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Perpendicularly Magnetized Thin-Film Antidot Arrays
for Superparamagnetic Microbead Actuation
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We report the directed transport of superparamagnetic microbeads (SPBs) on antidot arrays patterned from multilayered
Co/Pt films with perpendicular magnetic anisotropy (PMA). The dynamics of water-suspended SPBs driven across the substrate
surface by elliptical rotating magnetic fields is studied experimentally and modeled analytically. Bead motion on PMA substrates is
shown to be significantly faster than on similarly patterned films based on in-plane magnetized materials. Furthermore, we show
different SPB trajectories on different lattice geometries, suggesting that the magnetic potential distribution plays a crucial role in
determining the dynamics. Our findings provide new insights into the enhanced transport of SPBs using PMA thin films as stray
field sources that enable dynamic magnetic potential landscapes.
Index Terms— Magnetic devices, magnetic multilayers, magnetic particles, perpendicular magnetic anisotropy (PMA).

I. I NTRODUCTION
HE transport of magnetic particles has widely been
studied in colloidal systems for controlling and sorting
biological entities in lab-on-a-chip devices [1]–[13]. Owing
to the broad availability of micrometer- and nanometer-sized
functionalized superparamagnetic microbeads (SPBs) and the
rapid development of effective means to manipulate them,
chip-based magnetic actuation is emerging as an extremely
promising way to facilitate in-fluid handling of biological
species in a variety of applications.
In recent decades, there have been many studies inducing
bead motion based on magnetic systems, which have many
advantages. Discrete permanent magnets or electromagnets
can manipulate magnetic particles without interference with
microfluidic or biological processes [14], [15]. Furthermore,
magnetic systems do not need complex experimental components such as reservoir chambers, pumps for flow, microchannels, or electrical connections for sensing [6]. Magnetic
fields do not degrade biological entities and their action is
generally independent of the fluid matrix, and they do not
generate heating that would destabilize sensitive biological
entities [16], [17].
Several promising approaches have been studied to manipulate microbeads collectively and even individually using
lithographically patterned thin-film magnetic microstructures [7] or ferromagnetic tracks [18]–[26]. Periodic patterned magnetic structures in which external fields generate
dynamically tunable potential energy landscape have been of
particular interest [27]–[31]. In such systems, a combination
of a time-periodic (i.e., rotating) external magnetic drive
field and a spatially periodic pattern of magnetic features
with engineered local stray fields allow for the generation
of translatable potential energy wells for superparamagnetic
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particles. This can enable directed transport, as well as sorting
operations by optimizing and utilizing magnetophoretic properties. To this end, the dynamics of microbead transport using
micrometer-scale magnetic dots or antidots patterned into thinfilm magnetic arrays has been studied in detail [32]. Bead
transport is found to exhibit several dynamical regimes when
driven by a rotating magnetic field, including a low-frequency
regime in which beads hop from one point in the array to
another on each field rotation cycle, and a high-frequency
regime in which hydrodynamic drag leads to a more complex
dynamics and a drop in the average translation velocity [31].
The critical frequency separating these regimes, and hence
the maximum transport speed that can be achieved, depends
on the strength of the magnetic driving force with respect
to hydrodynamic drag. So far, the majority of studies have
focused on in-plane magnetized thin films [32]–[35], where
stray fields usually arise from closure domains that form at
the edges [32], [36]–[38]. In such cases, the stray fields are
less strong than could be achieved using single-domain entities
with stray fields generated by free surface poles.
In this paper, we examine microbead transport using perpendicularly magnetized thin films in which stray fields in
