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LOW-TEMPERATURE ELECTRON SPIN RESONANCE I N  
(TMTSF)2PF6 I N  THE H I G H  PRESSURE METALLIC 
PHASE* 

L. J. AZEVEDO a n d  J. E .  SCHIRBER 
S a n d i a  N a t i o n a l  Laboratories* 
A l b u q u e r q u e ,  N e w  Mexico 

R. L. GREENE+AND E.  M.  ENGLER+ 
IBM R e s e a r c h  L a b s  
S a n  Jose, C a l i f o r n i a  

Received for  p u b l i c a t i o n  September 8,  1 9 8 1  

The e l e c t r o n  s p i n  r e s o n a n c e  of (TMTSF12PF6 
h a s  b e e n  o b s e r v e d  a t  low f i e l d s  ( H o  < 1 1 0  
O e )  i n  t h e  h i g h  p r e s s u r e ,  metall ic p h a s e  
( p  6 . 5  k b a r )  i n  t h e  t e m p e r a t u r e  range 
1-4 K. T h e  a n i s o t r o p y  i n  t h e  g v a l u e  is 
s imi l a r  t o  t h a t  o b s e r v e d  a t  a m b i e n t  p r e s s u r e  
a b o v e  t h e  m e t a l - i n s u l a t o r  t r a n s i t i o n .  The 
l i n e w i d t h  is v e r y  n a r r o w  and t h e  s p i n  s u s -  
c e p t i b i l i t y  s t r o n g l y  d e c r e a s e s  as t h e  s u p e r -  
c o n d u c t i n g  t r a n s i t i o n  is a p p r o a c h e d  from 
above .  W e  i n t e r p r e t  t h i s  as  e v i d e n c e  f o r  
s i n g l e t - p a i r e d  s u p e r c o n d u c t i v i t y .  S u p e r -  
c o n d u c t i v i t y  is o b s e r v e d  a t  1.1 K a n d  t h e  
c r i t i c a l  f i e l d  h a s  a n g u l a r  d e p e n d e n c e  i n  
t h e  b c  p l a n e .  T h e s e  o b s e r v a t i o n s  lead u s  
to  c o n c l u d e  t h a t  (TMTSF)2PF6 is a s i n g l e t  
p a i r e d  s u p e r c o n d u c t o r .  

INTRODUCTION 

S i n c e  s u p e r c o n d u c t i v i t y  was f i r s t  d i s c o v e r e d 1  i n  
t h e  o r g a n i c  metal (TMTSF)2PF6 t h e  n a t u r e  o f  t h e  
s u p e r c o n d u c t i v i t y  h a s  b e e n  a n  o p e n  q u e s t i o n ,  
* T h i s  work supported b y  t h e  U.  S. Dept. o f  E n e r g y  

u n d e r  , C o n t r a c t  DE-AC04-76-DPO0789. ?A U.S. DOE 
f a c i l i t y .  +Work a t  IBM p a r t i a l l y  s u p p o r t e d  b y  
O f f i c e  o f  Naval Research. 
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p a r t i c u l a r l y  a s  to  w h e t h e r  t h e  p a i r i n g  is 
s i n g l e t  ( s -wave)  or  t r i p l e t  (p-wave) .  The prop- 
er t ies  o f  a p-wave c o u p l e d  s u p e r c o n d u c t o r  h a v e  
been  i n  t h e  l i t e r a tu re  f o r  some t i m e . 2  A s  
B a l i a n  and  Werthamer showed, t h e  p r o p e r  p-wave 
s t a t e  was not m e r e l y  t h e  s p i n - u p  and  spin-down 
p a i r i n g s  (S, = + 1) b u t  t h e  f u l l  t r i p l e t  s t a t e  
i n c l u d i n g  t h e  n6n-magnet ic  s t a t e  c o r r e s p o n d i n g  to  
S, = 0. U n f o r t u n a t e l y  f o r  t h e  case o f  non-s-wave 
p a i r i n g ,  most o f  t h e  e x p e r i m e n t a l l y  o b s e r v a b l e  
p r o p e r t i e s  o f  a s u p e r c o n d u c t o r  are i n s e n s i t i v e  t o  
t h e  t y p e  o f  c o u p l i n g .  A n  e x c e p t i o n  i s  t h e  b e h a v i o r  
o f  t h e  m a g n e t i c  s u s c e p t i b i l i t y  and t h e  K n i g h t  
s h i f t .  F o r  t h e  case of s-wave p a i r i n g  t h e  p r e s e n c e  
o f  a g a p  a t  t h e  Fermi  l e v e l  below t h e  t r a n s i t i o n  
temperature, T,, c a u s e s  t h e  s p i n  s u s c e p t i b i l i t y  
t o  d e c r e a s e  e x p o n e n t i a l l y  t o  zero below T,. I n  
t h e  case o f  p-wave p a i r i n g  t h e  e x i s t e n c e  o f  t h e  
S, = + 1 s t a t e s  assures t h a t  t h e  s u s c e p t i b i l i t y  
w i l l  r e m a i n  f i n i t e  below Tc. I n  f a c t ,  c a l c u l a t i o n  
shows2 t h a t  t h e  r a t i o  o f  t h e  s u p e r c o n d u c t i n g  to 
normal s u s c e p t i b i l i t i e s ,  Xs , s h o u l d  be 2/3 a t  
temperatures w e l l  be low T:: 
s h i f t  o f  a n u c l e u s  i n  a metal is  d i r e c t l y  p r o -  
p o r t i o n a l  to  t h e  s p i n  s u s c e p t i b i l i t y  i t  c a n  be a 
d i r e c t  p r o b e  of S . U n f o r t u n a t e l y ,  t h e  weak 
c o u p l i n g  o f  t h e  m e t h y l  p r o t o n s  i n  (TMTSF)2PF6 
l e a d s  to  a small K n i g h t  s h i f t .  We h a v e  t h e r e f o r e  
u n d e r t a k e n  a s t u d y  o f  t h e  low f i e l d  e l e c t r o n  s p i n  
r e s o n a n c e  i n  t h e  r e g i o n  of  Tc t o  d i r e c t l y  p r o b e  A? . 
EXPERIMENTAL DETAILS 

