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Analysis of the ESR linewidth in pristine trans-polyacetylene
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The cw ESR linewidth was studied in detail as a function of frequency and temperature in pristine
trans-(CH), and (CD), prepared by the Shirakawa technique. It was demonstrated that all the obtained
data could be interpreted by quasi-one-dimensional diffusive motion of the neutral soliton with a diffuse-
trap soliton model. An anomalous line broadening below 6 MHz was observed only in trans-(CH),. The
origin was ascribed to a crossover from “unlike spins” to “like spins” as a relation between electron and
nuclear spins. Such an interpretation gives the maximum spin density p,,,~0.1 of the delocalized neu-
tral soliton. The temperature dependence of the motion-narrowed ESR linewidth T5~! was found to be
consistent with the phase memory time T;! in terms of the diffuse-trap model. It is discussed that direct
evidence of the diffuse-trap model is given by multiple-quantum-spin coherence experiments, although
the original authors concluded that all the solitons were trapped both at 4.2 and 300 K. The tempera-
ture dependence of the diffusion rate D along the polymer chain was found to follow a T? law. This
behavior is consistent with that deduced from the NMR 7', data. With this agreement between the two
resonance methods, validity of the applied diffuse-trap model was reconfirmed. Another interpretation
for D) derived from ESR T, was discussed in connection with the present interpretation. The tempera-
ture dependence of the cutoff frequency 1/7, was interpreted by exchange coupling between the solitons
at low temperatures and a phonon-assisted hopping through the charged solitons at high temperatures,
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as discussed by Kivelson and Heeger.

I. INTRODUCTION

For more than ten years a prototype of conjugated po-
lymer, “polyacetylene” has been studied from a lot of
views as follows: improvements of quality of electrical
and mechanical properties, investigations on electronic
structures, especially elementary excitations of solitons
theoretically expected in an intermediate doping regime,
and a “metallic”” conducting state in a heavily doped re-
gime, dynamics of charge carriers, applications, especial-
ly on a light weight and high power organic batteries, and
so on.! Among these points, a lot of magnetic resonance
studies, NMR and ESR, have been done, focusing on the
dynamics of the neutral soliton in pristine trans-
polyacetylene.! The presence of a neutral soliton in
trans-polyacetylene, as one of the systems with doubly de-
generate ground state, was proposed theoretically by Su,
Schrieffer, and Heeger (SSH).2

The first ESR experiment on soliton dynamics was
done on the temperature dependence of an ESR linewidth
at the X band by Weinberger et al. and low-dimensional
rapid motion of the spin carrier was concluded.’> The
proton NMR has been studied as a function of frequency
by Nechtschein et al. in 1980.* They concluded that the
neutral soliton showed a rapid diffusion as high as 10"
rad/s in pristine trans-polyacetylene and that the charged
spin carrier diffuses rapidly up to 107 rad/s in AsFg¢-
doped conducting polyacetylene, nevertheless some ambi-
guity remained in their interpretation. These conclusions
were confirmed by the Overhauser effect observed in the
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dynamic nuclear polarization (DNP) experiments.’~’

Furthermore, pulse ESR techniques were applied to in-
vestigate the soliton dynamics; ESR spin-lattice relaxa-
tion rate,® ESR spin-echo decay rate,” ESR free-induction
decay shape!® and multiple-quantum spin coherences.!! A
common qualitative conclusion derived from these pulsed
ESR’s was that the spin carrier in the pristine polyace-
tylene made some motion, but a consensus could not be
achieved on a time scale of motion. This inconsistency
among the pulse ESR data would strongly depend on
their interpretations. For example, what the ESR spin-
echo decay time sees is model dependent. The above-
mentioned inconsistency among different kinds of experi-
ments would be derived from different assumptions based
on different models.

In this paper, we will show a detailed experiment and
analysis of the ESR linewidth as functions of tempera-
tures and frequencies based on a diffuse-trap model for
the neutral soliton.'>”!* The present analysis of the ESR
linewidth has revealed that the diffuse-trap model could
give a consistent interpretation not only for the cw
linewidth, but also for the reported pulsed ESR data,®~!!
including anomalous excess broadening of the linewidth
found below 6 MHz not in #-(CD),, but in #-(CH), which
could be analyzed to be compatible with solitonlike
charge distribution. Furthermore, multiple quantum
coherence experiment provided a clear evidence for a
presence of the neutral soliton in a trapping state. A
quantitative result derived by the DNP technique will
also be discussed in conjunction with the present model.
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II. EXPERIMENT

Pristine cis-polyacetylene was prepared by the conven-
tional Shirakawa method.!> To obtain trans-form,
thermal isomerization around 180-200 K was applied for
more than 10 min. Samples for ESR and NMR measure-
ments were sealed with helium gas for thermal contact in
quartz tubes to avoid sample oxidation and degradation.

ESR linewidth was determined by applying a least-
squares fitting to the experimental data with Lorentzian
line shape. This method is indispensable at low magnetic
field because a resonance field becomes smaller than the
ESR linewidth. Even at 10 K and 3 MHz, the observed
line shape was found to be a good Lorentzian. The num-
ber of Curie spins was determined by the Schumacher-
Slichter (ESR-NMR) technique which does not require
any external standard of the number of spins.

