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The insulator-metal transition (IMT) for a model quasi-one-dimensional (quasi-1D) conducting
polymer (polyaniline) is probed at room temperature (RT) over an unusually broad frequency range
(2 meV-6 eV) and also vid-dependent dc conductivityof.). We determine that the IMT is not
monotonic with increasingry.(RT). The RT far infrared scattering time X becomes unusually long
(= 1071 s) asc4 (RT) increases, even for samples on the insulating side of the IMT. We conclude
that the IMT is due to percolation in the presence of inhomogeneous disorder and quasi-1D localization
rather than 3D Anderson localization. [S0031-9007(96)01283-5]

PACS numbers: 71.30.+h, 72.30.+q, 72.60.+g, 78.66.Qn

The study of insulator-metal transitions (IMTs) has In contrast, a very different IMT is presented by
provided insight into a wide variety of phenomena inan array of 3D (spatially [16,17] and electronically
heavily doped semiconductors, metal ammonia solutiong18] anisotropic) metallic ellipsoids with an open Fermi
and conducting polymers [1-10]. Generally, these studiesurface [6,7,10,19] separated by a disordered quasi-1D
focused on dc transport properties [1,2,5,8—10], and thenedium (inhomogeneous disorder model). Conduction
effects of pressure [1,2,5,9], magnetic field [1,2,4,5,9]electrons in isolated 1D systems are localized by even
and composition [1,2,4,5]. Systematic probes of thesmall disorder [1] withL,,. increasing as the disorder
electronic response away from the Fermi levélz decreases. Wheh,. in the quasi-1D disordered regions
would provide new insight into IMTs. High frequency exceeds the separation between metallic ellipsoids for a
studies are particularly useful for discerning the essentiadufficient fraction of the sample, an IMT occurs [7,20].
differences between a three-dimensional (3D) Andersors for a 3D Anderson transition, there is a crossover in
transition and an IMT due to percolation in the presenceslope forW vsT as the IMT is achieved, though the IMT
of inhomogeneous disorder and quasi-1D localization. is no longer necessarily a monotonic function of the room

A 3D Anderson transition occurs in the presencetemperature (RTyq.. Because of an open Fermi surface,
of large homogeneous (uniform statistical) disorder. Aa very longr may be associated with a fractiod)(of
mobility edge E¢) separates localized from extendedthe carriers present at percolation. For this circumstance
states [1-4], and the transport scattering timg\aries at 0 K, o(w) will increase below an unscreened plasma
slowly with energy in the vicinity ofEc [11]. At the frequencyQ, (= /47 &ne*/m* [15], wheren is the full
IMT, the electronic localization lengthL{,.) diverges. carrier density ana:* is the effective mass of the fraction
A monotonic development of the transport propertiess of delocalized carriers) ané(w) will become negative
occurs askr crossesEc into the delocalized states [1]. below(),. Because of phonon-induced delocalization in
In particular, o4 grows in magnitude and weakens in the quasi-1D disordered regions(w) ande(w) can have
temperature dependence [1], and the slope of the quantithis behavior at finitel' even for samples that are on the
W [=dInoe(T)/dInT] [12] vs T changes sign from insulator side of the IMT at O K.
negative to positive. However, the large disorder required Conducting polyaniline (PAN), with RToy. close
to localize electronic wave functions leads to the slowlyto the minimum metallic ¢ (o min ~ 0.03¢%/ha ~
varying = being short (typically~10"15 s). The loffe- 100 S/cm [1,2,4,9]), is a model anisotropic system to
Regel condition [13] requireskyzA ~ 1, where kp is  study the origins of an IMT. Its IMT has variously
the Fermi wave vector and is the mean free path. been described by the inhomogeneous disorder model
Approaching the IMT from the metallic side, the optical [7,10,19] and the Anderson model [9,14]. Earlier, the
conductivity [o(w)] is monotonically suppressed due to IMT was ascribed to charging energy limited tunneling
the short~ beneath the free carrievpnee(w) at low  among metallic islands [21] as well as resonant tunneling
energy [2,14]. For short, localization corrections to [22]. In this Letter we report the frequency response
the metallic Drude response result in a dielectric functiorover an unusually broad range of frequencies (2 meV-6
[e(w)] that is positive in the far infrared [2,4,11,14], in eV) of the RT o(w) and e(w) for samples of PAN
contrast to the negative low ener@yq.(w) for usual that cross the IMT as probed by, (7). These data,
metals [15]. which span from neakEr to far from Er, demonstrate
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that the IMT is due to inhomogeneous disorder and not
a homogeneous 3D Anderson transition. In particular,
as o4.(RT) increases, thel' dependence ofry. does
not weaken monotonically so that some samples with
04c(RT) > omin become insulating at lowl. e(w)
shows free carrier dispersion in the far infrared (IR) for
PAN samples withog.(RT) = 100 S/cm and associated
long 7 = 10"13's, much longer than the loffe-Regel
condition allows. However, only a small fractioh0(3)

of the carriers are delocalized with such long Also, as
the slope of the low” W(T') plot crosses from insulating
to metallic behavior for different samples, the RT,
does not increase monotonically.

