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Magnetoresistance (MR) behavior of vinyl ester monomer stabilized iron nanoparticles and
heat-treated vinyl ester resin nanocomposites reinforced with iron nanoparticles were investigated.
Vinyl ester monomer serves as a coupling agent with one side covalently bound onto the
nanoparticle surface by a displacement reaction and the other end copolymerized with extra vinyl
ester resin to form a robust entity. The particle loading and type of material (polymer or carbonized
polymer) have a significant effect on the magnetic and MR properties. The heat-treated

nanocomposites follow a tunneling conduction. After reduction annealing,

the obtained

nanocomposites possess a room temperature MR of 8.3 % at a field of 90 kOe. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2952047]

I. INTRODUCTION

Polymer nanocomposites filled with functional particles
have spurred much interest due to their lightweight and cost-
effective processability. Inorganic nanofillers dispersed into
polymer matrices can stiffen and strengthen the
nanocomposites,l increase the electric and thermal
conductivities,” ™ introduce unique physicochemical proper-
ties, such as rnagnetic5 and optical properties, = and even
improve the shape replicability.9 As a result, many applica-
tions become feasible, such as microwave absorbers,lo_12
photovoltaic (solar) cells,'® and smart structures.'*!

Metallic multilayer giant magnetoresistance (GMR) has
found wide applications in areas, such as biological
detection,'® magnetic recording and storage systems,17 and
rotational sensors in automotive systems18 since the discov-
ery of GMR in 1988." Compared with the metal-based
multilayer GMR sensors, the polymer nanocomposite-based
sensors have the benefit of easy manipulation and cost-
effective fabrication. However, the challenge is to obtain
high-quality polymer nanocomposites with nanoparticles
uniformly dispersed in the polymer matrix. In other words, to
prevent particle agglomeration is an inherent challenge in the
composite fabrication.”’ In addition, the interaction between
the nanoparticles and the polymer matrix plays an important
role in the quality of the nanocomposite. Poor linkage, such
as the presence of gas voids, will result in deleterious effects
on the mechanical properties of the nanocomposites.zl’22 Dif-
ferent methods have been developed to prepare polymer
nanocomposites with improved particle dispersion quality
and enhanced particle-polymer interfacial interaction. Re-
cently, we reported a room temperature GMR of 7.3% at 90
kOe in heat-treated iron nanoparticles reinforced with poly-
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urethane nanocomposites fabricated using a surface initiated
polymerization method.” In this paper, we report on the fab-
rication and characterization of a granular GMR nanocom-
posite that consists of iron nanoparticles dispersed in a vinyl
ester resin matrix. The subsequent annealing effect on the
magnetic and transport properties is also reported.

Il. EXPERIMENT

The processing starts with the fabrication of a cured vi-
nyl ester resin composite reinforced with Fe nanoparticles
having an approximate diameter of 20 nm (provided by
QuantumSphere, Inc.). The bare iron nanoparticles are very
reactive and easily susceptible to oxidation. The core-shell
structures in the bright-field transmission electron micro-
scope (TEM) image shown in the inset of Fig. 1 indicate
partial oxidation of the particles arising from TEM sample
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FIG. 1. (Color online) Magnetic hysteresis loops of the fresh and annealed
vinyl ester monomer stabilized iron nanoparticles; inset shows the TEM
micrographs of the as-received nanoparticles.
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preparation. The nanoparticle production, transportation, and
composite fabrication are all done in an ultrahigh purity ni-
trogen atmosphere to prevent particle oxidation.

The nanocomposite fabrication is briefly described as
follows. A specific amount of iron nanoparticles in a two-
neck flask are wetted by the nitrogen-degassed vinyl ester
resin (30 g) under ultrasonically stirred conditions and mixed
for another 2 h until uniform dispersion is obtained. A mix-
ture of the nitrogen-degassed catalyst (2.0 wt %, Trigonox
239-A, organic peroxide, Akzo Nobel Chemicals) and pro-
moter (0.3 wt %, cobalt naphthenate, OM Group, Inc.) is
introduced quickly. The final solution is poured into silicone
molds for 24 h room temperature curing followed by a 2 h
postcuring at 100 °C. Vinyl ester resin in the nanocompos-
ites was found to be fully cured under differential scanning
calorimetry measurement.

