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Scanning Tunneling Spectroscopic Evidence for
Granular Metallic Conductivity in Conducting
Polymeric Polyaniline

D. Jeon, J. Kim, M. C. Gallagher, R. F. Willis

Scanning tunneling microscopy (STM) and point-probe electrical conductivity measure-
ments of electrochemically protonated films of the emeraldine-base form of the conducting
polymer, polyaniline are reported. The conductivity varies spatially, dependent on the size
(Ly, = 200 to 300 angstroms) of granular metallic regions which relate directly to the
inhomogeneous micromorphology of the electrodeposited films. The normalized conduc-
tivity at zero bias is observed to increase with doping, indicating an increase in states at
the Fermi level. The STM electronic measurements also show regions of negative differ-
ential resistance. Negative differential resistance is observed for all samples, although

more frequently on less oxidized samples.

Mechanisms of charge conduction in con-
ducting polymers continue to be of increas-
ing interest particularly in regard to the
fabrication of metal-insulator-semiconduct-
ing devices (1) and the nature of the non-
linear electronic response of the self-local-
ized polaron-like charge carriers (2). Theo-
retical studies to date have concentrated on
models of single polymer chains doped with
random charged defects that produce local-

- ized impurity states within a semiconduct-
ing band gap (3). However, recent experi-
mental work (4) has emphasized the impor-
tance of understanding the apparent stabi-
lization of the polymeric metallic state
against a Peierl’s instability (5) and the role
of interchain coupling (6). Theoretically,
the electronic “impurity states” of the qua-
si-one-dimensional polymer become quasi—
three-dimensional if the interchain cou-
pling becomes comparable to the scattering
rate because of disorder and localization
(7). This result suggests that the micromor-
phology of the conducting polymeric system
is of importance in the observed insulating-
to-metallic transition (4).

We report scanning tunneling microsco-
py (STM) and point-probe electrical mea-
surements of changes in the electrical con-
ductivity with doping of protonated films of
the emeraldine-base form of conducting
polyaniline (PAN-EB) (8). We can use the
STM to image the micromorphology and to
measure simultaneously changes in the
electrical conductivity over the scale of
angstroms (9). We demonstrate that the
statistical variation of many repeated mea-
surements of the conductivity scales direct-
ly with the size, L,, = 200 to 300 A, of
conducting micromorphological regions.
Physically, this result signifies that on the
metallic side, the material is inherently
inhomogeneous, which lends direct support
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to the view that conducting PAN is a
granular polymeric metal in which the elec-
tronic transport occurs by percolation be-
tween interconnected conducting grains
(10). The STM electronic measurements
also reveal regions that exhibit negative
differential resistance.

The PAN-EB films were prepared by
electropolymerization and deposition onto
a 2000 A—thick Au film electrode supported
by a silicon wafer substrate. The STM
images of the bare Au electrode showed a
smooth surface with polycrystalline grain
sizes larger than 500 A. The micromorphol-
ogy of the electropolymerization from an
electrolytic solution (0.5 M H,SO,, 0.1 M
Na,SO,, and 0.1 M aniline monomers)
with a constant current density of 70 pA/
cm? and an electrochemical potential of 0.8
V has been reported (11). The conductivity
of the films was varied by electrochemical
acidification in the same electrolyte after
rinsing to remove excess aniline. A distinct
electrochromic effect was observed as the
films were protonated from the EB form
(yellow color) to the emeraldine-salt (ES)
form (green) of the conducting polymer
(12) (Fig. 1A). After drying the films by
heating at 50°C in an inert N, atmosphere,
the film thicknesses used in these experi-
ments were determined to be 500 A from
ellipsometry measurements. This conduc-
tive form of PAN is known to remain
chemically stable in air, which makes it
particularly attractive for device applica-
tions compared with other conducting poly-
mers. However, in this work all of the
electrical measurements (Fig. 1B) were tak-
en within 1 hour of sample preparation with
an STM. The samples were produced at
electrochemical potentials of 0.1, 0.2, and
0.5 V. The conductivities vary by a factor of
1000 over this range (13), which is similar to
that for the doped films reported by Kuzmany
et al. (14) and MacDiamid et al. (15).

