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We characterize the magnetic behavior of an array of magnetic bead traps based on domain walls

(DWs) formed in zig-zag permalloy wires patterned on a Si substrate. Using magnetic force and

magneto-optical Kerr effect microscopy, we study the nucleation and annihilation of DWs for two

different wire widths. Through scanning electron microscopy with polarization analysis, we

analyze in detail the magnetization configuration of the DWs in the presence of a magnetic bead

previously trapped by the DW stray field. Finally, we patterned the magnetic nanostructures

directly on a polydimethylsiloxane (PDMS) substrate, and we show that the functionality of the

device is completely maintained. These results pave the way to the integration of DW-based

devices in a PDMS lab-on-a-chip system for magnetic bead separation. VC 2012 American Institute
of Physics. [http://dx.doi.org/10.1063/1.3689009]

I. INTRODUCTION

Domain walls (DWs) in magnetic nano-strips have been

proposed as localized sources of the strong magnetic field

gradient used to trap1 and transport2 individual magnetic par-

ticles. As one of the most prominent results, this technology

was applied to the transport of individual viable cells labeled

with magnetic beads.3,4 The control on the nucleation and

annihilation of a series of DWs just by using external mag-

netic field pulses can be used to trap and release a large pop-

ulation of magnetic particles.

In this paper, we demonstrate the independent control

over the nucleation and annihilation of arrays of traps and

the integrability of this technology on a flexible polymeric

membrane.

II. EXPERIMENTAL DETAILS

The devices, both on Si and on PDMS substrate, consist

of a series of zig-zag nanowires of different lateral width w
ranging from 200 nm to 1 lm, while the length of zig-zag

segments l was maintained fixed to 2 lm [see Fig. 1(a)].

Standard e-beam writing using a double PMMA layer and

lift-off process sequence was used to pattern flat permalloy

(FeNi alloy, Py) nano-structures on Si substrates.

In order to fabricate magnetic nanowires on a freestand-

ing rubber membrane, polydimethylsiloxane (PDMS)

(Sylgard 184) was first dispensed on the Si substrate and

spin-coated to obtain a quasi-uniform thickness layer. The

PDMS precursor blend was then cured in an oven at 65� for

2 h, resulting in a rubber film thickness of nearly 500 lm.

The double-layer of PMMA was subsequently spin-coated

on top of the rubber substrate and covered with a 1.5-nm

sputtered Au layer to avoid charge build-up effects during

the following e-beam writing step. Before final development

and lift-off, the sample was soaked for a few seconds in Au

etchant (Sigma Aldrich, Germany).

In the case of the PDMS substrate, at the end of the lith-

ographic process, the flexible membrane has been simply

peeled off from the Si substrate. High quality patterning of

PDMS surfaces by e-beam lithography5 is challenging due to

the surface roughness, which causes a point-by-point chang-

ing focus quality of the e-beam. In addition, wrinkles in the

PMMA layer deposited on the PDMS substrate are generated

during the heating process as a consequence of the different

thermal expansion coefficients of the two materials. Never-

theless, in a central area of about 300 lm� 300 lm of the

PDMS substrate, the surface smoothness was sufficient for a

precise patterning of magnetic zig-zag nanowires.

The samples were characterized by an Agilent 5500 mag-

netic force microscope (MFM) and an Evico magneto-optical

Kerr effect (MOKE) microscope. In the case of the samples

on Si substrate, a suspension (5 ll) of Micromod Nanomag-D

with diameter of 130 nm, having initial concentration of

10 mg/ml, was diluted 1:500 with MilliQ water and was dis-

pensed on top of the magnetic nanowires after the application

of a field pulse of 100 mT along the y-direction, in order to

generate a magnetic trap at each corner [see Fig. 1(a)].

After drying the substrate, the magnetization configura-

tion in the corners with trapped particles was imaged, utiliz-

ing scanning electron microscopy with polarization analysis

(SEMPA).6,7 Due to the high surface sensitivity of SEMPA, a

preparation of the sample was required in the UHV chamber

of the microscope. Two different sample preparation proce-

dures have been tried. At first, the sample surface was simply

cleaned by ion milling. In addition, the surface was “dusted”,

i.e., covered by a few monolayers of Fe.7 In both cases, iden-

tical magnetic configurations were obtained, although, in the

case of dusting with Fe, a higher contrast and, thus, image

quality could be attained.
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III. EXPERIMENTAL RESULTS

Figure 1(b) shows an MFM image of a zig-zag array

(w¼ 200 nm) fabricated on Si substrate taken after applying a

momentary magnetic field in the y-direction (Hw¼ 100 mT).

Transverse DWs are created at every tilt, separating alterna-

tively head-to-head and tail-to-tail–oriented domains, as evi-

denced by the dark and light contrast in Fig. 1(b). The DWs

can be erased by applying a momentary field He¼ 25 mT in

the x-direction, as shown in Fig. 1(c), where all DWs have

been deleted.

For given wire thickness and angular aperture of the cor-

ner (90� in our case), the field strength He needed to erase

the DWs depends on the shape anisotropy of the zig-zag seg-

ments, i.e., on the ratio between l and w. The MOKE micro-

scope was used to experimentally characterize He. We

illustrate this effect for two arrays of zig-zag wires having

l¼ 2 lm and w1¼ 300 nm and w2¼ 900 nm, respectively.

The two samples have been initially saturated with a

momentary field Hw¼ 100 mT in the y-direction in order to

generate the array of DWs; after that, a second field in the x-

direction has been swept from zero until the intensity at

which all wires switch to the state without any DW.

