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FIRST PRINCIPLES THREE-DIMENSIONAL BAND-STRUCTURE OF TRANS- 
POLYACETYLENE 

J.  ASHKENAZI, E. EXRENFREUND, Z .  VARDENY and 0. BRAFMAN 
Phvs ics  Department, Technion, Hai fa ,  Israel 

Abs t rac t  The three-dimensional (3-D) band-s t ruc ture  of idea l ly  
c r y s t a l l i n e  trans-(CH), is c a l c u l a t e d  s e l f - c o n s i s t e n t l y ,  w i t h  
no a d j u s t a b l e  parameter ,  us ing  t h e  LMTQ-ASA method. The results 
are i n  good agreement w i t h  experiment. I t  is found t h a t  t h e  
q u a s i  one-dimensional (1-D) behavior  of t h e  system is  s e n s i -  
t i v e  t o  t h e  3-D symmetry. 

Most models on trans-(CH), assume i s o l a t e d  1-D cha ins .  Actu- 
a l l y ,  t h e s e  c h a i n s  are arranged i n  3-D micro-crys ta l s  of t h e  P2 f n  
space group' ( s e e  F igure  1 )  and thus  a 3-D band-s t ruc ture  c a l c u i a -  
t i o n  i s  e s s e n t i a l  t o  test  such models. 

The c a l c u l a t i o n  i s  c a r r i e d  out  us ing  the  LMTO-ASA method', 
which i s  a f a s t  method based on energy l i n e a r i z a t i o n  and development 
i n  s p h e r i c a l  b a s i s  f u n c t i o n s  around c e n t e r s  of approximate s p h e r i c a l  
symmetry. These c e n t e r s  are taken a t  t h e  C and H a tomic sites, and 

X 

X ; + +  / + +  ; x a  

+ b X  

X 

+ b X  

FIGURE 1 
C atoms are denoted by b l a c k  c i rc les ,  H atoms by empty c i r c l e s ,  
I i n t e r s t i t i a l  sites by +, and J i n t e r s t i t i a l  s i t e s  by X .  The 
s m a l l  arrows d i s t i n g u i s h  t h e  ( s h o r t e r )  "double  bonds" from t h e  
( longer )  " s i n g l e  bonds". 

C r y s t a l  s t r u c t u r e  of trans-(CH), ( s e e  r e f . 1 ) .  
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I 94 I. ASHKENAZI et al. 

a l s o  a t  i n t e r s t i t i a l  sites of two types ,  denoted he re  by I and J 
(see  Figure 1 ) .  The muffin-tin spheres cover 61% of t he  c r y s t a l  
volume. They are increased t o  atomic spheres of r a d i i  2.74, 1.76, 
1.56 and 0.98 a.u.  around the  I, J, C and H si tes re spec t ive ly ,  The 
r e s u l t s  a r e  i n s e n s i t i v e  t o  small v a r i a t i o n s  i n  the  r a d i i .  

t he  l o c a l  dens i ty  approximation (LDA) f o r  t h e  exchange-correlation 
po ten t i a l .  We use sphe r i ca l  func t ions  of R = 0, 1, 2 i n  t h e  I 
spheres,  and of II = 0, 1 i n  t h e  J ,  C and H spheres.  This y i e l d s  84 
b a s i s  func t ions  per  u n i t  c e l l .  Due t o  t h e  smallness of t h e  mono- 
c l i n i c  d i s t o r t i o n ,  i t  is  s u f f i c i e n t  t o  sample on t h e  If8 B r i l l o u i n  
zone (BZ) shown i n  Figure 2. Density of s t a t e s  (DOS) r e s u l t s  con- 
verge fo r  l i n e a r  i n t e rpo la t ion  i n  a mesh of 252 po in t s  (4X3X21 
po in t s  along t h e  G ,  k,,, k, axes ,  r e spec t ive ly ) .  

