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By controlling the extent of disorder through electrochemical synthesis at reduced temperatures, con-
ducting polypyrrole (PPy) can be obtained in the metallic regime, in the insulating regime, and in the
critical regime of the disorder-induced metal-insulator (M-I) transition. We present the results of
reflectance measurements (0.002—6 eV) of PPy carried out at room temperature on the metallic side and
on the insulating side of the M-I transition. While the reflectance spectra obtained from samples on
both sides of the M-I transition exhibit spectral features expected for a partially filled conduction band,
the electronic states near the Fermi energy (EF) are different in the two regimes. The data obtained
from metallic samples indicate delocalized electronic wave functions in the conduction band, whereas
the spectral features which characterize the insulating regime indicate that the states near E+ are local-
ized. Consistent with theoretical predictions for the metallic and insulating regimes, the optical conduc-
tivity o.(co) and the real part of the dielectric function E&(co) each show different frequency dependences
in the far infrared. In the metallic regime o(co) ~co' for Am&600 cm ' and c&(co) ( &0) increases rap-
idly as co~0, as described by the "localization-modified Drude model, " leading to the conclusion that
metallic polypyrrole is a disordered meta/ near the M-I transition. In contrast, the insulating regime is
characterized as a Fermi glass as confirmed by o (co) ~ co for A~ & 600 cm

I. INTRODUCTION

The dynamics of single-particle excitations in the par-
tially filled conduction band of crystalline metals are
governed by coherent diffusion processes; electrons drift
ballistically and make random collisions with defects and
with phonons, resulting in finite resistivity. The classical
treatment of the contribution to the complex dielectric
function, E(co) =s&(co)+i (4n/co)o(co), a.ssocia. ted with the
low-energy (intraband) excitations in terms of the free-
electron approximation (the Drude model) has been
broadly successful in describing the electronic properties
of simple metals. When disorder is introduced, with the
magnitude of disorder potential comparable to the band-
width, multiple scattering causes the electronic states
near the Fermi energy (EF) to become localized. ' Even
though there is a finite density of states at EF in such a
system, disorder-induced localization causes a transition
from metal to insulator. As a result, the charge dynamics
of disordered systems are expected to be fundamentally
different from those which characterize traditional metal-
lic behavior.

The electronic states of conducting polymers are
strongly influenced by disorder. ' Although heavily
doped conducting polymers have a metallic density of
states at E~, their transport properties are dominated by
the disorder which originates from a combination of par-
tial crystallinity (molecular scale disorder) and/or inho-
mogeneous doping. Recent progress in the synthesis

and processing of conducting polymers has significantly
reduced the structural disorder. " These structurally
improved materials provide opportunities for studying
the metal-insulator (M I) transition by -controlling the
extent of disorder. ' '

The question of whether the disorder is present on a
molecular scale or whether the properties are dominated
by more macroscopic inhomogeneities (metallic islands)
has been a subject of considerable discussion. Examples
of materials with macroscopic inhomogeneity exist in the
literature. ' In the case of polyaniline, when processed
from solution in the conducting form (for example, pro-
tonated with camphor sulfonic acid, PANI-CSA, and
processed from m-cresol), the material is more homo-
geneous with disorder on many length scales. Although
the wide-angle x-ray-diffraction patterns of PANI-CSA
exhibit both crystalline and amorphous features, the
coherence length of the crystalline regions is less than ei-
ther the localization length or the inelastic-scattering
length. ' Consequently, the transport data obtained from
PANI-CSA have been analyzed in terms of a disordered
metal close to the metal-insulator transition. ' '

Polyaniline blends' are particularly interesting in this
context, for electron microscopy studies have demon-
strated that these can cross over from a homogeneous
system with interconnected structure to an inhomogene-
ous system with metallic islands on going below the per-
colation threshold. Below the percolation threshold, the
transport follows the behavior expected of granular met-
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als, ' lno ( T) ~ —( To /T) ' ~ . In pure PANI-CSA, howev-
er, lno ( T) ~ —( To/T)'~, characteristic of variable range
hopping between microscopically localized states in three
dimensions. '

