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The 0 2- 0 2 dimer: Magnetic coupling and spectrum

A. van der Avoird and G. Brocks

In s ti tu te  o f  Theoretical Chem istry, University o f  N ijmegen, Toernooiveld, 6525 E D  N ijm egen , The  
Nether lands

(R ece ived  6 M a y  1987; accep ted  7 Ju ly  1987)

A  theore t ica l  analysis  has  been m ad e  o f  the  van  d e r  W aa ls  v ib ra t io n - ro ta t io n -e le c t ro n  spin 

states o f  the  0 2- 0 2 d im e r  in its 32 g“ - 32 g-  e lec tron ic  g ro u n d  state. T h is  analysis  is based  on  a 

H a m il to n ia n  th a t  inc ludes  a sp in -dep end en t  0 2- 0 2 in te rac t io n  po ten tia l  and  it involves also 

the  p e rm u ta t io n - in v e rs io n  sy m m etry  o f  the  system. W e have c o n s t ru c te d  som e  h in d e red  

in te rna l  ro to r  m odels  for the  v ib ra tiona l  s ta tes  o f  the  02- 02 d im e r  w h ich  c o r re sp o n d  w ith  

different equ il ib r ium  geom etries , and  for each  o f  these  m odels  we have n u m er ica l ly  ca lcu la ted  

the  sp in -ro ta t ion  fine s truc tu re .  T h is  fine s t ru c tu re  ap p ears  to  be d e te rm in e d  no t  on ly  by the  

H eisenberg  exchange  in te rac t ion  be tw een  the  0 2 m o n o m e r  tr ip le t  states, bu t  also  by 

in t ra m o le c u la r  s p in -o rb i t  and  sp in -sp in  coup ling  and , to  a sm alle r  ex ten t,  by the  

in te rm o lecu la r  sp in -sp in  (m ag n e t ic  d ipo le)  in te rac t io n  an d  by the  C orio lis  te rm s  in th e  k inetic  

energy. T h e  resu lt ing  f ine-s truc tu re  sp e c tru m  is very com plex , an d  very sensitive to  the  

geom etry  o f  the  02- 02 d im er,  to  the  n a tu re  o f  its in te rna l  m o tio n s  an d  to  the  var ious  m ag n e t ic  

couplings. T h is  im plies th a t  deta iled  m e a su re m e n ts  o f  th is  sp ec tru m , w h ich  can  be in te rp re te d  

w ith  the  help  o f  the  theo ry  p resen ted  here, will yield in te res t ing  in fo rm a tio n  on the  p roper t ie s  

o f  the  02- 02 d im e r  and , at the  sam e  time, verify o u r  a ssu m p tio n s  on th e  m ag n e t ic  in te rac t io ns  

betw een  02 m olecules  w h ich  have  im p o r ta n t  consequences  for  th e  p rop er t ie s  o f  solid oxygen.

I. INTRODUCTION

It has  been suggested  by L ew is '  th a t  the  0 2- 0 2 d im e r  

m ay  be stabilized by a w eak  chem ica l  bond  be tw een  the 

open-shell 0 2 m olecules. A l th o u g h  th is  suggestion  has  no t 

been confirm ed  by exper im en ta l  evidence, and  the  02- 02 
in te rac t ions  seem to be pure ly  o f  van d e r  W aals  type, the  0 2-  

0 2 d im er  rem ains  one o f  the  m ost in te res ting  van d e r  W aals  

m olecules. T h e  tr ip le t  n a tu re  o f  the  0 2 g ro u n d  state, w h ich  is 

very unusua l  for a stable m olecule , leads to m agne tic  c o u 

p ling betw een  the  02 spin m o m e n ta  or, in o th e r  w ords ,  to  a 

sp in -dep end en t  0 2- 0 2 po ten tia l .  T h e  know ledge  o f  these 

m agne tic  in te rac t ions  is c ruc ia l  for the  u n d e rs ta n d in g  o f  the  

p roper t ie s  o f  bu lk  0 2, w h ich  is a very in te res t ing  m agne tic  

m a te r ia l .“ T h e  0 2- 0 2 d im e r  is the  m ost  su itab le  system  to 

investigate  these in te rac t ions  in detail. T h e  s tud y  o f  the  0 2-  

02 d im e r  is fu r th e r  re levan t for gas phase  reac tions  involving  

m etas tab le  excited 0 2 m olecules. T h e  m ost efficient q u e n c h 

ing o f  the  m e tas tab le  1 Ag an d  sta tes  o f  0 2 o ccu rs  via the  

fo rm a tio n  o f  (co ll is iona l)  02- 02 d im e rs .3,4
T h e  m ost com ple te  spec troscop ic  s tud ies  o f  the  0 2- 0 2 

d im e r  have  been m ad e  by L ong  an d  E w in g5 an d  by G o o d 

m a n  and  B ru s .6 L ong  and  E w ing  have observed  O^-O^ 

d im ers  in the  gas phase  at 90 K , G o o d m a n  and  B rus  have 

s tud ied  such  d im ers  in a solid neon  m a tr ix  at 4.2 K . B o th  

g roup s  have  m easu red  the  sp ec tru m  in the  visible region, 

w h ich  co rre sp o n d s  w ith  ( s im u l ta n e o u s )  m o n o m e r  t r a n s i 

t ions be tw een  the  32g~ g ro u n d  sta tes an d  the  low-lying elec 

t ron ica l ly  excited  1 Ag and  !2 g+ states. L ong  and  E w ing  w ere  

m ain ly  in te res ted  in the  v ib ra t iona l  s t ru c tu re  an d  they  have  

also m easu red  the  d im e r  ab so rp t io n  sp e c tru m  in the  in fra red  

region a ro u n d  the  0 2 fu n d a m e n ta l  s tre tch  frequency . G o o d 

m a n  a n d  B rus  w ere  p a r t ic u la r ly  in te res ted  in the  e lec tron ic  

an d  v ib ra t iona l energy  t ran s fe r  be tw een  the  02 m o n o m ers .

T h is  energy  transfe r  betw een  m o n o m e r  v ib ron ic  s ta tes  is d i 

rec tly  re la ted  to the  exchange  sp lit t ings be tw een  the  d im er 

s ta tes  th a t  co rre la te  w ith  these m o n o m e r  states. T hese  split 

t ings cou ld  be m easu red  for var ious  iso topic  co m b in a t io ns  

w ith  po la r ized  h igh -reso lu t ion  laser spec troscopy .

In  spite  o f  these beau tifu l  an d  de ta iled  investiga tions  the 

p ropert ie s  o f  the  02- 02 d im e r  are  still no t  well un ders tood .  

L ong  an d  E w ing  cou ld  no t  derive  th e  eq u il ib r ium  s t ru c tu re  

o f  the  d im e r  from  th e ir  in te rp re ta t io n  o f  th e  visible an d  in 

f ra red  spectra .  T h e i r  a ss ig n m en t  o f  the  b an d s  d ue  to  van  der 

W aa ls  v ib ra t ions  is only  ten ta t ive  and  it is no t  yet su p p o r ted  

by ca lcu la tions  based  on a po ten tia l  surface. G o o d m a n  and  

B rus  find a paralle l D lh g eom etry  as the  m o s t  p robab le ,  bu t  

they  have  only  cons idered  a l im ited  set o f  r ig id  d im e r  s t ru c 

tures. C a lcu la t io ns  on s im ilar  van  d e r  W aa ls  d im ers ,  such  as 

N 2- N 2,7,8 N 2- A r , 9,1() an d  0 2- A r ,11-14 have  ta u g h t  us, h o w 

ever, th a t  isolated van d e r  W aa ls  m olecu les  o f  th is  type  are 

r a th e r  floppy. It  is possible, since the  van d e r  W aa ls  in te ra c 

t ions o f  the  02 m olecu les  w ith  the  neon  a to m s  in th e  m a tr ix  

a re  o f  s im ila r  s t re n g th  as the  02- 02 in te rac t ions ,  and  m o lec 

u la r  c rys ta ls  a re  generally  less flexible th a n  the  c o r re sp o n d 

ing d im e rs ,15 th a t  the  02- 02 d im e r  in a solid neon  m a tr ix  is 

cons iderab ly  m o re  rigid th a n  the  iso la ted  0 2- 0 2 d im er.  In 

th is  con tex t ,  it is re m a rk a b le  th a t  G o o d m a n  a n d  B rus  have 

found  the  exchange  in te rac t io n  be tw een  32g-  g ro u n d  s ta te  

02 m olecu les  in the  d im e r  to  be la rge r  even th a n  th e  sam e 

in te rac t ion  be tw een  the  n ea re s t  ne ighbo rs  in solid a - 02 
(w h ic h  have  a para lle l  D lh s t ru c tu re  a lso ) .  F u r th e rm o re ,  

they  have  in te rp re ted  th e ir  resu lts  in te rm s  o f  a m odel  by 

B h a n d a r i  an d  F a l ic o v16 th a t  is based  on a m o le cu la r  orb ita l  

( M O )  schem e. F o r  w eakly  in te rac t in g  open-shell  species, 

such  as 0 2 m olecules , the  M O  m odel is n o t  ap p ro p r ia te ,  

since the  02- 02 d im e r  does no t d issocia te  in to  co r rec t  02 
m o n o m e r  s ta tes  in this m odel.
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So we th in k  th a t  it is w o r th w h ile  to  revisit the  0 2- 0 2 
dimer, especially from  a theore t ica l  po in t  o f  view. R ecen tly  

the exchange  and  m ultipo le  in te rac t ions  betw een  32 ~
5

ground  s ta te  02 m olecu les  have  been ca lcu la ted  ab  init io  in 

our in s t i tu te .17 T h e  results, to g e th e r  w ith  a sem iem pirica l  

estimate for the  ( sp in - in d e p e n d e n t)  long-range  d ispersion  

in teractions, have  been expressed  in the  fo rm  o f  an  ana ly tica l  

sp in -dependen t  po ten tia l .  A  H eisenberg  effective spin o p e ra 

tor in this po ten tia l  rep resen ts  the  exchange  sp littings 

between the  singlet, tr ip le t,  an d  q u in te t  s ta tes  o f  the  02- 02 
dimer, for any  geom etry .  T h e  coup ling  p a ra m e te r  J  in this 

ope ra to r  depends  no t only  on the  in te rm o le c u la r  d istance, 

but it also ap pears  to be a s trong ly  vary ing  func tion  o f  the  

m olecu lar  o r ien ta t ions .  T h e  H eisenberg  exchange  te rm  is 

not the  only  sp in -depend en t  te rm  in the  po ten tia l ,  however. 

It is well k n o w n  from  the  spec troscopy  on the  free 0 2 m o le 

cule 18 th a t  sp in -o rb i t  an d  sp in -sp in  in te rac t ions  coup le  the  

m olecu la r  s p in - m o m e n tu m  to the  d irec tion  o f  the  m o lecu la r  

axis. In  the  0 2- 0 2 d im er,  such  in t ra m o le c u la r  coup ling  

term s have to be inc luded  for each  m o n o m er .  M oreover ,  

there  is o f  course  the  m agn e tic  d ip o le -d ip o le  coup ling  

between the  0 2 m o n o m e r  tr ip le t  spin m o m en ta .  W ith  all 

these te rm s  taken  in to  a c c o u n t  in the  sp in -d epen den t  02- 02 
potential,  several o f  the  p roper t ie s  o f  solid a  a n d  f t  oxygen, 

as well as som e p h e n o m e n a  o cc u rr in g  a t the  m agne toe las tic  

a - /3  phase  t rans it ion ,  cou ld  be u n d e rs to o d  com ple te ly  from  

first p r in c ip le s19,20 (w i th  the  aid o f  la ttice  d y n am ics  and  

sp in -w av e  ca lcu la t io n s ) .

In  the  p resen t  p a p e r  we eva lua te  the  effects o f  the  sam e 

sp in -dependen t in te rac t io n s  on the  p ropert ies  o f  the  02- 02 
dim er. W e  m ak e  a theo re tica l  an d  c o m p u ta t io n a l  s tu d y  o f  

the d im e r  s ta tes  w h ich  derive  from  the  rov ib ron ic  

g ro u n d  s ta tes  m o n o m ers .  Since the  long-range  d ispersion  

co n tr ib u t io n  to th e  in te rm o le c u la r  po ten tia l  is no t  k n ow n  

accura te ly  and , therefore , the  02- 02 equ il ib r ium  s t ru c tu re  is 

not k n o w n  either, we have  re fra ined  from  de ta iled  c o m p u ta 

t ions o f  the  d im e r  states. In s tead ,  we try  to  p red ic t  how  the 

splittings be tw een  these  s ta tes  dep en d  on  the  s t ru c tu re  o f  the  

02- 02 d im e r  o r  ra th e r ,  s ince th is  d im er  is expected  to be 

fairly “ f loppy ,” on  the  c h a ra c te r  o f  its van  de r  W aa ls  v ib ra 

t ional states. F o r  the  m u c h  s im p le r  case o f  0 2- r a r e  gas a to m  

d im ers  th is  has been do n e  in o u r  in s t i tu te  e a r l ie r.11-13 In  th a t  

case, th e  ca lcu la ted  Z e em an  sp e c t ru m  has been q u a n t i ta t iv e 

ly confirm ed  by rad io  f requency  m e a su re m e n ts  on  0 2- A r  

and  0 2- N e  d im ers  in a m o le c u la r  b e a m .14,21 A lso, 0 2- 0 2 
dim ers  have  been observed  in m o le cu la r  b e a m s ,22,23 an d  we 

th ink  tha t ,  w ith  p resen t  day  techno logy ,  it is possible to  m e a 

sure th e ir  h igh -reso lu t ion  visible, in fra red , m icrow ave , o r  

radio  frequency  spectra .  O u r  ca lcu la t ions  can  be used to  in 

te rp re t  such  m e a su re m e n ts  a n d  to u n d e rs ta n d  the  experi 

m en ta l  resu lts  in te rm s  o f  the  basic  0 2- 0 2 in te rac tions .  O n  

the o th e r  han d ,  th e  m e a su re m e n ts  will verify the  sp in -d ep en 

dent 02- 02 in te rac t io n  po ten tia l  th a t  has  been  used in the  

ca lcu la tions  on solid 0219,20 an d  in the  p resen t  ca lcu la tions .

