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QUENCHING AND IRRADIATION EFFECTS ON ANION ORDERING 
I N  (TMTSF) 2CQ04 

R .  MORET, J . P .  POUGET, S. RAVY and R. COMES 
L a b o r a t o i r e  de Physique des  S o l i d e s ,  U n i v e r s i t g  de Paris-Sud 
9 1405 ORSAY (France) 
K .  BECHGAARD 
H . C .  OERSTED I n s t i t u t e ,  DK 2100 COPENHAGEN (Denmark) 

Abt rac t  The an ion  o r d e r i n g  t r a n s i t i o n  of  (TMTSF)2C1104 h a s  
been s t u d i e d  by X-ray d i f f r a c t i o n  down t o  10 K.  I n f l u e n c e  of  
t h e  cool ing  speed on t h e  i n t e n s i t y  and width of (0,112, 0) 
s u p e r s t r u c t u r e  r e f l e c t i o n s  i s  demonstrated.  P a r t l y  quenched 
and r e l a x e d  s t a t e s  are c h a r a c t e r i z e d .  X-ray i r r a d i a t i o n  h a s  a 
very s t r o n g  i n f l u e n c e  on t h e  an ion  o r d e r i n g .  The t r a n s i t i o n  
temperature  decreases  and t h e  r e f l e c t i o n  i n t e n s i t i e s  are redu- 
ced upon i r r a d i a t i o n .  A p r e l i m i n a r y  a n a l y s i s  of 220 s u p e r s t r u c -  
t u r e  r e f l e c t i o n s  shows t h a t  o r d e r i n g  of t h e  an ions  accounts  
f o r  most of t h e i r  i n t e n s i t i e s  so t h a t  a s s o c i a t e d  l a t t i ce  d i s -  
t o r t i o n s  are weak. T h i s  is i n  contrat  w i t h  (TMTSF)2Re0 where 
t h e  l a t t e r  were impor tan t ,  e s p e c i a l l y  f o r  t h e  o r g a n i c  s t a c k .  4 

INTRODUCTION 

(TMTSF) CllO e x h i b i t s  a v a r i e t y  of  p h y s i c a l  p r o p e r t i e s  and ground 
s ta tes  zepending on t h e  speed of c o o l i n g  through t h e  24 K an ion  
o r d e r i n g  t r a n s i t i o n .  By slow c o o l i n g  one o b t a i n s  a superconduct ing  
s t a t e  a t  ambient pressure”’  and very  i n t e r e s t i n g  H a l l  e f f e c t s  i n  
h igh  magnetic f i e l d , 3 , 4 , 5  w h i l e  a s p i n  d e n s i t y  wave s ta te  i s  sta- 
b i l i z e d  by f a s t  ~ o o l i n g ~ ~ ~ ’ ~  . Extens ive  s t u d i e s  of t h e s e  proper-  
t i e s  a r e  under way as r e p o r t e d  i n  t h e s e  proceedings.  The s t r u c t u r a l  
behavior  of t h i s  compound i s  a l s o  very  p e c u l i a r  though less w e l l  
d o c u ~ n e n t e d ~ ’ ~ ~ ,  ’’. The 24 K t r a n s i t i o n  involves  t h e  o r d e r i n g  of  
t h e  Ck04 i o n s  w i t h  t h e  wave v e c t o r  q = (0, 112, O)9910. The h i g h  
temperature  d i s o r d e r  of  t h e  an ions  can b e  quenched by f a s t  c o o l i n g  
whi le  f u l l  o r d e r i n g  i s  o b t a i n e d  by s u f f i c i e n t l y  slow cool ing’ l  .The 
p r e s e n t  paper  r e p o r t s  new X-ray d i f f u s e  s c a t t e r i n g  r e s u l t s  on t h i s  
t r a n s i t i o n .  A more extended paper  i s  t o  be  publ i shed12.  
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258 R. MORET et al. 

