
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 21 February 2013, At: 10:49
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Vacancy Formation Energies in
Plastic Crystals Using Positron
Annihilation Techniques
David Lightbody a , John N Sherwood a & Morten
Eldrup b
a Department of Pure and Applied Chemistry,
University of Strathclyde, Glasgow, G1 1XL, Scotland
b Department of Chemistry, Riso National
Laboratory, Roskilde, DK4000, Denmark
Version of record first published: 17 Oct 2011.

To cite this article: David Lightbody , John N Sherwood & Morten Eldrup (1983):
Vacancy Formation Energies in Plastic Crystals Using Positron Annihilation Techniques,
Molecular Crystals and Liquid Crystals, 96:1, 197-210

To link to this article:  http://dx.doi.org/10.1080/00268948308074704

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948308074704
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 



Mol. Cryst. Liq. Cryst.,  1983, Vol. 96, pp. 197-210 

0 1983 Gordon and Breach, Science Publishers, Inc. 
Printed in the United States of America 

0026-8941/83/9604-0197/$18.50/0 

VACANCY FORMATION ENERGIES I N  PLASTIC CRYSTALS 
USING POSITRON ANNIHILATION TECHNIQUES 

D P V I D  LIGHTBODY and JOHN N SEERWOOD 
Eepar tmen t  of F u r e  and  App l i ed  Chemis t ry ,  
U n i v e r s i t y  of  S t r a t h c l y d e ,  Glasgow G 1  lXL, S c o t l a n d  

and 

MORTEN ELDRUP 
Depar tment  o f  Chemis t ry ,  Kiso N a t i o n a l  L a b o r a t o r y ,  
R o s k i l d e  DK4000, Denmark 

Abstract Or tho -pos i t ron ium a n n i h i l a t i o n  h a s  been  
used  t o  a s s e s s  vacancy  f o r m a t i o n  e n e r g i e s  and  vacancy  
c o n c e n t r a t i o n s  i n  several p l a s t i c  c r y s t a l l i n e  s o l i d s .  
I n  q e n e r a l ,  t h e  o r t h o - p o s i t r o n i u m  l i f e t i m e s  showed a 
g r a d u a l  i n c r e a s e  w i t h  t e m p e r a t u r e  a t  l o w  t e m p e r a t u r e s  
c o n s i s t e n t  w i t h  normal  l a t t i c e  e x p a n s i o n ,  c o u p l e d  w i t h  
sudden  l a r g e r  i n c r e a s e s  a t  t h e  b r i t t l e - p l a s t i c  phase 
t r a n s f o r m a t i o n .  I n  most s o l i d s ,  a t  a b o u t  0.7Tm, a 
l a r g e r  s igmoid  i n c r e a s e  o c c u r r e d  i n d i c a t i v e  of t h e  
t r a p p i n g  o f  o r t h o - p o s i t r o n i u m  i n  t h e r x r a l l y  g e n e r a t e d  
d e f e c t s  i n  t h e  l a t t i c e .  The l i f e t imes  i n  t h e  defect  
s t a t e  a r e  c o n s i s t e n t  w i t h  t h e  c o n c l u s i o n  t h a t  the  
defects  are o f  a s i z e  e q u i v a l e n t  t o  v a c a n t  l a t t i c e  
s i tes .  On t h i s  b a s i s  and u s i n g  t h e  defect  t r a p p i n g  
model d e v i s e d  f o r  metals ,  a c t i v a t i o n  e n e r g i e s  f o r  
vacancy  f o r m a t i o n  were e v a l u a t e d  for adamantane ,  b i -  
c y c l o o c t a n e ,  s u c c i n o n i t r i l e  and  dl-camphene. 

The d a t a  are c o n s i s t e n t  w i t h  a vacancy  c o n c e n t r a t i o n  o f  

( m e l t i n g  t e m p e r a t u r e )  ' 
t o  vacancy  f r a c t i o n  over t h e  r a n g e  0.7'i,-Tm 

INTRODUCTION 

I n  t h e  deve lopment  o f  t h e  u n d e r s t a n d i n g  o f  t h e  d e f e c t  pro- 

per t ies  o f  m o l e c u l a r  s o l i d s  it h a s  b e e n  d e m o n s t r a t e d  t h a t  

t h e  dominant p o i n t  d e f e c t  is a m o l e c u l a r  vacancy .  T h i s  

c o n c l u s i o n  h a s  been  reached f o l l o w i n g  de t a i l ed  e x a m i n a t i o n s  