S i n c e  t h e  K n i g h t  

xn 

Xn 

A l l  t h e  measurements  r e p o r t e d  h e r e  were p e r f o r m e d  
w i t h  a c o n t i n u o u s  wave h i g h  f r e q u e n c y  spectrometer3 
i n  t h e  r a n g e  95-300 MHz. The spectrometer was 
t u n e d  to  b e  s e n s i t i v e  t o  a b s o r p t i o n .  The m a g n e t i c  
f i e l d  Ho was p r o v i d e d  by a n  Nb3Sn s u p e r c o n d u c t i n g  
s p l i t  s o l e n o i d  which  was rotatable  i n  o n e  p l a n e .  
P r e s s u r e s  up to 1 0  k b a r  were o b t a i n e d  by c a r e f u l  
i sobar ic  f r e e z i n g 4  o f  t h e  4 H e .  The pressure bomb 
was immersed i n  l i q u i d  4 H e  whose v a p o r  p r e s s u r e  
c o u l d  b e  r e g u l a t e d .  The m a g n e t i c  r e s o n a n c e  c o i l  
was wound d i r e c t l y  o n  t h e  sample w i t h  a r e c t a n g u l a r  
cross s e c t i o n  t o  maximize t h e  f i l l i n g  f a c t o r .  
The sample was mounted w i t h  t h e  h i g h l y  c o n d u c t i n g  
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ELECTRON SPIN RESONANCE IN (TMTSF)zPFb [48 1111 25 

at 
2 500- 

400- 
I 300- 
200 
too-. 

a a x i s  perpendicular to t h e  Ho p l a n e  so t h a t  t h e  
m a g n e t i c  f i e l d  c o u l d  be ro ta ted  i n  t h e  bc p l a n e .  
R e s u l t s  were found to be i n d e p e n d e n t  o f  t h e  temp- 
e r a t u r e  and  p r e s s u r e  c y c l i n g  h i s t o r y  o f  a p a r t i c u -  
l a r  sample and  t h e r e  was no o b s e r v e d  c r a c k i n g  o f  
samples. The same s e t u p  c o u l d  be u s e d  t o  measure 
t h e  e l e c t r o n  s p i n  r e s o n a n c e ,  c r i t i c a l  f i e l d s  i n  
t h e  bc p l a n e  and  Tc. The u p p e r  c r i t i c a l  f i e l d ,  
H,2, was d e f i n e d  as t h e  f i e l d  a t  which r f  a b s o r p -  
t i o n  was f i r s t  o b s e r v e d .  The g v a l u e  was measured  
by u s i n g  a small sample o f  Qn(TCNQ)2 ou t s ide  t h e  
r f  co i l  as  a g marker .  

I I I I I 1 1 1 I 1 I I 

I 6.5 kb 95 MHz 
Tz1.07 K 1 Tcz1.127 K I - 

- % . .I . . 
. . . m m . m m m ~ m m m . . . .  ....a 

RESULTS AND D I S C U S S I O N  

I n  F i g .  1 w e  show Hc2 v s  8 i n  t h e  b c  p l a n e  a t  a 
t e m p e r a t u r e  -57 mK below Tc. Hc2 is h i g h l y  a n i s o -  
t r o p i c  w i t h  a v a l u e  of 1 5  O e  i n  t h e  c d i r e c t i o n  
and -400 O e  a l o n g  b (6 = 0 is t h e  c d i r e c t i o n ) .  
T h i s  a n i s o t r o p y  is c o n s i s t e n t  w i t h  o t h e r  measure- 
m e n t s  and i n d i c a t e s  t h e  i m p o r t a n c e  of knowing 
t h e  f i e l d  d i r e c t i o n  p e r p e n d i c u l a r  to t h e  a a x i s  
i n  t h i s  m a t e r i a l .  One s h o u l d  be caut ious i n  
i n t e r p r e t a t i o n s  o f  d a t a  t a k e n  i n  t h e  b c  p l a n e  i f  
t h e  f i e l d  d i r e c t i o n  is unknown. 

