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For a one-dimensional model system, described by a
master equat1on with random hopping rates wn n+l
= exp(-A, n41/T), the frequency and temperature
dependent’electrical conductivity o(w,T) is calcu-
lated within the framework of an Effective-Medium
approximation. Using a specific distribution of
barrler heights, p(A) « exp(-A/Tp) for Apip < A

the model is shown to account quant1tat1ve1y
for tﬁe measured (Zettl, Griiner, and Clark) frequency
and temperature dependence of Rec and Imo in the qua-
si-one-dimensional conductor Qn(TCNQ)Z.

I. INTRODUCTION

Peculiar frequency and temperature dependences of the com-
plex electrical conductivity, o(w,T), are observed almost
universally in quasi-one-dimensional conductors®=*. The
dc conductivity, Re o(0,T), of such systems is genera]ly
activated, and Re o(w,T) appears to increase from its dc
value at a temperature dependent crossover frequency

[1511)/121
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(T). It saturates at a constant value, Re o(~,T), at
h1gﬁ frequencies, and the ratio Re o(»,T)/Re o(0,T) de-
creases towards one with increasing temperature. The
dielectric constant, e(w,T) « - Im o(w,T)/w, is strongly
frequency dependent, and exhibits a pronounced peak as a
function of temperature.

We have shown® that disorder, combined with one-
dimensional transport, can account for all these features,
and in the following we shall summarize some details and
consequences of our investigations. Our simple one-
dimensional model is a variant of the random barrier model®
introduced originally to describe the anomalous behavior
of o(w,T) in the one dimensional superionic conductor
hollandite. It is based on the existence of impurity-
induced potential barriers which divide the one-dimensio-
nal system into segments of average length L, and on the
assumption that for all frequencies and temperatures of
interest the intrinsic segment conductance is much larger
than the intersegment transfer rates

wn n+l - exp( n, n+1/T) ’ (1)

Here, Ap py) represents the barrier height, and wat 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,ntls and can be described®s? by a master equation of
the form

gt = W1 PrarPa) W (PrgP) (2)

where P_ denotes the excess charge on segment n.

The properties of random one-dimensional systems of
this t¥pe have recently been investigated in some
detail The conductivity o(w,T2 corresponding to these
model systems can be written as®»

ezL2

0 .
o(w,T) = S <D(-iw)> , (3)
where the generalized diffusion constant <D(z)> is given
by



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:58 21 February 2013

FREQUENCY-DEPENDENT CONDUCTIVITY [1513)/123

o

<D(z)> = %— Z2 Z

N==

n? <5n(z)> . (4)

Here ny is the density and e the charge of the charge car-
riers, and <...> denotes an average with respect to the
probability distribution of the Wn,n+1. The Pp(z) are
determined by

P+ W (P P ) + W (Pn'Pn+1) = sn,o +{5)

n,n-1 n,n+l

j.e. by the Laplace transform of Eq.(2), subject to the

initial condition Pn(O) = Gn,o'

I1T. EFFECTIVE-MEDIUM APPROXIMATIONS

To investigate the behavior of <D(-iw)> over the whole
frequency range, Effective-Medium-type approximations have
been proved to be very useful®:®>°, The random Wy pe1 in
Eq.(5) are replaced by an effective, frequency dependent
transfer rate Wesg(z), which is determined by a suitably
chosen self-consistency equation. It follows that <D(z)>
is approximated by Weff(z), and we have analyzed®:® two
different self-consistency conditions. One of them is
obtained by applying Kirkpatrick's resistor network Effec-
tive-Medium theory!? to the electrical network analog cor-
responding to Eq.(5)%:%, It is equivalent to that obtained
by the Single-Bond Coherent Potential Approximation and
leads to

Im W o(W) —g———=0 , (6)
W ?(9 Wt HOgpt2)

where weff and 9ofr re related by
-1

1 1
Srf “ L= * 3 : (7)
eff [weff geff+2]

We note that Z, and N are complex quantities, and
that Eqs.(6) and ?5; can eas1 y be solved numerically for
Werr(2).

For arbitrary p(w), this Effective~-Medium approxima-
tion reproduces the exact w+= asymptotic behavior® of the
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real and imaginary part of <D(-iw)>. For w0 it leads to
the same w-dependence for <D(-iw)> as has been obtained®»’
from a general scaling hypothes1s for the <P n(z)>. We
therefore expect that Wafg(-iw) represents a very accurate
approximation to <D(-1w?> over the entire frequency range.

IIT. THE BARRIER HEIGHT DISTRIBUTION

Within our model, the detailed behavior of o(w,T) is com-
pletely determined by the properties of the transfer rate
distribution p(w) which, through Eq.(1), arises from a
barrier height distribution §{A). For our subsequent
discussion, we shall choose the specific form

BA) = exp(-0/Tp) > Bpip <8 <Bay »  (8)
which leads to

p(w) « wo (™) s W <WW (9)
where a = 1-T/Tm, Wpin = wat exp(-4 max/T)» Wy Wyt *

exp(-Amin/T), and where the probability dens1%1es
p(A) and p(w) are, of course, properly normalized.

