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ABSTRACT An approach for a remotely controllable transport of magnetic micro- and/or
nanoparticles above a topographically flat exchange-bias (EB) thin film system, magnetically
patterned into parallel stripe domains, is presented where the particle manipulation is achieved by
sub-mT external magnetic field pulses. Superparamagnetic core—shell particles are moved stepwise
by the dynamic transformation of the particles' magnetic potential energy landscape due to the
external magnetic field pulses without affecting the magnetic state of the thin film system. The
magnetic particle velocity is adjustable in the range of 1—100 ccm/s by the design of the substrate's
magnetic field landscape (MFL), the particle—substrate distance, and the magnitude of the applied
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magnetostatic repulsion of particles due to the parallel alignment of the particles' magnetic moments perpendicular to the transport direction and parallel
to the surface normal of the substrate during the particle motion. The transport mechanism is modeled by a quantitative theory based on the precise
knowledge of the sample's MFL and the particle—substrate distance.
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he integration of a remotely control-
Tlable magnetic micro- and/or nano-
particle transport into lab-on-a-chip
(LOCQ) systems promises to play a key role for
the development of future cost-efficient
devices for biological, chemical, medical,
and life science applications.'™ Because
of their inherent material properties, mag-
netic particles are versatile for a variety of
on-chip applications like isolation, separa-
tion, and purification of specific biomole-
cules,’ the mixing of the smallest liquid
volumes,®~® or the directed transport® of
biological cargo'® to designated chip areas.
The velocity of a magnetic particle rela-
tive to the carrier fluid above nonmagnetic
substrates and in nonmagnetic environ-
ments is determined by the strength of an
applied magnetic field, its field gradient,
and the flow resistance of the particle.!!
The maximum achievable velocity for a
given particle in a liquid is therefore re-
stricted by the maximum available external
magnetic field H and its gradient V H.
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The use of substrates producing local
magnetic fields when combined with an
external magnetic field, however, may
considerably increase achievable particle
velocities, since such local fields, although
not too strong, possess very strong field
gradients.

For a particle transport by these local
fields two main concepts emerged. In the
first, particles in solution are captured by the
inhomogeneous magnetic fields above
domain walls, occurring, for example, in
magnetically patterned exchange-bias (EB)
layer systems,” magnetic garnet films,'? or
ferromagnetic nanowires.'® Then the parti-
cle transport is achieved by the directed
motion of the domain walls during the mag-
netization reversal of the substrate. In
the second concept, a spatially periodic
magnetic field landscape (MFL) is used,
fabricated by periodically arranged local
magnetic field sources. The corresponding
potential energy landscape for a magnetic
particle is periodically modified by a
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superposition of the substrate's MFL with an external
magnetic field changing with frequency wey. In this
concept, the sample's magnetic state is not af-
fected.'*'* The spatial change of the potential energy
landscape determines the force I?M = —§UM on the
particles and thus their velocities.'' Consequently, the
particles will follow the laterally shifting potential
energy minimum as long as we,; does not exceed a
critical value w,, at which the particles cannot follow
the shift of the potential energy minimum anymore."®
As in this concept no magnetization reversal of the
substrate is necessary, it is particularly promising for
battery powered portable LOC devices, since small
external magnetic fields are already sufficient for the
performance of the particle transport.

In the present contribution, we will show that the
magnetically stripe patterned EB layer system used for
the transport of superparamagnetic core—shell parti-
cles by moving domain walls,® can be also used for a
particle transport when only very small homogeneous
external magnetic fields are applied, that is, when its
magnetization state is not changed. The particle trans-
port process will be quantitatively modeled for a
sequence of designed homogeneous external mag-
netic fields pulses for a particle—substrate distance
range where the substrate's MFL is quantitatively
available.'® The theoretically predicted particle velocity
will be tested by corresponding quantitative experi-
ments. The difference between the particle velocity
and the velocity of the potential energy minimum in
combination with the width of the artificial parallel
stripe domains determine the threshold frequency of
the external magnetic field pulses above which no
directed particle motion occurs.

