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ORGANIC CONDUCTORS - METALS WITH A SHORT MEAN FREE PATH 

H. GUTFREUND, 0. EN T I N - W O H W  and M. WEGER 
Racah Institute of Physics, Hebrew University, Jerusalem, 
Israel 

Abstract 
a r e e  path of the order of a lattice constant. 
temperature range the magnetic susceptibility is enhanced over 
its Pauli value and the resistivity obeys a T*-law just like 
at lower T where the conductivity is metallic. 
theory based on a quadratic electron-phonon coupling which ac- 
counts for these features. 

At ambient temperature the organic conductors have 
In this 

We describe a 

INTRODUCTION 

The magnetic susceptibility X of TTF-TCNQ and other organic metals 
increases from a value corresponding to the Pauli susceptibility at 
about 80 K by a factor of 2 at 300 K . At this temperature X satu- 
rates and there is even indication that it begins to decrease. 
systematic survey' indicates that this is a general property of or- 
ganic metals which have a large mean free path ( a  >> b, b being the 
lattice constant) at low temperature and a small one ( a  = b) at 
room temperature. 
is its pressure dependence3 in contrast to the normal case when 
depends only weakly on pressure. This general behaviour of X has 
also been observed in the recently synthesized perylene compounds 
and in a series of 'IM'lTF-compounds reported at this meeting . 
ximately a T2-law and like x it is strongly pressure dependent. 
This T -behavior is observed at constant pressure. At constant 
volume the temperature dependence is more complicated . 
there is evidence that the phonon frequency increases strongly with 
temperature (Aw/w = 20% between 60 K and 300 K) at constant volume, 

1 

A 

A particular feature of the spin susceptibility 

4 

5 

In the same temperature range the resistivity follows appro.- 

2 

6 However, 
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458 H. GUTFREUND. 0. ENTIN-WOHLMAN AND M. WEGER 

7r8 but i s  approximately temperature independent at constant pressure 
We therefore f e e l  t ha t  t he  constant pressure data  reflect b e t t e r  
t he  requirement t h a t  t he  phonon frequencies i n  the  Hamiltonian a re  
constant . 

We have already pointed out t h a t  i n  these materials one goes 
from a region i n  which L >> 

t o  L = b a t  room temperature. The conductivity mechanism changes 

from metal l ic  t o  hopping conductivity between these two regions. 
2 Nevertheless, we f ind the  same T -law with approximately the  same 

coeff ic ient  i n  the low temperature and the high temperature range, 
although the mechanisms a re  en t i r e ly  d i f f e ren t .  This property and 
the associated enhancement i n  the  magnetic suscep t ib i l i t y  a re  
unique and unexpected features of organic metals i n  the low mean 
f r ee  path region. 

. 

b jus t  above t h e  Peier ls  t r ans i t i on  

I t  was suggested t h a t  the enhancement of the spin suscepti-  
b i l i t y  is a r e s u l t  of a large Coulomb repulsion U between two elec- 
trons on the same molecule . 
t h a t  fo r  values of U required t o  increase x by a f ac to r  of 2 over 
i t s  Pauli value, %does not increase with T, but i s  roughly con- 
s t an t .  
i n  explaining the transport  propert ies  of organic metals. 

9 The problem with t h i s  explanation is 

In addition, the "big U" approach has  not been successful 
I t  has 

been often claimed t h a t  the 4kF-reflections are an indication of a 
large Coulomb interaction", however, it has been shownll t h a t  t h i s  
phenomenon can a l s o  be understood on the  bas i s  of a r a the r  small 
value of U. 
x and of thetransport  propert ies  i s  an empirical indicat ion of t he  
dominance of t he  electron-phonon interact ion.  Thus we assume t h a t  
the electronic  properties of organic metals are determined predomi- 
nantly by the electron-phonon interact ion.  
t h a t  the normal electron-phonon interact ion,  which i s  l i nea r  i n  the 
phonon operators is  small and t h a t  t he  main interact ion is quadra- 
t i c  i n  the phonon operators, and i s  largely with l ibrons,  which 
possess a low frequency and a strong quadratic coupling with the 

On the other hand, the strong pressure dependence of 

In addition we assume 
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ORGANIC CONDUCTORS - METALS WITH A SHORT MEAN FREE PATH 459 

2 electrons, 
resistivity in the metallic region and is the essence of the pre- 
viously developed "libron theory" of transport". 
theory is not sufficient to explain why the T -behaviour continues 
into the range where II = b, where from the Boltzman treatment we 
would expect a saturation of the resistivity. 