The current-voltage (I-V) curves (Fig.
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1B) measured with a Pt-Rh tip each repre-
sent an average of 25 curves measured at
random on the surface and as such are
representative of the behavior of each film.
The slopes of the I-V curves at zero bias
voltage, dI/dV, increase with increased dop-
ing, which means the density of states at
the Fermi level of the sample as a whole is
increasing, which is consistent with the
increasing conductivity of the samples. The
fact that dI/dV is finite at the Fermi level
(zero-bias condition) implies that a finite
density of states has developed within the
originally insulating (3.6-eV) 7« — w* gap
region observed previously (11, 12). This
result is consistent with observations of an
insulator-metal transition with increasing
doping (16).

A key experimental result that has
shaped recent theoretical interpretations
(17) of the insulator-metal transition in
PAN is the observation that the Pauli
susceptibility appears to be proportional to
the degree of protonation or oxidation of
the polymer (18). Physically this result
implies that the material is inherently inho-
mogeneous with regions of protonated me-
tallic “islands” forming a granular structure,
which conducts through a thermally acti-
vated percolation mechanism (4). In order

A H
PAN-EB |

onWea W

Wem Wep W

Protonated PAN-EB (bipolaron)

0.5 T T T T
B
<
e
€
® 00|
=
3 (ii
. (dL/aVv) V=0
L\ .
-05 ' | un ! L | '
-2 -1 0 1 2

Sample bias (V)

Fig. 1. (A) Molecular structure of emeraldine-
base form of polyaniline (PAN-EB) and the
protonated form showing a bipolaron defect.
(B) STM current-voltage curves of conducting
PAN-EB thin films showing the effect of increas-
ing electrochemical voltage: (i) 0.1; (ii) 0.2; and
(iii) 0.5 V. The STM spectra were referenced to
1 nA at a bias of 2.5 V.




to determine the size of any such “metallic
granules” in these particular electropolym-
erized conducting polymer films, we divided
an arbitrary region of the surface into a 5 by
5 square mesh and recorded I-V curves
similar to those shown in Fig. 1B at each of
the 25 crossing points. Each I-V curve
consisted of 200 data points taken during
1.6 ms, during which time the STM feed-
back circuitry was momentarily disabled to
allow the bias voltage to be linearly swept,
+3 V. In this short time the STM tunnel-
ing gap remains constant at the value preset
to a reference level of 1 nA of current and
a sample bias (9) of 2.5 V. The surface
scanning capability of the STM permitted
us to vary the mesh size. After recording 25
I-V curves from a particular mesh, we de-
termined the ratio of the maximum differ-
ential conductivity, (dI/dV),,, at zero bias
to its minimum value. A plot of this ratio as
a function of the mesh size is shown in Fig.
2. Our argument is that the variation in the
measured conductivity at zero bias among
each set of 25 I-V curves should be almost
unity if they correspond to a small area
within a single metallic granule (in practice
the variation within a single grain would be
a value somewhat greater than unity, which
would indicate the presence of random
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Fig. 2. (A) A 1700 A by 1700 A gray-scale STM
image of the surface micromorphology of the
scanned polymer surface, showing average
granule sizes L,, of 200 to 300 A. (B) Variance
of point-probe electrical conductivity values at
zero STM bias voltage (dl/dV),, as a function of
scanned polymer surface area; L,, = 200 to
300 A relates to the critical size of metallic
regions (high conductivity).

fluctuations due to noise). However, as the
size is increased, the STM tip would probe
the electrical conductivity of different gran-
ules within an increasing area such that the
variation would increase and eventually
flatten out beyond a certain range.