When electrochemically synthesized at low tempera-
tures under rigorous conditions, polypyrrole (PPy) doped
with PF6, hereafter simply denoted as PPy(PF6), exhibits
improved transport properties, achieving a higher dc
conductivity at room temperature, o d, (300 K) =200—500
S/cm and a weaker temperature dependence of o d, than
observed previously in doped polypyrrole. ' Recent
transport studies' on this system were successful in
characterizing the extent of disorder in terms of the tern-
perature dependence of the resistivity p( T), more
specifically the resistivity ratio p„=p(1.4 K)/p(300 K).
For p„& 10, the system is metallic, with p( T) remaining
finite as 1 ~Q, whereas for p, & 10, the system is an insu-
lator with p„—+ ~ as T~O. ' Thus PPy(PF6) undergoes
a M Itransitio-n at p„=10. The correlation length (I., ),
inferred from the extrapolated o d, ( T~O) in the metallic
regime and from the analysis of the magnetoresistance in
the insulating regime, diverges as the M-I transition is
approached from either side, ' as expected from both
theory ' and experiment. '

Although comprehensive studies' of the transport
properties provide unambiguous evidence of the
disorder-induced M Itransition in-PPy(PF6), implying a
change in the nature of the states at EF from localized
states to extended states, much less is known about the
differences in charge dynamics in the metallic and insu-
lating regimes. Therefore, optical spectra for materials
on both sides of the M-I transition must be examined and
compared in order to probe the nature of the electronic
states near the EF and to investigate the role of disorder
in the electronic structure.

Reflectance measurements provide information on the
electronic structure and on the nature of low-lying ele-
mentary excitations over a wide energy range. ' In par-
ticular, measurements in the infrared (IR) spectral range
probe the charge dynamics involving intraband excita-
tions; i.e., excitations within the partially filled conduc-
tion band. In this work, we reported the reflectance spec-
tra of PPy(PF6) in the metallic and insulating regimes
over a wide spectral range (0.002—6 eV). The reflectance
spectra of both regimes exhibit spectral features expected
for a partially filled conduction band with a similar band
structure. However, detailed analyses of the spectra
clearly bring out the different nature of the electronic
states near Ez. In the metallic regime, the electronic
states in the conduction band are modestly delocalized
(k~l ) 1, where k~ is the Fermi wave number and / is the
mean free path), whereas the data from the insulating re-
gime indicate localized states near EF. Improvements in
sample quality induce the transition from insulator to
metal, implying a crossover in the relative positions of EF
and the mobility edge (Ec ). Studies of metallic samples,
therefore, allow a quantitative analysis of the charge dy-
namics involving intraband excitations (within the con-
duction band), reflecting the intrinsic metallic properties
of the PPy(PF6).

II. EXPERIMENT

A. Sample preparation and characterization

Free-standing films of PPy(PF6) were prepared by elec-
trochemical polymerization as described in detail in ear-
lier publications. ' Pyrrole was polymerized and doped
by anodic oxidation in an electrochemical cell. A glassy
carbon electrode and platinum foil were used for the
working and counter electrode, respectively. A constant
current (0.1 —0.3 mA/cm ) was applied under a nitrogen
atmosphere. Different polymerization conditions were
used to synthesize the metallic (M) and insulating (I)
samples. For M samples, the polymerization temperature
was maintained at —40'C, whereas I samples were
prepared at room temperature. Other sample prepara-
tion conditions are more or less identical for the two
cases as described in detail elsewhere. ' Lustrous dark
free-standing films were peeled off the electrode, then
dried under vacuum for 24 h. The surface quality of
these films was sufficient for the reflectance measure-
ments without concern for scattering losses. Film
thicknesses were typically 10—15 pm.

Detailed characterization of PPy(PF6) synthesized un-
der conditions used for preparing the films for the IR
measurements have been carried out by Yamaura et ah.
and Hagiwara et al. ,

' including, for example, infrared
spectra, x-ray diffraction, scanning electron microscopy,
etc. As is typical of conducting polymers, the x-ray-
diffraction patterns show crystalline and amorphous re-
gions. In PPy(PF6), however, the coherence length of the
crystalline regions is only approximately 20 A, much
less then either the localization length or the inelastic-
scattering length. ' Consequently, the transport data ob-
tained from PPy(PF&) have been successfully analyzed in
terms of a disordered metal close to the metal-insulator
boundary. '

Several samples were prepared in each sample category
(metallic regime, critical regime, and insulating regime).
Although the sample preparation conditions are nearly
identical within the same sample category, the extent of
disorder is influenced by details of the synthesis and pro-
cessing. ' Such subtle changes in morphology and crys-
tallinity lead to corresponding changes in the electrical
properties. ' These changes in electrical properties have
been fully described. A conclusion of these studies was
that the disorder can be characterized uniquely in terms
of the resistivity ratio. ' The corresponding resistivity ra-
tios for the samples utilized in this infrared reflectance
study are summarized below.

