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IRRADIATION EFFECTS AND THE ROLE OF DISORDER I N  LOW 
DIMENSIONAL CONDUCTORS 

L. ZUPPIROLI, H .  MUTKA, and S. BOUFFARD 
Sect ion dlEtude des Sol ides  Irradies 
Cent r e  d 'Etude s Nuc 18 a i r e  s de Font e nay- aux-Ro se  s 
(92260) - France 

Received for p u b l i c a t i o n  August 31, 1981 

The concent ra t ion  of defec ts  produced by i r r a d i a t i o n  
can be measured by s e v e r a l  independent methods such as 
long i tud ina l  and t ransverse  conduct iv i ty  measurements 
at room temperature, s p i n  s u s c e p t i b i l i t y  at low t e m -  
pera ture ,  volume or l a t t i c e  parameters change. The 
phys ica l  consequences of t h i s  kind of d i sorder  are as 
fol lows . The superconduct ivi ty  i n  (Tj%TSF),PF6 i s  des- 
t royed  by a molecular concent ra t ion  of 10-4. The con- 
cen t r a t ion  of 2 -10-3 corresponds t o  the  f u l l  pinning 
of  charge densi ty  waves i n  monoclinic TaS3, 1T-TaS2, 
TTF-TCNQ, TIPSF-DMTCNQ . . . Microdi f f rac t ion  experi- 
ments demonstrate some s t r u c t u r a l  a spec t s  of t h i s  
pinning and conduct iv i ty ,  Hall e f f e c t  and thermoelec- 
t r i c  power measurements demonstrate the  consequences 
of  the  pinning on the  e l e c t r o n i c  p rope r t i e s  of  s e v e r a l  
low temperature charge dens i ty  wave i n s u l a t o r s .  In 
most of t h e  cases  t h e  metallic s t a t e  i s  s t a b i l i z e d  by 
a weak d isorder .  The problem of the  charge dens i ty  
wave motion i n  presence of de fec t s  is discussed i n  
connection with the e l e c t r i c  f i e l d  depinning experi- 
ments. Concentrations of t he  order  of lo'* o r  more 
correspond t o  a concent ra t ion  range of  l o c a l i z a t i o n  
by d isorder .  

INTRODUCTION 

The l i t t e r a t u r e  r e p o r t s  more than 20 recent  i r r a d i a t i o n  

[ 1391]/ 1 
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U [  13921 L. ZUPPIROLI, H. MUTKA and S. BOUFFARD 

experiments on low dimensional conductors e i t h e r  organic  
or inorganic ,  e i t h e r  quasi-one- or quasi-two-dimensional ‘ -23. 
A non negl igeable  p a r t  of these  experiments h a s  been per- 
formed i n  Fontenay-am-Roses. The present  review summarizes 
the  most recent  r e s u l t s  i n  our  group and i s  an  attempt t o  
compare a few aspec t s  of i r r a d i a t i o n  e f f e c t s  i n  t h r e e  k inds  
of low dimensional conductors : l ayered  dichalcogenides  
such as TaS2, quasi-one-dimensional inorganic  metals such 
as TaS3 and organic metals  such as TTF-TCNQ. 

demonstrated t h a t  the  mechanisms of damage product ion are 
known s u f f i c i e n t l y  w e l l  t o  provide good es t imat ions  of t he  
defect  concentrat  ions.  

The main pa r t  of the  paper i s  devoted t o  a d iscuss ion  
of the  charge densi ty  wave pinning. Microdi f f rac t ion  expe- 
r iments  i n  TaS2 and TaS3 r e v e a l  some s t r u c t u r a l  a spec t s  of 
t h i s  pinning while t r anspor t  p rope r t i e s  measurements de- 
monstrate i ts  consequences on the  e l e c t r o n  gas behaviour. 
These t r anspor t  measurements include Hall e f f e c t  on TaS2 
and TMTSF-DMTCNQ, thermoelec t r ic  power on TaS3 and TMTSF- 
DMTCNQ and conduct iv i ty  on a l l  t he  systems s tudied .  

In a prel iminary and shor t  par t  of t he  paper it is 

IETERMINATION OF THE DEFECTS CONCENTRATIONS 

The g r e a t e s t  advantages of  the  i r r a d i a t i o n  are t h a t  i t  
permits s t u d i e s  i n  s i t u  and t h a t  at l o w  i r r a d i a t i o n  doses 
the  number of de fec t s  is  always propor t iona l  t o  the  irra- 
d i a t i o n  dose. Thus, it is poss ib le  t o  fo l low phys ica l  pro- 
p e r t i e s  as a func t ion  of defect  concent ra t ions  up t o  a 
f e w  atomic or molecular f r a c t i o n  and t o  compare accu- 
r a t e l y  d i f f e r e n t  concent ra t ions  at the  l e v e l  of 10-5 atomic 
o r  molecular f r a c t i o n .  To know t h e  absolu te  value of t he  
defect  concent ra t ion  is more d i f f i c u l t  and r equ i r e s  i n  each 
case an accura te  study of t he  r a d i a t i o n  damage process .  