197 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

0:
49

 2
1 

Fe
br

ua
ry

 2
01

3 



198 D. LIGHTBODY, J.  N. SHERWOOD and M. ELDRUP 

of t h e  p re s su re ,  temperature and isotope-mass dependence of 

s e l f - d i f f u s i o n ' .  Support ive,  bu t  less d e f i n i t e  evidence has  

been adduced from t h e  l imi t ed  number of s t u d i e s  of d i f f e ren -  

t i a l  expans iv i ty  and excess  s p e c i f i c  heat ' .  Se l f -d i f fus ion  

r e f l e c t s  the  ccmbination of both t h e  formation and migra t ion  

p rope r t i e s  of t h e  d e f e c t  i n  t h e  s o l i d .  Unfortunately,  t h e  

two con t r ibu t ions  cannot be separa ted  f o r  molecular s o l i d s .  

The l a t t e r  techniques r e f l e c t  t h e  formation properties of 

t h e  de fec t s  b u t  they a r e  of l i m i t e d  accuracy. There i s  a 

need f o r  more d e t a i l e d  and accu ra t e  information on t h e  se- 

p a r a t e  formation and migrat ion parameters  of vacancy d e f e c t s  

i n  molecular s o l i d s .  

In  t h e  s tudy of t h e  p r o p e r t i e s  of p o i n t  d e f e c t s  i n  ae- 

t a l s  a novel technique which has  r e c e n t l y  evolved i s  t h e  

examination of  pos i t ron  a n n i h i l a t i o n 2 .  A pos i t ron  i n j e c t e d  

i n t o  t h e  metal undergoes a n n i h i l a t i o n  wi th  an e l e c t r o n  of 

t h e  ma te r i a l  with t h e  emission of two Y-quanta of ene rg ie s  

0.5lMeV mutually a t  ".180° t o  each o t h e r .  In  samples con- 

t a i n i n g  vacancies  o r  vacancy c l u s t e r s  t h e  pos i t rons  may be- 

come t rapped a t  t hese  e l e c t r o n  d e f i c i e n t  regions thus  in -  

c reas ing  t h e  l i f e t i m e  of t h e  pos i t ron  with r e spec t  t o  i t s  

bulk l a t t i c e  value.  The s e n s i t i v i t y  of t h e  pos i t rons  t o  

such d e f e c t s  has  allowed t h e  de te rmina t ion  of vacancy form- 

a t i o n  and migrat ion energ ies .  

In  many molecular s o l i d s ,  p r i o r  t o  a n n i h i l a t i o n ,  a 

f r a c t i o n  of t h e  i n j e c t e d  pos i t rons  form a pos i t ron-e lec t ron  

bound state,  positronium (Ps). This  spec ie s  can e x i s t  i n  

two forms; e i t h e r  a s  t h e  s h o r t l i v e d  p-Ps ( sp ins  a n t i p a r a l l e l )  

which decays with a l i f e t i m e  of 0.125ns, o r  t h e  long-l ived 

0-Ps ( s p i n s  p a r a l l e l ) .  In  f r e e  space t h i s  l a t t e r  spec ie s  

decays wi th  a l i f e t i m e  of 14011s. I n  condensed mat te r  

ann ih i l a t ion  may a l s o  proceed by t h e  over lap  of t h e  p o s i t r o n  
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VACANCY FORMATION ENERGIES I99 

of 0-Ps w i t h  an  e l e c t r o n  o f  t h e  medium of opposite s p i n .  

T h i s  s o - c a l l e d  p i c k - o f f  a n n i h i l a t i o n  process o f t e n  d o m i n a t e s  

and r e d u c e s  The  l i f e t i m e  of 0-Ps t o  t h e  order o f  a f e w  nano- 

seconds .  The obse rved  d e c a y  ra te  is s e n s i t i v e  t o  s m a l l  

changes  i n  t h e  e l e c t r o n  and  t h e r e f o r e  m o l e c u l a r  d e n s i t y  of 

i t s  env i ronmen t .  T h i s  f e a t u r e  of t h e  a n n i h i l a t i o n  o f  posi- 

t r o n s  i n  m o l e c u l a r  materials c o u l d  p r o v i d e  a s a t i s f a c t o r y  

probe of defect and s t r u c t u r a l  p r o p e r t i e s .  Before t h i s  

s t u d y ,  t h e  method had  been  used  s u c c e s s f u l l y  f o r  t h e  exam- 

i n a t i o n  o f  t h e  d e f e c t  properties o f  ice3 and t he  d e t e c t i o n  

