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Reflectance spectra of polypyrrdlePy) doped with PE, obtained at 250 K and below, show the formation
of a peak in the joint density of states at 110 ¢nand an associated redistribution of oscillator strength. In
addition, a Fano-like resonance is observed at 70%cwe discuss the results in terms of a transition to a
density-wave ground state characterized by an energy gaph@-100 cm %) and a pinned collective mode
(at 70 cm'%). Despite the energy gap, PPy{Pfemains “metallic” at low temperatures; i.e., the gap spans
only a part of the Fermi surface.

The possibility of collective states arising from many- When synthesized electrochemically under rigorous
body effects in conducting polymers has been discussed faronditions’ the transpoft® and optical properti¢&—2 of
many years. The reduced dimensionality and the importancpolypyrrole (PPy—PF; are indicative of a disordered con-
of electron-electron correlations in the metallic state haveductor on the metallic side of th®l-1 transition. Further-
stimulated predictions of incommensurate charge-densitynore, metallic (PPy)-Pfexhibits an unusual resistivity de-
wave (or spin-density wavedynamics and superconductivity crease(versus temperatur®) at low temperature®® Recent
in this class of materials:® Although evidence of a spin gap x-ray structural analysis suggests that PPy-BFjuasi-two-
in very-high-conductivity doped polyacetylene has beerdimensional with good overlap of wave functions both along
presented;® such phenomena have not been realized moréhe polymer chain and in the column directitfiThis struc-
generally, in part because the physics of metallic polymers isure resembles that found in the low-dimensional charge-
dominated by severe disorder. transfer salts, in which charge-density way&€bHW), spin-

Recently, however, sample quality has been significantiydensity wavegSDW), and superconductivitySC) are well
improved, and the metal-insulatok(1) transition has been known4-
studied in detaif.In the metallic regime, the electronic states We report far-infrared(ir) reflectance results obtained
at the Fermi energy are delocalized and the electrical propfrom PPy-Pk at low temperatures. Below 250 K, a sharp,
erties are correspondingly enhanéewith these improved asymmetric feature peaked at 110 ¢mand a Fano-like
materials, one might hope to have an opportunity to observeesonance at 70 cm are observed. We attribute the
the onset of density-wave phenomena or superconductivityl10-cm* feature to the peak in the joint density of states
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associated with an energy gapAthc~100cmY) in the 1.0
single-particle excitation spectrum. Despite the existence of
the energy gap, however, PPy{femains “metallic” at
low temperatures; i.e., the gap spans only a part of the Fermi 0.8F
surface. The results are discussed in terms of the formation
of a density-wave-like ground state.

The frequency-dependent conductivitiw) and dielectric
function e(w) are very sensitive to the details of reflectance,
especially in the far-ir. Reflectance measurements suggested
the emergence of interesting spectroscopic features in
PPy-PR in the far-ir at low temperature§. However, be-
cause of poor detector sensitivity far<100cmi !, the de-
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tailed features inr(w) and e(w) could not be resolved. We 0.2}

have now extended the measured frequency range down to 8 50 100 150

cm ! and enhanced the accuracy by utilizing higher- Frequency (om °)

sensitivity far-ir spectrometers. The results unambiguously 0.0 vl vl el

show the development of the gap-edge feature peaked 10° 10! 10% 10° 10*
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around 110 cm® and a resonance mode at 70 ¢in Frequency (cm )