II. PERMUTATION-INVERSION SYMMETRY

G o o d m a n  an d  B ru s6 have  a ssu m ed  th a t  the  0 2- 0 2 
dim er, in th e ir  solid neon  m atr ix ,  is rigid w ith  som e po in t

g roup , p robab ly  D 2h, sym m etry .  In  th e ir  in te rp re ta t io n  o f  

the  visible spec tra  they  have  used the  selection rules p e r ta in 

ing to  this  po in t  g roup . Since we expect th a t  the, isolated, 

02- 02 d im e r  is r a th e r  floppy, we use the  p e rm u ta t io n - in v e r 

sion ( P I )  g roup . U sually ,  w hen  one considers  the  rov ibra- 

t ional states, the  m o lecu la r  sy m m e try  g ro u p24 con ta in s  all 

those  p e rm u ta t io n s  o f  identical nuclei w h ich  m ay  be called 

f e a s i b l e25 in the  case o f  in terest,  possibly com bined  w ith  

space inversion. In  the  s ta n d a rd  t r e a tm e n t  o f  nearly  rigid 

m olecules, w h ich  involves an E c k a r t  m o lecu la r  fram e, the  

g ro u p  o f  feasible P i s  m aps  o n to  the  po in t  g rou p  o f  the  m o le 

cule, as far  as the  v ib ra tiona l co o rd in a tes  are  concerned .  T h e  

P I  g ro u p  is m o re  generally  valid, how ever, and  can also be 

applied  to  floppy molecules.

F o r  the  van d e r  W aa ls  m olecu le  N 2- N 2,7,8 w h ich  is geo 

m etr ica lly  s im ila r  to  0 2- 0 2 (see Fig. 1 ), th is  g ro u p  G 16 is 

genera ted  by the  p e rm u ta t io n s  P ]2, ^ 34, an d  P ]3P 24 an d  by 

space inversion  E  * and  it con ta in s  all p e rm u ta t io n s  o f  the  

nuclei w h ich  do  no t  involve th e  b reak in g  o f  the  s trong  c h e m 

ical N  =  N  bonds. T h e  case o f  0 2- 0 2 is different, how ever, 

because  one  has  to  t rea t  the  rov ib ra t iona l  s ta tes  in c o m b in a 

t ion  w ith  the  e lec tron  spin states. A s  one  shall see in Sec. I l l ,  

the  sp in -dep end en t  po ten tia l  w h ich  we use in th is  t r e a tm e n t  

is no t  inv a r ian t  u n d e r  the  p u re  n u c lea r  p e rm u ta t io n  P i3P 24. 

A  p ro p e r  sy m m e try  ope ra t ion  is ob ta ined , how ever, if we 

com b in e  the  p e rm u ta t io n  P X3P 24, th a t  in te rchan ges  the  n u 

clei 1 and  2 in m olecu le  A  w ith  th e  nuclei 3 an d  4 in m olecu le  

B, w ith  a s im u ltaneo us  p e rm u ta t io n  o f  all th e  e lec trons

i  =  5,...,20 in m olecu le  A  w ith  all the  e lec trons  j  =  21 ,...,36 

in m olecu le  B. Such a p e rm u ta t io n  o f  all the  partic les  in 

m olecu le  A  w ith  all the  partic les  in m olecu le  B we call P AB :

20

^AB ~  ^13^24 Pi,i+ 16* (0
i =  5

In  o rd e r  to  u n d e rs ta n d  th is  p rob lem , w h ich  is essential 

in the  t r e a tm e n t  o f  02- 0 2, we have to define various  coord i-

F I G .  1. C o o r d i n a t e  s y s t e m s  u s e d  in  t h e  0 2- 0 2 d i m e r .
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n a te  system s (see Fig. 1). W e assum e th a t  all the  oxygen 

nuclei a re  identical; the  case o f  m ixed  iso topes is s im pler  

from  the  p e rm u ta t io n a l  sy m m etry  po in t  o f  view. Let us be 

gin w ith  an  a rb i t ra ry  space-fixed (S F )  co o rd in a te  frame. 

T h e  n u c lea r  coo rd ina tes  w ith  respect to this  f ram e  are  called 

R , ,  R 2, R 3, and  R 4 an d  the  e lec tron  co o rd ina tes  {r, 

i =  5,...,20} and  { r¡\j =  21,...,36}. T h e  next co o rd in a te  sys 

tem , w h ich  we shall use in Secs. I l l ,  IV, and  V, is a d im er  

body-fixed ( B F )  fame, w ith  its origin  in the  d im er  cen te r  o f  

m ass  M  an d  its z axis a long  the  vec to r  R  =  M B — M A th a t  

connec ts  the  m o n o m e r  cen ters  o f  m ass M A an d  M B. T h e  

coo rd ina tes  o f  the  partic les  w ith  respect to  th is  f ram e are  

defined as:

R '  =  C ( R ; — M )  for the  nuclei 1 =  1,...,4,

r ;f =  C ( r / — M )  for the  e lec trons  / =  5,...,20, (2)

r ' = C ( T j  — M )  for the  e lec trons  y =  21 ,...,36,

w ith

M a  =  i (R ,  +  R 2), 

M b ( R 3 +  R 4),

M  =  \  ( M a -f- M d ),

R  =  M B M (3)

and  the  ro ta t ion  m atr ix

cos 0 cos 4> cos 0 sin <£>

C sin cos <$>

sin 0 cos <P sin 0  sin <$>

-  sin 0 
0

cos 0
(4 )

T h e  angles 0  and  O  are  the  po la r  angles o f  the  vec to r  R  w ith  

respect to the  S F  f ram e  and  it is easy to verify, using Eqs. 

( 1 ) - ( 3 ) ,  th a t  in the  B F  frame:

R ' =  C R =  (0,0  ,R ) ,

m ;  = C ( m

M b — C(M,

M ) i C R  =  (0,0, — R  / 2 ) ,  (5 )

M )  =  i C R  =  (0 ,0 ,R  / 2 ) .

T h e  vectors  R A and  R B w hich  describe the  o r ien ta t ions  o f

the  m o lecu la r  axes, a re  given in the  B F  fram e as

R a  =  C R  

R é  =  C R

C ( r 2- r , )  =  r ;  - r ; ,

B C ( R 4- R , ) r ; r ;3 * ( 6)

F ina l ly  we need a pa ir  o f  local co o rd in a te  system s fixed on 

the  m olecules  ( M F A and  M F B ) w ith  th e ir  orig ins a t M A 

an d  M B , an d  the ir  z axes a long  R A and  R B, respectively. T h e  

partic le  co o rd in a tes  in these local fram es are

R7

r ?

c a ( r ; - m ; )

c A ( r ; -  M i )

1 C A R ;  =  (0,0, — R a / 2 ) ,

2 C A R a
n

C A ( r ; - M i ) = C A C ( r , . - M A )

for / =  5,...,20,

and

r  3

r ;

C „ ( R ;  -  M i )  =  (0,0, - R b / 2 ) ,  

C b ( R ;  - M J , )  =  (0,0,Rb / 2 ) , (7 )

tt M b ) =  C B C ( r ,  — M b )B j B

for j  =  21,...,36.

T h e  ro ta t io n  m atr ices  C A and  C n have the  sam e fo rm  as the

m a tr ix  C in Eq. ( 4 ) ,  bu t  they  co n ta in  the  p o la r  angles 

( 6  A ,(/)'A ) and  ( 0  'B ,<#B ) o f  the  vec to rs  R A and  R^ in th e  B F  

fram e.
T h e  ac tion  o f  the  p e rm u ta t io n s  in th e  S F  f ram e  is trivial; 

they  s im ply  in te rch an g e  the  labels o f  the  vectors  R j . . . ,R 4 and  

those  o f  {r, |/ =  5,...,20} an d  { r ; [ƒ =  21,...,36}. A lso, the  a c 

t ion  o f  space-inversion  E  * is simple; it rep laces every vec to r  r 

by — r. T h e  t ra n s fo rm a t io n s  in th e  d im er-  an d  m olecule- 

fixed co o rd in a te s  ind uced  by these  ope ra t ion s  are  no t  so t r i 

vial, how ever,  because  the  c o o rd in a te  fram es them selves  are  

affected by the  o pe ra t io n s  as well. O ne  has to  m ak e  explicit 

use o f  the  fo rm u las  in Eqs. (2 )  an d  (7 ) .  So one  finds, for 

exam ple , th a t  the  p e rm u ta t io n  P n  leaves the  vec to r  R  in v a r 

ian t an d  s im ply  t ra n s fo rm s  the  vec to r  R A in to  — R A, bu t  

th a t  it acts  as tw ofo ld  ro ta t io n  a b o u t  the  a : axis on  the  local 

co o rd in a te s  r" in the  molecule-fixed f ram e  M F A . T h e  re l 

evan t resu lts  a re  su m m a r iz e d  in T ab le  I.

N o w  we can  discuss w h y  th e  different co o rd in a te  fram es 

a re  essential to  o u r  t r e a tm e n t  o f  th e  0 2- 0 2 d im er. T h e  B F  

fram e  will be used in the  ro v ib ra t io n a l- sp in  ca lcu la tions . In  

p a r t icu la r ,  the  basis func t ions  in t ro d u c e d  in Sec. IV  will be 

expressed  in B F  coo rd ina tes ,  because  th is  is conven ien t  and  

physically  m ean ingfu l  (see Secs. IV  an d  V ) .  T h e  t r a n s fo r 

m a t io n s  given in T ab le  I can  be app lied  to a d a p t  th is  basis to 

the  p e rm u ta t io n - in v e rs io n  sy m m etry ,  w h ich  simplifies the  

ca lcu la t ions  an d  d irec tly  yields th e  selection rules.

T h e  M F  fram es are  no t  explicitly  used in o u r  c a lc u la 

t ions, bu t  they  are  essential to  define o u r  m odel. W e con s id e r  

those  e lec tron ic  s ta tes  o f  the  02- 02 d im e r  th a t  co rre la te  w ith  

the  g ro u n d  sta tes  o f  th e  m o n o m ers .  T hese  s ta tes  can  be 

ob ta ined  from  the  m o n o m e r  s ta tes  by vec to r  coup ling  o f  the  

t r ip le t  spin m o m e n ta  an d  a n t isy m m e tr iz a t io n  in the  e lec tron  

coord ina tes .  T h e  spatia l  p a r ts  o f  the  e lec tron ic  w ave func-

T A B L E  I. T r a n s f o r m a t i o n  p r o p e r t i e s  o f  d i m e r - f i x e d  ( B F )  a n d  m o l e c u l e - f i x e d  ( M F )  c o o r d i n a t e s ,  u n d e r  t h e  g e n e r a t i n g  e l e m e n t s  o f  t h e  P I  g r o u p  G  16. T h e  

p e r m u t a t i o n  is  d e f in e d  b y  E q .  ( 1 ) .

A
R

A
R

t
A

A
R

t
B r,"

0 4> n K X ” y " z " x "
Xj ? ! z "

P n 0 r r - 6  ; 7T +  K Q B K X " - y " - Z " x "Xj y " Zj

^ 3 4 0 9 ' , K T T -  d 'B 7r +  <t> b X " y " 7"
*j - y "

— 7"
J

^A D  „
TT — 0 7T +  <f> ir  — 0 ’B 7t - 6 ' a - K - X j - y ; z ” - x 7 - y ' i z "

E * 7 7 — 0 TT +  <t> o * t t - K 0  B t t - K X " - y ' l Z" x ! - y >
z "
zi
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t ions do  no t en te r  in to  o u r  ca lcu la t io n— the  spin pa r ts  do—  

b u t  the  coup ling  co n s tan ts  in the  sp in -dep end en t  po ten tia l  o f  

Sec. I l l  a re  ac tua lly  in tegra ls  over these  wave func tions  for 

the  given e lec tron ic  states. In  o rd e r  to  use in o u r  d im er  ca lcu 

la t ions  those  ro v ib ra t io n a l- sp in  func t ions  th a t  have the  c o r 

rec t sy m m etry ,  we have to inc lude  also the  sy m m etry  o f  the 

e lec tron ic  states. T h e  la t te r  sy m m etry  becom es evident only 

w hen  the  m o n o m e r  e lec tron ic  w ave func tions  are  expressed  

in the  local M F  coo rd ina tes  r ;" an d  r" . F o r  instance, the  

sy m m e try  o f  th  m o n o m e r  g ro u n d  sta tes  is defined w ith  re 

spect to  the  local M F  fram es. A lso  the  p ro p e r ty  th a t  the  32  “  

func t ions  on the  m o n o m e rs  A  and  B have an  identical fo rm  is 

only  visible w hen  these func tions  are  expressed  in te rm s  o f  

the  local co o rd in a te s  r" and  r" .  F ro m  the  observa tion  th a t  

these  local coo rd ina tes  depend  bo th  on the  e lec tron ic  an d  on 

the  n u c lea r  positions [see Eq. (7 )  ] it follows then  th a t  the  

co m b in ed  nu c lea r  an d  e lec tron ic  p e rm u ta t io n  P AB [see Eq. 

( 1) ] is a sy m m e try  opera t ion ,  w hereas  the  pu re  n u c lea r  p e r 

m u ta t io n  P l3P 24 is not. T h e  com p le te  t ra n s fo rm a t io n  p ro p 

erties o f  the  m o n o m e r  w ave func tions  are  given in T ab le  II. 

T h e  a n t isy m m e try  o f  the  32 g-  e lec tron ic  s ta tes  on the  m o n 

om ers  A  an d  B u n d e r  the  local n u c lea r  p e rm u ta t io n s  P [2 and  

P 34 leads for ,60  nuclei, w h ich  are  bosons  w ith  zero  nu c lea r  

spin, to  the  result th a t  only  the  spherica l  h a rm o n ic s  w ith  odd  

values o f  N A an d  N B will be a llow ed in the  rov ib ra t iona l  

basis o f  Sec. IV. T h is  can  d irectly  be read  f rom  T ab le  II. 

A l th o u g h  we discuss only  those  d im e r  states th a t  d issociate  

in to  tw o  3 2 “  g ro u n d  s ta te  m ono m ers ,  this reason ing  can be 

ra th e r  easily ex tended  to the  excited e lec tron ic  states.

