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NONLINEAR TRANSPORT PROPERTIES OF (TMTSF)2X SERl  ES 

D. DJUREK and S.KNEZOVIC 
l n s t i  t u t e  o f  Physics o f  Un ive rs i t y  o f  Zagreb,Zagreb,Yugoslavia 

K. BECHGAARD 
H.C.Oersted Ins t i tu te ,Un ivers i  tetsparken 5 DK 2100 Copenhagen, 
Denmark 

Abstract  We discuss the  thermal and e l e c t r i c a l  c o n d u c t i v i t i e s  
o f  samples (TMTSF)~X ( X = P F ~ , A S F ~ , C ~ O ~ )  i n  temperature range 
4.2 K<T<O. 

I NTRODUCTI ON 

The method we use i s  described i n  separate c o n t r i b u t i o n  o f  these 

Proceedings. Add i t iona l  measurements o f  thermal conduc t i v i t y  o f  

(TMTSF)2C104 based on the experience w l  t h  s i x  probe technique,give 

q u a l i t a t i v e l y  the same r e s u l t  as the app l i ca t i on  o f  f ou r  and two 

probes reported previous 1 y. 

The temperature dependence o f  thermal conduc t i v i t y  & o f  low dimen- 

s ional  conductor (TMTSF)2f'F6 i s  d isp layed on Fig. (1). An usuai fn- 

crease o f  K w i  t h  decreasing temperature s t a r t s  a t  t-100 K and 

e x h i b i t s  the tendency t o  obey the we l l  known P e i e r l s  divergence 

exp(B/T) a t  temperatures we1 1 below the Debye temperature 8-270 K. 

A t  -50 K the divergent increase i s  stopped and T-dependence i s  m e  

f l a t tened  i f  the temperature decreases. Thermal conduc t i v i t y  anaraly 

due t o  ant i ferromagnet ic t r a n s i t i o n  appears a t  14 K wh i l e  e l e c t r i -  

ca l  r e s i s t i v i t y  accompalned w i t h  t h i s  t r a n s i t i o n  s t a r t s  t o  increa- 

se a t  n.17 K.The c o l l e c t i v e  magnon modes below the me ta l - i nsu la to r  

t r a n s i t i o n  are  discussed i n  separate paper o f  t h i s  Proceedings.The 

mignon p a r t  o f  thermal cur ren t  i n  (TMTSF)+F6 i s  n o t  so good con- 

t ras ted  as i n  (TMTSF)2PF6. I t  seems t h a t  the P e i e r l s  divergence i s  

we l l  developed and i t  i s  ted ious .  j o b  t o  separate magnon c o n t r i -  

bu t ion  t o  heat cu r ren t  from the  c o n t r i b u t i o n  o f  the  l a t t i c e .  

Contrary t o  (TMTSF)2PF6 and (TMTSF)2AsF6 thermal conduc t i v i t y  o f  
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I62 D. DIUREK, S. KNEZOVIe AND K. BECHGAARD 

(TMTSF)pC104 cont inously decreases w i  t h  decreasing temperature.At 

-60 K there  I s  the change o f  the  regime I n  temperature dependence 

o f  (see Fig.2). The continous decrease i s  n o t  unique below 25K 

where the in f luence of the coo l ing  regime o f  the sample must be 

ser ious ly  respected (Fig. 3 ) .  
The f a s t  coo l ing  regime from 40 K wi th  coo l l ng  r a t e  o f  n-20 K/min 

i s  accompained by the rap id  decrease of  & a t  temperatures below 2% 

when thermal conduc t i v i t y  i s  suppressed by the anion d isorder  

being frozen down t o  the  lowest temperatures. The medium coo l i ng  

r a t e  ( - 1  K/mln) gives r i s e  t o  the format ion o f  relaxed s t a t e  and 

f l a t t e n i n g  o f  &-dependence. Th is  i s  probably due t o  an a d d i t i o -  

na l  heat cur ren t  locked by anion d isorder  a t  temperatures above 25 

K. I n  the t h l r d  experiment the  speclmen i s  subjected t o  extremely 

slow coo l ing  r a t e  ( h l  K/hour). The temperature dependent e l e c t r i -  

ca l  resistance measured on the same sample i n  the same experimen- 

t a l  set-up e x h i b i t s  no d i s c o n t i n u i t i e s  commonly a t t r i b u t e d  to '  the 

formation o f  microcracks w l  t h i n  the sample and thermal conduct iv l -  

t y  turns ou t  t o  be more f l a t tened  i n  the  temperature range 25-12K. 

