  j  in c r e a s e s ,  and t h a t  in d iv id u a l  Aj t r a n s i t i o n s

a r e  s t r o n g ly  d ependen t on s u r fa c e  te m p e ra tu re  a t  low f i n a l  j , though

a v e ra g in g  o v e r i n i t i a l  s t a t e s  washes o u t t h i s  l a t t e r  e f f e c t  i n  th e  r o ta -

41t i o n a l  d i s t r i b u t i o n s .  Tanaka and Sugano showed t h a t  th e  b im odal r o t a ­

t i o n a l  d i s t r i b u t i o n  in  N O /A g (lll)  c o l l i s i o n s  c o u ld  be  a t t r i b u t e d  to  

rainbow s a t  low and h ig h  j , i f  th e  p o t e n t i a l  has  an  i s o t r o p i c  a t t r a c t i v e  

w e ll  and an  a n i s o t r o p ic  r e p u ls iv e  w a ll ;  i f  th e  w e ll  i s  a l s o  a n is o t r o p ic ,  

a t  some v a lu e  o f  th e  in c id e n t  energy  th e  a n i s o t r o p ie s  o f  th e  w a ll and 

w e ll  c a n c e l ,  le a v in g  th e  m o lecu le  w ith  low r o t a t i o n  a f t e r  th e  c o l l i s i o n .

T h is  c a n c e l l a t io n  e f f e c t  a l s o  ap p ea rs  i n  th e  CC and sudden c a l c u la t io n s

34o f  Voges and S ch in k e . In  te rm s o f  a s s e s s in g  th e  n u m e rica l accu racy  o f

th e  sudden a p p ro x im a tio n , com parisons w ith  c lo s e -c o u p lin g  c a lc u la t io n s

have shown th a t  a t  h ig h  enough e n e rg ie s  th e  sudden i s  q u a n t i t a t iv e l y  

17c o r r e c t ;  a t  low er e n e rg ie s  i t  o v e re s tim a te s  th e  h ig h -o rd e r  d i f f r a c t i o n  

and r o t a t i o n a l  e x c i t a t io n ,  b u t  s t i l l  q u a l i t a t i v e l y  rep ro d u ces  tre n d s  

se e n  in  th e  e x a c t  r e s u l t s . 1 5 ,1 7 ,2 7 ,3 4
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A nother app rox im ate  m ethod, th e  m u ltic h a n n e l d i s t o r t e d  wave (MDW)

42p e r tu r b a t iv e  app ro ach , h a s  b een  fo rm u la te d  by Whaley and L ig h t.  T h is 

method i s  a p p ro p r ia te  when th e  p o t e n t i a l  co u p les  s t a t e s  f o r  one deg ree  

o f  freedom  more s t r o n g ly  th a n  f o r  any o f  th e  o th e r s .  Whaley and L ig h t 

t r e a t  th e  c a se  f o r  w hich r o t a t i o n  i s  s t r o n g ly  co u p led , and d i f f r a c t i o n  

i s  w eakly  co u p led  and t r e a t e d  p e r tu r b a t iv e ly .  The p o te n t i a l  i s  s p l i t  

in to  a  z e ro -o rd e r  p a r t  ( i n  t h i s  c a s e ,  th e  k  -  1 -  0 te rm  o f  equa­

t i o n  ( 1 .3 b ) ,  co rre sp o n d in g  to  a  f l a t  s u r fa c e )  and a p e r tu r b a t iv e  p a r t  

V^p  ̂ ( th e  rem a in in g  term s in  ( 1 .3 b ) ) .  Then e q u a tio n  (1 .4 )  can  be  w r i t t e n

+ I 2 -  v (0) (z) ] | ( z )  -  v (p)(Z) f (z ) ,  (1 .9 )

where i s  th e  m a tr ix  whose o n ly  nonzero  e lem en ts  a r e  th o se  from

e q u a tio n  (1 .6 )  w ith  Ak -  A1 -  0 and m/ -  m, and where -  V — ,

w ith  V g iv e n  by ( 1 .6 ) .  L e t f ^ ^ ( Z )  be th e  m a tr ix  o f  s c a t t e r in g

am p litu d e s  w hich s a t i s f y  th e  homogeneous ( V ^  -  0) v e r s io n  o f  ( 1 .9 ) ,

CO) 42and S th e  c o rre sp o n d in g  S m a tr ix .  Then i t  can be shown th a t  th e

asy m p to tic  form  o f  th e  s c a t t e r in g  am p litude  m a tr ix  f  i s

f(Z-Ko) -  | ( 0 ) (Z -«) + |  0 S<°>+

x | f (0 )+ (Z ')  V( p ) (Z ')  f ( Z ')  d Z ',  (1 .1 0 )
J 0

w here 0 i s  d e f in e d  in  e q u a tio n  (1 .7 c )  and + d en o tes  th e  a d jo in t  m a tr ix . 

E q u a tio n  (1 .1 0 )  i s  e x a c t;  th e  d i s to r t e d  wave ap p ro x im atio n  c o n s is t s  o f  

r e p la c in g  £  by  f ^ i n  th e  in te g ra n d  o f  ( 1 .1 0 ) .  I t  i s  a  t r u e  m u ltic h a n n e l 

d i s t o r t e d  wave method s in c e  th e  z e ro -o rd e r  am p litu d es  a re  s o lu t io n s  o f  a
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co u p le d -c h a n n e l p rob lem . In  v iew  o f  th e  boundary c o n d i t io n  ( 1 .7 c ) ,  th e  

MDW e x p re s s io n  f o r  th e  f u l l  S m a tr ix  i s

S -  S<°> + £  S(0 )+  f  f (0 )+ (Z ')  V( p ) (Z ')  f ( 0 ) (Z ')  d Z '.  (1 .1 1 )
J 0

E q u a tio n  (1 .1 1 )  can  be  e v a lu a te d  by s im u ltan e o u s  p ro p a g a tio n  o f  th e

42m a tr ix  f (0 ) and th e  in t e g r a l  on th e  r ig h t -h a n d  s id e .  C lo se -co u p lin g  

12c a l c u la t io n s  w ere u sed  to  e v a lu a te  th e  acc u racy  o f  th e  MDW

42 37c a l c u la t io n s  and th e  DSCCR r e s u l t s  o f  P ro c to r  e t  a l .  f o r  a  model

^ / c o r r u g a t e d - s u r f a c e  system . I t  was found t h a t  th e  MDW and DSCCR a re  o f 

com parable  ac c u ra c y  f o r  n o n -sp e c u la r  p eak s , w h ile  th e  MDW i s  l e s s  

a c c u ra te  f o r  s p e c u la r  s c a t t e r i n g  a t  h ig h e r  c o r ru g a t io n s ,  where th e  d i f ­

f r a c t i o n  i s  no lo n g e r  p e r tu r b a t iv e .  A nother a p p l ic a t io n  o f  th e  d i s to r t e d

43wave ap p roach  was d ev eloped  by G erber, B eard  and K ouri to  in v e s t ig a te  

v ib r a t i o n a l  d e a c t iv a t io n  in  m o le c u le -su rfa c e  c o l l i s i o n s .  T h e irs  was n o t 

a  m u ltic h a n n e l ap p ro ach , s in c e  th e  e q u a tio n s  f o r  th e  z e ro -o rd e r  s o lu ­

t io n s  w ere uncoup led  u s in g  th e  sudden ap p ro x im atio n . A pplying t h e i r

43 44model to  c o l l i s i o n s  o f  D2  and HD and h e a v ie r  d ia tom s w ith  r i g i d

s u r f a c e s ,  th e y  found  d e a c t iv a t io n  p r o b a b i l i t i e s  a s  h ig h  as 10%, w ith  th e  

dom inant mechanism b e in g  n e a r - re s o n a n t V-+R energy  t r a n s f e r .

The quantum -m echanical te c h n iq u e s  d e s c r ib e d  so  f a r  a re  tim e - in d e ­

p en d en t m ethods, b a se d  on th e  TISE, e q u a tio n  ( 1 .1 ) .  However, approaches 

b a se d  on th e  tim e-d ep en d en t S ch ro d in g er e q u a tio n  (TDSE)

Ht£ )t(R ,? ) ^ ( R , r , t )  -  ift | ^ ( R , ? , t ) ( 1 . 12)
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have a l s o  b een  d ev e loped , m ost o f  which a r e  b ased  on th e  p ro p a g a tio n  o f

w av ep ack e ts . These w avepacket methods have r e c e n t ly  been  rev iew ed  by 
9

G erber e t  a l .  One approach  r e c e n t ly  developed  to  in v e s t ig a te  m olecu le-

s u r fa c e  s c a t t e r i n g  i s  th e  c lo s e -c o u p lin g  w avepacket (CCWP) te ch n iq u e  o f  

13 45Mowrey and K o u ri. ’ As i t s  name im p lie s ,  th e  CCWP fo rm alism  combines 

c lo s e -c o u p lin g  and w avepacket p ro p a g a tio n  in  th e  fo llo w in g  way. The 

w av e fu n c tio n  i> i s  expanded as

^v o jo mo ( j ^ r . t )  -  I  Xvim ( r )  F ^ J ° m° ( R ,t )  , (1 .1 3 )
vjm J J

w here th e  c o e f f i c i e n t s  F depend on R r a th e r  th a n  Z b ecau se  no expansion

in to  p -d ep en d en t d i f f r a c t i o n  s t a t e s  h a s  b een  made. T h is  p e rm its

45a p p l ic a t io n  o f  th e  CCWP to  s c a t t e r in g  from  im p e rfe c t l a t t i c e s .  I n s e r t ­

in g  (1 .1 3 )  in to  (1 .1 2 )  y ie ld s  a  s e t  o f  co u p led  e q u a tio n s  w r i t t e n  in  

m a tr ix  form  as

i  h j.v0j 0m0(g j t )  _ € + |( R )  )  FV»jom° ( R , t ) ,  (1 .1 4 )

w here F.v °J°m° i s  a  column v e c to r ,  £ i s  a  d ia g o n a l m a tr ix  whose d ia g o n a l 

e lem en ts  a r e  th e  , and th e  e lem en ts  o f  th e  sq u a re  m a tr ix  U(R) a re  

Uv ' j  'm 'vjm  “  V (R ,r) |vjm >. E qu a tio n  (1 .1 4 ) i s  an  i n i t i a l - v a l u e

p rob lem , a s  opposed to  e q u a tio n  ( 1 .4 ) ,  w hich i s  a  tw o -p o in t boundary - 

v a lu e  p rob lem . The i n i t i a l  c o n d it io n  a t  t  -  t ^  i s  FVo^ °mo(R ,tQ ) . The 

w avepacket i s  ev o lv ed  in  tim e by expanding  th e  p ro p a g a to r  exp(—iH t/ft)  in  

te rm s o f  Chebychev p o ly n o m ia ls , and e v a lu a t in g  th e  R d e r iv a t iv e s  in  

th e  H am ilto n ian  m a tr ix  H ( th e  b ra c k e te d  q u a n t i ty  on th e  r ig h t -h a n d  s id e



o f  (1 .1 4 ) )  u s in g  th e  f a s t - F o u r ie r - t r a n s f o r m  a l g o r i t h m .^  When th e

w avepacket r e tu r n s  to  th e  a sy m p to tic  re g io n  a f t e r  th e  c o l l i s i o n  w ith  th e

s u r fa c e  ( a t  t  -  t ^ ) , th e  column o f  th e  S m a tr ix  co rre sp o n d in g  to  th e

i n i t i a l  s t a t e  v-*v0 , j»*j0I m**m0 , k -1 -0  i s  o b ta in e d  by p r o je c t in g  o u t th e

c o n t r ib u t io n  o f  each  ch an n e l e ig e n fu n c tio n  to  th e  f i n a l  w av efu n c tio n  
•*> 4  4 5

i K R , r , t ^ ) .  C a lc u la t io n s  u s in g  th e  CCWP fo rm alism  have d em o n stra ted

t h a t  th e  m ethod i s  j u s t  a s  a c c u ra te  a s  a  CC c a l c u l a t i o n . H o w e v e r ,
2

b ecau se  th e  c o m p u ta tio n a l e f f o r t  s c a le s  as  N. . , where N. . i s  th ei n t  i n t

number o f  i n t e r n a l  s t a t e s  i n  th e  b a s i s ,  and b ecau se  th e  S m a tr ix  can  be

e x t r a c te d  a t  s e v e r a l  e n e rg ie s  from  a  s in g le  p ro p a g a tio n , th e  CCWP i s

45c o m p u ta tio n a lly  more e f f i c i e n t .  An exam ple o f  th e  power o f  th e  method 

i s  a  c a l c u la t io n  f o r  s c a t t e r i n g  o f  Nj from  a  model c o r ru g a te d  s u r fa c e , 

i n  w hich 13923 c h an n e ls  w ere in c lu d e d  a t  e n e rg ie s  o f  10, 25 and 40

77 48meV.

2. S e m ic la s s ic a l  Methods

In  a d d i t io n  to  th e  f u l l y  q u a n ta l m ethods d is c u s s e d  so f a r ,  s e v e ra l

s e m ic la s s ic a l  ap p ro x im atio n s  have been  d ev e lo p ed  and a p p l ie d  to  m ole-

c u le - s u r f a c e  c o l l i s i o n s .  The s e m ic la s s ic a l  p e r tu b a t io n  (SCP) method o f

49H ubbard and M il le r  i s  one exam ple. In  t h i s  ap p ro ach , th e  g a s - s u r fa c e  

p o t e n t i a l  i s  d iv id e d  in to  a  z e ro -o rd e r  te rm , V q(Z), p lu s  a p e r tu r b a t io n  

V p (R ,r) . T h is  le a d s  to  a  s c a t t e r in g  phase  s h i f t  o f  th e  form  r/ -  tj0 + 

V1( Po' *o) ,  where t)0 i s  th e  WKB phase s h i f t  due to  V q(Z), and t)x i s  th e  

tim e i n t e g r a l  o f  th e  p e r tu r b a t io n  V :
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»?i “  -  j f  d t  V [ I 0 ( t ) , r 0 ( t ) ] .  (1 .1 5 )
"-CO ^

- f  * 4

In  e q u a tio n  (1 .1 5 ) ,  R0 and r 0 a re  t r a j e c t o r i e s  d e te rm in ed  by th e  z e ro -  

o rd e r  p o t e n t i a l  Vq . The S m a tr ix  i s  found  by s u i t a b l e  i n t e g r a l s  o f  th e  

c l a s s i c a l  S m a tr ix ,  e x p (2 it ;) ,  o v er th e  an g le  v a r ia b le s  c o n ju g a te  to  th e

c l a s s i c a l  a c t io n s  c o rre sp o n d in g  to  th e  quantum num bers; i t  can  be

49 2shown t h a t  th e  t r a n s i t i o n  p r o b a b i l i t i e s  -  | S ^ |  a re  th e n  g iv en

by sums o f  p ro d u c ts  o f  B e sse l f u n c t io n s ,  w hich a r e  e a s i l y  e v a lu a te d .

49 11 35Com parisons o f  SCP w ith  CC and MDS p r o b a b i l i t i e s  show t h a t  th e  SCP

i s  b o th  q u a l i t a t i v e l y  and q u a n t i t a t i v e l y  a c c u ra te  o v er a  range  o f  

c o l l i s i o n  e n e rg ie s  and c o r ru g a t io n  s t r e n g th s .

O ther s e m ic la s s ic a l  m odels c o n s i s t  o f  t r e a t i n g  one o r  more d eg rees

o f  freedom  quan tum -m echan ica lly , and u s in g  c l a s s i c a l  m echanics to  

d e s c r ib e  th e  r e s t  o f  th e  system . The d eg rees  o f  freedom  a re  coupled  

s e l f - c o n s i s t e n t l y  i n  t h a t  th e  tim e p ro p a g a tio n  o f  th e  quantum p a r t  

in v o lv e s  th e  tim e-d ep e n d en t c l a s s i c a l  m otion , w h ile  th e  c l a s s i c a l  m otion 

i s  d e te rm in e d  by an e f f e c t iv e  p o t e n t i a l  o b ta in e d  from th e  w av efu n c tio n  

o f  th e  quantum p a r t  o f  th e  system  v ia  E h r e n f e s t 's  theorem . B i l l in g  

d ev eloped  a  th e o ry  f o r  m o le c u le -su rfa c e  s c a t t e r i n g  w hich t r e a t s  th e  pho- 

nons o f  th e  s o l i d  a s  a  s e t  o f  co u p led  quantum o s c i l l a t o r s  and th e  gas

s p e c ie s  a s  a  c l a s s i c a l  p a r t i c l e , a n d  ex ten d ed  th e  th e o ry  to  in c lu d e

e le c t r o n - h o le  p a i r  e x c i t a t io n s  u s in g  an  e le c t r o n - g a s  model f o r  th e  e l e c ­

tro n s  o f  th e  s o l i d . A p p l i c a t i o n  o f  th e  model to  s c a t t e r i n g  o f  CO from 

m e ta l and i n s u l a to r  s u r fa c e s  showed t h a t  th e  co u p lin g  to  phonons i s  th e  

dom inant e n e rg y - lo s s  ch an n e l and th a t  e le c t r o n - h o le  p a i r  e x c i t a t io n s  can 

be n e g le c te d  co m p le te ly  f o r  i n s u la to r s  and q u a l i t a t i v e l y  f o r  m e ta ls .



52R ic h a rd  and D e P ris to  fo rm u la te d  th e  s e m ic la s s ic a l  s to c h a s t ic  t r a j e c ­

to r y  (SST) app ro ach , w hich h a n d le s  th e  i n t e r n a l  s t a t e s  o f  th e  m olecule 

( v ib r a t io n  and r o t a t i o n )  u s in g  quantum m echanics and th e  c e n te r-o f-m a s s  

and s u r fa c e  m otion  c l a s s i c a l l y ,  th e  fo rm er v i a  H a m ilto n 's  e q u a tio n s  and

th e  l a t t e r  u s in g  th e  g e n e ra l iz e d  L angevin e q u a tio n  (GLG) fo rm alism  o f 
4

T u lly  (d is c u s s e d  in  d e t a i l  b e lo w ). The method was shown to  be o f  q u a l i -

52t a t i v e  and n e a r  q u a n t i t a t iv e  acc u racy , and h as  been  u sed  to  o b ta in

s t a t e - t o - s t a t e  v i b r a t i o n a l  and r o t a t i o n a l  t r a n s i t i o n  p r o b a b i l i t i e s  fo r

52 53 54H£ s c a t t e r i n g  from  f l a t  ’ and c o r ru g a te d  s u r f a c e s ,  and to  s tu d y

tra p p in g  and v i b r a t i o n a l  en ergy  t r a n s f e r  in  c o l l i s i o n s  o f  CO2  w ith  

55 56P t ( l l l )  and A g ( l l l ) .  The mean t r a j e c t o r y  ap p ro x im atio n  (MTA) method

o f  Jack so n  and M e t iu ^  i s  s im i la r  to  th e  SST app roach , ex c e p t t h a t  th e

c e n te r -o f -m a s s  m o tion  i s  t r e a t e d  u s in g  w avepackets in s te a d  o f  c l a s s i c a l  

t r a j e c t o r i e s ,  th u s  a llo w in g  f o r  d i f f r a c t i o n  and o th e r  quantum e f f e c t s  

in v o lv in g  th e  c e n te r  o f  m ass. The MTA i s  a  g e n e r a l iz a t io n  o f  th e  pow er­

f u l  w avepacket m ethod f o r  a to m -su rfa c e  s c a t t e r i n g  developed  by D ro ls-

58hagen  and H e l le r .  For H g /c o r ru g a te d -su r fa c e  s c a t t e r in g  th e  MTA r e s u l t s

a r e  o f  com parable accu racy  to  th o se  p roduced  by th e  DSCCR and MDW te c h -

57 45n iq u e s ,  b u t  d i f f e r  from  CC and CCWP r e s u l t s  by a s  much a s  29%. A

f i n a l  exam ple o f  th e  s e m ic la s s ic a l  methods i s  th e  s e l f - c o n s i s t e n t

59e ik o n a l method (SCEM) o f  R ice  e t  a l .  The SCEM i s  d e r iv e d  by ap p ly in g  

th e  "common e ik o n a l"  fo rm alism  o f  Micha^^ to  th e  c lo se -c o u p le d  e q u a tio n s  

f o r  th e  system . T h is  y ie ld s  H a m ilto n 's  e q u a tio n s  o f  m otion  f o r  th e  

c e n te r -o f -m a s s  t r a j e c t o r y ,  and  H a m ilto n - lik e  e q u a tio n s  f o r  th e  tim e- 

dependence o f  th e  r e a l  and im ag inary  p a r t s  o f  th e  q u a n tu m -s ta te  am p li­

tu d e s  C j ( t )  -  + Th® t r a n s i t i o n  p r o b a b i l i t y  to  s t a t e  j  a t
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any tim e t  d u rin g  th e  t r a j e c t o r y  i s  g iv e n  by |C j ( t ) |  /2 ft. The method was

29com pared to  th e  c lo s e -c o u p le d  c a lc u la t io n s  o f  Smedley e t  a l .  f o r  

r o t a t i o n a l  and f i n e - s t r u c t u r e  t r a n s i t i o n s  i n  N O /A g(lll) c o l l i s i o n s ,  and 

found to  g iv e  good agreem ent a t  h ig h e r  c o l l i s i o n  e n e rg ie s  (0 .8 3  eV ); a t  

low er e n e rg ie s  (0 .3 1  eV) th e  r o t a t i o n a l  e x c i t a t i o n  was o v e re s tim a te d . 

•The c a lc u la t io n s  a l s o  in d ic a te d  th a t  th e  NO/Ag i n t e r a c t io n  i s  n o t  im pul­

s iv e ,  s in c e  th e  p r o b a b i l i t y  d i s t r i b u t i o n  e v o lv es  s lo w ly  th ro u g h o u t th e  

t r a j e c t o r y .

3. C la s s ic a l  Methods

In  a d d i t io n  to  th e  q u a n ta l and s e m ic la s s ic a l  ap p ro ach es, c l a s s i c a l  

m echanics h a s  been  u se d  to  model th e  g a s - s u r fa c e  s c a t t e r in g  p ro c e s s .  The 

c l a s s i c a l  te c h n iq u e s  a l l  in v o lv e  i n t e g r a t i o n  o f  H a m ilto n 's  o r  N ew ton's 

e q u a tio n s  o f  m otion  (EOM) f o r  ev e ry  d eg ree  o f  freedom  in  th e  m odel; th e  

m odels d i f f e r  in  how many d e g re e s  o f  freedom  in  th e  s u r fa c e  a re  c o n s id ­

e re d . The s im p le s t  m odels in v o lv e  r i g i d  s u r fa c e s  w hich a re  e i t h e r  f l a t  

o r  c o r ru g a te d ; o n ly  th e  m o lecu la r  d eg ree s  o f  freedom , w hich in c lu d e  

t r a n s l a t i o n ,  r o t a t i o n  and p erh ap s  v ib r a t io n ,  a r e  t r e a t e d  e x p l i c i t l y .  

More com plex app roaches in c lu d e  m otion  o f  th e  atoms o f  th e  s o l id  w ith  

v a ry in g  l e v e l s  o f  s o p h i s t i c a t i o n .  C la s s ic a l  te c h n iq u e s  a re  u s u a l ly  (b u t 

n o t  a lw ays) a p p l ie d  to  system s c h a r a c te r iz e d  by low -freq u en cy  m otions 

( o r ,  a l t e r n a t i v e l y ,  sm a ll en erg y  s p a c in g s ) , f o r  w hich one e x p e c ts  quan­

tum e f f e c t s  to  be s m a ll .  In  some a p p l ic a t io n s ,  co rresp o n d en ce s  a re  made 

betw een th e  c l a s s i c a l  t r a j e c t o r y  r e s u l t s  and quantum numbers f o r  th e  

system . T h is  p ro ced u re  i s  c a l l e d  th e  q u a s i c l a s s i c a l  t r a j e c t o r y  (QCT)
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m ethod. As opposed to  th e  s e m ic la s s ic a l  m ethods, no p a r t  o f  th e  a c tu a l  

dynam ics i s  t r e a t e d  w ith  quantum m echanics in  a  QCT c a l c u la t io n .

C la s s ic a l  t r a j e c t o r y  s tu d ie s  o f  m o le c u le -su rfa c e  s c a t t e r in g  have

sough t b o th  to  e lu c id a te  g e n e ra l f e a tu r e s  o f  th e  energy  t r a n s f e r  and

dynam ics and to  model e x p e r im e n ta l r e s u l t s .  I n  th e  fo rm er c a s e , H u rst

e t  a l . ^  have shown t h a t  f i n a l  r o t a t i o n a l  d i s t r i b u t i o n s  r e s u l t i n g  from

im p u ls iv e  c o l l i s i o n s  o f  a  d ia to m ic  m olecu le  w ith  a  h a rd  r e p u ls iv e  w a ll

w i l l  e x h ib i t  some o r  a l l  o f  th e  fo llo w in g  f e a tu r e s :  "rainbow " peaks a t

z e ro  and h ig h  r o t a t i o n a l  en e rg y , a  " tra p p in g  c u to f f "  a t  th e  h ig h e s t

r o t a t i o n a l  energy  when th e  i n t e r a c t io n  p o t e n t i a l  h a s  an  a t t r a c t i v e  w e ll ,

and a  p e r f e c t ly  p o la r iz e d  r o t a t i o n a l  d i s t r i b u t i o n  i f  th e  s u r fa c e  i s

f l a t .  The rainbow  f e a tu r e s  a re  due to  ex trem a in  th e  c l a s s i c a l

" e x c i t a t i o n  fu n c tio n "  j ^ ( 0 ^ ) ,  t h a t  i s ,  th e  f i n a l  r o t a t i o n a l  a n g u la r

momentum as  a fu n c t io n  o f  th e  i n i t i a l  o r i e n t a t i o n  o f  th e  m olecu le ;

c l a s s i c a l l y ,  such ex trem a cau se  s i n g u l a r i t i e s  i n  th e  p r o b a b i l i ty

d i s t r i b u t i o n .  The z e ro -e n e rg y  rainbow  comes from  a  minimum in  th e

e x c i t a t io n  fu n c t io n ,  which means t h a t  f o r  some ran g e  o f  i n i t i a l

o r ie n t a t i o n s  th e  n e t  to rq u e  on th e  m olecu le  due to  th e  c o l l i s i o n  i s

z e ro . Rainbows a t  h ig h e r  e n e rg ie s  r e s u l t  from  maxima in  th e  e x c i t a t io n

fu n c t io n ,  m eaning t h a t  th e  c o l l i s i o n  w ith  th e  s u r fa c e  im p a rts  a  maximum

to rq u e  on th e  m o lecu le . Two o f  th e se  n o n ze ro -en e rg y  rainbow s may appear

i f  th e  m olecu le  i s  h e te r o n u c le a r , s in c e  a  d i f f e r e n t  maximum to rq u e  i s

e x e r te d  depending  on w hich end o f  th e  m o lecu le  s t r i k e s  th e  s u r fa c e ;  t h i s

f a c t  i s  th e  b a s i s  f o r  th e  "doub le-ra inbow " i n t e r p r e t a t i o n s  o f  th e

N 0 /A g (lll)  r o t a t i o n a l  d i s t r i b u t i o n ,  w hich have b een  d is c u s s e d  e a r -  

27 41l i e r .  ’ I f  th e  p o t e n t i a l  h a s  an  a t t r a c t i v e  p a r t ,  th e  e f f e c t iv e
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im p u ls iv e  c o l l i s i o n  en ergy  i s  in c re a s e d  by th e  w e ll  d e p th . I f  th e

maximum to rq u e  i s  h ig h  enough, th e  m o lecu le  may te m p o ra r i ly  become

tra p p e d  in  th e  w e ll  due to  T-*R energy  t r a n s f e r .  T h is  p ro d u ces  a  t r a p p in g

c u t o f f ,  t h a t  i s ,  a  d e g ra d a tio n  o f  th e  h ig h e s t  en erg y  rainbow . F in a l ly ,

p o l a r i z a t i o n  o f  th e  r o t a t i o n a l  d i s t r i b u t i o n  o ccu rs  in  s c a t t e r in g  from

f l a t  s u r f a c e s ,  s in c e  in  t h i s  c a se  th e  a n g u la r  momentum component norm al

to  th e  s u r fa c e  i s  co n serv ed . O ther work h a s  e la b o ra te d  on th e se  r e s u l t s .  

62P o la n y i and Wolf have shown t h a t  m u l t ip le  (more th a n  two) ra inbow s,

due to  m u l t ip le  c o l l i s i o n s ,  may occu r f o r  h e te ro n u c le a r  m o lecu le s  i f  th e

o f f s e t  o f  th e  c e n te r  o f  mass from  th e  m id p o in t o f  th e  in t e r n u c le a r  a x is

63i s  la rg e  enough; c a lc u la t io n s  by E lb e r  and G erber su g g e s t t h a t

m u l t ip le  c o l l i s i o n s  may cau se  a doub le  rainbow  even f o r  hom onuclear

64m o lecu le s  un d er c e r t a i n  c o n d i t io n s .  P ark  and Bowman have d em o n stra ted

t h a t  s u r fa c e  c o r ru g a t io n  b roadens th e  h ig h -e n e rg y  rainbow  f e a tu r e s ,

s in c e  th e  maximum to rq u e  i s  im p a c t- s i te  depen d en t. C o rru g a tio n  a ls o

w ipes o u t th e  z e ro -e n e rg y  rainbow  i n  im p u ls iv e  c o l l i s i o n s  and d e s tro y s

th e  p e r f e c t  p o l a r i z a t i o n  o f  th e  r o t a t i o n a l  d i s t r i b u t i o n  a t  low b u t n o t

h ig h  f i n a l  j  v a lu e s ,  a s  d is c u s s e d  by W olf, C o ll in s  and Mayne. ^

I n c lu s io n  o f  s u r fa c e  m otion u s in g  sim p le  m odels h a s  in d ic a te d  t h a t  t h i s

m otion  b ro ad en s and d im in ish e s  th e  rainbow  f e a tu r e s  and b roadens th e

tra p p in g  c u t o f f ,6 1 .6 6 ,6 7  im p u ls iv e  c o l l i s i o n  l i m i t  j u s t  d e sc r ib e d

p e r t a in s  to  s c a t t e r in g  when th e  a t t r a c t i v e  p a r t  i s  i s o t r o p i c  ( in v a r i a n t

w ith  r e s p e c t  to  i n i t i a l  o r i e n t a t i o n  o f  th e  m o le c u le ) , o r  when th e  c o l l i -

68s io n  en ergy  i s  much g r e a te r  th a n  th e  w e ll  d e p th . Bowman and P ark  have

shown t h a t  when th e  c o l l i s i o n  energy  i s  low and th e  w e ll  a n i s o t r o p ic ,

th e  w e ll  r a t h e r  th a n  th e  r e p u ls iv e  w a ll  c o n t ro l s  th e  dynam ics. The
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e x c i t a t i o n  fu n c t io n s  i n  t h i s  c a se  a re  more co m p lic a te d  th a n  th o se  fo r

th e  im p u ls iv e  c o l l i s i o n  reg im e, r e s u l t i n g  i n  p r o b a b i l i t y  d i s t r i b u t io n s

w hich d e v ia te  from  th e  im p u ls iv e  b e h a v io r  d e s c r ib e d  above. For exam ple,

th e  a n i s o t r o p ie s  o f  th e  w e ll and w a ll te n d  to  c a n c e l one a n o th e r ,

r e s u l t i n g  in  r o t a t i o n a l  d i s t r i b u t i o n s  peaked  a t  low f i n a l  j . T h is  e f f e c t

34 41h a s  a l s o  b een  o b se rv ed  b e fo re  i n  q u a n ta l c a l c u la t io n s ,  ’ a s  d is c u s se d  

p r e v io u s ly .

Com parisons o f  c l a s s i c a l  c a lc u la t io n s  have b een  made to  th e  r e s u l t s  

o f  b o th  ex p erim en ts  and o th e r  t h e o r i e s .  One o f  th e  f i r s t  such  a p p l ic a ­

t i o n s  was th e  QCT s tu d y  by Ray and Bowman^ o f  th e  d i f f r a c t i v e  and r o ta -

t i o n a l l y  i n e l a s t i c  s c a t t e r i n g  o f  and from  LiF(OOl) a t  low c o l l i -

11s io n  en e rg y , u s in g  th e  r i g i d ,  c o r ru g a te d  s u r fa c e  model o f  Wolken. The

QCT r e s u l t s  showed good q u a l i t a t i v e  agreem ent w ith  th e  CC c a l c u la t io n s

o f  W o lk en ^  and th e  ex p erim en ts  o f  Rowe and E h r l i c h ^  f o r  t h i s  system ,

w hich i s  somewhat s u r p r i s in g  c o n s id e r in g  th e  low c o l l i s i o n  energy  u sed

and th e  la r g e  r o t a t i o n a l  sp a c in g  o f  H^. A nother s e t  o f  QCT c a lc u la t io n s

71on th e  I^/LiFCO O l) system  was perfo rm ed  by S a in i  e t  a l .  u s in g  h ig h e r

c o l l i s i o n  e n e rg ie s ,  f o r  com parison  w ith  th e  sudden (CRS and MDS) r e s u l t s

35o f  G erber e t  a l .  S a in i  e t  a l .  found t h a t  th e  QCT t r a n s i t i o n

p r o b a b i l i t i e s  conform ed to  m ost o f  th e  r u le s  a n a l y t i c a l l y  d e r iv e d  u s in g

th e  CRS, b u t  d i f f e r e d  q u a n t i t a t i v e l y  from  n u m e rica l MDS v a lu e s .

D ro lsh ag en  e t  a l c o m p a r e d  th e se  QCT and MDS v a lu e s  w ith  CC r e s u l t s .

They found  th e  QCT method to  be more a c c u ra te  th a n  th e  MDS f o r  low

c o r ru g a t io n  s t r e n g th s  a t  0 .5  eV c o l l i s i o n  en e rg y ; a t  h ig h e r  c o l l i s i o n

72en erg y  (0 .7  eV) th e  MDS became much b e t t e r  th a n  th e  QCT r e s u l t s .  Asada 

d ev e lo p ed  a  c l a s s i c a l  model f o r  l i n e a r  m o lecu les  s t r i k i n g  f l a t ,  moving
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s u r f a c e s ,  i n  w hich th e  m o lecu la r  n o n - s p h e r ic i ty  and th e  am p litu d e  o f

s u r fa c e  v ib r a t i o n  a r e  t r e a t e d  p e r tu r b a t iv e ly . U sing  i t  he was a b le  to

73q u a l i t a t i v e l y  rep ro d u ce  h i s  e x p e rim e n ta l f in d in g  t h a t  th e  s c a t t e r in g  

lo b e  f o r  m o lecu les  i s  s h i f t e d  tow ard th e  s u r fa c e  ta n g e n t r e l a t i v e  to

t h a t  f o r  a to m -su rfa c e  s c a t t e r in g ,  due to  T-+R en erg y  t r a n s f e r .  Kubiak

25 74e t  a l .  a p p l ie d  th e  h a rd -cu b e  fo rm alism  o f  N ich o ls  and Weare to

o b ta in  in s ig h t  in to  th e  dynam ics o f  th e  N O /A g(lll) system . They were 

a b le  to  rep ro d u ce  th e  c o l l i s io n - e n e r g y  and s u r fa c e - te m p e ra tu re  depen­

dence o f  th e  av e rag e  f i n a l  NO r o t a t i o n a l  energ y  w ith  t h i s  m odel, b u t

o n ly  by u s in g  v a lu e s  o f  th e  f i t t i n g  p a ra m e te rs  w hich im p lie d  t ra p p in g  

p r o b a b i l i t i e s  much g r e a te r  th a n  th o se  d e te rm in ed  e x p e r im e n ta lly . 

R e c e n tly , C o l t r in  and K a y ^  employed a  QCT s tu d y  o f  ammonia s c a t t e r in g  

from  a  f l a t ,  r i g i d  g o ld  s u r fa c e  to  i n t e r p r e t  an  e x p e rim e n ta l in v e s t ig a ­

t i o n ^  o f  th e  NH^/A uClll) system . The QCT r e s u l t s  q u a l i t a t i v e l y  r e p ro ­

duced  many o f  th e  e x p e rim e n ta l o b s e rv a tio n s  and d em o n stra ted  th e  dynam­

i c a l  im portance  o f  lo n g -ra n g e  o r ie n t in g  fo r c e s  in  t h i s  system . The s u c ­

c e s s  o f  t h i s  t r e a tm e n t p ro v id e d  m o tiv a tio n  f o r  th e  QCT s tu d y  o f  HCl/Au

s c a t t e r i n g  p re s e n te d  in  C hap te rs  I I I  and IV, and f u r th e r  d e t a i l s  o f  th e

NH^/Au r e s u l t s  as  th e y  r e l a t e  to  th e  p r e s e n t  work a re  d is c u s s e d  in  

C h ap te r IV.

To o b ta in  g r e a te r  in s ig h t  in to  th e  r o le  o f  th e  s u r fa c e  in  th e  s c a t ­

t e r i n g  p ro c e s s ,  and to  rep ro d u ce  e x p e rim e n ta l r e s u l t s  more q u a n t i t a ­

t i v e l y ,  r e a l i s t i c  m odeling o f  th e  m otion  o f  th e  atoms o f  th e  s o l id  must 

be  em ployed. C la s s ic a l  m echanics has p roven  u s e f u l  in  t h i s  r e g a rd . One 

obv ious way to  a cc o u n t f o r  m otion  o f  th e  s o l i d  i s  to  i n t e g r a te  c l a s s i c a l

EOM f o r  a  number N o f  s o l i d  atoms u s in g  a  m o le c u la r  dynam ics (MD)s
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p ro c e d u re . E a r ly  work a lo n g  th e s e  l i n e s ,  w hich e x p lo re d  th e  s c a t t e r in g

o f  r a r e  gas atom s from  s u r f a c e s ,  t r e a t e d  th e  s o l i d  as  a sm a ll m onolayer

o f  in d e p en d en t ^ 3  o r  n e a re s t -n e ig h b o r  c o u p le d ^ ^  harm onic o s c i l l a t o r s ,

embedded in  a  l a t t i c e  o f  atoms f ro z e n  a t  t h e i r  e q u i l ib r iu m  p o s i t io n s .  

78B arker e t  a l .  e x ten d ed  t h i s  model by  in t e g r a t i n g  th e  EOM o f  a  5x5x5 

s la b  o f  n e a re s t -n e ig h b o r  co u p led  harm onic o s c i l l a t o r s  s i t t i n g  a to p  a 

f ro z e n  l a t t i c e ,  and u s in g  p e r io d ic  boundary  c o n d it io n s  in  th e  X and Y 

d i r e c t io n s  to  o b ta in  th e  m otion  o f  atoms in  a d ja c e n t  s la b s .  I t  i s  a p p a r­

e n t  t h a t  MD can  d e s c r ib e  th e  g a s - s u r fa c e  energy  t r a n s f e r  and dynam ics to  

any d e s i r e d  d eg ree  o f  acc u ra c y , g iv e n  a  s u f f i c i e n t l y  la rg e  Ng , b u t  such 

a  " b ig g e r  hammer" approach  c l e a r l y  r e q u ir e s  a  s i g n i f i c a n t  co m p u ta tio n a l 

e f f o r t .  I n  a d d i t io n ,  p h y s ic a l  c o n s id e ra t io n s  have m o tiv a te d  th e  se a rc h  

f o r  a l t e r n a t i v e s  to  th e  MD approach . In  a  g a s - s u r fa c e  c o l l i s i o n ,  o n ly  a  

few s o l i d  atom s i n t e r a c t  s t r o n g ly  w ith  th e  incom ing m o lecu le . These 

"p rim ary" atoms a r e  th e  ones o f  p h y s ic a l  i n t e r e s t ;  th e  rem ainder o f  th e  

s o l i d  i s  im p o rta n t c h i e f ly  f o r  i t s  in f lu e n c e  on th e  p rim ary  atom s. 

F u rth e rm o re , m ost ex p erim en ts  fo cu s  on th e  f i n a l  s t a t e  o f  th e  gas 

m o lecu le  r a th e r  th a n  on th a t  o f  th e  s o l id .  T h is  means t h a t  an  a c c e p ta b le  

p ro ced u re  i s  one w hich t r e a t s  th e  s o l i d  ap p ro x im a te ly  b u t  a c c u ra te ly  

d e s c r ib e s  i t s  e f f e c t  on th e  m o lecu le .

The m ost p o p u la r  te c h n iq u e  f o r  in c lu s io n  o f  s u r fa c e  m otion  in to  a

g a s - s u r fa c e  s c a t t e r i n g  c a l c u la t io n  i s  th e  g e n e ra l iz e d  Langevin e q u a tio n

79 4(GLE) app roach  d ev eloped  by Adelman and D o ll and by  T u lly , who c a l le d  

i t  th e  " s to c h a s t i c  t r a j e c t o r y  m ethod". Two assum ptions a re  in v o lv e d  in  

fo rm u la tin g  t h i s  approach : t h a t ,  a s  m entioned  above, th e  gas m olecule

in t e r a c t s  w ith  o n ly  a  few atom s ( th e  "p rim ary  zone" o r  "P zone" a tom s);



25

and th a t  th e  fo rc e s  betw een th e  P zone and th e  rem ainder o f  th e  s o l id  

( th e  "seco n d ary "  o r  "Q zone") a re  harm onic. Under th e s e  c o n d i t io n s ,  th e

where Up and  a r e  column m a tr ic e s  c o n ta in in g  th e  d isp la c e m e n ts  o f  th e  

P and Q zone atom s, r e s p e c t iv e ly ,  from t h e i r  e q u i l ib r iu m  p o s i t i o n s ,  $ i s  

th e  harm onic fo rc e  c o n s ta n t  m a tr ix  f o r  th e  s o l id ,  and th e  P,Q s u b s c r ip ts

and Q zo n es . The column m a tr ix  F c o n ta in s  a l l  th e  fo rc e s  (d iv id e d  by 

m asses) on th e  p rim ary  atoms e x c e p t th o se  due to  th e  seco n d ary  atom d i s ­

p la cem e n ts . These in c lu d e  th e  fo rc e s  among th e  P zone atoms (which may 

o r  may n o t be harm onic) and th e  fo rc e s  due to  th e  g a s - s u r fa c e

in t e r a c t io n  p o t e n t i a l ,  w hich depend on th e  gas m o lecu le  c o o rd in a te s  x ,
&

th e  p rim ary  atom d isp la c e m e n ts  and p o s s ib ly  th e  e q u i l ib r iu m  p o s i t io n s  o f

th e  Q zone atom s. E qu a tio n  (1 .1 7 )  can  be so lv e d  fo rm a lly  f o r  u^ in  term s
4

o f  Up, and th e  r e s u l t  s u b s t i tu t e d  in to  (1 .1 6 )  to  o b ta in  th e  GLE's f o r  

th e  p rim ary  atom s:

EOM f o r  th e  atoms in  th e  s o l i d  can  be w r i t t e n  i n  m a tr ix  form as 80

(1 .1 6 )

(1 .1 7 )

d en o te  p a r t i t i o n s  o f  $  in to  th e  v a r io u s  su b m a trice s  t h a t  co up le  th e  P

+ R ( t ) . (1 .1 8 )

In  e q u a tio n  (1 .1 8 ) ,  th e  in t e g r a l  acco u n ts  f o r  d i s s ip a t io n  o f  energy  from 

th e  P zone to  th e  Q zone, w h ile  th e  (G aussian ) f lu c t u a t i n g  fo rc e  R (t)
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ac c o u n ts  f o r  en erg y  t r a n s f e r  from Q to  P due th e rm al m otion  o f  th e

seco n d ary  atom s. R ( t)  and th e  "memory m a tr ix "  A (t)  a r e  r e l a t e d  by th e

81"second  f lu c t u a t i o n - d i s s i p a t i o n  theorem ", w hich e n su re s  t h a t  th e  

P zone rem ains a t  a  c o n s ta n t  te m p era tu re  by r e q u i r in g  th e  n e t  d i s s ip a ­

t i o n  lo s s  to  b a la n c e  th e  n e t  th e rm al energ y  g a in . The fo r c e  m a tr ix  F ' 

c o n ta in s  F from e q u a tio n  (1 .1 6 ) p lu s  some e x t r a  te rm s g e n e ra te d  d u rin g  

th e  d e r iv a t io n  o f  e q u a tio n  (1 .1 8 ) .

As i t  s ta n d s , e q u a tio n  (1 .1 8 ) i s  e x a c t .  A lthough th e  e s s e n t i a l l y  

i n f i n i t e  number o f  s o l i d  atom EOM has b een  red u ced  to  Np e q u a t io n s ,  no 

l e s s  w ork i s  in v o lv e d  i n  s o lv in g  (1 .1 8 )  th a n  (1 .1 6 )  and (1 .1 7 ) ,  s in c e  

th e  m a tr ic e s  A and R c o n ta in  a l l  o f  th e  in fo rm a tio n  c o n ta in e d  in  

e q u a tio n  (1 .1 7 ) .  The b a s ic  id e a  o f  th e  s to c h a s t i c  t r a j e c t o r y  method i s  

th u s  to  employ approx im ate  form s f o r  th e s e  m a tr ic e s ,  w hich r e s u l t  in  

c o n s id e ra b le  s im p l i f i c a t io n  o f  e q u a tio n  (1 .1 8 ) ,  w h ile  s t i l l  a d e q u a te ly  

r e p r e s e n t in g  th e  e f f e c t s  o f  th e  Q zone. These form s c o n ta in  a d ju s ta b le  

p a ra m e te rs  which may be f i t  to  rep ro d u ce  p r o p e r t i e s  o f  th e  s o l id ,  such 

as  phonon d e n s i t i e s  o r  v e lo c i ty  a u to c o r r e la t io n  fu n c t io n s .  For m odeling

m e ta l s u r f a c e s ,  f o r  w hich a  ty p i c a l  P zone may c o n ta in  Np -  4 atom s, 
4

T u lly  d e r iv e d  an  ap p ro x im atio n  to  (1 .1 8 ) w hich in c lu d e d  th e  Q-zone 

e f f e c t s  by c o u p lin g  each p rim ary  atom to  a "g h o st atom" s a t i s f y i n g  a

Brownian o s c i l l a t o r  e q u a tio n  o f  m otion . In  t h i s  c a s e ,  o n ly  2 x Np ( -  8 )

s u r fa c e  atom  EOM n eed  be in te g r a te d  a lo n g  w ith  th o se  o f  th e  gas m ole­

c u le .  I n  io n ic  c r y s t a l s  th e  lo n g -ran g e  io n ic  fo r c e s  r e q u ir e  l a r g e r  P
3

zones (Np -  32 f o r  L iF , f o r  exam ple); t h i s  m o tiv a te d  Lucchese and 

82T u lly  to  fo rm u la te  a  method in  which th e  p rim ary  atoms a lo n g  th e  P-Q 

i n t e r f a c e  a r e  t r e a t e d  as  Brownian o s c i l l a t o r s .
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The many a p p l ic a t io n s  o f  th e  s to c h a s t i c  t r a j e c t o r y  m ethod to  atom-

80s u r fa c e  s c a t t e r i n g  have b een  rev iew ed  by T u lly . S e v e ra l s tu d ie s  o f

d ia to m -s u r fa c e  s c a t t e r i n g  have a ls o  been  r e p o r te d .  T u lly ,  M uhlhausen and 

83Ruby exam ined th e  s c a t t e r in g  o f  Ng from  A g ( l l l ) . They found  th a t  th e

v ib r a t i o n a l  m otion  o f  th e  n i t r o g e n  m o lecu le  was o n ly  v e ry  w eakly  coup led

to  i t s  t r a n s l a t i o n  and r o t a t i o n  and to  th e  v ib r a t i o n  o f  th e  s o l id ,

y ie ld in g  v ib r a t i o n a l  d e a c t iv a t io n  p r o b a b i l i t i e s  o f  l e s s  th a n  5%. They

a ls o  saw ev id en ce  o f  rainbow  s t r u c t u r e  in  th e  r o t a t i o n a l  d i s t r i b u t i o n ,

though i t  was b roadened  c o n s id e ra b ly  by th e  s u r fa c e  m otion  and co rru g a -
3

t i o n .  Lucchese and T u lly  co n ducted  e x te n s iv e  c a l c u la t io n s  on th e  NO/LiF

system . T h e ir  o b je c t iv e s  w ere to  e v a lu a te  th e  e x p e r im e n ta l r e s u l t s  o f  

84Z a c h a r ia s  e t  a l .  f o r  th e  NO v i b r a t i o n a l  d e a c t iv a t io n ,  and to  s tu d y  th e

g e n e ra l  f e a tu r e s  o f  v ib r a t i o n a l  en erg y  t r a n s f e r  in  m o le c u le -su rfa c e

c o l l i s i o n s .  W ith r e s p e c t  to  th e  fo rm er, th e y  found ex tre m e ly  low

d e a c t iv a t io n  p r o b a b i l i t i e s  ( l e s s  th a n  1 %), w hich c o n f l i c t e d  w ith  th e

e x p e r im e n ta l r e s u l t  o f  e s s e n t i a l l y  u n i t  d e a c t iv a t io n  p r o b a b i l i t y .  (Sub-

85se q u e n t ex p erim en ts  found d e a c t iv a t io n  p r o b a b i l i t i e s  o f  10%). The 

r e s u l t s  o f  th e  v i b r a t i o n a l  en ergy  t r a n s f e r  c a lc u la t io n s  w i l l  be d i s ­

cu sse d  th o ro u g h ly  in  C hap ter V I, where th e y  a r e  u sed  as  a  s ta n d a rd  fo r
2

e v a lu a t in g  new c a lc u la t io n s  u s in g  th e  REOM te c h n iq u e . F in a l ly ,  Muhl- 

86h au sen  e t  a l .  perfo rm ed  an e x te n s iv e  s tu d y  o f  s c a t t e r i n g  and 

a d s o r p t io n /d e s o r p t io n  o f  NO from  th e  (111) fa c e s  o f  Ag and P t ,  f o r  w hich 

abundan t e x p e r im e n ta l d a ta  e x i s t . ^ ’^ U sing  an  i n t e r a c t i o n  p o t e n t i a l  w ith  

a  s t r o n g ly  o r ie n ta t io n -d e p e n d e n t  a t t r a c t i v e  p a r t ,  th e y  w ere a b le  to  

rep ro d u ce  a l l  th e  e x p e rim e n ta l r e s u l t s  f o r  th e se  two system s w ith  q u a l i ­

t a t i v e  and , in  m ost in s ta n c e s ,  q u a n t i t a t iv e  a c c u ra c y . I t  i s  i n t e r e s t i n g
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t h a t  t h i s  s tu d y  rep ro d u ced  th e  bim odal N O /A g(lll) r o t a t i o n a l  s t a t e  d i s ­

t r i b u t i o n  u s in g  an a n is o t r o p ic  p o t e n t i a l ,  and a t t r i b u t e d  th e  Boltzm ann- 

l i k e  p o r t i o n  to  a v e ra g in g  o f  many ty p e s  o f  c o l l i s i o n s  r a th e r  th a n  a  low-

en ergy  ra inbow . T h is  d i f f e r s  from th e  i n t e r p r e t a t i o n s  d is c u s se d  

27 33 41e a r l i e r  ’ ’ on b o th  c o u n ts , i l l u s t r a t i n g  t h a t  th e  dynam ics f o r  th e

N O /A g (lll)  system  have n o t y e t  been  re s o lv e d  unam biguously .

The f i n a l  to p ic  i n  t h i s  overv iew  in v o lv e s  work on im provem ents on

and a l t e r n a t i v e s  to  th e  s to c h a s t ic  t r a j e c t o r y  ap p roach . The methods 

4 82d is c u s s e d  above ’ f o r  re d u c in g  e q u a tio n  (1 .1 8 )  to  a  s m a lle r  number o f

79EOM, a s  w e ll  a s  t h a t  o f  Adelman and D o ll, invoke a  Brownian o s c i l l a t o r

87ap p ro x im a tio n  a t  some p o in t .  D ie s t l e r  and R ile y  p ro p o sed  a  sim p le  mod-

82i f i c a t i o n  to  th e  L u cc h ese -T u lly  (LT) method a s  w e ll  as  o th e r  app ro ach ­

e s  n o t  b a se d  on th e  Brownian ap p ro x im atio n , and t e s t e d  th e  o ld  and new 

th e o r ie s  u s in g  v a r io u s  P-zone s iz e s  a g a in s t  a  ( c l a s s i c a l l y )  n u m e ric a lly -

e x a c t g a s - s u r fa c e  s c a t t e r i n g  d a ta  b ase  w hich th e y  had  p re v io u s ly  g en er- 

88a te d .  They found many o f  th e se  app roaches to  be q u i te  a c c u ra te ,  and 

recommended t h e i r  b o n d -c o r re c te d  Debye (m o d ified  LT) ap p ro x im atio n  

(BCDA) a s  th e  b e s t ,  c o n s id e r in g  b o th  acc u racy  and ea se  o f  im plem enta­

t i o n .  R e c e n tly , R ile y ,  C o l t r in  and D iestle r"*  p re s e n te d  an a l t e r n a t i v e  to  

th e  GLE app roach  f o r  s im u la tio n  o f  th e  damping and th e rm al e f f e c t s  o f

th e  seco n d ary  atom s, b a sed  on A n d e rsen 's  v e l o c i t y - r e s e t  p ro ced u re  fo r

89c o n s ta n t- te m p e ra tu re  MD s im u la tio n s .  The method o f  R ile y  e t  a l .  i s  

d is c u s s e d  g r e a t  d e t a i l  in  s e c t io n  B o f  C hap ter V; h e re  l e t  i t  s u f f i c e  to  

say  t h a t  th e  approach  in v o lv e s  in t e g r a t i n g  e q u a t io n  (1 .1 6 )  f o r  th e  P 

zone m o tio n , p e r io d i c a l ly  r e s e t t i n g  th e  v e l o c i t i e s  o f  th e  atom s a c c o rd ­

in g  to  an  a lg o ri th m  w hich p re s e rv e s  a  c a n o n ic a l v e lo c i ty  d i s t r i b u t i o n
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and w hich in c o rp o ra te s  damping and th e rm a l e f f e c t s .  As shown in  r e f e r ­

ence 8 8  and  in  C h ap te r V, t h i s  " p a r t i a l  v e l o c i ty  r e s e t "  red u ce s  to  th e  

LT p ro ced u re  in  th e  l i m i t  t h a t  th e  tim e in t e r v a l  betw een v e l o c i ty  r e s e t s  

goes to  z e ro . The m ethod i s  easy  to  a p p ly , com pares w e ll w ith  th e  LT 

method f o r  a l l  r e s e t  i n t e r v a l s  and i s  n o t  r e s t r i c t e d  to  harm onic l a t ­

t i c e s  .

The acc u racy  o f  ap p roaches in v o lv in g  a  red u ced  number o f  su r fa c e

atom e q u a tio n s  o f  m otion  in  a  g a s - s u r fa c e  s c a t t e r i n g  c a l c u la t io n  has

prom pted in q u i r i e s  in to  w hether a c c u ra te  r e s u l t s  m igh t be o b ta in e d  by a

method in  w hich th e  e n t i r e  s u r fa c e  i s  t r e a t e d  a s  th e  Q zone and o n ly  th e

gas m o lecu le  EOM a re  in te g r a te d  e x p l i c i t l y .  Such an  app roach , based  on

T u l ly 's  g h o st-a to m  a p p ro x im a tio n , h as  been  fo rm u la te d  r e c e n t ly  by

90Z e i r i .  He showed t h a t  h i s  " e f f e c t iv e  e q u a tio n s  o f  m otion" (EEM) gave

good q u a n t i t a t i v e  agreem ent w ith  th e  r e s u l t s  o f  th e  g h o st-a to m  method

f o r  a  o n e -d im en s io n a l model o f  Ar and Xe/Ag s c a t t e r i n g .  D ie s t l e r  and 
2

R ile y  d e r iv e d  red u ced  e q u a tio n s  o f  m otion  (REOM) b a se d  upon an  a d ia ­

b a t i c  a p p ro x im a tio n  f o r  th e  s u r fa c e  a tom s' re sp o n se  to  th e  p re se n c e  o f  

th e  gas m o lecu le , assum ing th e  s o l id  to  be a t  T -  0 K. They t e s t e d  th e  

model a g a in s t  th e  d a ta  b a se  o f  n u m e ric a l ly -e x a c t  atom s c a t t e r in g  r e ­

s u l t s ,  and found i t  to  be r e l i a b l e  fo r  s u f f i c i e n t l y  la rg e  v a lu e s  o f  th e  

r a t i o  o f  gas to  s o l i d  atom mass and o f  c o l l i s i o n  en ergy  to  p o te n t i a l

w e ll  d e p th . I n  s e c t io n  A o f  C hap ter V th e  d e r iv a t io n  o f  th e  REOM i s

p re s e n te d  in  d e t a i l .  The method i s  a p p l ie d  in  th e  p r e s e n t  work to  th e  

s c a t t e r i n g  o f  NO from  L iF (O O l), w ith  nonzero  s u r fa c e  te m p era tu re

in c lu d e d  v i a  th e  v e l o c i t y - r e s e t  p ro c e d u re ; In  C h ap te r VI th e  r e s u l t s  a re
3

p re s e n te d  and compared w ith  th o s e  o f  Lucchese and T u lly .



CHAPTER II
IMPLEMENTATION OF THE QUASICLASSICAL TRAJECTORY METHOD

T h is  c h a p te r  e x p la in s  how th e  q u a s ic l a s s i c a l  t r a j e c t o r y  method was 

em ployed in  t h i s  work to  compute and an a ly z e  t r a j e c t o r i e s  f o r  gas d i a t ­

oms c o l l i d i n g  w ith  a  r i g i d  s u r f a c e .  I n  p a r t i c u l a r ,  in fo rm a tio n  ap p ly in g  

to  b o th  th e  HCl/Au and NO/LiF c a lc u la t io n s  i s  p re s e n te d  h e r e .  The NO/LiF 

s tu d ie s  in v o lv e  m o d if ic a t io n s  to  t h i s  g e n e ra l fram ew ork, r e l a t e d  to  th e  

im p lem en ta tio n  o f  th e  REOM fo rm alism  u s in g  th e  v e l o c i t y - r e s e t  p ro c e d u re . 

D e ta i l s  co n c e rn in g  th o se  m o d if ic a t io n s  a re  g iv e n  in  C hap ter V. The d i s ­

c u s s io n  in  C hap ter I I  i s  o rg a n iz e d  as  fo llo w s . S e c tio n  A d e s c r ib e s  th e  

c o o rd in a te  system  and th e  c a n o n ic a l v a r ia b le s  in  te rm s o f  w hich th e  Ham­

i l t o n i a n  i s  e x p re s se d , and sum m arizes th e  p ro ced u re  f o r  do ing  th e  t r a ­

j e c to r y  c a l c u la t io n s .  In  s e c t io n  B, s p e c i f i c s  r e l a t e d  to  s e le c t in g  i n i ­

t i a l  c o n d i t io n s  f o r  a  t r a j e c t o r y  a re  p re s e n te d . S e c t io n  C i s  d evo ted  to  

th e  n u m e ric a l in t e g r a t i o n  o f  H a m ilto n 's  e q u a t io n s ,  in c lu d in g  a  d is c u s ­

s io n  o f  th e  r i g i d - r o t o r  c o n s t r a i n t .  F in a l ly ,  s e c t io n  D co n c lu d es  by o u t ­

l i n in g  th e  m ethods u sed  to  an a ly z e  r e s u l t s  from  in d iv id u a l  t r a j e c t o r i e s  

and from s e t s  o f  t r a j e c t o r i e s .

