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Abstract. The reflectivity spectrum of a polyaniline CSA-doped in presence of m-cresol has been measured
over the wide wavenumber range of 15-9 000 cm ™! (0.002-1.1 V) at room temperature. Experimental data,
compare well with similar experiments performed by another group. The conductivity spectrum of this
conducting polymer has been deduced from the reflectivity spectrum by means of two methods, Kramers-
Kronig transformation and best fit of an “extended Drude” model to the reflectivity spectrum. Whereas
the deviation from Drude behavior was interpreted in terms of Anderson localization or by inhomogeneous
disorder by other groups, it is shown here that a different model developed for conducting oxides that also
exhibit non-Drude behavior, applies very well to this example of conducting polymer.

PACS. 78.30.Jw Organic compounds, polymers — 72.80.Le Polymers; organic compounds (including or-
ganic semiconductors) — 71.38.4i1 Polarons and electron-phonon interactions

1 Introduction

Whereas conventional metallic materials show an infrared-
visible-near UV conductivity spectrum that is generally
well described by the Drude model, studies of conducting
oxides performed during the ten last years have shown
the general non-Drude behavior of non-metal conductors.
This is true in particular for high-T, cuprate superconduc-
tors [1-4], which have been the subject of extensive stud-
ies, but also more recently for manganite-type systems
that display giant magneto-resistance (GMR) phenom-
ena [5]. The conventional Drude model applies to coherent
motions of “free electrons” in systems in which screen-
ing assumes vanishingly small interaction between charge
carriers, expressed for example via the Thomas-Fermi
vector. However, the screening is generally incomplete
in conducting oxides and in conducting polymers as
well [6], as probed by the signature of polar phonon
in infrared reflectivity spectra. This is, at least partly,
the consequence of lower carrier densities, compared to
conventional metals. There are at least two important
consequences of this incomplete screening: (i) the rele-
vance of possible polaronic conductivity mechanism in-
stead of free electron model for polar media in which the
Coulombic field is no longer negligible, (ii) the incomplete
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Thomas-Fermi exponential decay consequences, such as
possible interactions of charge carriers. This means that
the electronic transport mechanism in conducting ma-
terials that deviate from conventional metals has to
be considered specifically in the intermediate carrier
density regime. This is particularly important in the
conditions of incomplete screening because this general
framework is applicable to many classes of materials of
high interest such as conducting oxide ceramics, films,
oxide superconductors, GMR materials, and conduct-
ing polymers. An example in the case of the latest
type of materials is presented here. Conjugated poly-
mers have attracted considerable interest in applied and
fundamental research since the discovery of conductiv-
ity in doped polyacetylene in 1977 [7]. Since then, an
enormous amount of efforts has gone toward the un-
derstanding of the electronic and transport properties
in conjugated polymers. Within the class of conduct-
ing polymers, polyaniline (PANI) is unique in that the
electronic structure and electrical properties can be re-
versibly controlled both by charge transfer doping and
by protonation [8]. The wide range of associated electri-
cal and optical properties coupled with excellent environ-
mental and thermal stability, make polyaniline attractive
as an electronic material for potential use in a variety
of applications. Recently, progress in the synthesis and
processing of the polyaniline protonated with camphor
sulfonic acid (PANI-CSA) in meta-cresol has greatly im-
proved the homogeneity of the material and significantly
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Fig. 1. Reflectivity spectrum of an 8 ym-thick PANI-CSA film
at room temperature (solid curve). The dotted line represents
the best fit obtained with the “extended-Drude model”. The fit
parameters used are given in Table 1. The inset shows a fit with
a conventional Drude model without fitting the phonons: the
agreement is good for the higher energies but is not satisfactory
in the far-infrared region.

reduced the degree of structural disorder [9]. These struc-
turally improved materials provide opportunities to study
the Metal-Insulating transition and the intrinsic metallic
state focusing on the role of disorder on localization phe-
nomena [6,10-12].

2 Experiments

The emeraldine base form of the polyaniline was synthe-
sized chemically according to reference [13] by the oxida-
tive polymerization of aniline in an aqueous HCI solu-
tion. The mixture of aniline and ammonium persulfate was
stirred for 72 hours at —40 °C. PANI-CSA doped polymer
was then prepared by mixing two equivalents of emeral-
dine base and one equivalent of camphor sulfonic acid.
The molar ratio of CSA to phenyl-nitrogen repeat unit
was 0.5 for complete protonation of the polyaniline to the
emeraldine salt form [14]. High quality films of PANI-CSA
were then obtained by casting the material from solution
in meta-~cresol [14]. Films were then air dried for 48 h at
50 °C. The thickness of the film investigated here is 8 um.
It is sufficiently larger than the electromagnetic penetra-
tion depth to avoid the transmittance of the incident radi-
ation as will be checked later on. The reflectivity spectrum
of the polymer film was measured at room temperature
with an IFS 113 Bruker infrared Fourier transform spec-
trometer in the wavenumber range 15-9 000 cm 1.

