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Effect of magnetic dopant on the metallic conductance of polyacetylene at low temperature
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The low-temperature metallic conductance in ReCland CIQ~-doped polyacetylene has been studied
with the aim to probe the conduction electron-dopant interaction. A different behavior ascribable to the
magnetic moment at the dopant site was found betetv K under a magnetic field of less thanl T. The
result is discussed with respect to the effect of scattering by localized spins at the B&€l The logarithmic
temperature dependence and the negative magnetoresistance are examined in relation to spin scattering at the
magnetic dopant and at the carbonyl basis, and to pseudospin scattering due to dynamic chain distortion. The
effect of inhomogeneity is discussed al§80163-18208)00631-§

I. INTRODUCTION ing does not proceed uniformly, the resultant inhomogeneity
brings about a mixture of metallic and nonmetallic parts de-
The metallic phase in doped polyacetylene has been rgpending on the degree of disorder and hinders us from ap-
vealed by the study of high electrical conductance with weaklying a simple model to the behavibt®'The conductance
temperature dependence at very low temperature down to the affected by localization caused by disordet? At very
mK region!~* Since the length of a polyacetylene chain is of low temperature only the metallic phase with negligible con-
the order of 18 nm and is much less than the sample Si2e, tribution of the localization serves for conductance and the
the metallic conductance in such a quasi-one-dimension&londucting system can be significantly simplified.
electronic system is not understandable unless the appre- As @ means to probe the conduction electron-dopant in-
ciable role of interchain transfer is taken into account in theteraction serving metallic conductance, we have investigated
conductance processes. In other words, provided that tH&e difference in the conductance between Fe&loped and
chains are not bypassed through interchain traffsfethe  ClO, ™ -doped polyacetylene at very low temperatttg?°In
charged carriers are hindered from transferring between thi&is study it is essential that FeCkdopant possesses the
polymer chains at the terminals. localized magnetic moment Gfug,?"2%in contrast to the
The undoped polyacetylene with quasi-one-dimensionahonmagnetic CIQ-dopant. Due to similarities in the dopant
electronic structure is insulating due to the strong electronstructure with tetrahedral symmetry, the resultant structures
lattice and electron-electron interacti® The conduction  of the doped polyacetylene are expected to be simifdand
carriers are produced by doping. In this case the addition dihe effect of the structural difference is not significant. The
dopants enlarges the interchain spacing and inevitably mod#gifference observed under magnetic field can be ascribed to
fies the structure according to the size and shape of théhe effect of the carrier-dopant interaction under the influ-
dopantst'? The expansion may work to reduce the inter-ence of the localized moment. We recall that the effect of
chain interaction. Then we take into account the roles of thé-eCl,” dopant to thermo-electric power above liquid-He
dopants in the interchain electron transfer. It has beetemperature was studied in comparison wih-tloped and
thought that the dopants are inactive electronically becaussFs -doped?®> However, the significance of the spin effect
most of the dopant species have a closed-shell structure, affier the metallic conduction to be studied at very low tem-
thereby do not play a dominant role in interchain transferperature was not touched upon.
However, Yamashiret al. showed that an alkali-metal dop-
ant with a closed shell can mediate the interchain electron
transfer via the e>_<tendec_1 wave function r_anging over several || sAMPLE PREPARATION AND EXPERIMENTAL
carbon atoms aligned in adjacent chaifisThe resultant PROCEDURE
electron transfer was estimated to be comparable to the elec-
tron transfer within the chain. Then it is interesting to study High-density polyacetylene films were synthesizedis
the effect of the dopant to the conduction process. form from six-nine grade acetylene monomer &aghe
The characteristics of low-temperature metallic conduc-catalyst used was tetrabuthoxy titanium/triethyl aluminum
tance have been studied extensively usigg-doped or [Ti(OBu)4/AIEt;] with an Al/Ti ratio of 2.0, which was
FeCl,”-doped polyacetylent?'*1%When the dopants are aged around 200 °C for 30 min in decaline with a Ti(OBu)
supplied into aligned polyacetylenes up to saturation point, @oncentration of 1.0 mol/l. Polymerization was carried out
high level of electrical conductance, well exceeding' 10 for several hours at-70 °C under ambient pressure. After
S/cm with very weak temperature dependence, is realized golymerization, the film was washed in toluene and a hydro-
the fresh state. However, since it is considered that the dogshloric acid/methanol solution. The prepared film had an av-
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erage thickness of 510 um and a shiny silvery luster. The 105 . .
film was uniaxially drawn by hand in air to a stretching ratio ;
of 5-10, and preserved in sealed glass tube-at30 °C
before it was used. For the conductivity measurement, the
film was cut to the dimension of about 0.5 nmx1l0 mm
with a thickness of 1um and was mounted on a Kapton
film. Electrodes were formed by folding the film with Pt
strips with a thickness of 1Qum to which carbon paste was
added. The contact resistance was less tharf)10rhe ex- L
posure time in air before doping was restricted with several ‘
minutes. The paste was dried in vacuum.

