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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 reflectand®(w), measurements on films of conducting polypyrrole oriented by
tensile drawing. The results obtained from Kramers-Kronig analysiR(af) demonstrate that the optical
conductivity, o(w), becomes frequency-independent below approximately 250" @nd that there is a zero
crossing in the dielectric functior(w), to negative values below 20 ¢th Sinceo(w) extrapolates to the dc
value and since(w) 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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[. INTRODUCTION polymers. Infrared measurements and dc measurements
probe different aspects of electronic transport; whereas dc

Highly conducting(“metallic” ) polymers are in use in transport experiments measure the bulk conductivity in
applications ranging from electrodes in capacitors to injecwhich the transport is limited by the slowest processes, op-
tion layers in “plastic electronic devices.” Nevertheless, tical measurements probe the charge dynamics over a char-
the natures of the metallic state and the metal-insuldtiet)  acteristic length scale of ,=(D/w)*? (D is the electron
transition remain controversial and are not fully diffusion coefficient. It is gratifying, therefore, that
understood:® The electrodynamic response at low frequen-Kramers-Kronig analysis of the IR reflectance data yields
cies is the central unresolved issu&hile the dielectric values for the optical conductivity(w) that extrapolate di-
function e(w) inferred from infrared reflectance rectly to the measured dc valu&€ Moreover, the functional
measurements® extrapolated to a positive value in the far dependencies af(w) and o(w) can be quantitatively under-
infrared, direct measurements of the dielectric function in thestood in terms of the conventional Drude model modified by
microwavé®*! and terahertz rang¥s'® revealede <0. The  the effect of weak localizatioh? indicative of a homoge-
contradictory results have been a subject of considerableeous but disordered material over a wide range of length
discussion. scales.

The complicated transport properties of “metallic” poly-  Dielectric measurements also provide information on the
mers have been discussed as originating from the complexetallic state of conducting polymers. Direct measurements
morphology of the materials, i.e., originating from structuralof the dielectric function in the far IR and at microwave
inhomogeneities in the nanolength scéle inhomogeneous frequencie¥ 2 probe the intraband excitations near the
or “metallic island” limit).>***5Although it is true that such Fermi level. Studies of the dielectric logdielectric relax-
structural inhomogeneities dominated the physics of earlation) in conducting polymers, employing ac-impedance
materials, progress during the 1990s resulted in methods oheasurement$ or thermally stimulated depolarization cur-
processing high-quality uniform films from solution and en- rent spectroscop?¥, probe localized charge motide.g., po-
abled subsequent tensile drawing of such films to chainfarons within nanometer-scale regions.
extended and -oriented materials. The ability to process “me- In spite of the robust evidence for the disorder-induced
tallic” polymers from solution has significantly improved the M-I transition as inferred from the transpbrand optical
quality of the materials to a level at which the electronic measurement;® the metallic state of conducting polymers
length scales are larger than the size of the residualemains a subject of controversy. Although several indepen-
inhomogeneitieé*® Although “homogeneous,” these mate- dent optical measuremeftS demonstrated:(w)>0 for
rials are at best partially crystallitfe!” and are therefore =50cm!, as predicted by the “localization-modified
disordered. Indeed, attempts to analyze the transport propebrude(LMD) model,”*® recent data from Marteres al1#*2
ties of the improved systems within the framework of con-showe(w)<0 in the range of 8—600 GHz=0.3—20 cm})
ventional localization theof/®1° have been quite success- in agreement with earlier microwave-6.5 GHz; 0.2 crm?)
ful; “metallic” polymers can be quantitatively described as results!®! Some IR studi¢é® have even reported a
disordered metals near the metal-insulator transftibtare-  zero crossing ta:;<0 at much higher frequencies around
over, high magnetic fields and high pressure can be used t6250 cm ..
fine-tune the M-I transition; the use of high magnetic fields We reporto(w) and e(w) obtained from Kramers-Kronig
enabled studies of the crossover from metal to insufaamg ~ analysis of polarized reflectance measurements on high-
the use of high pressure enabled studies of the crossovequality, stretch-oriented films of metallic polypyrro(@Py)
from insulator to metad. doped with PE. Since tensile drawing improves the physical