III. THEORETICAL BASIS
OF SPIN-DYNAMICS STUDY

The spin-dynamics study measures the frequency spec-
trum of a local field produced by a rapid spin motion to
investigate anisotropic motion of a spin carrier, as
schematically represented in Fig. 1. If the spin carrier
diffuses one-dimensionally (1D), the spins pick up the lo-
cal magnetic field H,,. through electron-electron dipolar
and/or electron-nuclear hyperfine couplings, modulated
by the diffusive motion [Figs. 1(b) and 1(c)]. A Fourier
spectrum J(w,) of the autocorrelation function G(¢) for
H\ . [Fig. 1(d)] on resonance of the electron spins induces
a transition between Zeeman levels, and as a result the
spin system relaxes to a thermal equilibrium state, releas-
ing and/or absorbing the Zeeman energy to and/or from
a lattice through the electron spin motion.
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FIG. 1. Schematic explanations for the relaxation phenome-
na induced by motion of spin. (a) A setting of the rf coil and the
static magnetic field H, for the magnetic resonance. (b) The re-
lation of two spins diffusing on the one-dimensional chains. (c)
The local magnetic field modulated randomly by the spin
motion seen by the concerning spin as a function of the time.
(d) The spectral density of the autocorrelation function of the
local fluctuating magnetic field shown in (c).
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A. Autocorrelation function of fluctuating local field

An expression for the autocorrelation function G(z) is
given by Abragam!® as

G(t)= [ [px))®(r,, 1, 1)F(1))F*(r,)drdr,, (1)

where p(r,) is the probability density to find a spin at 1,
that is, a spin concentration ¢, ®(r,,r,,?) is the probabili-
ty density for a spin initially at r; to be found at r, after
the time ¢, which is governed by the dimensionality of
spin motion as will be discussed later, and F(r) is the ran-
dom function of an implicit parameter ¢ and is deter-
mined by a functional form of the interaction Hamiltoni-
an 7‘[1=2qF(‘1’A @ for example, in the case of the dipo-
lar interaction,

A==y y gk —2LS,+ U, S_+I_5,)},

po—1=3cos’0
— r3 b a
AFV=—3y vy HI,S. +1.5,},
. Figp
F(t“=_§ﬁ&fﬁe__ » (2b)
r
) F2gp
AED=_3y oy Al S, F(iz)=§_19_9_e3___ s (2¢)

r

where 7 is the length of the vector r connecting two spins,
0 is the polar angle of r about H, and @ is the azimuthal
angle about H,,.

Since the chains consist of discrete atoms or molecules
in the actual systems, we redefine G(¢) by

GYV(t)=c 3 ®(r},1,t)F(r))F*r,) . 3)

rl,rz

Then, the Fourier transform of G(z) gives the spectral
density J(w) by

INw)=c 3, ¢(r;,1,,0)FNr)F*(x,) @

rl,r2

where ¢(r,,1,,) is the Fourier transform of the probabil-
ity density ®(r,,r,,¢) and the sum is over r, and r, with
all the possible sites.

B. Spectral density for 1D diffusion

If we consider the spins diffusing on a one-dimensional
(1D) chain with a diffusion coefficient D;(cm?/s) or a
diffusion rate D (rad/s) (=D, /ci, ¢, is the lattice con-
stant), the probability density ®,p(r,1,,¢) is given by a
solution of the 1D diffusion equation, 3%/t =D AP,
which is valid in the longer time scale than 1/D. It is
well known that the solution of this equation is given by

_Ury=ryl/ey?
4Dt

D p(ry,75,8)= exp (5)

V'4uDt
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Here, note that D“ should be replaced by 2DII for the
electron-electron dipolar case where the spins diffuse mu-
tually. Since the actual systems are more or less quasi-
- one-dimensional (Q1D), we need to take account of a
J

xp{ —2t/7,}

cutoff of the 1D correlation of motion as the escape prob-
ability from the 1D chain by ®,(¢)=exp(—2¢/7,), where
7, is the mean lifetime of the 1D correlation. Then, the
probability density for the Q1D system can be given by

_ (‘rl_rzl/c")z

e
Dqip(r1ry ) =Pp(ry,ry, 1)@ (2)=

'\/47rD“t

(6)

4Dt

An expected frequency dependence of the spectral density J(w) for the quasi-one-dimensional diffusion is given by a

Fourier transform of Eq. (6):

dopllri—rl,0)= . — 1+V/1+(wr,/2)
QID 1 20 V4D“/Tl 1+(w‘rl/2)2
where
|r1_r2| 2/7‘_]_ 172
nN=— |57 ’
<) D,
e 172
. Vi+(or, /22+1
2 ’
and
e 172
_ | V1+(er /2 ~1
V= 2 .

Although Eq. (7) is a complicated relation, we have a
simplified formula

172
1 1+V 1+ (o7, /2)?

V4D, /1, 1+ (w7, /2)? ’

dqiplw)= (8)

for the scalar interaction!” [ < 8(r; —r,)] and the dipolar
interaction!® under the condition nu<<1, ie,
@ <<D"cﬁ /Ar?, where Ar is the effective range of interac-
tion. Actually, Ar falls within several Angstrom which is
large enough to reduce the dipolar coupling strength to
several % of its maximum by virtue of 1/(r3r3) depen-
dence as shown in Egs. (1) and (2). Therefore, nu <<1
approximately holds at all frequencies of <<D, where
the diffusion equation is valid. In the case of the delocal-
ized wave function,!® the r-dependent part in Eq. (6) plays
a very important role to suppress the spectral intensity
proportional to Eq. (7), especially in the case of ESR T';!
and T'; ! at the X band and lower temperatures where D,
becomes small in the present analysis, as will be discussed
in Sec. VF.

