
This article was downloaded by: [Tomsk State University of Control Systems and Radio]
On: 21 February 2013, At: 10:21
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

Nearly Metallic [CH(13)y]x - Importance of
Solitons, Crystal Order, Hopping and Band
Conduction
A. Feldblum a , R. W. Bigelow a , H. W. Gibson a , A. J. Epstein a & D. B.
Tanner b
a Xerox Webster Research Center, W114, Webster, NY, 14580
b Department of Physics, University of Florida, Gainesville, FL, 32611
Version of record first published: 17 Oct 2011.

To cite this article: A. Feldblum , R. W. Bigelow , H. W. Gibson , A. J. Epstein & D. B. Tanner (1984):
Nearly Metallic [CH(13)y]x - Importance of Solitons, Crystal Order, Hopping and Band Conduction,
Molecular Crystals and Liquid Crystals, 105:1, 191-202

To link to this article:  http://dx.doi.org/10.1080/00268948408071652

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

http://www.tandfonline.com/loi/gmcl16
http://dx.doi.org/10.1080/00268948408071652
http://www.tandfonline.com/page/terms-and-conditions


Mol. Cyst .  Liq. Cyst .  1984, Vol. 105, pp. 191-202 
OO26-8941/84/10~-019 1/$18.50/0 
0 1984 Gordon and Breach, Science Publishers, Inc. 
Printed in the United States of America 

Nearly Metallic [CH(1&JX - lrnportancc of Solitons, Crystal Order, 
Hopping and Iland Conduction 

A. Fcldblum, R.W. Bigelow, H.W. Gibson and A.J. Epstein 

Xerox Wcbstcr Rcscarch Center, W114 
Wcbster. NY 14580 

and 

D.B. Tanner 

Dcpartmcnt of Physics 
University of Florida 

Gaincsville, FI, 32611 

ABSTRACT 

Polyacctylene doped in the range of one to five pcrcent has been shown to 
have low Pauli susceptibility yet high elcctrical conductivity. Earlier studies 
of polyacctylene doped with iodinc to these nearly metallic lcvcls show that 
essentially all charges go into soliton-like states. The conductivity (u) and 
hcrmopowcr ( S )  of many samples are in quantitative agreement with 
charge transport via variable range hopping among soliton-like levels. 
Other doped samples have a 1o:vcr dcnsity of states at the Fermi level with 
differing o(T) and S(T). The strong sensitivity of the dcnsity of states to 
disorder leads to the proposal of a parallel conduction mechanism of 
thermal activation of charge carriers to "high mobility" cxtcnded band 
states. This mechanism may dominate in less disordered samples. 
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192 A. FELDBLUM ef al. 

I. INTRODUCTION 
Polyacetylene, the simplest of the long chain polyenes, has attracted 

considerable experimental and theoretical interest in the last several years [ 1). 
Experimental interest was sparked by the discovery [2] that the conductivity of 
polyscetylene could be increased by over eight orders of magnitude through 
exposure to the vapours of acceptor or donor chemical species. In its pristine 
state, polyacetylene is a semiconductor due to a commensurate Peierls distortion 
Leading to alternation in bond lengths. Tmns-(CH), has one of two degenerate 
ground states depending on the phase of the bond alternation. In contrast, for 
the cis(CH),, reversal of phase of the bond alternation (order parameter) leads 
to the nondegenerate franscisoid structure. The soliton model [3,4] has been 
successhl in accounting for the transport, spectroscopic and magnetic properties 
[5-15] of undoped and doped polyacetylene. At high doping levels, above 
approximately six percent, the soliton picture breaks down and, experimentally, 
bandgap closure is reported along with a sizeable density of states at the Fermi 
level (N(EF)) and high conductivities. The highly doped (CH), system can 
then be viewed as a disordered quasimetallic system [5,16]. 