For a given array, a distribution of switching fields is

found with a spread of 10 mT. The MOKE signals recorded

in the two cases analyzed are plotted in Fig. 1(d). The wires

of width w2¼ 900 nm switch at He, that is, about 15 mT

lower than that of the wires with width w1¼ 300 nm. This

property is of particular interest in view of applications,

because it provides a pathway to the independent control of

the trapping and release of distinct populations of beads in

different areas of the same fluidic channel.

As previously reported,3 the width of the wire provide

also a means for controlling the DW micromagnetic struc-

ture, viz., the strength and spatial distribution of the mag-

netic field gradient. To reliably use DW-based traps, it is

important to study how the presence of a magnetic bead

affects the micromagnetic structure of the device.

This is shown in Fig. 2, where we compare, in detail, the il-

lustrative cases of w1¼ 300 nm and w2¼ 900 nm. The images in

the left panels (a) and (d) show the simulated trapping force act-

ing on a magnetic bead of 130 nm of diameter in the two cases.

The force has been calculated with the model explained in Ref.

4, where the simulation results were experimentally validated. In

the insets of Fig. 2, the micromagnetic configurations for the two

cases calculated with OOMMF8 are also shown.

The SEM images in the center display two of the most

common cases found on the devices, i.e., a bead trapped just

on the outer part of the corner in the case of the narrower

wires with width w1 [Fig. 2(b)] and beads trapped inside the

corner surface for wires width w2 [Fig. 2(e)]. The last panels

on the right-hand side of Fig. 2 show the results of the

SEMPA analysis with superimposed arrows plotted, repre-

senting the local direction of the magnetization as obtained

FIG. 1. (Color online) (a) Device schematic. MFM images of arrays of zig-

zag wires having w¼ 200 nm after the application of field of 100 mT in the

y-direction (b) and 25 mT in the x-direction (c). (d) Measured transition

between the state with and without DWs for arrays of zig-zag wires of dif-

ferent width. The wires have been initially saturated with a field of 100 mT

applied along the y-direction, and a field was then swept along the x-

direction.

FIG. 2. (Color online) Comparison

between wires having w1¼ 300 nm (top)

and w2¼ 900 nm (bottom). (a) and (d)

Calculated trapping force acting on a

Micromod-Nanomag D of 130 nm diame-

ter (Ref. 4) originated from the device.

The insets represent the micromagnetic

configuration obtained after applying a

field of 100 mT along the corner bisector.

(b) and (e) SEM images of two corners in

the presence of a magnetic nanobead and

correspondent SEMPA image (c) and (f).
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from the SEMPA images analysis in accordance with the

color code shown.

As previously discussed,2 in the nanowires having

w1¼ 300 nm, a transverse DW is expected to form at each

corner after the application of a momentary field along the

corners bisector. This anticipated behavior is confirmed

experimentally by the SEMPA images analysis. The trapping

force, in this case, is well localized on the outer edge of each

corner [Fig. 2(a)]. A careful image analysis and comparison

with corners without particles reveals a weak distortion in

the DW structure induced by the presence of the magnetic

bead. This weak effect, due to the mutual magnetostatic

interaction between the bead and the DW, was recently theo-

retically modeled and experimentally demonstrated.1,9,10

In the case of wider magnetic wires, a marked distortion of

the transverse DW magnetization structure is observed already

for bare wires [see inset Fig. 2(d)]. This distorted magnetization

configuration produces a less localized trapping force for the

magnetic beads shown in Fig. 2(d), i.e., a less-defined position

for the trapped magnetic nanoparticles on the wire surface.

This situation is experimentally analyzed in Figs. 2(e)

and 2(f). In the SEMPA image, the signal arising from the

area corresponding to a magnetic bead is not traceable to a

defined magnetization configuration due to the non-planar

surface of the bead that causes a bending of the electron

trajectories around the particle itself. For this reason, in

Fig. 2(f), we have masked the trapped particles in the

SEMPA image to remain with only the true magnetic struc-

ture in the wire. The SEMPA image reveals that, also in this

case, the bead affects the magnetization configuration of the

DW only to a minor extent [compare the inset in Fig. 2(a)

with Fig. 2(f)]. In summary, for both wire widths analyzed

with SEMPA, we can conclude that the DW structure is just

weakly influenced by the proximity of a magnetic bead.

Finally, the same array structures patterned on a flexible

PDMS substrate have been characterized with SEM and

MOKE microscopy.

As previously described, the PDMS was patterned when

lying on the Si substrate and finally mechanically peeled off

using tweezers from the Si chip, as illustrated in the picture

in Fig. 3(a). The SEM image in the inset of Fig. 3(a) shows

the final device on the PDMS substrate.

To characterize the magnetic properties of the devices,

we fabricate a DW injector at one end of the zig-zag struc-

ture, as previously described.2 We used the high spatial re-

solution (500 nm) of our MOKE microscope to monitor the

MOKE signal, due to the DW displacement between adja-

cent corners in a nanowire of width w¼ 250 nm, while

sweeping a magnetic field from positive to negative satura-

tion and back in the x-direction.

Figure 3(b) shows the comparison of the hysteresis loops

measured before and after peeling off the PDMS substrate

from the Si wafer. The observation of identical (within the

resolution of our characterization tool) loop shapes in the

two cases confirms that the magnetic properties are main-

tained in the freestanding device.

In conclusion, we characterized with different techniques

magnetic beads traps based on transverse DWs generated in

zig-zag magnetic wires both on Si and PDMS substrate. These

results open the pathway to the direct integration of the DW

conduits’ technology on polymeric substrates for the realiza-

tion of lab-on-chip magnetic separation devices.
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