III. SPIN-DEPENDENT POTENTIAL AND HAMILTONIAN 

OF 02—O2

T h e  in te rac t ions  be tw een  0 2 m olecules  in the ir  32 g~ 

g ro u n d  sta tes d ep en d  on the  coup ling  betw een  the ir  tr ip le t 

e lec tron ic  spin m o m en ta .  In  the  0 2- 0 2 d im er, the  tw o t r i 

plets, *SA =  la n d -S g  =  1, can  coup le  to  a singlet, a trip let,  o r  

a q u in te t  ( S  =  0,1, o r  2). I f  we neglect, in first instance, the  

s p in -o rb i t  and  sp in -sp in  (m a g n e t ic  d ipo le)  in te rac tions ,  the  

to ta l  spin S  o f  the  d im er  is a good q u a n tu m  n u m b e r  an d  each  

o f  the  th ree  to ta l  spin s ta tes  has  its ow n po ten tia l  surface. 

T h e  difference be tw een  these surfaces is caused  by e lec tron  

exchange  in te rac t ions ,  since the  to ta l e lec tron  spin q u a n tu m  

n u m b e r  is d irectly  re la ted  w ith  the  p e rm u ta t io n a l  sy m m e try

o f  the  e lec tron ic  wave fu n c t io n .26 I t  is in fact by an  explicit ab  

in i t io  ca lcu la tion  o f  these exchange  in te rac t ions  for the  th ree  

different to ta l spin s ta tes  o f  the  02- 02 d im e r  th a t  the  leading  

te rm s  in the  sp in -dep end en t  02- 02 po ten tia l  have  been o b 

t a in e d .17 T h e  in te rac t ion  po ten tia l  for each  o f  the  th ree  spin 

states, S  =  0,1, and  2, can  be accu ra te ly  represen ted , in the  

m ost  general SF  fram e, as follows:

=  ^av (-^A 2«/ (R  a  B '^ )^ A  *^B *
( 8)

T h e  sym bols  R A an d  R B d eno te  un it  vec tors  a long  the  m o n 

o m er  axes R a  an d  R B w hich  de te rm ine  the  o r ien ta t ions  

( <9a ,d>A ) and  ( 0 B , ^ B ) o f  these axes; S A an d  S D are  the  m o n 

o m e r  e lec tron  spin opera to rs .  T h e  first, sp in - independen t,  

po ten tia l  is the  (m ult ip l ic i ty  w eigh ted )  average o f  the  s ing 

let, tr ip let,  an d  qu in te t  surfaces. T h e  second, H eisenberg , 

te rm  describes the  sp lit t ing  betw een  these surfaces. T h e  la t 

te r  implies th a t  the  q u in te t - t r ip le t  sp lit t ing  is exactly  twice 

the  t r ip le t- s in g le t  splitting, for any  geom etry  o f  the  02- 02 
dim er. In  the  ab  init io  ca lcu la tions, th is  was found  to be very 

nearly  so .17
Ju s t  as the  sp in - independen t  po ten tia l  Kav, the  H e isen 

berg  coup ling  p a ra m e te r  J  d epends  on the  d is tance  R  

betw een  the  m o n o m ers  and  on the ir  o r ien ta t ions  R  A an d
A

R b . T h e  o r ien ta tiona l  dependence  o f  these quan ti t ies  can  be 

explicitly  expressed by the  ex pan s ion s27:

Fav(£A„RB,R) =  (47r)3/2 X  v l a , l b, l  (R)

^ A L^LaL(RA,RB,R), ( 9 )

J ( R a ,R b ,R )  =  ( 4 t t)3/2 X  Jl a .l b.l W

X A LA'LB'L ( R A , R B,R )  (1 0 )

in the  com ple te  o r th o n o rm a l  set o f  a n g u la r  func tions

XV XV (  L  A L B L  \
a l a .l h.l (R . \ ’R b >R) =  X  L /  m m )

m a ,m b ,m  \ 1v i a  b  1V1 /

( R ) ,

( l i )

w ith  R =  ( 0 , ^ )  describ ing  the  o r ie n ta t io n  o f  the  vec to r  R .  

T h e  sym bol in large b racke ts  is a 3 — j  coefficient an d  

Y \ ^ ( r )  a re  no rm a lized  spherica l  h a rm o n ic s .28 T h e  expan-

T A B L E  II. T r a n s f o r m a t io n  p ro p e r t ie s  o f  th e  re le v a n t  basis  f u n c t io n s .11

e > •••
 

^

O b ( r / ) r % \ e ' A j ' A ) I ' i V i . A ) r £ V ; >
A

’ (0-;)

P , 2

Paü 

E *

-  -»a  ( r ," ) 

<*>a  ( r ," )

( r " )

-  < t \  ( r ," )

< !> „  ( r ; )

<1>A ( I f  )

( - 1 ) N * Y ^ \ e ' A , K )  

Y l̂ \ e :A , K )

( -  1 ) y  < _ X 4  (0 b  J ’b  )

r l- « v  (0'a . K )
' a

Y ^ \ 6 U  b )

( -  1 )■,v“ h i ’; ’ ( e B, K )

t - 1) ■Nb y  ':X „  ( ö * A )

TMs \ <Ji )

( - i ) V \ K )  

( -  i ) V { ( ff; )
A

<*!!> ( r-f \

(S0) / \ 
TV s ^ aJ>

( -

( -  1) " 4  (a) )
J

" T h e  fu n c t io n s  <f>A ( r " )  a n d  <I>U ( r " )  a re  th e  sp a t ia l  p a r t s  o f  th e  e le c t ro n ic  w av e  fu n c t io n s  o n  th e  0 2 m o n o m e r s ,  e x p re s se d  in M F  c o o rd in a te s .

W e  h a v e  u sed  th e  p ro p e r ty  th a t  th e  sp in  fu n c t io n s  r ^ ' i c r ' )  a n d  r ^ \ a ' )  w ith  in te g e r  SA a n d  Sti, e x p re s se d  in B F  sp in  c o o rd in a te s  a] a n d  a], t r a n s f o r m
A * II

a n a lo g o u s ly  to  th e  s p h e r ic a l  h a r m o n ic s  Y  \ 0  A ,(f>A ) a n d  Y  (6  B ,(f)'B ) u n d e r  ro ta t io n s ,  b u t  t h a t  th e y  a re  in v a r ia n t  u n d e r  in ve rs io n .  T h e  sp in  o p e r a to r s  

S A a n d  Sq  t r a n s f o r m  ju s t  as  th e  sp in  fu n c t io n s  w i th  SA =  1 a n d  SB =  1.
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s io n in  Eq. ( 10) converges m ore  slowly th a n  th a t  in Eq. (9 ) ,  

because  J  is considerab ly  m ore  an iso trop ic  even th a n  the

no t m u c h  p e r tu rb ed  by the  w eak  in te rm o le cu la r  van der  

W aals  in terac tions . T h e  sam e assu m p tio n  has  been m a d e  for

m ost  an iso trop ic  co n tr ib u tio n s  to  Vav. A  positive sign o f  J  0 2- r a r e  gas d im ers 1 1 -1 3

implies fe rrom agne tic  coup ling  be tw een  the  02 triplets; neg 

a tive J  m eans  an t i fe r ro m ag n e tic  coupling. B oth  these cases 

ac tua lly  o ccu r  for various o r ien ta t ions  o f  the  02 m o n o m ers  

and  specific d is tances  R .  T h is  is re la ted  to the  noda l c h a ra c 

te r  o f  the  an t ib o n d in g  n g o rb ita ls  in the  02 m on om ers ,  w hich  

con ta in  the  unpa ired  electrons.

T h e  expansion  coefficients o f  the  sp in - independen t  p o 

ten tia l  Vav have  been w r i t t e n17,20 as follows:

U L A . L B. L  ( A )  =  C  l J U  eXP( -  a L A . L B. L R  ' )

+ c (mult) ß  — L a  — ■i-n ' 

L A ' L B ' L

+  C <6) R
L A - L B ' L

+  c uo> R

- 6+ C (8) R
l a l b l

-  10

-8

( 12)

T h e  first, exponentia l ,  co n tr ib u t io n  is due  to overlap  (e x 

change  and  charge  p e n e tra t io n )  effects, the  second te rm  c o r 

responds  w ith  the  e lec trosta tic  m u l t ip o le -m u lt ip o le  in te ra c 

t ions and  the last th ree  te rm s arise from  dispersion  

in terac tions . T he  coefficients and  exponen ts  in the  first tw o 

te rm s  have been ca lcu la ted  ab  initio  in Ref. 17, the  coeffi 

c ients in the  d ispersion  te rm s  have been es t im a ted  sem iem - 

pirically  in Ref. 20. T h e  H eisenberg  coup ling  p a ra m e te r  J  

con ta ins  exponentia l  co n tr ib u t io n s  only:

j L L l (R)  =  C ' (cxp) exp(JL\'LV'LK ' LAL\vL
a ’ R - ß '  R 2)

l a l b -l  l a l b l

(13 )

because it o rig inates  m erely  from  exchange  effects. A lso  the  

coefficients and  exponen ts  in Eq. (1 3 )  have been ca lcu la ted  

ab  in i t io .11

N ow , we consider  the  sp in -o rb i t  and  sp in -sp in  c o u 

pling. In the f r e e  0 2 m olecule  in its e lectronic  ”  g ro u n d  

state, the  effects o f  sp in -o rb i t  and  sp in -sp in  coup ling  can be 

r e p re s e n te d , IK in spherical ten so r  fo rm ,28 by the  following 

opera to r :

i
3

S a  £  ( -  î r c ^ W H S s s r i ’,,,, (14 )
m

w here  the  angles ( 6,(p) describe the  o r ien ta t ion  o f  the  m o lec 

u la r  axis and  C,(n2)(<9,<£) is a R a c a h  spherica l ha rm on ic .  T he  

tenso r  p ro d u c t  o f  the  spin vec to r  S w ith  itself is given by the  

following, m ore  general, definition for tw o a rb i t ra ry  tensors

T (/.)
i n v K and y ( / 2) =

x m-,

m

m  t , m 2

(15 )

T h e  coefficients are  C le b s c h -G o rd a n  coefficients.28 T h e  

coup ling  co n s ta n t  A =  3.96 c m -1 =  5.712 K  is posit ive,18 
from  w hich  it follows th a t  the  tr ip le t  spin m o m e n tu m  o f  the  

02 m olecu le  prefers to be p e rp e n d ic u la r  to the  m o lecu la r  

axis.

In  the  0 2- 0 2 d im er, we assum e th a t  the  e lectronic  

ch a rg e  d is tr ibu t ion  o f  the  m o no m ers ,  and  consequen tly  also 

the  in t ra m o le c u la r  s p in -o rb i t  an d  sp in -sp in  couplings, are

an d  it ap p ea rs  to  explain  the ir  ex 

p e r im en ta l  Z eem an  s p e c t r a14,21 very well. W e  then  ob ta in  

the  following co n tr ib u t io n  to the  sp in -d ependen t  po ten tia l  

for the  0^ -0  ̂ d im er:

^ i n t r a  A  >SA ,R B ,S B )

yf6A ( — 1 )"'{CIV(Ra ) [ S A ® S A ] (2)w
m

+  Cm'iR-i) ) [ S D ® s „ (16 )

F inally , we inc lude  the in te rm o le cu la r  sp in -sp in  (m ag n e t ic  

d ipo le)  in te rac t ions  betw een  the  m o n o m e r  triplets. I f  the  

tr ip le t  spin m o m e n ta  are  considered  as m agne tic  po in t  di-  

p o le s g t, / /BS A a n d g ciu BS B, w ith  g e =  2.0023 and  Hb b e in g 

the  B o h r  m agne ton ,  w hich  are  loca ted  on the  m o n o m e r  

cen ters  o f  m ass M A and  M B, then  we can  w rite  for the  di- 

po le -d ip o le  in te rac tion ,  in spherica l ten so r  form:

d̂d ( ,S B )B S £ n l R - 3 Y ( - i r c i ( R )
m

X [ S A ® S B ] (i ’m . (17 )

H erew ith ,  the  m ost im p o r ta n t  c o n tr ib u t io n s  to the  spin- 

d ep en d en t  02- 02 po ten tia l  are  com ple te ly  cha rac te r ized .  

S um m ariz ing ,  we w rite  this po ten tia l  as

V(. R a  yR B 5-^»Sa ,S b )

— ^av(^A >^B »® ) H- Vh • (R  a  ,Rn  ,R ,S a ,S b )

+  ^ i n t r a  (^A > S A ;i?B,S B ) +  Vdd ( R ,SA ,SB ) ,
A

A  )1 V B

(18 )

w here  the  sp in - independen t  c o n tr ib u t io n  Vuv and  the  H e i 

senberg  te rm  F Heis are  given by Eq. ( 8), w ith  the  expansions  

(9 )  to  (1 3 ) ,  and  the  la t te r  tw o  te rm s  are  given by Eqs. (1 6 )  

and  (1 7 ) .  N o te  th a t  this  po ten tia l  is an iso trop ic ,  b o th  w ith  

respect to  the  o r ien ta t ions  o f  the  m o lecu la r  axes and  w ith  

respect to  the  o r ien ta t ions  o f  the  m o lecu la r  spin m o m en ta .  

T hus ,  the re  will be a coup ling  be tw een  the  ro ta t iona l  v ib ra 

t ions o r  h in de red  ro ta t io ns  o f  the  02 m o n o m e rs  in the  d im er  

and  th e ir  spin states.

T h e  sam e po ten tia l  has been used in recent la ttice  d y 

n am ics  and  spin wave ca lcu la t ions  on  solid a  and  [3 ox y 

g en ,19,20 w here  it replaces a m u c h  c ru d e r  phenom eno log ica l  

m odel th a t  c an n o t  be reduced  to the  m o lecu la r  level. I t  a p 

pears  th a t  the  coup ling  betw een  the  o r ien ta t io na l  v ib ra tions  

(o r  l ib ra t ions)  an d  the  spin states, w h ich  was no t  inc luded  in 

the  earlie r  t rea tm en ts ,  is essential in the  solid for u n d e r 

s tan d in g  its elastic an d  m agne tic  p roper t ies  and , in p a r t ic u 

lar, the  n a tu re  o f  the  a - f i  phase  trans it ion .