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

The p r i n c i p a l  aim of t h e  p r e s e n t  s t u d y  was t o  make, 

f o r  t h e  f irst  t i m e ,  a de t a i l ed  a s s e s s m e n t  of t he  applic- 

a b i l i t y  o f  t h e  p o s i t r o n  a n n i h i l a t i o n  t e c h n i q u e  t o  t h e  de- 

t e r m i n a t i o n  o f  vacancy  c o n c e n t r a t i o n s  and  vacancy  f o r m a t i o n  

e n e r g i e s  i n  t h o s e  m o l e c u l a r  s o l i d s  known as p l a s t i c  c r y s t a l s !  

EXPERIMENTAL 

MATERIALS 

The ' p l a s t i c  c r y s t a l s '  examined c o v e r e d  t h e  f u l l  r a n g e  of 

t h e s e  m a t e r i a l s  a s  d e f i n e d  by e n t r o p y  of  f u s i o n  (0.7R-2.5R). 

A s  w e  have  s p e c u l a t e d  e l s e w h e r e ' ,  t h i s  i n c r e a s e  i n  e n t r o p y  

o f  f u s i o n  p a r a l l e l s  a decrease i n  macroscopic p l a s t i c i t y  

and hence  v a r i a t i o n  i n  d e f e c t  n a t u r e .  

The corrpounds were: cyc lohexane  ( F ) ;  p i v a l i c  acid ( F ) ;  

s u c c i n o n i t r i l e  ( B )  ; camphene (B)  ; n o r b o r n y l e n e  (H) ; bi-  

c y c l o o c t a n e  ( F )  ; hexamethy le thane  (B) and adamantane  ( F ) .  

( F ,  B ,  C and H d e n o t e  t h e  s t r u c t u r e  of t h e  u p p e r  t e m p e r a t u r e  

( p l a s t i c )  p h a s e  - FCC, BCC, simple c u b i c  o r  HCP). A l l  sol-  

i d s  were p u r i f i e d  t o  b e t t e r  t h a n  lOOppm t o t a l  i m p u r i t y  con- 

t e n t  ( u s u a l l y  Clppm). Wi th in  t h i s  r a n g e  no  i n f l u e n c e  of 
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200 D. LIGHTBODY, J .  N .  SHERWOOD and M. ELDRUP 

impurity conten t  on posi t ronium l i f e t i m e s  was found. I m -  

p u r i t i e s  d id  in f luence  phase t ransformat ion  behaviour how- 

ever .  

made f o r  dl-camphene and cyclohexane' . 
A d e t a i l e d  examination of t h i s  i n f luence  -has been 

Single  and p o l y c r y s t a l l i n e  samples y i e lded  s i m i l a r -  

l i f e t i m e  da ta .  This was confirmed f o r  s p e c i f i c  samples by 

cyc l ing ,  i n i t i a l l y  s i n g l e  c r y s t a l  samples,  through t h e  

b r i t t l e / p l a s t i c  phase t ransformation.  F rac tu re  t o  form a 

po lyc rys t a l l i ne  mass i n e v i t a b l y  occurs  dur ing  t h i s  pro- 

cedure. Annealing e f f e c t s  were noted i n  t h e  t r a n s i t i o n  re- 

gion i n  some cases .  Outside t h i s  region s i n g l e  c r y s t a l  and 

f r ac tu red  samples showed equ iva len t  behaviour.  

MEASUREMENTS AND DATA ANALYSIS 

Measurements were made using t h e  p o s i t r o n  l i fe t ime tech-  

nique2.  A pos i t ron  source (%20UCiZ2NaC1) encapsulated be- 

tween t h i n  Kapton o r  n i cke l  f o i l s  was sandwiched between 

2 d i s c s  of  t he  ma te r i a l  t o  be s t u d i e d ,  l c m  diameter  x 0.5cm 

th i ck .  The source-sample sandwich was mounted i n  a thermo- 

s t a t i c a l l y  con t ro l l ed  chamber o r  c r y o s t a t .  

