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INDUCTIVE AND RESISTIVE STUDIES OF THE AMBIENT 
PRESSURE ORGANIC SUPERCONDUCTOR B-(BEDT-TTF>213 

K. DOUGLAS CARLSON, G. W e  CRABTREE, M e  C H O I ,  
L. N. HALL, P. THOMAS COPPS, HAU H a  WANG, THOMAS J. 
EMGE, MARK A. BEN0 AND JACK Me WILLIAMS 
Chemistry and Materials S c i e n c e  and Technology 
D i v i s i o n s ,  Argonne Na t iona l  Labora to ry ,  Argonne, 
I l l i n o i s  60439 

Abs t r ac t  I n d u c t i v e  s t u d i e s  based on rf p e n e t r a t i o n  
dep th  measurements and r e s i s t i v e  s t u d i e s  based on 
4-lead e l e c t r i c a l  r e s i s t i v i t y  measurements are 
r e p o r t e d  f o r  t h e  su l fu r -based  ambient p r e s s u r e  
sup  c r c  onduct or 6- (BEDT-TTF ) 2 I 3. The i n d u c t i v e  
s t u d i e s  show t h a t  t h e  bulk  supe rconduc t ing  t r a n s i t i o n  
t empera tu re  (Tc) is sample dependent ,  w i th  v a l u e s  of 
T r ang ing  from 1.2 K t o  1.4 K. The c r i t i c a l  magne- 
t f c  f i e l d s  Hc show c o n s i d e r a b l e  a n i s o t r o p y  i n  d i r e c -  
t i o n s  p e r p e n d c u l a r  and p a r a l l e l  t o  t h e  c r y s t a l l o -  
g r a p h i c  & plane. The e l e c t r i c a l  r e s i s t i v i t y  as a 
f u n c t i o n  of t empera tu re  shows l i n e a r  and q u a d r a t i c  
dependences on T and unusual s t r u c t u r e  nea r  8 K and 
4 K. 

I NT RODU CT I ON 

The d i scove ry '  i n  1980 of s u p e r c o n d u c t i v i t y  i n  t h e  

Bechgaard s a l t s ,  (TMTSF)2X, where TMTSF is  the  Se-based 

o rgan ic  r a d i c a l - c a t 1  on donor t et  ramethyl  t etras e l ena f  u l -  

v a l e n e  and X is  a u n i v a l e n t  complex i n o r g a n i c  an ion ,  h a s  

s t i m u l a t e d  t h e  s e a r c h  f o r  new o rgan ic  conduc to r s  having  a 

superconduct ing  s t a t e .  These TMTSF sa l t s  c o n s t i t u t e  t h e  

f i r s t  known c l a s s  of o rgan ic  superconductors .  Charge- 

t r a n s f e r  sa l t s  of t h e  t y p e  (BEDT-TTF)2X, d e r i v e d  from t h e  

145 

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

1:
55

 2
0 

Fe
br

ua
ry

 2
01

3 



146 K. D. CARLSON er al. 

BEDT-TTF donor b i s  ( e t h y l e n e d i  t h i o )  t e t r a t h i a f  u l v a l  ene,  

abbrev ia t ed  as “ET“,  now c o n s t i t u t e  t h e  second class of 

organic  supe rconduc to r s ,  w i th  p o t e n t i a l l y  more i n t e r e s t i n g  

normal -s ta te  and superconduct ing  p r o p e r t i e s  t h a n  t h e  TMTSF 

d e r i v a t i v e s .  P a r k i n  et a1.2 f i r s t  d i scove red  supercon- 

d u c t i v i t y  i n  t h e s e  S-based o rgan ic  conductors  i n  s t u d i e s  

of (ET)2Re04, which was r e p o r t e d  t o  b e  superconduct ing  
3 near 2 K a t  p r e s s u r e s  above 4 kbar .  Yagubskii  et a l .  

f i r s t  d i scove red  ambient p r e s s u r e  s u p e r c o n d u c t i v i t y  i n  t h e  