So far, we have expressed  all te rm s  in the  in te rac t ion  

po ten tia l  in the  m ost general SF  fram e. Since the  po ten tia l  is 

invar ian t  u n d e r  overall ro ta t io ns  o f  the  d im er,  it is c o n v e n 

ient to  take  out the  “ e x te rn a l” ro ta t io n  angles. W e prefer  to  

rem ove  only  tw o o f  these angles, how ever, and  no t three, 

because  then  the  full sy m m etry  o f  the  d im e r  rem ains  expli 

citly visible.29 T h is  is s im ply  pe r fo rm ed  by subs t i tu t ing  

R  =  (0,<f>) =  (0 ,0 )  and  rep lac ing  all th e  quan ti t ies  R A 

=  ( ^ a A ) » ^ b  =  (#b><M> S a an d  S B by th e ir  p r im ed
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equ iva len ts  w hich  a re  defined w ith  respect to the  B F  fram e, 

se e E q s .  (2 )  to  ( 6). A l th o u g h  the  angles (p'A a n d 0 B are  bo th  

kep t as “ in te rn a l” angles in this way, the  po ten tia l  depends  

only  on the  difference ( <f>A — (pB ). S implifications o f  Eqs. 

( 11) and  (1 7 ) ,  in pa r t icu la r ,  can  be ob ta ined  after  su b s t i tu 

t ion  o f  the  re la t io n28

c : ri>(o,o)
47T 1/2

Y  £  (0 ,0 )  =  <5
2 1 +  1

m, 0 (19 )

G iven  the  com ple te  sp in -d ep en d en t  po ten tia l ,  it is easy 

to w rite  the  H a m il to n ia n  for the  ro ta t io n -v ib ra t io n - s p in  

s ta tes  o f  the  0 2- 0 2 d im er. O ne  has  ju s t  to  ad d  the  kinetic  

energy  term s. Since the re  is no k inetic  energy  associa ted  w ith  

the  spin “ m o t io n s ,” the  k inetic  energy  o p e ra to r  is the  sam e 

as for the  N 2- N 2 d im e r .7,8 W e  w rite  it in so m e w h a t  different 

form , how ever, because  the  o p e ra to r  J, w hich  is the  to tal 

a n g u la r  m o m e n tu m  in N 2- N 2, is no t a c o n s ta n t  o f  the  m o 

t ion  in 0 2- 0 2. In  the  la t te r  case, one has to  add  the  spin 

m o m e n tu m  S = S A + S B in o rd e r  to  ob ta in  the  to tal a n g u 

la r  m o m e n tu m  F  =  J - f  S. In  the  B F  coo rd ina tes  in t ro 

d u ced  in Sec. II, the  to ta l  H a m il to n ia n  then  reads

H  =  b 0N \ + b 0N 2
B

fi2 d 2
2f iR  ÖR 2

R  +
1

2/l iR

X  ( F 2 +  N 2 +  S 2 — 2S-F  -  2N -F  +  2N -S)

B ( 20)

T h e  o p e ra to rs  N A and  N B are  the  an g u la r  m o m e n ta  asso 

c ia ted  w ith  the  m o n o m e r  ro ta tions ,  in the  B F  coord ina tes  

( 6  A ,(f>A ) an d  ( 6  B ,(f)B ), and  N  =  N A +  N B is the ir  vec to r  

sum . T h e  co n s tan t  bQ is the  m o n o m e r  ro ta tiona l  cons tan t ,  

b{) =  1.438 c m ~1 for 160 2, an d  ju =  16 a m u  is the  d im er  re 

duced  mass. W ith  respect to the  SF  fram e, the to ta l an g u la r  

m o m e n tu m  o p e ra to r  F  can  be w rit ten  as F  =  J +  S 

=  L  +  N  +  S, w here  L  is the  a n g u la r  m o m e n tu m  assoc ia t 

ed w ith  the  ro ta t io n  o f  the  vec to r  R, expressed in the  angles 

R  =  ( 0 , 0 ) .  In  the  (p a r t ia l ly )  B F  fram e o f  Sec. II, it looks as 

if L  has s im ply  been rep laced  by F  — N  — S, but one  m ust  

realize th a t  ac tua lly  som e p rob lem s are  connec ted  w ith  this 

su b s t i tu t io n .29 F o r  instance, the o p e ra to rs  N  an d  F  do  no t 

co m m u te .  T h e  ac tion  o f  the  kinetic  energy o p e ra to rs  in Eq. 

(20 )  on the  B F  basis in t ro d u ce d  in the  next section is fairly 

simple, how ever, as it has  been show n  in Ref. 29 for general 

d im ers  w ith o u t  a net e lec tron  spin m o m e n tu m .

It is easy to check  in e i the r  fram e, SF  o r  BF, th a t  the  

ind iv idual te rm s  in the  H a m il to n ia n  (20 )  w ith  the  sp in -de 

p en d en t  po ten tia l  o f  Eq. (1 8 )  a re  all invar ian t  u n d e r  the  

p e rm u ta t io n - in v e rs io n  g roup , o f  w hich  the  genera t ing  ele 

m en ts  are  given in T ables  I an d  II. W hereas  the  exact elec 

t ron ic  an d  nu c lea r  H a m il to n ia n  o f  the  0 2- 0 2 d im er  is in v a r 

ian t only  u n d e r  s im u ltaneo us  inversion  E  * o f  the  e lec tron  

an d  nuc lea r  coord ina tes ,  the  H a m il to n ia n  in Eq. (20 )  is also 

invar ian t  u n d e r  inversion  o f  the  n u c lea r  coord ina tes .  T h is  is 

re la ted  to the  fact th a t  Eq. (2 0 )  ac tua lly  defines an effective 

H a m il to n ia n  in w h ich  the  coup ling  co n s tan ts  have  been o b 

ta ined  by in teg ra tion  over the  spatia l e lec tron ic  coord ina tes .

IV. BASIS FUNCTIONS AND THEIR SYMMETRY: 

MATRIX ELEMENTS

A  conven ien t basis for the  expansion  o f  the  v ib ra t io n -  

ro ta t io n -sp in  eigensta tes  o f  the  H a m il to n ia n  (20 )  is the  fol 

lowing:

Xn m & M ^ ’Na(0 'A , K  ) t % Sa-SbD  (d>,0 , 0 ) ,

( 21)

w hich  is expressed  in the  B F  coord ina tes .  T h e  radial fu n c 

t io n s^ , ,  ( R ) can be defined e ithe r  num erica lly  o r  ana ly t ica l 

ly.29 T h e  in te rna l  a n g u la r  func tions  are  m o n o m e r  ro ta t ion  

functions  (spherica l  h a rm o n ic s ) ,  coup led  via Eq. (1 5 ) :

S '
{ N ) N A , N 0 < * B >

M <v

( 22)

and  the spin func tions  are  coup led  m o n o m e r  ( t r ip le t )  spin 

states:
<S ) S A . S B

t ms

( S A ) _  ( S B ) -j ( 5 )

J Me*[ r VJA 0 r (23 )

A l th o u g h  the  vec to r  coup ling  in Eqs. (22 )  and  (23 )  does no t 

p rov ide  eigensta tes  o f  the  H a m il to n ia n  (2 0 ) ,  it can  still yield 

physical insight because  TV an d  S  m ay  be a p p ro x im a te  q u a n 

tu m  num bers .  So we can  observe, for instance, the  m ixing  

betw een  the  d im e r  singlet, triplet, an d  qu in te t  spin s ta tes  

w h ich  is caused  by the  in tram o le cu la r  sp in -o rb i t  an d  s p in -  

spin coup ling  o p e ra to r  (1 6 ) .  M oreover ,  the  vec to r  coup ling  

is convenien t,  because it facilitates the  ca lcu la t ion  o f  the  m a 

tr ix  elements. T h e  last factors

ƒ > < £ * (  0 ,0 ,0)

in the  basis a re  no rm alized  W ig n e r  ro ta t io n  m atr ix  e lem ents  

in the  conven tion  o f  Ref. 28. T h e  (e x ac t)  q u a n tu m  n u m b e r  

M f  is the  pro jec tion  o f  F  on the  space-fixed z axis and  the 

(a p p ro x im a te )  q u a n tu m  n u m b e r  AT =  M N +  M s  is the  p ro 

jec t ion  o f  F  on the  body-fixed z axis. T h e  basis (21 )  in the  B F  

co o rd in a te s  can be ob ta ined  from  a SF  basis in the  sam e way 

as for the  s im p le r  cases o f  N 2- N 2 and  0 2- X  trea ted  in Refs. 7 

an d  12.

I t  follows d irectly  from  Tables  I an d  II  th a t  the  basis o f  

Eq. (21 )  is a lready  sy m m etry  ad ap ted  w ith  respect to the  

nu c lea r  p e rm u ta t io n s  P {2 and  P 34. I ts  par i ty  u n d e r  these p e r 

m u ta t io n s  is ( — 1 ) Aa and  ( — 1 )'v”, respectively. T h e  elec 

t ron ic  32 " wave functions  are  od d  u n d e r  these p e rm u ta 

tions, see Sec. II. So, if we cons ide r  the  m ost a b u n d a n t  160  

isotopes, w hich  have zero  nu c lea r  spin, only basis functions  

w ith  odd  N a  and  N B are  allowed.

T h e  basis o f  Eq. (2 1 )  is n o t  yet sy m m etry  ad ap ted  w ith  

respect to  the  p e rm u ta t io n  P AB. T h e  nu c lea r  p e rm u ta t io n  

P l3P 24 w hich  is co n ta in ed  in P AB, see Eq. ( 1 ) ,  reverses the  

B F  z axis an d  P AB acts  on  the  B F  coo rd ina tes  as a  tw ofold  

ro ta t io n  abou t  the  B F  *  axis ( inc lud ing  the  in te rch an ge  o f  

the  labels o f  the  partic les  in m olecu le  A  w ith  those  in m o le 

cule B ) .  U sing  the  sy m m etry  p roper ties  o f  C le b s c h -G o rd a n  

coefficients and  ro ta t io n  m atr ix  e lem en ts,28 it follows th a t  

P AB has  the  following effect on a general basis func t ion  o f  the  

type (21):

P ¿d/(N)NA,NB S(SA,SB )rWF)* 
r  AB ^  Ms TMs u  Mf.,K

__  /■ __  |  \  +  » B  +  s a  +  +  F ^  ( N ) j \ u , N A ^ m( S ) S li, S A ( F ) *
'  '  — M — A/̂  Mp, — IC *

(24 )
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A nalogously ,  one  derives for the  inversion  o p e ra to r  E  *, 

w h ich  acts  on the  B F  coo rd ina tes  as a reflection w ith  respect 

to  the  B F  y z  p lane, th a t

T A B L E  I I I .  S y m m e t r y  o f  t h e  b a s i s  ( 2 6 )  w i t h  N A =  N n =  \ a n d  S A =  5*n

=  1, t o g e t h e r  w i t h  t h e  s p a t ia l  e l e c t r o n i c  w a v e  f u n c t i o n s ,  w i t h  r e s p e c t  t o  t h e  

P I g r o u p  G  16.

( -  l )

AfpK

•VA + + N + S + F ( mNA.^Br (S)SA.Suj-y ( f) k (.N + S) (k  +  F) P i2 34 AH
G  16

irr ep .

A' — M M P, -  K  *

(25 )

In the  sequel o f  th is pap er  we shall res tr ic t  ourselves to the 

e lec tron ic  tr ip le t  g ro u n d  sta tes  o f  the  m o no m ers ,  i.e., to S A 

=  1 and  S B =  1, and  also to the ir  ro ta t iona l  g ro u n d  states,

e v e n e v e n 4 -
• + + + A , +

e v e n o d d + + ----------- ---------- a 2-

o d d e v e n + + + ----------- B f

o d d o d d + + ----------- + b 2+

i.e., to  TV 1 and  N 1 for l60 2 molecules. A  sy m m etryB

ad ap ted  basis for tha t  case is given by

N.S'K.F 1

V2
[

M, 0, we have only
_J_ ( _  \ \ x t y {N) r iS) n U )* 1K 1 ) -  MSJ  -  Ms M{,  -  K J

( S ) ( F )  * (26 )

and  the  irreducib le  rep resen ta t ions  o f  the  p e rm u ta t io n - in -  

version g rou p  G  16 w hich  are  ca rr ied  by this basis are  listed in 

T ab le  III .  T h e  sy m m e try  o f  the  spatia l e lec tron ic  wave fu n c 

t ion does not in terfere  w ith  the  sy m m etry  ad ap ta t io n ,  since 

this  function  is invar ian t  u n d e r  P AB an d  E  * as long as bo th  

m o n o m e rs  rem ain  in the ir  g ro u n d  states. [T h e  ex 

change  sy m m etry  o f  the  e lectron ic  wave function  requ ired  

by the  exclusion principle , i.e., the  p e rm u ta t io n  sy m m etry  

w ith  respect to all e lec tron  p e rm u ta t io n s ,  not ju s t  P AB, has 

been taken  in to  acco un t  a lready  in the  e lec tron ic  s t ru c tu re  

c a lc u la t io n s17 w hich  led to the  exchange  coup ling  p a ra m e te r  

7 i n  Eq. ( 8).]  A ga in  considering  lhO  nuclei only, w hich  are  

bosons w ith  zero  n uc lea r  spins, it follows th a t  only func tions  

even u n d e r  P i3P 24» a n d thu s  even u n d e r  P AB, are  physically  

allowed. In  T ab le  I I I  th is  leaves the  possibilities A j+ and  

B f . N o te  th a t  the  par i ty  o f  these func tions  is d e te rm in ed  by 

N  -h S. M n  takes values f rom  0 to N;  if M x  > 0 then  M s  takes 

values from  — S  to  5  and  if M v =  0 then  M s  takes values
______________________________________________________ I

from  0 to 5. In  the  case th a t  M  

even F  states.