We have found that the reflectance spectra within the
same sample category (i.e., the metallic side of the metal-
insulator transition versus the insulator side of the
metal-insulator transition) were insensitive to such subtle
differences in transport behavior. The reflectance spectra
for each category of samples were quite general with ex-
cellent reproducibility.

The transport properties of all films were measured in
order to fully characterize the samples and to assure the
sample quality. Figure 1 shows the temperature depen-
dence of the resistivity p(T) normalized by p(300 K) for
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the reflectance spectra. Since KK transformation re-
quires a knowledge of the reflectance over the full spec-
tral range (0 & fico & 00 ), reasonable and careful extrapola-
tions were mt' ere made to lower and higher energies i.e.,

19 t een 6beyond the measurement range). At energies between
eV and E (25 eV&E&g &50 eV), the reflectance spectra
were extrapolated as co, where . fg,

eV an f e .~s ~4. Above E
the data were extrapolated according to the asymptotic
behavior of free electrons ( ~co ), as described in the
literature. ' In this procedure, the terminating energy
Efg and exponent s were determined so as to give con-
sistent optical spectra over a wide range. Since we are
concerned with the low-energy region for establishing the
details of the metal physics, the extrapolation to t e
higher region has little effect on the results. At lower fre-
quencies (fico &0.01 eV), the reflectance spectra were ex-
trapolated by the Hagen-Rubens relation.

III. RKSUI.TS AND DISCUSSION

A Reflectance R(co)
FIG. 1. Temperature dependence of the resistivity, p,, T) of

PPy(PF6), normalized by p(300 K) for samples in the metallic
regime (M) and in the insulating regime (I). The inset shows
the resistivity maximum for the metallic regime sample at low
temperature.

~ ~

the M and I samples. As noted above, p( T) is sensitive to
the polymerization conditions, demonstrating an obvious
contrast between M and I, especially at low temperatures.

s onds to the metallic regime (p„=1.75 &10), whereas
sample I is in the insulating regime, p, =
reportea in previous s u

'a ' '
studies ' ' a resistivity maximum

is observed for sample M around 13 K, below which t e
resistivity s ows a positive temperature depen ence
(dpldT)0). For sample M, od, (300 K) =340 S cm,
while sample I shows o d,(300 K) =50 S/cm.

B. Optical measurements

1.0 z

T=300K

Figure 2 shows the reflectance (R) of PPy(PF6) for
samples in the metallic regime and for samples in the in-
sulating regime, measured at room temperature. Both
spectra exhibit a reAectance minimum, around 1.8 eV for
the metallic regime and 2 eV for the insulating regime,
in icative o a p a
' d' ' f lasma resonance due to free carriers in
the conduction band. Below the minimum, R increases
with decreasing frequency, with a rapid rise below 0.2 eV
as co~0. For the metallic regime, R reaches almost 85%
in the far-IR (co & 100 cm '). The high reflectance in the
far-IR and the free-carrier plasma resonance are tradi-

For the in-tional signatures of metallic behavior.
sulating regime, R also increases with decreasing frequen-
cy for irido & 2 eV, but R (co) remains well below that of the

Reflectance was measured between 20 andd S0000 cm
(0.002 —6 eV) using three diff'erent spectrometers. IR
reAectance in the range of SO—9000 cm ' was measured

