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Real-time Detection of Nano-sized Magnetic Beads by Using
Spin-valve Devices for Biological Applications
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We report the real-time detection of nano-sized magnetic beads for biological applications using
highly sensitive spin-valve devices with nano-oxide layer (NOL) exhibiting an 8.5% magnetoresis-
tance (MR) ratio. A combination of photolithography and lift-off process was employed to place
nano-sized magnetic beads on the active area of a spin-valve device. The spin-valve device was
found to show a signal voltage change of 0.28 11V in the presence of a cluster of nano-sized magnetic
beads by comparing the signal voltage difference between the sensing spin-valve device and a refer-
ence spin-valve device. The real-time detection of nano-sized magnetic beads was found successfully
achieved by direct measurement of the magnetic dipole fields emanating from clusters of nano-sized

magnetic beads on the spin-valve device.
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I. INTRODUCTION

The development of magnetoresistance (MR) devices
based on the detection of micron or nano-sized magnetic
labels has recently attracted great interests, because they
are capable of realizing a bio-assay system showing fast
response time, high sensitivity, high performance, and
portability [1-8]. In particular, the detection of nano-
sized magnetic labels is one of the key issues for imple-
menting a bio-assay system using MR devices because
micron-sized magnetic labels will hinder bimolecular in-
teractions [9]. Furthermore, nano-sized magnetic beads
can be controlled to conjugate with one or a few bimolec-
ular, which will allow a quantitative relationship with
enough accuracy to be established between the number
of the detected magnetic labels and the actual target
bimolecular. However, most magnetic labels used in pre-
vious studies were micron-sized magnetic beads because
the magnetic moments of the nano-sized magnetic beads
were too small due to their limited volume. In order to
detect such a small magnetic moments in real-time, a
sensor should have characteristics such as high sensitiv-
ity, good signal-to-noise ratio (S/N) and low detection
limit [10].
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Spin-valve devices are able to offer sufficiently these
characteristics compared with other spintronic devices,
such as anisotropic magnetoresistance (AMR) devices
[4], Hall effect devices [5,6], and magnetic tunneling junc-
tion (MTJ) devices [8]. For these reasons, spin-valve de-
vices may be good candidates to detect nano-sized mag-
netic beads for real-time detection of the nano-sized mag-
netic beads. The real-time detection of the nano-sized
magnetic beads is essential for the development of chip-
cytometers, which has recently attracted great interests,
since they are capable of realizing both cell separation
and cell counting on a chip at the same time. However,
to date, no one has attempted yet to apply spin-valve
devices as sensing elements in the real-time detection of
nano-sized magnetic beads.

In the present work, we report on real-time detection of
nano-sized magnetic beads by using highly sensitive spin-
valve devices for biological applications. We describe the
design and fabrication of spin-valve devices and discuss
the real-time detection of nano-sized magnetic beads by
using spin-valve devices.

II. EXPERIMENT

Spin valves were deposited on thermally oxidized
Si(100) substrates in a de/rf magnetron sputtering sys-
tem at a base pressure of 4 x 1078 Torr. The
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Fig. 1. Optical microscope image of an array of spin-valve
devices with 6 x 30 pum?. The spin-valve device consisted
of a spin-valve strip and four electrodes fabricated by using a
combination of electron beam lithography and lift-off process.

generic structure of the spin-valves was CogqFeig (20
A)/NOL/nglFelg (25 A)/COg4F€16 (10 A)/Cu (17
A)/COg4F€16 (20 A)/II‘QQMH’;g (75 A)/T&(5O A) The
nano-oxide layer (NOL) was employed in order to en-
hance the sensitivity of the spin valves [11]. As-deposited
spin valves were found to exhibit about an 8.5% mag-
netoresistance (MR) ratio. An array of the spin-valve
devices with dimension of 6 x 30 pum? were fabricated
using a combination of electron-beam lithography and a
lift-off process (see Fig. 1). The patterned spin-valve
devices were measured to have an ~8.5% MR as shown
in Fig. 2, and were used to detect nano-sized magnetic
beads. The surfaces of the spin-valve devices were passi-
vated with a 200-nm-thick silicon dioxide layer deposited
using a radio frequency (rf) sputtering system in order
to prevent device corrosion due to deionized water.