30
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A. C o o rd in a te  System and C anon ica l V a r ia b le s

The method o f  q u a s ic l a s s i c a l  t r a j e c t o r i e s  in v o lv e s  i n t e g r a t i n g  th e

a p p ro p r ia te  c l a s s i c a l  e q u a tio n s  o f  m otion  f o r  th e  system  i n  q u e s tio n ,

g iv e n  some random ly o r  s y s te m a t ic a l ly  s e le c te d  s e t  o f  i n i t i a l  c o n d i-

91at i o n s .  The e q u a tio n s  o f  m otion  u sed  h e re  a re  H a m ilto n 's  e q u a tio n s  :

3H • 3H
qi  "  SPj  ̂ ’ P i  “  aqj^ ’ ( 2 -1)

where th e  {q^} a re  th e  g e n e ra liz e d  c o o rd in a te s  o f  th e  system , th e  {p^} 

t h e i r  c o n ju g a te  momenta, and H i s  th e  H am ilto n ian  ( t o t a l  en ergy  fu n c ­

t io n )  o f  th e  system , e x p re sse d  as  a  f u n c t io n  o f  th e  {q^} and {p^}. A d o t 

o v er a  v a r ia b le  d en o te s  th e  t o t a l  d e r iv a t iv e  o f  t h a t  v a r i a b le  w ith  

r e s p e c t  to  tim e . The s e t  o f  v a r ia b le s  {q^,p^) a r e  c a l l e d  th e  c a n o n ic a l 

v a r ia b le s  o f  th e  system . In  o rd e r  to  p ro cee d , th e  c o o rd in a te  system  must 

be s p e c i f i e d .

For th e s e  c a l c u la t io n s ,  a  C a r te s ia n  c o o rd in a te  system  ( th e  " la b o ra ­

to r y  fram e") i s  chosen  such t h a t  th e  Z a x is  i s  norm al to  th e  s u r fa c e  and 

th e  X and Y axes l i e  in  th e  p la n e  o f  th e  s u r f a c e ;  th e  s o l id  o ccu p ies  th e  

h a l f - s p a c e  Z < 0 . For a  d ia to m ic  m olecu le  moving above a  r i g i d  s u r f a c e ,  

th e re  a re  s ix  C a r te s ia n  c o o rd in a te s  ( th e  la b o ra to r y  X, Y and Z c o o rd i­

n a te s  f o r  each  atom) and s ix  C a r te s ia n  com ponents o f  momentum c o n ju g a te  

to  them (Px , Py and ?z  on each  atom ). C hoosing th e s e  as  th e  c a n o n ic a l 

v a r i a b le s ,  th e  H am ilto n ian  i s  g iv e n  by
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2 2 2 2 2 2
p :  +  P7 +  P7 P* +  P* +  P^

11 - -----------, 7------~  + , y— -  + vt„t<xi ' ltr z r x2 'Y2 'z2>' <2 -2>
2 m  ̂ 2 m2

i n  w hich m, i s  th e  mass o f  atom i  and V i s  th e  t o t a l  p o t e n t i a l  energy
1» t u t

fu n c t io n  f o r  th e  system . In  th e s e  c a lc u la t io n s  V i s  alw ays a  f u n c t io n  o f  

th e  c o o rd in a te s  o n ly . I f  and P^ r e p r e s e n t  th e  p o s i t i o n  v e c to r

(X ^,Y^,Z^) and momentum v e c to r  > r e s p e c t iv e ly ,  o f  atom i  in

th e  la b o ra to r y  fram e, th e n  e q u a tio n  ( 2 . 2 ) may be w r i t t e n  more com pactly  

i n  v e c to r  n o ta t io n  as

2 2
P 1  v

H -  — —  + — — + V ( S L X ) ,  (2 .3 )
2mx 2m2 COC 1 t

where P^ i s  th e  m agnitude o f  P^.

The q u a n t i t i e s  o f  i n t e r e s t  h e re  a r e  th e  • t r a n s l a t i o n a l ,  v ib r a t i o n a l  

and r o t a t i o n a l  e n e rg ie s  o r  quantum numbers o f  th e  d ia tom  (b o th  b e fo re  

and a f t e r  th e  c o l l i s i o n  w ith  th e  s u r f a c e ) ; th e s e  v a r io u s  d eg ree s  o f  

freedom  a r e  n o t  e a s i l y  s e p a ra te d  from each  o th e r  when th e  H am ilto n ian  i s  

e x p re s se d  a s  above. Thus i t  i s  c o n v e n ie n t to  form  from  th e  s e t  o f  atom ic

c o o rd in a te s  and momenta a  new s e t  in v o lv in g  c e n te r -o f -m a s s  and r e l a t i v e

C a r te s ia n  c o o rd in a te s  and momenta. In  v e c to r  n o ta t io n  t h i s  t r a n s fo rm a t- 

t i o n  i s  g iv e n  by

*cm “  * 1  * 1  + * 2  * 2 ’ (2>4a)

r  -  R2  -  Rr  (2 .4 b )
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Pc m -  Pj, + P2 . (2 .4 c )

P -  y 1 ? i  + 11 P2 * (2 .4 d )

w here th e  "cm" s u b s c r ip ts  d en o te  c e n te r -o f -m a s s  q u a n t i t i e s ,  and lo w e r­

c a se  u n s u b s c r ip te d  l e t t e r s  r e p r e s e n t  r e l a t i v e  q u a n t i t i e s .  The v e c to r s
"f

R and P g iv e  th e  p o s i t i o n  and momentum v e c to r s  o f  th e  c e n te r  o f  mass cm cm

o f  th e  gas m o lecu le  in  th e  la b o ra to ry  fram e, w h ile  r  and p g iv e  th e  

r e l a t i v e  p o s i t i o n  and momentum w ith  r e s p e c t  to  a  c o o rd in a te  system  whose 

axes a r e  p a r a l l e l  to  th o se  o f  th e  la b  fram e. The mass f a c t o r s  and 7 ^

a re  d e f in e d  by

m^ m2

1 » (2 .5 a )
M M

■HU m..
7 ,  £  . 7 ? ---------  , (2 .5 b )

M M

w here M -  m^ + n ^ . The in v e rs e  tr a n s fo rm a tio n ,  w hich g iv e s  th e  la b  fram e

p o s i t i o n  and momentum v e c to r s  o f  atom i  i n  term s o f  th e  c e n te r -o f -m a s s

and r e l a t i v e  q u a n t i t i e s ,  i s

Ri  ”  Rcm + 7 i  r ’ ( 2 . 6 a)

? i  "  Pcm + ( - 1 ) 1  P . (2 .6 b )

The fo llo w in g  two p a ra g ra p h s  show how tra n s fo rm in g  to  c e n te r -o f -m a s s  and 

r e l a t i v e  c o o rd in a te s  s e p a ra te s  th e  v a r io u s  d eg ree s  o f  freedom .
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I f  one s u b je c t s  e q u a tio n  (2 .3 )  to  th e  t r a n s fo rm a tio n  g iv e n  by equa­

t io n s  ( 2 .4 ) ,  th e  H am ilto n ian  i n  th e  new c a n o n ic a l v a r ia b le s  i s

2 2

H -  - 2 L - + —  + ( 2 ' 7> 
2 M 2 /i COC Cm

w here Pcm and p a r e  th e  m agn itudes o f  Pcm and p , r e s p e c t iv e ly ,  and 

/i ■ m^n^ /  M i s  th e  red u ced  mass o f  th e  d ia tom . The t o t a l  p o t e n t i a l  V t  

i s  th e  sum o f  th e  i n t e r n a l  ( v ib r a t io n a l )  p o t e n t i a l  o f  th e  d ia tom  and th e  

i n t e r a c t i o n  p o t e n t i a l  o f  th e  d ia tom  w ith  th e  s u r f a c e :

V_ „(R  , r )  -  V. ( r )  + V (R , r ) .  (2 .8 )t o t '  cm’ 7  i n t '  '  gs cm’ ' '  '

I t  i s  assum ed t h a t  depends o n ly  on th e  in te r n u c le a r  s e p a r a t io n  r ,
■+

w hich i s  th e  m agnitude o f  r .  When th e  d ia tom  i s  f a r  from  th e  s u r fa c e ,  

V^s goes to  z e ro  and th e  H am ilto n ian  o f  e q u a tio n  (2 .7 )  red u ce s  to  t h a t  

o f  an  i s o l a t e d  d ia tom  moving th ro u g h  sp ace :

P 2  p 2

Hi s o  —  +   + Vi n t ( r )  ( 2 ‘7 '>1S 2 M 2 /i lnC

The f i r s t  te rm  on th e  r i g h t  hand s id e  o f  e q u a tio n  ( 2 .7 / ) i s  th e  t r a n s l a ­

t i o n a l  en e rg y  o f  th e  d ia tom , ET ; th e  rem ain in g  te rm s c o n ta in  th e  i n t e r ­

n a l  ( v ib r a t io n a l  p lu s  r o t a t i o n a l )  energy  o f  th e  m o lecu le , . Changing 

from  atom  to  c e n t e r - o f - m a s s / r e l a t iv e  c o o rd in a te s  th u s  h as  a u to m a tic a l ly

s e p a ra te d  th e  t r a n s l a t i o n a l  en erg y  from  th e  i n t e r n a l  e n e rg ie s ;  th e
o

v i b r a t i o n a l  and r o t a t i o n a l  e n e rg ie s  can  be found  by e x p re s s in g  p in
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te rm s o f  th e  v ib r a t i o n a l  and a n g u la r  momenta.

The v ib r a t i o n a l  momentum i s  th e  component o f  th e  r e l a t i v e

momentum p a lo n g  th e  d i r e c t i o n  o f  r .  U sing  th e  d e f i n i t i o n  o f  th e  s c a la r  

p ro d u c t o f  two v e c to r s  one can  e a s i l y  f in d  an e x p re s s io n  f o r  p r , th e  

m agnitude o f  th e  v ib r a t i o n a l  momentum:

-* ■+ x p + y p + z p
* • P *  Y Z /n «%.Pr  -  P  C O S o  --------------------------------------   , (2 .9 )

w here a  i s  th e  a n g le  betw een r  and p . The a n g u la r  momentum i s  d e f in e d  as 

j  -  r  x  p ,  th e  v e c to r  p ro d u c t o f  r  and p , w hich g iv e s  th e  f a m i l i a r  

e x p re s s io n s  f o r  th e  x ,  y  and z components o f  jf:

j x -  y Pz "  z Py > ( 2 . 1 0 a)

] y  ’  z Pj[ - x  pz , ( 2 . 1 0 b)

j z “  x  py  -  y  px . ( 2 . 1 0 c)

U sing  e q u a tio n s  (2 .9 )  and (2 .1 0 )  and a  l i t t l e  b i t  o f  a lg e b ra ,  one can  

show t h a t  th e  fo llo w in g  e q u a l i ty  h o ld s :

2 2 . 2 , 2 2 .2 
P Px + P„ + P_ Pr  j

------------------*------ 1-------5------------- L_ +   , ( 2 . 1 1 )2
2n 2 n 2 fi 2/ir

2 2 2 2w here j  -  i + j  + j  i s  th e  sq u are  o f  th e  m agnitude o f  th e  a n g u la r  x  y  z

momentum. The f i r s t  term  on th e  r i g h t  hand s id e  o f  e q u a tio n  (2 .1 1 )  i s  

th e  v i b r a t i o n a l  k i n e t i c  energy ; add ing  to  i t  V^n t ( r )  g iv e s  th e  c l a s s i c a l  

v ib r a t i o n a l  en ergy  o f  th e  m o lecu le . The second  te rm  on th e  r i g h t  hand
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s id e  i s  th e  c l a s s i c a l  r o t a t i o n a l  energy  E^.

H aving th u s  s p e c i f i e d  th e  c o o rd in a te  system  and th e  c a n o n ic a l v a r i a ­

b l e s ,  th e  p ro c e d u re  f o r  im plem enting  th e  q u a s ic l a s s i c a l  t r a j e c t o r y  

method can  be o u t l in e d .  To ru n  a  s in g le  t r a j e c t o r y ,  one s t a r t s  w ith  th e  

d ia tom  v e ry  f a r  from  th e  s u r f a c e ,  a t  w hich p o in t  i n i t i a l  v a lu e s  o f  Pcm, 

Pr > j  and r  f o r  th e  i s o l a t e d  m o lecu le  a re  s e le c te d ,  g iv e n  i n i t i a l  v a lu e s  

o f  th e  t r a n s l a t i o n a l  en ergy  and th e  v ib r a t i o n a l  and r o t a t i o n a l  quantum 

num bers. From th e s e  one d e te rm in e s  th e  i n i t i a l  v a lu e s  o f  th e  c a n o n ic a l

c o o rd in a te s  {X , Y , Z , x ,  y ,  z) and momenta {P , P , P ,cm cm cm J cm,x cm,y cm,z

Px » Py» Pz ) • Then e q u a tio n s  (2 .1 )  a re  n u m e ric a lly  in t e g r a te d  from  t h i s

s t a r t i n g  p o in t ,  u s in g  th e  H am ilto n ian  g iv e n  by e q u a tio n  ( 2 .7 ) ,  u n t i l  th e

c o l l i s i o n  w ith  th e  s u r fa c e  i s  o v er and th e  m o lecu le  i s  a g a in  f a r  from

th e  s u r fa c e  (o r  u n t i l  some tim e l i m i t  h a s  b een  re a c h e d , s in c e  i n  some

t r a j e c t o r i e s  th e  d ia tom  may s t i c k  to  th e  s u r f a c e ) .  F in a l ly ,  a t  th e  end

o f  th e  t r a j e c t o r y  th e  f i n a l  v ib r a t i o n a l  and r o t a t i o n a l  quantum numbers

v £ and J f ,  a s  w e ll  a s  th e  f i n a l  t r a n s l a t i o n a l ,  v ib r a t i o n a l  and r o ta -

f  f  ft i o n a l  e n e rg ie s  E^, and E^, a re  e x t r a c te d  from  th e  f i n a l  v a lu e s  o f

th e  c a n o n ic a l  v a r i a b le s .  To o b ta in  u s e f u l  in fo rm a tio n  f o r  com parison 

w ith  e x p e rim en t, one ru n s  s e t s  o f  t r a j e c t o r i e s  u s in g  th e  above p ro c e ­

d u re , w ith  each  s e t  c h a r a c te r iz e d  by f ix e d  v a lu e s  o f  th e  e x p e r im e n ta lly -  

c o n t r o l le d  p a ra m e te rs , such a s  i n i t i a l  t r a n s l a t i o n a l  energy  and quantum 

num bers. The in d iv id u a l  t r a j e c t o r i e s  d i f f e r  in  t h e i r  v a lu e s  o f  th e  

u n c o n t ro l la b le  p a ra m e te rs , such  as i n i t i a l  o r i e n t a t i o n  and v ib r a t io n a l  

p h ase ; a t  th e  end o f  th e  s e t  th e  r e s u l t s  can  be av e rag ed  over th e

u n c o n tro l le d  v a r i a b l e s .  In  th e  s tu d ie s  r e p o r te d  h e re ,  t h i s  a v e ra g in g  i s

92done v ia  th e  Monte C arlo  te c h n iq u e , w hich u t i l i z e s  random s e le c t io n  o f
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th e  q u a n t i t i e s  to  be av e rag ed . The fo llo w in g  s e c t io n s  e x p la in  each  o f  

th e  above s te p s  i n  g r e a te r  d e t a i l .

B. Q u a s ic la s s ic a l  C orrespondence and S e le c t io n  o f  I n i t i a l  C o n d itio n s

The q u a s i c l a s s i c a l  t r a j e c t o r y  method i s  so named b ecau se  i t  a tte m p ts  

to  r e l a t e  th e  r e s u l t s  o f  a  c la s s ic a l-m e c h a n ic a l  c a l c u la t io n  to  t h e i r  

quantum -m echanical a n a lo g u e s . T h is  i s  done by  s p e c ify in g  e q u a tio n s  o f  

co rresp o n d en ce  betw een  th e  c l a s s i c a l  a c t io n  v a r ia b le s  and th e  quantum 

numbers f o r  th e  sy stem . For a  d ia to m ic  m olecu le  th e  a c t io n  v a r ia b le s  a re  

th e  a n g u la r  momentum j  (d e f in e d  above) and th e  v i b r a t i o n a l  a c t io n  N, 

d e f in e d  b y ^ ^

where th e  i n t e g r a l  i s  o ver one p e r io d  o f  th e  v ib r a t i o n a l  m o tion . These 

c o rre sp o n d  to  th e  a n g u la r  momentum and v i b r a t i o n a l  quantum numbers J  and 

v , r e s p e c t iv e ly .  The e q u a tio n s  o f  co rresp o n d en ce  u sed  in  t h i s  work a re

in  w hich Q i s  th e  e l e c t r o n i c  o r b i t a l  a n g u la r  momentum quantum number f o r  

th e  e l e c t r o n i c  s t a t e  o f  th e  d ia tom , and ft i s  P la n c k 's  c o n s ta n t .  I t  i s  

assumed h e re  t h a t  a l l  t r a j e c t o r i e s  a re  a d ia b a t i c  (a  s in g le  p o t e n t i a l  

en ergy  s u r f a c e  a p p l ie s  th ro u g h o u t) ; in  t h i s  c a se  fl w i l l  be  a  c o n s ta n t

N ( 2 . 12)

j  "  J J  ( J  + 1) -  0 2  ,

N -  (v  + H) ft,

(2 .1 3 a )

(2 .1 3 b )
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f o r  a l l  t r a j e c t o r i e s .  Most t r e a tm e n ts  o f  th e  q u a s i c l a s s i c a l  c o rre s p o n ­

dence f o r  th e  a n g u la r  momentum om it th e  Q2  te rm  from  e q u a t io n  (2 .1 3 a ) .  

T h is  i s  c e r t a i n l y  a p p ro p r ia te  f o r  m o lecu les  i n  e l e c t r o n i c  s t a t e s ,  

such  a s  HC1 in  i t s  ground s t a t e ,  s in c e  f o r  th e se  s t a t e s  Q i s  z e ro . Equa­

t i o n  (2 .1 3 a )  a r i s e s  from  th e  fo rm u la  f o r  th e  r o t a t i o n a l  en e rg y  o f  a

93aH und 's c a se  (a ) d ia to m ic  m o lecu le , o f  w hich NO in  i t s  g round  s t a t e  i s  

an  exam ple. The f a c t s  t h a t  such  m o lecu le s  do n o t have J  l e s s  th a n  fl and 

h ave  h a l f - i n t e g r a l  J  i f  0 i s  h a l f - i n t e g r a l  a re  a u to m a tic a l ly  acco u n ted  

f o r  when (2 .1 3 a )  i s  u sed .

G iven th e  q u a s i c l a s s i c a l  c o rre sp o n d en ce , one can  o b ta in  th e  i n i t i a l  

v a lu e s  o f  th e  r e l a t i v e  c o o rd in a te s  and momenta f o r  a  v ib r a t i n g ,  r o t a t i n g  

d ia to m ic  m o lecu le  from  th e  quantum numbers v  and J .  To do t h i s ,  eq u a­

t i o n s  (2 .1 3 )  a r e  em ployed to  c o n v e r t th e  quantum numbers to  th e  c o r r e ­

spond ing  v a lu e s  o f  th e  c l a s s i c a l  t o t a l  ( i n t e r n a l )  energ y  and r o t a t i o n a l  

a n g u la r  momentum, w hich a r e  co n se rv ed  q u a n t i t i e s  f o r  an  i s o l a t e d  d i a ­

tom ic m o lecu le . The r e l a t i v e  c o o rd in a te s  and momenta a re  th e n  found by 

s p e c ify in g  th e  i s o l a t e d  m o le c u le 's  v ib r a t i o n a l  phase  and o r i e n t a t i o n  

w ith  r e s p e c t  to  th e  la b o ra to r y  c o o rd in a te  system . The fo llo w in g  p a r a ­

g raphs d e s c r ib e  t h i s  p ro c e d u re  i n  d e t a i l .

C o n sid er an  i s o l a t e d  d ia to m ic  m o lecu le  in  th e  r o v ib r a t io n a l  s t a t e

( v , J ) ,  i n  a  c o o rd in a te  system  ( th e  " i s o la t e d  fram e") chosen  so  t h a t  th e

m o le c u la r  m otion  i s  i n  th e  xy p la n e . The c l a s s i c a l  a n g u la r  momentum j

c o rre sp o n d in g  to  th e  quantum number J  i s  g iv e n  im m ed ia te ly  by e q u a tio n

(2 .1 3 a )  w h ile  th e  c l a s s i c a l  t o t a l  ( i n t e r n a l )  en erg y  may be e s t i -

93bm ated from  th e  s p e c tro s c o p ic  e x p re s s io n
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Ei n t  "  <▼ + **) « e • “  (V + 1 4 ) 2  wex e

+ Bv  [ J ( J  + 1 ) — n 2 ] -  De J 2 (J  + l ) 2 , (2 .1 4 )

in  w hich B -  B — a  (v  + h) and u , «  x , B , a  and D a r e  th e  spec- v  e e e e e e e e r

t r o s c o p ic  c o n s ta n ts .  The v i b r a t i o n a l  quantum number vc a ^c co rre sp o n d in g

to  any p a r t i c u l a r  v a lu e s  o f  E^n t  and j  may be  c a l c u la te d  from  e q u a tio n s

(2 .1 2 )  and (2 .1 3 b ) ,  a s  e x p la in e d  i n  th e  n e x t p a ra g ra p h ; s in c e  e q u a tio n

(2 .1 4 )  i s  n o t  e x a c t ,  th e  v a lu e  o f  vc a ^c com puted u s in g  w i l l  n o t

eq u a l v .  To f in d  th e  c o r r e c t  t o t a l  en ergy  c o rre sp o n d in g  to  v , an

94i t e r a t i v e  p ro ced u re  d ev e lo p ed  by  C o l t r in  e t .  a l .  i s  u se d . T h is

GStlin v o lv e s  m od ify ing  u n t i l  v c a ^c “  v -

To f in d  vc a ^c from  (2 .1 3 b ) ,  g iv e n  v a lu e s  o f  j  and E^ , one m ust

so lv e  e q u a t io n  (2 .1 2 )  f o r  th e  v i b r a t i o n a l  a c t io n  N. A c o n v e n ie n t way to

do t h i s  i s  to  change th e  i n t e g r a t i o n  v a r i a b le  i n  ( 2 . 1 2 ) from  r  to  t :

H  "  J  p r dr '  J / r 3 F d t  -  ?  J q  p r  d t  <2 -15>

where r  i s  th e  v i b r a t i o n a l  p e r io d .  E q u a tio n  (2 .1 5 )  i s  e q u iv a le n t  to  

i n t e g r a t i n g  th e  o rd in a ry  d i f f e r e n t i a l  e q u a tio n

N -  £ p j ,  ( 2 .1 5 ')

w ith  i n i t i a l  c o n d i t io n  N -  0 a t  t  -  0 , o v e r a  c y c le  o f  th e  v ib r a t i o n a l  

m otion . T h is  i s  accom plished  by in t e g r a t i n g  e q u a t io n  ( 2 .1 5 ') ,  u s in g  p r  

g iv e n  by  ( 2 .9 ) ,  w h ile  th e  e q u a tio n s  o f  m otion  (2 .1 )  a r e  in t e g r a te d  from
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one v ib r a t i o n a l  tu r n in g  p o in t  (where e q u a ls  z e ro )  to  th e  o th e r ,  u s in g  

th e  i n t e r n a l  H am ilto n ian

2

Hi n t  "  i T  + Vi n t ( r ) - <2 ' 16>

E q u a tio n  (2 .1 6 )  d i f f e r s  from  e q u a tio n  ( 7 ')  o n ly  i n  th e  absence  o f  th e

c e n te r -o f -m a s s  te rm . The tu rn in g  p o in t  from  which th e  i n t e g r a t i o n  b eg in s

i s  found a s  fo llo w s . At an  i n s t a n t  when th e  m o le c u la r  a x is  l i e s  a lo n g

th e  x a x is  and th e  i n t e m u c l e a r  s e p a r a t io n  r  i s  e q u a l to  i t s  e q u ilib r iu m

v a lu e  r  , th e  r e l a t i v e  c o o rd in a te s  and momenta in  th e  i s o la te d  e

c o o rd in a te  system  have th e  v a lu e s  ( x ,y ,z )  -  ( r  , 0 , 0 ) and (p ,p  ,p  ) -© x  y  z

(p 8 | j / r  | 0 ) ,  where p® ■ p ( r  -  r  ) i s  o b ta in e d  from  (2 .1 6 )  and ( 2 . 1 1 )
X & X X  6

u s in g  th e  g iv e n  j  and From th e s e  i n i t i a l  c o o rd in a te s  and momenta,

e q u a tio n s  (2 .1 )  a r e  in t e g r a te d  u n t i l  p r  -  0 . Then th e  i n t e g r a t i o n  o f  

( 2 .1 5 ')  b e g in s .  The tim e r e q u ir e d  to  in t e g r a te  betw een tu rn in g  p o in ts  i s  

h a l f  th e  v i b r a t i o n a l  p e r io d  and th e  r e s u l t  o f  in t e g r a t i n g  e q u a tio n  

( 2 .1 5 ')  t h i s  f a r  i s  N /2; s in c e  th e  in t e g r a t i o n  o f  th e  second  h a l f  o f  th e  

c y c le  w i l l  be i d e n t i c a l  to  t h a t  f o r  th e  f i r s t  h a l f ,  i t  can  be e l im in a te d  

and th e  p e r io d  and a c t io n  found  in s te a d  by m u l t ip ly in g  by  tw o. Having 

th u s  d e te rm in ed  th e  v a lu e  o f  N, th e  v ib r a t i o n a l  quantum number vc a ^c 

c o rre sp o n d in g  to  th e  E^n t  and j  o f  i n t e r e s t  can  be o b ta in e d  from

e q u a tio n  (2 .1 3 b ) .
0 S£

As m entioned  above, th e  v a lu e  o f  from  (2 .1 4 )  does n o t  y i e ld

Vc a lc  e<*u a^ t 0  t îe i n i t i a l  quantum number v . To o b ta in  th e  p ro p e r  v a lu e  

o f  Ei n t , th e  p ro c e d u re  g iv e n  in  th e  p re c e d in g  p a ra g ra p h  i s  i t e r a t e d ,
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m odify ing  th e  e s t im a te  o f  each  tim e , u n t i l  v c a ^c m atches v  to  th e

d e s i r e d  a c c u ra c y . The a lg o ri th m  f o r  m od ify ing  th e  en ergy  i s

E2  -  Ex + ( v - v U f ,  (2 .1 7 a )

! 1 + 1  -  + ( v - T t ) ( H j j ,  (2 .1 7 b )

OS twhere , th e  f i r s t  guess a t  th e  en e rg y , i s  g iv en  by and v^ i s  th e

c o rre sp o n d in g  vc a ^c - s lo p e s  i n  (2 .1 7 )  a re

| |  -  we -  2 (v  + h) wexe + o e [ J ( J  + 1) -  Cl*], (2 .1 8 a )

E q u a tio n  (2 .1 8 a ) i s  th e  p a r t i a l  d e r iv a t iv e  w ith  r e s p e c t  to  v  o f  e q u a tio n

(2 .1 4 ) .  T y p ic a lly  fo u r  to  s ix  i t e r a t i o n s  a re  s u f f i c i e n t  to  m atch v  to  

s ix  dec im al p la c e s .

To t h i s  p o in t  th e  v a lu e s  o f  E^n t  and j  co rre sp o n d in g  to  th e  quantum 

numbers have been  d e te rm in e d . However, th e  o r ie n t in g  p ro ced u re  d e s c r ib e d  

in  th e  n e x t two p a ra g ra p h s  r e q u i r e s  v a lu e s  f o r  r  and pr  a lo n g  w ith  j . 

S in ce , f o r  a  g iv en  E^nfc and j ,  th e  v a lu e s  o f  r  and p^ v a ry  depending  on 

where th e  m olecu le  i s  in  i t s  v ib r a t i o n a l  c y c le  ( t h a t  i s ,  on i t s  v ib r a ­

t i o n a l  p h a s e ) , th e  n e x t s te p  i n  i n i t i a l i z i n g  th e  r e l a t i v e  c o o rd in a te s  

and momenta i s  to  choose th e  v ib r a t i o n a l  phase  and f in d  th e  a s s o c i ­

a te d  v a lu e s  o f  r  and p r . T h is  i s  done by  in t e g r a t i n g  th e  e q u a tio n s  o f  

m otion  ( 2 . 1 ) ,  u s in g  H^n t , f o r  a  tim e t  -  (<f>^^/2n) r ,  s t a r t i n g  from one
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o f  th e  tu rn in g  p o in t s  ( a t  w hich th e  m o lecu le  w ith  th e  c o r r e c t  t o t a l  

en ergy  was l e f t  a t  th e  end o f  th e  i t e r a t i o n  p ro ced u re  a b o v e ) . The v a lu e  

o f  ^ ^  i s  s e le c te d  e i t h e r  random ly o r  s y s te m a t ic a l ly .  A t th e  end o f  th e  

in t e g r a t i o n ,  r  and p r  a re  c a lc u la te d .

G iven j ,  p r  and r  a t  th e  s t a r t  o f  th e  t r a j e c t o r y ,  th e  i n i t i a l  v a l ­

u es  o f  th e  r e l a t i v e  v a r ia b le s  a re  o b ta in e d  by o r ie n t in g  th e  r e l a t i v e  

C a r te s ia n  c o o rd in a te  system  o f  th e  i s o l a t e d  m o lecu le  w ith  r e s p e c t  to  th e  

" la b o ra to ry "  r e l a t i v e  C a r te s ia n  c o o rd in a te  sy stem , whose axes a re  p a r a l ­

l e l  to  th o se  o f  th e  la b o ra to r y  fram e. The o r i e n t a t i o n  i s  d e s c r ib e d  by 

91cth e  E u le r  a n g le s  6, <f> and w hich a re  s e le c te d  e i t h e r  random ly o r 

s y s te m a t ic a l ly .  I n  w hat fo llo w s , prim ed c o o rd in a te s  r e f e r  to  th e  i s o l a ­

te d  fram e and unprim ed ones to  th e  la b o ra to ry  fram e. The i s o la te d  

c o o rd in a te  system  i s  d e f in e d , as  above, such t h a t  th e  m o le c u la r  m otion 

i s  in  th e  x ' y '  p la n e . Assuming th e  m o le c u la r  a x is  l i e s  a lo n g  th e  x / 

a x i s ,  th e  v a lu e s  o f  th e  c o o rd in a te s  and momenta in  t h i s  system  a re  

( x ' . y ' . z ' )  -  ( r ,0 ,0 )  and (px <,py / , P Z ✓) -  ( P r > j / r , 0 ) .

The tr a n s fo rm a tio n  from  th e  la b  to  th e  i s o l a t e d  c o o rd in a te s  i s  p e r ­

form ed v i a  a  s e r i e s  o f  r o t a t i o n s  s p e c i f i e d  by th e  E u le r  a n g le s .  There

91ca re  v a r io u s  c o n v en tio n s  f o r  ch o o sin g  th e s e  a n g le s ;  th e se  c a lc u la t io n s  

employ th e  "x co n v en tio n "  to  d e f in e  th e  t r a n s fo rm a tio n .  I n  t h i s  scheme, 

th e  i s o l a t e d  c o o rd in a te  axes a r e  o r ie n te d  v ia  s u c c e s s iv e  c o u n te rc lo c k ­

w ise  r o t a t i o n s  by an an g le  <j> a round  th e  z a x i s ,  by  0 around  th e  x /  a x is

and by ifr around  th e  z '  a x i s . The r e s u l t  o f  t h i s  o p e ra t io n  i s  shown in

F ig u re  1. The i n t e r s e c t i o n  o f  th e  xy and x ' y '  p la n e s  i s  c a l l e d  th e  " l in e  

91co f  n o d es" ; <f> i s  th e  a n g le  betw een  th e  x  a x is  and th e  l i n e  o f  no d es , $ 

th e  an g le  betw een th e  l i n e  o f  nodes and th e  x '  a x i s ,  and 6 th e  an g le
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LINE OF NODES

F ig u re  1 . E u le r  a n g le  t r a n s fo rm a tio n  betw een th e  i s o l a t e d  and la b o ra to ry  
c o o rd in a te  sy stem s. The d ia tom  l i e s  a lo n g  th e  x '  a x i s .

betw een th e  z and z '  a x e s . The ran g es  o f  th e  E u le r  a n g le s  a re  th u s

0 ^  ^ ^  2ir, 0 <, 6 <, * and 0 £  \j> ^  2w. The t r a n s fo rm a tio n  m a tr ix  A f o r

o b ta in in g  th e  i s o l a t e d  c o o rd in a te s  from  th e  la b  c o o rd in a te s ,  and i t s
s

Tin v e rs e  £  -  A- 1  ~ 4  f ° r  f in d in g  th e  la b  c o o rd in a te s  from th e  i s o la te d

91co n es, have been  worked o u t; th e  l a t t e r  o f  th e se  i s  needed  h e re  s in c e  

th e  i s o l a t e d  c o o rd in a te s  have been  s p e c i f i e d  and th e  la b  c o o rd in a te s  a re  

so u g h t. The m a tr ix  i s

c o s^ c o s^ -c o s 0 s in ^ s in ^  -s±ml>cos^-cos0siruf>cosrj> sin0sin<p
cosV>sin0+cos0cos0sinV> -sin^sin<£+cos0cos<£cosi/> -sin0cos<£

s in f ls in ^  s in d c o s^  cos8
(2.19)
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and th e  t r a n s fo rm a tio n  g iv e n  by

p *X r AX
y “  1

f
y

z. ✓z

w ith  a  s im i la r  e x p re s s io n  f o r  th e  momenta. A pply ing  e q u a tio n  (2 .2 0 ) to  

th e  v a lu e s  o f  th e  i s o l a t e d  c o o rd in a te s  and momenta from  th e  p re c e d in g  

p a ra g ra p h  th u s  s p e c i f i e s  th e  i n i t i a l  v a lu e s  o f  th e  r e l a t i v e  c o o rd in a te s  

and momenta in  th e  la b o ra to ry  fram e.

T h is  com ple tes  th e  d e te rm in a tio n  o f  th e  i n i t i a l  v a lu e s  o f  th e  r e l a ­

t i v e  c o r r d in a te s  and momenta when th e  d ia tom  i s  a  v ib r a t in g  r o t o r . I n  th e  

c a s e  t h a t  th e  d ia tom  i s  a  r i g i d  r o t o r ,  th e  above p ro c e d u re  can  be  g r e a t ­

l y  s im p l i f i e d .  As b e f o r e ,  th e  c l a s s i c a l  a n g u la r  momentum j  i s  c a lc u la te d  

u s in g  e q u a t io n  (2 .1 3 a ) .  However, s in c e  th e  m o lecu le  c a n n o t v ib r a t e ,  one 

sim p ly  s e t s  th e  v ib r a t i o n a l  momentum pr  e q u a l to  z e ro  and th e  in te rn u -  

c l e a r  s e p a r a t io n  e q u a l to  r & b e fo re  p ro c e e d in g  w ith  th e  o r i e n t a t i o n  p ro ­

ced u re  d e s c r ib e d  in  th e  p re c e d in g  two p a ra g ra p h s .

D eterm in ing  th e  i n i t i a l  v a lu e s  o f  th e  c a n o n ic a l v a r ia b le s  f o r  th e  

c e n te r -o f -m a s s  m otion  o f  a  t r a j e c t o r y  i s  s t r a ig h tf o r w a r d .  The v e c to r s

R and P d e s c r ib e  th e  c e n te r - o f  mass m otion  in  th e  la b o ra to r y  fram e, cm cm J

I n i t i a l  v a lu e s  o f  th e  com ponents o f  R a re  s e le c te d  a s  fo llo w s . In  th er  cm

HCl/Au c a l c u la t io n s ,  which employ a  f l a t - s u r f a c e  m odel, th e  c o o rd in a te s

Xcm and Ycm p a r a l l e l  to  th e  s u r fa c e  a r e  ( a r b i t r a r i l y )  s e t  to  z e ro ; f o r

th e  r i g i d - l a t t i c e  model u sed  in  th e  NO/LiF w ork, X and Y a re  °  ' cm cm

random ly o r  s y s te m a t ic a l ly  a s s ig n e d  v a lu e s  X^n  and Y^n  w ith in  a  su r fa c e
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_ in „ inP “ Pcm,x cm

„ in „ inP — Pcm,y cm

_ inPcm,z -  P(

u n i t  c e l l .  I n  e i t h e r  c a s e ,  th e  h e ig h t  Z o f  th e  c e n te r  o f  mass abovecm

th e  s u r fa c e  i s  s e t  to  some la r g e  p o s i t i v e  v a lu e  Z^n  a t  w hich th e  gas- 

s u r f a c e  i n t e r a c t i o n  p o t e n t i a l  V^g i s  n e g l ig ib l e .  The i n i t i a l  c e n te r - o f -  

mass momenta can  be found g iv e n  v a lu e s  o f  th e  i n i t i a l  t r a n s l a t i o n a l  

en ergy  and in c id e n c e  a n g le s .  I f  ©  ̂ and a re  th e  p o la r  and az im u th a l 

in c id e n c e  a n g le s ,  r e s p e c t iv e ly ,  th e n  th e  fo llo w in g  e x p re s s io n s  can  be 

u sed  to  o b ta in  th e  momenta:

sin©  cos$  , ( 2 . 2 1 a)

sin©  s in $  , ( 2 . 2 1 b)

in  cos© , ( 2 . 2 1 c)cm '  '

where Pcm -  (2ME^,) and i s  th e  i n i t i a l  t r a n s l a t i o n a l  en erg y . The n eg ­

a t iv e  s ig n  in  ( 2 . 2 1 c ) i s  needed so  t h a t  th e  m o lecu le  i n i t i a l l y  moves 

downward tow ard  th e  s u r f a c e .  In  a l l  th e  c a lc u la t io n s  done h e re  th e  v a lu e  

o f  i s  chosen  to  be  z e ro .

In  summary, th e n , to  e s t a b l i s h  th e  i n i t i a l  v a lu e s  o f  th e  c a n o n ic a l

c o o rd in a te s  x , y , z ,  X , Y and Z , and momenta p , p , p , PJ cm cm cm’ r x * y ’ * z ’ cm ,x ’

P and P f o r  a  p a r t i c u l a r  t r a j e c t o r y ,  th e  fo llo w in g  q u a n t i t i e s
c d i | y  cni f z

m ust be s u p p lie d : th e  v ib r a t i o n a l  and r o t a t i o n a l  quantum numbers v  and 

J ;  th e  v i b r a t i o n a l  phase  f o r  t r a j e c t o r i e s  in v o lv in g  v ib r a t io n ;  th e

E u le r  a n g le s  9, <f> and t/>; lo c a t io n s  X ^  and Y^n o f  th e  c e n te r  o f  mass 

above th e  s u r fa c e  u n i t  c e l l  ( f o r  c a l c u la t io n s  n o t in v o lv in g  a  f l a t - s u r -  

fa c e  m o d e l); th e  i n i t i a l  h e ig h t  Z^ o f  th e  c e n te r  o f  mass above th e  s u r ­

f a c e ;  th e  i n i t i a l  t r a n s l a t i o n a l  energy  ET ; and th e  in c id e n c e  an g le  6 ^.
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Some o f  th e s e  (v , Z ^ ,  and E^) a re  in p u t to  th e  com puter program  which 

perfo rm s th e  t r a j e c t o r y  c a l c u la t io n s ;  o th e rs  i>> Xgm and

Ycm) a r e  c a lc u la te d  a s  r e q u ir e d  by th e  t r a j e c t o r y  code; th e  r e s t  ( J  and 

0^) a re  e i t h e r  in p u t  o r  c a lc u la te d ,  depending  on th e  t r a j e c t o r y .  For 

t r a j e c t o r i e s  r e q u i r in g  random sam pling  o f  J  o r from  a p p ro p r ia te  d i s ­

t r i b u t i o n s ,  th e  v a lu e s  a re  s e le c te d  by th e  program ; when s p e c i f i c  v a lu e s  

o f  J  o r  9^ a re  needed , th e y  a re  in p u t  to  th e  program . A ll  o f  th e  

p a ra m e te rs  g e n e ra te d  by th e  t r a j e c t o r y  code a re  s e le c te d  e i t h e r  system ­

a t i c a l l y  o r  random ly. S y s te m a tic  sam pling  i s  done u s in g  coded c o n tro l  

lo o p s , whose l i m i t s  and in c rem en ts  a re  g iv e n  as in p u t  to  th e  program . 

Random sam pling , f o r  th e  p u rp o ses  o f  Monte C arlo  a v e ra g in g , employs r a n ­

dom numbers chosen  u n ifo rm ly  from th e  s ta n d a rd  r e c ta n g u la r  d i s t r i b u -  

92at i o n  ( t h a t  i s ,  from  th e  i n t e r v a l  0  i  S 1 ) ,  in  v a r io u s  a lg o rith m s  

to  c a l c u la te  th e  d e s i r e d  q u a n t i t i e s .  These a lg o rith m s  a r e  d is c u s s se d  

below .

For v ib r a t i n g - r o to r  t r a j e c t o r i e s ,  th e  v ib r a t i o n a l  phase  i s

needed . S in ce  th e  ph ase  i s  e q u a l ly  l i k e l y  to  have any v a lu e  w ith in  i t s  

range  (0 to  2tt) , i t  i s  sim p ly  c a lc u la te d  as

* v ib  "  2^ p  ( 2 -22>

where i s  a  random number. T h is  means t h a t  th e  i n t e g r a t i o n  tim e to

f in d  r  and p as d e s c r ib e d  above i s  t  -  6  r .r  p s p

For t r a j e c t o r i e s  u s in g  a  l a t t i c e  model f o r  th e  s u r f a c e ,  and 

a r e  r e q u ire d .  For th e  sq u are  l a t t i c e  u sed  in  th e  NO/LiF c a l c u la t io n s ,  

th e s e  m ust l i e  w ith in  th e  sq u a re  form ed by th e  fo u r  s u r fa c e  atoms a t  th e
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c e n te r  o f  th e  l a t t i c e .  I f  th e  o r ig in  l i e s  a t  th e  c e n te r  o f  t h i s  sq u a re ,

and i f  th e  s id e s  o f  th e  sq u are  a re  o f  le n g th  I ,  th e n

Xin  "  & (£x  ”  *0 > (2 .2 3 a )

Yin  “  & (€y ~~ *0 » (2 .23b )

where £ and £ a r e  random num bers.

The E u le r  a n g le s  a r e  s e le c te d  u s in g  th e  random numbers £ , ,  £„ and
0  U

£^ . S in ce  <f> and ij> a re  b o th  az im u th a l a n g le s , any v a lu e  w ith in  t h e i r  

ran g es  i s  e q u a l ly  l i k e l y .  Thus th e s e  a n g le s  a re  sim p ly  found from  th e  

e q u a tio n s

<f> -  2 * ^ ,  (2 .2 4 a )

-  2 t t ^ .  ( 2 .2 4 b )

However, th e  p o la r  an g le  5 h as  a s in #  w e ig h tin g , and m ust be t r e a te d  

d i f f e r e n t l y .  S ince  th e  p o r t io n  o f  a  sp h e re  h av in g  p o la r  a n g le s  betw een

ze ro  and 9 c o n ta in s  a  f r a c t i o n  f^  -  ^  ( 1  — cos#) o f  th e  t o t a l  su r fa c e

a re a  o f  th e  sp h e re , th e  c o r r e c t  way to  random ly s e l e c t  # i s  v ia  th e  

e x p re s s io n

# -  c o s ' 1  ( 1 - 2  £fl) . (2 .2 4 c )
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In  th e  few in s ta n c e s  when Monte C arlo  s e le c t io n  o f  th e  i n i t i a l  r o t a ­

t i o n a l  quantum number J  o r  th e  in c id e n c e  an g le  8^ from  a p p ro p r ia te  d i s ­

t r i b u t i o n s  i s  r e q u ire d ,  th e  method o f  cu m u la tiv e  p r o b a b i l i t i e s  i s  

95u sed . T h is  in v o lv e s  c o n s tru c t in g  f o r  each  o f  th e s e  q u a n t i t i e s  a cum­

u l a t i v e  p r o b a b i l i t y  d i s t r i b u t i o n ,  t h a t  i s ,  a  d i s t r i b u t i o n  P ( a ' )  whicha

g iv e s  th e  p r o b a b i l i t y  t h a t  q u a n t i ty  a  h as  a  v a lu e  l e s s  th a n  o r  e q u a l to

a . ' . H aving such  d i s t r i b u t i o n s ,  th e  v a lu e  o f  th e  d e s i r e d  q u a n t i ty  a  i s

chosen  to  be  t h a t  ol'  f o r  w hich P ^ a ' )  f i r s t  becomes g r e a te r  th a n  o r

e q u a l to  th e  random number ( f o r  d i s c r e t e  d i s t r i b u t i o n s ) , o r  f o r  w hich

P ( a ' )  -  £ ( f o r  c o n tin u o u s  d i s t r i b u t i o n s ) .  The cu m u la tiv e  d i s t r i b u t i o not ot

i s  b u i l t  from  th e  a p p ro p r ia te  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  the- in d iv id ­

u a l  v a lu e s  o f  a.

The p r o b a b i l i t y  d i s t r i b u t i o n  u sed  in  t h i s  work to  c o n s tru c t  th e  

( d i s c r e t e )  cu m u la tiv e  d i s t r i b u t i o n  f o r  J  i s  e i t h e r  an  e x p e r im e n ta lly - 

d e te rm in e d  d i s t r i b u t i o n  o f  r o t a t i o n a l  s t a t e s  ( i n  a  m o lecu la r  beam, f o r  

exam ple), o r  a  Boltzm ann d i s t r i b u t i o n  a t  a  r o t a t i o n a l  te m p e ra tu re  T 

The l a t t e r  i s  g iv e n  by

W (J " )  (2J"+ 1) ex p [-,3 E ,,]
PBol t z ( J " >   ------------------------------------    , (2 .2 5 )

I  W ( J " )  (2J"+ 1) e x p [-0  E ,,] 
j "  1  J

in  w hich /9 -  ( ^ r o t ) \  k  i s  B o ltzm ann 's  c o n s ta n t ,  and E j,, i s  th e  r o t a ­

t i o n a l  en e rg y  o f  s t a t e  J",  g iv e n  by th e  l a s t  two term s on th e  r i g h t  hand 

s id e  o f  e q u a tio n  (2 .1 4 ) .  The sum in  th e  denom inator o f  (2 .2 5 )  ru n s  o ver 

a l l  p o s s ib le  v a lu e s  o f  J " .  The w eigh t f a c to r s  W j(J " ) , in  w hich I  i s  th e  

n u c le a r  s p in  quantum number, a re  e q u a l to  u n i ty  f o r  a l l  J "  f o r  a
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h e te ro n u c le a r  d ia to m ic ; t h e i r  v a lu e s  f o r  a  hom onuclear d ia to m ic  depend 

on th e  p a r i t y  o f  J " , th e  v a lu e  o f  I  and th e  symmetry o f  th e  e l e c t r o n ic  

s t a t e  w a v e fu n c tio n  w ith  r e s p e c t  to  n u c le a r  i n t e r c h a n g e .^  The cum u la tiv e  

p r o b a b i l i t y  d i s t r i b u t i o n  c o rre sp o n d in g  to  e q u a tio n  (2 .2 5 )  i s

F j ( J , )  '  j l o  Pbo1“ ( J 0 ' <2' 26)

The v a lu e  o f  J  c o rre sp o n d in g  to  th e  random number f j  i s  J '  such t h a t  

P j ( j ' - l )  <; S j  *  P j ( J ' ) .

Random s e l e c t io n  o f  th e  in c id e n c e  a n g le  6^ i s  b a sed  on a  cos6  p ro b a ­

b i l i t y  d i s t r i b u t i o n ,  t h a t  i s ,  P (0 ") -  c o s (9 " ) ;  t h i s  i s  th e  a p p ro p r ia te

97ad i s t r i b u t i o n  f o r  a  gas in  th e rm a l e q u i l ib r iu m  w ith  a  s u r f a c e .  The 

(c o n tin u o u s )  cu m u la tiv e  d i s t r i b u t i o n  c o rre sp o n d in g  to  P (9 ") i s

0  ^
P0 ( 9 ')  -  J P (0 ") d 9 "  -  s i n ( 0 ' ) .  (2 .2 7 )

From e q u a t io n  (2 .2 7 )  th e  v a lu e  o f  9^ c o rre sp o n d in g  to  th e  random number 

£0 i s  e v id e n t ly  9 '  -  s i n  ^ (£ 0 ) .

C. I n te g ra t io n  o f  T ra je c to r ie s

H aving e s ta b l i s h e d  th e  i n i t i a l  v a lu e s  o f  th e  c a n o n ic a l v a r ia b le s  

u s in g  th e  p ro c e d u re s  o u t l in e d  in  s e c t io n  B, H am ilto n ’ s e q u a tio n s  may be 

in t e g r a te d ,  u s in g  th e  H am ilto n ian  H o f  e q u a t io n  ( 2 .7 ) .  G iven t h i s  form 

f o r  H, i t  i s  a p p a re n t t h a t  d e r iv a t iv e s  o f  H w ith  r e s p e c t  to  momenta o n ly



50

in v o lv e  th e  f i r s t  two te rm s on th e  r i g h t  hand s id e  o f  e q u a t io n  ( 2 .7 ) ,  

w h ile  d e r iv a t iv e s  w ith  r e s p e c t  to  c o o rd in a te s  o n ly  a c t  on th e  p o t e n t i a l  

en erg y  V . Thus e q u a tio n s  (2 .1 )  s im p lify  to

• pi  • av
q i  “  P i  "  ( 2 ' 28)

where m^ -  M i f  q^ i s  a  c e n te r -o f -m a ss  c o o rd in a te  and m  ̂ -  p  i f  q^ i s  a  

r e l a t i v e  c o o rd in a te .

E q u a tio n s  (2 .1 )  and (2 .2 8 )  a r e  a p p ro p r ia te  f o r  th e  c a se  o f  a  v i b r a t ­

in g , r o t a t i n g  m o lecu le . For t r a j e c t o r i e s  ru n  w ith  th e  d ia tom  c o n s tra in e d  

to  be  a  r i g i d  r o t o r ,  th e s e  m ust be m o d ified  to  in c lu d e  th e  c o n s t r a in t .

For c o n s t r a i n t s  w hich can  be  e x p re s se d  m a th e m a tic a lly  as F ( (q ^ ) ,(p ^ } )  -

980 , H a m ilto n 's  e q u a tio n s  become

3H . 3F • 3H , 3F . . .
q i  3P i  + 3P i  • Pi  dq± ~  dqL (2>1 )

w here A i s  a  L agrange und e te rm in ed  m u l t i p l i e r .  In  th e  ca se  o f  a  r i g i d  

r o t o r ,  th e  c o n s t r a i n t  e q u a t io n  i s

2 2 2 2 '  x  + y + z - r  -  0 , (2 .2 9 )

i n  w hich th e  in t e r n u c le a r  d is ta n c e  r  i s  a  c o n s ta n t ,  u s u a l ly  chosen  as

th e  e q u i l ib r iu m  s e p a r a t io n  r  . C le a r ly ,  th e  e q u a tio n s  f o r  th e  q . a re
6  1

i d e n t i c a l  to  th o se  f o r  th e  u n c o n s tra in e d  c a s e , s in c e  3F /3p^ -  0; th e  

same i s  t r u e  o f  th e  e q u a tio n s  f o r  th e  tim e d e r iv a t iv e s  o f  th e  c e n te r - o f -  

mass momenta. The tim e d e r iv a t iv e s  o f  th e  r e l a t i v e  momenta become
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Pr - - f ^ - 2 A r - - J ^ - 2 A r ,  (2.30)

where J -  x ,  y  o r  z .  The r ig h tm o s t e q u a l i ty  In  e q u a tio n  (2 .3 0 )  fo llo w s 

s in c e  th e  o n ly  p a r t  o f  H dependen t on th e  c o o rd in a te s  i s  V. The v a lu e  o f  

A can  be found a s  fo llo w s . M u ltip ly in g  th e  second d e r iv a t iv e  w ith  

r e s p e c t  to  tim e o f  e q u a tio n  (2 .2 9 )  by th e  red u ced  mass /*, one o b ta in s

2
+ x  px  + y py  + z p z -  0. (2 .3 1 )

S u b s t i tu t in g  e q u a tio n s  (2 .3 0 ) in to  e q u a tio n  (2 .3 1 ) and s o lv in g  f o r  A

y ie ld s 98

X -  1 / £  _  X SL  _  y S L  _  Z S . \  (2 32)
2 ^ 1  2/i X 9x y 9y dz ]  '

Whenever r i g i d  r o t o r  t r a j e c t o r i e s  a re  ru n , th e  o n ly  n e c e s s a ry  change to  

th e  p ro c e d u re  o u t l in e d  in  th e  p re c e d in g  p a ra g ra p h  i s  to  m odify e q u a tio n s  

(2 .2 8 )  u s in g  e q u a tio n s  (2 .3 0 )  and (2 .3 2 ) .  A nother way to  h an d le  th e  

r i g i d - r o t o r  c a se  w ould be  to  e x p re ss  th e  H am ilto n ian  in  te rm s o f  th e  

r i g i d - r o t o r  a c t io n -a n g le  v a r ia b le s  j  and 6. Working in  C a r te s ia n  c o o rd i­

n a te s  w ith  a  c o n s t r a i n t  i s  more co n v en ien t because  i t  i s  u s u a l ly  e a s ie r  

to  e x p re s s  th e  p o t e n t i a l  in  C a r te s ia n  c o o rd in a te s  (se e  s e c t io n  C o f  

C hap ter V, f o r  exam ple).

N um erical i n t e g r a t i o n  o f  th e  t r a j e c t o r i e s  i s  accom plished  u s in g

99e i t h e r  th e  DEROOT in t e g r a to r  s u b ro u tin e  package o r  a s im p le  fo u r th -  

o rd e r  R unge-K utta  a l g o r i t h m , d e p e n d i n g  on th e  s te p  s iz e  r e q u ire d .
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For v e ry  sm a ll s te p  s iz e s  a  s i g n i f i c a n t  tim e  sa v in g s  i s  r e a l i z e d  u s in g  

th e  l a t t e r  o f  th e s e .  Both in t e g r a to r s  c a l l  a s u b ro u tin e  w hich e v a lu a te s  

e q u a tio n s  (2 .2 8 )  f o r  th e  p a r t i c u l a r  system  b e in g  s tu d ie d ,  in c lu d in g  th e  

r i g i d  r o t o r  c o n s t r a in t  where a p p ro p r ia te .  C o rre c t o p e ra t io n  o f  th e  i n t e ­

g r a to r s  i s  v e r i f i e d  by e n su r in g  t h a t  th e  t o t a l  en erg y  o f  th e  system  i s  

c o n se rv ed  th ro u g h o u t th e  c o u rse  o f  a  t r a j e c t o r y .  A d d itio n a l d e t a i l s  

co n c e rn in g  th e  n u m erica l i n t e g r a t i o n  (c h o ic e  o f  i n t e g r a to r ,  s te p  s i z e ,  

and so on) r e le v a n t  to  th e  p a r t i c u l a r  s e t s  o f  c a lc u la t io n s  perfo rm ed  in  

t h i s  work a re  g iv e n  in  s e c t io n  B o f  C hap ter 3 f o r  th e  HCl/Au system  and 

in  s e c t io n  D o f  C hap ter 5 f o r  th e  NO/LiF system .

D. A nalysis  o f  T ra je c to ry  R esu lts

When a  t r a j e c t o r y  re a c h e s  i t s  end, th e  f i n a l  v a lu e s  o f  th e  q u a n t i ­

t i e s  o f  i n t e r e s t  m ust be  e x t r a c te d  from  th e  v a lu e s  o f  th e  c a n o n ic a l 

v a r i a b l e s .  I n  th e s e  c a l c u la t io n s ,  on ly  t r a j e c t o r i e s  w hich end when th e  

gas m o lecu le  re a c h e s  some p re d e te rm in e d  h e ig h t  above th e  s u r fa c e  a f t e r  

th e  c o l l i s i o n  a re  an a ly z e d . T r a je c to r i e s  end ing  b ecau se  a  tim e l i m i t  i s  

re a c h e d  (w hich i s  th e  ca se  i f  th e  m olecu le  i s  tra p p e d  on th e  s u r fa c e )  

a r e  n o t  an a ly z e d . T h is  l a t t e r  s i t u a t i o n  a r i s e s  o n ly  in  th e  NO /  LiF 

s tu d ie s ,  i n  w hich th e r e  e x i s t s  a  mechanism f o r  energ y  lo s s  to  th e  s u r ­

f a c e .

At th e  end o f  a  t r a j e c t o r y  th e  q u a n t i t i e s  o f  i n t e r e s t  in c lu d e  th e  

f i n a l  v ib r a t i o n a l  and r o t a t i o n a l  quantum numbers v^  and J ^ ,  th e  f i n a l  

s c a t t e r i n g  a n g le s  0^ and and th e  f i n a l  e n e rg ie s  o f  t r a n s l a t i o n ,
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v ib r a t i o n  and r o t a t i o n  ( th e  l a t t e r  two o f  th e s e  e n e rg ie s  b e in g  r e f e r ­

enced  to  th e  e q u i l ib r iu m  in t e m u c le a r  d is ta n c e  r &) . The c a lc u la t io n s  a re  

s t r a ig h tf o r w a r d .  To g e t  th e  r o t a t i o n a l  quantum number J ^ ,  one f in d s  th e  

c l a s s i c a l  a n g u la r  momentum j  and i t s  m agnitude j , u s in g  e q u a tio n s  

(2 .1 0 ) ;  from  t h i s  i s  e v a lu a te d  u s in g

w hich i s  th e  in v e rs e  o f  (2 .1 3 a ) .  For th e  p u rp o ses  o f  a  h is to g ra m  a n a ly ­

s i s  o f  a  s e t  o f  t r a j e c t o r i e s ,  i s  rounded to  th e  a p p ro p r ia te  in te g e r

c a l c u la te s  E^n t  a t  th e  end o f  a  v ib r a t i n g - r o to r  t r a j e c t o r y  from  e q u a tio n  

(2 .1 6 ) ,  and u ses  i t  a lo n g  w ith  th e  a n g u la r  momentum j  i n  th e  p ro ced u re  

s p e c i f i e d  in  th e  fo u r th  p a rag rap h  o f  s e c t io n  B above. T h is g iv e s  th e  

v a lu e  o f  v^  c o rre sp o n d in g  to  th e  p a r t i c u l a r  and j  a t  th e  end o f  th e

t r a j e c t o r y .  In  th e  ca se  o f  r i g i d - r o t o r  t r a j e c t o r i e s ,  o f  c o u rs e , v^  i s  

s im ply  s e t  to  z e ro .