ET sa l t s  wi th  t h e  13- a n i o n i c  d e r i v a t i v e ,  B-(ETI2I3, which 

was repor t ed  t o  be  superconduct ing  at 1.4-1.5 K. Th i s  

d i scove ry  of ambient p r e s s u r e  s u p e r c o n d u c t i v i t y ,  second 

only t o  (TMTSF)2C104, has  s i n c e  been confirmed t o  b e  a 

volume ( b u l k )  p r o p e r t y  of f3-(ET)213.4-7 Although t h e  

e x i s t e n c e  of a superconduct ing  s t a t e  i s  now w e l l  docu- 

mented f o r  B-(ET)213, t h e  v a r i o u s  no rma l - s t a t e  and 

superconduct ing  p r o p e r t i e s  of t h i s  sa l t  remain l a r g e l y  

uncha rac t e r i zed .  I n  t h i s  a r t ic le ,  w e  d e s c r i b e  i n d u c t i v e  

and r e s i s t i v e  s t u d i e s  a t  ambient p r e s s u r e  of f3-(ET)213 

which focus  on (1) v a r i a t i o n s  i n  t h e  onse t  t empera tu re  of 

bu lk  s u p e r c o n d u c t i v i t y ,  ( 2 )  t h e  a n i s o t r o p y  i n  t h e  upper 

c r i t i ca l  magnetic f i e l d s ,  (3)  the  t empera tu re  dependence 

of t h e  electrical  r e s i s t i v i t y ,  and ( 4 )  t h e  r e s i s t i v i t y  

near 200 K where t h e  c r y s t a l s  undergo  a novel  t r a n s i t i o n  

t o  an  incommensurate modulated s t r u c t u r e .  8- 9 

EXPERIMENTAL PROCEDURES 

B-(ET),13 c r y s t a l s  were prepared  by e l ec t rochemica l  

o x i d a t i o n  of ET ( i . e . ,  BEDT-TTF) i n  t h e  p re sence  of t h e  

suppor t ing  e l e c t r o l y t e  ( n-Bu4N)13, as p r e v i o u s l y  

d e ~ c r i b e d . ~  The e l e c t r o c r y s t a l l i z a t i o n  produced a t  least  
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INDUCTIVE AND RESISTIVE STUDIES OF p-(BEDT-TTF)J, 147 

two phases :  t h e  nonsuperconducting a-(ET)213 phase ,  which 

h a s  a m e t a l - i n s u l a t o r  t r a n s i t i o n  nea r  140 K,l0 and t h e  

superconduct ing  8-(ETl2I3 phase  ( b o t h  wi th  s p a c e  group PI, 
Z = 1). The 8 phase  invo lves  s t a c k s  of t h e  ET molecules  

i n t e r c o n n e c t e d  by S * * * S  c o n t a c t  d i s t a n c e s  ( i n t e r s t a c k  

d i s t a n c e s )  which are less t h a n  t h e  van d e r  Waals S-atom 

r a d i u s  sum (3.60 A ) .  This  arrangement produces  a 

co r ruga ted - shee t  network of S-atoms which promotes 

e lectr ical  c o n d u c t i v i t y  i n  t h e  c r y s t a l l o g r a p h i c  & 
plane .  Depending on t h e  s o l v e n t  and o t h e r  pa rame te r s ,  t h e  

e l e c t r o c r y s t a l l i z a t i o n  produces bo th  a and 8 phases  and 

s e v e r a l  c r y s t a l  morphologies.  Prominent among t h e  B phase  

morphologies are d i s t o r t e d  hexagon-shaped4 c r y s t a l s  and 

need le l ike '  c r y s t a l s .  

The i n d u c t i v e  s t u d i e s  d i s c u s s e d  i n  t h i s  a r t i c l e  were 

c a r r i e d  out on two k inds  of samples c o n s i s t i n g  of roughly  

hexagon-shaped c r y s t a l s .  One sample c o n s i s t e d  of a s i n g l e  

8-phase c r y s t a l  wi th  dimensions of N 1xIx0.3 mm . The 

o t h e r  sample c o n s i s t e d  of a m i x t u r e  of smaller 8-phase 

c r y s t a l s ,  each wi th  dimensions of - 0.5x0.2x0.05 mm3 or 

smaller. The small c r y s t a l s  were t aken  from a d i f f e r e n t  

e l e c t r o c r y s t a l l i z a t i o n  s y n t h e s i s  t h a n  t h a t  of t h e  l a r g e  

