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Elastic scattering mechanisms dominate the charge transport in crystalline metals, resulting in a characteristic
increase in conductivity at low temperatures. However, disorder – arising, for example, from alloying – can
hamper transport and lead to decreased coherence among scattered electrons (i.e. inelastic scattering). This is
typically the situation in non-crystalline metals. Likewise, conductive polymers are particularly prone to defect
states with decreased carrier mobility (i.e. electrical conductivity).
We present the ﬁrst report of conduction in the elastic scattering regime in conductive polymers without the
detrimental eﬀect on conductivity. As in a crystalline metal, conductivity increases upon cooling. More speciﬁcally, we observed a minimum conductivity in free-standing metallic PEDOT:sulphate at around 4 K. The
polymer chains, which form crystallites of around 800 Å in size, exhibit an extraordinary degree of spatial and
energetic order. We show that increasing pressure enabled us to shift the minimum upwards, thus achieving
metallic conductivity at up to 10 K with a calculated mean-free path of around 250 Å. These results underline the
existence of true metallic states in conductive polymers at low temperatures.

1. Introduction
Recent years have seen great advances in organic polymeric conductors. Novel materials of high purity and with low levels of disorder
exhibit very high conductivities (> 5000 S cm−1) [1–3]. Nevertheless,
the question remains of how to bridge the gap to true metallic conductivity, that is, how to achieve a positive temperature coeﬃcient of
resistance (TCR) as is typical of classical metals [4–9]. Conductive
polymers (CPs) are diﬀerent from metals, particularly in their inherent
quasi-one-dimensional nature, which makes them especially prone to
disorder. However, there are also similarities, for example, to alloys and
amorphous metals [10–12], in which- unlike crystalline metals- conductivity does not increase with decreasing temperature [13,14].
Building on the theory of Anderson and Mott, we hypothesized that
weak localization is directly linked to disorder in the system. The next
step in the development of conductive polymers therefore consists of
overcoming the critical density of states g* to make the transition to a
metallic and – potentially – in the longer term to a superconductive
system [15–21].
Fornari et al [22]. arrived at a similar conclusion, claiming that only
two distinct parameters inﬂuence conductivity: the activation energy of
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electrical transport (which is given by the chemical structure of the
molecule) and disorder. Hence, to achieve high conductivity, not only
the choice of molecule is crucial, but, even more so, its processing into
thin ﬁlms.
Based on these conclusions, we decided to investigate the conductive material poly(3,4-ethylenedioxythiophene) (PEDOT), which is
known for its structural advantages and mass production worldwide,
and processed it in a novel way to minimize disorder during thin-ﬁlm
deposition and doping.
In this work, we investigate ﬁlms of PEDOT:sulphate deposited via
oxidative Chemical Vapour Deposition (oCVD). A previous publication
reported that, due to an extraordinary degree of structural order, this
material exhibits the hallmarks of a glassy metal [23]. Here, we present
a study of bulk properties with the aim to eliminate eﬀects related to
the substrate.
We applied high pressures to compress the molecules in the van-derWaals crystal, further suppress disorder, and thus to facilitate carrier
transport [24–26] between polymer chains. Our assumption was that
we could bridge the phenomenological gap between metals and conductive polymers by promoting diﬀusive electron motion and thus increasing the overlap between wavefunctions.
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Fig. 1. Illustration of the eﬀects of pressurizing PEDOT:sulphate. Without pressure (upper), structural order is already present, but the distances between the polymer
chains are large, which results in a broader density of states. A metallic state (the g*-limit) is reached, but applying hydrostatic pressure may improve the material’s
performance (lower). Rising hydrostatic pressure induces denser packing, thus increasing the overlap between the wave functions of the polymer chains. This leads in
turn to equalization of the hypothetical Bloch equations, and to electrons becoming able to move freely within the material as the mobility edge is transcended. It is
highly likely that crystallites interact with their surroundings in a similar way.