The data (Fig. 2) show this is indeed the
case. The average size of a metallic granule
is given by the measured value at which the
variation begins to increase, Ly, = 200 to
300 A, which is in surprisingly good agree-
ment with the value (200 to 300 A) first
estimated by Zuo et al. (10) based on ac
conductivity measurements, but a little
larger than the “cigar-shaped” metallic re-
gions reported for highly oriented PAN-ES
films spin-cast from a solution of N-methyl-
2-pyrrolidinone (NMP) (~50 A) 4). Re-
cent x-ray experiments by Pouget et al” on
NMP-cast and HCl-cast samples indicate
the presence of crystalline regions of 50 to
100 A (19). These authors conclude that
the samples consist of metallic crystallites
separated by amorphous regions, which re-
main unprotonated and form the less con-
ducting barriers. An STM micrograph of
the surface of one of our electropolymerized
conducting films (Fig. 2A) shows that it is
composed of individual polymeric grains of
average size in the range given by the
variation plot (Fig. 2B). The micromor-
phology depends on the electrochemical
deposition conditions (11). Also, the dif-
ferent I-V curves in Fig. 1B are not only
representative of behavior from films doped
to different levels but are seen to a varying
degree at different positions on each sam-
ple. This result indicates that the doping is
nonuniform (19) [“textured metallic is-
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Fig. 3. Negative differential resistance ob-

served for positive sample bias, V, to Vg, from

conducting PAN-EB sample (iii) in Fig. 1.
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lands” (17)]. A nonuniform dopant distri-
bution was also seen in a previous scanning
tunneling spectroscopy study by Bonnell
and Angelopoulos (20). These workers
measured spatial variations in the electron-
ic structure on each film.

In addition to the spatial variations in
conductivity, occasionally the I-V curves
revealed negative differential resistance
(NDR) behavior (Fig. 3). Similar behavior
has been reported in STM at localized
impurity states on Si(111) (21). The mech-
anism of NDR is not entirely clear (22), but
it does provide direct evidence for charge
trapping in localized states. These states
decay slowly into the bulk delocalized
states, the relaxation time being dependent
on inelastic scattering processes (23). Al-
though NDR was observed on all films, it
was seen more frequently on less oxidized
(less conductive) samples. This result is
consistent with a heterogeneous dopant
distribution, in which the localized states
are associated with undoped granules that
are more abundant in less conductive films.

When tunneling into granular systems,
Coulomb charging energies can become
significant. For the 200 A grains we observe
(Fig. 2), the charging energies (e?2c,
where e is the electron charge and c is the
speed of light) are of the order of 25 meV.
At 300 K, this value is too small to give a
significant effect. Thermal processes wash
out any small discontinuities in the I-V
spectra that arise from such effects and are
not observed.

The electrical properties of electro-
polymerized thin films of conducting poly-
aniline can be related to the micromorphol-
ogy of “textured metallic regions.” Regions
of NDR are also observed, indicative of
charge trapping that is consistent with a
nonuniform dopant distribution. The re-
sults lend support to the view (4, 10) that
the quasi-three-dimensional nature of the
electronic states is an important element in
determining the electronic behavior of con-
ducting polymer films.
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Spin Susceptibility Scaling in
High-Temperature Superconductors

J. Ruvalds,* C. T. Rieck, J. Zhang, A. Virosztek

The spin response of a nested Fermi surface represented by a tight binding energy band
is found.to exhibit scaling in frequency divided by temperature within a restricted regime
close to half-filling of the band. Computations of the spin susceptibility reveal a surprising
momentum variation at various temperatures and frequencies. Neutron scattering data on
the high-temperature superconductor YBa,Cu,Og, , are analyzed for scaling near a mo-
mentum vector that spans nested regions of the orbit. Changes in the Fermi energy remove
the scaling properties and reduce the susceptibility to the conventional Fermi liquid be-
havior of ordinary metals. These results imply that pairing mechanisms of superconductivity
need to cope with competing spin density wave and charge density wave instabilities.

