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ABSTRACT

We present the fabrication and dynamic charactiéoizaof
magnetic microdiscs suspended in liquid. The fleating discs
function like synchronized micro-shutters when atéd by an
external magnetic field. Their motion is monitorgd light
transmission in response to a rotating magnetitd.fie We
demonstrate that their dynamic rotation dependtheramplitude
and the rotation frequency of the applied magndield.
Consequently, the discs can function as local m&meors of their
environment to optically study fluid viscosity clggn or
particles/biological environment interactions.

INTRODUCTION

As depicted in Fig. 1, low-aspect-ratio (~microndiameter,
tens of nanometer thick) soft ferromagnetic disdsilEt a unique
magnetic ground state, known as a “spin vortex”. [1A key
advantage of this closed magnetic spin arrangensetitat the
discs exhibit near-zero magnetic remanence and eheiaoc not
agglomerate with each other when in free suspensidiith
particle volumes 10,000 larger than superparamagnetic
nanoparticles and the ability to impart large t@sju these
microdiscs are of extreme interest for taggingppilag, actuating,
or interrogating biological samples [2][3]. Howeytheir dynamic
response in a fluidic/biological environment isgially unknown,
hence motivating this work.
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Figure 1: Magnetic spin vortex discs present no reghanence
because of their closed magnetization configuration(a)
Magnetization ground state simulated by finite edt#hce with
OOMMF [4] (each arrow represents a magnetic momen(p)
Representation of the internal closed magnetization

When subjected to an external magnetic fiddd,,, a
magnetic structure will tend to rotate to aligneatsy-axis with the
field. For soft magnetic discs with a small thiekst compared to

This approach gives us the opportunity to monitothbthe
light modulation amplitude and its phase shift. likin the
amplitude, the phase is independent of the ovéigiit intensity
and the disc density/concentration. This overcomasy practical
experimental challenges in quantifying the dynanaitshe discs.
As will be shown, at steady state, and for a girgagnetic field
amplitude, the phase shift can be derived fronbtdence between
the magnetic torque and the hydrodynamic torqug. (&), each
of which depends on the disc and fluid parametés,the disc
dimensions and the fluid viscosity. Hence monitgrof the phase
shift can provide a valuable method for interrogiatof one or
more of these properties.
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Figure 2: Light transmission modulation principlehe free-
floating magnetic microdiscs in suspension rotagether and act
as a shutter. The transmitted light is (a) maxinvaken the B-field
is aligned to the beam axis and (b) minimal when Bxfield is
perpendicular to the beam axis.
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their diametep, the easy-axis is in-plane. Hence, an ensemble ofigure 3: (a) The microdisc in a magnetic fieldpgcted to the

discs in suspension will operate synchronously @dfunction as
an optical light shutter. In a quasi-static modgben the magnetic
field is aligned with the light path, the transmittlight is maximal
(Fig. 2a). However, when the magnetic field isngerse, the
discs act as a shutter and lower the transmittgllt lintensity
(Fig. 2b).

This general optical shutter behavior has been iqusly
demonstrated by Vitol, et al. [5]. They exploredotdifferent
ways to enact rotation of the discs in suspensigingle-axis and
a 2-axis coil system supplied with square waveenis. The 2-
axis system was shown to better control the disemtation over a
larger frequency range. In this article we uséalar 2-axis coil
setup, but excited by sinusoidal current wavefomaiher than
square waves. The resulting B-field is a well-colted rotating
field, with constant amplitude and rotational vétipc
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magnetic torque and the hydrodynamic torque. (Bjirition of
parameters used in the dynamic model.

THEORY ON THE DISC MAGNETIC ACTUATION

The external magnetic fieltm modulated atw = 2nf
makes an anglé, = wt with the light path, whereas a disc makes
an angled, with respect to the light path (Fig. 3b). The lang
difference between the disc plane and the magfieiid is the
phase shiftp. Due to their small size dispersion, all the sliace
assumed to have the same magnetic and mechanical/ibe
Therefore, the recorded light intensity,.,; depends orf; =
wt — @:

Imeas = Io = Ipiock = Io(1 — AI) = I(1 — 8|sin 84]) (1)
I, is the measured light without any discs in theusoh, which
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depends on the optical systemAl is the percentage of light
blocked by the discs in suspension and dependheprbjection
of the disc area in a plane perpendicular to thlet [path, the disc
density in the solution, and the length of the tighth. For one
mechanical revolution of the discs, there are tvamiations in
intensity (mathematically represented by the riettifsine term),
and hence the light is modulated at a double frequ2f .