The FeC}~ doping was carried out by immersing the
polyacetylene film in 0.0 FeCk/nitromethane 0T TR0 7000
solution®22% During the course of the doping the conductiv- Time (s)
ity was monitored, and an example of the conductance in- o o
crease is shown in Fig. 1. After the doping procedure, the F_IG. 1. The doping time dependence of conductivity for ReCl
sample was washed with solvent five times and dried irfloPing.
vacuum for 2 h. Finally, the sample was taken out of the
apparatus and quickly covered with Apiezhngrease to
prevent oxidation by air. in Table |. Differences between the successive measurements

The CIQ,” doping was carried out by immersing in solu- can be ascribed to the room-temperature aging effect.
tion, 0.IM Cu(ClQ,),/acetonitrile?” The solution was pre- The measurements were carried out with a dilution refrig-
pared by dissolving Cu(CIg,- 6H,O with molecular sieves erator. The sample was mounted in an epoxy mixing cham-
(hole size 3 A, grain diamete) in acetonitrile, and kept for ber and immersed iAHe-*He solution during measurements
10 days to remove water. During GJO doping, the conduc- in order to ensure good thermal contact below 1 K. A RuO
tivity was not monitored in this case, because the solutiomesistance thermometer was used to monitor the sample tem-
was conductive, but it was evaluated with a calibration curveperature. The resistivity was measured by ac four-terminal
of conductivity versus doping time prepared by a series ofmethod at frequencies of 12.5 or 23 Hz with an AC resis-
dopings. After doping, the sample was washed, dried, anthnce bridge or a lock-in amplifier. The linearity of the mea-
taken out similar to the method used in the case of [FeCl sured resistance was checked intermittently at some tempera-
doping. We found that the ClO-doped sample was influ- tures. Magnetoresistance measurements were mainly carried
enced by air at a much faster rate than the Fe@oped out by sweeping the temperature under a constant field in
sample. The room-temperature resistivities on completingrder to avoid heating due to eddy current loss. The field was
the preparation and at the start of the measurements are listagplied in the transverse direction. Previous w&tk&28:2°

10% 3

Conductivity (S/cm)

-
o
[&]
mRar
1

TABLE |I. Room-temperature resistivity of measured samples. The samples are numbered in sequence of
measurement. For examplel was measured after preparatiéi andF3 were measured keepirigl at
room temperature-2 and~ 8 days, respectively. The conductivity at room temperature is higher than those
reported for S.CH), by two orders of magnitudéRef. 19.

