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Doping-induced magnetic phase transition in poly(3-alkylthiophenes)
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The dopant-agent —~ system magnetic interactions in FeC14 -doped poly(3-alkylthiophenes) (PAT' s)

have been studied. In particular, PAT s were subjected to magnetic susceptibility and magnetization
measurements. The main goal of the experiments was to obtain temperature and magnetic-field depen-

dencies of the above-mentioned magnetic quantities. The PAT samples were doped with ferric tri-

chloride to different doping levels. The susceptibility and magnetization studies have shown that in the

doped conjugated system the transition from a paramagentic phase to an ordered phase occurs as the

temperature is lowered. The magnetic interactions observed are associated with the dopant-

agent —charge-carrying-species antiferromagnetic coupling. The coupling is stabilized by a retro or for-

ward virtual charge transfer between the impurity molecule and the polymer chain.

I. INTRODUCTION

Conjugated polymers have been extensively studied in
the last 17 years, mainly due to their interesting physics
but also because of a wide range of possible industrial ap-
plications of these compounds. Unfortunately, the ma-

jority of conjugated polymers, in their doped state, suffer
from a lack of environmental stability. Substituted po-
lythiophenes distinguish themselves from other members
of conducting polymer families in the respect that they
are reasonably stable and soluble in commonly used sol-
vents. This last property strongly facilitates their pro-
cessing and characterization. Undoped conjugated poly-
mers are insulators, and the state of high conductivity in
these materials is usually achieved by the so-called dop-
ing reaction. A good doping process ought to be repro-
ducible and easy to perform. One of the most common
doping agents is ferric chloride, which leads to the inser-
tion of FeC14 ions to the polymer matrix. The insertion
of magnetic counter ions such as ferric tetrachloroferrate
anions also seems to be very important from an experi-
mental point of view. This is because magnetic experi-
ments might be very useful as a source of information
about the nature of the dopant-agent —~-system interac-
tions. This, in turn, can contribute to an understanding
of the transport properties in conducting polymers.

Results of measurements of static magnetic susceptibil-
ity, magnetization, and electron-spin resonance (ESR)
were reported in our previous papers. ' Poly (3-
alkylthiophenes} (PAT's} doped with FeC13 were chosen
as the system subjected to the experiments mentioned.
An analysis of the data presented has shown that at low
temperature an indirect magnetic interaction between the

Fe+ ion mediated via the bipolaron affects the magnetic
response of the sample measured. This, in turn, can lead
to a localization of states of the charge-carrying species
(bipolarons). In such cases, the existence of a "short-
range" magnetic ordering can therefore be expected at
temperatures below 20 K. Moreover, magnetization
measurements have shown that magnetization curves
plotted against a B/T (external magnetic field to temper-
ature) ratio changed their slope below that temperature,
and the M =f (B/T) dependence did not follow the Bril-
louin shape. The phenomena described were confirmed
by means of conductivity versus temperature measure-
ments, where an abrupt decrease in conductivity below a
certain temperature was observed. The experiments men-
tioned above were carried out only under low-magnetic-
field conditions, and therefore it was impossible to mea-
sure the value of the magnetization in the saturation
state.

In this paper results of measurements of magnetization
as a function of external magnetic field and temperature
are reported. Poly(3-alkylthiophenes) doped with ferric
chloride were subjected to magnetic experiments in high
magnetic fields sufficient to achieve the saturation state.
The paper is structured in the following way: in Sec. II a
brief description of the sample preparation is given: a
description of the experimental techniques used is also in-
cluded. Section III is devoted to a description of the ex-
perimental results with a short recollection of previously
obtained results. In Sec. IV an interpretation of the ob-
served phenomena is suggested. The experimental results
are discussed in view of the McConnell's virtual charge-
transfer model. Finally, in Sec. V, a summary of the
work is given.
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II. EXPERIMENT