Infrared (IR) reflectance measuremetit3have played an properties of the films by chain extension and chain align-
important role in clarifying the metal physics of conducting ment, we expect that high-precision reflectance measure-
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ments carried out on such materials will resolve the contro- 1.0pss=— T T T
versy concerning the dielectric response. The results
unambiguously demonstrate a crossover in the optical re-
sponse with a zero crossing #(w) at approximately 20 0.8 ]
cm, i.e., at the boundary between the infratédand mi-
crowave(terahertz regimest?>*3These results fully reconcile 8 0.6 )
the seemingly contradictory data described in the previous g
paragraphs and resolve the controversy. =
g 04 _
&
Il. DETAILS OF THE EXPERIMENTS 0.2 > _
High-quality, metallic PPy-P§films were prepared by OF 2000 400
galvanostatic (electrochemical polymerizatior?> The as- 0.0 joduency(em ) ! .
grown films (dc conductivity o4~350 S/cm were then '100 10" 10° 10° 10*
tensile-drawn to a draw ratié/ € ~ 1.5, resulting in a sub- Frequenc y(cm-l)

stantial increase inoy. along the draw axis, oy

~800S/cm at 300 K and a significant anisotropy, giG. 1. Reflectance spectrB(w), of stretch-oriented PPy-RF
0gg/ T4 =4.6 With o4, ~175 S/cm. Complete character- measured at 300 K with polarization parallel and perpendicular to
ization by transport and x-ray-diffraction measurements wagne stretched direction, together with that of the nonoriented

carried out to ensure sample quality before and after the tersample. The solid curves represent the measR(es). The dotted
sile drawing. The resulting samples exhibited high-qualitylines at the lowest frequencies indicate the extrapolation by the
metallic propertie$? Scanning electron microscope inspec- Hagen-RubengH-R) approximation. For the nonoriented sample,
tion reveals surfaces with excellent optical quality even aftethe H-R approximation is in excellent agreement with low-
the mechanical elongation. Reflectané,w), was mea- frequencyR(w) data obtained with the submillimeter spectrometer
sured at room temperature with polarization parallel and pert; 8<w=<13cm') and the far-IR interferometetd; 15<w
pendicular to the draw directiofusing two different spec- <100cm ). The inset show(w) below 400 cm* on a linear
trometers over the spectral range from 50 to 50 000 ¢ém scale; the Hagen-Rubens curvédotted lineg are in excellent
(0.006—6 eV as described previous?}? agreement with the measur®{w) for <250 cm L,

The optical conductivity and dielectric function, as deter- . ) N
mined by Kramers-Kronigk-K) analysis of the reflectance, nonoriented sample with a pronounced additional feature
are very sensitive to the details Bf ), especially in the far near 1. 10" cm™*.
IR. In particular, since we are concerned with the low- FoOr simple metals, the far-infrared reflectance can be ap-
frequency region for establishing the details of the metaProximated by the Hagen-Rubet(ts-R) relation
physics, accurate extrapolation beyond the lower measure- 72
ment limit (typically by the Hagen-Rubens relatiors Rur(w)=1-(2w/70g) 1)
crucial?® Therefore, we extended the measured frequenc
range down to 8 cm' and enhanced the accuracy by utiliz-
ing higher sensitivity far-IR spectrometers; for the nonori-
ented sampleR(w) was extended to 8 w<13 cm ! using

- < =1 el . - ) .
a submillimeter spectrometer and t0=20=100 cm ™~ us relation provides an excellent fit tB(w) in the far IR[w

ing an interferomete(Bruker, 113y equipped with a He- 1 1 P~
: <250 cm ! (=~0.47x 10* sec !)]. Moreover, the condition
cooled Si bolometer. The results demonstrate the accuracakg0 (~850 Slcm=7.7x 10° sec'1) is well satisfied in