Free-standing films of metallic PPy-pPkere prepared
under nitrogen by anodic oxidation in an electrochemical cell FIG. 1. Reflectance spectR{w) of PPy-PE measured at vari-
containing 0.081 of pyrrole monomer, 0.08 of  oustemperatures from 10 to 300 K. The dotted lines below 8'cm
tetrabutylamonium-hexafluorophosphate, and 9% vol- indicate the extrapolation by the Hagen-Rubens formula used for
ume water in propylene carbonate. A glassy-carbon electhe Kramers-Kronig analysis. The inset shoRéw) below 200
trode and platinum foil were used as the working electrodem™* on a linear scale.
and the counterelectrode, respectively. The polymerization
was carried out galvanostatically at 0.1-0.3 mAJenith the  R(w) as indicated in detail in the ins&t.Previous analysis
cell at T=—40°C. Free-standing films with thicknesses demonstrated th&(w) and the optical constants obtained at
typically 10—-20 um were peeled off the electrode. Visual 300 K can be accurately described by the localization-
inspection of the sample surfaces indicated that the surfac@odified Drude mode(except for the obvious phonon fea-
quality was sufficient for specular reflectance measurementsires around 400—1000 ¢rh. 02
without concern for scattering losses. At 250 K and below, the low-frequencR(w) changes
The transport and optical properties of PPy;RFe very  dramatically. Between 800 and 100 th the reflectivity
sensitive to the details of the preparation conditidéThe  monotonically increases relative ®(w) at 300 K. Forw
resistivity ratio, p,=o(1.4K)/o(300K), and the reduced <110cni?, the reflectivity monotonically decreases relative
activation energyW= —d(In p)/d(InT), have proven to be to R(w) at 300 K; e.g., at 10 KR(w) remains well below
useful for characterizing the relative disorder in the samples.that obtained at 300 K fop<80 cm L. In the extreme far-ir
Therefore, we carried out complete transport measurementselow 30 cm *,R(w) recovers the “metallic’ behavior; the
on a series of samples and selected the most metallic samplB$w) curves for all temperatures approach the 300-K curve
for reflectance measurementg,~1.7, W<0 with o4  and increase toward unity as— 0. The inset to Fig. 1 shows
~350 S/cm at 300 K These samples also showed the resisthe long-wavelength data on an expanded scale. At and be-
tivity maximum around 13 K, below whicbp/dT>0. low 250 K, there are two features: the peak at 110 tand
The reflectanceR(w) was measured from 8 cmito 5  a Fano-like resonance at 70 ¢h These two spectral fea-
x10*cm™! using four different spectrometers. In the tures sharpen and become more well defifiedt do not
submillimeter-wave spectral rang8—13 cm'?), a coherent shift) as the temperature is lowered to 10 K. Far
source spectrometer based on backward wave oscillators was800 cm !, R(w) is independent of temperature.
used. For 15 w<300 cm %, a Bruker 113v ir interferometer Since such spectral featuresRiw) are unprecedented in
equipped with a He-cooled Si bolometer was used. A Nicoletnetallic polymers, we carefully checked the reproducibility
Magna-750 Fourier-transforrfr) spectrometer covered the of the spectra, especially the data in the far-ir region below
spectral range between 100 and 9000 &nThe agreement 300 cmi ®. In the range 70—600 chl, measurements were
in the overlap spectral range between different instrumentsarried out at low temperature on ten different samples with
was excellent. Since even a few percent errolRifw) is  nearly identical transport properties. In the range from 20 to
crucial to the Kramers-KronigkK) analysis, extra care was 300 cm ', measurements were carried out at low tempera-
taken in all procedures for obtaining absolute values ofure on four different samples, again with nearly identical
R(w). transport properties. All aspects of the far-ir data were repro-
Figure 1 showR(w) of metallic PPy-PEkat various tem- duced. Thus, the data shown in Fig. 1 are typical of the
peratures between 10 and 300 K. For 300 K, the reflectandeighest quality PPy-Rfwith transport properties that place
spectrum is typical of metallic polymers; a well-defined them on the metallic side of thel-I transition(p,<2 and
plasma edge around X8.0*cm™! (1.8 eV) with R(w) in-  W<0). In contrast, however, the new spectral features de-
creasing toward unity at lower frequencig®>90% for w scribed in the previous paragraph and shown in Fig. 1 are not
<20cm Y. In the far-ir region below 100 cit, the Hagen-  observed for samples on the insulating side ofithd tran-
Rubens (HR) approximation provides an excellent fit to sition (p,>10 andW>0).
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FIG. 2. Optical conductivity o(w) of PPy-PE below o FIG. 3. Real part of the dielectric constaat(w), for PPy-Pk
=400 cnY, as obtained from Kramers-Kronig analysis Rfw). for <400 cm ! as obtained from the Kramers-Kronig analysis of

The inset compares(w) for 10 K (dotted ling and 300 K(solid ~ R(«). The inset compareglfw) for 10 K (dotted ling and 300 K
line) in the ir region foro=<8000 cm . Note the 1:1 correspon- (Slid ling) for « <8000 cm ™.

dence between the dc conductivity {), shown as the symbols at . . .
w=0, ando(w—0) at each temperature. ground. Thus, there is no large-scale spatial separation
homogeneity of metallic and semiconducting regions.

The existence of an energy gap fo=250K is evident
from thee(w) spectra shown in Fig. 3. At 300 Kk, (w) is
small, positive, and featureless. Since PPy-iRFa disor-
dered metal close to th®l-1 transition!? &,(w) does not
cross zero at the plasma frequeriey,~ 1.5 10tcm™1; see
Fig. 1) because the plasma oscillation is overdamped. At 10
K, £1(w) increases below 110 c¢m, to &;(w)~200. The
£,(w) data in Fig. 3 are characteristic of a system with an

Kramers-Kronig(KK) analysis ofR(w) yields o(w) and
e(w). Extrapolation beyond the measured rarigg., below
8 cm ! and above %10*cm™!) are explained in detail
elsewheré?? For w<8 cm %, the HR relation was used to
extrapolate taw—0, as shown in the inset of Fig. 1.

