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STATIC DIELECTRIC CONSTANT OF DISORDERED ORGANIC QUAST ONE-DIMENSTIONAL CONDUCTORS:

LOCALIZATION BY DEFECTS
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We have measured the low temperature dielectric constant £ cof twe
similar quasi one-dimensional crganic conductors, WN=Me-iso Qn(TCNQ),
and On(TCNQ),. For N-Me-isc Qn(TCNQ): below 10 K, € is indegendent of
temperature and is frequency independent in the range 5 X 10° Hz to

9 x 10* Hz, within the 50% experimental uncertainty. Thus we believe
the low temperature microwave dielectric constant to be a good approxi-
mation of the static value in this salt. For On(TCNQ), at low tempera-
tures, the relation £ = (ctco) 2 holds, where ¢ is the defect concen-
tration and co is an effective defect concentraticn of the nominally
pure material. This relation is predicted by the model of interrupted
metallic strands with energy spacings larger than kT, and it indicates
that electrons are strongly localized by defects along the conducting

chains.

A varilety of cften contradicting models
has been proposed in the last decade to explain
the transport properties of quasi one-dimension-
al organic conductors with disordered cystal-
line structure, and the problem remains un—
settled today. Introduction of defects into
structurally ordered systems! smears the metal
insulator transition due te the three dimensicn-
al ordering of charge density waves. Similarly,
many disordered systems undergo a gradual metal
insulator transition with decreasing tempera-
ture? not accompanied by an ordering of charge
density waves. These materials, although in-—
sulating at low temperatures, exhibit an anoma-
lously large dielectric comstant (¢ = 10% - 10%)
at microwave frequencies.2

High dielectric polarizability has been
suggested by Gorkov and Eliashberg for minute
metallic particles.® However, as pointed out by
Strassler et al.,® depolarization charges in-
duced in usual metal particle systems suppress
this effect. Rice and Bernasconi® have proposed
that the large polarization may be due to a
localization effect: electrons become localized
to metallic strands terminated by defects of the
conducting chains. The discrete energy level
structure of electrons confined te the strands
leads to an insulating and highly polarizable
material at temperatures k. T < AE, where AE is
the energy level spacing at the Fermi level.

Quasi one-dimensional organic conductors
are good candidates for interrupted metallic
strand behavior. The anisctropy of conductivi-
ty indicates a small interchain bandwidth. The
exponential decrease of conductivity with de-
fect concentration’’® shows that defects inter-
rupt the chains effectively, and overlap through
defects is small. Zuppirell et al.? interpreted
the conductivity of irradiated highly conducting
quasi one-dimensional systems by assuming that

- the electron energies increase with decreasing

segment length. Depolarization charges of a
single segment do not strongly screen the ap—
plied electric field. Neighboring segments do
give rise to local fields, but the randomness
of their spatial position will reduce the de-
polarization effect.

Rice and Bernasconi showed® (although the
details of their arguments were incorrect) that
the dielectric constant in the Interrupted
metallic strand model is roughly

£=q " 8% (1)

where %y is the mean distance between defects
and gy is the Thomas-Fermi wavevector of the
conduction electrons. Expression (1) is in
gqualitative agreement with the observed micro-
wave dielectric constants of a number of quasi
one-dimensional conductors, if a defect concen-
tration of a few percent is maintained, and a
typical metallie value of q4 is assumed.

The aim of this paper is tweofold. First,
by measuring £ in a quasi one-dimemsional
organic conductor over a frequency range of
5 x 10% Hz to 9 x 10% Hz, we show that at low
temperatures £ is independent of frequency.
Thus the microwave data, known for a large num-
ber of organic conductors, should agree with
the static values. At higher temperatures, as
shown by Alexander et al.,” this is net so.
Second, we present measurements of the low
temperature microwave dielectric constant of a
similar organic conducter irradiated with vari-
ous doses of neutrons. We show that £ in the
irradiated material depends on the inverse
square of the defect concentration c. This is
consistent with Eg. (1) if the strand length
9,0 N\ l/c.

It is simple to show both in the free
electron and tight binding approximations that,
if screenlng is neglected, € is proportional to
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1/c?., From perturbation theory:

E =

Lo, Ixlv, 312

L+ 4re? 8§ T p(n)——‘—'—l""’_ (£,-F)
n ij 1 j
(2)
where p (n) = c2(l-—c)n is the concentration of
strands® with length nag {ap is the melecular
spacing along the chain), N the density of
molecules, and fi is the occupation factor for

sice 1. $jn in “the free electron approxima-
tien is
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The contributions to € of nonvanighing

transition moments in {2) are proportional to
(i-3) 3 and we thus neglect at zero tempetrature
all terms except the one connecting the highest
occupied and lowest unoccupied states. After
summation over n we find:
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Within our approximation K = 384/n%
In the tight binding approximation a simi-
lar expresgion is found but here

(2]e| sintiga )1t (5)

where D = 4[t| is the bandwidth. In deriving

(53} the contribution of transition moments con-
necting electrons on diffarent sites are
neglected. In the limit of strong electron-—
electron correlations and in the case of quarter-
filled bands, equations {4) and (5) are approxi-
mately valid if k_ is replaced by 2k_.

A theory by Bush!? of weak random poten-
tials localizing electronic states on a one—
dimensional metal leads to a dielectric constant
proportional to L? where L is the localization
length at the Fermi surface. If the plausible
assumption is made that L is inversely propor-
tional to the density of defects, the same ¢
dependence of © is found. 1In contrast to the
interrupted chain model in this case the density
of localized states is finite at the Fermi level
and a freguency {w) dependent conductivity is
expected proportional to w’ even at zero tem—
perature.