The basic behavior of the spectral density J(w) can be
described by Eq. (8) and the next two expressions valid in
each frequency regime:

1
$qip(@)=——= for 1/7, << <<D, (9a)
V2D
1
#qip(@)=——=——==const for w<<1/7,. (9b)
V2D, /7,

Xexp(—nu)

) )]

cos(nu)— % sin(7nv)

Equation (9a) demonstrates typical 1D behavior of
1/V'® and (9b) does that of 3D, commonly found in the
conducting polymers.

C. Spin-lattice T'; ! and spin-spin T'; ! relaxation rates

Expressions for T'; ! and T'; ! are given by
T! =%y§ﬁZS(S+1)[J(”(wo)+.l(2)(2a)0)]
=yES(S+1)c [0.2¢(wo) +0.86(20) ]
1

=3ytksTx 3, [0.2¢(wq)+0.8¢4(2c0()] , (10)
1

T ' =3y S(S+1)[J90)+ 100 P(wg) +T P (20,) ]
=y$fS(S+1)c 3, [0.3¢(0)+0.5¢(wy)+0.24(2w,)]
!

=3y%ksTx 3 [0.3¢(0)+0.5¢(wy)+0.2¢(2aw0)] ,
1

(11)

in the case of the electron-electron dipolar interaction.'®

The susceptibility Y is in unit of emu/(monomer unit).
At the second equality of Egs. (10) and (11) a powder
average of J Ubs was taken, resulting in the lattice sum
over r, and r, described by 3, =3P,(cosd;,)/(rir3).5
For the oriented samples, the first line of Eqs. (10) and
(11) have to be applied.?%?! The spin-spin relaxation rate
T; ! could be observed as a broadening of the ESR
linewidth AH,,=2T;'/(V'3yg), and used to be written
by the summation of the two terms T,’ ! «0.3¢4(0) and
T, "' x0.5¢(wy)+0.2¢(2w,). The first one, the so-called
secular width, three-tenths of 7', 1(0), is the static
electron-electron dipolar broadening narrowed by the
rapid diffusive motion and is independent of frequency.
The second one, another seven-tenths, is produced by the
rapid spin-lattice relaxation mechanism, called as a life-
time broadening and depends on the frequency in a some-
what different way from that of 77 !. In the 3D regime
at o <<1/7,, T; ! is expected to become equal to T; ' as
was found experimentally in the pristine trans-
polyacetylene.?> The ESR linewidth measurement is suit-
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able to study the spin dynamics because it is easier to
measure with high accuracy than T'{ .

IV. RESULTS

Figures 2 and 3 show the temperature dependence of
the ESR linewidth as a function of the inverse of the
square-root frequency for trans-(CD), and trans-(CH),,
respectively. The solid curves show the least-squares fit
of the quasi-one-dimensional diffusion described by Eq.
(11). A marked difference between the two isotopic poly-
mers, trans-(CD), and trans-(CH),, has been found in the
anomalous broadening below 6 MHz [1/V f ~0.4
(MHz) " /2] in trans-(CH),. Although data below 6 MHz
in the trans-(CD), are not shown in Fig. 3, angular
dependence of the linewidth taken at 10 K clearly
demonstrates absence of the anomalous broadening down
to 3 MHz [ ~0.58 (MHz) ™ !/2] compared with that at 18
MHz [ ~0.24 (MHz)~!/2] as shown in Figs. 4(a) and 4(b).
This anomalous broadening found only in trans-(CH),
will be discussed in the next section as one of evidences
for applicability of the diffuse-trap model.

On the contrary, a common feature of Figs. 2 and 3 is a
monotonous increase of the overall linewidth with de-
creasing temperature, together with the characteristic
frequency dependence for the quasi-one-dimensional
diffusion as shown by the solid curves indicating Eq. (11).
Equations (11) and (10) predict that this lifetime (nonsec-
ular) broadening, dependent on frequency, reaches up to
70% of T;! in maximum and that the motional nar-
rowed (secular) width, independent of frequency, amount
to 30% of T{'. This prediction has been found to be
really consistent with the reported 7; ! data.?? Further,
relaxation mechanisms for T; ! have been identified to
the electron-electron dipolar and the hyperfine couplings
from a beautiful linear correlation of T'; ! with the neu-
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FIG. 2. The frequency dependence of the ESR linewidth for
t-(CH), with the implicit parameter of the temperature. Note
that the anomalous line broadening is found at higher frequency
than 6 MHz (1/V f ~0.4) only in t-(CH),.
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FIG. 3. The frequency dependence of the ESR linewidth for
t-(CD), with the implicit parameter of the temperature.

tral soliton concentration and isotope effect.?? These facts
suggest that not only Eq. (11), but also the second mecha-
nism, are required for the ESR line broadening to explain
Figs. 2 and 3 and it could be of static character instead of
the lifetime broadening mechanism. The temperature
dependence of the broadening (AH,,;) due to the second
mechanism deduced from Figs. 2 and 3 is shown in Fig. 5
both for trans-(CD), and trans-(CH),.

The analysis of the linewidth in terms of Eq. (11) gives
us the diffusion rate D, along the chain, the cutoff fre-
quency 1/7, and the temperature dependence of the sec-
ular broadening (¥ T5) ! which could be compared with
the spin-echo decay rate (yT,,)”'. Figure 6 demon-
strates the temperature dependence of the secular
broadening for trans-(CD),, together with the spin-echo
decay rates”?® (yT,,)”! in units of Oe. This figure is
another evidence for an applicability of the diffuse-trap
model as will be discussed in the next section.

