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ABSTRACT

We have investigated the magnetic correlations among 7 nm iron oxide nanoparticles embedded in stretched silicone elastomers using
polarized Small Angle Neutron Scattering (SANS). The magnetic nanoparticle (MNP)-elastomer composite can be stretched during
experiments, and macroscopic deformations cause rearrangement of the iron oxide particles on the nanoscale. Polarized neutrons can be
used to nondestructively probe the arrangement of magnetic nanoparticles before and after stretching, so that the relationship between
applied stress and nanoscale magnetization can be interrogated. We find that stretching the MNP-elastomer composite past a certain thresh-
old dramatically changes the structural and magnetic morphology of the system. The unstretched sample is modeled well by �40 nm clusters
of �7 nm particles arranged in a hard sphere packing with a “volume fraction” parameter of 0.3. After the sample is stretched 3� its original
size, however, the scattering data can be modeled by smaller, 16 nm clusters with a higher volume fraction of 0.4. We suggest that the effect
can be understood by considering a stretching transformation on FCC-like crystallites of iron oxide nanoparticles embedded in an elasto-
meric medium.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0081922

Composite materials made of magnetic particles and polymeric
materials are unique because they combine magnetic functionality
with the “soft” characteristics of flexible polymers. Polymer materials
have low elastic moduli, which can be engineered so that they deform
in specific ways when subjected to applied stress.Whenmagnetic particles
are added to these materials, magnetic fields can be used to remotely con-
trol the applied stress, creating deformation and shape change. It is also
possible to transduce a magnetic response from applied stress via the
magnetoelastic effect, where deformations cause rearrangement of mag-
netic particles and influence magnetic properties of the material. Due to
these distinct characteristics, magnetic polymer composite materials have
been used to create soft robotics,1–3 3D printed magnetic materials,4

remote tools for drug delivery,5 and magnetorheological dampeners.6

Motivated by applications of such composites, we performed a
series of experiments to investigate nanoscale magnetic correlations
within deformable magnetic nanoparticle (MNP) elastomers.
Specifically, we used polarized Small Angle Neutron Scattering (SANS)
to study magnetic correlations of �7nm magnetite (Fe3O4) MNPs

embedded in strained silicone rubber. Neutron scattering has been
employed previously to investigate stretched polymers7 and polymeric
nanocomposites,8–11 but these studies used unpolarized neutrons to
probe structural changes via nuclear scattering. The experiments
described here use polarized neutrons to map magnetization of MNPs
on length scales ranging from 0.1 to 100nm.12 This allows the strained
MNP-elastomer composites to be probed locally, so that nanoparticle
rearrangement and nanoscale magnetic domain deformation can be
related to macroscale strain. Typically, MNP-elastomer composites are
evaluated using “bulk” magneto-mechanical techniques, which include
static and dynamic compression, tensile, and shear tests with and with-
out applied magnetic fields.13 To fully realize the potential of these mate-
rials, however, it is critical to connect an understanding of their
nanomagnetic properties to overall magnetic performance. The polar-
ized scattering experiments described here suggest a quantifiable experi-
mental pathway for doing so.

Polarized SANS has been successfully utilized to probe magneti-
zation in many types of MNPs.14–17 With the exception of colloids
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and ferrofluids, nanoparticles in prior experiments were fixed in place
over the course of the scattering experiments. Here, we employ the
reconfigurable nature of the MNP-elastomer to control relative posi-
tions of nanoparticles while simultaneously probing changes in nano-
magnetic correlations with polarized SANS. During a typical experi-
ment, the MNP-elastomer composite is subjected to an in situ stretch-
ing force. The macroscopic change in shape is accompanied by
deformation on the nanoscale, where polymer chains stretch and
translate to accommodate a new equilibrium configuration. As a
result, MNPs embedded in such an elastomeric matrix change their
configuration as a function of applied stress [Fig. 1(a)]. When the force
is removed, the particles return to their original positions and the sam-
ple assumes its original shape. We believe that this experimental
scheme may prove useful for studying ensemble magnetization and
interactions in MNP systems since it enables the spacing between par-
ticles to be tuned via applied stress. This system may also be useful for
investigating biosensors that operate based on the reversible aggrega-
tion or relative motion of MNPs.18–21