The f i n a l  p o la r  and a z im u th a l s c a t t e r in g  a n g le s  6^ and a re  found 

from  th e  components o f  th e  c e n te r -o f -m a ss  momentum a t  th e  end o f  th e  

t r a j e c t o r y  u s in g  th e  e x p re s s io n s

1 j -  0 , (2 .3 3 )

v a lu e  ( s e e  b e lo w ). To o b ta in  th e  v ib r a t i o n a l  quantum number v^ , one

(2 .3 4 a )

(2 .3 4 b )

f  hIn  e q u a tio n  (2 .3 4 a ) ,  Pcm -  (2ME^,) , and th e  f i n a l  t r a n s l a t i o n a l  energy
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£
Et  i s  g iv e n  by th e  f i r s t  te rm  on th e  r ig h t -h a n d  s id e  o f  ( 2 . 7 ' ) .  E q u a tio n

(2 .3 4 a )  comes from  in v e r t in g  e q u a tio n  (2 .2 1 c ) ;  e q u a tio n  (2 .3 4 b ) a r i s e s  

from  d iv id in g  (2 .2 1 b ) by  (2 .2 1 a )  and s o lv in g  f o r  $ . S ince  i s  alw ays

z e ro  and  a ls o  s in c e  $ i s  co n se rv ed  d u rin g  a  c o l l i s i o n  w ith  a  f l a t

s u r f a c e ,  need  n o t  be c a lc u la te d  when a  f l a t  s u r f a c e  model i s  u sed .

The f i n a l  e n e rg ie s  o f  th e  v a r io u s  d eg ree s  o f  freedom  o f  th e  gas m ol­

e c u le  a t  th e  end o f  th e  c o l l i s i o n  a ls o  m ust be e v a lu a te d . The f i n a l

ft r a n s l a t i o n a l  en e rg y  Ê , i s  e a s i l y  com puted as m entioned  in  th e  p re v io u s

p a ra g ra p h . S p e c ify in g  th e  f i n a l  v ib r a t i o n a l  and r o t a t i o n a l  e n e rg ie s  f o r

v ib r a t i n g - r o t o r  t r a j e c t o r i e s  i s  c o m p lica ted  somewhat by th e  c o u p lin g  o f
2

th e  v ib r a t i o n a l  and r o t a t i o n a l  m otion , w hich a r i s e s  s in c e  r  ap p ea rs  in

th e  denom inato r o f  th e  l a s t  term  o f  e q u a tio n  (2 .1 1 ) .  B ecause th e  v a lu e s

o f  Ey and E^ depend on r ,  whose f i n a l  v a lu e  w i l l  n o t  i n  g e n e ra l  be th e

same f o r  d i f f e r e n t  t r a j e c t o r i e s ,  some am b ig u ity  a r i s e s  as  to  how to

f  fr e p o r t  th e s e  q u a n t i t i e s .  T h is  problem  i s  so lv e d  by r e f e r e n c in g  E^ and E^ 

to  th e  e q u i l ib r iu m  s e p a r a t io n  v & in  th e  fo llo w in g  way. The c o n s ta n ts  o f  

th e  m o tion  f o r  th e  gas m o lecu le  a re  i t s  a n g u la r  momentum j  and  energy  

I ^ in f  Thus, th e  r o t a t i o n a l  and v ib r a t i o n a l  e n e rg ie s  r e fe re n c e d  to  r  -  r g 

can  be found  u s in g

(2 .3 5 a )

(2 .3 5 b )

E q u a tio n  (2 .3 5 a )  i s  j u s t  th e  l a s t  term  on th e  r i g h t  hand s id e  o f  ( 2 .1 1 ) ,  

w ith  r  r e p la c e d  by r g . O c c a s io n a lly  i t  may happen t h a t  th e  c l a s s i c a l
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m otion  o f  th e  i s o l a t e d  gas d ia tom  a t  th e  end o f  th e  t r a j e c t o r y  w i l l  have 

h ig h  r o t a t i o n a l  en erg y  and v e ry  low v i b r a t i o n a l  en e rg y . In  such  a  c a se , 

c e n t r i f u g a l  d i s t o r t i o n  co u ld  r e s u l t  in  th e  m otion  h av in g  a  domain o f

in t e r n u c le a r  s e p a ra t io n s  w hich does n o t  in c lu d e  r g ; a p p l ic a t io n  o f

f  f(2 .3 5 )  w ould th e n  y i e ld  g r e a t e r  th a n  E^n t  and , th u s ,  l e s s  th a n
f

z e ro  and sm a ll in  m agn itude. When t h i s  o c c u rs , i s  s im p ly  s e t  to  z e ro .

For th e  c a se  o f  a  r i g i d  r o to r ,  no am b ig u ity  a r i s e s ;  th e  r o t a t i o n a l  

en erg y  i s  e q u a l to  .

A t th e  end o f  a  s e t  o f  t r a j e c t o r i e s ,  H onte C arlo  a n a ly s i s  can  be 

done on th e  r e s u l t s  f o r  th e  s e t  to  e x t r a c t  th e  d e s i r e d  in fo rm a tio n . In  

so d o in g , o n ly  d i r e c t  t r a j e c t o r i e s  a re  in c lu d e d  in  th e  a n a ly s i s .  Two 

p ro c e d u re s  a r e  a p p l ie d  h e re ,  one f o r  th e  quantum numbers and one f o r  th e  

a v e rag e  f i n a l  e n e rg ie s .  I n  th e  fo rm er c a se  a  h is to g ra m  a n a ly s i s  i s  u sed . 

T h is  in v o lv e s  co u n tin g  how many tim es each  p a r t i c u l a r  f i n a l  v a lu e  o f  a 

quantum num ber, say  J ,  a r i s e s  i n  a  s e t  o f  N t r a j e c t o r i e s  ( s im i la r  c o n s i ­

d e r a t io n s  w ould ap p ly  to  th e  v i b r a t i o n a l  quantum number v ) . F or c o u n tin g  

p u rp o se s , th e  v a lu e s  o f  found  from  e q u a t io n  (2 .3 3 )  a r e  p la c e d  in to  

b in s  o f  w id th  1 c e n te re d  on in te g e r  v a lu e s  o f  J  ( t h a t  i s ,  rounded  to  th e  

n e a r e s t  i n t e g e r ) ,  when th e  d ia tom  i s  h e te r o n u c le a r . For th e  hom onuclear 

c a se  (w hich does n o t  a r i s e  in  th e  p r e s e n t  w o rk ), th e  symmetry r e q u ir e s  

t h a t  th e  o n ly  a llo w ed  r o t a t i o n a l  t r a n s i t i o n s  a r e  th o se  h av in g  AJ -  0 o r  

even , so t h a t  th e  b in s  m ust be o f  w id th  2 c e n te re d  on even o r  odd J ,  

depend ing  on w hether th e  i n i t i a l  J  i s  even  o r  odd. (T here i s  no symmetry 

r e s t r i c t i o n  on v ib r a t i o n a l  t r a n s i t i o n s . )  I f  Nj i s  th e  number o f  tim es 

t h a t  -  J ,  th e n  th e  p r o b a b i l i t y  f o r  making a t r a n s i t i o n  to  f i n a l  s t a t e
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J  i s  j u s t  Pj  -  Nj /  N. The Monte C arlo  s ta n d a rd  e r r o r  in  th e  p r o b a b i l i t y  

i s  g iv en

a J  “
PJ  <1 ~  PJ> 

N
(2 .3 6 )

Thus, one can  make th e  e r r o r  as  sm a ll as  d e s i r e d  by in c re a s in g  th e  num-

- hb e r  N o f  t r a j e c t o r i e s  in  th e  s e t ,  w ith  a  ̂ d e c re a s in g  as  N . The c a lc u ­

l a t e d  p r o b a b i l i t y  d i s t r i b u t i o n  {P^} can  be com pared to  th e  e x p e rim e n ta l 

d i s t r i b u t i o n  d i r e c t l y ,  o r  a  Boltzmann p l o t ,  t h a t  i s ,  a  p l o t  o f  

lo g { P j / ( 2 J + l ) ) v e rs u s  th e  en ergy  can  be made.

Vhen f i n a l  av e rag e  e n e rg ie s  a re  th e  q u a n t i t i e s  o f  i n t e r e s t ,  th e se  

can  be c a lc u la te d ,  a s  u s u a l ,  from

< 4 > - -r ? •n-1  ’
(2 .3 7 )

where M -  T, V o r  R r e p r e s e n ts  th e  a p p ro p r ia te  d eg ree  o f  freedom . The

92cMonte C arlo  s ta n d a rd  e r r o r  in  t h i s  c a l c u la t io n  i s  g iv e n  by

<E> N
(2 .3 8 )

in  w hich th e  s ta n d a rd  d e v ia t io n  a„ o f  th e  s e t  o f  f i n a l  e n e rg ie s  E., i sh M,n

o b ta in e d  from  i t s  u s u a l e s t im a to r  s_ :£
92c
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ffE * SE “
f  g  (EM n ) 2  ] ~  N < EM >2.L_n £Vn J----------------- H . ( 2 .39)

N -  1

Thus, a g a in , th e  e r r o r  in  th e  d e s i r e d  v a lu e  can  b e  d e c re se d  by in c r e a s ­

in g  th e  number o f  t r a j e c t o r i e s  N. For s tu d ie s  in v o lv in g  a  s u r fa c e  a t  a

te m p e ra tu re  T , a n o th e r  u s e f u l  q u a n t i ty ,  th e  energy  accommodation c o e f-  s

f i c i e n t  (EAC), can  b e  c a lc u la te d  u s in g  th e  f i n a l  av e rag e  en erg y . The 

EAC, w hich i s  g iv en  th e  symbol a ,  p ro v id e s  a  m easure o f  th e  e x te n t  o f  

th e rm a l e q u i l i b r a t i o n  betw een th e  gas m o lecu le  and th e  s u r f a c e .  The EAC 

f o r  d eg ree  o f  freedom  M, a ^ ,  i s  d e f in e d  b y ^ ^ 3

~ <«£>
£  - < ^ >  '

- rf • <2-40>
E»..

£ 3
w here i s  th e  i n i t i a l  energy  f o r  d eg ree  M, and < >  i s  th e  average

c l a s s i c a l  energy  o f  a  d i s t r i b u t i o n  in  th e rm al e q u i l ib r iu m  w ith  a su r face

a t  te m p e ra tu re  Tg . For th e  v ib r a t i o n a l  and r o t a t i o n a l  d eg ree s  o f  freedom

o f  a  d ia to m ic  m o lecu le , < E® > ta k e s  th e  g as-p h ase  e q u i p a r t i t i o n  v a lu e

kT , where k  i s  B o ltzm ann 's  c o n s ta n t .  For t r a n s l a t i o n a l  m otion  th e  g as- s

phase  e q u i p a r t i t i o n  v a lu e  3kT /2  i s  in a p p ro p r ia te  b ecau se  o f  th es
97a"s tre a m in g  c o r r e c t io n "  due to  th e  p re se n c e  o f  th e  s u r fa c e  ; th e

97ac o r r e c t  v a lu e  i s  2kTg . The i n i t i a l  energy  in  each  d eg ree  o f  freedom  

( re fe re n c e d  to  r g f o r  v ib r a t io n  and r o t a t i o n )  i s  c a l c u la te d  a t  th e  s t a r t  

o f  each  t r a j e c t o r y  and saved  f o r  use  i n  e q u a tio n  (2 .4 0 ) ;  i n  any s e t  o f

t r a j e c t o r i e s  from w hich an ftjj i s  e x t r a c te d ,  each  t r a j e c t o r y  h as  th e  same



v a lu e  f o r  th e  co rre sp o n d in g  E^.

D e ta i ls  co n ce rn in g  th e  number N o f  t r a j e c t o r i e s  p e r  s e t  and th e  

r e s u l t i n g  v a lu e s  f o r  th e  e r r o r  as  w e ll as  th e  s p e c i f i c  d a ta  a n a ly s is  

p ro ced u re s  f o r  th e  v a r io u s  s tu d ie s  c a r r i e d  o u t i n  t h i s  work a r e  g iv e n  in  

s e c t io n  B o f  C hap ter I I I  and s e c t io n  D o f  C hap ter V.



CHAPTER III
INTERACTION POTENTIALS AND METHODOLOGY FOR HCl/Au CALCULATIONS

T his c h a p te r  and C hap ter IV w hich fo llo w s  p r e s e n t  th e  a p p l ic a t io n  o f

th e  q u a s ic l a s s i c a l  t r a j e c t o r y  method to  th e  s c a t t e r i n g  o f  HC1 from a

g o ld  s u r f a c e ,  t r e a t i n g  HC1 as  a  r i g i d  r o t o r  and th e  g o ld  s u r fa c e  as

75r i g i d  and p e r f e c t ly  f l a t .  R e c e n tly  C o l t r in  and Kay a p p l ie d  a  s im i la r  

t r e a tm e n t to  th e  s c a t t e r in g  o f  ammonia from g o ld , and succeeded  in  

o b ta in in g  a  q u a l i t a t i v e  u n d e rs ta n d in g  o f  th e  ex p erim en ts  perfo rm ed  by 

Kay and c o w o rk e rs ^  on t h a t  system . The p r e s e n t  w ork, w hich was m o tiv a ­

te d  by th e  su c c e ss  o f  th e  NH^/Au s tu d y , aims a t  g a in in g  an u n d e rs ta n d in g  

o f  r e c e n t  HCl/Au s c a t t e r i n g  experim ents^" by f in d in g  a  model g a s - s u r fa c e  

in t e r a c t i o n  p o t e n t i a l  f o r  w hich th e  t r a j e c t o r y  r e s u l t s ,  a t  l e a s t  q u a l i ­

t a t i v e l y ,  rep ro d u ce  th e  e x p e rim e n ta l d a ta .  In  p u r s u i t  o f  t h i s  g o a l , 

th r e e  d i f f e r e n t  model p o t e n t i a l s  have b een  c o n s tru c te d  and t h e i r  p r e d ic ­

t io n s  compared to  th e  e x p e rim e n ta l f in d in g s .  C h ap te r IV p re s e n ts  th e  

r e s u l t s  o f  th e  t r a j e c t o r y  c a lc u la t io n s  and com pares them to  th e  e x p e r­

im en ts . The p r e s e n t  c h a p te r ,  w hich e x p la in s  how th e  c a l c u la t io n s  were 

perfo rm ed , i s  d iv id e d  in to  two s e c t io n s .  S e c t io n  A d e s c r ib e s  th e  i n t e r ­

a c t io n  p o te n t i a l s  em ployed in  th e  c a l c u la t io n s .  F i r s t  th e  " b u ild in g  

b lo c k s"  u sed  to  c o n s t r u c t  th e  p o t e n t i a l s  a r e  d is c u s s e d , th e n  d e t a i l s  

co n ce rn in g  each  p o t e n t i a l  a r e  p re s e n te d .  S e c t io n  B enum erates o th e r  

co m p u ta tio n a l d e t a i l s  in v o lv ed  in  th e  work.

59
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A. H Cl/G old I n t e r a c t i o n  P o te n t ia l s

In  th e s e  c a l c u la t io n s ,  each  o f  th e  i n t e r a c t i o n  p o t e n t i a l s  u sed  con­

s i s t s  o f  a  sum o f  fo u r  te rm s: a  lo n g -ra n g e  a t t r a c t i o n  w ith  a n is o tro p y , a 

s h o r t- r a n g e  r e p u ls io n  r e fe re n c e d  to  th e  m o le c u la r  c e n te r  o f  m ass, and an 

a to m -su rfa c e  p o t e n t i a l  f o r  b o th  o f  th e  atoms in  th e  HC1 m o lecu le . In  

each  c a s e , th e  fu n c t io n a l  form  o f  th e  f i r s t  two o f  th e se  te rm s i s  th e  

same (th o u g h  v a lu e s  o f  p a ra m e te rs  d i f f e r ) , w h ile  th e  form s chosen  fo r  

th e  atom p o t e n t i a l s  v a ry  from  one in t e r a c t i o n  p o t e n t i a l  to  a n o th e r .  The 

fo llo w in g  p a ra g ra p h s  d e s c r ib e  th e s e  v a r io u s  " b u ild in g  b lo c k s " .

The f i r s t  te rm  to  be  d is c u s s e d  i s  th e  lo n g -ra n g e  a t t r a c t i o n .  There 

a re  two c o n t r ib u t io n s  to  t h i s  p o t e n t i a l :  th e  van  d e r  Waals ( d is p e r s io n )  

i n t e r a c t i o n  and th e  d ip o le -im ag e  d ip o le  i n t e r a c t io n .  The fo rm er o f  th e se

i s  t r e a t e d  f i r s t .  An atom o r  m o lecu le  f a r  from  a  s o l i d  s u r fa c e  e x p e r ie n -

101ces  a lo n g -ra n g e  d is p e r s io n  p o t e n t i a l  o f  th e  form

C3
 -------------. (3 .1 )d is p  z 3 v '

cm

w here Z i s  th e  h e ig h t  o f  th e  c e n te r  o f  mass above th e  s u r fa c e  and C_ cm 5

i s  a  c o n s ta n t  w hich depends on th e  p o l a r i z a b i l i t y  o f  th e  atom o r m ole­

c u le  and th e  d i e l e c t r i c  fu n c t io n  o f  th e  s o l i d .  B ecause th e  p o l a r i z a b i l ­

i t y  o f  a  m o lecu le  i s  a  te n s o r  q u a n t i ty ,  f o r  t h a t  c a se  depends on th e

o r i e n t a t i o n  o f  th e  m o lecu la r  a x is  w ith  r e s p e c t  to  th e  s u r fa c e  norm al.

102H a r r is  and Feibelm an have shown t h a t  f o r  m o lecu les
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C3 -  C<0) + C<2) P2 (co sfl) , (3 .2 )

where P2 (co s0 ) -  j ( 3 c o s 20 — 1) i s  th e  second  Legendre p o ly n o m ia l, 6 i s  

th e  a n g le  betw een th e  m o le c u la r  a x is  and th e  s u r fa c e  norm al and

C<3) - JL f  e(ito) -  1 d,, n
3 4jt J 0  e (ia>) + 1 “  (iw ) 6 0 ' ( 3 ' 3)

In  e q u a tio n  ( 3 .3 ) ,  a ^ ^ ( i w )  and e(iw ) a r e  f req u en cy -d e p en d en t m o lecu la r 

p o l a r i z a b i l i t y  and s o l id  d i e l e c t r i c  f u n c t io n s ,  r e s p e c t iv e ly ,  e v a lu a te d  

a t  th e  im ag inary  freq u en cy  iw . The q u a n t i ty  < * ^  -  y ( “ || + 2a^) i n  equa­

t i o n  (3 .3 )  i s  eq u a l to  a ,  th e  b u lk  p o l a r i z a b i l i t y  o f  th e  m o lecu le , w h ile  

( 2 ) 1
a  -  ■g(a || “  “ j^) i s  o n e - s ix th  o f  i t s  p o l a r i z a b i l i t y  a n is o tro p y .  The

sym bols and d en o te  th e  com ponents o f  th e  p o l a r i z a b i l i t y  p a r a l l e l

to  and p e rp e n d ic u la r  to  th e  m o le c u la r  a x i s ,  r e s p e c t iv e ly .  E quations

101(3 .2 )  and (3 .3 )  red u ce  to  th e  L i f s h i t z  fo rm u la  when th e  gas sp e c ie s  

i s  an atom , f o r  w hich th e  p o l a r i z a b i l i t y  a n is o tro p y  i s  z e ro .

E v a lu a tio n  o f  th e  in t e g r a l  in  e q u a tio n  (3 .3 )  r e q u i r e s  f u n c t io n a l

form s f o r  a ^ ( i w )  and €(io>). For th e  p o l a r i z a b i l i t i e s  a ^ ^ ( i w )  th e

' 103[1 ,0 ]^  Pade approx im an t i s  u sed :

w here c r ^ ( O )  d en o te s  th e  s t a t i c  (z e ro -f re q u e n c y )  v a lu e  o f  a ^ .  The 

p a ra m e te r  Wq i s  assumed to  be th e  same f o r  b o th  and e / 2  ̂ and i s

found  from  th e  e x p re s s io n  ( in  G aussian  u n i t s )
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"o - e [ ~ s V ] l/2 ' <3'5>

i n  w hich e  i s  th e  e le c t r o n  c h a rg e , m th e  e le c t r o n  mass and N th e  number

o f  e l e c t r o n s  in  th e  m o lecu le . E q u a tio n  (3 .5 )  g iv e s  an  up p er bound on th e  

103p o l a r i z a b i l i t y .  For th e  d i e l e c t r i c  fu n c tio n  e ( io>) , th e  Drude ( c l a s s i -

104ac a l  e l e c t r o n  g as) th e o ry  g iv e s  th e  e x p re s s io n

e(iw ) -  1 + (wp/ u ) 2 , (3 .6 )

where -  (4jrnc e 2/m) i s  th e  p lasm a freq u en cy  o f  th e  m e ta l,  and nc i t s

f r e e - e l e c t r o n  d e n s i ty .  I f  e q u a tio n s  (3 .4 )  and (3 .6 )  a re  s u b s t i tu t e d  in to

105e q u a tio n  (3 .3 )  and th e  in t e g r a t i o n  i s  perfo rm ed  u s in g  th e  i d e n t i t y

-  2~ f* Jox + y  x  J a  (x + u 2 )  (y2 + u 2)
xy du________  ... 7 .

£ j. «£^ fir£ a. n2n » (3 -7 )

one o b ta in s

. . .  fiu>  ̂( 0 )
c j ) ----------E_°---------- L _  . (3 .8 )

8 (« p + JT  w0)

I t  rem ains to  e v a lu a te  th e  f o r  th e  s p e c i f i c  c a se  o f  H C l/go ld . For

HC1, B ridge  and Buckingham^** m easured th e  b u lk  p o l a r i z a b i l i t y  and 

p o l a r i z a b i l i t y  a n is o tro p y  o f  HC1 as  o -  2 .600  A3 and (o^ — a^) -  0.311 

A3 , from  which -  a  -  2 .600  A3 and -  0 .0518 A3 . U sing a  alo n g
16 i

w ith  N -  18- e le c t r o n s  fo r  HC1 y ie ld s  -  4 .187  x  10 s Taking
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n  -  5 .9 0  x 10 2 2  cm ^ f o r  g o l d ^ ^ a g iv e s  th e  v a lu e  w -  1 .37  x 1 0 ^  s ^ c p

f o r  th e  p lasm a freq u en cy . P u t t in g  th e s e  numbers in to  e q u a tio n  (3 .8 )  

re n d e rs  th e  v a lu e s  -  1 .683  eV and -  0 .03366 eV A^.

The c o n t r ib u t io n  to  th e  lo n g -ra n g e  a t t r a c t i o n  due to  th e  in t e r a c t io n  

o f  th e  d ip o le  moment o f  th e  m olecu le  w ith  i t s  image in  th e  s o l i d  can  be 

found by f i r s t  c o n s id e r in g  th e  in t e r a c t io n  o f  two d ip o le s  in  f r e e  sp ace . 

The p o t e n t i a l  energy  o f  a  d ip o le  i n  th e  e l e c t r i c  f i e l d  E ^ (r)  o f

a n o th e r  d ip o le  a  d is ta n c e  r  away i s  • E ^ ( r ) , w ith  E^-(r)

v. 1 0 9  g iv e n  by

3 r ( ^  • r) -  m-l
E ^ r )  -  -------------± — 3 ------------- —  , (3 .9 )

where r  i s  a  u n i t  v e c to r  a lo n g  th e  l i n e  jo in in g  th e  c e n te r s  o f  th e  

d ip o le s ,  d i r e c te d  from  ^  to  / t j .  E^ and a r e ,  o f  c o u rs e , dependent

on th e  r e l a t i v e  o r i e n t a t i o n  o f  u , and un . One can  th u s  w r i te  V1 2 fi-fi

e x p l i c i t l y  as

H • n -  3 (/* • r) (/i • r)
V -  ----------------------------=----------------------------  . (3 .1 0 )

r 3

For s im p l ic i ty  th e  c a se  o f  c o p la n a r  d ip o le s  i s  c o n s id e re d . T h is  s i tu a -
A ^

t i o n  i s  p ic tu r e d  in  p a r t  (a )  o f  F ig u re  2 . The a n g le  betw een r  and i s
A

9^ and t h a t  betw een r  and i s  ^  ’ wh i i e  th e  a n g le  betw een  and p^ i s  

( ^ 1  + 9,^ . W ith th e s e  d e f in i t i o n s  e q u a tio n  (3 .1 0 )  becomes



(a)
dipole

image

F ig u re  2 . R e la t iv e  o r i e n t a t i o n s  o f  (a )  two c o p la n a r  d ip o le s  i n  f r e e  sp a c e , and  (b) 
a  d ip o le  n e a r  a  s o l i d  and  i t s  im age w i th in  th e  s o l i d .

o*\-F>
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M1 M2
^p-p^'^l'6!* “  ------- 3—   ̂ c o s ^  + S2) — 3 cosfl-jC os^  ]

Mi M2

 ---------- ^—  [ s i n 0 ^ s i n ^ 2  + 2 cosfl^ c o s ^  ] . (3 .1 1 )
r

-*■ -* -t A
w here p^ -  |MjJ • The fo rc e  F ^ r ; ^ , ^ )  e x e r te d  by p ^ on p^ a t  r  in  th e  r  

d i r e c t i o n ,  w ith  8^ and ^  f ix e d ,  i s  th e n

a v < r ,* - ,* , )
F ( r ; * - , * , )   --------------±—* -

r  ^ 6 r

3miM2

 ---------- £—  t s in fl^  sinflg  + 2 cos0^ cosO^ ]• (3*12)

The fo rc e  i n  e q u a tio n  (3 .1 2 )  may be e i t h e r  a t t r a c t i v e  o r  r e p u ls iv e ,  

depend ing  on th e  v a lu e s  o f  8^ and 8 G iven such  an e x p re s s io n  f o r  th e

f o r c e ,  th e  p o t e n t i a l  energ y  im p arted  to  ~p̂  a s  i t  i s  b ro u g h t from  r '  -  «>

(w here V -  0) to  r '  -  r  i s  g iv e n  by V (r) -  — J*r  F ( r ' ; 8 . , 0 o) d r ' .
® XT 1  Z

P erfo rm ing  t h i s  i n t e g r a t i o n  on e q u a tio n  (3 .1 2 )  y ie ld s  e q u a tio n  (3 .1 1 ) ,

a s  i t  sh o u ld .

A t t h i s  p o in t  one can  d is c u s s  th e  d ip o le -im a g e  d ip o le  s i t u a t i o n ,  

w hich i s  d e p ic te d  in  p a r t  (b) o f  F ig u re  2. When a  d ip o le  l i e s  a d is ta n c e

Z above a  m e ta l s u r f a c e ,  a  m ir ro r  image i s  form ed in  th e  m e ta l a d i s ­

ta n c e  Z below  th e  s u r f a c e ,  so  t h a t  th e  d is ta n c e  betw een th e  c e n te r  o f  

th e  d ip o le  and th e  c e n te r  o f  i t s  image i s  2Z. As F ig u re  5 - lb  shows, th e

m irro r- im a g e  geom etry r e q u ir e s  t h a t  8^ -  8  ̂ m 8 . I n  a d d i t io n ,  th e  m agni­

tu d e s  o f  th e  d ip o le  and i t s  image a r e  e q u a l ,  so t h a t  p^ -  p^ ■ p.  One 

can  th e r e f o r e  im m ediate ly  w r i te  down th e  fo rc e  i n  th e  Z d i r e c t i o n  e x e r ­

te d  on th e  d ip o le  a t  Z by i t s  im age, u s in g  e q u a tio n  (3 .1 2 ) :
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, 2
F _ (Z ;0)   & - T -  [ s i n 20 + 2 c o s 20 ]

(2Z)

.  2

  ( 1 + c o s20 ) . (3 .1 3 )
16Z

T h is  fo rc e  i s  alw ays a t t r a c t i v e .  The p o t e n t i a l  en e rg y  o f  th e  d ip o le -  

image d ip o le  i n t e r a c t io n ,  t h a t  i s ,  th e  p o t e n t i a l  en ergy  im p a rted  to  th e  

d ip o le  by  b r in g in g  i t  from i n f i n i t y  to  Z a t  some f ix e d  0, can  be  found 

by  in t e g r a t i n g  e q u a t io n  (3 .1 3 ) :

V -  —  ( 1 + c o s20 ) f  ■ d\
C

 ----------------{ 1 + c o s20 ) , (3 .1 4 )
zJ

w here ■ ft2/ 16. The seem ingly  roundabou t p ro ced u re  o f  w r i t in g  down

th e  fo rc e  and in t e g r a t i n g  to  f in d  th e  p o t e n t i a l  i s  n e c e s s a ry  to  o b ta in  

th e  c o r r e c t  f i n a l  r e s u l t ;  i f  one sim ply  s u b s t i t u t e s  0 ^ -  0 g ■ 0 , "  ^ 2

= fi and r  -  2Z in to  e q u a tio n  (3 .1 1 )  f o r  one o b ta in s  -  ft2/ 8 ,

w hich i s  wrong by a  f a c to r  o f  two. U sing th e  v a lu e  ft -  1 .093  Debye f o r
i no

HCl g iv e s  Cd ip  -  0 .04662 eV A3 .

Based on th e  above, th e  o v e r a l l  lo n g -ra n g e  a t t r a c t i o n  can  be w r i t t e n

as

V -  V + V -  -  -P — t - L c °g.-.<L ( 3  15)
LR disp + V i/i (Z - Z ) 3  ’

cm O'
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D -  C<°> -  - j ~  C^2) + Cd ip  -  1 .713  eV A3 , (3 .1 6 a )

E -  - f c < 2> + Cd ip  -  0 .09711 eV A3 . (3 .16b )

To a r r iv e  a t  th e  r ig h tm o s t member o f  e q u a tio n  (3 .1 5 ) ,  i t  i s  assumed th a t  

th e  d is ta n c e  Z o f  th e  c e n te r  o f  th e  d ip o le  from th e  s u r fa c e  in  e q u a tio n  

(3 .1 4 )  can  be r e p la c e d  by th e  h e ig h t  Zcm o f  th e  c e n te r  o f  m ass. The p a r ­

am eter ZQ in  th e  denom inator h a s  been  in c lu d e d  to  g iv e  in c re a s e d  f l e x i ­

b i l i t y  i n  f i t t i n g  th e  o v e r a l l  g a s - s u r fa c e  p o t e n t i a l ,  a s  d is c u s s e d  below . 

I n  a l l  th e  in t e r a c t io n  p o te n t i a l s  u sed  f o r  t r a j e c t o r y  c a l c u la t io n s ,  v a l ­

u es  o f  D and E from  (3 .1 6 ) a re  u sed ; th e  o n ly  change in  VTD from  p o ten -LK

t i a l  to  p o t e n t i a l  i s  in  th e  v a lu e  o f  Z q .

The second  te rm  u sed  in  c o n s tru c t in g  th e  H C l-gold  p o te n t i a l s  i s  th e  

s h o r t- r a n g e  c e n te r-o f-m a ss  r e p u ls io n .  I t  h as  th e  form

C9
VSR "    9"  ’ <3 -17>

SR (Z -  Z- ) 9cm 0

where Cg i s  a  c o n s ta n t  and Zq i s ,  in  m ost c a s e s ,  th e  same p a ra m e te r  t h a t

a p p ea rs  in  V ^ .  Such an e x p re s s io n  a r i s e s  i f  one assum es L ennard -Jones 

— 1 2r e p u ls io n s  ( r  ) betw een th e  gas s p e c ie s  and th e  atoms o f  th e  s o l id ,

th e n  app ro x im ates  th e  s o l id  as  a  s e m i - in f in i t e  continuum  and in t e g r a te s  

105o v er i t s  e x te n t .  The v a lu e s  o f  th e  p a ra m e te rs  Cg and Zq a r e  d e t e r ­

m ined by f i t t i n g  th e  o v e r a l l  i n t e r a c t io n  p o t e n t i a l  V^g to  have c e r t a i n  

f e a tu r e s .  T h is  i s  accom plished  in  two s te p s .  F i r s t ,  a  s p e c i f i c  h e ig h t
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and o r i e n t a t i o n  o f  th e  m olecu le  w ith  r e s p e c t  to  th e  s u r fa c e  a r e  chosen ,

and v a lu e s  a re  a s s ig n e d  to  a l l  b u t  n  o f  th e  p o t e n t i a l  p a ra m e te rs , where

n  -  2 o r  3 . Then n  e q u a tio n s  a re  s im u lta n e o u s ly  so lv e d  f o r  th e  n

rem ain in g  p a ra m e te rs . For exam ple, i f  n  -  2 th e n  th e  two unknowns a r e  Cg

and Zq . I f  n -  3 th e n  some p a ram e te r a p p e a rin g  in  one o r  b o th  o f  th e

atom p o te n t i a l s  (s e e  below) i s  d e te rm in ed  a lo n g  w ith  Cg and Zq. The

e q u a tio n s  to  be so lv e d  in c lu d e  in  ev e ry  ca se  V -  6 and 3V /3Z  -  0.’  gs gs cm

The f i r s t  o f  th e s e  e q u a tio n s  f ix e s  th e  d ep th  S o f  a t  th e  s p e c i f i e d  

h e ig h t  and o r i e n t a t i o n .  The second r e q u i r e s  t h a t  th e  p o t e n t i a l  re a c h  a

minimum w ith  r e s p e c t  to  Z ^  a t  th e  s e le c te d  h e ig h t  and geom etry; t h i s

minimum may o r  may n o t be  th e  a b s o lu te  minimum o f  V^s . When n  -  3 , a

t h i r d  e q u a tio n  i s  added which e s ta b l i s h e s  some o th e r  p ro p e r ty  o f  V^g .

F u r th e r  d e t a i l s  co n ce rn in g  th e  f i t t i n g  p ro ced u re  f o r  each  o f  th e  i n t e r ­

a c t io n  p o te n t i a l s  u sed  in  th e  c a lc u la t io n s  a re  p ro v id e d  l a t e r  in  th e  

c h a p te r .

Rem aining to  be  exam ined a re  th e  v a r io u s  form s u se d  f o r  th e  atom 

p o t e n t i a l s .  T hree ty p e s  o f  atom p o te n t i a l s  a re  em ployed; r e p u ls iv e  expo­

n e n t i a l ,  Morse and m o d ified  M orse. The e x p o n e n tia l  r e p u ls io n  i s  sim ply

pyp
Vj** -  At  e x p ( - 0 i  Zt ) , (3 .1 8 )

w here Z^ i s  th e  h e ig h t  o f  atom i  above th e  s u r fa c e  and and a re

p a ra m e te rs . The Morse p o t e n t i a l  i s

{  e x p [ -  2/8i (Zi  -  Z®q)] -  2 e x p [ -  0 ^  -  Z®q)]  (3 .1 9 )
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i n  w hich B^, /9  ̂ and Z®q a r e  p a ra m e te rs . When -  Z®q , th e  Morse

p o t e n t i a l  o b ta in s  i t s  minimum v a lu e ,  The m o d ifie d  Morse fu n c tio n

d i f f e r s  from  e q u a tio n  (3 .1 9 )  o n ly  in  t h a t  a  f a c t o r  o f  c o s 29 i s  in c lu d e d  

in  th e  a t t r a c t i v e  p o r t io n :

V̂ 1  -  Bi  {  e x p [ -  2i8i (Zi  -  Z®q)]  -  2 c o s2* e x p [ -  /3j,(Z i  -  Z®q )] } .  (3 .2 0 )

86T h is  m o d ifie d  Morse p o t e n t i a l  was employed by M uhlhausen e t  a l .  in  

t h e i r  s t o c h a s t i c  t r a j e c t o r y  s tu d y  o f  NO in t e r a c t io n s  w ith  A g ( l l l )  and 

P t ( l l l ) . The e f f e c t  o f  th e  c o s2* te rm , where as u s u a l * r e p r e s e n ts  th e  

a n g le  betw een  th e  m o lecu la r a x is  and th e  s u r fa c e  norm al, i s  to  en su re  

t h a t  th e  minimum o f  th e  o v e r a l l  p o t e n t i a l  o ccu rs  when th e  m olecu le  i s  

a l ig n e d  norm al to  th e  s u r f a c e .  E xcept f o r  B^, a l l  o f  th e  p a ram ete rs  

a p p e a rin g  in  e q u a tio n s  (3 .1 8 )  th ro u g h  (3 .2 0 ) a re  ta k e n  from  th e  l i t e r a ­

tu r e  o r  re a s o n a b le  e s t im a te s .  B^, when i t  a p p e a rs , i s  d e te rm in e d  a lo n g  

w ith  Cg and Zq in  th e  f i t t i n g  p ro c e d u re . I t  sh o u ld  be n o te d  t h a t  f o r  a 

h e te ro n u c le a r  d ia to m ic  m olecu le  such  a s  HG1, th e  o v e r a l l  p o te n t i a l  

sh o u ld  in c lu d e  a  c o n t r ib u t io n  from  odd powers o f  c o s* . In  th e  p r e s e n t  

c a s e ,  th e  v a r io u s  atom p o te n t i a l s  p ro v id e  t h i s  c o n t r ib u t io n ,  a s  w e ll as 

one from  even pow ers o f  c o s * , th ro u g h  th e  dependence on cos * o f  th e  

a tom ic  c o o rd in a te s  Z^ w hich appear in  th e  v a r io u s  ex p o n en ts .

W ith th e  above b u i ld in g  b lo c k s , o v e r a l l  i n t e r a c t i o n  p o te n t i a l s  f o r  

th e  H C l-gold  system  can  be p u t to g e th e r  f o r  u se  in  t r a j e c t o r y  c a l c u la ­

t i o n s .  I n  t h i s  work th r e e  p o te n t i a l s  have been  u se d  to  ru n  t r a j e c t o r i e s .  

The f i r s t  o f  th e s e ,  d e s ig n a te d  h e r e a f t e r  a s  th e  " s t ro n g ly  p e rp e n d ic u la r"

(SP) p o t e n t i a l ,  h a s  th e  form  VCTJ -  VT + VCD + + V ^ .  The v a lu e s  o f
□Jr LK oK n  01
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T ab le  1 . P a ram e te rs  f o r  th e  SP p o t e n t i a l .

P o te n t i a l  Term P aram eter V alue

H atom e x p o n e n tia l 634.45 eV

r e p u ls io n 3 “ h
3 .366  A”1

Cl atom m o d ified  

Morse p o t e n t i a l

BC1

*C1

z eqZC1

0 .2308 eV 

1.887  A”1 

2 .3 0  A

C en te r-o f-m ass C9 41 .438  eV

r e p u ls io n 0 z o 0 .587  A

see  e q u a tio n  (5 .1 8 ) .  

see  e q u a tio n  (5 .2 0 ) .

see  e q u a tio n  (5 .1 7 ) .  Zq a l s o  ap p ea rs  i n  th e  lo n g -ra n g e  a t t r a c t i o n ,  
e q u a tio n  (5 .1 5 ) .
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th e  v a r io u s  p a ra m e te rs  f o r  Vgp a r e  g iv e n  in  T ab le  1 . The v a lu e s  o f

and f o r  th e  H atom r e p u ls io n  were ta k e n  from  th e  NH^-gold c a lc u la -

75t io n s  o f  C o l t r in  and Kay . The m o d ified  Morse e x p o n e n tia l  c o n s ta n t Cl
109i s  th e  same as  t h a t  u sed  by Ron e t  a l .  , w h ile  th e  C l- s u r fa c e  e q u i l i ­

brium  d is ta n c e  Z®^ was e s tim a te d  from  c a l c u la t io n s  o f  h a lo g en

110 111i n t e r a c t io n s  w ith  copper and s i l v e r  c l u s t e r s .  The m o d ifie d  Morse

d ep th  Bc ^ was d e te rm in ed  a lo n g  w ith  Cg and Zq in  th e  f i t t i n g  p ro c e d u re .

The t h i r d  e q u a tio n  u sed  in  th e  f i t  was d 2 Vgp/dZ c m 2  -  k , where k  i s  th e

fo rc e  c o n s ta n t  f o r  th e  m o le c u le -su rfa c e  v ib r a t io n .  The p o t e n t i a l  was

c o n s tr a in e d  to  have 6 -  350 meV w ith  th e  HC1 m o lecu le  a t  Z -  2 .5  A andcm

o r ie n te d  p e rp e n d ic u la r  to  th e  s u r fa c e  w ith  th e  c h lo r in e  end down. T his 

i s  th e  a b s o lu te  minimum o f  th e  SP p o t e n t i a l .  The H C l-gold  v ib r a t io n a l  

fre q u e n c y  was chosen  to  be  143 cm ^ ( f o r  w hich k  -  2 .7 1  eV/A2) .  The 

lo c a t io n  and d ep th  o f  th e  minimum w ere re a so n a b le  e s t im a te s  in  th e  

absence  o f  any e x p e rim e n ta l d a ta ;  th e  freq u en cy  was e s t im a te d  from 

r e f e r e n c e  1 1 1 .

A c o n to u r  p l o t  o f  th e  s t r o n g ly  p e rp e n d ic u la r  p o t e n t i a l  Vgp i s  p r e ­

s e n te d  in  F ig u re  3 . In  t h i s  and s im i la r  f ig u r e s  to  fo llo w , 0 i s  th e  

an g le  betw een  th e  m o lecu la r  a x is  and th e  s u r fa c e  norm al (n o t to  b e  con­

fu se d  w ith  th e  E u le r  an g le  6) ,  and 5 - 0 °  means t h a t  th e  HC1 m o lecu le  i s  

a l ig n e d  norm al to  th e  s u r fa c e  w ith  th e  c h lo r in e  end down. Only th e  range 

0° S ( S 180° i s  p re s e n te d  b ecau se  th e  p o t e n t i a l  i s  sym m etric abou t 

$ -  0 ° . The fo rc e  on th e  m olecu le  in  th e  Z ^  d i r e c t i o n  i s  g iv e n  by

—d V / d Z ,  w h ile  th e  to rq u e  around  th e  c e n te r  o f  mass i s  —d V / 8 0 ;  ojt cm b r

h en ce , c o n to u r  l i n e s  p a r a l l e l  to  th e  0 a x is  c o n t r ib u te  to  th e  fo rc e  b u t 

n o t  to  th e  to rq u e , and th e  con v erse  i s  t r u e  f o r  l i n e s  p a r a l l e l  to  th e
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Figure 3. Contour plots of the SP potential. Contour lines are distin­
guished as follows: dotted, multiples of 500 meV; solid, mul­
tiples of 100 meV; short-dashed, odd multiples of 50 meV; 
long-dashed, odd multiples of 25 meV; dot-dashed, multiples of 
5 meV. A few contours are labeled (in meV) for reference.
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Zcm a x i s .  The s t r e n g th  o f  th e  fo rc e  a n d /o r  to rq u e  a t  a  p a r t i c u l a r  p o in t

i s  d e te rm in ed  by how c lo s e ly  spaced  th e  c o n to u r l i n e s  a r e .  F ig u re  3

in d ic a te s  t h a t  th e  SP in t e r a c t io n  e x h ib i t s  r e l a t i v e l y  s tro n g  to rq u e s

tow ard  8 -  0 ° a t  a l l  v a lu e s  o f  8 when Z i s  l e s s  th a n  ab o u t 4 A ( t h i scm

i s  th e  o r ig i n  o f  th e  name " s t ro n g ly  p e rp e n d ic u la r " ) .  The s t r e n g th  o f  th e

to rq u e  i s  in d ic a te d  by th e  sh a rp  in c re a s e  i n  Vgp a s  8 in c re a s e s  th ro u g h

i t s  ra n g e . A t l a r g e r  v a lu e s  o f  %cm, a  much w eaker to rq u e  tow ard  8 -  0°

o r  8 -  180° (depending  on w hether 8 i s  g r e a t e r  o r  l e s s  th a n  90°) i s

e x e r te d  on th e  m o lecu le . The lo n g -ran g e  to rq u e  i s  due to  th e  a n i s o t r o p ic

p a r t  o f  th e  lo n g -ra n g e  term  in  th e  p o t e n t i a l ,  VTD. The s t r e n g th  andiix

e x te n t  o f  th e  s h o r t- r a n g e  to rq u e  i s  due to  th e  m agnitude o f  th e  H atom

e x p o n e n tia l  r e p u ls io n ,  w h ile  th e  f a c t  t h a t  th e  to rq u e  i s  e x p e rie n c e d  fo r

a l l  8 a r i s e s  from  th e  c o s28 f a c to r  in  th e  m o d ified  Morse p o t e n t i a l .

The second  p o t e n t i a l  u sed  f o r  t r a j e c t o r y  c a lc u la t io n s  i s  th e  "weakly

p e rp e n d ic u la r"  (WP) p o t e n t i a l ,  V^p -  + VgR + + V ^ P . Here th e

m o d ified  Morse p o t e n t i a l  on th e  Cl atom h a s  b een  re p la c e d  by an

e x p o n e n tia l  r e p u ls io n  and th e  s t r e n g th  o f  th e  H atom r e p u ls io n  h as  been

red u ced , r e s u l t i n g  in  a  d e c re a se  in  th e  s t r e n g th  and ran g e  o f  th e  s h o r t -

range  fo rc e s  w hich a l ig n  th e  m olecule  p e rp e n d ic u la r  to  th e  s u r fa c e

(hence th e  name "w eakly p e rp e n d ic u la r " ) .  C o n stan ts  f o r  a r e  l i s t e d  in

T ab le  2 . The p a ram e te rs  in  th e  e x p o n e n tia l r e p u ls io n s  w ere d e te rm in ed  by

c a l c u la t in g  Morse p a ram e te rs  f o r  each atom u s in g  c h e m iso rp tio n  d a ta ,

th e n  u s in g  o n ly  th e  r e p u ls iv e  p a r t  o f  th e  r e s u l t a n t  Morse p o t e n t i a l s ,

w ith  th e  e q u i l ib r iu m  d is ta n c e s  Z®  ̂ s e t  to  z e ro . R e s u lts  o f  th e o r e t i c a l

111c a l c u la t io n s  fo r  th e  ch e m iso rp tio n  o f  c h lo r in e  on s i l v e r  and hydrogen 

112on g o ld  w ere u sed  in  t h i s  p ro c e s s .  The v a lu e s  o f  Cg and Zq w ere found
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T ab le  2 . P a ram eters  f o r  th e  WP p o te n t i a l .

P o te n t i a l  Term P aram eter V alue

H atom e x p o n e n tia l 2 .45  eV

r e p u ls io n 3 “h
2 . 1 2  A-1  b

Cl atom e x p o n e n tia l AC1 2 .59  eV

r e p u ls io n 3 a c i 1.586 A-1  b

C en te r-o f-m ass C9 6 .76  eV

r e p u ls io n 0
Z 0

0.75145 A

se e  e q u a tio n  (5 .1 8 ) .

b tw ic e  th e  v a lu e  o f  th e  Morse e x p o n e n tia l  p a ram e te r  o b ta in e d  from 
c h e m iso rp tio n  d a ta .

see  e q u a tio n  (5 .1 7 ) .  Zq a l s o  ap p ea rs  i n  th e  lo n g -ra n g e  a t t r a c t i o n ,  
e q u a t io n  (5 .1 5 ) .
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by f i t t i n g  th e  p o t e n t i a l  to  have a  w e ll  d ep th  o f  5 k c a l/m o le  (*220 meV)

a t  Zcm — 2 .33  A and 9 -  1 1 0 .7 ° . The 5 k c a l/m o le  w e ll  d ep th  was

d e te rm in ed  in  th e  HCl/Au experim ents.^" (T h is  v a lu e  was n o t  u sed  in  

c o n s tr u c t in g  th e  SP p o te n t i a l  d e s c r ib e d  p re v io u s ly ,  b ecau se  th e  c a l c u la ­

t io n s  f o r  t h a t  p o t e n t i a l  w ere perfo rm ed  b e fo re  th e  ex p erim en ts  were

d o n e .)  The ch o ic e  o f  Z and 9 co rre sp o n d s  to  th e  o r i e n t a t i o n  th ecm

m olecu le  would have i f  th e  d is ta n c e s  o f  th e  H and Cl atom s from th e

s u r fa c e  w ere e q u a l to  t h e i r  e q u i l ib r iu m  d is ta n c e s  as  d e te rm in ed  from  th e

ch e m iso rp tio n  d a ta .  The in t e n t io n  was t h a t  th e  g lo b a l  minimum would l i e

a t  t h i s  geom etry; how ever, th e  a c tu a l  minimum was found  to  be  284 meV a t

Zcm -  2 .3 0  A and 9 -  0 ° . A c o n to u r p l o t  o f  th e  WP p o t e n t i a l  com prises

F ig u re  4 . Comparing t h i s  w ith  F ig u re  3 shows t h a t  th e  m agnitude o f  th e

s h o r t- r a n g e  o r ie n t in g  fo rc e s  h a s  b een  g r e a t ly  red u ced  in  Vwp, s in c e  th e

p o t e n t i a l  does n o t  r i s e  n e a r ly  as  a b ru p tly  as  9 in c re a s e s  f o r  a  g iv e n

v a lu e  o f  Z . I n  a d d i t io n ,  th e  f a c t  t h a t  th e  c o n to u r l i n e s  i n  th e  p o te n -cm

t i a l  w e ll  s to p  fo rm ing  c lo se d  lo o p s  much c lo s e r  to  th e  s u r fa c e  i n  F ig u re  

4 in d ic a te s  t h a t  th e  range o f  th e se  to rq u e s  h a s  d e c re a se d . A lso  n o te ­

w orthy  i s  t h a t  th e  a n is o tro p y  ( th e  s lo p e  w ith  r e s p e c t  to  9) a t  th e  h a rd  

w a ll  f o r  t h i s  i n t e r a c t io n  i s  much l e s s  th a n  f o r  th e  SP p o t e n t i a l ,  p a r ­

t i c u l a r l y  f o r  9 £  90°; t h i s  r e f l e c t s  th e  d e c re a se  i n  th e  s t r e n g th  o f  th e  

H atom r e p u ls io n .  The s m a lle r  h a rd -w a ll  a n iso tro p y  means t h a t  m o lecu les 

w hich a c t u a l l y  s t r i k e  th e  w a ll w ith  th e  hydrogen end down e x p e rie n c e  

much l e s s  to rq u e  d u rin g  th e  e n c o u n te r .

The t h i r d  g a s - s u r fa c e  p o t e n t i a l  em ployed in  th e s e  s tu d ie s ,  la b e le d

a s  th e  "a lm o st p a r a l l e l "  (AP) p o t e n t i a l ,  i s  g iv e n  by V -  VTD + VOD +Air LK bK
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Figure 4. Contour plots of the WP potential. Contour lines have the same 
interpretation as in Figure 3.
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T h is  p o t e n t i a l  i s  so named b ecau se  th e  minimum o f  th e

p o t e n t i a l  o ccu rs  w ith  th e  HCl m olecu le  o r ie n te d  n e a r ly  p a r a l l e l  to  th e

s u r f a c e ;  such  an o r i e n t a t i o n  a t  th e  minimum was ac h ie v e d  by p u t t in g

Morse p o t e n t i a l s  on b o th  a to m s. The c o n s ta n ts  u se d  i n  V^p a r e  l i s t e d  in

T ab le  3 . The Morse p a ra m e te rs  0^ and a r e  th e  ones c a lc u la te d  from

111 112c h e m iso rp tio n  d a ta  ’ f o r  u se  in  th e  WP p o t e n t i a l .  The d ep th  

p a ra m e te r  B -  Bjj -  B ^  was d e te rm in ed  a lo n g  w ith  Cg and Zq in  th e  f i t ­

t i n g  p ro c e d u re ; i n  th e  f i t  th e  same d ep th  B was u sed  f o r  each  atom, 

s in c e  th e  w e ll d ep th s  d e te rm in ed  from  th e  c h e m iso rp tio n  d a ta  w ere v e ry  

s im i la r  (com pare th e  v a lu e s  o f  Ay and Aq^ in  T ab le  2 ) .  The t h i r d  eq u a­

t i o n  u sed  in  th e  f i t  was 3VAp /3 (c o s0 )  -  0 , w hich r e q u i r e s  th e  s p e c i f i e d  

geom etry to  be  a  minimum w ith  r e s p e c t  to  0 . A lso , f o r  t h i s  p o t e n t i a l  th e  

p a ra m e te r  Zq was s e t  to  ze ro  in  th e  lo n g -ra n g e  te rm  V ^ ,  so  t h a t  i t

ap p ea rs  i n  th e  o v e r a l l  p o t e n t i a l  o n ly  th ro u g h  th e  VOD te rm . The APbK

p o t e n t i a l  was f i t  to  have 6 -  217 meV ( th e  e x p e rim e n ta l v a lu e )  a t  -

2 .33  A and 0 -  1 1 2 .3 ° . I t  was found th a t  th e  v a lu e s  o f  Cg, Zq and B were 

v e ry  s e n s i t i v e  to  th e  v a lu e  o f  0 u sed  in  th e  f i t  f o r  0 n e a r  1 1 0 .7 ° , so 

t h a t  sm a ll changes i n  0 p roduced  la rg e  changes i n  th e  p a ra m e te rs . T h is  

en a b le d  0 to  be a d ju s te d  such th a t  th e  v a lu e  o f  Zq o b ta in e d  in  th e  f i t  

was v e ry  n e a r ly  z e ro  (3 x 1 0  A ) , which was c o n v e n ie n t in  t h a t  th e  

t r a j e c t o r y  code d id  n o t  have to  be m o d ified  to  remove Zq from  th e  lo n g - 

range  te rm  in  th e  p o t e n t i a l .  F ig u re  5 c o n ta in s  a c o n to u r  p l o t  o f  V ._ .Air

The f ig u r e  c l e a r ly  shows t h a t  c lo s e  to  th e  s u r fa c e  ( Z ^  <  3 A) t h i s  

p o t e n t i a l  tu r n s  th e  m o lecu le  tow ard  a  p a r a l l e l  a lig n m e n t, e s p e c i a l l y  f o r  

0 45°, w h ile  a t  la rg e  d is ta n c e s  th e  lo n g -ran g e  a n is o tro p y  r o t a t e s  th e

m olecu le  tow ard  th e  norm al. A t in te rm e d ia te  h e ig h ts  (betw een a b o u t 3 and
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T ab le  3. P a ram eters  f o r  th e  AP p o te n t i a l .

P o te n t ia l  Term P aram eter V alue

H atom Morse 

p o t e n t i a l 3

bh

z e qCl

0.06229 eV 

1 .06  A”1 

1 .89  A

Cl atom Morse 

p o t e n t i a l

BC1

^C1

z e qCl

0.06229 eV 

0.793  A”1 

2 .3 4  A

C en te r-o f-m ass C9 89.094 eV

r e p u ls io n 3 z o 0 . 0 0 0 0  A

see  e q u a tio n  (5 .1 9 ) .

^ se e  e q u a tio n  (5 .1 7 ) .  Zq i s  a ls o  s e t  to  ze ro  in  e q u a tio n  (5 .1 5 ) .
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6  A ), th e  p o t e n t i a l  r o t a t e s  th e  m olecu le  tow ard 0 -  180° (H end down)

a lm o s t e x c lu s iv e ly .  The a n iso tro p y  a t  th e  h a rd  w a ll  i s  ab o u t th e  same as

t h a t  f o r  th e  WP p o t e n t i a l ,  a lth o u g h  a  l i t t l e  l a r g e r  a t  h ig h  v a lu e s  o f  0.

- B. C om putational D e ta i ls

The a c tu a l  im p lem en ta tio n  o f  th e  H C l-gold  c a lc u la t io n s  i s  q u i te  

s t r a ig h tf o r w a r d .  For each  o f  th e  i n t e r a c t io n  p o te n t i a l s  d e s c r ib e d  in  th e  

p re v io u s  s e c t io n ,  two groups o f  fo u r  s e t s  o f  t r a j e c t o r i e s  w ere ru n . Each 

s e t  i n  th e  f i r s t  g roup , from which r o t a t i o n a l  s t a t e  d i s t r i b u t i o n s  were 

e x t r a c te d  f o r  com parison  w ith  th e  ex p e rim en ta l r e s u l t s ,  c o n s is te d  o f  

4000 t r a j e c t o r i e s  and employed Monte C arlo  s e le c t io n  o f  th e  i n i t i a l

d ia tom  o r i e n t a t i o n .  The s e t  s iz e  was s u f f i c i e n t  to  b r in g  th e  Monte C arlo

e r r o r  in  th e  p r o b a b i l i t y ,  g iv en  by e q u a tio n  (2 .3 6 ) ,  to  l e s s  th a n  10% f o r  

any s t a t e  h av in g  p r o b a b i l i t y  g r e a te r  th a n  0 .0 2 5 . Each s e t  in  th e  second 

group , from  w hich e x c i t a t io n  fu n c tio n s  ( f i n a l  J  as  a  f u n c t io n  o f  i n i t i a l  

d ia tom  o r ie n t a t i o n )  w ere o b ta in e d , s y s te m a t ic a l ly  s e le c te d  th e  i n i t i a l  

p o la r  o r i e n t a t i o n  an g le  0^ from  i t s  ran g e  0°:S 0^ £  180° in  s te p s  o f  0 .1 °  

(1801 t r a j e c t o r i e s  t o t a l ) .  Each t r a j e c t o r y  had i n i t i a l  r o t a t i o n a l  quan­

tum number -  0 . In  a d d i t io n  to  th e s e ,  a n o th e r  group o f  fo u r  4000-

t r a j e c t o r y  s e t s  was ru n  f o r  th e  WP p o te n t i a l ,  w hich u sed  Monte C arlo  

s e l e c t i o n  f o r  b o th  th e  i n i t i a l  d iatom  o r ie n t a t i o n  and th e  i n i t i a l  r o t a ­

t i o n a l  quantum number. The fo u r  s e t s  o f  t r a j e c t o r i e s  in  each  o f  th e  

above groups w ere d is t in g u is h e d  by th e  v a lu e  o f  th e  in c id e n t  energy  E^; 

th e  v a lu e s  o f  Ê , w ere 100, 350, 700 and 1000 meV. Each s e t  u sed  an
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F ig u re  5 . C ontour p lo t s  o f  th e  AP p o t e n t i a l .  C ontour l i n e s  have th e  
i n t e r p r e t a t i o n  a s  i n  F ig u re  3.

same
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i n i t i a l  in c id e n c e  an g le  0^ -  0° (norm al in c id e n c e ) . The d ia tom  was in

a l l  c a s e s  t r e a t e d  a s  a  r i g i d  r o to r  w ith  in te r n u c le a r  d is ta n c e  con-

93cs t r a i n e d  to  be th e  e q u il ib r iu m  d is ta n c e  r g -  1 .2746 A. The atom ic

m asses u sed  in  th e  c a lc u la t io n s  w ere m^ -  1 .0078 amu and m ^  -  34.9688

93c —1amu. The HC1 s p e c tro s c o p ic  c o n s ta n ts  w ere Bg -  10.5909 cm ,

a  -  0 .3019  cm ^ and D -  5.32x10**^ cm \  e e

The p ro ced u re  f o r  com puting a  s e t  o f  t r a j e c t o r i e s  c o n s i s t s  o f  th e  

fo llo w in g  s te p s .  A t th e  s t a r t  o f  th e  s e t ,  th e  m o le c u la r  c o n s ta n ts  f o r  

HC1 and th e  p a ra m e te rs  f o r  th e  g a s - s u r fa c e  i n t e r a c t i o n  p o t e n t i a l  o f  

i n t e r e s t  a r e  in p u t  to  th e  t r a j e c t o r y  code, a lo n g  w ith  th e  v a lu e s  o f  E^, 

0^ and (u n le s s  i s  s e le c te d  u s in g  th e  Monte C arlo  p ro c e d u re ) . Then 

th e  in d iv id u a l  t r a j e c t o r i e s  a r e  ru n . To do t h i s ,  i n i t i a l  c o n d i t io n s  a re  

e s t a b l i s h e d  a s  d e s c r ib e d  in  s e c t io n  B o f  C hap ter 2, b a se d  on th e  v a lu e s  

o f  E^,, 8 ^ and J ^ ;  th e  v a lu e s  o f  any o th e r  n e c e s s a ry  q u a n t i t i e s  a re  r a n ­

domly o r  s y s te m a t ic a l ly  a s s ig n e d  by th e  program , e x c e p t f o r  th e  i n i t i a l  

h e ig h t  Z^n , w hich i s  2 0  A f o r  a l l  t r a j e c t o r i e s .  When i s  random ly 

s e le c te d ,  th e  r e q u ir e d  cu m u la tiv e  p r o b a b i l i t y  d i s t r i b u t i o n  i s  b u i l t  from 

th e  e x p e rim e n ta l p r o b a b i l i t y  d i s t r i b u t i o n  o f  s t a t e s  in  th e  in c id e n t  HC1 

m o le c u la r  beam (g iv e n  in  s e c t io n  A o f  C hap ter IV ) . To s e l e c t  th e  HC1 

o r i e n t a t i o n  a n g le  8  ̂ s y s te m a t ic a l ly ,  th e  E u le r  a n g le s  8 and <f> are  s e t  to  

90° and 0 ° , r e s p e c t iv e ly ,  and rf> i s  v a r ie d  from  -90° to  90° i n  s te p s  o f

0 .1 ° .  A f te r  th e  i n i t i a l i z a t i o n ,  H a m ilto n 's  e q u a tio n s  o f  m otion  (2 .2 8 ) 

a re  in t e g r a te d ,  w ith  th e  r i g i d - r o t o r  c o n s t r a in t  g iv e n  by  e q u a tio n s  

(2 .3 0 )  and  (2 .3 2 ) ,  u s in g  th e  a p p ro p r ia te  g a s - s u r fa c e  i n t e r a c t i o n  p o te n ­

t i a l .  The end o f  th e  t r a j e c t o r y  o ccu rs  when th e  d ia tom  re a c h e s  a  h e ig h t 

o f  20 A above th e  s u r fa c e  a f t e r  th e  c o l l i s i o n ;  a l l  HCl/Au t r a j e c t o r i e s
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end in  t h i s  manner s in c e  i n  th e  r ig i d - s u r f a c e  a p p ro x im a tio n  m o lecu les

c an n o t become p erm an en tly  tra p p e d  on th e  s u r f a c e .  When th e  t r a j e c t o r y  i s

o v e r , th e  f i n a l  r o t a t i o n a l  quantum number and th e  f i n a l  r o t a t i o n a l  
f

en ergy  ED a r e  e x t r a c te d  from  th e  c o o rd in a te s  and momenta. A f te r  th e  

e n t i r e  s e t  o f  t r a j e c t o r i e s  h a s  com pleted , a  h is to g ra m  a n a ly s i s  i s  p e r ­

form ed to  compute f i n a l  r o t a t i o n a l  s t a t e  d i s t r i b u t i o n s  and Boltzmann 

p l o t s ,  and th e  av erag e  f i n a l  r o t a t i o n a l  energy  f o r  th e  s e t  i s  a ls o  e v a l ­

u a te d .  S e c t io n  D o f  C hap ter 2 d e s c r ib e s  th e  a n a ly s i s  p ro c e d u re s .