THEORETICAL MODEL

The potential energy Up(x,2) of a superparamagnetic
core—shell particle with magnetic moment mp(x,2) in a
magnetic field ﬁ(x,z) at its lateral position x and at z
above the substrate is given by the inner product'®

Up(x,2) = —poMmplx,2)-H (x,2) (1)

where u, is the vacuum permeability. Owing to the
parallel stripes in the y-direction the potential energy is
independent of the y-coordinate (Figure 1). The mag-
netic moment mp of the superparamagnetic particles
as a function of a magnetic field and its direc-
tion relative to the surface normal vector (angle o =
tan~"[H,(x.2)/H,(x,2)]) is described in point particle
approximation by the Langevin function'”

Imp(x, 2)| = ms[coth(b-|H (x,2))) — (1/(b+|H (x,2)|)]
(2a)

mp’X(X,Z) = COS((I)'|’77P(X/Z)|/
mp, ,(x,2) = sin(a)-|Mp(x, 2)| (2b)
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Figure 1. Sketch of the artificial magnetic domain pattern
of the substrate's magnetic layer system and the coordi-
nate system used throughout the text. The magnetic
substrate is a topographically flat exchange-bias (EB) thin
film system, magnetically patterned into parallel stripe
domains with head-to-head (hh) and tail-to-tail (tt) orien-
tation of the magnetization in adjacent domains. The
photoresist pattern was used to fabricate the artificial
magnetic domain structure during the ion bombardment
induced magnetic patterning (IBMP) procedure and kept
as a spacer for some of the transport experiments
(thickness not to scale with thickness of magnetic layer
system and width of the domains). The particles' magnetic
potential energy landscape U, ,(x,y) in the absence of an
external magnetic field is sketched for a fixed particle to
substrate distance.

with the saturation magnetic moment mg, the Boltz-
mann constant kg, the temperature T, and the Langevin
parameter b = myuo/(kgT). In the absence of an external
magnetic field, the particle's magnetic moment is
solely influenced by its position within the substrate's
MFL. Hence, the precise determination of the MFL is
crucial to adequately describe the magnetic forces
acting on the particles.'® Recently, the magnetic field
landscape as a function of position was experimen-
tally determined by u-Hall probe measurements with-
in a height range between 0.75 and 2.65 um over the
sample surface.'” It was shown there, that the MFL in
this height range can be reasonably well described by
an analytical model which will be also employed here.
The model is based on the description of the change
of magnetization when passing from one domain
to the other over a domain wall by the empirical
function'®

My(x) = H2M, /) tan~"(x/a) 3)

which was originally developed for a pure ferro-
magnetic layer in longitudinal recording media. In
eq 3, M, is the remanent magnetization of the ferro-
magnetic layer and a is the domain transition param-
eter related to the domain wall transition length
via hy = m-a.'®

Several parallel magnetic stripe domains and their
magnetization transitions are described by a finite
sequence of domain transitions individually displaced
by the stripe widths and with alternating sign, depend-
ing on whether the transition is of head-to-head (hh)
or tail-to-tail (tt) type (Figure 1). The magnetic field
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distribution HMFL(x,z) over one transition can be ana-
lytically described by'>'®

_ ,1 x(dr + 2)
Hy, meL(X, 2) = 4M, {tan (X—2 Tt ald +z))
3 Xz
- _ 4
tan (x2 +a? +az)} (4a)

X2 + (de+z+a)?
HywrLt 2) = 2M, log [ X @27} g
X2 + (z+a)

where d is the thickness of the ferromagnetic layer.
The quantitative determination of the MFL via u-Hall
measurements revealed the magnitude of the mag-
netic field as a function of the z-distance above the
sample surface (H,(z)) at an x-position in the center of
the domain wall.'"> The observed data was fitted by
eq 4b, where a and M, were chosen as free fit param-
eters. The domain transition parameter was deter-
mined to a ~ 150 nm, corresponding to a domain
transition length of ly &~ 450 nm,'” the fit parameter for
the remanent magnetization was M, = 41 kA/m accord-
ing to the CoygFesq layer thickness of 6.5 nm. The H,
component of the MFL exponentially decays with
increasing distance to the substrate surface, where
the H,mr /e decay is present at a distance of z =
300 nm above the sample surface for the here de-
scribed MFL. The particle's magnetic moment and the
corresponding potential energy landscape can now be
calculated according to eq 1 and 2, taking into account
the effective magnetic field ﬁeﬁ(x,z,t) which is a super-
position of ﬁMFL(x,z) and the homogeneous external
magnetic field H ex(x,z,t). The magnetic force Fu acting
on a magnetic particle at position x,z at time t is then
determined by''®

