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Measurements of t he  pressure  and temperature dependence 
of t he  a-axis r e s i s t i v i t y  of  (TMTSF) Re04 a r e  presented.  
The metal- insulator  t r a n s i t i o n  seen i n  t h i s  ma te r i a l  a t  
t he  remarkably high temperature o f  %180 K a t  ambient 
; ) ressure  and which is a s soc ia t ed  wi th  an o rde r ing  of the  
Re04 anions i s  suppressed under pressure .  For p re s su res  
above %9.5 kbar we observe a superconducting t r a n s i t i o n  
nea r  1.3 K.  There i s  a narrow in te rmedia te  p re s su re  
regime about 2.5 kbar i n  width i n  which both super- 
conduct iv i ty  and e f f e c t s  of anion order ing  a r e  observed. 
I n  t h i s  regime ( i )  a superconducting t r a n s i t i o n  i s  Seen 
near  1.3 K even though p j u s t  above the  t r a n s i t i o n  can 
be up t o  10-100 times g r e a t e r  than p(300 K ) ,  and ( i i )  
t he re  is an ex t r ' i o rd ina r i ly  l a rge  h y s t e r e s i s  i n  p below 
% 100 K wi th  the  p o s s i b i l i t y  of vary ing  the  r e s i s t a n c e  of 
t h e  low temperature s t a t e  by s e v e r a l  o rde r s  of magnitude 
by appropr ia te  temperature cyc l ing .  
e s t a b l i s h  the  f i r s t  o rde r  cha rac t e r  of t he  t r a n s i t i o n .  
We suggest  t h a t  a t  high pressures  t h e  anions remain 
f rozen  i n  a metastable  disordered s t a t e  t o  low 
temperatures.  

2 

These r e s u l t s  

-? Permanent address:  Cavendish Laboratory,  Madingley Road, 
Cambridge, England. 
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INTRODUCTION 

S. S. P. PARKIN er al. 

Whereas the  s a l t s  of TMTSF of t h e  form (TMTSF)2X where X i s  
an oc tahedra l  anion (X= PF6, AsF6, SbF6, TaF6) a l l  show a 
metal- insulator  (M-I) t r a n s i t i o n  below QO K a t  ambient 
pressure:  t he  sal ts  conta in ing  anions of lower symmetry 
show more d i s p a r a t e  behaviour. I n  p a r t i c u l a r  t he  salts  
(TMTSF) Re04 and (TMTSF) BF4 conta in ing  t h e  t e t r a h e d r a l  
anionsY2ReO4 and BF4, e x i i b i t  M-I t r a n s i t i o n s  a t  t h e  much 
higher  temperatures of Q180 K and 40 K r e s p e c t i v e l y ” 2  whi le  
(TMTSF)2C104 remains metallic and becomes superconducting 
below 1.2 K a t  ambient pressure?  I n  c o n t r a s t  a l though t h e r e  
i s  a phase t r a n s i t i o n  i n  (TMTSF)2N03 which conta ins  t h e  p lanar  
n i t r a t e  anion a t  Q40 K a t  1 b a r  i t  is s igna tured  by only  a 
weak anomaly i n  t h e  a-axis r e s i s t i v i t y ?  It  was suggested t h a t  
these  r e l a t i v e l y  high temperature t r a n s i t i o n s  might be 
assoc ia ted  wi th  an o rde r ing  of t he  anions which a r e  d isordered  
a t  high temperatures between two symmetry r e l a t e d  p o s i t i o n s  1-3 