The monomer s for the polymerization, i.e., 3-

alkylthiophenes, were prepared from 3-bromothiophene

by Grinard coupling. The monomers were then poly-
merized with FeC13 to the corresponding polymer. The
exact procedure for the preparation of PAT's used in the
present studies can be found in the paper by Kulszewicz-
Bajer et a/. The polymer was checked for iron contam-
ination after synthesis, and was found to be essentially
iron free. Free-standing thin films of the undoped sample
were prepared by casting from chloroform solutions. The
films were doped with FeC13 to give [PAT(FeC14) ]„,
where y is the dopant concentration defined as the num-

ber of dopant anion species per monomer of the polymer.
The doping level was controlled by the soaking time.
After doping the samples were washed repeatedly to re-
move any excess doping agent, and then dried in vacuum
to a constant mass. The doping levels were determined
from mass uptake and verified by elemental analysis for
selected samples. The relative error of the dopant con-
centration determination was estimated to be below 10%
for all samples tested. Based upon the elemental analysis
of the selected samples, the estimated dopant levels
should be regarded as the higher bounds. It should be
noted here that doping with FeC13 produces FeClz as a
side product. The existence of the reduced species as well
as an excess of FeC13 was verified by Mossbauer-
spectroscopy (ME) studies, as reported by Pron et al. 6

Because both species are antiferromagnetic below their
Neel temperatures, ME measurements indicate the pres-
ence of "antiferromagnetic contaminants. " ME studies
of selected samples have shown that the weight ratio of
the contaminants to the "dopant iron" is of the order of
10, and hence cannot affect the observed magnetic
response of the samples. The thin free films of the poly-
mer subjected to the magnetic measurements were cooled

down to liquid-nitrogen temperature, mechanically divid-

ed into small flakes, and mounted into a copper/glass
holder. The high-magnetic-field measurements were car-
ried out at the International Institute of High Magnetic
Fields and Low Temperatures, Wrod'aw, Poland. The
apparatus used consists of Bitter magnets, and the instal-
lation allows for the induction method of the magnetiza-
tion measurements to be used. The field stability was es-
timated to be about 10 T, and the apparatus sensitivity
was about 0.1 emu/g.

Magnetic susceptibility measurements were also per-
formed by means of a superconducting quantum interfer-
ence device (SQUID) magnetometer in C.E.N. , Grenoble.
The total sensitivity of the apparatus for a total change of
the magnetic moment of a sample was about 10 emu.
Temperature setting in the experiments was accom-
plished either by a continuous-flow cryostat or by a bath
cryostat. The temperature was controlled by a Au+Fe-
chromel thermocouple, and the temperature stability was
below 1 K with a temperature measurement accuracy of
about 0.1 K.

III. DESCRIPTION
OF THE EXPERIMENTAL RESULTS

Similarly as in our previous papers, ' magnetic-
susceptibility measurements were carried out for samples
with different lengths for the alkyl group, namely hexyl-

C6H13, octyl-C8H, 7 and decyl-C10H21, that is PHT, POT,
and PDT, respectively. The samples were doped to
dopant concentrations corresponding to medium and
high doping levels. The typical temperature dependence
for the static magnetic susceptibility determined experi-
mentally is shown in Fig. 1, where static magnetic sus-
ceptibility is plotted as a function of absolute tempera-
ture. A substantial departure from the typical paramag-
netic behavior is more evident for the PDT sample, and is
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FIG. 1. Temperature dependence of the
static magnetic susceptibility for FeC14 -doped
poly(3-alkylthiophene)s. Curves for PHT and
POT are taken from Ref. 1. Every third point
is shown.
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TABLE I. Magnetic parameters derived from the Curie-%'eiss law fitting above T, .

Sample

Doping level y
T, [K]
8 [K]
C [emu K/Femol]
peff [pB /Fe ion]
5„[p~/Fe ion]

0.10
22.8

1.79
2.98
4.89
0.56

PHT

0.42
20.8

1.81
3.32
5.16
0.33

0.11
31.3

1.11
4.27
5.85
0.34

POT

0.29'
32.7
0.86
3.84
5.23
0.24

0.41
33.6

1.72
3.36
5.19
0.17

0.10
32.4

1.45
3.52
5.34
0.27

PDT

0.27'
30.4
0.95
3.2
5.1

0.18

0.29
33.6

1.24
3.29
5.12
0.18

' The experiments performed by means of SQUID.

shown in the inset of Fig. 1. The quenching of the mag-
netic signal as temperature is lowered (i.e., at about 3 K
in case of PDT and at about 5 K for other samples), typi-
cal of magnetic ordering transitions. Note that the tem-
peratures mentioned are well below the Neel tempera-
tures for FeC13 and FeC12, which are 15 and 22.5 K, re-
spectively.