FM(XIZ/ t) - - ﬁUP(X,Z, t)
= —pomp,z, 0V )-Heglx,zt)  (5)

where the second part of eq 5 holds for a point dipole.
In a liquid environment, the steady-state particle
velocity vp will be reached when the magnetic force
I?M (eq 5) balances the drag force I?D. Here, the time
interval for the particle acceleration will be neglected
since this time is about 1 us for the present particle/
liquid system, which is much smaller than all relevant
time intervals of the present experiments. The drag
force can be described by the Stokes law for low
Reynolds number laminar flow, which is a good ap-
proximation for the present microfluidic device®®

Folx,2) = 3-mdp-1 - fo(2) -V p(x, 2) 6)
where 7 is the viscosity of the fluid and fp is the drag
force coefficient which depends on both the particle
diameter dp and the particle-substrate distance. For a
particle moving close or onto the substrate the drag
coefficient is maximal; that is fp max = 3, whereas for a
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particle moving far away from the substrate surface
fo = 1. Note that fy exponentially decays from the
substrate surface into the liquid.?° For the here de-
scribed particle liquid system with d, = 2 um, the drag
coefficient is fpmax/2 = 1.5 (half of the maximum) at a
particle—substrate distance of 70 nm. According to
eq 5 and 6 the spatial distribution of the particle
velocity in the plateau of the external magnetic field
writes as

- to(m p(x,2)+V )+ H et(X, 2)

velx,2) = — 3.m-dpen +fp(2) v

Clearly, the steady-state particle velocity is dramatically
influenced by the magnitude and gradient of the
effective local magnetic field. High magnetic fields
possessing large field gradients over small distances
can therefore be used to obtain high steady-state
velocities, even at small absolute magnitudes of the
external magnetic field. Such gradients can be de-
signed in a controlled fashion for the here presented
EB layer system possessing artificial magnetic do-
mains.2' Besides, the particle—substrate distance is
an important issue concerning the particle's steady-
state velocity. The decreasing drag force coefficient
with increasing z-distance to the substrate would result
in an increase of the particle velocity. At the same time
the local magnetic fields and its gradients decrease
with increasing z-distance, therefore reducing the par-
ticle velocity. These two effects with opposite trends
lead to a certain height above the substrate, at which
the particle velocity is maximum.

For the numerical simulations of the samples' MFL a
sequence of 10 domain transitions according to 10
domain walls is implemented into the analytical model
of eq 4 by using a rectangular mesh of dimensions x =
50 um and z=5 um with a regular element size of 10 x
10 nm? (xz-plane). The particle's magnetic potential
energy landscape at different external magnetic field
values is calculated according to the effective mag-
netic field dependence of the particle's magnetic mo-
ment (eq 1 and 2). The particle diameter, the particle's
saturation magnetic moment and the Langevin
parameter at room temperature are chosen with re-
spect to the experimental conditions; that is, dp =2 um,
ms =448 x 107" Am?and b =14 x 10~* 1/m. The
viscosity of the fluid is set to be 7, = 1.002 x 10> Pa-s
according to the material properties of water at room
temperature. Since local fluctuations of both the EB
substrate's MFL magnitude and gradient can occur
because of the sample fabrication procedure process,
the resulting deviations will be taken into account for
the calculation of the steady-state particle velocity. The
error estimate is performed by changing the magni-
tude of the remanent magnetization M, of the CosgFeq
layer (linear scale) related to a change of the CosoFeq
layer thickness in the interval of di = 6.5 £ 0.5 nm;
that is, M, = 38 kA/m (dg = 6 nm) and M, = 44 kA/m
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(de = 7 nm). According to eq 4a and 4b, both the
magnitude and gradient of the MFL are changed when
M, and d¢ of the ferromagnetic layer are altered.

