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Anisotropic Polaron Motion in Polyaniline Studied by Muon Spin Relaxation
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Muon spin relaxation has been used to probe the highly anisotropic motion of polaronic charge
carriers in the emeraldine base form of polyaniline. The measured diffusion rate along the polymer
chain for negative polarons shows a metalliclike temperature dependence, which is saturated at low
temperatures but becomes limited by phenylene ring librational scattering above 150 K. The interchain
transport at room temperature is more than 4 orders of magnitude slower than the intrachain process
and becomes further suppressed on cooling. [S0031-9007(97)04231-2]

PACS numbers: 72.80.Le, 71.38.+ i, 76.75.+ i
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Conducting polymers such as polyaniline (PANI) hav
been attracting considerable attention recently due to t
high conductivities achievable by doping and their pote
tial as highly tailorable semiconducting materials for us
in electronics and optoelectronics [1]. Although an un
derstanding of the mechanisms of polaron motion in su
materials is of great importance both for fundamental an
technological reasons, the correct description of the tran
port mechanisms and their relation to the underlying pol
mer structure and the modifications produced by dopin
are still only poorly understood. One reason for this
that macroscopic electronic transport measurements s
as conductivity studies are dominated by the slowest co
ponent of the transport process, which is strongly depe
dent on the degree of order in the sample morphology [2
On the other hand, microscopic spin dynamics probes su
as ESR, NMR, and muon spin relaxation (mSR) are much
better placed to focus on the intrinsic transport process
governing the mobility of an electronic excitation travel
ing along a polymer chain. In a highly anisotropic polyme
system the dominant character of this motion is expect
to be a one-dimensional diffusion process. The first cle
demonstration of such a characteristic 1D diffusion wa
made using ESR in undopedtrans-polyacetylene where
neutral kink solitons are the mobile spin species [3].

For polymers like PANI having a more complex struc
ture than polyacetylene, spin dynamical studies usi
NMR and ESR have been used to observe the moti
of polarons [4]. mSR is an alternative spin dynamica
probe technique which measures the time dependence
the spin polarization of a positive muon implanted int
the sample [5]. ESR and NMR work best for thedoped
case, since the motional linewidth contributions are pr
portional to the carrier density. In contrast, the positiv
muon is a uniquely sensitive microscopic probe of po
laron excitations in theundopedstate of a conducting
polymer, as the muon implantation process itself gene
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ates an excitation which is initially close to the muon sit
The dynamical properties of this muon-generated ex
tation can then be studied via the time evolution of th
muon spin polarization, which is deduced from the asym
metric emission of positrons following muon decay. Th
was first demonstrated for solitons in polacetylene [6] a
subsequent studies were reported for a range of cond
ing polymers where polarons are the mobile species [
We report here muon measurements of polaron dynam
in undoped PANI, where we have been able to meas
the temperature dependence of both the on-chain diffus
rate Dk and the interchain diffusion rateD'. We find a
metallic type of temperature dependence forDk over the
whole measured temperature range 6–300 K, whereas
activated behavior is seen forD'.

High molecular weight samples (MW, 150 000) of
the emeraldine base form of PANI (PANI:EB) wer
prepared as powder using procedures described e
where [8]. This powder was pressed into pellets for t
muon measurements. Muon spin relaxation was m
sured using27 MeVyc positive surface muons at the
RIKEN-RAL muon facility, where the relaxation func-
tion could be measured over the time range from,50 ns
to ,25 ms.

As in other unsaturated organic systems [9], the mu
picks up an electron to form muonium as it slows down
the polymer. This muonium then reacts with the polyme
resulting in the muon analog of a hydrogenation rea
tion. The electronic structure of emeraldine in its pristin
hydrogenated, and protonated forms was calculated
Duke et al. [10]. Hydrogenation corresponds to adding
single electron to the lowest unoccupied molecular orbi
(LUMO) of emeraldine. Following rapid electronic and
structural relaxation of the surrounding molecule, a neg
tive polaron is formed, which is centered on the quino
(——C6H4——) ring of the molecule. In the emeraldine poly
mer the polaron can easily move away from its initial si
© 1997 The American Physical Society 2855
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and diffuse through the system. As the polaron diffuse
spin flip can occur due to spin-lattice relaxation and in
teraction with magnetic impurities. This relaxation of th
polaron spin will be transferred to the muon via a hy
perfine coupling mechanism, but only while the mobil
polaron is within interaction range of the muon site. B
studying the longitudinal magnetic field dependence of th
muon relaxation, important information about the polaro
motion can be obtained.