In inorganic  compounds, fast e l e c t r o n  i r r a d i a t i o n  is 
the  best  way of producing poin t  de fec t s ,  one by one, i n  a 
con t ro l l ed  way. They are  produced by t h e  direct  c o l l i s i o n s  
of the inc ident  p a r t i c l e s  wi th  the  n u c l e i .  The absolu te  
concentrat ion o f  displaced atoms can be es t imated  wi th in  
a few 10’’ accuracy i f  the  energ ies  needed f o r  d i sp lac ing  
each kind of atoms have been determined at first (displa-  
cement t h re sho ld  ene rg ie s ) .  We have observed t h a t  i n  
lT-TaS2 and i n  TaS3 the  damage produced i n  t h e  su l fur  
s u b l a t t i c e  recovered completely around 10 K. This  l eads  t o  
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IRRADIATION EFFECTS IN 1D AND 2D CONDUCTORS [1393]/3 

t he  conclusion t h a t  the  de fec t s  s t a b l e  around room tempera- 
t u r e  a re  a s soc ia t ed  with the  displacement of tantalum 
atoms. In IT-TaS2 and i n  monoclinic TaS3 the  displacement 
th re sho ld  ene rg ie s  f o r  tantalum displacements have been 
found t o  be 13 2 3 eV and 1 5  2 1 eV respect ively’P2.  

t i o n  a re  completely d i f f e r e n t .  The bes t  i r r a d i a t i o n  pa r t i -  
c l e s  from the  point  of view of t he  damage d e f i n i t i o n  a r e  
X o r  I? photons o r  fast e l e c t r o n s .  In  these  cases  the  number 
of defec ts  produced by d i r e c t  knock-on i s  completely negl i -  
geable with r e spec t  t o  the  number of molecules destroyed by 
e l e c t r o n i c  e x c i t a t i o n s  o r  ion iza t ions .  The mechanisms of 
damage production have been s tud ied  i n  a recent  paper by 
G .  Mihaly and L. Zuppirol i3 .  I r r a d i a t i o n  damage is  shown t o  
be a l o c a l  chemistry of e x c i t e d  molecules. The inc ident  
r a d i a t i o n  provides the  c r e a t i o n  of s t rong ly  e x c i t e d  o r  
ion ized  e l e c t r o n i c  s t a t e s .  If t h e r e  i s  no decay of such a 
s t a t e  during a s u f f i c i e n t  t ime,  e i t h e r  r a d i a t i v e  o r  by 
e l e c t r o n  i n t e r a c t i o n s ,  a r a d i c a l ,  a molecule o r  a group of 
molecules can rearrange i n  a new s t a b l e  chemical s t r u c t u r e .  
This  is the  defec t  responsible  of the  e l e c t r o n i c  b a r r i e r .  
It is  d i f f i c u l t  t o  imagine, at p re sen t ,  what s o r t  of i n t r a -  
molecular and in te rmolecular  modi f ica t ions  one can expect 
from t h i s  l o c a l  i n t e r a c t i o n  ; however, the  defec t  s t r u c t u r e  
being determined mainly by the  s t r u c t u r e  of t h e  h o s t ,  t he  
possible  defect  conf igura t ions  a r e  c e r t a i n l y  very few and 
probably one o r  two. The f r a c t i o n  c of destroyed molecules 

with the  t o t a l  absorbed energy: c = E/E where E i s  
the  absorbed energy per  molecular u n i t  and E is  7.1 keV f o r  
TMTSF-DPTTCNQ, 13.5 keV f o r  TTF-TCNQ and 147 keV f o r  TTT2I.3 
(room temperature v a l ~ e s ) ~ .  The l o c a l  s t r u c t u r e  of the  
molecules a r e  probably respons ib le  f o r  t hese  d i f f e rences  
more than  the  c r y s t a l  s t r u c t u r e s  o r  t he  e l e c t r o n i c  m e t a l l i c  
p rope r t i e s  . 

Recent experimental i nves t iga t ions  on organic  metals4’ 
have demonstrate d t h a t  the  quasi-one- dimensional cha rac t e r  
of these  compounds provides a p o s s i b i l i t y  t o  determine the  
concent ra t ion  of damaged molecules. This  r e s u l t  w a s  based 
on t h e  fol lowing arguments. Each defec t  i n t e r r u p t s  t he  con- 
ducting chains  and the e l e c t r o n s  a re  fo rced  t o  jump t o  a 
neighbouring chain.  The r e s i s t i v i t y  a long the  cha ins  in- 
c r eases  by the  f r a c t i o n  of t ransverse  r e s i s t i v i t y  mixed i n t o  
the  long i tud ina l  conduction pa th3p496.  This  l eads  t o  a 
decrease of the  anisotropy with increas ing  defec t  concentra- 
t i o n .  On the  o the r  hand, t he  cha in  segmentation e f f e c t  

In  organic  conductors t he  mechanisms of damage produc- 
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4 4  13941 L. ZUPPIROLI, H. MUTKA and S. BOUFFARD 

modifies the  t r ansve r se  conduct iv i ty  too .  It v a r i e s  expo- 
nen t i a l ly4 ,  
t he  molecular f r a c t i o n  of e l e c t r o n i c  b a r r i e r s  t o  the  expres- 
s i o n  c = Ap, /pL where Ap,, is t h e  r e s i s t i v i t y  increase  
along the  conducting axis and pL the  t r ansve r se  r e s i s t i v i t y  
i n  the  d i r ec t ion  of lower anisotropy.  

