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ABSTRACT

Results of dc and microwave conductivities and dielectric constant:
measurements on iodine doped (CH)x are reported. The gradual variation of the
transport properties as a function of the iodine concentration indicates that
no sharp phase-transition occurs with increasing doping levels. Charged n-phase
kinks localized around 13 discribe qualitatively the dielectric properties in

the lightly doped range.

AHHOTAL WA

N3narawTcs pe3ynbTaThl M3MEPEHUS MPOBOAVMMOCTU MPM MOCTOAHHOM WM MUK-—
pPOBOJ/IHOBOM MOJIE U AUIIEKTPUUECKON MPOHMLAEMOCTU Ha nneHke /CH/X , nervwposaH-
HoOli nopgom. [OCTEneHHOe MW3MEHeHVWEe TPAHCMOPTHLIX CBOMCTB B 3aBUCMMOCTU OT COLEp-
XaHNs nofja yKas3biBaeT Ha TO, UTO YBE/IMYEHUE COAEPXaHMSI MPUMECTU HE MPUBOAUT
K pe3komy (ha30BOMy Mnepexony- BO3MOXHO KauyeCTBEHHOE OMMCaHVE AUINEKTPUYECKUX
CBOWCTB C MOMOWbI0 3apsiXeHHbIX W JIOKA/IM30BaHHLIX Ha MoHax 13 conuToHoB B cnabo

NIervMpoBaHHoIi 061acTu.

KIVONAT

Joéddal szennyezett (CH)X filmen végzett egyenaramu és mikrohullamu
vezetbképesség, valamint dielektromos allandd mérések eredményeit kozoljik.
A transzport tulajdonsagok fokozatos valtozasa a jod tartalom figgvényében arra
utal, hogy nem torténik éles fazisatalakulds ahogy a dopolasi szint novekszik.
A 13 ionok kdrnyezetében lokalizalt, toltott szolitonok segitségével a di-
elektromos tulajdonsagok kvalitativ leidsa adhatdé a gyengén szennyezett tarto-

manyban .



INTRODUCTION

Polyacetylene, (CH)™, has been the subject of Intense experi-
mental and theoretical work since it was shown to exhibit metallic
conductivity when treated by various dopants. Its room tempera-
ture conductivity can be varied over twelve orders of magnitude
by doping wrth e.g. halogens. 12 The most common view iIs that
pure polyacetylene is a simple semiconductor with relatively un-
important correlation effects, while at high doping levels its
behaviour 1is characteristic of a metal. Though the conductivity
of the undoped material 1is determined by impurities and in the
highly doped case*it is affected by intrachain hopping, optical
studies3, the temperature dependence of the thermoelectric power
magnetic susceptibility”” as well as that of the conductivityl are
strong evidences for this picture. The.effect of doping iIs be-
lieved to create i1mpurity states, which overlap at higher doping
levels. It was claimedl ™ that at an 1odine concentration of
about 2 atomic percents a semiconductor-metal phase-transition
takes place.

%

In this paper we report on measurements of transport pro- *
perties of i1odine doped polyacetylene. We have performed d.c. and
microwave conductivities and dielectric constant measurements on
the (CHIy)x system In the range of 1odine content of 07y <0.25.
Our aim is to have an insight iInto the mechanism of the insulator
-metal transition taking place during the doping process.



Sample preparation, experimental techniques

(CH)x films were prepared by the method of Shirakowa6et al
with titanium tetrabutoxide and triethylaluminium catalic system
in tuluene. Polymerization was performed at -T8°C using an
acetylene pressure of about 1 atm. Flexible, shiny films were ob-
tained after ~ 90 minutes on the surface of the solvent with a
thickness of 0.05-0.2 mm. Samples were washed iIn hexane and
tuluene to remove the remaining catalyst, then kept in vacuum for
hours and, before measurements, were cleaned mechanically.

