
This article was downloaded by: [Tomsk State University of Control Systems
and Radio]
On: 23 February 2013, At: 02:49
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl16

Electrical and Optical
Properties of Oriented (CH)x
H. Kiess a , D. Baeriswyl a & G. Harbeke a
a Laboratories RCA Ltd., Zurich, Switzerland
Version of record first published: 19 Dec 2006.

To cite this article: H. Kiess , D. Baeriswyl & G. Harbeke (1981): Electrical and
Optical Properties of Oriented (CH)x , Molecular Crystals and Liquid Crystals, 77:1-4,
147-158

To link to this article:  http://dx.doi.org/10.1080/00268948108075236

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948108075236
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

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
 0

2:
49

 2
3 

Fe
br

ua
ry

 2
01

3 



Mol. Cryst. Liq. Cryst.. 1981, Vol. 77, pp. 147-158 

@ 1981 Gordon and Breach, Science Publishers, Inc. 
Printed in the United States of America 

(Proceedings of the International Conference on Low-Dimensional Conductors, Boulder, 
Colorado, August 1981) 

0026-8941/8 1/7701-0 147%06.50/0 

ELECTRICAL AND OPTICAL PROPERTIES OF ORIENTED (CH), 

H. KIESS, D. BAERISWYL and G. HARBEKE 
Laboratories RCA Ltd., Zurich, Switzerland 

Received for publication September 1, 1981 

We have measured the optical and electrical proper- 
ties of both graphoepitaxially grown and shear-flow 
polymerized polyacetylene films. The former show a 
pronounced optical anisotropy whereas the latter do 
not. This result is correlated with the orienta- 
tion of the chain axes relative to the fibre axis, 
which is preferentially parallel in graphoepitaxially 
grown films. The electrical anisotropy was found to 
be rather weak. Optical measurements on doped (CH), 
indicate that both the characteristic IR modes at 
0.11 eV and 0.17 eV and the mid-gap absorption around 
0.5 eV, which have been attributed to solitonic 
defects, persist up to the metallic level. This re- 
sult shows that both the IR modes and the mid-gap ab- 
sorption are not necessarily signatures €or solitonic 
defects. Furthermore we conclude that the impurity 
potential is more effective than hitherto assumed. 

INTRODUCTION 

Though considerable efforts have been made to clarify the 
nature of the electrical transport in polyacetylene there 
is still an ongoing controversy on this subject1. 
particular interest in this question stems from the doping 
induced semiconductor-metal transition which is accompanied 

pretation of the observed phenomena can be given in terms 
of an idealized one-dimensional chain involving the concept 
of solitons which represent bond alternation defects ex- 

The 

by unusual magnetic and optical properties 2 . The inter- 
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148 H. KIESS. D. BAERISWYL and G .  HARBEKE 

tended over several CH units3. 
cally4 that charged solitons are created upon injection of 
carriers either by charge transfer from the dopant to the 
chain or by photoexciting carriers directly. 
the concept of a soliton is only meaningful as long as they 
are spatially separated. Due to their finite size of about 
15 CH groups it is expected that the solitons as individual 
entities should no longer exist in the metallic regime. 

On the other hand it is known that polyacetylene con- 
sists of a tangle of fibrils, that it is highly crosslinked 
and thus far from the idealized model substance. Thus the 
question arises whether a theory based on a one-dimensional 
chain reflects the experimental observations correctly. 
Indeed, this has been questioned and a model has been pro- 
posed which assumes that polyacetylene becomes strongly 
inhomogeneous upon doping, even more, that (CHIx can be 
best described as a composite material consisting of (dopant- 
induced) metallic and of insulating regions already at low 
doping levels5. 

In order to contribute to the solution of t ese ques- 
tions we have extended our previous measurements 
oriented (CH), doped with iodine in two ways: 
we have performed experiments on oriented samples, secondly, 
we have also used SbF5 as a dopant since various authors 
have proposed that 12 penetrates (CH), inhomogeneously in 
contrast to other  dopant^^,^. Among the experimental ob- 
servations which have been quoted to support the soliton 
idea are the doping induced absorption band at approxima- 
tely 0.5-0.7 eV (4000 cm'l - 6000 cm-1) and the absorption 
peaks in the infrared at 0.17 eV (1400 crn'l) and 0.11 eV 
(900 cm"). These are independent of the dopant used and 
therefore necessarily related to the (CH)x itself. Since 
systematic optical absorption measurements up to the 
metallic regime are missing we emphasize in this paper the 
optical experiments, though also electrical data will be 
presented. 

