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Abstract

A review of recent work on the insulator-metal transition (IMT) in conducting polymers is presented. The temperature dependence of the
dielectric function [£(®)] of highly conducting polyaniline and polypyrrole, which cross the IMT as probed by 6pc(7), has been measured
over an unusually broad range of frequencies (6.5 GHz and 2 meV - 6 eV). These data demonstrate that the inhomogeneous disorder model
is a more appropriate description for the IMT than the homogeneous three-dimensional Anderson model,
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1. Introduction

Extensive research over the past two decades has focused on
the metallic state in conducting polymers. For most conducting
polymers, a high dc conductivity (Opc) at room temperature (RT)
is coupled with a strong T dependence due to structural disorder,
resulting in insulating behavior at low 7 [1,2]. However, over the
last decade, conducting polyacetylene [(CH),] [3], polypyrrole
(PPy) [3], and polyaniline (PAN) [4,5] have been reported with
finite metallic Gpc down to millikelvin (mK) 7. Accompanied by a
finite density of states at the Fermi level [N(Er)] [1,2] and other
metallic signatures [1,2] it is clear experimentally that an
insulator-metal transition (IMT) has occurred and a metallic state
exists in selected conducting polymers.

The IMT in these inhomogeneously disordered networks of
quasi-1D chains has been described by both inhomogeneous
disorder models [1,2,6-11] and the homogeneous three-
dimensional (3D) Anderson model [12,13]. The conducting
polymers PAN and PPy, with opc(RT) close to the minimum
‘metallic conductivity (Gpi ~ 0.03¢%/ha ~ 100 S/cm [14-16]), are
ideal anisotropic systems to study whether the IMT in conducting
polymers is due to a homogeneous 3D Anderson transition or
percolation on an inhomogeneously disordered network.

A 3D Anderson transition occurs in the presence of large
randomly distributed (uniform) disorder. A mobility edge (Ec)
separates localized from extended states [14-17] and the scattering
time (1) varies slowly with energy in the vicinity of E- [18]. At the
IMT, the electronic localization length diverges. A monotonic
evolution of the transport properties is predicted as Er crosses E¢
into the region of delocalized states [14]. In particular, Gpc grows
in magnitude, as its T dependence weakens [14] and the slope of
the logarithmic derivative of opc (W = dinopc(T/dinT) [19]
changes sign from negative to positive. Because of the large
disorder required to localize electronic wavefunctions in 3D, the
Ioffe-Regel condition [20] requires kgA ~ 1, where kg is the Fermi
wavevector and A is the mean free path, resulting in the slowly
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varying T being short (typically ~10""° s). For short 7, localization
corrections to the metallic Drude response result in a dielectric
function [e(w)] that is positive at low energy [13,15,16,18] even’
on the metallic side of the IMT, in contrast to the large negative
low energy €pnq.(0) for usual metals [21]. T will decrease at low T’
due to thermal depopulation of more extended states.

In contrast, a very different IMT is presented by an array of 3D
(spatially [22,23] and electronically [24] anisotropic) metallic
ellipsoids with an open Fermi surface [1,7-9] separated by a
disordered quasi one-dimensional (Q-1D) medium
(Inhomogeneous Disorder Model). Conduction electrons in
isolated 1D systems are readily localized by even small disorder
[14] with the localization length increasing as the disorder
decreases. When the localization length in the quasi 1D disordered
regions exceeds the separation between metallic ellipsoids for a
sufficient fraction of the sample, an IMT occurs [8,25]. As for a 3D
Anderson transition, there is a crossover in sign of the low T slope
of W as the IMT is achieved, though the IMT is not necessarily a
monotonic function of opc(RT). The low frequency transport in
this case is dominated by a fraction of the carriers (8) which
percolate through the network [26]. opc(7) for the network may
show a metallic T dependence near RT if the disorder is weak
enough even though localization dominates at lower T [8]. Due to
the open Fermi surface of the anisotropic polymer metal, a very
long T may be associated with the fraction & of carriers present at
percolation. For this circumstance at 0 K, g(w) .will become
negative below a screened plasma frequency €,/g,"? [21] [Q, =
(4ndne®/m*)'® where n is the full carrier density and m* is the
effective mass of the fraction & of delocalized carriers and & is the
limiting value of the dielectric function for bound carriers] and
increase to large negative values for ® < Qp/sbm. Due to phonon
induced delocalization in the quasi-1D disordered regions, £(w)
can have this behavior at finite T" even for samples on the insulator
side of the IMT at 0 K. T(T) will depend upon the distribution of
percolated paths and importance of phonon-induced delocalization.
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Because of the distinctions between a 3D Anderson IMT and