d i a t ed  TMTSF-DPTl'CNQ, Amie11, &lha& and Zuppirol i7  have 
shown t h a t  t he  number of l o c a l i z e d  s p i n s  respons ib le  f o r  
t h e  l o w  temperature t a i l  i n  the  s u s c e p t i b i l i t y  is  roughly 
equal  t o  the  number of b a r r i e r s  determined by the  r e l a t i o n  
c 
i r r a d i a t i o n  r e s u l t s  on TTF-TCNQ by Mil jak,  Korin, Cooper, 
Holczer and Janossy8 and on &n(TCNQ)2 by S-, Gruner and 
Clark19, and j u s t i f i e s ,  a p o s t e r i o r i ,  t he  defect  concentra- 
t i o n  sca l e  i n  the  e a r l y  i r r a d i a t i o n  work of Chiang, Cohen, 
Newmann and Heegerg. 

donceau, Bouffard and ZuppirolilO provides a t h i r d  v e r i f i -  
c a t i o n  of t he  dose s c a l e .  They have measured t h e  changes 
i n  s i z e  of c r y s t a l s  of  TTF-TCNQ submit ted t o  a n  e l e c t r o n  
i r r a d i a t i o n .  The damage s c a l e ,  i n  t h i s  t h i r d  experiment f i ts  
very wel l  the  previous " t ranspor t"  and "magnetic" scales 
provided t h a t  one t akes  t h e  t o t a l  volume change per molecu- 
lar  defect  t o  be 1 5 0.2 molecular volume, a very reasona- 
b le  value f o r  a s t rong  l o c a l  chemical r eo rgan i sa t ion  of t h e  
molecules. 

with the  defec t  concent ra t ion .  Th i s  l eads  f o r  

In a recent  s tudy of t h e  magnetic p rope r t i e s  of irra- 

Ap, /pL . This  is  not i n  con t r ad ic t ion  with the  previous 

F ina l ly ,  a very recent  experiment by Trouilloud, Ar- 

PHYSICAL PROPERTIES OF IRRADIATED SAMPIES 

Introduct ion 

The main consequences of i r r a d i a t i o n  on the  p rope r t i e s  of  
quasi-one-dimensional conductors a re  summarized on t a b l e  1 . 
The concent ra t ion  sca l e  is  common t o  organic  metals  and t o  
I D  and 2 D  chalcogenides but we have t o  keep i n  mind t h a t  i n  
the  case of organic  metals c corresponds t o  a f r a c t i o n  of 
damaged molecules when i n  chalcogenides it i s  a f r a c t i o n  of 
displaced at oms. 

f r a g i l e  i n s t a b i l i t y  of t he  e l e c t r o n  g a s  : a concent ra t ion  
of 10-4 is  enough t o  destroy the  superconducting transi- 
t ion".  Ten t imes more de fec t s  a r e  needed t o  ob ta in  the  
same r e s u l t  i n  NbSe3, according t o  W.W. Ful ler17.  According 

The superconduct ivi ty  of organic  conductors is a very 
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IRRADIATION EFFECTS IN 1D AND 2D CONDUCTORS [I395115 

Table 1 E f f e c t s  of I r r a d i a t i o n  Disorder on Low Dimensional 
Conductors 

-5 10 - 

- 

2 .I o - ~  

-2 
10 - 

\ 

In  (TmSF),PF6, t he  superconducting 
t r a n s i t i o n  temperature decreases  at 
the  rate AT/Ac - 10000 ( r e f .  1 1  ) 

/ 
/ \ t r a n s i t i o n  i n  ( T M T S F ) ~ P F ~  

Suppression of the  superconduct ing 

In  (TMTSF)2PFs and TMTSF-DMl?CNQ, the  
superconducting f l u c t u a t i o n s  are smeared 
(ref. 1 1 )  
Pinning of the  charge dens i ty  waves i n  
TTF-TCNQ, ( r e f .  12, 13) TSF-TCNQ (ref  .12) 
TMTSF-DWCNQ ( r e f .  4,  1 4 ) ,  TaS2 ( r e f .  1 ,  
15, 16) ,  T a %  ( r e f .  2 ,  16 ) .  

/ Ful l  pinning of t he  charge dens i ty  
waves t o  de fec t s  

Range o f  l o c a l i z a t i o n  : Anderson type 
i n  TaS2 ( r e f .  1 ) and i n t e r r u p t e d  me ta l l i c  
s t r ands  i n  organic  metals  ( r e f .  4 ) .  
Divergence of the  r e s i s t i v i t y  of NbSe 
( r e f .  1 7 )  at low temperatures .  