This assumption leads immediately to the T -law o f  the 

However , this 
2 

In the present paper we present a theory which treats x and p 

within the same framework, based on the quaratic electron-phonon 
interaction and which accounts for the behaviour of these proper'- 
ties as one passes from the metallic to the hopping regime. 

THE MAGNETIC SUSCEPTIBILITY 
We have previously related the enhancement of the magnetic suscep- 
tibility to the band narrowing and increase in the density of 
states resulting from the electron-phonon interaction. 
considered both linear13 and quadratic14 coupling. 
ference between linear and quadratic coupling is that in the first 
case, in a one-dimensional system, there is always formation of a 
bound polaron. This difference is demonstrated in fig. 1. The 
dotted line Aqo is the elastic energy, the dashed line is the ener- 
gy of the electron due to the distortion qo, and the full line is 
the total energy. In the linear case there is a minimum at a nega- 
tive energy and such a potential well, however small, will always 
trap an electron in one-dimension. For quadratic coupling Aqo is 
replaced by Aqo and, as long as A B, there is no self-trapping. 
However, provided that the localization is weak we can apply a for- 
malism similar to the small polaron approach and find, also f o r  
quadratic coupling, temperature dependent band narrowing but 
without polaron binding. 

We start fromthe Hamiltonian of tightly bound electrons 

We have 
The main dif- 

2 

2 

coupled to Einstein phonons 
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460 H. GUTFREUND. 0. ENTIN-WOHLMAN AND M. WEGER 

FIGURE 1 Energy as a function of lattice distortion for 
(a) lifear and (b) quadratic electron-phonon 
coup 1 ing . 

where anDCn are the phonon and electron operators respectively, 43 
is the bandwidth, w the phonon frequency and gc2)(n+m) - the quad- 
ratic coupling strength of an electron on site m to a distortion of 
site n. To eliminate the electron-phonon term we perform a unitary 
transformation HT = e-’He-’, where 

1 2 +2 s = c r (n+m) c,+c, (an - an I I 

The resulting Hamiltonian is 

H~ = c [(%12 + nwr: g(2)(n+m)~m+~m] li +ana+n) + 
n m 

r(n) is determined by a complicated transcendental equation. To 
lowest order r(n) = g(2)(n)/irl*. The first term contains the free 
phonon Hamiltonian, and contributions to the electron and phonon 
self-energies. The second term leads to band narrowing which is 
represented by an effective transfer integral Jeff obtained by ther- 
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ORGANIC CONDUCTORS - METALS WITH A SHORT MEAN FREE PATH 461 

mally averaging the  exponential. 

average cont r ibu tes  t o  the  l i f e  time i n  a band state.  The thermal 
average can be calculated r igorous ly  only when t h e  electron-phonon 
in t e rac t ion  is  loca l .  In t h i s  case one f inds  t h a t  t h e  band width 
decreases with temperature as a power unl ike  t h e  exponential de- 
crease.  For an extended in t e rac t ion  we expand the  exponential and 
ca l cu la t e  t he  average with respec t  t o  t h e  f r e e  phonon Hamiltonian. 

When t h e  temperature i s  not t oo  high (compared t o  hw), w e  ob ta in  

The devia t ion  from the  thermal 

.k%d (1-cos qb)((N +1)2 + Np)] (4) nu Ph 
Jeff = J [ l  - C 

9 

where N 

t i on ,  the  l i fe - t ime i n  a band state i s  
i s  the  phonon occupation number. In the  same approxima- 

Ph 

where N(cF) i s  the  bare dens i ty  of s t a t e s  a t  t he  Fermi l eve l .  
band p i c tu re  becomes inva l id  a t  a c e r t a i n  temperature when t h e  band- 
width i s  comparable t o  the  inverse  l i f e t ime .  
t u r e  the re  i s  a t r a n s i t i o n  from the  band p i c tu re  t o  loca l ized  

states. In f i g .  2 we p l o t  t h e  bandwidth and h/T i n  u n i t s  of hu f o r  
t yp ica l  parameters of TTF-TCNQ. The parameter aN(E,.Zlg(2) (q) I /flu 

is equal t o  0.16 f o r  the  s o l i d  l i n e s  and 0.22 f o r  t h e  dashed l i n e s .  
Curves 1 and 2 correspond t o  J / n w  = 4 ,  curves 3 and 4 t o  Jfio = 2 .  