Dopant
and Resistivity after doping Resistivity before measurement Thickness

sample code (1 Q cm) (10°% Q cm) (wm)
Clo,~ C1 21 34 0.7
Cc2 21 12 0.7

D1 2.0 2.8 0.6

D2 2.0 4.1 0.6

D3 2.0 5.0 0.6

D4 2.0 6.4 0.6

FeCl,~ F1 2.3 2.7 0.7
F2 2.3 3.6 0.7

F3 2.3 47 0.7

F4 2.3 9.9 0.7

F5 2.3 12 0.7

Gl 1.1 11 0.6
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FIG. 2. The temperature dependencies of the resistivity of FIG. 3. The temperature dependencies of the resistivity of
FeCl,"-doped (denoted withF1, F2, andF3) and CIQ -doped ~ F€Chk -doped (1) and CIQ~-doped O1) polyacetylenes. The
(C1) polyacetylene. The specifications of the samples are given ifaTPles were prepared from the same film, but this was different
Table I. The inset is given to magnify the resistive changeFfor from the film used for samplds1l andC1. The specifications of the

samples are given in Table I.
have shown that the direction of the field does not result i

S : The dependence of the dopant species and to avoid the effects
significant differences.

of differences ascribable to the pristine polyacetylene film,

we doped different species to pieces of one film. The tem-
perature dependence appearing above 10 K in Fig. 3 is simi-
lar to the cases shown in Fig. 2. On the other hand, the
A. Temperature dependence of resistivity FeCl,” -doped samplé&s1 shows a logarithmic temperature

The temperature dependence of the resistivity for a seriegiﬁﬁj?tiegfri :;logrioe}:ét\ﬁgl_?ntg: Sﬁgﬁf er((jassiztrir\]/?tlé) t elow
of FeCl,”-doped samples denoted Wyn (n=1,2,3 is P P y
shown in Fig. 2. The freshest sample giving the lowest resis-
tivity is denoted withF1, and those obtained after successive
agings are denoted with2 andF3. The characteristics of
the samples are listed in Table I. The sample denoted with The magnetic fieldd dependence of the transverse mag-
C1 is the freshest CIQ -doped sample. The sampléd  netoconductancé o(H) [=o(H)—o(0), where o(H) is
andC1 were prepared from different parts of the same pristhe conductivity under magnetic fiel] is shown in Figs. 4
tine film. and 5, for the FeGI'-doped and CI@ -doped polyacety-
The resistivity of sampl€& 1 increases gradually by cool- lene, respectively. The measurements were carried out by
ing from 300 K to 40 mK. However, as displayed in the insetvarying the temperature under a constant field, which was
figure of Fig. 2, the temperature dependence is somewhaipplied perpendicular to the current direction, in order to
different for 300 to 200 K, 150 to 20 K, and below 1 K. The avoid heating due to eddy currents on the field sweep. The
resistivity decreases on cooling from room temperature telata are given as the magnetoconductance increme(it)
200 K, as reported in Ref. 15. The resistivity then increase$=[p(0)— p(H)1/p(0)?, wherep(H) is the resistivity. The
with a high slope in the logarithmic temperature scale fromobserved magnetoresistance is negatide(H) increases
150 to 20 K, followed by a weak temperature dependenceavith H, with a larger increasing ratio belol T than above
below 1 K. With increases in the room-temperature resistiv2 T as shown in Figs.(4) and 4c) for F1 andG1, respec-
ity, as inF2 andF 3, the resistivity minimum appearing near tively. With increases in the resistivity due to aging, the low-
200 K and above is suppressed and the slope of the resistifield increment is suppressed as shown in Fig).4With
increase is enhanced in accordance with the previousegard to the temperature dependence, in the case of the

lll. RESULTS

B. Effects of magnetic field

report®® FeCl,” -doped sample, the value d&fe(H) continues to in-
Concerning the CIQ -doped sampl€1, the general fea- crease by cooling down to 40 mK.
tures appear to be similar to the series of Re@oped In the case of the ClQ -doped sample shown in Fig. 5,

samples, and the temperature dependence seems to be alntbst Ao(H) increases withH, but the rise in the low-field
scaled with the room-temperature resistivity. We confirmedegion is not so obvious as in the case of the Fe&loped
that with further aging, the nonmetallic behavior of the sample. It is noteworthy thato(H) is almost temperature
doped polyacetylene is enhanced due to strong localizatioimdependent in the region below 1 K, in contrast to the case
by induced imperfections as has been reported in Refs. 1for the FeC} -doped samples, althougho(H) decreases
and 18. when heated ab@vl K asshown in Fig. §b).