s i n g l  e-crys t a1 specimen. The i n d u c t i v e  exper iments  con- 

s i s t e d  of r f  p e n e t r a t i o n  dep th  measurements l l  down t o  

t empera tu res  of - 0.4-0.5 K (pumped He3) i n  a p p l i e d  s t a t i c  

magnetic f i e l d s  i n  t h e  r ange  of 0-15 kOe. I n  t h i s  method, 

s u p e r c o n d u c t i v i t y  i s  d e t e c t e d  by a n  i n c r e a s e  i n  t h e  r f  

r e sonan t  f requency  of an  LC c i r c u i t  due  t o  t h e  p e r s i s t e n t  

s h i e l d i n g  c u r r e n t s  of a supe rconduc to r  suspended i n  t h e  r f  

c o i l .  The rf f requency  can  b e  de te rmined  t o  - 1 p a r t  i n  
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I48 

lo5 Hz, which permits t h e  d e t e c t i o n  of bulk superconduc- 

t i v i t y  i n  a s  l i t t l e  as - 5 ug of a superconducting 

sample. The r e s i s t i v e  s t u d i e s  cons i s t ed  of 4-lead 

e l e c t r i c a l  r e s i s t i v i t y  measurements12 as a func t ion  of 

temperature on a n e e d l e l i k e  c r y s t a l  with dimensions of 

- 1.3.xO.lxO.06 mm3. The l e a d s  were gold wires at tached 

by conductive gold pas t e ,  and t h e  measurements employed 

low-frequency ac c u r r e n t s  (50pA a t  37 Hz) with phase- 

s e n s i t i v e  d e t e c t i o n  of t h e  voltage.  The r e s i s t i v i t y  was 

measured i n  t h e  high-conductivity ab p lane  along t h e  

needle a x i s ,  which is t h e  c r y s t a l l o g r a p h i c  5 axis .  

K. D. CARLSON cr al. 

I N D U C T I V E  MEASUWMENTS BY RF PENETRATION 

Several  d i f f e r e n t  d e f i n i t i o n s  have been employed f o r  t h e  

so-called c r i t i c a l  temperature Tc of superconduct ivi ty  i n  

organic conductors. These inc lude  t h e  "half-signal ' '  

d e f i n i t i o n , 1 3  i n  which Tc is  taken a s  t h e  temperature a t  

t h e  midpoint of t h e  t r a n s i t i o n  from t h e  normal-state t o  

t h e  superconducting-state va lue  of a given property,  and 

the  "extrapolated-signal ' '  d e f i n i t i o n 7 ,  i n  which Tc is  

determined by t h e  i n t e r s e c t i o n  of l i n e a r  ex t r apo la t ions  of 

t h e  superconducting- and normal-state da t a .  I n  i n d u c t i v e  

measurements, w e  p r e f e r  t o  d e f i n e  Tc a s  t h e  temperature a t  

which t h e  induced s i g n a l  (e.g., t h e  r f  resonant frequency) 

f i r s t  depa r t s  from t h e  normal-state va lue  s i n c e  t h i s  

measures t h e  onset of bulk (volume) diamagnetic s h i e l d i n g  

c u r r e n t s  i n  t h e  sample. Organic superconductors i n  

general  have low t r a n s i t i o n  temperatures and r a t h e r  broad 

superconducting t r a n s i t i o n s ,  so t h a t  t h e s e  d i f f e r e n t  

d e f i n i t i o n s  of Tc g i v e  s i g n i f i c a n t l y  d i f f e r e n t  

temperatures . 
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INDUCTIVE AND RESISTIVE STUDIES OF fi-(BEDT-TTF)JI 149 

D i f f e r e n t  v a l u e s  of Tc (however they  a r e  d e f i n e d )  may 

a r i s e  from d i f f e r e n t  measuring t echn iques .  E lec t r ica l  

r e s i s t i v i t y ,  f o r  example, may be  dominated by f i l a m e n t a r y  

behav io r ,  whereas i n d u c t i v e  s i g n a l s  are r e s p o n s i v e  t o  

changes i n  t h e  bulk  p r o p e r t i e s  of t h e  conduc t ion  

e l e c t r o n s .  We have  sugges t ed5  t h a t  ano the r  s o u r c e  of 

d i sc repancy  i n  i n d u c t i v e  measurements on B-(ET)213 may b e  

t h e  p h y s i c a l  dimensions of t h e  c r y s t a l s  because  of t h e  

p 0s s i b i  1 i t  y of r e l a t i v e l y  l a r g e  London p e n e t r a t i o n  dep ths  

i n  o rgan ic  superconductors .  With a c r y s t a l  d imens ion  

be ing  comparable t o  t h e  p e n e t r a t i o n  dep th ,  t h e  appa ren t  Tc 

would be  s m a l l e r  than  t h e  a c t u a l  Tc due  t o  t h e  p e n e t r a t i o n  

of t h e  r f  f i e l d  through most of t h e  sample a t  t empera tu res  

nea r  Tc. The impor tance  of t h i s  e f f e c t  can  b e  eva lua ted  

by comparing t h e  v a l u e s  of Tc observed f o r  a l a r g e  and a 

small c r y s t a l .  

