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ELECTRONIC PROPERTIES OF NEW ORGANIC CONDUCTORS 

L. J. AZEVEDO, E .  L. VENTURINI, J. F. KWAK AND 
J. E.  SCHIRBER 
Sandia  N a t i o n a l  L a b o r a t o r i e s ,  Albuquerque ,  NM, USA 

Argonne N a t i o n a l  L a b o r a t o r i e s ,  Argonne, I L  60439 
J -  M. WILLIAMS, H. H. WANG, AND P. E. REED 

A b s t r a c t  We have u n d e r t a k e n  a s t u d y  o f  t h e  e l e c t r o n i c  
p r o p e r t i e s  of  a new o r g a n i c  c o n d u c t o r ,  (BEDT-TTF)2Br04, 
u s i n g  m a g n e t i c  r e s o n a n c e  t e c h n i u e s  and  a l so  t h e  o r g a n i c  
s u p e r c o n d u c t o r  (BEDT-TTF)213. P r o t o n  m a g n e t i c  reso- 
nance  e x p e r i m e n t s  on  (BEDT-TTF)2Br04 have r e s o l v e d  
i n d i v i d u a l  p r o t o n  l i n e s  w i t h o u t  t h e  a i d  o f  l i n e  narrow- 
i n g  t e c h n i q u e s .  The e l e c t r o n  s p i n  r e s o n a n c e  l i n e  is 
v e r y  nar row and  shows a f r e q u e n c y  i n d e p e n d e n t  low t e m -  
p e r a t u r e  b r o a d e n i n g  i n  t h e  low t e m p e r a t u r e  reg ime.  The 
ESR b r o a d e n i n g  is s t r o n g l y  p r e s s u r e  d e p e n d e n t ,  b e i n g  
s u p p r e s s e d  t o  lower  t e m p e r a t u r e  w i t h  t h e  a p p l i c a t i o n  of 
p r e s s u r e .  We have u s e d  r a d i o  f r e q u e n c y  t e c h n i q u e s  t o  
moni tor  t h e  p r e s s u r e  dependence o f  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  t e m p e r a t u r e ,  Tc, i n  (BEDT-TTF)213 a n d  f i n d  
t h a t  Tc is s u p p r e s s e d  t o  below 1 K  w i t h  t h e  a p p l i c a t i o n  
o f  less  t h a n  0.5 k b a r  of  p r e s s u r e .  I n  a d d i t i o n ,  we 
f i n d  a magnet ic  t r a n s i t i o n  a t  7K above  a p r e s s u r e  o f  
.5 k b a r  . 

INTRODUCTION 

The o r g a n i c  metal ,  (BEDT-TTF)213, h a s  been  o f  i n t e n s e  i n t e r -  

est  r e c e n t l y  due t o  t h e  d i s c o v e r y  t h a t  i t  s u p e r c o n d u c t s  

a t  ambient  p r e s s u r e ,  t h e  f i r s t  s u l f u r - b a s e d  o r g a n i c  s u p e r -  

c o n d u c t o r  t o  do so .  Our m o t i v a t i o n  i n  i n v e s t i g a t i n g  t h i s  

material  was t o  s t u d y  t h e  p r e s s u r e  dependence o f  i t s  s u p e r -  

c o n d u c t i n g  p r o p e r t i e s  t o  compare w i t h  t h e  w e l l - c h a r a c t e r i z e d  

Bechgaard s a l t s .  A new m a t e r i a l ,  (BEDT-TTF)2Br04, h a s  been  

s y n t h e s i z e d 2  i n  c r y s t a l l i n e  form a n d  we have  s t u d i e d  t h e  
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I70 

c r y s t a l  s t r u c t u r e ,  

p r o p e r t i e s  which we r e p o r t  h e r e .  