We find t h a t  t h e  band p i c tu re  i s  va l id  up t o  temperatures of  twice 
t h e  phonon energy. 

we can r e l a t e  t h e  temperature and pressure  behaviour of x J  t o  t h a t  

of Jeff. 
R = R(T,P) . 

The 

About t h i s  tempera- 

2 

-1 In t h i s  temperature range N(cF) = Jeff’  and since x = 2pN(cF), 

This i n  tu rn  can be r e l a t ed  t o  t h e  mean f r e e  path 
15 

A t  higher temperatures the  quadra t ic  electron-phonon in t e rac -  
t i o n  is  g rea t e r  than the  bandwidth and the  po ten t i a l  resembles a 
s t a t i c a l l y  disordered po ten t i a l  i n  which a l l  t h e  states a r e  l o c a l i -  
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462 H. GUTFREUND, 0. ENTIN-WOHLMAN AND M.  WEGER 

zed and the electrons propagate by hopping. 
pect tha t  the suscept ib i l i ty  should show a Curie l i k e  behaviour. 
Experimentally, there is an indication of a t rans i t ion  t o  such be- 
haviour above 300 K . 

In t h i s  region we ex- 

1 

------- ----- 
5- 

n w  

FIGURE 2 The bandwidth and the inverse l i fe t ime i n  a band 
s t a t e  f o r  typical parameters (see t e x t ) .  

We wish t o  point out an additional feature  of the quadratic vs.  
l inear  electron-phonon coupling, which shows up when interact ion 
with several phonon branches is considered. 
ly16 t h a t  when g (’) is  diagonal i n  the  phonon branch index the 
contribution of alf  phonon modes t o  the electron self-energy is  
additive and therefore large,  while the  frequency s h i f t  of each 

I t  was shown previous- 

1! p2 D
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ORGANIC CONDUCTORS - METALS WITH A SHORT MEAN FREE PATH 463 

phonon mode i s  small. In organic metals t he re  are t h r e e  t r a n s l a -  
t i ons ,  t h ree  ro t a t ion  and several  i n t e r n a l  modes a l l  o f  which are 
coupled s t rongly t o  the electrons.  Moreover, it was s h o d ’  t h a t  
g(’) i s  indeed approximately diagonal i n the  phonon modes. Thus we 
can have a strong band narrowing without a la t t ice  i n s t a b i l i t y ,  i n  

contrast  t o  t h e  case of the l i nea r  coupling where a s t rong electron-  
phonon interact ion always leads t o  a l a t t i c e  i n s t a b i l i t y .  

THE RESISTIVITY 

We s h a l l  character ize  the  t ransport  propert ies  i n  the  d i f f e ren t  tem- 
perature regions by an e f f ec t ive  sca t t e r ing  time T defined so  t h a t  
D = b /t, where D is the diffusion constant.  

by p = eD/EF, when cF > kBT, and by p - eD/kBT, when kBT > E ~ .  

t h e  metal l ic  region the sca t t e r ing  rate is  obtained from ”libron 
theory””. For comparison, we write it i n  the  form 

2 The mobili ty i s  given 
In 

where, as before, J i s  the t r a n s f e r  i n t e g r a l  and r is the  dimension- 

l e s s  electron-phonon coupling parameter r e l a t ed  t o  t h e  Frohlich con- 
s t a n t  by r = g(’)/hw. 