and t h i s  has subsequently been found wi th  t h e  de te rmina t ion  of 
t he  low temFerature supe r s t ruc tu re  i n  seve ra l  cases . For t h e  
(TMTSF) X m a t e r i a l s  i n  which t h e  band f i l l i n g  i s  f i x e d  by 
charge gransfer  from t h e  s i n g l y  charged anions t h e  conduction 
band i s  h a l f - f i l l e d .  Thus a doubling of t h e  u n i t  c e l l  a long 
the a d i r e c t i o n ,  t h e  h igh  conduct iv i ty  a x i s ,  corresponds t o  
the  c r e a t i o n  of a p o t e n t i a l  V 
vec tor )  which w i l l  s t rong ly  *kF couple w i t h  t h e  conduction 
e l ec t rons ,  opening an energy gap a t  2 s. 
octahedra l  anion complexes i s  suppressed and a l l  these  mater- 
i a l s  show superconduct iv i ty  4-7. The M-I  t r a n s i t i o n  i n  these  
ma te r i a l s  i s  a s soc ia t ed  wi th  an  an t i fe r romagnet ic  t r a n s i t i o n  
r a t h e r  than the  P e i e r l s  i n s t a b i l i t y  which i s  more commonly 
observed i n  quasi-one dimensional metals‘. I n  t h i s  paper we 
show t h a t  t h e  order-disorder  t r a n s i t i o n  i n  (TMTSF)2Re0 i s  4 quenched under pressure  and a superconduct ing t r a n s i t i o n  is  
seen .near  1 K. I n  an in te rmedia te  range of p re s su re  bo th  
e f f e c t s  of anion o rde r ing  and a p a r t i a l  superconducting 
t r a n s i t i o n  are observed revea l ing  t h e  coexis tence  of these  
two phenomena. 

3 

(where 5 i s  the  Fermi wave- 

Under s u f f i c i e n t  pressure  the  M-I- t r a n s i t i o n  i n  t h e  

RESULTS 

D e t a i l s  of the  experimentit1 conf igura t ion  have previous ly  been 
descr ibed7.  
d u c t i v i t y  a a x i s  f o r  temperatures d o m  to  1 . 2  K u s ing  a low- 
frequency lock-in technique wi th  cu r ren t s  below I0 @. Contacts  

The r e s i s t i v i t y  was measured a long  t h e  h igh  con- 
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PHASE DIAGRAM OF (TMTSF)zReO4 [571]/2 I5 

FIGURE 1 a-axis resistivity of (TMTSF) Re0 at 8 kbar 
plotted on a logarithmic scal. versus (a? temperature and 
(b) inverse temperature. Only the warming curve is shown. 

4 

were made with silver paint using the normal 4 in-line contact 
arrangement. Isopentane was used as the pressure transmitting 
fluid with a freezing point in the range 140-220 K for the 
various pressures studied. Both a single-stage Maraging steel 
bomb and a two-stage Be-C 
studies were used in a He cryostat. 

rapidly under pressure at %8 K/kbar from its value of Ql80 K 
at ambient pressure. 
curve measured for pressures up to some critical ptessure, 
of Q 9.5 kbar is shown in figure la corresponding to 8 kbar. 
T defined from the derivative of the curve is about 130 K 
ar-ghis pressure. For pressures below P the resistivity is 
activated at low temperatures, as shown in figure lb, with 
large activation energi.es. We find A -F 1200 K at 1 bar and 
falls under pressure to about half this value at P '. Whereas 
at ambient pressure the hysteresis for the M - I  tragsition is 
is measured to be very small 3 ' 1 0 ,  we observe a hysteresis 
in conductivity at all pressures which increases with increas- 
ing pressure as shown on the P-T phase diagram given in figure 
2. For pressures above Q12 kbar we observe no effect of 
anion ordering on the resistivity. Figure 3 shows a resisti- 
vity curve at 12.5 kbar: (TMTSF)2Re04 remains metallic to low 

pressure bomb for magnetic field 8 
The M-I  transition temperature in (TMTSF)2Re04 falls 

A typical resistivity versus temperature 
pC * 

C 
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2 164 5721 S. S. P. PARKIN et al. 

FIGURE 2 Phase 
diagram of (TMTSF) Re04 
Triangles and circles 
correspond to TM-I der- 
ived from warming and 
cooling curves respect- 
ively. Inverted trian- 
gles show observation 
of superconductivity. 

FIGURE 3 
normalised with respect to p ( 2 0 0  K). 
sponds to the application of a magnetic field of 70 kG applied 
along some arbitrary direction perpendicular to the a axis. The 
inset shows curves corresponding to several different fields. 

a-axis resistivity of (TMTSF)*Re04 at 12.5 kbar 
The broken line corre- 
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PHASE DIAGRAM OF (TMTSF)ZReO, [573]/217 

(TMTSF$Re04 
10.8 k h r  

.O 
3 t  i' .o 

I f  

L L I 

0 M 100 150 200 
Temperature (K)  

FIGURE 4 
10.8 kbar. 
s o l i d  c i r c l e s  and open c i r c l e s  r e spec t ive ly .  

