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Abstract In this work, we report the mechanical reorienta-
tion of thiolated ferromagnetic microspheres bridging a pair
of gold electrodes under an external magnetic field. When
an external magnetic field (7 kG) is applied during the
measurement of the current—voltage characteristics of a car-
boxyl ferromagnetic microsphere (4 um diameter) attached
to two gold electrodes by self-assembled monolayers
(SAMs) of octane dithiol (CgH;5S,), the current signal is
distorted. Rather than due to magnetoresistance, this effect
is caused by a mechanical reorientation of the ferromagnetic
sphere, which alters the number of SAMs between the
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sphere and the electrodes and therefore affects conduction.
To study the physical reorientation of the ferromagnetic
particles, we measure their hysteresis loops while suspended
in a liquid solution.

Keywords Magnetic microparticles (75.50.Tt) - Electric
current measurement (84.37. + q) - Magnetic hysteresis
(75.60.-d)

1 Introduction

As part of the continued drive to shrink electronics circuits
and preserve Moore’s law [1], researchers have been able to
attach individual molecules and nanostructures to a pair of
nanogap electrodes to form single-electron transistors
(SETs) and measured the resulting electrical conductance.
In SETs, the conductance depends on the asymmetry be-
tween the couplings to the two electrodes, instead of on the
average coupling [2]. Unfortunately, the fabrication of reli-
able SETs poses enormous challenges. Even if great care is
taken during assembly, one cannot be sure that a particular
molecule has been positioned at the junction, because direct
observation is impossible. Experimental results are often
distinct from theoretical predictions, and accurate descrip-
tions of the characteristics of particular structures are diffi-
cult to offer. For instance, recently, molecular switching was
observed in endohedral metallofullerene which, following
careful analysis of the current—voltage characteristics, was
traced to a reorientation of the molecule driven by the
interaction between its electric dipole moment and an exter-
nal electric field [3]. Even more challenging are single
molecules or nanostructures carrying magnetic moments,
so that only a few experiments have succeeded in fabricating
SETs based on magnetic structures [4—6].
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By contrast, it is easier to assemble microstructures on
metal surfaces [7, 8]. Studies of these reliable systems, with
easier-to-interpret characteristics, are expected to offer prior
understanding of more complex systems, such as SETs.
Here, we report the reorientation of a ferromagnetic micro-
sphere attached to a pair of gold electrodes and its effect on
current—voltage characteristics under an external magnetic
field. We work with microscale dimensions, which dwarf
the typical—less than 5 nm [3—6, 9]—SET size. Our device
is therefore better described by classical models than by
quantum mechanical ones.

2 Experimental

The fabrication of the samples comprised a number of steps.
Photolithographically defined arrays of gold electrode pairs,
separated by 2 um gaps, were patterned by a conventional
evaporation and lift-off process. Small Au pellets (99.999 %
purity) were evaporated from a tungsten boat on polished
SiO, (80 nm)/Si(100) substrates using an Edwards 306
evaporator system with a base pressure of 107 mbar. The
rate of evaporation was maintained at 0.1 nm s ' and the
thickness of gold (40 nm) was controlled by a quartz crystal
microbalance located next to the substrate. The gold elec-
trodes were functionalized with CgH;gS, (octane dithiol,
Alfa Aesar B24693) following standard procedures [10].
In parallel, carboxyl ferromagnetic spheres of mean di-
ameter 4 um (CFM-40-10, Spherotech Inc.) with poly-
styrene cores and iron oxide shells were dried, suspended
in distilled water or coated with octane dithiol (CgH;gS>,).
The latter were obtained by dispersing and mixing the
ferromagnetic spheres in 0.5 mL of 2 mM octane dithiol
in ethanol for 48 h. During this process, some spheres
stuck together forming groups, and we observed that the
number of groups increases with time and molarity. The
coated spheres were transferred to a beaker containing
5 mL of ethanol and the functionalized electrodes. The
system was left for 48 h at room temperature (RT) and
finally rinsed with large amounts of ethanol to remove

Fig. 1 Optical microscope
images of multiple
microspheres (magnification
x50 (a)) and individual
microspheres of 4 pm mean
diameter (magnification x75
(b)) bridging gold electrodes
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the unlinked spheres from the substrate. The final sample
consisted of thiolated ferromagnetic microspheres which
are physisorbed on functionalized gold electrodes and
creating bridges. Current—voltage (I-V) measurements
were made in a probe station Graill0-205-LV Nagase
Techno-Engineering Co. LTD, at RT and in a high vac-
uum, of 8.6x107 Pa. Two BeCu electrodes (source (S)
and drain (D)) were in direct contact with a pair of the
gold electrodes, and the current response was sensed in
the drain electrode after applying a source—drain bias in
the range of —5 to +5 V, in forward and reverse modes.
The magnet setup allowed us to apply an in-plane 7 kG
external field, parallel to the current. Due to lack of
refrigerant (helium), we were unable to study the thermal
dependence of the current—voltage characteristics.

