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Crossover in Electrical Frequency Response through an Insulator-Metal Transition
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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 rang
(2 meV–6 eV) and also viaT -dependent dc conductivity (sdc). We determine that the IMT is not
monotonic with increasingsdcsRTd. The RT far infrared scattering time (t) becomes unusually long
($ 10213 s) assdcsRTd 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 localizatio
rather than 3D Anderson localization. [S0031-9007(96)01283-5]

PACS numbers: 71.30.+h, 72.30.+q, 72.60.+g, 78.66.Qn
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The study of insulator-metal transitions (IMTs) h
provided insight into a wide variety of phenomena
heavily doped semiconductors, metal ammonia solutio
and conducting polymers [1–10]. Generally, these stu
focused on dc transport properties [1,2,5,8–10], and
effects of pressure [1,2,5,9], magnetic field [1,2,4,5
and composition [1,2,4,5]. Systematic probes of
electronic response away from the Fermi level (EF)
would provide new insight into IMTs. High frequenc
studies are particularly useful for discerning the essen
differences between a three-dimensional (3D) Ander
transition and an IMT due to percolation in the prese
of inhomogeneous disorder and quasi-1D localization.

A 3D Anderson transition occurs in the presen
of large homogeneous (uniform statistical) disorder.
mobility edge (EC) separates localized from extend
states [1–4], and the transport scattering time (t) varies
slowly with energy in the vicinity ofEC [11]. At the
IMT, the electronic localization length (Lloc) diverges.
A monotonic development of the transport propert
occurs asEF crossesEC into the delocalized states [1
In particular, sdc grows in magnitude and weakens
temperature dependence [1], and the slope of the qua
W [; d ln sdcsTdyd ln T ] [12] vs T changes sign from
negative to positive. However, the large disorder requ
to localize electronic wave functions leads to the slow
varying t being short (typically,10215 s). The Ioffe-
Regel condition [13] requireskFl , 1, where kF is
the Fermi wave vector andl is the mean free path
Approaching the IMT from the metallic side, the optic
conductivity [ssvd] is monotonically suppressed due
the short t beneath the free carriersDrudesvd at low
energy [2,14]. For shortt, localization corrections to
the metallic Drude response result in a dielectric funct
[esvd] that is positive in the far infrared [2,4,11,14],
contrast to the negative low energyeDrudesvd for usual
metals [15].
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In contrast, a very different IMT is presented b
an array of 3D (spatially [16,17] and electronical
[18] anisotropic) metallic ellipsoids with an open Ferm
surface [6,7,10,19] separated by a disordered quas
medium (inhomogeneous disorder model). Conduct
electrons in isolated 1D systems are localized by e
small disorder [1] withLloc increasing as the disorde
decreases. WhenLloc in the quasi-1D disordered region
exceeds the separation between metallic ellipsoids fo
sufficient fraction of the sample, an IMT occurs [7,20
As for a 3D Anderson transition, there is a crossover
slope forW vs T as the IMT is achieved, though the IM
is no longer necessarily a monotonic function of the ro
temperature (RT)sdc. Because of an open Fermi surfac
a very longt may be associated with a fraction (d) of
the carriers present at percolation. For this circumsta
at 0 K, ssvd will increase below an unscreened plasm
frequencyVp (­

p
4pdne2ymp [15], wheren is the full

carrier density andmp is the effective mass of the fractio
d of delocalized carriers) andesvd will become negative
below Vp . Because of phonon-induced delocalization
the quasi-1D disordered regions,ssvd andesvd can have
this behavior at finiteT even for samples that are on th
insulator side of the IMT at 0 K.

Conducting polyaniline (PAN), with RTsdc close
to the minimum metallic s (smin , 0.03e2yh̄a ,
100 Sycm [1,2,4,9]), is a model anisotropic system
study the origins of an IMT. Its IMT has variousl
been described by the inhomogeneous disorder m
[7,10,19] and the Anderson model [9,14]. Earlier, t
IMT was ascribed to charging energy limited tunneli
among metallic islands [21] as well as resonant tunne
[22]. In this Letter we report the frequency respon
over an unusually broad range of frequencies (2 meV
eV) of the RT ssvd and esvd for samples of PAN
that cross the IMT as probed bysdcsT d. These data,
which span from nearEF to far from EF, demonstrate
© 1996 The American Physical Society
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that the IMT is due to inhomogeneous disorder and
a homogeneous 3D Anderson transition. In particu
as sdcsRTd increases, theT dependence ofsdc does
not weaken monotonically so that some samples w
sdcsRTd . smin become insulating at lowT . esvd
shows free carrier dispersion in the far infrared (IR)
PAN samples withsdcsRTd * 100 Sycm and associate
long t $ 10213 s, much longer than the Ioffe-Reg
condition allows. However, only a small fraction (1023)
of the carriers are delocalized with such longt. Also, as
the slope of the lowT W sT d plot crosses from insulatin
to metallic behavior for different samples, the RTVp