Normalised a a x i s  r e s i s t i v i t y  of  (TMTSF)2Re04 a t  
The cool ing  and warming curves are shown as 

temperatures and the re  i s  a superconducting t r a n s i t i o n  nea r  
1.2 K, which a s  shown i n  t h e  f i g u r e  i s  suppressed wi th  t h e  
app l i ca t ion  of  a t ransverse  magnetic f i e l d .  A s  i s  observed i n  
o the r  (TMTSF) X ma te r i a l s  t h e r e  i s  a l a r g e  magnetoresis tance 
and a s t r o n  gemperatwe dependence of p t o  temperatures  as 
low a s  T s , i , 7 *  

The'shaded reg ion  i n  the  phase diagram i n  f i g u r e  2 
corresponds t o  a narror.7 pressure  regime (9.5< P <%12 kbar) 
where we observe both l a rge  h y s t e r e t i c  anomalies i n  t h e  
r e s i s t i v i t y  f o r  temperatures between 50 and 100 K and 
ind ica t ions  of a superconducting t r a n s i t i o n  near  1 K. I n  t h i s  
in te rmedia te  pressure  region t h e  r e s i s t i v i t y  ab rup t ly  inc reases  
as  t he  temperature i s  decreased below %lo0 K and peaks a t  a 
value t h a t  can be some seve ra l  o rde r s  of magnitude l a r g e r  than 
the  room temperature r e s i s t i v i t y ,  below which p f a l l s .  Typical  
curves a r e  shown i n  f igu res  4 and 5 f o r  pressures  o f  10.8 and 
10.5 kbar respec t ive ly .  As t h e  p re s su re  i s  decreased below 
% 12 kbar the  anomaly becomes more marked developing from a 

p la t eau  i n  r e s i s t i v i t y  near  80 K a t  12 kbar  through a w e l l -  
def ined peak a s  shown i n  f i g u r e  4 t o  broader  f e a t u r e s  a s  shown 
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218/[574] s. s. P. 

30 - 
r e s i s t i v i t y  curves f o r  
(TMTSF) Re04 a t  10.5 kbar  f o r  
temperaeures below 4 K, 

curves similar t o  those shown 

sample. 

i corresponding t o  cool ing  20 - 
i n  f i g u r e  5 f o r  

f i g u r e  shows curves f o r  an 

2 t h e  same 10 - 
The top p a r t  of t h e  

0, $' 

appl ied  magnetic f i e l d  of 600- 

500- 
0.9 and 2.0 kG. 

PARKIN er al. 

I '  

FIGURE 5 Severa l  a-axis 
r e s i s t i v i t y  cool ing  curves f o r  
(TMTSF) 2Re04 f o r  t h e  same 
sample a t  a f ixed  p res su re  of 
10.5 kbar ,  ob ta ined  by temper- 
a t u r e  cyc l ing .  The broken 
curves show the  e f f e c t  o f  a 
t r ansve r se  magnetic f i e l d  of 
70 kG. 

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0  
Tenpemture IKI 
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PHASE DIAGRAM OF (TMTSF)ZReO, [575]/219 

in figure 5. 
with on warming a further increase in resistance above the 
cooling peak. 
seen over a range of temperature % 30 K wide but the cooling 
and warming curves are identical at low temperatures and 
temperatures well above the transition,suggesting the system 
is frozen in some metastable state at low temperatures. Figure 
5 show? several cooling curves measured on the same sample at 
the same fixed pressure. The resistivity can be increased by 
a factor of more than 100 at low temperatures depending on 
temperature- cycling and the rate of cooling (and warming) 
through the transition region. 
somewhere in the transition region (Q50-80 K) we observe a 
gradual increase in resistance with time. These measurements 
clearly indicate the low temperature state is a metastable 
state: we estimate this state develops over a time scale of 
tens of minutes near 70 K. The corresponding warming curves 
to those in figure 5 follow the cooling curves at low temp- 
eratures up t o  % 50 K where the resistivity continues to 
increase beyond that measured on cooling and shows a sharp 
peak before falling’. 
verse magnetoresistance in the high resistance low temperature 
state as indicated in figure 5. 

