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Abstract
Muon-spin relaxation (µSR) experiments on the conducting polymers poly(2, 3-
dibutoxy-1, 4-phenylene vinylene) and poly(2, 5-bis(dimethyloctylsilyl)-1, 4-
phenylene vinylene) probe the dynamics of the highly mobile polarons created
by the muon-implantation process in which muonium reacts with the polymer
forming a radical state. The fluctuating spin density induced by the electronic
spin defect rapidly diffusing up and down the chain leads to a characteristic
relaxation, the temperature and field dependences of which permit the extraction
of intrachain and interchain diffusion rates. The intrachain diffusion rate
decreases with temperature and can be fitted to a model of phonon-limited
transport. The interchain diffusion rate increases with temperature and can be
fitted to an activated temperature dependence.

1. Introduction

The production of various electronic and optical devices based upon conducting polymers has
arisen because of the ability to dope conjugated organic polymers over the full range from
insulator, through semiconducting behaviour to metallic regimes [1, 2]. The recent advances
in polymer light-emitting diodes have come about because of new electroluminescent materials
prepared using one particular family of polymers based on polyphenylene vinylene (PPV) [3–
5]. Organic electroluminescent materials are especially suited to large-area displays as they
can be readily deposited from solution by spin-coating, and PPV shows the tensile strength
4 Author to whom any correspondence should be addressed.
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Figure 1. (a) The angular distribution of emitted positrons with respect to the initial muon-spin
direction. The figure shows the expected distribution for the most energetically emitted positrons.
(b) Muonium interaction with trans-polyacetylene to produce a diamagnetic radical and a mobile
neutral soliton.

expected for a chain-extended polymer so that durable displays can be produced. PPV can
also be used in the fabrication of molecular wires [6]. It is therefore important to understand in
greater detail the anisotropic motion of carriers in PPV-based materials. Muon-spin relaxation
(µSR) is a powerful technique for probing polaron motion in undoped conducting polymers
because it is possible to study the dynamics of a single electronic defect, one introduced by the
muon itself. In this paper we present recent experimental results which we have obtained on
samples of substituted PPV using implanted muons.

The µSR technique is an important tool in condensed matter physics (for reviews see
[7–9]). The decay of the positive muon (µ+) follows the following reaction:

µ+ → e+ + νe + ν̄µ

where νe and ν̄µ are neutrinos. Each muon (average lifetime 2.2 µs) decays into a positron
(e+) which is emitted preferentially along the instantaneous direction of the muon spin (see
figure 1(a)). By analysing the time dependence of the asymmetry of the positron decay, one
can infer the time evolution of the muon-spin polarization.

Depending on its chemical environment, the implanted muon can pick up an electron
during its (very rapid) thermalization process and form a neutral atomic state called muonium
(abbreviated Mu = µ+e−) which is an analogue of atomic hydrogen. In muonium the electronic
spin and the muon spin are coupled by a hyperfine interaction. The reaction between muonium
and trans-polyacetylene [10–12] produces a diamagnetic, neutral muon defect and a highly
mobile unpaired spin (see figure 1(b)). Because the unpaired spin is mobile, the hyperfine
coupling between it and the muon defect is intermittent [13]. In other polymers, such as
polyaniline, the muon-induced defect is a negatively charged polaron [14, 15] and we have
found that muons are uniquely sensitive to the motion of this defect in undoped materials [16].
In non-conducting polymers such as polybutadiene, the muon-generated radical states remain
localized near the site of the muon [17].