There remains a transitional regime with dopant concentration per carbon 
of between one and five percent (0.01 < y < O.OS), that needs to be 
understood. In this region. the magnetic susceptibility yields a density of states 
at the Fermi energy N(EF), substantially lower than that of metallic (CH), (y  - 
0.05). yet the conductivity cr is "nearly metallic" (lo2 2 IT - 10-l ohm-' - 
cm-') [11,12,14,17,18]. Several different proposals have been put forward to 
explain the behavior in this regime, including: variable range hopping [5.16] 
among pinned soliton-like centers [19], collective transport by mobile spinless 
charged solitons [17], interchain hopping of bipolarons [20], and thermal 
activation of charge carriers to "high mobility" extended states [21]. 

In this paper we demonstrate how under some conditions, variable range 
hopping is the dominant transport mechanism. We then show that under 
slightly different conditions, other mechanisms play dominant roles. It is 
proposed [21] that this sensitivity of the transport mechanism to the exact 
details of the doping and/or isomerizing conditions reflects the central role of 
crystalline order in nearly metallic (CH),. Variations in the degree of disorder 
due to changes in doping conditions. dopants, etc.. can explain the broad 
differences seen in the experimental data. In particular, for situations when the 
disorder is minimal. thermal activation of charge carriers to extended states may 
dominate the observed conductivity. 
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11. SAMPLE PREPARATION 
Free standing polyacetylene films were prepared by the Shirakawa 

technique [22]. The films are -90% crystalline [23] and are composed of 
-500 diameter fibrils [24]. The samples were doped with iodine to obtain 
(CH(13)y)x using the ' slow-doping ' technique (121. After doping, all 
measurements were performed on sections of the same film. 

For this first part of the study. two cis(CH), films were doped to y=O.O33 

and y=O.O48 and two rruns(CH), films. isornerized at 207°C for 98 minutes. 
were doped to y=0.017 and y=0.042. X-ray diffraction measurements [2S] of 
the doped cIs(CH), shows the same pattern as the doped truns(CH),, in 
agreement with earlier optical [6.10] and transport [26] studies indicating that 
the doping into cis(CH), results in a doping induced isomerization to doped 
fruns(CH),. For all the films studied (those of Fig. 1, see below), the x-ray 
measurements indicated that about one-third of the sample volume remains 
undoped, probably in the centers of the fibrils. Three new broad x-ray 
reflections are found in agreement with a model of intercalation between 
polyacetylene planes [27], though the coherence length perpendicular to the 
chain was reduced from 100 A to only 2OkS A [24]. Sample properties are 
summarized in Table I. 

111. EXPERIMENT,tL RESULTS 
The temperature dependent conductivity of a series of iodine doped 

samples is shown in Fig. 1 with corresponding thermopower data given in 
Fig. 2. Figure 3 shows the ~('1) for another sample of cis-(CH), doped to 

y=0.024 with 13-. The 
temperature dependent thermoelectric power for this sample is shown in Fig. 4. 

The density of states at the Fermi level, Table I, is obtained from the 
susceptibility. It is substantially smaller than the metallic value for all five 
samples, with the initially cis(CH), samples having a higher N(EF) than the 
initially fruns(CH), samples doped to nearly the same level. At the same time, 
although N(EF) for these highly conducting doped rruns(CH), samples are an 
order of magnitude lower than the expected metallic level, they are much larger 
than that of an uncompensated amorphous semiconductor such as amorphous Si 
where N( EF) is - 1019 to lo2' states/eV-cm3. 

It is plotted both versus TIh and versus I-'. 
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1 94 A. FELDBLUM et al. 

0 24 0 34 044 0 54 

FIGURE 1. T' u(T) VS. T' 
slow-doped [CH(13)y]x. The 
solid lines are from theoretical 
fits described in the text (Eq. 1). 

FIGURE 2. S VS. 'r for [CH(13)y]x 
samples of Fig. 1. The solid 
lines are for theoretical fits 
described in the text. 

