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Rdsumd - Un modsle cont inu s imple  e s t  dGvelopp6 pour l e  polydiacdtylGne (PD) 
e t  appl iqud P l ' d t u d e  des  t r a n s i t i o n s  de phases  s t r u c t u r a l e s  appa ra i s san t  
dans c e r t a i n s  PD. On peut  conc lu re  que l a  t r a n s i t i o n  du ETCD-PD correspond 
B une nuc lda t ion  the rn ique  t a n d i s  que c e l l e  du TCDU-PD correspond probable- 
ment 21 une nuc lda t ion  "quantique". 

Abs t r ac t  - A s imple  continuurn model of po lyd iace ty lene  (PD) i s  cons t ruc ted  and 
used t o  s tudy  t h e  s t r u c t u r a l - p h a s e - t r a n s i t i o n  t h a t  occur s  i n  c e r t a i n  PD's. It 
is co~ic luded t h a t  t n e  t r a n s i t i o n  i n  ETCD-PD i s  thermal ly-nucleated wh i l e  t h a t  
i n  TCDU-PD i s  probably quantum-nucleated. 

I. - INTRODUCTLON 

Po lyd iace ty lene  (PD) is  t h e  name given t o  t h e  f ami ly  of p l ana r  l i n e a r  polymers 
snown scheraat ica l ly  i n  Fig .  1. A l l  t h e  members of t h i s  family  have a backbone of 
l i n k e d  d i a c e t y l e n e  monomers (Fig.  l c ) .  On s imple  chemical grounds one would 
conclude t h a t  t h i s  backbone could e x i s t  i n  one of two p o s s i b l e  i someric  forms, t h e  
acetyne-form shown i n  F ig .  l a  (we w i l l  r e f e r  t o  t h i s  a s  A-phase) and t h e  b u t a t r i e n e -  
form shown i n  Fig .  l b  (we w i l l  r e f e r  t o  t h i s  a s  B-phase). Dangling off  t h e  backbone 
a r e  l a r g e  o rgan ic  s i d e  groups ,  t h e  R ' s  i n  t h e  f i g u r e  which d i s t i n g u i s h  t h e  d i f f e r e n t  
inernbers of t h e  family .  For a v a r i e t y  of d i f f e r e n t  s i d e  groups,  PD c r y s t a l s  can be 
obta ined by polymerizing i n  t h e  s o l i d  s t a t e .  A t  l e a s t  two po lyd iace ly tenes ,  t h a t  
i n  which R is  named ETCD o r  R is  c a l l e d  TCDU, undergo a r e v e r s a b l e  s t r u c t u r a l  phase 
t r a n s i t i o n  a s  a f u n c t i o n  of p r e s s u r e  o r  temperature  which has  been t e n t a t i v e l y  
i d e n t i f i e d 1  a s  being from A-phase a t  low temperature  o r  h igh p r e s s u r e  t o  5-phase a t  
h igh  temperature  o r  low p res su re .  
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Fig.  1: Schematic r e p r e s e n t a t i o n  F ig .  2 :  Nucleat ion Drople t  
of Po lyd iace ty lene  

I n  t h i s  paper we s tudy t h e  dynamics of t h i s  phase t r a n s i t i o n .  Imagine t h a t  t h e  
system is  i n i t i a l l y  a t  h igh  temperature  and is  hence uniformly i n  B-phase. We then 
quench t h e  s y s t e n  t o  below Tc. The t r a n s i t i o n  beg ins  t o  occur when a f l u c t u a t i o n  
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causes  a segment of t h e  system t o  conver t  t o  A-phase a s  i n  Fig .  2 .  Th i s  segment is 
bounded by a domain w a l l ,  t h a t  is  a r eg ion  over which t h e  bonding p a t t e r n  changes 
from B-phase t o  A-phase, and an  anti-domain wal l .  We s h a l l  show t h a t  t h e s e  domain 
w a l l s  c l c s e l y  resemble t h e  domain w a l l s  o r  s o l i t o n s  t h a t  occur i n  polyacetylene2 
((Cii),) aacl so  we w i l l  l e i r r  t o  tiiem a s  "solitorls".  I f  t h e  segment o i  A-phase 
produced by our f l u c t u a t i o n  i s  too smal l ,  t h e  energy t o  c r e a t e  t h e  s o l i t o n s ,  2Es, 
exceeds t h e  f r e e  energy gained by conver t ing B-phase t o  A-phase and t h e  f l u c t u a t i o n  
w i l l  tend t o  go away. On t h e  otherhand, t h e  l a r g e r  t h e  f l u c t u a t i o n ,  t h e  l e s s  l i k e l y  
i t s  occurrence.  Thus, t h e  r a t e  a t  which t h e  t r a n s i t i o n  is  nucleated is  equal  t h e  
p r o b a b i l i t y  per u n i t  t ime of t h e  occurrence of a f l u c t u a t i o n  of t h e  c r i t i c a l  s i z e .  
At n igh  temperatures ,  t h i s  n u c l e a t i o n  r a t e  i s  dominated by thermal  f l u c t u a t i o n 3  
whi l e  a t  low enough temperatures  t h e  quantum f l u c t u a t i o n s  a r e  t h e  important ones4. 