The sample1 andG1 shown in Fig. 3 were also pre- Here we discuss the relationship between the present re-
pared from different parts of one pristine film. In order to seesults and the reported results of the low-temperature magne-
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FIG. 5. The magnetic field dependence of the transverse mag-
| netoconductance(H) — a(0) for CIO, -doped sample€1 and
E 5 D1 in (a) and(b), respectively. Lines are a guide for the eyes.
g
=) IV. DISCUSSION
g A. Inhomogeneous structure
&)
::’L 1 The doped polyacetylene samples adopted in this study
b were refined ones, as evidenced by a conductivity well ex-
ceeding 16 S/cm at room temperature. The doping up to the
- saturation level can minimize inhomogeneous dopant distri-
0 L bution. Even in this case, however, inhomogeneity cannot be
0 2 4 6 8 ruled out, due to the higher-order structure characterized as
© Magnetic Field (T) assembly of fibrils with~5 nm diamete?.

_ It is remarkable that bond alternation was observed
%hrough the infrared and the Raman spectra even in the
heavily doped polyacetylene with metallic conductafft¥.
Provided that the material is uniform, this observation may
mean the presence of an anomalous phase in which the bond
toresistance ingl” -doped highly conducting polyacetylefie. alternation accompanied with an energy gap coexists with
In the previous report, the magnetoresistance measurementse metallic state possessing the finite density of states at the
were carried out up to 14.5 T in the temperature regiorFermilevel*? However, because the samples consist of poly-
above 0.55 K. The magnetoresistance for the most conduener chains of higher-order structure, even in highly conduc-
tive sample(denoted samplB in Ref. 29 becomes negative tive polyacetylene, there is no reason to assert that the sys-
and almost proportional to the magnetic-field. The measuretem should be homogeneous. A possibility that the central
ment carried out down to 0.55 K under the longitudinaland terminal parts of the chains have different electronic
magnetic-field configuration shows that the magnetoconducstructures cannot be ruled out. In other words, even when a
tance incremeniA o(H) becomes insensitive below 0.9 K, central portion of the chain serves the metallic conduction, a
which is consistent with the CIO-doped sample in the terminal part of the chain may still be nonmetallic with a
present study. The difference between the transverse and thend-alternating structure. This supports the idea that the
longitudinal configurations is characterized by the enhancemetallic parts and the bond alternation coexist in a spatially
ment in the former by a factor of 2. separated fashion in the chain.

FIG. 4. The magnetic field dependence of the transverse ma
netoconductance(H) — o(0) for FeC),” -doped samplef1, F3,
andG1 in (a), (b), and(c), respectively. Lines are a guide for the
eyes.



4356 T. MASUI, T. ISHIGURO, AND J. TSUKAMOTO PRB 58

L

N
T
g
L

[y
)
1
\
.
1

Conductivity (10* S/cm)

N
T
Q
%
)
L

Conductivity (10* S/em )

TO5(KO9)

FIG. 6. The temperatureT| dependencies of the conductivity
plotted versusr®®.

The residual conductance at very low temperatures, typi-
cally below 1 K, is considered to represent the nature of
metallic portions connected bypassing the nonmetallic parts:
the observation of the metallic conductance proves the exis-
tence of a genuine metallic phase, in the sense that carriers
can be excited with infinitesimally small energy. Recently,
the inhomogeneous coexistence of different electronic ]
phases has been recognized in doped polypyrroles and T : s
polyanilines: Their metallic conductance at very low (b) 195 (K05
temperatures is ascribed to percolation through the metallic
portions. FIG. 8. The temperature dependence of conductivity under mag-

Prior to discussion of the metallic nature, we try to de-netic fields.(a) and (b) represent results for samplés andC1,
scribe the temperature dependence of the conductivity iRespectively. Lines are a guide for the eyes.
terms of weak localizatioff*” For this purpose, the conduc-
tivity is plotted againstT®® as shown in Fig. 6, while its B. Effect of spin scattering
increment by the magnetic field is plotted agaifSt® in Fig.