RESULTS AND DISCUSSION

The transport experiments were performed by ap-
plying trapezoidal external magnetic field pulses in the
x-and z-directions. During the experiments, particles
were kept in a defined height range above the sub-
strate surface where measurements of the EB sub-
strate's MFL are available and the analytical model
can be used to quantitatively describe the MFL.'® For
a proof-of-principle experiment, the 700 nm high resist
structure was preserved (Figure 1). As the particles pass
the 5 um wide gaps at an average time of 125 ms, the
distance they are falling by the combined action of
gravity and buoyancy while traversing the gaps of the
resist structure was estimated to be Az =25 nm. Since
this is negligible compared to the particle diameter
of 2 um, the particles will stay on top of the resist
structure, ensuring a minimum particle-surface to sub-
strate distance of 700 nm for particles moving over the
trenches of the resist structure where fp =~ 1 (minimum
distance between particle-center and substrate surface
of 1.7 um). For a systematic investigation of the particle
velocity, experiments were performed by first remov-
ing the resist stripes with 3% KOH solution and acet-
one, and subsequently recoating the sample with a
700 nm thick AZ1505 layer without topographic mod-
ulations; that is, fp & 3 for a particle moving close to the
resist surface.

In the absence of the external magnetic field, the
particles are attracted by the EB substrate's inhomo-
geneous magnetic fields arising above the hh and tt
domain walls between the oppositely magnetized
magnetic domains (Figure 1). The superparamagnetic
core—shell particles equally distribute themselves
above the hh and tt walls, since the two involved
magnetic potential energies are almost degenerate.’
Therefore, an initial arrangement of particle rows at
regular distances of 5 um is observed, corresponding
to half the periodicity of the artificial magnetic domain
pattern of the EB system (Figure 1). Because of the
parallel alignment of the particles' magnetic moments
in one row (along the y-direction) above the same
domain wall (Figure 1), the particles repel each other
magnetostatically. For the present particle type repul-
sive forces of =10 nN at interparticle distances <1 um
are obtained. Therefore, particle clustering is largely
avoided.

The particle transport proceeds through the dy-
namic transformation of the particles’ magnetic po-
tential energy landscape in the presence of both the
EB substrate's MFL and the trapezoidal external mag-
netic field pulses H,(t) and H,(t), where H,(t) is phase-
shifted by a quarter cycle duration with respect to H,(t)
(Figure 2). In the present experiments, the rise and fall
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time intervals of the trapezoidal magnetic field pulses
are rather short due to the high magnetic field altera-
tion rate of vy = 3.2 x 10° (A/(m-s)) for both H,(t) and
H,(t). Hence, the particles may move a maximum
distance of 20 nm during the longest pulse rise time
interval of 0.5 ms for H, with the highest observed
average particle velocity of about 40 um/s. Since this
distance is negligible in comparison to the particle
diameter of 2 um, the following discussion of the
particle transport steps refers to the plateau times of
H,(t) and H,(t), where Hy = £ Hy max and H, = £ H, ax.

Numerical calculations of the particles' magnetic
potential energy landscapes at a particle-center to
EB substrate distance of 2 um for different external
magnetic field pulse configurations Hy = £ Hymax = +
320 A/m and H, = £ H, ynax = £ 1640 A/m based on the
above-described theoretical model are shown in
Figure 2a—e. During 0 < t < T/4 (cycle duration T),
only the z-component of the external magnetic field
HAt) = & H,max is superimposed on the EB substrate's
MFL since H,(t) = 0 (Figure 2f). As a result of the
superposition of the oppositely directed H, compo-
nents of the EB substrate's hh and tt domain walls and
the external magnetic field pulse H,(t) = +Hmax the
particles' magnetic potential energies above the two
domain wall types are no longer energetically degen-
erate (see Figure 1 and Figure 2a). Hence, the effective
magnetic field above the hh domain walls is stronger
than the effective magnetic field above the tt domain
walls. Consequently, particles initially located above
the tt domain walls will statistically move either in
—+x- or in —x-direction into the nearest potential energy
minima above the hh domain walls at their steady-
state velocity induced by the spatial gradient of the
magnetic potential energy landscape (Figure 2a). After
this first undirected transport step, all particles are now
located above the hh domain walls, that is, the same
domain wall type, which enables a simultaneous ma-
nipulation of all particles in the following steps. In
addition, the distance between the particle rows
(particle-center to particle-center) is increased from
5 to 10 um, that is, twice the magnetic domain width
of the magnetically stripe patterned EB thin film
substrate.