The same kind of effect observed in polyaniline [16] is expected in PPV, as illustrated in
figure 2. This excitation diffuses up and down the chain but cannot cross the point at which
the muon is bonded to the chain which therefore acts as a barrier. Every time the excitation
briefly revisits the muon, the muon–electron hyperfine coupling is turned on and then off, so
that successive visits progressively relax the muon polarization. Measurement of the magnetic
field dependence of this relaxation yields the spectral density function associated with the
excitation random walk and can be used to infer the dimensionality of the diffusion [10, 18].
This occurs because the relaxation rate is connected with the noise power (or spectral density),
J (ωµ), in the fluctuating magnetic field at the muon Larmor frequency, ωµ = γµ B , associated
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Figure 2. Schematic diagram showing muon implantation in PPV. (a) Muonium adds to PPV to
produce (b) a muonated radical. This injected electronic excitation can diffuse along the chain as
a polaron and is thus (c) a mobile electronic defect.

with that particular magnetic field B , where γµ is the muon gyromagnetic ratio. Sweeping the
magnetic field allows one to extract the frequency distribution of the fluctuations.

Polaronic motion in doped conducting polymers can be measured using NMR and
ESR [19]; for these techniques the motional linewidth contributions are proportional to the
carrier density and so measurements on PPV-based polymers are restricted to doped materials
(see e.g. [20]). Muons are uniquely sensitive to polaron transport in undoped materials [16]
(in which there is no significant carrier density to provide an NMR or ESR signal). In contrast
to transport experiments, which provide results which are inevitably dominated by the slowest
component of the transport process, muon measurements can provide information on the
intrinsic transport processes governing the mobility of an electronic excitation along a chain.
In PPV-based polymers, as in polyaniline, the defect is likely to be a polaron.

2. Experimental details

Our experiments were performed on the EMU beamline at the ISIS facility. Initial experiments
were performed on the πM3 beamline at the PSI facility. In all our experiments positrons are
detected by scintillation counters which are positioned in front of and behind the sample with
respect to the initial muon momentum direction. The µSR function G(t) (also known as the
asymmetry) is defined by G(t) = [NB(t)−αNF(t)]/[NB(t)+αNF(t)], where NB(t) and NF(t)
represent the number of positron counts in the backward and forward detectors respectively as
a function of time; α is an experimental calibration constant which is usually close to unity.

Long side chains can be added to PPV in order to produce PPV derivatives that
are soluble and are thus solution processible. The long side chains keep the polymer
backbones apart and this can have a beneficial effect on the polymer’s fluorescence and
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electroluminescence quantum yields [5]. Samples of two PPV-based polymers [21, 22],
poly(2, 3-dibutoxy-1, 4-phenylene vinylene) (abbreviated henceforth to DB-PPV [23])
and poly(2, 5-bis(dimethyloctylsilyl)-1, 4-phenylene vinylene) (abbreviated henceforth to
BDMOS-PPV [24]), were each wrapped in a 25 µm silver foil and mounted on a silver
backing plate in the cryostat. Silver is used because it gives a non-relaxing muon signal, and
hence only contributes a temperature-independent constant to G(t). A preliminary analysis of
the data for DB-PPV was reported earlier [25].

3. Risch–Kehr model

The measured muon relaxation data were fitted using the theory of Risch and Kehr [26] for a
muon interacting through hyperfine coupling ω0 to the spin density on the chain site to which
it is bonded (this is illustrated in figure 3). In this model, when the hyperfine coupling is
switched on, the muon electron system evolves according to a Hamiltonian given by

H = h̄

4
ω0σ · τ − h̄

2
ωµσz +

h̄

2
ωeτz (1)

where σ and τ are the Pauli spin matrices for the muon and electron respectively, ωe = γe B is
the electron Larmor frequency and γe is the electron gyromagnetic ratio. When the hyperfine
coupling is switched off, the electron and muon spins are decoupled and separately evolve
according to the Zeeman terms in the Hamiltonian. In addition, the electron spin is subject to
random spin-flips at a rate λ. The fluctuating spin density induced by an electronic spin defect
rapidly diffusing up and down the one-dimensional chain leads to a relaxation function of the
form G(t) = exp(	t)erfc(

√
	t) for λtmax � 1, with erfc signifying the complementary error

function, tmax the experimental timescale and 	 a relaxation parameter. For D‖ > ω0 > λ,
	 has an inverse magnetic field dependence given by

	 = ω4
0

2ωe D2
‖
. (2)

The delocalization of the electronic defect in the neighbourhood of the attached muonium is
not known, but a neutral spin- 1

2 defect is believed to be delocalized over six lattice constants
in finite-trans polyacetylene on the basis of calculations [27]. In the Risch–Kehr model,
the Brownian motion of an extended defect is replaced by an effective hopping process of a
localized defect [26].