3 

t o  Mutka18, s e v e r a l  percent of de fec t s  a r e  needed t o  des t roy  
superconduct ivi ty  i n  the  layered  compound 2H-NbSe2. I n  the  
A 1 5  superconductors such as Nb3Ge, t he  superconducting 
t r a n s i t  ion  temperature decreases  wi th  increas ing  d isorder  
but t h e r e  i s  a s a t u r a t i o n  : it i s  impossible t o  remove 
superconduct ivi ty  , even i n  the  amorphous ma te r i a l .  Nothing 
very genera l  regarding d e f e c t s  and superconduct ivi ty  i n  low 
dimensional conductors can be deduced from our present  
knowledge. We will not speak much more of superconduct iv i ty  
and superconduct ing f l u c t u a t i o n s  i n  t h e  present  review but 
it is worth mentioning t h a t  d i sorder  and superconduct ivi ty  
i n  (TM”sF)2PF6 h a s  been c a r e f u l l y  explored i n  a very recent  
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6 4  13961 

paper by Bouffard e t  a1 .l . 
of the  lower p a r t  of Table 1 : t he  l o c a l i z a t i o n  range 
corresponding t o  concent ra t ions  of about 1% o r  more. The 
p rope r t i e s  of the  e l e c t r o n  gas i n  t h i s  reg ion  depend on 
dimensionality and have been s tud ied  i n  r e f .  1 f o r  Ta% and 
4 f o r  organic conductors. 

pinning t h a t  is t o  say on t h e  concent ra t ion  range between 
10-4 t o  a few 
t o  depend much less  on the  prec ise  chemistry of a l a rge  
c l a s s  of low dimensional conductors. 

L. ZUPPIROLI, H. MUTKA and S. BOUFFARD 

For s i m i l a r  reasons we w i l l  not speak very much here  

We have choosen t o  focus on the  charge dens i ty  wave 

because it is a 3-D e f f e c t  an t  i t  seems 

S t r u c t u r a l  Evidences o f  t he  Pinning 

The pinning e f f e c t  of de fec t s  on the  charge dens i ty  waves 
o r i g i n a t e s  from the  enhancement of t he  F r i e d e l  o s c i l l a t i o n  
around a per turb ing  p o t e n t i a l .  In a l o w  dimensional ma te r i a l  
t h a t  is  apt t o  form charge dens i ty  waves, the  F r i e d e l  o sc i l -  
l a t i o n  and its as soc ia t ed  l a t t i c e  d i s t o r s i o n  have long 
range ; t h i s  induces p ieces  of charge dens i ty  waves, the  
phases-of which a re  determined by the  per turb ing  p o t e n t i a l s  
and the  pos i t i ons  of t he  de fec t s .  Charge dens i t  wave pin- 
ning h a s  been ex tens ive ly  s tud ied  t h e 0 r e t i c a l l . 3 ~  (see ,  f o r  
example the con t r ibu t ion  of Bardeen t o  t h i s  conference)  ; 
experimental ly ,  the  evidences of the  pinning are hard ly  
ever  d i r e c t  : most of the experiments dea l  wi th  non l i n e a r  
t r anspor t  p rope r t i e s  due t o  the  depinning by an  e l e c t r i c  
f i e l d  (see,  f o r  example, t he  con t r ibu t ions  of Griiner or 
Monceau, t h i s  conference). More d i r e c t  evidences of the 
pinning are  repor ted  i n  the  present  paper .  These are elec- 
t r o n  microdi f f rac t ion  s t u d i e s  i n  the d isordered  low temp-  
r a t u r e  phases of 1T-TaS2 and TaSg (monoclinic phase). The 
per iodic  l a t t i c e  d i s t o r s i o n s  a s soc ia t ed  with t h e  charge 
densi ty  waves produce d i f fuse  l i n e s  and supe r s t ruc tu res  
which can be observed on the  mic rod i f f r ac t ion  p a t t e r n s  of 
pure and i r r a d i a t e d  samples o r  followed “ i n  s i t u ”  during 
i r r a d i a t i o n  at  7 K i n  a h igh  vol tage  e l e c t r o n  microscope2i16. 

I n  quasi-one-dimensional monoclinic TaS3, uncor re l a t ed  
charge dens i ty  waves are present  at room temperature ; they 
produce d i f fuse  l i n e s  on t h e  mic rod i f f r ac t ion  p a t t e r n s .  A t  
low temperatures, below t h e  metal  t o  i n s u l a t o r  phase t ran-  
s i t i o n s  the  charge dens i ty  waves order  i n t o  a tridimension- 
n a l  s u  e r s t r u c t u r e  : the  d i f fuse  l i n e s  condensate i n t o  
spots  28 . This  is t r u e  only i n  absence of i r r a d i a t i o n  defec ts ,  
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IRRADIATION EFFECTS IN 1D AND 2D CONDUCTORS [I397117 

If the  sample is i r r a d i a t e d  at 7 K i n  a high vol tage  elec-  
t r o n  microscope, the  charge dens i ty  waves spo t s  begin t o  
disappear  around a concent ra t ion  of 2 .I 0-4 disp laced  tan ta-  
lum atoms. When the  defect content  is  the re  is no 
l o n g e r  a t r id imens iona l  supers t ruc ture  but uncorre lat e d 
charge dens i ty  waves g iv ing  r i s e  t o  d i f fuse  l i n e s  very si- 
m i l a r  t o  those seen at room temperature i n  the  pure sample. 
A t  d i f fuse  l i n e s  are st i l l  p resen t .  (The microdiffrac-  
t i o n  pa t t e rns  can be seen i n  re ferences  2 and 16 ,  where the  
d e t a i l s  of  the  experiments a re  descr ibed) .  

In  quasi-two-dimensional IT-TaS2, charge dens i ty  waves 
with th ree  d i f f e r e n t  wave vec to r s  a re  present  at room t e m -  
pera ture .  They a re  ordered i n  a three-dimensional super- 
s t r u c t u r e  which i s  incommensurate wi th  the  l a t t i c e  ( f i g .  
I-a). A t  low temperatures ,  below the  phase t r a n s i t i o n s  t h e  
charge dens i ty  waves lock  on the  l a t t i c e  p e r i o d i c i t y  
( f ig .  I b ) .  