Figure 7 shows the temperature dependence of the
diffusion rate D along the polyacetylene chain, together
with that derived from NMR T !. Both of the data sets
demonstrate a consistency of the analysis in terms of the
diffuse-trap model for ESR and NMR, although the data
show large scattering. It is noteworthy to mention that
for ESR the temperature dependence of correction fac-
tors due to the trapping of the neutral soliton is entirely
different from that for NMR. That is apparently quite a
different temperature dependence of the diffusion rates
derived from ESR and NMR without the correction, suc-
cessfully converged by the trapping correction to the very
similar one to each other, not only qualitatively but also
quantitatively.

Figure 8 indicates the temperature dependence of the
cutoff frequency for trans-(CD), and trans-(CH),. The
origin of the cutoff frequency is not necessarily unique,
but some possibilities can be discussed; exchange cou-
pling between spins,?* real interchain hopping of neutral
soliton?® and so on. A possible source of 1/7, in Fig. 8
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M FIG. 4. The angular dependence of the ESR
2k i linewidth in (a) trans-(CH), at 10 K, 40 MHz
'g g +(CD) (without the excess width) and 3.5 MHz (with
= = (®) 0K ] the excess width) and (b) trans-(CD), at 10 K,
E& o 18 MHz, and 3 MHz. Note that the excess
6F 1 <0k _ linewidth shows the same phase of pattern as
—o—3MHz that for cis-(CH),, the same as the width due

sp —o—35MHz | —e— 18 MHz to trapping (see text in detail).
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will be examined in Sec. VF in terms of these mecha-
nisms.

V. DISCUSSION

A. Diffuse-trap model

At the X-band frequency, the linewidth is originated
first by the second mechanism shown in Fig. 5 and
second by the small secular width, since the lifetime
broadening occupies only a tiny part. Nechtschein ez al.
have proposed a diffuse-trap model for the mechanism of
the line broadening at the X-band ESR.!? The diffuse-
trap model assumes that the neutral soliton will visit
some trapping site and stay for a longer time compared
with the normal sites. The resulting linewidth is the sum
of the broadening originated by the two different mecha-
nisms. The first one is the 1D diffusive motion of the
neutral soliton that works dominantly when the soliton
diffuses in the normal sites. It broadens the ESR line by
AH 4s(T,w) as described by Eq. (11) with a correction
factor due to the trapping:

Qs =lcar+V 2, Jegg TV 2 C g
~1+1.83¢c,,—0.83c%

4 T

T - T
o €— o t(CH), ]
3 [0 e t(CD), — >

200
T (K)

FIG. 5. The temperature dependence of the width due to
trapping (the constant contribution in Figs. 2 and 3) in ¢-(CH),
and 7-(CD), and the correction factor of the trapping; the
dashed curve, @Q,=1—c¢,, and the solid -curve,
Q;=1+0.83¢c,, —1.83c2.

for the electronic dipolar coupling and Q,=cug
=(1—c,) for the hyperfine coupling, where c, is the
probability for the soliton being in the trapped state and
C 4 18 that for the soliton diffusing. The first term in Q
is a correction for the diffusing soliton and the second is
for the trapped one. The coefficient V2 corrects the
change of the effective diffusion rate from 1/ 2D, for
mutual diffusion to 1/V D, for one side diffusion.

On the other hand, the second mechanism works when
it is in the trapped state where the static hyperfine cou-
pling broadens the ESR linewidth by ¢, AH}, and the
static electron dipolar coupling between the trapped soli-
tons does it by cZAH gip (because it needs another soliton
in the trapped state). Then, the diffuse-trap model pre-
dicts

AH oo (T)=c(T)AHy, +ci(T)AH

as the second static broadening mechanism. Providing
that ¢, =1 at T=0 and that the ratio of the hyperfine

T ———
oo o oo
0.3fF o
_ %
é o oo . L 2% 4 P
= o
e 02f hd
~ a 8] .
g o 98 0o
< o
T o omrCce
. o ~
P o oatyt o 8¢5
L * 6Ty @ 4
Eam— AHmP+(yT2')"
0 1 A i i i 1
(] 100 200 300
T (K)

FIG. 6. The temperature dependence of the motional nar-
rowed secular width (¥ T5)~! which is approximately equal to
(yT,)”! at the X band [Eq. (2.11)] and the phase memory time
Ty, by (1) Shiren et al. (Ref. 9) and (2) Isoya (Ref. 23). The solid
curve shows (yT3)+AH,,,. At temperatures lower than 100
K, (yTy)"! coincides with the secular width
(yT3) '~(yT,) 'at the X band. At temperatures higher than
200 K, however, (yT);)"! is governed not only by the secular
width (yT3)™!, but also by AH,,,.
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FIG. 7. The temperature dependence of the diffusion rate
along the chain D for +-(CH), (Refs. 13 and 14) together with
that by !H NMR. The thick solid curve indicating D for
t-(CD), without the trapping correction, demonstrates that the
effect due to trapping is negligibly small above 100 K.