7. Then we find that the relationship expected for the wea

localization is not fully satisfied in the low-temperature side. . ;
Y P belov 1 K asshown in Figs. &) and 3b), in accordance

w ber that th | feature f 100 K -
© rememuer mat e general 1ea’ure rom ean with the L~ -doped polyacetylen®. On the other hand,

be represented fairly well on the basis of the localization — . .
model modified by taking into account the low Ao (H) for FeCl,” -doped samples continues to increase due

; ; i+ 29 to cooling below 1 K, as displayed in Figs(a# 4(b) and
dimensionalty’ 4(c). The difference can be seen alternatively if we plot the
temperature dependence below 1 K, as shown in Figs. 8
and 8b). The slopes in the temperature dependence below 1
K for the FeC} ™ -doped samples change with fieldsupto 1 T

Conductivity (10* S/cm )
=)

The magnetoconductance incremefts(H) for the
IO, -doped samples is rather insensitive to temperatures

+ Ci + F1
:E: qL| o B0 = Fe 1 [Fig. 8@], while the slopes for the Cl -doped samples
& | f(':(xs) are rather independent of the magnetic fighiy. 8b)]. We
":C_> ascribe thel o(H) below 1 K for the FeC} ™ -doped samples
g to the role of the localized magnetic moment as follows.
o ; The electron spin resonan€ESR measurement carried
L. 0.5F . out for a part of sampl&1 indicated the presence of local-
I . . . .
< ized spins in the Fe¢T-doped samples. The signal was seen

atg~ 2, with the peak-to-peak width of about 500 Oe, which
can be partly ascribed to the orientational averaging of the
ol ] anisotropic fine structure coming from the®Feions> The

' - - ~ signal coming from conduction electrons could not be ex-

1 2 . . Lo .
HOS (105 tracted. Figure 9 shows the spin susceptibility as a function
of inverse temperature. The temperature dependence can be

FIG. 7. The magnetic field{) dependencies of the magneto- represented roughly as a sum of Curie and Pauli-like parts,

conductancd o(H) — o(0)] versusH®® at 100 mK. Lines are a indicating that the localized paramagnetic spins exist down
guide for the eyes. to low temperature. By comparing the coefficient of the Cu-
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It is noteworthy that the spin concentration reaches 0.1
per CH in the present system. In this situation, the interaction
between the localized spins, the Ruderman-Kittel-Kasuya-
Yoshida (RKKY) interaction via conduction carriers, may
work, resulting in the suppression of spin scattering at low
temperatures. In the polyacetylene with inherent quasi-one-
dimensionality, the screening effect can be reduced and the
RKKY interaction becomes so weak as not to form a spin-
glass state. On the other hand, the magnetic-field dependence
appearing above-1 T is observed not only in Fegl-doped
but also in CIQ ™ -doped samples, implying that it cannot be
ascribed to the localized spins as will be discussed in Sec.

0 02 0.4 IV E.
T (KY

nN

-

Spin susceptibility (arb. unit)

FIG. 9. The spin susceptibility of samplel, obtained from C. Effect of dopant on carrier transport

ESR measurement. The line is a guide for the eyes. . . .
On considering the conduction electron-dopant interac-

fie part with the standard samplBPPH, we obtain spin of tion, we have t_o take into account the effect of th_e mixing of
; the wave function of dopants and that of conduction electron
~3.4ug per dopant. The reason for getting the larger value

. . as well as the influence to the potential field. The charge
compared t& ug for FE" is not known but this means that .
: X - . transfer between dopants and polyacetylene chains notabl
the localizedd orbitals are not hybridized withr electrons W b poly y ! y

due to the spatial separation of the*Fdon from the poly- modifies the conduction band as demonstrated for alkali-
acetylene chain by holding Cl ion between them. It is worthyrm:}tal_doped polyacetyler®. with regard to FeGl" and

to note that the Zeeman splitting energy undeT corre- ClOo,~ , possessing the similar structure, the degree of the
sponds to 1.4 K wheg=2. It is suggestive that the differ- charge transfer is at the same level. For the case of,FeCl

ence in the magnetic field dependence between the,FeCl the central F&" interacts with CH chains, holding Clbe-

d the ClQ- g d | P belowl K _‘I‘_h tween them, and the direct mixing of the wave function of
and the CIQ™-doped samples appears be - INe . E&+ 1o that of conduction band is considered to be weak.
coincidence with regard to the ranges of the field and th