Pressurizing the bulk specimen (∼1000 nm) removes minor imperfections in the polycrystalline material, as it causes structural rearrangements that minimize disorder and thus narrow the distribution
of states in the material [24,27].
A second eﬀect of pressurization (which also applies to highly ordered systems, such as ours) is that increased packaging density promotes electron transport both between polymer chains and between
crystal grains (see Fig. 1). This boosts the material’s electrical performance, as diﬀusive electron transport is further enhanced. Hence, improved coherence among scattered charge carriers – as in a classical
metallic conductor – is expected.
Due to the correlation between disorder and electrical performance
mentioned above, structural characterization was paramount in this
study. If conductivity depends mainly on local order, achieving crystallinity is critical to reach the metallic state. Hence, we conducted Xray studies including specular X-Ray Diﬀraction (XRD) and X-Ray
Reﬂectivity (XRR) to determine structural order in tandem with
(magneto-)conductivity. We identiﬁed a strong relationship between
the observed conductivity and structural order, and found single crystallites of sizes hitherto unreported in conductive polymers. Our ﬁndings are supported by results from Transmission Electron Microscopy
(TEM).

2

δ = ⎛ λ 2π ⎞ re ∙ρe
⎝
⎠

where δ is the absorption index, λ the wavelength of the incident radiation, re the classical electron radius, and ρe the electron density.
Crystallite sizes in the ﬁlms can be estimated from the full width at
half maximum (FWHM, β) of the peaks observed in the XRD spectra. To
this end, the Scherrer formula is applied:

τ = 0.9∙λ β∙cosθ

Although inorganic (semi-)conductors diﬀer intrinsically from their
organic counterparts, many concepts, such as Anderson localization,
have been accepted to be valid for both [28–33].
We characterized the structural properties of PEDOT:sulphate by
XRR and XRD. In XRR, through observation of the position of the critical angle of total external reﬂection αc, the electron density can be
calculated from the formula

2δ

W= −

d lnρ
d lnT

(5)

In such a plot, W (or, more precisely, its slope) allows distinguishing
between a temperature-activated process in the critical regime of the
MIT (WT constant), a glassy metal just shy of the Mott-Ioﬀe-Regel (MIR)
limit [39–42] (WT ≪ 1 and WT ∝ T ), and a crystalline metal when the
MIR limit is reached (WT < 0 and W ∝ T ).
Beyond the temperature of the MIT, the correlation lengths of carriers become particularly interesting. A charge carrier’s correlation
length depends on various factors such as phonon-electron interactions,
impurity scattering, and electron-electron interactions. These scattering
processes are expected to change in character when lower temperatures
are reached [43,44].

(1)

where δ is the refractive index decrement used to calculate the refractive index n in the equation

n = 1−δ + ic

(4)

where τ is the average crystallite size, λ is the wavelength of the incident radiation, β is the FWHM of a selected Bragg peak, and θ is half
of the scattering angle 2 θ. Unless further corrections are applied, the
result obtained from this calculation presents the minimum crystal size
to be expected.
Once the degree of disorder in the material under study is known,
the electrical properties must be characterized. In conductive polymers,
crucial questions to be answered typically concern the metal-insulator
transition (MIT; speciﬁcally, on which side of it the material is located),
the dimensionality of the conductor with respect to carrier transport,
and the electron scattering processes involved [34–38].
A particularly useful tool for visualizing the MIT of an electrical
conductor is the W- or Zabrodskiii-plot [30], in which the dimensionless parameter W is plotted against temperature, corresponding to Eq.
(5).

1.1. Background and theory

αC =

(3)

(2)

and
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shorter growth times and ﬂow rates of 1 L/min were used in order to
obtain thin ﬁlms with thicknesses of approximately 10 and 43 nm.
Sapphire (0000) substrates served as carrier substrates.
Specular XRD and XRR data were collected on a PANalytical EMPYREAN diﬀractometer using Cu Kα radiation (λ = 1.54 Å). On the primary side, a parallel beam was generated using a multilayer X-ray
mirror. On the secondary side, an anti-scatter slit and a Soller slit with a
spacing of 0.02 rad were used with a PANalytical PIXcel3D detector.
All conductivity measurements were performed using a Quantum
Design-Dynacool PPMS system and the necessary (CuBe) pressure cell.
This special alloys interaction with magnetic ﬁelds is minimal, allowing
magneto-transport measurements. The sample is introduced to the cell
in a pressurization-medium-ﬁlled teﬂon-cap and screwed shut. In order
to apply a pressure load, a hydraulic press acting on a pressurization pin
exerts pressure on the cells inside. Hence, the screwing cap can be
further tightened, allowing measurements at elevated load pressures.
(Fig. S4, SI)
For conductivity
measurements,
free-standing
ﬁlms
of
PEDOT:sulphate were mounted on a 4-probe sample board (4 in-line
gold contacts, 1 mm separation) and inserted into the pressure cell.
Daphne 7373 oil was used as pressurization medium. Silver paste was
used to contact sample and sample board. This was suﬃcient to
maintain stable contact over the whole temperature range
(1.85–300 K). Magnetic ﬁelds of 0 to 9 T were applied at pressure loads
of 0, 0.42, 1.28, 2.13, and 2.56 GPa.
All TEM measurements were performed using a JEOL JEM-2011.
The bulk ﬁlm was transferred to a copper grid as described above. All
images presented in this publication were obtained using the same
focus and a voltage of 100 kV.