FIGURE 1 Charge densi ty  waves supe r s t ruc tu res  i n  IT-TaS2 : 
a/ pure c r y s t a l ,  300 K, above the phase t r a n s i t i o n s  ; b/ 
pure c r y s t a l ,  100 K ,  below the  phase t r a n s i t i o n s  ; d/ irra- 
d ia t ed  c r y s t a l  (3.10-2), 100 K ; c/  i r r a d i a t i o n  and annea- 
l i n g  at 400 K,  observat ion at 100 K. 
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8 4  13981 L. ZUPPIROLI. H. MUTKA and S. BOUFFARD 

This is only t r u e  i n  absence of i r r a d i a t i o n  de fec t s .  When 
the  sample is i r r a d i a t e d  at 7 K i n  the  h igh  vol tage elec- 
t r o n  microscope t t he  commensurability is  l o s t  f o r  concen- 
t r a t i o n s  of defec ts  of a few 
i s  shown on f igu re  I-d ; t h e  d i s t o r s i o n  i s  incommensurate 
at a l l  temperatures between 7 K and 300 K but the  s p o t s  
grow progress ive ly  t o  c i r c u l a r  segments when cool ing  down 
the sample below 150 K. This  l o s s  of coherence s t rongly  
suggests  t he  charge dens i ty  wave t o  be composed of small 
domains i n  which the  de fec t s  impose s l i g h t l y  d i f f e r e n t  
d i s to r s ions .  A more prec ise  explana t ion  w a s  achieved by 
s l i g h t l y  reorganis ing  the  conf igura t ion  of d i sordered  charge 
densi ty  wave by a shor t  anneal  at 400 K wi th in  the  micros- 
cope. Figure 1-c w a s  obtained with the  sample of f ig .  1-d 
af ter  such a t reatment .  The c i r c u l a r  segments break i n  two 
o r  t h ree  more o r  l e s s  defined spo t s .  The main f e a t u r e s  of 
t h i s  p a t t e r n  a re  expla ined  i n  r e f .  16 but it is  c l e a r ,  a t  
the  first glance t h a t  two p a r t i c u l a r  k ind  of domains have 
been favoured (they a re  twin v a r i a n t s  of t he  same charge 
densi ty  wave conf igura t ion) .  Fur ther  i r r a d i a t i o n  makes the  
coherence length  of the  d i s t o r s i o n  very small and the re  is 
no more temperature dependance of the  p a t t e r n  between 100 K 
and 400 K. 

The present  study is  one of the  most d i r e c t  evidences 
of the ex is tence  of domains of charge dens i ty  waves pinned 
t o  de fec t s .  

A t  3.10-* the  p a t t e r n  

Physical  Consequences of t h e  Pinning : the  S t a b i l i z a t i o n  of 
the Metal l ic  S t a t e  i n  Charge Density Wave Insu la to r s .  

The s t r u c t u r a l  r e s u l t s  above ment ionned c l e a r l y  demonstrate 
t ha t  i r r a d i a t i o n  de fec t s  f i x  t h e  phases of the  charge den- 
s i t y  waves, prevent t h e i r  low temperature order ing  and 
d i s t u r b  t h e i r  commensurability when they would l i k e  t o  lock  
on the  l a t t i c e .  

A wel l  known consequence of t h a t  on the  t r anspor t  pro- 
p e r t i e s  of t he  charge dens i ty  waves i n s u l a t o r s  is f i r s t l y  
t o  decrease t h e  tem r a t u r e  of t he  metal  t o  i n s u l a t o r  phase 
t r a n s i t  ions ’ y9,20,2rand, with f u r t h e r  i r r a d i a t i o n  t o  smear 
the  t r a n s i t i o n s  completely out of the  r e s i s t a n c e  versus  
temperature curves’ 9 *. Thus an i r r a d i a t i o n  at a constant  
temperature below the  phase t r a n s i t i o n ,  i n  t h e  i n s u l a t i n g  
s t a t e  produces an increase  of t he  conduct iv i ty  which reaches  
values  of t he  order  and even l a r g e r  than  the  room tempera- 
t u r e  values  i n  the m e t a l l i c  s t a t e .  This  maximum w a s  observed 
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IRRADIATION EFFECTS IN ID AND 2D CONDUCTORS [1399]/9 

at 20 K i n  TMCSF-DMTCNQ, TTF-TCNQ, TSF-TCNQ ( r e f .  4 and 12) ,  
and TaS2 ( r e f .  1 ). I n  TMTSF-DMTCNQ and i n  TTF-TCNQ, the  
t r ansve r se  conduct ivi ty  w a s  shown t o  increase  wi th  i r r a d i a -  
t i o n  too and t o  reach a maximum at  approximately t h e  same 
dose of 2.10'3 ( r e f .  5 and 1 2 ) .  