This temperature change co r re la tes  the  temperature dependence o f  

NMR re laxa t i on  r a t e  g i v i n g  r i s e  t o  the  p o s s i b i l i t y  of c o l l e c t i v e  

exc i ta t i ons  i n  h igh l y  co r re la ted  e lec t ron  gas i n  the relaxed s t a t e  

o f  (TMTSF),C1O4 below 25 K . 1 

F I  g.1 Temperature dependence o f  i n  (TMTSF)2PF6 and (TMTSFl2AsF6 
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NONLINEAR TRANSPORT PROPERTIES OF (TMTSF)2X SERIES 163 

DISCUSSION 

I n  the systems o f  lower d imens iona l i t y  there  i s  poss ib le  the per-  

s istance o f  magnonlike modes a t  temperatures f a r  above the t r a n s i -  

t i o n  temperature t o  magnetic s ta te .  I n  the i n t e r a c t i n g  Fermi gas 

there  e x i s t  exc i ta t i ons  analogous t o  sp in  waves i n  magnetic mate- 

rials and these o s c i l l a t i o n s  are  c o l l e c t i v e  p e r i o d i c  va r ia t i ons  o f  

the macroscopic magnetization vector. Such a modes have already 

been observed I n  some 1 D  anti ferromagnets . 
Since I t  i s  w e l l  known tha t  t r u l y  1D system cannot e x h i b i t  a iong- 

range order we expect a rap id  decay o f  c o r r e l a t i o n  re laxa t i on  ra- 

tes w i t h  increasing temperature i n  (TMTSF)2X. A s t rong  increase o f  

ESR l inewid ths  w i t h  increasing temperature i n  (TMTSF)2PF6 and i n  

(TMTSF)2C104 

onal mater ia ls  (TMTSF)2X exh lb i  t the tendency o f  decreasing dimen- 

s i o n a l i t y  w i t h  increasing temperature and according t o  the calcu- 

l a t i o n  o f  F isher  and Bonner i t  should be expected tha t  the para- 

magnon c o r r e l a t i o n  ampli tude w i l l  increase, as a r e s u l t  o f  the re- 

duced dimensional i ty .0therwise the f l u c t u a t i n g  magnetization JM 
c o r r e l a t l o n  func t i on  re la ted  t o  s t a t i c  s u s c e p t i b i l i t y  

2 

supports t h i s  conclusion. I n  f a c t  the l o w  dimensi- 

tu rns  ou t  t o  be the increasing func t i on  o f  the temperature. 

An increase o f  the c o r r e l a t i o n  ampli tude i s  compensated by the d i s -  

s i p a t i o n  o f  the  spin f l u c t u a t i o n s  i n  phonon system. I n  h igh l y  cor-  

re la ted  e lec t ron  gas the phonons are  sca t te red  by paramagnon exc i -  

t a t i o n s  and we be l ieve  t h a t  the lack  o f  the f u l l  P e i e r l s  d i v e r -  

gence i n  (TMTSF)2PFg below 50 K i s  due t o  the s c a t t e r i n g  o f  pho- 

nons by paramagnons. This assumption i s  supported by the f a c t  t h a t  

a t  t h i s  temperature transverse spin re laxa t i on  r a t e  T2 changes 

regime and the  anisotropy o f  e l e c t r i c a l  conduc t i v i t y  decreases 

below 40-50 K 

f l u c t u a t i n g  spin system 1s con t ro l l ed  by the release o f  energy t o  

the l a t t i c e  v i a  the sp in  d i f f u s i o n  currents.  The Fermi l i q u l d  may 

- 1  

. The re laxa t i on  o f  sho r t  ranged co r re la t i ons  o f  D
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164 D. DJUREK. S. KNEZOWC AND K. BECHGAARD 

be descrlbed f o r  the slow va r ia t i ons  o f  var iab les  i n  the phonon 

system by the quas i -pa r t i c l e  densi t y  ma t r i x  $ ~ P , X ) ~  

Fig.2 Thermal conduct 

h P . X )  = 

2 i n  equ i l l b r i um the quas i -pa r t i c l e  energy Is slrnply Eob) = p /2mX, 

no I s  Ferml equ i l i b r i um d i s t r i b u t i o n .  i n  nonequi l lbr ium the  quasi- 

p a r t i c l e  densi ty ma t r i x  may be found by the so lu t i on  o f  o rd inary  

Boltzmann equation. i n  the absence o f  external  f i e l d s  a simple 

re1 a t  i on holds 

The change o f  the  quas i -pa r t i c l e  energy due t o  the  c o l l i s i o n s  w i t h  

phonons i s  
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NONLINEAR TRANSPORT PROPERTIES OF (TMTSF),X SERIES 

The c o r r e l a t i o n  func t ion  <.....> must be considered 

de ta i  Is. 

( T M  TS F 1-C LO, 

I65 

n some 

r 

F i g . 3 .  Thermal conduc t i v i t y  dependent upon cool ing  r a t e  

The energy t rans fer red  t o  the  phonon gas i s  mainly c o n t r o l l e d  by 

the heat capaci ty o f  the l a t t i c e  and the r a t e  o f  t he  t r a n s f e r  

measured by re laxa t i on  t ime 

be propor t iona l  t o  the s p e c i f i c  heat o f  the l a t t i c e  i.e. 

a t  temperatures TM-l< Tee should 

Th is  temperature dependence o f  the 1 inewidth was a c t u a l l y  been 

found i n  (TM"SF)2PF6 i n  the temperature range between 20 K and 

40-50 K 

mode i n  (TMTSF)2PF6 i s  suppressed and the p roper t i es  o f  the system 

a re  more governed by the pure e lec t ron-e lec t ron  i n te rac t i on .  