In conductive polymers (i.e. in disordered systems), these eﬀects
have been well described by Kaiser et al [13,45,46]. When carriers
move through a disordered conductor, two scenarios will occur: at low
temperatures elastic scattering processes will dominate, while at high
temperatures inelastic scattering processes will. As in the case of the
former (almost) no energy exchange between phonons and electrons
occurs, the mobility of the carriers is dependent only on their intrinsic
energy: localization occurs even on shallow traps and conductivity is
thus low. In the case of the latter, exchange of energy between the
“lattice” and the electrons occurs (emission or absorption of a phonon),
helping the delocalization of carriers: conductivity is thus expected to
rise, i.e. a negative temperature coeﬃcient of resistivity (TCR) will be
observed. This process is often referred to as weak localization.
The eﬀects on conductivity are thus on the contrary of what is expected from a metal, where a positive TCR, i.e. an increase in conductivity upon cooling is expected. Concerning phonon scattering, an
exponential dependence on temperature T is expected when ≪ θD , the
Debye temperature, while a linear dependence is expected at T ∼ θD
[44].
Electron-scattering mechanisms can best be monitored by performing magnetoconductivity (MC) measurements. Varying the magnetic ﬁeld at a ﬁxed temperature aﬀects a material’s conductivity. In
highly disordered conductive polymers, typically only magnetolocalization (i.e., a decrease in σ vs. B) can be observed [47,48]. As the
magnetic ﬁeld is ramped, carriers become increasingly localized due to
electron-electron interactions. In the rare case of metallic conductive
polymers, however, an interplay between magnetolocalization and
magnetoconductivity can be observed. Weak magnetic ﬁelds result in a
resonance eﬀect with the free carriers (due to weak localization), thus
increasing the conductivity observed. At higher temperatures, this effect is thought to originate from weak localization. At high ﬁelds, weak
localization is suppressed by electron-electron interactions increasingly
resulting in magnetolocalization [23,34,37]. (Supporting Information,
Fig. S1)
These positive and negative MCs are proportional to H2 and H1/2,
respectively (Supporting Information, Fig. S2 and S3) [34].
If both localization and delocalization are present, the magnetic
ﬁeld can be reformulated to the magnetic penetration depth or the
Landau orbit size LD:

LD =

h
e∙B

3. Results and discussion
Since we hypothesized that excellent structural properties are a
prerequisite for metallic transport properties, we decided to determine
the structural aspects ﬁrst. Both reﬂectivity and diﬀraction X-ray studies of ﬁlms with a nominal thickness of ∼ 43 nm (see Fig. 2) were
conducted to investigate material parameters electron density, crystallite size, and preferred orientation with respect to the substrate. For
this purpose, thin ﬁlms of PEDOT:sulphate were grown on sapphire
substrates.By means of XRR measurements, we ﬁrst investigated the
electron density in PEDOT:sulphate ﬁlms (see Fig. 2a). In the measurement of PEDOT:sulphate, two critical angles of total external reﬂection (αc) were observed. The critical angle of the substrate, the
larger of the two in Fig. 2a, was determined by measuring the sapphire
substrate alone and indicates – as expected – a higher electron density
of the substrate compared to the ﬁlm. The ﬁrst critical angle then
corresponds to the ﬁlm and was observed at 0.195° in 2ϴ. From this
value the electron density of the PEDOT:sulphate ﬁlm can be calculated
as 543 nm−3 [23].
Additionally, the XRR measurements give information about ﬁlm
roughness. The steep decrease in intensity at angles above the critical
angle and the absence of Kiessig fringes suggest a relatively rough ﬁlm.
In specular XRD measurements probing the out-of-plane ﬁlm
structure (see Fig. 2b), we observed three sharp Bragg peaks corresponding to the PEDOT:sulphate ﬁlm at 2ϴ angles of 6.59, 19.80, and
23.74°, which correspond to d-spacings of 1.341, 0.448, and 0.375 nm,
respectively. No further peaks from the ﬁlm were observed at higher 2ϴ
angles. The other peaks visible in the XRD measurement of the ﬁlm can
be assigned to the sapphire substrate. The small number of peaks from
the ﬁlm suggests a preferred orientation of the crystallites with respect
to the substrate; the positions of the peaks imply that the ﬁrst and third
peaks belong to the same peak series (e.g. the 001 and 003 reﬂections),
where the peaks at 6.59° and 19.80° are respectively the ﬁrst -order and
the third-order reﬂection of the same series. This is a further indication
that there is a strongly preferred orientation of the crystallites within
the thin ﬁlm. Since only few peaks are observed that correspond to the