T h e  H a m il to n ia n  in Eq. (2 0 )  has  been w ri t ten  in such  a 

fo rm  th a t  the  ca lcu la tion  o f  its m a tr ix  e lem ents  w ith  respect 

to the  basis (2 1 )  in the  B F  fram e  becom es easy. T h e  rad ia l 

in tegrals  in these m a tr ix  e lem ents  a re  s t ra ig h tfo rw a rd  and  

they  cou ld  be ca lcu la ted  by nu m er ica l  o r  (p a r t ly )  by a n a ly t 

ic in teg ra t ion  m e th o d s .2g In o u r  analysis  in Sec. V we shall 

keep the  d is tance  R  fixed, how ever,  an d  so we w rite  here  only  

the  a n g u la r  and  spin m a tr ix  elem ents . T h e  com ple te  H a m i l 

ton ian  is d iagonal in the  exact q u a n tu m  n u m b e rs  F  an d  M F\ 

in the  absence o f  an ex te rna l  m ag ne tic  field the  energy  o f  its 

e igensta tes  does no t d ep end  on M F. T h e  k inetic  energy  o p e r 

a to r  in Eq. (2 0 )  has  te rm s  w hich  a re  d iagonal in the  a p p ro x i 

m a te  q u a n tu m  n u m b e rs  N A , N B, N ,  M N, S A, S B, S, M s , an d  

K  =  M „

b()NA { N A +  1 ) +  b J V b (N b +  1 )

+  (2/u R 2) - ][ F { F +  1) + N ( N +  1) + 5 ( 5 +  1) 

- 2 K 2 +  2Mn M s ] (2 7 )

and  also som e off-diagonal term s:

(2ß R 2) - ' [ F ( F +  1 ) - K ( K ±  1) ] I/2[?V(JV+ 1 ) - M n {M n  ±  1 ) ] 1/ 2

for A M s

2 \  -  I

~h 1, k A f s  — 0, and  AK. — -t~ 1,

(2! i R i r ' [ F { F +  1 ) - K ( K ±  l ) ] , /2[ 5 ( 5 ' +  1 ) -  M S { M S ±  1) ] 1/ 2

for AM 0, AM , ±  1, and  l±K =  -f- 1,

(2/iÄ - : ) - ' [ 7 V ( 7 V +  1) - M n (M„  ±  l ) ] l /2[ 5 ' ( 5 '+  1 ) -  M S ( M S +  1 ) 1 1/ 2

for AM K +  1, A M +  1, and  A K  =  0. (28 )

T h e  po ten tia l  energy  term s, expressed in the  B F  fram e, do  not depen d  on the  ex te rna l  ro ta t io n  angles ( 0,<i>). So, one  can  

d irec tly  in tegra te  the  W ig n er  ro ta t io n  func tions  in the  basis (2 1 )  over  these angles. E xpress ing  the  a n g u la r  func tions  (1 1 )  

o ccu rr in g  in Eqs. (9 )  an d  (10 )  in the  B F  co o rd in a te s  R  A =  { 0  A ), R  B =  (<9B,<̂ B ), an d  R '  =  (0 ,0 )  results  in the  

following integrals:

(477)3/2< 1 1A A ' '"\Al  l  = < 5v . w (
' A / v 1 1 m N ' M n ,Ms 1)

N  - f  N a  +  N h  — M n

[(2 L a  +  1 ) (2L b +  1) ( 2L  +  1) ] 1/ 2

X [ ( 2 7 V ' +  1 ) ( 2 N'a +  l ) ( 2 ^ i  +  \ ) { 2 N +  1 ) ( 2Na +  1) ( 2N n +  1) ] 1/2

X
'n  : l N A f N ' B L

0 0

n : n

0

L

B N B

0 0 0

N '  

- M

L  N

N 0 M N

x j / V i ,  N  

I N ' N  L

(2 9 )
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In  add it ion ,  the  spin  o p e ra to r  in the  H eisenberg  exchange  coup ling  te rm  in Eq. ( 8) yields

(S’)5a .5„
2 S A-S i , |T % S" S» ) = 8 S .'S8 M [ S A ( S A +  1) +  S B ( S B +  1) - 5 ( 5 +  1 ) ] .

• 3  O

T h e  o p e ra to r  F jntra, Eq. (1 6 ) ,  leads to

/ Q / l N ' W i . N i  ( 5 ' ) 5 a .S d |  v  ( S ) S a ,Sb ,

M 'n  T M 's  I K i n t r a  I 'J M S  T M S  /

A (  -  i ) s *-hS° + M" + Ms [ (2 A r '  +  1 ) ( 2 N +  1 ) ( 2 S '  +  1 ) ( 2 S  +  l )] l/2

(30 )

X I
-  m

N ' 2 N

M '

X 1)

N  ™

N '  +  N  +  S '  +  S

M

(

N

S '

-  M  $

1/2

X [ S A ( S A +  1 ) (2S a  -  1 ) ( 2 5 a  +  1 ) ( 2 S a  + 3 ) ]
'N '  2 N1/2/ A ^ iV

0 0 0 J [ N

N ’ N 2 '

n : n B S

2

S B

+  ( 1)N'aSn . n [ (2Nb + 1 ) (2Nb H- 1 ) ] 1/2

X [ S B ( S B +  l ) ( 2 S B -  1 ) ( 2 5 b +  1 ) ( 2 5 b + 3 ) 1
' /V '

1 / 2 I l y  B
2 N ~ \ \ N ‘ NB 2 1

0 0 0  / [ N B N B N A 5 B

2

5 b 5 a
(31 )

an d  the  m agne tic  d ip o le -d ip o le  coup ling  o p e ra to r  Vdd, Eq. (1 7 ) ,  to

M N
( N ' ) N ' A , N ' n ( S ' ) S A , S U

M 's
v dd \ v

( N ) N A . N n ( S ) S A , S n

d d  I ^  M lW T M >

R  , ^ N a  8 n ¿  Nn0 N . i N 8 M  ■n  NS m .s m s  ( 1)
S '  — M

X [ ( 2 5 ' +  1 ) ( 2 5 +  1 ) 5 a ( 5 a  +  l ) S B ( S B +  1 ) ( 2 5 A +  1 ) ( 2 5 B +  1 ) ] 1/2

X
S ' 2

M r  0

1

B

5

(32)

T h e  sym bols  in large  ro u n d  b rack e ts  a re  3-j coefficients and  

those  in cu r ly  b races  are  6-j an d  9 -j coefficients.28 N o te  th a t  

express ion  (3 1 )  van ishes  in the  case th a t  N 'A = N ' B,

N a =  N b , an d  5 A =  5 B, w h en  the  par i ty  o f  (TV ' +  S  ' ) is d if 

fe ren t f rom  the  p a r i ty  o f  (7V +  5 ) .  T h is  reflects the  sym m e- the  n a tu re  o f  the  v ib ra tiona l states o f  the  0 2- 0 2 com plex , 

t ry  o f  the  basis u n d e r  the  p e rm u ta t io n - in v e rs io n  ope ra t ion  T h e  p ro b lem  is, how ever, th a t  the  a t t rac t iv e  d ispers ion  con-

fects in solid oxygen ,19,20 it is still the  sp in - independen t  te rm  

Kav ( i?A ,i?B,R )  in Eq. ( 8) th a t  d o m in a te s  the  an iso tropy  o f  

the  po tentia l ,  in the  abso lu te  sense. T herefo re ,  it is m ain ly  

this  te rm  w h ich  de te rm ines  the  equ il ib r ium  geom etry  an d

E  *P ab > see Eqs. (2 4 )  an d  (2 5 ) .
U sing  the  expressions ( 29 ) to  ( 32 ), one  can  evaluate  the  

ind iv idual co n tr ibu tion s ,  Eqs. ( 8), (1 6 ) ,  an d  (1 7 ) ,  to  the 

sp in -dep en d en t  0 2- 0 2 po ten tia l ,  Eq. (1 8 ) .  All these  c o n t r i 

bu t io ns  a re  d iagona l  in the  a p p ro x im a te  q u a n tu m  n u m b e r

tr ib u tio n s  to  the  sp in - independen t  po ten tia l  [see Eq. ( 12) ] 

have  only  been es t im a ted  crudely , w hereas  the  o th e r  c o n t r i 

bu t io ns  have  been ob ta ined  f rom  fairly accu ra te  ab  init io  

c a lcu la t io n s.17 Since we know  from  o u r  s tud ies  on the  N 2- N 2 
d im e r7-9 th a t  the  equ il ib r ium  geo m etry  depends  on  a subtle

K  =  M N - \ - M s . T h is  com ple tes  the  ca lcu la tion  o f  the  H a m -  ba lance  betw een  the  a t t rac t ive  a n d  repulsive  forces, we m u s t
N  i * r* S -

i l ton ian  m a tr ix  e lem ents  in the  basis (2 1 ) .  T ra n s fo rm a t io n  

to the  sy m m e try  a d a p te d  basis (2 6 )  is s t ra ig h tfo rw ard .  T h is  

leads to a sepa ra te  secu lar  p rob lem  o f  each  physically  a l 

low ed irreduc ib le  rep re sen ta t ion  o f  the  p e rm u ta t io n - in v e r 

s ion group.

V. VIBRATIONAL STATES OF THE 0 2- 0 2 DIMER: 
ROTATIONAL AND FINE STRUCTURE

W ith  the  sp in -d ep en d en t  H a m il to n ia n  from  Sec. I l l  an d  

the  basis f rom  Sec. IV  it is possible, in principle , to  ca lcu la te  

all the  b o u n d  v ib ra t io n a l - ro ta t io n a l - s p in  s ta tes  o f  the  02-  

0 2 d im er  by d iagona liz ing  the  secu lar  m atr ix .  A l th o u g h  the  

H eisenberg  te rm  is s trong ly  an iso trop ic  w ith  respect to  the  

m o n o m e r  o r ien ta t ions ,  w h ich  leads to  very  in te res ting  ef-

conc lude  a t th is  stage th a t  we do  no t  kn ow  the  equ il ib r ium  

geom etry  o f  the  0 2- 0 2 d im er. A lso , f rom  e x p e r im e n t,5,6 th e  

02- 02 d im er  s t ru c tu re  is no t  know n , except p e rh ap s  in a 

solid neon  m atrix .  So in o u r  p resen t  s tudies  we re ta in  various  

possible equ il ib r ium  geom etries .

T h e  second question  w h ich  is re levan t for this  s tudy  

concerns  the  n a tu re  o f  the  van  d e r  W aals  v ibrations. Because 

o f  the  u n ce r ta in ty  in the  sp in - ind ependen t  po ten tia l  we have 

to m ak e  som e a ssu m p tio n s  a b o u t  th is  m a t te r  also. O ne  ex 

t rem e  w ould  be a nearly  rigid d im er  w ith  sm all am p li tu d e  

v ib ra tions  ab o u t  the  equ il ib r ium  geom etry ; a n o th e r  ex trem e  

w ou ld  be a d im er  w ith  freely ro ta t in g  m ono m ers .  In  the  N 2-  

N 2 d im e r  the  s i tua t ion  is in te rm ed ia te  be tw een  these  tw o  

extrem es; the  v ib ra tions  o f  the  m o n o m e rs  ab o u t  the  equ il ib 

r iu m  geom etry  are  ch a ra c te r iz ed  by large am plitudes , even 

in the  v ib ra tiona l  g ro u n d  state. A lso  in the  cases o f  N 2- A r 9,10
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5354 A. van der Avoird and G. Brocks: 0 2- 0 2 dimer

an d  0 - , - A r 1 1 - 1 4 one has found  such  large am p li tu d e  oscilla-

tions, o r  h in de red  ro ta tions ,  o f  the  N 2 an d  0 2 m olecules 

ab ou t  the  T -sh ap ed  equ ilib r ium  geom etries.

Let us briefly consider  the  0 2- A r  com plex , because  this 

d im e r  d isplays fine s t ru c tu re ,  ju s t  as 02- 0 2, a l th o u g h  m u ch  

sim pler. T h e  fine s t ru c tu re  in the v ib ra tiona l g ro u n d  s ta te  o f  

the  0 2- A r  com plex  can be com ple te ly  u n d e rs to o d  from  a 

h in d e red  in te rna l  ro to r  m o d e l.11-14 It can  be described  by 

assum ing  th a t  only  the  02 ro ta t iona l  functions  \ N , M n ) 

1, +  1) are  o f  im portance ,  w here  M N is the  q u a n tu m  

n u m b e r  associa ted  w ith  the  pro jection  o f  N  on the B F  z axis. 

T h e  func tions  Y ( 0  ',<$') have the ir  m a x im u m  am p li tu d e  

at 6  ' =  90°, so th a t  this s i tua tion  co rre sp o n d s  w ith  a floppy 

T -sh ap ed  s t ruc tu re .  T h e  an iso tropy  o f  the  sp in - independen t  

p a r t  o f  the  0 :- A r  po ten tia l  separa tes  these states from  the 

s ta te  \ N , M y )  =  11,0) w h ich  has its m a x im u m  am p li tu d e  at

0  ' =  0°. O n  the  o th e r  han d ,  th is  an iso tropy  is not sufficiently 

large to s trong ly  adm ix  the  ro ta t iona l  func tions  w ith  h igher  

N  (i.e., N  =  3,5,...) in to  the  v ibra tional g ro u n d  state. T he  

fine s t ru c tu re  can  be ca lcu la ted  by trea t ing  the  sp in -dep en 

d en t  co n tr ib u t io n  to the po ten tia l  as a pe r tu rb a t io n .  In first- 

o rd e r  p e r tu rb a t io n  theory , one ob ta ins  the  com ple te  q u a l i ta 

tive p ic tu re  w ith  inaccurac ies  in the  splittings th a t  are  less 

th an  2 0 % . In o rd e r  to ob ta in  be t te r  q u an t i ta t iv e  ag reem ent,  

secon d -o rde r  co rrec tions  have to be added .

W e adop t  a m odel for the v ib ra tiona l g ro u n d  s ta te  o f  the  

0 2- 0 2 d im er  w hich  is a genera liza tion  o f  the  0 2- A r  m odel 

ju s t  described. In 0 2- A r ,  the  h ind ered  ro to r  functions  T (1), 

(0',(/)')  co rre sp o n d  w ith  a floppy T -shap ed  s tru c tu re ,  while 

the  func tion  Y {()]) (6',(/)') co r re spo n d s  w ith  a floppy linear 

s truc tu re .  F o r  the  free 0 2- 0 2 d im er,  w here  the equ il ib r ium  

s t ru c tu re  is no t know n, we take  bo th  possibilities T (1),

( 6  ',</>’ ) an d  Y } ( 0  \(f)' ) for each  o f  the  02 m o n o m e rs  an d  we

com bine  these func t ions  in all n ine possible w ays in to  sy m 

m etr ized  p ro d uc ts ,  six o f  w h ich  are  essentially  different, see 

T ab le  IV. A s ind ica ted  in this table, these sy m m etr ized  p r o d 

uc ts  are  s im ply  re la ted  to the  coup led  func tions  o f  Eq. (2 2 ) .  

