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Magnetic particles serve as an important tool for a variety of biomedical applications but often lack
uniformity in their magnetic responsiveness. For quantitative analysis studies, magnetic particles
should ideally be monodisperse and possess uniform magnetic properties. Here we fabricate
magnetically uniform Janus particles with tunable magnetic properties using a spin-coating and
thermal evaporation method. The resulting 2 �m ferromagnetic particles exhibited a 4% magnetic
response variability, and the 10 �m ferromagnetic particles exhibited a 1% size variability and an
8% magnetic response variability. Furthermore, by reducing the film thickness, the particle behavior
was tuned from ferromagnetic to superparamagnetic. © 2011 American Institute of Physics.
�doi:10.1063/1.3541876�

Magnetic particles are used extensively in biomedicine
and biophysical research. The ability to manipulate function-
alized magnetic particles with external magnetic fields is ad-
vantageous for applications such as whole cell and biomo-
lecular separation,1 magnetic resonance imaging contrast
agents,2 targeted drug delivery,3 and immunoassays.1 Meth-
ods used to fabricate magnetic particles or scaffolds include
loading magnetic material within a nonmagnetic matrix,4,5

depositing magnetic material onto nonmagnetic particles,6–8

and polymerizing magnetic bead hydrogels using microflu-
idic droplet technology.9,10 While magnetic particles serve
as a ubiquitous and important tool, they often lack unifor-
mity in magnetic responsiveness. Indeed, numerous mag-
netic particles have been reported to have a 30 to 80% varia-
tion in magnetophoretic mobility.11 Morphological and
magnetic content uniformity are important parameters for
quantitative analysis methods, such as magnetoresistive
sensors12,13 and asynchronous magnetic bead rotation
�AMBR� biosensors.14–20 To improve the quality and repro-
ducibility of quantitative studies, particles should ideally be
monodisperse12 and possess uniform magnetic properties.21

In this letter, we report on the fabrication and character-
ization of magnetically uniform Janus particles with tunable
magnetic properties using a combined method of spin coat-
ing and thermal evaporation of nickel �Ni�. The fabricated
magnetic Janus particles, which are characterized by the
AMBR method5,14–16 and with a DC superconducting quan-
tum interference device �SQUID�, possess greater particle-
to-particle magnetic uniformity than previously reported
particles.11 In addition, the particles’ magnetic behavior may
be tuned by adjusting the magnetic coating thickness to be
above or below the reported 8 nm superparamagnetic �SPM�
limit for Ni.22 The 2 �m diameter polystyrene particles
coated with 60 nm Ni and the 10 �m diameter particles

coated with 300 nm Ni, thickness values well above the SPM
limit, behaved largely ferromagnetic, with a small SPM com-
ponent. The same 2 �m and 10 �m diameter polystyrene
particles that were coated with a Ni layer below the SPM
limit, 5 nm Ni layer and a 20 nm Au layer, exhibited SPM
behavior.

The magnetic Janus particles were fabricated by spin-
coating a disordered monolayer of National Institute of Stan-
dards and Technology �NIST� approved size standard �Poly-
sciences, Inc.� polystyrene particles onto a wafer and by
thermally evaporating Ni onto the wafer �see Fig. 1�. The
evaporation technique has been previously demonstrated in
the fabrication of magnetic and nonmagnetic Janus
particles.6–8,23 The ferromagnetic particles were fabricated by
evaporating 30 nm Ni on 1 �m particles, 60 nm Ni on
2 �m particles, 300 nm Ni on 10 �m particles, and 300 nm
Ni on 100 �m particles. The SPM particles were fabricated
by sequentially evaporating 5 nm Ni and 20 nm Au onto both
the 2 �m and 10 �m diameter particles. The Au coating
was to aid in the visualization of the particles �and for po-
tential biochemical functionalization�. After fabrication, the
particles were magnetized in a 60 mT magnetic field. In
depth details of the fabrication process can be found in the
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b�Electronic mail: kopelman@umich.edu. FIG. 1. �Color online� Fabrication schematic for magnetic Janus particles.
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supplementary material. Up to a calculated value of 109 mag-
netic Janus particles �2 �m diameter� can be fabricated on a
single 4� wafer, assuming 50% area coverage. The ferromag-
netic particles were imaged using scanning electron micros-
copy �SEM� and light microscopy, as shown in Fig. 2.