4. Results

µSR data for DB-PPV are shown in figure 4 for two temperatures and are well fitted by the
following relaxation function:

G(t) = a0 + a1(B) exp(	(B) t) erfc
(√

	(B)t
)
, (3)

where a0 is a constant, a1(B) is a field-dependent relaxing amplitude and 	(B) is a field-
dependent Risch–Kehr relaxation parameter. The raw data shown in figure 4 demonstrate that
the relaxation has a rich field and temperature dependence. The figure also shows the increase
in initial asymmetry as a function of field which is due to the repolarization of the muonium
states [28].

The field dependence of 	(B) at two temperatures is shown in figure 5. The relationship
	(B) ∝ 1/B , indicative of intrachain diffusion, holds at high field at both low and high tem-
perature. However at low field there is a crossover to a three-dimensional diffusion regime
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Figure 3. Schematic diagram of the polaron diffusion model used in the text which is based on
that of Risch and Kehr but including interchain diffusion (after [17]). The muon interacts through
hyperfine coupling ω0 to the spin density on the chain site to which it is bonded. The electronic spin
defect (black filled circle) rapidly diffuses up and down the chain with intrachain and interchain
diffusion rate D‖ and D⊥ respectively. λ is the electron spin flip rate, assumed faster than the
reciprocal of the experimental timescale.
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Figure 4. µSR data in DB-PPV at (a) 25 K and (b) 250 K for a range of longitudinal magnetic
field values. The solid curves are fits to equation (3).

which occurs when the electron Larmor frequency becomes smaller than D⊥ [16]. This is
clearly observable in the high temperature data, demonstrating that D⊥ increases with increas-
ing temperature. When the applied field is below ∼1 mT, the nuclear dipole fields seen by
the diamagnetic muon fraction are no longer fully decoupled and provide an additional contri-
bution to the muon relaxation which is difficult to separate from the paramagnetic relaxation
with any degree of accuracy.

In order to calculate the intrachain diffusion rate we take a value for the hyperfine coupling
ω0 = 2π × 450 MHz, as estimated from the longitudinal decoupling field of the initial
muon asymmetry [28]. The high field 	(B) is fitted for each temperature to the expression
	(B) = ω4

0/2γe B D2
‖ and D‖ extracted. The resulting estimate of the intrachain diffusion rate

D‖ is shown in figure 6. It shows a temperature dependence which is suggestive of phonon-
limited metallic-style transport, as found in µSR studies of polyaniline [16]. These data are
fitted well by a simple model for the transport in which D‖ ∝ (
0 + 
r )

−1 where 
0 is a
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Figure 5. Field dependence of the RK relaxation rate in DB-PPV for two temperatures. The inset
shows the chemical structure of DB-PPV.

temperature-independent scattering term and 
r is a phonon scattering term proportional to
the number of modes excited, so that it is proportional to (exp(Er/kBT ) − 1)−1. A scattering
contribution proportional to phonon number is expected in theories of phonon-limited polaron
transport [29, 30]. The energy of the phonon mode is thus estimated to be 22(1) meV. This is
in agreement with a mode associated with whole chain librations or mixed chain torsions and
ring librations which has been observed in inelastic neutron scattering of pure PPV [31]. A
similar mode was found in an earlier experiment on polyaniline [16].