III. RESULTS AND DISCUSSION

In order to place nano-sized magnetic beads on the
active area of a spin-valve device among the spin-valve
array, we adopted a photolithography and lift-off pro-
cess. A conceptual drawing of this process is introduced
in Fig. 3. A photoresist layer with a thickness of 1.1
pm was spin-coated on the surface of a spin-valve array.
A window in the photoresist layer on the only one spin-
valve device (sensing SV device) among the spin-valve
array was patterned by using photolithography. After
the dispersion of nano-sized magnetic beads on the pho-
toresist layer, a cluster of nano-sized magnetic beads was
found to be placed on the active area of sensing spin-valve
device through the window as shown in Fig. 4(a). The
remaining magnetic beads were placed on the photoresist
layer, the magnetic dipole fields of which were too small
to change the magnetic state of the other spin-valve de-
vices with a photoresist layer (reference SV devices) be-
cause the maximum magnetic dipole fields (B™%*) ema-
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Fig. 2. Representative magnetoresistance (MR) curve of
a spin-valve device. The spin-valve device was observed to
exhibit about an 8.5% MR ratio. The inset shows the full
MR curve. The best sensitivity in the MR of a spin-valve
device was found to occur in the range of 25 — 50 Oe.
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Fig. 3. A conceptual drawing of the process for patterning
a window in the photoresist layer on the sensing spin-valve
device.

nating from the magnetic beads decreased exponentially
with increasing distance (z) between the reference SV
devices and the center of the magnetic beads according
to the equation of B™™ = —(ug/4m)mg/2>, where uqg
and myg are the magnetic permeability and the magnetic
moment of the magnetic beads, respectively [10].

In order to demonstrate the detection the nano-sized
magnetic beads in real time, we dispersed a droplet con-
taining superparamagnetic nano-sized magnetic beads on
top of the spin-valve array while measuring the voltage of
the sensing spin-valve device and reference spin-valve de-
vice, respectively. Superparamagnetic beads (Nanomag-
D 250) with d = 250 nm and a susceptibility of 3.1 x
1071 emu/Oe (10 < | H | < 50 Oe) were utilized in
this real-time detection. The most sensitive region in the
MR curve of a spin-valve device was found to occur in
the range of 25 — 50 Oe (see Fig. 2). A dc magnetic field
of 30 Oe was applied in the longitudinal direction of the
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Fig. 4. A SEM image showing nano-sized magnetic beads
on the active area of a sensing spin-valve device.

spin-valve devices in order to bias the free layer of the
spin-valve devices and generate a magnetic dipole field
of the nano-sized magnetic beads. At this applied mag-
netic field, the free layer of the spin-valve devices was not
fully changed from parallel states to anti-parallel states,
providing that the spin state of the free layer was re-
versible in the range of magnetic fields, which are exter-
nal magnetic fields plus magnetic field emanating from
the nano-sized magnetic beads

When nano-sized magnetic beads were placed on the
active areas of the sensing spin-valve devices, the mag-
netic dipole field of the magnetic beads is expected to
cancel out a small fraction of the applied field in the
free layer of the spin-valve devices [12]. The reduction
of the applied field in the free layer was found to result
in a signal voltage drop. Fig. 5(a) presents the real-time
voltage signals of the sensing spin-valve device and of
the reference spin-valve device showing the detection of
a cluster of nano-sized magnetic beads. As seen in Fig.
5(a), the signal voltage of the sensing spin-valve device
was decreased when Nanomag-D 250 was added to the
spin-valve array at a time of 110 sec., whereas the voltage
signal of the reference spin-valve device was almost flat
and had no substantial signal change This reveals that
the photoresist layer on the reference spin-valve device
was thick enough to keep the fringe field of the cluster
of nano-sized magnetic beads from reducing the applied
field in the free layer [13]. In Fig. 5(a), the slight pertur-
bation of the signal voltage was caused by Joule heating
created by the bias current. In order to compare clearly
the signal change between the reference spin-valve device
and the sensing spin-valve device caused by a cluster of
nano-sized magnetic beads, the signal voltage difference
between the sensing spin-valve device and reference spin-
valve device was calculated. Fig. 5(b) present the signal
voltage difference between the sensing spin-valve device
and the reference spin-valve device.

A signal voltage change of 0.28 uV, caused by the
cluster of nano-sized magnetic beads in Fig. 4(a), was
clearly confirmed by AV = Vicserence — Vsensing, Where
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Fig. 5. Real-time signals of the sensing SV device and ref-
erence SV device showing the detection of a cluster of nano-
sized magnetic beads. (a) The signal of the sensing SV device
only decreased after dispersing Nanomag-D 250 superparam-
agnetic beads on the spin-valve array at 110 sec. (b) The
signal voltage difference between the sensing SV device and
the reference SV device.