EXPERIMENTAL 

The (TMTSF) C8O4 c r y s t a l  ( 0 . 3 ~ 0 . 5 ~ 3  mm3) was mounted on a d i f f r ac -  
tometer w i t 2  the normal beam, l i f t i n g  counter geometry and cooled 
down t o  10 K using a Displex cryocooler.  Maximum cooling r a t e  was 
3 K/min below 40 K .  The use of a doubly bent graphi te  monochroma- 
t o r  provided a high beaF power a t  the expens$ of a r e l a t i v e l y  low 
reso lu t ion  : AQ = 0.02 A- i n  t he  v e r t i c a l  (a) d i r ec t ion  and 0.01A 
i n  the  (b*- c*> hor i zon ta l  plane. 

RESULTS AND DISCUSSION 

Figure 1 shows the temperature &endence of one of the  s t ronges t  
supers t ruc ture  r e f l e c t i o n s  (1, 2.5, 3) (reduced wave vec tor  0 ,  112, 
0).  I n  the  slow cooling case (0.25 K/min) one obta ins  a continuous 
t r a n s i t i o n  while a cooling speed of 3 K/min reduces the peak inten- 
s i t y  by more than 50%. The lo s s  of i n t e n s i t y  is a t t r i b u t e d  t o  an 
incomplete ordering of t he  anions due t o  p a r t i a l  quenching. This 
is i n  agreement with the r e s u l t s  of Kagoshima e t  a l .  I n  the 
slow cooling case the  i n t e n s i t y  s a t u r a t e s  below about 17 K which 
ind ica tes  t h a t  t he  cooling speed of 0.25 K/min i s  too high i n  the 
f i n a l  s tages  of the  ordering and t h a t  a slower speed should allow 
a more complete ordering. Also worth not ing  is the  small bump 
around 23 K on the  hea t ing  curve, which cones from annealing 
e f f e c t s  occuring j u s t  below the  t r a n s i t i o n  temperature. The annea- 
l i n g  process becomes f a s t e r  a s  the temperature approaches T, i n  
agreement with previous r e s u l t s l l  . Actually we  have found t h a t  
below 18 K the annealing e f f e c t  becomes extremely slow. 

There is a weak precursor s c a t t e r i n g A o v 5  Tc and up t o  
30-40 K. Figure 2 shows scans of the  ( 1 ,  2.5, 3) r e f l e c t i o n  along 
the rec iproca l  axes a t  25.2 K.  The peak i s  broad and nearly iso- 
t rop ic  which confirms previous photographic s tud ie s9 .  Correlation 
lengths a r e  on the  order of 50-80 A a t  t h i s  temperature and drop 
rap id ly  a s  T increases .  

experiment (CuKcc rad ia t ion ,  50 kV, 30 mA)have a very s t rong  
influence on the supers t ruc ture  r e f l e c t i o n s .  Figure 3 shows the 
peak in t ens i ty  of 2 typ ica l  r e f l e c t i o n s  a s  a func t ion  of irra- 
d ia t ion  time. After15 hours of i r r a d i a t i o n  t h e  i n t e n s i t y  is  almost 
reduced by a f ac to r  of 2 .  From previous r e s u l t s  on i r r a d i a t i o n  
e f f e c t s l f  we can estimate t h a t  about 0.016 mol% de fec t s  have 
been created during t h i s  t i m e .  The very high s e n s i t i v i t y  of the 
anion ordering on i r r a d i a t i o n  i s  thus dramatic i f  one considers 
t h a t  the disordered region assoc ia ted  with each defec t  must 
contain roughly 1500 u n i t s  cells .  On the  o the r  hand the re  i s  
l i t t l e  e f f e c t  on the main r e f l e c t i o n s  f o r  t h i s  i r r a d i a t i o n  time 
which is  not  su rp r i s ing  gi,ven the  very low concentration of dama- 
ged organic molecules. For higher i r r a d i a t i o n  doses obtained with 

We have found t h a t  the X-rays used i n  our d i f fuse  s c a t t e r i n g  
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QUENCHING AND IRRADIATION EFFECTS ON ANION ORDERING IN (TMTSF),CIO, 259 
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FIGURE I-: Temperature dependence FLGUE2 Scans of  the 
of the ( I ,  2 . 5 ,  3 )  peak in tens i ty .  ( I ,  2 . 5 ,  3 )  dif fuse  scattering 
S l o w  cooling : 0.25 K/min., 
Heating : 0.5  K/min and 
rapid cooling : 3 K/min. i sotropic .  

peak i n  the precursor regime. 
The correlations are roughly 

FIGURE 3 : Irradiation 
time dependence of 2 
typical superstructure 
ref lect ions  a t  1 1  K .  