Nanocomposites with different particle loadings were
fabricated based on the functionality of the vinyl ester mono-
mers and the surface chemistry of the nanoparticles. The
hydroxyl groups of the vinyl ester monomers displace with
the iron nanoparticles as verified by x-ray photoelectron
spectroscopic and Fourier transform-infrared (FT-IR) spec-
troscopic studies. The carbon-carbon double bonds on the
other side of the vinyl ester monomers cross-link with the
extra vinyl ester resin (styrene for polymer chain growth or
vinyl ester monomers for polymer cross-linking growth) for
robust nanocomposite formation. In order to carbonize the
matrix, the nanocomposites with different particle loadings
were heat treated at 450 °C for 2 h in hydrogen gas, bal-
anced with ultrahigh purity argon (5%). Particle structures
were characterized on the FEI Tecnai G2 Sphera TEM with
an accelerating voltage of 200 kV. The weight percentage of
nanoparticles in the nanocomposites was determined through
thermogravimetric analysis (TGA, PerkinElmer) during ar-
gon flow with a rate of 50 cm?/min. The polymer matrix,
particle loading, and heat-treatment effect on the magnetic
properties were investigated in a 9 T physical properties
measurement system by Quantum Design. The electric con-
ductivity and magnetic field dependent resistance were car-
ried out using a standard four-probe method.

lll. RESULTS AND DISCUSSION

Figure 1 shows the room temperature hysteresis loops of
the as-prepared and heat-treated vinyl ester monomer stabi-
lized iron nanoparticles. The samples were prepared through
a displacement reaction between the iron nanoparticles and
the vinyl ester resin activated through sonication in a nitro-
gen environment. The mixture was washed with tetrahydro-
furan and dried in a vacuum oven at room temperature. As
compared to the reported coercive force (coercivity, H,) of 5
Oe for the bare superparamagnetic iron nanoparticles, coer-
civity is observed to increase to 153 Oe after stabilization
with the vinyl ester monomers. This is due to the interpar-
ticle dipolar interaction within the nanocomposite achieved
with a uniform dispersion of single-domain nanoparticles,
consistent with a particle-loading dependent coercivity in the
nanoparticle assembly.24 Little coercivity difference is ob-
served in the samples after annealing. However the satura-
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FIG. 2. (Color online) (a) Temperature dependent resistivity and (b) Ln(re-
sistivity) as a function of 7"(—1/2) of as-prepared and heat-treated monomer
stabilized iron nanoparticles; inset of (b) shows the MR of the annealed
monomer stabilized nanoparticles.

tion magnetization (M, 76 emu/g) of the as-prepared nano-
composites increases to 109 emu/g after annealing due to the
decomposition of vinyl ester monomers. The lower satura-
tion magnetization in both composite samples indicates that
the displacement reaction has caused the majority of the iron
atoms on the nanoparticle surface to become a nonmagnetic
salt.

The as-prepared vinyl ester monomer stabilized Fe nano-
particles exhibit lower electric resistivity as compared to the
one after heat treatment, as shown in Fig. 2(a). The resistiv-
ity of the monomer stabilized iron nanoparticles increases
slowly with decreasing temperature ranging from room tem-
perature to 100 °C and then remains constant at tempera-
tures lower than 100 °C. However, the nanocomposites be-
come less conductive after the heat treatment. The resistivity
increases slowly from room temperature to 100 °C and sud-
denly increases beyond the equipment limitation. The linear
relation between the logarithmic resistivity and the square
root of temperature 7-'/? shown in Fig. 2(b) indicates a tun-
neling conductive mechanism for the heat-treated vinyl ester
monomer stabilized nanoparticles. Both nonmetallic behav-
iors were observed in the as-prepared and heat-treated mono-
mer stabilized iron nanoparticle samples, indicating that the
vinyl ester monomers and the subsequently carbonized vinyl
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ester have effectively protected Fe nanoparticles from oxida-
tion. There are three regions for the as-prepared vinyl ester
monomer stabilized nanoparticles, as shown in Fig. 2(b).
This behavior could be due to the thermal shrinkage/
expansion of the stabilized polymer chain with a change of
the temperature.