widths?® for trans-(CD), and for trans-(CH),
AHyy,(H)/AHyy,(D)=3.62 as an average of isotropic
and anisotropic hyperfine couplings, one can estimate
AH,,,=0.87 Oe for trans-(CD),, 3.16 Oe for trans-
(CH),, and AH ;;,=0.54 Oe. These values allow us to es-
timate the temperature dependence of ¢, (T), as shown in
Fig. 5 by Q, =(1—c;). Such temperature dependence of
¢, has been reported to be successfully explained in terms
of distributed trapping potentials from 0 to —650 K.
As a result, the diffuse-trap model predicts
AH¢(T,0)+AH,,,(T) for the cw ESR linewidth,
which is described schematically in Fig. 9. If both of the
line shapes are Lorentzian, one gets a simple sum of the
two contributions. The observed data shown in Figs. 2
and 3 could be interpreted well by this prediction. Espe-
cially, the anomalous broadening observed only in trans-
(CH), below 6 MHz could also be accounted for by this

6
100 212 : : .
% ® t(CD),
o t(CH), ]
Z 60 i
g
L
= 40 1
20} -
0 L L 1
0 100 200 300
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FIG. 8. The temperature dependence of the cutoff frequency

7, for t-(CH), and ¢t-(CD),.

(T e
0.5¢(0)+0.2¢ 2w)

(T,) ' x0.3¢(0)

AH (Oe)

_ 2
AHlmp_CtrAthp+ctr AH ip

1/{f (MHz'?)

FIG. 9. A schematic figure for the ESR linewidth with the
diffuse-trap model.

model and the analyzed result gives an estimate for the
highest spin density of the neutral soliton as about 0.1
spin,14 consistent with an electron nuclear double reso-
nance (ENDOR) result.?’ In addition, the spin-echo de-
cay rate data®?3 are also consistent with the diffuse-trap
model. Furthermore, the multiple-quantum spin coher-
ence experiment® is really the most direct evidence for
the presence of the trapping and for necessity to apply
the diffuse-trap model to the trans-polyacetylene system,
although it has been unreasonably interpreted by the
original authors to conclude that all the spins in trans-
polyacetylene are trapped.

B. Anomalous broadening in trans-(CH),

A hint to solve the origin of the anomalous broadening
below 6 MHz in trans-(CH), could be found in the anisot-
ropy pattern of the linewidth plotted against the angle of
the external magnetic field with an orientational direction
of the stretch-aligned film as demonstrated in Figs. 4(a)
and 4(b). One can easily find that the phase of the anisot-
ropy pattern at 3.5 MHz in trans-(CD), is the same as
that at 40 MHz, which means that the main mechanism
for the anomalous broadening is the same as that at 40
MHz. It is, however, reversed from that in trans-(CD),.
Contrary to this, the phase of anisotropy patterns of ESR
T ! for both (CH), and (CD), has been found to agree
with each other and could be interpreted by the relaxa-
tion mechanism due to the 1D soliton diffusion as de-
scribed by Eq. (10).2%2! This fact could be understood
that in trans-(CH),, the linewidth was dominated by the
width AH,,, due to trapping, but in trans-(CD),, by
AH ;¢ instead of AH,,, because of a small dipolar mo-
ment of deuteron. Further, Tl—l is only weakly affected
by AH,, in both (CH), and (CD),.

Actually, the phase of the linewidth anisotropy ob-
served in cis-(CH), which comes from the static hyperfine
broadening ( < AH nyp appeared in Sec. V A) is the same
as that in trans-(CH), [Fig. 4(a)] and is reversed from
AH 4¢(T,0).2® By virtue of the small hyperfine coupling
in trans-(CD),, the anisotropy phase of AH 4a(T,w) sur-
passes that of AH,, (T), consistent with the isotope
dependence of the linewidth anisotropy as shown in Figs.
4(a) and 4(b). Therefore, the anomalous increase of the
linewidth below 6 MHz could be ascribed to an increase
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of AH ;,,(T).

What happens below 6 MHz? As a conclusion the ori-
gin of the anomalous broadening in trans-(CH), could be
assigned to a crossover from ‘“‘unlike spin” to “like spin”
as decreasing the resonance frequency of ESR. Usually
the hyperfine coupling between the electron spin‘and the
nuclei is called as coupling between ‘“unlike spins,” be-
cause a large difference of Larmor frequencies for them
prevents an energy conservation requirement for mutual
spin flip-flop transition induced by the BS I; term in
the dipolar Hamiltonian [the second term of Eq. (2a)].!'
Then, only the AS,I, term [the first term of Eq. (2a)] is
effective for ‘‘unlike spins” to broaden the linewidth and

both AS,I, and B, I terms are effective for “like’

spins.” This situation would be also valid even for the
electronic dipolar coupling because a decoupling condi-
tion ¢, AHyy, >>c2 AH gip holds even in trans-(CD), ex-
cluding at lowest temperature where AH}, (0.87
Oe)~ AH 4,(0.54 Oe), since ¢, ~ 1.

Let us consider an effective coupling constant a .g=ap,
where the a is the so-called hyperfine constant per one
electron spin and the p is the spin density on the con-
cerned carbon site. The a4 determines a hyperfine split-
ting of ESR spectra. It also determines the coupling to
be “like” or “unlike” following the criterion Hj > a4 for
“unlike spins.” The theoretical ratio of the excess
broadening by BS I+ to that by AS,I, is 0.5 which
agrees very well with 0.56+0.09 calculated from Fig. 2.

