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Crossover to negative dielectric response in the low-frequency spectra of metallic polymers
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We report high-precision reflectance,R(v), measurements on films of conducting polypyrrole oriented by
tensile drawing. The results obtained from Kramers-Kronig analysis ofR(v) demonstrate that the optical
conductivity,s~v!, becomes frequency-independent below approximately 250 cm21 and that there is a zero
crossing in the dielectric function,«~v!, to negative values below 20 cm21. Sinces~v! extrapolates to the dc
value and since«~v! is in excellent agreement with the data obtained from terahertz and microwave measure-
ments, the controversy in the dielectric response of the metal physics of conducting polymers is finally
resolved.
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I. INTRODUCTION

Highly conducting~‘‘metallic’’ ! polymers are in use in
applications ranging from electrodes in capacitors to inj
tion layers in ‘‘plastic electronic devices.’’1 Nevertheless,
the natures of the metallic state and the metal-insulator~M-I !
transition remain controversial and are not fu
understood.2,3 The electrodynamic response at low freque
cies is the central unresolved issue.4 While the dielectric
function «~v! inferred from infrared reflectanc
measurements5–9 extrapolated to a positive value in the f
infrared, direct measurements of the dielectric function in
microwave10,11 and terahertz ranges12,13 revealed«,0. The
contradictory results have been a subject of consider
discussion.

The complicated transport properties of ‘‘metallic’’ poly
mers have been discussed as originating from the com
morphology of the materials, i.e., originating from structu
inhomogeneities in the nanolength scale~the inhomogeneous
or ‘‘metallic island’’ limit !.3,14,15Although it is true that such
structural inhomogeneities dominated the physics of e
materials, progress during the 1990s resulted in method
processing high-quality uniform films from solution and e
abled subsequent tensile drawing of such films to cha
extended and -oriented materials. The ability to process ‘‘m
tallic’’ polymers from solution has significantly improved th
quality of the materials to a level at which the electron
length scales are larger than the size of the resid
inhomogeneities.2,4,6 Although ‘‘homogeneous,’’ these mate
rials are at best partially crystalline16,17 and are therefore
disordered. Indeed, attempts to analyze the transport pro
ties of the improved systems within the framework of co
ventional localization theory2,18,19 have been quite succes
ful; ‘‘metallic’’ polymers can be quantitatively described a
disordered metals near the metal-insulator transition.2 More-
over, high magnetic fields and high pressure can be use
fine-tune the M-I transition; the use of high magnetic fie
enabled studies of the crossover from metal to insulator,2 and
the use of high pressure enabled studies of the cross
from insulator to metal.2

Infrared~IR! reflectance measurements4–9 have played an
important role in clarifying the metal physics of conductin
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polymers. Infrared measurements and dc measurem
probe different aspects of electronic transport; whereas
transport experiments measure the bulk conductivity
which the transport is limited by the slowest processes,
tical measurements probe the charge dynamics over a c
acteristic length scale ofLv5(D/v)1/2 ~D is the electron
diffusion coefficient!. It is gratifying, therefore, that
Kramers-Kronig analysis of the IR reflectance data yie
values for the optical conductivitys~v! that extrapolate di-
rectly to the measured dc values.4–6 Moreover, the functional
dependencies of«~v! ands~v! can be quantitatively under
stood in terms of the conventional Drude model modified
the effect of weak localization,4,5 indicative of a homoge-
neous but disordered material over a wide range of len
scales.

Dielectric measurements also provide information on
metallic state of conducting polymers. Direct measureme
of the dielectric function in the far IR and at microwav
frequencies10–13 probe the intraband excitations near t
Fermi level. Studies of the dielectric loss~dielectric relax-
ation! in conducting polymers, employing ac-impedan
measurements20 or thermally stimulated depolarization cu
rent spectroscopy,21 probe localized charge motion~e.g., po-
larons! within nanometer-scale regions.