The MNP-elastomer composite examined in this study is one of
many possible manifestations of magnetic polymer systems. The

magnetic response and performance of these systems can be engi-
neered by picking different loading concentrations of magnetic par-
ticles, different polymer types, or different synthetic pathways for
composite fabrication. For an overview of how these parameters can
influence the magnetic properties of the magnetic polymer composites,
we refer the interested reader to recent reviews on magnetic polymer
materials.13,22,23 For the scattering experiments described herein, we
chose to work with 7.4 nm iron oxide nanoparticles embedded in sili-
cone rubber. Specifically, the particles were synthesized using thermal
decomposition24 and consist of a magnetite (Fe3O4) core coated by a
thin layer of oleic acid (supplementary material). This particular
method of thermal decomposition—the so-called Sun method—was
chosen for this study because it produces monodispersed, single-
crystalline Fe3O4 nanoparticles with a higher magnetization than other
methods.25 The MNP-elastomer composite was prepared by curing
the nanoparticles within a silicone elastomer network, which is known
as the “blending” method for magnetic polymer preparation.22 This is
different from other methods, such as in situ coprecipitation, where
particles are grown inside of an already crosslinked polymer
matrix.26,27 The oleic acid coated particles mixed well with the silicone

FIG. 1. (a) Schematic diagrams of magnetite nanoparticles embedded in a silicone rubber elastomer in unstretched (left) and uniaxially stretched (right) configurations. (b)
TEM image of MNPs used in the experiment with inset showing histogram of size distribution. (c) Cross-sectional TEM image showing nanoparticles embedded in silicone
rubber.
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rubber precursor, showing no macroscale phase separation, allowing
the particles to be stably cured within the silicone matrix. Figure 1(b)
shows a transmission electron microscope (TEM) image of the par-
ticles, which are 6.96 1.5 nm [inset of Fig. 1(b)]. Figure 1(c) shows a
cross-sectional TEM image of the nanoparticles after they have been
embedded in cured silicone elastomer. The particles form close-
packed aggregates with random shapes and orientations, as seen in
Fig. 1(c). While iron oxide particles and silicone were used for this
study, the experimental system is not limited to these materials.
Indeed, the experiments should be generalizable to other types of mag-
netic particle/polymer composites.

A small piece of the MNP-elastomer composite was removed
and examined with magnetometry. Figure 2(a) shows a magnetization
loop taken at 300K, which roughly corresponds to the room tempera-
ture (�293K) neutron scattering experiments. The loop has no coer-
civity and shows the characteristic shape associated with
superparamagnetic particles. The data were fit to a single Langevin
function, and the magnetic diameter of the particles was extracted,
assuming saturation magnetization of magnetite (supplementary
material). The magnetic diameter was found to be �7 nm, consistent
with TEM measurements. Figure 2(b) shows zero field-cooled (ZFC)
and field-cooled (FC) curves for the samples. The dotted line indicates
the peak of the ZFC curve, which occurs at 51.4K6 2.3K. If we use
this peak to extract the blocking temperature of the sample, then one
can safely assume that the particles are superparamagnetic at room
temperature. The authors acknowledge that extracting the blocking
temperature is, in fact, more complex than simply evaluating the peak
of the ZFC curve.28–30 The ZFC peak lies well below the temperature
at which the neutron scattering experiments were performed (293K).
Thus, even without making a precise determination of the blocking
temperature, we can safely say that the particles are superparamagnetic
for the room temperature scattering experiments described herein.

Polarized SANS measurements were performed at the NIST
Center for Neutron Research using the CHRNS vSANS beamline.
Figure 3(a) shows the experimental configuration for polarization
measurements. Incoming neutrons from the Z direction are scattered

off the sample and detected in the X-Y plane. The angle � denotes the
angle between the scattering vector, Q, and the X direction in the
detector plane. A double-V supermirror cavity polarizes the neutron
spins in the incident beam, and a RF-neutron spin-flipper is used to
select the up (þ) or down (�) incident spin state. An electromagnet is
used to apply magnetic fields in the X direction during experiments.
Nuclear and magnetic scattering contribute to the overall measured
scattering intensity, I. Simplified spin scattering rules can be applied to
extract constituent contributions to the overall scattering.31 These spin
rules allow for straightforward calculation of N2 and MPARL,

2 which
correspond to the square of the nuclear scattering and the magnetic
scattering parallel to the applied field (which is proportional to the net
magnetization),

