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Abstract

We present a device concept based on controlled micromagnetic configurations in a

corner-shaped permalloy nanostructure terminated with two circular disks, specifically designed
for the capture and detection of a small number of magnetic beads in suspension. A transverse
head-to-head domain wall (TDW) placed at the corner of the structure plays the role of an
attracting pole for magnetic beads. The TDW is annihilated in the terminating disks by applying
an appropriate magnetic field, whose value is affected by the presence of beads chemically
bound to the surface. In the case where the beads are not chemically bound to the surface, the
annihilation of the TDW causes their release into the suspension. The variation of the voltage
drop across the corner, due to the anisotropic magnetoresistance (AMR) while sweeping the
magnetic field, is used to detect the presence of a chemically bound bead. The device response
has been characterized by using both synthetic antiferromagnetic nanoparticles (disks of 70 nm
diameter and 20 nm height) and magnetic nanobeads, for different thicknesses of the protective
capping layer. We demonstrate the detection down to a single nanoparticle, therefore the device

holds the potential for the localization and detection of small numbers of molecules

immobilized on the particle’s functionalized surface.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years magnetic beads and magnetic nanoparticles
have received great interest for their applications in biology and
nanomedicine [1]. For example, magnetic nanoparticles with
functionalized surfaces are used as labels for single molecule
study [2], cell manipulation [3] and biomagnetic sensing [4].
In the latter case, magnetic beads are employed to detect target
molecules at the surface of magnetic sensors where probe
molecules are immobilized.

0957-4484/09/385501+06$30.00

For this particular application, various very sensitive
magnetoresistive (MR) sensors have been proposed, based on
giant magnetoresistance GMR [5], tunnel magnetoresistance
TMR [6], miniaturized silicon Hall sensors [7] or the planar
Hall effect in permalloy thin films [8].

The integration of the MR sensor in miniaturized
platforms for collecting, manipulating and detecting magnetic
nanoparticles has also been widely investigated as a potential
pathway to lab-on-chip technology. Along this line,
microelectromagnet arrays [9] and current lines [10] have been

© 2009 IOP Publishing Ltd  Printed in the UK
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used for the trapping and controlled movement of magnetic
particles, and an integrated microfluidic cell for manipulating
and detecting magnetic beads has been proposed by Jiang
et al [11], using an anisotropic magnetoresistance (AMR) ring
sensor as a microbead counter. In none of these integrated
systems has the detection of a single magnetic nanoparticle
been shown. On the other hand the detection of a single
magnetic nanoparticle has been demonstrated employing InAs
quantum well Hall devices [12] and magnetic tunnelling
junctions [13], but without any focusing action of the particles
on the sensor.

Recently, we have demonstrated the possibility of
detecting a single 80 nm bead by measuring the AMR signal
related to the displacement of a domain wall between two
corners of a permalloy micron-sized square ring [14] initially
designed for data-storage applications.

In this work we present an original magnetic particles
nanosensor based on the principle described in [14], but
specifically designed to present a single switchable magnetic
pole for trapping magnetic beads on the detection area only.
The combination of single magnetic nanoparticle detection and
attraction on the active sensor area represents a peculiar feature
in comparison to other sensing techniques. The switchable
magnetic pole is implemented by a transverse domain wall
(TDW) on the single corner of the structure, which is nucleated
and annihilated via the application of magnetic fields. The
particle attraction and the sensing properties of the device
have been characterized by using both commercial beads and
synthetic antiferromagnetic nanoparticles (SAF), for different
thicknesses of a SiO, protective capping layer, with a view to
applications in liquid environments.

2. Trapping of magnetic beads at the corner

The device consists of a patterned L-shaped permalloy strip,
25 nm thick and 180 nm wide, with two end disks (diameter
500 nm) that have their centre at 2 um from the corner (see
figure 1(a)).

This nanostructure was fabricated on top of four 20 nm
thick and 100 nm wide Au contacts (labelled 1-4 in
figure 1(a)) on a Si/SiO, substrate. Figures 1(b) and (c)
show the two stable micromagnetic configurations employed
here, as obtained by using the object oriented micromagnetic
framework (OOMMTF) code [15].