'
h N' 1 t Magna-750 Fourier Transform Inter-

-100ferometer (FTIR). For the longest wavelengths (20—10
cm ', a Bomem DA3.002 FTIR equipped with a He-
cooled Si bolometer (operated at 300 mK) was use . Ex-

from the twocellent agreement was obtained for data rom
1 . Visible UVdifferent instruments in the region of overlap. is'

range spectra were obtained using a Perkin-Elmer A,-9
grating monochrometer. Again, gthe a reement of the
spectra between overlap spectral regions with different in-
struments was excellent. A gold mirror was used as a
reference in the IR, and an aluminum mirror was used in
the visible UV range. The data were corrected using t e
reflectance spectra of the references as given in the litera-

19,23ture.
~ ~ ~

nctionThe optical conductivity o('co) and dielectric fun
e(co) were obtained by Kramers-Kronig (KK) analysis o

0.6-.C

04

0.2

00~
0

Energy(eV)

FrG. 2. Reflectance spectra of PPy(PF6) in the metallic re-
gime (solid line) and in the insulating regime (dotted line) mea-
sured at room temperature. The inset shows the low-energy
spectra (A~ (0.5 eV) with an expanded scale.
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metallic regime throughout the IR (A'co ( 1 eV). Obvious
phonon features appear around 0.1 —0.2 eV for both re-
gimes.
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B. Optical conductivity, cr(~)

Figure 3 shows the optical conductivity rr ( co )

=roke&(ro)/4~ for g~ (4 eV. As expected from the
characteristic metallic features in R (co) for both regimes,
cr(co) is dominated by intraband excitations (within the
conduction band) for A'co (2 eV; and interband transitions
are observed at 2.7 and 3.7 eV. The similarity in the
spectral features for samples from the two regimes indi-
cates their common electronic band structure.

In spite of the characteristic metallic signatures in the
reflectance spectra, however, the corresponding cr(co) are
not typical of a good metal. Even for the metallic regime,
cr(co) deviates considerably from the normal Drude
behavior below 0.4 eV; in contrast to Drude behavior,
o (rn) is suppressed as co~0. This decrease in cr(co) arises
from weak localization, as demonstrated in previous
work on polyaniline doped with camphor sulfonic acid
(PANI-CSA). For the insulating regime, however, cr(co)
is suppressed even more at low frequencies, indicating
that the states near EF in the conduction band are local-
ized. The localization arises from disorder in the context
of Anderson localization. ' Indeed, in early spectroscop-
ic studies on the heavily doped conducting polymers,
such a suppressed o (co) was observed and interpreted as a
pseudogap feature. * However, an interpretation in
terms of localization of the intraband excitations in high-
ly disordered materials is more reasonable and consistent
with all the facts.

The effects of strong disorder can be seen in the inter-
band transitions as well as in the intraband excitations.

400

E
300—

Cl

200—

100—

Us s a I I I I I I I I I ~ I I I I I I I I I I t 1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I J0
800 1200 1600 2000

Frequency (cm )

FIG. 4. Comparison of the phonon features shown in o.(co) of
PPy(PF6) in the metallic regime (solid line) and in the insulating
regime (dotted line). Note the relatively featureless peak shape
for the insulating regime, especially between 600 and 1000
cm '.

For example, in the insulating regime, the 2.7-eV feature
is relatively weak peak in contrast to the sharp peak ob-
served in the metallic regime. Disorder smears out the
joint density of states by introducing states (and absorp-
tion) within the gap, resulting in broadening of the corre-
sponding spectral features. ' Furthermore, in such
disordered systems, the wave vector is not a good quan-
tum number. ' As a result, lack of k conservation en-
ables indirect transitions (otherwise forbidden), smearing
out the joint density of states for the direct transitions (al-
lowed). Lack of k conservation also results in suppres-
sion of the phonon features by allowing the interaction of
light with all phonons, not only with IR-active modes.
The relatively broad phonon features in the insulating re-
gime (especially between the 600 and 1000 cm ') are
compared with the sharp phonon features in the metallic
regime in Fig. 4.
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FIG. 3. Optical conductivity, o.(co), of PPy(PF6) in the metal-
lic regime (sold line) and in the insulating regime (dotted line),
obtained from KK analysis of the reQectivity data. The inset
shows the spectra in the IR (Am ( 1 eV) with an expanded scale.

