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Magneto-mechanical resonance of a single superparamagnetic microbead

trapped by a magnetic domain wall

Elizabeth Rapoport and Geoffrey S. D. Beach?
Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge,
Massachusetts, 02139, USA

(Presented 3 November 2011; received 23 September 2011; accepted 26 October 2011; published
online 23 February 2012)

Magnetic domain walls in ferromagnetic tracks can be used to trap and transport
superparamagnetic beads for lab-on-a-chip applications. Here it is shown that the magnetostatic
binding between a domain wall and a superparamagnetic bead suspended in a host fluid leads
to a distinct magneto-mechanical resonance under application of a sinusoidal driving field. The
characteristic resonant frequency depends on the ratio of the magnetostatic binding force to the
viscous drag on the bead. This resonance has been experimentally detected for a single trapped
superparamagnetic bead using an optical detection technique. © 2012 American Institute of

Physics. [doi:10.1063/1.3672406]

Surface-functionalized superparamagnetic (SPM) beads
are widely used to tag, detect, and manipulate chemical and
biological species in a fluid environment.'”'” Recent work
has shown that, owing to their highly localized stray fields,
magnetic domain walls (DWSs) in magnetic nanotracks can
be used to shuttle superparamagnetic microbeads and mag-
netically tagged entities across the surface of a substrate.”'*
By integrating a single-bead detection mechanism into such
DW-based transport structures, microscale sorting and sens-
ing of single cells or biomolecules could be achieved in mag-
netic lab-on-chip devices.

Magnetoresistive sensors have previously been widely
used for SPM bead sensing, based on a change in the sensor
response to an applied excitation field in the presence of beads
at the sensor surface."*>7%1>"'7 On-chip bead-based sensing
of biomolecules in such devices is often achieved by chemi-
cally functionalizing the sensor surface to preferentially cap-
ture and immobilize magnetic marker beads in the presence of
a chemical target in the host fluid. However, this mode of sens-
ing requires chemical decoration of the sensor surfaces and
precludes the subsequent transport of a bead after a sensing
operation. Donolato er al.'” have recently demonstrated the
detection of magnetic beads suspended in a fluid in close prox-
imity to a magnetic tunnel junction sensor based on Brownian
relaxation of the beads themselves. Their technique offers a
probe of the hydrodynamic characteristics of the sensed beads,
which would change, e.g., if the bead surface were decorated
with a chemical target. Biosensing could thus be achieved
without the need to chemically tether the bead directly to the
sensor. However, sensitivity at the level of single bead sensing
has not yet been demonstrated using such a mechanism.

Domain walls in nanotracks can be used to capture indi-
vidual beads, and DW-based structures have recently been
used to sense the presence of individual beads. Llandro ez al.”
showed detection of individual beads from the effect of their
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stray field on DW-mediated magnetization switching in
pseudo-spin-valves. Vavassori ef al.” exploited the magnetic
focusing of DWs to position a bead near a DW trapped at a
nanotrack corner, and to detect the bead’s presence based on a
small change in the DW depinning field. However, both of
these mechanisms rely on sensing small changes to the
switching field, which itself is typically stochastic in nature.

Here we show that the bead-DW interaction can be used
not only to reversibly trap individual beads for transport, but
also to characterize the trapped beads based on their hydro-
dynamic response within a host fluid. By measuring the
response of a trapped bead to a sinusoidally driven domain
wall, we show that a characteristic resonant frequency exists
that is a function of the bead size and the strength of its inter-
action with the DW. This magneto-mechanical resonance
offers a means to distinguish beads based on their physical
characteristics, and could, hence, be exploited to allow DW-
based devices to trap, sense, transport, and release individual
magnetic beads in one integrated system.

We have modeled the magnetostatic interaction between
a DW and a SPM bead using micromagnetics for DW spin
structure calculations, and numerical integration to compute
the resulting stray field profile and its effect on a model SPM
bead. Our approach permits an accurate accounting of both
the local field configuration from more complex DW struc-
tures (e.g., vortex DWs), and of the superparamagnetism of
beads of an experimentally relevant size.

Calculations were performed using the public micromag-
netics package ooMMF'® to compute the relaxed DW structure
in a nanotrack. We used the materials parameters for bulk
NiggFe, (exchange constant A =1.3 X 107" J m™ !, satura-
tion magnetization M,=800 kA m~', uniaxial anisotropy
K,=0), and a cell size of 5 x 5 x 40 nm>. The computed DW
structure was then used to numerically calculate the DW stray
field profile via the scalar potential. Finally, the magnetostatic
energy of a spherical SPM bead was calculated as a function
of its lateral position in the vicinity of the DW, with demag-
netizing effects approximated via a spherical demagnetizing
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factor of 1/3. We used a bead volume susceptibility
% =800 kA m~' T~' corresponding to commercial microbe-
ads,® similar to those used in the experiment below.

An example potential energy surface for a 2 um diameter
bead due to the stray field of a vortex DW in a 400 nm wide,
40 nm thick NiggFe, track is shown in Fig. 1(a). The potential
landscape for these dimensions is nearly parabolic. Thus, for
small relative displacements, the bead is tethered to the DW by
a linear restoring force arising from the nearly harmonic mag-
netostatic interaction potential (Fig. 1(b)). As a result of viscous
damping in the fluid, the coupled system should exhibit an
overdamped resonant response to an external periodic excita-
tion, with a characteristic resonant frequency dependent on the
restoring force, F,, and the viscous drag, Fy,.