For AMBR analysis, a magnetic particle is placed within
a rotating magnetic field and the particle’s rotational re-
sponse is measured.15,17 In depth details of the experimental
setup can be found in Ref. 30. The particle rotates either
synchronously or asynchronously with the external rotating
magnetic field, depending on factors, such as the driving
field frequency and the particle’s magnetic properties.14

Above the critical frequency, i.e., in the asynchronous re-
gime, the average rotational rate of the magnetic particle, can

be expressed as ��̇�=�−��2−�c
2,14,24 where ��̇� is the av-

erage rotation frequency of the magnetic bead �in radians per
second�, � is the driving frequency, and �c is the critical
frequency. The critical frequency at which the particle be-
comes asynchronous is �c=mB /��V,5,14,24 where m is the
magnetic moment, B is the amplitude of the magnetic field, �
is the shape factor, � is the dynamic viscosity, and V is the
volume of the magnetic bead. The asynchronous rotational
response provides information regarding the particle’s mag-
netic behavior; subsequently, the magnetic moment of indi-
vidual particles can be determined with

m = 	��V

B

�c. �1�

For SQUID analysis, hysteresis curves of particle suspen-
sions were obtained at a temperature below freezing �at 250
K� to eliminate the rotational degrees of freedom. A zero
field-cooled and field cooled �ZFC/FC� analysis was per-
formed at 300 Oe magnetic field for the 2 �m SPM par-
ticles.

The evaporated magnetic layer was found not to contrib-
ute significantly to the variability in magnetic response and
particle size. The magnetic variability due to the initial size
distribution of the polystyrene spheres was estimated using
Eq. �1�. The reported 1% coefficient of variation �CV� in
diameter for NIST particles was calculated to affect the mea-
sured magnetic variability by up to 6% for the 2 �m ferro-
magnetic particles and 8% for the 10 �m ferromagnetic par-
ticles. Light microscopy image analysis shows that the CV in
diameter for 10 �m ferromagnetic particles after coating is
1% �10.2�0.12 �m�, which is consistent with the reported
CV in diameter of the NIST particles. This indicates that the
variability in magnetic response and size predominantly
arises from the size distribution of the initial particles.

The magnetic properties and uniformity of the 2 �m
ferromagnetic particles were characterized by AMBR and
with a SQUID. Figure 3�a� shows light microscopy images
of a 2 �m Janus particle rotating synchronously with a 5 Hz
magnetic field. When the particle was placed in a rotating
magnetic field at frequencies up to 1 kHz, the rotational be-
havior was ferromagnetic, as shown in Fig. 3�b�.14 The mag-
netic particle-to-particle uniformity as well as the magnetic
moment was estimated with Eq. �1�.14 The rotational re-
sponse of 50 2 �m ferromagnetic particles was measured to
have an average critical frequency of 116�9.6 Hz, which
corresponds to an 8% CV in the magnetic responsiveness.
The magnetic moment of a single 2 �m ferromagnetic par-
ticle was calculated to be �1.83�0.15��10−14 Am2, pro-
vided �=1 mPa s, �=6, and B=1 mT. From the SQUID
analysis, the presence of coercivity �75 Oe� in hysteresis loop
measurements also indicates that the particles are indeed fer-
romagnetic �see Fig. 3�c��. However, the magnetization satu-
rated above 2000 Oe although the hysteresis loop closed at

FIG. 2. ��a�–�d�� SEM images and ��e� and �f�� light microscopy images of
magnetic Janus particles. The particle size and corresponding Ni coating
thickness are stated below each figure.