Optical 1i1nvestigations showed that at least 80 % of the as grown
film was iIn the cis i1somer form. The bulk density of the (CH)
films was about O0.H g/Z/cm , slightly depending on the sample pre-
paration .

lodine treatment was carried out at room temperature by
direct contact with I” vapour of pressure of 0.03 torr to obtain
low doping levels and 0.3 torr for doping levels above 5 atomic
percents. The d.c. conductivity was measured iIn-situ, by four-
-probe method, using pressed copper contacts. The i1odine content
was determined also iIn-situ, by measuring the weight iIncrease of
a reference sample In the same surroundings. The reference sample
(initial weight: 5"30 mg) cut from the same film as that for the
transport measurements was placed on the end of a 0.2 mm thick,
20 cm long quarz fTibre. The bending of the quarz fibre was mea-
sured optically and recorded continuously. In this arrangement we
were able to determine the i1odine content iIn-situ with an accuracy
of 2x10 ™~ (0.02 atomic percent).

At low doping levels extreme care was taken to avoid in-
homogeneities. For this purpose below 2 % the iodine doping was
performed in several steps; at each doping level we determined
the steady state value. To iIndicate the i1mportance of i1nhomoge-
neirties, we mention that for example at a doping level of y=10"
using a continuo®us i1odinization rate as slow as 0.01 percent/min
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we found a conductivity 1-1.5 orders of magnitude higher than the
steady state value. For this doping rate at 1 % the deviation is
about a factor of 2, above 3 % the error is negligible.

It is to be noted that the o vs y curves slightly depend on
the preparation circumstances, the most important factor being
probably the density of the (CH)x films. All the results published
in this paper were obtained on samples cut from the same film.

Microwave conductivity and dielectric permeability was mea-
sured at 9x10O Hz using the cavity perturbation method described
by Buravov and Shchegolev . The sample was turned in and out of a
strongly undercoupled high quality resonant cavity and the re-
lative changes of the resonance frequency and absorption width
were recorded. Doping was carried out iIn the same way as for the
d.c. measurement. In order to determine the i1odine content of the
samples measured at microwaves the d.c. conductivity of a reference
sample was monitored, for which identical circumstances were main-
tained throughout the measuring cycle.

Experimental results

Figs 1 and 2 shows the concentration dependence of the d.c.
conductivity iIn the (CHIy)A ﬁystgm-_zhe conductivity of the un-
doped sample is less than 10 f1i cm , iIndicating that the ma-
tenal is sufficrently pure and is marnly in the crFs formg- The
value of 60l "em " of the highly doped film iIs somewhat less than
reported by Chiang et al®". The conductivity rises rapidly with the
dopant content, however there i1s no doping level where any abrupt
change 1s observable. That the increase i1s gradual is better
visible on the log-log scales (insert of Fig. 2). The straight
line corresponds to a a <€ ya concentration dependence. Such a
fit serves only to underline the gradual nature of the transition,

we shall not attempt to give a specific meaning to the parameters.



There is a large dispersion between the microwave and d.c.

conductivity iIn the undoped (CH) . As i1t is seen iIn Fig. 3 for

y=0 the a.c. conductivity is 3 orders of magnitude higher than

the d.c. one. This difference decreases continuously with iIn-
creasing iodine content and above 3 atomic percents It is less
than the uncertainity iIn the absolute values. To emphasize the
gradual variation of the dispersion the insert displays the micro-
wave conductivity as a function of the d.c. conductivity.

The dielectric constant of the pure cis (CH)xX is e = 3«5-0.2.
Since the density of the as grown film is not really characteristic
of the fibrous material we evaluated the dielectric constant as
for an "ideal' material with density of 1.16 g/cm . Thus the
volure of samples was calculated from their weight and the ideal
material density. This e value is roughly three times smaller
than that obtained by Fincher at al11 on an aligned film along the
chain direction. The concentration dependence of the dielectric
constant i1s shown on Fig. k. At low doping levels e varies linearly
with T1odine content, at higher levels iIts Increase becomes stronger.
The temperature dependence of e measured on a sample containing
y = 0.0l4 i1odine is plotted on Fig. 5.