Figure 5 shows the real part of dielectric function,
E,(co), for both regimes. Consistent with a(co), E,(co) for
the metallic regime does not follow the behavior expected
of a pure Drude metal. Instead, E&(co) remains positive
over the entire spectral range below the plasma frequency
(co ), and increases to larger positive values as co~0.
This non-Durde behavior is again associated with
disorder-induced localization. For the insulating re-
gime, e, (co) exhibits large positive values below 0.8 eV,
indicative of localization of the states near EF. Note,
however, the rapid increase of c& for the metallic regime
as co~0, with even higher values than for the insulating
regime below 0.1 eV.

For a good metal with
cour

) 1 (where r is the momen-
tum relaxation time), a&(co) is expected to cross zero at
the screened plasma frequency, 0 =co /(E„)'~, where
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The integrated spectral weight provides information on
the number of carriers contributing to the intraband exci-
tations within the conduction band:
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FIG. 5. Real part of the dielectric function, c, &(co), of
PPy(PF6) in the metallic regime (solid line) and in the insulating
regime (dotted line).

c. is the high-energy contribution to the dielectric con-
stant. At low frequencies, E&(co) ~ —(co /co) for co) I/r
and e, (co)= —(cour) for co(1/r. ' ' However, in dirty
metals with ~ ~- 1, the plasma oscillation is over-
damped, preventing even the zero crossing at 0 . As a re-
sult, e, (cu) remains positive at all frequencies. This is the
case for PPy(PF6).

The damping of the plasma resonance is evident in the
spectral shape of the energy-loss function, Im[ —I/E(co) ],
as shown in Fig. 6. In the metallic regime, Im[ —1/s(co]
exhibits a we11-defined peak with a maximum at 1.4 eV
with full width at half maximum (FWHM) of approxi-
mately 1 eV, corresponding to ~ ~=1. For the insulat-
ing regime, the F%'HM is even larger, consistent with an
overdamped plasma oscillating.

where N, ff(co) is the effective number of carriers per unit
cell contributing to o.(co) at frequencies below co, m* is
the effective mass of the electrons, and V„&& is the unit-
cell volume. In calculating N, s(co), we have used the ap-

O

proximate unit-cell dimensions a =11.8 A, b =6.56 A,
and c =3.4 A. The effective mass was assumed to be the
free-electron masses I, .

Figure 7 illustrates N, fr(co) for both regimes as calcu-
lated by Eq. (1); N, s(co) shows similar behavior for both
regimes. The only difference is observed at low energies
due to the severe suppression of cr(co) for the insulating
regime. N, ff(co) increases smoothly up to trtco=2 eV, and
shows a slight saturation for 2.0 eV &%co &2.5 eV con-
sistent with exhausting the intraband oscillator strength.
N, tr(~) increases again at higher energies due to the onset
of the interband transitions. Since the oscillator strength
associated with the intraband excitations is fully con-
tained below 2.5 eV, N,s=0.6(m "/m, ) at 2.5 eV pro-
vides an estimate of the effective number of carriers per
unit cell involved in intraband excitations within the con-
dition band. The x-ray structure analysis indicates one
free carrier per unit cell (i.e., one dopant per four pyrrole
units), such that N, fr= 1 per unit cell. Therefore, we con-
clude that the optimal mass (the effective mass averaged
over the occupied states) is m ' = 1.7m, .

The two curves cross at about 3 eV. Note that N, fr(co)

rejects the total number of carriers contributing to the
oscillator strength up to frequency co, regardless of
whether they are itinerant or localized. Therefore, the
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Energy(eV)
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FICr. 6. Energy-loss function Itn[ —I /E(co)] of PPy(PF6) in
the metallic regime (solid line} and in the insulating regime (dot-
ted line).

FIG. 7. The effective number of carriers per unit cell, X,z(co },
as a function of energy for PPy(PF6) in the metallic regime

(solid line) and in the insulating regime (dotted line) obtained
with Eq. (1). The effective mass was assumed to be that of the
free electron.



4784 LEE, MENON, YOON, AND HEEGER 52

crossover of N, rr(co) at 3 eV implies that both regimes
have an approximately equivalent total number of charge
carriers involved in the intraband excitations.

600 r

500—
Insulating Regime

E. M-I transition driven by disorder: Anderson localization

One might have assigned the different behavior of the
M and I samples to differences in the doping level as ob-
tained by the different polymerization conditions. How-
ever, the conservation of the oscillator strength of the in-
traband excitations shown in Fig. 7 implies almost identi-
cal densities of charge carriers, consistent with the Pauli
spin susceptibility measurements. Thus differences in
charge-carrier density are not responsible for differences
in optical features in the two regimes.