patterned antidot arrays facilitate strong magnetostatic interactions that allow ultrathin film-based structures to transport beads at high speed compared to in-plane magnetized
structures. We study the transport dynamics and transport
modes experimentally and use micromagnetic and numerical modeling to elucidate the transport processes in detail.
We focus on multilayered Co/Pt films with interfacial perpendicular magnetic anisotropy (PMA) and examine the motion
of fluid-suspended SPBs under the influence of a rotating
elliptical magnetic field. In addition to strong stray fields,
these structures exhibit a large coercivity (Hc ), which directly
corresponds to the maximum magnetic fields that can be
applied to drive SPB motion without switching the magnetic
state of the film [32], [39]–[42]. Two crucial parameters
that relate to the dynamics, namely, the threshold fields and
frequencies, are obtained for structures with several array symmetries. Interestingly, we find that the dynamics of SPBs are
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enhanced and their working field ranges are wider using PMA
films as compared to similar films exhibiting in-plane magnetic
anisotropy (IMA) [39]. Based on analytical model calculations, we find that the magnetic potential distribution and force
is the key to understanding the dynamics of SPBs. Our work
suggests that PMA antidot patterns offer the possibility for
improving the movement of SPBs as well as flexibility for the
conditions in the bead motion.
II. M ATERIALS AND E XPERIMENTAL M ETHODS
In this paper, we used a standard optical lithography
and lift-off technique to create antidot array structures with
different lattice symmetries on thermally oxidized Si(100)
wafers as shown in Fig. 1 [38], [39], [43]. After resist
patterning and development, thin films with the structure
Ta(3 nm)/Pt(5 nm)/[Co(1 nm)/Pt(5 nm)]5 were deposited using
dc magnetron sputtering at room temperature at an Ar pressure
of 3.0 mTorr. Following liftoff, the wafers were coated with
a 80 nm thick protective SiO2 layer by RF sputtering at room
temperature at an Ar pressure of 3.0 mTorr. We fabricated both
square and hexagonal lattices, with hole diameter of 2.9 μm
and center-to-center spacing of 5.0 μm.
We used superparamagnetic beads with a mean diameter
of 2.8 μm (DynabeadsM-270 Carboxylic Acid from
ThermoFisher–catalog number 14305D), diluted in deionized
water. Dilute bead suspensions were placed in a polydimethylsiloxane (PDMS) well on the substrate, and then sealed with
a microscope cover slip. These samples were placed on a customized electromagnet that was composed of an out-of-plane
field air coil and in-plane quadrupole magnet for applying
the rotating field. The magnets can generate an in-plane field
(μ0 HIP ) of up to ∼50 mT and out-of-plane field (μ0 HOOP ) of
up to ∼40 mT. As shown schematically in Fig. 1(a), we applied
rotating magnetic fields, defined as HIP (t) = HIP sin(2π f t)
and HOOP (t) = HOOP cos(2π f t), with various field ellipticities
(ratio of HIP to HOOP ) in the xz plane to observe the movement
of the SPBs.
SPB motion was monitored using a home-built microscope
integrated into the custom electromagnet stage setup. The
microscope included a CCD camera fitted to a long working
distance microscope objective (Mitutoyo10x M Plan APO).
Individual bead trajectories were extracted from video segments captured during rotating field application, with durations
of at least 10 s captured at a frame rate of 70 frames
per second. A custom software tracking tool was used to track
individual beads within a 0.2 × 0.2 mm2 imaged region. Mean
individual bead velocities were computed as the ratio of the
net linear displacement to the elapsed time. We note that some
beads exhibit discontinuous motion due to adhesion that we
ascribe to nonspecific binding from bead-substrate chemical
interactions [44] due to its random occurrence and variability
depending on substrate rinsing procedures. We exclude such
beads from our velocity analysis and include only those that
show continuous, uniform motion for at least 10 s. The
average velocity v reported below is taken as the mean of
the individual velocities of approximately 90–130 beads under
each experimental condition, and the standard deviation is
taken from the set of measured individual velocities.