i r r a d i a t i o n s  have demonstrated the  ex is tence  of a h ighly  
conducting low temperature state corresponding t o  the  f u l l  
pinning of the  charge densi ty  wave by defec ts .  It w a s  
necessary t o  cha rac t e r i ze  a l i t t l e  b e t t e r  the  e l e c t r o n i c  
p rope r t i e s  of t h i s  disordered phase. This w a s  done by Fbrro,  
Janossy and Zuppi ro l i  i n  TMTSF-DMTCNQ (ref .  14). Fbrro 
measured the  Hall e f f e c t  and thermoelec t r ic  power of pure 
and i r r a d i a t e d  c r y s t a l s .  The main experimental  r e s u l t s  a r e  
p l o t t e d  on f i g u r e  2 : In an i r r a d i a t e d  sample of TMTSF- 
DMTCNQ conta in ing  2 of damwed molecules, t h e  H a l l  
e f f e c t  is  small and temperature indepelrldent from 2 K t o  
300 K ; the  thermoelec t r ic  power remains a l s o  small down 
t o  4 li-: t h e  high temperature inetallic s t a t e  h a s  been sta- 
b i l i z e d  by a weak d isorder .  Fur ther  i r r a d i a t i o n  does not 
change very much the  H a l l  c o e f f i c i e n t  and the  thermopovrer. 

S imi la r  r e s u l t s  were obtained by Mutka e t  a1.I i n  
i r r a d i a t e d  TaS2. h a l l  e f f e c t  and conduct iv i ty  measurements 
have demonstrated t h a t  a concent ra t ion  o f  a few 10-3 d e f e c t s  
produced by e l e c t r o n  i r r a d i a t i o n  s t a b i l i z e s  the  m e t a l l i c  
state i n  t h i s  compound too.  

appearance of the  m e t a l l i c  s t a t e  s t a b i l i z e d  by d i so rde r  
between 2 D  and 1 D  P e i e r l s  i n s u l a t o r s  : i n  IT-TaS2 t h e r e  is 
a l a rge  range of defec t  concent ra t ions  where dp/dT ( the 
temperature c o e f f i c i e n t  of t he  r e s i s t i v i t y )  i s  p o s i t i v e  at 
low temperatures ' ,  when i n  TMTSF-DNTCNQ, dp/'dT is  never  
pos i t i ve  a t  low t e m p r a t u r e s  even i n  the  concent ra t ions  
range where Hall e f f e c t  ana thermoelec t r ic  power a r e  very 
small. This is due t o  the  blocking e f f e c t  of d e f e c t s  i n  one 
dimension. The l o w  temperature I D  metal  s t a b i l i z e d  by di- 
sorder  i s  not a metal  01 i n f i n i t e  cha ins  but a metal  o f  
segments bounded by de fec t s .  E lec t rons  cannot escape these  
segments except by a hopping process4 which dominates the  
conduct ivi ty  even at concent ra t ions  of the  order  of 10-3. 

O f  course,  the blocking e f f e c t  of de fec t s  is not 
e f f e c t i v e  i n  layered  compounds. I n  two dimensions t h e r e  a re  
much more p o s s i b i l i t i e s  f o r  the  e l e c t r o n  t o  escape the  
defec t  p o t e n t i a l .  A smooth cross-over between the  me ta l l i c  
concent ra t ion  range and an Anderson l o c a l i z a t i o n  range h a s  

The conduct ivi ty  measurements performed i n  s i t u  during 

Nevertheless, t he re  is a s i g n i f i c a n t  d i f fe rence  i n  the  
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I O/[ 14001 L. ZUPPIROLI, H. MUTKA and S. BOUFFARD 
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FIGURZ 2 
state down t o  2 K i n  TMTSF-DMTCNQ. Transport  p r o p e r t i e s  of 
pure and i r r a d i a t e d  samples. From Forr6 e t  al?. 

A weak d i so rde r  ( Z . 1 0 e 3 )  s t a b i l i z e s  the  m e t a l l i c  
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IRRADIATION EFFECTS IN ID AND 2D CONDUCTORS [1401]/11 

been observed i n  TaS2 i r r a d i a t e d  a t  low temperatures'. 

below the  phase t r a n s i t i o n s ,  t h a t  t h e r e  is no s t a b i l i z a t i o n  
of the  me ta l l i c  s t a t e  eventhough the  charge dens i ty  waves 
a re  f u l l y  pinned by i r r a d i a t i o n  de fec t s  and the  phase t ran-  
s i t i o n s  smeared out irom the  r e s i s t i v i t y  versus  temperature 
curves2. In  f a c t ,  TaS3 is  shown t o  be the  first low dimen- 
s i o n a l  conductor i n  which the  pinning of t he  charge dens i ty  
waves produces no changes i n  the  low temperature resisti- 
v i t y .  

In monoclinic TaS3 l o c a l i z a t i o n  e f f e c t s  are s o  s t rong  

The Charge Censity Wave Motion i n  Presence of Defects 

F I G E  3 Schematic r ep resen ta t ion  of t he  f l u c t u a t i n g ,  
d i sordered  charge dens i ty  waves i n  presence of s t rong  
de fec t s  (TTF-TCNQ, 100 K ) .  
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12/[1402] L. ZUPPIROLI, H. MUTKA and S. BOUFFARD 

When they are  not pinned t o  the l a t t i c e ,  charge density 
waves can carry e l ec t ron ic  current .  More precisely,  the 
electrons condensated below the P e i e r l s  gap can move cohe- 
r en t ly ,  together with the periodic l a t t i c e  d i s to r s ion  which 
opens the l o c a l  gap. A co l l ec t ive  contr ibut ion i s  added t o  
the s ingle  e l ec t ron  conductivity.  Because of  the presence 
of t h i s  "gliding-gap" the sca t t e r ing  l imi t ing  the usual 
one-particule conductivity i s  strongly reduced as fa r  as the 
condensated e l ec t rons  are  concerned (coherent phonon drag). 