It has been shown theoreti- 

Obviously 

t on un- 
firstly, 

EXPERIMENTAL PROCEDURE AND CHARACTERIZATION OF THE (CH), 
BY CONDUCTIVITY MEASUREMENTS 

Oriented samples have been repared by graphoepitaxy9 and 

from the wall of a glass cylinder on which they were pre- 
pared either on to quartz or silicon substrates. 

under shear flow conditions P O  . All films were transferred 

The 
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ELECTRICAL AND OPTICAL PROPERTIES OF ORIENTED (CH). 149 

samples were annealed for 10 to 15 minutes at 18OoC in order 
to convert them to trans (CHI,. 

Four samples of similar thickness (500 8 to 2000 67)  
were simultaneously doped in the same system: two samples 
for the optical measurements in the visible and infrared, 
one for measurements of the dc-conductivity and one on a 
quartz oscillator to measure the weight increase by doping. 
The dopant concentration was increased by increasing the 
vapour pressure. In each case the weight as well as the 
dc-conductivity were measured as a function of time upon 
increasing the vapour pressure stepwise. 
had become independent of time final measurements were 
taken. 
then be correlated with the iodine vapour pressure p (Torr) 
by y = 0.28 6. In contrast to 12 the doping with SbF5 was 
less reproducible. 
properly in the presence of traces of water but we were not 
able to optimize the partial pressure of the water vapour. 
Therefore the doping source was switched off after having 
achieved a certain electrical conductivity. The excess of 
SbF5 was pumped off until the current through the sample as 
well as the weight were independent of time. The conducti- 
vity increase as a function of dopant concentration was 
found to be markedly different for I2 and SbF5 doped samples. 
This is illustrated in Fig. 1, where the rather gradual 
increase of d with iodine concentration is shown in com- 
parison with the abrupt rise of 
0.1 for SbF5. 

the visible was determined from transmission spectra and a 
reflectivity which was assumed to be wavelength independent 
and calculated from the known long wavelength refractive 
index, We have used thickness values as determined with the 
scanning electron microscope. The resulting numbers are 
about a factor of 2 to 3 smaller than those derived by 
Fincher et al.ll. 
according to the ratio of apparent to bulk density, then 
our results are in sufficient agreement with the data of 
Ref. 11. The electrical conductivity was in most cases 
determined by two probe measurements except in a few cases 
where four probes were used to check the results. 

Only after both 

In the case of I2 the iodine concentration y could 

We found that doping proceeds only 

d in the range 0.05 < y <  

The absorption coefficient K in the infrared and in 

If, however, the thickness is scaled 
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150 H. KIESS, D. BAERISWYL and G. HARBEKE 

10-4 10'2 100 
Dopant concentration [y] 

FIGURE 1 
concentration for the dopants indicated in the figure. 

Electrical conductivity as a function of dopant 

RESULTS WITH GRAPHOEPITAXIALLY GROWN FILMS 

The optical absorption is found to be quite anisotropic 
for cis-rich and trans samples prepared under graphoepi- 
taxial conditions. The absorption coefficients K,, and K, 
differ by a constant factor of about 4 between 0.5 eV and 
3 eV, as shown in Fig. 2 for trans (CH),. 

indicate that the absorption process is the same for both 
directions. 
fr-bands of (CH)x chains and assuming that K, is negligibly 
small for an ideal structure, the observed optical aniso- 
tropy yields a measure for the degree of misalignment of the 
chains. 

The observed similar shapes for K,, and MI below 3 eV 

Attributing it to transitions within the 

It turns out to be larger than the misalignment of 
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ELECTRICAL A N D  OPTICAL PROPERTIES OF ORIENTED (CH). 151 

I .o 2.0 3.0 4.0 5.0 

Energy (eV)  

FIGURE 2 
for light polarized parallel and perpendicular to the fibre 
axis. 

Absorption coefficient as a function of energy 

the fibrils estimated from electron micrographs (compare 
Fig. 8 of Ref. 9). We believe that this difference is due 
to misorientations of the chain axes in the amorphous 
regions of the fibres, in qualitative agreement with deco- 
ration experimentsg. At energies above 3 eV the optical 
anisotropy decreases and it is practically absent at 5 . 5  eV. 
This may be caused by the growing absorption involving 
d -bands. 

of undoped samples 
was at best 8, and it decreased with increasing iodine con- 
centration t o  a value of about 3 (Fig. 3 ) .  Any anisotropy 
found by electrical dc-measurements is at least in part 
caused by the packing of the fibres in the film, and there- 
fore does not allow to draw conclusions on the anisotropic 
carrier transport in (CH),. 

