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a b s t r a c t

Single polyethylenedioxythiophene (PEDOT) nanowires bridging pairs of electrodes were utilized as
positive templates to create PEDOT/Ni and PEDOT/Ni30Fe70 core/shell nanowires by electrodepositing
ferromagnetic material (i.e., Ni and Ni30Fe70) on the entire assembly, including both the electrodes
and nanowire. The temperature dependence of the electrical resistance indicated that electrons are
transported predominately through the ferromagnetic shell. The magnetoresistive (MR) behavior of the
core/shell nanowires was investigated as a function of temperature, magnetic field orientation, shell
eywords:
erromagnetic
EDOT nanowire
ositive templated electrodeposition
agnetoresistance

thickness, and composition. The MR behavior of the PEDOT/Ni core/shell nanowires was anomalous
for low applied magnetic fields, deviating from expected anisotropic magnetoresistance, with posi-
tive �R/RO values for all field orientations. PEDOT/Ni30Fe70 core/shell nanowires displayed the opposite
behavior, with negative �R/RO for both longitudinal and transverse field orientations. The origin of this

r is p
ore/shell
omain wall magnetoresistance

magnetoresistive behavio

. Introduction

Ferromagnetic nanotubes have attracted attention as poten-
ial candidates for magnetic recording media, read/write heads
1], drug delivery/bioseparation constituents [2,3], sensors, and
ptoelectronic devices [4–7]. The cavity of a nanotube, with its
adial interfaces, presents a means to complement the inherent
agnetism with additional functionality. For example, ferromag-

etic shell coatings over conducting polymer nanotubes have been
emonstrated to significantly enhance photoluminescence effi-
iency of polymer nanotubes due to charge transfer from surface
lasmon resonance coupling [4,5]. In addition, significant effort has
lso been made to characterize the magnetization state and rever-
al modes of ferromagnetic nanotubes, which have been found
o be largely dependent on the ratio of inner to outer radius,
nd the ratio of outer radius to length [8–11]. These studies have
ound that the nanotube yields a magnetic configuration that
liminates a mathematical singularity found in wires, enabling
aster and more reproducible switching for data storage applica-
ions [9,12]. To synthesize ferromagnetic nanotubes, a variety of
anoporous template-assisted methods have been used, includ-
ng electrodeposition [13,14], electroless deposition [15], hydrogen
eduction [13,16,17], atomic layer deposition [18,19], Kirkendall
iffusion [20], core etching [21], and nanoparticle assembly [22].

∗ Corresponding author. Tel.: +1 951 827 7710; fax: +1 951 827 5696.
E-mail address: myung@engr.ucr.edu (N.V. Myung).

013-4686/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.03.115
ostulated to be a geometry induced domain wall effect.
© 2011 Elsevier Ltd. All rights reserved.

Investigators have studied a variety of magnetic properties of
these structures, such as coercivity, remanance, and square-
ness. However, there has been significantly less work aimed at
understanding the magneto-transport properties of ferromagnetic
nanotubes.

Magnetoresistance (MR), which is important for magnetic sen-
sors, magnetic random access memory (MRAM), and data storage
applications, can be broadly defined as a change in the electri-
cal resistance in response to a applied magnetic field. Several
different phenomena can cause this behavior. For example, inter-
facial spin accumulation can generate giant magnetoresistance
(GMR), s-d scattering of electrons can produce anisotropic mag-
netoresistance (AMR), and spin dependent tunneling of electrons
across an insulating barrier can cause tunneling magnetoresistance
(TMR). Geometry-induced MR behavior has been studied much
less extensively than physical MR mechanisms, but has significant
promise for MR signal enhancement [23,24]. Structures producing
geometry-induced MR typically have concentric surfaces and rely
on geometric disruption of magneto-transport vector quantities
to enhance the response to imposed magnetic fields. Techniques
to miniaturize geometry-based MR devices are important to the
design and development of magnetic sensors, components of posi-
tion/motion detectors, and an emerging class of biosensors.