FIGURE 4 Schematic representat ion o f  the ordered charge 
density waves i n  presence of strong defects  (NbSe3, 50 X) .  
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IRRADIATION EFFECTS IN 1D AND 2D CONDUCTORS [1403]/13 

Evidences f o r  an ex t raconduct iv i ty  due t o  charge den- 
s i t y  waves have been r e p 0 r t e d ~ ~ 9 ~ 7  i n  two kind of systems 
represented  schematical ly  on f i g u r e s  3 and 4. Figure 3 could 
represent  TTF-TCNQ at 100 K where the  c o l l e c t i v e  conducti- 
v i t y  is e s s e n t i a l l y  r e l a t e d  t o  1D f luc tua t ions26 .  The charge 
dens i ty  waves do not f e e l  the  t ransverse  i n t e r a c t i o n s  enough 
t o  be ordered ; i n  the  "pure" sample the  f l u c t u a t i n g  conduc- 
t i v i t y  i s  l imi t ed  by the  t - D  coherence length  of the  charge 
dens i ty  waves. Figure 4 could represent  NbSeg a t  50 K where 
an  ex t raconduct iv i ty  due t o  charge dens i ty  waves is observed 
i n  the  ''pure" sample when a low dep iming  f i e l d  is applied27. 
It appears  i n  a range of temperatures where the  charge den- 
s i t y  waves a re  ordered but incommensurable wi th  t h e  l a t t i c e .  
In  both cases  s t rong  pinning cen t r e s  such as i r r a d i a t i o n  
induced de fec t s  appear as r i g i d  inc lus ions  i n  the charge 
dens i ty  waves system. They r i g i d l y  impose the  phases at a 
non negl igeable  dis tance from t h e i r  c e n t r e ,  along the  cha in  
as w e l l  as on s e v e r a l  adjacent  chains .  They cannot be t r e a t e d  
as point  de fec t s  which p in  the  phase a t  a s i n g l e  poin t  on 
a s i n g l e  chain.  

the m e t a l l i c  phase of TTF-TCNQ and the  subsequent e f f e c t  on 
the  c o l l e c t i v e  con t r ibu t ion  t o  the  conduct iv i ty  has  been 
r ecen t ly  s tud ied  by Bouffard, Chipaux, Jerome and Bech- 
gaardl3.  They have demonstrated t h a t  a concent ra t ion  of 
about 2.10-7 is  enough t o  block a l l  the f l u c t u a t i n g  con t r i -  
but ion due t o  charge dens i ty  waves. This  corresponds on the  
cha in  t o  one defec t  each 500 molecules. The coherence l eng th  
of' the  charge dens i ty  wave being s i g n i f i c a n t l y  smal le r  t han  
500 molecular d i s t ances  a t  any temperature i n  the m e t a l l i c  
range (30 molecular d i s t ances  a t  60 K and 3 molecular dis- 
t ances  at  I50 K)28, the  r e s u l t s  of Bouffard e t  a l .  confirm 
t h a t  pinning i s  not s t r i c t l y  one-dimensional. Thei r  r e s u l t s  
suggest t h a t  the defect  at 100 K i s  a r i g i d  inc lus ion  of 
2 o r  3 coherence lengths  ex tens ion  along the  cha ins ,  i n t e -  
r e s t i n g  10 cha ins  approximately. In  these  condi t ions  it is 
not s u r p r i s i n g  t h a t  the concent ra t ion  of  2.1 0-3 t h a t  they 
found i s  very c lose  t o  the concent ra t ion  of d e f e c t s  of the  
same na ture  needed t o  des t roy  completely the  charge dens i ty  
wave order ing i n  the  i n s u l a t i n g  phase and t o  s t a b i l i z e  the  
me ta l l i c  s t a t e .  

I n  NbSe3 and r e l a t e d  compounds ( f i g .  4) the problem 
seems more complicated and t h e  i r r a d i a t i o n  experimental  
r e s u l t s  more cont rovers ia l '  9 29. The p ic tu re  of f i g u r e  4 
s t rongly  suggests  the  depinning problem by an e l e c t r i c  f i e l d  

The pinning of the charge dens i ty  waves by d e f e c t s  i n  
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1 4 4  14041 L. ZUPPIROLI, H. MUTKA and S. BOUFFARD 