an inhomogeneous disorder IMT at low frequency, systematic
probes of the electronic response away from Ep effectively
distinguish between these models. In this paper, we review the
temperature dependence and frequency response over an unusually
broad range of optical frequencies (2 meV - 6 eV) and at
microwave frequencies (6.5 GHz) of e(w) for samples of
conducting PAN and PPy that cross the IMT as probed by 6pc(7)
(down to ~20 mK for selected samples). These data demonstrate
that the IMT is due to inhomogeneous disorder and not a
homogeneous 3D Anderson transition. In particular, as Gpc(RT)
increases, the T dependence of opc does not weaken monotonically
so that some samples with 6pc(RT) > Oy, become insulating at low
T. Also, the mK opc demonstrate a nonmonotonic T dependence
and a negative magnetoresistance inconsistent with variable range
hopping expected for insulating samples within an Anderson IMT.
€(w) shows free carrier (Drude) dispersion in the far infrared (IR)
for PAN samples with 6pe(RT) > ~100 S/cm and associated very
long T of > 101 s, much longer than the Ioffe-Regel condition
allows. As T decreases, T increases, inconsistent with the
expectations of thermal occupancy in the Anderson model.
However, only a small fraction (10°%) of the carriers [those which
dominate ope(7)] are delocalized with these long Tts. Also, as the
low T W(T) plot crosses from negative slope (insulating) to
positive slope (conducting) for different samples, the RT Q, does
not increase monotonically, inconsistent with expectations of the
Anderson model.

2. Experimental

The PAN films were doped with d,l1-camphorsulfonic acid
(H*CSA"). Samples C and D were prepared by mixing emeraldine
base (EB) and HCSA separately in m-cresol before mixing the
solutions, doping them in solution. The remaining films were
prepared by grinding stoichiometric amounts of EB and HCSA
powders with mortar and pestle before dissolution in a mixture of
m-cresol and chloroform. Sample A and B were cast from m-
cresol [23,27] while E was cast from a 30%/70% mixture of m-
cresol/chloroform [23]. The conducting PPy was doped
electrochemically [3] with hexafluorophosphate (PFs). The
detailed techniques for measuring opc(7) (4.2 - 300 K) and
evw(T) were reported previously [7]. The mK Opc was measured
by mounting the samples on the mixing chamber of a *He-*He
dilution refrigerator and applying the four probe technique, using
alow frequency (19 Hz) signal [4,5]. A magnetic field was applied
normal to the transport direction. The T dependent reflectance
[R(T)] (50-10,000 cm™) was measured using a BOMEM DA3
FTIR spectrometer equipped with a continuous flow He cryostat.
The far IR (10-100 cm™) R(T) was measured using a Michelson
interferometer [4] equipped with a continuous flow He cryostat.
The high energy (5,000-50,000 cm’') reflectance was measured at
RT using a Perkin Elmer Lambda 19 UV/VIS spectrometer
equipped with an integrating sphere. The optical dielectric
functions [e(w)] were calculated via a Kramers- Kronig (KK)
analysis [9,10,21]. The extrapolations used in the KK analysis
were described previously [9].

Temperature (K)

10 100
) 1
E
[ D
£ 1
K c
= B
©
£ A
'ﬁ 0.1
=
PPy-PF6
0.01
=
- A (BT 2
0.01 (5T . .