3 Results and discussion

The reflectivity spectrum is shown in Figure 1. It is charac-
teristic of a conducting material with a reflectivity which
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Fig. 2. Optical conductivity o(w) of PANI-CSA calculated
from the KK transformation of the reflectivity data (dashed
line) compared with that obtained from the ED fit (dotted
line) as described in equation (2). The ED model allows the
separation of the oscillatory component of the spectral conduc-
tivity from the plasmon contribution.

tends towards 100% in the lower energy region. The spec-
trum is similar to that reported in reference [6]. Our over-
all reflectivity is a few percent higher than that of the
sample of reference [6]. DC conductivities are also similar,
200 scm ™! for our sample. The optical conductivity was
first obtained by the Kramers-Kronig (KK) transforma-
tion as shown in Figure 2 (dashed lines). Note that the
conductivity rate can vary significantly depending on the
experimental data range used for the calculation. As a re-
sult, this type of calculation may introduce serious errors
if there is some remaining dispersion outside the experi-
mental data range. KK transformation is well adapted to
insulating materials because one can select a data range
with a flat reflectivity at both ends such that there is no
remaining dispersion outside the experimental range. Con-
versely, in conducting media, the response remains non-
zero down to zero frequency.

3.1 Fit model

In most conducting oxides, the usual Drude model is
unable to fit the experimental reflectivity. The same
was already reported in the conducting polymer stud-
ied in reference [6]. A ‘“localization-modified Drude”
(LMD) model was proposed to overcome this diffi-
culty. Here, an alternative is tested, inherited from
previous studies of conducting oxide materials. An
“extended Drude” model, derived from the factorized
form of the dielectric function, has been introduced
to try to reconcile experiment and phenomenologi-
cal Drude-type approach. This model is based upon
the extension of the Lyddane-Sachs-Teller relationship
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Table 1. Fitting parameters and oscillator strengths of trans-
verse (Aeg;) and longitudinal (An;) modes calculated from the
TO-LO splitting.

Oscillation Parameters

Qo Y10 Qo YLo Ag; An;
(em™) | (em™) | (em™) | (em™) (x10™
420 47 425 50 0.94 4.5
512 49 520 48 1.47 6.9
588 74 600 83 1.51 9.5
689 79 697 87 0.90 5.7
805 104 820 118 1.48 9.3
952 58 956 61 0.35 1.6
1035 46 1041 48 0.62 22
1151 81 1178 62 2.56 7.0
1237 72 1259 90 1.33 8.1
1297 43 1300 69 141 1.5
1483 70 1493 75 0.94 1.7
1572 43 1579 44 0.72 1.0
1720 36 1721 39 0.36 0.1
1800 6459 6038 6695 21.72 3639.9
3018 13 3017 12 7.510™ 0.1
3300 23 3299 22 25107 0.4
Plasmon Parameters (cm™) I €,=2.52 |
Qp Yo Yp

5500 4300 4300

in the form
B QJQ'LO —w?+ IyjLow
€=t H - (1)
; QjTO —w? 4 1y;TOW
J

which expresses that longitudinal optical modes are the
complex zeroes of the dielectric response, while the trans-
verse modes are its complex poles. This is a straight-
forward application of one of the Maxwell relationships.
In equation (1), {2 represent the frequencies and + the
damping of each oscillator j, respectively, and e, =
1 4 Xelectronic 1S the “high-frequency” dielectric constant
from the viewpoint of the IR spectroscopist. The general
formula, which permits to separate the contribution of
charge carrier motion (i.e. without restoring force) and of
the other excitations (such as phonons, trapped polarons),
can be written as

250 — W’ +iyjLow B 22 +i(yp — yo)w

2 . .
- 2o — W+ iyrow w(w — i)

€ =€

(2)
where (2p is the plasma frequency defined via
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vp represents the linewidth of the plasma response cen-
tered at w = 2p and 7y is the linewidth of the absorption
centered at w = 0. One recovers the usual Drude model on
setting 79 = yp. The reflectivity is then calculated from
the dielectric function via

Rel(F)/(Efw
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and the spectral conductivity ¢ via

