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its frequency lies below the characteristic oscil-
lation frequency (the ‘plasma frequency’, p) of
electrons in a metal. (This frequency is given by
the expression p

2= ne2/m, where nis the
number density of conduction electrons, mthe
electron mass and is the background dielec-
tric constant.) In this case, conduction elec-
trons are able to move fast enough to screen out
incident electromagnetic radiation and, math-
ematically, the real part of the complex dielec-
tric response function of a metal is negative. 
For metals with high densities of conduc-
tion electrons such as silver and aluminium,
the plasma frequency lies above the frequency
band of visible light, in the ultraviolet region of
the electromagnetic spectrum. For Lee and
colleagues’ conducting form of polyaniline2,
however, the density of conduction electrons is
much lower, and the plasma frequency is deep
in the infrared, below visible-light frequencies.
Polyaniline does not therefore seem to reflect
visible light, as a metal does; nevertheless, its
optical reflectivity in the infrared very accu-
rately fits the model for a simple metal, and,
critically, the real part of its dielectric response
function remains negative down to the lowest
frequencies.
In fact, the surprise is just how like an ordi-
nary metal polyaniline turns out to be. Model-
ling its optical reflectivity assuming that it is 
a metal produces a realistic estimate of the
number of conduction electrons (about one
for every two aniline groups in the polymer),
requires no adjustment to take into account
the electron mass, and gives a value for d.c.
conductivity that matches the directly mea-
sured value. 
This finding pitches the metallic model
against a different model, loosely referred to as
the ‘polaron model’5, that over the past two
decades has been the favoured explanation of
polymer conductivity. This model starts from
the fact that, without chemical doping, poly-
mers such as polyacetylene and polyaniline are
semiconductors (as such, they are extensively
used as the active component in transistors,
light-emitting diodes and photovoltaic
diodes6). When a small amount of dopant

electronic charge is added to the undoped
polymer, the electronic charges on the poly-
mer chain are localized. Thermal excitation is
required to move charge from one site to the
next, and so conductivity drops as tempera-
ture falls. Ironically, the localization that hin-
ders conduction is substantially the handiwork
of the agents that produced the charge: the
chemical dopants are partially ordered in sites
adjacent to the polymer chains (so-called
‘charge transfer complexes’) and their full-
blown ionic charges provide random poten-
tials that confine the electrons.
Localization is enhanced by the rearrange-
ment near charges of covalent bonds on the
polymer chain. This process produces a lower
energy state for electrons to occupy, and the
resultant coupling of the local structure to the
electronic charge can be regarded as a particle-
like entity, known as a polaron. It also causes a
set of characteristic optical signatures, includ-
ing vibrational modes of the polymer structure
at frequencies between 15 and 60 terahertz
and electronic transitions to states within the
semiconductor gap, typically at frequencies in
the near infrared. 
Although there is plenty of spectroscopic
evidence to support the polaron model for par-
tially doped materials, polaronic features seem
insignificant in Lee and colleagues’ more
ordered doped polyaniline2. The transition
from polaronic conductor to simple metal —
from a material whose conductivity, at low tem-
peratures, decreases with falling temperature to
one whose conductivity increases — is surpris-
ing. The explanation must lie in the way that
conduction electrons are able to screen out the
local potentials that stem from both polaron
geometrical relaxation and structural disorder.
This process is self-perpetuating: as the poten-
tials become screened, the conduction elec-
trons are themselves able to become more
delocalized, and thus better able to screen.
This phenomenon has parallels in some

classes of inorganic materials such as ‘colossal
magnetoresistance’ manganites that can show
huge changes in conductivity as their magnetic
order changes, and in which the role of pola-
ronic interactions is similarly important7. The
implications for the field of conducting poly-
mers are bitter-sweet: although the demon-
stration of a polymer acting as a true metal is a
real milestone, it sets a limit on the level of con-
ductivity we can expect from such materials.■
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Polymers show they’re metal 
Richard Friend

Although certain polymers have long been known to conduct electricity,
they seemed to differ from metals in other electronic and optical properties.
A new form of polymer turns that relation on its head.

The fact that the polymer polyacetylene
reaches metallic levels of conductivity when
chemically doped caused quite a stir when it
was first reported1in 1977. This was not just
because conducting polymers might be of
great practical use, but also because the under-
lying physics came as a surprise: the appar-
ently free movement of electrons along the
carbon-based backbone of a polymer chain
was not widely anticipated. The discovery
attracted the attention of many chemists,
materials scientists and physicists, and by the
mid-1990s several practical conducting poly-
meric materials had emerged. 
Despite their metal-like conductivities, these
polymers did not pass muster as metals in
other important respects. On page 65 of this
issue, Lee et al.2supply missing evidence that
supports the prevailing view that it is structural
disorder, which is very hard to eliminate in
polymeric materials, that prevents making real
metals of polymers3,4. The authors’ doped, 
conducting form of polyaniline, synthesized to
produce a more ordered material than was pre-
viously available, shows both the electrical and
the optical properties required of a true metal. 
Although the electrical conductivity of this
form of polyaniline is, at about 103siemens per
centimetre at room temperature, not particu-
larly high (the conductivity of copper at the
same temperature is, for instance, around
6 105S cm1), it increases steadily as temper-
ature is lowered, and by 4 kelvin has risen by a
factor of about 2.5. Such behaviour is a hall-
mark of a metal: the conduction electrons that
carry the electrical current within a metal
travel as free particles, and it is the rate at which
these electrons are scattered that limits con-
ductivity. Because the dominant source of scat-
tering is the thermal vibrational motions of the
atoms, as temperature falls, scattering is frozen
out, and so conductivity increases. At very low
temperatures, the conductivity saturates at a
level set by scattering due to residual disorder.
Another defining feature of a metal is its
optical reflectivity, which gives, for instance,
silver and aluminium their familiar shine.
Light is reflected from a metallic surface when
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