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Spin Gap in Perchlorate-DopedTrans-Polyacetylene
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Transition to a spin-gap state in a doped conducting polymer is reported for the first time
decrease in the ESR spin susceptibility was observed near 200 K intrans-polyacetylene doped with
perchloric ion (ClO2

4 ). The thermoelectric power did not show any corresponding anomaly, while
activation energy of the resistivity was decreased slightly on the spin-gap formation. These r
suggest that the electronic state undergoes a spin-charge separation and the carriers are act
lower energy. It was also shown, by the lattice heat capacity measurement, that the lattice str
connected to the framework for the soliton lattice, is changed remarkably at the initial stage of do
[S0031-9007(99)08659-7]
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Trans-polyacetylene,sCHdx, the simplest quasi-one-
dimensional conductor, is a Peierls band-gap insulator
half-filling, which can be transformed into an electrica
conductor with doping. In undopedtrans-sCHdx, a
domain boundary of two degenerate dimerization phas
called topological soliton can be generated as an e
mentary excitation [1]. In the dilutely doped case wit
a dopant concentration of less than 1% in the CH uni
the electrical charge can be carried by the hopping
the soliton that possesses a charge but no spin [2].
the other hand, with the doping concentration exceedi
10%, a high electrical conductivity can be maintaine
over a wide temperature range from room temperature
mK-temperature with only weak temperature dependen
[3,4]. The measurement of the spin susceptibility fo
the metallic state indicates that the charged carrier is n
solitonlike. Instead it is electron or holelike, it possesse
an electronic charge and 1y2 spin. As a result, the charge
transport in the heavily doped polyacetylene can b
described as being similar to that in an anisotropic thre
dimensional conductor mediated by interchain transfer [5
A great deal of interest has been generated in illuminati
the crossover from the solitonlike state to the electron
polaronlike state that occurs in the intermediate dopa
concentration region [6,7].

We have approached the subject by using a refin
polyacetylene calledn-polyacetylene [8], which can pro-
vide very high electrical conductivity with doping. Per
chloric ion (ClO2

4 ) was adopted for the dopant species [9
since thep electrons in the conjugating polymer can b
detected via an ESR signal. It is advantageous that
dopant by itself does not create an ESR signal. This co
trasts with iodine-dopedsCHdx , in which the ESR signal
becomes too broad to detect due to a fast relaxation of
conduction electrons by the large spin-orbit coupling [10
In order to investigate the charged state, the thermoelec
power and the electrical resistivity were measured. In a
dition, the heat capacity was investigated at low temper
ture in order to determine the electronic state [11]. A
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will be shown, however, the heat capacity data revea
an unexpected feature of the lattice or chain arrangem
in relation to the doping which provides an opportune b
sis for considering the intermediately doped state.

Pristine films were prepared by using a refined catal
and purified acetylene gas [12]. Thin films with
thickness of less than 10mm were used in order to dop
as uniformly as possible. The films weretrans-isomerized
by heating at 200±C in a vacuum for 1 hour. The dopin
was then carried out by immersing film in a CusClO4d2-
acetonitrile solution [9]. The dopant concentration w
controlled by changing the concentration of the soluti
and the immersion time, and it was determined by wei
uptake. Since the property of the intermediately dop
samples is delicately changed by the doping procedur
well as the structural property of the pristine film, piec
cut out of one film were used for the ESR, thermoelect
power, and resistivity measurements described below.

The ESR measurement was carried out in the X-ba
frequency region. The line shape was symmetric. Thi
consistent with the resistivity higher than1023 ohm ? cm,
giving the skin depth longer than the used sample thi
ness. The integrated intensity of the ESR signal cor
sponding to the spin susceptibility of the lightly dope
sample with ClO2

4 concentration of 0.9% showed Curie
like temperature dependence, as shown in Fig. 1. In c
trast, the integrated intensity of the ESR signal for t
heavily doped with 9.9% showed a Pauli-like tempe
ture dependence down to 150 K; this was followed succ
sively by a slight decrease and then a rapid increase be
60 K. The Curie-like part for the lightly doped case ca
be ascribed to the neutral solitons, which are character
by a spin-charge separation, through the temperature
pendencies of both susceptibility and peak-to-peak wi
[6,10]. On the other hand, the rapid increase for the he
ily doped sample can be ascribed to the strong elect
correlation or partial localization of conduction electro
[10]. For the intermediately doped cases with dopant c
centrations of 2.6% and 6.6% in Fig. 1, the decrease w
© 1999 The American Physical Society 2151
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FIG. 1. Temperature dependence of the spin susceptibil
x for four samples;sssCHsClO4d0.009dddx (represented with open
circles), sssCHsClO4d0.026dddx (closed squares),sssCHsClO4d0.066dddx
(closed circles), andsssCHsClO4d0.099dddx (open triangles). The
electric field component of the microwave was applied pe
pendicularly to the stretched direction. The spin susceptibili
is normalized by the value at 300 K. The lines are guide fo
the eyes.