In order to verify qualitatively the agreement of the
temperature dependence of the susceptibility with the
Curie-Weiss law, the following formula was fitted to the
experimental data over the entire temperature range:

CX(T)=Xo+
T

where the temperature-dependent part comes from the
Curie-Weiss law, and yo is the sum of all temperature-
independent contributions, i.e., the core diamagnetism of
the polymer chains and of the dopant molecules. More-
over, the Pauli susceptibility for the charge carriers
should be taken into account in the temperature-
independent part of Eq. (I). In general, a good correla-
tion coefficient (of 0.999) was obtained only in the high-
temperature range of the susceptibility data. Below a
certain temperature, which we define as T„ the static
magnetic susceptibility did not follow the Curie-Weiss
law. The value of the effective magnetic moment p,z in

the paramagnetic phase and its error 5„were estimated

from the Curie coefficient C obtained in the fitting pro-
cedure. All fit parameters obtained and values derived
are shown in Table I. It should be stressed here that the
influence of the error of the dopant concentration deter-
mination on the estimated values of the magnetic mo-
ment errors was most pronounced for the lowest dopant
concentrations. In spite of the errors, the values of p, ff

shown in Table I are smaller than those expected for a
pure spin state (p,&=5.92). This is probably caused by
incomplete quenching of the orbital angular momentum
of ferric ion because of a small distortion of the
tetrahedral ligand arrangement. As was mentioned
above, at temperatures below T, the temperature depen-
dence of the static magnetic susceptibility does not follow
the Curie-Weiss law. In addition, the dependence of T,
on the length of the alkyl group is clearly observed. This
behavior will be discussed further. For all samples the
values of e obtained are all positive and are of the same
order of magnitude as the estimated temperature error.
Hence the existence of positive values of the factor
representing magnetic interactions cannot be interpreted
as an effect of ferromagnetic interactions in the polymer
samples. In order to summarize our susceptibility data
reported previously, the temperature dependence of
(g —go)( T —8 ), i.e., a quantity proportional to the
effective magnetic moment, is shown in Fig. 2 to better il-

lustrate the magnetic-susceptibility deviation from the
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Curie-Weiss law. The shape of the susceptibility curves
compared to the Curie-Weiss law fitted in the high-
temperature range (see Fig. 1) suggests rather antiferro-
magneticlike interactions. Furthermore, the measured
effective magnetic moment p,z is lower than that expect-
ed for a pure paramagnetic dopant species. In order to
verify the data obtained, susceptibility measurements
were also carried out using the SQUID magnetometer.
Two samples doped with ferric trichloride were subjected
to experiments, namely POT (y =0.29) and PDT
(y =0.27}. The results of the measurements confirm re-
sults obtained by means of the static magnetic measure-
ments carried out on a Faraday-type magnetic balance.
The SQUID magnetic-susceptibility data are included in
Figs. 1 and 2, the parameters derived in fitting procedure
of Eq. (1) are given in Table I.

Consider now the behavior of paramagnetic spins in
high magnetic fields at low temperatures. In such a case,
magnetization per unit volume can be described by the
following formula:

gJPBH
M =NgJPBBJ

B
(2)

where BJ is the Brillouin function

& (ri) =—(J +—')coth( J+—')ri ——'coth+1
J J 2 2 2 2

(3)

where

gPBH
ksT

(4)

and Bz describes the saturation of paramagnetic mo-
ments of the total quantum number J. Therefore, if one
assumes that the ferric ion acts as a pure paramagnetic
ion, a similar dependence of the magnetization can be ob-
served as a function of the ratio H/T independent of
temperature. In such a case, even if accessible magnetic

fields are not suScient to reach the saturation state, the
magnetization ought to follow the onset of the Brillouin
function, especially at low temperatures. Any disagree-
ment observed in the H/T dependence of the magnetiza-
tion may be caused by the effect of magnetic interactions.
If J is very large (J~ 00 ), the Brillouin function can be
approximated by

BJ „(ri)=L (q) =coth(q) ——,1

7f

where L(g} is the Langevin function. The approxima-
tion J~ ~ means that in the presence of applied magnet-
ic field any arrangement of magnetic moment is possible.
The Langevin function describes the magnetization
dependence on magnetic field and temperature for clus-
ters with a large individual magnetic moment.