In order to understand the mechanical motion of the
ferromagnetic spheres under external magnetic fields, we
suspended the samples in liquid solution and measured the
magnetic hysteresis loops in a Magnetic Property
Measurement System (MPMS-SQUID) from Quantum
Design. Since the density of the distilled water is too low
to hold the spheres in suspension over the long periods, 4—
6 h, required to acquire data from the magnetometer, the
spheres were suspended in a sucrose liquid solution as
described in our previous work [11]. In brief, 3 g of sucrose
(sigma Ultra 99.55 GC) were diluted in 6 mL of distilled
water to suspend the spheres and to avoid sedimentation.
Since the standard holder for the MPMS, a gelatine capsule,
is designed to sustain powder and dried samples, we had to
fabricate a special sample holder, a diamagnetic cone plas-
tic, to hold the liquid solution [11]. A drop of approximately
1 uL of spheres suspended in the solution was measured in
the MPMS equipment.

3 Results and Discussions

Figure 1 shows arrays of functionalized gold electrodes with
CFM microspheres physisorbed through SAMs of octane
dithiol. The linking of the thiols to the gold occurs by a
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combination of dative bonding (chemisorption) between
sulfur and gold, as it has been reported elsewhere [10].
The spheres are immobilized relative to the electrodes by
the strong affinity of the sulfur atoms of the functional group
to gold, whereas intermolecular van der Waals forces are
responsible for the lateral packing of the layers [10]. The
strong adhesion of the spheres to the electrodes was tested
via several washings of ethanol, propanol, and distilled
water. Our fabrication technique therefore insures that the
spheres do not detach from the electrodes when the external
magnetic field is applied. In Fig 1a, the optical microscope
image at x50 magnification shows groups of thiolated micro-
spheres indicating long-time functionalization. In contrast, in
Fig. 1b, individual microspheres are attached to the gold
electrodes. This was achieved by adjusting the functionaliza-
tion time to 48 h. The less distinct image of the microspheres
in Fig 1b is caused by the diffraction of light through the
optical microscope at the chosen magnification (x75).

Figure 2 shows the I-V response of an arbitrary individ-
ual iron-coated polystyrene (CFM) sphere attached to two
gold electrodes. The measurements were performed from —5
to +5 V in forward and reversed bias as indicated by the
arrows inset in the figure. Initially, in the absence of the
sphere, a tunneling current is detected, and the forward and
reverse bias curves overlap, as shown in Fig. 2a. The per-
sistence of this superposition after several scans indicates
that the system is mechanically and electrically stable. After
the electrodes are bridged with a thiolated microsphere, a
similar tunneling current, forward and reverse bias currents
that also overlap, is observed, but the magnitude of the
current is amplified. The amplification is due to by the
higher conductivity of the SAMs-sphere-SAMs element
bridging the source and drain electrodes, which lowers the
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Fig 2 I-V responses of an arbitrary CFM microsphere bridging two
gold electrodes through octane dithiol SAMS. a Comparison between
the I-V signals before (black) and after (blue) bridging the electrodes

electrical resistance of the device in comparison with the
empty case, as one would expect.

Application of the external magnetic field changes the
picture. As shown in Fig. 2b, as soon an external magnetic
field of 7 kG is switched on, the current—voltage curves are
distorted. The forward bias curve no longer matches the
reverse bias plot, except near-zero bias. In fact, our measure-
ments show that the zero bias conductance is null, an indi-
cation that no leakage current flows through the system and
that the effect comes from the device, not to from the
equipment used in the -V characterization. Changes in
the resistance under magnetic fields, i.e., magneto resis-
tance, have widely been observed, especially in direct
charge transport through iron SETs [12, 13]. As mentioned
above, however, the device described in this work is not a
SET. Instead, the bridging element is a 4 um polystyrene
(core) iron oxide (shell) sphere attached to the gold-
electrodes by multiple SAMs of octane dithiol. The trans-
port mechanism in the microspheres is very different from
conduction in SETs. Moreover, it is uncertain whether the
current penetrates the carboxyl/iron coating to the polysty-
rene core; the current may well flow through the SAMs and
carboxyl surface, instead. The distortion in the I-V charac-
teristics of the device cannot therefore be attributed to mag-
neto resistance. One alternative is magnetic-field induced
mechanical reorientation of the microsphere, which is
expected to reduce the number of SAMs between the elec-
trodes and to distort the -V characteristics.