As illustrated by the transport measurements, ' the
principal difference between the M and I regimes origi-
nates from the degree of disorder. For the insulating re-
gime, the disorder is sufficiently strong that the electronic
states at EF are localized in the context of Anderson lo-
calization. Thus, the insulating regime of PPy(PF6) can
be categorized as a Fermi glass, in which EF lies in the re-
gion of localized states below the mobility edge (Ec).
According to localization theory, ' ' for the Fermi
glass at low frequencies rr(ru ) can be expressed as

o (ro) =o(0)+bro', (2)

where b and s are constants. For the value of the ex-
ponent s, both Mott's localization theory and the scaling
theory of localization predict o (ro) ~ co (s =2) for
co&co„while a(ro) o=co' (s =

—,') for ro) ro„where co, is
the crossover frequency below which the effect of locali-
zation is substantial. Above this frequency, localization
does not affect the carrier mobility due to photon-
activated hopping between the localized states, so that
high-frequency behavior is essentially metallic (s & 1). '

In Fig. 8, we have plotted o (ro) for the insulating regime
in the spectral range co&4000 cm ' (0.5 eV), together
with the theoretical fits. For co&600 cm ', the data are
well described by the co dependence with cr(0) =30 S/cm
and b =2.2X10, while, for ro&600 cm ', o(cu) o-co'~3,
in good agreement with theoretical predictions. ' ' '
In spite of the overlap with the sharp phonon contribu-
tions, one can observe the crossover of the co dependence
in the IR with m, =600 cm '. In doped semiconductors,
however, m, appears in the microwave region. ' " The
appearance of co, in the IR might be associated with the
fact that the M-I transition in the conducting polymers
occurs at much higher carrier concentrations
(n, =10 ') than in doped semiconductors
(n, =10' ' ). As a result, the energy scale (%co, =n,'~ )

below which the effect of localization is significant is
enhanced by one or two orders of magnitude in conduct-
ing polymers compared with doped semiconductors.

When the samples are prepared electrochemically at
low temperature ( —40 C; i.e., in the metallic regime),
there is a significant reduction in the extent of disorder.
The reduced disorder changes in the relative position of
Ec and EF and delocalizes the electronic states near
EF. ' However, the deviation of o.( o) arnd E,(co) from

400—

E
300—

(

200—

100

0L
0 1000 2000 3000

Frequency(cm )
-1

4000

FIG. 8. Comparison of the measured o.(co) (solid line) of
PPy(PF6) in the insulating regime with the theoretical predic-
tion (dashed and dotted lines) given by Eq. (2). At low frequen-
cies (below 600 cm ') the data were fit to 0.(cu) ~co, while the
high-frequency part (above 600 cm ') was approximated with a

dependence.

the classical Drude behavior at low frequencies indicates
that the electronic states are, nevertheless, influenced by
the disorder. This observation implies that, in the metal-
lic regime, PPy(PF6) can be characterized as a disordered
metal near the M Iboundary-. In such a system, o(ro)
can be quantitatively analyzed in terms of the
localization-modified Drude model

C l0rD(CO)=o'D d 1 1
(kF1) L~

(3)

as confirmed in the analysis of polyaniline doped by cam-
phor sulfonic acid (PANI-CSA). The localization-
modified Drude model includes the first-order correction
term to o ,„D(d)c=u(co~v'/4')[1+co r ]

' due to weak lo-
calization. In the correction term, l is the mean free
path (l=u~r), k~ is the Fermi wave number, and L is
the distance scale over which an electron diffuses within
the period of the incident radiation field. The constant C
is of order unity. With the diffusion coefficient given by
D =l /3r, L can be expressed as L„=(D!ro)' . Fig-
ure 9 illustrates the excellent agreement of theoretical ex-
pression with the data from the metallic regime with the
following parameters: co = 14 200 cm ' (l.g eV),
I/r=9600 cm ' (l.2 eV), and k+1=1.6. This value for
kFl is the same as that obtained independently from
analysis of the resistivity data. '