(6)

The resulting maximum then corresponds to the mean free path of
charge carriers, LD ≈ λ e , as the resonance condition is fulﬁlled.
A charge carrier’s correlation length corresponds to various factors,
such as phonon-electron interactions and electron-electron interactions.
These processes, also referred to as scattering, is expected to change in
character when lower temperatures are reached [7,13,43]. In a conductive polymer in the critical regime, a charge carrier is subject to
inelastic scattering processes, and thus an inverse relationship between
temperature and mean free path is expected. In the metallic regime,
however, carriers are subject to elastic scattering processes, which allows scattering against the direction of carrier movement. At the
transition from critical to metallic regime, a drop in the mean free path
of carriers is therefore expected.
2. Experimental
Prepared by oCVD, all PEDOT:sulphate ﬁlms were grown on glass
and sapphire substrates. The synthesis is described in full detail elsewhere [23]. The growth time for micrometer-thick ﬁlms was determined to be 1 hour for a 3 L/min carrier gas ﬂow. Using a clean
wooden toothpick to remove the ﬁlm from the glass surface, we obtained mechanically stable, free-standing ﬁlms.
For the samples used in XRD and XRR measurements, proportionally
61
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Fig. 2. Specular X-ray reﬂectivity and
diﬀraction measurements. (a) Specular
X-ray
reﬂectivity
curves
of
PEDOT:sulphate on sapphire (0000)
and of pristine substrate. The critical
angles αc of both ﬁlm and substrate are
indicated. (b) Specular X-ray diﬀraction
measurements of PEDOT:sulphate on
sapphire compared with a measurement of the substrate alone. Peaks
arising from the PEDOT:sulphate ﬁlm
are marked. (c) Schematic of the proposed packing in PEDOT:sulphate ﬁlms.
(d) TEM of a PEDOT:sulphate crystallite grain. The corresponding crystal
diﬀraction pattern can be found in the
SI (Fig. S2).

PEDOT:sulphate ﬁlm no conclusions can be drawn about the crystal
structure within the thin ﬁlm, which - to the best of our knowledge- has
not yet been published.
Based on the d-spacings observed, some information regarding the
packing of the polymer chains can be made; a possible packing motif is
shown in Fig. 2c. A layer spacing of 1.341 nm suggests that the majority
of the polymer chains are standing upright on the substrate surface, as
this d-spacing is of the same order of magnitude as the polymer chain
length, accounting for the ﬁrst two Bragg peaks. As specular XRD
probes only the crystal structure perpendicular to the substrate, it yields
no information about the in-plane crystal structure (parallel to the
substrate surface). The Bragg peak at 23.74° (d = 0.375 nm) could
correspond to a π-π interaction between neighbouring polymer chains.
That this peak was observed in the out-of-plane direction means that
polymer chains may also lie ﬂat-on the substrate surface. Therefore, the
polymer chains probably lie in two diﬀerent orientations with respect to
the substrate: one in which they stand upright (represented by the
spacing of 1.341 nm and the higher order reﬂection) and a second in
which they lie ﬂat on the substrate surface such that the direction of the
π-π interaction is in the out-of-plane direction (based on the d-spacing
of 0.375 nm).
The specular XRD measurement can also provide information about
approximate crystallite size in the out-of-plane direction. The FWHM of
the ﬁrst peak (2θ = 6.59°) suggests a crystallite size of ∼ 80 nm perpendicular to the substrate surface, which dwarfs PEDOT crystallite
sizes hitherto reported. Such a result highlights the high degree of order
present in the ﬁlms and explains the origin of the roughness encountered in XRR. In thin-ﬁlms, a structure of islands (∼ 80 nm) signiﬁcantly larger than the nominal ﬁlm thickness connected by thinner
ﬁlm areas (∼ 43 nm) is present. Note that for the electrical measurements in this study the situation diﬀered, as thick ﬁlms (∼ 1000 nm)
exceeding the crystallite size were investigated. This structure of connected crystallites accords well with results obtained for other conductive polymers, but with an extraordinary degree of structural order