If the electric field is screened from tha
segments then the dielectric constant varies
as ¢ since in this case the interruptions may
be viewed as capacitances In series.?

Qur dielectric constant experiments re-
ported here were performed on two closely re-
lated organic conductors, N-Me-iso Qu{TCNQ):
and Qn{TCNQ);. These materials have identical
structures and similar physical properties. 11
The respective_room temperatures conductivities
are 100 2 ! ¢m ! and 70 & ! em !, and both show
smooth transitions to insulating states which
are well established below 200 K. This behavior
ig typical of disorderad erganic conductors.?

Experiments performed on N-Me-iso On(TCHQ}.
involved only nominally pure crystals, while
experiments investigating the effects of ran-—
domly distributed defects were performed om
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neutron—-irradiated Qn{TCHQ}, crystals. The
neutron flux used in the irradiation process
was 3 x 10'Z neutrons/cm? sec for energles over
1 MeV, and irradiation times ranged from 2 to
90 hours. Details of the irradiation are de-
scribed elsewhere.l? A rough estimate of the
defects induced is 0.2% disintegrated molecules
per 1 hour of irradiation, The dielectric con-
stant was measured between 5 ¥ 10° Hz and

1 = 10% Hz using an r.f. capacitance bridge
with a two contact configuration. At 9.1 x 103
Hz a contactless cavity perturbation methed?
was used. For the two-contact measurements, we
verified, using different sample geometrics,
that contact capacitances at low temperatures
are negligible. The absolute values of £ were
determined from the measured capacitances end
the crystal dimensions.

Figure 1 displays the measured dielectric
constant vergus frequency for N-Me-iso On(TCHQ};
at 10 K. Measurements on a given sample show no
variation from 5 x 10° Hz to 10% Hz within the
experimental error of *+ 20%. Scattar is some-
what larger from sample to sample due to uncer-
tainties in the sample dimensions. The differ-
ence between microwave and low frequency values
is also within the uncertainties in sample di-~
mansicns and calibration. We concluda that
within the frequency range of four orders of
magnitude, the variation of ¢, if any, is less
than a factor of two, Thus the dielectric
constant measured at microwave frequency is
probably a good approximation to the static
value. Figure 2 shows & vs. temperature for
N-Me-ige Qn(TCNQ}., at two selected frequencies.
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Tig. 1. Low temperature (T = 10 K) dielectric

constant of N-Me-iso Qn(TCNQ), as a
function of frequency. Different
symbols denote different samples.

Bzlow approximately 12 K,
the temperature.

The effect of defect concentration on the
dielectric constant of OQn{TCNO); 1is shown in

¢ is independent of

Fig. 3, where we have plotted € 1/2 as a func-
tion of irradiation time (i.e., defect concen-
tration). In this plot we find & linear varia-
tion and a good fit can be mada to

e = B(c +r\:)’2 (6)
[s]
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Fig. 2. Dielectric constant {normalized to the
lowest temperature value) as a func-
tion of temperature of N-Me-iso
Qu{TCNQ),. w: 10% Hz. 4A: 9.1 x 107 Hz.
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Fig. 3. ¢ as a function of neutrom irradi-

ation time in Qu(TCNGQ),. A rough seale
is 0.2% of molecules damaged by 1 hour
neutron irradiation. The dotted line
is a fit to expression (5).

where cy 1s the effective defect concentration
of thae nominally pure material. Our fit yields
eg = 3% thus an average strand length of about
30 ag. This could be a result of the localiza-
tion due to the disordered orientation of donmor
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dipoles,!? or simply the concentration of
defected TCNQ molecules along the chaius.
Cooper et al.!” obtained a similar value for cy
from the analysis of the low temperature suscep-
tibility of a series of neutron irradiated
On{TCNQ), samples.

From the f£it B = 0.45 is found for

On{TCNQ)},- This should be compared to the free
electron value BF = 1.5 or the right binding
one (with a bandwidth D = 0.5 eV) B = 5.2,
The agreement is not particularly good, but

in view of the numerous approximations made, a
better agreement is hardly to be expected. On
the other hand the screened metallic particle
model does not fit the data at all.

Do defects lead to a strong or a weak
localization of states? In the former case the
glectronic energy structure consists of discrete
energy levels with separations detarmined by the
segment length. In the latter case no segments
can be defined and a contincus band of localized
states exists. The bandwidth in conducting
organic charge transfer salts is generally be—
lieved to be about D = 0,5 eV, thus the condi-
tion of the energy spacing AE > kT below 20 K
is fulfilled for most segments even in the nomi-
nally pure material, It is difficult, however,
to estimate the energy spreading due to the
random potential of defects on other saegments.
There are indications that this is less than the
energy separatiom. The expomnential decrease
with defect concentration of the dc ceonductivity
found in a number of quasi one-dimensional
systems was attributed by Zuppiroli et al.® to
an increase of energy differences between states
of neighboring segments. At microwave frequan-
cies (Hw << AE) we found that the conductivity
of N-Me-iso Qn{TCNQ); steadily decreased with
temperature with an activation energy of about
15 K between 2 K and 10 K. The appearance of
vibrational modes in the far infrared spectrum
of heavily doped15 On(TCNQ)2 also points to
the existence of a dip in the density of states
at the Farmi level.

In conclusion, we have shown that the
anomalously large low temperature dielectric
constant of disordered quasi one-dimensional
organic charge transfer salts is frequency inde-
pendent from 5 * 10% to at least 9 x 10% Hz. It
decreases as the square of defect concentration
induced by neutron irradiation, and this sup-
ports the idea that these materials may be
viewed at low temperatures as a collection of
one dimensional strands with discrete energy
level spacings.
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