N ; . herefore, although we cannot thoroughly rule out a possi-
temperature implies that the electro_ns interact with the IocalE)ility of spin scattering for conduction electron in CH chain
'Zeﬁ spin bel:)\&vgll_'il' fgr EEe FeCl 'tqo?.e?d samrges. Lhe via the direct mixing, it is probable that the conduction car-
enhancement « ‘7.( ) by the magnetic Tield can be under- ;. gets close to the Bé site and are scattered by the lo-
stood by considering the suppression of spin scattering du@alized spins
to t:e spin pcitlsrltz?r:lon by a rtnagntetlc f'eld'b deled b On the other hand, it is noteworthy to see the results in the

ts|sur_1t1r|]nlg Iz.i de presetn Sys emtcart}mel TO etg Y 8yed sample. The resistive increase by aging is ascribed to
metal with localized magnetic moments, Interaction jnqyced disorder in CH chains rather than dopant sites, be-
mo_de_l .Of an electron with chall_zed spin brings about thecause the aging effect is found in general, irrespective of
resistivity in the Born approximation as dopant species. As shown in Figs.(40and 1Qb), the mag-
netoconductance appearing belol T remains for the
3 mmVe J? FeCl,” -doped as in the case for the fresh sample. This is
Re=3 —S(5+1), (1) understandable if we can consider that an interchain transfer
ZN€En €F ; . . .
path involving the dopant that is less affected by aging
serves to the conductance.

wherem is the effective electron masaN is the number of
conduction electrons; is the concentration of impurity at-
oms,V is the volume of the systery,is the quantum number
for the spin at the impurity site] is the exchange integral,
and e¢ is the Fermi energy® The second-order Born ap- As aging progresses, the metallic percolation path for
proximation provides the Kondo scattering. In the presentonduction is narrowed. The sign of magnetoresistance
case withS=3, however, the applicability of the results changes from negative to positive with agiigd>* In the
based upon the-d model is not guaranteed due to complex-case of 4~ and FeCJ -doped polyacetylene, the depen-
ity related to the orbital degeneracy. Nevertheless, when wdence above 0.6 K was well explained by variable range
assume that the suppression of the spin scattering abdve hopping in a system with intrastate Coulomb correlaffon.

T is due to spin polarization by the Zeeman efféler is  Under a magnetic field, the spins of carriers tend to orient in
given as 210 % eV by Rg=1/Ac at H=1 T. It is pre- the same direction. As a result, since the occupation of one
dicted that the magnetoresistance at sufficiently small field isite by two spins of the same orientation is inhibited, the
proportional to the square of the magnetization, that is, prohopping conduction is suppressed, resulting in the positive
portional toH2. This tendency is found in the experimental magnetoresistance exhibiting a saturating behavior at high
results, although we should note that the effect of electrommagnetic field. In this case, the appearance of the resistivity
interaction in weakly disordered metallic systems also promaximum is determined by the influence of Zeeman energy
videsH? dependenc®’ on the localization. It is also dominated by the difference