F i g u r e  1 shows t h e  superconduct ing  t r a n s i t i o n  cu rves  

a t  z e r o  app l i ed  magnetic f i e l d  f o r  t h e  s i n g l e  c r y s t a l  

specimen of 8-( ET)213 and t h e  p o l y c r y s t a l l i n e  sample. 

Both cu rves  are broad and incomple t e  down t o  t h e  lowes t  

t empera tu re  achieved. The d i f f e r e n c e  i n  s i g n a l  s i z e  i s  

a t t r i b u t e d  t o  t h e  d i f f e r e n c e  i n  volumes of t h e  two 

samples. The cu rve  f o r  t h e  p o l y c r y s t a l l i n e  sample,  w i t h  

T, = 1.40 f 0.02 K f o r  t h e  onse t  of bu lk  superconduct iv-  

i t y ,  has  been r e p o r t e d  p r e v i ~ u s l y . ~  The c u r v e  f o r  t h e  

s i n g l e  c r y s t a l  specimen has  Tc = 1.23 f 0.02 K, which i s  

c o n s i d e r a b l y  smaller t h a n  t h e  v a l u e  f o r  t h e  p o l y c r y s t a l -  

l i n e  sample even though t h e  s i n g l e  c r y s t a l  has  much l a r g e r  

dimensions.  I n  both  exper iments ,  t h e  c o o l i n g  rates were 
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150 K. D. CARLSON et al. 

comparable ( o v e r n i g h t  c o o l i n g  from room tempera tu re  - 70 K and f u r t h e r  c o o l i n g  t o  - 2 K a t  a ra te  - l K / m ) .  Th i s  demons t r a t e s  t h a t  t h e  p e n e t r a t i o n  dep th  

not an  e s p e c i a l l y  impor t an t  parameter  f o r  t h e  c r y s t a l s  

B-(ETl2I3 and t h a t  Tc is  a sample dependent proper ty .  

have  measured Tc = 1.30 f 0.02 K i n  ano the r  sample 

p o l y c r y s t a l l i n c  material. The l a r g e s t  Tc r e p o r t e d 6  

d a t e  f o r  an  i n d u c t i v e  measurement ( low- f i e ld  ESR) 

B-(ET)213 i s  1.6 K. 

7 

FIGURE 1. Change i n  r f  r e sonan t  f requency  v s  

t emp e r a t u r  e f o r  two B-( BEDT-TTF) 21 3 sampl cs 

a t  z e r o  a p p l i e d  magnet ic  f i e l d .  

t o  

of 

is  

of 

We 

of 

t o  

on 

C r i t i c a l  magnet ic  f i e l d s  of t h e  s i n g l e - c r y s t a l  

B-(ET),13 specimen were i n v e s t i g a t e d  by r f  p e n e t r a t i o n  

depth  measurements i n  f i e l d s  a p p l i e d  a long  v a r i o u s  or ien-  

t a t i o n s  of t h e  c r y s t a l l o g r a p h i c  axes.  A t  f i e l d s  nea r  
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INDUCTIVE AND RESISTIVE STUDIES OF o-(BEDT-TTF)J, 151 