Figure 6 shows the behaviour at temperatures below 4 K at 
10.5 kbar for several cooling curves similar to those shown in 
figure 5 for the same sample. We observe a superconducting 
transition near 1.2 K with a critical field of % 2 kG for a 
field applied in some direction perpendicular to a, with a 
resistance just above the transition some 8 times larger than 
that at 200 K. We find that even when the resistance at low 
temperatures is increased by temperature cycling to a value of 
up to 
superconducting transition is observed but which is depressed 
slightly in temperature. Note that these experiments were 
limited to temperatures above % 1 K. 

Figure 4 shows that there is a marked hysteresis 

For a single temperature cycle hysteresis is 

By stabilising the temperature 

Finally note there is a large trans- 

500 times the room temperature resistance,a partial 

DISCUSS I O N  

The possibility of increasing the resistance of the low temp- 
erature state in (TMTSF) Re04 by several orders o f  magnitude 
through temperPture cycling and controlling the rate of change 
of temperature in the pressure range, 9.5 kbar < P < 12 kbar, 
clearly shows the low temperature state is a metastable state 
and indicates the metal-insulator transition in this compound 
is of first-order character. 
considerable hysteresis even at much lower pressures. 

2 

We emphasize that we observe 
We 
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propose t h a t  these e f f e c t s  a r e  r e l a t e d  to  ordering of the Re04 
anions and suggest t ha t  a t  high pressures the Re04 anions 
remain frozen i n  a disordered s t a t e  a t  low temperatures, so 
tha t  there  i s  no e f f e c t  on the r e s i s t i v i t y  apa r t  from a 
possible temperature independent r e s i s t i v i t y  associated with 
sca t t e r ing  of the electrons from the disordered array of 
charged anions. 

A detai led low temperature s t ruc tu re  has not ye t  been 
made f o r  (TMTSF)2Re04 but  from room temperature s t ruc tu res  
of t h i s  material  and members of the i s o s t r u c t u r a l  family 
(TMTTF) X10-12 ,  it appears t h a t  there  a r e  generally two 2 possible o r i en ta t ions  of the non-centrosymmetric anions i n  
these materials.  
f o r  an anion to  swap between these two symmetry r e l a t ed  
or ientat ions.  There w i l l  a l so  be some e f f ec t ive  in t e rac t ion  
energy between the anions determining the t r a n s i t i o n  tempera- 
ture. When the b a r r i e r  t o  r o t a t i o n  of the anion molecules 
becomes l a rge r  than the kgTo, (where TO-D i s  the ordering 
temperature) the disordered s?ate i s  frozen-in. We suggest 
t h i s  occurs with increasing pressure e i t h e r  by increases i n  
the b a r r i e r  energy o r  by lowering of the e f f e c t i v e  anion- 
anion interact ion.  We then propose, f o r  example, t h a t  the 
d i f f e ren t  behaviours of (TMTSF),C104 and (TMTTF)2C104,con- 
ta ining the same anion,but with the former showing no order- 
disorder t r a n s i t i o n  and the la t ter  an order-disorder t r ans i -  
t ion near 70 K3 a t  1 bar which is  rapidly suppressed under 
pressure13 can be r a t iona l i s ed  i n  t h i s  model. 
erature  s t a t e  i n  (TMTSF),ClO i s  a metastable s t a t e :  the 4 i n t r i n s i c  ordering temperature of t he  anions may well be 
r e l a t ive ly  high. 

corresponding to  ordering of the anions i n  (TMTSF),Re04,in the 
materials (TMTSFI2BF4' and (TMTTF) 2SCN'4 under pressure but 
with d i f f e ren t  c r i t i c a l  pressures. 
members of the (TMTSF12X and (TMTTF)2X famil ies  showing order- 
disorder t r ans i t i ons  we suggest t h a t  the t r a n s i t i o n  i s  driven 
by the e l e c t r o s t a t i c  i n t e rac t ions  between the  anionsg and we 
speculate t h a t  the po ten t i a l  seen by the electrons may r e s u l t  
from a d i s t o r t i o n  of the organic molecular stack. 
it may be possible to  reconci le  the uery large e l ec t ron ic  
energy gap (A % 1000 K) with the much lower order-disorder 
t r a n s i t i o n  temperature observed i n  (TMTSF) Re0 . The po ten t i a l  
associated with t h i s  large gap would be c r g a t e i  a t  the tran- 
s i t i o n  by a reorganisation of the molecular chain, which i s  not 
inconsis tent  with the f i r s t -o rde r  nature  of t h i s  t r ans i t i on .  