As expected from the theory, ' the effect of localiza-
tion is dominant only at low frequencies (below ro, =600
cm '). The difFerent ro dependences of the metallic and
insulating regimes are shown in Fig. 10; for the metallic
regime, o(ro) ~co', in contrast to the ro dependence of
the insulating regime for co, & 600 cm

The corresponding s, (co)r D for the localization-
modified Drude model can be obtained through the KK
transformation of sz(ru)LD pro LD(co)/cu given as
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(dotted line) from the loca1ization-modified Drude model as de-
scribed by Eq. (3), with the following parameters: co~=14200
cm ' (1.8 eV), 1/~=9600 cm ' (l.2 eV), and kF/ = 1.6.
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FIG. 11. Comparison of the measured c, &(co) (solid line) of
PPy(PF6) in the metallic regime with the theoretical prediction
of the localization-modified Drude model {dotted line) obtained
from the KK transformation of the o.LD(co), as given by Eq. (4).
The inset shows the low-energy part on an expanded scale.

where P denotes the principal part of the integral. Figure
11 shows that the calculated s, (ro)LD is in excellent agree-
ment with the measured s, (ro) with s = 1.1. As evident
in the calculated E,(ro)LD, the increase of E, (co) as ro~O
for Ace&0. 2 eV is associated with the weak-localization
efFect corresponding to the suppression of o LD(ro) at low
frequencies. The calculated s, (co)LD predicts a rapid in-
crease in e&(ro) as ro~O in the extrapolated region (ro (20
cm ), implying a divergence in e& as co~0. This diver-
gence is associated with the dielectric catastrophe, a sig-
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FIG. 10. Comparison of the measured o.(cu) (solid line) of
PPy(PF6) with theoretical predictions (in the far-IR below 600
cm ) for both the metallic and insulating regimes as described
in text.

nature of the M-I transition. ' ' This phenomena has
been observed in the critical regime near the M-I transi-
tion in Si:P. In such a system, the dielectric constant
becomes very large (due to anomalous difFusion near Ec)
as the M-I transition is approached, and shows a diver-
gence at the M-I transition boundary. Indeed, this has
been predicted by theory,

s, =e.„+4meX(E~)I.C,.

for a system near the M-I transition, where L,C is the
correlation length. Since both theory and experi-
ments' confirm the divergence of I.c at the M-I transi-
tion, the corresponding divergence in s&(ro) is expected as
co~0.

Figure 12 compares the experimental R (co) for the me-
tallic regime with the calculated R(co) obtained from
o LD(ro) and Ei(co)LD using the reAectance equation:

1+ I. I

—I2«, + I.I)]'"
R (co)= 1+I.I+I 2(., + I.I)]'"

There is excellent agreement between the two curves over
the entire intraband frequency range, clearly confirming
the validity of the localization-modified Drude model for
describing the IR optical properties of PPy(PF6) in the
metallic regime. Moreover, internal consistency between
the calculated optical constants involved in this analysis
is implied.

The analysis of the data obtained from samples on the
metallic side of the metal-insulator transition can be com-
pared with results published earlier. Although
reflectance is similar, Kohlman et al. characterize their
data is in agreement with Drude metallic response, sirni-
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Metallic Regime

the oscillator strength sum rule existing between the in-
tegrated intraband oscillator strength X,ir(co) and co~.

'

The localization-modified Drude model yields an esti-
mate of the dc conductivity, given as the co=0 limit of
Eq. (3):

0.6
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l I
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FIG. 12. The measured re6ectance spectrum (solid line) of
PPy{PF6) in the metallic regime is compared with that calculat-
ed (dotted line) by the localization-modified Drude model, using

Eq. (6) with o.(co)ID and c, &(m)&D.

lar to the behavior of usual metals. As shown in Figs. 9
and 11,we find that one must include the effects of locali-
zation in order to properly account for the details of the
refiectance. Although we find s, (co))0 for all frequen-
cies at room temperatures (see Fig. 11), a crossover to
e, ,(co) (0 in the far infrared is observed at lower tempera-
tures, qualitatively similar to the results reported by
Kohlman et al. at room temperature. These difFerences
might arise from minor difFerences in sample quality.
Again, however, the low-temperature data are not
Drude-like; the results indicate that PPy(PF6) is a disor-
dered metal in which a gap opens for temperatures below
100 K.