In spite of the robust evidence for the disorder-induc
M-I transition as inferred from the transport2 and optical
measurements,4–6 the metallic state of conducting polyme
remains a subject of controversy. Although several indep
dent optical measurements6–9 demonstrated«(v).0 for v
>50 cm21, as predicted by the ‘‘localization-modifie
Drude~LMD ! model,’’ 4,5 recent data from Martenset al.12,13

show«(v),0 in the range of 8–600 GHz~'0.3–20 cm21!
in agreement with earlier microwave~'6.5 GHz; 0.2 cm21!
results.10,11 Some IR studies14,15 have even reported a
zero crossing to«1,0 at much higher frequencies aroun
;250 cm21.

We reports~v! and«~v! obtained from Kramers-Kronig
analysis of polarized reflectance measurements on h
quality, stretch-oriented films of metallic polypyrrole~PPy!
doped with PF6 . Since tensile drawing improves the physic
properties of the films by chain extension and chain alig
ment, we expect that high-precision reflectance meas
©2003 The American Physical Society01-1
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ments carried out on such materials will resolve the con
versy concerning the dielectric response. The res
unambiguously demonstrate a crossover in the optical
sponse with a zero crossing in«~v! at approximately 20
cm21, i.e., at the boundary between the infrared5–9 and mi-
crowave~terahertz! regimes.12,13These results fully reconcile
the seemingly contradictory data described in the previ
paragraphs and resolve the controversy.

II. DETAILS OF THE EXPERIMENTS

High-quality, metallic PPy-PF6 films were prepared by
galvanostatic~electrochemical! polymerization.22 The as-
grown films ~dc conductivity sdc'350 S/cm were then
tensile-drawn to a draw ratio,/,0'1.5, resulting in a sub-
stantial increase insdc along the draw axis, sdci

'800 S/cm at 300 K and a significant anisotrop
sdci /sdc''4.6 with sdc''175 S/cm. Complete characte
ization by transport and x-ray-diffraction measurements w
carried out to ensure sample quality before and after the
sile drawing. The resulting samples exhibited high-qua
metallic properties.22 Scanning electron microscope inspe
tion reveals surfaces with excellent optical quality even a
the mechanical elongation. Reflectance,R(v), was mea-
sured at room temperature with polarization parallel and p
pendicular to the draw direction~using two different spec-
trometers! over the spectral range from 50 to 50 000 cm21

~0.006–6 eV! as described previously.5,6

The optical conductivity and dielectric function, as det
mined by Kramers-Kronig~K-K ! analysis of the reflectance
are very sensitive to the details ofR(v), especially in the far
IR. In particular, since we are concerned with the lo
frequency region for establishing the details of the me
physics, accurate extrapolation beyond the lower meas
ment limit ~typically by the Hagen-Rubens relation! is
crucial.23 Therefore, we extended the measured freque
range down to 8 cm21 and enhanced the accuracy by utili
ing higher sensitivity far-IR spectrometers; for the nono
ented sample,R(v) was extended to 8<v<13 cm21 using
a submillimeter spectrometer and to 20<v<100 cm21 us-
ing an interferometer~Bruker, 113v! equipped with a He-
cooled Si bolometer. The results demonstrate the accu
and precision of theR(v) measurements and justify the low
frequency extrapolation using the Hagen-Rubens relation

III. RESULTS AND DISCUSSION

Figure 1 showsR(v) of partially oriented PPy-PF6 mea-
sured with polarization parallel and perpendicular to
draw direction. Data from an as-grown sample~nonoriented!
are shown for comparison.R(v) of the as-grown sample i
typical of the highest-quality PPy-PF6 with a well-defined
plasma frequency as indicated by the minimum inR(v) at
approximately 1.53104 cm21 and highR(v) in the far IR.
The uniaxial orientation induces anisotropy and causes
improvement in the physical properties of the films; for p
allel polarization,R(v) is enhanced throughout the IR. Fo
perpendicular polarization,R(v) remains below that of the
03520
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nonoriented sample with a pronounced additional feat
near 1.13104 cm21.

