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Diffusion Properties of the Muon-Produced Soliton in trans-Polyacetylene
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We have measured the longitudinal spin-relaxation functions of positive muons injected into
trans (CH)„at -various temperatures and external fields. They showed non-single-exponential
functions and were fitted by a model which takes into account both the on-chain diffusion and the
disappearance of the muon-produced soliton. It was found that the on-chain diffusion rate D~~ is
almost constant from 29 to 290 K, while the disappearance rate D3 slightly increases with tempera-
ture.

PACS numbers: 66,30.Lw, 72.80,Le, 76.90.+d

Recently, the behavior of the unpaired electrons in
trans-polyacetylene has been extensively studied, both
experimentally and theoretically, since it is proposed to
be related to the properties of solitons. ' There seem,
however, to remain many unclear aspects to be studied
concerning, in particular, on-chain and interchain dif-
fusion properties of the soliton. In the present experi-
ment, we studied this problem by the muon-spin-
relaxation method, which is expected to probe the soli-
ton in polyacetylene from a different viewpoint com-
pared to conventional ESR or NMR.

In a previous paper, 2 we reported the following ob-
servations concerning positive muons in trans- poly-
acetylene: The positive muon, when it is added to a
double bond in trans-polyacetylene, produces an un-
paired electron; the unpaired electron exhibits soliton-
like one-dimensional diffusion, as demonstrated by
the H tI2 dependence of the longitudinal relaxation
rate of the muon spin on the longitudinal magnetic
field H. The soliton produced and probed by the
muon has different properties from the usual soliton
probed by NMR, ESR, etc. : (1) There is no mechan-
ism similar to nuclear spin diffusion which affects the
rate of muon spin relaxation because the muon is an
"infinitely" dilute probe; (2) the soliton is created at
the time of the muon arrival so that the time evolution
of the soliton dynamics can be observed time-se-
quentially with reference to this "birth" time; and (3)
the soliton is confined to one side of the chain from
the boundary determined by the muon location, be-
cause the conjugation is terminated here. In this pa-
per, we describe a further experiment in which particu-

lar attention was paid to deducing the disappearance of
the soliton from the chain.

The on-chain spin diffusion rate D
~~

of the unpaired
electron and its temperature dependence are interest-
ing, because they reflect the interaction between
the soliton and phonons. Theoretically, Wada and
Schrieffer3 have proposed that D~~ should obey a T2

temperature dependence, while Maki predicted a
T ' ' temperature dependence for D ~~. Experimental-
ly, from the inverse-root-type frequency dependence
of the proton spin-lattice relaxation rate (Tt ), it has
been concluded that the spin diffusion is highly one-
dimensional with D~~

——4&&10'3 s ' and that the inter-
chain diffusion rate D is less than 10s s ' at room tem-
perature. 5 However, it was also pointed out that the
nuclear spin diffusion to a fixed paramagnetic spin also
reproduces the same frequency dependences so that
the above-mentioned interpretation is still unsettled.
Recently, the frequency dependence of Tt ' of the un-
paired electron was directly observed by ESR, where
D

[~
and D were found to be 4 && 10'3 and 2 & 107 s

respectively, at room temperature. This result was al-
most consistent with that of NMR. However, the tem-
perature dependence of the diffusion rates is not yet
clear: The T&

' of proton NMR obeys a T' " depen-
dence, while that of ESR was proportional to the tem-
perature. s

The experiment was carried out at the M20 muon
channel at TRIUMF, the Tri-University Meson Facili-
ty in Vancouver, Canada. There, surface muon beams
were stopped in a trans-polyacetylene target composed
of a stack of thin films (in total, 2 cm&&2 cmx 80
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mg/cm2). The sample was prepared by the Shira-
kawa-Ikeda method and sealed into a thin po-
lyethylene bag of 88 p, m thickness with an argon atmo-
sphere. The temperature dependence of the longitudi-
nal relaxation above 29 K was measured with a stand-
ard muon-spin-relaxation apparatus on the M20 chan-
nel, where we applied a longitudinal field of up to 4
ko. Samples were cooled by a helium exchange gas
contained in a cryostat vessel, where the vessel itself
was cooled by thermal contact with a cold finger cooled
by liquid-helium flow. The temperature stability was
around +0.5 K.

The measured longitudinal relaxation functions
G, (t) are shown in Fig. 1 for temperatures of both 29
and 281 K, showing the field dependence for 0, l0, 20,
and 50 G. A significant temperature dependence can
be seen by comparing these two data; the long-lived
asymmetry (after 5 p, s) is consistently reduced for the
data at 29 K compared to those at 281 K. The relaxa-
tion rates decrease as the external field is increased at
all the temperatures.

In a previous paper, the relaxation functions were
fitted by a single exponential relaxation function,
where the main relaxation mechanism was considered
to be due to the interaction between the muon spin
and the one-dimensionally moving unpaired electron
(soliton) produced by the p, +. However, in the
present 281-K data, the relaxation seems to cease after

about 5 p, s, indicating the need of a more complicated
relaxation function. Since the nuclear dipolar fields
must contribute to the muon spin relaxation [G,"(t)],
we calculated G,"(t) by a Monte Carlo method consid-
ering mutual interactions between p,

+ and surrounding
protons, '0 and took the ratio G;(t) = G, (t)/G,"(t).
Then we fitted the data of G;(t) with an exponential
relaxation function by changing the analysis time re-
gion in a 2-p, s step. All the data above 200 K were
combined, since there seemed to be almost no tern-
perature dependence above 200 K. The result shown
in Fig. 2 exhibited a decrease of the relaxation rate it-
self with time. This result indicates a model in which
the source of the relaxation, namely the soliton, disap-
pears from the chain with time after it is created by the
muon arrival.