F I G U R E  1 A n g u l a r  d e p e n d e n c e  o f  t h e  upper c r i t i c a l  
f i e l d  i n  t h e  bc p l a n e  57 mK below t h e  s u p e r c o n d u c -  
t i  ng t r a n s  i t i o n  

I n  F i g .  2 is p l o t t e d  t h e  g v a l u e  i n  t h e  bc 
p l a n e .  The m e a s u r e m e n t s  a g r e e  v e r y  w e l l  w i t h  t h e  
P e d e r s e n ,  e t  a l .  r e s u l t s  a t  X-band f r e q u e n c i e s ,  
a m b i e n t  p r e s s u r e  and  temperature j u s t  a b o v e  t h e  
m e t a l - i n s u l a t o r  ( M I )  t r a n s i t i o n .  T h i s  r e s u l t  

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:
39

 2
1 

Fe
br

ua
ry

 2
01

3 



126/[482] L. J. AZEVEDO el al. 

indicates that the detailed nature of the metallic 
state is the same both near the MI transition at 
ambient pressure and near the superconducting 
state at high pressure. 

FIGURE 2 Anisotropy in the g value in the bc 
plane at T = 1.1 K, P = 6.9 kbar. 

linewidth and absolute spin susceptibility vs 
temperature at a resonant frequency of 300 MHz 
(Ho = 105 Oe) and pressure of 6.9 kbar. The 
field is oriented parallel to the c axis. The 
absolute susceptibility was determined by using 
the Schumacher-Slichter method’ with the methyl 
protons as the calibration. 

In Fig. 3 we show our principal result, the 

It is important to note that the linewidth 
shows little broadening so that we can rule out 
the possibility of the onset of the MI transition 
as the linewidth is observed to increase strongly 
in that case.6 
served to decrease by 50% with the onset at 2 K. 
What is unusual is that the onset of the decrease 
in xs is somewhat above Tc and the measuring 

n 
field is above Hc2 as can be seen by reference 
to Fig. 1. 

The spin susceptibility is ob- D
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I I I I I 1 I - - + + + + +  
......................................................................................... 

Holl dy 2 - 1.0 - 
E 

n' 
E * Ho=105 Oe v=300 MHz - - 

6.9 kb Y 0.5; * 
ESR X 

1 I I 1 1 I I 1 0 

3.0 
i2.5 

n 
Ql 
0 
Y 

a a 

FIGURE 3 L i n e w i d t h  and  abso lu t e  s p i n  suscept i -  
b i l i t y  as a f u n c t i o n  of t e m p e r a t u r e  a t  6 . 9  k b a r  

T h e s e  r e s u l t s  s u g g e s t  t h a t  t h e r e  are s t r o n g  
f l u c t u a t i o n s  i n t o  t h e  s u p e r c o n d u c t i n g  s t a t e  a b o v e  
Tc. I f  t h e  f l u c t u a t i o n  i n t e r p r e t a t i o n  is cor- 
r ec t ,  t h e n  t h e  observa t ion  t h a t  Xs d e c r e a s e s  by 
a f a c t o r  o f  two as  t h e  s u p e r c o n d u c t i n g  t r a n s i t i o n  
is r e a c h e d  i s  e v i d e n c e  t h a t  (TMTSF)2PF6 is a 
s i n g l e t  s u p e r c o n d u c t o r ( X 2  f o r  t r i p l e t  p a i r i n g  

Xn s h o u l d  be 2/3 a t  low temperature) .2  
f e c t s  h a v e  a l so  been  o b s e r v e d  a t  o w  t e m p e r a t u r e  

Xn 

T h e s e  e f -  

a t  h i g h e r  f i e l d s  i n  (TMTSF)2C104. Q 
CONCLUSIONS 

The m a g n e t i c  p roper t ies  o f  (TMTSF)2PF6 i n  t h e  b c  
p l a n e  a re  h i g h l y  a n i s o t r o p i c .  W e  a t t r i b u t e  t h e  
s t r o n g  d e c r e a s e  i n  X S  a t  l o w  temperature d u e  
to f l u c t u a t i o n s  i n t o  t h e  s u p e r c o n d u c t i n g  s t a t e  
and  f u r t h e r m o r e  c o n c l u d e  t h a t  (TMTSF)2PF6 is a 
s i n g l e t  s u p e r c o n d u c t o r .  

xn 
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