discussion

Low temperature Raman measurements on iodine doped polyace-
tylene samples indicated 2 that the dopant was present dominantly
in the form of ™. A probable description of the Impurity state
created on the (CH) chain by the charge transfer to i1odine 1is the
positively charged k-kink modells’1 . In this model the double
bond-single bond sequence of the polymer chains 1is supposed to be
interrupted by two subsequent single bonds, 1.e. a k-kink with a
positive charge remaining on the carbon atom. No unpaired elec-
trons are linked with n-kinks (which during the reaction with
1odine must be created iIn pairs) thus i1t explains the unusually
low susceptibility observed in the whole doping range"”. Based on



thermoelectric power measurements these states were suggested to
he localized iIn undoped and lightly doped (CH)x while at high
doping levels a metallic behaviour was found.

Our measurements confirm the existence of localized states
at low doping levels. The large dispersion between the a.c. and
d.c. conductivities in the lightly doped range indicates a con-
tribution to the microwave conductivity from hopping between
localized states In a similar way than that observed iIn doped and
amorphous semiconductors. The randomness in the energy of the
available states may arise from structural distortions around the
dopants or i1t is due to the electrostatic field of the randomly
packed 1™ In the metallic region the states are extended and the
dispersion disappears.

The initial iIncrease of the dielectric constant with doping
may be qualitatively understand in the framework of the n-kink
model. We visualize the transition to the first excited state of
a n-kink bound to an acceptor i1on as a shift of a double bond by
a lattice constant d (Fig. 6). Denoting by W the energy difference
and by p the dipole transition matrix element between the ground
and excited states the polarizability of a n-kink is a = Up /W
at temperatures much less than W. Since a weak increase of e with
temperature is observed around ambient we take W/k = 1000 K,
furthermore as an order of magnitude estimate we replace p by ed.
With these assumptions we find a nk 1.0_21 cmﬂ- At low doping
levels the material may be considered as a gas of strongly
polarizable particles (bound n-kinks) embeded iIn a medium of
permeability (CHx matr™x)» thus the dielectric constant is:
U-eo)Uilt = p a, where p is the density of the i1t-kinks. From the
initial slope of the concentration dependence of e, assuming one
K-KiInk per I8 ions we find a = 1.6x10 ar* In reasonable

measured
agreement wit the bound n-kink model.



The polarizability of the defects iInduced by i1odine iIs ex-
tremaly large and the nearly linear increase of £ for dopant con-
centrations of several percents 1Is rather surprizing. IT the
polarizibilities were isotropic a divergence in £ (polarization
catastrophe) would occur for 1/3 S@ = 1 according to the
Clausius-Mosotti relation. From the above estimation this limit 13
reached at i1odine concentrations of about 0.8 %. It seems that the
picture of non-interactiftg localized defects may be i1nvalid at
very low 1odine concentrations.

Our findings do not support the assumption of a metal-in-
sulator transition at a well defined dopant concentrationl ™. We
have not found any dividing line between the semiconducting and
metallic states as the doping level was increased. Such a phase-
transition would be observable iIn the conductivity or - In a more
pronounced way - in the dielectric constant. There i1s no doubt
that electronic states responsible for the conductivity are
localized at low dopant concentrations and extended in the metallic
region but i1t seems that the transition between these states is
gradual and 1s far from being completed at a few percents of
1odine concentration.
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FIGURE CAPTIONS

1

dc conductivity of (CHIy)X is the range of 0 (y ( 0.03

dc conductivity of (CHI™M)X in the range of O (y ( 0.25. The
insert shows the concentration dependence on logarithmic
scales.

Concentration dependence of the microwave (X) and dc (*)
conductivity of 1odine doped polyacetylene. The insert
displays the microwave conductivity as a function of the dc
conductivity. The dopant concentrations are also indicated.

Dielectric constant of (CHI )x iIn the range of O ~y 4 0.03.

Temperature dependence of the dielectric permeability mea-
sured on a (CHlg oU™x samPle™*

Ground and first excited states of a itphase-kink. The
defect i1s believed to be smeared over several lattice con-
stants.
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