Here a facile technique for synthesizing individual conduct-

ing polymer/ferromagnetic core/shell nanowires is reported. This
approach utilizes laterally aligned PEDOT nanowires as positive
templates for electrodepositing ferromagnetic shells, which can
then be characterized in terms of magneto-transport properties.

dx.doi.org/10.1016/j.electacta.2011.03.115
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:myung@engr.ucr.edu
dx.doi.org/10.1016/j.electacta.2011.03.115
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Fig. 1. Schematic of PEDOT/ferromagnetic core/shell nanowire device fabrication starting with (a) a single PEDOT nanowire bridging prefabricated microelectrodes followed
b (c) All
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y (b) electrodeposition of the ferromagnetic material over the entire assembly.
anowire, and FM coating, are illustrated and labeled in the schematic cross-secti
erspectives: (d) 45◦ tilt and (e) top-view. Arrows indicate residue underneath core

n contrast to nanoporous template methodologies, this in situ
abrication process eliminates post-synthesis assembly operations,
hich can be difficult due to the inherent fragility of the struc-

ures. It also avoids the formation of native oxide layer contact
arriers that readily form on these high-surface-area iron-group
anostructures [25,26]. Another advantage of the in situ process is
hat it results in solid and rigid electrical contacts, avoiding aberrant
esults from series contact resistance.

To verify that electrical transport occurs predominately through
he ferromagnetic shell, these devices were characterized in terms
f the temperature coefficient of resistance (TCR). The MR behav-
or was examined as a function of temperature and magnetic field
rientation for both Ni and Ni30Fe70 shells. The influence of wall
hicknesses on magneto-transport properties was studied only
or the PEDOT/Ni core/shell nanowires. Analysis of these results
rovides evidence for the existence of geometry-induced mag-
etoresistance, which is fundamentally different than the AMR
ehavior typically observed for Ni.

. Experimental

PEDOT nanowires were synthesized using an anodic aluminum
xide membrane (Whatman Anodisc 13) with a gold seed layer
erving as the cathode. The PEDOT nanowires were electropolymer-
zed from an aqueous bath of 50 mM 3,4-ethylendioxythiophene,
00 mM LiClO4, and 100 mM sodium dodecyl sulfate, with an
pplied potential of 1.0 V vs. a saturated calomel electrode (SCE).
t was used as a counter electrode. The solution was purged with
igh purity Argon (99.99%) for 30 min prior to use to minimize
he oxidation of monomers. Anodic electrodeposition of PEDOT
anowires was performed at room temperature with agitation from
1′′ stirbar at 300 rpm in a cell covered with aluminum foil to
itigate photo-polymerization. The dopants, ClO4

− and dodecyl
ulfate (DS), were selected to provide high conductivity and low
opant mobility, respectively. Embedded nanowires were removed
y polishing the seed layer and etching the template in 30% H3PO4
v/v).

Single PEDOT nanowire devices were fabricated with AC dielec-

rophoretic assembly of a PEDOT nanowire on prefabricated
lectrodes. Different electrode shapes, including square, rectangu-
ar and centered fingers, and various electrode materials, including
u and Ni, were also investigated to discount their possible influ-
the components of the completed device, including Au or Ni electrodes, PEDOT
M images of a PEDOT/Ni30Fe70 core/shell nanowire are shown from two different
nanowire for angle perspective. Scale bars represents 2 �m.

ence in these measurements. Alignment conditions were optimized
for PEDOT nanowires with both Au and Ni electrodes with a peak
to peak potential of 1 V and 0.5 V, respectively. Aqueous suspen-
sions were used for the Au electrodes, while isopropanol was used
to prevent dissolution of the Ni electrodes. After dispensing 10 �l of
nanowire suspension on either the Au or Ni electrodes, a sinusoidal
waveform was applied for approximately 10 s at 5 MHz. After align-
ment, aqueous droplets were removed with N2 and isopropanol
was allowed to evaporate. The alignment times were adjusted
according to the nanowire suspension concentration, which was
on the order of 109 ml−1. Nanowire assembly procedures were
repeated until a single bridging nanowire was formed. Bridging
nanowires were confirmed using a Hirox KH3000 optical micro-
scope.