The PAN samples for this study were doped with d,1-
camphorsulfonic acid (HCSA). Samples C and D were
prepared by first mixing the emeraldine base (EB) state
of PAN and HCSA separately im-cresol before mixing
the solutions, thus doping them in the solution state. The
remaining films were prepared by grinding stoichiometric
amounts of EB and HCSA powders with mortar and pes-
tle before dissolution in a mixture aofi-cresol and chloro-
form. Samples A and B were cast framcresol [23,24]
while E and F were cast, respectively, from 5(86% and 10 100
30%/70% mixtures ofm-cresofchloroform [24]. Sam- Temperature (K)
ples G and H were past from chloroform [24]. The FIG. 1. (a) The logarithmic derivative of th& dependent
et [ 67 o lleclance ¢ Coi W~ THo11)1 7 for PANCSA Samoes.

, . pondingrq. (7).
ando(w) were determined from the reflectance data via a
Kramers-Kronig analysis with suitable extrapolations for
high and low frequencies [15,19].

For hopping (insulating) transport (o4 (7) = of 0.1 eV are due to phonons. For sample & [ ~
aoexd—(To/T)*]) [1,2,9,12], logy,W = const— 0.7 S/cm [6]], o(w) is dominated by a peak at1.5 eV,
alog,,T; therefore the plot of logW vs log,7T  previously attributed to very localized charge carriers
has a negative slope at low. W, Fig. 1(a), has a [24]. As the samples approach the IMT from the in-
negative slope for samples B—G witla in the range sulating side, the 1.5 eV peak is diminished amtiv)
0.3-0.6. In contrast, lqg W for sample A has a positive increases in the IR. An isosbestic point inw) at ~
slope characteristic of metallic behavior. In addition,1.3 eV, Fig. 2(a), supports composite behavior in con-
oq. ~ 80 S/cm was measured for sample A down toducting PAN. For samples A—Fg(w) shows Drude dis-
~20 mK [25]. Therefore, sample A displays metallic persion for energies below2 eV (the full carrier plasma
behavior while B-G display insulating behavior asedge,Q,, = y4mne?/m;, wherem] is an averaged ef-

T — 0. o4.(T) for samples A—E, Fig. 1(b), increases fective mass of the carriers) but is suppressed beneath
with decreasing” (metallic behavior) near RT, reaches a opd (@) in the far IR (below~0.08-0.4 eV varying
maximum, and then decreases at 6w This o4.(T) was  with sample). This suppression ofw) in the far IR was
explained within a model of 3D metallic regions coupledpreviously attributed to strong disorder scattering (local-
through electronically 1D chains in the presence ofization) within the Anderson model [1-4,14]. The energy
quasi-1D localization [7]. Though sample A is metallic below which o(w) is suppressed decreases @ag(RT)

at low T, insulating sample C has the highesi.(RT) increases. Drude formula fits @(w) from ~0.4 to 2

(> omin); however, sample C becomes insulating ateV for samples A—F [25] indicate that the scattering time
low 7. Similar crossover behavior iorg.(T) occurs for  for these localized carriers is sma#l;, ~ 10~ s, com-
samples B and D. Thus thE dependence ofrq. does parable with the loffe-Regel criteriono(w) decreases
not weaken monotonically with increasings.(RT) as  monotonically with decreasing energy in the far IR for all
expected for an homogeneous 3D Anderson IMT [1]. Foisamples except sample C, which has the highgstRT).

the remaining sampleg;y. decreases monotonically with The increase ofr(w) in the far IR for sample C is simi-
decreasing’, indicating stronger localization. lar to reporteds(w) for highly conducting polyacetylene

Figure 2 shows the evolution of the Rif{w) for sam-  [26] and shows the same frequency dependence as perco-
ples crossing the IMT. The oscillations in the vicinity lated metalinsulator composites [27].

Td In((T))/d T

Opc (Sfem)

2767



VOLUME 77, NUMBER 13 PHYSICAL REVIEW LETTERS 23 BPTEMBER1996

- .-'~|' - ﬂ ol E L @
N

400 4|—-H ! E\\ M

2 o T\\oé\* 4 |

600

o(m) (S/cm)
g(m)

200 —// ~V

—— "'J.W. ] . (Ia.)