Before going further, we have to consider several
other possible mechanisms which may cause a change
in the muon-spin-relaxation function from a single ex-
ponential type. Here, let us consider the following
three possibilities: (1) As was shown in the time-
domain analysis of ESR," for the time before the ef-
fect of interchain diffusion becomes significant, the re-
laxation function could become exp( —nt t ) In ou. r
case, however, this time range is estimated to be only
before about 20 ns, which is too short for the change
in the relaxation function to be observed. (2) The
muon-spin-relaxation rate will be reduced when the

(a)
50 G 50 G

20 G

~ ~
'~ La A

'W ~ ~~ ~ ~

20 G

~ ~i s
I

1 G

0.2- 0 G

~ ~~'. &N

0.2—

&+s LW& ~ i ~ ' + y
I I I I I I I

0 G

0.)
~ ~ o~ ) ~

0.0
p 5 10

TIME ( s)

0.1

PP i i i f~-& %&HAPL
p S &0

TIME ( s)

FIG. 1. Longitudinal spin relaxation functions for the p, in trans (CH)„(a) at 281 K -and (b) at 29 K for longitudinal fields
of 0, 10, 20, and 50 G. The curves are best-fitted functions by Eq. (3) after correction for the contribution of nuclear dipolar
field to the relaxation function.
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electron spin associated with the soliton is left polar-
ized. The electron spin-lattice relaxation rate mea-
sured by ESR, which is 10 s ' at room temperature,
is much faster than the typical muon-spin-relaxation
times so that this effect is considered to be small. (3)
The location of the muon is considered to be randomly
distributed on the chain. The relaxation rate is expect-
ed to be proportional to the probability of existence of
the soliton around the muon; the rate is proportional

I I
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FIG. 2. Time dependence of the relaxation rate of p,

+ in

trans-(CH)„. The time window for the analysis is 1 Iu, s for
the earliest-time data, while it is 2 p, s for the others, as
shown in the figure. A11 the data above 200 K were summed

up and used in this analysis. The effect of nuclear dipolar
field has been already subtracted before the analysis. The
0-G data after 4 p, s are not shown because of the unsatisfac-
tory fit due to a small asymmetry.

to the inverse of the distance between the muon loca-
tion and the end of the chain. This effect was calculat-
ed, but the result was found to be not much different
from a single exponential relaxation. '

Since the above-mentioned three effects cannot ex-
plain the observed relaxation function, we will now
consider the effect of the disappearance of the soliton
from the chain. As shown in a previous paper, 2 the re-
laxation rate of the muon spin is proportional to the
density of the soliton which remains on the chain.
Thus, when the soliton disappears, the relaxation rate
may change with time. Now, we introduce the disap-
pearance rate D3 of the soliton. Then, the time-
dependent relaxation rate R (t) may be written as

R (t) =Roexp( —D3t),

where Ro is the T, ' at t =0. From the rate equation
for the relaxation function of the muon spin G; (t ),

dG;(r)/dh = —R (t) G;(t),
we obtain

G;( t ) = exp{—(R o/D3) [I —exp ( —D3t ) ]].
%e fitted D3 and 8 o simultaneously for the data above
200 K. It was found that D3 is almost field indepen-
dent, while Ao obeys an H '~ dependence. This indi-
cates that the muon spin relaxation comes mainly from
the one-dimensionally diffusing unpaired electron and
that the disappearance is due to a dynamical effect in-

dependent of the magnetic field. Next, the tempera-
ture dependences of Ro and D3 were obtained by a fit
to the data at all fields, where D3 was fixed at each
temperature. The fitted results are shown in Figs. 3(a)
and 3(b) for Ro and D3, respectively. Here, the relax-
ation rate Ro was around 3 times larger than that
which we obtained using a single exponential func-
tion. However, this difference does not change our
basic interpretation in the previous paper. 2

The temperature dependence of Ro reflects mainly
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FIG. 3. Temperature dependence of (a) soliton disappearance rate D3 and (b) the muon spin relaxation rate Ro.
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the temperature dependence of D ii. As shown in Fig.
3(b), it is almost temperature independent. Above
150 K, this is consistent with the ESR and the NMR
results. But below 150 K, our result does not agree
with these results. This is because the muon-spin-
rotation method observes different aspects of the soli-
ton dynamics from the other methods, e.g. , the effect
of the soliton trapping may be smaller in the muon-
spin-rotation studies.

The soliton disappearance rate D3 can be related to
the interchain diffusion rate D of the soliton. The
value of D obtained from the cutoff frequency in the
ESR is 2&&107 s ' at room temperature. Since the
mutual spin flip between solitons as well as the inter-
chain hopping of the soliton itself contributes to the
relaxation in the ESR experiment, it is not surprising
that D is larger than the D3 obtained in the present ex-
periment. D3 slightly increases with temperature,
which indicates that hopping between the chains has a
small activation energy.

In conclusion, we have measured the temperature
dependence of the muon-spin-relaxation function in
trans-polyacetylene. The observed relaxation function
was well reproduced by considering both the muon
spin relaxation due to the soliton and the disappear-
ance of the soliton from the chain to which the muon
is attached. The relaxation rate was almost tempera-
ture independent. The disappearance rate D3 in-
creased only slightly with temperature.
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