A f a s t - f a s t  coincidence l i fe t ime spectrometer  with a 

t i m e  r e so lu t ion  of FWHM = 0.4ns was used f o r  t h e  measure- 

ments. Lifet ime s p e c t r a  w e r e  accumulated over  a 15-20 hour 

per iod t o  give %4 x lo6 counts  i n  a spectrum. Measurements 

w e r e  made during seve ra l  success ive  inc reas ing  and decreas-  

i ng  temperature scans.  

Data were analysed us ing  t h e  computer programme 

POSITRONFIT5. 

s t r a i n e d  a n a l y s i s ,  i n t o  t h r e e  o r  fou r  l i fe t ime components 

depending on t h e  p rec i s ion  of  t he  da t a .  S p e c i f i c  d e t a i l s  

a r e  given i n  t h e  sepa ra t e  pub l i ca t ions  r e f e r i n g  t o  each 

mater ia l .  For most s o l i d s  t h e  l i f e t i m e s  obtained were con- 

The spectrum could be resolved i n  an uncon- 
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VACANCY FORh4ATlON ENERGIES 20 1 

s i s t e n t  w i t h  t h o s e  expected for  t h e  f o l l o w i n g  a n n i h i l a t i o n  

p r o c e s s e s .  (The numbers a s  s u b s c r i p t s  d e f i n e  parameters  

noted s u b s e q u e n t l y ) .  

1. p-Ps T, = 0.125ns 

2 .  f r e e  p o s i t r o n  T~ = 0.3 - 0.4ns 

3. 0-Ps p i c k  o f f  ( b u l k )  T ,  = 1 - 1.811s 

4. 0-Ps pick  o f f  ( d e f e c t )  T4 = 1 - 3ns 

-60 -10 -20 0 20 LO 60 
TEMPERATURE ("CI 

FIGURE 1. The r e l a t i v e  i n t e n s i t i e s  of o r t h o - ( I , , I , )  

and p a r a - ( I , )  pos i t ronium decay p r o c e s s e s  i n  succ in-  

o n i t r i l e .  The upper d o t t e d  curve  i s  13+14 i .e .  t o t a l  

or tho-posi t ronium y i e l d .  The lower d o t t e d  curve  shows 

t h e  agreement of  -(13+14) w i t h  t h e  I, d a t a .  
1 
3 

Hexamethylethane and norbornylene a l s o  gave evidence 

o f  an a d d i t i o n a l  l i f e t i m e  which w e  were unable  t o  d e f i n e  
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202 D. LIGHTBODY, J. N.  SHERWOOD and M. ELDRUP 

anG which i n t e r f e r e d  t o  some e x t e n t  with the  ana lys i s .  

Lifet imes c o n s i s t e n t  with processes  3 and 4 dominated 

a t  high temperatures .  This ,  p lus  t h e  expected r e l a t i o n -  

s h i p  between t h e  i n t e n s i t i e s  of t h e  posi t ronium processes '  

which was observed i n  a l l  ca ses  (e .g .  Figure I) with in  

reasonable experimental  e r ror ,coupled  with angular  cor r -  

e l a t i o n  measurements i n  some cases ,gave t h e  f i n a l  confirm- 

a t ion  t h a t  w e  were observing a posi t ronium formation i n  t h e  

s o l i d s .  

RESULTS 

Kost ma te r i a l s  y i e lded  t h e  c h a r a c t e r i s t i c  v a r i a t i o n  of 0-Ps 

l i f e t i m e  with inc reas ing  temperature,  v i z  a l i n e a r  i nc rease  

a t  lower temperatures with sudden changes i n  t h e  v i c i n i t y  of 

phase t ransformat ions ,  g iv ing  way t o  a sigmoid inc rease  a t  

temperatures approaching t h e  mel t ing  temperature  (" 0.7Tm) , 
e.g. Figure 2 .  The f i r s t  t w o  i nc reases  can be a s soc ia t ed  

with normal l a t t i c e  expansion. The l a s t  i s  a s soc iab le  with 

t h e  ac t iva t ed  formation of t r app ing  c e n t r e s  (vacancies?)  i n  

t h e  c r y s t a l  l a t t i c e s .  