N2 QXð Þ ¼ Iþh¼0� ¼ I�h¼0� ; (1)

M2
PARL QYð Þ ¼

I�h¼90��Iþh¼90�
� �2

8 Nj j2
: (2)

(Note that these equations assume that the scattered intensity is nor-
malized by the incident intensity for the þ spin state, which is 1=2 of
the incident intensity of the unpolarized beam.) As an aside, we also
attempted polarized/analyzed measurements in which a 3He spin ana-
lyzer is placed between the sample and detector. Unfortunately, the
abundance of hydrogen in the elastomer polymer chains dominated
spin-flip scattering (supplementary material). Thus, most of the
experiments were run in a half-polarized modality.

Figures 3(b) and 3(c) show the calculated values of N2 and
MPARL

2 for scattering data from the unstretched MNP-elastomer. In
Fig. 3(b), the electromagnet is off, and the sample experiences a rema-
nent field of 0.009T. Figure 3(c) shows data taken during application
of a 1T magnetic field. In both cases, the composite nuclear scattering
over the entire Q range is dominated by scattering from the silicone
gel, which has incoherent contributions from hydrogen, and the scat-
tering from the embedded nanoparticles is obscured. This is consistent
with the fact that the sample volume is largely comprised of silicone
rubber. On the contrary, the calculation ofMPARL

2 [Eq. (2)] reveals the

FIG. 2. Magnetometry data on MNP-elastomer composite. (a) Magnetic moment as a function of applied field at 300 K and fit to a Langevin function. (b) Zero field-cooled and
field-cooled curves. The cooling field for the field-cooled (FC) curve and the measurement field for the zero field-cooled (ZFC) curves was 1mT.
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structure and net parallel magnetization of nanoparticles under applica-
tion of a magnetic field. For the remanent field condition of 0.009T,
MPARL

2 is small and has no apparent structure. This behavior is consis-
tent with a superparamagnetic ensemble of nanoparticles, where the
magnetic moments of each particle are randomly oriented and the
ensemble net magnetization averages to zero. At 0.009T, the sample
magnetization is 6% of the saturation magnetization and at 1T, the
sample has 95% of the saturation magnetization, where the saturation
magnetization was measured at 7T. For the high field condition of 1T,
MPARL

2 has a Bragg peak at �0.075 Å�1. This magnetic Bragg peak
develops because the saturated magnetic moments from each particle
are oriented uniformly in the X direction. The Bragg peak, which has
been observed in other MNP systems,14–16 arises from diffraction from
the (111) planes in close-packed FCC (face-centered cubic) crystallites
of nanoparticles. Since the appearance of a (111) peak requires structural
coherence over several nanoparticles, we conclude that the nanoparticles
are clustered proximate to each other, consistent with the cross-
sectional TEM in Fig. 1(c). Assuming an effective diameter, d, of
�10nm (7nm core and 1.5nm steric barrier from surfactant/silicone)
gives an FCC lattice spacing of a¼ �2d¼ 14.1 nm or 141 Å. The (111)
Bragg peak from a close-packed FCC lattice with this lattice spacing
appears at Q¼ 2p/(141 Å/�3)¼ 0.077 Å�1, which is consistent with the
position that is observed.

To investigate the relationship between applied stress and nano-
scale magnetic correlations, the sample was strained to different
degrees and then scattering experiments were performed. The sample
was stretched by factors of 2� and 3� its original size by mechanically
pinning the ends of the elastomer across an opening of sufficient size
for neutron beam transmission. After the sample was configured in a
strained configuration, it was placed on the beamline for subsequent
scattering experiments, at which point a magnetic field could be
applied. In one set of measurements, the direction of stretching was
parallel to the applied magnetic field (X -direction) and in the second
set, it was perpendicular (Y-direction). Using SASView software,32

these data were fit to a model containing 7.4nm, individual spheres
that are hard-packed along with larger, multi-particle spherical clus-
ters. Analysis of the SANS data indicates that MNPs are ordered
locally into FCC-like assemblies of finite size that manifest as magnetic
domains.