Fig. 1. (a) Schematic of the superparamagnetic bead motion experiments.
The blue arrow represents the amplitude of the out-of-plane field HOOP and
the red arrow shows the amplitude of the in-plane field HIP . (b), (c) Scanning
electron micrograph images of Co/Pt antidot arrays with (b) square lattice and
(c) hexagonal lattice symmetry. The periodicity of both patterns is 5.0 μm
and the diameter of the holes is 2.9 μm for both lattices.

In order to further understand the experimental phenomena in more detail, we conducted micromagnetic simulations
and calculated the profiles of stray fields and magnetostatic
potential landscapes as a function of field rotation angle and
amplitude. In the micromagnetic simulations, the system was
divided into 4 × 4 × 40 nm3 cells, a size that is slightly
smaller than the exchange length of ∼5 nm. The material
parameters consistent with bulk Co were used: saturation
magnetization Ms = 1.4 × 106 Am−1 , exchange stiffness
constant A = 3 × 10−11 Jm−1 , and a uniaxial out-of-plane
anisotropy constant K u = 5 × 103 J/m3 . To simplify the
simulation process, we modeled the multilayer as a continuous film scaling the micromagnetic parameters using the
usual effective medium approach [45], [46]. The magnetostatic
potential energy of SPBs was approximated by integrating the
dipolar energy density −M · B over the bead volume. In this
step, we assumed the bead magnetization is given by M = χ B
with the volume susceptibility χ taken as 800 kA·m−1 ·T−1 ,
which is suitable for the commercial SPBs used in these
experiments [8].
III. R ESULTS AND D ISCUSSION
Fig. 1(b) and (c) shows scanning electron micrographs of
the Co/Pt antidot arrays with periodicity p = 5 μm and hole
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Fig. 2.
Out-of-plane hysteresis loop of unpatterned (continuous) and
patterned (anti-dot) Co/Pt multilayer film with hexagonal lattice symmetry.

diameter of 2.9 μm with square and hexagonal lattice symmetry, respectively. Fig. 2 shows the out-of-plane hysteresis
loops measured using a vibrating sample magnetometer for
an unpatterned reference film and a patterned film. The results
show square loops with full out-of-plane remanence in both
cases, confirming PMA with a single-domain remanent state.
The coercivity μ0 Hc of the patterned sample is ∼30 mT, which
is slightly larger than in the unpatterned continuous film as
seen elsewhere [39]. The larger Hc is an important factor in
the dynamics of bead movement, and it is expected to make
possible a wider working field range for SPB motion.
Fig. 3 shows the average velocity v of SPBs and standard
deviation (plotted as an error bar) as a function of f for
bead motion on a film patterned with square symmetry and
hexagonal symmetry. Here, the field rotation plane is in the
xz plane (Fig. 1). The field rotation frequency f is varied from
0 to 25 Hz at μ0 HOOP = 4 mT and μ0 HIP = 3 mT. The v as
a function of f exhibits a similar behavior as reported by
Yellen et al. [31] in periodically patterned substrates in which
up to the critical frequency fc , the velocity linearly increases
and beyond the critical frequency the average velocity rapidly
falls off. In Fig. 3, the fc is approximately 4.0 and 4.5 Hz
for the square lattice and the hexagonal lattice, respectively.
Although the high fc leads to a high maximum v, the maximum v of the square lattice is 1.5 times higher than that of
the hexagonal lattice. It is surprising that the v of the square
lattice is generally higher than for the hexagonal lattice even
if the patterns have the same hole diameter and periodicity.
We will analyze this phenomenon based on the micromagnetic
simulations and the trajectory of SPBs motion in Fig. 4.
We also show for reference the velocity–frequency curve
using a square-lattice array with similar dimensions based on
an in-plane magnetized 40 nm-thick Co film [32]. We see
that the critical velocity of SPBs on the PMA film is
around 20 μm/s, which is significantly higher than the
15 μm/s critical velocity observed for the in-plane case,
despite the fact that the total volume of ferromagnetic material
is eight times smaller. However, stronger stray field interactions are nonetheless achieved owing to the high stray fields
from the free pole distribution in the PMA case.
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Next, we analyzed the relationship between v and f using a
standard magnetophoretic transport model [27], [29], [31]. The
basic concept of the model is that on the periodic dot arrays,
the magnetization in the SPBs periodically rotates following
the rotation of the applied field, while the stray field profile
of the underlying magnetic pattern remains the same. The
mutual stray field interactions then give rise to a potential
minimum whose position translates continuously. The gradient
of this minimum yields a force that drags the bead up to
a velocity limit where the hydrodynamic drag balances the
maximum magnetic force achievable by the periodic potential.
Beyond this critical velocity, the bead cannot keep up with the
rotating field and tends to exhibit an oscillatory behavior with
a smaller net displacement per unit time. The v– f curve can
be described in this model by [31]
⎧ p
⎪
⎨ω 2π for ω ≤ ωc