The four leads (1-4) have been used to measure the
voltage drop across the corner, which reveals the presence of
a TDW thanks to the anisotropic magnetoresistance effect. In
fact, when a TDW is in the corner, the current density J and
the magnetization M are locally perpendicular (micromagnetic
configuration in figure 1(b)) and the resistivity between leads
2 and 3 is lower than when the TDW is absent (micromagnetic
configuration in figure 1(c)).

Figure 1(b) illustrates the creation of a TDW after the
application of an external field of 1000 Oe along the bisector
of the corner. In equilibrium a vortex configuration is
present at the two end disks, corresponding to a clockwise
and anticlockwise rotation of the magnetization. The TDW
can be pushed towards one of the termination disks, where
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Figure 1. (a) SEM image of the device structure with the four leads
to perform MR measurements. Micromagnetic configuration of the
device (calculated with OOMMEF) with (b) and without (¢) TDW. H,
and H, represent the fields required to switch from (b) to (c) and
back, respectively.

it annihilates in the vortex spin configuration (simply VS
hereafter) inside one of the two termination disks. This
occurs on applying a magnetic field H; directed as indicated
in figure 1, leading to the spin structure of figure 1(c). The
TDW can be repositioned at the corner, either by applying
a horizontal magnetic field H, in the opposite direction with
respect to Hy, or by again applying a field along the bisector of
the corner.

Figures 2(a) and (b) show the contour plots of the modulus
of the attractive force acting on a point magnetic moment u(H)
on a plane 200 nm from the sensor. The force originates
from the gradient of the magnetic stray field H generated
by the TDW, which results in an attractive force on any
magnetic nanoparticle that is moving in proximity to the TDW
location. In figure 2(a) the TDW is present at the corner,
while in figure 2(b) it has been annihilated in the vortex spin
configuration. These plots were produced by using the 3D
OOMMF’s calculated external field and the force expression
F = po(pw - V)H; here pu = w(H)h, where u(H) is the
magnetization curve of the bead and h is the unit vector
parallel to the field H. The function ©(H ) was assumed to be a
Langevin curve suitable for describing the behaviour of 130 nm
MICROMOD Nanomag®-D beads (Mg = 200 emu cm™>).

The plots show that, in the presence of the TDW, such a
bead is subjected to a force higher than 20 pN within a circular
area of about 200 nm in diameter centred on the external vertex
of the corner and placed 200 nm above the permalloy surface.
The simulations show that there is also an attractive force
localized in correspondence to the strip-disk connection, which
is however much less intense (about 10% of that on the corner).
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Figure 2. Simulation of the magnetic forces acting on a 130 nm
Nanomag®-D bead at a distance of 200 nm from the device surface
when the TDW has been created (a) and annihilated (b). Panels (c)
and (d) report the corresponding MFM images, where bright contrast
means an attractive tip—sample interaction. Panel (e): optical
microscope image of two neighbouring devices on the same chip
after a TDW has been injected only in the device on the left: the
latter is the only one capable of attracting a cluster of beads (the dark
region superposed on the leads).

As shown in figure 2(b), after the annihilation of the
TDW the attractive force on the bead at the corner becomes
negligible, whereas the force next to the disks remains
essentially unchanged. On the disks the situation is similar to
the previous case apart from a slight increase of the force in the
upper right disk due to the slightly different spin configuration
of the vortex in which the TDW is annihilated (see figure 1(b)).

These simulations are in good agreement with experimen-
tal magnetic force microscopy (MFM) images in figures 2(c)
and (d). Indeed, there is an appreciable magnetic field gener-
ated in correspondence to the corner only when the TDW is
there (figure 2(c)). After removal of the TDW there is some
contrast only on the disks (figure 2(d)). The contrast is ex-
tended to the whole disk area, probably due to the interaction
between the tip and the highly mobile vortex core. The analy-
sis of the profile of the magnetic signal in figure 2(c) indicates
that the maximum signal on the disk is about 1/4 of that on the
corner.