There a r e  s e v e r a l  i n t e r e s t i n g  f e a t u r e s  t h a t  emerge from t h e  s tudy of t h i s  problem: 
1 )  We d e r i v e  a simple model of PD a t  t h e  sane l e v e l  of complexity a s  t h e  SSH model 
of polyacetylene2.  I n  t h e  continuum l i m i t ,  t h e  two models a r e  q u i t e  s i m i l a r ,  except  
f o r  t h e  presence of smal l  terms i n  t h e  model of PD which break t h e  symmetry between 
t h e  two p o s s i b l e  bonding conf igura t ions .  This  model has  much broader impl i ca t ions  
f o r  t h e  p r o p e r t i e s  of po lyd iace ty lene  than  t h o s e  explored i n  any d e t a i l  here .  
(This w i l l  be  contained i n  a f u t u r e  pub l i ca t ion5 . )  However, because of t h e  
s i m i l a r i t y  wi th  (CH),, i t  is  easy t o  s e e  t h a t  many of t h e  same s o l i t o n i c  and 
po la ron ic  f e a t u r e s  of t h e  behavior of (CH), should a l s o  be f e a t u r e s  o f  t h e  behavior 
of PD. Thus, it i s  a p o s s i b l e  t e s t  of t h e  g e n e r a l i t y  of t h e  s o l i t o n  model of (CH), 
t o  s e e  which of t h e  expected f e a t u r e s  occur i n  PD a s  w e l l .  Indeed, s i n c e  PD can b e  
made c r y s t a l l i n e ,  i t  may, i n  some r e s p e c t s ,  be  a b e t t e r  system than  (CH), f o r  
t e s t i n g  t h e  model. I n  a d d i t i o n ,  by varying t h e  temperature  (or  p ressu re )  one can 
change t h e  asymmetry between t h e  two bonding conf igura t ions  which provides  another  
probe of t h e  s o l i t o n  dynamics. 2) We f i n d  t h a t  t h e  t r a n s i t i o n  i n  ETCD-polydiacety- 
l e n e  (ETCD-PD), which has  a t r a n s i t i o n  temperature  T , % ~ ~ o ' K ,  i s  thermal ly  nucleated 
whi le  t h a t  i n  TCDU-PD, where Tc i s  apparen t ly  %100'~, is  probably quantum nucleated.  
Both t h e s e  t r a n s i t i o n s  a r e  worth s tudying s i n c e  n u c l e a t i o n  i n  a h igh ly  a n i s o t r o p i c  
medium involves  h i t h e r t o  unexplored i s s u e s  concerning t h e  shape of t h e  c r i t i c a l  
nuc lea t ion  d r o p l e t .  However, t h e  p o s s i b i l i t y  of s tudying quantum-nucleation i n  a 
s o l i d - s t a t e  system i s  p a r t i c u l a r l y  i n t r i g u i n g .  I n  a d d i t i o n ,  because of t h e  i n t i m a t e  
connection between t h e  l a t t i c e  and e l e c t r o n i c  degrees  of freedom i n  PD, it  should be  
poss ib le  t o  observe a novel  phenomenon: photo-ass is ted quantum-nucleation. 3)  From 
a more genera l  v iewpoint ,  PD is  a promising l abora to ry  f o r  t h e  s tudy of dynamics a t  
in t e rmed ia te  l e n g t h  s c a l e s .  Because t h e  s o l i t o n  width, C O ,  is much g r e a t e r  than a 
l a t t i c e  cons tan t ,  a ,  t h e  nuc lea t ion  can b e  simply descr ibed i n  terms of a s i n g l e  
co l l ec t ive -coord ina te  which i s  coupled weakly t o  a hea t  b a t h  c o n s i s t i n g  of a l l  t h e  
o t h e r  degrees  of freedom. However, 5, is  s t i l l  a microscopic l e n g t h  and so  t h e  
dynamics of t h e  c o l l e c t i v e  coord ina tes  can be deduced d i r e c t l y  without r ecourse  t o  
phenomenological assumptions.  

11. A MODEL OF POLYDIACETYLENE 

I n  Fig .  3 we t ake  a c l o s e  up look a t  one u n i t  c e l l  of a PD chain .  Each carbon atom 
has  four  valence e l e c t r o n s .  Three of t h e  e l e c t r o n s  from each of carbons 1 and 4 
and two from carbons 2 and 3 go i n t o  a low l y i n g ,  f i l l e d  o band. One e l e c t r o n  from 
each of carbons 2 and 3 go i n t o  a f i l l e d  bonding nx band which is  formed from t h e  P, 
o r b i t a l s  on carbons 2 and 3. These bands a l l  l i e  we l l  below t h e  Fermi s u r f a c e  so  
t n a t  e x c i t a t i o n s  ou t  of these  bands do no t  occur i n  any of t h e  low energy processes  
we w i l l  consider .  These e l e c t r o n s  can be t r e a t e d  a s  a d i a b a t i c  s l a v e s  of t h e  l a t t i c e  
motion. S imi la r ly ,  s i n c e  t h e  anti-bonding o* and 71," bands l i e  we l l  above t h e  Fermi 
energy, e x c i t a t i o n s  i n t o  t h e s e  bands can s a f e l y  be  ignored. We a r e  l e f t ,  t hen ,  wi th  
one e l e c t r o n  per carbon and hence a h a l f - f i l l e d  out  of p lane  rz band. 