TABLE 1. Summary of results for [CH(13)y]x 

Starting TO N(EF) a-' 

(CH), Y 1 0 5 ~  st/eVC A 
 MII IS 0.017 19 0.014 5.2 
cis 0.033 29 0.045 3.1 
trans 0.042 3.8 0.027 7.1 
cis 0.048 4.6 0.069 4.9 

cis 0.024 3.50 0.013 2.0 
- >0.05 -0.3 - - 
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NEARLY METALLIC [CH(I,),], - HOPPING AND BAND CONDUCTION 195 

FIGURE 3. Temperature dependent conduct 
[CH(l3)0.024]x. (a) TH,(T) vs. T"; (b) o(T) vs. TL. 

ivity of slow doped 
~ - 1  

~~I -7 ~- -- -7 4 
ENERM,E 

(a) " %  

x I ,  I " .  i 1 

i I q \ k  'Jk-* 

e€ EF 
ENERGY.E 

I iF 
+I l ~ ~ ~ . b o z . ] .  

520 1 _ -  L z4c -1 

T X  

i b )  

FIGURE 4. S vs. T for FIGURE 5. Schcrnatic electronic 
[CH(1$0 0 2 ~ 1 ~  samplc of Fig. 3. $tnicturc for doped polyacetylene. The 

Ecrmi cncrgy IS shown for acceptor 
doping (a) Disorder strong. (b) Disorder 
wcak. 26 IS the energy gap between the 
valence (conduction) band and the soliton 
band. 
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196 A. FELDBLUM et al. 

The infrarcd rcflcctance studies [19] for the samplcs in Figure 1 show a 
narrow pcak in a(w) at 1370 cm-' and a broad maximum at 700-900 cm-l. 
Thcsc modcs had carlier bccn established [7-9) as an intcrnal mode and the 
pinncd mode of a soliton rcspectivcly. Thc oscillator strcngth of these modes 
quantitatively cstablishcs that esscntially all charges introduced by thc doping 
proccss go into soliton states. Thc optical and structural data suggest that the 
N(+) is nonzero as a rcsult of statcs bcing pullcd out of thc valence and 
soliton bands by the 13 disordcr [5], as illustratcd schematically in Figure 5a. 

IV. ANALYSIS 
Because N(EF) is below the metallic value, yet very high for a 

semiconductor, we havc analyzcd a(T) within the variable-range hopping 
(VRH) model [28]. In this model, the conductivity can be written as: 

u(T) = (0.39 [N(EF)/akBT]?I voe2) exp[-(To/T)lk] (1) 

where 

To = 16a3 /kgN(E~)  (2) 
a-1 is the decay length of a localized state and vo is a hopping attempt 
frequency. In Fig. 1, log(THa(T)) is plotted vs T", with the solid line for 
each sample the fit to Q. 1, with the one adjustable parameter, To, given in 
Table I. The absolute value of the conductivity as well as the functional form 
can be compared with the VRH formalism. Using the suggestion of Colson and 
Nagcl [29] that v0 be given by Pph exp(2aR). where R is the separation 
between hopping sites and vph is an optical phonon frequency (-3.6 x 

sec-l), there are no more adjustable parameters. The VRH conductivities can 
then be evaluated and are in good agreement with the experimental values (191. 

The temperature dependent thermopower is an independent probe of the 
transport mechanism. Thc VRH thermopower is given by [28) 

SVRH(T) = U(k,/e)kB(.r0T)"(N-'dN/dE) 

while for a metal [28] 

S m 0  = (2n2/3Xk~/e)k~T(N-ldN/dE) 
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The S(T) measurements were made on the same samples during the 00 
measurcments. Thc experimental results along with fits to SVRH and Sm are 
givcn in Fig, 2. Clcarly for y = 0.017 and y = 0.033, the data, are fit well by 
the SVRH with the onc adjustablc paramctcr N-ldN/dE indicating that N(E) is 
only slowly varying, consistent with the assumption of the VRH model. The cis 
dopcd to y = 0.048 shows a behavior which at low tcmperaturcs appears like 
Sm(r) but then bends over at high temperature to be closer to SVRH(T). The 
calculatcd N-ldN/dE shows a more strongly varying N(E). For thc Iran9 
(CH), dopcd to 0.042, the thcrmopowcr is lincar with T indicating an Sm(T) 
bchavior. The conductivity data on thc othcr hand, is of VRH form, although 
a-1 is much larger (- 7 k). 