N um erical in t e g r a t i o n  o f  th e  t r a j e c t o r i e s  was accom plished  u s in g  th e

99DEROOT in t e g r a to r  s u b ro u tin e  package , w hich a u to m a tic a l ly  a d ju s t s  i t s  

o rd e r  and s te p  s i z e  to  c o n t ro l  th e  e r r o r .  The in t e g r a to r  ty p i c a l l y  

a c h ie v e d  energy  c o n s e rv a t io n  o f  b e t t e r  th a n  0.005% a t  Ê , -  100 meV and 

b e t t e r  th a n  10 % a t  th e  h ig h e r  in c id e n t  e n e rg ie s  u sed . The c a lc u la t io n s

w ere perfo rm ed  on th e  IBM 3081D a t  th e  Ohio S ta te  U n iv e r s i ty  and on th e  

Cray X-MP a t  th e  Ohio Supercom puter C en te r in  Columbus, O hio. A ty p ic a l  

s e t  o f  4000 t r a j e c t o r i e s  a t  E^ -  100 meV to o k  ro u g h ly  32 CPU-minutes on 

th e  IBM and ab o u t 5 CPU-minutes on th e  Cray; a t  Ê , -  1 eV th e s e  tim es 

d e c re a se d  to  15 m in u tes  on th e  IBM and 2 .3  m inu tes on th e  C ray.



CHAPTER IV
RESULTS OF HCl/Au TRAJECTORY CALCULATIONS

T his c h a p te r  p r e s e n ts  th e  r e s u l t s  o f  th e  QCT c a l c u la t io n s  perfo rm ed  

on th e  s c a t t e r i n g  o f  HC1 from  g o ld  u s in g  th e  model i n t e r a c t i o n  p o te n ­

t i a l s  d e s c r ib e d  in  th e  p re v io u s  c h a p te r ,  and com pares them to  th e  e x p e r ­

im e n ta l f in d in g s  o f  Kay and Lykke. ^ S e c tio n  A c o n ta in s  an  overv iew  o f  

th e  e x p e rim e n ta l r e s u l t s .  The r e s u l t s  o f  th e  t r a j e c t o r y  c a l c u la t io n s  a re

th e n  d e s c r ib e d  in  S e c tio n  B. The d is c u s s io n  in  t h a t  s e c t io n  b e g in s  w ith

75a  b r i e f  summary o f  th e  NH^/Au t r a j e c t o r y  s tu d y  o f  C o l t r in  and Kay, 

w hich p ro v id e d  a  s t a r t i n g  p o in t  f o r  th in k in g  ab o u t th e  HCl/Au problem . 

Then, f o r  each  o f  th e  i n t e r a c t io n  p o t e n t i a l s ,  c a l c u la te d  f i n a l  r o t a ­

t i o n a l  s t a t e  d i s t r i b u t i o n s  a re  a n a ly zed , and th e  a s s o c ia te d  Boltzmann 

p lo t s  and av e rag e  f i n a l  r o t a t i o n a l  e n e rg ie s  a re  compared w ith  th e  e x p e r­

im e n ta l o n es . F in a l ly ,  S e c tio n  C c o n ta in s  a  d is c u s s io n  o f  th e  c o n c lu ­

s io n s  w hich can  be drawn from  th e  work.

A. E x p erim en ta l R e s u lts  f o r  HCl/Au S c a t te r in g

The ex p erim en ts  w hich m o tiv a te d  th e  p r e s e n t  c a lc u la t io n s  a re  th o se
1

co n ducted  by Kay and Lykke on th e  s c a t t e r in g  o f  HC1 from  th e  A u ( l l l )  

s u r f a c e .  The in c id e n t  HC1 m olecu les w ere p roduced  in  seeded  su p e rso n ic  

m o le c u la r  beam s, u s in g  v a r io u s  c a r r i e r  g ases  to  o b ta in  d i f f e r e n t

83
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in c id e n t  e n e rg ie s .  V e lo c i t ie s  and in t e r n a l  s t a t e s  o f  th e  s c a t t e r e d  m ole­

c u le s  w ere d e te rm in ed  u s in g  t i m e - o f - f l i g h t  (TOF) and m u ltip h o to n  i o n i ­

z a t io n  (MP1) sp e c tro sc o p y , r e s p e c t iv e ly .  E xperim ents w ere conducted  f o r  

s e v e ra l  s u r fa c e  te m p e ra tu re s  betw een 100 K and 800 K. The p e r t i n e n t  

r e s u l t s  o f  th e se  ex p erim en ts  a re  p re s e n te d  in  F ig u re s  6  th ro u g h  9 , which 

come d i r e c t l y  from  re fe re n c e  1. The rem ainder o f  t h i s  s e c t io n  d e s c r ib e s  

th e s e  r e s u l t s .

F ig u re  6  shows th e  m u ltip h o to n  io n iz a t io n  (MPI) s p e c t r a  o f  th e  i n c i ­

d e n t and s c a t t e r e d  HC1 m o lecu les  fo r  a  ty p i c a l  ex p erim en t, a lo n g  w ith  

th e  MPI spectrum  o f  HCl gas a t  300 K. In  t h a t  ex p erim en t, th e  s u r fa c e  

te m p e ra tu re  was 300 K, th e  in c id e n t  beam (m iddle p a n e l o f  F ig u re  6 ) had  

a  t r a n s l a t i o n a l  en erg y  o f  17 .9  k c a l/m o le , o r  776 meV, and th e  a p p ro x i­

m ate r o t a t i o n a l  " te m p e ra tu re "  o f  th e  m o lecu les  in  th e  beam was ab o u t 1 0  

K. The o n ly  r o t a t i o n a l  s t a t e s  w ith  a p p re c ia b le  p o p u la tio n  in  th e  i n c i ­

d e n t beam w ere J  -  0 , 1  and 2 ; th e  p e rc e n ta g e s  o f  each  o f  th e s e  s t a t e s  

in  th e  beam (d e te rm in e d  from F ig u re  6 ) were 85.2%, 10.4% and 4.4%, r e ­

s p e c t iv e ly .  These p e rc e n ta g e s  d id  n o t v a ry  s ig n i f i c a n t l y  o v er th e  range  

o f  t r a n s l a t i o n a l  e n e rg ie s  s tu d ie d .  The f i n a l  s t a t e  d i s t r i b u t i o n  o f  th e  

s c a t t e r e d  HCl (bottom  p a n e l)  ap p ea rs  B o ltzm a n n -lik e , w ith  a  r o t a t i o n a l  

" te m p e ra tu re "  somewhat in  ex ce ss  o f  th e  s u r fa c e  te m p e ra tu re  o f  300 K, 

b ased  on a com parison  w ith  th e  s t a t i c  gas spectrum  ( to p  p a n e l ) .  The f a c t  

t h a t  th e  f i n a l  r o t a t i o n a l  te m p era tu re  does n o t  e q u a l th e  s u r fa c e  tem per­

a tu r e  s u g g e s ts  t h a t  th e  s c a t t e r in g  p ro ceed s v i a  a d i r e c t  r a t h e r  th a n  a 

t r a p p in g /d e s o r p t io n  mechanism. Boltzmann p lo t s  o f  th e  e x p e rim e n ta l f i n a l  

s t a t e  d i s t r i b u t i o n s  f o r  s e v e r a l  in c id e n t  e n e rg ie s  o f  m otion  norm al to  

th e  s u r fa c e  a re  p re s e n te d  in  F ig u re  7. The f a c t  t h a t  th e se  a re
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F ig u re  6 . Com parison o f  MPI s p e c tr a  fo r  HCl in  a  300 K s t a t i c  gas ( to p  
p a n e l ) , a  ty p ic a l  in c id e n t m o lecu la r beam (m iddle p a n e l ) , and 
s c a t t e r e d  from  a  300 K A u ( ll l )  s u r fa c e  (low er p a n e l ) . The 
f ig u r e  i s  ta k e n  d i r e c t l y  from re fe re n c e  1 .
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ROTATIONAL QUANTUM NUMBER (J) 
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HCI-Au ( 1 1 1 )  
$i = Oi = 4 5 °  
T8 = 3 0 0 K

1 0

V

• •  En = 1 4 .2  k c a l /m o l e  

•  •

1 0

= 9 .0  k c a l /m o l e

1 0  -

En = 2 .4  k c a l / m o l e

X X X X
O 5 0 0  1 0 0 0  1 5 0 0  2 0 0 0  2 5 0 0
ROTATIONAL ENERGY (cm -1)

F ig u re  7 . E x p erim en ta l r o t a t i o n a l  Boltzm ann p lo t s  f o r  HCl s c a t t e r e d  from 
A u ( l l l ) ,  f o r  s e v e ra l  in c id e n t  k in e t i c  e n e rg ie s  o f  norm al 
m otion . The f ig u re  i s  ta k e n  d i r e c t l y  from re fe re n c e  1.



87

r e l a t i v e l y  l i n e a r  r e f l e c t s  th e  resem blance o f  th e  d i s t r i b u t i o n s  to  

Boltzm ann d i s t r i b u t i o n s .  I n  l i g h t  o f  th e  c a l c u la t io n s  to  b e  d is c u s s e d  

l a t e r  i n  th e  c h a p te r ,  i t  i s  i n t e r e s t i n g  to  n o te  t h a t  a  s l i g h t  peak  a t  

-  0 , w hich e v in c e s  a  z e ro -e n e rg y  r o t a t i o n a l  ra inbow , ap p e a rs  in  th e

Boltzm ann p lo t s  a t  Ê , -  9 .0  k c a l/m o le  (390 meV) and a t  Ê , -  14 .2  

k c a l/m o le  (616 meV), b u t  n o t  a t  a l l  a t  Ê , -  2 .4  k c a l/m o le  (104 meV). At 

h ig h e r  v a lu e s  o f  th e  Boltzm ann p lo t s  show a  v e ry  f a i n t  sh o u ld e r , 

w hich may in d ic a te  th e  p re se n c e  o f  a  r o t a t i o n a l  ra inbow  a t  nonzero  r o t a ­

t i o n a l  en e rg y .

A p l o t  o f  th e  e x p e rim e n ta l av erag e  f i n a l  r o t a t i o n a l  en erg y  o f  th e  

s c a t t e r e d  HCl v e rs u s  th e  in c id e n t  k in e t i c  en ergy  o f  norm al m otion  i s  

p re s e n te d  in  F ig u re  8 . The g raph  shows th a t  th e  deg ree  o f  r o t a t i o n a l  

e x c i t a t i o n  depends l i n e a r l y  on th e  in c id e n t  en ergy  o f  norm al m otion ; th e  

s lo p e  o f  th e  le a s t - s q u a r e s  l i n e  o b ta in e d  from  th e  d a ta  i s  0 .0 8 , in d ic a ­

t i n g  t h a t  ab o u t 8 % o f  th e  in c id e n t  t r a n s l a t i o n a l  en ergy  i s  c o n v e rte d  to  

r o t a t i o n a l  en ergy  in  th e  s c a t t e r in g  p ro c e s s .  A lso , th e  r o t a t i o n a l  e x c i ­

t a t i o n  i s  in d ep en d en t o f  th e  energy  o f  m otion  t a n g e n t ia l  to  th e  s u r fa c e ,  

s in c e  F ig u re  8  i n d ic a te s  t h a t  ex p erim en ts  conducted  w ith  th e  same norm al 

en ergy  b u t  d i f f e r e n t  t a n g e n t i a l  e n e rg ie s  ( d i f f e r e n t  in c id e n c e  a n g le s )  

y ie ld e d  e s s e n t i a l l y  th e  same v a lu e  f o r  th e  mean r o t a t i o n a l  en e rg y . T his 

r e s u l t  in d ic a te s  t h a t  th e  s u r fa c e  i s  r e l a t i v e l y  f l a t ,  s in c e  ta n g e n t ia l  

m otion  i s  u n a f fe c te d  by a c o l l i s i o n  w ith  a  f l a t  s u r f a c e .  Thus th e  f l a t -  

s u r f a c e  ap p ro x im atio n  u sed  in  th e se  c a l c u la t io n s  would ap p ea r to  be 

a c c e p ta b le  f o r  t h i s  c a s e .  A nother im p o rta n t p ie c e  o f  in fo rm a tio n  which 

one can  e x t r a c t  from  F ig u re  8  i s  an e s t im a te  o f  th e  av e rag e  w e ll  dep th  

o f  th e  g a s - s u r fa c e  i n t e r a c t i o n  p o t e n t i a l .  To do t h i s ,  one assum es (by
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F ig u re  8 . E x p e rim en ta l dependence o f  th e  a v e ra g e  f i n a l  r o t a t i o n a l  en e rg y  o f  s c a t ­
t e r e d  HCl on th e  in c id e n t  en e rg y  o f  norm al m o tio n . The f ig u r e  i s  ta k e n  
d i r e c t l y  from  r e f e r e n c e  1 .
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F ig u re  9 . E xp erim en ta l dependence o f  th e  t r a n s l a t i o n a l  en ergy  o f  s c a t ­
te r e d  HCl on th e  in c id e n t  t r a n s l a t i o n a l  en e rg y . The f ig u r e  i s  
ta k e n  d i r e c t l y  from re f e r e n c e  1 .
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an a lo g y  to  th e  ca se  o f  a  sq u a re -w e ll  p o t e n t i a l )  t h a t  th e  m olecule 

s t r i k e s  th e  s u r fa c e  w ith  an  en ergy  e q u a l to  th e  sum o f  th e  in c id e n t

t r a n s l a t i o n a l  energy  and th e  w e ll  d ep th . T h is  su g g e s ts  t h a t  th e  v a lu e  o f

<Er > where ET «= 0  ( i . e .  th e  y - in t e r c e p t  o f  th e  l e a s t - s q u a r e s  l i n e  in  

F ig u re  8 ) i s  8 % o f  th e  w e ll d ep th , b ased  on th e  s lo p e  o f  th e  l e a s t -

sq u a re s  l i n e  i n  F ig u re  8 . The v a lu e  o f  th e  w e ll d ep th  o b ta in e d  by t h i s

p ro ced u re  i s  5 k c a l/m o le  (217 meV). A p l o t  o f  th e  f i n a l  t r a n s l a t i o n a l  

en erg y  o f  m o lecu les  s c a t t e r e d  in to  -  3 a s  a  fu n c t io n  o f  th e  in c id e n t  

t r a n s l a t i o n a l  energy  i s  shown in  F ig u re  9. As n o te d  on th e  f ig u r e ,  th e  

g raph  in d ic a te s  t h a t ,  to  w ith in  ± 2 0 %, th e  f i n a l  t r a n s l a t i o n a l  energy  i s  

th e  same as  th e  in c id e n t  en e rg y . T h is s u g g e s ts  t h a t  o n ly  a  sm a ll amount 

o f  t r a n s l a t i o n a l  energy  i s  t r a n s f e r r e d  to  th e  s u r fa c e  l a t t i c e ,  w hich 

im p lie s  t h a t  u s in g  a  r i g id - s u r f a c e  model f o r  th e  c a lc u la t io n s  may n o t be 

a  bad  ap p ro x im atio n  f o r  t h i s  system .

B. R e s u lts  o f  O u a s ic la s s ic a l  T ra je c to ry  C a lc u la t io n s

T h is  s e c t io n  i s  dev o ted  to  a  p r e s e n ta t io n  o f  th e  r e s u l t s  o f  QCT 

c a l c u la t io n s  on th e  HCl/Au system . A f te r  an in t ro d u c to ry  d is c u s s io n  o f  

p re v io u s  s tu d ie s  on th e  s c a t t e r in g  o f  NH  ̂ from  g o ld , com putations 

in v o lv in g  th e  SP, WP and AP p o t e n t i a l s ,  r e s p e c t iv e ly ,  a re  d e sc r ib e d  in  

some d e t a i l .  The d is c u s s io n  f o r  each  p o te n t i a l  s t a r t s  by e x p la in in g  how 

f e a tu r e s  i n  th e  c a lc u la te d  p r o b a b i l i t y  d i s t r i b u t i o n s  a t  v a r io u s  in c id e n t  

e n e rg ie s  a r e  r e l a t e d  to  th e  i n t e r a c t io n  p o t e n t i a l ;  th e n  th e  computed 

Boltzm ann and av erag e  f i n a l  r o t a t i o n a l  energy  p lo t s  f o r  t h a t  p o te n t i a l  

a r e  compared to  th e  e x p e rim e n ta l ones g iv e n  in  F ig u re s  7 and 8 .



91

1. Ammonia/Gold S c a t te r in g

In  t h e i r  e x p e rim e n ta l s tu d y  o f  ammonia s c a t t e r i n g  from  g o ld , Kay and

76cow orkers o b serv ed  a  z e ro -e n e rg y  r o t a t i o n a l  ra inbow , t h a t  i s ,  a  la rg e  

p r o b a b i l i t y  f o r  s c a t t e r in g  in to  s t a t e s  o f  low r o t a t i o n a l  en erg y . They 

a l s o  found  a  dynamic p ro p e n s ity  f o r  s c a t t e r in g  in to  r o t a t i o n a l  s t a t e s  

w ith  low v a lu e s  o f  th e  K quantum number; such  s t a t e s  co rre sp o n d  to  

e n d -o v e r-e n d  tum b ling  m otion  o f  th e  ammonia m o lecu le . To q u a l i t a t i v e l y  

e x p la in  th e s e  r e s u l t s ,  C o l t r in  and K a y ^  em ployed a  g a s - s u r fa c e  i n t e r ­

a c t io n  p o t e n t i a l  c o n ta in in g  a  lo n g -ra n g e  a n i s o t r o p ic  te rm , p lu s  s h o r t -  

ran g e  a tom ic  p o t e n t i a l s  (e x p o n e n tia l  r e p u ls io n s  f o r  th e  H atom s and a 

m o d ifie d  Morse f o r  th e  N atom) d e s ig n e d  to  e n su re  t h a t  th e  p o te n t i a l

minimum o c c u rre d  w ith  th e  n i t r o g e n  end c l o s e s t  to  th e  s u r fa c e  and th e

m o le c u la r  symmetry a x is  p e rp e n d ic u la r  to  th e  s u r f a c e .  The r e s u l t in g

t r a j e c t o r y  c a l c u la t io n s  showed th a t  th e  lo n g -ra n g e  a n is o tro p y  s e rv e s  to  

o r i e n t  th e  m o lecu le  w ith  i t s  symmetry a x is  norm al to  th e  s u r f a c e ,  l e a d ­

in g  to  a  " ro ck in g "  m otion  ab o u t t h i s  o r i e n t a t i o n .  The am p litu d e  and 

p e r io d  o f  t h i s  m otion  d e c re a se  a s  th e  ammonia m o lecu le  app ro ach es  th e  

s u r f a c e ,  due to  th e  in c re a s in g  s te e p n e ss  o f  th e  ro c k in g  p o t e n t i a l ,  so 

t h a t  i t  im pacts  th e  r e p u ls iv e  w a ll in  an  e s s e n t i a l l y  p e rp e n d ic u la r  

a lig n m e n t. S in ce  by  symmetry such  a  c o l l i s i o n  can  e x e r t  no to rq u e  around 

th e  c e n te r  o f  m ass, th e  m olecu le  le a v e s  th e  s u r fa c e  w ith o u t b e in g  

r o t a t i o n a l l y  e x c i te d  by th e  c o l l i s i o n .  Thus, f o r  a  la r g e  p e rc e n ta g e  o f  

i n i t i a l  o r i e n t a t i o n s  ( in c r e a s in g ly  la r g e  as th e  t r a n s l a t i o n a l  energy  

d e c re a s e s ) ,  m o lecu les  a re  s c a t t e r e d  in to  s t a t e s  o f  low r o t a t i o n a l  

en e rg y , w hich le a d s  to  th e  e x p e r im e n ta lly -o b s e rv e d  z e ro -e n e rg y
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r o t a t i o n a l  rainbow . The m a jo r i ty  o f  th e  o th e r  i n i t i a l  o r i e n t a t i o n s ,  

w h ile  ly in g  so f a r  away from  th e  norm al t h a t  th e r e  i s  n o t  enough tim e 

f o r  th e  m o lecu le  to  be  a l ig n e d  c o m p le te ly , a r e  a l s o  s u f f i c i e n t l y  

a f f e c t e d  by  th e  lo n g -ra n g e  a n iso tro p y  to  c r e a te  th e  o b se rv ed  p ro p e n s ity  

f o r  p r e f e r e n t i a l  s c a t t e r i n g  in to  tum bling  r o t a t i o n a l  s t a t e s .

L ike ammonia, HCl has  a  "hydrogen end" and an  " e le c t r o n - r ic h "  end.

Hence i t  was th o u g h t t h a t ,  a s  in  th e  ammonia c a s e ,  a  p o t e n t i a l  h av in g  a

lo n g -ra n g e  a n is o tro p y  and fo r c in g  th e  m o lecu le  to  o r i e n t  i t s e l f  norm al

to  th e  s u r fa c e  a t  th e  minimum, w ith  th e  e l e c t r o n - r i c h  ( c h lo r in e )  end

down, w ould a d e q u a te ly  d e s c r ib e  th e  H C l-gold  i n t e r a c t i o n .  Thus th e

" s t r o n g ly  p e rp e n d ic u la r"  (SP) p o t e n t i a l  d is c u s s e d  in  C h ap te r I I I  was

d ev e lo p ed , by  an a lo g y  w ith  re fe re n c e  75, as  an i n i t i a l  a tte m p t to  model

th e  i n t e r a c t i o n  p o t e n t i a l .  I t  was a n t i c ip a te d  t h a t  u s in g  t h i s  p o t e n t i a l

f u n c t io n  to  govern  th e  s c a t t e r in g  w ould, by an a lo g y  to  th e  ammonia c a s e ,

p roduce  a  z e ro -e n e rg y  rainbow  due to  o r i e n t a t i o n  o f  th e  HCl m olecu le  by

th e  lo n g -ra n g e  a n i s o t r o p ic  p o t e n t i a l .  However, i t  was a ls o  ex p e c te d  th a t

a  peak  w ould ap p ea r i n  th e  p r o b a b i l i t y  d i s t r i b u t i o n  a t  some h ig h  v a lu e

o f  th e  r o t a t i o n a l  quantum number, s in c e  th e  s h o r t- r a n g e  o r i e n t a t i o n a l

fo r c e s  w ould cau se  th e  m o lecu le  to  f l i p  over i f  i t  approached  w ith  th e

hydrogen  end p o in t in g  tow ard th e  s u r f a c e .  T h is  b e h a v io r  was o b se rv ed  in

th e  c a l c u la t io n s  by M uhlhausen e t  a l .  on th e  s c a t t e r i n g  o f  NO from

p la tin u m  and s i l v e r ,  i n  w hich a  s im i la r  g a s - s u r fa c e  p o t e n t i a l  was 

8 6u se d . Such a  h ig h -e n e rg y  f e a tu r e  d id  n o t ap p ea r i n  th e  ammonia c a s e , 

due to  th e  f a c t  t h a t  th e  hydrogen  atoms in  NH  ̂ do n o t  l i e  on th e  sym­

m etry  a x i s .  The r e p u ls iv e  in t e r a c t io n s  o f  th e se  o f f - a x i s  H atom s p re v e n t 

th e  ammonia m o lecu le  from  f l i p p in g  o v e r , so  t h a t  lo w -to rq u e
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c o n f ig u ra t io n s  a re  o b ta in e d  in  th e  ca se  o f  NH  ̂ s c a t t e r i n g  r e g a r d le s s  o f  

w hich end o f  th e  ap p ro ach in g  m olecu le  i s  p o in te d  tow ard  th e  s u r f a c e .  As 

th e  d is c u s s io n  in  th e  rem ainder o f  S e c tio n  B w i l l  d e m o n s tra te , th e  f a c t  

t h a t  no such  b a r r i e r  to  r e o r i e n t a t i o n  betw een 0 - 0 ° and 6 -  180° e x i s t s  

in  th e  HCl ca se  p la y s  an im p o rta n t r o l e  in  th e  s c a t t e r i n g  dynam ics, a t  

l e a s t  f o r  th e  p o t e n t i a l s  u sed  in  t h i s  work. F i r s t  to  be  c o n s id e re d  a re  

th e  r e s u l t s  o f  c a lc u la t io n s  u s in g  th e  SP p o t e n t i a l ,  f o r  w hich th e  NH^/Au 

work j u s t  d is c u s s e d  se rv e d  a s  a s t a r t i n g  p o in t .

2 . C a lc u la t io n s  U sing th e  SP P o te n t ia l

F ig u re  10 p r e s e n ts  f i n a l  r o t a t i o n a l  s t a t e  d i s t r i b u t i o n s  computed 

u s in g  th e  SP p o t e n t i a l  a t  v a r io u s  in c id e n t  e n e rg ie s .  As n o te d  in  S e c tio n  

B o f  C h ap te r I I I ,  th e  i n i t i a l  r o t a t i o n a l  quantum number f o r  th e s e  c a l ­

c u la t io n s  (a s  w e ll a s  th o se  d is c u s s e d  below  in v o lv in g  th e  WP and AP 

p o te n t i a l s )  was -  0 . The SP d i s t r i b u t i o n s  l a r g e ly  b e a r  o u t th e  ex p ec­

t a t i o n s  m entioned  in  th e  p re v io u s  p a ra g ra p h . The p ro m in en t f e a tu r e s  o f  

th e  d i s t r i b u t i o n s  a r e :  a  peak  a t  low r o t a t i o n a l  en e rg y  ( e i t h e r  a t  -  0  

o r  sp re a d  among th e  f i r s t  few r o t a t i o n a l  s t a t e s ) ; a  peak  a t  h ig h e r  r o t a ­

t i o n a l  en e rg y ; and a  h ig h  r o t a t i o n a l  en erg y  " t a i l "  o f  s p a r s e ly  p o p u la te d  

s t a t e s .  The dynam ical o r ig in  o f  th e se  f e a tu r e s  i s  d is c u s s e d  in  th e  f o l ­

low ing  p a ra g ra p h s . To f a c i l i t a t e  th e  a n a ly s i s ,  th e  c o rre sp o n d in g  e x c i t a ­

t i o n  fu n c t io n s ,  w hich show th e  q u a s ic l a s s i c a l  f i n a l  r o t a t i o n a l  "quantum 

number" a s  a  f u n c t io n  o f  th e  i n i t i a l  o r i e n t a t i o n  a n g le  6 a re  g iv en  

in  F ig u re  11.
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The la rg e  peak  a t  -  0 in  th e  d i s t r i b u t i o n s  c o rre sp o n d s  to  a  z e ro -  

en erg y  r o t a t i o n a l  ra inbow . As m entioned  in  C hap ter 1, rainbow s occu r 

w henever th e  e x c i t a t i o n  fu n c t io n  has  an  extremum; th e  z e ro -e n e rg y  r a i n ­

bow a r i s e s  when th e  extremum i s  a  minimum h av in g  th e  v a lu e  -  0 . As 

F ig u re  11 in d i c a te s ,  th e  e x c i t a t i o n  fu n c t io n s  do have such  minima a t  0^ 

-  0 ° , and , ex c e p t f o r  Ê , -  1 eV, th e  r o t a t i o n a l  e x c i t a t i o n  rem ains v e ry

sm a ll f o r  a  la rg e  ran g e  o f  6^ n e a r  0 ° . (As in  C h ap te r I I I ,  0 - 0 °  means 

t h a t  th e  c h lo r in e  end p o in ts  d i r e c t l y  tow ard  th e  s u r f a c e . )  The dynam ical 

o r ig i n  o f  th e  z e ro -e n e rg y  ra inbow  l i e s  in  th e  lo n g -ra n g e  and s h o r t- ra n g e  

o r ie n t in g  f o r c e s ,  w hich a l ig n  m o lecu les  h av in g  sm a ll 8^ so  t h a t  th e y  

s t r i k e  th e  s u r fa c e  n e a r ly  p e rp e n d ic u la r ly  w ith  th e  c h lo r in e  end down. 

Such c o l l i s i o n s  im p a rt o n ly  a  sm a ll to rq u e  to  th e  d ia tom , as  th e  c o n to u r 

p l o t  o f  th e  SP p o t e n t i a l  shows (see  F ig u re  3, i n  C hap ter I I I ) ,  le a d in g  

to  sm a ll r o t a t i o n a l  e x c i ta t io n . .

As th e  in c id e n t  energy  in c r e a s e s ,  th e  range  o f  i n i t i a l  o r i e n t a t i o n  

a n g le s  n e a r  0° w hich le a d s  to  e l a s t i c  s c a t t e r i n g  grows s m a l le r .  Thus, 

f o r  Ê , -  100 meV, th e  -  0 f e a tu r e  i s  due a lm o st e n t i r e l y  (90%) to  

t r a j e c t o r i e s  h av in g  8^ betw een 0°and 80°. For Ê , -  350 meV, th e  c o r r e ­

spond ing  ran g e  i s  8  ̂ l e s s  th a n  4 9 ° , and a t  1 eV i t  s h r in k s  to  8  ̂ l e s s  

th a n  23°. Two f a c to r s  c o n t r ib u te  to  t h i s  e f f e c t .  One o f  th e s e  i s  t h a t  as 

th e  v e lo c i ty  o f  th e  d ia tom  in c re a s e s ,  th e  o r i e n t a t i o n a l  f o r c e s  have l e s s  

tim e to  tu r n  th e  m olecu le  tow ard  th e  lo w -to rq u e  c o n f ig u ra t io n .  Second, 

f o r  a  g iv e n  a n iso tro p y  ab o u t th e  c e n te r  o f  mass o f  th e  m o lecu le , an 

im pact a t  h ig h e r  v e lo c i ty  c r e a te s  more to rq u e , w hich le a d s  to  h ig h e r  

e x c i t a t i o n .  The o v e r a l l  r e s u l t  i s  th a t  th e  a n g le  ran g e  t h a t  c o n tr ib u te d  

to  e l a s t i c  s c a t t e r in g  a t  ET -  100 meV p ro d u ces  s c a t t e r i n g  in to  th e  f i r s t
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few r o t a t i o n a l  s t a t e s  a t  h ig h e r  v a lu e s  o f  E^. T h is  i s  e a s i l y  seen  by 

com paring th e  0 ° ^  8^ <  80° p o r t io n  o f  th e  e x c i t a t i o n  f u n c t io n s ,  o r  by 

lo o k in g  a t  th e  lo w -J^  p a r t  o f  th e  r o t a t i o n a l  d i s t r i b u t i o n s .  A t Ê , -  350 

meV, f o r  exam ple, 8 6 % o f  th e  peak  a t  2 a r i s e s  from  t r a j e c t o r i e s

h av in g  i n i t i a l  o r i e n t a t i o n s  betw een 0° and 82°, w h ile  a t  -  1 eV th e  

0° to  80° ran g e  p ro v id e s  72% o f  th e  peak  a t  < 3.

B esid es  th e  a lig n m en t tow ard  lo w -to rq u e  c o n f ig u r a t io n s ,  th e r e  i s  

a n o th e r  dynam ical e f f e c t  t h a t  c o n t r ib u te s  to  low r o t a t i o n a l  e x c i t a t io n  

f o r  t h i s  i n t e r a c t i o n  p o t e n t i a l .  T h is  i s  th e  damping o f  r o t a t i o n a l  

e x c i t a t i o n  o f  th e  m o lecu le  by th e  s tro n g  s h o r t- r a n g e  o r i e n t a t i o n a l  f o r ­

c e s  as  th e  m o lecu le  le a v e s  th e  s u r fa c e  a f t e r  th e  c o l l i s i o n .  B ecause th e  

p o t e n t i a l  energy  in c re a s e s  so r a p id ly  as  $ goes from  0 ° to  180° (se e  

F ig u re  3 ) ,  m o lecu les  t h a t  a r e  e x c i te d  by th e  c o l l i s i o n  w ith  th e  s u r fa c e  

can  in  many c a se s  lo s e  a lm o st a l l  o f  t h e i r  r o t a t i o n a l  energ y  as  th e y  

r o t a t e  tow ard  h ig h e r  8 w h ile  th e  m olecu le  le a v e s  th e  s u r f a c e .  T h is  i s  an 

exam ple o f  th e  c a n c e l l a t io n  o f  th e  a n i s o t r o p ie s  o f  th e  a t t r a c t i v e  and

r e p u ls iv e  p a r t s  o f  th e  in t e r a c t io n  p o t e n t i a l ,  w hich h as  been  o bserved

34 41p re v io u s ly  in  c lo s e -c o u p lin g  and sudden c a l c u la t io n s .  ’ In  acco rd  

w ith  th e  p re v io u s  work, th e  d eg ree  o f  c a n c e l l a t io n  depends on th e  c o l ­

l i s i o n  en e rg y ; nowhere i s  th e  b e h a v io r  more e v id e n t  th a n  in  th e  -  700 

meV c a s e . I n  a d d i t io n  to  th e  -  0 minimum f o r  8^ n e a r  0 ° , th e  e x c i t a ­

t i o n  fu n c t io n  f o r  t h i s  en ergy  shows a n o th e r  b ro ad  minimum f o r  th e  range  

104° ^  8^ £  135°, due to  damping by th e  s h o r t- r a n g e  fo rc e s  o f  th e  i n t e r ­

a c t io n  p o t e n t i a l .  No such  minimum ap p ea rs  in  th e  Ê , -  350 meV e x c i t a t io n  

fu n c t io n ;  a t  1 eV c o l l i s i o n  en ergy  th e  minimum i s  much n a rro w e r. Only 

42% o f  th e  la rg e  -  0 peak  a t  ET -  700 meV comes from  lo w -to rq u e
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c o l l i s i o n s  ( i n i t i a l  8 l e s s  th a n  5 0 ° ) ; t r a j e c t o r i e s  e x p e r ie n c in g  th e  

damping e f f e c t  c o n t r ib u te  57% to  t h i s  p eak . (The f a c t  t h a t  th e  damped 

t r a j e c t o r i e s  make a  l a r g e r  c o n t r ib u t io n ,  even though th e y  come from a 

n a rro w er ran g e  o f  i n i t i a l  a n g le s ,  i s  due to  th e  s i n 0  w e ig h tin g  o f  th e  

i n i t i a l  o r i e n t a t i o n s  in  th e  Monte C arlo  s e l e c t i o n  p r o c e s s .)

The peaks a t  h ig h e r  v a lu e s  o f  in  th e  d i s t r i b u t i o n s  o f  F ig u re  10 

( i n  p a r t i c u l a r ,  -  5 a t  -  100 meV, -  7 a t  E j -  350 meV and -  

9 a t  E j -  1 eV) a re  rainbow  peaks w hich a r i s e  n o t  from  an i n t e r a c t io n  

w ith  th e  r e p u ls iv e  p a r t  o f  th e  p o t e n t i a l ,  b u t  r a th e r  from  r o t a t i o n a l  

e x c i t a t i o n  o f  th e  HCl m o lecu le  by th e  s h o r t- r a n g e  o r ie n t in g  fo rc e s  as 

th e  m o lecu le  le a v e s  th e  s u r f a c e .  In  th e se  c a s e s ,  th e  d e t a i l s  o f  th e  t r a ­

j e c t o r y  b e fo re  and d u rin g  th e  c o l l i s i o n  w ith  th e  s u r fa c e  a re  such  th a t  

th e  m o lecu le  s to p s  r o t a t i n g  w h ile  s t i l l  c lo s e  enough to  th e  s u r fa c e  t h a t  

th e  s h o r t- r a n g e  f o r c e s  can  im p a rt to  i t  s i g n i f i c a n t  r o t a t i o n a l  e x c i t a ­

t i o n  a s  i t  r e c e d e s .  T r a j e c to r i e s  e x h ib i t in g  t h i s  b e h a v io r  c o n t r ib u te  

8 6 %, 97% and 98%, r e s p e c t iv e ly ,  to  th e  th r e e  peaks l i s t e d  a t  th e  s t a r t  

o f  t h i s  p a ra g ra p h . I t  sh o u ld  a l s o  be n o te d  t h a t  th e  ran g e  o f  8^ p ro d u ­

c in g  th e  -  7 p eak  a t  -  350 meV (114° to  147°) i s  n e a r ly  tw ice  as  

la rg e  a s  t h a t  c o n t r ib u t in g  to  -  5 a t  E^ -  100 meV (101° to  119°) o r  

to  J f  -  9 a t  ET -  1 eV (90° to  1 0 7 °), w h ile  th e  a c tu a l  number o f  t r a ­

j e c t o r i e s  i s  o n ly  g r e a t e r  by a b o u t 40 p e rc e n t .  A gain , t h i s  r e f l e c t s  th e  

s in #  w e ig h tin g  o f  th e  i n i t i a l  o r i e n t a t i o n  a n g le s .  The peak  a t  -  3 and 

4 in  th e  E^ -  700 meV r o t a t i o n a l  d i s t r i b u t i o n  i s  due p r im a r i ly  to  two 

c o n t r ib u t io n s ,  w hich c o rre sp o n d  to  th e  two humps in  th e  E^ -  700 meV 

e x c i t a t i o n  fu n c t io n  betw een 8  ̂ -  50° and 8^ -  105°. The le f tm o s t  o f  

th e s e  humps, w hich a c c o u n ts  f o r  50% o f  th e  s c a t t e r i n g  in to  -  3 and 4 ,
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l i e s  i n  w hat h a s  e a r l i e r  b een  r e f e r r e d  to  a s  th e  lo w -to rq u e  regim e ( 0 ^ 

8 0 ° ) ; th e  r ig h t - h a n d  hump, w hich c o n t r ib u te s  42%, i s  in  th e  same range 

o f  ^  (betw een 85° and 98°) from  w hich th e  rainbow  peaks j u s t  d e s c r ib e d  

f o r  th e  o th e r  c o l l i s i o n  e n e rg ie s  o r ig in a te .  The f a c t  t h a t  th e  rainbow  

due to  r o t a t i o n a l  e x c i t a t i o n  by  th e  s h o r t- r a n g e  fo r c e s  o c c u rs  in  t h i s  

in s ta n c e  a t  such  a  sm a ll v a lu e  o f  (com m ensurate w ith  th e  lo w -to rq u e  

e x c i t a t io n )  i s  a n o th e r  m a n if e s ta t io n  o f  th e  g r e a te r  deg ree  to  which th e  

a n i s o t r o p ie s  c a n c e l a t  t h i s  c o l l i s i o n  en erg y .

The rem a in in g  o u ts ta n d in g  f e a tu r e  o f  th e  d i s t r i b u t i o n s  in  F ig u re  10

i s  th e  " t a i l "  o f  s p a r s e ly  p o p u la te d  r o t a t i o n a l  s t a t e s  o f  h ig h  energy .

T r a j e c to r i e s  en d ing  up in  th e s e  f i n a l  r o t a t i o n a l  s t a t e s  b e g in  w ith  th e

HCl m o lecu le  o r ie n te d  such t h a t  th e  hydrogen  end i s  p o in te d  a lm ost

d i r e c t l y  tow ard  th e  s u r fa c e  ( i n i t i a l  0 g r e a te r  th a n  143, 167, 150 and

162 d eg ree s  a t  E ,̂ -  100, 350, 700 and 1000 meV, r e s p e c t iv e l y ) .  These

m o lecu le s  a r e  r o t a t e d  tow ard , o r  i n  some c a s e s ,  p a s t  0  -  180° by th e

lo n g -ra n g e  o r ie n t in g  f o r c e s ,  u n t i l  th e  m o lecu le  i s  ab o u t 4 A from th e

s u r f a c e .  A t t h i s  p o in t  th e  s h o r t- r a n g e  fo rc e s  ta k e  o v e r , r o t a t i n g  th e

d ia tom  s t r o n g ly  tow ard  th e  c h lo rin e -en d -d o w n  a rran g em en t. However, th e

r e s u l t i n g  r o t a t i o n  i s  so f a s t  t h a t  a f t e r  th e  0 - 0  p o in t  h as  been  p assed

th e  s h o r t- r a n g e  fo r c e s  can n o t s to p  th e  r o t a t i o n  c o m p le te ly . Thus th e

hydrogen  end o f  th e  m o lecu le  h as  a  s tro n g  r e p u ls iv e  in t e r a c t io n  w ith  th e

s u r f a c e ,  w hich sen d s i t  r o t a t i n g  th e  o th e r  d i r e c t i o n  tow ard  a n o th e r

62h a rd -w a ll  i n t e r a c t i o n .  T h is  k in d  o f  m otion  i s  c a l l e d  " c h a t t e r in g " .  As 

th e  m o le c u la r  c e n te r  o f  mass ap p roaches and le a v e s  th e  s u r f a c e ,  th e  

m o lecu le  may e x p e r ie n c e  th r e e  o r  more such  c h a t t e r in g  c o l l i s i o n s .  The 

f i n a l  a n g u la r  momentum im p arted  to  a  m o lecu le  w hich c h a t t e r s  i s  v e ry
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s e n s i t i v e  to  th e  i n i t i a l  o r i e n t a t i o n ,  as  ev id en ced  by th e  co m p lica ted

s t r u c t u r e  (many ex trem a) o f  th e  e x c i t a t i o n  fu n c tio n s  in  F ig u re  11 fo r

th e  a p p ro p r ia te  ran g e  o f  a n g le s .  S im ila r  e x c i t a t io n  fu n c tio n s  w ere c a l -

62c u la te d  by P o la n y i and Wolf f o r  H F /su rface  s c a t t e r in g  u s in g  a  model

r e p u ls iv e  p o t e n t i a l .  The ex trem a in  th e  e x c i t a t io n  fu n c t io n ,  which

produce s i n g u l a r i t i e s  i n  th e  p r o b a b i l i t y  d i s t r i b u t i o n ,  a cco u n t f o r  th e

peaks i n  th e  t a i l  o f  h ig h - J ^  s t a t e s ,  such  as -  12 a t  Ê , -  700 meV and

-  16 a t  E,j, -  1 eV. O v e ra ll ,  th e  s t a t e s  a r i s i n g  from th e  c h a t te r in g

b e h a v io r  a r e  s p a r s e ly  p o p u la te d , s in c e  th e  c o rre sp o n d in g  t r a j e c t o r i e s

a r e  l e s s  p ro b a b le  due to  th e  sinfl w e ig h tin g  o f  i n i t i a l  o r i e n t a t i o n s .  I t

i s  e v id e n t  t h a t  th e  m u l t ip le  en c o u n te rs  w ith  th e  s u r fa c e  u l t im a te ly

l i m i t  th e  amount o f  r o t a t i o n a l  e x c i t a t io n  w hich can  be o b ta in e d  f o r  th e

SP p o t e n t i a l ,  s in c e  th e  h ig h e s t  r o t a t i o n a l  s t a t e  p o p u la te d  i s  low er th a n

t h a t  a llo w ed  by en e rg y  c o n s e rv a t io n  a t  each  o f  th e  c o l l i s i o n  e n e rg ie s

u sed  h e re  e x c e p t th e  lo w e s t, 100 meV. A t t h i s  en ergy  th e  s c a t t e r in g  in to

-  7 and 8  i s  due to  c h a t te r in g  c o l l i s i o n s .  The peak  a t  -  7 i s  due

to  th e  " p la te a u "  a t  144° ^  6  ̂ < 163° i n  th e  Ê , -  100 meV e x c i t a t io n

fu n c t io n .  The p o p u la t io n  in  -  8  i s  reduced  r e l a t i v e  to  -  7 due to  

61 62a  t r a p p in g  c u to f f .  ’ In  t h i s  c a s e , th e  diatom  a c q u ire s  so much r o t a ­

t i o n a l  en erg y  d u rin g  th e  c o l l i s i o n  t h a t  n o t  enough i s  l e f t  i n  t r a n s l a ­

t i o n  to  e scap e  th e  p o t e n t i a l  w e ll .  The m o lecu le  i s  te m p o ra r ily  tra p p e d  

in  th e  w e ll  u n t i l  a  su b seq u en t i n t e r a c t io n  w ith  th e  s u r fa c e  t r a n s f e r s  

enough en erg y  back  in to  t r a n s l a t i o n  th a t  th e  m olecu le  can  escap e . The 

n e t  r e s u l t  o f  t h i s  r o ta t i o n a l  tra p p in g  i s  to  c o n v e r t th e  h ig h e s t  

s t a t e  in to  a  random d i s t r i b u t i o n  o f  r o t a t i o n a l  s t a t e s  whose average  

i s  s m a l le r .  The p o r t io n s  o f  th e  e x c i t a t io n  fu n c tio n  where th e  cu rve  i s
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b ro k en  c o rre sp o n d  to  th e  0  ̂ r e g io n s  le a d in g  to  r o t a t i o n a l  tr a p p in g  (130°

< 0 , 140° and B. £  1 7 3 °).
1  x '

In  o rd e r  to  d is c o v e r  how im p o rta n t th e  lo n g -ran g e  o r i e n t a t i o n a l  f o r ­

c e s  a re  i n  th e s e  c a l c u la t io n s ,  s e t s  o f  t r a j e c t o r i e s  were ru n  a t  th e  same 

in c id e n t  e n e rg ie s  a s  above, w ith  th e  a n is o tro p y  c o n s ta n t  E in  th e  lo n g - 

ran g e  te rm  o f  th e  p o t e n t i a l ,  e q u a tio n  (3 .1 5 ) ,  s e t  to  z e ro . The r e s u l t a n t  

p r o b a b i l i t y  d i s t r i b u t i o n s  a re  p re s e n te d  in  F ig u re  12. A t th e  h ig h e r  

in c id e n t  e n e rg ie s ,  700 meV and 1 eV, th e  d i s t r i b u t io n s  a re  e s s e n t i a l l y  

th e  same a s  th o se  in  F ig u re  10. The m ajor f e a tu r e s  a r e  lo c a te d  in  th e

same p la c e s ,  w ith  d i f f e r e n c e s  o n ly  in  th e  r e l a t i v e  h e ig h ts  o f  p eak s . For

exam ple, a t  Ê , -  1 eV, th e  s c a t t e r in g  in to  -  0 d rops by 40 p e rc e n t ,

and th e  low -energy  peak  i s  a t  -  2 in s te a d  o f  -  3; a t  -  700 meV,

th e  -  0 peak  lo s e s  some i n t e n s i t y  to  -  1 and 2 , w h ile  -  4 grows 

a t  th e  expense o f  -  3. A t th e  low er in c id e n t  e n e rg ie s ,  e s p e c ia l ly  a t  

100 meV, th e  changes a re  more p ronounced , which i s  n o t  s u r p r i s in g  s in c e  

a t  th e  low er v e l o c i t i e s  th e  lo n g -ra n g e  fo rc e s  have more tim e to  e x e r t  

t h e i r  in f lu e n c e  on th e  m o lecu le . A t Ê , -  350 meV, th e  m ost n o t ic e a b le  

changes a f t e r  tu rn in g  o f f  th e  lo n g -ra n g e  a n iso tro p y  a re  t h a t  th e  p o p u la ­

t i o n  o f  th e  -  1  s t a t e  grows a t  th e  expense o f  th o se  a t  0  and 2 , and

t h a t  th e  peak  a t  -  7 sp re a d s  o u t among -  5 th ro u g h  7. A t E^ -  100

meV, s i g n i f i c a n t  changes o c c u r. Over h a l f  o f  th e  t r a j e c t o r i e s  from th e  

lo w -to rq u e  o r i e n t a t i o n  range w hich gave e l a s t i c  s c a t t e r in g  in  th e  p r e s ­

ence o f  th e  a n is o tro p y  c o n t r ib u te  to  -  1  in  i t s  ab sen ce ; a l s o ,  o ver

h a l f  o f  th e  o r i e n t a t i o n s  t h a t  c o n t r ib u te d  to  th e  peak  a t  -  5 now le a d

to  t r a j e c t o r i e s  e x p e r ie n c in g  damping by th e  s h o r t- r a n g e  f o r c e s ,  which 

y i e l d  -  0 . The la rg e  peak a t  -  4 w ith o u t th e  lo n g -ra n g e  fo rc e s
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comes m o s tly  from  th e  ran g e  o f  o r i e n t a t i o n s  t h a t  fo rm e rly  y ie ld e d  th e  

peak  a t  -  7. A c o n s i s te n t  theme u n d e r ly in g  a l l  th e s e  changes i s  t h a t  

th e  s c a t t e r i n g  in to  s t a t e s  b o th  a t  -  0  and a t  th e  h ig h e s t  v a lu e s  o f  

d e c re a se  in  fa v o r  o f  s c a t t e r in g  in to  s t a t e s  h a v in g  in te rm e d ia te  

v a lu e s .  T h is  i s  e a s i l y  e x p la in e d  by th e  f a c t  t h a t  th e  lo n g -ra n g e  a n i s o ­

tro p y  r o t a t e s  th e  HCl m olecu le  tow ard  norm al a lig n m e n ts  (6 -  0 o r  1 8 0 °), 

w hich le a d  to  th e  p ro d u c tio n  o f  th e  lo w e s t o r  h ig h e s t  f i n a l  r o t a t i o n a l  

s t a t e s .  S im ila r  o b s e rv a tio n s  were made by C o l t r in  and K a y ^  in  t h e i r  

s tu d y  o f  am m onia/gold s c a t t e r in g .

Boltzm ann p l o t s  f o r  th e  r o t a t i o n a l  d i s t r i b u t i o n s  c a lc u la te d  u s in g  

th e  SP p o t e n t i a l  a re  p re s e n te d  in  F ig u re  13. A com parison  o f  th e s e  w ith  

th e  e x p e rim e n ta l ones i n  F ig u re  7 c l e a r l y  d e m o n stra te s  t h a t  th e  SP p o ­

t e n t i a l  does n o t  a c c u ra te ly  r e f l e c t  th e  t r u e  p o t e n t i a l .  The numerous 

f e a tu r e s  i n  th e  c a lc u la te d  p lo t s  a re  a b s e n t in  th e  e x p e rim e n ta l p l o t s ,  

and th e  v a r i a t i o n  o f  th e  c a lc u la te d  p o p u la t io n s  a s  th e  r o t a t i o n a l  energy  

i s  in c re a s e d  c o v e rs  tw ice  as  many o rd e rs  o f  m agnitude a s  t h a t  f o r  th e  

e x p e rim e n ta l r e s u l t s .  F ig u re  14 c o n ta in s  a  p l o t  o f  th e  av e rag e  f i n a l  

r o t a t i o n a l  en erg y  o f  th e  SP d i s t r i b u t i o n s  v e r s u s  th e  in c id e n t  energ y . 

The s lo p e  o f  th e  l e a s t - s q u a r e s  l i n e  d e s c r ib in g  th e  c a l c u la te d  r e s u l t s  

h a s  a s lo p e  o f  0 .0 1 6 , compared to  0 .0 8  f o r  th e  s lo p e  o f  th e  e x p e rim e n ta l 

f i t .  T h is  r e f l e c t s  an  o v e re s tim a tio n  o f  e l a s t i c  and n e a r ly  e l a s t i c  s c a t ­

t e r i n g  by  th e  SP p o t e n t i a l ,  compared to  th e  a c tu a l  g a s - s u r fa c e  i n t e r a c ­

t i o n .
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sq u a re s  f i t  to  th e  e x p e r im e n ta l d a ta  from  F ig u re  8 .
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3. C a lc u la t io n s  U sing  th e  WP P o te n t ia l

S in ce  th e  p o t e n t i a l  i n i t i a l l y  chosen  to  r e p r e s e n t  th e  H C l-gold 

i n t e r a c t i o n  d id  n o t  y i e ld  r e s u l t s  i n  acco rdance  w ith  th e  ex p e rim en ta l 

d a ta ,  a  second  one was developed  and t e s t e d .  T h is  i s  th e  "w eakly p e rp e n ­

d ic u la r "  (WP) p o t e n t i a l .  Because th e  s h o r t- r a n g e  fo rc e s  seemed to  p la y  

th e  dom inant r o l e  in  th e  SP c a s e , t h i s  was th e  p a r t  o f  th e  in t e r a c t io n  

p o t e n t i a l  w hich was changed. As d is c u s s e d  in  C hap ter I I I ,  th e  m agnitude 

and e x te n t  o f  th e  s h o r t- r a n g e  o r ie n t in g  fo rc e s  has  been  g r e a t ly  reduced  

in  th e  WP p o t e n t i a l  compared to  th e  SP, and th e  a n is o tro p y  o f  th e  

r e p u ls iv e  w a ll  i s  much l e s s .  The f i n a l  r o t a t i o n a l  s t a t e  d i s t r i b u t io n s  

r e s u l t i n g  from  th e  WP p o t e n t i a l  a re  p re s e n te d  in  F ig u re  15, and F ig u re  

16 c o n ta in s  th e  co rre sp o n d in g  e x c i t a t io n  fu n c t io n s .  The m ost s t r i k i n g  

f e a tu r e s  o f  th e  d i s t r i b u t i o n s  in  F ig u re  15 a re  th e  p rom inen t -  0

peaks t h a t  ap p ea r a t  th e  low er two in c id e n t  e n e rg ie s ,  and th e  r e l a t i v e  

sm oothness o f  th e  d i s t r i b u t i o n s ,  p a r t i c u l a r l y  f o r  c o l l i s i o n  e n e rg ie s  

above 100 meV. These c h a r a c t e r i s t i c s  a re  d is c u s s e d  in  th e  fo llo w in g  

p a ra g ra p h s .

For E,j, -  100 and 350 meV, th e re  i s  a peak  a t  -  0 , co rresp o n d in g  

to  a z e ro -e n e rg y  r o t a t i o n a l  rainbow . As in d ic a te d  by th e  e x c i ta t io n  

fu n c tio n s  f o r  th e s e  in c id e n t  e n e rg ie s ,  th e  peak  in  th e  -  100 meV

d i s t r i b u t i o n  i s  due e n t i r e l y  to  i n i t i a l  o r ie n t a t i o n s  h av in g  0^ ^  84°, 

w h ile  a t  E^ -  350 meV i t  comes from th e  ran g e  0^ < 53°. A t th e  h ig h e r  

in c id e n t  e n e rg ie s ,  th e  peak  in  th e  p r o b a b i l i t y  d i s t r i b u t i o n  a t  -  0  

h a s  d is a p p e a re d , b u t  th e  e x c i t a t io n  fu n c tio n s  do show th a t  d J ^ /d 0^ -  0

a t  0 ^ - 0 ° ,  in d i c a t in g  th e  p re se n c e  o f  a  rainbow . T h is  i s  m a n ife s te d  by
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th e  peaks a t  -  0 in  th e  Boltzm ann p lo t s  a t  th e s e  e n e rg ie s ,  shown in  

F ig u re  17. The o r ie n t a t i o n s  c o n t r ib u t in g  to  -  0 s c a t t e r i n g  a t  Ê , -  

700 meV and 1 eV a re  th o se  h av in g  0^ l e s s  th a n  26° and 19°, r e s p e c ­

t i v e l y .  The re a so n s  t h a t  th e  range  o f  o r i e n t a t i o n s  le a d in g  to  e l a s t i c  

s c a t t e r i n g  s t e a d i ly  d e c re a se s  as th e  in c id e n t  en ergy  in c re a s e s  a re  th e  

same a s  f o r  th e  SP c a l c u la t io n s :  o r ie n t in g  fo rc e s  have l e s s  tim e to  work 

a s  th e  in c id e n t  en ergy  in c r e a s e s ,  and more to rq u e  i s  e x e r te d  a t  h ig h e r  

c o l l i s i o n  e n e rg ie s  f o r  a  g iv e n  a n iso tro p y .