Figure 2 displaysr(w) at various temperatures. At 300 K,
o(w) is typical of a disordereld metair(w) decreases with
decreasings below 2500 cm " and ac_curately_approa_ches energy gap with 2/hc~100cm . The oscillator strength
the measuredry(300K) value, consistent with previous > o : ;
reportst®!? In the far-ir region below 300 cit, o(w) is (€), which is shifted from below 2 to above A (see Fig.
featureless and frequency independent at 300 K, consisteﬁ%’ can _be est|_mated from the. increase in the low-frequency
with the excellent fit tdR(w) obtained from the HR approxi- ielectric function at frequencies below the gap,
mation in this frequency range. For lower temperatures, Aey(w0—0)=1+(Q24A2).
however, o(w) develops unusual spectral features in the P
far-ir region. An asymmetric structure peaked at 110 tm Taking Ae;(w—0)~200, we estimate that approximately
grows at the expense of the oscillator strength below 1% of the totalr-electron oscillator strength is redistributed
<80cm %; thus,a(w) decreases fap<60 cni tas the tem- (25 w3~10"2).
perature is lowered. In addition, a sharp Fano-like feature The peak ino(w) and the associated redistribution of o0s-
(absent at 300 Kappears at 70 cnt. The peak positions of ~cillator strength are indicative of the formation of a gap in
these two features are nearly temperature independent beldive excitation spectrum similar to that observed in low-
250 K. dimensional conductors and attributed to the formation of a

The excellent agreement between optically measure@€DW or SDW ground stat& -1’ Below the critical tempera-
o(w—0) andoy. at each temperature is explicitly demon- ture for formation of the broken-symmetry state, the period-
strated in Fig. 2. This remarkable agreement provides conficity of the CDW or SDW introduces an energy gap in the
dence in the accuracy and precision of RRew) measure- single-particle excitation spectrum. As a resut{w) is ex-
ments. pected to decrease at frequencies within the @agzero in

At frequencies below the gapr(w) does not approach one-dimensional systemsand the corresponding oscillator
zero. This implies that there are parts of the Fermi surfacstrength is shifted to frequencies above the gap. In addition,
with no gap(a semimeta| that disorder introduces states in the density-wave state there is a collective mode that can
within the gap, or that the sample is inhomogeneous with thée described as a sliding CDV@ér SDW).14~%7
energy gap in only a fractiofof order half) of the volume. The spectral features in the data shown in Figs. 1-3 re-
The Fano-like shape of the 70-cfhmode indicates that this semble those expected for a density-wave state, for example,
sharp resonance is coupled to the broad electronic backs in (TMTSF)PFR;, where a SDW gap is formed at around



1638 BRIEF REPORTS PRB 61

100 cni tin the direction perpendicular to the chaffiaVith  frequency IRAV mode, the pinned collective mode, in the
this interpretation, the resonance at 70 ¢rwould be iden-  ordered de_nsity-V\_/ave state witl\Zhc~100cm L. _
tified with the pinned collective mode. The spectral weight ~Alternatively, since the gap spans only a part of the Fermi

within the 70-cm* resonance corresponds to approximatelySurface, the results reported here can be interpreted in the
10% of the oscillator strengtf2, which was redistributed context of the correlation induced semimetallic state recently

from below 2A to above A. proposed by Vescolt al’?

) . . In summary, below 250 K, the reflectance data indicate
Typically, however, the transition to a density-wave statey o tormation of an energy gap £&2hc~100cmY). De-

is described as a second-order traqution in which the energyyie the energy gap, PPy-Pfemains metallic at low tem-
gap goes smoothly to zero at the critical temperature. In comperatures, implying that the gap spans only a part of the
trast, the temperature independence of the gap feature oBermi surface. The results are discussed in terms of the for-
served in Figs. 1 and 2 suggests a first-order transitiormation of a density-wave ground state. The need for still
Moreover, within the density-wave picture, the sliding modehigher-quality samples with longer mean free path in the
is pinned at a finite frequency by higher-order commensurametallic state is evident. Nevertheless, the results reported
bility or by defects and disordér:*® Since PPy-Pfis a dis-  here indicate that the rich physics of low-dimensional con-
ordered metal near thd -1 transition, one would expect dis- ductors can be observed and explored in conducting poly-
order pinning to be locally random. Thus the 70-¢m mers.

resonance, which appears only at 250 K and below, might be we thank E. K. Miller for assistance in processing the
alternatively described as an infrared-active vibrational modelata. This work was supported principally by the Office of
(IRAV) or a phase phonon rather than a pinned collectivNaval ResearctiKenneth Wynne, Program Offigeunder
modé®?L However, the 70-cm' resonance is well below Grant No. NO0014-91-J-1235. One of (L. ) would like to

the principal IRAV modes of the PPy chaiwhich appear in  thank the Pusan National Universitiorea for financial

the mid-ir region at all temperatures; see Figs. 1 and 2 support under the Academic Research Program for New Fac-
Therefore, we interpret the 70-crhresonance as the lowest- ulty Members.
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