The attraction properties of the device were verified in lig-
uid through direct observation with an optical microscope. A

suspension of 130 nm Nanomag®-D streptavidin coated beads
diluted in water (concentration of 1.1 x 10'! particles ml~")
was used, and the device was capped with 150 nm of SiO; to
avoid any interaction between the beads and the sensor mate-
rial in the fluid. In every device we observed the process of
attraction of beads by the TDW at the corner and their release
upon annihilation of the TDW.

Figure 2(e) is an optical image of two devices on the same
chip immersed in the suspension; the white circles correspond
to the disks of figure 1(a). The TDW has been created only in
the left device via the application and removal of a magnetic
field along the bisector line of the left corner. Correspondingly
a dark cluster of beads appears only in the left image, exactly
where the TDW was created.

Theoretically, the disks are predicted to be effective in
trapping some beads, but with a probability of attraction, which
is at least ten times lower than the one at the corner (see
figures 2(a) and (b)). However, in about 30% of the cases
(about 50 experiments of capture under optical microscope),
beads were observed to be trapped around the disk areas. This
fact was also confirmed by an atomic force microscopy (AFM)
study performed on the device, after evaporation of the water
contained in the suspension of the same beads (concentration
of 5 x 10! particles ml~') previously dispensed on the surface
with a pipette.

The high percentage of beads attracted by the disks is
probably due to some imperfections in the device fabrication,
producing an undesirable stray field on the contour of the disks
and at the strip-disk connection. This would also explain the
discrepancy between the values of the disk-to-corner force
intensity ratio obtained in the simulation and measured in the
MFEM experiment.

We have verified, both theoretically and experimentally,
that a further reduction of the strip width below 100 nm
significantly reduces the field generated by the strip-disk
connection. However the fabrication of such narrow structures
(strip width of about 90 nm) on the Au contacts turned out
to be more challenging and, so far, we have not succeeded
in producing devices with an electric resistance, between the
Au leads and the magnetic structure, low enough for the AMR
measurement required in the detection process.

3. Detection experiments

Figure 3(a) illustrates the sensing concept for magnetic particle
detection. As previously pointed out, the system switches
from one micromagnetic configuration (figure 1(b)) to the other
(figure 1(c)) at a defined value of the applied field. This field
can be accurately evaluated by sensing the presence of the
TDW at the corner through the AMR signal [16]. For this
purpose, an AC current of 15 A rms at 100 kHz was injected
into contact 1, with contact 4 grounded, and the voltage drop
between contacts 2 and 3 was measured through a lock-in
amplifier.

The black curve in figure 3(e) represents the voltage drop
measured across the corner of a clean device (before the beads
have been dispensed). The TDW has been initially positioned
at the corner and the magnetic field along one side of the
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Figure 3. (a) 3D schematic of the device interacting with a magnetized particle. (b) AFM image of a clean device. (¢) and (d) AFM images
after the first and second dispensation of a drop of the same volume (2 1) and concentration of beads (5 x 10'* particles ml~"). From AFM
analysis the cluster at the corner in (d) results as having a volume 1.5 times that of panel (c). (e) Voltage drop across the corner as a function
of the magnetic field for the clean ring (squares), with the cluster of beads of panels (c) (triangles) and (d) (circles). The field is applied

starting from 0 Oe and cycled back and forth up to £280 Oe.

corner has been increased from 0 to 280 Oe, then swept to
—250 Oe, and finally brought back to the initial value. The
resistivity of the permalloy is higher when the current and the
magnetization direction are parallel, and lower when they are
perpendicular (p; > p_); this results in a different voltage drop
depending on whether the TDW is placed at the corner or not.
The transitions between the two configurations produce the
two steps in the voltage signal. The first one, at positive field
H,, corresponds to the annihilation of the TDW (resistance

increase) and the second one at a negative field H; (resistance
decrease) indicates that the TDW is brought back to the initial
position.

