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LOW TEMPERATURE (4K) AND H I G H  PRESSURE (6.5 Kbars) CRYSTAL 
STRUCTURES OF (TMTSF) 2PF6. 

~~~~~~d GALLOIS, Jacques GAULTIE3,Christian HAUW,Daniel CHAssUb 
Ala in  MERESSE, Ala in  FILHOL" and Klaus bECHGAARDA 
Labora to i re  de  C r i s t a l l o g r a p h i e ,  U n i v e r s i t e  d e  Bordeaux I, 
351,Cours d e  l a  LibEra t ion ,  33405 TALENCE CEDEX (France)  

* I n s t i t u t  Laze Langevin, X I  56, 38042 GRENOBLE CEDM (France)  
'Department of General and Organic Chemistry, H.C. ORSTED 
I n s t i t u t e ,  DK2100 COPENHAGEN, Denmark. 

Abs t rac t  We have performed s t r u c t u r a l  i n v e s t i g a t i o n  of t h e  
(TMTSF)2PF6 s a l t  a t  low temperature  (neut ron  d i f f r a c t i o n )  and 
under p r e s s u r e  (X.Ray d i f f r a c t i o n ) ,  Evolu t ions  of t h e  main 
s t r u c t u r a l  parameters  a r e  d e s c r i b e d .  Their  d e s c r i p t i o n s  a l l o w  
t h e  f i r s t  s t r u c t u r a l  approach of p r e s s u r e  e f f e c t s  on t h e  Bech- 
gaard s a l t s  and g i v e  comparative informat ions  f o r  a same com- 
pound. 

INTRODUCTION 

It  i s  now wel l  known t h a t  t h e  Bechgaard s a l t s  e x h i b i t  a metallic 

behaviour a t  high temperatures  and undergo d i f f e r e n t  t r a n s i t i o n s t o  

low temperature  and ( o r )  under p r e s s u r e .  For s e v e r a l  sa l t s ,  s u c h a s  

(TMTSF),PF6 o r  (TMTSF)2AsF6, t h e  phase diagram i s  w e l l  determined 

{ l } ,  so t h a t  t h e  n a t u r e  of t h e  ground s ta te  f o r  a g i v e n  ( P , T ) v a l u e  

i s  known t o  be e i t h e r  i n s u l a t i n g  o r  superconduct ing.  Themechanisms 

of t h e s e  v a r i o u s  i n s t a b i l i t i e s  are p r e s e n t l y  understood through 

t h e o r e t i c a l m d e l s ( 2 , 3 )  i n  which t h e  main parameters  a r e  g i v e n  by 

t h e  room temperature  s t r u c t u r e .  In f a c t ,  a l l  t h e s e  compounds are 

i s o s t r u c t u r a l .  They c r y s t a l l i z e  i n  a (P i) t r i c l i n i c  space group. 

Thei r  s t r u c t u r e  have been e x t e n s i v e l y  descr ibed  { 4 , 5 )  and may be 

w e l l  c h a r a c t e r i z e d  by s h o r t  i n t r a  and i n t e r c h a i n  Se -Se  c o n t a c t s ,  

t h e  magnitude of which may smoothly d i f f e r  with an ion  i61.  

Up t o  now, t h e  temperature  and p r e s s u r e  dependence of t h e s e  
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226 B. GALIOIS er al. 

s t r u c t u r a l  parameters a r e  almost unknown and predic tab le  changes 

a r e  only proposed by ex i s t ing  theo r i e s  {3). To check these  models, 

(300K, 1 bar) s t r u c t u r a l  determinationsof (MTSF)2X sal ts  a r e  not 

necessary s u f f i c i e n t  while t he  s t r u c t u r a l  i nves t iga t ions  undertem- 

perature and pressure conditions w i l l  be a b e t t e r  bas i s  i n  t h e  

understanding of t he  r e l a t ionsh ips  between c r y s t a l  s t r u c t u r e  and 
physical p roper t ies .  

Thus, i n  t h i s  paper, we  descr ibe  t h e  low temperature (4K,lbar) 

and the  high pressure (300K, 6.5 Kbars) s t r u c t u r e s  of (TMTSF)2PF6. 