The optical data and magnetic data support that EF lics in the gap between 
the valence and soliton bands (Fig. 5a). Hcrc. N(EF) is nonzero as a result of 
statcs being pulled out of the valcnce and condensate bands by thc I3 disorder 
(301. These states should retain a largc soliton like character. In fact, the 
cffcctivc dimensionally avcragcd decay length of a noninteracting soliton 1311, 
E = ( 4 1 2 E 1 $ 1 / 3  =: 4 is in very good agrecmcnt with the a-1 values of the 
samples of Figure 2, Table I. ‘The larger a-’ of the y = 0.042 sample reflects 
the lower To and is indicative of the near overlap of the soliton statcs a t  this 
density. 

Analysis of the data for cis(CH), dopcd to y=0.024, Figs 3a and 4, 
provides a marked contrast. Though the sample qualitatively has a similar 00 
to thosc in Fig. 2, thc To obtained in fitting the data to Eq. 1 is 3.5 x 107K, 
much larger than To for the othcr samples. Using the measured NQ)=6.5 x 

lo2’ state/eV-cm3 in Q. 2, we obtain a-1 = -2 k. This localization length is 
much smaller than the three dimensionally averaged soliton length. It suggests 
that the charges are localized in single bonds or perhaps that the original VRH 
model [19] is not appropriate for this sample. Using the known parameters in 
h. 1 demonstrates that the calculated a(300K) is several orders of magnitude 
smaller than the measured a(300K). The a(T) for the y = 0.024 sample is 
rcplottcd in Fig. 3b vcrsus T1. The rcsults show two regions. one with 
activation energy 6 -0.065 eV (a a cxp(-S/kg’r) for ?’ > 125K, and the 
second with S -0.031 cV for T <125K. The thcrmopowcr rcsults in Fig. 4 are 
qualitatively differcnt from thosc samples in Fig. 2 that are well fit by VRH. 
Indeed, S(T) shows a break in behavior at 125K in agreement with the activated 
conductivity analysis. 
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198 A. FELDBLUM et al. 

Samples dopcd morc hcavily [16] typically have a a(T) that agrecs with Q. 
1 but To - 105K. Analysis of To in terms of Eq. 2 suggcsts that a-1 now is so 
large, that the original soliton picture [19] is no longer appropriate, in agree- 
mcnt with the high dcnsity of statc (121 for thcse samples. 

V. IIISCUSSION 
It is clear that a variety of bchaviors arc obscrvcd as a hnction of initial 

condition (e.g.. cis or fruns-(CH),), doping concentration, and doping 
proccdurc. It was shown earlicr [19,32.33] that variable range hopping among 
pinned soliton-likc lcvcls is in quantitativc agrccmcnt with the structural. 
optical, magnetic and transport propertics of many iodinc dopcd samples. 
These localizcd statcs wcrc associatcd with the phase disordcring of the Peicrls 
insulator due to the presence of the 13- dopants. Figure 5a schematically 
illustratcs the clcctronic structure. However, data such as that shown in Fig. 3 
as well as somc ClO4- dopcd (CH), [18] and Na+ dopcd (CH), [17] samples 
in the same conccntration range have Pauli susccptibilities (N(EF)) too small for 
tlic use of Eq. 1. This has lead to the suggestion of the importance of collective 
transport by mobile spinless charged solitons [17], and intcrchain hopping of 
bipolarons [20]. 

We note that thc detailed N(E) for energies in the ncighborhood of EF will 
bc cxtrcmely sensitive to initial doping conditions, dopant concentration and 
doping procedure. The measured conductivity is then better represented by 

where f(E,T) is the Fcrmi hnction and a(E,T), the conductivity per carrier of 
energy E, depends on both N(E) and a mobility p(E,T). 

'The details of N(E) and p(E,T) will be very sensitive to the local ordcr in 
the system. For example, samples h a t  are less disordcrcd may be better 
rcprcsented by thc schcmatic electronic structure of Fig. 5b. The phase 
disordering will bc less pronounced, producing a lower density of statcs in the 
gaps and a higher mobility for the statcs at thc band cdgcs. Thermal activation 
of chargc carricrs to highcr mobility "cxtcnded" states may then be expected to 
dominate the conductivity. 