From this conclusion and a threshold frequency of 6
MHz as a4, one can estimate the maximum spin density
Pmax for the neutral soliton as p,,,>0.1, providing
a=—23 (Oe/spin). This figure is consistent with the
ENDOR result of p,,=0.1-0.19 spins and/or carbon
for cis-(CH),,,27 but is inconsistent with the uniformly
delocalized wave function over from 40 to 60 carbon
sites.?’ This result is good evidence for the SSH-type lo-
calized wave function for the neutral soliton both in cis-
and trans-(CH),, expect for the negative spin polarization
in odd carbon sites due to the Coulomb correlation.?”>3°

It was shown that the most basic parameter of ESR,
linewidth, could not be understood only by the 1D
diffusive motion, but it needs to take into account the
effect of the neutral soliton trapping.

C. Motional narrowed (secular) width
and spin-echo decay rate

The motional narrowed width (yT5)”! could be de-
rived by fitting the linewidth data in Fig. 3 to Eq. (11), as
shown in Fig. 6 for trans-(CD), together with the spin-
echo decay rate (yTy,) ! in units of Oe, measured at the
X band. The (yT,)"! is equal to or larger than the
(yT5)"! from their definition as was found experimental-
ly in Fig. 6. Below 100 K, the two different sets>?2? of
(y Ty )~ ! approximately agree with the (yT%)™ ' and im-
mediately go beyond the (yT5)”! above 100 K, ap-
proaching to the total ESR linewidth AH 44(T,)
+AH,,,(T) at the X band around 300 K. Then, let us
consider how AH,., (T), which is inactive for 77, be-
comes active for the spin-echo decay rate.
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Below 100 K, it is required that the average duration
tyap 1O stay in the trapping site has longer than T, by
enough to make AH,, (T) a static inhomogeneous field.
An effect of such constant field to T,, can be eliminated
by the spin-echo pulse sequence. On the other hand,
around 300 K, ?,,, would be fairly shorter than T to
make AH,.,(T) a time-dependent random field which is
active for T),. Then, at the crossover temperature, the
condition T,,~T)~1 us would be realized. This cri-
terion is consistent with the appearance of the anomalous
broadening below 6 MHz where the criterion
ag~4X10">>1/t,, ~10% s' is required to hold.
Therefore, the analyzed secular width and the spin-echo
decay rate are fully consistent with the diffuse-trap mod-
el.

Note that it is more difficult than the reported® to ana-
lyze meaningfully the spin-echo decay rate without any
other information on the nature of (1) dimensionality of
the spin motion which definitely control the spin-echo de-
cay rate through Tz’_l(T)OC\/'rl(T)/D“(T), (2) the lo-
cal field to be static or dynamic in interesting time scale,
and (3) dynamics of the spins like soliton trapping. The
present analysis of the linewidth as functions of frequency
and temperature becomes possible to separate the
linewidth into several factors and makes clear the spin-
echo decay rate to consist of at least two different mecha-
nisms.

D. Multiple-quantum spin coherence experiment (Ref. 11)
as a direct evidence for neutral soliton trapping

An interesting, but sophisticated, discussion has been
reported that all of the spins are localized in 99% !3C en-
riched polyacetylene, studied by the multiple quantum
NMR (MQNMR) detected by ESE technique.!! It will
however, be shown that this would be a clear experimen-
tal evidence demonstrating the validity of the diffuse-trap
model instead.

Three pulses 7 /2-7-7/2-7,-7/2-T, were applied to the
electron spin, i.e., the neutral soliton, to induce Bc
MQNMR transition only in nuclei coupled to the soliton.
The authors have found qualitatively the same spectra for
trans-(CH), and cis-(CH), at 4 and 298 K, demonstrating
that the observed spins coherently coupled with about 13
carbon nuclei under all the studied conditions and that as
a result the shape of the neutral soliton is concluded to be
the same as in each isomer.

If the neutral soliton were diffusing faster than the cou-
pling frequency between the spin and the nuclei, the mul-
tiple quantum coherence would be destroyed by decou-
pling of the electron-nuclear interaction. This means that
the neutral soliton in the diffusing state could not be ob-
served by this technique, but only the soliton in the
trapped state could be observed, that is, the qualitative
spectra of this experiment never give any suggestion on
the existence of the soliton in the diffusing state, but ab-
solute intensity will be able to do. The reason why the
authors concluded ‘“all” the spins were trapped instead of
this fact was that the ESR signal composed of only a sin-
gle species, which requires “the observed” MQNMR sig-
nal should be “all” of the present spins. Following the
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diffuse-trap model, however, “all” of the spins have a
chance to contribute to the MQNMR signal in terms of a
time sharing of the diffusing and the trapped states.
Therefore, the experimental result reported in Ref. 11
never demonstrates that ‘““all” the solitons were trapped
or not as insisted by the authors, but does the existence of
the soliton in the trapped state even at 298 K, consistent
with the diffuse-trap model of the neutral soliton in the
pristine polyacetylene.'>!3 The temperature dependence
of the ESR linewidth AH,, due to trapping shown in
Fig. 5 predicts that around 10% of the neutral solitons
are in the trapped state even at 298 K and that ‘““all” the
solitons have a chance to join the MQNMR signal with a
probability of 10%. To account for the temperature
dependence of the AH,,, shown in Fig. 5, it was shown
that a trapping potential with around 650 K was re-
quired.!? Such a large trapping potential assures that the
same solitons in the deepest trapping potential stay for a
long enough period to join the MQNMR signal even at
room temperature.