A preliminary characterization of more than 50 devices
via AMR measurements led to an average value for H; and
H, of 200 Oe and —220 Oe, respectively, with a variance of
15 Oe. However, for a given corner structure, the values of H;
and H, are stable within =1 Oe, as checked in a sequence of
loops (>30) in which the TDW is brought back and forth to the
corner.
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It is also worthwhile observing that, by heating the devices
up to 40°C, the resistivity of the nanostructures changes
at variance with the values of H; and H,. This result
demonstrates the high stability of these devices with respect to
temperature changes, at variance with other magnetoresistive
sensors requiring accurate compensation or regulation of
thermal drifts (Hall effects devices, GMR and TMR sensors).

When a bead is trapped at the corner by the TDW and an
external field is applied to the device, the coupling between the
induced dipole moment p of the particle and the TDW below
the particle causes an increase of the value of H; needed to
annihilate the TDW, which can be revealed through the AMR
signal, while H, is not affected.

Figure 3(b) shows an AFM image of a clean device
(without capping layer) and figures 3(c) and (d) two cases
when different amounts of beads are present on the same
corner in two subsequent experiments. The results of
the magnetoresistance measurements in the three cases are
displayed in figure 3(e), where the black, blue and red curve
correspond to figures 3(b), (c), (d), respectively.

In these experiments we used streptavidin coated
MICROMOD Nanomag®—D beads diluted in NH,OH with a
concentration of 5 x 10'° particles ml~! in order to avoid
clustering. For the case in figure 3(c), 2 ul of suspension has
been initially dispensed on the device with a pipette and the
measurements (AFM and magnetoresistance) were performed
after evaporation of the solvent. The procedure was repeated a
second time on the same device, thus leading to an additional
accumulation of particles visible in figure 3(d).

The beads grouped on the corner by the TDW can
only influence the position of the first transition (for positive
magnetic field) corresponding to the removal of the TDW from
the corner where the beads are located, while the second step
(for negative fields) is unaffected by the presence of beads on
the corner because it depends on the creation and propagation
of a TDW from the region of the terminating disks. The
second step can then be used as a reference in all the other
measurements, in order to avoid erroneous evaluation of the
TDW depinning field (DF) due to angular misalignment or
imperfect control of the applied field.

The presence of the cluster in figure 3(c) causes an
increase of the DF by 15 Oe, while the cluster in figure 3(d)
produces an increase of 21 Oe. Note that these variations are
largely above the uncertainty in the DF (1 Oe). Counting
the exact number of beads present on the corner in the two
experiments turned out to be particularly difficult, mainly
because these beads are stable only in water; when dried
they become a rough mixture of magnetic nanoparticles
and portions of the polymeric matrix where the magnetic
nanoparticles are dispersed. An estimate of the volume of
material present on the device surface was obtained with AFM;
for the cases reported, the volume of the beads in figure 3(d)
is 7 x 10° nm?, nearly 1.5 times the volume of the cluster in
figure 3(c).

In any case it is very difficult to correlate the variation
of the DF with a reliable value of the magnetic moment
of the particles on top of the corner, due to the unknown
mixture of magnetic material and polymer in the clusters seen

by AFM after drying. In addition, as was recently pointed
out from analytical calculations [17], the average magnetic
field produced by a single bead close to a sensor is strongly
dependent on bead position with respect to the sensing area.
Therefore the exact position of the magnetic particles inside the
cluster, with respect to the corner, is another crucial variable
determining the device response.

In order to better characterize the response of the
device, for different thicknesses of an SiO, capping layer,
synthetic antiferromagnetic (SAF) nanoparticles [18] were also
employed.

These particles are realized using nanoimprint lithography
on a ferromagnetic multilayer structure, followed by releasing
and stabilization in solution. They are produced in the
form of disks, with a 70 nm diameter and 20 nm thickness;
made of two CoFe layers separated by a Ru spacer and
antiferromagnetically coupled via bilinear coupling. In the
multilayer structure the interlayer magnetic interactions are
exploited in order to produce particles with zero remanence
and a quasi-superparamagnetic behaviour. The main reason
for their use in this work is the absence of a polymeric matrix,
giving us the possibility to estimate their number by measuring
the total volumes on the corner.