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

2:
41

 2
0 

Fe
br

ua
ry

 2
01

3 



260 R. MORET d al. 

I o r  2 days of i r r a d i a t i o n  the main r e f l e c t i o n s  a r e  a l s o  a f f ec t ed  
but  much l e s s  than the supers t ruc ture  ones. This e f f e c t  deserves a 
more de t a i l ed  study. 

Annealing e f f e c t s  a r e  a l s o  observed f o r  anion d isorder  induced 
by i r r a d i a t i o n  and they a re  even s t ronger  than those found i n  the  
case of quenching. They s t a r t  t o  be v i s i b l e  a t  a lower temperature, 
15 K, perhaps below. We a l so  poin t  ou t  a s h i f t  of the  t r a n s i t i o n  
temperature upon i r r a d i a t i o n  wi th  
value is  much higher than f o r  d i sorder  introduced by a l l o y i n  
- 4KfX fo r  TMTSF Ct04 l4 and -8 Kf% f o r  TMTSFl-x TMTTFx Ct04 . 
In t e re s t ing ly  enough i t  is c lose r  t o  what is found f o r  the super- 
conducting t r a n s i t i o n  i n  i r r ad ia t ed  ( M S F )  *PF61 

Figure G h o z s  a comparison of the peak scans made along c* 
f o r  the (1, 2.5, 3) supers t ruc ture  r e f l e c t i o n  a t  low temperature 
f o r  d i f f e r e n t  conditions of thermal treatment o r  i r r a d i a t i o n .  
Scans (a )  and (b) correspond t o  the slowly and rap id ly  cooled cases 
i n  f igu re  1 (with l i t t l e  i r r a d i a t i o n )  while scan (c )  was taken 
a f t e r  15 hours of i r r a d i a t i o n .  Comparing scans (a) and (c) which 
have the same peak i n t e n s i t y  w e  note t h a t  t he re  i s  no broadening 
of the peak i n  the  case of i r r a d i a t i o n ,  as compared t o  scan (b ) ,  
while a s i g n i f i c a n t  one i s  produced by quenching (scan ( a ) ) .  This 
is probably r e l a t ed  t o  d i f fe rences  i n  the type of d i sorder  present  

a rate dT,fdc - 45 Kf%. This 

8,  
?r 

and (TMTSF) 2CkOi6. 

FIGURE 4 
width of the (1, 2.5, 3) r e f l ec t ion .  
a )  pa r t ly  quenched s t a t e  
b) slowly cooled relaxed s t a t e  (R) 
c )  R s t a t e  a f t e r  15 hours i r r a d i a t i o n  
d) R s t a t e  a f t e r  about 100 hours i r r a d i a t i o n .  

: Co;pa&on-of quenching and i r r a d i a t i o n  e f f e c t s  on the 
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QUENCHING AND IRRADIATION EFFECTS ON ANION ORDERING IN (TMTSF),CIO, 261 

i n  t h e  c r y s t a l .  Through quenching t h e  growth of  o r d e r e d  domains i s  
s topped and t h e  peak broadening r e f l e c t s  t h e  l i m i t e d  domain s i z e  
( scan  ( a ) ) .  I n  t h e  case of i r r a d i a t i o n  d e f e c t s  in t roduced  i n  a 
s lowly cooled c r y s t a l  t h e s e  d e f e c t s  are c r e a t e d  a t  random so t h a t  
d i s o r d e r e d  r e g i o n s  are randomly d i s t r i b u t e d  and do n o t  modify t h e  
coherence l e n g t h  a t  least  i n  t h e  f i r s t  s t a g e s  ( scan  ( c ) ) .  Thus a 
h i g h e r  l e v e l  of  d i s o r d e r  i s  needed t o  broaden t h e  peaks as i s  
shown f o r  scan  (d) corresponding t o  about  100 hours  o f  i r r a d i a t i o n  
b u t  where t h e  i n t e n s i t y  i s  now much lower. 