600 -

400 ~

o(w) (S/cm)

e(w)

200 ~

0.01 0.1 1
Energy (eV)

FIG. 2. Room temperature optical conductivity(w) for
(a) samples E—H withorg. < 100 S/cm and (b) samples A—

D with o4 > 100 S/cm. FIG. 3. Room temperature dielectric functioa(w) for
(a) samples E—H witlryg, < 100 S/cm and (b) samples A-D
The evolution of the RTe(w) as the PAN samples With o4 > 100 S/cm.
cross the IMT is presented in Fig. 3. For PAN-CSA
sample H,e(w) is small and positive at low energy, with low temperaturéV plot. Therefore, thd), of sample C,
no zero crossings, indicating that the plasma response ]‘gr which the 0 KEp lies in the region of _Iocallzed states
overdamped@,;7; < 1). As the samples approach the IS larger than the), of sample A, for which the 0 Kt

IMT from the insulating sideg(w) shows two different lies in the region of extended (Drude) states. This is in
behaviors. For samples A-G, Fig. 3, a zero crossing 0@iirect contradiction with 3D Anderson model predictions
e(w) develops at-1 eV asr, grE)ws from~0.6 X 10-15  butis in accord with the inhomogeneous disorder model.

. . i —1
to 1.3 X 10°15 s. However,e(w) becomes positive in Since e(w) does not saturate down td cm™!, inset

the far IR due to localization effects (smat). For Fig- 3(b),7 > 1/10cm™" ~5 X 107" s, similar to the
insulating samples C and D and metallic sample A (and’ réported for conducting polyacetylene [26]. By com-
likely for insulating sample B),e(w) has three zero Paring{,(RT) with oq.(RT) for samplgs A, C, and D
crossings, Fig. 3(b), similar to the behavior reported forand using the Drude expressien. = (1, 7/4, a scat-
metallic polyacetylene [26] and polypyrrole [19]. The two t€ring timer ~ 10~ s is also obtained, indicating that
higher energy zero crossings are attributed to localizeéhe metallic g may be due to only these delocalized
carriers. The third crossing occurs in the far IR, belowcarriers. This7 is much longer than allowed by the
which energye(w) remains negative, as expected for freeloffe-Regel condition. Since varies slowly with energy
carriers [6,15]. Measurements at 6.5 GHz confirm thafor 3D Anderson localization, even thermal population of
e(w) is negative even at microwave frequencies [6,10,25]states abové, is not expected to lead to large Onthe
Within the Drude model for free electrons with long other hand, phonon-induced delocalization in the quasi-
mean free times#{(>> 1/w) [15], e(w) = €, — Qg/wz, 1D @sordered regions will lead to largs consistent with
wheree;, is the background dielectric function. The slopethe inhomogeneous disorder model.
of e(w) versusl/w?, Fig. 3(b) inset, yield€}, ~ 0.07, Estimating the Fermi velocity asp ~ 5 X 10" cm/s
0.11, and 0.04 eV, respectively, for samples A, C, and DUSINg afit ofo(w) by alocalization corrected Drude model

small values compared @,; ~ 2 eV. The fraction §) [2] (consistent with vp ~ fikp/m. ~ 2 X 10" cm/s,
of carriers with a |0ng— is estimated as Wherekp = 7T/2C sinceEr lies in the center of a pOIaron

. _ band [28] andc = 10.2 A [16]), the mean free path
8 = (m"/m}) (Qp/Qp1)* ~ 1077, (1) A~ 103 A for the free electrons. A largem* will,
assumingm* = mj. It is noted thatm* may be larger of course, reduce this estimate af This A is much
thanm; due to band narrowing in the disordered regionslarger than the crystalline domain size for these materials
This small & resembles the case for mefialsulator (~40 A [6,16]), indicating that the small fractions}
composites close to the metallic percolation thresholdf free carriers diffuse among many crystalline regions,
[27]. In addition, (), scales witha4.(RT) and not the consistent with percolation. For conducting polymers,

Energy (eV)
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the percolation is unique because individual polymer [6] J. Joo, Z. Oblakowski, G. Du, J.P. Pouget, E.J. Oh,
chains can be part of both ordered metallic ellipsoids and ~ J.M. Weisinger, Y.G. Min, A.G. MacDiarmid, and A.J.
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is attributed to the importance of phonon-induced delo- [8] T. Ishiguro, H. Kaneko, Y. Nogami, H. Ishimoto,
calization within the disordered regions [7,10,19], as the H. Nishiyama, J. Tsukamoto, A. Takahashi, M. Yamaura,
- . . e T. Hagiwara, and K. Sato, Phys. Rev. Le@9, 660
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sample. Atlowr" when the phonon scattering is weak, the 9] M. Reghu, C.0. Yoon, D. Moses, A.J. Heeger, and
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the strongl' dependence af. for the insulating samples Cao, D. Moses, and A.J. Heeger, Phys. ReB 1758
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of the carriers haver ~ 107" s leading toA ~ 5 A, Met. 65, 149 (1994). o
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chain orientations. (1960).
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because th& dependence of. does not monotonically Tsukamoto, T. Ishiguro, and A.J. Epstein, Synth. MNe&,
weaken with increasingq. (RT) and (2, (RT) scales with 131 (1994).
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