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For a one-dimensional model system, described by a 
master equat ion w i t h  random hopping ra tes  Wn,n+l 
= exp(-An,,+1/T), the  frequency and temperature 
dependent e l e c t r i  ca l  conducti  v i  ty  0 (w  ,T) i s  c a l  cu- 
1 ated w i t h i n  the framework o f  an E f f e c t i  ve-Medi um 
approximation. Using a s p e c i f i c  d i s t r i b u t i o n  o f  
b a r r i e r  he ights ,  F(A) a eXp(-A/Tm) f o r  Amin < A 
< Ama , the  model i s  shown t o  account q u a n t i t a t i v e l y  
f o r  t i e  measured ( Z e t t l ,  Gruner, and C lark )  frequency 
and temperature dependence o f  Rea and Imu i n  the  qua- 
s i  -one-dimensional conductor Qn( TCNQ)2. 

I. INTRODUCTION 

Pecu l ia r  frequency and temperature dependences o f  the  com- 
p lex  e l e c t r i c a l  conduct iv i t y ,  o(w,T), are observed almost 
un i  versa1 l y  i n quasi-one-di mens iona l  conductors le4. The 
dc conduct iv i t y ,  Re a(O,T), o f  such systems i s  genera l l y  
ac t i va ted ,  and Re cr(w,T) appears t o  increase from i t s  dc 
value a t  a temperature dependent crossover frequency 

[1511]/121 
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1224  15121 S. ALEXANDER er al. 

w ( T ) .  I t  saturates a t  a constant value, Re u ( m , T ) ,  a t  
hygl'frequencies, and the ratio Re o(m,T)/Re a(0,T) de- 
creases towards one w i t h  increasing temperature. The 
dielectric constant, E ( w , T )  a - Im o(w,T)/u, i s  strongly 
frequency dependent, and exhibits a pronounced peak as a 
function of temperature. 

We have shown' 
dimensional transport, can account for a1 1 these features, 
and in the following we shall summarize some details and 
consequences o f  our investigations. Our simple one- 

t h a t  disorder, combined w i t h  one- 

dimensional model is  a va r i an t  o f  the random barrier model' 
introduced original ly  t o  describe the anomal ous behavior 
of a(w,T) in the one dimensional superionic conductor 
hol landi te.  I t  i s  based on the existence of impurity- 
induced potential barriers which divide the one-dimensio- 
nal system into segments o f  average length Lo, and on the 
assumption t h a t  for a l l  frequencies and temperatures of 
interest the intrinsic segment conductance i s  much larger 
t h a n  the intersegment transfer rates 

Here, An,n+l represents the barrier height, and W a t  is an 
attempt frequency. The transport properties of the system 
are then completely dominated by the probability distri- 
bution p(w)  of the (mutually independent) transfer rates 
Wn,n+1, and can be described6 9 '  by a master equation o f  
the form 

where Pn  denotes the excess charge on segment n .  
The properties of random one-dimensional systems of 

this t pe have recently been investigated i n  some 
detailY-'. The conductivity o(w,T corresponding t o  these 
model systems can be written as8, 4 

2 2  n e Lo 

kT 
0 a(w,T) = 

where the generalized 
bY 

< D ( - i w ) >  , ( 3 )  

diffusion constant <D(z)> i s  given 
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FREQUENCY-DEPENDENT CONDUCTIVITY [ 1513]/123 

Here no i s  the density and e the charge of the charge car- 
r i e r s¶  and <...> denotes an average w i t h  reskect t o  the 
probability distribution of the Wn,n+1. The P n ( Z )  are 
de t e  rmi ned by 

i .e. by the Laplace transform of E q . ( 2 ) ,  subject t o  the 
in i t ia l  condition P n ( 0 )  = 1 5 ~ ~ ~ .  