Accordingly, for two samples PHT (y =0.42) and
POT (y =0.41 },static magnetization measurements were
carried out as a function of magnetic field at five tempera-
tures below T, . In order to obtain a strong and pro-
nounced magnetic signal in a weak magnetic field, sam-
ples with the highest dopant concentration were chosen.
Measurements were performed in magnetic fields from 0
to 0.5 T. A typical magnetization dependence on the
H/T ratio for POT are shown in Fig. 3. The measured
dependence of the magnetization on the ratio of magnetic
field and absolute temperature should have followed the
linear onset of the Brillouin function, if the paramagnetic
state had been achieved. In fact, it can be seen that the
magnetization increases linearly with the H/T ratio at
higher temperatures, with a slope depending on the mea-
surement temperature. This means that magnetic phe-
nomena can be roughly described by the Curie law, as
these are approximated in the magnetization formula.
The effective magnetic moment, evaluated from the
highest temperature results (p,s=5.30 and 5.64 for PHT
and POT, respectively), is close to the value obtained
from the temperature dependence of the susceptibility.
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FIG. 3. Curves of the magnetization depen-
dence on the 0/T ratio for doped POT (data
taken from Ref. 1).
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The fact that the slope of the magnetization curve de-
pends on temperature leads to the following conclusion:
the paramagnetic response of the sample is affected by
the response of a state in which short-range magnetic or-
der exists. The explanation is reasonable, especially due
to the nonlinear behavior of the magnetization at the
lowest measurement temperature. Thus the static mag-
netic measurements suggest an accentuation of magnetic
interactions at low temperatures.

In general, the magnetization (M) possesses a charac-
teristic field dependence which enables a qualitative
determination of the magnetic behavior. However, in or-
der to compare the experimentally measured field depen-
dence of the magnetization with theoretical curves, high-
magnetic-field experiments should be carried out. Hence
such measurements have been performed at different tem-
peratures for two samples, i.e., poly(3-octylthiophene)
and poly(3-decylthiophene), doped to high dopant con-
centrations (0.29 and 0.25, respectively). The results for
POT are presented in Fig. 4. The experimental points ob-
tained at temperatures above the transition temperature
suggested should follow the magnetic-field dependence of
the magnetization described by Eq. (2). In fact, as can be
observed in Fig. 4, the fitting procedure shows quite a
good agreement for the experimental data with the
theoretical dependence expected. The parameters ob-
tained during fitting are presented in Table II. The data
given in that table shows that at high temperatures the
field dependence of the magnetization data fo11ows the
Brillouin dependence characteristic for noninteracting
ions with S;=—„i.e., Fe(III) ions in the high-spin state.
For low temperature the data-fitting procedure of the
Brillouin function has not been successful. In spite of the
fact that "low-field" and "high-field" experiments were
performed using different equipment a good correlation
between these two data sets can be observed. Keeping in
mind that errors of magnetization measurements using
Bitter magnets (high-field regime) were larger than those
obtained using Cahn balance (low-field regime) it can be

TABLE II. g and J ( =S) parameters derived from Fitting of
Eqs. (2)—(4) to data obtained during the magnetization measure-

ments.

Sample

P3OT(FeC14 )O 29

Temperature [K]

30
25
20
15
10

2.02
2.02
2.02
2.00
2.02

2.50
2.50
2.50
2.45
2.42

P3DT(FeC14 )O. zs

40
30
20
15
10

2.00
2.00
2.02
2.02
2.00

2.50
2.50
2.50
2.50
2.46

assumed that experimental data follow smooth curves, as
is illustrated in Fig. 5. The errors approximated are also
given in these figures as error bars. The analysis of the
experimentally obtained M =f (H) curves allows us to
draw the conclusion that a magnetic transition can be ob-
served that is similar to a field-dependent transition from
an antiferromagnetic state to a high-moment ferromag-
netic state. Moreover, a decrease in the saturation mag-
netic moment for the POT sample is clearly observed in

Fig. 5 at temperatures below 4 K. The same kind of mea-
surements were performed by means of the SQUID mag-
netometer. However, under high-magnetic-field condi-
tions the measurements could be carried out only at tern-

perature T ~4 K. The magnetization data plotted vs ap-
plied magnetic field are presented in Fig. 6. The Brillouin
function [Eq. (3)] and the Langevin function [Eq. (5)]
were used to fit the M =f (H/T) dependence [see Eq. (2)]
to the experimental points. Thus it can be concluded that
these two functions could approximate the data with the
same accuracy. The fact that the Langevin function can
also describe the experimental points may suggest that a
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superparamagnetic behavior of the sample is observed.
This means that clusters with spontaneous magnetization
can exist within the sample.