FIG. 3. �Color online� Characterization of the 2 �m ferromagnetic particles �60 nm Ni coating� ��a�–�c�� and 2 �m SPM particles �5 nm Ni and 20 nm Au
coating� ��d�–�f��. �a� Light microscopy image sequence of the 2 �m ferromagnetic particle rotating synchronously in a 5 Hz external rotating magnetic field.
�b� Characteristic rotational response for a 2 �m ferromagnetic particle �experimental values are depicted by red circles�, fitted to ferromagnetic particle
rotational theory �black line� �c� DC SQUID characterization; typical ferromagnetic hysteresis is apparent with 75 Oe coercivity. �d� Characteristic rotational
response for a 2 �m SPM particles; behavior does not conform to the ferromagnetic theory. �e� DC SQUID characterization; hysteresis is not apparent,
suggesting SPM behavior. �f� ZFC/FC curve; the blocking temperature, Tb, is approximately 120 K. Note: For SQUID hysteresis curves, the connected lines
are used to aid in visualization; they do not represent a data fit.
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approximately 400 Oe, which may suggest a superparamag-
netic contribution.25 Assuming no particle aggregation dur-
ing the SQUID measurements, a 2 �m ferromagnetic par-
ticle was calculated to have a magnetic moment of 5.22
�10−14 Am2 �Joules/Tesla�, provided a saturation value of
1.4�10−12 Am2; this closely agrees with the magnetic mo-
ment value estimated by AMBR.

The magnetic properties of 2 �m SPM particles were
also investigated by AMBR and with a SQUID. The rota-
tional behavior of the SPM particles does not agree with the
ferromagnetic particle theory.14 This suggests a nonperma-
nent magnetic dipole origin of magnetic torque. Furthermore,
only 10% to 15% of the particles were observed to rotate. We
speculate that this could arise from the variability in thin-film
nucleation during deposition. At frequencies between 100 Hz
and 1 kHz, the 2 �m SPM particles’ rotational rates did not
change significantly �see Fig. 3�d��. This is a trait character-
istic of an induced magnetic moment.26–28 From the SQUID
analysis, coercivity in hysteresis loop measurements was not
observed �Fig. 3�e��, which suggests that the particles are
SPM. The SPM behavior was confirmed by the ZFC/FC
curve �Fig. 3�f��, as the blocking temperature, Tb, is approxi-
mately 120 K, a value well below our experimental
conditions.29 We thus observed a transition from ferromag-
netic to SPM behavior by reducing the Ni layer thickness on
the 2 �m particles from 60 to 5 nm. This indicates that the
magnetic behavior of Janus particles can be tuned by select-
ing desired values for the magnetic layer thickness.

To further demonstrate magnetic tunability, additional
experiments were performed on 10 �m ferromagnetic and
10 �m SPM particles. The magnetic properties and unifor-
mity of the 10 �m ferromagnetic particles were character-
ized with a SQUID and by AMBR �see S.1 and S.2�a� and
S.2�b��.30 From SQUID measurements, the average magnetic
moment of a 10 �m ferromagnetic particle was calculated to
be 4.22�10−12 Am2, which is consistent with the value cal-
culated with AMBR, �2.31�0.09��10−12 Am2. In addition,
the 10 �m ferromagnetic particles was calculated to have a
4% CV in magnetic responsiveness. For comparison, com-
mercially available 4 �m carboxylated ferromagnetic par-
ticles �Spherotech, Illinois�, as measured by AMBR, were
calculated to have a 26% CV in magnetic responsiveness.
This level of non-uniformity is consistent with reported
values.11 Furthermore, the 10 �m SPM particles were char-
acterized by AMBR, and their rotational response was found
to behave similarly to the 2 �m SPM particles �see
S.2�c��.30 Therefore, we have demonstrated that the magnetic
behavior of the 10 �m particles can be tuned by selectively
choosing Ni thicknesses above and below the thin-film SPM
limit. This further suggests that this tunability can be ex-
tended toward the fabrication of magnetically uniform ferro-
magnetic or SPM particles of other sizes.

In conclusion, we have fabricated Janus particles with
greater particle-to-particle magnetic uniformity than those
previously reported, by using a spin coating and thermal
evaporation technique. This straightforward method allows
the magnetic behavior and moment to be tuned by varying
the particle size and/or the thickness of the magnetic depo-
sition layer. Such uniform magnetic particles, when function-

alized, may have significant utility in biomedical and bio-
physical applications.
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