For simple metals, the far-infrared reflectance can be
proximated by the Hagen-Rubens~H-R! relation

RH-R~v!>12~2v/ps0!1/2 ~1!

for v«s0 , wheres0 is the static~dc! conductivity.24 Thus,
applicability of the H-R relation implies classical metall
behavior withs(v)5s0 at low frequencies.25 The data~see
Figs. 1 and 2! indicate that for the parallel direction the H-
relation provides an excellent fit toR(v) in the far IR @v
<250 cm21 ('0.473104 sec21)]. Moreover, the condition
v!s0 ('850 S/cm'7.73104 sec21) is well satisfied in
this frequency range, and thes0 values obtained from the fits
to Eq. ~1! are in agreement with the measured dc conduc
ity, sdc ~300 K!. For the nonoriented sample, the extrem
far-IR measurements precisely follow the H-R fit and over
beautifully with the IR data (v>50 cm21), confirming the
accuracy and validity of the H-R extrapolation. The excelle
fits and the agreement betweens0 and sdc ~300 K! imply
a weak v dependence in the optical conductivity,s~v!,
for v<250 cm21.

Figure 2 displayss~v! as obtained from K-K analysis o
R(v) with appropriate extrapolation beyond the measu
ment range. At low frequencies, the H-R relation was used
extrapolate tov→0, as justified above. Thes~v! data ob-
tained from the oriented sample are consistent with the
transport results. For the parallel direction,s~v! exhibits sig-
nificantly enhanced intraband response throughout the IR

FIG. 1. Reflectance spectra,R(v), of stretch-oriented PPy-PF6

measured at 300 K with polarization parallel and perpendicula
the stretched direction, together with that of the nonorien
sample. The solid curves represent the measuredR(v). The dotted
lines at the lowest frequencies indicate the extrapolation by
Hagen-Rubens~H-R! approximation. For the nonoriented samp
the H-R approximation is in excellent agreement with lo
frequencyR(v) data obtained with the submillimeter spectrome
~•; 8<v<13 cm21) and the far-IR interferometer~h; 15<v
<100 cm21). The inset showsR(v) below 400 cm21 on a linear
scale; the Hagen-Rubens curves~dotted lines! are in excellent
agreement with the measuredR(v) for v,250 cm21.
1-2
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compared with that of the as-grown sample. Note, howe
that the tensile-drawing~chain orientation! does not alter the
essential physics of the samples. The decrease ins~v! below
2500 cm21 ~ignoring the phonon contributions near 100
cm21!, which has been attributed to disorder-induced loc
ization in previous publications on nonoriented samples,5,6 is
clearly observed in the oriented sample with no change in
peak position.

For both the parallel and perpendicular polarization dir
tions, s~v! as obtained form the K-K analysis ofR(v) ac-
curately approaches the measuredsdc ~300 K! value for fre-
quencies belowv;250 cm21. Indeed, such a weakv
dependence forv<250 cm21 is expected from the excellen
fit of R(v) by the H-R formula in this frequency range.

Chain orientation has a strong influence on the spec
dependence of«~v! as shown in Fig. 3. PPy-PF6 is a disor-
dered metal close to the M-I transition withvpt;1, where
vp is the plasma frequency andt is the scattering time. On
the metallic side of the M-I transition wherevpt.1, «~v! is
expected to cross zero at the screened plasma frequ
Vp5vp /(«`)1/2, where«` is the high-energy contribution
to the dielectric constant. This is indeed the case for
parallel direction in the oriented sample;«~v! crosses zero a
1.33104 cm21 ~1.6 eV! and goes to negative values in th
near IR.

The importance of disorder is demonstrated by theoret
analysis using the ‘‘localization-modified Drude model,’’4,5

as shown in Fig. 4. The fits to the data yieldvp'2.3 eV
~thus, Vp'1.6 eV with «`'2), t'1.2310215 sec, and
kF,'1.3 for parallel polarization, wherekF is the Fermi
wave number and, is the mean free path. Using these va
ues, we obtainvpt'4.1.1. However, in contrast to simpl
Drude behavior, weak localization causes«1(v) to cross
zero again at;2000 cm21 and remain positive down to;50
cm21 in the parallel direction for the partially oriente
sample. The general agreement with the LMD model imp

FIG. 2. Optical conductivitys~v! of PPy-PF6 parallel and per-
pendicular to the stretched direction together with that of the n
oriented sample. Note the 1:1 correspondence between the dc
ductivity (sdc), shown as the symbols, ands(v→0), as obtained
from the K-K analysis with extrapolation tov→0 by the Hagen-
Rubens approximation~dotted lines!.
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that in contrast to the inhomogeneous metallic island mo
the disorder is ‘‘weak’’ in the context of disorder theory.