There a r e  many l a t t i c e  degrees  of freedom per u n i t  c e l l .  We wish t o  focus p r imar i ly  
on t h e  one l a t t i c e  degree  of freedom per  ca rbon , ' t he  u n l s  i n  Fig .  3,  which produce 
t h e  bond a l t e r n a t i o n  of t h e  PD backbone shown i n  Fig .  1. We c a l l  a l l  t h e  o t h e r  
l a t t i c e  degrees  of freedom $. To lowest  o rde r  i n  t h e  l a t t i c e  displacements ,  t h e s e  



Fig. 3 

Fig. 4 

Fig. 3: Polydiacetylene Monomer Fig. 4: Adiabatic Potential Energy 
Curves: (.-3is ET(~) for T<T~; 
(-) is E~(R) for T=T~; 
(- . -) is ET(R) for T>TC; 
(---I is E~(R). 

other degrees of freedom do not couple to the Fermi surface electrons. Thus, the 
Hamiltonian for a PD chain can be expressed in the form 

where Ho is the Hamiltonian of the bare backbone, HR is the Hamiltonian of the other 
lattice degrees of freedom, (called $), and Hint is the interaction energy between 
the two types of lattice degrees of freedom. As in the SSH model2 of (CH),, we 
approximate Ho by a nearest neighbor tight-binding Hamiltonian 

where ~ , f , ~  creates an electron of spin s on site n, V is the lattice potential energy, 
and M is the carbon mass. The hopping matrix, tn increases as the distance between 
sites n and n+l decreases, 

Similarly, the potential energy, Vn, can be expanded in powers of the lattice 
displacements: 

This Hamiltonian is somewhat more complicated than the SSH model of (CH), since 
there are multiple atoms per unit cell and hence there may be three slightly 
different values of each of the parameters t, a, 8 ,  and K. As in the SSH model, 
all these parameters should be viewed as effective parameters which incorporate the 
effects of the u and IT, electrons as well as electron-electron interactions. 
Implicit in Eqs.(l) and (2) are the assumptions that the side groups, R, are elec- 
trically inert and that explicit electron-electron interactions can be ignored. 
The latter assumption appears6 to be valid in (CH)x, and so we think it is likely 
to be valid in chemically similar PD as well. 

To allow us to focus on the interesting physics, it is convenient to simplify the 
model in two ways. Firstly, because the correlation length, EO, is large compared 
to a lattice constant, a, we can consider the model in the continuum limit. This 
is equivalent to retaining lowest order terms in (So/a)=(2Ao/W) where W is the  IT^ 
band width and 2A0 is the band-gap. The resulting Hamiltonian, as derived in 
Ref. 5 is: 
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+ a Ho=udx$s (x) [-ih~~~o~+~(x)o~]$~(x) + f 4[a2(x) + If ' f @ A(x) 
2% q 2 

(5) 

where $:(x) is, for each, component of spin, s, a two component iso-spinner corres- 
ponding to right and left going electrons, oa are the Pauli matrices, VF is the 
Fermi velocity, A(x) is a real scalar field which is proportional to the displace- 
ment, 

where x=(n+)a, g2 is the dimensionless electron-phonon coupling, and wo is the 
bare optical phonon frequency. The term proportional to D is the only term which 
breaks the symmetry between A-phase (A<0) and B-phase (A>O). Indeed, for D=O we 
recover the standard continuum model7 of (CH),. In PD, we think it likely that D 
is small and positive since the short "tripple" bond makes the A-phase configuration 
slightly lower in energy than the B-phase. A11 of the parameters that enter the 
continuum model can be expressed in terms of the parameters in the discrete model5, 
but since these are not known accurately, we will adopt the point of view that the 
parameters are to be determined directly from experiment. 

The second simplification is to integrate out the other lattice degrees of freedom. 
We do this formally by defining an effective Hamiltonian, H ~ ~ ~ ,  which involves only 
the backbone degrees of freedom: 

There are two ways the presence of the side groups are manifest in H ~ ~ ~ .  Firstly, 
they can alter the effective potential slightly. Specifically, the side groups 
exert a tension on the backbone which increases as the temperature increases and 
the effective size of the side groups grows. The result is a slight, and unimpor- 
tant renormalization of VF as the lattice expands, and an extremely important 
temperature dependent change in the symmetry breaking parameter, D+D(T). Since 
B-phase is slightly longer, we expect it to be increasingly favored at high 
temperature. Thus, we expect D(T) to be a decreasing function of T. Near Tc, 

where Tc is the transition temperature at which A and B-phases are energetically 
equivalent, and Do>O. The second effect is to produce a time retarded kinetic 
energy which is equivalent to a frequency dependent effective mass, M(w). This is 
discussed in refs. 5 and 8. The physical meaning of this effective mass is straight- 
forward: If the characteristic rate of change of A is small, the side groups can 
follow the motion adiabatically. Hence, motion of the order parameter is accom- 
panied by motion of the entire side group and the appropriate mass is the zero 
frequency mass, N(0). We can roughly estimate M(0) to be the full monomer mass 
per site (4 sites per monomer). If the rate of change of A is fast compared to 
some of the characteristic frequencies of the side groups, only a fraction of the 
mass, M(w)<M(O), accompanies the motion of the backbone. To simplify our calcula- 
tions at this stage, we will replace the frequency dependent mass by a suitable 
average value, M. The kinetic energy term in H~~~ is thus of the same form as 
in Eq. (5), but with a renormalized phonon frequency, Go. If we take E=M(o), any 
tunnelling rate which we calculate in this fashion is a lower bound8 to the true 
tunnelling rate, even if the characteristic time spent tunnelling is short (high 
frequency). 