F. Charge dynamics of PPy(PF6) in the metallic regime

C
~LD(0) ~Drude (k„l )

(7)

crD,„d,(0)=(1/4~)cour, so that one finds

c7iD(0)=200 S/cm, in good agreement with the experi-
mentally observed o (co~0). This value is slightly higher
than Mott's minimum metallic conductivity
om;„=0.03e /fia =70 S/cm, assuming that the micro-
scopic length scale of this system is given as an average of
unit cell spacing, a —10 A. Note, however, that
cr;„)cr(co~0) =30 S/cm for the insulating regime. On
the other hand, in the metallic regime, criD(0) is slightly
lower than the measured o.d, at room temperature, o.d,
(300 K)=340 S/cm. This difference arises from the
phonon-assisted hopping contribution to the dc transport
measurements, whereas for the optical measurements in
the IR range (fico & kT) the phonon-assisted hopping does
not contribute. This is supported by the contrasting tem-
perature dependences of the o d, and o (co~0) in this sys-

tem; crd, decreases as T is lowered, ' while a (co) increases
as T is lowered (at low frequencies, A'co (0.2 eV),
re6ecting metallic behavior in the far IR. In this sense,
o(co) gives one insight into more intrinsic metallic prop-
erties.

In studies of localization, kFI is an important parame-
ter which characterizes the extent of disorder, often con-
sidered as an order parameter for disordered systems.
One of the advantages of an analysis using the
localization-modified Drude model lies in the direct as-
sessment of kFI. The kFI =1.6 obtained from the curve-
fitting procedure clearly indicates that PPy(PF6) is not a
good metal. This parameter yields an estimation for the
mean free path I = 10 A, comparable to the repeat unit
along the polymer chain. Such a short mean free path
confirms once again the breakdown of the normal Drude
model for describing PPy(PF6).

Analysis by the localization-modified Drude model
provides information on the charge dynamics of the free
carriers in the conduction band. The parameters ob-
tained from the curve fitting are reasonable and in good
agreement with other experimental results The screened
plasma frequency 0 =co /(E„)' =1.7 eV is in good
agreement with the observed reflectance minimum
around 1.8 eV. As we expect from the extremely broad
o(co), the large scattering rate (I/r=1. 2 eV) leads to
co ~=1.5. Such a small value of ~ ~ indicates overdamp-
ing of the plasma resonance, resulting in s, (co) &0 over
the entire intraband energy range.

The optical mass is calculated to be m*=1.7m, from
the relation co = (4mne /m * )'~ . Here the carrier con-
centration was assumed to be n =3.8X10 ' cm, i.e.,
one carrier per unit cell (four pyrroles). This value is in
excellent agreement with that obtained from the X,z(co)
analysis. Indeed, this consistency is expected because of

IV. CONCI, USION

We have investigated the reflectance spectra of
PPy(PF6) near the M Itransition. In-particular, the
spectra on the metallic and insulating sides were com-
pared, revealing the influence of disorder on this system.
The reflectance data indicate delocalized electronic states
near EI; for the metallic regime and localized electronic
states near E„for the insulating regime, implying a cross-
over in the relative positions of E~ and the mobility edge.
Thus, on the metallic side of the M Itransition, PPy(P-F6)
is a disordered metal, while on the insulating side
PPy(PF6) is characterized as a Fermi glass. In the insu-
lating regime, we find the following.

(i) The electronic states in the conduction band near E~
are localized, as shown in the suppression of o(co) and
the increase of s, (co) as co~0 for fico & 0.4 eV.

(ii) The interband transitions (2.7- and 3.7-eV features)
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are broadened and weakened as a consequence of smear-
ing of joint density of states due to disorder.

(iii) The free-carrier plasma oscillation in the conduc-
tion band is overdamped, as is evident from the positive
e, (to) over the intraband energy range and from the
broad maximum in Im[ —I/s(to)] corresponding to
co v 1.

JJ

The improved sample quality obtained from the lom-
temperature synthesis allows a quantitative analysis of
the charge dynamics involved in the conduction band,

leading to the observation of the intrinsic metallic prop-
erties of PPy(PFs).
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