A barrier he1ght d1str1but1on of this type with
Amax *+ <, has been shown® to lead to a remarkably accurate
and deta11ed description of the anomalous properties of
o(w,T) in the one-dimensional superionic conductor hollan-
dite. In the following we shall demonstrate that the trun-
cated distribution of Eq.(8), with finite values for
Amin and Ap.., also leads to a reasonably accurate des-
cription o? Eoth the frequency and temperature dependence
of o(w,T) in the quasi-one-dimensional electronic conductor
Qn(TCNQ)2. We note, however, that in this case the quality
of the description is not very sensitive to the precise
analytic form of p(A), in contrast to the situation in
hollandite®.

For the specific, truncated probability density p(w)
of Eq.(9), our Effective-Medium analysis of section II
leads to the fo]10w1ng prediction for the asymptotic de-
pendences of Woef(-iw)®:

: . (V2
Wope(-iw) = a+a-iw) ™™+ ooo w0 (10)
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weff(-iw) = by=by/(-iw) + .., w>> Woax »(11)
where the expansion coefficients a;(T) and b;j(T) can easi-
ly be calculated from Eqs.(6), (7), and (9).
It follows that Re o(w,T) increases from a dc value,
Od « a (T)/T, to a high frequency value, o.(T) «
fT)/T TRe explicit temperature dependence of c4. is
g1ven by

T
max’ ") , (12)
-exp[- (8. -8 . H(1/T-1/T.))

and it further turns out that

Tm-T exp(-A
2

g @

dc T

we o (T) = Toge() (13)
where w. o denotes the crossover frequency at which
Re o(w,T) starts to increase. The ratio 0o/ O is large at
low T, and decreases towards one with 1ncreas1ng tempera-
ture,

The dielectric constant, e(w,T) « -Im o(w,T)/w, is
predicted to vary as w2 at Tow frequencies and as w=2
at high frequencies. As a function of T, it exhibits a
pronounced peak if w is not too 1arﬂe

We finally note that the (-iw term 1n the Tow
frequency expansion of <D(-iw)> *weff( w), Eq.(10), leads
to a t-3/2 long time tail in the memory kerne1 of the
associated non-Markovian master equation!®. If confirmed
experimentally, the existence of such long time tails
may turn out to become an important aspect of transport in
low-dimensional conductors.

IV. APPLICATION TO Qn(TCNQ),

The results of the preceding section indicate that our
model can account, at least qualitatively, for all the
features exhibited by o{w,T) in quasi-one-dimensional
electronic conductors. To obtain a quantitative descrip-
tion of the complete Qn(TCNQ), data®, however, we have to
determine the values of A ., A ax: and Ty. From the mea-
sured® ratios of ogc(300KT)8 5.(BOK) and ow(SOK)/ch(SOK)
we obtain® Ag;, = 290K and Amax ~ 600K, if T, ~ 320K. The
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FIGURE 1  Model results for Re o(w,T) [full curves]

vs. frequency for three different temperatures. The model
parameters are A T 290K, bpax = 600K, Ty, = 320K, and

ﬁa¥ ; 1.9x1011 sec1. The experimental data are from
ef.3.

dependence of Apip and Apax on Ty, however, is very weak,
and it does not seem possible to determine the precise
form of #(A) between its cutoffs from the present experi-
mental data.

With the above parameter values, however, we obtain a
reasonably accurate fit to the complete data® for o(w,T)
in Qn(TCNQ)2. In Fig.1 we present our results for the fre-
quency dependence of Re o(w,T) at three different tempe-
ratures, and in Fig.2 we exhibit the temperature depen-
dence of the dielectric constant, e(w,T) = - Im o(w,T)/w,
at three different frequencies. In addition, a detailed
comparison of the experimental data for oyc(T) with
Eq.(12), and a verification of the proportionality of
we.o.(T) and Ty (T), Eq.(13), can be found in Ref.3.
Taking into account the simplicity of the model, and the
small number of fitting parameters, the overall agreement
with the rather complicated behavior of both Re o(w,T)
and Im o(w,T) seems quite satisfactory.



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:58 21 February 2013

FREQUENCY-DEPENDENT CONDUCTIVITY [1517/127

100 —

€(10%)

80

60 -

40

20

! 9.14 GHz
-lb AA a
0 0008 00 ppemd=d b o

0 100 200 300
T(K)

FIGURE 2  Model results for e(w,T) [full curves]

vs. temperature for three different frequencies. Same
model parameters as in Fig.1, experimental data from
Ref.3.
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NOTE ADDED IN PROOF

For hopping rate distributions p(w), for which the
moments

m, = J dw p(w)w'k , k=12 ,
0

exist, R. Zwanzig (preprint) has recently shown that the
f1rst two terms of the low frequency expansion for

£ (-iw) coincide with the exact low frequency expansion
o$ <D(-jw)>: 2

m
<D(-fu)= 1/m_; + —25—/7-1 (-1w)1/% 4

For these type of hopping rate distributions at least,
our Effective-Medium approximation thus becomes exact both
at high and at low frequencies.