A t  higher temperature whenthe mean free path becomes smaller, 
we describe t ransport  by a simple model of tunnel l ing between two 
square wells whose r e l a t i v e  height i s  modulated by the  thermal la t -  
t i c e  f luctuat ions.  
where w is  the phonon frequency, and f o r  our case of quadratic i n -  
t e r ac t ion  BEo = A ( L ~ R ) ~ ,  where (AR)’ = kBT/Mw2. The electron can 
tunnel between the wells when AE(t) c J ,  t h a t  i s  when w t  

probabi l i ty  t h a t  tunnelling w i l l  occur within a time 2 t  i s  given by 
(J2t/h) = (25 /AEofiw)2, and the tunnel l ing rate is  

Let the energy difference bq. AE(t) = AEosin(wt), 

J / A E .  The 

2 2 
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464 H. GUTFREUND, 0. ENTIN-WOHLMAN AND M. WEGER 

where DT denotes d i r e c t  tunnel l ing ,  and I' is  r e l a t e d  t o  t h e  coup- 
l i n g  parameter by r = A h 2 .  

become important. 
tained from the  second term i n  eq. 3 a t  high temperature when t h e  
s t a t e s  are localized14. When t h e  in t e rac t ion  is  loca l .  t h e  hop- 
ping rate is  given by 

A t  still  higher temperatures, phonon a s s i s t ed  tunnel l ing  should 
The hopping rate for t h i s  process can be ob- 

1 JL 1 n 
(7) = -- ~ T I  kgT s inh  F (sinh' r + 1)' 

PT 

where PT denotes 'polaron theory". 
dence, but now kBT > E 

s t i l l  proportional t o  T . 
same temperature behaviour. 
same order and r is of order un i ty ,  t h e  t h r e e  expressions lead t o  
t h e  same form f o r  t he  r e s i s t i v i t y  p * BT2, with approximately the  
same coe f f i c i en t  B. 
dence of p when one goes from t h e  range k >> b t o  k = b. 

We have a d i f f e r e n t  T-depen- 
so t h a t  p = D/kBT, and t h e  r e s i s t i v i t y  i s  
Thus a l l  t h e  th ree  mechanisms have t h e  F; 

In addi t ion ,  s ince  J and hw are of t he  

This explains why one f inds  t h e  same T-depen- 

DISCUSSION 

We have considered the  change i n  behaviour when the  mean f r e e  path 
decreases and becomes of the  order of t h e  l a t t i c e  constant.  Ex- 
perimentally, t h e  most s t r i k i n g  manifestation of  t h i s  changeover is  
the  enhancement of t he  magnetic s u s c e p t i b i l i t y  and a change from 
Pauli  t o  Curie behaviour. 
t o  a T -law was previously predicted'* a t  a temperature where 
1 / ~  = w,  i .e. when k = (vF/vS)b. In organic metals t h i s  occurs be- 
tween 40K and 100K, but no such anomaly is observed i n  t h i s  region. 
In pa r t i cu la r ,  i n  ('IMTSF)2PF6 t h e  T -law is obeyed very well above 
and below t h i s  temperature range. 
ind ica tes  t h a t  a crossover from i t i n e r a n t  t o  loca l ized  s t a t e ,  s i m i -  

A crossover from a T-law of r e s i s t i v i t y  
2 

2 

A recent  computer simulation 19 
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ORGANIC CONDUCTORS - METALS WITH A SHORT MEAN FREE PATH 465 

lar t o  t h a t  predicted i n  r e f .  18 occurs i n  a one-dimensional e l e c -  

tron-phonon system when l / ~  =  OW, namely, a t  s i g n i f i c a n t l y  higher 

temperatures. 

The main point of our discussion i s  t h a t  t he  quadra t ic  e l e c t -  

ron-phonon in t e rac t ion  provides a cons is ten t  explanation f o r  both 

the  t ranspor t  and magnetic proper t ies .  

t r a n s i t i o n  i n  t h e  temperature behaviour of the  r e s i s t i v i t y  from 

t h e  meta l l ic  t o  the  hopping regime and accounts f o r  t he  enhancement 

of the  magnetic s u s c e p t i b i l i t y  due t o  a phonon induced band narrow- 

ing. 

phonon in t e rac t ion  does not  a f f e c t  t he  s u s c e p t i b i l i t y .  

is t h a t  t he  electron-phonon in te rac t ion  modifies t h e  e l ec t ron ic  

spectrum i n  a region of order Rw around cF, much smaller than t h e  

bandwidth. The s h i f t i n g  of t he  down-spin spectrum r e l a t i v e  t o  t h e  

up-spin spectrum caused by an ex terna l  magnetic f i e l d  i s  not  af- 
fected by t h i s  modification and consequently the  s u s c e p t i b i l i t y  i s  
unchanged. 

a r e  comparable t o  the  bandwidth and therefore  t h e  e n t i r e  band 

"feeds" t h e  electron-phonon in t e rac t ion .  