To electrodeposit ferromagnetic shells on the PEDOT nanowires,
the electrodes were shorted to each other to form a single electrical
lead. The working areas for centered finger, square, and rectan-
gular electrodes were 0.023, 0.043, and 0.072 cm2, respectively.
The nanowire/electrode assemblies were subsequently electro-
plated with either Ni or Ni30Fe70. The Ni bath consisted of 1.5 M
Ni(SO3NH2)2, 0.2 M NiCl2, and 0.4 M H3BO3 at a pH of 4.0. Ni
shells were electrodeposited at a deposition potential of −1.1 V
vs. saturated calomel electrode (SCE) at room temperature with
no agitation for short time periods (10–30 s). Ni30Fe70 shells were
electrodeposited using a two-electrode configuration with a Pt
mesh counter electrode. The electrolyte consisted of 0.2 M NiCl2,
0.06 M FeCl2, 0.05 M L’ascorbic acid, 0.0075 M saccharin, 0.7 M
NaCl, and 0.4 M H3BO3. This bath was agitated with a 1′′ stirbar
at 300 rpm under ambient conditions with an applied current den-
sity of −5 mA/cm2 for 2 min. L’ascorbic acid was added to prevent
Fe2+ oxidation, saccharin was added as a stress reliever, and H3BO3
was added as a pH buffer.

The magneto-transport properties of individual core/shell
nanowires were measured at temperatures from 10 to 300 K using
a physical property measurement system by Quantum Design. The
effect of magnetic-field orientation on MR behavior was measured
in 15◦ increments with the magnetic field alignment ranging from
a longitudinal (0◦) to a transverse (90◦) orientation with respect

to the electric field/nanowire axis. The TCR was extracted from
temperature dependent MR measurements. The morphology of
core/shell nanowires was imaged with a Phillips XL30-FEG scan-
ning electron microscope (SEM).
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. Results and discussion

The fabrication process for single conducting poly-
er/ferromagnetic core/shell nanowires is shown schematically

n Fig. 1. To start, a single PEDOT nanowire was aligned across
djacent electrodes (Fig. 1a) to serve as a positive template for
hell deposition. The gap distance between electrodes was fixed at
�m. The entire assembly, including the electrodes and nanowire,
as subsequently coated with ferromagnetic material by elec-

rodeposition (Fig. 1b). All components of the completed structure
re depicted in the cross-section drawing in Fig. 1c. SEM images
f a completed device corresponding to the schematic in Fig. 1a
re shown in Fig. 1d (45◦ tilt-view) and Fig. 1e (top-view). These
mages confirm that the PEDOT nanowire bridges the electrodes

ithout contacting the underlying Si substrate, allowing for a
omplete ferromagnetic shell spanning from one electrode to the
ther. Because the electrodes are also coated with ferromagnetic
aterial during fabrication, three different electrode shapes were

nvestigated, including centered fingers, square, and rectangular.
he different electrode shapes produced different aspect ratios
nd different magnetization directions measured relative to the
anowire axis. The centered finger electrodes had a high length to
idth ratio oriented with magnetization direction parallel to the
anowire, the rectangular electrodes had a low length to width
atio with magnetization direction oriented perpendicular to the
anowire, and the square electrodes had a length to width ratio of
ne with no preferred magnetization direction.