For t > T/4, both Hy = £Hy max and H, = £H, nax are
present (Figure 2f), and hence four different pulse
configurations can be distinguished within one cycle
duration of the external magnetic field sequence:
(1) +Hx,maxr +Hz,max1 (2) +Hx,max1 7Hz,max1 (3) 7Hx,max:
—H;max and (4) —Hymaxs +Hzmax (Figure 2b—e). The
superposition of both H,mnax and H,max and the EB
substrate's MFL causes a slight shift of the mag-
netic potential energy minima to smaller or larger
x-coordinates with respect to the hh or tt domain wall
centers in dependence on the sign of both H, ax and
H,max (Figure 2b—e). Furthermore, the particles’ mag-
netic moment is slightly tilted from the z-axis due to
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Figure 2. (a—e) Calculated magnetic potential energy landscape U, .(x) as a function of the x-coordinate (parallel to the
EB-systems short stripe axis) at a particle-center to substrate distance of 2 um for different external magnetic field
configurations of Hy = £ Hymax and H, = £ H, nax (f). The two particles are exemplarily added to visualize the particle
transport during the applied external magnetic field pulse configurations and the corresponding transformation of the
particles magnetic potential energy landscape. Note that the transport scheme from panels b to e is repeated until the
external magnetic field sequence stops. The magnetic particle rows are essentially transported between two neighboring
domain walls when the field direction of H, max is reversed, whereas a slight shift of the potential energy minima to smaller or
larger x-coordinates with respect to the domain wall center occurs, when the sign of Hy .y is changed.

the x-component of the effective magnetic field acting
on the magnetic particles (Figure 2b—e).

The directed transport of magnetic particles be-
tween two neighboring domain walls is induced by a
change of the field direction of H,max While the
direction of H, max remains constant, that s, a transition
between the external magnetic pulse configurations
(1) and (2) (Figure 2b, c) or (3) and (4) (Figure 2d, e),
respectively. When the field direction of H,max is
reversed, for example, from +H, max t0 —H,max (pulse
configurations (1) and (2)), the negative H,-component
of the external magnetic field now increases (de-
creases) the effective magnetic field above the tt
domain walls (hh domain walls). The potential energy
minima above the hh domain walls are accordingly
transformed into maxima of the potential energy land-
scape. Note that the displacement of the magnetic
potential energy minimum, which proceeds at an
average velocity of vy = 10 mm/s according to the
external magnetic field alteration rate vy, is again much
faster than the experimentally observed maximum
steady-state velocity of the moving particles. There-
fore, the particle rows will move into the direction of
the closer potential energy minimum, in the present
case along the +x-direction, at their steady-state
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velocity induced by the spatial gradient of the mag-
netic potential energy landscape. The magnetic po-
tential energy landscape responsible for the directed
motion of particles hence always corresponds to the
external magnetic field pulse configuration after the
switching of H,max as indicated in Figure 2c and e,
respectively.

The particle movement direction in this concept is
prescribed by the sign of H, max during the switching of
H,max Since the potential energy minima are either
shifted to smaller or larger x-coordinates with respect
to the domain wall center (hh or tt) prior to the
transport step. For the present experiments, the po-
tential energy minima are shifted by +£200 nm with
respect to the domain wall center in the relevant
particle—substrate range depending on both the sign
of Hymax (Figure 2b—e) and the domain wall type.
The theoretical distance the particles are transported
during one transport step is therefore reduced by a
factor of 2 times the potential energy minimum shift
with respect to the domain wall center, that is, by
400 nm from 5 to 4.6 um.