IT. EFFECTIVE-MEDIUM APPROXIMATIONS 

To investigate the behavior of <D(-iw)> over the whole 
frequency range 
been proved t o  be very The random W,,n+1 in 
Eq.(5) are replaced by an effective, frequency dependent 
transfer rate W,ff(z)¶ which i s  determined by a suitably 
chosen self-consistency equation. I t  follows t h a t  <D(z)> 
i s  approximated by Weff(z), and we have analyzed8¶' two 
different self-consistency conditions. One of them is 
obtained by applying Kirkpatrick's resistor network Effec- 
ti ve-Medium theory" t o  the electrical  network analog cor- 
responding t o  Eq.(5)'¶'. I t  i s  equivalent t o  t h a t  obtained 
by the Single-Bond Coherent Potential Approximation and 
leads t o  

Effecti ve-Medi um-type approximations have 

where W e f f  and geff are related by 

We note t h a t  z, g are complex quanti t i es  and 
t h a t  Eqs.(6) and (iff' can and easi Weff y be solved numerically for 

For arbitrary p ( w ) ,  th is  Effective-Medium approxima- 
tion reproduces the exact wwx, asymptotic behavior' of the 

Weff ( z 1 - 
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1244 15 141 S. ALEXANDER er al. 

rea l  and imaginary p a r t  o f  <D(-iw)>. For Wto i t  leads t o  
the same w-dependence f o r  cD(-iw)> as has bgen obtained’,’ 
from a general sca l i ng  hypothesis f o r  the  <Pn(Z)>. We 
therefore expect t h a t  W f f ( - iw)  represents a very accurate 
approximation t o  <D(-iue> over the  e n t i r e  frequency range. 

111. THE BARRIER HEIGHT DISTRIBUTION 

Within our model , the  d e t a i l e d  behavior o f  a(w,T) i s  corn 
p l e t e l y  determined by the  proper t ies  o f  the  t r a n s f e r  r a t e  
d i s t r i b u t i o n  p(w) which, through Eq.( l ) ,  a r i ses  from a 
b a r r i e r  he igh t  d i s t r i b u t i o n  i j ( A ) .  For our  subsequent 
discussion, we shall choose the  s p e c i f i c  form 

which leads t o  

where a = l-T/Tm, Wmin = w a t  exp(-Ampx/T), W 
exp( -A,in/T), and where the  p r o b a b i l i  ty densTPres 
6(A) and p(w) are, o f  course, p roper ly  normalized. 

A b a r r i e r  he igh t  d i s t r i b u t i o n  o f  t h i s  type w i t h  
Amax -f m, has been shown6 t o  l ead  t o  a remarkably accurate 
and de ta i l ed  desc r ip t i on  o f  the anomalous proper t ies  o f  
a(w,T) i n  the  one-dimensional super ion ic  conductor h o l l  an- 
d i t e .  I n  the fo l low ing  we s h a l l  demonstrate t h a t  t h e  t run- 
cated d i s t r i b u t i o n  o f  Eq.(8), w i t h  f i n i t e  values f o r  
Amjn and A 
c r i p t i o n  oVatoth the frequency and temperature dependence 
o f  a(w,T) i n  the quasi-one-dimensional e l e c t r o n i c  conductor 
Qn(TCNQ)2. We note, however, t h a t  i n  t h i s  case the  q u a l i t y  
o f  the descr ip t ion  i s  no t  very s e n s i t i v e  t o  the  precise 
ana ly t i c  form o f  i j ( A ) ,  i n  con t ras t  t o  the s i t u a t i o n  i n  
h o l l  andi t e6  . 
o f  Eq.(9), our Effective-Medium ana lys is  o f  sec t ion  I 1  
leads t o  the fo l l ow ing  p r e d i c t i o n  f o r  t h e  asymptotic de- 
pendences o f  Weff(-iw)’ : 

= W a t  

, a lso  leads t o  a reasonably accurate des- 

For the  spec i f i c ,  t runcated p r o b a b i l i t y  dens i ty  p(w) 

... , w -+ 0 , (10) Weff(-iw) = a +a (-iw) 1/2 + 
0 1  
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FREQUENCY-DEPENDENT CONDUCTIVITY [ I5 IS]/ 125 

we ff (-iw) = b 0 1  -b /(-iw) t ... , w >> Wmax , ( 1 1 )  

where the expansion coefficients a i ( T )  and b i ( T )  can easi- 
ly be calculated from Eqs.(6), (7), and ( 9 ) .  

I t  follows t h a t  Re a(w,T) increases from a dc value, 
ad ( T )  a a ( T ) / T ,  t o  a h i g h  frequency value, u,(T) a 

bQfT)/T.  Tie explicit  temperature dependence of cdc  i s  
given by 

and i t  further turns o u t  t h a t  

where wc 
Re o(w,T) s t a r t s  t o  increase. The ra t io  U,/UdC is large a t  
low T ,  and decreases towards one with increasing tempera- 
ture. 