EXPERIMENTAL PART 

The low temperature inves t iga t ion  was ca r r i ed  out  by neutron d i f -  

f r a c t i o n  on the  4 c i r c l e  d i f f rac tometer  "DlO" a t  the high f l u x  

reac tor  of t he  I n s t i t u t  LaGe Langevin a t  Grenoble.(A=1.500 A).The 

sample was a hydrogenated twinned c r y s t a l  

geometry d t h e  twinning is suchason ly  Okk r e f l ec t ionso f the rec ip roca l  

space a re  superimposed so t h a t  recorded i n t e n s i t i e s  of the  OkRpla- 

ne have been corrected t o  take i n t o  account t he  cont r ibu t ion  of 

the  considered sub la t t i ce .  A set of 1248 r e f l e c t i o n s  were recorded 

i n  the  0 < 

0 

of 0.3x0.5x2.9 mm3. The 

< 0.471 i-' range. A 
Pressure measurements were performed by X r ay  d i f f r a c t i o n  with 

a gasketed diamond anv i l  c e l l  set on a 2 c i r c l e  Stoe Diffractome- 

ter. Water was used as the  pressure t ransmi t t ing  medium. Accuracy 

in  the  pressure determination i s  estimated t o  % 0.5 kbar. Crys ta l  

s i z e s  a r e  0.10~0.10~0.15 mm3. A t  P = 6.5 Kbars, 1822 i n t e n s i t i e s  

have been recorded by w scans, with a molybdene wavelength 

(0 < h <  0.594 1-l). s in0 

LATTICE PARAMETERS EVOLUTION 

La t t i ce  parameters a t  respec t ive ly  (4K, Iba r ) ,  (300K, 1.5Kbar) and 

(300K, 6.5 Kbars) a r e  l i s t e d  i n  t a b l e  1 ,  comparatively t o  t h e i r  

(300 K, 3 Kbars){ 7 ) v a l u e s  a l ready  determined, 
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LOW TEMPERATURE (4K) AND HIGH PRESSURE (6.5 Kbars) 227 

c ( &  a(') @ ( " I  Y(") ~ ( 3 )  

4K, l b a r  

300KY1.5Kbar 

300KY3Kbars{7} 

300KY6.5Kbars 

300K, lbar{4}17.297 7.711 13.522 83.39 8 6 2 7  71.01 714 

7.076 7.632 

7.279 7.699 

7.196 7.693 

7.135 7.598 

3.322 84.14 88.05 70.13 673 

3.490 83.50 86.37 70.78 709 

3.518 83.76 86.08 70.64 702 

3.325 83.64 87.03 70.50 677 

TABLE 1 .  L a t t i c e  parameters  of (TMTSF)2PF6 

* E f f e c t s  induced e i t h e r  by temperature  o r  p r e s s u r e  showthesame evo- 

l u t i o n  f o r  a g iven  parameter : i n c r e a s e  of a and 6 ; decrease  of 

a , b , c  and y .  

*The most s i g n i f i c a n t  v a r i a t i o n  Ax/x where Ax i s  d e f i n e d  

is found i n  t h e  a d i r e c t i o n  which t h u s  appears  t o  
RT, 1 bar 

RT, 1 bar '  - as X-X 

be more dependent t o  appl ied  c o n t r a i n t s .  

R e s u l t s  obtained by Morosin e t  a1 

our  v a l u e s  under p r e s s u r e  

t o  be sureva lua ted  when t h e  curve c = f ( P )  i s  p l o t t e d .  

* 
I 7  1 show a good agreement w i t h  

except f o r  t h e  5 parameter which seems 

*PARKIN e t  a 1  18 1 showed t h a t  t h e  c r i t i c a l  p r e s s u r e  Pc, above which 

a superconducting s t a t e  i s  formed, may be c o r r e l a t e d  wi th  t h e  

l a t t i c e  parameter a t  %300K,lbar , According t o  t h e  Pc v a l u e  of 

PF 1 9 )  and t h e  c = 13.123 A l a t t i c e  parameter of t h e  C 1 0 4  com- 

pound a t  7K { 10) a s i m i l a r  c a l c u l a t i o n  a t  low temperature  g i v e s  a 

- c v a r i a t i o n  %0.23% Kb-'. Under p r e s s u r e ,  t h e  e x p r h e n t a l  c va- 

r i a t i o n  i s  ~ 0 . 2 2 %  Kb-l, P r e s s u r e  e f f e c t s  added t o  temperature  ef- 

f e c t s  lead t o  a smaller c v a r i a t i o n  

and 1.7K, 7Kbars) d a t a  ( t o  be publ i shed) .  