r e f l e c t i o n s  i n  o r d e r  t o  c h a r a c t e r i z e  t h e  s t r u c t u r a l  m o d i f i c a t i o n s  
brought  about  a t  t h e  t r a n s i t i o n .  S t a r t i n g  from t h e  low-temperature 
average s t r u c t u r e 1 7  we have performed a pre l iminary  a n a l y s i s  o f  
the i n t e n s i t y  d a t a .  It  shows t h a t  t h e  o r d e r i n g  of  t h e  an ions  i n  a 
ax2bxc u n i t  c e l l  ( f e r r o - l i k e  o r i e n t a t i o n s  i n  t h e  a and c d i r e c t i o n s  
b u t  a n t i f e r r o - l i k e  along b )  accounts  f o r  most o f  t h e  i n t e n s i t y .  
Therefore  t h e  organic  s t a c k s  i s  not  d i s t o r t e d  (or  v e r y  l i t t l e )  and 
t h e  o n l y  s i g n i f i c a n t  s h i f t  i s  t h a t  of  t h e  c h l o r i n e  atom which is 
on t h e  order  of 0.1 1 , mainly a l o n  b .  A more a c c u r a t e  re f inement  
has  j u s t  been made by G a l l o i s  e t  a lF8 and i t  is i n  f a i r  agreement 
w i t h  t h e  above r e s u l t s .  

This  should be  compared wi th  t h e  case of (TMTSF) Re04 where 
t h e  177 K meta l - insu la tor  t r a n s i t i o n  i s  a s s o c i a t e d  wigh a n  a n t i -  
f e r r o - l i k e  o r d e r i n g  of t h e  Re04 o r i e n t a t i o n s  a l o n g  a ,  b and c .  I n  
c o n t r a s t  w i t h  (TMTSF) CEO t h e  t r a n s i t i o n  p r e s e n t s  a n  impor tan t  
d i s p l a c i v e  c h a r a c t e r  wi th  d i s t o r t i o n s  o f  t h e  o r g a n i c  s t a c k s  i n  par -  
t i c u l a r .  S impl i fy ing  t h e  d i f f e r e n t  behaviors  of  t h e s e  two salts i t  
appears  t h a t  i n  (TMTSF) CllO t h e  e lec t ron-anion  coupl ing  is  weak 
and t h e  d i r e c t  anion-anion i n t e r a c t i o n  a long  a is  minimized by t h e  
o r d e r i n g  whi le  i n  (TMTSF)2Re04, where t h e  e l e c t r o n  an ion  coupl ing  
i s  s t r o n g e r ,  t h e  response f u n c t i o n  of t h e  I D  e l e c t r o n  gas  d i v e r g e s  
a t  2k 

%e conclude w i t h  a s h o r t  d i s c u s s i o n  of t h e s e  r e s u l t s .  The 
slow k i n e t i c s  of  the  24 K an ion  o r d e r i n g  t r a n s i t i o n  o f  (TMTSF)2CL0 
i s  so  f a r  unique.  This  may be  r e l a t e d  t o  t h e  r e l a t i v e l y  low tempe- 
r a t u r e  ( lowest  of t h e  fami ly)  and a l s o  t o  competing (1/2, 1/2,1/2) 
and (0, 1/2, 0) wave v e c t o r s  f o r  t h e  I t  would be  
i n t e r e s t i n g  t o  look f o r  p o s s i b l e  k i n e t i c s  e f f e c t s  i n  sa l t s  which 
e x h i b i t  o r d e r i n g  t r a n s i t i o n s  a t  r e l a t i v e l y  low tempera ture  l i k e  
(TMTSF) NOj o r  (TMTSF)2BF4. We a l s o  n o t e  t h a t  k i n e t i c  e f f e c t s  much 
s lower ghan cons idered  h e r e  have been shown t o  p lay  a key r o l e  on 
#the anomalous Hall e f f e c t s  observed i n  h i g h  magnet ic  f i e l d s l a .  