~ i
E=1- —
Eyw

()

where e, is the dielectric constant of vacuum. This
“extended-Drude” (ED) model has been shown to yield
much better fit than usual Drude model for conduct-
ing oxide materials like reduced TiO2 [15], NbO2 [16,17],
SrTiOg either reduced [1] or Nb-doped [18] lanthanum [19]
and praseodymium [20] nickelates, BaBiOs [2] and var-
ious cuprates [3,4] and also manganites [5]. It was
tempting to try to apply this model to a conducting
polymer, the spectrum of which does not exhibit usual
Drude-type profile. The best compromise with the usual
Drude model is shown in the inset of Figure 1. A sig-
nificant improvement is achieved by increasing vy with
respect to yp in equation (2). But, on this basis, one can-
not reproduce the decrease of spectral conductivity be-
low 0.12 eV (Fig. 2). To achieve a good fit with the ED
model requires adding a broad oscillator near 0.22 eV.
The behavior is, therefore, confirmed not to be typical
of usual Drude because the fit requires an extra con-
tribution in the form of an additional broad band the
spectral weight of which is about one half of the total
conductivity. In Figure 1, the agreement of the fit with
the experimental spectrum is quite good over the whole
range. The fitting parameters are given in Table 1. In Fig-
ure 2, the optical conductivity calculated from the param-
eters, which yield the best fit to the reflectivity data, is
in good agreement with the KK data. The high-frequency
reflectivity has not been fitted either, but evaluated from
the calculation of the square of the refractive index in
the visible region, namely €., =~ 2.52. The calculated re-
flectivity above 1.1 eV compares well the data of refer-
ence [6]. This type of data fit allows a parametrization
that could make possible the comparison between differ-
ent classes of materials, in particular oxides. From the
best fit, we have deduced the real part of the optical con-
ductivity of the sample as seen in Figure 2 (dotted line).
The oscillatory component of the conductivity and the
non-oscillatory plasmon contribution, whose characteris-
tics fix the static value of the conductivity, are shown sep-
arately in Figure 2. The static value of the conductivity
deduced from the fit o(w = 0) ~ 300 Q" 'em™! is con-
sistent with the measured DC conductivity o(w = 0) ~
200 O tem— L

3.2 Phonons

Our procedure first allows a parametrization of phonon
parameters. The phonon dampings are found rather large
for organic materials. This may be an indication of the
effect of structural disorder. Note that, to the best of
our knowledge, this is the first attempt of fitting of
the phonon spectrum in a conducting polymer. In refer-
ence [12], the authors fitted the broad reflectivity pro-
file with a localisation-modified Drude model (LMD) [10],
but did not fit the phonons. Figure 3, which displays a
magnification in the phonon spectral range, shows that
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Fig. 3. Reflectivity spectrum of PANI-CSA at room temper-
ature (experimental data and fit): zoom of the phonon region.
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Fig. 4. The real part €1 of the dielectric function, e(w) =
€1 — iea, of PANI-CSA obtained from the ED fit of the reflec-
tivity data. €1 is positive in the far-infrared region contrary to
expectations of the conventional Drude model; it crosses zero
twice, at ~ 0.13 eV and again at ~ 0.72 eV.

the agreement of the calculated curve with experiment
is excellent. In Table 1, the oscillator strengths are not
fitting parameters. The oscillator strengths of transverse
(Aej) and longitudinal (An;) modes are calculated from
the TO-LO splittings via

c (‘QkLO jTO)
A&j = >
JTO H( KTO — ]TO)
1 H (%o — ]LO)
and An; = (6)
JLO 1;[ ( kLO Q]Lo)

3.3 Optical conductivity

The plasmon-like contribution is highly damped. It is not
overdamped however. As a result, the sole plasmon contri-
bution to the real part of the dielectric response, plotted
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separately in Figure 4, is negative below the plasma fre-
quency parameter, as expected for a Drude contribution.
The plasmon contribution shown separately in Figure 2
is maximum at zero frequency, as expected. The oscilla-
tory part of the conductivity shows a broad bump near
0.28 V. Such bumps in comparable energy ranges were
observed in the conductivity spectra of certain conducting
oxides. In the specific case of ProNiOy, they were shown
to be compatible with the signature of polarons [20].
More specifically, one may consider small polaron bands,
which may lie at high energies (lower than the en-
ergy gap), and trapped-large-polaron bands. By “trapped-
large-polarons”, we mean the charges that remain local-
ized below the mobility edge by disorder [6,11,21-25]
or any other physical reason. Even in the absence of lo-
calization by disorder, the band of large-trapped-polarons
is observed for non-metallic conducting oxides in the mid-
infrared [20]. Localization by disorder of course reinforces
this possibility. In the case of conducting polymers, this
mid-infrared band is expected, therefore, to be broad. This
is just what is observed via our additional broad oscillator
(TO mode at 0.22 eV, LO mode at 0.75 eV). The average
frequency, 0.5 eV, is of the same order of magnitude of
what is observed in conducting oxides [1,20]. Present re-
sults, therefore, confirm that the polaronic scenario should
be considered to understand the high-frequency (infrared)
conductivity mechanism of conducting polymers, as in the
present example. The application of the relationship