[49–51]. In our case, these islands are essentially single crystalline
grains; the XRD data available do not allow any conclusions to be
drawn about the lateral crystallite size.
To gain a better understanding of the overall crystallite size, we
performed TEM experiments and found crystallite sizes of up to 50 nm
in thick ﬁlms (see Fig. 2d, SI Fig. S5 which accords well with the results
from XRD
At ambient pressure, the ﬁlms exhibited a ﬂat conductivity proﬁle,
retaining 52% of their room-temperature value even at low temperatures, speciﬁcally 2100 S cm−1 at 1.85 K (see Fig. 3a). In general, the
conductivity plots in Fig. 3a indicate that two types of transport occur:
temperature-independent band transport resembling that in a crystalline metal at low temperatures and temperature-activated transport
resembling that in a disordered metal at elevated temperatures.
Further, compared to thin ﬁlms, a new and important feature appeared in these measurements: a minimum in the conductivity value at
3.9 K (Fig. 3b), which corresponds to the minimum conductivity expected when the Fermi level approaches the mobility edge. This increase in conductivity is clearly attributed to the enhanced coherence in
transport as electron-phonon scattering becomes weaker, and is a
hallmark of the MIT (see Fig. 3c). Pressurizing the sample to 0.42 GPa
shifted the minimum to 7.2 K. Upon gradual increase in pressure to
2.56 GPa, a further shift to 9.6 K was observed. At the same time, the
material retained more of its room-temperature electron-transport
properties at when pressurized, gradually approaching the ﬂatter contour behaviour encountered in thin ﬁlms, while the metallic minimum
in conductivity became more pronounced (see Fig. 3d). This behaviour
indicates an increasingly metallic character: increasing pressure improves the overlap between the wavefunctions of individual polymer
chains and crystallite grains. We conclude that this eﬀect is not caused
by the samples Joule heating overcoming the systems cooling power.
(see SI)
We were interested in observing the eﬀects of a magnetic ﬁeld on
the transport properties. As both the minimum in conductivity and the
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Fig. 3. Conductivity of PEDOT:sulphate
free-standing ﬁlms at various pressures
at between 1.85 and 300 K. (a)
Conductivity plotted against inverse
temperature. The conductivity is comprised of two contributions: a temperature-activated
transport
term,
which gradually diminishes with
cooling, and a ﬂat part corresponding
to a metallic type of carrier transport.
(b) Conductivity plotted against temperature. Note that the minimum in
conductivity is found at temperatures
below 10 K and shifts towards higher
temperatures with increasing pressure,
which points to a positive correlation
between pressure and metallic character
in
PEDOT:sulphate.
(c)
Temperature at minimum conductivity
under various pressures. The positive
inﬂuence of higher pressure seems to
approach a maximum to which Tmin can
be shifted. (d) Conductivity at 1.85 K
for various pressures. As in the case of
minimum conductivity, the positive effect of the applied pressure saturates.