The dynamics of electron spins in solids can
be described with a susceptibility x, which in
ordinary metals exhibits negligible tempera-
ture dependence (I). In superconducting cop-
per oxides, however, unusual forms of the spin
response are evident in nuclear magnetic res-
onance (NMR) spectroscopy (2) and in neu-
tron scattering studies (3). Moreover, small
changes in the composition of the cuprates
can eliminate the metallic behavior and cre-
ate an insulating state with antiferromagnetic
spin order. It has been proposed that novel
spin excitations, including spin polarons (4),
spin bags (5), and spinons (6), exist in the
cuprates. Hence, understanding spin correla-
tions in the metallic cuprates may provide
insight into the mechanism of high-tempera-
ture superconductivity.

It is reasonable, therefore, to explore phe-
nomena that could explain the unusual be-
havior of x in the cuprates. For example,
nesting of Fermi surfaces (7), which occurs
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when sections of an electron orbit in momen-
tum space are nearly parallel, can enhance the
electronic susceptibility at a nesting vector Q.
This, in turn, may lead to the formation of a
spin density wave (SDW) or a charge density
wave (CDW) (8). A classic example of nest-
ing leads to an SDW in chromium (9). These
spin and charge instabilities compete with
superconductivity, and the corresponding
phase diagrams of quasi-one-dimensional sys-
tems (10) provide relevant examples. In this
report, we examine the effects of nesting on
spin susceptibility and find an unusual scaling
that is in good agreement with recent neutron
scattering data.

A representation of nesting by the ener-
gy dispersion condition E(k + Q) =
—E(k) provides an analytic solution (I11)
for the lowest order imaginary part of the
susceptibility

2

X, (@) = = o= [ @k {f B+ )]
- B 5 [0 — Bk + ) + EW] (1)

where f (x) = [exp(x/ T) + 1]~ ! is the Fermi
function, and a is the lattice spacing. This
ideal approximation allows a straightfor-
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ward integration over the momentum k by
changing to a variable x = E(k). Thus one
obtains

wN(0) ®

X'ypy (Q0) = —— tanh (ZT) @
where N(0) is the density of states at the
Fermi energy. The variation of this nested
Fermi liquid (NFL) response with frequency
 and temperature T is quite different from
conventional electron correlations, and the
scaling in w/ T is particularly anomalous.

Motivated by the predicted scaling (11)
and recent neutron scattering probes (12-18)
of the susceptibility in superconducting crys-
tals of YBa,Cu;Oq.,, and La,_,Sr,CuQ,, we
derive limitations on the nesting criteria and
find a surprising momentum dependence of
the spin correlations on the basis of a tight
binding energy band having width 8 ¢

E(k) = — 2t [cos(ak,) + cos (ak,)] — ;(1, )
3

This model exhibits perfect nesting of a square
orbit for a Fermi energy p = O at the nesting
vector Q = (m/a, w/a). That special case of a
half-filled band in two dimensions yields a
logarithmic singularity in the density of states
and is unstable toward the formation of an
SDW for arbitrarily weak Coulomb repulsion.
However, lowering . yields orbits with partial
nesting characterized by a wavevector Q* <
Q (Fig. 1), and these nesting features resem-
ble the results of sophisticated band structure
calculations for the cuprates (19, 20), even
though the value of Q* may differ.

This model and variations of it that in-
clude more terms have been investigated for

Fig. 1. Fermi surfaces for the model band
structure of Eq. 3 are shown for three values of
the chemical potential p. Nearly parallel sec-
tions of the electron orbits are spanned by a
nesting wave vector Q*, which is Q = (w,w)/a
for p = 0, @* = 0.999Q for p = —0.008 t, and
Q* = 0.987Q for p = —0.08 t. Scaling of the
susceptibility occurs only near half-filling of the
band, as in the p = —0.008 t case, and is
spoiled by the small curvature of the dashed
curve orbit corresponding to p = —0.08 t.
Conventional Fermi liquid response is found for
the nearly spherical orbit shown by the dotted
curve with p = —=2.2 t.