0.01 0.1
Temperature (K)

Figure 1. Reduced activation energy [W = dincpc(T)/dinT].(a)
from 4-300 K for PPy-PF¢ and PAN-CSA samples and (b) from
20 mK- 0.3 K for PAN-CSA samples A and B with and without 5
Tesla magnetic field.

3. Results and Discussion

A material on the metallic side of the IMT will demonstrate a
positive slope at low T for the logarithmic temperature derivative
of opc [W = dInGpc(T)/dInT] [19] and a finite ope as T = 0 [14].
The plot of logW versus logT is shown in Fig. 1(a) in the absence
of a magnetic field. For hopping (insulating) transport [Gpc(T) =
oexpl-(TyT)1] [12,14,15,19], logW = constant - alogT; therefore
the plot of logW vs logT will have a negative slope at low T. W has
a negative slope for PAN-CSA samples B-E and o increases from
0.3-0.6 for those samples, indicative of hopping behavior. In
contrast, logW for PPy-PF¢ and PAN-CSA sample A have a
positive slope, characteristic of metallic behavior [19]. For PAN-
CSA (A), the W plot possesses a positive slope down to ~20 mK,
Fig. 1(b). When a magnetic field (H) of 5 Tesla is applied, the
positive slope of the W plot becomes greater, indicating that H
induces a more metallic state. An applied magnetic field actually
induces a crossover in the mK W plot for PAN-CSA sample B
Jfrom insulating (slope ~-1) to metallic, suggesting the importance
of weak localization [15,16] and percolation phenomena [28].

Spc(T) for PPy-PFs and PAN-CSA samples A-E is shown in
Fig. 2 down to 20 mK for selected samples. Both PPy-PF¢ and
PAN-CSA sample A with metallic W plots have a large finite Opc
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Figure 2. (a) opc(7) for PPy-PFg from Ref. [3] and PAN-CSA
from RT down to 20 mK for selected samples. (b) mK opc and
magnetoconductance for selected PAN-CSA samples.

(> 170 S/cm [3] and 70 S/cm respectively) down to ~20 mK. For
the remaining samples, ¢pc becomes small at low T, consistent
with the insulating character of their W plots. The mK o6pe(T) for
PAN- CSA sample D has a minimum at ~0.18 K, below which it
increases and saturates, similar to the T dependence seen in PPy-
PF below ~20 K [3,9]. This T dependence is different from the
monotonic behavior associated with variable range hopping [14-
16]. It is reminiscent of charge motion in narrow band systems
such as for small polarons [29]. We speculate that it may be
associated with metallic electrons transiting disordered polymer
regions where kg7 is less than a narrow bandwidth. The large
difference in the 7 at which this behavior occurs for PAN-CSA
and PPy-PFs may be due to the different local order in these
systems [22]. Also, the PPy disordered regions likely have larger
bandwidths due to fewer atoms per repeat and negligible steric
interactions among adjacent repeat units which introduce band
narrowing ring twists. Application of a magnetic field results in a
negative magnetoresistance (MR) for each of the materials. A
negative MR is consistent with both destruction of weak quantum
localization by H [15,16] and enhanced delocalization on a
percolating network [28]. A negative MR has also been reported
for highly conducting PPy-PFg [3,5] and doped (CH), [1-3,30].

Energy (eV)

Figure 3. RT e(w) for PAN-CSA samples. Inset, &(®) for PPy-PF;
shown at RT (solid line) and 10 K (dotted line).

Near RT for the PAN-CSA samples A-D, Op¢ increases with
decreasing T (metallic behavior), reaches a maximum, and then
decreases at low T. This Opc(T) is consistent with the predictions
of the inhomogeneous disorder model [8]. The maximum in
Opc(7) is likely absent in PPy-PF4 due to greater disorder [22].
Even though PAN-CSA (A) is metallic at low T, insulating PAN-

_ CSA (C) has the highest Opc(RT) (> Opmn); however, C becomes

insulating at low T. Similar crossover behavior in ope(7) occurs
for PAN-CSA samples B and D. Thus the T dependence of Gpc
does not monotonically become weaker (more metallic) with
increasing opc(RT) as expected for an IMT in the homogeneous
3D Anderson model [14]. For PAN-CSA sample E, opc decreases
monotonically with decreasing T, indicating stronger localization.