MR (%) in the composite is defined as

MR(%) = R =RO) 00,

R(0)
where R(H) and R(0) are the resistivity at a field of H and
zero, respectively. A room temperature GMR of 1.7% is ob-
served in the heat-treated vinyl ester monomer stabilized iron
nanoparticles, as shown in inset of Fig. 2(b). However, only
0.9% MR is observed in the as-prepared vinyl ester mono-
mer stabilized iron nanoparticles.

The particle distribution within the cured vinyl ester
resin matrix before the heat treatment was characterized by a
scanning electron microscope (SEM). The polymer nano-
composite samples with a particle loading of 40 wt % were
prepared by polishing the cured vinyl ester resin samples
with 4000 grit sandpaper. The inset of Fig. 3(a) shows the
typical SEM images of the cross section of the nanocompos-
ite. The uniform particle dispersion within the polymer ma-
trix indicates that vinyl ester resin has effectively protected
the iron nanoparticles from agglomeration. Further x-ray
photoelectron spectroscopy investigation indicates a strong
particle-polymer interaction through the displacement reac-
tion between the reactive nanoparticles and the vinyl ester
resin monomers.

A large shrinkage is observed in the nanocomposites af-
ter a 2 h annealing at 450 °C. There is no further polymer
residue observed after the heat treatment as evidenced by
FT-IR investigation. These results indicate a complete de-
composition of the cured vinyl ester resin in the polymer
nanocomposites. Figure 3(b) shows the TEM bright field mi-
crostructures of the nanocomposite (40 wt %) after heat
treatment at 450 °C for 2 h. The left inset of Fig. 3(b) shows
the selected area electron diffraction (SAED) patterns of the
annealed polymer nanocomposites. The inner ring of the
SAED patterns with a d spacing of 0.34 nm clearly indicates
the formation of graphite carbon.”® The obvious core-shell
structure arises from the atomic number difference between
iron and carbon. The right inset of Fig. 3(b) shows the high-
resolution TEM microstructure of the annealed polymer
nanocomposites. The observed clear lattice fringes indicate
the formation of highly crystalline nanoparticles and the cal-
culated lattice distance of 0.205 nm corresponds to Fe.

Figure 3(a) shows the room temperature hysteresis loops
of the vinyl ester resin nanocomposites with a particle load-
ing of 15 and 40 wt % before and after heat treatment, re-
spectively. Larger coercivity (230 Oe) is observed after the
Fe nanoparticles are dispersed in the vinyl ester resin nano-
composites, as compared to those of the bare superparamag-
netic iron nanoparticles and vinyl ester monomer stabilized
iron nanoparticles. This indicates a weak interparticle dipolar
interaction after the nanoparticles are dispersed into the poly-
mer matrix. However, H, is much lower than those (685 and
900 Oe for 65 and 35 wt % loading, respectively) of the
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FIG. 3. (Color online) (a) Hysteresis loops of as-prepared and heat-treated
nanocomposites with a particle loading of 15 and 40 wt %, inset shows the
SEM image of nanocomposite with a 40 wt % particle loading; and (b)
TEM micrograph of the heat-treated nanocomposite, inset shows the SAED
and HRTEM images of nanocomposite with a 40 wt % particle loading.

iron/polyurethane system. The saturation magnetizations
(M) of the nanocomposites are 34 and 72 emu/g for the
particle loadings of 15 and 40 wt %, corresponding to 213
and 183 emu/g for the nanoparticles, respectively. M, in the
vinyl ester resin system is much larger than that in the poly-
urethane system, which is due to the particle oxidation in the
polyurethane nanocomposite fabrication process and
particle-polymer surface interaction effects.”® The observed
smaller H, after the heat treatment is due to the decreased
interparticle distance concomitant with a stronger dipolar in-
terparticle interaction.