D e t a i l e d  l a t t i c e  parameters  e v o l u t i o n  as a f u n c t i o n  of temperatu- 

re  i s  g iven  f i g u r e  1. NQ important  anomaly i s  ebserved a t  t h e  

metal t o  i n s u l a t o r  Q r a n s i t i o n  T % 12 I(. More s e n s i t i v e  r e s u l t s  

{ 1 I 1 obtained by capac i tance  measurements confirm t h i s  l a t t e r  

5 

0 

6 

~ 0 . 1 5 %  Kb-' wi th  (300K,lbar) 

* 

poin t .  
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228 8. GALIOIS d al. 

FIGURE 1 Latt ice  parameters evolution a s  a function of temperature 

STRUCTURAL RESULTS 

Crystal  s t ructure  deteminationswere carr ied out with the same least 

square refinement method based on Fo.Fina1 r e l i a b i l i t y  f ac to r s  a re  

R = 0.078 at T - 4 K and R = 0.048 a t  P = 6.5 Kb. A s  no evidencein 

the loss  of inversion center has been observed, the two s t ruc tu res  

were thus determined i n  the Pi space group. For an e a s i e r  compari- 

son with room temperature s t ruc tu ra l  data ,  the same notat ion w i l l  

be used i n  the below description. Atomic coordinates, bond lengths 

and angles w i l l  be published i n  d e t a i l  elsewhere. 
* 
TMTSF packing 

A t  room temperature, t he  stacking along the  5 axis i s  s l i g h t l y  

dimerized (dl 6 3.63 A; d2 - 3.66 A). The corresponding interplanar  

distances,  a t  T = 4 K and P = 6.5 Kbars are reported i n  t ab le  2. 

Under pressure, dl and d2 distances are equal, Looking t o  t h e  low 

temperature distances,  the question na tu ra l ly  arises whether only 
preesure e f f e c t s  

observed difference is on the edge of significance.  Therefore, it 
i s  qui te  d i f f i c u l t  t o  speak of dimers under constraint .  

0 0 

suppress dimerization. I n  f a c t  a t  T = 4 K, t he  
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LOW TEMPERATURE (4K) AND HIGH PRESSURE (6.5 Kbars) 229 

Overlapping displacements deduced from the posi t ion of the center  

of gravity of neighbouring molecules, i n  the stack a re  nearly equi- 

valent.  The var ia t ion of the angle of the normal t o  the molecular 

plane with the a axis i s  l e s s  than 0.2' s o  t h a t  TMTSF molecular 

stacking i s  thus unchanged under pressure o r  temperature conditions. 

Interchain distances ( f igure 2) show that  the i r r e g u l a r  contacts 

already observed a t  room temperature between nearest  i n t e r s  tack 

molecules s t i l l  e x i s t  a t  4 K o r  under pressure, Se-Se distances 

a re  mentionned i n  table  2. Their r e l a t i v e  difference are nearly 

unchanged e i t h e r  under pressure or a t  4 K. 

FIGURE 2 : View along a showing Se-Se and Se-F in t e r s t ack  distances 

An in t e re s t ing  point l i e s  i n  the evolution of the 0 angle between 

the TMTSF molecular plane and the sho r t e s t  i n t e r s t ack  Se-Se con- 
- - 

' 6 . 5  Kb t ac t s .  0 decreases under constraint  (03m = 18.4', 

17.7 ' ;  04K = 15.9') .  As  the angle of TMTSF molecular plane with 

the a axis is unchanged, such an observed var ia t ion may be explai-  

ned by s h i f t s  of the TMTSF molecule corresponding t o  the sho r t e s t  

Se-Se contacts. Transverse components of such a displacement ( i n  

the TMTSF plane) are found t o  be % 0.1 1 while longitudinal compo- 
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230 B. GALIOIS et al. 

nent ( p a r a l l e l  t o  the  stacking d i r ec t ion )  may d i f f e r  under low 

temperature or pressure conditions (Q0.2 a t  T = 4 K; % 0.1 
under 6.5Kb). 