and precision of th&®(w) measurements and justify the low- _ . ; )
- ; ) ; this frequency range, and tlag values obtained from the fits
frequency extrapolation using the Hagen-Rubens relation. to Eq. (1) are in agreement with the measured dc conductiv-
ity, oq4c (300 K). For the nonoriented sample, the extreme
Il RESULTS AND DISCUSSION far-lR_measu_rements precisely foIIowEfle H-R f_it a_nd overlap
beautifully with the IR data =50 cm ~), confirming the
Figure 1 showRR(w) of partially oriented PPy-Rfmea-  accuracy and validity of the H-R extrapolation. The excellent
sured with polarization parallel and perpendicular to thefits and the agreement betweeny and o4 (300 K) imply
draw direction. Data from an as-grown samfienorientel a weak w dependence in the optical conductivity(w),
are shown for comparisofiR(w) of the as-grown sample is for w<250 cm .
typical of the highest-quality PPy-RFRwith a well-defined Figure 2 displaysr(w) as obtained from K-K analysis of
plasma frequency as indicated by the minimunRifw) at R(w) with appropriate extrapolation beyond the measure-
approximately 1.5 10* cm ! and highR(w) in the far IR.  ment range. At low frequencies, the H-R relation was used to
The uniaxial orientation induces anisotropy and causes aextrapolate tow—0, as justified above. The(w) data ob-
improvement in the physical properties of the films; for par-tained from the oriented sample are consistent with the dc
allel polarization,R(w) is enhanced throughout the IR. For transport results. For the parallel directioriw) exhibits sig-
perpendicular polarizatiorR(w) remains below that of the nificantly enhanced intraband response throughout the IR as

Yor w«oy, Whereoy, is the static(de) conductivity?® Thus,
applicability of the H-R relation implies classical metallic
behavior witho(w) = o at low frequencie$® The data(see
Figs. 1 and 2indicate that for the parallel direction the H-R
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FIG. 2. Optical conductivityr(w) of PPy-Pk parallel and per- Frequency(cm ')

pendicular to the stretched direction together with that of the non- ) ) )
oriented sample. Note the 1:1 correspondence between the dc con- FIG- 3. Real part of the dielectric functios () of PPy-Pf

ductivity (o), shown as the symbols, and{w—0), as obtained parallel and perpendicular to the orientation direction together with
’ that of the nonoriented sample. The inset compard®) of the

from the K-K analysis with extrapolation te—0 by the Hagen- ! )
Rubens approximatiofdotted lines. nonoriented sample and data obtained from Ref. 12.

compared with that of the as-grown sample. Note, howevetthat in contrast to the inhomogeneous metallic island model,
that the tensile-drawingchain orientationdoes not alter the the disorder is “weak” in the context of disorder theory.
essential physics of the samples. The decreas¢dih below The corresponding fit of the LMD model to the data from
2500 cm? (ignoring the phonon contributions near 1000 the as-grown sample yields,~2.0 eV, 7~0.7X 10 *® sec
cm™?), which has been attributed to disorder-induced local{wp7~2.1), andke{~1.3. The lower value fow, (2.0 vs
ization in previous publications on nonoriented sampféis, 2.3 eV in the direction parallel in the oriented sampie
clearly observed in the oriented sample with no change in theonsistent with thék( w) data shown in Fig. 1 and evidently
peak position. arises from contributions to the oscillator strength polarized
For both the parallel and perpendicular polarization direcperpendicular to the metallic chains. For the nonoriented
tions, o(w) as obtained form the K-K analysis &(w) ac-  sample,w,7>1, which is sufficient to give a minimum in
curately approaches the measured (300 K) value for fre-  R(w) but not quite large enough to bringw) down to zero.
quencies beloww~250 cnit. Indeed, such a weako  Note thatke{, the order parameter in localization thedfys
dependence fop=250 cni ! is expected from the excellent the same K-¢~1.3) for the as-grown and oriented samples,
fit of R(w) by the H-R formula in this frequency range. implying that disorder is not significantly reduced by tensile
Chain orientation has a strong influence on the spectradrawing.
dependence of(w) as shown in Fig. 3. PPy-RRs a disor-