No electric conductivity is detected in the vinyl ester
resin nanocomposites reinforced with the iron nanoparticles,
even at 40 wt % loading, indicating that the particle loading
is still lower than the percolation threshold. The conductivity
improves considerably after the heat treatment. Figure 4
shows the temperature dependent resistivity of the vinyl ester
resin nanocomposites after heat treatment at 450 °C for 2 h.
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FIG. 4. (Color online) Temperature dependent resistivity of the nanocom-
posite with 20 and 40 wt % particle loading after heat treatment at 450 °C.

The resistivity increases significantly with decreasing tem-
perature, characteristic of a nonmetallic behavior. In view of
the high conductivity of iron, the high resistance observed in
the 450 °C heat-treated specimen is due to the poor conduc-
tivity of the carbon matrix. With decreasing temperature, the
resistivity increases much faster in the heat-treated 15 wt %
nanocomposites than in the heat-treated 40 wt % nanocom-
posites. This is obviously attributed to the dominating less-
conductive carbon matrix in the 15 wt % nanocomposites,
as compared to the dominating more-conductive iron in
40 wt % nanocomposites. The observed linear relationship
between the logarithmic resistivity and the square root of
temperature 7-"/? shown in Fig. 4 indicates an interparticle
tunneling/hopping conduction mechanism,”’” which is differ-
ent from the observed metallic conduction, as observed in
the granular Co—Au core-shell nanoparticles.25 The de-
creased carbon content in the nanocomposite with an initial
particle loading of 40 wt % favors electron spin hopping
from one particle to another; thus it has a lower resistivity as
compared to that of the nanocomposites with an initial par-
ticle loading of 15 wt %.

The particle loading was observed to have a dramatic
effect on the MR performance of the annealed nanocompos-
ites, as shown in Fig. 5. A room temperature MR of 8.3% is
observed in the heat-treated nanocomposite with an initial
particle loading of 15 wt %. Whereas the heat-treated nano-
composites with initial particle loadings of 20 and 40 wt %
show a room temperature MR of 6.8% and 6.0%, respec-
tively. All of these GMR values are observed at a fairly high
field of 90 kOe. Compared to multilayered GMR materials, a
high magnetic field is required to saturate the MR, which is
characteristic of the tunneling conduction mechanism. How-
ever, a 2.0% MR observed at 4.5 kOe still indicates that the
GMR in these nanocomposites could be used for biological
targeting applications.28 The particle-loading dependent MR
is attributed to the interparticle distance. In addition, the
spacer materials (vinyl ester resin and carbonized vinyl ester
resin) play a role in the MR property. The observed field
dependent MR hysteresis loops (Fig. 5) in the nanocomposite
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FIG. 5. (Color online) Room temperature MR as a function of applied field
for heat-treated nanocomposites reinforced with a particle loading of 15, 20,
and 40 wt %, respectively.

with high particle loadings are also due to the decreased
interparticle distance together with a strong interparticle di-
polar interaction.

IV. CONCLUSION

We have shown that a granular GMR nanocomposite can
be fabricated by heat treatment of the monomer stabilized
iron nanoparticles or robust vinyl ester resin nanocomposites
reinforced with iron nanoparticles to induce carbonization of
the polymer matrix. The GMR properties depend on the ma-
trix and particle loading, i.e., the spacer distance and the
materials between the nanoparticles. The final iron/
carbonized nanocomposites exhibit a room temperature
GMR of 8.3% at 90 kOe and follow a spin dependent tun-
neling conduction.
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