The results are analyzed by studying the in-pidsand the
out-of-phaseAl’” components of the signal variatidv, defined

by:

Al' = §cosg
{AI” = §sing )
Phase shift dependency

By neglecting the angular inertia torque (whictagsumed to
be small), the equation of motion of a magnetic disa uniform
magnetic field is given by the equilibrium of thegmetic and the
hydrodynamic torques:

Tmagn t Thydro = 0 (3)
The magnetic field is chosen low enough to opeiatthe linear
domain described by the initial susceptibilifyy Moreover, as
shown in [6], the magnetic momemt of a flat vortex disc remains

mainly in-plane, due to its high shape anisotrawen wherB,,,
presents an out-of-plane component.

The magnetic moment is given by
n@%t

|| = Vol XOlH&Xflin—plane = ?XolBextl Cos @ (4)
The magnetic torque is thus calculated as
Tmagn = MXBeyr =Tt @2 Xo |Bext|25in(2(p)/8ﬂo (5)

a 300-nm thick LOR 3A lift-off layer (MicroChem)nd an 800-
nm thick S1813 photosensitive layer (Shipley, Mposit). The
resist layers are patterned with a dense arraptsflaly direct-write
UV laser at 405 nm (DWL 66fs Heidelberg) and depelb to
obtain the photoresist mask. A 70-nm-thick permallNigoFeo)

layer is then deposited through the mask by magnetputtering
followed by metal lift-off in AZ400K (AZ Electronid/aterials).
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Figure 4: Microfabrication process: (a) Photoresisiask
fabrication on a sacrificial layer. (b) 70-nm thkicpermalloy
(NiggFey) sputtering. (c) Metal lift-off. (d) Discs relgiag in
water.

A dense array of 2.5-um-diameter, 70-nm-thick mégne
microdiscs is obtained on the sacrificial layerg(Fsa). Figure 6
shows the dramatic change of the magnetic behdgébreen a
separately fabricated blanket permalloy layer (lnep and the
patterned array of microdiscs (in orange): thetindaremanence

Due to its dependency @, the torque is null when the B-field is drops from 20 % to 0 %. By dissolving the saciaficPMMA

in-plane and out-of-plane with respect to the dfgc=0 or
¢ = m/2), and reaches a maximum fpr= /4.
The hydrodynamic torque is given by:

|Thydro| =-nK.04 (6)
withn the fluid viscosity andK, the rotational resistance

depending on the disc dimensions and aspect igtio [

By solving (3), the rotational dynamics of the disin
suspension are governed by a critical frequencif lim
27 (2)2 t X

8 ugn Ky
This limit defines two distinct frequency ranges:

™

SN
Wijm = |Bext|

i w < wyy - The discs rotate synchronously wrpx;. A
stable steady-state solution is foundoxk ¢ < m/4:
1 . w
@ = arcsin (Tm) (8)
ii. W > wyy, - The discs rotate asynchronously va;ﬁ
and /4 < ¢ < m/2.
It is noted from (8) that the phase shift dependsniyp on the
magnetic field parametersw( and |m|) and the magnetic
suspension characteristics (the fluid viscosity &@mel disc sizes
and magnetic properties), which can be identifiétds also noted
from (7) that the amplitude of the magnetic fielthde adjusted to
changew;;, .
Later experimental studies focus on the influenéethe

magnetic field frequency and magnitude on the pkageand the
light amplitude change.

EXPERIMENTAL SETUP
Microdisc fabrication and char acterization

The microdiscs are microfabricated on a silicon stuabe
using a metal lift-off procedure (Fig. 4). Thresyérs are spin
coated: a 200-nm thick PMMA sacrificial layer (AdidvbChem),
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layer in acetone and by rinsing it in deionized evaB0 million
discs are released into 1 mL of water (Fig. 5b).

Array of 2.5-um dianret@0-nm
thick magnetic microdiscs on the sacrificial layefb) Released
discs on a substrate after the sacrificial layesstilution.
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Figure 6: Magnetic characterization: in blue, thedteresis loop of
a 70-nm thick permalloy blanket layer; in orangee tehavior of
spin vortex discs, showing no remanence.



Optical interrogation stage

Inspired by [5], the experimental stage combinegmetic
actuation with optical detection via a laser andtpdiode (Fig. 7).
A rotating magnetic field is created by a Helmhaiti#l pair and an
orthogonally oriented solenoidal coil, on top ofigihsits a glass
vial with the disc suspension (Fig. 8). The Heliftthgair and
solenoid are supplied by two sinusoidal current efarms in
quadrature (frequendy, where the amplitude of each waveform is
adjusted so as to supply equal field intensity loe sample. The
volume of the disc suspension interacting with tight beam

(2x5x10 mn) is small enough that the discs are subjected to a

spatially uniform rotating magnetic field up to mTogether the
discs, rotating coherently, act as an optical shuttodulating the
transmission path of a 650-nm, 5-mW laser. Thestratted light
is measured by a photodiode, and the output sigreilaracterized
by the DC component,, the relative AC amplitud@l and the
phase shiftp, measured on an oscilloscope.
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Figure 7: The experimental setup combines two gtinal coils, a
laser, and a photodiode. The coils are suppliedhwiwo
sinusoidal current waveforms in quadrature, and siinals are
monitored by an oscilloscope.
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Figure 8: The magnetic actuation is made of a Hellzhcoil pair
(parallel to the light path) and a transverse caithich working
together create a homogeneous rotating field invilaéspace.