Figure 3 shows the RT e(®) for PPy-PF4 [9] and for the PAN-
CSA samples [10] which cross the IMT. As the PAN-CSA
samples approach the IMT from the insulating side, £(®) shows
two different behaviors. For PAN-CSA samples A-E, a zero
crossing of £(w) develops at ~1 eV, the screened plasma frequency
wp1 [= Qpi/ey', where Q) = (4nne’/m*)"?, my* is an averaged
effective mass of the carriers and ¢, is the background dielectric
function]. However, €(®) becomes positive in the far IR after a
second zero crossing due to strong disorder scattering
(localization) [13-16,18]. PAN-CSA sample E demonstrates
localized behavior with e(w) positive in the far IR. Drude formula
fits from ~0.4 - 2 eV for samples A-E [4] indicate that the
scattering time for these localized carriers is small, t, ~10" s,
consistent  with the Ioffe-Regel criterion [20] for localized
carriers. Also, Q,; ~2 eV, as expected for full doping in both PAN
[23] and PPy [3].

For PPy-PFg, metallic PAN-CSA sample A, and insulating
PAN-CSA samples C-D, (and likely for insulating sample B), £(®)
has three zero crossings, Fig. 3. The lowest frequency crossing
occurs at the screened plasma frequency , [= Q/¢,"*], Table I, in
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Figure 4. e(®) versus 1/« at different T for (a) PPy-PF;, (b) PAN-
CSA sample A, Inset PAN-CSA sample C at RT, and (c) PAN-
CSA sample D.

the far IR (< ~0.03 eV), below which (@) remains negative as
expected for free carriers [21]. Similarly, there are signatures of a
low frequency ®, for highly conducting doped (CH)x [31]. The
inset to Fig. 3 shows the 10 K &(w) (10-10,000 cm’") for PPy-PF.
There is negligible T dependence in the vicinity of @, indicating
that these carriers are strongly localized by disorder, likely
contributing < 10 S/cm to the total RT opc (based on Gpc(RT) of
disordered samples [1,2]). A similar lack of T dependence was
reported for w,; in PAN-CSA samples [13]. In contrast, the far IR
(< 0.1 eV) g(w) for PPy-PF4 and PAN-CSA samples A and D, Fig.
4, show a T dependence, suggesting that the carriers which give
rise to @, are responsible for the low frequency and dc metallic
transport. For metallic PPy-PFs and PAN-CSA sample A, €(®)
remains negative in the far IR down to low T (~10 K), indicating
that free carriers are present at low T in the metallic samples. In
contrast, (®) for insulating PAN-CSA (D) crosses from negative
to positive in the far IR as T decreases, indicating that the free
carriers become localized at low T (perhaps forming a “pinned
mode” at higher frequencies) for samples on the insulating side of
the IMT. For insulating PAN-CSA (D), the loss of free carriers
occurs concomitant with the rapid drop in Gpc at low T.

Since €(®) does not saturate down to the lowest measured
frequencies for PPy-PFs, PAN-CSA samples A, C (RT), and D (T
> 150 K), the Drude model for free carriers with T » 1/w [21]

£(0) = &, - Q, /e, 1

is applicable and therefore for the free carriers, © > ~1/(0.006 eV)
~ 10" 5. The slope of e(w) versus 1/ at various T, Fig. 4, yields
the Q,(T) provided in Table I. For both PPy-PFg and the PAN-
CSA samples, Q, ~ 0.1 eV, a small value compared to the full
carrier plasma frequency € ~2 eV. The fraction (8) of carriers
which have large values of T (> 10® s5) can be estimated,
assuming that m* # m*, as

8 = (m¥/m*)(QYQ,)* ~107. )

It is noted that m* may be much larger than m;* due to band
narrowing in the disordered regions. This small 8 resembles the
case for metal/insulator composites close to the metallic
percolation threshold [26].