Also, the  various  floppy 0 2- 0 2 s t ru c tu re s  w h ich  a re  re p re 

sen ted  by these m odel func tions  a re  described  in T ab le  IV. 

W e assum e th a t  each  o f  these v ib ra t iona l  m odel s ta tes  cou ld  

be “ p re p a re d ” by the  an iso trop ic  sp in - in dep end en t  po ten tia l
A  A

Fav (R  A ,R  B, R ). T h e  an iso trop ic  po ten tia l  separa tes  the  

m odel states, bu t  we do  not know  w hich  o f  these s ta tes  a c tu 

ally c o rre sp o n d s  to the  v ib ra tiona l g ro u n d  s ta te  o f  02- 0 2, 

because  o f  the  u n ce r ta in ty  in the  long-range  d ispers ion  c o n 

t r ib u t io n s  to the  potentia l .  T h e  van d e r  W aals  bo n d  leng th  R 

is varied  w ith in  reasonab le  limits. A s  a low er limit we take

3.2 A  in solid a -o x y g e n
o

: 4 A. F o r  each  o f  these

the  nearest  ne ig hbo r  d is tance  R = 

an d  we s tudy  the  range  up  to R  = 

m odel s ta tes  we ca lcu la te  the  fine s t ru c tu re  w h ich  is d ue  to 

the  sp in -d ependen t  te rm s  in the  H am il to n ian .  W e m ult ip ly  

each  v ib ra tiona l w ave func tion  w ith  all the  n ine spin  states 

th a t  a re  ob ta ined  by coup ling  the  m o n o m e r  tr ip le t  functions, 

cf. Eq. (2 3 )  w ith  S A =  S B =  1, an d  w ith  the  overall ro ta t io n  

functions, cf. the  basis in Eq. (2 1 ) .  T h is  p rov ides  a basis for 

each  o f  the  v ib ra tiona l m odel s ta tes  in w h ich  the  H a m i l to 

n ian  w ith  the  sp in -d ependen t  coup ling  te rm s  F Heis, Vx 

an d  Vdd can  be d iagonalized . T h e  result is a f irs t-o rder p ic 

tu re  o f  the  fine s t ru c tu re  in each  o f  the  m odel states. T h e  

eigensta tes  o f  the  H a m il to n ia n  will be au to m a tica l ly  a d a p te d  

to the  p e rm u ta t io n - in v e rs io n  sy m m etry ,  bu t  it is conven ien t  

to a d a p t  the  basis func t ions  first, using Eq. (2 6 ) .

T h e  final results  for the  fine s t ru c tu re s  are  very com plex , 

so we shall explain  th em  by trea t ing  the  different coup ling  

te rm s  in the  H a m il to n ia n  successively. W e wish to s ta r t  w ith  

the  largest one, b u t  we find th a t  th is can  be e ithe r  KHeis o r

i n t r a  »

T A B L E  IV .  M o d e l  s t a t e s  fo r  t h e  v a n  d e r  W a a l s  v i b r a t i o n s  in  0 - . - 0 - , .

S t a t e H i n d e r e d  r o t o r  w a v e  f u n c t i o n

I

II

III

I V

V I

1
4

sä

[Y"±\ ( 0 ^ ) Y " \ 6 ' B,<t,-B) +  n ‘ ) > T ,  ( e ;„<*;,) ] =

[ r '*’> (0á.óá ) n " ( 0  Wb > -  Y"\e-K,K ) y <», (e-B,fB )] =

{ Y \ ' ^ 0 ' „ K ) Y " \ ( e - a# B) +  Y " \ ( e ^ ) Y \ ' \ e ' 64 ’B)]  =

[ Y \ ' \ e ^ ) Y " \ ( 6 ^ B) - Y " \ ( e ^ K ) Y \ ' \ e ’B,<t,’B)] =

Y¡>" ( e : , < f , ’ ) Y ' ' > ( 0  L . 4 L )
in

i

i

( 6 ' 4 ’ ,d'B,<b’B)± i

V3
[ V2 3C> ( 0 ;  ,0 ú ( 0 ;  , K  .0 B A  ) ]

•3'«"(0;,<ÍX,0ó.(ín)

[ á C  ( e A .0 B •</>'„ ) -  n/2^ 21 ( 0 ;  .0 B 4'b ) ]

S t a t e $ A D i m e r  “ s t r u c t u r e ”

I ~ 9 0 ° ^ 9 0 ° •  •  • f r e e  t o r s i o n a l  r o t a t i o n  

/  s y m m e t r i z e d  T - s h a p e d ,

II ~  9 0 7 0 ° ~  0 7 9 0 ° =r0°

I  t u n n e l i n g  v ia  ~ ~ f  
r s y m m e t r i z e d  T - s h a p e d ,

I I I ~  9 0 7 0 ° ~  0 7 9 0 ° U O
O

O
o

\  t u n n e l i n g  v ia  ~ ^

I V ~ 9 0 ° ~ 9 0 ° ~  0 7 1 8 0 ° H - s h a p e d  ( D l h )

V — 90° z r 9 0 ° - 9 0 7 2 7 0 ° c r o s s e d  ( D l d )

V I ~ 0 ° ~ 0 °
•  •  • l in e a r
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F intra, dep end ing  on the  v ib ra tiona l m odel s ta te  considered  

an d  on the  d is tance  R.

T h e  H eisenberg  exchange  in te rac t ion  splits every s ta te  

th a t  is derived  from  the  tw o tr ip le t  02 m o n o m e rs  in to  a s ing 

let, a tr ip let,  and  a qu in te t  ( S  =  0,1, an d  2 ) .  T h e  s in g le t -  

tr ip le t  sp lit t ing  is 2 ( J ( R ) )  an d  the  t r ip le t -q u in te t  sp lit t ing  is 

4 ( J ( R ) ) ,  w here  ( J ( R ) )  is the  expec ta t ion  value o f  the  H e i 

senberg  coup ling  p a ra m e te r  J ( R  'A ,R B,R )  over the  given 

v ib ra t iona l  m odel s ta te  f rom  T ab le  IV, w hich  is a func tion  o f  

v A ) an d  R 'B =  ( 0 B,(f>'B ). Since this coupling

p a r a m e t e r / i s  an ex trem ely  an iso trop ic  func tion  o f  the  m o 

lecu lar  o r ien ta t ion s  ( see Sec. I l l ) it is no t su rp r is ing  th a t  the 

expec ta t ion  value ( J ( R ) )  is very different for the  various 

v ib ra tiona l m odel states. In  som e o f  the  sta tes  we find a nega 

tive ( J ( R ) ) ,  w h ich  m eans  an t ife r ro m ag n e tic  coup ling  (i.e., 

the  singlet s ta te  is low es t) ,  w hereas  in o th e r  s ta tes  ( J ( R ) )  is 

positive an d  the  coup ling  is fe r rom ag ne t ic  (i.e., the  qu in te t  is 

lowest in en e rg y ) .  M oreover ,  ( J ( R ) )  decreases  steeply in 

abso lu te  value w ith  increasing  R  ( in  fact, exponentia lly ,
o .

w ith  exponen ts  vary ing  from  3.6 to  4.2 A  for different 

o r ien ta t ions ,  see Refs. 17 an d  30) .  In  som e cases it changes 

sign at a ce r ta in  d is tance  R  an d  the  o rd e r  o f  the d im er  spin 

s ta tes  is reversed. I l lu s tra t ive  exam ples  are  show n in Figs. 2, 

3, an d  4, w here  the  sp lit t ings due  to the  H eisenberg  exchange  

in te rac t io n  are  sho w n  in the  le f t-hand  co lum n.

T h e  in t ra m o le c u la r  s p in -o rb i t  and  sp in -sp in  coup ling  

rep resen ted  by F intra is the  su m  o f  tw o m o n o m e r  te rm s  and  

so it does no t dep en d  on the  d is tance  betw een  the  m onom ers .  

In  o rd e r  to explain  the  level s t ru c tu re  w hich  results  f rom  this 

te rm  only, it is conven ien t  to  use ( sy m m e tr iz e d )  p ro d u c ts  o f  

m o n o m e r  spin and  ro ta t ion  functions, as in the  analysis  o f  

the  fine s t ru c tu re  in 0 2- A r .12 In  fact, for the  ro ta t ion s  o f  the  

m o n o m e rs  we have  a lready  done  this by using the func tions  

o f  T ab le  IV. T h e  spin func t ions  can be chosen  in exactly  the

sam e way:

1
[ M s A M s„ ) ±  M sbM sa ) ]  •

(33 )

4 A

A s m en tio n ed  before, the re  is a trivial co rresp on d en ce  

be tw een  these sy m m etr ized  p ro d u c t  sta tes and  the  \ S ,M s ) 

sta tes  (see T ab le  IV )  w h ich  leaves the  expression  for the  

m odel states, cf. Eq. (2 6 ) ,  p rac tica lly  una lte red .

In  o rd e r  to u n d e rs ta n d  the  spin s t ru c tu re  o f  these m odel 

states, let us s ta r t  w ith  one  m o n o m e r  A  in a ce r ta in  M Na 

state. T h is  c o rre sp o n d s  w ith  the  s itua tion  in 0 2- A r .  T h e re  

we find th a t  for M N =  0, the  M Sa =  0 level lies at 

an d  the  |M s  ̂ \ =  1 level at -feA, w here  A  is the  coup ling  con-

=  1, we find M ,  =

0 at -j\ A .  A ll these levels are  d e te rm in ed  by the

“ d ia g o n a l” te rm  o f  the  s p in -o rb i t  c o u p l in g .12,13 T h is  d iag 

onal te rm  a lone  w ou ld  m ak e  M Sa =  — 1 degenera te  w ith  

M Sa =  1. H ow ever ,  the  “ off-d iagonal” te rm  o f  the  s p in - o r 

bit coup ling  can  split the  sta tes  \MNa ,MSa ) w hich  are  s y m 

m e tr ized  w ith  respect to  inversion, bu t th is  te rm  is nonzero

s ta n t  o f  Eq. (1 4 ) .  F o r  M Nt 

an d  M e  =

1 at — -^A

only if + M S 0. T h is  results  in M 1 levels at

(73 +  3) ^  for +  ( — V  parity , respectively. A  deta iled  ex 

p lana t ion  can  be found  in Refs. 12 an d  13.

6.0 -

i.,0 -

2.0 -

u  00 -

- 2.0 -

-U) -

-6.0 -

F I G .  2 . S p in  l e v e l s  in  t h e  0 2- 0 2 d i m e r ,  v i b r a t i o n a l  m o d e l  s t a t e  I V  at
° ^

R =  3 .2  A ,  d e r iv e d  f r o m  t h e  H e i s e n b e r g  e x c h a n g e  i n t e r a c t i o n  ( l e f t  c o l 

u m n ) ,  f r o m  t h e  i n t r a m o l e c u l a r  s p i n - c o u p l i n g  t e r m s  ( r i g h t  c o l u m n ) ,  a n d  

f r o m  t h e  c o m b i n e d  e f fe c t  o f  t h e s e  i n t e r a c t i o n s  ( m i d d l e  c o l u m n ) .  T h i s  is  a 

t y p i c a l  c a s e  w h e r e  t h e  e x c h a n g e  s p l i t t i n g  2 ( J ( R ) )  is  la r g e r  t h a n  t h e  i n t r a 

m o l e c u l a r  z e r o - f i e ld  s p l i t t i n g s  Â .

In  m ost cases, the  spin  s t ru c tu re  o f  the  0 2- 0 2 d im er  due  

to Kintra only can  be un d e rs to o d  by su m m a tio n  o f  these m o n 

o m e r  results, bu t  we m u s t  keep in m in d  th a t  the  com ple te  

v ib ra t io n a l - ro ta t io n a l - s p in  s ta te  m us t  be sy m m etr ized  a c 

co rd in g  to Eq. (2 6 ) .  F o r  the  m o m e n t  we d is regard  the  o v e r 

all ro ta t io n a l  q u a n tu m  n um bers  F a n d  M F. U sing  the  m odel 

s ta tes  o f  T ab le  IV  and  the  spin func t ions  o f  Eq. (3 3 ) ,  a c o m 

plete s ta te  is then  ch a rac te r ized  by \ M N , M N ) ± \M S ,

M s ) ± \k ). A  com ple te  set o f  s ta tes  is given by M Na ,MNb,

M , 0, -f  1 and  /c =  0,1, w ith  MS  —*̂A ’
an d  the  res tr ic tions  th a t  if M

> O and  if  M, M,

N

0 th en  k

N  —

0 then  M

M +  M NB>0
M r  + M , B

0. U sing  these conditions ,

can  be derived
N  —  i T ±S  ~

the  spin s t ru c tu re  o f  the  d im e r  due  to Kintra 

from  the  0 2- A r  results. F o r  \ M N , M N ) =  |0 ,0) (s ta te  VI
A  B

in T ab le  IV ) one can  s im ply  su m  the  results  o f  the  m o n 

om ers, w hich  gives a |M Sa jM Si}) =  10,0) level at

tw ofold  degenera te  level at — f-sA  for |M Sa ,M Su) =  11,0) ± 

[see Eq. (33 )  ] an d  a level a t -feA for \M s ^ M Sli) =  11,1), all 

these for bo th  k  =  0 an d  k  =  1. F o r  k  =  0 we have tw o  m ore

f-5A ,  a

levels at 4 A
T3> for  \M Sn, M s„ > 1, — 1) ± . A lso  for

|M n  ,Mn  ) =  11,1), i.e., in s ta te  I in T ab le  IV, we can  sim-
/ \  B

ply sum  the  m o n o m e r  results. T h e  only  difference is th a t  the  

off-diagonal s p in -o rb i t  te rm  is no t  involved here, because  o f  

the  sym m etry .  T h is  leads to a fourfo ld  degenera te  level a t 

— f-5A  for 11 M Sa |, |M S|j I) =  11, 1) ± , a  fourfo ld  degenera te
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S

2
1
0
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Z
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/
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\
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i
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- I 0 . 0 )
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1.0 -

I  0.5

0.0 -

-0.5 -

-1.0 -

°
F I G .  3. S p in  l e v e l s  fo r  v ib r a t io n a l  m o d e l  s t a t e  II a t  R  =  3 . 6  A ,  d e r iv e d  f r o m  

t h e  H e i s e n b e r g  e x c h a n g e  i n t e r a c t i o n  a n d  t h e  i n t r a m o l e c u l a r  s p i n - c o u p l i n g  

t e r m s ,  a s  in F ig .  2 . ( J { R ) )  is m u c h  s m a l l e r  t h a n  A  in th i s  c a s e ,  b e c a u s e  in  

m o d e l  s t a t e  II t h e r e  is a s ig n  c h a n c e  in ( J ( R ) )  fo r  R  s l i g h t l y  la r g e r  t h a n  3 .6
o

A .