i n  presence of s t rong  de fec t s  t o  be similar t o  the problem 
of the p l a s t i c  deformation of a m e t a l l i c  matr ix  i n  presence 
of i nc lus ions  harder  than t h i s  matr ix .  This  analogy r ep laces  
the  e l e c t r i c  f i e l d  by a stress, the  charge dens i ty  wave 
cur ren t  by a deformation and the  th re sho ld  f i e l d  by the 
y i e l d  s t r e s s  f o r  p l a s t i c  deformation. A considerable  l i t t e -  
r a tu re  has  been w r i t t e n  on t h i s  subject3O and t h i s  kind of 
t r idimensionnal  approach seems t o  us more appropr ia te  t han  
the one dimensional approach where independent charge den- 
s i t y  wave segments a re  considered t o  be depinned sepa ra t e ly  
(see Port is, t h i s  conference)  . The present  kind of i n t u i t  i on  
could a l s o  exp la in  the  cur ious  metastable  s t a t e s  of the 
charge dens i ty  wave observed by G i l l  ( t h i s  conference)  
which i n  the p l a s t i c i t y  language could be rep laced  by r e l a -  
xa t ion  o r  c reep .  Let us  mention t h a t  Lee and Rice have 
already considered the p o s s i b i l i t y  of motion of  d i s l o c a t i o n s  
i n  the charge dens i ty  wave la t t ice2’  . 
been already published and they  a re  i n  ~ o n t r a d i c t i o n ’ 7 , ~ 9  : 
f i l l e r  e t  a l .  have i r r a d i a t e d  wi th  2.5 MeV protons and they  
found the th re sho ld  f i e l d  t o  vary l i n e a r l y  wi th  the  defect  
concent ra t ion  on more than  one decade. Monceau e t  al .  have 
i r r a d i a t e d  wi th  3 MeV e l e c t r o n s  and s u r p r i s i n g l y  they don‘t  
f i n d  any important pinning e f f e c t  wi th  similar concent ra t ion .  

Two d i f f e r e n t  i r r a d i a t i o n  experiments of NbSg have 

Charge Density Wave Insu la to r s  and Metals 

Ta$, lT-TaS2, TIUPSF-DMTCNQ, TTF-TCNQ e t c  ... are low tempe- 
rakure charge- dens i ty  wave i n s u l a t o r s .  Eut charge dens i ty  
wave onse t ,  order ing o r  commensurability have not always the  
same d r a s t i c  e f f e c t s  on t h e  Fermi su r face  as i n  these  com- 
pounds. NbSe3, 2H-TaS2, 2H-NbSe2 etc... a r e  we l l  known t o  be 
low temperature metals  and even superconductors. It i s  
i n t e r e s t i n g  t o  compare t h e  pinning e f f i c i e n c y  of i r r a d i a t i o n  
de fec t s  i n  these  two d i f f e r e n t  types  of systems. Ue present  
a prel iminary experiment concerning a s e r i e s  of layered  con+ 
pounds very d i f f e ren t  from each o the r  from the  poin t  of  view 
of t h e i r  t r anspor t  p rope r t i e s  ( f i g .  5). 2H-NbSe2 and 2H-TaS2 
are  l o w  temperature metals  and superconductors. The charge 
dens i ty  wave anomalies a r e  hard ly  eve r  v i s i b l e  on t h e  
r e s i s t ance  ve r sus  temperature curves .  When i r r a d i a t e d  wi th  
e l ec t rons  01- neutrons the  r e s i s t a n c e  versus  temperature 
curves  change i n  agreement wi th  the  Mathiessen‘s  r u l e  
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1T TaS, 

1T VSe, 

2H NbSe, 

0 100 200 T (K) 

FIGUIlE 5 R e s i s t i v i t y  versus  temperature curves  of 3 di f fe -  
r e n t  layered  compounds before and a f t e r  an  e l e c t r o n  irradia- 
t i o n  c r e a t i n g  a concent ra t ion  of de fec t s  o f  the  order  of 1%. 

(p lease ,  no t ice  t h a t  the  sca l e  on f i g .  5 i s  loga r i thmic ) ,  
"Pure" 1T-TaS2 has  a r e s i s t i v i t y  which is  a t  l e a s t  one 

order  of magnitude l a r g e r  i n  the whole temperature range. 
It is  a charge dens i ty  wave i n s u l a t o r  and d e f e c t s  s t a b i l i z e  
the l o w  temperature me ta l l i c  s t a t e ,  as demonstrated previou- 
s l y .  

1T-VSe2 is  an intermediate  compound and i t  e x i b i t s  an  
intermediate  behaviour under i r r a d i a t i o n .  Defects  are t e n  
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t imes more e f f i c i e n t  at low temperatures  than  at room 
temperature. 

t h a t  the  consequences of pinning a re  d i f f e r e n t  and depend 
on the s t r eng th  of t he  charge dens i ty  wave i n  the pure 
compound. 

These coherent but prel iminary r e s u l t s  demonstrate 

CONCLUSION 

Af t e r  a work of  4 y e a r s  on i r r a d i a t e d  low dimensional con- 
ductors  the  p r i n c i p a l  e f f e c t s  of s t rong  de fec t s  or! t h e  
me ta l l i c  p rope r t i e s ,  e l e c t r o n i c  i n s t a b i l i t i e s ,  f l u c t u a t i o n s ,  
and phase t r a n s i t i o n s  a re  r a t h e r  w e l l  understood. The con- 
c e n t r a t i o n  s c a l e s  of  de fec t s  i n  i r r a d i a t e d  samples have 
been e s t ab l i shed  c a r e f u l l y .  I r r a d i a t i o n  proved t o  be a good 
method f o r  explor ing  d isorder  i n  low dimensional conductors 
and d i s t ingu i sh ing  between the  genuine i n t r i n s i c  p r o p e r t i e s  
and e x t r i n s i c  ones due t o  the  saniFle prepara t ion .  
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