H = 0 in a l l  o r i e n t a t i o n s ,  t h e r e  was a s h a r p  d e c r e a s e  i n  

t h e  o s c i l l a t i o n  f requency  wi th  t h e  f i r s t  a p p l i c a t i o n  of 

t h e  magnetic f i e l d ,  c o n s i s t e n t  w i th  t h e  measurements by 

Schwenk et a d  of very  low v a l u e s  of Hcl (LO.36 O e )  for 

a l l  t h r e e  c r y s t a l l o g r a p h i c  axes.  The o s c i l l a t i o n  f r e -  

quency dec reased  smoothly wi th  i n c r e a s i n g  f i e l d  down t o  

t h e  resonant  f requency  of t h e  normal s ta te  a t  Hc2. A t  

t empera tures  near 1 K, H c 2 ( (  Ic*) w a s  - 400 Oe f o r  f i e l d s  

d i r e c t e d  a long  t h e 5  a x i s ,  and Hc2 ( l c  ), i.e., f o r  H in 

t h e  ab p l a n e ,  was l a r g e r  by more t h a n  a n  order-of- 

magnitude f o r  f i e l d s  p a r a l l e l  t o  t h e  ab plane .  The 

a n i s o t r o p y  of t h e  c r i t i ca l  f i e l d s  w a s  c o n s i d e r a b l y  smaller 

in t h e  ab p lane ,  t h u s  conf i rming  t h e  two-dimensional 

* * 

m e t a l l i c  c h a r a c t e r  of B-(ET)213. In a p rev ious  a r t ic le ,  5 

w e  r epor t ed  upper c r i t i c a l  f i e l d s  of - 600 Oe a t  0.45 K 

f o r  t h e  p o l y c r y s t a l l i n e  sample. Th i s  c r i t i c a l  f i e l d  

r e p r e s e n t s  a n  average  of c r y s t a l  o r i e n t a t i o n s  w i t h  a 

r a t h e r  small f r a c t i o n  of s o l i d  ang le s  having  l a r g e  

c r i t i c a l  f i e l d s .  

ELECTRICAL RESI STIV ITY 

The e l e c t r i c a l  r e s i s t i v i t y  of t h e  B-(ET)213 n e e d l e  a long  

t h e  2 a x i s  is i l l u s t r a t e d  f o r  t h e  t empera tu re  r ange  of 

300-1.3 K i n  F i g u r e  2. T h i s  c r y s t a l  had a r e s i s t i v i t y  of 

- 0.1 Q c m  a t  300 K and a r e s i d u a l  r e s i s t i v i t y  r a t i o  

( p 3 0 0 / ~ 4 . ~ )  of - 4 5 0 ,  comparable t o  v a l u e s  r e p o r t e d  by 

Yagubskii  et a l e 3  This  f i g u r e  shows a s l i g h t  bu t  a b r u p t  

r e s i s t a n c e  jump near  210 K, s imilar t o  r e s i s t a n c e  jumps 
14 o f t e n  observed in t h e  r e s i s t i v i t y  of (TMTSF)2X salts .  

The r e s i s t i v i t y  was l inear i n  t h e  t empera tu re  from 200 t o  

100 K ,  and i t  c l o s e l y  followed a T2 dependence from 

100-10 K. It is i n t e r e s t i n g ,  and perhaps  s i g n i f i c a n t  
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152 K. D. CARLSON et al. 

because of t h e  layered-type s t r u c t u r e  of B-( ET)213, t h a t  

T i S 2  ( a  p ro to typ ica l  layered s t r u c t u r e )  a l s o  has  a 

r e s i s t i v i t y  p ropor t iona l  t o  T' over a l a r g e  temperature 

range encompassing t h i s  region.'' A T2 dependence i s  

usu a1 1 y s c a t  t er i  ng , 
whereas a l i n e a r  temperature dependence impl i e s  

a s s  o c i  at ed with el ec t r on- e l  ec t r on 

FIGURE 2. Log-log p l o t  of t h e  normalized 

r e s i s t i v i t y  ( pT/ ~300) along t h e  needle  a x i s  

(a a x i s )  of B-(BEDT-TTF)2I3 as a func t ion  of 

temperature. 

electron-phonon s c a t t e r i n g .  Below 10 K,  t h e  r e s i s t i v i t y  

shows an abrupt decrease near 8 K,  sugges t ive  of a f i r s t -  

order phase t r a n s i t i o n ,  and another  dec rease  near 4 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

1:
55

 2
0 

Fe
br

ua
ry

 2
01

3 



INDUCTIVE AND RESISTIVE STUDIES OF O-(BEDT-TTF)J, 153 

These f e a t u r e s  are i l l u s t r a t e d  i n  F i g u r e  3, and they  are 

r e p r o d u c i b l e  on thermal  c y c l i n g  of t h e  c r y s t a l .  Th i s  

f i g u r e  c l e a r l y  i l l u s t r a t e s  t h e  T2 dependence of t h e  

r e s i s t i v i t y  above - 10 K. 
Yagubskii  et a l . 3  r e p o r t e d  t h a t  t h e i r  needle-shaped 

c r y s t a l s  of f?-(ETl2I3 gave  a d e c r e a s e  i n  r e s i s t i v i t y  nea r  