In the earlier muon studies of conducting polymers [6,7
NMR theory was adapted to the muon case and the mu
spin relaxation was fitted to an exponential decay functio
However, it has always been clear that a simple expone
tial does not describe the relaxation well over a wide tim
range. Risch and Kehr (RK) recently derived a functio
that more properly describes the spin relaxation of a mu
interacting with a spin defect which is rapidly diffusing
along a one-dimensional chain [11]. The correspondin
longitudinal muon spin relaxation function has the form
Gstd  expsGtd erfcs

p
Gt d for ltmax ¿ 1, with erfc sig-

nifying the complementary error function,l the electron
spin flip rate,tmax the experimental time scale, andG a re-
laxation parameter. This relaxation function goes ast21y2

at long times rather than decaying exponentially. We ha
found that the measured relaxation is well described by th
RK function over a wide range of experimental condition
After correcting for the diamagnetic component of asym
metry, which is measured in a small transverse field, t
data are fitted with only two parameters, the initial am
plitude of the asymmetry and the relaxation parameterG.
Some muon spin relaxation measurements for PANI:E
are shown in Fig. 1(a) together with fits to the RK func
tion. Figure 1(b) shows the improved fit using the RK
function compared to an exponential fitting function.

In finite magnetic field the RK relaxation parameterG

is given by G  lys1 1
p

2vel Dkyv2
0d2 where ve is

the electronic Larmor frequency,v0 is the muon-electron
hyperfine coupling, andDk is the intrachain diffusion rate.
In the fast diffusion limit, which applies for all the mea-
surements here,Dk ¿ v

2
0y

p
2vel andG has an inverse

magnetic field dependenceG  v
4
0y2veD2

k , which is in-
dependent of the spin flip rate and allows straightforwa
determination ofDk. As the field is reduced there will
be a cutoff in the1yB field dependence ofG due to a
crossover to a 3D diffusion regime, which occurs whe
ve becomes smaller than the interchain diffusion rateD'.
In the 3D diffusion regime the relaxation rate is expecte
to be independent of field. Although RK did not con
sider interchain diffusion and the 3D diffusion regime, w
can estimate the interchain diffusion rate from the low
field departure of the measured relaxation from 1B depe
dence by assuming the formG  G0yf1 1 sByBcdg for
the field dependence of the relaxation. A straightforwa
estimate ofD' is then given bygeBc. When the applied
field is below,10 G, the nuclear dipole fields seen by th
diamagnetic muon fraction are no longer fully decouple
2856
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FIG. 1. (a) Positron emission asymmetry showing muon sp
relaxation in PANI:EB at 6 K for several values of longitudina
magnetic field. The lines show fits to the RK relaxatio
function. (b) The data for 100 G shown on a logarithmi
time scale after subtraction of the nonrelaxing diamagne
asymmetryaD  6.7%. It can be seen that the exponentia
function provides a very poor fit, whereas the RK functio
provides an excellent fit over 2 orders of magnitude in time.

and provide an additional contribution to the muon relax
tion which can be difficult to separate accurately from th
paramagnetic relaxation. In addition, polaron reflectio
by chain ends or conjugation defects introduced by imp
rities or cross-linking can also lead to an increased mu
relaxation rate at low fields. All these effects limit th
accurate estimation of slower interchain diffusion rates.

The field dependence of the fitted RK relaxatio
parameterG is shown in Fig. 2 for high and low tempera
tures. It can be seen that at 6 K the one-dimension
1yB regime holds down to below 10 G, whereas at 30
K the 1yB regime only holds down to 300 G or so
This indicates thatD' increases by around 2 orders o

FIG. 2. Relaxation parameterG versus field for PANI:EB
at 6 and 300 K. The high-field behavior shows the 1yB
dependence which is characteristic of 1D diffusion in the Risc
Kehr relaxation model. At 300 K the interchain diffusion is
sufficiently fast to observe a 3D diffusion regime below
crossover field of around 100 G. For an explanation of th
fitted lines see the text.
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magnitude between 6 and 300 K, where it reaches a va
of ,2 3 109 radys.

Since, at 500 G and above, the one-dimensional1yB
field dependence is obeyed over the full temperature ra
studied, a field of 1 kG was chosen for a more detail
study of the temperature dependence of the relaxati
This is shown in Fig. 3, where it can be seen that the
is a rapid increase in the relaxation above,150 K. We
associate this with polaron scattering by phenylene ri
librational modes which are known to couple strongly
the electronic excitations [12]. Inelastic neutron scatteri
indicates that these modes have energy bands cent
around 7 meV for benzenoid (—C6H4—) and 10 meV
for quinoid (——C6H4——) ring librations [13]. Mechanical
studies have also shown that these modes become stro
excited in the 180–220 K region [14].