The d e c re a se d  s t r e n g th  and range  o f  th e  s h o r t- r a n g e  o r ie n t in g  fo rc e s  

i n  th e  WP p o t e n t i a l  m a n ife s t  th em se lv es  by th e  r e l a t i v e  sm oothness o f  

th e  f i n a l  s t a t e  d i s t r i b u t i o n s ;  a b s e n t a r e  th e  a b ru p t peaks a t  h ig h e r

v a lu e s  o f  w hich appea red  in  th e  SP c a s e . Those sh a rp  f e a tu r e s  a ro se

in  th e  p re v io u s  c a lc u la t io n s  b ecau se  o f  th e  com peting te n d e n c ie s  o f  th e  

s t ro n g  s h o r t- r a n g e  fo rc e s  o f  th e  SP p o t e n t i a l  to  damp and e x c i te  r o t a ­

t i o n .  In  th e  p r e s e n t  c a l c u la t io n s ,  how ever, th e  w eaker s h o r t- r a n g e  

fo r c e s  c o n t r ib u te  o n ly  to  r o t a t i o n a l  e x c i t a t io n ,  f o r  t r a j e c t o r i e s  h av in g  

i n i t i a l  o r i e n t a t i o n  an g le s  g r e a t e r  th a n  th e  c u to f f  f o r  s c a t t e r i n g  in to  

-  0 . T h is  o c c u rs  b ecau se  o u ts id e  o f  th e  -  0 ra n g e , th e  s h o r t- r a n g e  

f o r c e s ,  w hich a c t  l e s s  s t r o n g ly  o v er a s h o r te r  d is ta n c e  th a n  in  th e  

p re v io u s  c a s e , c an n o t sp in  th e  m olecu le  a l l  th e  way to  6 -  0  d eg rees  

b e fo re  i t  c o l l i d e s  w ith  th e  s u r f a c e .  C o n sequen tly , n o t  o n ly  does th e  

d ia tom  s t r i k e  th e  r e p u ls iv e  w a ll w ith  a  geom etry t h a t  e x c i te s  r o t a t i o n  

tow ard  th e  no rm al, b u t  i t  c o n tin u e s  to  be r o ta t e d  tow ard 0 -  0  by th e  

s h o r t- r a n g e  fo r c e s  as i t  re c e d e s  from th e  s u r fa c e  (se e  th e  c o n to u r  p lo t  

o f  th e  WP p o t e n t i a l ,  F ig u re  4 , in  C hap ter I I I ) .  Even i f  th e  m olecu le

p a s s e s  th e  p e rp e n d ic u la r  c o n f ig u ra t io n  a f t e r  th e  im p ac t, th e  n e t  e f f e c t
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o f  th e  s h o r t- r a n g e  fo rc e s  i s  to  enhance any r o t a t i o n a l  e x c i t a t io n  c r e ­

a te d  by th e  c o l l i s i o n  w ith  th e  h a rd  w a ll .  The c o n t r ib u t io n s  to  r o t a ­

t i o n a l  e x c i t a t i o n  c r e a te d  by th e  o r i e n t a t i o n a l  fo r c e s  and by th e  im pact 

w ith  th e  r e p u ls iv e  w a ll  b o th  in c re a s e  u n ifo rm ly  a s  th e  i n i t i a l  o r i e n t a ­

t i o n  in c r e a s e s ,  f o r  a l l  th e  in c id e n c e  e n e rg ie s  u se d  ex c e p t 100 meV; th e  

shapes  o f  th e  e x c i t a t i o n  fu n c tio n s  f o r  th e s e  e n e rg ie s  r e f l e c t  t h i s  f a c t .  

The r e s u l t  o f  t h i s  u n ifo rm  b e h a v io r  i s  a  r e l a t i v e l y  smooth v a r i a t i o n  o f  

th e  d i s t r i b u t i o n  o f  f i n a l  J  s t a t e s .  The maxima a t  in te rm e d ia te  J  v a lu e s  

a r e  due b o th  to  th e  d e v ia t io n s  o f  th e  e x c i t a t i o n  fu n c t io n s  from  l i n e a r ­

i t y  and to  th e  f a c t  t h a t  th e se  s t a t e s  a re  p roduced  from t r a j e c t o r i e s  

h a v in g  i n i t i a l  o r ie n t a t i o n s  n e a r  8 -  90°, where sinfl i s  l a r g e s t .

The c o n s id e r a t io n s  o f  th e  p re v io u s  p a rag rap h  ap p ly  in  g e n e ra l to  th e  

-  100 meV c a se , a lth o u g h  m a tte r s  a re  c o m p lica ted  somewhat by th e  

s t ro n g e r  in f lu e n c e  o f  th e  o r ie n t in g  fo rc e s  a t  t h i s  en e rg y , a s  w e ll  as  by 

th e  f a c t  t h a t  t r a j e c t o r i e s  s t a r t i n g  w ith  8  ̂ g r e a te r  th a n  ab o u t 130° a re  

r o t a t e d  p a s t  8 -  180° by th e  lo n g -ran g e  o r ie n t in g  f o r c e s .  The more p ro ­

nounced s t r u c t u r e  in  th e  Ê , -  100 meV e x c i t a t i o n  f u n c t io n  r e s u l t s  from 

t h i s  added co m p lex ity . The two ex trem a in  th e  e x c i t a t i o n  fu n c tio n  

betw een  8^ -  90° and 8^ -  120°, which c o n t r ib u te  to  th e  peak  in  th e  d i s ­

t r i b u t i o n  a t  -  4 and 5 , a r i s e  from com peting e x c i t a t i o n  and damping 

o f  r o t a t i o n  a s  th e  m olecu le  le a v e s  th e  s u r f a c e .  The s t r u c t u r e  o f  th e  

e x c i t a t i o n  fu n c t io n  f o r  8  ̂ ;> 1 2 0 ° i s  due to  th e  e f f e c t  o f  th e  lo n g -ran g e  

o r ie n t in g  fo rc e s  o f  th e  p o t e n t i a l .  As m entioned  above, th e  s h o r t- ra n g e  

fo rc e s  o f  th e  WP p o t e n t i a l  p roduce r o t a t i o n a l  e x c i t a t i o n ,  th e  m agnitude 

o f  w hich depends on th e  o r i e n t a t i o n  o f  th e  d ia tom  when th e s e  fo rc e s  

become dom inant ( a t  ro u g h ly  4 A above th e  s u r f a c e ) . As ^  in c re a s e s  from
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1 2 0 ° , th e  lo n g -ra n g e  fo rc e s  have r o ta t e d  th e  m o lecu le  to  n e a r  8 -  180° 

by  th e  tim e i t  re a c h e s  4 A, so t h a t  th e  r o t a t i o n a l  e x c i t a t i o n  in c re a s e s  

d r a m a t ic a l ly ,  f i n a l l y  le a d in g  to  r o t a t i o n a l  t r a p p in g .  As 8^ c o n tin u e s  to  

in c re a s e ,  d e c re a se s  to  a  minimum v a lu e  ( a t  8  ̂ -  1 4 8 °), s in c e  th e  

m o lecu le  r o t a t e s  p a s t  8 -  180° on app ro ach , and h a s  some s m a lle r  v a lu e  

o f  $ when i t  re a c h e s  4 A. F in a l ly ,  as  8^ ap p roaches 180°, th e  o r ie n t in g  

fo rc e s  a t  long  range  become v e ry  weak, so  t h a t  a g a in  th e  m olecu le  h as  8 

n e a re r  to  180° a t  4 A, and th e  r o t a t i o n a l  e x c i t a t i o n  in c r e a s e s .  The 

la rg e  p o p u la tio n  in  -  6  i s  due to  th e  minimum a t  ^  -  148°; th e  

p o p u la t io n  in  -  8  i s  c u t  o f f  by th e  r o t a t i o n a l  t r a p p in g ,  as  i t  was 

f o r  th e  SP p o te n t i a l  a t  Ê , -  100 meV.

Comparing th e  Boltzm ann p lo t s  f o r  th e  WP p o t e n t i a l ,  in  F ig u re  17,

w ith  th e  e x p e rim e n ta l r e s u l t s  from  F ig u re  7 shows a  few s i m i l a r i t i e s ,

p a r t i c u l a r l y  betw een th e  ET -  700 meV p l o t  in  F ig u re  17 and th e  ET -

14 .2  k c a l/m o le  (616 meV) p l o t  in  F ig u re  7 . These a r e  b o th  r e l a t i v e l y

l i n e a r  a t  h ig h e r  r o t a t i o n a l  en erg y , and show a  sm a ll p eak  n e a r  -  0 .

A lso , th e  WP r e s u l t  shows ab o u t th e  same number o f  p o p u la te d  s t a t e s

(J  -  16) as  th e  ex p erim en t (J  -  1 5 ). However, th e  s lo p e  o f  th e  m&x max

c a lc u la te d  p l o t  i s  g r e a te r  i n  m agnitude th a n  th e  e x p e rim e n ta l one, i n d i ­

c a t in g  t h a t  th e  o v e r a l l  r o t a t i o n a l  e x c i t a t i o n  i s  n o t  as  g r e a t  f o r  th e  

c a lc u la te d  d i s t r i b u t i o n .  T h is  i s  c o n s i s te n t  w ith  th e  f a c t  t h a t  th e  p lo t  

o f  th e  av erag e  f i n a l  r o t a t i o n a l  energy  v e rs u s  in c id e n t  en ergy  f o r  th e  WP 

p o t e n t i a l ,  g iv e n  in  F ig u re  18, shows t h a t  t h i s  i n t e r a c t i o n  g e n e ra lly  

u n d e re s tim a te s  th e  r o t a o t a t i o n a l  e x c i t a t io n  p roduced  by h ig h e r  c o l l i s i o n  

e n e rg ie s .  E xam ination  o f  th e  c o n to u rs  o f  th e  WP p o t e n t i a l  in  F ig u re  4 

shows t h a t  t h i s  u n d e re s tim a tio n  o ccu rs  b ecau se  th e  r e p u ls iv e  w a ll
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becomes more i s o t r o p i c  as th e  energy  in c re a s e s .

Boltzm ann p lo t s  f o r  th e  low er in c id e n t  e n e rg ie s  a re  l e s s  s im i la r  to  

th e  e x p e rim e n ta l r e s u l t s ,  m ost n o ta b ly  in  th e  la r g e  z e ro -e n e rg y  peak  

w hich ap p e a rs  in  th e  c a lc u la te d  p lo t s  b u t  n o t  th e  e x p e rim e n ta l o nes. 

B oth th e  SP and WP p o t e n t i a l s ,  f o r  which th e  e q u il ib r iu m  geom etry has 

th e  m o lecu le  norm al to  th e  s u r fa c e  w ith  th e  c h lo r in e  end down, p r e d ic t  

t h a t  th e  z e ro -e n e rg y  peak  sh o u ld  in c re a s e  as  th e  c o l l i s i o n  energy  

d e c re a s e s ;  th e  same o b s e rv a tio n  was made in  th e  ca se  o f  NH^/gold s c a t ­

te r i n g .^ ^  In  each  o f  th e se  c a s e s ,  t h i s  b e h a v io r  o ccu rs  b ecau se  th e  

fo rc e s  w hich o r i e n t  th e  m o lecu le  in to  th e  lo w -to rq u e  p e rp e n d ic u la r  

c o n f ig u ra t io n s  become more i n f l u e n t i a l  a s  th e  c o l l i s i o n  energy  

d e c re a s e s .  The f a c t  t h a t  th e  m agnitude o f  th e  z e ro -e n e rg y  peak  in  th e  

e x p e rim e n ta l r e s u l t s  f o r  HC1 d e c re a se s  as  th e  c o l l i s i o n  energ y  d e c re a se s  

su g g e s ts  t h a t  th e  t r u e  p o t e n t i a l  may be one in  w hich th e  e q u i lib r iu m  

geom etry i s  n o t th e  lo w -to rq u e  norm al o r i e n t a t i o n .  To t e s t  t h i s  

p o s s i b i l i t y ,  th e  "a lm o st p a r a l l e l "  (AP) p o t e n t i a l  was developed  and 

a p p l ie d  in  t r a j e c t o r y  c a l c u la t io n s .

4 . C a lc u la t io n s  U sing th e  AP P o te n t ia l

P r o b a b i l i ty  d i s t r i b u t i o n s  and e x c i t a t i o n  fu n c tio n s  c a lc u la te d  u s in g  

th e  AP p o t e n t i a l  a r e  shown in  F ig u re s  19 and 20. For th e  th r e e  e n e rg ie s  

350 meV, 700 meV and 1 eV th e  d i s t r i b u t i o n s  a r e  rem arkab ly  s im i la r .  Each 

h as  a s l i g h t  peak a t  -  0 , a  l a r g e r  f e a tu r e  a t  low and a  la rg e  peak  

a t  h ig h  J ^ .  The q u a l i t a t i v e  s i m i l a r i t y  o f  th e  e x c i t a t i o n  fu n c tio n s  f o r  

th e s e  th r e e  in c id e n t  e n e rg ie s  in d ic a te s  t h a t  th e  dynam ical o r ig in  o f
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F ig u re  19. F in a l  r o t a t i o n a l  s t a t e  p r o b a b i l i t y  d i s t r i b u t i o n s  c a lc u la te d  
u s in g  th e  AP p o te n t i a l .
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each  o f  th e s e  f e a tu r e s  i s  th e  same in  each  c a se . The dynam ics a t  -

100 meV, w h ile  s im i la r  in  some ways to  t h a t  a t  th e  h ig h e r  e n e rg ie s ,  i s  

a g a in  co m p lic a te d  by th e  in c re a s e d  e f f e c t s  o f  th e  a t t r a c t i v e  p o r t io n  o f  

th e  p o t e n t i a l .  In  th e  fo llo w in g  d is c u s s io n ,  th e  b e h a v io r  o f  th e  h ig h e r  

en ergy  s c a t t e r i n g  w i l l  be c o n s id e re d  f i r s t ,  th e n  t h a t  a t  Ê , -  100 meV.

For c o l l i s i o n  e n e rg ie s  g r e a t e r  th a n  o r  eq u a l to  350 meV, th e  s l i g h t  

peak  in  th e  d i s t r i b u t i o n s  a t  -  0  r e f l e c t s ,  a s  b e fo re ,  a  z e ro -e n e rg y  

r o t a t i o n a l  ra inbow  a t  0 ̂  -  0 ° . The e x c i t a t io n  fu n c tio n s  show t h a t  th e  

l a r g e s t  c o n t r ib u t io n  (82% on av erag e) to  th e  p o p u la tio n  in  -  0  i s  due 

to  t r a j e c t o r i e s  h a v in g  0^ <  21°. As seen  in  th e  c o n to u r p l o t  i n  F ig u re  

5, th e  AP p o t e n t i a l  in  t h i s  r e g io n  i s  a lm o st co m p le te ly  in d ep en d en t o f  

an g le  ( th e  c o n to u r  l i n e s  a r e  p a r a l l e l  to  th e  6 a x i s ) .  Thus, in  th e se  

t r a j e c t o r i e s  th e  m o lecu les  e x p e rie n c e  e s s e n t i a l l y  no to rq u e , and a re  n o t 

r o t a t i o n a l l y  e x c i te d .

The s t r u c tu r e d  hump a t  21° <  0 ̂  <  60° i n  th e  e x c i t a t io n  fu n c tio n s  

f o r  each  o f  th e s e  c o l l i s i o n  e n e rg ie s  cau ses  th e  rainbow  f e a tu r e  in  th e  

p r o b a b i l i t y  d i s t r i b u t i o n s  a t  low r o t a t i o n a l  energy  ( J ^  -  4 ,5 ,6 ) .  T h is 

hump i s  due to  th e  a t t r a c t i v e  p a r t  o f  th e  p o t e n t i a l ,  a s  ev id en ced  by th e  

f a c t  t h a t  th e  same r o t a t i o n a l  e x c i t a t io n  i s  o b ta in e d  f o r  th e  d i f f e r e n t  

in c id e n t  e n e rg ie s .  As 6  ̂ in c re a s e s  from 21°, th e  m o lecu le  re c e iv e s  a 

sm a ll amount o f  r o t a t i o n a l  e x c i t a t i o n  as  i t  approaches th e  s u r fa c e ,  

b ecau se  th e  p o t e n t i a l  r o t a t e s  i t  tow ard la r g e r  0 a t  in te rm e d ia te  and 

s h o r t  d is ta n c e s  above th e  s u r f a c e .  S ince  th e  h a rd  w a ll i s  s t i l l  f a i r l y  

i s o t r o p i c  i n  t h i s  a n g le  ra n g e , th e  d ia tom  g a in s  e s s e n t i a l l y  no a n g u la r  

momemtum from  th e  c o l l i s i o n  w ith  th e  s u r fa c e .  As i t  re c e d e s  from th e  

s u r fa c e  i t  adds more r o t a t i o n a l  e x c i t a t io n  as  i t  p a s se s  o ver th e  d e e p e s t
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p a r t  o£ th e  p o t e n t i a l  w e ll .  The maximum c l a s s i c a l  a c q u ire d  by th e  HC1 

th ro u g h  t h i s  p ro c e s s  i s  ab o u t 5 .5 ; t h i s  o c c u rs  f o r  0^ — 40° a t  350 and 

700 meV in c id e n t  en erg y , and 0 ̂  -  45° f o r  1 eV. For i n i t i a l  a n g le s  

l a r g e r  th a n  th o s e  w hich le a d  to  th e  maximum, th e  m o lecu le  r e c e iv e s  

enough a n g u la r  momentum th a t  i t  s p in s  p a s t  180° w h ile  s t i l l  c lo s e  enough 

to  th e  s u r fa c e  t h a t  th e  d eep e r p a r t  o f  th e  p o t e n t i a l  w e ll b e g in s  to  slow  

th e  r o t a t i o n .  The sh o u ld e r  on th e  hump in  th e  e x c i t a t i o n  fu n c tio n s  as  

0^ app ro ach es  60° o ccu rs  b ecau se  th e  m o lecu les  b e g in  to  f e e l  th e  

a n is o tro p y  o f  th e  r e p u ls iv e  p a r t  o f  th e  p o t e n t i a l .  For t r a j e c t o r i e s  

h av in g  0  ̂ -  58°, 61° and 64° a t  350 meV, 700 meV and 1 eV, r e s p e c t iv e ly ,  

th e  ap p ro ach in g  d ia tom  i s  spun around by th e  o r ie n t in g  fo r c e s  o f  th e  

p o t e n t i a l  f a r  enough th a t  i t  s t r i k e s  th e  r e p u ls iv e  w a ll  w ith  0 * 1 0 0 °. 

A t t h i s  o r i e n t a t i o n ,  th e  a n is o tro p y  o f  th e  r e p u ls iv e  w a ll  i s  s u f f i c i e n t  

to  im p art a  to rq u e  in  th e  d i r e c t io n  o p p o s ite  to  th e  r o t a t i o n  o f  th e  

m o lecu le  w hich i s  s t ro n g  enough to  s to p  th e  r o t a t i o n .  Thus a  sm a ll range 

o f  i n i t i a l  o r i e n t a t i o n s  n e a r  60° fo r  each  o f  th e s e  in c id e n t  e n e rg ie s  

y ie ld s  e l a s t i c  s c a t t e r in g ;  t h i s  c o n t r ib u t io n  makes up th e  r e s t  o f  th e  

p eak  a t  -  0 .

The rainbow  peak  a t  h ig h  in  th e  d i s t r i b u t i o n s  f o r  ET -  350 meV 

and above i s  cau sed  by t r a j e c t o r i e s  h av in g  i n i t i a l  o r i e n t a t i o n  an g le s  

g r e a t e r  th a n  th e  ran g e  n e a r  60° which le a d s  to  e l a s t i c  s c a t t e r i n g .  These 

t r a j e c t o r i e s  le a d  to  r e l a t i v e l y  h ig h  r o t a t i o n a l  e x c i t a t i o n  b ecau se  th e  

HC1 m olecu le  s t r i k e s  th e  s u r fa c e  w ith  th e  hydrogen  end down, t h a t  i s ,  

w ith  o r i e n t a t i o n s  f o r  which th e  r e p u ls iv e  w a ll o f  th e  p o t e n t i a l  i s  m ost 

a n i s o t r o p ic  a c c o rd in g  to  F ig u re  5. The shape o f  e x c i t a t i o n  fu n c t io n s  f o r  

^  60° b e a r s  a  s tro n g  q u a l i t a t i v e  resem blance to  t h a t  f o r  0^ ;> 1 2 0 ° in



119

th e  Et  -  100 meV SP e x c i t a t i o n  fu n c t io n  (s e e  F ig u re  1 6 ); i t  h as  a  b ro ad  

minimum betw een  two narrow  maxima. I n  th e  SP c a s e , t h i s  shape was due to  

how th e  lo n g -ra n g e  fo r c e s  had  o r ie n te d  th e  m o lecu le  a t  th e  p o in t  where 

th e  s h o r t - r a n g e  o r ie n t in g  fo r c e s  ta k e  e f f e c t .  For th e  AP p o t e n t i a l ,  th e  

s t r u c t u r e  i s  d e te rm in e d  by how th e  lo n g - and s h o r t- r a n g e  o r ie n t in g  

f o r c e s  (b o th  o f  w hich r o t a t e  th e  HC1 tow ard  8 -  180°) have o r ie n te d  th e  

m o lecu le  by th e  tim e  i t  s t r i k e s  th e  r e p u ls iv e  w a l l .  Thus, a s  8^ in c r e a s ­

e s  from  6 0 ° , th e  m olecu le  i s  spun ab o u t on i t s  app roach  to  th e  s u r fa c e ,  

so  t h a t  i t  s t r i k e s  th e  r e p u ls iv e  w a ll w ith  h ig h e r  and h ig h e r  v a lu e s  o f  8 

and  th e r e f o r e  r e c e iv e s  in c re a s in g  am ounts o f  a n g u la r  momentum from  th e  

c o l l i s i o n .  For some i n i t i a l  o r i e n t a t i o n  range  (81°-83° a t  350 meV, 

99°-103° a t  700 meV and 113°-120° a t  1 eV ), th e  c o l l i s i o n  o ccu rs  w ith  

th e  H atom p o in te d  a lm o st d i r e c t l y  a t  th e  s u r f a c e .  These t r a j e c t o r i e s  

im p a rt th e  l a r g e s t  amount o f  a n g u la r  momentum p o s s ib le  to  th e  d iatom  and 

produce th e  l a r g e s t  v a lu e s  o f  J ^ ,  nam ely 22 a t  1 eV, 20 a t  700 meV and 

16 ( th e  en e rg y  c o n s e rv a t io n  l i m i t )  a t  350 meV in c id e n t  en e rg y . In  f a c t ,  

a t  350 meV so much r o t a t i o n  i s  e x c i te d  t h a t  r o t a t i o n a l  t r a p p in g  o c c u rs . 

P a s t  t h i s  sm a ll i n t e r v a l  le a d in g  to  th e  maximum e x c i t a t io n ,  th e  m olecu le 

on app roach  s p in s  p a s t  180° b e fo re  s t r i k i n g  th e  s u r f a c e ,  so t h a t  as  8^ 

in c r e a s e s ,  th e  H atom i s  p o in te d  l e s s  and l e s s  d i r e c t l y  tow ard  th e  s u r ­

fa c e  on im p ac t, r e s u l t i n g  in  d e c re a s in g  v a lu e s  o f  J ^ .  T h is p rod u ces  th e  

b ro ad  minimum in  th e  e x c i t a t i o n  fu n c t io n ,  w hich i s  th e  so u rc e  o f  th e  

la rg e  ra inbow  in  th e  d i s t r i b u t i o n s .  F in a l ly ,  as 8^ ap p roaches 180°, th e  

m o lecu le  b e g in s  a g a in  to  s t r i k e  th e  s u r fa c e  w ith  8 -  180°, s in c e  th e  

o r i e n t in g  fo rc e s  become w eaker. The v a lu e  o f  th e  minimum o b ta in e d  in  

t h i s  p ro c e s s  d e c re a se s  w ith  d e c re a s in g  c o l l i s i o n  en e rg y , s in c e  th e
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o r ie n t in g  fo rc e s  have more tim e to  o p e ra te  on th e  s lo w er m o lecu le s , 

p u sh in g  them f u r th e r  p a s t  180°. C onsequen tly , th e  r e s u l t i n g  rainbow  

f e a tu r e  i s  c o l l i s io n - e n e r g y  d ep enden t, and la r g e ly  d e te rm in e s  th e  

m agnitude o f  th e  mean r o t a t i o n a l  e x c i t a t i o n  a s  a  fu n c tio n  o f  c o l l i s i o n  

en e rg y . I t  sh o u ld  a ls o  be n o te d  t h a t  th e  maxima which sandw ich th e  

minimum i n  th e  e x c i t a t i o n  f u n c t io n  g iv e  r i s e  to  a  rainbow  a t  th e  h ig h e s t  

r o t a t i o n a l  s t a t e s  in  th e  d i s t r i b u t i o n ,  when Ê , -  700 meV o r  1 eV; a t  Ê ,

-  350 meV th e  tr a p p in g  c u to f f  a t  -  16 i s  c l e a r l y  e v id e n t.

The p r o b a b i l i t y  d i s t r i b u t i o n  f o r  Ê , -  100 meV ap p ea rs  v e ry  r e g u la r  

i n  sh ap e , b u t  th e  v a r io u s  f e a tu r e s  i n  i t  a r e  a  much more c o m p lica ted  

fu n c t io n  o f  th a n  th o se  in  th e  d i s t r i b u t io n s  f o r  l a r g e r  t r a n s l a t i o n a l  

en e rg y . The added co m p lex ity  o f  th e  e x c i t a t i o n  fu n c tio n  f o r  t h i s  c o l l i ­

s io n  en e rg y  i s  a  consequence o f  th e  low er v e lo c i ty  o f  th e  incom ing m ole­

c u le ,  w hich makes i t  more s t r o n g ly  in f lu e n c e d  by th e  o r i e n t a t i o n a l  

f o r c e s  o f  th e  p o t e n t i a l  w e ll  a t  b o th  lo n g  and s h o r t  ra n g e , and which 

e n a b le s  m u l t ip le  i n t e r a c t io n s  w ith  th e  h a rd  w a ll  o f  th e  p o t e n t i a l .  T his 

l a t t e r  b e h a v io r  d id  n o t  o ccu r f o r  th e  AP p o t e n t i a l  a t  th e  h ig h e r  i n c i ­

d e n t e n e rg ie s  d is c u s s e d  above. Some p a r t s  o f  th e  -  100 meV e x c i t a t io n  

f u n c t io n ,  nam ely th e  8^ «s 74° and 8^ >. 104° r e g io n s ,  a re  q u a l i t a t i v e l y  

s im i la r  to  th o se  f o r  th e  h ig h e r  e n e rg ie s ,  and g iv e  r i s e  to  th e  same f e a ­

tu r e s  i n  th e  p r o b a b i l i t y  d i s t r i b u t i o n .  The 6  ̂ < 74° ran g e  c o n ta in s  a  

lo w - e x c i ta t io n  re g io n  (8^ < 49°) which cau ses  th e  z e ro -e n e rg y  rainbow ; a  

maximum due to  e x c i t a t i o n  by th e  a t t r a c t i v e  p a r t  o f  th e  p o t e n t i a l  ( a t  6^

-  5 6 ° ) , w hich  c o n t r ib u te s  to  th e  p o p u la t io n  in  -  5; and a  sh a rp  i n ­

c re a s e  i n  th e  r o t a t i o n a l  e x c i t a t io n ,  le a d in g  to  r o t a t i o n a l  t r a p p in g .  The 

8£ > 104° p a r t  o f  th e  e x c i t a t i o n  f u n c t io n  shows a b ro a d  re g io n  o f
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d e c re a se d  e x c i t a t i o n  sandw iched by  two narrow  ran g es  o f  9^ w hich le a d  to  

r o t a t i o n a l  t r a p p in g .  A ll  o f  th e se  f e a tu r e s  have an a lo g u es  i n  th e  -

350 meV e x c i t a t i o n  fu n c tio n ,  and s im i la r  dynam ical o r ig in s .  The v a lu e  o f  

J g  in  th e  1 1 0 ° 6^ & 160° r e g io n  ran g es  betw een 4 .4  and 6 ; th u s ,  th e

la rg e  p eak  a t  h ig h  in  th e  p r o b a b i l i t y  d i s t r i b u t i o n  f o r  E ,̂ -  100 meV

r e p r e s e n ts  a  m erging o f  th e  low- and h ig h -J ^  rainbow s o b se rv ed  a t  th e  

h ig h e r  in c id e n t  e n e rg ie s .

The co m p lic a te d  s t r u c tu r e  o f  th e  Ê , -  100 meV e x c i t a t i o n  fu n c t io n

betw een th e  r o t a t i o n a l  tr a p p in g  f e a tu r e s  a t  ^  -  74° and 108°, w hich has

no analogue  a t  th e  h ig h e r  e n e rg ie s ,  a r i s e s  from m u lt ip le  e n c o u n te rs  w ith

th e  s u r f a c e .  For 9^ > 74°, so  much r o t a t i o n  i s  im p arted  to  th e  d ia tom

d u rin g  th e  i n i t i a l  c o l l i s i o n  t h a t  b e fo re  i t  moves away from  th e  su r fa c e

th e  hydrogen  end g ra z e s  th e  s u r fa c e  a g a in . The second  c o n ta c t  w ith  th e

s u r fa c e  i s  n o t  s u f f i c i e n t  to  make th e  d iatom  c h a t t e r ,  b u t  c o n v e r ts

enough r o t a t i o n  b ack  to  t r a n s l a t i o n  t h a t  i t  i s  n o t  r o t a t i o n a l l y  tra p p e d .

T h is  ty p e  o f  m u l t ip le  in t e r a c t io n ,  i n  w hich th e  d i r e c t i o n  o f  r o t a t i o n

62does n o t  change, i s  c a l l e d  " c a r tw h e e lin g " . For t r a j e c t o r i e s  w ith  i n i ­

t i a l  o r i e n t a t i o n  a n g le s  in  th e  range  74° to  108°, th e  e f f e c t s  o f  c a r t ­

w h ee lin g  c o l l i s i o n s  and e x c i t a t i o n  and damping o f  r o t a t i o n  by th e  p o te n ­

t i a l  w e ll  combine to  make th e  v a lu e  o f  a  co m p lic a te d  fu n c t io n  o f  9^, 

h av in g  v a r io u s  maxima and minima. These t r a j e c t o r i e s  c o n t r ib u te  to  s c a t ­

t e r i n g  in to  e s s e n t i a l l y  a l l  th e  p o s s ib le  v a lu e s ,  in c lu d in g  7 % o f  th e  

s c a t t e r i n g  in to  -  5 and 18% o f  th a t  in to  -  6 . C a rtw h ee lin g  and 

p o t e n t i a l  w e ll  e f f e c t s  a ls o  c o m p lica te  th e  s tu c tu r e  o f  th e  e x c i t a t io n  

f u n c t io n  in  th e  b ro a d  "minimum" a t  h ig h  9^. A t -  100 meV, t h i s  f e a ­

tu r e  i s  a c t u a l l y  composed o f  two minima and a  maximum, r a t h e r  th a n  a
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s in g le  minimum as  a t  h ig h e r  c o l l i s i o n  e n e rg ie s .

In  F ig u re  21 th e  p l o t  o f  average  f i n a l  r o t a t i o n a l  energ y  v e rs u s  

in c id e n t  en erg y  f o r  th e  AP p o t e n t i a l  i s  p re s e n te d . The t r a n s l a t i o n a l - t o - 

r o t a t i o n a l  en ergy  t r a n s f e r  i s  seen  to  be l i n e a r ,  b u t  i t s  m agnitude o f  

ro u g h ly  27% ( th e  s lo p e  o f  th e  le a s t - s q u a r e s  l i n e )  i s  c o n s id e ra b ly  la r g e r  

th a n  t h a t  o b ta in e d  from  th e  SP and AP p o te n t i a l s ,  and i s  much to o  h ig h  

com pared to  th e  e x p e rim e n ta l r e s u l t s  in  F ig u re  8 . T h is  i s  n o t  s u r p r is in g  

i n  v iew  o f  th e  maximum v a lu e s  o f  a t t a in e d  and th e  la rg e  peaks a t  h ig h  

in  each  o f  th e  d i s t r i b u t i o n s  o f  F ig u re  19. The r o t a t i o n a l  s t a t e  d i s ­

t r i b u t i o n s  c a lc u la te d  f o r  th e  AP p o t e n t i a l  a re  m arkedly  non-B oltzm ann, 

a s  th e  Boltzm ann p lo t s  in  F ig u re  22 d e m o n stra te , and b e a r  l i t t l e  

resem b lance  to  th e  e x p e rim e n ta l d i s t r i b u t i o n s .  As m entioned  a t  th e  end 

o f  th e  d is c u s s io n  on th e  WP c a l c u la t io n s ,  th e  AP p o t e n t i a l  was employed 

to  see  w h eth er th e  m agnitude o f  th e  z e ro -e n e rg y  rainbow  would be 

d e c re a se d  i f  th e  e q u i l ib r iu m  geom etry has  th e  HC1 p a r a l l e l  to  th e  

s u r f a c e .  Com parison o f  th e  AP p r o b a b i l i t y  d i s t r i b u t i o n s  i n  F ig u re  19 

w ith  th o se  i n  F ig u re s  10 and 15 shows th a t  th e  z e ro -e n e rg y  peak  a t  Ê , -  

100 meV i s  h a lv e d  i n  th e  AP r e s u l t s  com pared to  th e  o th e r s ;  how ever, th e  

peak  s t i l l  in c re a s e s  a s  th e  c o l l i s i o n  energy  d e c re a se s . F u rtherm ore , 

c o n s t r a in in g  th e  p o t e n t i a l  minimum to  o ccu r a t  a p a r a l l e l  geom etry 

in tro d u c e s  s h o r t- r a n g e  a l ig n in g  fo rc e s  w hich, f o r  la rg e  numbers o f  i n i ­

t i a l  o r i e n t a t i o n s ,  cau se  th e  HC1 to  s t r i k e  th e  s u r fa c e  w ith  th e  hydrogen 

end down, i n  th e  maximum-torque c o n f ig u ra t io n .  T h is  p ro d u ces  th e  s i g n i f ­

ic a n t  o v e re s t im a t io n  o f  th e  av erage  r o t a t i o n a l  e x c i t a t i o n  f o r  th e  AP 

p o t e n t i a l  com pared to  th e  ex p e rim e n ta l r e s u l t s .
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C. D is c u s s io n

Of th e  v a r io u s  p o t e n t i a l s  u sed  in  th e s e  c a l c u la t io n s ,  th e  w eakly 

p e rp e n d ic u la r  p o t e n t i a l  p roduced  r e s u l t s  t h a t  m ost c lo s e ly  resem bled  th e  

e x p e r im e n ta l f in d in g s  f o r  H C l/go ld  s c a t t e r in g ,  p a r t i c u l a r l y  in  th e  m axi­

mum v a lu e  o f  o b ta in e d  and in  th e  r e l a t i v e  l i n e a r i t y  o f  th e  Boltzmann 

p lo t s  a t  h ig h e r  in c id e n t  en e rg y . I f  th e  WP i n t e r a c t i o n  i s  a t  l e a s t  q u a l­

i t a t i v e l y  s im i la r  to  th e  t r u e  H C l-gold  in t e r a c t io n ,  th e n  HC1 b in d s  to  

g o ld  norm al to  th e  s u r fa c e  w ith  th e  c h lo r in e  end down a t  e q u i lib r iu m , 

and  th e  a n is o tro p y  o f  th e  p o t e n t i a l  i s  f a i r l y  weak. T h is  l a t t e r  s t a t e ­

ment im p lie s  t h a t  th e  m o lecu le  ap p ea rs  to  be  r e l a t i v e l y  s p h e r ic a l .  Such 

a  c o n c lu s io n  i s  a l s o  su g g e s te d , f o r  exam ple, by th e  p o l a r i z a b i l t y  d a ta  

f o r  HC1. The r a t i o  o f  i t s  p o l a r i z a b i l i t y  a n is o tro p y  to  i t s  o r ie n t a t i o n -

a l ly - a v e ra g e d  (b u lk ) p o l a r i z a b i l i t y  i s  o n ly  12%, com pared to  27% f o r  CO,
106

39% f o r  N2 , 48% f o r  NO and 69% f o r  Og. The p i c tu r e  o f  HC1 t h a t  em er­

ges i s  t h a t  o f  a  ro u g h ly  s p h e r ic a l  c h lo r in e  atom h av in g  a  sm a ll b l i s t e r  

c o rre sp o n d in g  to  th e  hydrogen  atom. From t h i s  p o in t  o f  v iew , th e  s h o r t ­

coming o f  th e  SP p o t e n t i a l  i s  t h a t  i t s  a n iso tro p y  i s  much to o  la r g e ,  due 

to  th e  v e ry  s tro n g  r e p u ls iv e  i n t e r a c t io n  o f  th e  hydrogen  atom  w ith  th e  

s u r f a c e  ( th e  p re -e x p o n e n t ia l  c o n s ta n t  f o r  th e  H-atom r e p u ls io n  in  th e  

SP p o t e n t i a l  i s  634 eV ).

However, as  th e  p re v io u s  s e c t io n  p o in te d  o u t,  th e  WP p o t e n t i a l  p r e ­

d i c t s  an  in c r e a s in g ly  la rg e  peak in  th e  p r o b a b i l i t y  d i s t r i b u t i o n s  a t  

-  0  a s  th e  in c id e n t  en ergy  d e c re a s e s ,  which i s  th e  o p p o s ite  o f  th e  

e x p e r im e n ta l t r e n d .  I n  f a c t ,  a l l  o f  th e  p o t e n t i a l s  u sed  in  t h i s  work, 

in c lu d in g  th e  AP p o t e n t i a l ,  g iv e  such a  r e s u l t .  T h is  o ccu rs  due to  th e
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com bined e f f e c t  o f  f o rc e s  t h a t  o r i e n t  th e  m o lecu le  tow ard  p e rp e n d ic u la r ,  

Cl-down c o l l i s i o n  g eo m etrie s  and k in e m a tic  c o n s t r a i n t s  r e s u l t i n g  from 

th e  la rg e  d i f f e r e n c e  betw een th e  m asses o f  H and C l. The o r ie n t in g  

f o r c e s ,  w hich e x i s t  a t  s h o r t  and long  ran g e  f o r  th e  WP and SP p o te n t i a l s  

and a t  lo n g  range  f o r  th e  AP c a s e , grow more i n f l u e n t i a l  as  th e  c o l l i ­

s io n  en erg y  d e c re a se s ,  so t h a t  in c re a s in g  numbers o f  t r a j e c t o r i e s  

e x p e r ie n c e  n e a r ly  end-on  c o l l i s i o n s .  I f  th e  c e n te r  o f  mass w ere a t  th e  

g eo m e tric  c e n te r  o f  th e  m o lecu le , th e se  ch lo rin e -en d -d o w n  (9 — 0 °) c o l ­

l i s i o n s  w ould p roduce  la rg e  r o t a t i o n a l  e x c i t a t io n  a b o u t th e  c e n te r  o f  

m ass. However, due to  th e  mass d i s p a r i t y ,  th e  c e n te r  o f  mass l i e s  e s s e n ­

t i a l l y  a t  th e  c h lo r in e  atom. In  t h i s  c a s e ,  th e  m o lecu le  ap p e a rs  a lm ost 

s p h e r ic a l  w ith  r e s p e c t  to  e x c i t a t io n  o f  r o t a t i o n  ab o u t th e  c e n te r  o f  

mass f o r  a  r e l a t i v e l y  la rg e  9 i n t e r v a l  n e a r  9 -  0 ° , Thus, th e  in c re a s in g  

number o f  Cl-down c o l l i s i o n s  as  Ê , d e c re a se s  c r e a te  a  l a r g e r  -  0 

peak . I f  th e  WP p o t e n t i a l  i s  q u a l i t a t i v e l y  c o r r e c t ,  some e x p la n a tio n  

m ust b e  found  f o r  th e  d e c re a s in g  m agnitude o f  th e  z e ro -e n e rg y  rainbow . A 

l i k e l y  one i s  th e  e f f e c t  t h a t  s t a t i s t i c a l  a v e ra g in g  has  on th e  f i n a l  

s t a t e  d i s t r i b u t i o n s .

The r e s u l t s  o f  a  m o lecu la r  b eam -su rface  s c a t t e r i n g  ex p erim en t in h e r ­

e n t ly  r e f l e c t  s t a t i s t i c a l  a v e ra g in g  over th e  q u a n t i t i e s  w hich l i e  beyond 

th e  c o n t r o l  o f  th e  e x p e rim e n te r . In  th e  p r e s e n t  c a s e ,  such  q u a n t i t i e s  

in c lu d e  th e  i n i t i a l  o r i e n t a t i o n  o f  th e  m o lecu le , 0 ^; th e  i n i t i a l  r o t a ­

t i o n a l  quantum number , f o r  w hich some p r o b a b i l i t y  d i s t r i b u t i o n  in  th e  

in c id e n t  beam e x i s t s ;  th e  im pact s i t e  w ith in  th e  s u r f a c e  u n i t  c e l l ,  

s in c e  th e  a c tu a l  s u r fa c e  i s  c o r ru g a te d ; and th e rm a l m o tion  o f  th e  atoms 

o f  th e  s o l i d ,  w hich in  th e  experim en t i s  n o n - r ig id  and  a t  n o n -ze ro
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te m p e ra tu re . In  th e  c a lc u la t io n s  re p o r te d  in  th e  p re c e d in g  s e c t io n ,  th e  

f i r s t  o f  th e s e ,  6 was av erag ed  u s in g  th e  Monte C arlo  p ro c e d u re , w h ile  

was n o t  av erag ed  b u t  sim ply  s e t  to  z e ro , due to  th e  p repo n d eran ce  o f  

t h i s  s t a t e  i n  th e  in c id e n t  beam. In  th e  r i g i d ,  f l a t  s u r fa c e  approxim a­

t io n ,  n e i th e r  c o r ru g a t io n  n o r s u r fa c e  m otion  were c o n s id e re d  a t  a l l ;  as 

in d ic a te d  in  S e c tio n  A, th e  e x p e rim e n ta l r e s u l t s  su g g e s t t h a t  t h i s

ap p ro x im atio n  i s  n o t  a  bad one f o r  t h i s  system . To in v e s t ig a t e  th e

e f f e c t  o f  a v e ra g in g  over th e  HC1 r o t a t i o n a l  s t a t e  d i s t r i b u t i o n  in  th e  

in c id e n t  m o le c u la r  beam, s e t s  o f  t r a j e c t o r i e s  w ere ru n  a t  v a r io u s  

in c id e n t  e n e rg ie s  u s in g  th e  WP p o te n t i a l ,  w ith  Monte C arlo  s e le c t io n  o f  

from  th e  p r o b a b i l i t y  d i s t r i b u t i o n  g iv e n  in  S e c tio n  A. The r e s u l t i n g  

f i n a l  s t a t e  d i s t r i b u t io n s  a r e  compared in  F ig u re  23 w ith  th o se  from 

F ig u re  15 f o r  th e  WP p o te n t i a l  w ith  -  0 . F ig u re  23 shows t h a t  t h i s  

a v e ra g in g  d e c re a se s  th e  s iz e  o f  th e  z e ro -e n e rg y  p eak , w h ile  le a v in g  th e  

r e s t  o f  th e  d i s t r i b u t i o n  r e l a t i v e l y  unchanged. The m agnitude o f  th e  th e  

peak  d e c re a se s  by s l i g h t l y  l a r g e r  amounts (p e rc e n ta g e -w is e )  as 

d e c re a s e s .  T h is  i s  th e  c o r r e c t  t r e n d ,  b u t  i s  f a r  to o  sm all an  e f f e c t  to  

make up th e  d isc re p a n c y  betw een th e  e x p e rim e n ta l and c a lc u la te d  r e s u l t s .

No c a lc u la t io n s  w hich in c lu d e  th e  e f f e c t s  o f  s u r fa c e  c o r ru g a t io n  and

th e rm a l m otion  o f  th e  s o l i d  have been  perfo rm ed  in  t h i s  work on HCl/Au

s c a t t e r i n g .  Based on th e  r e s u l t s  o f  p re v io u s  d ia to m -s u rfa c e  s c a t t e r in g

c a l c u la t io n s  re p o r te d  in  th e  l i t e r a t u r e ,  one m igh t conclude t h a t  th e

fo rm er o f  th e s e  would have th e  la r g e r  im pact on th e  m agnitude o f  th e

64 6 8z e ro -e n e rg y  r o t a t i o n a l  ra inbow . Bowman and P ark  ’ have shown th a t  

t r a j e c t o r i e s  p ro d u c in g  low r o t a t i o n a l  e x c i t a t io n  f o r  a  f l a t  s u r fa c e  can  

p roduce  h ig h  e x c i t a t i o n  in  th e  p re sen ce  o f  c o r ru g a t io n ,  due to  t ra p p in g
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f i l l e d - c i r c l e  r e s u l t s  had J .  chosen from th e  ex p erim en ta l 
inc iden t-beam  d i s t r i b u t io n ,  w h ile  th e  o p e n -c i r c le  r e s u l t s  had  

-  0  fo r  a l l  t r a j e c t o r i e s .



and m u l t ip le  c o l l i s i o n  e f f e c t s .  Wolf e t  a l . ^  d em o n stra ted  t h a t

s u f f i c i e n t l y  la r g e  c o r ru g a t io n  can  co m p le te ly  d e s tro y  th e  z e ro -e n e rg y

30 32 33rainbow . B ren ig  and cow orkers ’ ’ found t h a t  c o r ru g a t io n  r a th e r  th a n

s u r fa c e  v ib r a t i o n  p la y s  th e  m ajo r r o l e  i n  b ro ad en in g  rainbow  f e a tu r e s  

f o r  NO c o l l i s i o n s  w ith  th e  A g ( l l l )  s u r f a c e ,  whose c o r ru g a t io n  i s  r e l a ­

t i v e l y  sm a ll .  A lso , b o th  H u rs t e t  a l and M uhlhausen and c o w o rk e rs ^  

have p o in te d  o u t t h a t  th e  h ig h - J ^  rainbow s p roduced  by th e  r e p u ls iv e  

p a r t  o f  th e  p o t e n t i a l  a re  more s e n s i t i v e  to  th e rm a l a v e ra g in g  th a n  th e  

z e ro -e n e rg y  rainbow . I t  would be i n s t r u c t i v e  to  co n d u c t f u r th e r  

c a l c u la t io n s  w hich in c lu d e  c o r ru g a t io n  and s u r fa c e  m otion . A s im p le  way

to  do th e  fo rm er w ould be to  m u l t ip ly  th e  WP p o t e n t i a l  by a  c o r ru g a t io n

11f a c t o r  [1 + B Q(X ,Y ) ] ,  as Wolken and s e v e r a l  o th e rs  have done. The cm cm

l a t t e r  co u ld  be done, f o r  exam ple, u s in g  th e  o n e -d im en s io n a l sim p le  h a r ­

monic o s c i l l a t o r  (SHO) o r  g e n e ra liz e d  L angevin  o s c i l l a t o r  (GLO) p r e ­

s c r ip t i o n s  g iv e n  by  P o lan y i and W olf. ^



CHAPTER V
THEORY AND IMPLEMENTATION OF NO/LiF CALCULATIONS

The t h i r d  p a r t  o f  t h i s  d i s s e r t a t i o n ,  c o n s i s t in g  o f  C h ap te rs  V and

V I, d e s c r ib e s  th e  c a lc u la t io n s  done in  t h i s  work on th e  s c a t t e r i n g  o f  NO

from  L iF (O O l). These c a lc u la t io n s  employ th e  red u ced  e q u a tio n s  o f  m otion
2

(REOM) fo rm alism  developed  by D ie s t l e r  and R ile y .  T h is  th e o ry , w hich 

in c lu d e s  th e  e f f e c t s  o f  th e  m o tion  o f  a  s o l i d  in to  a  g a s - s u r fa c e  s c a t ­

t e r i n g  c a l c u la t io n  which does n o t e x p l i c i t l y  in t e g r a te  e q u a tio n s  o f  

m o tion  f o r  th e  s o l id ,  i s  in c o rp o ra te d  in to  th e  QCT p ro c e d u re  d is c u s se d  

in  C h ap te r I I  v i a  th e  v e l o c i ty  r e s e t  techn ique."*  The o b je c t  o f  t h i s  

s tu d y  i s  to  t e s t  th e  perfo rm ance o f  th e  REOM f o r  th e  ca se  o f  d iatom - 

s u r fa c e  s c a t t e r i n g .  T h is a sse ssm e n t, w hich i s  th e  to p ic  o f  C hap ter VI,

i s  made by com paring th e  REOM r e s u l t s  w ith  th o s e  o f  d e t a i l e d  s to c h a s t ic
3

t r a j e c t o r y  c a l c u la t io n s  by Lucchese and T u lly  on th e  NO/LiF system . The 

p r e s e n t  c h a p te r  d ev e lo p s  th e  th e o ry  r e q u ir e d  to  do th e  c a lc u la t io n s  and 

e x p la in s  how th e  th e o ry  was a c t u a l l y  a p p l ie d  in  th e  p r e s e n t  c a s e .  Sec­

t io n s  A and B d is c u s s  th e  th e o ry  o f  th e  REOM and o f  th e  v e l o c i ty  r e s e t  

p ro c e d u re , r e s p e c t iv e ly .  S e c t io n  C d e s c r ib e s  th e  p o t e n t i a l  energ y  s u r ­

fa c e  u se d  to  model th e  NO/LiF in t e r a c t io n .  F in a l ly ,  s e c t io n  D p re s e n ts  

th e  d e t a i l s  o f  th e  c o m p u ta tio n a l p ro c e d u re .

130
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A. D e r iv a t io n  o f  th e  Reduced E q u a tio n s  o f  M otion

In  t h i s  s e c t io n  th e  fo rm alism  i s  d e r iv e d  f o r  in c lu d in g  en erg y  t r a n s ­

f e r  betw een a  g a s-p h ase  m o lecu le  and a  s u r fa c e  in to  a  c a l c u la t io n  in  

w hich e q u a tio n s  o f  m otion  o f  th e  atoms o f  th e  s o l i d  a re  n o t  c o n s id e re d . 

T h is  i s  accom plished  by r e p la c in g  th e  f u l l  s e t  o f  EOM, w hich in v o lv e  

c o o rd in a te s  o f  b o th  th e  gas m o lecu le  and th e  s o l i d ,  w ith  a  red u ced  s e t  

c o n ta in in g  o n ly  th e  g as-m o lecu le  c o o rd in a te s .  The red u ced  e q u a tio n s  con­

t a i n  a  f r i c t i o n a l  damping te rm  w hich a c c o u n ts  f o r  th e  e f f e c t s  o f  th e  

m otion  o f  th e  s o l id .  The d is c u s s io n  in  t h i s  s e c t io n ,  w hich c lo s e ly  

fo llo w s  t h a t  g iv e n  by D ie s t l e r  and R ile y  in  r e f e r e n c e  2, i s  d iv id e d  in to  

two p a r t s .  The f i r s t  p a r t  shows how th e  s o lid -a to m  EOM a re  re p la c e d  by 

th e  damping term  in  th e  g as-m o lecu le  EOM; th e  second  p a r t  d e s c r ib e s  th e  

ap p ro x im atio n s  made to  o b ta in  th e  s im p l i f ie d  damping m a tr ix  a c tu a l ly  

u se d  in  th e  c a l c u la t io n s .

1 . D e r iv a t io n  o f  th e  Damping M a trix

The s t a r t i n g  p o in t  f o r  th e  d e r iv a t io n  i s  th e  s e t  o f  N ew ton 's eq u a­

t io n s  o f  m otion  (NEOM) f o r  th e  gas m o lecu le  and th e  s o l i d ,  w hich i s

assumed to  be  harm onic. I f  th e  m o lecu le  h a s  N. atoms and th e  s u r fa c e  N„A S

atom s, th e n  th e s e  EOM can  be e x p re s se d  in  m a tr ix  form  as

m r f i n t  f gs
-m ol -m o l’ (5 .1 a )

-harm
- s u r f (5.1b)
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In  e q u a tio n  ( 5 .1 a ) ,  £  i s  th e  column m a tr ix  c o n ta in in g  th e  3N. C a r te s ia n™ n

c o o rd in a te s  o f  th e  atoms in  th e  gas m o lecu le  ( th e  f i r s t  e lem en t b e in g  

th e  x c o o rd in a te  o f  atom 1  and th e  l a s t  e lem en t th e  z c o o rd in a te  o f  atom 

N ^ ); g  i s  th e  3N^ x 3N^ d ia g o n a l m a tr ix  o f  gas atom m asses ( th e  f i r s t  

th r e e  d ia g o n a l e lem en ts  b e in g  th e  mass o f  atom 1 , and so o n ); th e
int og

column m a tr ic e s  f  , and f °  c o n ta in  th e  C a r te s ia n  com ponents o f  th e  -m ol -m ol

fo rc e s  a c t in g  on th e  gas atom s due to  th e  i n t e r n a l  p o t e n t i a l  o f  th e

i s o l a t e d  m o lecu le , and th e  g a s - s u r fa c e  in t e r a c t io n  p o t e n t i a l ,  V^g ,

r e s p e c t iv e ly .  In  e q u a tio n  (5 .1 b ) ,  u  i s  th e  column m a tr ix  o f  th e  3Ng

C a r te s ia n  d isp la c e m e n ts  th e  atoms o f  th e  s o l id  from  t h e i r  e q u i lib r iu m

l a t t i c e  p o s i t i o n s ;  g  i s  th e  d ia g o n a l m a tr ix  o f  s u r fa c e  atom m asses; 

harm csf  - and f & _ c o n ta in  th e  fo rc e s  on th e  s o l i d  atom s due to  th e  —s u r f  - s u r f

harm onic p o t e n t i a l  o f  th e  i s o l a t e d  s o l id  and th e  g a s - s u r fa c e  in t e r a c t io n  

p o t e n t i a l ,  r e s p e c t iv e ly .  The fo rc e  on th e  atoms o f  th e  s o l i d  due to  th e  

harm onic p o t e n t i a l  i s  g iv e n  by

-harm _ ,_ 0  .
4 u r f  ‘  " i n . .  <5-2a>

i n  w hich $ i s  th e  fo r c e - c o n s ta n t  m a tr ix  (3Ng x 3Ng) o f  th e  i s o la te d  

s o l id .  The o th e r  fo rc e  m a tr ic e s  in  e q u a tio n s  (5 .1 )  a r e  found  from th e  

g r a d ie n ts  o f  th e  a p p ro p r ia te  p o t e n t i a l  fu n c t io n s :

, _ 3V. „* in t  i n t  ,
m o l, i  3 7 ^ ’ (5 *2b)

3V
fSs   SI / 5 2c)
m ol, i  3 r  ’
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av
fsurf,i “ (5.2d)

where th e  i  s u b s c r ip t  d en o tes  th e  i t h  elem en t o f  th e  c o rre sp o n d in g  

m a tr ix .

113E q u a tio n  (5 .1 b ) can  be so lv e d  u s in g  F o u r ie r  t ra n s fo rm s . Of p a r ­

t i c u l a r  i n t e r e s t  i n  t h i s  c a se  i s  th e  tra n s fo rm  betw een th e  tim e , t ,  and

th e  fre q u e n c y , w. The F o u r ie r  tra n s fo rm  F [ a ( t ) ]  o f  a  fu n c t io n  a ( t )  and 

—1 Ai t s  in v e r s e , F  [A (« )] ,  a re  f o r  th e  p u rp o ses  o f  t h i s  d e r iv a t io n  d e f in e d

- 113 by

A  P + C0

A(w) -  F [ a ( t ) ] -  a ( t )  e x p (- iw t)  d t ,  (5 .3 a )
J — m

— i A — i r+0° aa ( t )  -  F [A(w)] -  (2tt) I A(w) ex p (iw t)  d t .  (5 .3 b )
* m

(O ther d e f in i t i o n s  e x i s t  w hich d i f f e r  from (5 .3 )  in  th e  c o n s ta n t  m u lt i-

114ap ly in g  th e  i n t e g r a l  and in  th e  s ig n  o f  i  in  th e  e x p o n e n t ia l .  ) In  

w hat fo llo w s , an  u p p e r-c a se  l e t t e r  w ith  a  c a r e t  d en o tes  th e  freq u en cy  

r e p r e s e n ta t io n  o f  a  fu n c t io n .  The F o u r ie r  tra n s fo rm  o f  e q u a tio n  (5 .1 b ) 

i s

| F [ u ( t ) ]  + | F [ u ( t ) ]  -  F [ ! f u r f ( t ) ] • (5>4)

114aU sing th e  d i f f e r e n t i a t i o n  p ro p e r ty  o f  th e  F o u r ie r  tra n s fo rm  , t h i s  

becomes



where th e  s u p e r s c r ip t  and s u b s c r ip t  on th e  fo rc e  m a tr ix  have been  

dropped f o r  co n v en ien ce . To e n su re  t h a t  th e  tim e i n t e g r a l s  f o r  th e  F ou r­

i e r  tr a n s fo rm  converge and t h a t  th e  boundary  te rm s in v o lv e d  in  th e  d i f ­

f e r e n t i a t i o n  p ro p e r ty  a re  z e ro  a t  t  -  ±«, two c o n d i t io n s  a re  s p e c i f ie d :  

t h a t  u ( t )  and i t s  tim e d e r iv a t iv e  go to  z e ro  a s  t  goes to  and th a t  

th e  fre q u e n c y  v a r ia b le  w in  e q u a tio n s  (5 .3 )  h a s  a  sm a ll n e g a t i v e  

im ag in ary  p a r t  —ie .  The fo rm er in v o lv e s  th e  l i m i t  a t  t  -  -w , and th e  

l a t t e r  t h a t  a t  t  -  +». (The p h y s ic a l  s ig n i f ic a n c e  o f  th e s e  req u ire m en ts  

w i l l  b e  d is c u s s e d  b e lo w .)
A

S o lv in g  e q u a t io n  (5 .5 )  f o r  U(«) y ie ld s

A  f  *1 1  A  A  A

U(w) -  -  I a>2  M -  |  I F(w) -  — G(w) F(a>). (5 .6 )

A

G(w) i s  th e  F o u r ie r  tra n s fo rm  o f  th e  re sp o n se  fu n c t io n  (G reen 's

fu n c tio n )  f o r  th e  s o l id ,  G (t—r ) ,  w hich ap p e a rs  in  th e  fo rm al 

s o lu t i o n * ' ^ 3  o f  e q u a t io n  (5 .1 b ) ,

u ( t )  -  -  f G ( t - r )  f ( r )  d r ,  (5 .7 )
J —

where £  i s  th e  g a s - s u r fa c e  fo rc e  o f  e q u a tio n  (5 .2 d ) .  A pply ing  . th e  

c o n v o lu tio n  p ro p e r ty  o f  th e  F o u r ie r  tra n s fo rm ' * ' ' ^ 3  to  ( 5 . 6 ) ,  one o b ta in s  

( 5 . 7 ) ,  e x c e p t t h a t  th e  upper l i m i t  on th e  i n t e g r a l  i s  +® r a t h e r  th a n  t .  

The u p p e r l i m i t  i n  (5 .7 )  i s  c o r r e c t  s in c e  th e  re sp o n se  f u n c t io n  G (t—r) 

i s  z e ro  f o r  r  > t ;  o th e rw ise  th e  s o l i d  would be re sp o n d in g  to  fo rc e s



135

f ( r )  w hich have n o t  y e t  b een  a p p l ie d .  T h is  i s  a  m a n if e s ta t io n  o f  th e  

p r in c i p l e  o f  c a u s a l i t y .  To se e  t h i s  e x p l i c i t l y ,  one can  i n v e r t  e q u a tio n  

( 5 . 6 )  u s in g  (5 .3 b ) :

—•I r4̂ ” a a
u ( t )  -  (2w) I e x p (iw t)  G(w—ie )  F(w) dw. (5 .8 a )

I n  t h i s  e x p re s s io n , th e  n e g a t iv e  im ag inary  p a r t  o f  th e  freq u en cy  i s  in -
A

e lu d e d  e x p l i c i t l y  in  th e  argum ent o f  th e  re sp o n se  m a tr ix ,  b ecau se  G(w)
A

i s  n o t  w e l l -d e f in e d  a lo n g  th e  r e a l  w a x i s .  As th e  d e f i n i t i o n  o f  G(w) in

e q u a t io n  ( 5 , 6 )  shows, i t  h as  p o le s  a t  w -  w ^ ,  where i s  th e

113freq u en cy  o f  th e  i t h  norm al mode o f  th e  l a t t i c e .  The e f f e c t  o f  

in c lu d in g  —ie  i s  to  move th e s e  p o le s  o f f  th e  r e a l  a x is  in to  th e  upper  

h a l f  o f  th e  complex p la n e  ( to  w -  w ^ + i e ) , so t h a t  th e  in t e g r a t i o n  a lo n g  

th e  r e a l  a x is  i s  w e l l -d e f in e d .  By v i r t u e  o f  e q u a tio n  ( 5 . 3 a ) ,  e q u a tio n  

(5 .8 a )  becomes

r+ s 0  A f+0°
u ( t )  -  (2ff) I e x p (iw t)  £(w—ie )  I exp(—iw r) f ( r )  d r dw

• ' — CO " - K O

-  J  ^  ( 2 tt) ^ J  e x p [ iw ( t - r ) ]  G(w—ie )  dw ^  f ( r )  d r .  (5 .8 b )

The i n t e g r a l  in  b ra c e s  i n  e q u a tio n  (5 .8 b )  i s  G( t—r ) . I t  may be e v a lu a te d  

u s in g  c o n to u r  i n t e g r a t i o n .  When t —r < 0  ( i .  e . r  > t ) , th e  co n to u r can 

be c lo s e d  in  th e  low er h a l f - p la n e  [Im(w) < 0 ] ;  s in c e  th e re  a r e  no p o le s  

in  th e  low er h a l f - p l a n e ,  th e  i n t e g r a l  y ie ld s  z e ro . Thus th e  up p er l i m i t  

on th e  r  i n t e g r a t i o n  may be changed from  +« to  t ,  a s  c a u s a l i t y  r e q u i r e s .  