In addition, SAF particles present a high magnetic
moment at saturation us, which for the single particle is
estimated to be of the order of 10™!3 emu, from measurements
with an alternating gradient magnetometer (AGM) on 5 ul of
a suspension of particles. This value is comparable to the
s of the 130 nm beads previously used, even if the volume
of the single particle is more than 20 times smaller. The
particles were diluted in NH4OH, to a final concentration of
2.7 x 10 particles ml~!, in order to get the minimum amount
of nanoparticles on the corner at every dispensation of 1 ul
of suspension (particles were provided in a concentration of
2.7 x 10" particles ml~").

The AFM analysis, performed after the drop evaporation,
allowed the determination of the volume of the clusters on
the corner. In the following we will compare situations
where the number of SAF nanoparticles attracted by the corner
corresponds to 6-8 particles, independent of the presence and
thickness of the SiO, capping layer.

The graph of figure 4 shows the DF variation as a function
of the thicknesses of the SiO,, measured on different devices,
for a typical cluster size on the corner mentioned above (see
the inset of figure 4). The graph shows that the DF variation
decreases as the capping layer thickness increases. As the
maximum error in the measurement of DF is £1 Oe, the
graph of figure 4 indicates that the detection of a single SAF
nanoparticle is possible for capping layer thicknesses below
25 nm.

At a 50 nm thickness of the capping layer, the switching
field variation per bead is of the same order of magnitude as
the error in the evaluation of the DF, thus the detection of a
single SAF nanoparticle is not achievable.

With a SiO, thickness of 120 nm the average measured
change of the DF was 3 Oe and this corresponds to the limit of
detection for the typical cluster size considered.

Additional measurements, using Nanomag®-D beads of
300 and 500 nm diameter, show that a single bead can be
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Figure 4. Measured depinning field variation as a function of the
thickness of the SiO, capping layer. The error bar indicates the
variation in the DF for different measurements in the same
conditions. The inset (800 nm x 800 nm) shows the typical cluster of
SAF nanoparticles found at the corner of the device after
dispensation of 1 ul of suspension.

detected even with a 120 nm capping layer, the DF variation
per bead being equal to 8 and 12 Oe, respectively.

In order to investigate the operation of the device
in a liquid environment we also performed preliminary
investigations using 500 nm beads. The results obtained so
far indicate the possibility of detecting beads in suspension,
i.e. without waiting until the drop has evaporated as
in the previous experiments. We measured, with good
reproducibility, a DF variation of the order of 10-15 Oe one
minute after the deposition of the drop, and before complete
evaporation. Optical inspection of the samples, after the bead
detection, confirmed that the observed DF variation was indeed
related to the capture of beads by the corner of those devices
where a TDW is present. A more systematic study on the
detection of beads in suspension is on the way, requiring the
optimization of the set-up and the development of a fluidic
system on top of the sensor in order to guarantee more
reproducible conditions of bead dispensation and avoid the
evaporation of the solution.

4. Conclusion

In summary, a device, capable of acting as a switchable
magnetic pole for attracting and detecting magnetic beads in
suspension on its sensing area, has been presented.

The attraction properties of the corner and disks that
compose the device were studied both theoretically and
experimentally, showing that beads are mainly attracted where
the transverse domain wall lies. The detection of a single
SAF magnetic nanoparticle (disk with diameter of 70 nm and
thickness of 20 nm) for protective capping layer thickness of
up to 25 nm was demonstrated.

For a thicker capping layer (120 nm) the detection of
a single bead of larger size (300 and 500 nm) was also

demonstrated. Our device has the potential for application as a
bead counter in microfluidics systems or potentially as a sensor
for single molecule detection if the active area is properly
functionalized with the specific probe molecule.
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