L. J .  AZEVEDO er al. 

t h e  t r a n s p o r t  p r o p e r t i e s 3  and magnetic 

EXPERIMENTAL DETAILS 

The s i n g l e  c r y s t a l  samples ,  as  v e r i f i e d  by X-rays, were i n  

t h e  form of p l a t e l e t s  of t y p i c a l  dimensions 0.2 x 0.4  

x 1 A r a d i o  f requency  c o i l  of t h e s e  dimensions was 

c o n s t r u c t e d  of t e f l o n  coa ted  50 micron copper w i r e .  The 

t e f l o n  c o a t i n g  w a s  necessa ry  t o  minimize unwanted back- 

ground pro ton  s i g n a l s .  We found t h a t  t h e  background pro- 

t o n  s i g n a l  was t y p i c a l l y  10% o r  l e s s  of t h e  t o t a l  observed  

proto- s i g n a l .  The sample was c a r e f u l l y  s l i p p e d  i n s i d e  t h e  

Kf c o i l .  Th i s  c o i l  arrangement r e s u l t e d  i n  a n  op t ima l  

f i l l i n g  f a c t o r  which is e s s e n t i a l  f o r  per forming  nuc lea r  

magnetic resonance exper iments  on samples weighing l e s s  

t han  a mi l l i g ram.  The r f  co i l  and sample were t h e n  mounted 

i n s i d e  a Be-Cu p r e s s u r e  v e s s e l  f o r  exper iments  a t  h igh  

p res su re .  P r e s s u r e s  were a c c u r a t e  and r e p r o d u c i b l e  t o  

w i t h i n  0.2 kbar .  The helium gas  p r e s s u r e  t echn iques  a r e  

desc r ibed  e l ~ e w h e r e . ~  

t echn ique  does no damage t o  samples upon r epea ted  t e m -  

p e r a t u r e  and p r e s s u r e  c y c l i n g  as v e r i f i e d  by X-ray examina- 

t i o n  a f t e r  t h e  exper iment .  Temperature was measured by a 

c a l i b r a t e d  G e  r e s i s t o r  f o r  t empera tu res  above 4 K and t h e  

vapor p r e s s u r e  of helium below 4 K.  

s p i n  resonance  was measured by t h e  use  of a Q-meter c i r -  

c u i t .  Resonance f r e q u e n c i e s  ranged from 30 t o  60 MHz cor -  

responding t o  resonance f i e l d s  from abou t  1 0  t o  20 O e .  

. 

We have found t h a t  t h i s  p r e s s u r e  

The low f i e l d  e l e c t r o n  

The microwave ESR exper iments  were c a r r i e d  o u t  i n  a 

c a v i t y  a t  ambient p r e s s u r e  ove r  t h e  t empera tu re  range 

2-300 K.  Absolute s u s c e p t i b i l i t y ,  l i n e w i d t h ,  and  g-value 
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ELECTRONIC PROPERTIES OF NEW ORGANIC CONDUCTORS 171 

were r e c o r d e d  a t  a v a r i e t y  of c r y s t a l  o r i e n t a t i o n s  w i t h  

r e s p e c t  t o  t h e  a p p l i e d  a n d  microwave f i e l d s .  No h y p e r f i n e  

s t r u c t u r e  was observed  in e i t h e r  series of s a m p l e s .  

RESULTS AND DISCUSSION 

We f i r s t  d i s c u s s  t h e  r e s u l t s  of t h e  ambient  p r e s s u r e  e x p e r i -  

ments  on (BEDT-TTF)2Br04 a n d  (BEDT-TTF)213. I n  F i g .  1 w e  

show t h e  microwave s p i n  s u s c e p t i b i l i t y  v s .  t e m p e r a t u r e  f rom 

2 K t o  100 K of  (BEDT-TTF)zBr04. 

i n c r e a s e  i n  t h e  s u s c e p t i b i l i t y  as t h e  t e m p e r a t u r e  i s  low- 

e r e d .  Above 50 K t h e  s u s c e p t i b i l i t y  is n e a r l y  i n d e p e n d e n t  

of  t e m p e r a t u r e ,  c h a r a c t e r i s t i c  of t h e  P a u l i  s u s c e p t i b i l i t y  

There  i s  a monotonic  

Temperature (K) 
F i g u r e  1. Microwave s p i n  s u s c e p t i b i l i t y  v s  t e m p e r a t u r e .  
The s o l i d  c u r v e  i s  a f i t  t o  a Curie-Weiss  term p l u s  a 
p o s i t i v e  c o n s t a n t  a s  d i s c u s s e d  i n  t h e  t e x t .  
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172 L. J .  AZEVEW er al. 