The particle rows are essentially moving with their
steady-state velocity at the plateau times where
H, = £H, max- Therefore, the transport will work as long
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as the time the particles need to travel from one
domain wall to the next is shorter or equal to the
plateau time of the external magnetic field pulse
£H, max- Within the H, plateau times the particle ve-
locity is strongly influenced by the magnitude and
gradient of the samples' MFL, the magnitude and
gradient of the external magnetic field H,, and the
actual particle—substrate distance. For a fixed external
magnetic field alteration rate, the particle velocity
should be independent of the frequency wey, of the
external magnetic field. This hypothesis was experi-
mentally investigated by determining the steady-state
particle velocity as a function of we, (Figure 3).
Obviously, the experimentally determined average
particle velocity Vp observed at different frequencies
Wext Of Vp =36 £ 4 um/s is almost independent of Wy,
(Figure 3). For wey > o ~ 16 Hz, no particle transport
was observed. From Vp =36 + 4 um/s, the average time
for a single transport step of approximately 5 um
length (depending on the size of the slight shift of
the energy minima before and after the transport step)
is about A = 150 £ 50 ms, which corresponds to
half the time interval of the critical cycle duration
T. ~ 400 ms or the plateau time At,. Hence, if the
potential energy minimum starts to move again before
the particles have reached their final position close to
the domain wall center, the phase correlation between
the movement of the particles and the potential
energy minimum breaks down. As a result, the particles
start to oscillate around the domain wall center due to
the oppositely directed forces induced by the high
frequency switching of the particles' potential energy
landscape.

The experimental data of the particle movement
was compared to the theoretically predicted particle
velocities according to eq 1—7. These velocities were
obtained by numerical simulations of the magnetic
potential energy landscape at different particle—
substrate distances above the 700 nm resist layer
according to the numerical scheme presented in the
theoretical model. The uncertainty of the simulated
particle velocity was estimated by changing the mag-
nitude and gradient of the samples' MFL (see explana-
tion in the Theoretical Model section), where the
obtained particle velocities of Vpgimmin aNd Vp simmax
correspond to a theoretical CozgFeq layer thickness of
6 and 7 nm, respectively. The calculation of Vp gim min
and Vp simmax therefore takes into account local fluc-
tuations of the MFL's magnitude and gradient, for
example, due to the sample fabrication procedure
process. In the simulations, the particles' steady-state
velocity vp sim first exponentially increases with increas-
ing particle—resist distance (surface to surface
distance) due to the more rapid decrease of fp in
comparison to H,up. with respect to the particle—
resist distance (see Figure 4). The particle velocity is a
maximum at a particle—resist distance of 320 nm for
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Figure 3. Experimentally obtained particle velocity as a
function of the applied external magnetic field frequency
Wext- FOr these experiments, the sample was recoated with
700 nm photoresist without topographic modulations as
shown in the inset. The theoretically predicted particle
velocity vp im Was obtained at a particle-resist distance of
320 nm. The uncertainty of vp s, in terms of Vp gy min and vp,
sim,max Was estimated by changing the CosoFe;( layer thick-
ness to dr = 6.5 £+ 0.5 nm and therefore the sample's MFL.
Above the critical frequency of weyxx =~ 16 Hz no particle
transport is observed.
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Figure 4. Theoretically predicted particle velocity as a
function of the particle—resist distance (surface to surface
distance) shown for different values of H, at a fixed H, field
of H, = 320 A/m. Since the spatial gradient of the effective
magnetic field is not affected by the application of a
homogeneous external magnetic field pulse, the particle—
resist distance of about 320 nm at which the particle
velocity is maximum remains almost the same.

the here applied maximum external magnetic field
pulses of H, = £320 A/m and H, = £1640 A/m,
corresponding to an overall particle-surface to sub-
strate distance of 1020 nm. By further increasing the
particle—resist distance the particle velocity exponen-
tially decreases. Since in the experiments the moving
particles are obviously not sticking to the resist surface,
we assume that particles will move with their theore-
tically predicted maximum particle velocities at a
particle—resist distance of 320 nm (Figure 4). As can
be seen from Figure 3, the theoretical average steady-
state particle velocity of vpgm = 37 £ 3 um/s at a
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particle—resist distance of 320 nm is in good agree-
ment to the experimentally observed data. According
to Figure 4, the simulations predict a further increase
(decrease) of the particle velocity by increasing
(decreasing) the magnitude of the applied external
magnetic field pulse H, while H, is fixed. Since the
spatial gradient of the effective magnetic field land-
scape is only affected by the application of inhomoge-
neous external magnetic field pulses, the particle—
substrate distance at which the particle velocity is
maximum remains almost the same when increasing
(decreasing) the magnitude of the homogeneous
external magnetic field pulse H, (Figure 4).