D. Magnetoresistance in aged samples
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FIG. 11. The magnetic-field dependence of conductance for
FIG. 10. The temperature dependence of resistivity for agedged samplesa) and(b) represent results fdf5 andD4. Lines are
samples under magnetic fielda) and (b) represent results for a guide for the eyes.
samples=4 andD2, respectively.
into two parts, depending on temperature, from 150 to 20 K
between the Fermi energy and the mobility edge. Inand below 1 K. By aging at room temperature, the tempera-
FeCl,”-doped samples, the carriers are delocalized by théure dependence appearing in the higher-temperature region
Zeeman energy, but this is not the case y7-tloped IS smoothly expanded to lower temperatures, and the rate of
samples? It should be noted that the magnetoresistance dethe temperature dependence is enhanced.
scribed here can be ascribed to the carrier hopping among the TO explain the logarithmic temperature dependence in
localized sites in the CH chain. This contrasts to the effect ofonducting polymers, there have been three proposals as fol-
the spin scattering discussed in Sec. IV C. lows. The first describes this temperature dependence as the
The magnetoconductance of the aged Samp|es SUEB as effect of localized magnetic moment as in the case of dilute
andD4 is presented in Figs. 1d) and 11b), respectively. [n  magnetic alloys® The second points to the effects of carbo-
the C|q__doped Cas@amp'eD4), the feature is very simi- I’ly| defects formed in p0|yacety|ene -Cha|n-s, Wh|Ch haVe lone
lar to that of the §~-doped case. In the FeCl-doped case €lectrons and act as an Andersbnimpurity with a spin
(sampleF5), however, the tendency aboved.6 K is similar ~ degree of freedorf? The third explanation suggests that the
to that reported in Ref. 41, but a new feature is seen beloygffect of a two-level system associates with disorder in weak
0.6 K. The conductance minimum vanishes and positivdnterchain binding among polymers, as in the case of amor-
magnetoconductance emerges. The increase in conductarRfePus metal&® _ _
is further enhanced at low field below1 T being consistent ~ With regard to the effects of localized magnetic moment
with results shown in Figs. 18) and 1@b). This is in accor- @t F€", we found that the metallic conductance in the
dance with the effects of spin scattering observed in a fresfi€Cl -doped samples showed more variation with tempera-

sample, implying that some conduction paths remain at verjure than that of CIQ"-doped samples, as demonstrated in
low temperature in the aged Samp|e_ Flg 2 with SamplesFl and C1, and also in Flg 3 with

samples G1 and D1. We attempted to measure
ClO,  -doped samples in their fresh state, but we could not
suppress the aging prior to our measurements, as evidenced
by the higher room-temperature resistivity compared to the
The temperature dependence of the resistivity in thd=eCl,”-doped samples. Since tiel andC1 samples were
doped metallic polyacetylene is characterized by a compoprepared from the same film, the pristine structure of the
nent proportional to IT,**** although it may be separated polyacetylene film was identical. The difference in the resis-

E. Logarithmic dependence
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l ' ' ' ' the result to the logarithmic temperature dependence derived
* F2,45 mK . .
. F2,300 mK from the second Born approximation. However, we should
. E2,1K note that in the present case, the theoretical result giving the
x C1,70 mK . logarithmic temperature dependence of the resistivity cannot
o C1,1K be applied directly because the localized momentZhapin
and can have orbital degeneracy. In this respect, although the
7 influence of the magnetic dopant cannot be directly inter-
preted in terms of the Kondo theory, the temperature depen-
dence shown in Fig. 13 is considered to be related to some-
thing similar to that. We also point out that because dhe
orbital is not fully mixed with ther electrons, it is difficult
to form the hybridized state.
1 : 5 : 3 In the case of the carbonyl impurity that can appear in
HO5 (105 both FeC} -doped and CIQ -doped samples due to aging
in atmosphere, the localized states are buried in the conduc-

FIG. 12. The magnetic-field dependencies6H)—p(8 T) for  tion path and hence can be hybridized with thelectrons as
sample<C1 andF2, at different temperatures. Lines are a guide fordescribed by the Anderson model. Cretzal. have claimed
the eyes. that in this case Kondo resonance can appeatr, resulting in a
unitary state at low temperatures where the logarithmic tem-

tivity can be ascribed to the difference in the dopant specieBerature dependence tends to be suppressed. In order to
and the defect structure. The systematic variation of the tenfEN€ck the validity of the model, we refer to the magnetore-

perature dependence from sampl to F3 and the similar ~ SiStance measured up to 8 T. As shown in Figsaland
dependence of samp@1 displayed in Fig. 2 supports this 10(b), the logarithmic dependence in aged samples such as