In addition, Q,(T) scales roughly with 6pc(7) [4] and not the
low temperature W plot. Therefore, the €, of sample C, for which
the 0 K Ep lies in the region of localized states is larger at RT than
the Q, of sample A, for which the 0 K Er lies in the region of
extended (Drude) states. This is in direct contradiction with 3D
Anderson model predictions but is in accord with expectations of
the inhomogeneous disorder model. For both PPy and PAN, €,
decreases at the lowest T. For PAN-CSA (D), &(®) shows Drude
dispersion only for 7 > ~150 K in the optical frequency range. At
T ~150 K, g(w) is positive throughout the far IR, indicating that
Q, - 0 (no percolation) at low T for the insulating samples.

By comparing Q,(T) with opc(7) for PPy-PFs and PAN-CSA
samples A, C, and D and using the Drude expression:

Ope(T) = QHTY(T)Ar, @

%(T) is estimated, Table L. In each case, T ~10"" s, similar to the T
reported for conducting polyacetylene [31]. This estimate of T
agrees with the estimate T > 1/@ ~ 10" s made because of the lack
of saturation of g(w) at low frequency. The agreement of these
estimates implies that the metallic Opc is due to only the
delocalized carriers which percolate through the network. This
long T is much greater than allowed by the Ioffe-Regel condition
[20]. Since t varies slowly with energy for 3D Anderson
localization, even thermal population of states above E, is not
expected to lead to large T. On the other hand, phonon-induced
delocalization in the quasi-1D disordered regions will lead to a
large T consistent with the inhomogeneous disorder model. For
both PPy-PFs and PAN-CSA (A), T is larger at low T than at RT.
Even for PAN-CSA (D), 1(200 K) > T(RT). Therefore, the IMT
does not result from an Anderson IMT for which T decreases at
low T due to thermal depopulation of more extended states above
E(. Instead, the IMT is associated with Q, -~ 0 as T~ 0.
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Table I
Sample Temp. (K) Opc (S/em) @, (V) Q, (eV) T (1012 ) Qovw V) Taw (1071s)
PAN-CSA (A) 300 230 0.006 0.07 2.5 0.007 2.5
200 250 0.006 0.08 2.0 - -
100 240 0.005 0.06 2.9 - -
20 170 0.003 0.05 3.4 - -
PAN-CSA (C) 300 390 0.02 0.11 1.6 0.016 1.1
PAN-CSA (D) 300 120 0.003 0.04 3.7 0.005 2.4
200 120 0.002 0.03 6.6 - -
PPy-PF, 300 300 0.03 0.17 0.5 0.007 3
10 170 0.03 0.1 0.9 - -
4 frequency Drude model are shown in Table I. The Q,mw are
generally smaller than the Q estimated from the far IR () by a
5 factor of 10! and the Ty are larger than < estimated from g(®) by.
a factor of 10> The discrepancy between Q, and Q, vw and T and
—_ 0 Tvw is attributed to the distribution of scattering times which
‘*g 2 - accompanies an inhomogeneously disordered material. Therefore,
"’3 €, is a consequence of free carriers with a distribution of 7. In the
o= -4 IR where ® » 1/, ¢(®) is dominated by the majority of free
carriers with shorter © (~107 s). At 6.5 GHz, () has saturated
-8 (w7 <« 1) so that it is dominated by a minority of free carriers with
g the longest T (~10™" s). We suggest that as T decreases, the free
carriers with the shortest T (~10" s) become localized so that the
-10

10 100
Temperature (K)

7 Figure 5. gyw measured at 6.5 GHz for PPy-PF¢ and selected
PAN-CSA samples.

Figure 5 shows the behavior of the microwave (6.5 GHz)
dielectric constant (eynw) with decreasing 7. For sample E, gy is
positive at RT, consistent with the optical result. For the remaining
samples, &y is negative at RT, confirming the Drude response at
optical frequencies. In addition, for PPy-PF¢ and PAN-CSA (A),
&yvw remains negative down to ~4 K, providing independent
confirmation of free electrons at low 7 in the metallic systems. For
insulating PAN-CSA sample C, gy remains negative down to ~4
- K though showing a much stronger T dependence. In contrast,
eyw for PAN-CSA (D) decreases in magnitude down to ~10 K,
where it crosses from negative to positive. This confirms the
- crossover behavior observed in the far IR €(w) with decreasing T.
The crossover of e(w) at optical frequencies occurs at ~150 K
while eyw crosses over at ~10 K, consistent with a continuous
shift of @, to lower energy as T decreases.