I t  explains t h e  smooth 

I t  should be pointed out t h a t  i n  ordinary metals t h e  e l ec t ron -  

The reason 

In the  present case Tiw as well as t h e  s c a t t e r i n g  rate 

REFERENCES 

1. 

2 .  

3. 

4. 

5 .  

6. 

7. 
8. 

9. 

J . C .  Sco t t ,  A.F. Garito and A . J .  Heeger, Phys. Rev., B10, 
3131 (1974). 
P .  Delhaes, i n  Physics and Chemistry of  One-Dimensional So l ids ,  
ed i ted  by L .  Alcacer (Reidel, New York, 1980), p. 281. 
C .  Ber th ie r ,  J . R .  Cooper, D .  Jerome, G .  Soda, C .  Weyl, J . M .  
Fabre and L. Gira l ,  Mol. Crys ta l s  Liquid Crys ta l s ,  32, 267 
(1976) . 
I .  Moritz, S.A. Shaheen, U. Haderbusch, J.S. Sch i l l i ng ,  
M. Weger, K .  Bender, D.  Schweitzer and H.J. Keller,  Solid 
S t a t e  Commun., 48, 281 (1083). 
R.  Laversanne, J .  Amiel, C .  Coulon, C .  Garrigan-Lagrange and 
P .  Delhaes, these  proceedings. 
J .R .  Cooper, Phys.-Rev., u, 2404 (1979); M. Kaveh and 
M .  Weger, Synthetic Metals, 1, 385 (1980). 
M. Nicol, M .  Vernon and J . T .  Woo, J Chem Ph s 63, 1992 
M. Weger, M.  Kaveh and H. Gutfreu-iiyr, 71, 
3916 (1979). 
J . B .  Torrance, Y .  Tomkiewicz and B.S. Silverman, Phys. Rev., 

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:
43

 2
0 

Fe
br

ua
ry

 2
01

3 



466 H. GUTFREUND, 0. ENTIN-WOHLMAN AND M. WEGER 

- B E ,  4738 (1977). 
V . J .  Emergy, Phys. Rev. Lett., 37, 107 (1977). 
M. Weger, M. Kaveh and H. Gutfreund, Solid S t a t e  Commun. , 
- 37, 421 (1981). 

M. Weger and H. Gutfretmd, Comments So lThSta t e  Phys. , 5, 135 
(1978). 
0. Entin-Wohlman, H. Gutfreund and M. Weger, J. Phys. C,  Is, 
5763 (1982). 
0. Entin-Wohlman, H. Gutffeund and M. Weger, t o  be published 
(1984). 
H. Gutfreund, M. Weger and M. Kaveh, i n  Quasi-One-Dimensional 
Conductors, edited byS. Varisic e t  a1 (Springer, Berlin, 
Heidelberg, New York, 1978) , p. 223. 
0. Entin-Wohlman, H.  Gutfreund and M. Weger, Solid S t a t e  Com- 
m= 46, 1 (1983). 
C. Hartzstein,  Thesis, Hebrew University (1983, unpublished). 

S. Marianer, C. Hartzstein and M. Weger, S o l x  S t a t e  Comun. , 
43, 695 (1982). 

10. 
11. 

12.  H. Gutfreund and M. Weger, Phys. Rev., B16, 1752 (1977); 

13. 

14.  

15. 

16. 

17. 
18. A.A.Abrikosov and I . A .  Ryzhkin, Adv. Phys., 27, 947 (1978). 
19. 

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:
43

 2
0 

Fe
br

ua
ry

 2
01

3 