view. In this case, it is noteworthy that the variation in P4 @ndD2, is not suppressed even under high magnetic
sampleF1 is larger than that in sampl€l below 1 K, field, which is enough to polarize the localized spins. This

where the metallic conductance dominates. In order to shoPlies that the scattering is not of magnetic origin.
that the resistivity of samplE2 have a component propor- The third model related to the structural freedom due to

tional to InT in contrast to that o€1, we processed the data distortion in the Ioosely b_ound polymer chains can be inde-
in the following way. First the magnetic-field dependence ofP€ndent of the magnetic field. We note that the effect may be

p(H)—p(8 T) for sampleF2 andC1 at different tempera- subtle since the scattering giving the logarithmic temperature

ture was derived as shown in Fig. 12. This enables us t ependence“igs ranked to a higher-order protEBseviously, .
extract the effect of the spin scattering at low fieldBhe anekoet al:* have ascribed the temperature dependence in

magnetic field was scaled witdH, since the field depen- the intermediate temperature region to the localization effect
dence abos 1 T can be representéd in a simple fashittris in the restricted dimensional system. One problem to be
noteworthy thatp(H)—p(8 T) for sampleF2 varies with solved, however, is that the high field reaching 10 T still

femperatre i he ow el reio e thatorsams 51070 lences e conduetace o shouh v o, 12
is rather independent of temperature. Then we getiheT) 9 9 P

at H=0 for sampleF2 is proportional to Il as shown in condulctance ﬁppeanng belowl K in FeCL{—do.peq fresrr]l
Fig. 13, samples such a$1 and G1, we cannot dismiss the

The logarithmic temperature dependence seems to be Comagnetlc—ﬁeld ergndence appearing abeveT. Since the
Emnar magnetic-field dependence is seen as well in the

o(H)-0@8T) (106 Q cm)
N

sistent with differences in the magnetic-field dependence & 10, -doned samples. this cannot be ascribed to the mag-
discussed in Sec. IV B. In this case we are tempted to relatg -4 P pes, : 9
netic origin but may be related to the electronic structure

appearing at the boundary between the metallic and nonme-

= I tallic parts.
5 o
G
- |
2 V. SUMMARY
< . .
= L The electrical conductance of heavily FgCl and
Q CIO, -doped polyacetylene shows similar temperature de-
<1 4 pendence from room temperature down to the mK region,
E L except for differences found in the low-temperature magne-
<Ql toresistance below-1 T and the somewhat enhanced loga-
2r rithmic temperature dependence of the resistivity in the
T v L former.
0.04 0.1 0.7 The difference in the magnetoresistance can be ascribed

Temperat . . .
emperature (K) to spin scattering by the magnetic dopant. The enhanced

FIG. 13. The temperature dependence/qgf(T)—Ap(1 K),  Mmagnetic-field effect in aged samples implies that the con-
whereAp(T)=p(0)— p(8 T) for sampleF2. The line is a guide for  ductance along the chain is suppressed by disorder presum-
the eyes. ably due to oxidation of polyacetylene, while the effect of



4360 T. MASUI, T. ISHIGURO, AND J. TSUKAMOTO PRB 58

the spin scattering is less influenced. These facts suggest thiald. As the origin we cannot rule out the effects of local-

the carriers can transfer via the dopant site in interchainzation in an inhomogeneously disordered system and the

transfer process. effect of the electronic state varying between the metallic
The logarithmic temperature dependence observed geneand nonmetallic regions at their spatial boundary.

ally in heavily doped polyacetylene is examined in relation

to spin scattering at_ the carbonyl defect, which is formed by ACKNOWLEDGMENTS

oxidation and predicted to work as Andersbhimpurity,

and pseudospin scattering through the dynamic distortion of This work was supported by a Grant-in-Aid for Scientific

polymer chains. The influence of the magnetic field up toResearch from the Ministry of Education, Science, Sports,
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it is expected to be saturated by polarization at rather loWNEDO.
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