The apparent  except ions t o  t h i s  p a t t e r n  of behaviour 

were cyclohexane7 and p i v a l i c  a c i d e .  In  cyclohexane7, f o l -  

lowing t h e  expected inc rease  i n  l i fe t ime a t  t h e  phase t r ans -  

formation, a non-l inear  (but  no t  sigmoid) inc rease  occurred;  

t h e  increase  cont inuing t o  mel t ing.  The o v e r a l l  change i n  

l i f e t i m e  was small  however and t h e  t r u e  shape could have 

been masked by experimental  i naccurac i e s .  With p i v a l i c  acid, 

t h e  sigmoid inc rease  does probably occur  h u t  i n t e r f e r e n c e  

from the  phase t ransformat ion  (0.9Tm) and t h e  inc rease  i n  

l i f e t i m e  a s soc ia t ed  wi th  t h i s ,  complicates  t h e  s i t u a t i o n .  
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VACANCY FORMATION ENERGIES 203 

U a In 
C - 

W 
2 

2.1 

2.0 

1.6 

1.2 

1 0.8 

0.L /eyj 
0.0 

0 50 -150 -100 -50 
TEMPERATURE (“1 

FIGURE 2 .  The v a r i a t i o n  of or tho-posi t ronium l i f e t i m e  

T 3  and t h e  l i f e t i m e  of p o s i t r o n s  not  forming pos i t ron -  

ium T~ with temperature f o r  s u c c i n o n i t r i l e .  

These experimental  problems precluded an assessment of  va- 

cancy parameters  i n  these  two cases .  This  observed sigmoid 

behaviour i n  t h e  remaining s o l i d s  i s  so s i m i l a r  t o  t h a t  

noted f o r  pos i t ron  a n n i h i l a t i o n  i n  meta ls  a t  h igh  temper- 

a t u r e s  t h a t  it would seep  only reasonable  t o  accept  t h a t  a 

p a r a l l e l  process  i s  occurr ing  f o r  t h e  posi t ronium i n  mole- 

c u l a r  c r y s t a l s  v iz .  t rapping  and a n n i h i l a t i o n  from a d e f e c t  

s t a t e .  This would a l s o  p a r a l l e l  t h e  f ind ings  f o r  i ce3 .  W e  

be l i eve  t h i s  d e f e c t  t o  be a l a t t i c e  vacancy. A s  w e  no te  

above, t h i s  is  t h e  most l i k e l y  d e f e c t  t o  form i n  a molecular 

c r y s t a l .  Addi t iona l ly ,  t h e  l i f e t i m e  f o r  0-Ps p ick  o f f  

ann ih i l a t ion  from t h e  d e f e c t  s t a t e  is  c o n s i s t e n t  wi th  t h i s  

i n t e r p r e t a t i o n .  B r i e f l y ,  t h e  reasoning i s  a s  fol lows.  The 
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204 D. LIGHTBODY, J .  N.  SHERWOOD and M. ELDRUP 

l i fe t ime of positronium i n  the trapped s t a t e  would be ex- 

pected t o  increase with an increase i n  defect  volume (de- 

crease i n  e lectron density a t  the d e f e c t ) .  

3 

1 

0 
0 100 200 300 

MOLECULAR VOLUME ( A  ’) 

FIGURE 3 .  The co r re l a t ion  between the longest l i f e t ime  

a t  - or  extrapolated t o  - the melting po in t ,  ‘ r4 ,  and 

molecular volume, a. The open symbols are  associated 

with the l i f e t ime  of ortho-Ps trapped i n  a vacancy of 

volume n. The closed symbols represent mater ia ls  where 

also trapping i n t o  divacancies apparently takes place.  

The f u l l  curve i s  drawn through the open symbols (apar t  

from the point  f o r  i c e )  t o  guide the eye. The dashed 

curve i s  the r e s u l t  of a simple model calculat ion.  The 

symbols a re  fo r  the following mater ia ls :  p i c e ;  0 suc- 

c i n o n i t r i l e ;  A norbornylene; v cyclohexane; 0 adaman- 

tane; 0 dl-camphene; hexamethylethane; @ p i v a l i c  

acid. 