dered metal close to the M-I transition with,7~1, where . T T
w, is the plasma frequency andis the scattering time. On 1600 Py — T
the metallic side of the M-I transition where, 7> 1, &(«) is 1400 < Som/“ff o i
expected to cross zero at the screened plasma frequency, S S
Q,=w,/(e.)"? wheree.. is the high-energy contribution 1200 ¢ e 7
to the dielectric constant. This is indeed the case for the < 1000H: u Ot
parallel direction in the oriented samplgw) crosses zero at g ' Frequency(cm™)
1.3x10* cm ! (1.6 eV) and goes to negative values in the T 800! 1
near IR. k- 600 — Ex
The importance of disorder is demonstrated by theoretical — N P
analysis using the “localization-modified Drude modét” 400w T
as shown in Fig. 4. The fits to the data yielg~2.3 eV 200 T
(thus, Q,~1.6 eV with e.~2), 7~1.2x10 *sec, and
ke€~1.3 for parallel polarization, wherkg is the Fermi ot L
wave number and is the mean free path. Using these val- 0 5 10 15x10
ues, we obtainv,7~4.1>1. However, in contrast to simple Frequency(cm'l)
Drude behavior, weak localization causegw) to cross
zero again at-2000 cni ' and remain positive down te'50 FIG. 4. Theoretical fits to the measuretiw) using the LMD

cm ' in the parallel direction for the partially oriented model as explained in the text. The inset shows the low-frequency
sample. The general agreement with the LMD model impliespart with an expanded scale.
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The positives(w) in the far IR forw>50 cm ! is consis-  are characteristic of an anisotropic three-dimensional metal.
tent with our previous observatiotfsand also with indepen- Thus, the data imply a dimensionality-induced crossover in
dent IR measuremer{ts carried out with high photometric the metal physics of conducting polymers close to, but on the
accuracy. Since we have confidence in the accuracy of thmetallic side of, the M-I transition.
low-frequency extrapolationsee Figs. 1 and)2we can use
the o(w) data to obtaire(w) asw approaches zeray(w) and IV. SUMMARY AND CONCLUSION
e(w) must be K-K consistent. The results, shown in Fig. 3,

indicat d i te <0 at . X . .
Qzlgisf 1a Azegr?gwn Tr? rt(;] eﬁ;":g'g? Fi gl(éu )th e fu?\ ctitaa)n al quality oriented films of metallic PPy-RFlemonstrate that

dependence o(w) for @<20 cmi ! is in excellent agree- the optical conduc_tivitya(w) bec_omes frequency_indepen-
ment with the terahertz measurements of Marseml 1213 dent below approximately 250 crhand that there is a zero

The negative values fos are also in agreement with the g':lij\;n;o Igrr;qescijﬁ:l?t(nc) 2;(?:3;'03;‘;2;?0f:ﬁgaél(;/ia\lljéuﬁd
earlier microwave result§:** - o(w p

Note that ll hes(v) curves cros zero at th same fe- 07145 ) SCSient agreement vl e e obianee
quency, regardless of chain orientation. Earlier stuties versy in the dielectric response of the metal h,sics of con-
reported a zero crossing around 250 ¢mone order-of- Y P phy

magnitude larger than as~20 cm %, as shown in Fig. 3. ducting polymers is finally resolved. The photon energy at

The second zero crossing was attributed to a second IasmWhiCh the crossover occurs is comparable to the magnitude
9 P % the interchain transfer integral (=0.01-0.1 eV) in con-

resonance associated with a low density of delocalized car; . 7 . ;
. . . , 11 ducting polymerg! consistent with a crossover from one-
riers with a remarkably long scattering time~10""" s). (hw>1,) to three-dimensionali{w<t,) charge dynamics
However, the spectral dependencerth) at low frequencies W=t O=LL ge dy :

) — . L . In general, this dimensionality-induced crossover in the
provides insight into the origin of the negativéw). The transport properties is well known in the physics of quasi-

dielectric function will always cross zero to negative valuesone dimensional conductors with finite interchain counf
in any sample where(w) is constant at low frequencies and ping.

where the Hagen-Rubens expression provides an accurate fit
to R(w). The constant(w) implies oscillator strength from

the intraband transitions at low frequencies, as demonstrated We thank Professor G. Gmer for providing submillime-
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crossover in the charge dynamics in this frequency rangdinancial support from the Basic Research Program of the
For w>250 cm 1, the results are characteristic of a quasi-Korea Science and Engineering Foundation under Grant No.
one-dimensional “metal” in which disorder-induced local- R01-2000-000-00013-0. Work at UCSB was carried out un-
ization dominates the frequency dependences@b) and der support from the National Science Foundation under
e(w). Below approximately 250 cit, the charge dynamics Grant No. NSF-DMR-0099843.

In summary, polarized reflectance measurements on high-
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