more pronounced, suggesting the dominance of the sp
gap state, the decrease started near 200 K and was follow
by a rapid increase at a lower temperature. It should
noted that the line shape changed in concert with the em
gence of the spin gap, as shown in Fig. 2. This sugge
the occurrence of the change in spin dynamics. The li
shape, which fitted with a Lorentzian with the peak-to-pea
width of 1.8 Oe at room temperature, was modified so th
it was decomposed into two parts with a broad line (reac
ing the half-width of 6.5 Oe at 180 K) and a narrow line

FIG. 2. Temperature dependence of the ESR spectra
sssCHsClO4d0.066dddx . The microwave frequency used was
9.4 GHz.
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(1.8 Oe) in the spin gap formation. A similar broad lin
was reported in the soliton state [13], while the narrow o
was formed in the metallic sample.

In contrast, the thermoelectric power o
sssCHsClO4d0.066dddx with linear temperature dependence, a
commonly found in dopedsCHdx , did not exhibit any
corresponding anomaly, as shown in Fig. 3. A simila
result was obtained forsssCHsClO4d0.026dddx with the larger
slopes being consistent with previous reports [14]. T
absence of an anomaly corresponding to the spin g
implies that the charged state did not change significan
Incidentally, the inverse-temperature dependence of
resistivity represented in the logarithmic scale exhibite
a change in the slope in the fitted straight line, as sho
in Fig. 4. This implies that the spin-charge-separat
carriers that appear in the low temperature phase can
actuated with lower energy.

The low-temperature heat capacity for the variou
dopant concentrations was also measured as a func
of temperatureT in order to improve the information
on the electronic ground state of the intermediate
doped sample. The low-temperature heat capacityC was
analyzed withC  gT 1 aT3, where the linear term
represents the contribution from the electronic part and t
disorder, while the cubic term arises from the chain lattic
Figure 5 shows the dopant concentration dependence
the values ofg anda. For the doped cases,g represents
the electronic contribution [11], the electronic densit
of states increases with the dopant concentration rat
smoothly. On the other hand, the value ofa for the doped
sample increases remarkably at the initial stage of dop
and stays at an almost constant level during the proc
of the doping. The increase ina indicates that the lattice
is softened, this is presumably due to the expansion of
interchain spacing to form channels for accommodation
the dopants. This leads to the conclusion that the ch
configuration for a dopedsCHdx is mostly accomplished

FIG. 3. Temperature dependence of the thermoelectric pow
S for sssCHsClO4d0.066dddx (represented with closed circles) and
sssCHsClO4d0.026dddx (open circles).
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FIG. 4. Temperature dependence of the electrical resistivityR
normalized with that at 290 K forsssCHsClO4d0.066dddx (represented
with closed circles) andsssCHsClO4d0.026dddx (open circles).

upon the initiation of doping. For the doping of sma
size alkali metal, it has been thought that the dopants
accommodated into the space between the chains with
considerable expansion [15]. In contrast to this, dopan
such as AsF26 and ClO2

4 which have a larger size than the
preexisting channel need an expansion of the space
modification of the structure [16]. Thus, the heat capac
measurement has provided new insight into the cha
lattice for doped polyacetylene with ClO2

4 -type species.
With regard to the electronic transport in the dope

polyacetylene, it is concluded that the charged solito
contribute to the electrical transport in the most dilute
doped sample, while the electron or holelike carrie
dominate in the heavily doped sample. The elucidati
of the electronic phases relevant to the crossover b
tween these states has been a long-standing target of s
[17,18]. The present experimental results, which show

FIG. 5. Dopant concentration dependence of the coefficie
of g (represented with closed squares) anda values (open
circles with center dot). Reported data by Moseset al. [11]
are denoted by open marks.
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transition to the spin-charge separated state in the int
mediately dopedsCHdx in response to cooling, demon
strate that the crossover between the polaronlike a
solitonlike states appears in the same structural fram
work. This contrasts a report by Chen and Heeger [1
which states that the crossover was recognized in differ
samples with a concentration boundary at 6%. The co
centration dependence of the spin-gap behavior display
in Fig. 1 shows that the effect of the gap is maximize
near 6%, but exists already at 2.6% and remains even
9.9%. It is noteworthy that the onset temperature of t
spin gap is,200 K for both the 2.6% doped sample an
the 6.6% doped sample, suggesting that the soliton latt
responsible for the spin gap is of a similar structure irr
spective of the dopant concentration.