/ o(w)do! = & Nett@) (7)
0

2 m*

allows to estimate N.g = 1.2 x 102! e/cm3 upon inte-
grating our optical conductivity up to w = 9000 cm™" if
one assumes that the electron effective mass m* is the
electron mass. Within the same integration range and
with the same assumption for the effective mass, one finds
Neg = 0.85 x 102! ¢/cm® by using equation (3). It is con-
sistently smaller than the result via (7) since only mobile
charge carriers contribute to the second determination. We
check, therefore, that the electronic density is significantly
lower than that of normal metals (> 1022 e/cm®) but is
comparable with that (~ 102! ¢/cm®) of high-T. oxide su-
perconductors. The imaginary part of the inverse dielectric
function shown in Figure 5 shows a maximum near 0.9 eV.
This is slightly higher than the plasma frequency (0.7 eV),
due to coupling with LO oscillators (mainly the 0.75 eV
bump) and the highly-damped character of the plasmon.
The spectrum of the absorption coefficient of our sample
is displayed in Figure 6. The inverse absorption coefficient
K~ is the penetration depth of the radiation. We check
that the sample thickness, 8 um, is larger than K ! in the
whole investigated spectral range.

There is however an alternative to the present ap-
proach which is, for instance, exemplified in several
works [11,12]. A localization of carriers by disorder is as-
sumed to decrease the Drude contribution towards low
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Fig. 5. Energy-loss function 3[1/e(w)] of PANI-CSA calcu-
lated from the dielectric function deduced from the ED fit of
the reflectivity spectrum.
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Fig. 6. The absorption coefficient spectrum K ' of PANI-
CSA deduced from the ED fit of the reflectivity spectrum. In
the investigated spectral range, K ! (the penetration depth) is
larger than the thickness of the PANI-CSA-film studied (8 pm).

frequencies in the form

aLMD(w):GD(w){1— [1—(37’&))1/2} /(sz)2} (8)

where 7 is the carrier relaxation time, kg the Fermi vec-
tor and [ the carrier mean free path. There are at least
two ways to discriminate between models, extended-Drude
and LMD. One is to check whether or not the charge car-
riers screen the phonons correctly. The result is satisfac-
tory with our extended-Drude model. Conversely, it has
not been checked with the LMD model to our knowledge.
A more complete way to discriminate them would be to
compare the fit quality (with phonon fitting) by varying
the doping upon a wide range. This is planned in a near
future.
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4 Conclusion

The reflectivity of a film of CSA-doped polyaniline has
been investigated in terms of spectral conductivity, both
by Kramers-Kronig transformation and fitting procedure.
Both approaches compare well. At low energy, the ex-
perimental reflectivity tends towards 100% as expected
for a conventional metal. However, the analysis of the
spectral conductivity shows significant deviation from the
Drude behavior because the response contains two main
contributions: (i) a highly-damped plasmon-like contri-
bution and (ii) a broad additional oscillator centered at
0.5 eV which amounts to one half of the total spectral
weight. Comparison with similar observations of a mid-
infrared band in conducting oxides suggests a polaronic
origin for this additional contribution. A general theory of
conductivity in media at intermediate charge carrier den-
sity, valid for conducting polymers or oxides or other non-
metal conducting media appears highly desirable. Within
this perspective, the parametrization of the conductivity
performed here will be useful for comparison with differ-
ent classes of materials. Our model introduces a perspec-
tive, which is complementary of other models published.
The previous views of Anderson localization [10] proposed
to account for the deviation from the Drude prediction
of both reflectivity and conductivity at low energies, has
been criticised by more recent studies [25] which rather
suggest an inhomogeneous disorder. OQur approach is com-
patible with this view. It has the merit in addition to sug-
gest a method to discriminate between trapped and mobile
charge carriers. Further planned studies versus tempera-
ture and doping will allow us to complement this origi-
nal approach and possibly to discriminate with the LMD
model.
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