When t —r > 0 , th e  c o n to u r  can  be c lo s e d  in  th e  up p er h a l f - p l a n e .  S ince
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A

th e  p o le s  o f  G(w—ic )  l i e  in  t h i s  r e g io n , th e  i n t e g r a l  i s  n o n ze ro , and 

(5 .8 b )  th u s  re d u c e s  to  ( 5 . 7 ) .  A t t h i s  p o in t  th e  p h y s ic a l  s ig n i f i c a n c e  o f  

th e  im ag in ary  p a r t  - i e  i s  c l e a r .  W ithout i t s  p re se n c e  in  th e  argum ent o f
A

G(w) , th e  re sp o n se  f u n c t io n  i s  n o t w e ll -d e f in e d .  F u rth erm o re , th e  s ig n  

o f  th e  im ag in ary  p a r t  i s  d e te rm in ed  by c a u s a l i ty .  I f  th e  im ag inary  p a r t
A

w ere + ie  r a th e r  th a n  —ie ,  th e  p o le s  o f  G would l i e  in  th e  low er h a l f -

p la n e ,  and th e  s o lu t io n s  u ( t )  would be  a n t i - c a u s a l  ( t h a t  i s ,  th e  s o l id

would re sp o n d  b e fo re  th e  fo rc e  i s  a p p l i e d ) .

B efo re  c o n t in u in g  w ith  th e  d e r iv a t io n ,  one o th e r  p o in t  sh o u ld  be

d is c u s s e d . In  e q u a t io n  ( 5 . 6 )  th e  o n ly  c o n t r ib u t io n s  to  th e  d isp la c e m e n ts

o f  th e  atom s o f  th e  s o l i d  come from th e  harm onic l a t t i c e  i n t e r a c t io n s

and th e  g a s - s u r fa c e  i n t e r a c t i o n  f o r c e s .  However, i f  th e  l a t t i c e  i s  n o t

i n i t i a l l y  a t  z e ro  te m p e ra tu re , th e n  th e rm a l m otion  o f  th e  f r e e  l a t t i c e

a l s o  c o n t r ib u te s  to  u ( t ) , in  th e  form  o f  a  "random fo rc e "  o r ig in a t in g

2 4 79from  th e  i n i t i a l  c o n d i t io n s  f o r  th e  th e rm a l m otion . ’ ’ I n  a  L ap lace

4 79tra n s fo rm  approach  ’ to  s o lv in g  e q u a tio n  (5 .1 b ) ,  t h i s  random fo rc e

a r i s e s  n a t u r a l l y  from  th e  boundary  te rm s ( in v o lv in g  u ( t - 0 )  and u ( t-O ) )

w hich a r e  g e n e ra te d  when th e  d i f f e r e n t i a t i o n  p ro p e r ty  o f  th e  L ap lace

tra n s fo rm ' * ' ^ 0  i s  a p p l ie d .  I n  th e  F o u r ie r  tra n s fo rm  app roach , th e

an alogous boundary  te rm s ( in v o lv in g  u ( t —«>) and u ( t — « ) )  a re  i n f i n i t e ,

u n le s s  fo rc e d  to  be z e ro  by im posing th e  a fo rem en tio n ed  c o n d i t io n  th a t

u ( t - - « )  -  u ( t —«o) -  0 . P h y s ic a l ly ,  th e se  c o n d it io n s  on u and u mean th a t

th e  s o l i d  i s  i n i t i a l l y  a t  z e ro  s u r fa c e  te m p e ra tu re . T h is means t h a t  an

a d d i t io n a l  term  m ust be  added on th e  r ig h t -h a n d  s id e  o f  e q u a t io n  ( 5 . 6 )

2 113to  a cc o u n t f o r  th e  e f f e c t s  o f  th e rm al m o tion . ’ The d e r iv a t io n  w hich 

fo llo w s  assum es t h a t  no such e x t r a  term  i s  p r e s e n t ,  w hich im poses th e
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c o n d i t io n  th a t  th e  l a t t i c e  i s  i n i t i a l l y  a t  T -  0 . E f f e c ts  due to  th e

th e rm a l m o tion  o f  a  l a t t i c e  a t  nonzero  te m p e ra tu re  w i l l  be  in c o rp o ra te d

u s in g  th e  v e l o c i t y - r e s e t  te c h n iq u e  to  be d is c u s s e d  i n  s e c t io n  B below .
2

To p ro cee d , th e n , one makes a  c r u c i a l  assum ption : t h a t  th e  su r fa c e

a d ju s t s  a d i a b a t i c a l l y  to  th e  m otion  o f  th e  gas m o lecu le . T h a t i s ,  one 

assum es t h a t  th e  fo r c e s  on th e  s o l i d  atoms due to  th e  p re se n c e  o f  th e  

gas m o lecu le  v a ry  s lo w ly  on th e  tim e s c a le  o f  th e  v i b r a t i o n a l  m otion  o f  

th e  s o l id ;  th e  s o l i d  th u s  i s  assumed to  resp o n d  in s ta n ta n e o u s ly  to  th e  

c o l l i s i o n a l  f o r c e .  I n  g e n e ra l ,  one would e x p e c t t h i s  to  be  th e  ca se  when 

th e  gas atom s a re  l a r g e  and m ass iv e , th e  s o l id  atoms sm a ll and l i g h t  and 

th e  c o l l i s i o n  e n e rg ie s  n o t to o  g r e a t .  I f  th e  a d ia b a t i c  ap p ro x im atio n  

h o ld s ,  th e n  th e  h ig h  freq u en cy  m otion  o f  th e  s o l i d  w i l l  n o t  resp o n d  to  

th e  p re se n c e  o f  th e  gas m o lecu le ; o n ly  f re q u e n c ie s  n e a r  w -  0  w i l l  con-
A

t r i b u t e  to  th e  re sp o n se . Thus th e  re sp o n se  fu n c t io n  G(w) i s  approx im ated  

by a  T a y lo r  ex p an s io n  t r u n c a te d  a f t e r  th e  l i n e a r  te rm . I n  p a r t i c u l a r ,
A

one expands G a round  w -  —ie  ( a t  w hich p o in t  « r , th e  r e a l  p a r t  o f  th e  

fre q u e n c y , e q u a ls  z e ro )  to  f in d

A  A  A

G(w) -  G ( - ie )  + A G '( - i e )  (co + ie )  + 0 ( u 2) ,  (5 .9)

w here th e  prim e d e n o te s  th e  d e r iv a t iv e  w ith  r e s p e c t  to  w. Looking ahead 

to  th e  p e r tu r b a t iv e  tre a tm e n t w hich fo llo w s , an  o rd e r in g  p a ram e te r A 

a l s o  h a s  b een  in s e r t e d  in to  e q u a tio n  ( 5 . 9 ) .  D ropping th e  q u a d ra t ic  and 

h ig h e r  te rm s from  ( 5 . 9 )  and s u b s t i t u t i n g  in to  e q u a t io n  ( 5 . 6 )  y ie ld s

U(w) “  “  [  G(—ie )  + Aw G '( - i e )  + ie  A g ' ( - i e )  j F (w) . (5 .1 0 )
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To f in d  th e  d isp la c e m e n t m a tr ix  u ( t ) ,  one a p p l ie s  th e  In v e rs e  F o u r ie r  

tra n s fo rm  to  e q u a t io n  (5 .1 0 ) ,  and th e n  ta k e s  th e  c -+ 0 l i m i t .  N oting
A  A

t h a t  G(—ie )  and G '(—ie )  a re  c o n s ta n ts ,  th e  in v e rs io n  g iv e s

u ( t )  £ g ( - i e )  + ie  A g ' ( - i e ) j  f ( t )  -  A G '( - i e )  F_ 1 [w F(w)] . (5 .1 1 )

A pply ing  th e  d i f f e r e n t i a t i o n  p ro p e r ty  o f  th e  F o u r ie r  t r a n s f o r a  to  th e  

second  term  on th e  r i g h t  hand s id e  o f  e q u a tio n  (5 .1 1 ) ,  and ta k in g  th e  

l i m i t  e -* 0 , one f in d s

A  A

u ( t )  -  - g ( 0 )  f ( t )  + i A G '( O )  f ( t ) ,  (5 .1 2 )

S ince  th e  s u r fa c e  i s  i n i t i a l l y  a t  T -  0 , th e  e lem en ts  o f  th e  fo rc e  

m a tr ix  f_(t) a re  g iv e n  by e q u a tio n  (5 .2 d ) ;  th e  c h a in  r u l e  th u s  shows th e  

t o t a l  tim e d e r iv a t iv e  o f  th e  k th  e lem en t to  be

Ns av na  av
f k ( t )  "  -  X a s r f i r  “  E a r t r  ^ ( t ) >  ( 5 - 1 3 )k  iwml i  j - x  a i ^ a r j  j

T h is  can  be  e x p re s se d  in  m a tr ix  n o ta t io n  as

f ( t )  -  - K S S u ( t )  -  KS A r ( t ) ,  (5 .1 4 a )

SS SAin  w hich th e  e lem en ts  o f  th e  co u p lin g  m a tr ic e s  K and K a re  s p e c i f i e d  

by
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SS _ 9Vgs SA _  3Vgs
mn 3u 3u ’ mn 3u 3 r  'm n  m n

The S and A s u p e r s c r ip t s  d en o te  p a r t i a l  d i f f e r e n t i a t i o n  w ith  r e s p e c t  to

s o l i d  and gas atom c o o rd in a te s ,  r e s p e c t iv e ly ,  and th e r e f o r e  s p e c ify  th e

SS SAd im e n s io n a l i ty  o f  th e  m a tr ix .  Thus K i s  a  3N<, x 3Ng m a tr ix  and K i s

a  3Ng X 3N^ m a tr ix .  Both th e se  m a tr ic e s  a re  tim e-d ep e n d en t, s in c e  th e

c o o rd in a te s  u^ and r^  depend on tim e .

To p ro c e e d  w ith  th e  d e r iv a t io n  u s in g  e q u a tio n  (5 .1 2 ) ,  ex p an sio n s  o f

u ( t )  and f ( t )  in  te rm s o f  A a re  r e q u ir e d .  F orm ally  one can  w r i te

u ( t )  -  u ( 0 ) ( t )  + A u ( 1 ) ( t )  + A2  u ( 2 ) ( t )  + . . . .  (5 .1 5 )

where u ^ ^  i s  th e  c o r r e c t io n  o f  o rd e r  k .  The z e ro th -o rd e r  te rm  

g iv e s  th e  z e ro -f re q u e n c y  d isp la c e m e n ts  o f  th e  l a t t i c e  atoms due to  th e  

p re se n c e  o f  th e  gas m olecu le  (se e  e q u a tio n  (5 .1 7 a )  b e lo w ). The o th e r  

term s r e f l e c t  th e  freq u en cy -d ep en d en t re sp o n se  o f  th e  s o l id ;  o f  

p a r t i c u l a r  i n t e r e s t  in  what fo llo w s  w i l l  be  th e  f i r s t - o r d e r  c o r r e c t io n  

u ^ ( t ) .  C o n s id e rin g  f ( t )  a s  a  f u n c t io n  o f  u ( t )  and expanding  i t  around

(0) ,  i .u  -  u y ie ld s

f ( t )  -  f ( 0 ) ( t )  -  KS S ( 0 ) [ u ( t )  - u ( 0 ) ( t ) ]  + • • •

-  f ( 0 ) ( t )  -  A k SS(0) u ( 1 ) ( t )  + 0(A2) , (5 .1 6 )

SSwhere e q u a t io n  (5 .1 5 )  was u sed . The (0) s u p e r s c r ip t  on f  and K means 

t h a t  th e y  a re  e v a lu a te d  u s in g  . S u b s t i tu t in g  e q u a tio n s  (5 .1 4 a ) ,

(5 .1 5 )  and (5 .1 6 )  in to  e q u a tio n  (5 .1 2 ) and e q u a tin g  c o e f f i c i e n t s  o f
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pow ers o f  A r e s u l t s  in  th e  fo llo w in g  e x p re s s io n s  f o r  and u ^ :

u ( 0 ) ( t )  -  - g ( 0 )  f ( 0 ) ( t ) ,  (5 .1 7 a )

u ( 1 ) ( t )  -  G(0) k SS(0) u ( 1 ) ( t )  -  i  g '( 0 )  g SS(0> u ( 0 ) ( t )

“  i  E '(O ) KSA(0) r ( t ) .  (5 .1 7 b )

As m en tioned  above, u ^ ^  g iv e s  th e  z e ro -o rd e r  d isp la c e m e n t o f  th e  s o l id  

atom s due to  th e  p re se n c e  o f  th e  d ia to m . I n  p a r t i c u l a r ,  s in c e  i n  th e  

a d i a b a t i c  a p p ro x im a tio n  th e  s o l id  a d ju s t s  in s ta n ta n e o u s ly  to  th e  

p re se n c e  o f  th e  gas m o lecu le , th e  z e ro -o rd e r  re sp o n se  u ^  d e s c r ib e s  th e  

d i s t o r t i o n  o f  th e  l a t t i c e  to  i t s  new e q u il ib r iu m  geom etry i n  th e  p r e ­

sen ce  o f  th e  fo rc e  f i e l d  o f  th e  f i x e d  d ia tom . To se e  t h i s ,  one can  

c o n s id e r  a  o n e -d im en s io n a l harm onic o s c i l l a t o r  (w ith  fo rc e  c o n s ta n t  k)

un d er th e  in f lu e n c e  o f  a  f ix e d  fo rc e  o f  m agnitude f .  The p o te n t i a l
2

en ergy  o f  t h i s  o s c i l l a t o r  i s  V(x) -  hkx + ax , and th e  v a lu e  o f  x which

m in im izes V(x) i s  e a s i l y  shown to  be xm£n -  - a / k .  E q u a tio n  (5 .1 7 a ) i s  a

m any-d im ensional g e n e r a l iz a t io n  o f  t h i s  e x p re s s io n  f o r  xmj n > s in c e  
A —i
g ( 0 ) -  9  i s  th e  j u s t  th e  in v e rs e  o f  th e  f o r c e - c o n s ta n t  m a tr ix  o f  th e

s o l i d .  As w i l l  be  shown n e x t ,  th e  f i r s t - o r d e r  te rm  u ^  g iv e s  a

c o r r e c t io n  to  th e  z e ro -o rd e r  r e s u l t  due to  th e  m otion  o f  th e  d ia tom

(n o te  th e  p re se n c e  o f  x_ in  e q u a tio n  (5 .2 2 )  b e lo w ).

(1)To o b ta in  a  s im p l i f ie d  e x p re s s io n  f o r  u , one b e g in s  by f in d in g  

u ^ \ t )  from  th e  tim e d e r iv a t iv e  o f  e q u a t io n  (5 .1 7 a ) ,  u s in g  e q u a tio n  

(5 .1 4 a ) :
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u ( 0 ) ( t )  -  -  G(0) f ( 0 ) ( t )

-  - g ( 0 ) ( - K SS<0) u < °> ( t)  -  g SA(0) r ( t )  )

-  [ 1 -  G(0) KSS(0) j-1 G(0) KSA(0) r ( t ) .  (5 .1 8 )

The t h i r d  l i n e  i n  (5 .1 8 )  fo llo w s  from th e  second  a f t e r  c o l l e c t i n g  term s

i n  u < ° \  I f  th e  3Ng x 3Ng m a tr ix  |> i s  d e f in e d  as

D -  ( l  -  G(0) g 88(0) ] _ 1 , (5 .1 9 )

th e n  s u b s t i t u t i n g  e q u a t io n  (5 .1 8 )  in to  e q u a tio n  (5 .1 7 b ) and re a r ra n g in g  

te rm s y ie ld s

u<X> ( t )  -  -  i  |> g ' ( 0 )  [ l  + KSS(0) D G(0) j kSA(0) r ( t ) .  (5 .2 0 )

The f a c t o r  i n  p a re n th e s e s  on th e  r i g h t  hand s id e  o f  e q u a tio n  (5 .2 0 ) can

b e  s im p l i f i e d  a s  fo llo w s :

( 1 + KSS(0) D G(0 ) j -  KSS(0) D |  | _ 1  (KS S ( 0 ) ) ‘ 1  + G(0) J
-  g SS(0) D | [ l  -  g (0 )  KSS(0)] (K8 8 ^ ) + £(0)J-

-  g SS(0> D (K8 8 ^ ) - 1

- ( kss<0) Ci-s<o)  kss(0) ] (K88^ ) - 1 j"1

-  [ i - ks s (0 )  S (o ) r1
“  DT , (5 .2 1 )
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where th e  T s u p e r s c r ip t  d en o te s  th e  t r a n s p o s e  o f  th e  m a tr ix .  The l a s t  

e q u a l i ty  i n  (5 .2 1 )  fo llo w s  from  (5 .1 9 ) ,  s in c e  and G(0) a re

sym m etric m a tr ic e s .  Thus e q u a tio n  (5 .2 0 )  may be w r i t t e n

u ( 1 ) ( t )  -  - i  D g '( 0 )  £ T KSA(0) r ( t ) .  (5 .2 2 )

To com plete  th e  d e r iv a t io n  o f  th e  red u ced  EOM, one m ust c o n s id e r  th e  

EOM f o r  th e  gas m o lecu le , w hich a re  g iv e n  in  e q u a tio n  ( 5 .1 a ) .  I t  i s  

a p p a re n t t h a t  th e  o n ly  te rm  in  (5 .1 a )  c o n ta in in g  any dependence on th e  

s u r fa c e  atom d isp la c e m e n ts  u ( t )  i s  th e  g a s - s u r fa c e  f o r c e ,  T h is can

be expanded around  u  -  to  o b ta in ,  by analogy  w ith  e q u a tio n  (5 .1 6 ) ,

S > 1  “  £mol “  A g*8 *0 * u ( 1 ) ( t )  + 0(A2) , (5 .2 3 )

where i s  th e  tra n s p o s e  o f  K8A. S e t t in g  A -  1 and s u b s t i t u t i n g  

e q u a tio n s  (5 .2 2 )  and (5 .2 3 )  in to  e q u a tio n  (5 .1 a )  g iv e s

i £  -  4 " ?  + -  » « £ •  <5 -“ >

w ith  th e  damping m a tr ix  £  i d e n t i f i e d  as

|  = -  i  nT 1  | AS(0) D G '(0 )  DT KSA (0). (5 .2 5 )

G iven th e  d im ensions o f  th e  v a r io u s  m a tr ic e s  on th e  r i g h t  hand  s id e  o f

e q u a tio n  (5 .2 5 ) ,  £  i s  e v id e n t ly  a  3N^ x 3N^ m a tr ix . Thus, th e  r e s u l t  o f

th e  above d e r iv a t io n  h a s  been  to  r e p la c e  th e  o r ig i n a l  s e t  o f  3N. + 3N
A b
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NEOM, e q u a tio n s  ( 5 .1 ) ,  w ith  th e  s e t  o f  3N^ NEOM, e q u a tio n s  (5 .2 4 ) ,  which 

d i f f e r  in  form  from  (5 .1 a )  due to  th e  in c lu s io n  o f  th e  damping term  

-m £  £ . T h is  term  in c lu d e s ,  in  an  approx im ate  m anner, th e  e f f e c t s  o f  th e  

o m itte d  NEOM (5 .1 b ) .

As i t  s ta n d s ,  e q u a tio n  (5 .2 4 )  i s  n o t  in d ep en d en t o f  th e  s u r fa c e  

c o o rd in a te s ,  s in c e  b o th  f ^ ^  and §_ depend on th e  z e ro th -o rd e r  d i s p la c e ­

m ents u ^ \ t )  o f  e q u a tio n  ( 5 .1 7 a ) .  D ie s t l e r  and R iley ^  have named th e  

s e t  o f  co u p led  e q u a tio n s  (5 .1 7 a )  and (5 .2 4 )  th e  " f u l l  a d ia b a t ic "  o r "FA" 

a p p ro x im a tio n . To c o m p le te ly  e l im in a te  th e  su rfa c e -m o tio n  dependence and 

so  o b ta in  a  s e t  o f  red u ced  EOM f o r  th e  gas m o lecu le , th e  f u r th e r  assump­

t i o n  i s  made t h a t  th e  e f f e c t s  o f  th e  z e ro th -o rd e r  d isp la c e m e n t on th e  

gas m o lecu le  a re  a re  m in im al. T h is  a llo w s u ^ ( t )  to  be s e t  to  ze ro  fo r  

a l l  t ,  t h a t  i s ,  f o r  th e  atom s o f  th e  s o l id  to  b e  " fro z e n "  a t  t h e i r  

e q u i l ib r iu m  p o s i t i o n s .  In  t h i s  " z e ro -d isp la c e m e n t a d ia b a t ic "  o r  "ZDA" 

ap p ro x im a tio n ,^  f^jj^  and §_ now depend o n ly  on th e  d eg rees  o f  freedom  

r_(t) o f  th e  gas atom s and th e  p o s i t io n s  o f  th e  atoms o f  th e  fro z e n  

s o l id .  A ll  o f  th e  e f f e c t s  o f  th e  s u r fa c e  dynam ics on th e  m o tion  o f  th e

gas m o lecu le  in  e q u a tio n  (5 .2 4 )  a re  in c lu d e d  in  th e  damping m a tr ix ,  £ .
2

D ie s t l e r  and R ile y  have u sed  b o th  th e  FA and ZDA ap p ro x im atio n s  to  

s im u la te  th e  dynam ics o f  a to m -su rfa c e  c o l l i s i o n s .  The p r e s e n t  work 

c o n ta in s  th e  f i r s t  a p p l ic a t io n  o f  th e  ZDA to  s tu d y  en ergy  t r a n s f e r  

betw een a  s u r fa c e  and a  d ia to m ic  m o lecu le , f o r  w hich in t e r n a l  d eg rees  o f  

freedom  e x i s t .
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2 . S im p l if ie d  E x p re ss io n  f o r  th e  Damping M atrix

In  o rd e r  to  u se  e q u a tio n  (5 .2 5 ) ,  one m ust e v a lu a te  th e  v a r io u s

SA SSm a tr ic e s  i t  c o n ta in s .  The c o u p lin g  m a tr ic e s  K and K in v o lv e  p a r t i a l  

d e r iv a t iv e s  o f  th e  g a s - s u r fa c e  i n t e r a c t io n  p o t e n t i a l ,  w hich a re  n o t 

d i f f i c u l t  to  com pute. However, e v a lu a t in g  th e  e lem en ts  o f  th e  re sp o n se
A  A

m a tr ix  G and i t s  d e r iv a t iv e  G ' i s ,  in  g e n e ra l ,  v e ry  in v o lv e d , and n o t
2

p r a c t i c a l  e x c e p t f o r  c e r t a i n  id e a l iz e d  c a s e s ,  such  as th e  one-dim en­

s io n a l  harm onic c h a i n ^ ^  and th e  th re e -d im e n s io n a l R osenstock-N ew ell 

l a t t i c e ^ * * . Thus i t  rem ains to  approx im ate  th e s e  m a tr ic e s  in  o rd e r  to  

o b ta in  a  w orkab le  e x p re s s io n  f o r  th e  damping m a tr ix .

One a p p ro x im a tio n  th a t  r e s u l t s  in  c o n s id e ra b le  co m p u ta tio n a l s im p l i ­

f i c a t i o n  i s  to  assume t h a t  th e  atoms o f  th e  s o l id  respond  in d e p e n d e n tly  

o f  each  o th e r .  In  t h i s  c a s e ,  th e  re sp o n se  m a tr ix  and i t s  d e r iv a t iv e  

become b lo c k -d ia g o n a l ,  each  b lo c k  b e in g  3 x 3  and in v o lv in g  a  p a r t i c u l a r  

atom  s o f  th e  s o l i d .  I f  th e  f u r th e r  ap p ro x im atio n  i s  made t h a t  th e  

re sp o n se  i s  i s o t r o p i c  ( i n  th e  same d i r e c t io n  as  th e  a p p l ie d  f o r c e ) ,  th e n  

each  o f  th e s e  3 x 3  b lo c k s  i s  a ls o  d ia g o n a l, w ith  each  o f  th e  d ia g o n a l

e lem en ts  o f  a  g iv e n  b lo c k  h av in g  th e  same v a lu e . T h is  i s  e s s e n t i a l l y  th e

87"w eak -co u p lin g  ap p ro x im atio n "  p re v io u s ly  u sed  by  D ie s t l e r  and R ile y  in  

g a s - s u r fa c e  s c a t t e r i n g  c a l c u la t io n s .  The fo llo w in g  e x p re s s io n  f o r  th e
A A

d ia g o n a l m a tr ix  e lem en ts  o f  th e  s th  b lo c k  o f  G(w), d en o ted  g (w ), can  be■" s
87found  from  th e  Debye ap p ro x im atio n :

Ss <“ > -  - 7 " 7  f 1 + 7 l n 7 T $  -  ■ ¥ ]  • <5-26>
s D
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where Mg i s  th e  mass o f  atom s ,  i s  th e  Debye freq u en cy  o f  th e  s o l id ,

—1 3and x  -  w /  Wp. For L iF , -  502 cm -  94 .65  r a d ia n s /p s e c . In  th e

lo w -freq u en cy  regim e where th e  a d ia b a t i c  ap p ro x im atio n  h o ld s ,  x a p ­

p ro ach e s  z e ro  and e q u a t io n  (5 .2 6 )  becomes

es ( ° > --------------- 2  • (5 .2 7 )
Ms  “ D

T aking  th e  lo w -freq u en cy  l i m i t  o f  th e  d e r iv a t iv e  w ith  r e s p e c t  to  f r e ­

quency o f  e q u a tio n  (5 .2 6 )  y ie ld s

a 3?ri
g ; ( ° )  “   T - (5 .2 8 )

2Ms D

W ith t h i s  ap p ro x im atio n  f o r  th e  re sp o n se  m a tr ix ,  one can  p ro ceed  to

f in d  th e  m a tr ix  D. I f  th e  g a s - s u r fa c e  i n t e r a c t io n  i s  dom inated by

p a irw is e  in t e r a c t io n s  betw een th e  gas m olecu le  and th e  s u r f a c e ,  th e n  th e  

SSc o u p lin g  m a tr ix  K , whose e lem en ts  a re  second p a r t i a l  d e r iv a t iv e s  o f

Vgg w ith  r e s p e c t  to  s u r fa c e  c o o rd in a te s ,  m ust be  b lo c k -d ia g o n a l w ith

SAeach  b lo c k  b e in g  3 x 3  ( t h i s  i s  n o t  t r u e  f o r  K , how ever). S ince  1 i s
A

d ia g o n a l and G(0) i s  approx im ated  as  d ia g o n a l, D m ust a l s o  be  b lo c k -

d ia g o n a l. R ep lac in g  each  o f  th e s e  3 x 3  b lo c k s  in  D w ith  a  s c a la r

m u l t ip le  o f  1  w ould s im p l ify  th e  com p u ta tio n  o f  th e  damping m a tr ix
2

c a l c u la t io n s  on an  id e a l iz e d  a to m -su rfa c e  s c a t t e r i n g  system  have shown

SSt h a t  do in g  so  i s  n o t  a  bad  ap p ro x im atio n . The d e f i n i t i o n  o f  K

s u g g e s t s ^ ^  ap p ro x im atin g  D ( th e  b lo c k  c o rre sp o n d in g  to  atom s o f  th e—s

s o l id )  by
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Es -  (1 -  g„<0) V* vgs) 1 1 . (5.29)

Thus th e  m a tr ix  p ro d u c t D G'( 0 )  D i s ,  i n  t h i s  a p p ro x im a tio n , a  d ia g o n a l

m a tr ix ;  th e  s th  3 x 3  b lo c k  a lo n g  i t s  d ia g o n a l i s  g iv e n  by

T g ' ( 0 )
[ D G ' ( 0 > r ] ----------------- g 5 -------- 5 . 1

(1 -  gs (0 ) v f vgs) z

F in a l ly ,  u s in g  e q u a tio n  ( 5 .3 0 ) ,  one can  w r i te  down th e  e x p re s s io n

u sed  f o r  th e  damping m a tr ix  £  in  th e s e  c a l c u la t io n s .  I f  th e  rows and

SAcolumns o f  §_ and K a r e  la b e le d  by th e  atom (lo w er c a se  Roman) and

C a r te s ia n  component (low er c a se  G reek) to  w hich each  c o rre sp o n d s , th e n

u se  o f  e q u a t io n  (5 .3 0 )  i n  e q u a t io n  (5 .2 5 )  y ie ld s  f o r  th e  e lem en ts  o f  th e  

damping m a tr ix

j3 ,  ,  -  m" " 1  I  -iW  I  KSA ,  ,  (5 .3 1 ), a a ,a  a  a s s ^ a a . s y s y . a a  N '

w ith  Wg d e f in e d  in  (5 .3 0 ) .  The m a tr ix  e lem en ts  o f  Jl a re  r e a l  num bers,

s in c e ,  from  (5 .3 0 )  and (5 .2 8 ) ,  th e  p ro d u c t (-iW g ) i s  r e a l .  The sum over

s in  e q u a t io n  (5 .3 1 )  in c lu d e s  th o se  atoms o f  th e  s o l i d  w ith  w hich th e

gas m o lecu le  h as  a  s i g n i f i c a n t  in t e r a c t io n .  One sh o u ld  n o te  t h a t  because

SAth e  e lem en ts  o f  th e  c o u p lin g  m a tr ix  K a r e ,  a c c o rd in g  to  (5 .1 4 b ) ,  j u s t  

m ixed second  p a r t i a l  d e r iv a t iv e s  o f  th e  g a s - s u r fa c e  i n t e r a c t i o n  p o te n ­

t i a l  w ith  r e s p e c t  to  th e  gas and s u r fa c e  atom C a r te s ia n  c o o rd in a te s ,  th e  

m a tr ix  §_ whose e lem en ts  a re  g iv e n  by e q u a tio n  (5 .3 1 )  can  be  e x p re sse d  in

-  Wg 1 (5 .3 0 )
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th e  form  £  -  m * £ S^m, where i s  a  sym m etric  m a tr ix  whose e lem en ts

a re  g iv e n  by  (5 .3 1 )  w ith o u t th e  f a c t o r  m \  T h is  f a c t  i s  im p o rta n t in£L

d e v e lo p in g  a  p a r t i a l  v e lo c i ty  r e s e t  scheme w hich can  employ th e  damping 

g iv e n  by e q u a tio n  (5 .3 1 ) .

To conclude  t h i s  s e c t io n ,  i t  sh o u ld  b e  p o in te d  o u t t h a t  v ib r a t io n a l  

en erg y  t r a n s f e r  d i r e c t l y  to  th e  l a t t i c e  i s  n o t  v e ry  e f f i c i e n t  when th e  

freq u en cy  o f  th e  v ib r a t i o n a l  mode in  q u e s t io n  i s  much g r e a t e r  th a n  th e  

Debye freq u en cy  f o r  th e  l a t t i c e .  Thus one e x p e c ts  t h a t  in  such  c a se s  th e  

damping o f  th e  v ib r a t i o n a l  m otion  d e r iv e d  from th e  a d ia b a t i c  approxim a­

t i o n  u se d  in  th e s e  c a lc u la t io n s  w i l l  be  to o  g r e a t .  As C h ap te r VI w i l l  

show, th e  c a l c u la t io n s  on th e  NO/LiF sy stem , f o r  w hich th e  d ia tom  v i b r a ­

t i o n a l  freq u en cy  i s  ab o u t fo u r  tim es th e  l a t t i c e  Debye fre q u e n c y , b e a r  

o u t t h i s  s ta te m e n t .  T h is  s i t u a t i o n  can  be  rem edied  by a p p ly in g  th e  damp­

in g  in  such  a  way t h a t  th e  v ib r a t i o n a l  mode in  q u e s t io n  i s  n o t  a f f e c te d ,

so  t h a t  any v ib r a t i o n a l  energy  t r a n s f e r  happens v i a  c o u p lin g  to  t r a n s l a -
2

t i o n a l  and r o t a t i o n a l  m otion . The p ro ced u re  u sed  h e re  to  accom plish  

t h i s  m o d ifie d  damping, w hich i s  e a s i l y  im plem ented w ith  th e  v e lo c i ty  

r e s e t  te c h n iq u e , i s  e x p la in e d  in  s e c t io n  D o f  t h i s  c h a p te r .

B. P a r t i a l  V e lo c i ty  R e se t P rocedu re

As d is c u s s e d  i n  th e  p re v io u s  s e c t io n ,  th e  d e r iv a t io n  o f  th e  reduced  

e q u a tio n s  o f  m otion  i s  v a l id  i f  th e  l a t t i c e  i s  i n i t i a l l y  a t  te m p era tu re  

T -  0 . C le a r ly ,  i t  would be d e s i r a b le  to  somehow acc o u n t f o r  th e  e f f e c t s  

o f  th e  th e rm a l m otion  o f  a l a t t i c e  h av in g  a  nonzero  te m p e ra tu re  T. T his 

h a s  b een  done i n  th e s e  c a lc u la t io n s  u s in g  th e  p a r t i a l  v e l o c i ty  r e s e t
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te c h n iq u e  developed  by R ile y , C o l t r in  and D ie s t l e r  (RCD),"* who m o d ified

A n d e rse n 's  method f o r  p e rfo rm in g  m o le c u la r  dynam ics s im u la tio n s  a t  con-

89s t a n t  te m p e ra tu re . RCD im plem ented th e  p ro ced u re  to  s im u la te  energy  

t r a n s f e r  (damping and th e rm al a g i t a t i o n )  betw een a  dynam ical s u b s e t  o f  

l a t t i c e  atom s ("P  zone") and a  su rro u n d in g  r e s e r v o i r  ("Q zone") in  

m o le c u la r  dynam ics c a lc u la t io n s  by ap p ly in g  th e  r e s e t  to  th e  P zone 

atom s a lo n g  th e  P-Q in te r fa c e ." *  The d is c u s s io n  i n  t h i s  s e c t io n  i s  

d iv id e d  in to  th r e e  p a r t s .  The f i r s t  p a r t  o f f e r s  a  g e n e ra l  overv iew  o f  

th e  v e lo c i ty  r e s e t  p ro ced u re  and how i t  i s  u sed  in  th e  p r e s e n t  work. The 

second  p a r t  d is c u s s e s  th e  b e h a v io r  o f  th e  p ro ced u re  in  th e  l i m i t  t h a t  

th e  r e s e t s  a re  f r e q u e n t and weak. The f i n a l  p a r t  p r e s e n ts  a  d e r iv a t io n  

o f  th e  form  o f  th e  r e s e t  p ro c e d u re  a c tu a l ly  em ployed i n  th e  NO/LiF 

s c a t t e r i n g  c a lc u la t io n s  d e s c r ib e d  in  th e  n e x t  c h a p te r .

1. G enera l C o n s id e ra tio n s

The v e l o c i ty  r e s e t  method in  g e n e ra l in v o lv e s  r e p la c in g  th e  v e l o c i ­

t i e s  o f  some o r  a l l  o f  th e  atoms whose e q u a tio n s  o f  m otion  a re  b e in g

in te g r a te d  w ith  new v e l o c i t i e s ,  chosen  by some a lg o ri th m , a t  v a r io u s

89in t e r v a l s  d u rin g  th e  in t e g r a t i o n .  A n d e rse n 's  p ro ced u re  s e q u e n t ia l ly  

r e s e t  th e  v e lo c i ty  o f  each atom a t  random in t e r v a l s  to  a  v a lu e  s e le c te d  

from  a  M axw ellian  d i s t r i b u t i o n  a t  te m p e ra tu re  T; t h i s ,  in  e f f e c t ,  se rv e d  

a s  a  " th e rm o s ta t"  to  keep th e  system  a t  a  c o n s ta n t  te m p e ra tu re . RCD's 

method"* in v o lv e s  s im u lta n e o u s ly  r e p la c in g  th e  v e l o c i t i e s  o f  some o r  a l l  

th e  atom s, a t  r e g u la r  i n t e r v a l s ,  w ith  new v e l o c i t i e s  g iv e n  by th e  f o l ­

low ing e x p re s s io n :
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“ W<V - + *?.n «>• <5-32)

i n  w hich th e  r e s e t  p a ram e te r 8^ n  ( 0  ^  0 ^ n  1 ) governs th e  s t r e n g th  o f

th e  r e s e t  f o r  th e  v e lo c i ty  o f  atom i  a t  th e  tim e t  o f  th e  n th  r e s e t .n
Tv ^ ( f )  -  (kT/m^) £ , where k  i s  B o ltzm ann 's  c o n s ta n t ,  i s  a  v e lo c i ty

chosen  random ly from  a  o n e -d im en sio n a l M axw ellian  v e l o c i ty  d i s t r i b u t i o n

a t  te m p e ra tu re  T, a c c o rd in g  to  a  G a u s s ia n ly - d is t r ib u te d  random number

Tfrom  th e  sequence £. The i  s u b s c r ip t  on v  (£ ) em phasizes t h a t  th e  r a n ­

d o m ly -se le c te d  M axw ellian v e l o c i ty  i s  u n c o r r e la te d  f o r  d i f f e r e n t  compo­

n e n ts  i .  When 0^ n  i s  s e t  eq u a l to  u n i ty  f o r  a l l  i  and n , one o b ta in s  

e s s e n t i a l l y  th e  A ndersen  r e s e t  p ro ced u re  ( th e  o n ly  d i f f e r e n c e s  b e in g  th e  

s im u ltan e o u s  r e s e t  and th e  r e g u la r  r e s e t  i n t e r v a l ) ; any o th e r  v a lu e  o f  

0̂ , n  y ie ld s  w hat RCD have la b e le d  th e  p a r t i a l  v e l o c i ty  r e s e t ,  i n  which 

th e  atoms r e t a i n  some "memory" o f  t h e i r  o ld  v e l o c i t i e s .^

As d is c u s s e d  in  re fe re n c e  5, th e  f u l l  (8 ■ 1) and p a r t i a l  v e lo c i ty  

r e s e t  p ro c e d u re s  d e s c r ib e d  in  th e  p re c e d in g  p a ra g ra p h  may be employed to  

f a c i l i t a t e  a  m o lecu la r  dynam ics s im u la tio n  o f  a  s o l i d  a t  te m p e ra tu re  T. 

The f u l l  r e s e t  i s  u s e f u l  b e fo re  th e  s t a r t  o f  a  t r a j e c t o r y  a s  a 

th e rm o s ta t  to  s e l e c t  i n i t i a l  c o n d i t io n s  f o r  th e  m otion  o f  th e  P zone. 

The th e rm o s ta t in g  p ro ced u re  c o n s i s t s  o f  in t e g r a t i n g  th e  EOM f o r  one 

r e s e t  i n t e r v a l ,  r e s e t t i n g  th e  v e l o c i t i e s  o f  a l l  th e  atom s, and th e n  

r e p e a t in g  t h i s  c y c le  many tim e s . D uring  th e  c o u rse  o f  th e  t r a j e c t o r y ,  

th e  p a r t i a l  r e s e t  may be  u sed  to  acco u n t f o r  energy  t r a n s f e r  betw een th e  

P and Q zones by a p p ly in g  i t  to  th e  atoms a lo n g  th e  P-Q in t e r f a c e .  T h is 

a p p l ic a t io n  i s  j u s t i f i e d  by  th e  f a c t  t h a t  th e  p a r t i a l  r e s e t  becomes
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e q u iv a le n t  to  e x p l i c i t  in c lu s io n  o f  damping and G au ssian  random fo rc e  

te rm s in  th e  EOM, in  th e  l i m i t  t h a t  th e  r e s e t  i s  f r e q u e n t and weak. T his 

eq u iv a le n c e  i s  d em o n stra ted  in  s u b se c tio n  2  below .

As m entioned  e a r l i e r ,  RCD have in c o rp o ra te d  th e  v e l o c i ty  r e s e t  

method in to  m o lecu la r  dynam ics c a lc u la tio n s ." *  In  t h a t  w ork, b o th  th e  

f u l l  and p a r t i a l  r e s e t s  w ere u sed , i n  th e  manner d e s c r ib e d  in  th e  p r e ­

v io u s  p a ra g ra p h . In  th e  p r e s e n t  work, how ever, o n ly  th e  p a r t i a l  r e s e t  i s  

needed . The f u l l  r e s e t  i s  n o t  employed b eca u se  in  th e  c a l c u la t io n s  p e r ­

form ed h e r e ,  w hich in v o lv e  th e  ZDA ap p ro x im atio n  d e r iv e d  in  s e c t io n  A, 

th e  atoms o f  th e  s o l i d  a re  f ix e d  a t  t h e i r  e q u i l ib r iu m  p o s i t i o n s ;  co n se ­

q u e n t ly ,  no th e rm o s ta tin g  p ro ced u re  to  d e te rm in e  t h e i r  i n i t i a l  c o n d i­

t io n s  i s  r e q u ir e d .  C o n cep tu a lly  sp eak in g , in  th e  ZDA ap p ro x im atio n  th e  

gas m o lecu le  com prises th e  P zone and th e  e n t i r e  s o l i d  c o n s t i t u t e s  th e  

r e s e r v o i r .  Thus, in  t h i s  work th e  p a r t i a l  v e l o c i ty  r e s e t  i s  a p p l ie d  to  

th e  atom s o f  th e  gas m o lecu le , to  acco u n t f o r  en erg y  t r a n s f e r  betw een 

th e  m o lecu le  and th e  s o l id .  The r e s e t  i s  l in k e d  to  th e  ZDA model th rough  

th e  r e l a t io n s h ip  o f  th e  r e s e t  p a ram e te r 0 ^ ^  to  th e  damping m a tr ix  £ .

2. L im itin g  B ehav ior o f  th e  R ese t

The form  o f  th e  v e lo c i ty  r e s e t  a lg o rith m  in  e q u a t io n  (5 .3 2 )  en su re s

t h a t  th e  r e s e t  p ro ced u re  h as  th e  fo llo w in g  im p o rta n t p roperty :"*  in  th e

l i m i t  t h a t  th e  v e lo c i ty  r e s e t s  a r e  f r e q u e n t  and weak, th e  p ro ced u re

re d u c e s  to  in c lu s io n  o f  damping and random fo rc e  te rm s in  th e  EOM

82(e q u iv a le n t  to  th e  GLE fo rm alism  o f  Lucchese and T u lly  ) ,  p ro v id e d  th a t

th e  r e s e t  p a ra m e te r  8.  and th e  damping c o e f f i c i e n t  p a re  c o r r e c t ly
1 1 n



r e l a t e d .  T h is  may b e  shown as  fo l lo w s . 3  N ew ton 's e q u a tio n  o f  m otion  f o r  

th e  i t h  atom i s

-  F ^  (5 .3 3 )

w here m^ i s  th e  mass o f  and th e  t o t a l  fo rc e  on atom i .  A f te r  i n t e g r a ­

t i n g  from  tim e t R to  tim e t ^ +^ , th e  v e l o c i ty  b e fo re  r e s e t t i n g  a t  t n+^ i s  

g iv e n  in  te rm s o f  th e  v e lo c i ty  a f t e r  r e s e t t i n g  a t  t  by  e q u a t io n  (5 .3 3 ) 

as

v ° l d ( t n+i )  -  \ ew(t:n ) + “ j 1  Fi  At + 0 (A t* ) , (5 .3 4 )

w here th e  r e s e t  i n t e r v a l  A t -  t  — t  i s  sm a ll,  s in c e  th e  r e s e t  i sr  n + 1  n

f r e q u e n t .  S u b tr a c t in g  b o th  s id e s  o f  e q u a t io n  (5 .3 2 )  and

com bining w ith  e q u a tio n  (5 .3 4 ) g iv e s

\  o l d /4. v —1  _ . ,v . ( t  . , )  — v .  ( t  ) — m. F. Ati  N n+ 1 7  i  '  n  i  i  r

[  ( 1  “  ~  1  ]  a<t n ) + ' J , n Vl (4) + 0 (“ r ) - ( 5 ' 35)

S in ce  th e  r e s e t  i s  weak, 8  ̂ n  i s  sm a ll and th e  b in o m ia l ex p an s io n  can  be 

u sed  on th e  f i r s t  te rm  on th e  r i g h t  hand s id e  o f  e q u a t io n  (5 .3 5 ) .  A f te r  

do ing  so  and th e n  d iv id in g  th ro u g h  by At^ one o b ta in s

[  v ? l d ( t  u.i) “  v ? l d ( t  ) ] /  A t -  m, 1  F. -  (9 .  /  2At ) v ? l d ( t  )L i  v n+ 1 7  i  '  n 7  J 7  r  i  i  i , n  7  r  i  n

+ < ^ , n  /  A tr > v i ( °  + 0(AV + 0 ( 5 i , n /A tr ) - (5>36)

I f  P i s  d e f in e d  by



152

h , n  “  * i , n / 2 Atr ’ <5 ’37>

th e n  i n  th e  l i m i t  t h a t  8. and At approach  ze ro  a t  f ix e d  /3. , equa-
1 1XX IT 1 1XX

t i o n  (5 .3 6 )  becomes

v ± -  n̂ 1  Fj[ -  ^ ( t )  v t  + {2 0 ( t )  /  Atj.}1* v^(C )

-  m" 1  F 1  -  ^ ( t )  v t  + m" 1  F ^ ( t ) ,  (5 .3 8 a )

w here

**> -  <*•*»>

i s  th e  random fo rc e .  The n  dependence o f  /9 becomes tim e dependence in

th e  l i m i t .  The e x p re s s io n  f o r  th e  random f o r c e ,  e q u a t io n  (5 .3 8 b ) ,  i s

118 4p r e c i s e ly  th e  same as  t h a t  u sed  in  T u l ly 's  "g h o st atom" GLE m odel;

82th e  L u cc h ese -T u lly  model e l im in a te s  th e  g h o s t atom s and a t ta c h e s  th e  

damping and random fo rc e  te rm s from  th e  g h o s t atoms to  th e  atom s a lo n g  

th e  P-Q in t e r f a c e .  Thus, th e  l i m i t  o f  th e  v e l o c i ty  r e s e t  p ro c e d u re , as  

s p e c i f i e d  by  e q u a tio n  (5 .3 8 a ) ,  i s  in d eed  e q u iv a le n t  to  th e  L ucchese-

T u lly  app ro ach , s in c e  th e  r e s e t  i s  a p p l ie d  o n ly  to  th e  atom s a lo n g  th e

P-Q in t e r f a c e .

Two item s sh o u ld  be n o te d  a t  t h i s  p o in t .  F i r s t ,  e q u a t io n  (5 .3 7 )  i s  

v e ry  im p o rta n t in  th e  p a r t i a l  v e lo c i ty  r e s e t  scheme b eca u se  i t  p ro v id e s  

th e  c o n n e c tio n  betw een  th e  r e s e t  p a ram e te r  8^ ^  and th e  damping c o e f f i ­

c i e n t  (9, w hich a llo w s  th e  r e s e t  to  be p a ra m e tr iz e d  in  te rm s o f  a v a i la b le
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2 79 87damping th e o r i e s .  ’ ’ In  p a r t i c u l a r ,  f o r  th e s e  c a l c u la t io n s  th e

damping c o e f f i c i e n t  i s  g iv e n  by e q u a tio n  (5 .3 1 ) i n  th e  p re v io u s  s e c t io n .  

Second, i t  sh o u ld  be  re c o g n iz e d  th a t  th e  p a r t i a l  v e l o c i ty  r e s e t  ta k e s  

Brownian form  as  th e  r e s e t  i n t e r v a l  goes to  z e ro  b ecau se  th e  f a c to r
L _ I j

n  “  (1 — n ) » w hich m u l t ip l ie s  v^ ( t n ) in  e q u a tio n  (5 .3 2 ) ,  has  

th e  l i m i t in g  v a lu e

A, -  1 -  At p .  . (5 .3 9 )A t -+0 i , n  r  r i , n  '  7r  ’

I f  t h i s  w ere n o t  so , one co u ld  n o t  go from  e q u a t io n  (5 .3 5 )  to  e q u a tio n  

(5 .3 6 ) .  The l i m i t  (5 .3 9 ) w i l l  be u s e fu l  i n  th e  g e n e r a l iz a t io n  o f  equa­

t i o n  (5 .3 2 )  w hich fo llo w s .

3 . G e n e ra l iz a t io n  o f  th e  V e lo c ity  R ese t P rocedure

When RCD u sed  th e  p a r t i a l  v e lo c i ty  r e s e t  in  r e fe re n c e  5, th e y  em­

p lo y e d  an  ap p ro x im atio n  in  w hich each  component o f  th e  v e l o c i ty  o f  each  

atom i s  damped in d e p e n d e n tly . I f  e q u a tio n  (5 .3 2 )  i s  e x p re s se d  in  m a tr ix  

form  as

new , , . . * 5  o ld  , M T //t.v  “  ( 1 — £  ) v  + £  v  ( £ ) ,  (5 .4 0 )

in  w hich th e  v e l o c i t i e s  a re  column v e c to r s  o f  le n g th  3N, and th e  id e n ­

t i t y  and £  m a tr ic e s  a re  o f  d im ension  3N x 3N, w here N i s  th e  number o f

atoms in v o lv e d  in  th e  r e s e t ,  th e n  t h i s  in d ep en d en t damping im p lie s  t h a t

h hth e  m a tr ic e s  £  and (1 — £) a re  d ia g o n a l. T h is m ust be t r u e ,  s in c e  from
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equation (5.37)

I  -  2 A tr  g , (5 .4 1 )

and th e  damping m a tr ix  £  i s  d ia g o n a l f o r  th e  in d ep en d en t damping c a se . 

In  g e n e ra l ,  how ever, £  i s  n o t  d ia g o n a l;  in  p a r t i c u l a r ,  th e  damping

m a tr ix  g iv e n  by e q u a t io n  (5 .3 1 ) ,  w hich i s  u sed  i n  th e s e  c a l c u la t io n s ,  i s  

n o t  d ia g o n a l. Thus, a  more g e n e ra l form f o r  th e  v e l o c i ty  r e s e t ,  w hich 

red u ce s  to  e q u a tio n  (5 .4 0 ) when £  i s  d ia g o n a l, i s  r e q u ir e d .  T h is  ta k e s  

th e  form

new . o ld  , „ T /A. /c In.v  -  | v  + B v  ( £ ) .  (5 .4 2 )

119R ile y  h as  d e r iv e d  e x p re s s io n s  f o r  th e  m a tr ic e s  4  and £ , u s in g  th e  

c o n d i t io n s  t h a t  th e  r e s e t  p re s e rv e  a  c a n o n ic a l v e l o c i ty  d i s t r i b u t i o n  and 

t h a t  th e  l i m i t  a s  A t^ -*• 0 o f  th e  m a tr ix  A, by an a lo g y  w ith  e q u a tio n

(5 .3 9 ) ,  be  g iv e n  by

i  ■ 1  -  “ r * '  <5 -43>r

The fo llo w in g  d is c u s s io n  s e t s  f o r th  t h i s  d e r iv a t io n .

The c o n d i t io n  t h a t  th e  v e lo c i ty  r e s e t  i s  to  p re s e rv e  a  c a n o n ic a l 

d i s t r i b u t i o n  means t h a t  th e  en sem ble-averaged  p r o b a b i l i t y  d i s t r i b u t i o n  

a f t e r  th e  r e s e t ,  Pnew ■ P. m ust be c a n o n ic a l i f  th e  p r o b a b i l i t y  d i s t r i -
,  H 9

b u t io n  b e fo re  th e  r e s e t ,  PQi d ** P > was c a n o n ic a l .  M ath em atica lly  

t h i s  can  be e x p re sse d  a s :
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N r.3N $ r,3N , r,3N , , . $ .t „ - i i  .p ( £ , l )  “  Id V Id  p Id q P (£  ,£  ) »?p ex p { -(£ * ) M £ s /  2kT)

x «3N(£  -  4p £ '  -  I p  £*) . (5 .4 4 )

In  e q u a t io n  (5 .4 4 ) ,  th e  £ s u p e r s c r ip t  r e f e r s  to  a  q u a n t i ty  random ly cho­

se n  from  a  M axw ellian a t  te m p e ra tu re  T; th e  T s u p e r s c r ip t  d en o te s  th e  

tr a n s p o s e  o f  a  v e c to r  o r  m a tr ix . M i s  th e  3N x 3N d ia g o n a l m a tr ix  o f  

m asses m^ f o r  th e  atom s whose v e l o c i t i e s  a re  b e in g  r e s e t ,  k  i s  B o ltz -
- l i

m ann 's c o n s ta n t ,  and -  n  (27rm^kT) i s  a  n o rm a liz a tio n  f a c t o r  f o r  th e  

M axw ellian  momentum d i s t r i b u t i o n  in  th e  in te g ra n d . The m a tr ix  ^  -  

M AM ^ i s  th e  m a tr ix  c o rre sp o n d in g  to  A when e q u a tio n  (5 .4 2 )  i s  

e x p re s se d  in  te rm s o f  momenta r a th e r  th a n  v e l o c i t i e s ;  i s  d e f in e d  

s im i la r l y .  E q u a tio n  (5 .4 4 )  i s  e x p re sse d  in  term s o f  momenta £  r a th e r  

th a n  v e l o c i t i e s  v ,  as  i s  custom ary  when d e a l in g  w ith  ensem bles in  

c l a s s i c a l  m echan ics. The e x p o n e n tia l  and th e  3N -d im ensional d e l t a  

fu n c tio n s  w ith  m a tr ix  argum ents a re  a  sh o rth a n d  n o ta t io n  f o r  p ro d u c ts  o f  

e x p o n e n tia ls  and d e l t a  fu n c t io n s .

The in t e g r a l s  over th e  c o o rd in a te s  c '̂ can  be done t r i v i a l l y  u s in g  

S (£L -  c[') . T h is  r e f l e c t s  th e  f a c t  t h a t  th e  r e s e t  o n ly  a f f e c t s  th e  v e l ­

o c i t i e s  (momenta), w h ile  le a v in g  th e  c o o rd in a te s  unchanged. E quation  

(5 .4 4 )  th e n  becomes (upon chang ing  from momenta to  v e l o c i t i e s )

p (v ,£ )  -  J  d 3 Nv^ J  d 3 Nv '  P ' ( v ' , £ )  »jv  exp{—(v * )T M v^ /  2 kT)

x tf3N(v  — A v '  — B v ^ ) , (5 .4 5 )

h £ £where -  II (m^/2;rkT) . In  chang ing  dp and d p ' to  dv and d v ',  two

f a c t o r s  n ■ II m  ̂ a re  p roduced ; one o f  th e se  c o n v e r ts  i? to  ijv> w h ile  th e



o th e r  i s  c a n c e le d  by a  f a c to r  p ^ g e n e ra te d  by  chang ing  th e  argum ent o f

th e  d e l t a  f u n c t io n .  For th e  sake  o f  c l a r i t y ,  i t  sh o u ld  be  p o in te d  o u t

t h a t  th e  sh o rth a n d  n o ta t io n  r e p r e s e n ts  th e  same q u a n t i ty  a s  th e

Tsymbol v  (£ ) a p p e a rin g  in  e q u a tio n  (5 .4 2 ) .

I f  now th e  p r e - r e s e t  p r o b a b i l i t y  d i s t r i b u t i o n  P '  i s  chosen  to  be  o f  

c a n o n ic a l  form , t h a t  i s ,

P ' ( v ' , £ )  -  e x p ( - ( v ') T ^  v '  /  2kT) x PQ( ^ ) , (5 .4 6 )

th e n  th e  d e s i r e d  form  f o r  th e  p o s t - r e s e t  d i s t r i b u t i o n  P i s

P (v ,c |) -  exp{-vT M v  /  2kT) x PQ(a ) , (5 .4 7 )

w hich r e q u i r e s  t h a t  A and B s a t i s f y

exp{-vT M v  /  2 kT) -  J  d 3 Nv^ J  d 3 Nv '  e x p { - ( v ') T M v '  /  2 kT)

x ij exp{— (v ^ )T M /  2kT) $31*(v — A v '  — B v f )  . (5 .4 8 )

Making th e  change o f  v a r ia b le  s_-  (2kT) M v , w ith  s im i la r  d e f in i t i o n s

f o r  s f  and s ^ ,  e q u a t io n  (5 .4 8 )  can  be w r i t t e n  more com pactly  as
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The s o lu t io n  o f  e q u a tio n  (5 .4 9 )  f o r  Ag and Bg i s  i n  g e n e ra l

d i f f i c u l t ,  b u t  f a i r l y  s t r a ig h tf o r w a r d  in  th e  s p e c ia l  c a se  t h a t  A and B—s —s
119can  be  d ia g o n a liz e d  by  th e  same or thogonal tran sform ation  T, t h a t  i s ,

(5 .5 0 a ) 

(5 .5 0 b ) 

(5 .5 0 c )

A -  TT A T,=s = =s = ’

Bd -  TT B T,=s = =s =

T
T T -  1.

w here th e  d s u p e r s c r ip t  d en o tes  t h a t  th e  m a tr ix  i s  d ia g o n a l. As w i l l  be 

shown below , t h i s  c a se  a p p l ie s  f o r  th e  damping m a tr ix  s p e c i f i e d  by equa­

t i o n  ( 5 .3 1 ) .  G iven t h i s  e x t r a  c o n d i t io n  on A and B , making th e  change—S *“S
c

o f  v a r i a b l e  s_ -  T x  (and  s im i la r ly  f o r  s_' and s_ ) changes e q u a tio n  

(5 .4 9 )  to

. T , f  ,3N £ I* ,3N ,  , , , , £ .Texp {-x x) -  I d  x^ I d x exp{—(x  ) x ) »;s  exp{—(x s ) xs )

x 53N( x -  Ad x '  -  Bd x ^ ) .  ( 5 . 5 1 )
™ ~-*S mmm —S ™

B ecause th e  m a tr ic e s  i n  th e  argum ent o f  th e  d e l t a  fu n c t io n  a re  d ia g o n a l, 

e q u a t io n  (5 .5 1 )  i s  th e  p ro d u c t o f  3N e q u a tio n s  o f  th e  form

exp{— x 2  ) -  J  dXj J  dXj exp{— x ^ 2  ) iT^  exp{— x j 2  )

x 5(Xj -  a^ xj  “ b j  x| ) .  (5 .5 2 )

w here a^ -  ^ = s^ jj and *s s ^ml- la r ^y d e f in e d . One o f  th e  two in t e g r a l s  

i n  e q u a t io n  (5 .5 2 )  can  be perfo rm ed  im m ed ia te ly  u s in g  th e  d e l t a  

f u n c t io n ;  th e  rem a in in g  i n t e g r a l  can  be e a s i l y  e v a lu a te d  a f t e r
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co m p le tin g  th e  sq u a re  i n  th e  exponent o f  th e  in te g ra n d . The r e s u l t  i s

exp (— Xj } -  ( a 2  + b j  )” ** e x p { -X j /  ( a* + b* ) >, (5 .5 3 )

2 2w hich demands t h a t  + b j -  1 , o r ,  in  m a tr ix  form ,

(Ag ) 2  + (Bg ) 2  "  1. (5 .5 4 a )

T h is  c o n d i t io n  i s  e q u iv a le n t  to  th e  fo llo w in g  two e x p re s s io n s :

(5 .5 4 b ) 

(5 .5 4 c )

E q u a tio n  (5 .5 4 b ) fo llo w s  from  (5 .5 4 a ) by  do in g  th e  in v e rs e  o f  th e  

tr a n s fo rm a tio n  (5 .5 0 ) ,  s in c e  A and B a re  b o th  d ia g o n a liz e d  by T;
—S ” S  "■

e q u a tio n  (5 .5 4 c )  fo llo w s  from  (5 .5 4 b ) u s in g  th e  d e f in i t i o n s  o f  A and B
“ S “™S

i n  te rm s o f  A and B, w hich w ere g iv e n  a f t e r  e q u a tio n  (5 .4 9 ) .  F u lf i lm e n t 

o f  th e  c o n d i t io n  (5 .5 4 )  w i l l  en su re  t h a t  th e  v e l o c i ty  r e s e t  o f  e q u a tio n

(5 .4 2 )  p re s e rv e s  a  c a n o n ic a l d i s t r i b u t i o n ,  p ro v id e d  t h a t  (5 .5 0 )  i s  

v a l id .  Thus, f o r  exam ple, a  c a n o n ic a l d i s t r i b u t i o n  i s  m a in ta in e d  by th e  

v e l o c i ty  r e s e t  u se d  in  r e f e r e n c e  5, s in c e  A and B in  e q u a tio n  (5 .4 0 ) 

s a t i s f y  (5 .5 4 c ) and (5 .5 0 )  (w ith  T -  i ) .