F I G .  4 .  S p in  l e v e l s  fo r  v i b r a t i o n a l  m o d e l  s t a t e  F a t  R  =  4 . 0  A ,  a s  in  F ig s .  2 

a n d  3. T h i s  is  a t y p i c a l  e x a m p l e  w h e r e  t h e  s p l i t t i n g s  o r i g i n a t i n g  f r o m  th e  

H e i s e n b e r g  e x c h a n g e  i n t e r a c t i o n  a r e  c o m p a r a b l e  in  s i z e  w i t h  t h e  s p l i t t i n g s  

r e s u l t i n g  f r o m  t h e  i n t r a m o l e c u l a r  s p i n - c o u p l i n g  t e r m s .

level at -^A for 11M Sa \ , \ M Sfí |)  =  11,0) ± and  a single level at

) =  10,0) all these for a* =  0 and/c  =  1. F o rT5A  for IM s M s

\MNa )
n
l, 1) ± , i.e., s ta tes  IV an d  V o f  T ab le  IV,

the  results  are  similar. W e have a level \M S , M S ) =  11,1) at 

— A A , for k  =  0 and  k  =  1, and  tw o m o re  levels a t this e n e r 

gy for | M s M s  ) — 11» — 0 + °n ly  for k  =  0. A  tw ofoldB
degenera te  level occurs  a t ± A  for \M S M s  ) =  11»0) ± for

k  =  0 and  1 and  a single level at - f e A  for |M s  ̂M s , )  — 10,0) 

only  for k  =  0.

T h e  results  for \M N M \ B) =  11,0) ^ , i.e., s ta tes  I I  and  

II in T ab le  IV, can  be u n d e rs to o d  by averag ing  the  resu lts  o f  

the  cases 10 ,0) and  11,1). In  o th e r  w ords, we can assum e one 

m o n o m e r  in an M N =  1 and  the  o th e r  in an M N =  0 state.

T h is  leads to  a single level at - ¿ A  for |M S M SJ  =  10,0),

for |M s M Sn)TC

I M s \)

a tw ofo ld  degenera te  level at -

1,0) ± , and  a fourfo ld  degenera te  level at ^-A for | \M S

Sn | / — 11,1) ± , all for k  =  0 an d  1. F o r  the  |M s ^ M s u )

1,0) ± states, the  off-diagonal s p in -o rb i t  te rm s  are  

n o n ze ro  now. T hese  result in a sp lit t ing  w h ich  is h a l f  the  size 

o f  the  sp lit t ing  in the  m o n o m e r  case. W e find the  | — 1,0) ±

= 0 and  ksta tes  at [ 1 +  ( -  V \ ] A  for k 1, respec-3G t  v J i

tively. W e have now  expla ined  the  spin s t ru c tu re  o f  the  

d im e r  w hen  only  Vintra is im p o r tan t .  E xam ples  are  show n  in 

the  r ig h t-h an d  co lu m n  o f  Figs. 2, 3, an d  4. W e conc lu de  this 

d iscussion  by stressing  th a t  the  effect o f  Vlntra is based  on a

firs t-order analysis  only. Ju s t  as in 0 2- A r ,  h ig h e r -o rd e r  ef 

fects w h ich  in t ro d u ce  the  coup ling  w ith  h ig h e r  ¡7VA ,N B ) 

states, m ay  a lte r  the  various  sp lit t ings  quan tita t ive ly .  A l 

th o u g h  the  f irs t-o rder m odel is expec ted  to give reasonab le  

results , the  q u a n tu m  labels w h ich  are  used  a re  only  a p p ro x i 

m ate . T h is  is in co n tra s t  w ith  the  spin labels for the  H e isen 

berg  te rm , w h ich  a re  valid to  any  o rder.

T h e  p ic tu re  w h ich  em erges f rom  the  co m bined  effect o f  

F Hcis an d  F intra depends  on  the  ac tua l  size o f  ( J ( R  ) ) for a

given d im e r  m odel s ta te  an d  d is tance  R,  re la tive to the  size o f  

the  c o n s ta n t  A.  In  Fig. 2, w here  ( J ( R ) )  is d o m in a n t ,  the  

f ine-s truc tu re  s ta tes  can  be c h a ra c te r iz e d  as th ree  sepa ra te  

m u lt ip le ts  for S  =  0, 1, an d  2. T h e  ind iv idua l  levels o f  the  

m u lt ip le ts  can  be ch a rac te r ized  by M s . O n e  reason  for this 

s im ple  resu lt  is th a t  the  p ro d u c t  spin  s ta tes  o f  Eq. (3 3 )  have  

a one-to -one  co rre sp o n d en ce  w ith  the  |5,Afs ) states, except 

for 10 ,0) an d  12 ,0 ) ,  w h ich  are  m ixed. T h is  co rre sp o n d en ce  is 

the  sam e as for the  m o n o m e r  ro ta t io n  functions , cf. T ab le  

IV. So the  sp littings in the  ind iv idua l m ultip le ts ,  w h ich  a re  a 

resu lt  o f  F intra, a re  as described  above. T h e  only  exceptions 

are  \ MS M s  ) — 10 ,0)  an d  11, — 1) + w h ich  are  m ixed  an d
A  D

recoup led  to yield ap p ro x im a te ly  | S M s  ) — 10,0) an d  12,0) 

states.

F ig u re  4 i l lus tra tes  a s i tua tion  w here  ( J ( R ) )  and  A  are  

c o m p arab le  in size. A l th o u g h  the  resu lt ing  p ic tu re  seems 

r a th e r  com plica ted , the  u n de r ly in g  s t ru c tu re  is in fact s im 

ple. Because o f  the  one-to -one  co rre sp o n d en ce  betw een
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p ro d u c t  spin sta tes |M s  ,Af5 ) ± and  the  coup led  spin states 

|S , M s )» we can sum  level energies as ob ta ined  from  the  
H eisenberg  and  the  s p in -o rb i t  te rm s  separa te ly . A s  m e n 

t ioned, the  only exception  to this  rule  are  the  qu in te t  and  

singlet M s  =  0 states, w h ich  are  m ixed  dep end ing  on the  

relative size o f  ( J { R ) ) an d  A.

N ext,  we add  the  d iagonal s p in -  (d im e r  and  m o n o m e r )  

ro ta t io n  coup ling  te rm s, w h ich  resu lt  from  the  kinetic  e n e r 

gy. T h is  in tro d uces  a shift o f  the  s ta tes  |N , M N ,S ,M s ) ,  w hich  

can  be derived  from  Eq. (2 7 )  an d  is given by

B ( R ) [ N ( N +  1) + 5 ( 5 +  1) - 2 M 2n

- 2  M s { Mn + M s ) ] .  (34 )

T h e  size o f  this shift is d e te rm in e d  by the  m a g n i tu d e  o f  the

end-over-end  ro ta t iona l  c o n s tan t  B ( R )  =  f r / { l ^ R  “ ),

w h ich  is typically  0 .086 c m - 1 for R  =  3.5 A. T h is  is show n

in the  m idd le  c o lu m n  o f  Fig. 5.

T h e  last te rm  to be ad d ed  is the  m agne tic  d ip o le -d ip o le
1 °

in te rac tion ,  w h ich  is typically  0 .040 cm  for R  =  3.5 A. 

T h e  effect o f  this te rm  is sho w n  in the  last co lu m n  o f  Fig. 5. It 

is sm all en ou g h  to be neglected  for the  analysis  concern ing  

the  02- 02 d im er.

A lso  the depen dence  o f  the  energy  levels on the  overall 

a n g u la r  m o m e n tu m  F e a n  be derived  from  Eq. (2 7 ) .  A c 

co rd in g  to the  d iagonal k inetic  energy  con tr ibu t ions ,  an end- 

over-end  ro ta t iona l  la d d e r  w ith  rungs  at the  energies 

B ( R  ) F ( F  +  1) is p u t  on to  each  o f  the  nine spin levels for a

p a r t ic u la r  m odel state. E ach  level has  a q u a n tu m  n u m b e r  

K  =  M n  +  M s  associa ted  w ith  it an d  the  F  lad der  s ta r ts  at

F =  \ K \ .

W e are now  in the  position to give a com ple te  c h a ra c te r 

ization o f  the  ro ta t iona l  an d  fine s t ru c tu re  levels for each  o f  

the  m odel states, based on the results  so far. T h e  results  a re  

given in T ab le  V. T h e  position o f  each level can  be c h a ra c te r 

ized by the  p a ra m e te rs  (J { R ) ) , A  and  B { R ) \  each level is the  

s ta r t ing  po in t for an end-over-end  ro ta t io na l  ladder, given by 

B F { F  +  1). N o t  all F  s ta tes ac tua l ly  occur, because a c c o rd 

ing to the  sy m m etry  rules, k  e v e n /o d d  m u s t  co rre spo n d  w ith  

F  e v e n /o d d .  T h e  labeling o f  the  |5 ,M 5 ) =  10,0) and  12,0) 

states is o f  course  a rb i t ra ry ,  because  these s ta tes  are  mixed. 

F o r  these states, the  te rm  in B  d epends  on this mixing. It is 

s t ra ig h tfo rw a rd  to ca lcu la te  th is  term , bu t it yields a c o m p li 

ca ted  expression, w hich  is o m it ted  in T ab le  V.

It is in te res ting  to try  and  derive the  im plica tions  o f  the  

results  o f  T ab le  V for the  fine s t ru c tu re  spec trum . T h is  spec 

t ru m  co rresp o nd s  to the  m agne tic  d ipole  trans i t ions  betw een 

the  spin fine s t ru c tu re  levels.11 T h e  following selection rules 

are  valid:

(a )  k N =  AM n  =  AM f  =  A 5  =  0,

(b )  AA/^ — 0, +  1,

( c )  A F = 0, +  1.

6.0

i , .0

2.0

-2.0

-U)

-6.0

Model state IV R = 3.2Ä

^Heis 

+ Vjntra

_  |S,Ms >

2.0)
2.0

2,2)

1.1 > 

1.0)

|0,0>

vHeis

+ Vintra 

+ spin-rot

Ĥeis 
+ V¡ntra 

+ spin - rot

+ Vdd

F I G .  5. E f f e c t s  o f  t h e  d i a g o n a l  s p i n - r o t a t i o n  ( k i n e t i c  e n e r g y ) t e r m s  a n d  t h e  

m a g n e t i c  d i p o l e - d i p o l e  i n t e r a c t i o n  o n  t h e  s p in  l e v e l s  in  m o d e l  s t a t e  I V  at
o

R  =  3 .2  A ,  a s  a n  e x a m p l e  ( c f .  F ig .  2 ,  m i d d l e  c o l u m n ) .

A  n u m b e r  o f  conclusions  can  be m ad e  from  these selection 

rules. Because only  trans it ions  w ith in  one  5  m ultip le t  are  

allowed, m ost o f  these are  in d ep en d en t  o f  ( J ( R ) ) .  T h e  only  

exceptions to this are  the  m ixed  |5 ,M 5 ) =  10,0) and  12,0) 

states. T ran s i t io n s  f r o m / t o  these  states th u s  con ta in  the  

com ple te  /  depen dence  o f  the  spec trum . T h e  dependence  o f  

the  fine s t ru c tu re  levels on A  results  in th ree  g roups  o f  differ 

en t sp ec tra  for the  m odel states, nam ely  ( I, IV, V ), ( II, I I I ), 

an d  VI. In  the  s im ple  te rm s  o f  T ab le  IV, this d is tinguishes  

be tw een  parallel,  T -shaped ,  and  linear s truc tu res .  A  d is t in c 

t ion  betw een  the  m odel states o f  one g rou p  based  on the  fine 

s t ru c tu re  spec trum , is m o re  subtle.

U n ti l  now, we have neglected  the  off-diagonal s p in -  

(d im e r  and  m o n o m e r)  ro ta t ion  coup ling  te rm s  (a lso  called 

Corio lis  t e r m s 1") o f  Eq. (2 7 ) .  T hese  coup le  the sta tes  M s  

an d  M s  +  1 w ith in  one 5  m ultip le t .  [T h e  o th e r  off-diagonal 

te rm s  o f  Eq. (27 )  are  zero, because  the  m odel assum es th a t  

M n  is a good q u a n tu m  n u m b e r .]  In  principle , the  sp litt ings 

w ith in  one 5  m ultip le t  a re  d e te rm in e d  by ^¡ntra, so the  effect 

o f  these off-diagonal te rm s  is no t very different from  th a t  in

O z- A r .  A n  exception  m ay  be the  lA ^ M ^ I ) 2, 1) an d

1,1) sta tes (cf. T ab le  IV ) w here  the  sp lit t ing  betw een  the 

M s  s ta tes is halved as c o m p a re d  to 0 2- A r .  T h e  effect o f  the  

off-diagonal te rm s  is relatively la rger  in this  case. T h is  s im 

ple schem e is p e r tu rb e d  o f  course  in case o f  the  |5 ,M 5 ) 

=  10 ,0) and  12,0) states, w h ich  are  mixed. A lso  the  effect o f  

the  off-diagonal coup ling  te rm s  th u s  depends  on th is  mixing.

A  com ple te  exam ple  o f  the  resu lt ing  levels is given in 

6. N o te  th a t  each  F  la d d e r  s ta r ts  a tFig.
F  — | K  

=  M N

= | M s  +  M n  |. F u r th e rm o re ,  in the  case th a t  

0, we have only  even F  states.
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T A B L E  V .  F i n e  s t r u c t u r e  in  t h e  v a r i o u s  v i b r a t i o n a l  m o d e l  s t a t e s ,  a r i s i n g  f r o m  t h e  d o m i n a n t  t e r m s  in  t h e  s p i n -  

d e p e n d e n t  H a m i l t o n i a n .  T h e  a v e r a g e d  H e i s e n b e r g  c o u p l i n g  p a r a m e t e r  J  =  <J { R ) ) ,  t h e  i n t r a m o l e c u l a r  s p i n -  

c o u p l i n g  c o n s t a n t  A,  a n d  t h e  e n d - o v e r - e n d  r o t a t i o n a l  c o n s t a n t  B  =  B ( R ) a r e  d e f in e d  in  t h e  t e x t .