M 

This a r i s e s  because the overlap between the positronium 
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VACANCY FORMATION ENERGIES 205 

and surrounding molecular e l e c t r o n s  w i l l  decrease.  Thus 

t h e  pick-off a n n i h i l a t i o n  r a t e  f a l l s .  The t r e n d  found ex- 

per imenta l ly  i s  shown i n  Figure 3. Here we specu la t e  t h a t  

t h e  de fec t  volume can be approximated t o  t h e  molar volume, 

an equivalence confirmed by s t u d i e s  of t h e  p re s su re  depend- 

ence of s e l f -d i f fus ion1 .  The v a r i a t i o n  can be explained 

q u a l i t a t i v e l y  on t h e  b a s i s  of a simple vacancy model' based 

on a sphe r i ca l  p o t e n t i a l  (do t t ed  l i n e  i n  Figure 3 ) .  

A l l  experimental  p o i n t s  f a l l  s a t i s f a c t o r i l y  c lose  t o  

t h e  pred ic ted  v a r i a t i o n  wi th  t h e  except ion of T 4  f o r  p i v a l i c  

ac id  and hexamethylethane. In  both cases  w e  have s t r o n g  

evidence from both isotope-mass e f f e c t  experiments and t h e  

inf luence  of pressure  on s e l f - d i f f u s i o n  t o  i n d i c a t e  t h a t  

t hese  l a t t i c e s  contain a s i g n i f i c a n t  propor t ion  of  divacan- 

c i e s  i n  equi l ibr ium. Thus t h e  d e f e c t  volume w i l l  b e ,  on 

average, h igher  than t h e  molar volume. The d e f e c t  volume 

for these  ma te r i a l s  p red ic t ed  from t h e  curve (F igure  3) is  

s a t i s f a c t o r i l y  i n  agreement with t h e  poss ib l e  vacancy/diva- 

cancy concent ra t ion  obtained from t h e  o t h e r  s t u d i e s .  

On t h i s  b a s i s  w e  have assumed t h a t  t h e  r e spons ib l e  de- 

f e c t  i s  a vacancy and proceeded t o  a s s e s s  t h e  temperature  

dependence of t he  concent ra t ions  of t hese  d e f e c t s  on t h e  

b a s i s  of t he  simple t rapping  model' u sua l ly  app l i ed  t o  t h e  

t rapping  of pos i t rons  i n  metals .  

Except f o r  norbornylene and hexamethylethane which, a s  

i nd ica t ed  above, have a d d i t i o n a l  l i f e t i m e  components which 

i n t e r f e r e  with t h e  accura te  d e f i n i t i o n  of  T ,  and T4 and 

cyclohexane which shows no sigmoid change, t h e  da t a  f o r  t h e  

remaining ma te r i a l s  f i t  w e l l  wi th  t h i s  model (e .g .  Figure 4). 

Values of In  x, t h e  t rapping  r a t e ,  a f a c t o r  p ropor t iona l  t o  

t h e  d e f e c t  concent ra t ion ,  were p l o t t e d  a g a i n s t  r ec ip roca l  

temperature i n  an at tempt  t o  eva lua te  t h e  a c t i v a t i o n  energy 
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-60 -LO -20 0 20 LO 60 
TEMPERATURE I'C) 

FIGURE 4. Variation of T3 for succinonitrile with 

temperature. The full line through T3 represents val- 

ues calculated for the trapping model and defines the 

applicability of this model to this system. 

for vacancy formation (Ev) (e.g. Figure 5). 
For adamantaneg (Figure 5b), the log X I  1/T plot was 

linear and yielded Ev = 7 0  f 8 kJ m01-l in good agreement 

with other theoretical and experimental predictions'. 

agreement, for our most crystalline substance is excellent 

confirmation of the basis of our experiments. 

This 

The plots for the remaining materials for which an 

analysis can be done show a systematic curvature (e.g. Fig- 

ure 5a) but can be fitted to a straight line over a reason- 

able temperature range, within experimental error. The re- 

sulting activation energies are noted in Table 1 where they 

are compared with the activation energy for self-diffusion 

(Ed) I which we have argued is 2Ev1 and the lattice energy, 

L,, the likely energy of vacancy formation'. 
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'O' 

3 loo 

3.0 3.5 L .o 
103/T (K-') 