Note that the particle's magnetic potential energy in
the above-described model is always calculated to be
about 3 orders of magnitude larger than the thermal
energy present at room temperature and therefore
dominates over the stochastic thermal motion. In
contrast to the earlier introduced models of traveling
wave magnetophoresis,’>"* the here-presented parti-
cle transport concept is strongly influenced by the
spatial distribution of the sample's MFL, which for the
current layer system can be tailored to a large degree.
In addition, the described particle transport concept
was experimentally tested to work for long operation
times exceeding 1 h without further modification of
the substrate's surface, which might be particularly
promising for the application of this technique into
bioassays in LOC devices.

CONCLUSION

In summary, we have presented a novel concept for
the directed transport of full superparamagnetic par-
ticle rows employing very weak external magnetic field
pulses. A quantitative model for the transport was
developed and compared to experiment, transporting
particles with 2 um diameter at a minimum substrate
to particle-surface distance of 700 nm over a magnetic
parallel stripe patterned EB layer system covered by a
resist layer. It was shown that the particles move at
their steady-state velocities during the plateau time
intervals of the trapezoidal external magnetic field
pulse sequences. This finding can be used to modify
the transport velocity of the particles by either artifi-
cially changing the particle-substrate distance via resist
covering of the EB substrate or by the specific design of

EXPERIMENTAL SECTION

The bottom of the microfluidic chamber consisted of an
EB layer system with artificial parallel stripe magnetic domains
with head-to-head (hh) and tail-to-tail (tt) magnetization orien-
tations in adjacent domains (Figure 1). The EB layer system
was Cu®® "™/Ir;;Mng3'® "™/CoyoFes®® "™/Ta'® "™, grown by
dc magnetron sputter deposition on a naturally oxidized Si(100)
substrate in an applied magnetic field of 3 kA/m at room
temperature (RT). Subsequently, the unidirectional anisotropy
was set by field cooling in an applied magnetic field of 80 kA/m

HOLZINGER ET AL.

the MFL above the magnetically patterned EB layer
system during the IBMP fabrication procedure.?' In
comparison to other techniques based on nonmag-
netic substrates and large external magnetic gradient
fields, this technique offers many advantages: (1) the
particles are moving in a controlled manner at regular
interparticle distances close to the substrate and are
not randomly distributed within the liquid; (2) the
inherent magnetostatic repulsion between the parti-
cles largely avoids particle agglomeration whereas
particle agglomeration largely occurs on substrates
without MFLs; (3) the particle velocity can be specifi-
cally tailored by the intrinsic material properties of the
EB layer system without topographical modulations of
the substrate. Hence, the sample manufacturing effort
seems to be small in comparison to the gain of the
adjustment possibilities, particularly under the aspect
of a high throughput sample fabrication. Furthermore,
the simulations demonstrate that the particle velocity
can be additionally modified by altering the magni-
tude of the external magnetic field pulses.

The directed particle transport only works if the
frequency of the external magnetic field sequence is
smaller than a certain critical frequency wey at which
the switching of the particles' magnetic potential en-
ergy landscape is faster than the time the particles
need to travel for approximately one domain width
into the nearest potential energy minimum. The latter
characteristic opens up a wide field of magnetophore-
tic applications since particles with different magneto-
phoretic mobilities can be easily separated when
raising the external magnetic field alteration above
the critical frequency of one particle type.'®'* In this
sense, this technique might be used in order to first
purify and subsequently concentrate low-concentrated
biomolecules from solution for further on-chip quan-
tification procedures. If the sample's MFL is interfering
at a later stage in the application, the sample can
be uniformly magnetized by applying an external
magnetic field above the EB field of the sample
and hence, the sample's MFL is suppressed. The
possibility to perform the presented particle transport
in longtime experiments at small external magnetic
field strengths of only a few mT gives further rise for
the integration of this technique into low-cost porta-
ble LOC applications.