The field Bc, at which crossover to a three-dimensional diffusion regime is observed,
can be used to estimate the interchain diffusion rate D⊥ ≈ γe Bc and this is shown in the
inset to figure 6. This is estimated by fitting 	(B) to a phenomenological functional form
proportional to (1 + B/Bc)

−1 [16]. A crossover is only observed for T � 175 K; below this
temperature D⊥ must be undetectably small, i.e. much less than 109 rad s−1. As found in
polyaniline [16, 17, 33], the interchain transport is assisted by thermal motion, rather than
hindered by it.

Results for BDMOS-PPV are shown in figure 7. The values of the intrachain diffusion can
be extracted from the high field dependence of 	(B) in an analogous manner and are found
to be slightly lower than in DB-PPV at low temperature, although comparable in magnitude
at room temperature. The energy of the phonon mode, 11(8) meV, is also lower, though
still within the main band of spectral weight (10–30 meV) in the vibrational density of states
observed in inelastic neutron scattering of pure PPV [31]. The addition of side-chains will
however greatly affect the electronic [32] and vibrational [31] interchain coupling, which is
likely to have a marked effect on the vibrational density of states. The crossover to the three-
dimensional diffusion regime can also be used to estimate the interchain diffusion (shown in
the inset to figure 6) which as in DB-PPV also appears to increase with temperature. Both
show an activated temperature dependence as shown in figure 8 with activation energies equal
to 130(10) and 21(3) meV for DB-PPV and BDMOS-PPV respectively.
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Figure 6. The temperature dependence of the intrachain polaron diffusion rates in DB-PPV derived
from the µSR. The main figure shows D‖, and the solid curve is a fit to a simple model of the
transport, with a phonon activation energy of 22 meV. The inset shows an estimate of the interchain
diffusion rate D⊥.

The value of D‖ in both polymers can be used to obtain the diffusion constant D = D‖a2,
where a ≈ 7 Å is the length of the monomer unit, and hence estimate the mobility µ via
the Einstein–Smoluchowski relation µ = D/(kBT/e). This gives a value of ≈0.05 cm2 V−1

s−1 at 300 K in both samples (rising to about 3 cm2 V−1 s−1 at 30 K for DB-PPV). This is
comparable to results obtained using pulse radiolysis time-resolved microwave conductivity
measurements on a soluble dialkoxy derivative of PPV; these gave a value for the intrachain
electron mobility of 0.5 cm2 V−1 s−1 at room temperature [34]. The obtained mobilities using
µSR and pulse radiolysis are several orders of magnitude larger than those obtained using
time-of-flight measurements [35–37], current–voltage measurements [38, 39] and admittance
spectroscopy [40], techniques which are much more influenced by domain and grain boundaries
and the presence of deep trapping sites [41]. A large intrinsic mobility of up to 0.1–10 cm2

V−1 s−1 at 300 K has also been found within nanometre-sized regions using voltage-modulated
millimetre-wave spectroscopy [42], demonstrating that the mobility of PPV can locally be very
high. The size of these high mobility regions is found to increase with increasing electric field,
increasing the overall mobility, although the millimetre-wave experiments were not performed
in electric fields below 40 V µm−1 (at which point the mobility is 0.1 cm2 V−1 s−1). Our
measurements probe the intrinsic mobility locally and are performed in zero electric field, so
that our value of ≈0.05 cm2 V−1 s−1 appears to be consistent with these results.

5. Conclusion

In conclusion, we have used implanted positive muons to probe the anisotropic diffusion of
negative polarons in DB-PPV and BDMOS-PPV. The intrachain diffusion is controlled by
scattering from librational and torsional modes; this scattering hinders intrachain transport but
promotes interchain transport.
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Figure 7. The temperature dependence of the intrachain polaron diffusion rates in BDMOS-PPV
derived from the µSR. The main figure shows D‖, and the solid curve is a fit to a simple model
of the transport, with a phonon activation energy of 11 meV. The inset shows an estimate of the
interchain diffusion rate D⊥.

Figure 8. The temperature dependence of the interchain polaron diffusion rates in DB-PPV and
BDMOS-PPV. The fitted activation energies are 130(10) and 21(3) meV.
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