Therefore, this technique would be useful as another
way to determine how many solitons are trapped at each
temperature to check the diffuse-trap model quantitative-
ly. Actually, the reported MQNMR in trans isomer has a
higher signal-to-noise ratio than in cis isomer at 4 K,
which is consistent with the 10-100 times higher spin
concentration in the trans isomer than the cis one. At
298 K, however, the trans isomer shows a lower signal to
noise ratio than the cis one, which suggests that more
than 90% of neutral solitons do rapid diffusion or, in oth-
er words, in 90% of time ratio the neutral solitons diffuse
rapidly. Of course, one needs to check experimental con-
ditions carefully; the authors did not mention any infor-
mation on their spin concentration in the samples and the
accumulation number for each spectrum.

As a conclusion, this experiment is the direct evidence
for the diffuse-trap model and could be a good quantita-
tive test of the model, if an extremely difficult quantita-
tive analysis were successful.

E. Relation of DNP with the diffuse-trap model

Temperature dependence of the dynamic nuclear po-
larization (DNP) experiment was reported at 9.3 GHz be-
tween 1.5 and 300 K for #-(CH), by Clark et al.” They
obtained both Overhauser (OE) and solid state (SSE)
enhancements independently. The OE is characteristic
for dynamic interaction between nuclear spins and elec-
tron spins, with rapid motion. On the other hand, the
SSE is characteristic for static interaction between them.
In the other words, observation of the pure OE is a clear
evidence that the electron spin is moving with a correla-
tion time 7 comparable with 1/w,. At 300 K, the pure
OE was observed,>’ which is really consistent with the
ESR linewidth analysis reported here. With decreasing
temperature, the SSE starts to mix with the OE effect.
The OE and the SSE can be discriminated by the ESR
frequency at which the maximum enhancement would be
obtained; the same frequency as the usual ESR peak for
the OE, but at w,+w, for the SSE.!'® Namely, in the SSE
a required energy #i(w,tw,) for simultaneous spin flip of

both nuclear and electron spins could be supplied by the
r.f. irradiation instead of the spin motion. Then, if the
correlation time 7 of the electron spin motion becomes
shorter than the inverse of the hyperfine coupling
strength, the SSE will disappear because of motion
decoupling and the OE starts to increase.

Therefore, the appearance of the SSE below 200 K con-
sistently corresponds to the increase of the neutral soliton
in the trapped state. The authors of Ref. 7 analyzed the
peak intensity of the SSE with the electron spin trapping,
quantitatively. Unfortunately, since the intensity of the
SSE contains a lot of parameters to be assumed, quantita-
tive conclusion should be taken carefully. Here, we can
say that the whole data for the DNP experiments were
fully consistent with the present conclusion interpreted
with the diffuse-trap model. They also analyzed the OE
quantitatively and obtained a conclusion that the estimat-
ed value of 7! at 300 K is less than w, and that the 7!
is proportional to the square root of the temperature,
which is not fully consistent with the present analysis.
These quantitative conclusions are, however, also taken
with great care, because there are some misunderstand-
ings in their analysis as follows.

They reported a figure indicating the peak intensity for
the OE (g,) and the SSE (gg) as a function of 1/w, 7, de-
duced from the relations, gy« (y,/v,)NT,, ¢(w,) and
eg«<(y,/Y,)N(T,,/T,,), where N is the neutral soliton
concentration in the diffusive state for g, and in the
trapped state for €g, and T, and T, are the spin-lattice
relaxation rate for the nuclear spins and the electron
spins, respectively. Such a figure demonstrated that the
OE has a peak at 1/r=w, without showing formulations
for Ty, and T,, and ¢(w,) for the 1D and 3D cases.
However, €, does not show any dependence on the corre-
lation time in the limit of 1/7>>w,.'%? It can be easily
shown that €, has no peak at 1 /7= w,:

gO(K(’}/e/‘}/n )T1n¢(we)
=V /YW 0u I TV 0 /T=VY /¥,

for the 1D case and unity for the 3D case with an ex-
ponential type correlation.!® This difference between the
1D and the 3D cases is originated by a frequency depen-
dence of ¢(w)x1/V'w/7 which is characteristic for the
1D case and enhances 1/T;, by V'v,/v, from the 3D
case. This enhancement leaks a transferred magnetiza-
tion from the electron spin to the lattice. It is required to
reconsider all the quantitative analysis in Ref. 7, since the
quantitative discussion was based on the observation that
there is no peak in g,.

On the contrary to a discussion in Ref. 7 in the regime
of w,<<1/7<<w,, the enhancement of the DNP de-
pends on the dimensionality of the motion. One gets
£0<V ©, /07, /(0,7) with a general relation for the
quasi-1D case,’! and 1/(coe7')2 for the 3D case. Note that
€, depends not only 7 but also 7,, which increases the
difficulty to analyze €, quantitatively only with the OE
result. In both the 1D and the 3D cases, €, approaches to
a small enough valuey, /y.,~0at 1/7=w,.

As a conclusion of this section, the DNP data are qual-




8872

itatively consistent with the present ESR linewidth
analysis with the diffuse-trap model. Unfortunately,
however, a quantitative analysis is difficult only with the
DNP data, since one could not get any lower limit of the
correlation time from g, due to absence of dependence on
rlatr ! >>0,.