M o d e l  s ta te"

I M Ka M s ,  ) * \S ,M s )

b

( -  )* E n e r g y

|2 ,2 > ± - 2 J - & 4 -  12 B

12, — 2> ± -  U  -  ¿ A  4- 4B

1 2 ,1 > ± -  2J  +  ^ A  -  2B

I 12, — 1> ± -  2J  4- tV* +  6B

| U > | 2 , 0 ) c ± J  +  ^ - ( 9 J ' -  +  ^ A - - y A ) ' n

| 1 . 0 ± 2J  +  ¿ A - 6 B

|X. —  1) ± 2J  -j- -jt/î +  2  B

|1 .0 > ± 2J  —

O o
c

± J  +  ^ A  +  ( .9 J2 +  JtA 2 - $ J A ) ' n

12,2 > ± - 2 J + & A - 2 B

|2 ,  — 2 ) ± - 2 J  +  ^ A  +  (,B

12,1 > ± — 2J  — -^A +  6B

II |2 ,  — 1) ± - 2 J -  +  +  1 0 5

| i . o >  + | 2 , 0  >■= ± J - ^ - ( 9 J 2 +  ^ 4 2 +  i J A ) ' 12

| 1 , 1 ) ± 2 J - ^ A  +  2B

|1 .  —  1> ± 2 J - ( l  +  l ) A  +  6B

| l , 0 ) ± 2J  +  ^ A  +  6B

| 0 , 0 ) c ± J - ^  +  ( 9 J -  +  ^ 4 -  +  <JA) ' 12

1 2 ,2 ) ± - U  +  ^ A  - 6 B

|2 ,  — 2 ) ± — 2 7  4* 4- I B

1 2 ,1 > ± - 2 J - ^ A  +  2B

i l l |2 ,  — 1) ± - 2 J - { & T l ) A  +  6B

11 .0 )  - | 2 , 0 ) c ± J  — — ( 9 J  ~ +  2 +  \ JA  ) 1 1 ~

| U > ± 2 J - ^ 4 - 2 B

|1 ,  —  0 ± 2 J - { ^  +  l ) A  +  2B

| i , o > ± 2 J + & 1  +  2B

o >6 o
G

± J  — jc/* +  ( 9J~  +  jkr4  ” +  ^ A  ) 1

| 2 , 2 ) ± - 2 J - f r i

| 2 , 1) ± -  2 J  +  ^  +  6B

I V | 2 , 0 > ‘ 4- J + ^ A  -  ( 9 J 2 +  £ A 2 - > J A ) l/2

1 . - 1 > + | 1, 1) ± 2 J + ^ A  +  2B

| i , o > 4- 2 J  -  4- 4  B

| 0 , 0 ) c + J  4- -^A 4* ( 9 /  " 4- 2*5 A ~ — ^JA ) l / ~

| 2 , 2 ) ± - 2 J - f r i

| 2 , 1 ) ± — 2J  4- ^ A  4- 6B

V |2 , 0 > c 4- J  4- y$A — ( 9  J  ~ 4- r$A ~ — %JA ) i / ~

11. — 1 > - |1 .1 > ± 2J  4- 4- 2  B

| i , o> + 2 J - -& A  +  4B

O o
n

4- J  4 -  4 -  ( 9 J 2 4 -  j$A 2 — \ J A ) X' 2

|2 ,2 > ± — 2J  4- y$A 4- 2  B

| 2 , 1 ) ± - 2 J - £ A  +  8B

V I | 2 , 0 ) c 4- J - £ A - ( 9 J 2 +  £ A 2 +  i J A ) l/2

|0 ,0 > | 1, 1> ± 2J  -  ¿ A +  4B

| i , o> + 1 L J  - f  - ß^  -f- 6j B

| 0 , 0 > c + J - ^ A  +  ( 9 J 2 +  ^ A 2 +  %JA)U2

u C f .  T a b l e  I V .

b T h e  s t a t e s  a r e  s y m m e t r i z e d  a c c o r d i n g  t o  E q .  ( 2 6 ) .  N o t e  t h a t  e v e n / o d d  k  

c T h e s e  s t a t e s  a r e  m i x e d .

VI. CONCLUSIONS

W e have m a d e  a theore t ica l  s tu d y  o f  the  v ib ra t io n a l-  

ro ta t io n a l - s p in  s ta tes  o f  th e  02- 02 d im er  in its e lec tron ic  

g ro u n d  state, w h ich  c o r re sp o n d s  w ith  tw o w eakly  in te rac t-

c o r r e s p o n d s  w i t h  e v e n / o d d  F.

ing 32 g~ 0 2 m olecules. A  sp in -d ep en d en t  0 2- 0 2 in te rac t ion  

po ten tia l  has  been derived  from  earlie r  ab  init io  c a lcu la 

t i o n s17 an d  from  the  02 m o n o m e r  p ropert ies  an d  the  c o m 

plete  v ib ra t io n a l - ro ta t io n a l - s p in  H a m il to n ia n  has  been c o n 

s truc ted .  W e have  d iscussed  the  p e rm u ta t io n - in v e rs io n
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10.0

6.0

<_> 2.0

- 2.0

- 6.0

Model state IV R = 3.2 Â

F = 0 1 2 3 k 5

|S,Ms )

— |2.0>------------------------------------------

- 12.0) ------
|2.1>------

|2.0>------

12.1 >
12,2) ------

12.0

12.2)

12.0------

|2,2>------

12.0------

|2.2) ------

11.0) ------------------------------------------

11.1) -----------------------------------------

li.D ----------------------------------------

M.o)------------------------------------------

h.o

M.O

h.o)------

M.O-----------------------------------------

IM>-----------------------------------------

lo.o)-----------------------------------------

|0.0>------------------------------------------

F I G .  6 . S p i n - r o t a t i o n  l e v e l s  fo r  m o d e l  s t a t e
Q

I V  a t  R  =  3 .2  A .  T h e s e  l e v e l s  h a v e  b e e n  o b 

t a in e d  f r o m  t h e  r ig h t  c o l u m n  o f  F ig .  5 b y  

a d d i n g  t h e  r o t a t io n a l  e n e r g y  

B ( R ) F ( F  +  1 ) w i t h  F > \ K \  =  \ M N +  M s \

a n d  th e  o f f - d i a g o n a l  k in e t i c  e n e r g y  ( C o r i o -  

l i s )  t e r m s .

sy m m e try  o f  the  system , in the  various  co o rd in a te  system s 

w hich  are  re levant to  this p rob lem . Because o f  the  open-shell 

c h a ra c te r  o f  the  02 m o n o m e r  an d  the  explicit depend en ce  o f  

the  in te rac t ion  po ten tia l  on the  e lec tron ic  spin m o m en ta ,  

this  sy m m e try  differs from  the  usual sy m m etry  associa ted  

w ith  the n u c lea r  m o tio n s  in nonrig id  m olecules  o r  co m p lex 

es. T h is  s tudy  fu r th e r  involves the co n s tru c t io n  o f  a co n v en 

ient basis for the  van d e r  W aals  v ibrations, ro ta tions ,  and  

spin s ta tes  o f  the  02- 02 d im er, w h ich  reflects all the  exact 

an d  a p p ro x im a te  q u a n tu m  n u m b e rs  o f  the  system  and  is 

a d a p te d  to its p e rm u ta t io n - in v e rs io n  sym m etry .

W e have also m ad e  som e num erica l  ca lcu la tions, in o r 

d e r  to  p red ic t  sem iquan ti ta t ive ly  the  spin and  ro ta t iona l  fine 

s t ru c tu re  in the  v ib ra tiona l g ro u n d  s ta te  o f  the  com plex . D u e  

to the  u n c e r ta in ty  in the  sp in - in dep end en t  co n tr ib u t io n  to 

the  in te rac t ion  po ten tia l ,  the  equ il ib r ium  geom etry  o f  the  

02- 02 d im e r  and  the  n a tu re  o f  its v ib ra tional g ro u n d  sta te  

are  no t know n. W e have  p ropo sed  several v ib ra tiona l m odel 

s ta tes  w h ich  c o r re sp o n d  to  different geom etries  o f  the  02- 02 
d im e r  w ith  h in d ered  in te rna l  ro ta t io ns  o f  the  m on om ers .  F o r  

each  o f  these m odel s ta tes  the  sp in - ro ta t io n a l  fine s t ru c tu re  

has been ca lcu la ted  from  the  sp in -dependen t  H am il to n ian .

T h e  d o m in a n t  coup ling  te rm s  in this  H a m il to n ia n  are  

the  H e isenberg  exchange  in te rac t ion  an d  the  in t ra m o le c u la r  

sp in-coupling , w h ich  is du e  to sp in -o rb i t  an d  sp in -sp in  in 

te rac t ions  in the  32 g" 0 2 m o no m ers .  T h e  H eisenberg  ex 

chan g e  te rm  leads to  a coup ling  o f  the  02 m o n o m e r  tr ip le t  

s ta tes  to a singlet, a tr ip le t,  an d  a q u in te t  s ta te  o f  the  d im er  

(*S =  0, 1, an d  2 ) .  T h e  m a g n i tu d e  o f  the  sp lit t ing  betw een 

these states, an d  even its sign, a re  s trong ly  d ep en d en t  on the  

n a tu re  o f  the  v ib ra tiona l  m odel state. T h is  is caused  by the  

ex trem ely  s t ro n g  an iso tro p y  an d  steep d is tance  dependence  

o f  the  H e isenberg  coup ling  p a ra m e te r  J,  w h ich  is k n o w n  

from  the  ab  init io  c a lc u la t io n s.17 In  m ost cases, the  in t r a m o 

lecu lar  sp in -c o u p l in g  te rm  is o f  co m p arab le  size, how ever, 

an d  if  the  van  d e r  W aals  bo n d  length  R  is no t  too  short ,  th is

coup ling  is even s t ron ger  than  the  H eisenberg  exchange  in 

te rac tion . In  th a t  case, the  fine s t ru c tu re  displays a c o m p le te 

ly different p icture . W h en  the  in t ra m o le c u la r  spin coup ling  

is d o m in an t ,  the  spin levels in the  02- 02 d im e r  can  be c o n 

s t ru c ted  from  the  02 m o n o m e r  levels w h ich  o ccu r  in a h in 

de red  ro to r  case such  as 0 2- A r .12 In  any  case, the  in t ra m o le 

cu la r  sp in -c o u p l in g  te rm s  cause  a considerab le  sp li t t ing  o f  

the tr ip le t an d  qu in te t  states, an d  m ix ing  o f  the  singlet s ta te  

w ith  the  M s  =  0 q u in te t  state. A l th o u g h  the  resu lting  level 

schem e looks ra th e r  com plex , ac tua lly  it can still be ex 

p la ined  by a s im ple  ana ly tica l  m odel con ta in ing  tw o p a r a m 

eters: (J { R ) ) ,  the  expec ta t ion  value o f  the H eisenberg  ex 

chang e  coup ling  p a ra m e te r  7, and  A , the  in t ra m o le c u la r  

sp in -c o u p l in g  (zero-field sp li t t ing)  constan t .

T h e  gross p ic tu re  o rig ina ting  from  these tw o  d o m in a n t  

te rm s  in the  sp in -dependen t  H a m il to n ia n  is refined by the  

sm alle r  term s. T h e  d iagonal k inetic  energy  te rm s  shift the 

levels by m ultip les  o f  the end-over-end  ro ta t io na l  co n s tan t  

B  ( R ) =  f r /  (2jl iR 2). M oreover ,  they  ad d  to each  spin level a 

ro ta t iona l  lad der  w ith  energies B ( R )F { F  +  1), w here  F  is 

the  overall spin and  ro ta t ion  a n g u la r  m o m e n tu m . T h e  inter-  

m o lecu la r  sp in -sp in  (m ag n e t ic  d ipo le)  in te rac t ion  leads to 

add it iona l  shifts w hich  are  still sm aller. F inally , the  off-diag 

onal Coriolis  te rm s split an d  shift the  rungs  in the  ro ta t iona l  

ladders  even fu r ther .  I l lu s tra t ive  exam ples  have been show n  

in the figures.

So, on the  w hole  we m u s t  conc lu de  f rom  these ca lc u la 

t ions th a t  the  s p in - ro ta t io n a l  fine s t ru c tu re  in the  02- 02 
d im er  is very com plex . I t  is cer ta in ly  no t  d e te rm in e d  by the  

H eisenberg  exchange  coup ling  be tw een  the  m o n o m e r  t r i 

p lets alone. I t  depends  s trong ly  on  the  equ il ib r ium  geom etry  

o f  the  0 2- 0 2 d im e r  an d  on  the  n a tu re  o f  its van  d e r  W aa ls  

v ibra tions, as m ode led  in o u r  ca lcu la tions . F u r th e r  ca lcu la 

t ions can  be easily pe rfo rm ed  now, also in the  p resence  o f  an  

ex te rna l  m agne tic  field w h ich  will yield the  Z eem an  sp li t 

t ings. W e th ink , how ever, th a t  the  nex t m ove  shou ld  be m a d e
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by experim enta lis ts .  O u r  ca lcu la tions  have  show n  th a t  the 

fine s t ru c tu re  in 02- 02 is a very sensitive m easu re  o f  its 

s t ru c tu re ,  o f  the  n a tu re  o f  its in te rna l  m o tions  and  o f  the  0 2-

0 2 in terac tions . It shou ld  be possible to ex trac t  th is  fine 

s t ru c tu re  from  high reso lu tion  spectra ,  especially if these are  

taken  in lo w -tem p era tu re  m o lecu la r  beams. A l th o u g h  the  

sp ec tra  will p robab ly  be ra th e r  com plex , it will be possible 

via the  theo ry  and  the  ca lcu la tions  p resen ted  in this pap er  

(a n d  possibly fu r th e r  ca lcu la tions  o f  the  sam e type)  to in te r 

p re t  these spec tra  an d  to  gain access to the  really in teres ting  

p roper ties  o f  02- 0 2.
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