IV. DISCUSSION
AND THEORETICAL CONSIDERATIONS

Many works were devoted to the nature of the impuri-
ty molecule when diluted ferric chloride is used during
doping. It was found that a tetrahedral FeC14 complex
is formed as a counter ion. In this complex the iron ion
exists in the high-spin Fe ( ID ) form. Because the
molecular-orbitals (MO) structure is the key point in un-
derstanding magnetic interactions, a brief description of

the major features of molecular orbitals of FeC14 will be
given below.

In the case of a D-state ion, the fivefold orbital degen-
eracy of the ion in the gaseous state is partially removed
in a tetrahedral crystal Geld. A simple scheme for the
molecular-orbital energy levels ' is presented in Fig. 7.
Only the atomic orbitals expected to make the largest
contribution to each molecular orbital are shown. The
main contribution to the delocalized bonding orbitals
comes from the occupied orbitals of the ligands and from
4s and 4p orbitals of the transition-metal ions. The d
electrons responsible for magnetic behavior are not in-
volved in the bond formation between the transition-
metal ion and the ligands. Therefore, the five d orbitals
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FIG. 6. Magnetization vs external magnetic
field divided by temperature under different
temperature conditions. The experiment per-
formed by means of SQUID.
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FIG. 7. A qualitative energy-level diagram for the molecular
orbitals in a tetrahedral chloroferrate complex. A scheme for
the high-spin state containing only unpaired spins is given in the
inset.

are localized mainly on metal. The energy gap between
4t2 and 2e levels (ligand field splitting b, ) is small, because
of the character of the ligands. ' These levels are the
highest occupied molecular orbitals housing five electrons
(formal oxidation state of the metal) in the predominantly
nonbonding levels. Indeed, the proximity of the g value
of the ferric complex observed in the ESR experiment'
to the free-electron value (2.0023) indicates that the five
unpaired d electrons are not used as a bonding orbital in
the FeC14 -complex. If any were, the special case of the
half-filled shell would be destroyed and the ESR spec-
trum altered. Note that the formal HOMO (highest oc-
cupied molecular orbital) is the 2e orbital, and the
LUMO (lowest unoccupied molecular orbital) is the 4t2
orbital. In this case, however, Hund's rule applies, i.e.,
the state with the maximum spin multiplicity has the
lowest energy. For this reason the 4t2 level is also occu-
pied, and the molecule is in the high-spin state. The
half-filled shell of the high-spin 3d ion implies that the
ground state will be an orbital singlet, that is, S»2. Be-
cause further discussion deals mainly with these highest
occupied states (4t2 and 2e), a simple scheme of the ener-

gy levels is presented in the inset of Fig. 7.
In order to explain the magnetic results reported

above, the McConnell" model can be considered.
Briefly, this model is based on the idea of an admixing of
a virtual triplet (or singlet) excited state (ES) [with m, =1
(or 0) arising from either m, = 1 (or 0) donor or m, = 1 (or
0) acceptor, but not both], formed by virtual charge
transfer, with the ground state (GS) for stabilizing ferro-
(antiferro-) magnetic coupling. The model is usually used
in order to explain the bulk ferromagnetism in the new
class of organic materials. ' In a simple picture, if spin
interactions are not considered, the acceptor
( A )/donor (D+ ) pair behaves as a simple paramagnet.
This is because in this system two ground states equal in
energy exist; that is, the ferromagnetic GSFM and the an-
tiferromagnetic GSAFM. The spin interactions, however,
lead to lowering of either GSFM or GSAFM and to the fer-
romagnetic (or antiferromagnetic) coupling. It is clear

Polarons Bipolaron
C.B.

V. BE

(a)

PT chain

BK2+,

S1
D+ %4-4- t;,

2e
(c)

FIG. 8. (a) Schematic drawing of a recombination of two po-
larons into a bipolaron. (b) Scheme of a plane projection of
channel structure of a doped polythiophene. This structure can
be associated with the P4mm 2D space group. The possible vir-

tual forward charge transfer is also illustrated. (c) The possible
virtual charge transfer (CT) is illustrated. Both directions of CT
stabilize the AFM coupling.

that, due to the Pauli exclusion rule, one of the ground
states may be not stabilized in the course of the charge-
transfer process, and corresponding magnetic coupling
can be ruled out. In order to predict the magnetic cou-
pling in a real system, however, a more detailed inspec-
tion of possible electron configurations is necessary.
Moreover, when two possible directions of the charge
transfer is allowed, only experimental results can be help-
ful with pointing out a more probable configuration.