The band-structure and DOS r e s u l t s  are shown i n  F igure  2.  Be- 
low the  Fermi l e v e l  % one f i n d s  guasi-1-D behaviour c l o s e  t o  the  
1-D r e s u l t s  of Mintmire and White , and t h e  DOS r e s u l t s  f i t  t h e  WS 
and U P S  spec t r a  shown i n  re f .4 .  
bands a r e  found. There i s  genera l  agreement betwee; our r e s u l t s  and 
t h e  3-D pseudopotential  r e s u l t s  of Grant and Batra , but t h e i r  
energy gap is considerably smaller. 

I n  Figure 3 we  show the  j o i n t  DOS (JDOS) r e s u l t s .  They show a 
quasi 1-D peak centered a t  1.8 e V ,  dropping s t e e p l y  t o  an absorp- 
t i o n  edge a t  0.75 eV. These r e s u l t s  agree  wi th  o p t i c a l  

The c r y s t a l  p o t e n t i a l  is constructed se l f - cons i s t en t ly ,  using 

Above EF f ree-e lec t ron  l i k e  3-D 

Number of States /Unit - Cell 
10 20 30 4 

I 0  1 2 3 1 

k - Vector Density of States / Unit - Cell x eV 

10 

5 

'10 

20 

FIGURE 2 Band-structure, dens i ty  of states, number of s t a t e s  
(dashed l i n e ) ,  and 118 t h e  B r i l l o u i n  zone of trans-(CH)x. 
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Energy lev] 

FIGURE 3 J o i n t  d e n s i t y  of states of trans-(CH) : r e g u l a r  - 
s o l i d  l i n e ;  2% compression i n  t h e  l i n e a r  dimensigns - dashed 
l i n e ,  

absorp t ion  da ta ' ;  t h e  absorp t ion  peak i s  centered  a t  an energy 
h igher  by 0.2 e V ,  which i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  t h a t  t h e  
LDA underest imates  minimal band-gaps by about 30%'. The band edge 
t a i l  below t h e  peak f i t s  r e c e n t  PDS a b s o r p t i o n  r e s u l t s  on compen- 
s a t e d  f i lms ' .  We a l s o  show i n  F igure  3 JDOS r e s u l t s  under homo- 
genous compression of 2% i n  t h e  l i n e a r  dimensions. The h e i g h t  of 
t h e  peak i s  then  decreased by about  9%, which is i n  agreement w i t h  
t h e  e f f e c t  of p r e s s u r e  of 13.1 kbar'. (Note t h a t  t h e  exper imenta l  
compression is n o t  homogenous, r e s u l t i n R  i n  a d i f f e r e n t  s h i f t  of 
t h e  peak.) 

tons  w e  repea ted  t h e  c a l c u l a t i o n  f o r  a hypothe t ic  c r y s t a l  where i n  
every second cha in  (namely i n  t h e  cha ins  a t  t h e  c e n t e r s  of t h e  a-b 
r e c t a n g l e s  i n  F igure  1) t h e  s i n g l e  and t h e  double C-C bonds have 
been exchanged. The band-s t ruc ture  r e s u l t s  of t h i s  c o n f i g u r a t i o n  
are shown i n  F igure  4 .  The main e f f e c t  is t h a t  degenera te  l e v e l s  
are  s p l i t  due t o  t h e  r e d u c t i o n  of t h e  3-D symmetry, t h e  q u a s i  1-D 
peak i s  cons iderably  smeared and t h e  minimal gap almost  d i sappears .  
This  shows t h e  importance of 3-D e f f e c t s  on t h e  band-gap of t r a n s -  
(CH),, and t h a t  one has  t o  b e  c a r e f u l  when s i n g l e  c h a i n  models are 
a p p l i e d  t o  t h e  system. 

I n  o r d e r  t o  s tudy  t h e  p o s s i b i l i t y  of e x i s t e n c e  of mobile  soli- 
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FIGURE 4 
s i n g l e  and double bonds have been exchanged i n  every second 
chain.  

Band-structure  of h y p o t h e t i c  trans-(CH)x where 
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