The electrical anisotropy du, I 
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152 H. KIESS, D. BAERISWYL and G .  HARBEKE 

FIGURE 3 
grown film measured parallel and perpendicular to the fibre 
axis. 

Electrical conductivity of a graphoepitaxially 

OPTICAL MEASUREMENTS ON SHEAR-FLOW POLYMERIZED (CH) 

Fig. 4 showg the absorption coefficient of shear-flow 
polymerized undoped and SbF5 doped (CH),. In these samples 
the chain axis is not preferentially oriented and therefore 
the optical absor tion is only weakly anisotropic, as re- 
ported previouslyP2. The undoped material shows the funda- 
mental gap at IV 1.35 eV. With increasing SbF5 concentration 
up to y ~ 0 . 0 6  no significant change in absorption is obser- 
ved, in particular no absorption band builds up between 
0.5 and 1 eV as is usually found if (CH), is doped with I2 
or AsF5 13. 
from y s 0.06 to y s 0.09 changes the absorption completely: 
the band gap of (CH), disappears and the absorption in this 
energy range is reminescent of Drude behaviour. This abrupt 
transition observed in the optical absorption upon doping 
with SbF5 and also apparent in the rapid change of electti- 
cal conductivity for the same concentration range (Fig. 1) 
is in contrast to I2 doping where both the optical and 

The slight increase in dopant concentration 
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ELECTRICAL A N D  OPTICAL PROPERTIES OF ORIENTED (CH), 153 

- - 
- (CH (SbF5)y Ix - 

~ y = 0.057 - E II fiber - 

2 . 1 0 ~ ~  I I I I I 1 1  

E u 
Y 

c 
0 

Q 
.- 
c 

b In 
2 

E n e r g y  (eV) 

FIGURE 4 
f i l m  f o r  va r ious  doping l e v e l s  

Absorption c o e f f i c i e n t  of a shear-flow polymerized 

e l e c t r i c a l  p r o p e r t i e s  change q u i t e  g radua l ly  as a func t ion  
of concent ra t ion .  It appears  t h a t  t h e  acceptance of SbF5 
d i d  no t  have any e f f e c t  below y = 0.05; thus  we  have t o  
assume t h a t  no r e a c t i o n  took p l ace  between SbF5 and ( C H I x  
and t h a t  SbF5 was absorbed as a n e u t r a l  e n t i t y  below 
y z 0.05 f o r  as y e t  unknown reasons.  

Extension of t hese  measurements t o  longer  wavelengths 
a r e  shown i n  Fig.  5a and b f o r  SbF5 and I 2  doping, respec-  
t i v e l y .  For both dopants I R  peaks appear  a t  0.11 eV and 
0.17 eV, but aga in  they show up ab rup t ly  f o r  SbF5 at a 
concent ra t ion  of y B 0 . 0 9  whereas f o r  iod ine  these  peaks 
a r e  v i s i b l e  even a t  t h e  lowest concent ra t ion .  It should 
be noted t h a t  t h e r e  i s  some s t r u c t u r e  i n  these  peaks,  
i n  p a r t i c u l a r  i n  t h e  case of SbF5 doping. For bo th  
dopants t he  peaks p e r s i s t  up t o  the  h ighes t  concentra-  
t i ons .  This  i s  a l s o  seen i n  Fig.  6 where t h e  i n t e g r a t e d  
peak absorpt ion ( a s  i nd ica t ed  i n  t h e  i n s e t )  i s  p l o t t e d  as 
a func t ion  of concent ra t ion :  t h e  absorp t ion  s a t u r a t e s  a t  
about t he  same va lue  f o r  both dopants.  
iod ine  inhomogeneous doping which has  been proposed t o  ex- 
p l a i n  e l e c t r o n  energy l o s s  spec t r a7  and magnetic suscep t i -  

I n  t h e  case of 
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154 H. KIESS, D. BAERISWYL and G. HARBEKE 

0 I I I I 

0. I 0.2 0.3 0.4 0.5 
Energy ( e V )  

I I 1 I 

0. I 0.2 0.3 0.4 0.5 
Energy (eV) 

FIGURE 5 
infrared: a) SbF5 doped samples, b) I2 doped samples 

Absorption coefficient of (CH), films in the 
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ELECTRICAL A N D  OPTICAL PROPERTIES OF ORIENTED (CH). 155 

Dopant concentration y 

FIGURE 6 Integrated peak intensity of the IR peak at 
0.17 eV (1400 cm'l) for SbF5 and I2 doped (CH),. 
case of SbF5 doped samples reproducible data have been 
only obtained below y = 0.06 (where no peak has been 
observed) and above y = 0.087. 