l " ' l ' " 1 " ' 1 " ' 1  - 
s -  6 -  (BEDT-TTF),BrO, 

P 
4 -  (P a 

0 

0 
- 

0 
2 -  

0 
0 

0 

-QmooooooO I )  

of a me ta l .  A t  lower tempera tures  t h e  s u s c e p t i b i l i t y  r ises 

s h a r p l y ,  dominated by a Curie-Weiss c o n t r i b u t i o n .  The 

s o l i d  curve  i n  F ig .  1 i s  a l e a s t  s q u a r e s  f i t  of t h e  sus-  

c e p t i b i l i t y  d a t a  t o  a Curie-Weiss c o n t r i b u t i o n  p l u s  a 

p o s i t i v e  P a u l i  s u s c e p t i b i l i t y .  The Curie-Weiss c o n s t a n t  i s  

4.9 K. 

magnetic o r d e r i n g .  I n  F ig .  2 w e  show t h e  t empera tu re  

dependence of t h e  ESR l i n e w i d t h  a t  9.8 GHz f o r  

The p o s i t i v e  c o n s t a n t  i s  i n d i c a t i v e  of a n t i f e r r o -  

(BEDT-TTF)2BR04. 

n al 
0 
W 

0 

Temperature (K) 

Figure  2. Microwave l i n e w i d t h  ( d e r i v a t i v e  peak  
t o  peak ) v s  t empera tu re .  

There i s  a monotinic dec rease  of t h e  l i n e w i d t h  wi th  a 

minimum a t  a tempera ture  of about  7 K and a small low 

tempera ture  r ise  i n  t h e  l i n e w i d t h .  
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ELECTRONIC PROPERTIES OF NEW ORGANIC CONDUCTORS 173 

I n  F i g .  3 we show t h e  t e m p e r a t u r e  dependence  o f  t h e  

ESR s u s c e p t i b i l i t y  a t  9 .8  GHz v s .  t e m p e r a t u r e  for 

(BEDT-TTF)213. The t e m p e r a t u r e  independence  of t h e  

s u s c e p t i b i l i t y  i s  c o n s i s t e n t  w i t h  t h a t  e x p e c t e d  of a 

metal  where one  i s  measur ing  t h e  P a u l i  s p i n  s u s c e p t i b i l i t y .  

( BEDT - TT F& I, 

20 40 60 80 100 
Temperature (K) 

F i g u r e  3. Microwave s p i n  s u s c e p t i b i l i t y  vs 
t e m p e r a t u r e  f o r  (BEDT-TTF)213 

I n  F i g .  4 we show t h e  ESR l i n e w i d t h  o f  (BEDT-TTF)213 vs  

t e m p e r a t u r e .  There i s  a d e c r e a s e  i n  t h e  l i n e w i d t h  a s  t h e  

t e m p e r a t u r e  i s  lowered which ,  t o g e t h e r  w i t h  t h e  s u s c e p t i -  

b i l i t y  d a t a  and  t h e  d y s o n i a n  l i n e s h a p e  d i s c u s s e d  below,  i s  

c o n s i s t e n t  w i t h  t h a t  e x p e c t e d  f o r  a K o r r i n g a  dominated  

l i n e w i d t h  i n  a metal. The ESR s i g n a l  i s  d y s o n i a n  i n  t h i s  

t e m p e r a t u r e  r a n g e ,  i . e . ,  t h e  microwave s k i n  d e p t h  i s  of  
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174 L. J .  AZEVEDO et al. 

t h e  o r d e r  of t h e  sample d imens ions .  From a c a r e f u l  a n a l y s i s  

of t h e  l i n e s h a p e  f o r  v a r i o u s  microwave f i e l d  d i r e c t i o n s  wi th  

r e s p e c t  t o  t h e  c r y s t a l  a x e s  we have determined t h a t  t h e  

microwave c o n d u c t i v i t y  i n  (BEDT-TTF)213 is a t  least  h i g h l y  

two-dimensional and a g r e e s  t o  w i t h i n  a f a c t o r  of  t h r e e  of 

t h e  dc c o n d u c t i v i t y .  That i s ,  t h e  microwave c o n d u c t i v i t y  i s  

i s o t r o p i c  i n  a p l ane .  