model which we discuss i n  more d e t a i l  i n  r e f  9. 

S. S. P. PARKIN er al. 

Clearly there  w i l l  e x i s t  some energy b a r r i e r  

The low temp- 

We find s imilar  behaviour to  t h a t  we have described here 

By considering a l l  t he  

In  t h i s  way 

We b r i e f l y  mention a few points  with regard t o  the  above 
F i r s t l y  
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PHASE DIAGRAM OF (TMTSF)ZReO, [577]/221 

consider ing t h e  anion-anion i n t e r a c t i o n  a simple-minded model 
shows t h a t  the  d i r e c t  e l e c t r o s t a t i c  i n t e r a c t i o n  between anions 
i s  s u f f i c i e n t l y  l a r g e  t o  be ab le  t o  account f o r  t h e  observed 
T -D i n  t h e  sal ts  conta in ing  low-symmetry anions?.  
tk t e t r a h e d r a l  anion complexes t h e  Madelung energy of  t h e  
anion a r r a y  depends s e n s i t i v e l y  on t h e  o r i e n t a t i o n  of t h e  anions 
wi th  r e spec t  t o  t h e  l a t t i c e  and f o r  t h e  observed anion 
o r i e n t a t i o n  i n  (TMTTF)zBFi’and (TMTSF)*Re04’ 
energy, assuming the  cen t r e  of g r a v i t y  of 
changed i n  the  ordered s t a t e  would be minimised f o r  an ordered 
anion s t r u c t u r e  wi th  p e r i o d i c i t y  a a long  t h e  cha in  axis: such 
a p o t e n t i a l  would not  couple t o  t h e  conduction e l ec t rons .  
However w e  suggest  t h a t  i n  t h e  ordered s t a t e  t h e  c e n t r e  of 
g rav i ty  of t h e  anions a r e  d i sp l aced  t r ansve r se ly  (with a 
component a long the  c d i r e c t i o n )  a l t e r n a t e l y  a long  t h e  anion 
chain i n  the  a d i r e c t i o n ,  so c r e a t i n g  a p o t e n t i a l  wi th  per iod-  
i c i t y  2%. 
of t h e  an ion  a r r ayg .  We c i t e  as poss ib l e  evidence f o r  t h i s  
proposed d i s t o r t i o n  f i r s t l y  the  d e t a i l e d  s t r u c t u r e  made on 
(TMTTF) BF above the  order ing  temperature which shows very  4 l a r g e  tgermal f a c t o r s  f o r  on ly  two ou t  of t h e  fou r  F atoms on 
each an ion” .  
the  anion r o t a t e s  no t  about its cen t r e  of g r a v i t y  bu t  about 
an edge of t he  te t rahedron.  Secondly room temperature 
measurements on (TMTSF)zRe04 and (TMTSF) C 1 0 4  r e v e a l  one s h o r t  
0-Se con tac t  €o r  each anion l 5  which w e  i n t e r p r e t  a s  i n d i c a t -  
ing  a tendency towards a t r ansve r se  displacement  o f  t h e  anion.  
Thi rd ly  the  meta l - insu la tor  t r a n s i t i o n  i n  (TMTTF)zSCN, which 
under pressure  behaves s i m i l a r l y  t o  (TMTSF) Re0 and which w e  
propose i s  a s soc ia t ed  with an order ing  of tge SfSN anions14.  
Taking i n t o  account t h e  known o r i e n t a t i o n  of t he  anions a t  
room temperature the  order-disorder  t r a n s i t i o n  must involve 
a displacement of  t he  c e n t r e  of g r a v i t y  of t h e  charge on t h i s  
d ipo la r  spec ies  i n  some t r ansve r se  d i r e c t i o n  and t h e  l a r g e  
e l e c t r o s t a t i c  energy so gained would e a s i l y  be  s u f f i c i e n t  t o  
account fo r  the  observed o rde r ing  temperature.  
mates of t he  sideways displacement of t h e  BF4 anions i n  
(TMTTF) BF4 suggest  t he  energy gained i s  cons iderable  when 
compare2 with kBTo-Dg. C lea r ly  d e t a i l e d  measurements of t h e  
low temperature ordered anion s t r u c t u r e  a r e  requi red  t o  check 
t h i s  hypo thes i s .  