In the 

bility data' might also be responsible for the persistence 
of the IR absorption (in correlation with the persistence 
of the optical gap). In the SbF5 doped samples, however, 
the fact that the optical gap disappears completely while 
the IR peaks persist cannot be explained by inhomogeneity. 
An interpretation of the IR peaks should therefore also 
explain their existence in the highly conducting state (see 
also below). 

Figs. 5a and b show that the absorption constant in- 
creases with energy between 0.1 and 0.45 eV, even at the 
highest dopant level, leading to a maximum around 0.5 eV. 
This maximum is quite pronounced for 12 doping and broad 
for SbF doping (see also Fig. 4). This spectral shape 
gives c?ear evidence for a non-Drude behaviour below 0.5 eV 
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I56 H. KIESS, D. BAERISWYL and G .  HARBEKE 

even if it seems consistent with a Drude behaviour at 
higher energies. 

ON THE EVIDENCE FOR SOLITONS IN THE OPTICAL ABSORPTION 
SPECTRA 

An important question in connection with the interpretation 
of experiments on doped (CH), is whether charged solitons 
are created in (CH), upon doping. Besides magnetic experi- 
m e n t ~ ~ ~  both the optical absorption near mid-gap and the 
appearance of two IR peaks are in agreement with theoreti- 
cal expectations and have therefore been taken as evidence 
for charged ~olitonsl~,~~. 
sic defects of the bond alternation pattern, which is 
usually believed to be the origin of the electronic gap, 
they are intimately related to the existence of the gap. 
Thus the fact that, in the highly conducting state of 1 2  
doped (CH),, both the mid-gap absorption and the IR peaks 
remain visible could be associated with the persistence 
of the electronic gap (possibly as a consequence of in- 
homogeneous doping). 
served in the optical absorption spectrum of SbF5 doped 
samples at a dopant level where the optical gap has comple- 
tely disappeared. 
sively as a consequence of solitonic defects. 

to exhibit an incommensurate Peierls distortion with a 
strongly reduced electronic gap (by a factor of about 10 
relative to that of undoped (CH),) such that quantum 
fluctuations become relevant. It is tempting to associate 
the observed maximum in the absorption spectrum of heavily 
doped (CH), (in particular with SbF5) with such a "fluctua- 
ting Peierls gap". However, on the one hand, its energy of 
about 0.5 eV is larger than anticipated , on the other hand, 
this value is the same as that of the mid-gap absorption 
observed in weakly doped (CH),, which would appear to be 
quite fortuitous. 
modes remain unchanged upon doping is not surprising in 
view of a recent theory of Horovitz16 who argues that the 
IR modes are not sensitive to changes in the charge confi- 
guration. Thus their frequencies will be essentially the 
same in the incommensurate limit as for a charged soliton. 

We believe that the optical absorption spectrum, in 
particular around 0.5 eV, can be explained in a more satis- 

Since these solitons are intrin- 

However these same features are ob- 

Therefore they cannot be explained exclu- 

Neglecting disorder, heavily doped (CHI, is expected 

The fact that the frequencies of the IR 
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ELECTRICAL AND OPTICAL PROPERTIES OF ORIENTED (CH). 157 

sactory way if disorder is taken into account. Indeed the 
dopant ions which are usually assumed to merely change the 
band-filling and to provide a pinning potential for charged 
solitons may be essentially involved in the local displace- 
ment patterns. Energetic considerations (condensation 
energy of 0.01 eV per CH group as compared to the strong 
Coulomb potential introduced by the dopants) suggest that 
the impurity potential will not simply bind the charged 
soliton as a whole, but strongly distort, if not destroy, 
its shape. Doping will then proceed by creating more and 
more of these defected regions without strongly affecting 
their internal structure. An alternative description of 
such an "island" would be in terms of a local incommensurate 
region (due to the charge transfer) with strong pinning of 
the phase of the complex order parameter at the impurity 
center. 
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