The tilt-view image in Fig. 1d illustrates that the core/shell
anowire is rigid (there is no apparent bending). Additionally there
re solid contacts between the nanowire and the electrodes. By
arying the deposition time, PEDOT/Ni nanowires with diame-
ers of 500 nm, 600 nm, and 800 nm were synthesized. Assuming
ll of the PEDOT nanowires had a diameter of approximately
50 nm, the wall thicknesses of these shells were estimated to be
pproximately 125 nm, 175 nm, and 275 nm, respectively. These
EDOT/Ni nanowires had electrical resistances of 25 �, 15 �, and
�, respectively. The decrease in resistance with increasing diam-
ter confirms that the larger diameters are due to greater shell
hickness. A PEDOT/Ni30Fe30 core/shell nanowire with a shell thick-
ess of approximately 150 nm was fabricated to investigate the

nfluence of shell composition on MR behavior.
The TCR is defined as ˛ = (�R/R300 K)(1/�T), where R300 K is the

lectrical resistance at 300 K and �R is the change in electrical resis-
ance (i.e., R(T) − R300 K) due to a temperature change of �T. The TCR
as measured to identify the governing electrical transport mech-

nism in the core/shell nanowires. The resistance decreased with
ecreasing temperature, and the TCR values, shown in Fig. 2, are all
ositive, indicating metallic behavior. The TCR values range from
.002 to 0.003, suggesting that electrical transport occurs predomi-
ately through the ferromagnetic shells [27]. The TCR values of the
i/PEDOT core/shell nanowires had similar trends to those of Ni
anowires: for both, the TCR value decreased for decreasing char-
cteristic dimension, i.e., wall thickness for the former and diameter
or the latter. These results are expected, as smaller structures con-
ain a larger fraction of surface atoms that scatter electrons nearly
ndependent of temperature, which results in lower TCR values.
n the case of core/shell nanowires, there is a comparatively large
urface area fraction because there is both an interior and exterior
urface.

The �R/RO ratio is used to characterize the change in elec-
rical resistance that occurs when the magnetic field is changed
rom zero field: (�R/RO) = [R(H) – R(O)]/R(O). Here R(O) is the elec-

rical resistance of the core/shell nanowire in the absence of an
pplied magnetic field. In addition, (�R/RO)// denotes the longitu-
inal response, while (�R/RO)⊥ denotes the transverse response.
ig. 3a and b show the dependence of the MR behavior on the mag-
Temperature (K)

Fig. 2. Temperature dependent coefficient of resistance (TCR) for Ni thin films, solid
Ni nanowires [27], and PEDOT/Ni core/shell nanowires.

netic field orientation for the 500 nm PEDOT/Ni nanowire measured
at 300 K and 10 K, respectively. At 300 K, the electrical resistance of
H (kOe)

Fig. 3. Typical orientation dependent magnetoresistance of single PEDOT/Ni
core/shell nanowire measured at 300 K (a) and 10 K (b) and single PEDOT/Ni30Fe70

core/shell nanowire at 10 K (c). (//: longitudinal direction, ⊥: transverse direction).
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ultimately decreasing the carrier mean free path and increasing
anowires. Filled and open symbols represent longitudinal and transverse �R/Ro ,
espectively.

f applied magnetic field (Fig. 3a). At 10 K, the electrical resistance
f the PEDOT/Ni nanowire monotonically decreased with decrease
n the absolute value of the applied magnetic field (Fig. 3b). Thus,
t low applied magnetic field (i.e., |H| < 2 kOe) for both 300 K and
0 K, the PEDOT/Ni nanowire displayed positive �R/RO values inde-
endent of the magnetic field orientation. The (�R/RO)// ratios of
EDOT/Ni nanowires were consistent with characteristic positive
MR behavior in Ni nanowires and thin films, while the (�R/RO)⊥
atios were all opposite in sign to negative AMR values. Surprisingly,
he PEDOT/Ni30Fe70 core/shell nanowire had MR behavior different
rom that of a PEDOT/Ni nanowire, with negative �R/RO ratio for
oth orientations and a maximum �R/RO ratio in the transverse
irection (Fig. 3c).