i n t e r s t ack  d i s t ances  

d l  

d2  

d9 

d l  0 
d l  1 

i n t e r s t ack  d i s t ances  

sho r t e s t  Se-F d i s t a m  

300K, 1 bai 

3.63 

3.66 

3.88 

3.93 

3.96 

I 3.23 

IK, 1 bar 

3.52 

3.55 

3.71 

3.74 

3.86 

3.06 

I OOK, 6.5Kb 

3.56 

3.56 

3.73 

3.78 

3.85 

3.12 

TABLE 2 : Shor tes t  d i s t ances  i n  (TMTSF)2PF6 

*Anion disorder 

Another important r e s u l t  of these comparative s t r u c t u r e s  i s  g i -  

ven by thermal i so t rop ic  parameters (B ) of the  f l u o r i n e  atoms, A t  

room temperature ( 4  1 , F atoms have r a t h e r  l a rge  thermal parameters 

suggesting a d isorder  of the  anion. A t  P = 6.5 Kbars ( t ab le  3) the- 

se values decrease and t h e i r  d i f f e rence  t o  an average selenium Beq 

a r e  reduced. The PF 

According t o  the  d i f f r a c t i o n  method used i n  t h e  low temperature 

determination, thermal parameters have i n  f a c t  a nuc lear  o r i g i n ,  

therefore  t h e i r  magnitudes may not be d i r e c t l y  compared with the  

two f i r s t  s e t  of da ta  outconning from X ray  d i f f r a c t i o n  ca lcu la t ions .  

Nevertheless, a t  T = 4K, Se and F atoms have q u i t e  i d e n t i c a l  values,  

even i f  the  F 

i s  thus near ly  suppressed. No d i s t i n c t  maxima pos i t i ons  of F atoms 

observed i n  nuclear dens i ty  maps a f t e r  refinement confirm t h i s  l a t -  

ter point.  

eq 

d isorder  i s  minimized under pressure,  6 

motion i s  s t i l l  s l i g h t l y  l a r g e r ,  The PF6 d isorder  3 
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300K, 1 bar  

23 I 

300 K, 6.5Kbars 4K, 1 bar  

9.36 (i2) 
8.75 

F l  
F2 

F3 I 11.12 I 7.20 I 0.71 I 
6.03 0.57 

4.64 0.50 

Se I 2.8 I 2.05 I 0.52 I 
TABLE 3 : Comparisonof i s o t r o p i c  thermal parameters  (Beq) of f l u o -  

r i n e  atoms t o  t h e  average Beq v a l u e  of Se atoms. 

A s  t h e  Se-F and C(methyl) -F s h o r t e s t  d i s t a n c e s  ( t a b l e  2) d e c r e a s e  

under appl ied  c o n s t r a i n t ,  i n t e r a c t i o n s  between organic  s t a c k s  and 

anions are more s i g n i f i c a n t .  A t  low temperature ,  H-F d i s t a n c e s  ( f o r  

F atoms c l o s e  t o  t h e  

than  t h e  2.52 A Van der  Waals contac ts .  Such H-F i n t e r a c t i o n s  have 

been a l r e a d y  observed a t  T % 125K i n  (MTSF)2AsF6 {12). 

In conclusion,  t h i s  work i s  t h e  f i r s t  one which shows temperature  

and pressure  s t r u c t u r a l  e f f e c t s  on a (RITSF) X cornpound.In(RlTSF)2 

P F ~ ,  changes induced under p r e s s u r e  o r  a t  low temperature  a r e  v e r y  

similar. Nevertheless  i n t r a  and i n t e r c h a i n  Se-Se d i s t a n c e s ,  an ion  

d i s o r d e r  a r e  more per turbed a t  4K than  under a 6.5 Kbars pressure .  

Fur ther  i n v e s t i g a t i o n s  a t  upper p r e s s u r e s  are i n  p r o g r e s s  as wel l  

as  a (1.7 K ,  7 Kb) s t r u c t u r a l  de te rmina t ion .  

0 

plane)  Q 2.46 A are found t o  b e  s h o r t e r  
0 

2 
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