There i s  some evidence t h a t  a t  t h e  meta l - insu la tor  t ran-  
s i t i o n  i n  (TMTSF) ReO4 the  r eo rgan i sa t ion  of  t h e  c r y s t a l  s t r u c -  
t u r e  involves  more than o rde r ing  of  t h e  anions.  
i s  a s i g n i f i c a n t  jump i n  t h e  a l a t t i c e  parameter a t  TO-D16 
and secondly the  measured volume inc rease  and t h e  rate of 
f a l l  of TO-D wi th  pressure  presented above g ive ,  us ing  t h e  

However €or  

the  Madelung 
each anion i s  un- 

Such a d i s t o r t i o n  reduces t h e  e l c t r o s t a t i c  energy 

Thus t h e  two remaining F atoms a r e  s t a t i c  and 

2 

Again es t i -  

2 F i r s t l y  t h e r e  
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Clausius-Clapeyron relation, an entropy change significantly 
larger than that expected for the anion ordering ( aln2 kB 
per anion as against ln2 k A similar large 
entropy change has been measured at the order-disorder tran- 
sition in (TMT.TF)2C104 from specific heat meas~rementsl~. 
These measurements may thus suggest a possible distortion of 
the molecular stack itself. 

Finally note that x-ray measurements on (TMTSF)2Re04 show 
that the transition is three-dimensional in the sense that the 
precursor x-ray scattering observed above the transition temp- 
erature is isotropic3. 
entropy of the quasi one-dimensional electron gas one might 
expect to see typical one-dimensional precursor x-ray diffuse 
scattering. We thus conclude from the above discussion that 
the order-disorder transition in the (TMTSF)2X and (TMTTF)2X 
families is driven by the anion entropy. Further discussion 
of this model is given in ref 9.  

The second important aspect of these results is to show 
the coexistence of superconductivity and anion ordering in a 
narrow range of pressure where the semiconducting gap intro- 
duced by the ordering is not too large. It has previously 
been suggested that these two phenomena might be incompatible 
one with another and a correlation between the presence of 
anion ordering and the absence of superconductivity has been 
proposed3. Our results appear to be in contradiction with 
this hypothesis. Moreover there is recent experimental and 
theoretical evidence for the possible coexistence of super- 
conductivity and other instabilities such as charge density 
and spin denaity waves1"*'. 

S. S. P. PARKIN et al. 

per anion)'. B 

If the transition were driven by the 

CONCLUSION 

We have shown that the very high temperature metal-insulator 
transition in (TMTSF) 2Re04 is suppressed with the application 
of a relatively small pressure, where it gives way to a 
metastable metallic state witk a superconducting transition 
near 1 K. It has been shown that the superconducting state 
coexists with anion ordering in a narrow intermediate pressure 
regime. 

The first-order character of the transition has clearly 
been established. 
observed for pressures intermediate between those in which a 
well defined metal-insulator transition is seen at relatively 
high temperatures and those at higher pressures in which a 
metallic state is found. These results suggest the low temp- 
erature state in the high pressure phase is metastable and 

Very large hysteretic phenomena are D
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t h e  anions remain f rozen  i n  a d i so rde red  s t a t e  a t  low temp- 
e r a t u r e s .  

An important  aspec t  of t hese  r e s u l t s  i s  i n  t h e  i n t e r -  
p r e t a t i o n  of t he  p r o p e r t i e s  of o t h e r  (TMTSF)2X and (TMTTF)2X 
materials and t h e  understanding of t h e i r  va r ious  p r o p e r t i e s  ’. 
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