r e l a t i o n  w i t h  s u p e r c o n d u c t i v i t y .  It i s  known t h a t  0.01% i r r a d i a -  
t i o n  d e f e c t s  k i l l  superconduct iv i ty16  and we have found t h a t  a 
s u b s t a n t i a l  p a r t  of  t h e  an ions  are d i s o r d e r e d  by such a low con- 
c e n t r a t i o n  of d e f e c t s .  Moreover q ~ e n c h i n g ’ , ~ , ~ ~  and a l l ~ y i n g ~ ~ . ~ ~  
a l s o  suppress  s u p e r c o n d u c t i v i t y .  So t h e  r o l e  of t h e  i r r a d i a t i o n -  

We have a l s o  measured t h e  i n t e n s i t i e s  of 220 s u p e r s t r u c t u r e  

- 
2 4  

4 

(a’//z) c r e a t i n g  a n  i n s u l a t i n g  state.  

4 

Our r e s u l t s  on t h e  i r r a d i a t i o n  e f f e c t s  can be d i s c u s s e d  i n  
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262 R. MORET et al. 

induced anion d i s o r d e r  i s  probably c r u c i a l  i n  t h i s  r e s p e c t  and 
one might sugges t  t h a t  the  h igh  s e n s i t i v i t y  o f  superconduct iv i ty  
t o  i r r a d i a t i o n  i s  a c t u a l l y  due t h e  h i g h  s e n s i t i v i t y  of t h e  an ion  
o r d e r  t o  i r r a d i a t i o n ,  as we have shown here .  However t h i s  argument 
does not  r e a d i l y  apply t o  t h e  behavior  of (TMTSF)2PF6 f o r  example 
where no evidence of an  anion o r d e r i n g  t r a n s i t i o n  h a s  been found 
so f a r .  

t r a n s i t i o n s  i n  (TMTSF)2 CL04 and (TMTSF)2Re0 and e s p e c i a l l y  t h e  
involvement of t h e  organic  s t a c k s  as r e v e a l e t  by t h e  d i s t o r t i o n s  
w e  no te  t h a t  it would be i n t e r e s t i n g  t o  examine o t h e r  sa l t s  l i k e  
(TMTSF)2N03 o r  (TMTTF)2SCN. I n  t h e  former, t h e  41 K (1 /2 ,  0 ,  0) 
anion o r d e r i n g  t r a n s i t i o n  does n o t  open a Fermi s u r f a c e  gap and t h e  
anion-electron i n t e r a c t i o n  should be weakz1. The t r a n s i t i o n  should 
have a weak d i s p l a e i v e  c h a r a c t e r  f o r  t h e  molecular  s t a c k .  The 160K 
(0, 1/2, 1/2) an ion  o r d e r i n g  t r a n s i t i o n  of (TMTTF)2SCN i s  a metal- 
i n s u l a t o r  onez2 and does note  minimize t h e  d i r e c t  anion-anion i n t e -  
r a c t i o n .  Then t h e  e l e c t r o n i c  o r i g i n  of t h e  t r a n s i t i o n  is l i k e l y  
t o  involve a molecular s t a c k  d i s t o r t i o n .  

Returning t o  t h e  c o n t r a s t e d  e f f e c t s  of t h e  an ion  o r d e r i n g  

We wisk t o  thank S .  BOUFFARD, P. GAROCHE, M.  HERITIER,  D.  JEROME, 
K. MURATA, C. NOGUERA, M. RIBAULT, M. SANQUER and 3 .  TOMIC f o r  
u s e f u l  d i s c u s s i o n s .  

REFERENCES 

1.  

2. 

3. 

4. 
5 .  
6.  

7. 

8. 

9 .  

10. 

1 1 .  

12. 