4 K bu t  t h e i r  f l a k e l i k e  c r y s t a l s  (presumably l i k e  our  

hexagon-shaped c r y s t a l s )  e x h i b i t e d  only  a n  i n s i g n i f i c a n t  

d e c r e a s e  a t  t h i s  tempera ture .  An examinat ion  of t h e i r  

g r a p h i c a l  d a t a  shows a d e c r e a s e  i n  r e s i s t i v i t y  a l s o  n e a r  

FIGURE 3. Normalized r e s i s t i v i t y  vs t empera tu re  of 

B-(BEDT-TTF)213 from 16 K t o  1.3 K. The s o l i d  cu rves  

a r e  g u i d e s  t o  t h e  eye. The p l o t t e d  p o i n t s  are 

s e l e c t e d  va lues  from a cont inuous  graph  of t h e  sample 

r es is t ance. 
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154 K. D. CARLSON el al. 

10 K f o r  t h e  n e e d l e l i k e  c r y s t a l s .  We have  explored  t h i s  

r eg ion  by rf p e n e t r a t i o n  dep th  measurements bu t  have  

observed no change i n  t h e  r e sonan t  f requency  from t h e  

normal -s ta te  v a l u e  from 12 K down t o  t h e  bu lk  supercon- 

d u c t i n g  t r a n s i t i o n  tempera ture .  Fi,gure 3 shows a n e a r l y  

l i n e a r  r e g i o n  of r e s i s t i v i t y  from 4 K t o  1.6 K and a 

pronounced drop  i n  r e s i s t i v i t y  beginning  a t  1.6 K w i th  t h e  

"ha l f - s igna l "  r e s i s t i v i t y  o c c u r r i n g  nea r  1.4 K, similar t o  

t h e  r e s u l t s  r e p o r t e d  by Yagubskii  et  al .  These a u t h o r s  

have shown t h a t  z e r o  r e s i s t a n c e  occurs  near 0.5 K, i n d i -  

c a t i n g  t h a t  t h e  superconduct ing  t r a n s i t i o n  i s  about as 

broad i n  r e s i s t i v i t y  measurements as it is i n  t h e  induc- 

t i v e  measurements. 

The electrical  r e s i s t i v i t y  behavior  on thermal 

c y c l i n g  of t h e  n e e d l e l i k e  c r y s t a l  of f3-(ET)213 is  

i l l u s t r a t e d  in F i g u r e  4. Th i s  behav io r  is q u i t e  similar 

t o  t h a t  d e s c r i b e d  by I s h i g u r o  et a l . 14  f o r  (TMTSF)2Cl04. 

The cu rves  l a b e l e d  as 3 and 5 i n  F i g u r e  4 r e p r e s e n t ,  

r e s p e c t i v e l y ,  t h e  t h i r d  and f i f t h  c o o l i n g  and warming 

c y c l e s  between 300 K and 4.2 K o r  lower. The t h i r d  c y c l e  

shows s e v e r a l  sha rp  r e s i s t a n c e  jumps on coo l ing ,  one jump 

be ing  r a t h e r  l a r g e ,  and a somewhat smooth change  i n  

r e s i s t i v i t y  wi th  t h e  occur rence  of a maximum near 150 K on 

warming. The i n i t i a l  c y c l e  ( n o t  i l l u s t r a t e d )  gave  much 

l a r g e r  r e s i s t a n c e  jumps and a much l a r g e r  maximum i n  t h e  

r e s i s t i v i t y .  The f i f t h  c y c l e  shows only  one small resist- 

ance jump on c o o l i n g  and a much smaller maximum i n  t h e  

r e s i s t i v i t y  on warming. The c o o l i n g  c u r v e  f o r  t h e  f i f t h  

c y c l e  i s  t h e  s o u r c e  of d a t a  r e p r e s e n t e d  i n  F i g u r e s  2 and 

3. The r e s i s t i v i t y  i n  a l l  of t h e  warming cu rves  reached a 

common r e s i s t i v i t y  similar t o  t h a t  f o r  t h e  c o o l i n g  cu rves  
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INDUCTIVE AND RESISTIVE STUDIES OF @-(BEDT-TTF)J, 155 