The corresponding fit of the LMD model to the data fro
the as-grown sample yieldsvp'2.0 eV, t'0.7310215 sec
(vpt'2.1), andkF,'1.3. The lower value forvp ~2.0 vs
2.3 eV in the direction parallel in the oriented sample! is
consistent with theR(v) data shown in Fig. 1 and evidentl
arises from contributions to the oscillator strength polariz
perpendicular to the metallic chains. For the nonorien
sample,vpt.1, which is sufficient to give a minimum in
R(v) but not quite large enough to bring«~v! down to zero.
Note thatkF,, the order parameter in localization theory,26 is
the same (kF,'1.3) for the as-grown and oriented sample
implying that disorder is not significantly reduced by tens
drawing.

-
on- FIG. 3. Real part of the dielectric function«1(v) of PPy-PF6
parallel and perpendicular to the orientation direction together w
that of the nonoriented sample. The inset compares«1(v) of the
nonoriented sample and data obtained from Ref. 12.

FIG. 4. Theoretical fits to the measureds~v! using the LMD
model as explained in the text. The inset shows the low-freque
part with an expanded scale.
1-3
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The positive«~v! in the far IR forv.50 cm21 is consis-
tent with our previous observations5,6 and also with indepen
dent IR measurements7–9 carried out with high photometric
accuracy. Since we have confidence in the accuracy of
low-frequency extrapolations~see Figs. 1 and 2!, we can use
thes~v! data to obtain«~v! asv approaches zero;s~v! and
«~v! must be K-K consistent. The results, shown in Fig.
indicate a second zero crossing to«1(v),0 at v
'20 cm21. As shown in the inset of Fig. 3, the function
dependence of«~v! for v,20 cm21 is in excellent agree-
ment with the terahertz measurements of Martenet al.12,13

The negative values for« are also in agreement with th
earlier microwave results.10,11

Note that all the«~v! curves cross zero at the same fr
quency, regardless of chain orientation. Earlier studies14,15

reported a zero crossing around 250 cm21, one order-of-
magnitude larger than atv'20 cm21, as shown in Fig. 3.
The second zero crossing was attributed to a second pla
resonance associated with a low density of delocalized
riers with a remarkably long scattering time (t;10211 s).
However, the spectral dependence ofs~v! at low frequencies
provides insight into the origin of the negative«~v!. The
dielectric function will always cross zero to negative valu
in any sample wheres~v! is constant at low frequencies an
where the Hagen-Rubens expression provides an accura
to R(v). The constants~v! implies oscillator strength from
the intraband transitions at low frequencies, as demonstr
in the deviation from the LMD model below;250 cm21

shown in the inset of Fig. 4. Thus,s(v)5s0 implies a
crossover in the charge dynamics in this frequency ran
For v.250 cm21, the results are characteristic of a qua
one-dimensional ‘‘metal’’ in which disorder-induced loca
ization dominates the frequency dependence ofs~v! and
«~v!. Below approximately 250 cm21, the charge dynamics
.

.

.
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are characteristic of an anisotropic three-dimensional me
Thus, the data imply a dimensionality-induced crossove
the metal physics of conducting polymers close to, but on
metallic side of, the M-I transition.

IV. SUMMARY AND CONCLUSION

In summary, polarized reflectance measurements on h
quality oriented films of metallic PPy-PF6 demonstrate tha
the optical conductivitys~v! becomes frequency indepen
dent below approximately 250 cm21 and that there is a zero
crossing in the dielectric function«~v! to negative values
below 20 cm21. Sinces~v! extrapolates to the dc value an
since«~v! is in excellent agreement with the data obtain
from terahertz and microwave measurements, the con
versy in the dielectric response of the metal physics of c
ducting polymers is finally resolved. The photon energy
which the crossover occurs is comparable to the magnit
of the interchain transfer integral (t''0.01– 0.1 eV) in con-
ducting polymers,27 consistent with a crossover from one
(\v.t') to three-dimensional (\v,t') charge dynamics.
In general, this dimensionality-induced crossover in t
transport properties is well known in the physics of qua
one-dimensional conductors with finite interchain coupling28
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