For acccptor (donor) doping, thcrmodynarnic cquilibrium requires 
excitation of a finite number of electrons from thc occupicd valcnce (soliton) 
band to thc unoccupied soliton (conduction) band, which is located at an 
energy 26 higher. An estimate of the number of charge carricrs available at 
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NEARLY METALLIC [CH(I,),], - HOPPING AND BAND CONDUCTION 199 

room temperature can be made using reasonable parameters for N(E) and 26. 
For simplicity, we assume here that the density of states for the valence, soliton 
(or condensate) and conduction bands is independent of E and has the same 
value in each band. (More detailed assumptions for N(E) do not substantially 
change our results.) Assuming first that the density of states at the band edge is 
-0.2 state/eV-C (probably an underestimate because of the one-dimensional 
band structure) and second that 2 6 z 0 . 3  eV (consistent with the infrared and 
magnetic data [12,19]), then the number of holes (electrons) excited at room 
temperature is given by 

n(T) z N(E)kB?‘ exp(-8/kBl’) (4) 

or n(300K) = 3x1Ol7 cmw3. An equal number of electrons (holes) are excited 
into the soliton band. A more detailed treatment of carrier excitation in 
thermal equilibrium is given by Conwell [34j. At this concentration of electrons 
or holes, the magnetic susceptibility would be below that reported [17,181 for 
small N(EF) samples. For an electrical conductivity [17] of 1 ohm-lcm-l, and 
an assumed equal mobility for holes (electrons) in the valence (conduction) 
band and the electrons (holes) in the soliton band. then p = a / n e =  11 cm2/volt- 
sec. This number is quite reasonable: it is even smaller than what is expected 
for polyacetylene. For comparison, the segregated stack charge transfer salt 
(tetrathiafulvalenium)-(tetracyanoquinodimethanide) [(TtF)(TCNQ)] has a 
mobility at 300K of 4 crn2/volt-sec [XI, while the 300K mobility for electrons 
at the bottom of the conduction band of polyparaphenylene has been calculated 
[36] to be -600 cm /volt-sec. The mobility for ordered polyacetylene was 
expected [36] to be similar to that calculated for polyparaphenylene. 

The data of Figs 3b and 4 may be reexamined in light of Eqs 3 and 4. The 
experimental activation energy, 8-0.065 eV IS consistent with the measured 
susceptibility and the schematic diagram shown in Fig. 5b. Using Eq. 4. we 
find p(300K)z0.3 cm2/volt-sec. This small p suggests that conduction in this 
sample may be better described as thermal activation of carriers to the tails of 
the valence and soliton bands. and subsequent hopping of these carriers among 
the localized states of these band tails. The nearly flat S(T) for T > 125K. 
Fig. 4, is in contrast with the V K H  behavior of the other 13 doped samples 
presented here. Below 125K both the effective 6 and S(‘1’) change. Referring 
to Eq. 3, this may reflect the change in relative contribution of various energy 
states to the total conductivity as the temperature is reduced. 
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VI. SUMMARY 
An extensive series of experiments have been carried out for samples of 

(CH), doped to the range of one to five percent. It was demonstrated that 
variable range hopping among soliton-like sites is often the predominant 
transport mechanism for this regime. A generalized approach based upon the 
sensitivity of N(E) and u(E) to crystalline order was proposed and shown to be 
consistent with this data. 

‘The total measured conductivity of a particular (CH), sample is then a sum 
of contributions from hopping at the Fermi level, OH. and activation of carriers 
to the band edges and band tails, uA, Eq. 3. With increasing disorder, uH is 
expected to increase (through increased N(EF)) while u A  decreases (through 
decreasing p). As a result, the conductivity of samples doped under a variety of 
conditions can remain in the range of 10-1 to L O f 2  ohrn-lcm-’ for 
0.01 5 y 5 0.5 despite a widely varying N(EF). 

One of the authors (AJE) acknowledges stimulating discussions with E.M. 
Conwell and S. Kivelson. This work was supported in part by the National 
Science Foundation-Solid State Chemistry DMR-8218021. 
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