does not increase monotonically.
The PAN samples for this study were doped with d

camphorsulfonic acid (HCSA). Samples C and D w
prepared by first mixing the emeraldine base (EB) s
of PAN and HCSA separately inm-cresol before mixing
the solutions, thus doping them in the solution state.
remaining films were prepared by grinding stoichiome
amounts of EB and HCSA powders with mortar and p
tle before dissolution in a mixture ofm-cresol and chloro-
form. Samples A and B were cast fromm-cresol [23,24]
while E and F were cast, respectively, from 50%y50% and
30%y70% mixtures ofm-cresolychloroform [24]. Sam-
ples G and H were cast from chloroform [24]. Th
techniques for measuringsdcsT d [6,7] and reflectance (2
meV–6 eV) [15,19] have been reported separately.esvd
andssvd were determined from the reflectance data vi
Kramers-Kronig analysis with suitable extrapolations
high and low frequencies [15,19].

For hopping (insulating) transport ssssdcsT d ­
s0 expf2sT0yT dagddd [1,2,9,12], log10 W ­ const2
a log10 T ; therefore the plot of log10 W vs log10 T
has a negative slope at lowT . W , Fig. 1(a), has a
negative slope for samples B–G witha in the range
0.3–0.6. In contrast, log10 W for sample A has a positiv
slope characteristic of metallic behavior. In additio
sdc , 80 Sycm was measured for sample A down
,20 mK [25]. Therefore, sample A displays metall
behavior while B–G display insulating behavior
T ! 0. sdcsT d for samples A–E, Fig. 1(b), increase
with decreasingT (metallic behavior) near RT, reaches
maximum, and then decreases at lowT . This sdcsT d was
explained within a model of 3D metallic regions coupl
through electronically 1D chains in the presence
quasi-1D localization [7]. Though sample A is metal
at low T , insulating sample C has the highestsdcsRTd
(. smin); however, sample C becomes insulating
low T . Similar crossover behavior insdcsT d occurs for
samples B and D. Thus theT dependence ofsdc does
not weaken monotonically with increasingsdcsRTd as
expected for an homogeneous 3D Anderson IMT [1]. F
the remaining samples,sdc decreases monotonically wit
decreasingT , indicating stronger localization.

Figure 2 shows the evolution of the RTssvd for sam-
ples crossing the IMT. The oscillations in the vicini
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FIG. 1. (a) The logarithmic derivative of theT dependent
conductivity, W ­ Td lnfssT dgydT , for PAN-CSA samples
(b) The correspondingsdcsT d.

of 0.1 eV are due to phonons. For sample H [sdc ,
0.7 Sycm [6] ], ssvd is dominated by a peak at,1.5 eV,
previously attributed to very localized charge carri
[24]. As the samples approach the IMT from the
sulating side, the 1.5 eV peak is diminished andssvd
increases in the IR. An isosbestic point inssvd at ,
1.3 eV, Fig. 2(a), supports composite behavior in co
ducting PAN. For samples A–F,ssvd shows Drude dis-
persion for energies below,2 eV (the full carrier plasma
edge,Vp1 ­

p
4pne2ymp

1, wheremp
1 is an averaged ef

fective mass of the carriers) but is suppressed ben
sDrudesvd in the far IR (below,0.08 0.4 eV varying
with sample). This suppression ofssvd in the far IR was
previously attributed to strong disorder scattering (loc
ization) within the Anderson model [1–4,14]. The ener
below which ssvd is suppressed decreases assdcsRTd
increases. Drude formula fits tossvd from ,0.4 to 2
eV for samples A–F [25] indicate that the scattering ti
for these localized carriers is small,t1 , 10215 s, com-
parable with the Ioffe-Regel criterion.ssvd decreases
monotonically with decreasing energy in the far IR for
samples except sample C, which has the highestsdcsRTd.
The increase ofssvd in the far IR for sample C is simi
lar to reportedssvd for highly conducting polyacetylen
[26] and shows the same frequency dependence as p
lated metalyinsulator composites [27].
2767
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FIG. 2. Room temperature optical conductivityssvd for
(a) samples E–H withsdc , 100 Sycm and (b) samples A
D with sdc . 100 Sycm.