K .  Bechgaard, K .  Carneiro,  M. Olsen, R. Rasmussen and 
C.S. Jacobsen, Phys. Rev. L e t t .  46, 852 (1981). 
P. Garoche, R. B r u s e t t i  and K. Bechgaard, Phys. Rev. L e t t .  
- 49, 1346 (1982). 
M. R i b a u l t ,  D. Jdrome, J. Tuchendler, C. Weyl and K.Bechgaard, 
J .  Phys. Le t t .  44, L-953 (1983). 
L.P. Gorkov and E G .  Lebed, J ,  Phys. L e t t .  
M. Herit ier,  G .  Montambaux and P. Lederer ,  J. Phys.(submitted) 
T.  Takahashi, D.  Jdrome and K .  Bechgaard, J. Phys. Le t t .  
- 43, L-565 (1982). 
S. Tomic. D.  Jdrome, P. Monod and K. Bechgaard, J.  Phys. Lett. 
43, L-839 (1982). 
L . J .  Azevedo, J . M .  Williams and S.J. Compton, Phys.Rev. B ,  2 
6600 (1983). 
J.P. Pouget, G .  Sh i rane ,  K .  Bechgaard and J . M .  Fabre,  

- 45,L-433 (1984). 

- 

Phys. Rev. B , 
J .P.  Pouget, R .  G re t ,  R. Com'es. G.  Sh i rane ,  K.  Bechgaard and 

27, 5203 (1983) . -  

J . M .  Fabie ,  J. Phys. Colloq. 44, C3-969 (1983) .  
S.  Kagoshima, T. Yasunaga, T.%higuro, H .  Anzai and G. S a i t o ,  
Sol id  S t a t e  Comm. 46, 867 (1983). 
R .  Moret, J.P. P o u z t ,  S. Ravy, R. Comes and K .  Bechgaard, 
t o  be publ ished.  

- 

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

2:
41

 2
0 

Fe
br

ua
ry

 2
01

3 



QUENCHING AND IRRADIATION EFFECTS ON ANION ORDERING IN (TMTSF),CIO, 263 

13. L. Forro,  L. Zuppi ro l i ,  J .P.  Pouget and K .  Bechgaard, 
Phys. Rev. B 27 , 7600 (1983). 
S .  Bouffard, Thes is ,  Orsay (1981); M. Sanquer, p r i v a t e  
communication. 

14. S .  Tomic, D.  JCrome, D.  Mai l ly ,  M.Ribault and K .  Bechgaard, 
J .  Phys., 3, C3-1075 ( 1983). 

15. S .  Bouffard, M. R i b a u l t ,  R. B r u s e t t i  , D. Jerome and 
K .  Bechgaard, J .  Phys. C 15 , 2951 (1982). 

16. R.L.  Greene, P .  Haen, S .ZrHuang,  E.M. Engler ,  M.Y. Choi 
and P.M. Chaikin, Mol. C r y s t a l s  L i q .  C r y s t a l s ,  2, 183 (1982). 

17. B .  G a l l o i s ,  D.  Chasseau, J. G a u l t i e r ,  C.Hauw, A .  F i l h o l  and 
K .  Bechgaard, J .  Phys., 64, C3-1071 (1983). 

18. M. R i b a u l t ,  These proceedings.  
19. S .  Tomic, D .  Jerome, P. Monod and K.  Bechgaard, J.  Phys. 64 , 
20.  C .  Coulon, P .  Delhaes, J .  Amiell, J . P .  Manceau, J . M .  Fabre and 

2 1 .  K .  Bechgaard, K .  Jacobsen, C.S. Mortensen,H.J. P e t e r s e n  and 

C3-1083 (1983). 

L. G i r a l ,  J. Phys., 42 , 1721 (1982). 

N.H Thorup, S o l .  S t a t e  Corn., 33, 1119 (1980). 
22. C.  Coulon, A .  Maaroufi ,J .  Amiell, E .  Dupart, S .  F l a n d r o i s ,  

P. Delhaes, R .  Moret, J .P .  Pouget and J , P .  Morand, Phys. Rev. 
B 26, 6322 (1982). - 

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

2:
41

 2
0 

Fe
br

ua
ry

 2
01

3 