(1)
v= 
p
⎪
⎩ ω − ω2 − ωc2
for ω > ωc
2π
where p is the center-to-center distance between adjacent
energy minima, and ωc = 2π f c is related to the ratio of
magnetic force to viscous drag. As seen in Fig. 3, this model
fits the experimental data very well for the square lattice, in
which motion is expected to be linear for field rotation plane
parallel to the lattice directions. However, the model fits the
data for the hexagonal lattice less well. Notably, (1) cannot
describe the observed data when the linear distance for field
revolution d is fixed equal to the center-to-center distance
between adjacent holes in the hexagonal lattice along the
x-direction [see Fig. 1(c)]. Instead, the data are better fitted
by adjusting d to a value of 2.9 μm, which is significantly
less than the spacing between holes along the x-axis.
In order to understand the detailed motion on lattices
with different symmetry and hence understand discrepancies with the above model, we have imaged the motion
of SPBs from one lattice symmetry point to another (Fig. 4).
Fig. 4(a) and (b) shows five steps of the SPB movement when
the SPBs are traveling nominally along the x-direction. The
SPB transport is observed as a hopping motion along the
antidot array and they slightly move along the y-direction
during the motion. The most notable difference between the
SPB motion on the two lattices is that the trajectories follow
a zig-zag shape on the hexagonal lattice, represented as the
path A–B–A’ in Fig. 4(b). Due to the zig-zag motion, the total
traveling time on the hexagonal lattice is 1.4 s from A to A’,
while, for the same distance, it is 0.8 s on the square lattice.
v of the SPBs on the hexagonal lattice decreases by 40% as
compared to the square lattice with a more linear trajectory,
which can be understood from the different local paths that the
beads take. Since (1) assumes a linear trajectory, accounting
for the net linear displacement due to the zig-zag path accounts
for the discrepancy in the fitting in Fig. 3(b).
Next, we examined the effect of applied fields on the
SPB motion. One might anticipate two field thresholds that
could be important in ensuring bead motion: a lower threshold,
which ensures sufficient magnetization of the SPBs to allow
for potential energy well depths that are capable of supporting
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Fig. 3. Velocity as a function of frequency for μ0 HOOP = 4 mT and μ0 HIP = 3 mT on (a) square lattice and (b) hexagonal lattice. The solid lines and
symbols are the experimental data for PMA and IMA films, and dashed lines are the analytical model calculations, with the critical frequency as the sole
fitting parameter. The parameter d corresponds to the linear distance per period of field rotation used in the model. Data points for the IMA case correspond
are reproduced from [36, Fig. 2(b)] for the case of a 40 nm-thick Co film patterned as a square antidot array with similar dimensions as the square array
used here.

Fig. 4. Optical microscopy images showing a series of SPB movement snapshots taken (a) every 0.20 s on square lattice and (b) every 0.35 s on hexagonal
lattice when the field (μ0 HIP = 3 mT and μ0 HOOP = 4 mT) is rotating clockwise at 1 Hz.

Fig. 5. Critical threshold of both HIP and HOOP for both observing bead motion at f = 1 Hz for (a) square lattice and (b) hexagonal lattice. The blue dot
means that we can observe SPB translation and the red cross indicates that SPBs oscillate back and forth with zero net velocity.

transport; and an upper threshold set by the out-of-plane
coercivity, beyond which both the bead magnetization and
the film magnetization would reverse on each half-field cycle,
which would preclude translation of a potential well from one
magnetic hole to the next. Fig. 5(a) and (b) maps out the
field parameter space in which bead motion is observed, using
a rotating field frequency of 1 Hz, which is below f c , and

varying the in-plane and out-of-plane field components. A blue
dot indicates that most of the SPBs could be transported in
each magnetic field combination, whereas a red cross indicates
that SPB motions do not move, except for locally back-andforth oscillations. We find that the transport of the SPBs occurs
even at very small applied magnetic field, which would be
beneficial for low-power operation, and the range between
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Fig. 6.
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Magnetostatic potential energy landscape at zero applied field for (a) square lattice symmetry and (b) hexagonal lattice symmetry.