Figure 4 shows MPARL
2 data for experiments in a 1T magnetic

field where the MNP-elastomer composite was stretched along the
field direction 2� and 3� its original length. We fit the unstretched
data [Fig. 4(a)] to a model containing 7.4 nm spheres that are hard
packed alongside larger clusters, which are 44 nm in diameter (610%
polydispersity). The smaller, 7.4 nm spheres are packed within the
clusters with an FCC-like structure and a “volume fraction” parameter

FIG. 3. (a) Schematic showing vSANS experimental setup, which includes a double V polarizing supermirror cavity, a RF spin flipper, and three detector banks. (b) Data for N2

and MPARL
2 in the remanent field of �0.009 T. (c) Data for N2 and MPARL

2 in an applied field of 1 T. Error bars displayed here and elsewhere indicate 1 standard deviation.
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of 0.3. The aspects of this model were chosen based on observations
from TEM and magnetometry. Indeed, the aggregate morphology
accords well with observations from TEM, where the particles are
arranged in �50nm clusters throughout the cured silicone elastomer.
This cluster morphology produces fits that generally match the data,
but there are noticeable regions where the fit does not match the data
well. We attribute this to the fact that the actual system contains parti-
cle aggregates with random shapes and orientations. Despite the short-
comings of the model, it captures general changes in magnetic
scattering as the sample is strained. This can be seen in Fig. 4(b), where
the sample has been stretched 2�. The 2� strain can be modeled by
increasing the polydispersity of the large clusters from 610% to
620%. This change in polydispersity reflects a distortion of the mag-
netic domains as the sample is stretched. When the sample is stretched
3� in a direction parallel to the applied field [Fig. 4(c)], the magnetic
morphology changes dramatically. The best model for these data is
dominated by smaller spherical clusters with an effective diameter of
16 nm that emerge along the Y direction. The model also includes a
small scattering contribution from the FCC-like structure, but the
“volume fraction” parameter for these hard packed spheres increases
from 0.3 to 0.4, suggestive of enhanced local ordering. Thus, stretching

the sample 3�, its original size seems to condense nanoscopic mag-
netic domains within the sample.

Figure 5 depicts MPARL
2 data for experiments in a 1T magnetic

field where the MNP-elastomer composite was stretched perpendicu-
lar to the field direction. The unstretched case [Fig. 5(a)] is the same as
Fig. 4(a) and can be modeled by 44nm clusters of particles (610%
polydispersity) with a “volume fraction” parameter of 0.3. The effect
of 2� stretching in the perpendicular direction [Fig. 5(b)] can be mod-
eled by an increase in polydispersity, from 610% to 620%, similar to
the parallel stretching case. However, when the sample is stretched 3�
in the perpendicular direction [Fig. 5(c)], the change in magnetic scat-
tering is not as dramatic as when the sample is stretched in the parallel
direction. These data can be modeled by 44nm clusters of hard packed
spheres with a further increase in overall polydispersity from 620% to
630%. A comparison of the results in Figs. 4 and 5 suggests that the
parallel stretching direction is unique since that case generates an
apparent reduction in magnetic domain size.

The changes in magnetic morphology between the stretched and
unstretched cases can be understood in terms of a transformation of
the relative positions among nanoparticles under applied stress. As the
sample is stretched, interparticle spacing is extended in the direction

FIG. 4. Magnetic scattering, MPARL
2 data for three configurations where the sample was stretched parallel to the 1 T applied field. (a) Unstretched configuration, fit to hard

sphere model with 44 nm (610%) clusters of NPs. (b) 2� stretched configuration, fit to hard sphere model with 44 nm (620%) clusters of NPs. (c) 3� stretched configuration,
fit to hard sphere model with 16 nm (65%) clusters of NPs.

FIG. 5. Magnetic scattering, MPARL
2 data for three configurations where the sample was stretched perpendicular to the 1 T applied field. (a) Unstretched configuration, fit to

hard sphere model with 44 nm (610%) clusters of NPs. (b) 2� stretched configuration, fit to hard sphere model with 44 nm (620%) clusters of NPs. (c) 3� stretched configu-
ration data, fit to hard sphere model with 44 nm (630%) clusters of NPs.
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parallel to the applied stress and contracted in directions perpendicular
to the applied stress. These changes affect the magnetic properties of
the system in ways that are detectable via magnetic scattering. For
modest stretching, as in the cases where the sample is stretched 2� its
original size, the clusters of MNPs are deformed slightly, leading to an
increase in the overall polydispersity of the magnetic domains. The
increased polydispersity indicates a greater distribution in the sizes of
the magnetic domains in the clusters, as may be expected due to local
variations in the magnitude of magnetic interactions introduced upon
stretching. It is also notable that increased stretching (except for the
3� stretching along X) leads to an overall decrease in the magnitude
of the magnetic scattering at all Q. The decrease in magnetic intensity
may originate from increased frustration among the local nanoparticle
moments, which reduces the magnitude of net magnetization parallel
to the field direction.