It should be noted that the structural background affec
the transition to the spin-gap state which can be observ
in a sample. First, the quality of the pristine film is
essential. For example, we obtained samples exhibit
the spin-gap transition with the use of the pristine film
grown at the wall of the container, but not with use o
film grown at the bottom. The difference is ascribe
to the quality of the structure of the pristine film: the
former could be stretched more than three times, wh
the latter could not do so. Also, the doping proce
influences the result significantly. The reason why w
could observe the crossover within a sample is due
the refined quality of the pristinen-sCHdx , probably with
fewer cross links and/or fewer chain interruptions, a
evidenced by the high conductivity realized inn-sCHdx

when heavily doped [8]. Furthermore, when the dopin
was carried out with the use of a pristinecis-film, instead
of the trans-isomerized film, the spin gap was forme
in a somewhat different way, as shown in Fig. 6. Th
decrease in the spin susceptibility appears below 130
although the line width started to increase near 200
A way of the appearance was somewhat awkward: t

FIG. 6. Temperature dependence of the spin susceptibilityx
normalized with that at 300 K forsssCHsClO4d0.073dddx prepared by
doping tocis-sCHdx .
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transition to the spin-gap state occurred rather abrup
and the behavior varied from one case to another. Th
means that the transmuting process fromcis to trans may
affect the resultant structure. We are reminded of th
structural property of undopedsCHdx, which is reported
to undergo a structural transition in the temperature regi
between 200 and 100 K, according to the dilatometr
measurement [19]. This suggests that the involveme
of structural change cannot be ruled out on formation
the soliton lattice in such a quasi-one-dimensional syste
although it was claimed that the transition is genuine
electronic [13].

In dopedsCHdx , the structural inhomogeneity cannot be
ruled out. Nevertheless, as is obvious through the tem
perature dependence of spin susceptibility, a simple i
homogeneity cannot explain the spin gap. It should b
noted also that the ESR line shapes at higher temperatu
than the transition temperature were well fitted with
single Lorentzian. Consequently, we recall a dilute pha
in potassium-dopedsCHdx with dopant concentrations of
,2% 5%, where the metallic portion exists in diluted
fashion and carriers are quasimetallic [20]. In the prese
case, the dilute phase is likely formed above the trans
tion temperature. On the other hand, the system is pha
separated below the transition temperature as demo
strated by the decomposition of the ESR line shape, pro
ably due to correlations between charged carriers [7
Since the phase separation is considered to relate to str
tural nature, the occurrence is influenced not only by th
intercalation process during doping but also by pristin
structure of the film.

In order to explain the crossover in relation to th
dopant concentration, Kivelson and Heeger [17] propos
a model of first-order transition to a metallic state with a
increase in the dopant concentration, resulting in a stron
coupling polaronic metal in the heavily dopedsCHdx .
Based upon an exact periodic solution of the continuu
version of the Su-Schrieffer-Heeger model, howeve
Takahashi [18] concluded that the charged soliton lattic
has the lowest formation energy and that the polaro
band is not probable. Cruz and Phillips examined th
role of the on-site, nearest neighbor, and bond-repulsi
Coulomb interactions, but they found that it was difficul
to stabilize the polaronic metal [21]. To explain the
metallic conductance, a contribution of defects in th
soliton lattice, called interstitial soliton and soliton hole
was proposed [22], but questions still remain.

It is noteworthy that the theoretical calculations hav
been developed based upon a single-chain model.
other words, the interaction between the adjacent cha
has been neglected, although interchain interaction is u
avoidable, particularly to treat a delicate situation. In th
present case, the charged excitations, like solitons on
chain, can interact with dopants existing on the plura
numbers of surrounding channels. The unavoidable d
order in thesCHdx also serves to make the potential field
2154
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cause the dopant arrays to be incommensurate with e
other. Consequently, the soliton lattice, when it is forme
via the mutual interaction of charged solitons within
chain, cannot be pinned to the dopant array. Hence
collective charge array becomes mobile with a lower ac
vation energy, as detected through the temperature dep
dence of the resistivity, as shown in Fig. 4. We shou
mention, however, that the disorder should be modera
otherwise the solitons are pinned strongly or cannot
aligned to form the lattice.

The elementary excitation known as a charged solito
which was found in the dilutely dopedsCHdx in the early
1980s [1] has led studies of the non-Fermi liquid natu
of low-dimensional conductors, including transition-met
oxides. By pursuing an investigation, which made use
refined sample synthesis, we have obtained clear-cut
sults demonstrating the emergence of a spin gap by va
ing temperature, which is found in current unconvention
conductors, in the most historical material.

This work was supported by a grant for Core Resear
for Evolutionary Science and Technology from Japa
Science and Technology Corporation.
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