111. SOME PROPERTIES OF THE MODEL 

Since for D(T)=O, our model of PD is the same as the continuum model of (CH),, for 
small D(T) (i.e. for T near Tc) all the short distance properties of the models are 
the same. We list some of them here for completeness. Note, however, that topo- 
logically the models are quite different. There are two possible ground state 
configurations with A (x)=kAo + small corrections, where ~ ~ = ~ e x ~ [ - h n ~ ~ / ~ ~ ]  is the 



va lue  of t h e  o rde r  parameter f o r  D=O. For D#O, t h e s e  two ground s t a t e s  a r e  non- 
degenerate .  I n  t h e  presence of a cons tan t  o rde r  parameter,  t h e  e l e c t r o n i c  dens i ty  
of s t a t e s  c o n s i s t s  of a f u l l  va lence  band sepa ra ted  by a gap 2 1 ~ 1  from an  empty 
conduction band. 

Now imagine t h a t  we t a k e  a chain  wi th  A(x)=+A (B-phase) and c r e a t e  a s o l i t o n  
a n t i - s o l i t o n  p a i r  a d i s t a n c e  R a p a r t .  Le t  us  consider  t h e  t o t a l  a d i a b a t i c  poten- 
t i a l  energy of t h e  system, ET(R), a s  a func t ion  of R (see  Fig .4) .  As R i n c r e a s e s  
from 0 t o  a d i s t a n c e  of o rde r  the e l e c t r o n i c  c o r r e l a t i o n  l e n g t h ,  SO=hVF/Ao, t h e  
energy r i s e s  t o  approximately 2Es=4Ao/n, t h a t  is  t o  say twice  t h e  s o l i t o n  c r e a t i o n  
energy, Es. At t h i s  po in t  R i s  s t i l l  r e l a t i v e l y  smal l ,  so  t h e r e  is  s t i l l  l i t t l e  
d i f f e r e n c e  between t h e  cases  D=O and D#O (compare curves  i n  Fig.4).  For R much 
g r e a t e r  than  co, t h e  t o t a l  energy is minimized by a conf igura t ion  of t h e  s o r t  
shown i n  Fig.2 i n  which t h e  s o l i t o n s  have width of o r d e r  25, and a shape ( s i m i l a r  
t o  t h e  s o l i t o n  shape f o r  D=O) which is  independent of R. Between t h e  s o l i t o n s  l i e s  
a region of p e r f e c t  A-phase. Thus, f o r  D=O, s i n c e  t h e  two phases a r e  e n e r g e t i c a l l y  
equ iva len t ,  t h e  energy i s  independent of R ( s o l i d  curve i n  Fig.4) wi th  va lue  
E T ( R ) = ~ E ~ .  For -D(T)#O, t h e  energy changes l i n e a r l y  wi th  R a s  B-phase i s  converted 
t o  A-phase. 

ET(R) 2 2Es + D(T)Ao(R/a) f o r  R>>CO. 

ET(R) is a n  inc reas ing  f u n c t i o n  of R f o r  T>Tc (D(T)<O) and decreasing f o r  T<Tc 
(D(T)>O). 

Associa ted wi th  a n  i s o l a t e d  s o l i t o n  t h e r e  is  a s t a t e  which, due t o  t h e  charge 
conjugat ion symmetry of t h e  model, must l i e  a t  e x a c t l y  mid-gap. I n  t h e  presence of 
a s o l i t o n - p a i r  t h e s e  s t a t e s  hyberdize  t o  form a bonding and anti-bonding p a i r  
p laced symmetrically about  mid-gap a s  i n  Fig.5. The a d i a b a t i c  p o t e n t i a l  cu rves  we 
have discussed u n t i l  now presupposed t h a t  t h e  e l e c t r o n s  were always i n  t h e i r  
ins taneous ground s t a t e  wi th  t h e  bonding l e v e l  f u l l  and t h e  anti-bonding l e v e l  
empty ( see  Fig .5a) .  However, it is p o s s i b l e  t o  imagine p lac ing  t h e  system i n  an  
e x c i t e d  s t a t e  by promoting an  e l e c t r o n  from t h e  bonding t o  f h e  anti-bonding s t a t e  
(Fig.5b). The a d i a b a t i c  p o t e n t i a l  energy f o r  t h i s  s t a t e ,  E;(R), (dashed l i n e  i n  
Fig.4) is  sepa ra ted  from t h e  ground s t a t e  energy by e x a c t l y  t h e  energy s p l i t t i n g  

Fig. 5 
( Tc-TI I ( Tc I ( Tc + TI 1 

Fig. 6 

Fig.  5: Density of s t a t e s  i n  presence Fig .  6: Schematic r e p r e s e n t a t i o n  
of a s o l i t o n  a n t i - s o l i t o n  p a i r .  of d a t a  from Chance e t  a 1  (Ref. 1 )  

of t h e  o p t i c a l  band gap vs .  
temperature  i n  ETCD-PD. 

between t h e  bonding and anti-bonding s t a t e s .  Th i s  s p l i t t i n g  is j u s t  t h e  energy 
gap, 2 1 ~ 1 ,  f o r  R=O and drops exponen t i a l ly  t o  zero f o r  ~ / < , > 1 .  
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A t  t h i s  po in t  i t  is worthwhile t o  n o t e  t h a t  t h e  t r a d i t i o n a l  chemists '  view of poly- 
d iace ty lene  holds  t h a t  e l ec t ron-e lec t ron  i n t e r a c t i o n s  a r e  of c e n t r a l  importance and 
t h a t ,  i n  p a r t i c u l a r ,  t h e  o p t i c a l  absorp t ion  is  dominated by e x c i t o n i c  e f f e c t s 9 .  
The c e n t r a l  exper imental  evidence f o r  t h i s  is t h a t  t h e  o p t i c a l  absorp t ion  th resho ld  
E , ~ ~ % Z ~ V ,  l i e s  a t  a  s i g n i f i c a n t l y  lower energy than t h e  photo-conductive th resho ld ,  
Epc-Eo t=0.5 t o  2eV. Ep,-Eopt is  t h u s  i n t e r p r e t t e d  a s  t h e  exc i ton  binding energy. 
Slnce $D is  chemically s ~ m ~ l a r  t o  (CH),, and t h e  o p t i c a l  absorp t ion  spectrum looks  
q u i t e  s i m i l a r ,  t h i s  obse rva t ion  would have s i g n i f i c a n t  impl i ca t ions  f o r  (CH), a s  
wel l .  