In our experimental geometry, the effect of stretching 3� in a
direction parallel to the applied field has a dramatic effect on MPARL

2.
To understand the origin of this effect, it is instructive to consider the
action of stretching on an FCC-crystallite. Figure 6 has a schematic
that depicts two planes of an idealized FCC-crystallite of �7nm par-
ticles with a �3nm edge-to-edge distance. The size of the two stacked
planes is �40� �50nm in the X-Y direction, matching the order of
magnitude of crystallites observed in the actual sample. The schematic
shows the effect of stretching 2� and 3� on the underlying lattice in a
direction parallel to the applied field. It should be noted that Fig. 6
shows an oversimplified representation of the stretched sample. In
actuality, the particles are not assembled into oriented, monodispersed
FCC crystallites but, rather, are grouped into randomly oriented aggre-
gates. Stretching extends interparticle distances along the X direction
and causes contraction in the Y and Z direction. In Fig. 6, this has the
effect of increasing the distance along X between shared Y-Z planes of
nanoparticles, while decreasing the relative spacing between particles
along the Y (and Z) direction. For a 2� stretch, this leads to an

increase in the overall polydispersity of the cluster size, but the average
distance between particles remains mostly unchanged. When the sam-
ple is stretched 3� its original size, the spacing between particles in the
Y (and Z) direction contracts so much that the neighboring particles
are practically touching—separated only by a thin steric barrier. The
distance between Y–Z planes along the X direction is free to extend
unhindered, though, creating gaps between clusters of particles. The
overall effect is to create condensed clusters of particles with smaller
sizes than the original aggregates. In accordance with magnetic neu-
tron scattering rules,31 theMPARL

2 scattering [Eq. (2)] from these clus-
ters is sensitive in a saturating field both to the magnitude of net
magnetization parallel to the X axis and to magnetic correlations
among the nanoparticles along the Y direction. Since the measure-
ments were performed at saturation, the magnetic structure is
expected to mirror the physical structure. Thus, the condensed clusters
along Y generate MPARL

2 scattering [Fig. 4(c)] that is well modeled by
distinct, 16 nmmagnetic domains. In addition, the scattering contribu-
tion from the individual hard packed spheres has a relative packing
fraction that increases from 0.3 to 0.4, suggesting that the local FCC-
like packing of the nanoparticles in the cluster increases due to con-
traction of interparticle spacing in the Y direction. This effect is not
seen when the sample is stretched in the perpendicular direction. For
the perpendicular case [Fig. 5(c)], stretching causes an elongation of
MNP clusters along the Y direction, as opposed to condensation into
small 16 nm clusters. In this case, the data are best fit again by large,
44 nm clusters, with a further increase in polydispersity from 620% at
2� to 630% at 3�.

In conclusion, we have performed a series of polarized SANS
experiments to study the relationship between applied stress and
nanoscale magnetic correlations within MNP-elastomer composites.
MNPs embedded in the elastomer change their configuration as a
function of applied stress, providing a method to adjust the average
spacing between particles. The magnetic scattering data can be well
modeled by hard-packed spheres within larger spherical clusters.
Scattering data for different stretching configurations correspond to
different degrees of cluster polydispersity, cluster size, and packing
fraction. We suggest that the changes can be explained by considering
the action of stretching on FCC-crystallites of MNPs in the sample.
These polarized SANS experiments demonstrate that applied stress on
the MNP-elastomer composite modulates the nanoscale structural
properties and corresponding magnetic characteristics of MNPs in a
pronounced, controllable manner.

See the supplementary material for details on nanoparticle syn-
thesis, magnetometry, Langevin fitting, and additional scattering data.
Also included is a compilation of tilt TEM images showing a nanopar-
ticle cluster embedded in silicone resin. The stack of tilt TEM images
has been rendered as a .avi animation to give the viewer a three-
dimensional impression of the iron oxide nanoparticle clusters.
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