The temperature-dependent magnetoresistance of PEDOT/Ni
nd PEDOT/Ni30Fe70 core/shell nanowires is illustrated in Fig. 4.
oth (�R/RO)// and (�R/RO)⊥ of PEDOT/Ni nanowires are positive
nd significantly different from that of solid Ni nanowires, which
isplay typical AMR behavior with positive (�R/RO)// and nega-
ive (�R/RO)⊥ ratios [27]. In addition, the magnitude of (�R/RO)⊥
or core/shell nanowires displays a weak dependence on shell
hickness and temperature, deviating from the clear increase in
he magnitude of (�R/RO)⊥ with decreasing diameter for solid
i nanowires. However, the most resistive PEDOT/Ni core/shell
anowire (i.e., 25 � for 500 nm PEDOT/Ni core/shell nanowire with
hell thickness of approx. 125 nm) exhibits (�R/RO)// similar to
hat of a 200 nm solid nickel nanowire with maximum (�R/RO)//
atio at around 200 K. Conversely, larger and more conductive
ore/shell nanowires (i.e., 600 nm and 800 nm PEDOT/Ni core/shell
anowires) displayed monotonically decreasing (�R/RO)// ratio
ith increasing temperature.

Although the exact mechanism of MR behavior of core/shell
anowires is difficult to ascertain due to the complexity of the
evice, systematic experiments were conducted to gain insights.
o investigate the effect of spin constriction between the electrode
nd ferromagnetic shell, PEDOT/Ni core/shell nanowires were fab-
icated on electrodes with different shapes (i.e., square, rectangular,
nd centered fingers with different length to width ratios). The
R behavior of PEDOT/Ni core/shell nanowires was independent
f electrode shape, which indicates that spin constriction between
he electrode and ferromagnetic shell does not play an important
ole.
a Acta 56 (2011) 5561–5565

Unique MR behaviors reported herein may be attributed to a
magnetostriction induced response. Unlike solid nanowires, the
soft and flexible polymer core may permit expansion and con-
traction of the shell similar to a hollow ferromagnetic tube.
Because Ni has a positive transverse saturation magnetostric-
tion of ∼20 × 10−6 �l/l, the shell length increases with increasing
applied magnetic field strength, and accordingly the cross-sectional
area decreases as Ni has a negligible volume magnetostriction of
−0.06 × 10−6 �v/v [28]. A decreased cross-sectional area would
cause an increase in electrical resistance under applied magnetic
fields and is therefore consistent with the observed positive val-
ues of (�R/RO)⊥ in the PEDOT/Ni core/shell nanowires. In addition,
it has been reported that magnetostriction of bulk Ni reaches its
saturation value around 2kOe at room temperature, similar to the
PEDOT/Ni MR behaviors in Fig. 3b. Additionally, the saturation
magnetostriction of bulk nickel increases nearly three fold as the
temperature is reduced from 300 K to 10 K, which is similar to
the increase in (�R/RO)⊥ in our work [28]. Magnetostriction hys-
teresis is also consistent with the magneto-transport hysteresis of
PEDOT/Ni core/shell nanowires [29]. Furthermore, the large pos-
itive volume magnetostriction of Ni30Fe70 (>35 × 10−6 �v/v) [30],
which is over two orders of magnitude greater (in absolute value)
than the negative volume magnetostriction for Ni, may explain
the negative values of (�R/RO)// and (�R/RO)⊥ since the volume
magnetostriction leads to an overall decrease in resistance regard-
less of the orientation due to the increase in cross-sectional area
of the shell. Although the values of (�R/RO)// and (�R/RO)⊥ of
both Ni and Ni30Fe70 core/shell nanowires followed the magne-
tostriction trends, the MR behaviors cannot be explained solely by
magnetostriction because the expected resistance changes of a fer-
romagnetic shell due to magnetostriction is two or three orders of
magnitude lower than the observed values of �R/RO.