To describe this dynamical response, we assume
strongly overdamped conditions and neglect inertial terms to
derive an equation of motion for the bead, assuming that the
DW position oscillates sinusoidally about a given position.
Hence, we assume that the relation,

b (1) (0, m
t

holds, where the left hand term is the Stokes drag on the
bead with composite drag coefficient b, and the right hand
term is the interaction force, with k the restoring force con-
stant coming from the gradient of magnetostatic potential.
Here, the DW and bead positions in time, xpy(?) and x(?),
respectively, oscillate sinusoidally at angular frequency o,
with complex amplitudes X, and 0, respectively. Solving Eq.
(1) for ¢ yields:
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FIG. 1. (Color online) (a) Magnetostatic potential energy vs lateral position
for a 2 um diameter SPM bead at the surface of a 400 nm wide x 40 nm
thick NigoFe,o track containing a vortex wall. (b) Micromagnetically com-
puted domain wall structure in a 400 nm wide x 40 nm thick NigoFe,( track
with a schematic of the oscillator geometry in the bead-DW system.
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where o= k/b is the resonant frequency. We can separate the
imaginary and real components of ¢ to obtain the in-phase, J;,
and out of phase, d,, components of bead oscillation:
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Thus, from the resonance curve we expect a resonant fre-
quency that is a function of the interaction force and bead
size.

We have experimentally characterized the small-
amplitude magneto-mechanical resonant response of a trapped
bead under sinusoidal drive using the technique outlined in
Fig. 2. Arrays of 800 nm wide, 40 nm thick, 30 um outer diam-
eter NiggFe,( ring tracks were fabricated on a Si(100) wafer by
electron beam lithography, dc-sputter deposition, and subse-
quent lift off. After lift-off, the entire wafer was covered by a
70 nm thick rf-sputtered SiO, protective overcoat.

The ring geometry permits a high degree of control over
DW nucleation and positioning. Application of a strong in-
plane magnetic field generates two circumferential domains
separated by DWs lying along the field axis. These DWs can
then be sinusoidally driven around a fixed position by appli-
cation of a large dc bias field in conjunction with a small am-
plitude ac field transverse to the pinning dc field (as shown
in Fig. 2(a)). In this configuration there is significant trans-
verse field; however, our calculations showed that applica-
tion of a transverse in-plane field does not appreciably affect
the interaction force between a bead and a DW.

During the experiment we first initialized the tracks into
the bi-domain state. Then a dilute suspension of SPM
microbeads (Dynal Dynabeads Carboxylic Acid from Dynal
Biotech, suspended in phosphate buffered saline (PBS) with
0.1% (v/v) Tween 20 detergent, at a concentration of 3 x 10°
beads/mL) was placed on the wafer surface. Experiments
were performed with bead diameters of either 1.0 um or
2.8 pm. Bead capture by DW fringing fields was monitored
via a CCD camera fitted to a custom microscope apparatus.

Once a bead had been captured by a DW fixed in an equi-
librium position by the dc field, an orthogonal ac field, H,,
was used to drive DW oscillations about that position. A laser
probe was used to monitor bead motion. The laser probe appa-
ratus used a 532 nm solid-state laser, linearly polarized and
attenuated to ~0.1 mW. The laser was focused and collected
through a single long working distance microscope objective
(N =0.28). During measurement, the laser was defocused and
offset tangentially along the track such that bead oscillation
was restricted to one side of the Gaussian profile. The
reflected intensity varied monotonically with bead position.
At low drive frequencies, bead motion followed the drive
field, with reflected intensity dropping (increasing) as the bead
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FIG. 2. (Color online) (a) Optical image of a 2.8 um diameter bead on a 30
um outer diameter, 800 nm wide, 40 nm thick NiggFe,( ring (SEM inset),
with field configuration and probe laser spot location (green circle). (b) Real
time response of reflected laser intensity (top) as a bead is driven in and out
of the beam spot by a DW driven by small amplitude, sinusoidal ac field
(bottom).

moved into (out of) the beam path. This is shown in Fig. 2(b)
for a 2.8 um bead being driven at 10.5 Hz.

To measure the bead’s magneto-mechanical resonance,
the reflected intensity response was measured versus drive
frequency using a lock-in amplifier. Figure 3 shows the in-
and out-of-phase response for Hy. =250 Oe and H,. =20 Oe
(quasistatic displacement amplitude ~1 um), for beads of
two different diameters. The data are well fitted by the over-
damped resonance model described above with resonant
frequency 23.5 Hz for the 2.8 um bead, and 57.0 Hz for the
1.0 um bead. The significant upward shift in the resonance
frequency for the smaller bead is as expected due to the

proportionally smaller hydrodynamic drag on the bead.

Magnetic domain walls act as mobile traps for beads,
opening up new possibilities for high-throughput sorting and
transport with single-bead precision. Here we have shown that
the magnetostatic binding between a DW and a trapped bead
can be further used to interrogate that bead dynamically, offer-
ing a new mechanism for microbead metrology with single-
bead sensitivity. Although here we have detected the resonant
response of the coupled system optically, this same mecha-
nism could be exploited with electrical sensing using a spin-
valve structure for position-sensitive tracking of the DW
oscillation. Hence, DWs could be used to reversibly trap and
sense not only the presence, but also the physical characteris-
tics, of individual SPM beads in lab-on-chip applications.

J. Appl. Phys. 111, 07B310 (2012)
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FIG. 3. (Color online) Resonant excitation of trapped 1 um diameter and
2.8 um diameter SPM bead in aqueous environment by oscillating DW in
circular magnetic track. Curves show in-phase and out-of-phase optical
reflectivity signal, approximately proportional to bead oscillation amplitude.
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