In order to derive the diffusion rate from the relaxatio
we take a value for the hyperfine couplingv0  2p 3

150 MHz, as estimated from the longitudinal decouplin
field of the initial muon asymmetry. The diffusion rat
Dk calculated fromG is shown in the inset to Fig. 3.
It shows a weak metallic type temperature coefficie
at low temperatures, becoming stronger above 150
Well above 150 K it becomes inversely proportion
to temperature, which is suggestive of phonon limite
metallic transport. The data can be fitted well by
simple model for the transport in whichDk ~ 1ysS0 1

Srd, where S0 is a temperature independent scatterin
term andSr is a phonon scattering term proportional t
the number of ring libration modes excited, i.e.,Sr ~

1yfexpsErykT d 2 1g. The energy of the librational mode
Er is estimated from our data to be11.7 6 0.6 meV,

FIG. 3. Temperature dependence of the relaxation param
G for PANI:EB at 1 kG. The inset shows the polaron intracha
diffusion rate Dk derived from the 1 kG relaxation using
the value v0  2p 3 150 MHz. The solid lines show the
fitted temperature dependence for polaron scattering from r
librational modes.
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which is entirely consistent with the broad 10 meV
quinoid libration band seen in neutron scattering [13
Perpendicular diffusion rates were estimated from th
cutoff fields; below,100 K the estimated values should
be taken as upper limits for the reasons mentioned earli
The parallel and perpendicular diffusion rates are show
together in Fig. 4 along with previous ESR data in
the protonated metallic state for comparison [15]. In
contrast toDk, it can be seen that the interchain diffusion
D' shows an activated semiconducting behavior, and
increases sharply in the region above 150 K whereDk is
decreasing with temperature. This strongly suggests th
the librational motion isassistingthe interchain transport,
whereas ithindersthe metalliclike intrachain motion. The
overall values forDk at 300 K and for the temperature
dependence ofD' are quite similar here to the ESR
values measured for the protonated metallic state, but t
fully metallic temperature dependence ofDk seen here is
in marked contrast to the semiconducting behavior se
below 150 K in the doped case.

Acoustic-phonon-limited polaron transport was consid
ered in polyacetylene by Jeyadev and Conwell [16]. The
calculated diffusion coefficient showed a broad peak at
temperature below 100 K with the parameters appropria
for trans-polyacetylene. A1yT dependence was predicted
at high temperature. Optical phonons were included
addition to the acoustic phonons in an earlier analysis

FIG. 4. Temperature dependence of the parallel and perpe
dicular diffusion rates for negative polarons in PANI:EB com
pared with previous ESR measurements of positive polaro
diffusion in the doped state [15].
2857
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soliton diffusion by Maki [17], and these give a scatterin
contribution proportional to the phonon number. This
consistent with our measured high temperature behavi
One of the most significant differences between polyan
line and polyacetylene is the lack of charge conjugatio
symmetry (CCS) in the former, and Sumet al. [18] ex-
tended the work of Jeyadev and Conwell to include CC
breaking effects. These produce dramatic differenc
between the mobilities of positive and negative polaron
Whereas the negative polaron is relatively mobile, mov
ment of a positive polaron requires large ring rotation
which make it much more massive and immobile. Sinc
protonation produces positive polarons, whereas muoniu
addition produces a negative polaron, the different beha
ior of the measured on-chain diffusion rates in doped a
undoped PANI can be understood as resulting from t
negative polaron being intrinsically more mobile at low
temperatures.

A solitary wave acoustic polaron [19], like the poly-
acetylene kink soliton [20], is theoretically expected t
have a maximum velocityc comparable to the sound
velocity in the polymerys. This has been confirmed by
recent dynamical simulations [21]. Since the on
chain diffusion constantDk may be expressed as
Dk  Dka2  c2t  cl, where a is jump distance for
the polaron,t the scattering time, andl the mean free
path, it can be seen that at low temperaturesDk will be a
constant determined by the mean free path resulting fro
defects. At low enough temperatures the thermaliz
polaron velocity is no longer expected to be saturated, a
the diffusion rate should fall. From the data measure
here, this fall in diffusion rate would have to be below
6 K. Taking ys , 2.5 3 103 mys, this sets an upper
limit on the negative polaron’s “rest” mass at,30me.
If the polaron jump distance is taken as the quinoid rin
separationa , 20 Å, the low temperature mean free path
can be estimated to bel , 160a. Since the average
chain length isL , 400a, this implies 2–3 scattering
defects per chain.

In conclusion, we have used the positive muon to pro
the anisotropic diffusion of negative polarons in polyan
line. We have found clear evidence that the on-cha
diffusion is controlled by scattering from ring librationa
modes at temperatures above,150 K, whereas it be-
comes limited by defect scattering at low temperature
2858
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The polaron velocity appears to be fully saturated dow
to 6 K in agreement with theoretical expectations for a 1
solitary wave acoustic polaron. Finally, the enhanced m
bility of negative polarons compared to positive polaro
has been demonstrated in this system.
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