An a l t e r n a t i v e  i n t e r p r e t a t i o n  of t h e  same d a t a  fol lows d i r e c t l y  from our  model, 
(without inc lud ing  e l ec t ron-e lec t ron  i n t e r a c t i o n s ) .  A photo- injected e lect ron-hole  
p a i r  wi th  ene rg ies  n e a r  t h e  band edge can "dress" themselvesl0  by " r o l l i n g  down" 
t h e  upper (dashed) a d i a b a t i c  p o t e n t i a l  i n  Fig.4 t o  form an  oppos i t e ly  charged 
s o l i t o n  a n t i - s o l i t o n  p a i r .  However, because of t h e  asymmetry between t h e  two 
ground s t a t e  phases,  t h e  s o l i t o n s  a r e  conf ined i n  a  n e u t r a l  qpmplex. Th i s  view 
exp la ins  n o t  only t h e  f a c t  t h a t  t h e  o p t i c a l  absorp t ion  shows none of t h e  s t r u c t u r e  
t h a t  would b e  expected i f  e x c i t o n i c  e f f e c t s  were important ,  but a l s o  why PD behaves 
e x a c t l y  l i k e  cis-(CH), (which a l s o  has  asymmetric ground s t a t e s ) .  Right a t  T=T,, 
t h e  confinement energy vanishes  ( ignor ing in te r -cha in  coupl ing)  and we might 
expect5  t o  s e e  p r o p e r t i e s  more l i k e  those  i n  t r a n ~ - ( C H ) ~ .  

I V .  NUCLEATION I N  AN ANISOTROPIC MEDIUM 

The theory  of nuc lea t ion  i n  an  i s o t r o p i c  medium is  w e l l  Let  u s  b r i e f l y  
consider  how t h e  theory a p p l i e s  t o  a  s i n g l e  chain  of PD (one-dimension) and then  
extend t h e  theory t o  apply t o  a  t h r e e  dimensional a r r a y  of chains  wi th  weak 
coupling between them. 

A. S ing le  Chain Theory: Again cons ide r  a  system which is  i n i t i a l l y  i n  i t s  
high temperature  equ i l ib r ium s t a t e  (B-phase) which i s  then quenched t o  a  tempera- 
t u r e  T<Tc. The t o t a l  a d i a b a t i c  p o t e n t i a l  energy requ i red  t o  c r e a t e  a  segment of 
A-phase of l e n g t h  R i s  given by t h e  do t t ed  l i n e  i n  Fig.4.  Thermal f l u c t u a t i o n s  
which a r e  l a r g e  enough t o  n u c l e a t e  t h e  phase t r a n s i t i o n  (R>Qp i n  t h e  f i g u r e )  
occur a t  a  r a t e  which is  determined by t h e  Boltzman f a c t o r  f o r  a c t i v a t i o n  over 
t h e  b a r r i e r .  It is t h u s  easy t o  s e e  t h a t 3  

where VT is t h e  thermal  nuc lea t ion  r a t e  per  monomer, Uo is an "attempt" frequency 
which i s  t y p i c a l l y  of t h e  o rde r  of a  phonon frequency, v o % 1 ~ 1 3 ~ z ,  and Vo i s  t h e  
he igh t  of t h e  b a r r i e r  t o  nuc lea t ion .  (Vo is  t h e  energy of t h e  c l a s s i c a l  c r i t i c a l  3 
conf igura t ion  d r o p l e t  . ) As can be seen i n  Fig .4 ,  ~ ~ 5 2 ~ ~ .  and v,%~E, f o r  smal l  
asymmetry (T nea r  Tc). S i m i l a r l y ,  t h e  low temperature  quantum-nucleation r a t e  is  
e a s i l y  c a l c u l a t e d  us ing  t h e  i n s t a n t o n  bounce method , 

7, 
where VQ is  t h e  nuc lea t ion  r a t e  pe r  monomer, u0 is an  a t tempt  frequency which is  
probably of t h e  same o rde r  a s  Lo, S(T) i s  t h e  WKB t u n n e l l i n g  f a c t o r  through t h e  
b a r r i e r ,  

(11) 

and M*(R) i s  t h e  s o l i t o n  e f f e c t i v e  mass. (Formally, 2S(T) i s  t h e  a c t i o n  a long t h e  
i n s t a n t o n  path ,  A ~ ( x ~ R ) ,  which i s  parameter ized by R, 

dx d A ~  
M*(R) = J (-)2, 

g u t a  d~ (12 



and qp is t h e  c l a s s i c a l  t u r n i n g  p o i n t . )  For R>>SO, M*(R) can r e a d i l y  be  seen t o  
approach a l i m i t  of one ha l f  t h e  s o l i t o n  e f f e c t i v e  mass, M;. As discussed i n  Ref.2, 
t h e  s o l i t o n  mass is  given by an express ion  of t h e  form 

where ; is  t h e  average va lue  of t h e  l a t t i c e  displacement ,  u and ( ) i s  a number of 
n' 