n 

8 
W 

c 

Temperature (K) 

Figure  4.  Microwave l i n e w i d t h  ( d e r i v a t i v e  peak 
t o  p e a k ) v s  t empera tu re  f o r  (BEDT-TTF)213 

We now t u r n  t o  t h e  r e s u l t s  of t h e  p r e s s u r e  exper iments  

on (REDT-TTF)2Br04 and (BEDT-TTF)213. Both low f i e l d  ESR 

and NMR exper iments  were performed on s i n g l e  c r y s t a l  samples 

of (BEDT-TTF)2Br04. F igu re  5 shows t h e  low f i e l d  

( resonance  f i e l d  10  Oe) ESR peak-to-peak l i n e w i d t h  a s  a D
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I75 ELECTRONIC PROPERTIES OF NEW ORGANIC CONDUCTORS 

1.5 

1.0 

0.50 

function of  temperature at several pressures. For tempera- 

tures above 6 K the low field ambient pressure linewidths 
agree with the microwave results depicted in Fig. 2 indi- 
cating that the ESR linewidth is frequency independent. 

I I I 1 1 1  I I I I  

- 4 kbar  

t 
- \c 

- 6 x x  00 
2 k b a r  0 - 

4 t 

t : x '  O X X  0 
xx I$@ xxx 

- om CRJ 
0 

- 
0 k b a r  

I I I I I  I I I I  

n aJ 
0 

S 
3 
U 

3 
aJ 
C 

J 

Y 

4 

.rl 

10 
0. ooi 1 0  

Temperature (K) 
Figure 5. Low field ESR peak-to-peak linewidth (resonance 
field 10 Oe) vs temperature for 3 pressures in (BEDT-TTF)2Br04 
In the low temperature regime the microwave linewidth is 
less than the low field linewidth. The linewidth reaches 

a minimum of 0.3 Oe at 6 K and then increases strongly at 
lower temperatures. The decrease of the linewidth is simi- 
lar to the ambient pressure results on (BEDT-TTF)213, which 

we interpret as that expected of a metal. However, as 

transport studies show,3 in this case there is evidence that 

(BEDT-TTF)zBr04 is a semiconducting material at low temper- 
atures. This points t o  the danger of interpreting the 

results of only one experiment and reaching an erroneous 
conclusion. The susceptibility of (BEDT-TTF)zBr04 (not 

shown) decreases at lower temperatures indicative of a 
magnetic transition. With the application of pressure the 
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176 L. J. AZEVEDO er al. 

transition is suppressed to lower temperature until at 
pressures above 4 kbar the transition temperature 
(defined as the minimum of the linewidth) is below 1 K. 
It is likely that the transition is a spin density wave 
transition based on the similarities with the other 

organic salts on this series. Finally, the ambient 
pressure microwave experiments on (BEDT-TTF)zBrOb show 
a pronounced frequency dependence to the linewidth at 

temperatures below the transition. 

In addition, we have measured the low field electron 
spin susceptibility using the Schumaker-Slichter method 

and find acceptable agreement with the low field measure- 
The conductivity of (BEDT-TTF)yBrOh is moderate1 

I I 

I I . 
6780 6800 6820 6E 40 

Applied Field (09) 
Figure 6. Proton derivative spectrum at 9 MHz for two pres- 
sures. The zero pressure data was taken at a temperature of 
4.02 K and the 8 kbar at 1.02 K. There was no observed tem- 
perature dependence to the spectra for temperatures below 4 
K over the whole pressure range. 
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ELECTRONIC PROPERTIES OF NEW ORGANIC CONDUCTORS 177 

a c t i v a t e d  below 200 K3 and t h e  low tempera ture  l o g  con- 

d u c t i v i t y  vs i n v e r s e  t empera tu re  p l o t  shows c u r v a t u r e  