The evolution of the RTesvd as the PAN sample
cross the IMT is presented in Fig. 3. For PAN-CS
sample H,esvd is small and positive at low energy, wi
no zero crossings, indicating that the plasma respon
overdamped (Vp1t1 , 1). As the samples approach t
IMT from the insulating side,esvd shows two different
behaviors. For samples A–G, Fig. 3, a zero crossin
esvd develops at,1 eV ast1 grows from,0.6 3 10215

to 1.3 3 10215 s. However,esvd becomes positive in
the far IR due to localization effects (smallt1). For
insulating samples C and D and metallic sample A (
likely for insulating sample B),esvd has three zero
crossings, Fig. 3(b), similar to the behavior reported
metallic polyacetylene [26] and polypyrrole [19]. The tw
higher energy zero crossings are attributed to local
carriers. The third crossing occurs in the far IR, bel
which energyesvd remains negative, as expected for fr
carriers [6,15]. Measurements at 6.5 GHz confirm t
esvd is negative even at microwave frequencies [6,10,

Within the Drude model for free electrons with lon
mean free times (t ¿ 1yv) [15], esvd ­ eb 2 V2

pyv2,
whereeb is the background dielectric function. The slo
of esvd versus1yv2, Fig. 3(b) inset, yieldsVp , 0.07,
0.11, and 0.04 eV, respectively, for samples A, C, and
small values compared toVp1 , 2 eV. The fraction (d)
of carriers with a longt is estimated as

d ­ smpymp
1d sVpyVp1d2 , 1023, (1)

assumingmp . mp
1. It is noted thatmp may be larger

thanmp
1 due to band narrowing in the disordered regio

This small d resembles the case for metalyinsulator
composites close to the metallic percolation thresh
[27]. In addition, Vp scales withsdcsRTd and not the
2768
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FIG. 3. Room temperature dielectric functionesvd for
(a) samples E–H withsdc , 100 Sycm and (b) samples A–D
with sdc . 100 Sycm.

low temperatureW plot. Therefore, theVp of sample C,
for which the 0 KEF lies in the region of localized state
is larger than theVp of sample A, for which the 0 KEF

lies in the region of extended (Drude) states. This is
direct contradiction with 3D Anderson model predictio
but is in accord with the inhomogeneous disorder mod

Sinceesvd does not saturate down to10 cm21, inset
Fig. 3(b),t . 1y10 cm21 , 5 3 10213 s, similar to the
t reported for conducting polyacetylene [26]. By com
paring VpsRTd with sdcsRTd for samples A, C, and D
and using the Drude expressionsdc ­ V2

pty4p, a scat-
tering timet , 10213 s is also obtained, indicating tha
the metallic sdc may be due to only these delocaliz
carriers. Thist is much longer than allowed by th
Ioffe-Regel condition. Sincet varies slowly with energy
for 3D Anderson localization, even thermal population
states aboveEc is not expected to lead to larget. On the
other hand, phonon-induced delocalization in the qu
1D disordered regions will lead to largets consistent with
the inhomogeneous disorder model.

Estimating the Fermi velocity asyF , 5 3 107 cmys
using a fit ofssvd by a localization corrected Drude mod
[2] (consistent with yF , h̄kFyme , 2 3 107 cmys,
wherekF ­ py2c sinceEF lies in the center of a polaro
band [28] andc ­ 10.2 Å [16]), the mean free path
l , 103 Å for the free electrons. A largermp will,
of course, reduce this estimate ofl. This l is much
larger than the crystalline domain size for these mater
(,40 Å [6,16]), indicating that the small fraction (d)
of free carriers diffuse among many crystalline regio
consistent with percolation. For conducting polyme
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the percolation is unique because individual polym
chains can be part of both ordered metallic ellipsoids
disordered quasi-1D regions where localization effects
stronger. For PAN-CSA samples B–D,Vp is observed
at RT even though they become insulating at lowT . This
is attributed to the importance of phonon-induced de
calization within the disordered regions [7,10,19], as
carriers must transit disordered regions while crossing
sample. At lowT when the phonon scattering is weak, t
disordered regions provide strong localization, resulting
the strongT dependence ofsdc for the insulating sample
[10]. T dependent far IR studies show thatVp ! 0
for insulating samples at lowT [25]. In contrast to the
large l for the delocalized carriers, the large major
of the carriers havet , 10215 s leading tol , 5 Å,
shorter than thel , 40 Å expected for confinement t
the crystalline regions. This difference may be accoun
for by averaging over the inhomogeneous disorder
chain orientations.

In summary, with improved processing, PAN-CSA,
model quasi-1D conductor, shows a transition from loc
ized hopping to metallic transport. At RT, a small fra
tion (1023) of carriers are delocalized witht . 10213 s,
inconsistent with the Ioffe-Regel condition, while the lar
majority of carriers are localized witht , 10215 s. Also,
because theT dependence ofsdc does not monotonically
weaken with increasingsdcsRTd andVpsRTd scales with
sdcsRTd and not the lowT W plot, a homogeneous Ande
son transition is not appropriate for conducting polyme
sdcsTd as well asssvd andesvd are consistent with the
behavior of percolating composite systems. Therefor
unique percolating composite with inhomogeneous dis
der is proposed which accounts for quasi-1D localizat
and phonon-induced delocalization in disordered regi
between fuzzy crystalline regions.
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