To better understand the mechanical movement of the
ferromagnetic microspheres under the external field, mag-
netic—hysteresis loops of immobilized and suspended micro-
spheres were studied. Immobilized hysteresis loops were
obtained from dried and packed microspheres, whereas
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with a microsphere. b Comparison between the I-V signals through the
bridged electrodes with and without an external magnetic field
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suspended hysteresis were taken after suspending them in a
sucrose liquid solution, as explained before. Figure 3 shows
the hysteresis loops of the magnetic microspheres under
three distinct conditions: immobilized, in liquid suspension
without thiol coating, and in liquid suspension after thiol
coating. Figure 3a compares the hysteresis loop of the immo-
bilized microspheres and of the suspended spheres up to
16 kG. For immobilized spheres, the plot shows the classic
hysteresis loop of a ferromagnetic material. The remnant
magnetization point is half of the saturation, reached around
4 kG. The scattering in the suspended—sphere loop is noise
due to the motion of the spheres. For growing external field,
when saturation is first reached, most of the magnetic
moments of the spheres are aligned with the field; from this
point on, the diamagnetism of the plastic container pushes the
measured magnetization towards zero. In contrast with the
loop for the immobile spheres, the hysteresis loop for the
suspended spheres displays no coercive field.

Figure 3b compares the hysteresis loops for immobilized
ferromagnetic spheres and thiolated spheres in suspension,
up to 4 kG. The behavior of the magnetization is similar to
that in Fig. 3a. The hysteresis loops of the suspended ferro-
magnetic spheres show no coercivity because the magnetic
moments abruptly switch to follow the applied magnetic field
when it is reversed. Since the spheres are suspended in a liquid
medium, they have more degrees of freedom (translation and
rotation) than the immobile spheres. When the direction of the
external magnetic field reverses, not only the magnetic
moments, but the entire spheres undergo physical rotation.
This process being essentially reversible, the loops exhibit
zero coercivity. In the immobilized case, by contrast, physical
rotation of spheres that are either packed or stuck together is
impossible, and only the magnetic moments are reoriented.
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Fig. 3 Hysteresis loops of ferromagnetic microspheres under three
conditions: dried, suspended, and functionalized suspended. a Com-
parison between dried and suspended up to 16 kG external fields. b
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As already explained, the noisy hysteresis loops signal
motion of the suspended spheres. The spheres are not com-
pletely static, because the sample holder moves continuous-
ly during the data scanning by the MPMS-SQUID
equipment. Therefore, the relative positions of the spheres
vary. In equilibrium, the gravitational force Fg on a partic-
ular sphere is balanced by the buoyancy force (Fjp). As
discussed in [11], the magnetophoretical force (F,,) gener-
ated during application of the magnetic field over the sphere
is compensated by a drag force (Fp), especially strong when
the external magnetic field changes value.

An external magnetic field therefore tends to displace and
rotate the CFM microspheres. Figure 4 depicts a micro-
sphere attached to the gold electrodes. The sphere is immo-
bilized between the gold electrodes by the octane dithiol
SAMs, not shown in the figure. When the applied magnetic
field is switched on, the sphere tends to move in the direc-
tion of the field. The sphere is still attached to the electrodes,
however, and has translational and rotational inertia. The
force due to the changing field gives rise to slight vibration,
which reduces the number of SAMs in a few contact areas.
The conductivity is consequently changed, as shown by
Fig. 2. The response to external magnetic fields of micro-
spheres attached to the electrodes could help the character-
ization of magnetic nanostructured SETs, which so far have
only been studied theoretically [14].

4 Conclusions
In summary, while the current—voltage characteristics of

single-electron devices are dictated by the modulation of
molecular-bond energies, larger devices such as the one
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Comparison between dried and functionalized and suspended up to
4 kG fields. In both cases, the absence of coercivity indicates that the
spheres rotate under magnetic-field reversal
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Fig 4 Reorientation of a ferromagnetic microsphere attached to two
gold electrodes by self-assembled monolayers of alkane dithiol (not
shown) under an external magnetic field By,

discussed in this work display simpler I-V curves. Quantum
conductance effects are washed out by the relatively large
dimensions of the components and number of links between
the sphere and each electrode. The magnetic field depen-
dence of the I-V plots in Figs. 2 on and the dependence of
the mobility of the spheres in Fig. 3 have therefore been
explained on the basis of the classical model depicted in
Fig. 4. The vibrational motion of the microsphere in re-
sponse to the application of the external magnetic field
reduces the number of SAMs linking the sphere to the
electrodes, and the resulting change in conductance distorts
the current—voltage characteristics.
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