The dielectric constant, E ( w , T )  a -1m u(w,T)/u, i s  
predicted t o  vary as w-li2 a t  low frequencies and as w-2 
a t  h i g h  frequencies. As a function of T ,  i t  exhibits a 
pronounced peak i f  w i s  n o t  too  l a r  e. 

We finally note t h a t  the (-iw)72 term in the low 
frequency expansion of <D(-iw)> zWeff(-iw), E q . ( l O ) ,  leads 
t o  a t-312 long  time t a i l  i n  the memory kernel of the 
associated non-Markovian master equation". If confirmed 
experimentally, the existence of  such long time t a i l s  
may turn out t o  become an important  aspect of transport i n  
low-dimensional conductors. 

denotes the crossover frequency a t  which 

IV. APPLICATION TO Qn(TCNQ)2 

The results of the preceding section indicate t h a t  our 
model can account, a t  least  quali tatively,  for  a l l  the 
features exhibited by o(w,T) i n  quasi-one-dimensional 
electronic conductors. To o b t a i n  a quantitative descrip- 
tion o f  the complete Qn(TCNQ)p d a t a 3 ,  however, we have t o  
determine the values of A - n y  Amax, and Tm. From the mea- 
sured3 ratios o f  udc( 3OOKTjudc( 80K) and urn( 80K)/udc(80K) , 
we obtain5 Amin 2 290K and Amax z 600K, i f  T, = 320K. The 
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I26/[ 15 161 S. ALEXANDER ef al. 

t d '  L 

I I 1 I 1  
to6 lor foe 109 1 O'O 

w/2n (Hzl 

FIGURE 1 Model r e s u l t s  f o r  Re o(w,T) F u l l  c u r v e g  
vs , frequency f o r  three d i f f e r e n t  temperatures. The model 
parameters a re  Amin = 290K, Amax = 600K, Tm = 320K, and 
wa = 1.9~1011 sec-1. The experimental data are f r o m  
ReF.3. 

dependence o f  Amin and ACX on T,, however, i s  very weak, 
and i t  does n o t  seem poss ib le  t o  determine t h e  prec ise  
form o f  @ ( A )  between i t s  c u t o f f s  from the  present exper i -  
mental data. 

With the  above parameter values, however, we ob ta in  a 
reasonably accurate f i t  t o  the  complete data3 f o r  a(o,T) 
i n  Qn(TCNQ)2. I n  Fig.1 we present our r e s u l t s  f o r  the  f re -  
quency dependence o f  Re o(w,T) a t  three d i f f e r e n t  tempe- 
ratures, and i n  Fig.2 we e x h i b i t  the temperature depen- 
dence o f  the d i e l e c t r i c  constant, E(w,T) = - I m  a(w,T)/w, 
a t  three d i f f e r e n t  frequencies. I n  add i t ion ,  a d e t a i l e d  
comparison o f  t h e  experimental da ta  f o r  Udc(T) w i t h  
Eq.(12), and a v e r i f i c a t i o n  of t he  p r o p o r t i o n a l i t y  o f  
W ~ . ~ , ( T )  and Tadc(T), Eq.(13), can be found i n  Ref.3. 
Taking i n t o  account the s i m p l i c i t y  o f  t h e  model, and the 
small number o f  f i t t i n g  parameters, the  o v e r a l l  agreement 
w i th  the ra the r  complicated behavior o f  both Re a(w,T) 
and I m  o(w,T) seems q u i t e  sa t i s fac to ry .  
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FREQUENCY-DEPENDENT CONDUCTIVITY [ 15 17]/127 

FIGURE 2 
vs. temperature f o r  th ree  d i f f e r e n t  f requencies.  Same 
model parameters as i n  Fig.1, experimental data from 
Ref. 3. 

Model r e s u l t s  f o r  E(w,T) p u l l  c u r v e d  
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NOTE ADDED IN PROOF 

For hopping r a t e  d i s t r i b u t i o n s  p(w) ,  f o r  which the 
moments 

= I dw P ( w ) w - ~  , k = 1,2 , 
W 

m-k 
0 

ex is t ,  R. Zwanzig (p rep r in t )  has recen t l y  shown t h a t  the 
f i r s t  two terms o f  the low frequency expansion f o r  
W f f ( - i w )  coincide w i t h  the exact low frequency expansion OF <D(-iw)>: n 

For these type of hopping r a t e  d i s t r i b u t i o n s  a t  leas t ,  
our Effect ive-Medi um approximation thus becomes exact both 
a t  h igh  and a t  low frequencies. 
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