Fig. 7. Cross sections of potential energy landscape along the x-direction for the square lattice, computed as in Fig. 6 but with applied fields oriented at
various angles θ in the field rotation plane (xz plane). (a) Case when the applied out-of-plane field is below the threshold for bead translation. (b) Case when
the applied out-of-plane field is above the threshold for bead translation. The red dotted lines follow the local potential energy minima, during one field
rotation cycle, in the cases that the out-of-plane field is below the threshold for translation, and above that threshold.

minimum and maximum out-of-plane field is quite large. The
operating field range is much larger than that found for similar
patterned films based on in-plane magnetized materials with
weaker anisotropy and stray field interactions [39].
Finally, we describe analytical calculations of the potential
landscape (SPB energy as a function of position, under various
applied field conditions), based on the stray field profiles
of the micromagnetically simulated magnetization profiles.
Owing to the strong PMA, the magnetization is uniform in
the case of zero applied fields and deviates only slightly
from this state under the action of modest rotating applied
fields. Fig. 6(a) and (b) shows the energy surfaces for 2.8
μm SPBs on the square antidot array and on the hexagonal
antidot array, respectively, without applying a magnetic field.
The depths of the potentials well are quantitatively similar to
each other, and the minimum positions are observed around
the rims of the holes for both lattices. Similar potential
landscapes were computed as a function of applied magnetic
field angle for an elliptical field with μ0 HIP = 3.09 mT
and μ0 HOOP = 0.675 mT [Fig. 7(a)] and for μ0 HIP =

3.19 mT and μ0 HOOP = 2.7 mT [Fig. 7(b)], for one full
rotation of the field vector. These fields correspond to the
experimental points marked by yellow arrows in Fig. 5(a),
on either side of the experimental critical lower field threshold
for bead motion. Cross sections for the potential landscape
along the x-direction, passing through the potential mimima,
are shown in Fig. 7(a) and (b) for various field rotation angles.
Dotted lines follow continuous translation of the local potential
minima, which represent the expected trajectories of the SPBs
during field rotation. One sees that in the low-field case,
the SPBs move back to the same position (A to A) and locally
oscillate back and forth after a 360° rotation of the magnetic
field. This phenomenon is different from that in Fig. 7(b),
in which the positions of the minima continuously propagate
to the right. In Fig. 7(b), the SPBs can be transported from A
to A’, while the magnetic field rotates a 360°. Therefore, these
results clearly explain two different types of SPB movement:
oscillation below the threshold field and transport above the
threshold field. In addition, the depth of the magnetostatic
potential well in Fig. 7(a) is shallower than that of Fig. 7(b).
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Fig. 8. Relaxed magnetization configuration and magnetostatic potential well of the hexagonal lattice for every 70° (a) below the threshold value and
(b) above the threshold value in Fig. 5(b).

Thus, the magnetic force at Fig. 7(a) is smaller, and it is not
sufficient to support SPB transport. Following the discussion
above, these results show the origins of minimum thresholds
in the magnetic fields on the square antidot array.
Finally, to understand the zig-zag motion on the hexagonal
lattice, we also calculated the magnetic potential energy of the
hexagonal lattice for 2.8 μm bead at two different magnetic
field combinations: 1) below the threshold field and 2) above
the threshold field. Fig. 8 describes the sequential potential
energy landscapes at the same angle intervals for a rotation of
the applied field. The yellow indicates the minimum positions
of potential energy landscapes. Comparing the upper row to
the lower row, the minimum positions have different behaviors
when changing the angle of the rotating field. Fig. 8(a)
describes the oscillation behavior of the SPBs, where the
minimum positions slowly move to the right, but move back to
the left after 145°. At around 145°, the SPBs can be located
around the rim of the hole, where the depths of minimum
positions are the same from one hole to the next. On the other
hand, Fig. 8(b) describes the zig-zag motion (A–B–A’) of the
SPB transport in Fig. 4(b). As the field rotates, the energy
minima continuously proceed to the right. At around 145°,
where the minimum position can be located everywhere except
for the inside of the hole, the SPBs can be located, and
freely move between the holes including B areas. Therefore,
the SPBs can be transported to the right, which is different
from the lower field case. These simulations together with the
ones presented in Fig. 5(b) describe the origin for the threshold
in the magnetic field and explain the origin of SPB movement
in zig-zag shape in Fig. 4(b).
IV. C ONCLUSION
Using ordered antidot arrays with PMA, the SPBs can be
effectively manipulated and transported, subject to thresholds
in rotating field amplitude and frequency. Bead motion is
found to be faster on PMA-based arrays as compared to those
with in plane magnetization, which is attributed to the stronger
stray field in the former. This allows for much thinner films to

be used, while still supporting stronger stray field interactions
and hence enabling faster transport.
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