Vreference and Viensing are the signal voltages of the ref-
erence spin-valve device and of the sensing spin-valve
device, respectively. A slow increase of AV after dispers-
ing the magnetic beads occurred because the Nanomag-D
250 settled on the surface of the sensing spin-valve device
after the solution had finished drying.

In addition, control experiments were carried out be-
fore adding nano-sized magnetic beads (Nanomag-D 250)
on the spin-valve array in order to investigate the pertur-
bation of the sensor signals caused by other parameter
changes. In Fig. 5(a), the solution without beads was
added at 40 sec in order to measure the perturbation of
signal caused by adding the solution. As shown in Fig.
5(a), no significant signal change was observed in either
the sensing spin-valve device or the reference spin-valve
device after adding the solution without nano-sized mag-
netic beads. This result reveals that the signal voltage
in Fig. 5(a) was only caused by adding nano-sized mag-
netic beads (Nanomag-D 250) on the spin-valve array.
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Our results demonstrate that nano-sized magnetic beads
can be detected using a highly sensitive spin-valve device
in spite of their small magnetic moments.

IV. CONCLUSION

The highly sensitive spin-valve devices with a nano-
oxide layer were designed and fabricated for the detection
of nano-sized magnetic beads. The detection of the nano-
sized magnetic beads by using an array of the spin-valve
devices were demonstrated by comparing the signal volt-
age difference between a sensing spin-valve device and
a reference spin-valve device. In the real-time measure-
ments, the spin-valve device was found to show a signal
voltage change of 0.28 'V in the presence of a cluster of
nano-sized magnetic beads. Our results demonstrate the
possibility of implementing a bio-assay system based on
the detection of the nano-sized magnetic beads using the
highly sensitive spin-valve devices. Further studies are
planned to extend these results to integration of spin-
valve sensors into microfluidic channel and quantitative
real-time detection of moving nano magnetic particles in
the fluidic channel for applications as a chip-cytometer

ACKNOWLEDGMENTS

This work was supported by the Agency for the De-
fense Development through Defense Nano Technology
Application Center and the NRF through the National
Core Research Center for Nanomedical Technology (R15-

Journal of the Korean Physical Society, Vol. 55, No. 3, September 2009

2004-024-00000-0), Seoul Research and Business Devel-
opment Program (10816).

REFERENCES

[1] D. P. Schrum, C. T. Culbertson, S. C. Jacobson and J.
M. Ramsey, Anal. Chem. 71, 4173 (1999).

[2] D. L. Graham, H. A. Ferreira, P. P. Freitas and J. M. S.
Cabral, Biosens. Bioelectron. 18, 483 (2003).

[3] D. L. Graham, H. A. Ferreira and P. P. Freitas, Trends
Biotechnol. 22, 455 (2004).

[4] L. Ejsing, M. Hansen, A. Menon, H. Ferreira, D. Graham
and P. P. Freitas, Appl. Phys. Lett. 84, 729 (2004).

[5] P. A. Besse, G. Boero, M. Demierre, V. Pott and R.
Popovic, Appl. Phys. Lett. 80, 4199 (2002).

[6] Y. Kim, S. Joo, W. Lee, J. Hong, S. K. Hong, K. H. Kim,
S. U. Kim, K. Rhiey, S. Lee, Y. Chung and K. Shin, J.
Korean Phys. Soc. 52, 513 (2008).

[7] R. L. Edelstein, C. R. Tamanaha, P. E. Sheehan, M. M.
Miller, D. R. Baselt, L. J. Whitman and R. J. Colton,
Biosens. Bioelecron. 13, 731 (1998).

[8] W. Shen, X. Liu, D. Majumdar and G. Xiao, Appl .Phys.
Lett. 86, 253901 (2005).

[9] G. Li, S. Sun, R. J. Wilson, R. L. White, N. Pourmand
and S. X. Wang, Sens. Actuators A Phys. 126, 98 (2006).

[10] M. Johnson, Magnetoelectronics (Elsevier Academic
Press, San Diego, 2004), Chap. 7.

[11] E. Hirota, H. Sakakima and K. Inomata, Giant Magneto-
Resistance Devices (Springer, New York, 2002), p. 94.

[12] D. L. Graham, H. Ferreira, J. Bernardo, P. P. Freitas
and J. M. S. Cabral, J. Appl. Phys. 91, 7786 (2002).

[13] H. A. Ferreira, D. L. Graham, P. P. Freitas and J. M. S.
Cabral, J. Appl. Phys. 93, 7281 (2003).