Keeping in mind the admixing mechanism described
above, and the electron configuration of the polymer
guest molecules, an explanation of the magnetic interac-
tions in low magnetic field in a doped conjugated system
can be suggested. In order to better understand that
phenomenon, it is convenient to remind the reader of the
mechanism of recombining two interacting polarons into
a bipolaron. A schematic picture of this mechanism is
presented in Fig. 8(a). In the case of the dilute dopant
concentration, polarons can exist separately. Increasing
the doping level, however, leads to the polaron wave-
function overlapping, i.e., polaron interactions. Conse-
quently, midgap polaronic states combine to form addi-
tional bonding and antibonding states. These states are
equivalent to a double-charged bipolaron, which is the
lowest energy charge storage configuration in the inter-
mediate doped polythiophene. ' Indeed, bipolarons are
energetically favored over polarons' ' by approximately
0.2 eV. Increasing the dopant concentration leads to
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overlapping of the bipolaron wave functions, and midgap
bipolaronic states become bipolaron bands. The transi-
tion between noninteracting and overlapping regimes
occurs at a doping level of y =0.20; that is, one bipolaron
per ten thiophene rings. ' This value was obtained
theoretically. Note that the inhomogeneity of the doping
is likely to lower this value. Further doping leads to the
bipolaron lattice, which is assumed to be a representative
band configuration for the saturation doping level. ' At
the saturation doping level, however, there is a possibility
(suggested theoretically) that the bipolaron lattice may
revert to a polaron lattice. This bipolaron lattice-polaron
lattice crossover can be driven by Coulomb-type interac-
tions.

The single, noninteracting double-charged bipolarons
are delocalized over 6-thiophene rings. When the dopant
concentration is sufficient for the bipolaron wave func-
tions overlapping, bipolarons can be delocalized over a
whole polythiophene chain. Further increasing of the
doping level results in the delocalization of bipolarons
over several polythiophene (PT) chains. A good solubili-

ty of the alkyl-substituted polythiophene, however, sug-
gests relatively weak interchain electronic transfer in-
teractions; that is, the electronic structure is highly aniso-
tropic or is quasi-one-dimensional. Moreover, the trans-
port properties depend strongly on the length of the alkyl
chain, i.e., the distance between the neighboring chains. '

This is consistent with the suggestion that the interchain
transfer integral (t~) is smaller than the intrachain
(nearest-neighbor) transfer integral (t~~ ). Consequently,
the electronic motion along the conjugated chain is the
dominant transport mechanism. To the best of our
knowledge, there are no theoretical estimations of the
values of these integrals for the polythiophene system.
This is because the largest effort has been made to under-
stand the transport processes in the polyacetylene system.
Therefore, we should assume that t

~

and t ~ are of the
same order as the polyacetylene case, ' that is, 0.1 and
2.5 eV in the absence of dopants, respectively. In the real
system, however, the presence of the interstitial dopant
ions should be also taken into account. Hopping through
the emptied acceptor level of the impurity is negligible,
since the level is about several eV above the m. orbitals of
the PT chain. . The presence of the acceptor can, how-
ever, affect the values of t~~ and t~. The on-chain hopping
parameter (t~~) is approximately four times larger than
that calculated by Bussac and Zuppiroli ' for an
impurity-free case. Moreover, as was reported, ' the
chain-impurity molecule transfer integral (t, ) is of the
same order as the interchain transfer integral tj (0.1 eV
& r, & 0.3 eV). Accordingly, in the presence of the

dopants the parameters for the on-chain hopping (t~~ ) and
the interchain hopping (t~) are changed, and the dopants
give rise to localized bond defects (due to modu1ation of
t~~ ). The dopants, on the other hand, may be thought of
as bridges for interchain hopping. It should be also taken
into account that decreasing temperature leads to in-
creasing the localization of the charge-carrying species.
Therefore, at a sufficiently low temperature, charged bi-
polarons are localized mainly on the polymer chain, and
because of a dopant attraction they are located at sites

close to the charged impurities.
The results of structural investigations showed that a