207 

(a) (b 1 
FIGURE 5. The trapping rate X for ortho-positronium 
as a function of reciprocal temperature for a) Succin- 

oni tri le b) Adamantane 

TABLE 1 Vacancy formation energies in plastic crystals 

Ev Ed Ls 'f/R 
kJ mol-I 

Adamantane 70 139 66 2.5 

Bicyclooctane 53 - 51 2.3 

Succinonitrilelo 35 70 70 1.5 

Camphenel 32 96 52 1.2 

Agreement with the above predictions is best for the 

solids of high entropy of fusion, Sf and worst at the opp- 
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208 D.  LIGHTBODY, J .  N. SHERWOOD and M. ELDRUP 

o s i t e  extreme. This may w e l l  r e f l e c t  t h e  t r u e  s i t u a t i o n  

and i n d i c a t e  t h a t  our  previous specu la t ions  on t h e  magnitude 

of Ev i n  these  s o l i d s  a r e  i n  e r r o r .  W e  no te  however t h a t  it 

i s  f o r  t h e  more p l a s t i c  ma te r i a l s  t h a t  t h e  discrepancy aris- 

es and t h e  very p l a s t i c  ma te r i a l s  which defy  ana lys i s .  Cy- 

clohexane, f o r  example, can be def ined  a s  being 10 t i m e s  

more p l a s t i c  than  adamantanel. We see  two p o s s i b i l i t i e s  

which could account f o r  t h i s ,  both of which could p rov idean  

add i t iona l  con t r ibu t ion  t o  t h e  a n n i h i l a t i o n  of 0-Ps and 

which would have t o  be  taken i n t o  account i n  o rde r  t o  e x t r a c t  

t h e  thermal vacancy con t r ibu t ion  p r i o r  t o  t h e  eva lua t ion  of 

EV. 

F i r s t l y ,  t h e r e  may be an e f f e c t  of d i s l c c a t i o n s .  These 

have been noted t o  in f luence  t h e  p o s i t r o n  a n n i h i l a t i o n  pro- 

cess  i n  deformed metals’. On handl ing,  passage through t h e  

phase t ransformation o r  thermal cyc l ingrcons iderable  numbers 

of d i s loca t ions  could form i n  t h e  s o f t e r  ma te r i a l s .  These 

would not  necessa r i ly  anneal ou t .  These and t h e i r  a s soc ia t -  

ed vacancy clouds could g ive  a background con t r ibu t ion  t o  

t h e  0-Ps a n n i h i l a t i o n  i n  t h e  plast ic  phase. The apparent  

lack  of sigmoid v a r i a t i o n  i n  T4 f o r  cyclohexane could a r i s e  

from t h i s  con t r ibu t ion .  I t  could a l s o  in f luence  t h e  shape 

of t he  v a r i a t i o n  i n  s u c c i n o n i t r i l e  and camphene. 

A l t e rna t ive ly ,  it i s  poss ib l e  t h a t  0-Ps could become 

se l f - t rapped  i n  the  s o l i d .  This  i s  a wel l -def ined process  

i n  l i q u i d s .  The r epu l s ive  fo rces  of P s  e f f e c t i v e l y  blow a 

hole  i n  i t s  environment i n  which it can s i t  wi th  an inc rease  

i n  l i f e t i m e .  I t  i s  tempting t o  cons ider  t h a t  such a p rocess  

could occur i n  t h e  s o f t e r  c r y s t a l s .  This  could aga in  i n t e r -  

f e r e  i n  a s i m i l a r  manner t o  t h a t  i n d i c a t e d  f o r  t h e  d i s loca -  

t i o n s .  

Fur ther  work i s  i n  progress  t o  a s s e s s  t h e  p o s s i b l e  in -  
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VACANCY FORMATION ENERGIES 209 

t e r f e rence  from these  sources .  

I n  add i t ion  t o  the  information quoted above w e  a l s o  

note  t h a t  some idea  of t h e  vacancy concent ra t ion  Cv can be 

der ived  from our  experiments.  

t h e  sigmoid inc rease  i n  l i f e t i m e  occurs  a t  Cv = lo-’. 

a l l  t h e  p re sen t  ma te r i a l s  t h e  incep t ion  occurs  a t  0.7Tm 

( t h e  melt ing tempera ture) .  Thus,accept ing a d i r e c t  p a r a l l e l  

and our ca l cu la t ed  Ev we specu la t e  t h a t  Cv f o r  t h e  p l a s t i c  

c r y s t a l s  l i e s  i n  the  range 10-7-10-3 vacancy f r a c t i o n  over  

t he  temperature range 0.7Tm-T, (mel t ing  tempera ture) .  

For meta ls ,  t h e  inception of 
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