Domain formation within the tubular geometry of the ferro-
magnetic shell may play a critical role in the magneto-transport
properties because it eliminates a mathematical singularity found
in wires. In the absence of an applied magnetic field, ferromag-
netic shells with inner radius to outer radius ratios of 0.25–0.4 and
lengths of 3 �m exhibit vortex magnetization in which the shell
is circularly magnetized around its annular cross-section (Fig. 5a)
[9,11,31,32]. For shorter and thicker shells, this magnetization state
becomes more stable such that there are fewer domains than for
longer and thinner shells. In contrast, high applied magnetic fields
in the longitudinal direction yield a magnetization state parallel
to the nanowire axis which induces transverse domain walls at
the ends of the core/shell nanowire and along the axial length
(Fig. 5b). The domain wall density is dependent upon several fac-
tors (shell thickness, defect sites, length to shell ratio, etc.) but
the domain walls at the shell/electrode interface are believed to
be more severe due the abrupt change in both cross-section and
geometry. Therefore, if the vortex state minimizes domain wall for-
mation and domain walls act as scattering sites, electrical resistance
will increase with increased applied magnetic field parallel to the
nanowire axis. Thus, the trend of (�R/RO)// in PEDOT/Ni nanowires
may be a combination of positive longitudinal AMR and positive
domain wall magnetoresistance.

A high transverse magnetic field direction is expected to cre-
ate an onion magnetization with transverse domain walls aligned
parallel to both the field and nanowire axis, splitting the fer-
romagnetic shell down the middle into two domains (Fig. 5c).
Domain splitting might extend along the entire length of the shell,
behaving as a high resistance pathway whose impact may be
compounded by the Hall voltage between the two shell halves,
electrical resistance. Thus (�R/RO)⊥ response is also a combi-
nation of geometry induced MR and AMR where geometrically
induced MR in the transverse direction is greater than in the
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Fig. 5. Schematic representation of magnetization states of ferromagnetic shells:
(a) in the absence of applied magnetic field and in the presence of applied magnetic
field in the (b) longitudinal and (c) transverse direction of the tube axis. The red
l
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ines represent domain walls and the yellow arrows indicate the magnetization. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

ongitudinal direction. Domain wall effects can easily be on the
rder of one percent with reported domain wall magnetoresis-
ance of 1.7% for Ni and −0.1% for Ni30Fe70. However, the actual
alue of �R/R is highly dependent on the exact domain con-
guration and wall thickness [33,34]. Although the influence of
ach mechanism on the overall MR behavior is difficult to quan-
ify without observing magnetic domain formation, evaluation of

agnetostriction and magnetization states suggest domain wall
agnetoresistance (DWMR) may play an important role in these

ore/shell nanowires. The MR behavior of conducting polymer
ore/ferromagnetic shell nanowires is also consistent with the
xperimental results from a Ni-rich permalloy nanoconstriction
35].

. Conclusions

In summary, single PEDOT/ferromagnetic core/shell nanowires
ere fabricated by electrodeposition of ferromagnetic materials (Ni

nd Ni30Fe70) on PEDOT nanowire assemblies. The shape and mate-
ial of the prefabricated electrodes were varied to discount their

nfluence. The TCR of PEDOT/Ni core/shell nanowires followed a
imilar trend to that of solid Ni nanowires, indicating electrons
ere predominately transported though the ferromagnetic shell.

he MR behaviors of PEDOT/Ni and PEDOT/Ni30Fe70 core/shell

[
[
[

a Acta 56 (2011) 5561–5565 5565

nanowires behaved differently than their solid nanowire counter-
parts. The anomalous MR behavior was attributed to geometry
induced MR transpiring from domain wall formation within the
ferromagnetic shell. Further investigation of magneto-transport
properties and configurations of domain walls are required to sup-
port future developments in magnetic sensors, spintronics, and
magnetic random access memory.
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