o rde r  one. Thus, even though M i s  many times a carbon mass, because t h e  ( u / a ) < < l  
and t h e  s o l i t o n  width, So, is  much g r e a t e r  than a ,  M* is  of o rde r  a few e l e c t r o n  
masses1. From our e a r l i e r  e s t ima te  of t h e  a d i a b a t i c  mass, M(0) and measured va lues  
of t h e  l a t t i c e  displacements1, w e  f i n d  a n  approximate upper bound va lue  of 3.1,";5 me. 
Thus, f o r  smal l  asymmetry, when over most of t h e  range of t h e  i n t e g r a l  i n  Eq.(11),  
ET(R) and M*(R) a r e  given by t h e i r  asymtot ic  forms, Eqs. (8) and (12) r e s p e c t i v e l y ,  
t h e  i n t e g r a l  can be evaluated a n a l y t i c a l l y :  

S O )  = So(\/So) (13) 
X 

where So=(8/3)hsEs <,:lo, (Q /a)=(2Es/D(T)~ofi(Ro/a)[Tc/(Tc-T)], and (Ro/a)= 
(2Es/DoAo), determines t h e  s c a f e  of s i z e s  of t h e  c r i t i c a l  d r o p l e t .  

F i n a l l y ,  we consider  t h e  p o s s i b i l i t y  of photo-induced nuc lea t ion .  Here, we must 
d i s t i n g u i s h  between two p o s s i b l e  p rocesses :  1 )  C l a s s i c a l  photo-induced s o l i t o n  p a i r  
product ion and, 2) Quantum mechanical photo-ass is ted s o l i t o n  p a i r  product ion.  The 
f i r s t  process  resembles t h e  photo-conductive process  we discussed previously .  I f  
l i g h t  wi th  energy ha22 1 A 1 i s  absorbed by t h e  system, t h e  r e s u l t i n g  e lect ron-hole  
p a i r s  become s o l i t o n  a n t i - s o l i t o n  p a i r s ,  which i n  t u r n n u c l e a t e  t h e  phase t r a n s i t i o n .  
The second process  occurs  when h w < 2 ) ~ ]  and is desc r ibed  i n  d e t a i l  i n  Ref .ll. How- 
eve r ,  h e u r i s t i c a l l y  i t  can b e  viewed a s  fo l lows .  For %w<2 l A l , no t r a n s i t i o n  can 
occur u n t i l  a (quantum) f l u c t u a t i o n  of t h e  l a t t i c e  produces s t a t e s  i n  t h e  gap which 
d i f f e r  by an e n e r g y &  a s  i n  Fig.5.  Now, t h e  photon can b e  absorbed l eav ing  t h e  
system i n  an exc i t ed  e l e c t r o n i c  s t a t e .  As a r e s u l t ,  a t  ( imaginary) t imes be fo re  
t h e  t r a n s i t i o n  occurs ,  t h e  l a t t i c e  s e e s  t h e  ground s t a t e  a d i a b a t i c  p o t e n t i a l  energy 
V,(R)=ET (R) whi le  a f t e r  t h e  t r a n s i t i o n  it  sees  an a d i a b a t i c  p o t e n t i a l  v,(R)=E$(R)-hw. 
A s  a r e s u l t ,  t h e  WKB t u n n e l l i n g  f a c t o r ,  S(T) ,  i s  replaced by a frequency dependent 
a c t i o n ,  S(T,w), 

S(T,w) = / (14) 

and hence t h e  photo-ass is ted nuc lea t ion  r a t e  i s  of t h e  form 

Q(w) = ~ ~ ~ ( w ) e x ~ t - s ( ~ , w ) F i ? l  

where I(w) is  t h e  i n t e n s i t y  of t h e  i n c i d e n t  r a d i a t i o n  and yo is  a complicated pre- 
f a c t o r  (see  Ref.11). For example f o r  T nea r  Tc and hw<<2ES, t h e  e f f e c t  of t h e  l i g h t  
i s  t o  lower t h e  b a r r i e r ,  uniformly, by an  amount h a ,  so  S(T,w)=S(T) [ l - % w / 2 ~ ~ ] ~ / ~ .  

B. Multi-Chain Theory: Now, l e t  u s  extend our hor izons  t o  include t h e  
e f f e c t s  of i n t e r c h a i n  i n t e r a c t i o n s .  Since A-phase i s  s l i g h t l y  ( ~ 1 % )  s h o r t e r  than 
B-phase, t h e r e  is  a c e r t a i n  s t r a i n  involved i n  having nearest-neighbor-chains i n  
d i f f e r e n t  phases.  Thus, t h e r e  is  a n  e f f e c t i v e  i n t e r a c t i o n  between cha ins ,  WL pe r  
monomer. To c r e a t e  a segment of A-phase i n  a c r y s t a l  of o therwise  p e r f e c t  B-phase 
cha ins  c o s t s  an i n t e r a c t i o n  energy ZWI(R/a) where Z i s  t h e  number of n e a r e s t  
neighbors and R is  t h e  l e n g t h  of t h e  segment. Since t h e  cha ins  a r e  f a r  sepa ra ted ,  
we expect t h a t  WL is  smal l .  The e f f e c t  o f  WL is  t o  a l t e r  t h e  a d i a b a t i c  p o t e n t i a l  
energy, ET (R) , from i t s  va lue  in Eq. (8) t o  

ET (R) = ~ E ~ - [ A ~ D  (T)-zW~] (R/a) f o r  R>>So. (16) 