doped polymer adopts a channel structure with polymer
chains surrounding the dopant ions. The number of
neighboring chains depends on the size of the dopant
molecule. This situation is illustrated schematically in
Fig. 8(b). Consequently, even if the polymer possesses a
disordered structure in the macro scale it is justifiable to
treat the doped conjugated system as an ordered system
(charge-transfer complex) in the micro scale. Hence the
McConnell model can be used to explain the magnetic
phenomena observed. When a charged bipolaron is local-
ized on the site close to the acceptor (A ), the system
may lower the total energy by the virtual forward charge
transfer from a polymer chain to a free 2e state. In order
to do that, an energy barrier of 0.2 eV should be tunneled
to convert the bipolaron to two polarons. However, the
barrier is of the order of the magnitude of the chain-
impurity transfer integral t, (see Sec. II above). More-
over, this barrier can be lowered by Coulomb repulsion
between two adjacent, overlapping bipolarons. Following
this idea, an additional charge-transfer complex comes
into being, i.e., PT +(FeC1& ). The forward charge
transfer stabilizes the antiferromagnetic coupling be-
tween the polaron state and the tetrachloro-ferrate com-
plex. According to the McConnell model, however, retro
virtual charge transfer is also possible. The diagram of
both, that is, the forward and the retro charge transfers,
is shown in Fig. 8(c). Accordingly, the virtual charge
transfer in both directions stabilizes the antiferromagnet-
ic coupling. Consequently, this phenomenon results in a
larger localization of the charge-carrying species which,
in turn, leads to abrupt decrease of the conductivity.

From the point of view of the model suggested, it is
possible to explain the T, temperature dependence on the
length of the alkyl chain group (see Table I). The longer
the alkyl chain group, the longer the interchain distance
which, in turn, lowers the interchain transfer integral t~.
Therefore, the bipolarons are more localized on a single
chain. Consequently, the charge-transfer process can
occur at higher temperature, sufficient for bipolaron lo-
calization.

The fact that the T, temperature (see Table I) does not
depend on the dopant concentration can be explained by
the fact that the samples were doped to medium and high
regimes. Since doping is inhomogeneous and only bulk
doped samples were subjected to the measurements, the
dopant anions are located within areas with different
dopant concentrations. Some areas within a sample are
doped to a high (saturation) level, while others are doped
to a doping level well below the average estimated for a
bulk sample. The size of the these highly doped "clus-
ters" increases upon doping, with an almost constant
dopant concentration within an individual "cluster. "
Thus the molar magnetic response of a single cluster
should not depend upon the dopant concentration.

V. CONCLUSION

The results of magnetic measurements suggest that at
low temperatures (below the temperature denoted as T, )
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a pairwise magnetic interaction exists. The temperature
dependence of the susceptibility provides evidence that
there exists an antiferromagneticlike coupling. More-
over, the magnetization studies show that a transition
from a paramagnetic phase to an ordered phase also takes
place. The magnetization dependence on the H/T ratio
for the lowest measurement temperature is reminiscent of
the effect of a ferrimagneticlike interaction. Keeping in
mind that the guest ions are arranged in "channels"
parallel to the polymer chain axes, the following con-
clusions can be drawn.

(i) Under low-magnetic-field conditions the magnetic
interactions observed are associated with the dopant-
agent —charge-carrying species antiferromagnetic cou-
pling. The coupling is stabilized by a retro or forward
virtual charge transfer between the impurity molecule
and the polymer chain. In order to lower the total energy
of the system by means of the antiferromagnetic cou-
pling, a splitting of the bipolaron to polarons occurs.
This results in an abrupt decrease in the conductivity at
the temperature at which the transition is observed.
Such a situation is more favorable in systems with a large
distance between the adjacent chains; that is, when the
interchain transfer integral is of the same order (or lower)
as the chain-impurity transfer integral. This induces a
larger localization of the charge-carrying species on a sin-
gle chain. Because of the higher mobility of the charge
carriers at higher temperatures, the doped polymer

behaves like a paramagnetic material above the T, tem-
perature. However, an apparent reduction of the
effective magnetic moment of the FeC14 complex in the
paramagnetic phase can be observed. The nature of this
phenomenon is not entirely understood. It is suggested
that future closer examination of the doped system
should take into account the incomplete quenching of the
orbital angular momentum.

(ii) Decreasing the saturation magnetic moment (see
Fig. 5) suggests that long-range order is observed under
high-magnetic-field conditions. This phenomenon can be
related to ferromagneticlike interpair interactions. Con-
sequently, a transition to the magnetically ordered phase
induced by magnetic field can be observed.