I n  (TMTSF)2C104 the cornplet dissapearance o f  the co l  l e c t f v e  pe r io -  

d i c  va r ia t i ons  o f  macroscopic magnetization may be expected a t  

about 60 K temperature a t  which the change o f  the regime i n  ther-  

mal conduc t i v i t y  i s  observed.ln add i t ion ,  i n  f a r  i n f r a r e d  scatte- 

r i n g  the s t ruc tu re  observed t o  develop below 60 K may be a t t r l b u -  

ted t o  appearance o f  such a mode 7. 

A t  temperatures above h.50 K the paramagnon c o l l e c t i v e  
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166 D. DJUREK. s. KNEZOVIC AND K. BECHGAARD 

The second p o i n t  re la ted  t o  the  problem o f  sp in  f l u c t u a t i o n s  

(TMTSF)2PF6 I s  the lack  o f  the  c o r r e l a t i o n  of  e l e c t r i c a l  res 

stance and ESR l i new id th  (LW) I f  temperature i s  r l s e d  from 2 

40 K '. The e l e c t r i c a l  resistance obeys T dependence and i t  
2 

i n  
- 

K to  

i s  

no t  excluded the p o s s i b i l i t y  o f  dominance o f  the e l e c t r i c a l  res i -  

stance by the I n t e r a c t i o n  o f  paramagnons and electrons.Such an i n -  

t e rac t i on  i s  revlewed i n  the work o f  lzuyama and Kubo 8.The para- 

magnon created i n  i t i n e r a n t  magnetic system may dominate the elec- 

t ron  sca t te r l ng  and the  cur ren t  I s  

wh i l e  paramagnon-electron In te rac t i on  energy i s  o f  the form 

2 The T 

tended f a r  above 50 K where we be l ieve  the  paramagnon c o l l e c t i v e  

motlon sets i n  and may be a t t r l b u t e d  t o  the more c lass i ca l  e f f e c t s  

o f  e lec t ron-e lec t ron  sca t te r lng .  I n  f a c t  Monecke concluded t h a t  

there i s  no con t r i bu t i on  o f  such a sca t te r i ng  t o  e l e c t r i c a l  res i -  

stance i f  the t rans la t i ona l  Invar iance o f  wave func t ions  i s  con- 

served.ImpurIt ies and phonons can destroy such an invar iance for the 

e lec t ron  subsystem g i v i n g  r i s e  t o  the nonvanishing c o n t r i b u t i o n  o f  

res i  stance coming from e l e c t  ron-el ec t  ron i n t e r a c t  ion. 

The main source o f  n o n l i n e a r i t y  I n  (TMTSF)2C104 i n  re laxed s t a t e  

r e s u l t s  from the f a c t  t h a t  the NMR re laxa t i on  r a t e  T i '  does no t  obey 

the wel l  known Korr lnga law 1.e. i s  n o t  l i n e a r l y  dependent on tem- 

pera t ure. 

According t o  Morfya c a l c u l a t i o n  '* the re laxa t i on  r a t e  may genera l l y  

be expressed 

dependence o f  e l e c t r i c a l  r e s i s t i v i t y  i n  (TMTSF)2PF6 i s  ex- 
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NONLINEAR TRANSPORT PROPERTIES OF (TMTSF),X SERIES 167 

The exponential t ime decay o f  c o r r e l a t i o n  funct ion I n  non l inear  

reglme below 25 K i s  governed by the re laxa t i on  r a t e  D 

pendent on c o r r e l a t i o n  func t ion  i t s e l f .  

being de- 
q 

A t  h 

t i o n  

spin 

Kor r  

sp in  

gh temperatures (T-24 K) D i s  p ropor t iona l  t o  the co r re la -  

funct ion" 

f l uc tua t i ons  and the spin d i f f u s i o n  currents a re  locked. The 

nga law i s  than we l l  obeyed. A t  temperatures 10 K<T<24 K 

s u s c e p t i b i l i t y  o f  c o l l e c t i v e  s t a t e  saturates keeping corre- 

q 
s ince the  anion d isorder  m a r s  the e lec t ron  

l a t i o n  func t i on  near ly  constant i n  amp1 i tude bu t  re laxa t i on  t ime 

o f  co r re la t i ons  i s  longer w i t h  tendency t o  doverge a t  T = 0. A t  

temperatures below 1 0  K number o f  paramagnons decreases w i t h  de- 

creasing temperature and T, , as we l l  o f  thermal conduct iv i ty,de- 

crease again. More d e t a i l e d  ca l cu la t i ons  o f  co l  l e c t i v e  p roper t i es  
12 are i n  course . 

-1 
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