Figure 9 shows an example time-waveform of the tligh
intensity modulation foif = 10 Hz in water. While varying the
frequency, the electrical impedances of the ca#schanging. As
a consequence, the amplitudes of the two currenefoans in
quadrature (Fig. 9a) are always controlled by ciranghe input
currents, so the amplitude of the magnetic fiele¢dastant (Fig.
9b). The measured light is, as expected, a redtsine modulated
at2f = 20 Hz and phase-shifted ly (Fig. 9c).
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Figure 9: Example experimental results: (a) Recdrdeoil
currents in quadrature at f = 10 Hz. (b) Resultimgtating
magnetic field. (c) Light intensity modulation &t=220 Hz.

Before dynamic experiments, the disc solution iscated for
5 min to disperse the discs into suspension. Tesitigate the
overall stability of the experimental approach émel longevity of
the discs in suspension, the light modulation paters are
measured for one hour (Fig. 10). Without any sudat, the discs
remain well suspended for at least one hour, atigwplenty of
time for dynamic experiments.
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Figure 10: Suspension stability studied for 1 heaarf = 10 Hz
under 1 mT. (a) Light modulation amplitude vs.etimb) Phase
shift vs. time.

RESULTS
Effect of the modulation frequency

Figure 11 shows the typical overall frequency resgoof the
discs in suspension in water subjected to a 1 réting magnetic
field. The amplitude and phase Af are presented in Fig. 11a.
The realAl’ andimaginaryAl” components are reported in Fig.
11b. Three frequency ranges are observed in Figa.11Below
10 Hz, the phase shift is smaller thaf4, and the relative
variation of the light intensity decreases rapidlyAt medium
frequencies, between 10 Hz and 30 Hz, the disdiootas still
synchronous with the external magnetic field. Iis trange, the
intensity modulation amplitudé! is constant, and the phase
continues to increase. Above the critical frequefigy = 40 Hz,



the viscous effects from the hydrodynamic torquadldo a
decrease in amplitude and an increase in phas¢ ahdve

while doing an amplitude magnetic field sweep a&qtrencies
around f;;,. Also, experimentally, changing the field amplieud

¢um = /4. Fig. 11b shows another key feature—a maximum inpresents the advantage to be much faster and ¢laaresweeping

the imaginary part af, = 30 Hz. This peak position, depending
on the disc interactions with their environment, asrelevant

parameter to extract to follow any change in the& diuspension
(such as the viscosity).
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Figure 11: Frequency dependence of discs in susperis water.
(@) AC light amplitude and phase shift vs. magndiad
frequency. (b) Real and imaginary components ptiec The
imaginary peak is related to the discs environnpenperties.

The simple model developed in the theoretical eacti
explains the observed behaviors as the synchrofibdisHz —
40 Hz) and the asynchronous modes (>40 Hz) deliiitecw;;, .
However, further investigations are needed to matiel disc
suspension behavior at lower frequencies (<10 Haigcase).

Effect of the magnetic field magnitude

Figure 12 shows the dynamics response by chandieg t
magnetic field magnitude over a range from 0.5 to®at several
different fixed frequencies.
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Figure 12: Magnetic field magnitude dependence iEcd in
suspension in water at several frequencies. (a)igi@ amplitude
and (b) phase shift vs. magnetic field magnitude.

The largest changes hand¢ occur for frequencies around
fo andfin. At low frequencies (such as 5 Ha)and¢ changes
are smaller than for higher frequencies, sinceptiese shift never

the frequency.

CONCLUSION

We present an optical interrogation methodologysfodying
the rotational dynamics of suspended magnetic mises in
response to a constant-amplitude rotating magnigid. The
system enables measurement of the phase shifluaetéon of the
frequency and amplitude of the magnetic field. Tase shift
measurement is particularly interesting becauseitdependent of
experimental variables such as the disc densitgoinition and
uncontrolled variations in intensity. The systeamdtionality is
demonstrated using 2En-diameter permalloy microdiscs. The
dynamics of the discs above 10 Hz are explainedhtsimple
model. However further modelling is needed to ustdad the
dynamic behavior at lower frequencies.

In future work, measurements obtained with thisysetill be
coupled with parameter identification proceduresl atynamic
computational simulations (as done on magnetipsids [7]) to
explore more complex models. Potential future i@ppbns
include optical determination of viscosity or dé¢imae of specific
molecule adsorption on the discs, which may altbe t
hydrodynamic diameter and hence dynamic properties.
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