I t  rem ains to  choose a  form  f o r  A and B w hich s a t i s f i e s  th e  

c o n d i t io n s  g iv e n  by e q u a tio n s  (5 .4 3 ) ,  (5 .5 0 )  and (5 .5 4 ) .  From e q u a tio n

(5 .4 3 )  and th e  d e f i n i t i o n  o f  A in  te rm s o f  A, one can  se e  t h a t  i n  th e■—'S

At -» 0 l i m i t ,  r

0 _ 2A + B=s =s

7 „ 2A + B

- I,

-  1 .
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A -  1 -  A t M** £  M-1*, (5 .5 5 )—S — TC “* “  “■

S in ce  th e  damping m a tr ix  whose e lem en ts  a r e  g iv en  by  e q u a tio n  (5 .3 1 ) i s

o f  th e  form  £  -  M ^ £ S^m, where ^ s r̂m i s  a  sym m etric m a tr ix ,  f o r  t h i s

c a se  one can  e x p re ss  (5 .5 5 )  as

A -  1 -  A t M- ^  £ Sym M ~ ( 5. 56)
““S *“  IT *"■’ “ * ~~

Thus, a s  A tr  ap p roaches z e ro , Ag I s a sym m etric m a tr ix  and can  be

d ia g o n a liz e d  by an  o r th o g o n a l t r a n s fo rm a tio n . In  l i g h t  o f  t h i s ,  T o f

119e q u a t io n  (5 .5 0 )  i s  chosen  as  th e  o r th o g o n a l m a tr ix  w hich d ia g o n a liz e s  

Ag o f  e q u a t io n  (5 .5 6 ) :

I T [  M- 1 4  | Sym M- * 1  ] J  -  | d , (5 .5 7 )

whence

. J 1® Ad -  1 -  At £ d . (5 .5 8 )At -»0 =s =  r  -  v 'r

I f  now, by ana logy  to  e q u a tio n  (5 .4 1 ) ,  one d e f in e s  th e  d ia g o n a l m a tr ix  

i.d by

f  -  2 A tr  | d , (5 .5 9 )

th e n  ch o o sin g  Ad and Bd to  be o f  th e  form” S —s



e n su re s  t h a t  e q u a tio n  (5 .5 4 a ) i s  v a l id .  E q u a tio n  (5 .6 0 a ) a l s o  s a t i s f i e s

th e  l i m i t i n g  c o n d i t io n  (5 .5 8 ) ,  as  i s  e a s i l y  shown u s in g  (5 .5 9 )  and th e

b in o m ia l ex p an s io n . A consequence o f  th e  r e l a t i o n  (5 .5 9 )  i s  t h a t  th e

s t r e n g th  o f  th e  r e s e t ,  governed  by B_, w i l l  v a ry  o v e r th e  c o u rse  o f  th e

t r a j e c t o r y  i f  th e  damping m a tr ix  £  i s  tim e d ep enden t. Such i s  th e  case

f o r  th e  ZDA damping m a tr ix ,  by v i r t u e  o f  i t s  dependence on th e  gas-

s u r fa c e  i n t e r a c t io n  p o t e n t i a l .

A ll  t h a t  rem ains i s  to  re c o v e r  from  e q u a tio n s  (5 .6 0 )  th e  o r ig in a l

m a tr ic e s  A and B. I n v e r t in g  th e  o r th o g o n a l tr a n s fo rm a tio n  in  (5 .6 0 )

g iv e s  f o r  A and B—s —s

As -  | ^ 1  “  i d f  (5 .6 1 a )

| s -  T [  3d TT . (5 .61b )

E q u a tio n s  (5 .6 1 )  e v id e n t ly  s a t i s f y  (5 .5 0 )  and (5 .5 4 b ) ; (5 .6 1 a ) a ls o  m ust 

f u l f i l l  ( 5 .5 6 ) ,  s in c e  (5 .6 0 a ) m eets th e  req u ire m en t (5 .5 8 ) .  F in a l ly ,

A -  M-1* 1 ^ 1  -  £ d }** TT M1  -  S £ I  -  £ d ] h S” 1  (5 .6 3 a )

I  “  i f *  1  (  J=d } h SS* “  !  [  i d ]** £~1 > (5 .63b )

where S -  M T. E q u a tio n s  (5 .6 3 ) s a t i s f y  (5 .4 3 ) and (5 .5 4 c ) f o r  a

damping m a tr ix  o f  th e  form  g iv e n  i n  e q u a tio n  (5 .3 1 ) ,  a s  d e s i r e d .  They

a ls o  red u ce  to  e q u a tio n  (5 .4 0 ) when £  i s  d ia g o n a l, f o r  w hich ca se  T -  1.
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The rem a in d er o f  C hap ter V d is c u s s e s  th e  Im p lem en ta tio n  o f  th e  

th e o ry  p re s e n te d  in  t h i s  and th e  p re v io u s  s e c t io n .  The n e x t s e c t io n  i s  

d ev o ted  to  a  d e s c r ip t io n  o f  th e  p o t e n t i a l  energy  s u r fa c e  u se d  in  th e  

c a l c u la t io n s  f o r  NO s c a t t e r in g  from  l i th iu m  f lu o r i d e .  S e c t io n  D o u t l in e s  

th e  co m p u ta tio n a l p ro ced u re  f o r  a p p ly in g  th e  red u ced  e q u a tio n s  o f  m otion 

v i a  th e  p a r t i a l  v e l o c i ty  r e s e t .

C. P o te n t i a l  Energy S u rface

The p o t e n t i a l  en ergy  s u r fa c e  fo r  th e  g a s - s u r fa c e  i n t e r a c t i o n  in
3

th e s e  s tu d ie s  i s  th e  same one em ployed by Lucchese and T u lly  to  

in v e s t ig a t e  th e  s c a t t e r i n g  o f  NO from  th e  (001) fa c e  o f  L iF . I t  c o n s is t s  

o f  th r e e  p a r t s :  a  lo n g -ra n g e  d is p e r s io n ,  an  io n -d ip o le  i n t e r a c t io n  and a 

s h o r t- r a n g e  r e p u ls io n .  The LiF c r y s t a l  i s  m odeled a s  a  l a t t i c e  o f  128 

io n s  (two la y e r s  o f  e ig h t  rows o f  e ig h t  io n s  each ) s i t t i n g  a to p  a  b u lk  

continuum . The v a r io u s  te rm s in  th e  g a s - s u r fa c e  p o t e n t i a l  in c lu d e  p a i r ­

w ise  i n t e r a c t io n s  o f  th e  gas d ia tom  w ith  each  io n  i n  th e  l a t t i c e ,  p lu s  

i n t e g r a l  ap p ro x im atio n s  f o r  th e  in t e r a c t io n s  w ith  th e  b u lk . T h is  p a r ­

t i c u l a r  p o t e n t i a l  was chosen  b ecau se  i t  a f f o r d s  th e  o p p o r tu n i ty  to  com­

p a re  th e  r e s u l t s  o f  c a lc u la t io n s  u s in g  th e  red u ced  e q u a tio n s  o f  m otion 

(ZDA ap p ro x im atio n ) f o r  th e  NO/LiF(001) system  w ith  th e  e x te n s iv e  c a lc u ­

l a t i o n s  o f  Lucchese and T u lly  in  r e fe re n c e  3. T h is  s e c t io n  d e f in e s  th e  

c o o rd in a te  system  u sed  in  th e  c a lc u la t io n s  and d e s c r ib e s  th e  f u n c t io n a l  

form  o f  each  te rm  o f  th e  p o t e n t i a l .

The la b o ra to r y  c o o rd in a te  fram e f o r  t h i s  work i s  e s ta b l i s h e d  as 

shown in  F ig u re  24. The o r ig in  i s  p la c e d  in  th e  p la n e  o f  th e  s u r fa c e
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la y e r  o f  th e  c r y s t a l ,  a t  th e  c e n te r  o f  th e  sq u a re  form ed by th e  fo u r  

c e n t r a l  io n s  o f  th e  la y e r .  The XY p la n e  i s  ta k e n  to  be th e  su r fa c e  

p la n e , w ith  th e  p o s i t i v e  Z a x is  p o in t in g  upward. The X and Y axes l i e  

p a r a l l e l  to  th e  rows o f  s u r fa c e  atom s in  th e  l a t t i c e .  S in ce  th e re  a re  

e ig h t  rows o f  e ig h t  io n s  each  in  a  g iv e n  p la n e  o f  th e  s u r fa c e  l a t t i c e ,  

t h i s  c h o ic e  o f  o r ig i n  and o r i e n t a t i o n  o f  th e  c o o rd in a te s  means t h a t  th e  

l a t t i c e  e x ten d s  a  d is ta n c e  ± 7 a /4  from  th e  o r ig i n  i n  b o th  th e  X and Y 

d i r e c t io n s ,  where a  i s  th e  l a t t i c e  c o n s ta n t  ( th e  d is ta n c e  betw een io n s  

o f  th e  same ty p e  in  a  g iv e n  row o f  th e  l a t t i c e ) .  The row sp a c in g , which 

e q u a ls  th e  n e a re s t -n e ig h b o r  d is ta n c e ,  i s  a /2 .  S in ce  th e  l a t t i c e  c o n ta in s  

o n ly  two l a y e r s ,  th e  s u r fa c e  o f  th e  b u lk  continuum  i s  assumed to  l i e  a t  

”  ” 3a /4 ,  w hich would be  h a lfw ay  betw een th e  second  and t h i r d  

la y e r s  i f  th e  l a t t e r  w ere p r e s e n t .  The b u lk  e x ten d s  to  ±<*> in  th e  X and Y 

d i r e c t io n s  and to  -«° in  th e  Z d i r e c t io n ,  and i s  assumed to  c o n ta in  a 

number d e n s i ty  o f  io n s  o f  each  ty p e . F or L iF , a  -  4 .0 2

A ngstrom s ^ ^ 3  and ^  -  0 .061297 atom s/ A 3 .^

The e x p re s s io n  u se d  f o r  th e  lo n g -ra n g e  d is p e r s io n  p o t e n t i a l  betw een
3

th e  gas d ia tom  and an io n  s in  th e  s u r fa c e  l a t t i c e  i s

“  3  U 1  U f  1  1

V ,, -  ---------- 2 2 ± _ L _ J  a  a  + - « . )  i Po (co s0 ) (5 .6 4 )d is p  2 (u  + 6  \  mol s 3 s v || l 7mol 2 V J '
mol s

where and Ug a r e  th e  io n iz a t io n  p o te n t i a l s  o f  th e  gas d ia tom  and

th e  s u r fa c e  io n , r e s p e c t iv e ly ,  and a g t h e i r  t o t a l  p o l a r i z a b i l i t i e s ,

(a|l - a j_)moi  i s  p o l a r i z a b i l i t y  a n is o tro p y  o f  th e  d ia tom , and

1  2P2 (cos0 ) i s  th e  Legendre po lynom ial ^-(3cos 5 — 1) .  R d en o tes  th e



164

m agnitude o f  th e  d is ta n c e  v e c to r  R from  th e  s u r fa c e  io n  to  th e  d iatom

c e n te r  o f  m ass, and 6 i s  th e  a n g le  betw een R and th e  d ia tom  r e l a t i v e

p o s i t i o n  v e c to r  r .  E q u a tio n  (5 .6 4 ) a r i s e s  as  th e  f i r s t  te rm  in  th e

d is p e r s io n  p a r t  o f  th e  m u ltip o le  ex p an sio n  o f  th e  lo n g -ra n g e  in t e r a c t io n

120p o t e n t i a l  betw een  an  atom and a  l i n e a r  m olecu le  in  th e  gas p h ase .
*4

C a lc u la t io n  o f  R and cos# i s  s t r a ig h tf o r w a r d .  One o b ta in s  R as  th e

d i f f e r e n c e  betw een th e  la b o ra to ry  fram e p o s i t i o n  v e c to r s  R ^  o f  th e

d ia tom  c e n te r  o f  mass and R o f  th e  s u r fa c e  io n , w h ile  c o s 6 i s  founds ’
86from  th e  d e f i n i t i o n  o f  th e  d o t  p ro d u c t o f  two v e c t o r s , e x p re s se d  as

r  • _R x X  + y  Y + z Z
cos* -  V l f  -  ? -  • <5 -65>

where x ,y ,z  and X,Y,Z a re  th e  C a r te s ia n  components o f  r  and R, 

r e s p e c t iv e ly ,  and r ,  th e  d ia tom  in te r n u c le a r  d is ta n c e ,  i s  th e  m agnitude 

o f  r .  The dependence o f  th e  d ia tom  t o t a l  p o l a r i z a b i l i t y  upon r  i s
3

in c lu d e d  u s in g  th e  e x p re s s io n

a ( r )  -  a ( r g ) + ^  ( r  -  r g ) , (5 .6 6 )

where r  i s  th e  e q u i l ib r iu m  s e p a r a t io n  o f  th e  d ia tom . A s im i la r  ex p re s -  

s io n  i s  u se d  f o r  th e  v a r i a t i o n  o f  th e  p o l a r i z a b i l i t y  a n is o tro p y . S ince  

th e  p e rp e n d ic u la r  component o f  th e  p o l a r i z a b i l i t y  does n o t change 

v e ry  much a s  r  ch anges, one can  approx im ate  th e  d e r iv a t iv e  o f  th e  a n is o ­

tro p y  as  th e  d e r iv a t iv e  o f  th e  p a r a l l e l  component at|| o f  th e  p o la r i z a ­

b i l i t y .  From th e  d e f i n i t i o n  a  -  (e^ + 2a^) /  3, i t  i s  a p p a re n t t h a t  

(d a ^ /d r )  -  3 (d a /d r )  i f  i s  ta k e n  to  be a  c o n s ta n t .  Thus i t  i s  easy  to
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e s tim a te  th e  d e r iv a t iv e  o f  CK|| from  t h a t  o f  o . To g e t  th e  t o t a l  

d is p e r s io n  p o t e n t i a l  due to  th e  s u r fa c e  l a t t i c e ,  e q u a tio n  (5 .6 4 ) i s  

summed o v er th e  s u r fa c e  io n s  s .

To e v a lu a te  th e  c o n t r ib u t io n  to  th e  d is p e r s io n  en ergy  due to  th e  

io n s  i n  th e  b u lk , one can  in t e g r a te  e q u a tio n  (5 .6 4 )  o v er th e  e x te n t  o f
3

th e  b u lk . The r e s u l t i n g  e x p re s s io n  i s

yb n ° b u lk  ^mol ^ s

^  4 ' Dmol + V < 2 c m -  W 3

x {  amolas + f “s(“ll “ “xVol p2<co**n> } ' (5'67)

where Z i s  th e  d is ta n c e  o f  th e  d ia tom  c e n te r  o f  mass above th e  c r y s t a l  cm J

and 8 i s  th e  an g le  betw een r  and th e  s u r fa c e  norm al ( la b o ra to ry  Z 

a x i s ) .

I f  th e  gas d iatom  h as  a  d ip o le  moment, t h i s  d ip o le  w i l l  i n t e r a c t

w ith  th e  io n s  in  th e  s u r f a c e .  The form o f  th e  io n -d ip o le  p o t e n t i a l  
3

u sed  h e re  t r e a t s  th e  d ip o le  a s  two e q u a l and o p p o s ite  ch a rg es  s e p a ra te d  

by a d is ta n c e  r ,  each  o f  w hich i n t e r a c t s  w ith  each  io n  in  th e  su r fa c e  

v i a  a Coulomb p o te n t i a l :

Vj ’s - 2 1  " s (5 .6 8 )Coul R.
J s

where q . i s  th e  ch a rg e  ( i n  e su ) on atom j  i n  th e  d ia tom  ( j  ■ 1  o r  2 ) ,  q 
J s

th e  charge  o f  io n  s in  th e  s u r fa c e  l a t t i c e ,  and R. th e  m agnitude o f  th e
J s

d is ta n c e  v e c to r  R jg from  io n  s to  atom j . The ch a rg e s  q^ and th e

atoms in  th e  d ip o le  a re  found from q^ £ -  T / i ( r )  /  r ,  i n  which th e
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d ip o le  moment /*(r) a s  a  fu n c t io n  o f  r  i s  g iv e n  by an e x p re s s io n

analogous to  e q u a tio n  (5 .6 6 ) .  The io n -d ip o le  p o t e n t i a l  due to  th e

s u r fa c e  l a t t i c e  i s  c a lc u la te d  by  summing e q u a tio n  (5 .6 8 )  o v e r b o th  j  and

s .  In  th e  in t e g r a l  ap p ro x im atio n , th e  c o n t r ib u t io n  o f  th e  p o s i t i v e  io n s

in  th e  b u lk  o f  th e  c r y s t a l  e x a c t ly  c a n c e ls  t h a t  o f  th e  n e g a t iv e  io n s ,  so

t h a t  th e  c o n t r ib u t io n  o f  th e  b u lk  to  th e  io n -d ip o le  i n t e r a c t i o n  i s  z e ro .

The s h o r t- r a n g e  p o t e n t i a l  u sed  h e re  i s  b a sed  on a  p a irw is e  r e p u ls iv e
3

in t e r a c t io n  o f  th e  form

V-j» s
rep

•Js
J12

*1*j s

(5 .6 9 )

i swhere th e  a re  c o n s ta n ts .  S in ce  th e r e  a re  two atom s in  th e  m olecule

i sand two ty p e s  o f  io n  in  th e  s u r f a c e ,  fo u r  such  a re  re q u ire d .

12R e c a ll in g  t h a t  th e  L ennard -Jones C ^  c o e f f i c i e n t  i s  p r o p o r t io n a l  to  a 

where a i s  th e  L ennard -Jones d is ta n c e  p a ra m e te r , one can  r e l a t e  any p a i r
3

o f  th e se  c o n s ta n ts  by th e  e x p re s s io n

,  /  /
- j s
12

- j s
J12

_ ! i X
a j s

12
(5 .7 0 )

where i s  th e  L ennard -Jones d is ta n c e  p a ram e te r  f o r  th e  r e p u ls iv e

i n t e r a c t i o n  o f  atom j  in  th e  d iatom  and io n  s in  th e  l a t t i c e .  The

105v a r io u s  O jg can  be e s tim a te d  from th e  a r i th m e t ic  com bining r u l e  ° j s  ”

i(o. + a ) ,  u s in g  f o r  a.  th e  van  d e r Waals r a d iu s  o f  gas atom j  and f o r  
* J s  J
a  th e  io n ic  r a d iu s  o f  s u r fa c e  io n  s .  T h is  work, fo llo w in g  re fe re n c e  3, s
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u se s  “  0 . 6 8  A and <7 p_ -  1 .33  A, and assum es -  1 . 8  A. This

l a t t e r  assum ption  means t h a t  each  atom in  th e  d ia tom  i n t e r a c t s  i d e n t i ­

c a l l y  w ith  a  g iv e n  s u r fa c e  io n , th u s  re d u c in g  to  two th e  number o f  

r e p u ls iv e  c o n s ta n ts  to  be d e te rm in e d . S in ce  th e s e  a r e  r e l a t e d  by eq u a­

t i o n  ( 5 .7 0 ) ,  th e r e  i s  o n ly  one in d ep en d en t p a ra m e te r , w hich i s  chosen  

u s in g  a  n o n lin e a r  le a s t - s q u a r e s  f i t  so  t h a t  th e  o v e r a l l  p o t e n t i a l  has
3

th e  d e s i r e d  w e ll d e p th . The c o n t r ib u t io n  to  th e  r e p u ls iv e  p o t e n t i a l  due 

to  th e  s u r fa c e  l a t t i c e  i s  c a lc u la te d  by  summing e q u a t io n  (5 .6 9 )  o v er j  

and  s .  I n te g r a t in g  (5 .6 9 )  shows th e  c o n t r ib u t io n  from  th e  b u lk  to  be '* '^

th e  ty p e  o f  s u r fa c e  io n .

In  a d d i t io n  to  th e  g a s - s u r fa c e  i n t e r a c t io n ,  a p o t e n t i a l  f o r  th e  f r e e  

d ia tom  m ust be  chosen  to  c o m p le te ly  d e s c r ib e  th e  o v e r a l l  p o t e n t i a l  

en erg y  s u r f a c e .  I n  th e s e  c a lc u la t io n s  th e  d ia tom  p o t e n t i a l  s e le c te d  i s  a 

Morse f u n c t io n ,  u s in g  th e  e x p e rim e n ta lly -d e te rm in e d  g a s-p h a se  v a lu e s  o f  

th e  e q u i l ib r iu m  s e p a r a t io n  r  and th e  d i s s o c ia t io n  en ergy  D?. The Morse
6  U

w e ll  d ep th  Dg and e x p o n e n tia l  p a ram e te r  /? a re  found  from th e s e  v a lu e s

93du s in g  th e  s ta n d a rd  fo rm ulae

(5 .7 1 )

w here Z. i s  th e  d is ta n c e  o f  atom j  above th e  c r y s t a l ,  and + /— d e s ig n a te s

(5 .7 2 )

P “  w — T-R—  “ 0.121821r  e h De
(5.73)
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where u>& i s  th e  v i b r a t i o n a l  freq u en cy  o f  th e  d ia tom , n i s  i t s  reduced  

m ass, c i s  th e  sp eed  o f  l i g h t  and fi i s  P la n c k 's  c o n s ta n t  d iv id e d  by 2w. 

E q u a tio n  (5 .7 3 )  p ro d u ces  fi in  A ^ i f  and a re  in  cm ^ and /i i s  in  

amu. These two e q u a tio n s  p ro v id e  an ea sy  means f o r  c a l c u la t in g  Dg and 0 

f o r  a g iv e n  w . T h is  p roves  u s e f u l  in  s e t s  o f  c a l c u la t io n s  t h a t  v a ry

T ab le  4 c o n ta in s  th e  v a lu e s  o f  th e  v a r io u s  p a ra m e te rs  u sed  in  th e  

g a s - s u r fa c e  i n t e r a c t io n  p o t e n t i a l .  The so u rc e s  from  w hich th e s e  q u a n ti-
3

t i e s  w ere o b ta in e d  a re  g iv e n  in  r e fe re n c e  3 . Lucchese and T u lly  f i t

t h e i r  NO/LiF p o t e n t i a l  to  a  w e ll  dep th  o f  90 meV, and o b se rv ed  th a t  t h i s

minimum o c c u rre d  when th e  NO m olecu le  was ly in g  n e a r ly  p a r a l l e l  to  th e

s u r f a c e ,  in  a  p la n e  c o n ta in in g  th e  s u r fa c e  norm al and th e  two L i+ io n s

n e a r e s t  th e  o r ig in ,  w ith  th e  c e n te r  o f  mass a t  a  h e ig h t  Z -  1 .6  Acm

above th e  s u r f a c e .  These o b s e rv a tio n s  w ere con firm ed  in  t h i s  work as  a 

check .

D. C om putational D e ta i l s

T h is  s e c t io n  com pletes  C hap ter V w ith  a  d is c u s s io n  o f  th e  com puta­

t i o n a l  p ro ced u re  a c t u a l l y  u sed  in  th e  c a l c u la t io n s .  F i r s t ,  an  o u t l in e  o f  

th e  s t r u c t u r e  o f  th e  t r a j e c t o r y  code i s  p r e s e n te d ,  and th e n  s p e c i f i c  

d e t a i l s  w i th in  t h a t  framework a re  g iv en .

In  g e n e ra l ,  c a lc u la t io n s  a re  perfo rm ed  in  s e t s  o f  100 t r a j e c t o r i e s ,

in  o rd e r  to  a llo w  d i r e c t  com parison  w ith  th e  r e s u l t s  o f  Lucchese and 
3

T u lly .  A t th e  s t a r t  o f  a  s e t  o f  t r a j e c t o r i e s ,  th e  s p e c tro s c o p ic  con- 

121s t a n t s  and m asses f o r  th e  NO m olecu le  and th e  p a ra m e te rs  f o r  th e  g as- 

s u r f a c e  i n t e r a c t i o n  p o t e n t i a l  a re  in p u t  to  th e  t r a j e c t o r y  code, a lo n g



169

T ab le  4 . P a ram e te rs  f o r  th e  NO/LiF i n t e r a c t i o n  p o t e n t i a l .

P o te n t i a l  Term P aram eter V alue

UL i+ 75.619 eV

V 3.465 eV

UN0 9.26436 eV

d isp
“ L i+ 0 .0286 A

V 0 .759  A3

a
“no

1 .7 4  A3

(«H - 0 .759 A3

^“ no ^ d r 3 .0  A2

b
qL i+ 0 .97  e c

Vid % 0
-  0 .1474  D

dMN 0  /  d r 2 .19  D/A

_(N ,0 —L i+) 
1 2

8.5083 eVd

Vrep
_(N ,0-F~)

1 2
139.00 eVd
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T ab le  4 (co n tin u ed )

NO Morse 

p o t e n t i a l

r  1 .15077 Ae

D° 6 .496 eV

w e 1904.20 cm” 1e

av a lu e  a t  r  -  r  .e
b
qp- “ L̂i-*"

c e -  4 .803  x 10” 1 0  e su .

^ th e  co rre sp o n d in g  v a lu e  in  re fe re n c e  3 i s  l a r g e r  by a  f a c t o r  o f  12, 
due to  an  e r r o r .

t h i s  i s  th e  ex p e rim e n ta l v a lu e ; in  some c a l c u la t io n s ,  o th e r  v a lu e s  
o f  we a re  employed - see  C hap ter VI.
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w ith  th e  i n i t i a l  v a lu e s  o f  quantum numbers v  and J ,  c o l l i s i o n  energy  

and in c id e n c e  a n g le  6 ^ w hich c h a r a c te r iz e  t h a t  s e t .  I n  some c a s e s ,  J  

a n d /o r  6 ^ f o r  a  s e t  i s  d e te rm in ed  by Monte C arlo  s e le c t io n .  The 

c o o rd in a te s  o f  th e  atoms o f  th e  s u r fa c e  l a t t i c e  a r e  a ls o  e s ta b l i s h e d  a t  

th e  s t a r t  o f  th e  s e t .  A f te r  t h i s  s e t-u p  p ro c e d u re , th e  t r a j e c t o r i e s  a re  

ru n . To c a l c u la te  a  s in g le  t r a j e c t o r y ,  th e  fo llo w in g  scheme i s  a p p l ie d . 

The i n i t i a l  c o n d i t io n s  f o r  th e  t r a j e c t o r y  a r e  s e le c te d  u s in g  th e  

p ro c e d u re s  g iv en  in  s e c t io n  B o f  C hap ter I I , b a se d  on th e  s u p p lie d  

v a lu e s  o f  v , J ,  Ê , and 8 ^; th e  o th e r  n e c e s sa ry  q u a n t i t i e s  needed  f o r  th e  

i n i t i a l i z a t i o n  a r e  s e le c te d  random ly, e x c e p t f o r  th e  i n i t i a l  h e ig h t  Z^n> 

w hich i s  alw ays 9 ,5  A, fo llo w in g  re fe re n c e  3. In  s e t s  o f  t r a j e c t o r i e s  in  

w hich J  i s  random ly s e le c te d ,  th e  r e q u ir e d  cu m u la tiv e  p r o b a b i l i t y  

d i s t r i b u t i o n  i s  c o n s tru c te d  from  a  Boltzm ann r o t a t i o n a l  d i s t r i b u t i o n  a t  

te m p e ra tu re  Trofc; th e  v a lu e  o f  Trofc i s  in p u t to  th e  code. A f te r  th e

i n i t i a l i z a t i o n  p ro c e d u re , H a m ilto n 's  e q u a tio n s  o f  m otion  (2 .2 8 )  a re

in t e g r a te d ,  u s in g  th e  p o t e n t i a l  energy  fu n c tio n  d is c u s s e d  in  s e c t io n  C, 

f o r  a  tim e A t^. At t h i s  p o in t ,  th e  v e l o c i t i e s  a re  r e s e t  by  c a l l i n g  a  

s u b ro u tin e  .which i s  d e s c r ib e d  in  th e  n e x t p a ra g ra p h .

The r e s e t  s u b ro u tin e  perfo rm s th e  fo llo w in g  a lg o ri th m . The L a p la c ia n

o f  th e  g a s - s u r fa c e  p o t e n t i a l  w ith  r e s p e c t  to  th e  c o o rd in a te s  o f  each

s u r f a c e  atom i s  c a lc u la te d ,  and th e  w eig h t f a c t o r s  W a re  found u s in g

SAe q u a tio n  (5 .3 0 ) .  The e lem en ts  o f  th e  co u p lin g  m a tr ix  K , g iv e n  by 

e q u a t io n  (5 .1 4 b ) , a re  a ls o  e v a lu a te d . ( I n  th e  c a l c u la t io n s  r e p o r te d  in  

C h ap te r V I, a l l  128 io n s  o f  th e  s u r fa c e  l a t t i c e  a re  in c lu d e d  in  th e

c a l c u la t io n  o f  th e  w eigh t f a c to r s  and c o u p lin g -m a tr ix  e le m e n ts , u n le s s

e x p l i c i t l y  s t a t e d  o th e rw is e .)  From th e se  q u a n t i t i e s  th e  m a tr ix  e lem en ts
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o f  th e  sym m etric m a tr ix  £ s r̂m a re  c a lc u la te d  u s in g  (5 .3 1 )  (w ith o u t th e  

f a c t o r  o f  m ^ ) . Then th e  m a tr ix  p ro d u c t i s  d ia g o n a liz e d  to

o b ta in  th e  m a tr ic e s  £** and T, a c c o rd in g  to  (5 .5 7 ) .  U sing  th e s e ,  e q u a tio n

d 1(5 .5 9 )  y ie ld s  £  and e q u a tio n  (5 .6 3 ) S and S . The atom v e l o c i t i e s  a re

o b ta in e d  from  th e  c e n te r -o f -m a s s  and r e l a t i v e  momenta ( th e  i n t e g r a t i o n

v a r ia b le s )  u s in g  (2 .6 b ) ,  and r e s e t  ac c o rd in g  to  e q u a tio n s  (5 .4 2 )  and

(5 .6 3 ) .  The M axw ellian  v e l o c i t i e s  u sed  in  th e  r e s e t  a r e  found from

£ h G Gv  -  (kT/m) £ , w here £ i s  a  G au ssian  random number g e n e ra te d  from  an

in v e r s e - e r r o r - f u n c t io n  ap p ro x im atio n  s u b ro u tin e  s u p p lie d  by  J .  C. 

122T u lly . F in a l ly ,  th e  new v e l o c i t i e s  a re  c o n v e rte d  b ack  to  momenta 

u s in g  e q u a tio n s  ( 2 .4 c - d ) .

A f te r  th e  r e s e t t i n g  i s  com ple te , th e  EOM a re  in t e g r a te d  f o r  a n o th e r  

r e s e t  i n t e r v a l  and a g a in  r e s e t .  T h is  c y c le  i s  r e p e a te d  u n t i l  th e  end o f  

th e  t r a j e c t o r y  h as  been  reac h ed . A t r a j e c t o r y  i s  c o n s id e re d  o v er e i t h e r  

when th e  c e n te r  o f  mass o f  th e  gas m olecu le  re a c h e s  a  h e ig h t  o f  10 A 

above th e  s u r fa c e  i n  l e s s  th a n  10 p ico seco n d s  (a  " d i r e c t "  t r a j e c t o r y  by
3

th e  d e f i n i t i o n  o f  Lucchese and T u lly  ) ,  o r  when th e  t r a j e c t o r y  has  been

in t e g r a te d  f o r  15 p ic o se c o n d s . In  th e  l a t t e r  c a se  th e  t r a j e c t o r y  i s
3

f la g g e d  a s  a  " tra p p e d "  t r a j e c t o r y  a f t e r  10 p ic o se c o n d s , b u t  th e  i n t e ­

g r a t io n  i s  c o n tin u e d  f o r  up to  f iv e  p ico seco n d s  more, in  o rd e r  to  o b ta in  

f i n a l  q u a n t i t i e s  o f  i n t e r e s t  f o r  a t  l e a s t  some o f  th e s e  in s ta n c e s .  I f  a 

t r a j e c t o r y  does n o t  re a c h  10 A w ith in  15 p ic o se c o n d s , no f i n a l  a n a ly s i s  

i s  perfo rm ed . Q u a n t i t ie s  o f  i n t e r e s t  in c lu d e  th e  f i n a l  quantum numbers v  

and J ,  th e  f i n a l  s c a t t e r in g  a n g le s  9^ and and th e  f i n a l  e n e rg ie s  o f  

t r a n s l a t i o n ,  v ib r a t i o n  and r o t a t i o n .  A f te r  th e  e n t i r e  s e t  o f  t r a j e c t o ­

r i e s  h as  been  ru n , i t  i s  an a ly zed  in  term s o f  f i n a l  av erag e  e n e rg ie s  and
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T ab le  5 . F in a l  e n e rg ie s  f o r  v a r io u s  R unge-K utta in t e g r a to r  s te p  s iz e s  
i n  th e  absence  o f  th e  g a s - s u r fa c e  p o t e n t i a l .  I n i t i a l  e n e rg ie s  
w ere ET -  217.000 meV, -  349.504 meV and ER -  0 .739850 meV.

h  (p sec ) (meV) 4  <meV> Er  (meV)

0.00050 217.000 348.652 0.739845

0.00033 217.000 349.392 0.739850

0.00025 217.000 349.478 0.739850

0 . 0 0 0 2 0 217.000 349.495 0.739850

accom m odation c o e f f i c i e n t s  f o r  th e  v a r io u s  d eg ree s  o f  freedom , f o r  

d i r e c t  com parison  w ith  th e  r e s u l t s  o f  r e fe re n c e  3. P ro ced u res  f o r  th e

f i n a l  a n a ly s i s  o f  each  t r a j e c t o r y  and f o r  th e  s e t  o f  t r a j e c t o r i e s  a re

o u t l in e d  i n  s e c t io n  D o f  C hap ter I I .

The r e s e t  i n t e r v a l  f o r  th e se  c a lc u la t io n s  was chosen  to  be  0 .001

p ic o se c o n d s , in  o rd e r  to  g iv e  a  maximum v a lu e  f o r  th e  m a tr ix  e lem en ts  o f

o f  a b o u t 0 .2 5 . For t h i s  sm a ll a  s te p  s i z e ,  th e  co m p u ta tio n a l overhead

99in  th e  DEROOT in t e g r a to r  s u b ro u tin e  package u sed  f o r  th e  v ib r a t i o n a l  

quantum number i n i t i a l i z a t i o n  p ro ced u re  makes i t  to o  slow  to  u se  f o r  

in t e g r a t i n g  th e  t r a j e c t o r i e s .  Thus a  s im p le  f o u r th - o r d e r  c l a s s i c a l  

R unge-K utta  i n t e g r a t o r ^ ^ 3  was em ployed. The ro u t in e  i s  coded to  make n 

s te p s  p e r  r e s e t  i n t e r v a l ,  where n & 1  can  be chosen  a s  d e s i r e d  to

m inim ize th e  e r r o r .  The in t e g r a to r  was t e s t e d  i n  s e v e r a l  ways. F i r s t ,
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H a m ilto n 's  e q u a tio n s  w ere I n te g r a te d  f o r  1 .6 5  p ic o sec o n d s  in  th e  absence 

o f  th e  g a s - s u r fa c e  p o t e n t i a l  f o r  s e v e r a l  s te p  s i z e s  h ,  to  t e s t  energy  

c o n s e rv a t io n . B ased on th e  r e s u l t s ,  w hich a r e  c o n ta in e d  in  T ab le 5, 

f u r th e r  t e s t s  were perfo rm ed  o n ly  on th e  two s m a l le s t  v a lu e s  o f  h , 

0 .00025 and 0 .00020 p ic o sec o n d . N ext a  s in g le  t r a j e c t o r y  w ith  a  ty p ic a l  

s e t  o f  i n i t i a l  c o n d i t io n s  (v  -  1 , J  - 1 . 5 ,  217 meV, 8 ^ -  30") was

in t e g r a te d  in  th e  p re se n c e  o f  th e  g a s - s u r fa c e  i n t e r a c t i o n  to  t e s t  

a g a in s t  e x a c t  r e s u l t s .  T ab le  6  shows th e  r e s u l t  w ith o u t a p p l ic a t io n  o f  

th e  v e l o c i ty  r e s e t ,  f o r  w hich th e  e x a c t r e s u l t  i s  th e  i n i t i a l  energy , 

w hich sh o u ld  be co n se rv ed ; T ab le  7 c o n ta in s  r e s u l t s  w ith  r e s e t t i n g ,  f o r  

w hich th e  " e x a c t"  r e s u l t  i s  ta k e n  as in t e g r a t i o n  by DEROOT, s in c e  th e  

damping i s  n o n -c o n s e rv a t iv e . For a  R unge-K utta a lg o r i th m  o f  o rd e r  r ,  th e  

g lo b a l  e r r o r  i s  0 (h r ) , ^ ^ ^  so t h a t  th e  r a t i o  o f  e r r o r s  f o r  th e  two s te p
4

s iz e s  c o n s id e re d  h e re  sh o u ld  be  ap p ro x im a te ly  (2 5 /2 0 ) % 2 .4 ;  th e  e r r o r

r a t i o s  from  T ab les  6  and 7 a re  - 1 .7  and - 4 .3 ,  in d i c a t in g  th a t  th e  

i n t e g r a to r  works p ro p e r ly .  Based on th e  r e s u l t s  o f  T ab les  6  and 7, th e  

0.00020 p ic o sec o n d  s te p  s i z e  (5 s te p s  p e r  r e s e t )  was cho sen . W ith t h i s  

v a lu e  o f  h ,  th e  i n t e g r a to r  i s  ro u g h ly  f o r t y  to  f i f t y  p e rc e n t  f a s t e r  th a n  

DEROOT f o r  th e  0 .001  p ic o sec o n d  r e s e t  i n t e r v a l  u sed  h e re .  The c a l c u la ­

t io n s  w ere perfo rm ed  on th e  Cray X-MP a t  S and ia  N a tio n a l L a b o ra to r ie s  in  

A lbuquerque, New M exico, and th e  Cray X-MP a t  th e  Ohio Supercom puter 

C en te r in  Columbus, O hio. A ty p i c a l  d i r e c t  t r a j e c t o r y  to o k  28 seconds o f  

CPU tim e ; a  ty p i c a l  tra p p e d  t r a j e c t o r y  to o k  131 seco n d s .

S ince  th e  model u sed  f o r  th e  LiF s u r fa c e  i s  a  l a t t i c e  o f  o n ly  128 

io n s  s i t t i n g  a to p  a  b u lk  continuum , some p ro v is io n  m ust be  made to  keep 

th e  gas m olecu le  above th e  c e n te r  o f  th e  l a t t i c e .  I n  p a r t i c u l a r ,  th e
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T ab le  6 . Com parison o f  in t e g r a to r s  f o r  t r a j e c t o r i e s  w ith o u t v e lo c i ty  
r e s e t t i n g .

T r i a l 3
e tot (,neV> E r r o r 5  (10 - 6  eV) CPU m in u tesC

Exact** 567.003

DEROOT 566.984 19 294

0 . 0 0 0 2 0 566.981 2 2 160

0.00025 566.966 37 127

n u m e rica l e n t r i e s  a re  s te p  s iz e s  in  p ic o se c o n d s . 

^ E rro r  -  (e x a c t  r e s u l t )  — ( r e s u l t  f o r  t h i s  t r i a l ) . 

Cf o r  a  VAX 11/750 .

**exact r e s u l t  i s  th e  i n i t i a l  v a lu e  o f
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T ab le  7 . Com parison o f  in t e g r a to r s  f o r  t r a j e c t o r i e s  w ith  v e lo c i ty  
r e s e t t i n g .

T r i a l 3 4 ot <neV> E rro r ' 5  (10~"^ eV) CPU m in u tes 3

Exact** 266.266 612

0 . 0 0 0 2 0 266.263 3 377

0.00025 266.253 13 301

g
n u m e rica l e n t r i e s  a re  s te p  s iz e s  in  p ic o se c o n d s , 

^ d e f in e d  a s  in  T ab le  6 .

Cf o r  a  VAX 11/750.

**exact r e s u l t  i s  th e  DEROOT c a l c u la t io n .
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c e n te r  o f  mass o f  th e  d ia tom  I s  c o n s tr a in e d  to  l i e  above th e  sq u are

form ed by  th e  fo u r  io n s  n e a r e s t  th e  o r ig in  ( th e  " c e n t r a l  s q u a re " ) .  In  

o rd e r  to  do t h i s ,  th e  lo c a t io n  o f  th e  c e n te r  o f  mass i s  checked  once p e r  

r e s e t  i n t e r v a l ;  i f  th e  c e n te r  o f  mass h as  moved o u t  o f  th e  c e n t r a l  

s q u a re , th e  code c a l l s  a  su b ro u tin e  w hich a d ju s t s  th e  c o o rd in a te s  and 

momenta o f  th e  d ia tom  a c c o rd in g ly . S ince  th e re  a re  two ty p e s  o f  io n  in  

th e  l a t t i c e ,  a t  a l t e r n a t i n g  l a t t i c e  s i t e s ,  th e re  a re  two d i s t i n c t  c a se s  

w hich m ust be  c o n s id e re d .

The f i r s t  ca se  i s  shown in  p a r t  (a )  o f  F ig u re  25. Here th e  diatom  

moves i n  such  a  way th a t  i t  c ro s s e s  b o u n d a rie s  in  b o th  th e  X and Y 

d i r e c t io n s  in  th e  same r e s e t  i n t e r v a l ,  so t h a t  th e  new sq u are  over which

i t  moves i s  i d e n t i c a l  to  th e  c e n t r a l  sq u a re . Thus, to  r e tu r n  th e  m ole­

c u le  to  th e  c e n t r a l  sq u a re , th e  row sp a c in g  a / 2  i s  added to  o r  s u b tr a c ­

te d  from  each  o f  th e  c o o rd in a te s  X and Y as  n e c e s s a ry . No a d ju s t -cm cm j j

m ents o f  th e  momenta a r e  n e c e ss a ry  in  t h i s  c a se .

P a r t  (b ) o f  F ig u re  25 d e p ic ts  th e  more common s i t u a t i o n ,  in  which

th e  gas m o lecu le  o n ly  c ro s s e s  one boundary o f  th e  c e n t r a l  sq u a re . Now

th e  new sq u a re  i s  n o t  i d e n t i c a l  to  th e  c e n t r a l  sq u a re , b u t  r a th e r  to  th e

c e n t r a l  sq u a re  r o ta t e d  by n in e ty  d e g re e s .  T h e re fo re , to  r e tu r n  th e

d ia tom  to  th e  c e n t r a l  sq u a re , th e  r e l a t i v e  and c e n te r -o f -m a s s  p o s i t io n

and momentum v e c to r s  a r e  r o ta t e d  around  th e  Z a x is  by (—l ) n  x 90°, where

n  ^  0 i s  th e  number o f  p re v io u s  r o t a t i o n s ,  a f t e r  w hich e i t h e r  X o r  Ycm cm

i s  a d ju s te d  by  ± a /2  a s  n e c e s s a ry  to  o b ta in  th e  r e q u ir e d  p o s i t io n in g .  For 

exam ple, i n  th e  f ig u r e  th e  m olecu le  h a s  moved o u t o f  th e  c e n t r a l  sq u a re  

in  th e  X d i r e c t io n ,  to  p o in t  A. To c o r r e c t  t h i s ,  th e  p o s i t i o n  and

momentum v e c to r s  a re  f i r s t  r o t a t e d  by +90° ( t h a t  i s ,  co u n te rc lo c k w ise )
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F ig u re  25. I l l u s t r a t i o n  o f  th e  p ro ced u re  f o r  k eep in g  th e  d ia tom  above th e  c e n t r a l  
sq u a re  o f  th e  l a t t i c e  f o r  (a )  th e  c a se  t h a t  b o u n d a rie s  in  b o th  th e  X 
and Y d i r e c t io n s  a r e  c ro s s e d , and (b ) th e  c a se  t h a t  o n ly  one boundary 
i s  c ro s s e d .  S o lid  arrow s r e p r e s e n t  d ia tom  p o s i t io n s  and v e l o c i t i e s .  
S t r a ig h t  dashed  arrow s d en o te  d isp la c e m e n t o f  p o s i t i o n  v e c to r s  by a /2  
in  th e  s p e c i f i e d  d i r e c t io n ;  cu rv ed  dashed  arrow s d en o te  r o t a t i o n  o f  
p o s i t i o n  and momentum v e c to r s  by 90° i n  th e  s p e c i f i e d  d i r e c t i o n .
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around  Z, to  p o in t  B. The r e l a t i v e  as  w e ll  as  c e n te r -o f -m a s s  v e c to r s  

m ust be  r o t a t e d  s in c e  b o th  s e t s  a re  u sed  to  c a l c u la te  th e  atom p o s i t i o n  

and  momentum v e c to r s .  A t t h i s  p o in t ,  w hat was X m otion  now l i e s  a lo n g  Y, 

and  th e  Y m otion  l i e s  a lo n g  -X . To g e t  b ack  to  th e  c e n t r a l  sq u a re  a t  

p o in t  C, a /2  i s  s u b tr a c te d  from th e  new v a lu e  o f  Y ■ From h e re  th e  

i n t e g r a t i o n  can  b e  c o n tin u e d . E v e n tu a lly  th e  m olecu le  w i l l  a g a in  c ro s s  a  

b ou n d ary , sa y  a t  p o in t  D. To r e tu r n  to  th e  c e n t r a l  s q u a re , th e  v e c to r s  

a r e  t h i s  tim e r o ta t e d  by -9 0 °  ( t h a t  i s ,  c lo ck w ise ) to  re a c h  p o in t  E, and 

th e n  a /2  s u b t r a c te d  from Xcm to  re a c h  p o in t  F, from  w hich th e  i n t e g r a ­

t i o n  c o n t in u e s .  As a  consequence o f  u s in g  t h i s  p ro c e d u re , one can  see  

t h a t  th e  c o o rd in a te s  and momenta w hich a re  b e in g  in t e g r a te d  do n o t 

n e c e s s a r i ly  r e p r e s e n t  th e  a c tu a l  c o o rd in a te s  and momenta in  th e  la b  

fram e , w hich a re  i n  some c a se s  u s e fu l  to  h a v e . T hus, a r e c o rd  i s  m ain­

ta in e d  by  th e  com puter program  o f  how many tim es a / 2  h as  b een  added to  

o r  s u b t r a c te d  from  each  c e n te r -o f -m a ss  c o o rd in a te ,  so t h a t  th e  a c tu a l  

c o o rd in a te s  and momenta can  be e x t r a c te d  from  th e  in t e g r a te d  s e t ,  u s in g  

a n o th e r  s u b ro u tin e  p ro v id e d  f o r  t h i s  p u rp o se .

The f i n a l  to p ic  to  be d is c u s s e d  i s  th e  im p lem en ta tio n  o f  a  m o d ified  

v e l o c i ty  r e s e t  p ro c e d u re  w hich may be u sed  f o r  r i g i d - r o t o r  t r a j e c t o r i e s  

o r  in  c a s e s  f o r  which th e  v ib r a t io n a l  freq u en cy  o f  th e  gas d ia tom  i s  

much l a r g e r  th a n  th e  Debye freq u en cy  o f  th e  s u r f a c e .  I n  th e s e  s i t u a t io n s  

one d e s i r e s  to  e n su re  t h a t  th e  component o f  th e  r e l a t i v e  momentum a lo n g  

th e  in t e r n u c le a r  a x is  i s  th e  same a f t e r  th e  v e l o c i ty  r e s e t  as  i t  was 

b e fo re .  I n  th e s e  c a lc u la t io n s  t h i s  i s  done in  a  v e ry  s t r a ig h tf o r w a r d  

way. B efo re  th e  c e n te r -o f -m a s s  and r e l a t i v e  momenta a re  c o n v e rte d  to  

atom v e l o c i t i e s  in  th e  r e s e t  p ro c e d u re , th e  v e c to r  component o f  th e
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■*oldr e l a t i v e  momentum a lo n g  th e  in te r n u c le a r  a x i s ,  , i s  c a lc u la te d

a c c o rd in g  to  th e  fo llo w in g  e q u a tio n :

-♦old . A -♦old . AP„ -  ( u • p ) u , (5 .7 4 )

where p ° ^  i s  th e  r e l a t i v e  momentimi b e fo re  th e  r e s e t  and u  -  r  /  r  i s  a 

u n i t  v e c to r  a lo n g  th e  in te r n u c le a r  a x i s .  Next th e  v e l o c i t i e s  a re  r e s e t  

a s  u s u a l ,  and c o n v e rte d  back  to  c e n te r-o f-m a ss  and r e l a t i v e  momenta. 

Then th e  component o f  th e  new r e l a t i v e  momentum p e rp e n d ic u la r  to  th e
-►new

in te r n u c le a r  a x i s ,  p , i s  found  from
P

-♦new -♦new . A -♦new . _e .Pp “  P -  ( u • p ) u , (5 .7 5 )

-►new
where p i s  th e  r e l a t i v e  momentum a f t e r  th e  r e s e t .  F in a l ly ,  th e  

r e l a t i v e  momentum in  th e  m o d ified  r e s e t  scheme, pm0<̂ , i s  c a lc u la te d  as

-♦mod -♦old . -mew /c
P -  Pr  + Pp , (5 .7 6 )

th u s  e n s u r in g  t h a t  th e  component o f  p a lo n g  th e  a x is  i s  n o t  changed by 

th e  v e l o c i ty  r e s e t .



CHAPTER VI
EVALUATION OF THE REDUCED EQUATIONS OF MOTION FORMALISM

T his c h a p te r  p r e s e n ts  an  e v a lu a t io n  o f  th e  red u ced  e q u a tio n s  o f  

m otion  model f o r  th e  ca se  o f  d ia to m -su rfa c e  s c a t t e r in g ,  b a se d  on th e  

r e s u l t s  o f  ap p ly in g  th e  REOM ( in  th e  ZDA ap p ro x im atio n ) to  th e  s c a t t e r ­

in g  o f  NO from  L iF (O O l). E x ten s iv e  c a lc u la t io n s  on t h i s  system  have been

perfo rm ed  by  Lucchese and T u lly  (LT) u s in g  th e  s to c h a s t ic  t r a j e c t o r y  
3

m ethod; th e s e  c a lc u la t io n s  p ro v id e  a  r e l i a b l e  s ta n d a rd  by w hich to  

m easure th e  acc u racy  o f  th e  REOM r e s u l t s .  S e c tio n  A o f  t h i s  c h a p te r  

com pares th e  ZDA and LT r e s u l t s  and s e c t io n  B d is c u s s e s  th e  e v a lu a tio n  

o f  th e  ZDA ap p ro x im atio n .

A. Comparison o f ZDA and LT R esu lts

As d is c u s s e d  in  C hap ter I ,  th e  NO/LiF s tu d y  by LT had  a  tw o fo ld  p u r-

84p o se : to  e v a lu a te  th e  ex p e rim e n ta l r e s u l t s  o f  Z a c h a ria s  and cow orkers,

who r e p o r te d  m easurem ents o f  th e  v ib r a t i o n a l  d e a c t iv a t io n  p r o b a b i l i t y  o f

N O (v-l) s c a t t e r in g  from  L iF (O O l), and to  in v e s t ig a t e  g e n e ra l f e a tu r e s  o f

v i b r a t i o n a l  energy  t r a n s f e r  in  m o le c u le -su rfa c e  c o l l i s i o n s .  I n  t h e i r

123c a l c u la t io n s ,  LT employed a  s h e l l  model f o r  th e  fo rc e s  among th e  io n s  

o f  th e  L iF  l a t t i c e .  They u sed  a P-zone o f  32 io n s ,  fo u r  rows o f  fo u r 

io n s  i n  each  o f  two l a y e r s ,  and in c lu d e d  in  th e  g a s - s u r fa c e  in t e r a c t io n

181
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p o t e n t i a l  c o n t r ib u t io n s  from th e  96 io n s  e n c i r c l in g  th e  P -zone , 48 in  

each  o f  th e  f i r s t  and second l a y e r s .  T h e ir  g a s - s u r fa c e  i n t e r a c t io n  fo r  

th e  r e s u l t i n g  l a t t i c e  o f  128 io n s  ( e ig h t  rows o f  e ig h t  io n s  in  two l a y ­

e r s )  i s  th e  one d e s c r ib e d  in  s e c t io n  C o f  C hap ter V; th e  o n ly  d i f f e r e n c e  

i s  t h a t  in  LT th e  c e n t r a l  s ix te e n  io n s  o f  each la y e r  a re  n o t  f ro z e n  a t  

t h e i r  e q u i l ib r iu m  p o s i t i o n s .  LT chose t h e i r  i n i t i a l  c o n d it io n s  f o r  th e  

in t e r n a l  m otion  o f  th e  NO m olecu le  u s in g  d i f f e r e n t  p ro ced u res  th a n  th o se  

d e s c r ib e d  in  C hap ter I I .  C onsequen tly  th e  i n i t i a l  e n e rg ie s  re p o r te d  in  

th e  fo llo w in g  d is c u s s io n  in  some c a se s  d i f f e r  s l i g h t l y  from  th o se  g iv en  

by LT.

S ix  s e t s  o f  c a lc u la t io n s  ( la b e le d  I  th ro u g h  VI i n  th e  p r e s e n t  d i s ­

c u ss io n )  have been  perfo rm ed  in  t h i s  work f o r  d i r e c t  com parison to  th e  

co rre sp o n d in g  s e t s  in  r e fe re n c e  3. C a lc u la t io n  I  in v o lv e s  i n i t i a l  c o n d i­

t io n s  to  m atch th o se  in  th e  ex p erim en ts  o f  Z a c h a ria s  e t  a l .  C a lc u la t io n  

I I  exam ines r o t a t i o n a l  and t r a n s l a t i o n a l  energy  accommodation o f  th e  NO 

m olecu le  to  th e  s u r f a c e .  C a lc u la t io n s  I I I  th ro u g h  VI p robe th e  

dependence o f  th e  en ergy  t r a n s f e r  in  a  d ia to m -su rfa c e  c o l l i s i o n  upon th e  

d ia tom  v ib r a t i o n a l  freq u en cy , th e  te m p e ra tu re  o f  th e  s u r fa c e  and th e  

i n i t i a l  t r a n s l a t i o n a l  and v ib r a t i o n a l  e n e rg ie s  o f  th e  d ia tom , r e s p e c ­

t i v e l y .

L is te d  i n  T ab le  8  i s  a com parison  o f  ZDA and LT r e s u l t s  f o r  c a l c u la ­

t i o n  I .  In  th e se  s e t s  o f  t r a j e c t o r i e s ,  th e  i n i t i a l  t r a n s l a t i o n a l  energy  

i s  217 meV and th e  i n i t i a l  in c id e n c e  a n g le  30°. The i n i t i a l  NO v ib r a ­

t i o n a l  en ergy  i s  349 .5  meV, c o rre sp o n d in g  to  v  -  1. The i n i t i a l  r o t a ­

t i o n a l  quantum number was s e le c te d  from a  Boltzmann d i s t r i b u t i o n  a t  8 .5
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Table 8. Comparison o f  LT, ZDA and MZDA r e s u l t s  fo r  C a lc u la tio n  I .

(a ) v ib r a t i o n a l  accommodation c o e f f i c i e n t s  a
V

T (K) LT ZDA MZDA

300 0 .0044 ± 0 .002  0 .7 3  ± 0 .03 0 .0093 ± 0 .002

600 ----------  0 .7 6  ± 0 .0 4 0.019 ± 0.003

900 0 .014  ± 0 .007  0 .7 3  ± 0 .0 4 0 .025  ± 0.007

(b)
f

av erag e  f i n a l  t r a n s l a t i o n a l  energy  (meV)

T (K) LT ZDA MZDA

300 107 ± 6  87 ± 6  87 ± 6

600   149 ± 11 137 ± 10

900 161 ± 9  186 ± 14 181 ± 14
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T ab le  8  (c o n tin u e d )

(c )  a v e ra g e  f i n a l  r o t a t i o n a l  en e rg y  (meV)

T (K) LT ZDA MZDA

300 26 ± 2 21 ± 3 25 ± 3

600   35 ± 4 32 ± 4

900 57 ± 6  60 ± 7 49 ± 7
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K elv in , w hich r e s u l t e d  in  an  av erag e  i n i t i a l  r o t a t i o n a l  en ergy  f o r  th e  

d i r e c t  t r a j e c t o r i e s  o f  0 .6  meV. S e ts  o f  t r a j e c t o r i e s  w ere perform ed  w ith  

th e s e  i n i t i a l  c o n d i t io n s  a t  s u r fa c e  te m p e ra tu re s  o f  300, 600 and 900 K. 