1.0 - 

0.8 - 

5i 
2 0.6 - 
& 

0.4 - 

0.2 - 

T (K) 
FIGURE 4. Normalized r e s i s t i v i t y  v s  t empera tu re  f o r  

t h e  thermal  c y c l i n g  of B-( BEDT-TTF)*13. S o l i d  cu rves  

are f o r  c o o l i n g  from 300 K; dashed c u r v e s  are f o r  

warming from 4.2 K. The numbers d e n o t e  t h e  t h i r d  ( 3 )  

and f i f t h  ( 5 )  c y c l e s  beginning  wi th  t h e  i n i t i a l  

coo l ing  of a v i r g i n  c r y s t a l .  

a t  tempera tures  above - 230 K. A l l  of t h e  cu rves  d i s -  

p layed  t h e  r a p i d  d e c r e a s e  i n  r e s i s t i v i t y  near  8 K. I t  i s  

i n t e r e s t i n g  t o  n o t e  t h a t  i f  every  c o o l i n g  c u r v e  is 

r e s c a l e d  a t  each r e s i s t a n c e  jump t o  e l i m i n a t e  t h e  d iscon-  

t i n u i t y ,  a l l  cu rves  g i v e  roughly  t h e  same r e p r e s e n t a t i o n  

of t h e  t empera tu re  dependence and t h e  r e s i d u a l  r e s i s t i v i t y  

r a t i o .  Our expe r i ence  s u g g e s t s  t h a t  t h e  s o u r c e  of t h e  

r e s i s t i v i t y  jumps is s t r a i n  developed a t  t h e  electrical  

l e a d - c r y s t a l  s u r f a c e  i n t e r f a c e s .  
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156 K. D. CARLSON et al. 

Afte r  t h e  f i f t h  thermal cyc le ,  t h e  r e s i s t i v i t y  curves 

became i d e n t i c a l  on cool ing and warming between 300 K and 

150 K. This permitted us t o  examine t h e  region near 200 K 

where S-(ETI2I3 undergoes a t r a n s i t i o n  t o  an incommensu- 

rate modulated s t r u ~ t u r e , ~ ’ ~  which is t h e  f i r s t  such 

s t r u c t u r e  observed for any organic superconductor. Above 

200 K,  t h e r e  i s  s t r u c t u r a l  d i so rde r  i n  one set of t h e  

terminal e thylene groups of t h e  ET ca t ion .  Below 200 K, 
t h e r e  occurs a modulated s u p e r s t r u c t u r e  with a modulation 

wavelength which is incommensurate with t h e  fundamental 

l a t t i c e ,  and t h i s  p e r s i s t s  t o  temperatures a t  l e a s t  as  low 

as  10 K. Figure  5 shows t h e  r e s i s t i v i t y  of t h e  S-(ET)213 

needle i n  t h e  region of 280-150 K. The r e s i s t i v i t y  is  

FIGURE 5. R e s i s t i v i t y  of B-(BEDT-TTF)pI3 i n  t h e  

region of 280 K - 150 K. The s o l i d  l i n e s  were 

derived from a l i n e a r  least-squares  ana lys i s  of t h e  

p l o t  t ed experiment a1 point s . D
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INDUCTIVE AND RESISTIVE STUDIES OF &(BEDT-TTF)J, 157 

l i n e a r  i n  T from 300 K t o  230 K, i t  undergoes a g r a d u a l  

change i n  s l o p e  between 230 K and 200 K, and it  a g a i n  

becomes l i n e a r  i n  T wi th  a l a r g e r  s l o p e  a t  200 K. The re  

i s  no evidence  of any d i s c o n t i n u i t y  i n  t h e  r e s i s t i v i t y  

near  200 K. The d i f f e r e n c e  i n  s l o p e s  f o r  t h e  two l i n e a r  

r eg ions ,  however, i s  c o n s i s t e n t  w i t h  t h e  p o s s i b i l i t y  t h a t  

t h e  s u p e r s t r u c t u r e  r e p r  es e n t s  some long-range o r d e r i  ng 

which d e c r e a s e s  t h e  electron-phonon s c a t t e r i n g  a s s o c i a t e d  

wi th  t h e  h igh  t empera tu re  l a t t i ce .  
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