ACKNOWLEDGMENTS

This work was supported by the Polish Committee for
Scientific Research (KBN) through Grant No. 3 0052 91
01. We appreciate the collaboration with and contribu-
tions from Professor M. Nechtschein (C.E.N. Grenoble).
The authors thank Professor T. Mydlarz for the techni-
cal support during measurements in IWPMiNT,
WrocJaw. We thank Professor A. Oles for critically read-
ing the manuscript and for stimulating discussions.
Fruitful discussions with Dr. S. Stafstrom are greatly ap-
preciated.

'P. Barta, S. NizioJ,
'

M. Zagorska, A. Pron, and Z. TrybuEa,
Phys. Rev. B 48, 243 (1993).

P. Barta, S. NizioJ, M. Zagorska, A. Pron, and A. Pacyna,
Synth. Met. 55-57, 5003 (1993).

3P. Barta, S. NizioJ, M. Zagorska, and A. Pron, Synth. Met. 55-
57, 4968 (1993).

4K. Tamao, S. Kodama, J. Nakajima, and M. Kumada,
Tetrahedron 38, 3347 (1982).

I. Kulszewicz-Bajer, A. Pawlicka, J. Plenkiewicz, and A. Pron,
Synth. Met. 30, 61 (1989).

A. Pron, G. A. Fatseas, S. Krichene, S. Lefrant, F. Maurice,
and G. Froyer, Phys. Rev. B 32, 1839 (1985).

7A. Pron, M. Zagorska, Z. Kucharski, M. Kukasiak, and J.
Suwalski, Mater. Res. Bull. 17, 1505 (1982); H. Sakai, Y.
Maeda, T. Kobayashi, and H. Shirakawa, Bull. Chem. Soc.
Jpn. 56, 1616 (1983); T. E. Jones, W. F. Butler, T. R. Ogden,
D. M. Gottfredson, and E. M. Gullikson, J. Chem. Phys. 88,
3338 (1988).

8T. A. Albright, J. K. Burdett, and W.-H. Whangbo, Orbital In-
teractions in Chemistry (Wiley-Interscience, New York, 1985),
Chap. 15 and 16.

C. J. Ballhausen and H. B. Gray, Molecular Orbital Theory
(Benjamin, New York, 1965), Chap. 8.

oJ. E. Wertz and J. R. Bolton, Electron Spin Resonance, Ele-
mentary Theory and Applications (Chapman and Hall, New

York, 1986), Chap. 11.
R. Breslow, Pure Appl. Chem. 54, 927 (1982); D. A. Dixon, A.
Suna, J. S. Miller, and A. J. Epstein, in Magnetic Molecular
Materials, edited by D. Gatteschi (Kluwer Academic, Am-

sterdam, 1991), pp. 171-190;J. S. Miller, A. J. Epstein, and
W. M. Reiff, Chem. Rev. 88, 201 (1988).

~ J. S. Miller, J. C. Calabrese, H. Rommelmann, S. R. Chit-

tipeddi, J. H. Zhang, W. M. Rei6; and A. J. Epstein, J. Am.
Chem. Soc. 109, 769 (1987).

'3M. J. Nowak, D. Spiegel, S. Hotta, A. J. Heeger, and P. A.
Pincus, Synth. Met. 28, C399 (1989).

' S. Stafstrom and J. L. Bredas, Phys. Rev. B 38, 4180 (1988).
' E. M. Conwell and H. A. Mizes, Phys. Rev. B 44, 937 (1991).
' K. Yoshino, S. Morita, M. Uchida, K. Muro, T. Kawai, and

Y. Ohmori, Synth. Met. 55-57, 28 (1993).
' R. J. Cohen and A. J. Glick, Phys. Rev. B 42, 7659 (1990).
' S. Stafstrom, Phys. Rev. B 47, 12437 (1993).
~ L. Yu, Solitons and Polarons in Conducting Polymers (World

Scientific, Singapore, 1988).
B.D. Bird and P. Day, J. Chem. Phys. 49, 392 (1967).
M. N. Bussac and L. Zuppiroli, Phys. Rev. B 47, 5493 (1993).

2 K. Ehinger and S. Roth, Philos. Mag. 53, 301 (1986).
P. A. Heiney, J. E. Fisher, D. Djurado, J. Ma, D. Chen, M. J.
Winokur, N. Coustel, P. Bernier, and F. E. Karasz, Phys.
Rev. 44, 2507 (1991).