It is immediately apparent  t h a t  ET(R) is  s t i l l  an inc reas ing  func t ion  of R f o r  T=Tc 
(D=U). Only i f  t h e  system is quenched t o  a temperature  below Tc-TI w i l l  nuc lea t ion  
on a s i n g l e  chain  be p o s s i b l e ,  where TI i s  def ined by t h e  r e l a t i o n  D(T -T1)=ZW~/Ao. 
For small  WL, i t  fol lows from E q .  (7)  t h a t  T1=Tc (ZWl/DoAo). Note t h a t  ?f we had 
s t a r t e d  our thought experiment a t  low temperature  wi th  a c r y s t a l  of p e r f e c t  A-phase 
m a t e r i a l ,  and heated it  above T, we would have discovered t h a t  nuc lea t ion  on a 
s i n g l e  chain  is  impossible  un less  we hea t  t h e  system t o  a temperature  g r e a t e r  than 
Tc+T1. (See a l s o  t h e  d i scuss ion  of chain  ends below.) 
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This is  s t i l l  not t h e  f u l l  s to ry  s ince  when we introduce in te rcha in  coupling, we 
introduce t h e  p o s s i b i l i t y  of three-dimensional nucleat ion.  Multichain nucleat ion 
is poss ib le  when t h e  quench depth is  i n s u f f i c i e n t  t o  permit single-chain nucleat ion 
(Tc>T>Tc-TI). The cross-over from t r u l y  one dimensional nucleat ion t o  f u l l y  t h r e e  
dimensional nucleat ion is  discussed i n  re f .5 .  However, i f  we assume t h a t  i n t e r -  
chain coupling is  weak i n  PD, we conclude t h a t  multi-chain nucleat ion simply does 
not occur on human time sca les .  For instance,  consider t h e  r e l a t i v e l y  simple case 
of thermal nucleation. To c r e a t e  a region of A-phase on two chains requ i res  t h a t  
we c r e a t e  4 so l i tons .  Thus, t h e  two chain nucleat ion r a t e  i s  smaller than the  one 
chain nucleat ion r a t e  by a f a c t o r  of f=exp[-2~,/kT]. A s  a funct ion of t h e  quench 
depth, t h e  nucleat ion r a t e  changes discontinuously by a f a c t o r  of f a s  the  quench 
depth is increased from j u s t  above Tc-T1 t o  j u s t  below. Since 2ES%lev i n  PD, a t  
~=350',  which is  approximately the  t r a n s i t i o n  temperature of ETCD-PD, t h e  one- 
chain-nucleation r a t e  per monomer (when s i n g l e  chain nucleat ion is possible)  is  
1/T2~.1 Hz, while f%10-14 so  t h e  two-chain r a t e  is  extremely small. A s  a r e s u l t ,  
we expect t h e  t r a n s i t i o n  t o  show t h e  same h y s t e r e t i c  behavior (as i n  Fig.6) 
regardless  of t h e  time sca le  of t h e  experiment. The case of multi-chain quantum 
nucleat ion is  not only more complicated, but a l s o  i r r e l e v a n t  t o  PD, and so w i l l  
not be t r e a t e d  here. 

C .  Effect  of Chain Ends: So f a r  we have considered only bulk nucleat ion.  
However, in any r e a l  experiment t h e  chain lengths a r e  f i n i t e .  It is there fore  
important t o  determine the  e f f e c t  of chain ends and i n  p a r t i c u l a r  t o  determine 
whether chain end nucleat ion dominates bulk nucleat ion.  The answer t o  t h i s  ques- 
t i o n  depends, t o  some ex ten t ,  on the  chemistry of chain ends. The na ture  of t h e  
chain ends has not  been s tudied but is  probably something t h a t  can be con t ro l led  
experimentally t o  some extent .  It seems l i k e l y  t h a t  i f  t h e  chains always cons i s t  
of an i n t e g r a l  number of monomer u n i t s ,  chain ends w i l l  always pre fe r  one of t h e  
phases over the o ther .  Let us assume t h a t  it i s  energe t ica l ly  favorable  f o r  chain 
ends t o  have a bonding configurat ion corresponding t o  A-phase. (There is circum- 
s t a n t i a l  evidence from c r y s t a l s  containing low polymer concentrat ions t h a t  t h i s  
is  t h e  case1.) Moreover, we assume t h a t ,  a s  i s  the  case i n  (CH), (see su12),  the  
energy required t o  fo rce  a chain t o  end i n  the  "wrong" ( t h a t  is B) phase is grea te r  
than t h e  s o l i t o n  c rea t ion  energy. I n  t h a t  case chain ends a r e  always i n  A-phase, 
even f o r  temperatures above Tc when most of t h e  chain is  i n  B-phase. Thus, there  
i s  a s o l i t o n  pinned t o  each chain end. TWO consequences follow a t  once. F i r s t l y ,  
i f  we s t a r t  with a sample i n  equilibrium a t  high temperature and cool it t o  below 
Tc, t h e  phase t r a n s i t i o n  i s  not  nucleated. The s o l i t o n s  merely come i n  from t h e  
chain ends and annih i la te .  On t h e  other  hand, when we heat  from low temperature, 
nucleat ion occurs p r e f e r e n t i a l l y  i n  t h e  bulk, a t  l e a s t  a few s o l i t o n  widths away 
from the  edge. On shor t  chains, t h a t  is  chains t h a t  a r e  l e s s  than severa l  s o l i t o n  
widths long, the  nucleat ion r a t e  w i l l  be s u b s t a n t i a l l y  smaller than on long chains 
and t h e  t r a n s i t i o n  temperature w i l l  be increased. In  the  absence of shor t  chains, 
s imi la r  h i s t e r e t i c  behavior t o  t h a t  shown i n  Fig.6 w i l l  s t i l l  occur, however t h e  
lower t r a n s i t i o n  temperature must now be i n t e r p r e t t e d  a s  T=Tc. 