Fig.
4. Magnetoconductivity
of
PEDOT:sulphate at various temperatures and magnetic ﬁelds. (a)
Magnetoconductivity (MC) change in
percent at ambient pressures at temperatures between 1.85 and 10 K. (b)
Enlarged version of Fig. 3a. The turning
points at which destructive MC begins
to dominate as a consequence of the
strong magnetic ﬁeld are clearly visible
and manifest as a maximum. At higher
temperatures, this maximum shifts to
higher magnetic ﬁelds, as more energy
is required to induce magnetolocalization. The positive eﬀect was strongest
at 8 K. (c) MC at 2.56 GPa pressure applied between 1.85 and 25 K (step size
2.31 K). (d) Enlarged version of Fig. 3c.
The positive eﬀect of the magnetic ﬁeld
on conductivity scales directly with
temperature. As expected, a shift of the
maximum to higher ﬁelds at higher
temperatures was observed. Note that
at temperatures above 20 K only positive MC was observed.
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The results at ambient pressure (see Fig. 5a) indicate a hybrid
scattering mechanism in PEDOT:sulphate ﬁlms at minimum conductivity. While at temperatures of up to 3.9 K, a single resonance peak
with a maximum scattering length of up to 49 nm (at 1.85 K) was found,
the scattering length gradually decreased with temperature. At temperatures above 6 K, the maximum split, and a shoulder that indicates
the coexistence of two scattering mechanisms appeared. We assume
that this is caused by the diﬀerence in scattering within the crystallites
and at the grain boundary. Higher temperatures diminish the two-phase
resonance, thus enhancing that of shorter scattering length. We conclude that a phase transition from crystalline metallic to glassy metallic
occurs in the two-phase regime, which is in agreement with the conclusions drawn from conductivity scans.
The coexistence of multiple resonances can be better understood
when observing the MCs at elevated pressures (see Fig. 5b). Clearly
resolved single peaks were observed when the elevated pressure fully
masked the temperature eﬀect (as previously observed), which supports
our previous claim that increasing pressure increases the overlap between crystallite grains, thus favouring diﬀusive transport. Under
pressure, the metallic phase established at higher temperatures, resulting in a scattering length of close to 40 nm, while the resonance
value decreased gradually and arrived at 23 nm at 10 K. This is reminiscent of scattering theory stating that a transition from inelastic to
elastic scattering leads to lower mean free paths as scattering becomes
more coherent.
For better visualization, the collective results at diﬀerent pressures
applied are summarized in Fig. 5c and d. In general, higher temperatures resulted in shorter scattering lengths. When the sample was
pressurized, a distinct change in behaviour was also clearly visible. The
eﬀect of increasing the pressure load saturated when approaching
higher temperatures. Note that, irrespective of the level of pressure
applied, scattering length approached a similar value with rising temperatures (see Fig. 5c).

improved transport properties at higher pressures pointed to a material
on the metallic side of the MIT, the question arose of how a magnetic
ﬁeld inﬂuences conductivity. In the case of a material on the metallic
side of the MIT, interplay between positive and negative MC is to be
expected. (see Fig. 4)
Subjecting the free-standing ﬁlm to magnetic ﬁelds of 0–9 T at low
temperatures resulted in the expected interplay (see Fig. 4a). The eﬀect
of magnetolocalization (i.e. negative MC) was most pronounced at 9 T
and 1.8 K with a conductivity decrease of 5.8%. Higher temperatures,
however, shifted the onset of magneto-localization to higher ﬁelds, with
the positive MC becoming the dominant contribution (see Fig. 4b). This
was most pronounced at a magnetic ﬁeld of 2 T at 8 K, which resulted in
a conductivity increase of 0.05%. Note that positive MC depends on B2,
whereas magnetolocalization shows a dependence on B1/2 (for details
see Figs. S2a and S3a, SI).
Upon pressurization, inter-grain and inter-chain transport improved, and the positive MC was further enhanced (see Fig. 4c). This is
reﬂected by the maximum in MC shifting to higher magnetic ﬁelds with
increasing temperature; at temperatures above 10 K, it was no longer
possible to induce magnetolocalization (with the equipment available).
Note that, upon exceeding 20 K, the positive MC eﬀect was found to
exceed 0.25% - an impressive value for a CP (see Fig. 4d) [52,53]. An
evaluation of the magnitude of magnetolocalization can be found in the
Supporting Information (see S2b and S3b, SI). Positive and destructive
MCs showed the same relations to B as in the equivalent unpressurized
setting.
We relied on MC to investigate the scattering mechanisms in the
material, correlating them to metallic transport properties.
To this end, we reformulated the magnetic ﬁeld strength B into the
Landau orbit size LD (Eq. (6); Fig. 5). At the maximum, the highest
resonance between the magnetic ﬁeld and the wave functions of the
delocalized carriers is observed. This, we conclude, corresponds to the
mean free path of electrons.