parallel to the uniaxial anisotropy axis of the ferromagnetic
layer. The system was first heated to 573 K for 1 h and then
cooled to RT at a cooling rate of fc = —4 K/min. From vibrating
sample magnetometry (VSM) hysteresis loop measurements
the sample's average initial EB-field was determined to be
|[Hegol = 33 £ 1 kA/m with an average coercive field of Hco =
7 + 1 kA/m. The artificial parallel stripe domains with their long
stripe axes | perpendicular to HEB,O: were fabricated by ion
bombardment induced magnetic patterning (IBMP)?2~2° using
a home-built Penning ion source.>® Briefly, a 700 nm thick
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photoresist (AZ1505, purchased at Microchemicals) parallel
stripe structure with a stripe width of 5 um and a periodicity
of 10 um was prepared as a shadow mask for the ion bombard-
ment on top of the Ta capping layer via UV lithography.
The average thickness of the photoresist was determined
via AFM measurements and was chosen to prevent 10 keV
He™ ion penetration into the magnetic layer system. He-ion
bombardment was performed with an ion fluence of Jig =5 x
10" ions/cm? in an applied in-plane magnetic field of 80 kA/m
antiparallel to Hegp, hence, creating magnetic parallel stripe
domains with hh and tt orientation of the remanent magnetiza-
tions in adjacent domains (Figure 1). VSM measurements
showed double hysteresis loops®' of the EB system where the
left loop possesses an EB field of |Hgg,| = 28 &+ 1 kA/m and a
coercive field of Hc = 5 & 1 kA/m and the right loop an EB field
of |Hegr| = 19 & 1 kA/m and a coercive field of Hcg =8 & 1 kA/m.

The walls of the microfluidic chamber were fabricated from
parafilm with an average height of 100 um, and it was top-
closed by a glass lid. The chamber's bottom area was square-
shaped with a size of 1 cm? corresponding to a fluid container
volume of 10 uL.

In the experiments spherical magnetic core—shell particles
(Micromod GMBH) were used with a concentration of cp = 1.2 x
10® particles/mL in aqueous solution. The average particle
diameter of dp = 2.00 & 0.02 um was determined by dynamic
light scattering. The particles consisted of a styrene—maleic
acid—copolymer matrix surrounded by superparamagnetic
magnetite nanoparticles, encapsulated by a PEG-COOH poly-
mer shell. The particles' average saturation magnetic moment
of 448 x 107" Am? was determined from VSM measurements
in an external magnetic field of 200 kA/m.

The microfluidic chamber was mounted on a sample stage
centered between two air-cored solenoid pairs with their
symmetry axes perpendicular and parallel to the sample surface
plane (coordinate system see Figure 1). The current inducing
the magnetic fields of the solenoids oscillated with trapezoidal
(T2) functions (Figure 2f), with a linear rise from H, = 0 kA/m (H,=
0 kA/m) t0 Hymax = 0.32 kA/m (H,max = 1.6 kA/m) within a rise
time interval At,, of 100 us (At,, = 500 us). For both directions
the magnetic field alteration rate of vy = 3.2 x 10° (A/(m-s)) was
the same. The same field alteration rate was chosen for decreas-
ing the external magnetic fields resulting in fall time intervals
from maximum fields to 0 of At, = 100 us (At, = 500 us). The
field plateau time intervals Aty (At,,) at Hymax (Hzmax) Were
chosen such that At, , + Aty « + At = At . + Aty , + Atr, = Aty
and At was varied between 200 and 800 ms. These two times
correspond to frequencies of wey = 27/(2+ Atior) = 15.7 and
39 Hz. The maximum magnetic field values used for
the experiments were far below the required field for mag-
netization reversal. The oscillations of H, advanced H, by
71/2, therefore H,(t) = H; max TZ(Wext* t) and Hy(t) = Hy max TZ(Wext*
t —7/2).

Quantitative measurements of the particle transport were
performed via an optical microscope set up equipped with
a high-speed camera operating at a maximum frame rate of
2000 fps (Optronis CR450 x2) and 40x optical magnification.
The particle trajectories were subsequently analyzed by the
software Videospottracker (CISMM).
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