~qote t h a t ,  i f  i t  were energe t ica l ly  favorable f o r  chain ends t o  be B-phase l i k e ,  
the  same considerat ions apply with the  r o l e s  of A and B phases interchanged. Only 
i f  the re  i s  a v a r i e t y  of chemically d i f f e r e n t  chain ends do we run i n t o  t rouble.  
I f  some ends favor A- and some B-phase, then t h e  phase t r a n s i t i o n  can be seeded 
i n  e i t h e r  d i r e c t i o n  a t  chain ends. It is thus necessary t o  look only a t  chemically 
homogeneous samples. 

V. NUCLEATION I N  POLYDIACETYLENE 

The experimental information on the  phase t r a n s i t i o n  i n  PD i s  f a r  from complete. 
There is, a s  ye t ,  no d e f i n i t i v e  x-ray crystalography confirming t h a t  t h e  t r a n s i t i o n  
is  indeed t h e  one s tudied here13, nor have t h e r e  been any d i r e c t  s t u d i e s  of t h e  

dynamics of the phase t r a n s i t i o n .  Moreover, the re  i s  evidence t h a t  t h e  t y p i c a l  



cha in  l eng ths ,  a t  l e a s t  i n  t h e  TCDU-PD c r y s t a l s ,  a r e  of o rde r  ~ 2 ' 5  t o  10 monomers 
o r  2-4 s o l i t o n  widths1. It w i l l  t h u s  no t  b e  p o s s i b l e  t o  make ex tens ive  comparisons 
between theory and experiment u n t i l  b e t t e r  c r y s t a l s  a r e  made and more ex tens ive  
experiments performed. We t h e r e f o r e  conclude wi th  a demonstration t h a t  when and 
i f  such c r y s t a l s  become a v a i l a b l e ,  i t  i s  p l a u s i b l e  t h a t  t h e s e  e f f e c t s  w i l l  be  
observed. 

A. Thermal Nucleation: The curve i n  Fig. 6 is  a c t u a l l y  a schematic represen- 
t a t i o n  of measurements of t h e  o p t i c a l  band gap, Eopt, VS. temperature  of ETCD-PD. 
The obse rva t ion  of such a sharp h i s t e r e s i s  loop is m accord wi th  the p r e d i c t i o n s  
of t h e  theory.  As discussed previously  t h e  p red ic ted  nuc lea t ion  r a t e ,  2ITQ0.l Hz, 
is  such a s  t o  make t h i s  i n t e r p r e t a t i o n  p l a u s i b l e .  I n  TCDU-PD t h e  t r a n s i t i o n  i s  
cen te red  a t  about ~ ~ = 1 0 0 ~ .  Thus t h e  thermal  n u c l e a t i o n  r a t e  is LjTQ1~-35 Hz. We 
conclude t h a t  thermal n u c l e a t i o n  does n o t  occur i n  TCDU-PD nea r  Tc. 

B. Quantum Nucleation: Let  u s  imagine t h a t  So i n  Eq. (13) i s  equa l  t o  10 ,  
which a s  we have discussed is l i k e l y  t o  be  an  overes t imate ,  and l e t  us  t a k e  1013 Hz 
t o  be a c h a r a c t e r i s t i c  va lue  of t h e  p r e f a c t o r  i n  Eq. ( l o ) ,  oo. Then, t h e  r a t e  of 
quantum nuc lea t ion  is  of o rde r  1 Hz pe r  monomer when ( R + ~ ( T ) / E , ) % ~ .  That is 
c e r t a i n l y  a n  exper imental ly  a c c e s s i b l e  r a t e .  How deep a quench i s  requ i red  t o  
produce t h i s  va lue  of qp, o r  indeed whether i t  is p o s s i b l e  f o r  any quench depth,  
depends on t h e  unknown va lue  of Do,  t h e  asymmetry parameter ( see  Eq.(7)).  So 
long  a s  AoD(0), t h e  asymmetry energy a t  T=O, is  g r e a t e r  than  2 ~ ~ ( a / 3 5 ~ ) 2 ' 0 . 0 7  eV, 
then a quench t o  T=O w i l l  produce a va lue  of R+p<350, and hence a humanly observ- 
a b l e  nuc lea t ion  r a t e .  I f  we make t h e  p l a u s i b l e  assumption t h a t  D(0) is of o rde r  
1, t h i s  i n e q u a l i t y  is amply s a t i s f i e d .  

The a c t u a l  exper imental  s i t u a t i o n  i n  TCDU-PD i s  depress ing.  The t r a n s i t i o n  is 
descr ibed1 a s  "sluggish",  meaning t h a t  it is spread out  a t  l e a s <  from lo0 t o  300°. 
S ince  thermal  nuc lea t ion  is  s o  s t r o n g l y  suppressed,  we would l i k e  t o  a t t r i b u t e  
t h i s  spread t o  quantum nuc lea t ion  on s h o r t  chains  of v a r i a b l e  l eng th .  However, 
u n t i l  experiments on c r y s t a l s  wi th  fewer d e f e c t s ,  i . e .  longer  cha ins ,  a r e  performed, 
such an a t t r i b u t i o n  is ,  a t  b e s t ,  h igh ly  specu la t ive .  
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