Fig. 5. Scattering lengths of free charge
carriers at various pressures. (a)
Landau orbit size or mean free path of
carriers at various temperatures and
ambient pressure. The maximum corresponds to a resonance of the magnetic
ﬁeld with conductivity. Note the
shoulder above 6 K indicating a twinresonance energy. This suggests the coexistence of elastic and inelastic scattering processes in the material. (b)
Landau orbit size at various temperatures. The mean free path of carriers
decreases with temperature. In contrast
to the ambient pressure measurements,
a single peak was observed, indicating
the absence of a transition between
scattering mechanisms. This trend was
observed for any pressures applied
(Supporting information, Fig. S7). (c)
Correlation between mean free path of
carriers and temperature. A common
trend can be observed: higher temperatures correlate with a decrease in
mean free path. This trend, however, is
more pronounced in non-pressurized
samples, as is to be expected. If pressurized, the mean free path decreases,
approaching a value independent of
pressure. (d) Correlation of mean free
path of carriers with load pressure. For
all pressures, at 1.85 K, elastic scattering and a linear decrease in mean free path can be observed. At higher temperatures, however, an interplay of two eﬀects is
visible: longer scattering lengths are increased by improved overlap between polymer chains and decreased by the transition from inelastic to elastic scattering. As
the former eﬀect saturates with pressure, an overall decrease in scattering length results.
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that of a crystalline metal occurs due to a high degree of order.
Hydrostatic pressure-induced shifts of the minimum conductivity σmin
show that anisotropic systems show transition from (weak) localization
to metallic transport.
A look at magnetoconductivity reveals that the metallic regime
exists readily at low temperatures. In particular, we observed a
minimum at 3.9 K in highly crystalline CP samples. Furthermore, we
have demonstrated that the crystalline-metallic regime can be expanded by elevated pressures, the eﬀect saturating for higher pressures.
Even relatively small pressures show signiﬁcant eﬀect. By raising the
pressure to an extreme of 2.56 GPa, the MIT occurs already at 10 K,
which represents a paradigm shift in conductive polymers.
Thus, we have conﬁrmed that the metallic state depends on structural order and is well achievable in CP's. Expanding the metallic phase
towards room temperature becomes thus the primary goal. We expect
that achieving this in p-doped conductors will require chemically novel,
yet simple, organic conductive materials.

Fig. 6. W-plot and correlation between pressure and structural order. (a) Wplot at ambient pressure and at 2.56 GPa. In both cases, cooling the sample
below 3.8 and 10 K, respectively, induced crystalline metal behaviour (i.e. a
negative value of W), which correlates well with the expected behaviour.
Elevated magnetic ﬁelds (9 T) quenched the metallic state to a certain degree
and induced the critical regime of the MIT.
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After an initial increase in mean free path upon pressurization
(0.42 GPa), the eﬀect of higher pressures on scattering length became
limited (see Fig. 5d). This is a consequence of two competing phenomena occurring at the same time. On one hand, pressure improves
the overlap between the polymer chains’ wave functions, which increases conductivity and thus coherence among scattered electrons (see
Figs. Figs. 2c and Figure 5d or SI Fig. S6). This “masks” the transition
from inelastic to elastic scattering, where the improvement of the
overlap is strongest. On the other hand, as scattering becomes increasingly elastic and the overlap approaches its optimum, the mean
free path decreases in the expected way.
At 1.85 K, however, a decrease was observed regardless of the
pressure applied, as the material was already on the metallic side of the
MIT; elevated pressures immediately resulted in a drop in coherence
length.
Finally, the data obtained from MC measurements allowed us to
study the MIT in greater detail. We visualized the transitions between
the various transport states in PEDOT:sulphate in the form of
Zabrodskii- or W-plots (see Fig. 6). The eﬀect of a strong magnetic ﬁeld
on the MIT was also investigated.
In the W-plots, measurements at ambient and elevated load pressures are quite distinct. In the absence of a magnetic ﬁeld, the W-value
of both decreases gradually upon cooling of the sample, as is to be
expected of a glassy metal [23,34,52]. At some point, however, a
transition towards the crystalline metal occurs as the W-value becomes
negative. This happens when the sample’s intrinsic conductivity starts
to increase upon cooling, just as expected of a structurally ordered
metal.
Upon applying a magnetic ﬁeld of 9 T, the metallic properties become quenched in both cases, and the material enters a quasi-critical
regime. Further cooling, however, gradually restores the behaviour of a
glassy metal, as the destructive eﬀects of the magnetic ﬁeld are overcome.
The results constitute direct proof of our hypothesis that by signiﬁcantly suppressing disorder, metallic properties can be induced in a
polymeric conductor (see Fig. 1). The phenomenological gap (i.e.
reaching a positive TCR) between inorganic and organic electrical
conductors has been bridged, which shows that it is indeed possible to
reach metallic properties in the absence of an elementary metal.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.synthmet.2018.03.
015.
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