The im p o rta n t r e s u l t  from p a r t  (a )  o f  T ab le 8  i s  t h a t  th e  ZDA g r e a t ly  

o v e re s t im a te s  th e  v ib r a t i o n a l  energy  accommodation o f  th e  NO to  th e  s u r ­

f a c e ,  in d i c a t in g  much to o  g r e a t  a deg ree  o f  damping o f  th e  v ib r a t io n a l

m otion . T h is  o ccu rs  b ecau se  th e  v ib r a t i o n a l  freq u en cy  o f  NO (1904.20

— 1  — 1  cm ) i s  v e ry  much l a r g e r  th a n  th e  Debye freq u en cy  f o r  LiF (502 cm ) ;

a s  m entioned  a t  th e  end o f  s e c t io n  A o f  C hap ter V, in  t h i s  ca se  th e  

a d ia b a t i c  a p p ro x im a tio n  i s  in a p p ro p r ia te .  For t h i s  re a s o n , C a lc u la t io n  I  

was a l s o  perfo rm ed  u s in g  th e  m o d ified  v e l o c i t y - r e s e t  p ro ced u re  o u t l in e d  

in  C hap ter V, and th e  r e s u l t s  in c lu d e d  in  T ab le 8 , un d er th e  h ead ing  

"MZDA". I t  i s  a p p a re n t t h a t  th e  MZDA i s  a  much b e t t e r  ap p ro x im atio n  th a n  

th e  ZDA when th e  v ib r a t i o n a l  freq u en cy  i s  much g r e a t e r  th a n  th e  Debye 

freq u en cy ; how ever, in  a  ran g e  o f  v ib r a t i o n a l  f re q u e n c ie s  com parable to  

th e  Debye fre q u e n c y , where th e  a d ia b a t ic  ap p ro x im atio n  i s  n o t  v a l id  b u t 

a p p re c ia b le  damping o f  th e  v ib r a t i o n  sh o u ld  o c c u r , n e i th e r  th e  ZDA no r 

th e  MZDA work v e ry  w e ll .  Both th e  MZDA and LT r e s u l t s  show an a p p ro x i­

m a te ly  th r e e f o ld  in c re a s e  o f  o^ , th e  v ib r a t i o n a l  energ y  accommodation

c o e f f i c i e n t  (EAC), as  T changes from 300 K to  900 K.s

P a r ts  (b) and (c )  o f  T ab le  8  show th e  LT, ZDA and MZDA v a lu e s  fo r  

th e  av e rag e  f i n a l  t r a n s l a t i o n a l  and r o t a t i o n a l  e n e rg ie s  o f  th e  NO m ole­

c u le  from  C a lc u la t io n  I .  Both o f  th e  ZDA r e s u l t s  show a  s tro n g e r  depen­

dence o f  th e  f i n a l  t r a n s l a t i o n a l  energy  on th e  s u r fa c e  te m p e ra tu re  th a n  

t h a t  o f  LT. The (M)ZDA r e s u l t  a t  900 K i s  u n u su a l compared to  th e  c a l ­

c u la t io n s  d is c u s s e d  below , i n  w hich th e  ZDA c o n s is te n t ly  o v e re s tim a te s
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th e  damping o f  th e  t r a n s l a t i o n a l  m otion , r e s u l t i n g  in  a  s m a lle r  v a lu e  o f

f  fcom pared to  LT. The ZDA c a lc u la t io n s  o f  ag ree  w ith  th o se  o f  LT

to  w ith in  th e  s ta n d a rd  e r r o r  a t  b o th  te m p e ra tu re s .

F ig u re  26 p r e s e n ts  a n g u la r  d i s t r i b u t i o n s  f o r  NO s c a t t e r e d  from LiF, 

f o r  th e  C a lc u la t io n  I  i n i t i a l  c o n d itio n s  w ith  a  s u r fa c e  te m p e ra tu re  o f  

300 K. P a r t  (a )  shows th e  LT d i s t r i b u t i o n  o f  th e  f i n a l  p o la r  s c a t t e r in g  

an g le  0^ , w h ile  (b ) th ro u g h  (d) c o n ta in  th e  MZDA r e s u l t s  f o r  0^ f o r  v a r ­

io u s  ra n g e s  o f  th e  a z im u th a l s c a t t e r in g  a n g le  For th e  p u rp o ses  o f

F ig u re  4 , i s  r e fe re n c e d  to  e i t h e r  th e  p o s i t i v e  o r  n e g a t iv e  X a x is ,

w hichever i s  n e a re r ;  fo rw ard  s c a t t e r in g  i s  th e n  in d ic a te d  by p o s i t iv e  

v a lu e s  o f  0^ and backw ard s c a t t e r in g  by n e g a tiv e  0 ^ . The LT r e s u l t  has

|$ jp| < 15°; th e  d i s t r i b u t i o n  i s  b ro ad  b u t  d e f i n i t e l y  peaked around  th e

s p e c u la r  an g le  (+ 3 0 °). Of th e  94 d i r e c t  t r a j e c t o r i e s ^ ^  from  w hich th e

LT d i s t r i b u t i o n  i s  ta k e n , 47 o f  them f e l l  w ith in  th e  ±15° accep tan ce

125window on $ f . In  c o n t r a s t ,  o n ly  e ig h t  o f  th e  76 d i r e c t  t r a j e c t o r i e s  

from  th e  MZDA c a l c u la t io n  f e l l  w ith in  t h i s  window, w h ile  a  window o f 

±30° c o n ta in e d  23 t r a j e c t o r i e s  (an  in c re a s e  o f  15) and th e  ±45° window 

35 (an  in c re a s e  o f  12, and 46% o f  th e  t o t a l ) . From t h i s  i t  i s  c l e a r  t h a t  

th e  MZDA p r e d ic t s  much more o u t-o f -p la n e  s c a t t e r in g  th a n  L T 's  method. In  

f a c t ,  F ig u re s  2 6 (b -d ) in d ic a te  t h a t  th e  MZDA r e s u l t  fa v o rs  fo rw ard  s c a t ­

t e r i n g ,  b u t  b o th  th e  fo rw ard  and backw ard s c a t t e r in g  a re  ev en ly  d i s t r i ­

b u te d  in  th e  az im u th a l a n g le s .  S im ila r  r e s u l t s  a re  o b ta in e d  f o r  th e  ZDA 

c a l c u la t io n .  T h is u n ifo rm ity  r e f l e c t s  ran d o m iza tio n , due to  th e  u se  o f  

th e  v e l o c i ty  r e s e t  te c h n iq u e , o f  th e  Y component o f  th e  c e n te r-o f-m a ss  

momentum, w hich was o r ig i n a l l y  ze ro  s in c e  th e  i n i t i a l  m otion i s  in  th e  

XZ p la n e .



03
Q>•H
o*•>
o
V •«—» 
( 0  J-

u
0 )

&
a
3
S

15

12

9

6
3

0

I " l 187

15

12

9

6

3

0

- (•)

J = L

- W)

» *

15

12

9

6

3

0

15 T T T T T

T 1---------1----------1----------r

-----

.. L et __L

-9 0  -6 0  -3 0  0 30 60 90

e,

F igu re  26. Comparison o f  LT and MZDA an g u la r d i s t r i b u t io n s  (C a lc u la t io n  
I ) .  P a r t  (a )  i s  th e  LT r e s u l t ,  which has an o u t*o f~ p lane  
accep tance  o f  |* f | s  15*. P a r ts  (b ) - (d )  a re  MZDA r e s u l t s  w ith  
l* f l  ^  15*> 30* and 45*. r e s p e c t iv e ly .  The s p e c u la r  an g le  I s  
0f  -  +30*.
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F ig u re  27. C om parison o f  LT and MZDA f i n a l  t r a n s l a t i o n a l  en e rg y  d i s t r i b u t i o n s  
( C a lc u la t io n  I ) . The d i s t r i b u t i o n s  a r e  n o rm a liz e d  to  i n t e g r a t e  to  
u n i t y .
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F ig u re  28. C om parison o f  LT and MZDA f i n a l  r o t a t i o n a l  e n e rg y  d i s t r i b u t i o n s  (C a l­
c u l a t i o n  I ) .  The d i s t r i b u t i o n s  a r e  n o rm a liz e d  to  i n t e g r a t e  to  u n i ty .
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F ig u re s  27 and 28 d is p la y  th e  computed f i n a l  t r a n s l a t i o n a l  and r o t a ­

t i o n a l  en erg y  d i s t r i b u t i o n s ,  r e s p e c t iv e ly ,  from  C a lc u la t io n  I  w ith  a 

s u r fa c e  te m p e ra tu re  o f  300 K. In  each  f ig u r e ,  p a r t  (a )  i s  th e  LT r e s u l t

and p a r t  (b) i s  th e  MZDA r e s u l t .  The d i s t r i b u t i o n s  a re  n o rm alized  so

126 “ 1  t h a t  th e y  in t e g r a t e  to  u n i ty ,  which acco u n ts  f o r  th e  u n i t s  o f  meV .

In  b o th  f ig u r e s  th e  MZDA d i s t r i b u t i o n  i s  c o o le r  th a n  t h a t  g iv e n  by LT. A

c o o le r  t r a n s l a t i o n a l  energy  d i s t r i b u t i o n  in d ic a te s  t h a t  th e  damping o f

th e  t r a n s l a t i o n a l  en ergy  i s  to o  g r e a t ,  s in c e  th e  m olecu le  s t a r t e d  w ith

an i n i t i a l  t r a n s l a t i o n a l  en e rg y , 217 meV, w hich i s  g r e a te r  th a n  th e

av erag e  en erg y  o f  an  e q u i l ib r iu m  t r a n s l a t i o n a l  d i s t r i b u t i o n ,  2kT -  51.7s

meV. A c o o le r  r o t a t i o n a l  d i s t r i b u t i o n  in  t h i s  c o n te x t  means t h a t  th e

MZDA u n d e re s tim a te s  th e  r o t a t i o n a l  e x c i t a t i o n  p roduced  by th e  c o l l i s i o n

w ith  th e  s u r f a c e ,  s in c e  th e  i n i t i a l  r o t a t i o n a l  energy  i s  sm a ll. This

u n d e re s t im a tio n  i s  due to  e x c e s s iv e  damping o f  th e  r o t a t i o n a l  m otion by

th e  s u r fa c e  a n d /o r  lo s s  to  th e  s u r fa c e  o f  some t r a n s l a t i o n a l  energy  th a t

o th e rw ise  would have c o n t r ib u te d  to  r o t a t i o n a l  e x c i t a t io n  v i a  T -+ R

en ergy  t r a n s f e r  i n  th e  c o l l i s i o n .  As th e  e n su in g  p a ra g ra p h s  w i l l  show,

th e s e  r e s u l t s  a r e  ty p i c a l  o f  m ost o f  th e  c a lc u la t io n s  perfo rm ed  h e re ,

f o r  w hich th e  i n i t i a l  c o n d i t io n s  a r e  la rg e  t r a n s l a t i o n a l  e n e rg ie s

(com pared to  2kT ) w ith  n e a r ly  z e ro  r o t a t i o n a l  e n e rg ie s ,  s

C a lc u la t io n  I I  in v e s t ig a t e s  th e  d eg ree  o f  NO t r a n s l a t i o n a l  and r o t a ­

t i o n a l  en erg y  accommodation to  th e  LiF s u r f a c e .  To do t h i s ,  two s e t s  o f  

r i g i d - r o t o r  t r a j e c t o r i e s  w ere ru n  w ith  th e  s u r fa c e  te m p e ra tu re  s e t  to  

900 K. One o f  th e s e  s e t s  h ad  th e  i n i t i a l  t r a n s l a t i o n a l  en ergy  s e t  eq u a l 

to  tw ic e  th e  th e rm a l av erag e  v a lu e ,  t h a t  i s ,  -  4kTg “  310 meV, w h ile
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T ab le  9. Com parison o f  LT and ZDA r e s u l t s  f o r  C a lc u la t io n  I I .

q u a n t i ty LT ZDA

“ t
0 .4 3  ± 0 .0 6 0 .6 4  ± 0 .09

“r
0 .6 2  ± 0 .08 0 .4 0  ± 0 .1 1

th e  r o t a t i o n a l  e n e rg ie s  (quantum num bers) were s e le c te d  from a  Boltzmann 

d i s t r i b u t i o n  a t  900 K; from  t h i s  a  t r a n s l a t i o n a l  EAC, a ^ , was e x t r a c te d .  

The o th e r  s e t  o f  t r a j e c t o r i e s  had  th e  i n i t i a l  t r a n s l a t i o n a l  energy  s e t

to  th e  av erag e  v a lu e  o f  155 meV, and th e  i n i t i a l  r o t a t i o n a l  quantum

number chosen  to  be J  -  2 6 .5 , to  g iv e  a  r o t a t i o n a l  energy  o f  154 meV,

w hich i s  ro u g h ly  tw ic e  th e  th e rm a l av erag e  v a lu e , 2kT . T h is  y ie ld e d  a

r o t a t i o n a l  EAC, a D. In  b o th  c a lc u la t io n s  th e  i n i t i a l  in c id e n c e  an g le  9 .K 1

was s e le c te d  from  a  cos© d i s t r i b u t i o n .  The accommodation c o e f f i c i e n t s  

from  LT and from t h i s  work a re  g iv e n  in  T ab le  9. I t  i s  e v id e n t t h a t  th e  

t r a n s l a t i o n a l  m otion i s  damped to o  much by th e  ZDA, s in c e  th e  accommoda­

t i o n  c o e f f i c i e n t  a ,̂ i s  l a r g e r  th a n  th e  LT v a lu e . T h is  i s  i n  acc o rd  w ith  

th e  r e s u l t  o f  C a lc u la t io n  I  m entioned  above. T ab le 9 a ls o  shows th a t  th e  

ZDA n o t ic e a b ly  u n d e re s tim a te s  th e  r o t a t i o n a l  energy  accommodation to  th e  

s u r f a c e .  I t  i s  n o t  im m ed ia te ly  obvious why t h i s  i s  th e  c a s e , b u t  i t  does 

s u g g e s t,  a t  l e a s t ,  t h a t  th e  more im p o rta n t cause  o f  th e  u n d e re s tim a tio n  

o f  th e  r o t a t i o n a l  e x c i t a t i o n  by th e  ZDA in  c a l c u la t io n  I  and e lsew here
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T ab le  10. I n i t i a l  c o n d itio n s  f o r  v ib r a t i o n a l  m otion  in  Cal­
c u l a t io n  I I I .

/ “ I nw (cm ) e ' 4  <mev>a quantum number

500 92 .7 1 . 0 0

625 144.9 1 .38

750 208.5 1 .76

875 284 .4 2 .15

1 0 0 0 371.6 2 .5 4

e n e rg ie s  d i f f e r from  L T 's by l e s s  th a n 0 .7  meV a t  each  ta .e

i s  th e  d e c re a se d  T -*■ R energy  t r a n s f e r  due to  th e  overdam ping o f  t r a n s ­

l a t i o n a l  m otion  by th e  s u r fa c e .

C a lc u la t io n  I I I  i s  a s tu d y  o f  th e  e f f e c t  on th e  v ib r a t i o n a l  energy  

accom m odation o f  v a ry in g  th e  NO v ib r a t i o n a l  freq u en cy . To do t h i s ,  s e t s  

o f  t r a j e c t o r i e s  w ere ru n  w ith  an i n i t i a l  t r a n s l a t i o n a l  en ergy  o f  217 

meV, in c id e n c e  an g le  o f  30° and r o t a t i o n a l  quantum number J  -  j -  The 

v i b r a t i o n a l  freq u en cy  and i n i t i a l  v ib r a t i o n a l  en ergy  were g iv e n  th e  v a l ­

ues  l i s t e d  i n  T ab le  10; a ls o  shown a re  th e  v a lu e s  o f  th e  v ib r a t io n a l  

quantum number v  u sed  to  o b ta in  th e  energy  a t  each  freq u en cy . These 

e n e rg ie s  w ere chosen  such  t h a t  th e  c l a s s i c a l  v ib r a t i o n a l  am p litu d e  was
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th e  same i n  a l l  f iv e  s e t s  o f  t r a j e c t o r i e s .  S ince  th e  v i b r a t i o n a l  accom­

m odation  i s  o f  i n t e r e s t  h e r e ,  th e  ZDA r a t h e r  th a n  th e  MZDA ap p ro x im atio n  

was u sed . The r e s u l t i n g  v ib r a t i o n a l  accom m odation c o e f f i c i e n t s  a re  

p l o t t e d  i n  F ig u re  29. T h is  c a l c u la t io n  c l e a r ly  shows th e  breakdow n o f 

th e  ZDA ap p ro x im atio n  in  t r e a t i n g  th e  v i b r a t i o n a l  m otion . The p lo t  o f

th e  LT v a lu e s  shows an  e x p o n e n tia l  decay  o f  th e  v i b r a t i o n a l  r e la x a t io n
3

r a t e  w ith  in c re a s in g  freq u en cy , w h ile  th e  ZDA p l o t  i s  i n s e n s i t iv e  to  

th e  v ib r a t i o n a l  fre q u e n c y . A lso , th e  ZDA v a lu e s  f o r  th e  v ib r a t i o n a l  

accom m odation a r e  to o  la r g e .  T h is  b e h a v io r  can  be t r a c e d  to  th e  f a i l u r e  

o f  th e  a d ia b a t i c  ap p ro x im atio n  u sed  to  d e r iv e  th e  ZDA m odel, due to  th e  

r e l a t i v e  s iz e s  o f  th e  s u r fa c e  and gas m o lecu le  v ib r a t i o n a l  f r e q u e n c ie s .  

C a lc u la t io n  I I I  a l s o  r e v e a ls  t h a t  th e  f i n a l  av e rag e  t r a n s l a t i o n a l  and 

r o t a t i o n a l  e n e rg ie s  o f  th e  s c a t t e r e d  NO m o lecu le s , com puted by b o th  LT 

and ZDA, a r e  in s e n s i t i v e  to  th e  d ia tom  fre q u e n c y , a l th o u g h  th e  ZDA a g a in  

o v e re s t im a te s  th e  t r a n s l a t i o n a l  damping and u n d e re s tim a te s  th e  r o t a ­

t i o n a l  e x c i t a t i o n .

C a lc u la t io n  IV i l l u s t r a t e s  th e  e f f e c t  on th e  en ergy  t r a n s f e r  o f  

v a ry in g  th e  s u r fa c e  te m p e ra tu re . The i n i t i a l  t r a n s l a t i o n a l  en ergy  was 

a g a in  chosen  to  be 217 meV, th e  in c id e n c e  an g le  was 30°, and th e  i n i t i a l  

r o t a t i o n a l  quantum number was J  -  tJ-. The ZDA a p p ro x im a tio n  was u sed , 

w ith  th e  d ia tom  v ib r a t i o n a l  freq u en cy  s e t  a t  750 cm ^ and th e  i n i t i a l  

v ib r a t i o n a l  energy  f ix e d  a t  209 meV (a s  in  th e  t h i r d  s e t  o f  t r a j e c t o r i e s  

i n  C a lc u la t io n  I I I ) . Four s e t s  o f  t r a j e c t o r i e s  w ere com puted. For th e  

f i r s t  o f  th e s e  th e  io n s  o f  th e  s u r fa c e  w ere, in  th e  LT c a s e ,  f ro z e n  a t  

t h e i r  e q u i l ib r iu m  p o s i t i o n s ;  f o r  th e  p r e s e n t  c a l c u la t io n s  t h i s  means 

t h a t  th e  v e l o c i ty  r e s e t  was n o t a p p l ie d  d u rin g  th e  t r a j e c t o r y .  The o th e r
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T ab le  11. Com parison o f  LT and ZDA v a lu e s  o f  th e  av erag e  f i n a l  
e n e rg ie s  f o r  v a r io u s  d eg rees  o f  freedom , from  th e  
s e t  o f  f ix e d - s u r f a c e  t r a j e c t o r i e s  i n  C a lc u la t io n  IV.

av e rag e  energy LT ZDA

< 4> 168 ± 6 171 ± 6

<4> 2 0 1  ± 4 197 ± 4

<er> 56 ± 5 57 ± 5

th r e e  s e t s  o f  t r a j e c t o r i e s  s e t  th e  s u r fa c e  te m p e ra tu re  a t  z e ro ,  300 and 

900 K e lv in , r e s p e c t iv e ly .  The " f ro z e n  su rfa c e "  r e s u l t s ,  a s  c o n ta in e d  in  

T ab le  11, show c l e a r l y  t h a t  th e  in t e g r a t i o n  p ro c e d u re s  u se d  in  th e se  

c a l c u la t io n s  and in  L T 's  work w ere e q u iv a le n t ,  s in c e  f o r  each  deg ree  o f  

freedom  th e  f i n a l  av e rag e  e n e rg ie s  from each  method w ere w ith in  one 

s ta n d a rd  e r r o r  o f  each  o th e r .  The outcome o f  th e  s u r fa c e  te m p e ra tu re  

v a r i a t i o n  i s  p lo t t e d  in  F ig u re  30. The ZDA does v e ry  w e ll  f o r  b o th  th e  

t r a n s l a t i o n a l  and r o t a t i o n a l  m otion  as  f a r  a s  re p ro d u c in g  th e  t r e n d  

shown in  th e  LT c a l c u la t io n s .  In  f a c t ,  th e  ZDA av era g e  f i n a l  r o t a t i o n a l  

energ y  l i e s  w ith in  one s ta n d a rd  e r r o r  o f  th e  LT r e s u l t  a t  each  o f  th e  

s u r fa c e  te m p e ra tu re s , a lth o u g h  th e  d e v ia t io n s  in d ic a te  t h a t  th e  ZDA 

a g a in  u n d e re s tim a te s  th e  r o t a t i o n a l  e x c i t a t io n .  The damping o f  th e  

t r a n s l a t i o n a l  m o tion  by th e  ZDA a t  low er te m p e ra tu re s  i s  o v e re s tim a te d , 

as  b e fo r e ,  a lth o u g h  a t  900 K th e  v a lu e s  a re  i d e n t i c a l .
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a r i s o n  o f  ZDA and LT r e s u l t s  f o r  th e  s u r fa c e - te m p e ra tu re  
ndence o f  th e  av erage  f i n a l  t r a n s l a t i o n a l  and r o t a t i o n a l  
'g ie s  ( c i r c l e s  and sq u a re s , r e s p e c t iv e l y ) ,  from  C a lc u la -  
i IV. F i l l e d  symbols a re  th e  ZDA r e s u l t s ;  open symbols a re  
LT r e s u l t s .  The s o l id  and dashed  l i n e s  a re  le a s t - s q u a r e s  
i to  th e  ZDA and LT d a ta ,  r e s p e c t iv e ly .
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F ig u re s  31 and 32 p r e s e n t  com parisons o f  r e s u l t s  f o r  C a lc u la t io n  V,

w hich in v e s t ig a t e s  th e  i n i t i a l  t r a n s l a t i o n a l  en ergy  dependence o f  th e

en ergy  t r a n s f e r .  The fo u r  s e t s  o f  t r a j e c t o r i e s  ru n  i n  t h i s  c a lc u la t io n

a l l  h ad  a  s u r fa c e  te m p e ra tu re  o f  300 K, an  in c id e n c e  a n g le  o f  30°, an
1

i n i t i a l  r o t a t i o n a l  quantum number o f  ^  and v ib r a t i o n a l  freq u en cy  and 

i n i t i a l  v ib r a t i o n a l  energy  o f  750 cm ^ and 209 meV, r e s p e c t iv e ly .  The 

i n i t i a l  t r a n s l a t i o n a l  energy  had  th e  v a lu e s  217, 434, 650 and 867 meV. 

As F ig u re  31 d e m o n s tra te s , th e  ZDA rep ro d u ces  th e  LT tr e n d  o f  in s e n s i ­

t i v i t y  o f  th e  f i n a l  t r a n s l a t i o n a l  energy  to  changes i n  th e  i n i t i a l  

t r a n s l a t i o n a l  en e rg y , b u t o v e re s tim a te s  th e  damping o f  t r a n s l a t i o n  by 

ab o u t 30%. The f i n a l  r o t a t i o n a l  e n e rg ie s  a re  w ith in  one s ta n d a rd  e r r o r  

o f  each o th e r  f o r  a l l  th e se  i n i t i a l  t r a n s l a t i o n a l  e n e rg ie s ,  a lth o u g h  

j u s t  b a r e ly  so a t  434 meV, as  F ig u re  32 shows. F ig u re  32 a ls o  in d ic a te s  

t h a t  th e  r o t a t i o n a l  e x c i t a t io n  i s  u n d e re s tim a te d  ( s l i g h t l y )  by  th e  ZDA 

c a l c u la t io n  in  t h i s  c a se  as w e ll .

C a lc u la t io n  VI lo o k s  a t  th e  e f f e c t  o f  v a ry in g  th e  i n i t i a l  v ib r a ­

t i o n a l  en ergy  o f  th e  d iatom  w h ile  h o ld in g  i t s  freq u en cy  f ix e d  (which i s  

com plem entary to  C a lc u la t io n  I I I ) .  The i n i t i a l  c o n d i t io n s  f o r  th e  t r a ­

j e c t o r i e s  w ere th e  same as th o se  in  C a lc u la t io n  V, e x c e p t t h a t  th e  i n i ­

t i a l  t r a n s l a t i o n a l  energy  was f ix e d  a t  217 meV and th e  i n i t i a l  v ib r a ­

t i o n a l  en erg y  s e t  a t  209, 371 and 742 meV. F ig u re  33 shows t h a t  th e  same 

b e h a v io r  o f  th e  ZDA ap p ro x im atio n  as o b serv ed  in  th e  p re v io u s  c a lc u la ­

t io n s  m a n ife s ts  i t s e l f  h e re  as  w e ll .  The ZDA rep ro d u ces  th e  LT tre n d  o f  

i n s e n s i t i v i t y  to  th e  i n i t i a l  v ib r a t i o n a l  en e rg y , b u t  o v e re s tim a te s  th e  

damping o f  t r a n s l a t i o n  and u n d e re s tim a te s  th e  r o t a t i o n a l  e x c i t a t io n .  The

av erag e  f i n a l  r o t a t i o n a l  energy  from th e  ZDA c a l c u la t io n  m atches th e  LT
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r e s u l t  to  w ith in  one s ta n d a rd  e r r o r ,  ex c e p t a t  371 meV.

B. D isc u s s io n  and E v a lu a tio n  o f  th e  Reduced E q u a tio n s  o f  M otion Model

In  a s s e s s in g  th e  ZDA red u ced  e q u a tio n s  o f  m otion  model a s  a p p l ie d  in  

t h i s  work s e v e r a l  p o in ts  can  be d is c u s s e d . These in c lu d e  th e  a b i l i t y  o f  

th e  ZDA ap p ro x im atio n  to  rep ro d u ce  t r e n d s  seen  in  th e  more e x a c t  LT c a l ­

c u la t io n ;  th e  i n a b i l i t y  to  h an d le  v ib r a t i o n a l  m otion  a c c u r a te ly  when th e  

v ib r a t i o n a l  freq u en cy  i s  on th e  o rd e r  o f  th e  Debye freq u en cy  o f  th e  

s o l id ;  th e  tend en cy  o f  th e  ZDA r e s u l t s  to  o v e re s tim a te  damping o f  th e  

t r a n s l a t i o n a l  m otion  and u n d e re s tim a te  r o t a t i o n a l  e x c i t a t i o n ,  compared 

to  th e  LT r e s u l t s ;  and th e  amount o f  CPU tim e r e q u ir e d  f o r  a  ty p ic a l  

c a l c u la t io n  o f  100 t r a j e c t o r i e s  u s in g  th e  ZDA a p p ro x im a tio n  as  compared 

to  u s in g  th e  s to c h a s t i c  t r a j e c t o r y  method o f  LT. The fo llo w in g  p a r a ­

g rap h s a d d re s s  th e s e  i s s u e s .

As n o te d  in  th e  p re c e d in g  s e c t io n ,  th e  ZDA c a l c u la t io n s  d id  v e ry  

w e ll  i n  re p ro d u c in g  th e  t r e n d s  o b se rv ed  in  th e  LT r e s u l t s  w ith  r e s p e c t  

to  th e  dependence o f  th e  av erag e  f i n a l  t r a n s l a t i o n a l  and  r o t a t i o n a l  

e n e rg ie s  on th e  v a r io u s  i n i t i a l  c o n d i t io n s .  In  f a c t ,  th e  agreem ent in  

th e  r e s u l t s  f o r  th e  r o t a t i o n a l  m otion  i s  rem arkab ly  good, o f te n  w ith in  

th e  s ta n d a rd  e r r o r  o f  th e  co m p u ta tio n s . The r o t a t i o n a l  p e r io d  r r o t  f ° r  

an  NO m olecu le  h av in g  a  r o t a t i o n a l  energy  o f  50 meV, w hich i s  ty p i c a l  o f  

th e  l a r g e s t  v a lu e s  o f  th e  f i n a l  av erag e  r o t a t i o n a l  en erg y  p re s e n te d  in  

s e c t io n  A, i s  ro u g h ly  te n  tim es  th e  v i b r a t i o n a l  p e r io d  rv ^  o f  LiF (a s  

e s t im a te d  from  th e  Debye f re q u e n c y ) . Thus one co u ld  e x p e c t t h a t  th e  

a d i a b a t i c  ap p ro x im atio n  i s  v a l id  w ith  r e s p e c t  to  th e  r o t a t i o n a l  m otion .
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T h is  s u g g e s ts  t h a t  th e  ZDA ap p ro x im atio n  sh o u ld  do a  good jo b  on th e

r o t a t i o n a l  m o tion , w hich ap p ea rs  to  be  th e  c a s e .  I n  a  s im i la r  v e in ,  one

can  e s t im a te  w hether th e  t r a n s l a t i o n a l  m otion  sh o u ld  be  a d ia b a t i c  by

com paring th e  c o l l i s i o n  tim e t Q to  th e  v i b r a t i o n a l  p e r io d  In

p a r t i c u l a r ,  i f  th e  r a t i o  ^  ( c a l l e d  th e  a d i a b a t i c i t y  parameter  £)

127h as  a  v a lu e  £ 1, th e n  th e  c o l l i s i o n  i s  a d i a b a t i c .  For -  217 meV,

w hich was m ost commonly u sed  in  th e s e  c a l c u la t io n s ,  and assum ing th e

"ran g e"  o f  th e  g a s - s u r fa c e  i n t e r a c t io n  to  be  3 A, one f in d s  t h a t  £ -  4 .

T h is  su g g e s ts  t h a t  th e  a d ia b a t i c  ap p ro x im atio n  sh o u ld  h o ld  f o r  th e

t r a n s l a t i o n s  as  w e ll .

A nother way to  e v a lu a te  th e  perfo rm ance o f  th e  ZDA ap p ro x im atio n

w ith  r e s p e c t  to  th e  t r a n s l a t i o n a l  m otion  i s  to  u se  th e  r e s u l t s  o f
2

D ie s t l e r  and R ile y , who a p p l ie d  th e  FA and ZDA m odels to  s c a t t e r in g

from  a  R osenstock-N ew ell l a t t i c e  v ia  a  Morse i n t e r a c t io n  p o t e n t i a l ,  and

88com pared them to  t h e i r  n u m e ric a lly  e x a c t r e s u l t s  f o r  th e  same system . 

T ab le  1 o f  r e f e r e n c e  2 c o n ta in s  " f ig u re s  o f  m e r i t"  f o r  ju d g in g  th e  

ap p ro x im a tio n s  a g a in s t  th e  e x a c t r e s u l t s  f o r  w ide ran g es  o f  th e  c o l l i ­

s io n  p a ra m e te rs  ( th e  r a t i o  E* o f  th e  in c id e n t  en ergy  to  th e  w e ll  d ep th , 

th e  r a t i o  m* o f  th e  gas s p e c ie s  mass to  th e  s u r fa c e  s p e c ie s  m ass, and 

th e  r a t i o  k* o f  th e  fo rc e  c o n s ta n t  o f  th e  g a s - s u r fa c e  i n t e r a c t i o n  to  

t h a t  o f  th e  l a t t i c e  i n t e r a c t i o n ) . For a l l  th e  c a lc u la t io n s  done in  t h i s  

w ork, th e  energy  r a t i o  l i e s  i n  th e  ran g e  1 s  E* < 1 0 ;  th e  r a t i o  o f  th e  

mass o f  NO to  th e  mass o f  th e  s u r fa c e  s p e c ie s  i s  in* % 2 o r  4 , depending  

on w hether th e  av erag e  o r  red u ced  mass o f  L iF  i s  u sed . To f in d  a  rough 

e s t im a te  o f  k * , th e  second  d e r iv a t iv e  o f  th e  g a s - s u r fa c e  i n t e r a c t io n  

p o t e n t i a l  w ith  r e s p e c t  to  Z a t  th e  minimum was c a lc u la te d  as  an
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e s tim a te  o f  th e  g a s - s u r fa c e  fo rc e  c o n s ta n t .  The l a t t i c e  fo rc e  c o n s ta n t  

128 1  2

was e s tim a te d  from  “  2" ^ WL’ ŵ e re  ** *s t *le red u ced  mass o f  L iF ,

by s e t t i n g  th e  c u t o f f  freq u en cy  e q u a l to  th e  Debye freq u en cy . The 

above e x p re s s io n  f o r  k^a(_ red u ce s  to  t h a t  u sed  i n  r e fe re n c e  2  when a l l  

th e  s u r fa c e  atoms have th e  same m ass. The r e s u l t i n g  e s t im a te  f o r  k* i s

0 .2 3 . The co rre sp o n d in g  f ig u re s  o f  m e r i t  from re fe re n c e  3 f o r  th e se  E*, 

k* and two m* a re  " + / 0 " o r  "+", where "+" in d ic a te s  an  e r r o r  o f  betw een 

10% and 25%, "0" an  e r r o r  o f  betw een 25% and 200%, and th e  /  in d ic a te s  a  

change in  th e  f ig u r e  o f  m e r i t  a s  E* v a r ie s  o ver i t s  ra n g e . Thus one can  

se e  t h a t  th e  e r r o r  in  th e  t r a n s l a t i o n a l  e n e rg ie s  f o r  th e  ZDA c a l c u la t io n  

done h e r e ,  which a r e  ty p i c a l l y  around 30% compared to  th e  "ex ac t"  LT 

r e s u l t s ,  i s  ab o u t a s  good a s  co u ld  be ex p ec ted  f o r  th e  s e t  o f  c o l l i s i o n  

p a ra m e te rs  c o rre sp o n d in g  to  th e  NO/LiF system . I t  i s  i n t e r e s t i n g  to  

n o te ,  how ever, t h a t  in  r e fe re n c e  2 th e  FA and ZDA ap p ro x im atio n s  u n d e r­

e s t im a te  th e  lo s s  o f  t r a n s l a t i o n a l  energy  to  th e  s u r f a c e ;  t h i s  i s  n o t 

th e  ca se  in  th e  p r e s e n t  work.

As w e ll  as  th e  reduced  e q u a tio n s  o f  m otion  seem to  do f o r  th e  t r a n s ­

l a t i o n  and r o t a t i o n ,  th e  r e s u l t s  o f  th e  p re c e d in g  s e c t io n  a l s o  show th a t  

t h i s  model b re a k s  down fo r  d ia tom  v ib r a t io n a l  f re q u e n c ie s  w hich a re  on 

th e  o rd e r  o f  o r  l a r g e r  th a n  th e  Debye freq u en cy . T h is , a g a in , i s  due to  

th e  f a c t  t h a t  th e  a d ia b a t ic  ap p ro x im atio n  u sed  to  d e r iv e  th e  ZDA model 

i s  n o t  v a l i d  f o r  th e  v ib r a t io n a l  m otion in  such  s i t u a t i o n s .  I t  h as  been  

shown in  t h i s  work th a t  when th e  v ib r a t io n a l  freq u en cy  i s  v e ry  much l a r ­

g e r  th a n  th e  Debye freq u en cy , in  which ca se  d i r e c t  t r a n s f e r  o f  v ib r a ­

t i o n a l  en ergy  to  th e  s o l id  i s  ex p ec ted  to  be m inim al, th e  ZDA approxim a­

t i o n  can  be " re p a ire d "  i n  a  r a th e r  ad hoc fa s h io n  by ap p ly in g  th e
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v e l o c i ty  r e s e t  in  such a  way t h a t  th e  v ib r a t i o n a l  momentum i s  unchanged. 

C a lc u la t io n  I  shows t h a t  t h i s  p ro ced u re  works f a i r l y  w e ll  f o r  th e  NO/LiF 

system , b u t  i t  may be d i f f i c u l t  to  p r e d i c t  a  p r i o r i  when such  a 

p ro c e d u re  i s  a p p l ic a b le .  I n  th e  regim e where th e  d ia tom  and s u r fa c e  f r e ­

q u en c ies  a re  com parab le , no such  co n v e n ie n t method to  f i x  th e  reduced  

e q u a tio n s  o f  m otion  p r e s e n ts  i t s e l f .  The REOM sh o u ld  h a n d le  th e  v i b r a ­

t i o n a l  m otion  a c c e p ta b ly  f o r  ca se s  in  w hich th e  v ib r a t i o n a l  freq u en cy  i s  

sm a ll com pared to  th e  Debye freq u en cy . However, a t  l e a s t  f o r  d ia to m ic

m o le c u le s , such  c a s e s  a lm o st n ev e r o c c u r, s in c e  LiF h a s  one o f  th e  h ig h -

104ce s t  Debye f re q u e n c ie s  o f  s o l id s  o f  p r a c t i c a l  i n t e r e s t ,  and m ost d i a ­

tom ic m o lecu le s  o f  i n t e r e s t  have v ib r a t i o n a l  f re q u e n c ie s  on th e  o rd e r  o f  

o r  l a r g e r  th a n  th a t  o f  NO. I t  sh o u ld  be n o te d  t h a t  b ecause  th e

v i b r a t i o n a l  mode i s  o n ly  v e ry  w eakly co u p led  to  th e  t r a n s l a t i o n a l  and
3

r o t a t i o n a l  modes in  t h i s  sy stem , th e  f a c t  t h a t  th e  ZDA c a l c u la t io n  does 

p o o r ly  on th e  v i b r a t i o n a l  m otion  does n o t  have a  s i g n i f i c a n t  e f f e c t  on 

i t s  perfo rm ance f o r  th e  r o t a t i o n a l  and t r a n s l a t i o n a l  m otion .

One t r e n d  t h a t  p e r s i s t e d  th ro u g h o u t th e  d is c u s s io n  o f  s e c t io n  A was 

t h a t  th e  ZDA c a l c u la t io n  o v e re s tim a te d  th e  damping o f  t r a n s l a t i o n a l  

m otion  and u n d e re s tim a te d  th e  r o t a t i o n a l  e x c i t a t io n .  T h is im p lie s  t h a t  

f o r  t h i s  model th e  s u r fa c e  i s  to o  " s o f t " ,  so  t h a t  to o  much o f  th e  t r a n s ­

l a t i o n a l  energ y  i s  ab so rb ed  by  th e  s u r fa c e  d u r in g  th e  c o l l i s i o n ,  in s te a d  

o f  rem a in in g  in  t r a n s l a t i o n  o r  b e in g  tra n s fo rm e d  in to  r o t a t i o n a l  energy . 

I n  o th e r  w ords, th e  m otion  o f  th e  gas m olecu le  i s  to o  s t r o n g ly  damped by 

th e  s o l id  in  t h i s  m odel. The re a so n  f o r  t h i s  b e h a v io r  i s  t h a t  th e  "weak- 

c o u p lin g  app ro x im atio n "  (WCA) used  to  red u ce  th e  ZDA damping m a tr ix , 

e q u a tio n  (5 .2 5 ) ,  to  th e  c o m p u ta tio n a lly  more t r a c t a b l e  form  u sed  h e re ,
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equation (5.31), is not a very accurate approximation for an ionic
c r y s t a l .  The WCA assum es th a t  th e  atoms o f  th e  l a t t i c e  a re  o n ly  w eakly

c o u p led  to  each  o th e r  and e s s e n t i a l l y  re sp o n d  in d e p e n d e n tly  i n  th e

p re se n c e  o f  th e  gas m o lecu le . However, in  an io n ic  s o l i d  th e  Coulomb

fo rc e s  betw een th e  v a r io u s  io n s  a re  s t ro n g ,  lo n g -ra n g e  f o r c e s .  Thus th e

r e s u l t  o f  in v o k in g  th e  WCA in  t h i s  a p p l ic a t io n  i s  to  u n d e re s tim a te  th e

s t i f f n e s s  o f  th e  c r y s t a l ,  o r ,  in  o th e r  w ords, to  make th e  l a t t i c e  seem

to o  s o f t .  S ince  th e  Debye freq u en cy  s e rv e s  as  a  m easure o f  th e  s t i f f n e s s

o f  th e  c r y s t a l ,  a  s im p le  way to  v e r i f y  t h i s  d ia g n o s is  w ould be  to  t r e a t

th e  Debye freq u en cy  as  an a d j u s t i b l e  p a ram e te r  and to  lo o k  a t  th e  f i n a l

t r a n s l a t i o n a l  and r o t a t i o n a l  e n e rg ie s  as  in c r e a s e s .  The r e s u l t s  o f

such  a  p ro c e d u re  a re  p lo t t e d  in  F ig u re  34. The c a l c u la t io n s  a l l  had

i n i t i a l  c o n d i t io n s  i d e n t i c a l  to  th o se  in  th e  f i r s t  s e t  o f  t r a j e c t o r i e s

f o r  c a l c u la t io n  I I I ,  e x c e p t t h a t  h e re  th e  v a lu e  o f  was v a r ie d .  The

a b s c is s a  i n  F ig u re  34 i s  la b e le d  in  u n i t s  o f  -  502 cm~"\ th e

e x p e rim e n ta l Debye freq u en cy  f o r  L iF . The f ig u r e  c l e a r l y  shows th a t  l e s s

en erg y  i s  ab so rb ed  by th e  l a t t i c e  as th e  s t i f f n e s s  i s  in c re a s e d .  As th e

s t i f f n e s s  i s  i n i t i a l l y  in c re a s e d , th e  f i n a l  av e rag e  r o t a t i o n a l  energy

in c re a s e s  r a p id ly  w h ile  th e  f i n a l  av erage  t r a n s l a t i o n a l  en e rg y  in c re a s e s

NOslo w ly ; f o r  s o l id  f re q u e n c ie s  g r e a te r  th a n  2 w^ th e  t r a n s l a t i o n a l  energy  

r i s e s  more r a p id ly  and th e  r o t a t i o n a l  energy  l e s s  q u ic k ly . The i n i t i a l  

b e h a v io r  su g g e s ts  t h a t  th e  u n d e re s tim a tio n  o f  r o t a t i o n a l  e x c i t a t i o n  by 

th e  ZDA model i s  due to  a b s o rp tio n  o f  en erg y  by th e  l a t t i c e  t h a t  

o th e rw ise  would have gone in to  T -+ R en ergy  t r a n s f e r .  As th e  s t i f f n e s s  

in c re a s e s  m ore, some c o n s t r a in t  l i m i t s  th e  amount o f  T -* R t r a n s f e r ,  and 

th e  amount o f  t r a n s l a t i o n a l  energy  l o s t  to  th e  s u r fa c e  s t e a d i ly
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d e c re a se s  as  w e ll .  The l i n e s  marked "e x a c t"  in  F ig u re  34 in d ic a te  th e

e n e rg ie s  c a lc u la te d  by LT f o r  th e se  i n i t i a l  c o n d i t io n s .  From th e se  i t  i s

a p p a re n t t h a t  t h i s  sim p le  ad ju s tm e n t o f  th e  Debye freq u en cy  does n o t

make th e  ZDA r e s u l t  m atch t h a t  o f  LT, a lth o u g h  i t  i s  a  s te p  in  th e  r i g h t

d i r e c t i o n .  P erhaps ap p ly in g  th e  damping m a tr ix  (5 .2 5 )  w ould do a  b e t t e r

jo b ,  a lth o u g h  t h i s  would be a  much more d i f f i c u l t  co m p u ta tio n a l ta s k .

In  a d d i t io n  to  th e  above c o n s id e ra t io n s  ab o u t th e  s t r e n g th  o f  th e

dam ping, one m igh t a l s o  a sk  w hich p a r t s  o f  th e  p o t e n t i a l  and w hich atoms

o f  th e  l a t t i c e  c o n t r ib u te  m ost s i g n i f i c a n t l y  to  £ . To answ er th e  f i r s t

o f  th e s e  q u e s t io n s ,  s e t s  o f  t r a j e c t o r i e s  w ere ru n  in  w hich v a r io u s  p a r t s

o f  th e  p o t e n t i a l  w ere n o t  in c lu d e d  in  th e  c a l c u la t io n  o f  th e  damping

m a tr ix  i n  e q u a tio n  (5 .3 1 ) .  The i n i t i a l  c o n d i t io n s  f o r  th e s e  t r a j e c t o r i e s

w ere th e  same as th e  T -  600 K ZDA s e t  from  C a lc u la t io n  I ,  and th es ’

r e s u l t s  o f  th e  c a lc u la t io n s  f o r  th e  v a r io u s  s e t s  o f  c o n t r ib u t io n s  to  £  

a r e  p re s e n te d  in  T ab le  12. The r e s u l t s  c l e a r ly  show t h a t  th e  m ost

im p o rta n t c o n t r ib u t io n  to  th e  damping o f  th e  NO m otion  comes from

th e  io n -d ip o le  p a r t  o f  th e  p o t e n t i a l .  When t h i s  te rm  i s  in c lu d e d  in  §_, 

th e  av e rag e  f i n a l  e n e rg ie s  resem ble  th o se  f o r  in c lu s io n  o f  th e  f u l l  

p o t e n t i a l ;  when t h i s  term  i s  a b s e n t ,  th e  f i n a l  e n e rg ie s  lo o k  l i k e  th o se  

f o r  th e  f ix e d - s u r f a c e  s e t  (from  C a lc u la t io n  IV ) . T h is e f f e c t  i s  most 

c l e a r l y  seen  in  th e  v a lu e s  o f  in  T ab le  1. LT n o t ic e d  a  s im i la r
f

r e l a t io n s h ip  betw een and which th e y  e x p la in e d  by p o in t in g  o u t

t h a t  d i s t o r t i o n s  o f  th e  l a t t i c e  from i t s  e q u i l ib r iu m  geom etry  change th e

fo rc e  due to  V^d from  an e x p o n e n t ia l ly -d e c re a s in g  fu n c t io n  o f  Zcm to  one

3 3t h a t  f a l l s  o f f  as  s lo w ly  a s  1 /  ZJ ' c m



208

T ab le  12. E f f e c t  o f  e l im in a t in g  v a r io u s  p a r t s  o f  th e  g a s - s u r fa c e  i n t e r  
a c t io n  p o te n t i a l  in  c a l c u la t in g  th e  ZDA damping m a tr ix .

Degree
P a r ts o f  V

gs
in c lu d e d  in  c a l c u la t io n  o f  §_

o f
re p rep

Freedom none rep +
d isp

+
id

a l l a

< 4 > 171 ± 6 b 167 ± 8 166 ± 8 155 ± 10 149 ± 10

<^> 344 ± 1° 268 ± 9 272 ± 9 133 ± 11 123 ± 5

<er> 57 ± 5b 55 ± 5 59 ± 6 28 ± 4 35 ± 4

a ZDA v a lu e s  from  C a lc u la t io n  I ,  T -  600 K (T ab le  8 ) .  

bv a lu e  ta k e n  from  f ix e d - s u r f a c e  s e t  in  C a lc u la t io n  IV 

CMZDA v a lu e  from  C a lc u la t io n  I ,  Tg -  600 K (T ab le  8 ) .

To a d d re s s  th e  second q u e s tio n  m entioned  in  th e  p re c e d in g  p a ra g ra p h , 

c o n ce rn in g  th e  number o f  atoms o f  th e  s o l id  w hich make im p o rta n t c o n t r i ­

b u tio n s  to  th e  g a s - s u r fa c e  en ergy  t r a n s f e r ,  c a l c u la t io n s  w ere perform ed  

i n  w hich th e  number o f  l a t t i c e  io n s  u sed  to  compute £  was red u ced  from 

128 ( th e  whole l a t t i c e )  to  32 ( th e  c e n t r a l  16 io n s  o f  each  ty p e , 

c o rre sp o n d in g  to  th e  P zone u sed  by LT). T h is p ro c e d u re  was a p p l ie d  to  

th e  s e t s  o f  t r a j e c t o r i e s  from C a lc u la t io n s  I  and IV; th e  32- io n  r e s u l t s  

f o r  each  c a se  ( I  and IV) a re  compared to  t h e i r  128- io n  c o u n te rp a r ts  in
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F ig u re  35. E f f e c t  o f  v a ry in g  th e  number o f  io n s  in c lu d e d  in  c a lc u la t in g  
th e  damping m a tr ix  j |,  u s i n g , i n i t i a l  c o n d it io n s  from  C a l­
c u la t io n  I  (fc>NQ -  1904.2 cm ) .  F i l l e d  sym bols a re  128- io n  
r e s u l t s  and open t r i a n g le s  a re  32- io n  r e s u l t s .  The l i n e s  a re  
l e a s t - s q u a r e s  f i t s  to  th e  d a ta .
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F ig u re  36. E f f e c t  o f  v a ry in g  th e  number o f  io n s  in c lu d e d  in  c a lc u la t in g  
th e  damping m a tr ix  g ,  u s i n g - i n i t i a l  c o n d it io n s  from  C a l­
c u la t io n  IV (wjjq “  875 cm ) .  F i l l e d  sym bols a re  1 2 8 -io n  
r e s u l t s  and open t r i a n g le s  a re  32- io n  r e s u l t s .  The l i n e s  a re  
le a s t - s q u a r e s  f i t s  to  th e  d a ta .
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F ig u re s  35 and 36, r e s p e c t iv e ly .  As th e  f ig u r e s  in d i c a te ,  th e r e  i s  v e ry  

l i t t l e  d i f f e r e n c e  betw een th e  32- and 128- io n  r e s u l t s  o ver th e  range  o f  

s u r fa c e  te m p e ra tu re s  in v o lv e d . T h is  means t h a t  th e  e f f e c t s  o f  th e  o u te r ­

m ost 96 io n s  o f  th e  l a t t i c e  make o n ly  a  sm a ll c o n t r ib u t io n  to  th e  g as- 

s u r f a c e  en erg y  t r a n s f e r ,  w hich ap p ea rs  to  j u s t i f y  L T 's  u se  o f  a  3 2 -io n  P 

zone.

A f i n a l  p o in t  w o rth  m en tio n in g  in  e v a lu a t in g  th e  red u ced  e q u a tio n s  

o f  m o tion  fo rm alism  co n cern s  th e  is s u e  o f  com puter CPU tim e n e c e ssa ry  to  

p erfo rm  th e  c a l c u la t io n s .  P a r t  o f  th e  re a so n  f o r  d ev e lo p in g  a  method 

w hich does n o t  in c lu d e  in t e g r a t i n g  th e  e q u a tio n s  o f  m otion  o f  th e  s u r ­

fa c e  atom s i s  th e  hope t h a t  co m p u ta tio n a l e f f o r t  w i l l  be  saved  in  th e  

p ro c e s s .  For th e  p r e s e n t  a p p l ic a t io n  to  th e  NO/LiF s c a t t e r in g  system , 

i n t e g r a t i n g  th e  red u ced  e q u a tio n s  o f  m otion  to o k  c o n s id e ra b ly  lo n g e r  

th a n  th e  c o rre sp o n d in g  LT c a l c u la t io n ,  w hich in v o lv e d  in t e g r a t i n g  eq u a­

t io n s  o f  m otion  f o r  32 io n s  o f  th e  l a t t i c e  in  a d d i t io n  to  th o se  f o r  th e  

gas m o lecu le . The p a r t i c u l a r  example f o r  which in fo rm a tio n  i s  a v a i la b le

f o r  com parison  i s  th e  s e t  o f  t r a j e c t o r i e s  from c a l c u la t io n  I  h av in g  T -$

300 K. T h is  co m p u ta tio n  to o k  LT 3760 CPU-seconds on a  Cray 1 com puter,

125u s in g  a  s te p  s i z e  o f  0 .0002 p ic o sec o n d . T h is  s e t  o f  t r a j e c t o r i e s

124in c lu d e d  94 d i r e c t  ones and 6  tra p p e d  o n es . A c a l c u la t io n  from t h i s  

work m ost com parable w ith  t h a t  i s  th e  r e s u l t  f o r  th e  600 K ZDA s e t  from 

C a lc u la t io n  I ,  w hich had  95 d i r e c t  t r a j e c t o r i e s  and  5 tra p p e d  o n es . Two 

o f  th e  tr a p p e d  t r a j e c t o r i e s  w ere in te g r a te d  f o r  th e  f u l l  t r a j e c t o r y  tim e 

o f  15 p s e c , so  th e y  would c o u n t a s  th r e e  LT tra p p e d  t r a j e c t o r i e s  ( s in c e  

LT q u i t  a f t e r  10 p ic o se c o n d s ) . Thus, f o r  com parison  p u rp o se s , t h i s  s e t  

had  s ix  tra p p e d  t r a j e c t o r i e s .  The s te p  s iz e  u sed  h e re  was a ls o  0.0002
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p ic o se c o n d , and th e  r e q u ir e d  CPU tim e was 4792 seconds (±10%) on a  Cray 

X-MP; th e  ZDA. co m p u ta tio n  to o k  27% lo n g e r .  T h is i s  due a lm o s t e n t i r e l y  

to  th e  f a c t  t h a t  th e  n u m erica l i n t e g r a to r  u sed  in  th e  p r e s e n t  c a l c u la ­

t i o n s  i s  s i g n i f i c a n t l y  l e s s  e f f i c i e n t  th a n  th a t  u sed  by LT. T his i s  

shown by com paring th e  CPU tim es  f o r  th e  f ix e d - s u r f a c e  t r a j e c t o r y  s e t

from  C a lc u la t io n  IV. T h is  s e t  r e q u ir e d  2271 CPU-seconds h e re ,  b u t o n ly

125593 seconds i n  th e  LT work. A m ajor f a c to r  c a u s in g  th e  m o v in g -su rface

c a l c u l a t i o n  to  ta k e  s ix  tim es  lo n g e r  th a n  th e  f r o z e n - s u r f a c e  one in  th e

LT ca se  was th e  need  to  e v a lu a te  random fo rc e s  f o r  th e  28 atoms a lo n g

th e  P-Q i n t e r f a c e  a t  ev e ry  tim e s te p .  LT e s t im a te  t h a t  t h i s  e x t r a  work

re q u ir e d  30-40% o f  th e  t o t a l  c o m p u ta tio n a l e f f o r t  i n  t h e i r  m ov ing-su r-

125fa c e  c a l c u la t io n s .  In  c o n t r a s t ,  th e  ZDA c a l c u la t io n  f o r  th e  moving 

s u r fa c e  o n ly  r e q u ir e d  random fo rc e s  f o r  two atoms a t  ev e ry  f i f t h  tim e 

s te p .

To o b ta in  a  q u a l i t a t i v e  e s t im a te  o f  w h eth er, f o r  a  g iv e n  in t e g r a to r  

e f f i c i e n c y ,  th e  REOM approach  i s  f a s t e r  th a n  th e  s to c h a s t ic  t r a j e c t o r y  

m ethod, th e  fo llo w in g  re a so n in g  may be a p p lie d . A f lo w tra c e  a p p l ie d  to  

th e  t r a j e c t o r y  code u sed  h e re  r e v e a le d  t h a t  80.3% (±0.05%) o f  th e  CPU 

tim e i s  s p e n t  in  th e  in t e g r a to r ,  w h ile  th e  r e s e t  s u b ro u tin e  acc o u n ts  f o r  

18.9% (±0.1% ). (The p e rc e n ta g e s  were d e te rm in ed  by a v e ra g in g  th e  r e s u l t s  

f o r  a  s in g le  d i r e c t  (2 .8  p s e c .)  t r a j e c t o r y  and a  s in g le  tra p p e d  (1 2 .3  

p s e c . )  t r a j e c t o r y ;  th e  u n c e r t a in t i e s  r e f l e c t  th e  d e v ia t io n s  o f  th e  

in d iv id u a l  r e s u l t s  from  th e  av erag e  in  each  c a s e . )  T h is means t h a t  f o r  

th e  s e t  m en tioned  in  th e  p re v io u s  p a ra g ra p h , 906 o f  th e  4792 CPU-seconds 

w ere s p e n t i n  th e  r e s e t  s u b ro u tin e  and would be r e q u ir e d  r e g a r d le s s  o f  

th e  i n t e g r a t o r .  E s s e n t i a l l y  a l l  o f  th e  rem ain in g  3886 CPU-seconds were
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s p e n t p e rfo rm in g  th e  in t e g r a t i o n .  T aking th e  r a t i o  o f  f ix e d - s u r f a c e  

i n t e g r a t i o n  tim es as  an e s t im a te  o f  th e  r e l a t i v e  e f f i c i e n c i e s  o f  th e  

i n t e g r a t o r s ,  th e  LT in t e g r a to r  would have o n ly  r e q u ir e d  1015 CPU-seconds 

to  do th e  same amount o f  work. T h e re fo re , th e  p r e s e n t  c a l c u la t io n  w ith  

an  i n t e g r a to r  as  e f f i c i e n t  as  L T 's  w ould o n ly  ta k e  1015 + 906 -  1921 

CPU-seconds, o r  51% o f  th e  LT r e s u l t .  A lthough u n c e r t a in t i e s  in  th e  

r e p o r te d  CPU tim es  and d i f f e r e n c e s  i n  th e  com puters u sed  im ply th a t  th e  

above v a lu e  o f  1921 CPU-seconds i s  n o t a c c u ra te  to  4 s i g n i f i c a n t  f i g ­

u r e s ,  i t  i s  re a so n a b le  to  e s t im a te  t h a t ,  in  th e  p r e s e n t  a p p l ic a t io n ,  th e  

REOM approach  i s  ro u g h ly  tw ice  as f a s t  as  th e  s to c h a s t i c  t r a j e c t o r y  

method u sed  by  LT.

Based on th e  above d is c u s s io n ,  th e  fo llo w in g  e v a lu a t io n  o f  th e  

red u ced  e q u a tio n s  o f  m otion  fo rm alism  can  be  o f fe re d .  The method can  

re a so n a b ly  be a p p l ie d  to  d ia to m -su rfa c e  c o l l i s i o n  system s f o r  which th e  

d i r e c t  v i b r a t i o n a l  en ergy  t r a n s f e r  betw een th e  d ia tom  and th e  l a t t i c e  i s  

ex p e c te d  to  be sm a ll,  i f  th e  c o l l i s i o n  energy  i s  on th e  o rd e r  o f  o r  

s m a lle r  th a n  th e  d ep th  o f  th e  g a s - s u r fa c e  i n t e r a c t i o n  and i f  th e  mass o f  

th e  gas m olecu le  i s  on th e  o rd e r  o f  o r  l a r g e r  th a n  th e  av erag e  mass o f  

th e  s u r fa c e  atom s. The r e s u l t s  sh o u ld  g iv e  good q u a l i t a t i v e  p r e d ic t io n s  

o f  th e  dependence o f  th e  t r a n s l a t i o n a l  and r o t a t i o n a l  en ergy  t r a n s f e r  

w ith  r e s p e c t  to  th e  v a r io u s  system  p a ra m e te rs , b u t  th e  q u a n t i ta t iv e  

r e s u l t s  a r e  n o t  n e c e s s a r i ly  r e l i a b l e .  An advan tage o f  th e  method i s  t h a t  

i t  p ro v id e s  s i g n i f i c a n t  com puter tim e sa v in g s  (-50% in  th e  p re s e n t  

a p p l ic a t io n )  compared to  th e  s to c h a s t ic  t r a j e c t o r y  method. The reduced  

e q u a tio n s  o f  m otion  w i l l  n o t work v e ry  w e ll in  c a se s  where th e  v ib r a ­

t i o n a l  m otion  i s  s t r o n g ly  co u p led  to  th e  s u r f a c e ,  s in c e  f o r  th e s e  ca se s
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n e i th e r  th e  a d ia b a t i c  ap p ro x im atio n  n o r th e  m o d ified  v e l o c i t y - r e s e t  p ro ­

ced u re  p ro v id e  a  re a so n a b le  p h y s ic a l  p i c tu r e  f o r  th e  v ib r a t i o n a l  energy  

t r a n s f e r .
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