similar t o  t h a t  observed i n  d i s o r d e r e d  m a t e r i a l s  such  

as Qn(TCNQ)2. I n  Fig.  6 w e  show two d e r i v a t i v e  s p e c t r a  

of p ro tons  i n  (BEDT-TTF)zBr04 a t  ambient p r e s s u r e  and a t  

8 kbar .  Note t h a t  a t  h igh  p r e s s u r e  t h e  r e s o l u t i o n  of 

s e v e r a l  i n d i v i d u a l  p ro ton  l i n e s .  The i n c r e a s e d  r e s o l u -  

t i o n  a t  h igh  p r e s s u r e  i s  probably  t h e  r e s u l t  of h inde red  

motion of t h e  methylene groups.  The r e s o l u t i o n  of i n d i -  

v i d u a l  pro ton  l i n e s  wi thou t  any l i n e  narrowing t echn iques  

2 . 0  I I I I I I I I I 

- - 
I: X X n 

Y 1.5 - - 
Q) - 
L 
3 

10 

Q) 
P 

I- 

Y 

- 
JJ 1.0 - - 
L - 

0 . 5  - - 
- 

- - 
0 . 0 :  I I I I I I I I I 

X 

X 

Pressure (kbar) 
Figure  7 .  P re s su re  dependence of t h e  superconduct ing  t r a n s i -  
t i o n  t empera tu re  f o r  (BEDT-TTF)213. The d a t a  p o i n t  a t  0.4 
kba r  i s  an  upper  l i m i t :  no s u p e r c o n d u c t i v i t y  was observed  
down t o  1.1 K. 

superconduct ing  t r a n s i t i o n  t empera tu re ,  T,. A t  a p r e s s u r e  

of  0.4 kba r  T, has  been suppres sed  t o  below 1.1 K. 

a n  enormous p r e s s u r e  dependence compared t o  t h a t  measured 

This  i s  
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on o the r  superconducting organics .  

w a s  measured by the  c o n t a c t l e s s  technique of monitoring the  

absorpt ion i n  a c o i l .  

superconducting t r a n s i t i o n .  Four probe conduct ivi ty  

measurements on samples from the  same batch confirm these  

values of Tc.3 Above a p re s su re  of 0.4 kbar w e  observe 

a magnetic t r a n s i t i o n ,  a s  measured by r ad io  frequency 

absorpt ion experiments whose onset  i s  a t  7 K. There is no 

pressure dependence t o  t h i s  t r a n s i t i o n  up t o  a t  l e a s t  

4 kbar of pressure.  

L. J. AZEVEDO et al. 

In  t h i s  experiment Tc 

We d e f i n e  Tc as  t he  onset  of t h e  

Four probe conduct ivi ty  measurements a t  0.5 kbar show 

a small (about 10%) i n c r e a s e  i n  t h e  r e s i s t a n c e  of t he  

sample i n  the  7 K temperature range. One i n t e r p r e t a t i o n  

of t h i s  e f f e c t  i s  t h e  p a r t i a l  l o s s  of Fermi s u r f a c e  t o  a 

sp in  dens i ty  wave. 

CONCLUSIONS 

We have found t h a t  t he  organic  conductor (BEDT-TTF)zBr04 

has a magnetic phase t r a n s i t i o n  a t  low temperature which 

i s  suppressed with t h e  a p p l i c a t i o n  of pressure.  The proton 

s p e c t r a  under p re s su re  imply t h a t  t he  e l e c t r o n  sp ins  a r e  

loca l i zed  and have small  exchange i n t e r a c t i o n s ,  c o n s i s t e n t  

with t h e  observed a c t i v a t e d  conduct ivi ty .  I n  a d d i t i o n ,  t he  

microwave ESR experiments do not show any evidence f o r  a 

dysonian l ineshape which would be expected f o r  a metal. 

(BEDT-TTF)213 has a very l a r g e  pressure dependence t o  Tc 

and we have discovered a magnetic phase t r a n s i t i o n  a t  7 K 

f o r  pressures  above 0.4 kbar which is  most l i k e l y  a p a r t i a l  

des t ruc t ion  of t h e  F e r m i  s u r f a c e  due t o  a s p i n  dens i ty  wave 

t r a n s i t i o n .  
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