F. Temperature dependence
of diffusion rate and cutoff frequency

One of the quantitative results of the ESR linewidth
analysis is the temperature dependence of the diffusion
rate D along the chain and the cutoff frequency 1/7;
which is, in some case, equal to the interchain hopping
rate D, of the spins. The three data sets for D, are com-
pared in Fig. 7 as a function of the temperature, obtained
by the analysis in terms of the diffuse-trap model. A
power-law behavior T" with n ~2 is a common feature of
these data sets in spite of large scattering of the data.
The positive coefficient of the temperature dependence
dD, /3T >0 suggests that there is some weak but finite
localizing potential for the neutral soliton and a driving
force of the neutral soliton diffusion is of phonon scatter-
ing. Detailed theoretical considerations of the neutral
soliton in the trans-polyacetylene have been reported
from different approaches.?>33

A different temperature dependence of the diffusion
rate D along the chain has been reported by analyzing
the spin-lattice relaxation rate T; ' of ESR in the trans-
polyacetylene.® They discussed that the neutral soliton
diffusion is of ballistic motion limited by a phonon
scattering like a conduction electron in the metals, to ac-
count for the increasing temperature dependence rapidly
until 100 K and gradually above 100 K.® This looks like
a natural interpretation, if one has only the ESR T !
data. Now we need, however, to take account of the neu-
tral soliton trapping which is required from the con-
clusion of the ESR linewidth analysis for single Lorentzi-
an (single species of ESR) as follows; the anomalous
broadening below 6 MHz in trans-(CH),, the angular
dependence of both 7| ! and the linewidth in the stretch
aligned samples, and the residual ESR linewidth inter-
preted as the width due to trapping. The experiments
like the ESR T'{ !, the spin-echo decay rate T;!, and the
free-induction decay shape of the electron spin magneti-
zation could be analyzed with any desirable assumptions
without self-restricting prerequisite assumption con-
sistent with the ESR linewidth, resulting in a variety of
conclusions for the temperature dependence of the
diffusion rate. But the basic parameter of the ESR, the
linewidth requires the trapping of the neutral soliton as a
natural results or some equivalent mechanisms to ac-
count for the data shown in Figs. 2-5.

Therefore, we would like to stress that these experi-
ments are required to analyze with the assumption which
are consistent with the ESR linewidth, since these physi-
cal quantities including the linewidth are not independent
of the others. The present linewidth analysis consists of
not only the width due to trapping, but also the ESR 7!
and the ESR T,,! through 7"~ ' and T,’~'. As a result,
within the diffuse-trap model it is demonstrated that the
present analysis is consistent with the spin-echo decay
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rate as discussed in Sec. V C, the free-induction decay
shape which is the Fourier transform of the ESR
linewidth, the multiple quantum NMR (Sec. V D), the dy-
namic nuclear polarization (Sec. VE) and the ESR 7!
at least around room temperature including low frequen-
cies down to 5 MHz. Here, we could mention on the
ESR 7| ! that the rapid decrease with decreasing temper-
ature below 100 K is naturally interpreted in terms of a
suppression effect of ESR T'; ! caused by (1) a delocalized
wave function for the neutral soliton!® accompanied by
the steep decrease of the on-chain diffusion rate D,
demonstrated in Fig. 7 and (2) a decrease of the number
of the diffusing soliton.

The cutoff frequency shows a weak temperature depen-
dence with a minimum around 200 K as shown in Fig. 8.
Since the diffusion rate D, across the chains is equal to or
smaller than the cutoff frequency, an anisotropy of the
diffusion rate is fairly large, ranging from >3X103 at 4.5
K to >8X10° at 300 K. Such anisotropic diffusion in
the trans-polyacetylene is consistent with the topological
nature of the neutral soliton. Although highly one-
dimensional diffusion looks inconsistent with the ob-
served Lorentzian line shape, which is usually expected
for the three-dimensional system, it can be shown to be
consistent with the observed Lorentzian in the case of the
larger cutoff frequency than the ESR linewidth.3*

The temperature dependence of the 1/7, is explainable
qualitatively as follows. In the temperature range below
100 K, the exchange interaction between the solitons
would govern 7; at the lowest temperature most of the
neutral solitons are trapped, probably several solitons
gathering around the adsorbed oxygen on the surface of
fibril, which enhances the exchange interaction between
them as an origin of the 1/7,.2* With increasing the tem-
perature, the neutral solitons start to diffuse rapidly,
which decrease the efficiency of the exchange interaction
between the neutral solitons. In the higher temperature
range, the neutral soliton hopping via the charged soli-
tons assisted by phonon would become dominant. Kivel-
son has suggested a strong temperature dependence for
the conductivity o < T1 in this mechanism, which is
similar to the rapid increase of £, around room tempera-
ture.

VI. CONCLUDING REMARKS

Many tries to reveal the dynamics of the spins in the
trans-polyacetylene were reported and remained many
conclusions, equivalently many discrepancies to be
solved. Here, one try has been reported to elucidate the
reported ESR experiments in terms of the diffuse-trap
model, successfully. There is a standpoint that the
diffuse-trap model is not necessarily required to under-
stand the pulsed ESR experiments. In that case, the
many experimental data, closely related to the ESR spin-
lattice relaxation rate and the spin-echo decay rate,
shown in Figs. 2-5, have to be explained by each applied
model to keep self-consistency.

The ESR linewidth analysis technique has been shown
to be powerful and useful for the spin-dynamics study
and has recently been applied to the conducting polymers
to light up the dynamics of the spin and charge carrier,
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reflecting charge conduction in the polymer chains in-
cluding a microscopic anisotropy of carrier motion.* 40
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