‘In the limit ot < 1, the Drude model takes the form:

Ouw ~ Qpmw Tvw/4T, )
2. 2
~ Evw ~ €y - Qo Mw TMw 5

where the subscripts MW are used to discriminate between the
value of €, and 7 estimated from the far IR &(w). The Q;yw and
Tuw estimated at RT from gyw and Omw [4] using the low

measured 7T increases, reflecting the minority of carriers with
longer 7. Due to localization effects, the Drude formula (4)
becomes inapplicable at microwave frequencies at low T [18].
Therefore, the low T Q, mw and Tyw are not calculated in Table 1.

Estimating the Fermi velocity as vg ~5 x 107 cm/s using a fit of
o() to a localization corrected Drude model [14-16] (consistent
with vg ~ #kg/m, ~ 2 x 107 co/s, where kr = T/2¢ since Er lies in
the center of a polaron band [32] and ¢ = 10.2 A [22]), A = vpT ~
10%-10° A for the free electrons. A larger m* will, of course,
reduce this estimate of A. This A is much larger than the crystalline
domain size for both PPy-PFs (~20 A [22]) and PAN-CSA (~40 A
[7,22]), indicating that the small fraction (8) of free carriers
diffuse among many crystalline regions, consistent with
percolation. For metallic PPy-PFs and PAN-CSA (A) with large
finite opc down to mK 7, the percolated free carriers are present
down to low T as gauged by e(w) and &yw. For conducting
polymers, the percolation is unique because individual polymer
chains can be part of both ordered metallic ellipsoids and
disordered quasi-1D regions where localization effects are
stronger. For PAN-CSA samples B-D, Q, is observed at RT even
though they become insulating at low T. This is attributed to the
importance of phonon-induced delocalization within the
disordered regions [1,4,8-10], as the carriers must transit
disordered regions. At low T when the phonon scattering is weak,
the disordered regions become regions of localization so that Q, -
0 and opc shows the strong T dependence of insulating samples
[1,2]. The presence of negative magnetoresistance at low T is
consistent with weak localization in some conduction paths. In
contrast to the large A for the delocalized carriers, the large
majority of the carriers which do not contribute to the low
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frequency transport have T ~ 107 s leading to A ~ 5 A, shorter
than the A ~ 40 A expected for confinement to the crystalline
regions. This difference might be accounted for by averaging over
ordered and disordered regions and chain orientations.

4. Conclusions

In summary, with improved processing, PAN-CSA and PPy-
PFg, model quasi-1D conductors, demonstrate metallic transport.
At RT, a small fraction (10™) of carriers are delocalized with T >
10 s, inconsistent with the Ioffe-Regel condition, while the
majority of carriers are localized with © ~ 10°° 5. Systems on the
metallic side of the IMT are characterized by finite opc and finite
€, as T~ 0. In contrast, systems on the insulating side of the IMT
have a strongly T dependent Opc and Q, - 0 as T » 0. A
homogeneous Anderson transition is not appropriate for
conducting polymers because (1) the 7 dependence of Opc does
not monotonically weaken with increasing opc(RT); (2) the mK
Opc shows a negative magnetoresistance and a T dependence
inconsistent with variable range hopping for insulating samples;
(3) Qu(T) scales with opc(T) and not the low T W plot; and (4) T
grows as T decreases. opc(7) and €(®,T) are consistent with the
behavior of percolating composite systems. Thus, a percolating
composite with inhomogeneous disorder is proposed, accounting
for the quasi-1D localization and phonon-induced delocalization
in disordered regions between fuzzy crystalline regions.
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