
APPLIED PHYSICS LETTERS VOLUME 79, NUMBER 20 12 NOVEMBER 2001
Microelectromagnets for the control of magnetic nanoparticles
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A microelectromagnet matrix and a ring trap that position and control magnetic nanoparticles are
demonstrated. They consist of multiple layers of lithographically defined Au wires separated by
transparent, insulating polyimide layers on sapphire substrates. Magnetic field patterns produced by
these devices allow microscopically precise control and manipulation of magnetic nanoparticles. A
microelectromagnet matrix produces single or multiple peaks in the magnetic field magnitude,
which trap, move, and rotate magnetic nanoparticles, as well as electromagnetic fields to probe and
detect particles. Microelectromagnets are new tools with which to study and manipulate
nanoparticles and biological entities. ©2001 American Institute of Physics.
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Magnetic nanoparticles and nanocrystal quantum d
have been grown in solution with excellent control, and th
quantum characteristics have been studied.1,2 Nanoscale Co
bars and wires grown with high uniformity orient in an a
plied magnetic field. The quantized charge of a single se
conductor nanocrystal has been measured3 and the feasibility
of nanocrystal quantum dot lasers has been demonstrated4 In
most experiments optical methods have been used to
nanocrystals suspended in fluids. Methods to move, con
and probe nanoparticles are needed to study and explor
advantages of their quantum characteristics. The ability
move magnetic particles can be also important in biolog
and biomedical applications, for example, to separate
manipulate cells and DNA marked with magnetic particles
submicron scale. Microelectromagnets consisting of multi
layers of lithographically patterned wires may open up th
possibilities. Microelectromagnets5 have been used to contro
and manipulate cold atoms on the micron scale as one s
ways to build integrated atom circuits on a chip in the fie
of atom optics. Microelectromagnet mirrors,6 traps,7 and
guides8 have been successfully demonstrated, and many
croelectromagnet devices for cold atoms have been prop
and developed.9

In this letter, we report the microscopic control and m
nipulation of magnetic nanoparticles using a microelect
magnetic matrix and a microelectromagnet ring trap. Spe
cally, we report the two-dimensional manipulation
superparamagnetic particles using a matrix and the trap
of superparamagnetic particles using a single circular t
The matrix is a multilayer structure with the capability
trap and move nanoparticles suspended in fluid above
chip with microscopic spatial resolution. High magne
fields ~B;0.1 T! and high field gradients~¹B;104 T/m!
produced by microelectromagnets allow precise control
manipulation of magnetic particles at room temperature,
abling the study of their motion and characteristics in mic
scopically confined regions. Any type of particle with a ma
netic moment can be manipulated, including ferromagn
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nanoparticles, paramagnetic particles, superparamag
nanoparticles, and even biological entities such as magn
tactic bacteria.10

Two types of microelectromagnet were fabricated, sim
lated, and tested: a matrix and a ring trap. Figures 1~a! and
1~b! show a schematic diagram and a micrograph of a r
trap; Figs. 1~c! and 1~d! show a schematic diagram and
micrograph for a matrix. These structures are constructed
sapphire substrates by layers of lithographically patter
conductors separated by insulating layers. The ring trap
single circular current-carrying wire with an insulating lay
spun on top. The matrix consists of two arrays of straig
wires aligned perpendicular to each other, separated by
insulating layer, with an additional insulating layer spun
top. Patterned conductor layers can be produced by op

FIG. 1. ~a! Schematic diagram of a microelectromagnet ring trap, wherI
indicates the direction of current flow.~b! Micrograph of a fabricated ring
trap. ~c! Schematic diagram of a microelectromagnet matrix. The ma
consists of two layers of current-carrying conductors with two layers
insulators.~d! Micrograph of a fabricated matrix~737 wires!. Each wire has
a width of 10mm, height of 3mm, and center to center spacing betwe
wires of 20mm.
8 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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lithography or by electron-beam lithography, covering a w
range of length scales. Electroplating patterned condu
layers increases their cross-sectional area and permits
currents, which produce large magnetic fields. Insulating l
ers are used in multilayer structures to prevent electr
shorting between wires and between wires and magnetic
ticles.

The operating principle of nanoparticle manipulation
microelectromagnets is illustrated in Fig. 1~a!. The magnetic
field produced by a current-carrying microelectromagnet
tracts magnetic particles to maxima in the field magnitu
The potential energy isU52mB, wherem is the particle’s
magnetic moment andB is the magnitude of the field. Th
potential energyU remains constant for constant field ma
nitude if the direction of the field changes slowly enough
that the direction of the particle’s momentm can follow
closely. For a particle suspended in fluid, the viscosity a
fluid dynamics determine this rate. The field magnitudeB
scales with the characteristic sized of the wire asB}I /d,
gradients of the field magnitude as¹B}I /d2, and curvatures
as ¹2B}I /d3, where I is the wire current.5 For small de-
vices, large gradients and curvatures can be produced.
wire size for the devices shown in Fig. 1 is 1033 mm2. For
the matrix reported here, current densities as high
107 A/cm2 were achieved at room temperature with cooli
provided by heat conduction through the sapphire substr
yielding B>0.1 T and¹B>5 mT/mm. Improvements in¹B
and¹2B are possible if the devices are made on the sub
cron scale by electron-beam lithography.

Localized electromagnetic fields can be generated by
croelectromagnets to perturb and sense the response of n
particles; two examples are nuclear magnetic resona
~NMR! and electron spin resonance~ESR!. Due to their
small size and their geometry, microelectromagnets are
to generate ac magnetic fields at rf and microwave frequ
cies in a small volume containing a single nanoparticle
group of nanoparticles, and the response of the magne
tion inside the nanoparticle can be tested.

The strength of the trap can be estimated for ferrom
netic and paramagnetic particles. For a ferromagnetic par
with magnetic momentm5NmB , whereN is the number of
Bohr magnetons, the potential energy isU52mB
52NmBB. The average kinetic energy of a particle due
thermal motion isK5(3/2)kBT, wherekB is the Boltzmann
constant. The particles will be attracted to field maxima, p
vided uUu>K. The conditionN>(3/2)kBT/mBB determines
the minimum magnetization of a ferromagnetic nanopart
that can be trapped. ForB50.1 T, this givesN>6700 at
T5300 K, a magnetization corresponding to nanoscale
ticles. Nanoscale particles may become superparamagn
For a paramagnetic particle with magnetic momentm
5(xB/m0)V, wherex is the magnetic susceptibility,V is the
particle volume, andm0 is the permeability of free space, th
potential energy isU52mB52(xB2/m0)V. The minimum
size of a paramagnetic particle that can be trapped iV
>(3/2)kBTm0 /xB2.

Figure 2 shows computed magnetic field profiles fo
microelectromagnet matrix for two different sets of wire cu
rents. Figure 2~a! shows how a single peak in the field ma
nitude can trap and move high field seeking magnetic p
Downloaded 10 Dec 2001 to 140.247.57.93. Redistribution subject to A
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ticles continuously over the matrix with spatial resolutio
less than the wire spacing. The currents in the conduc
were adjusted to approximate a Gaussian peak in the m
netic field magnitude at each peak position. Figure 2~b!
shows how two separate magnetic field peaks can be
duced and moved diagonally to converge at one posit
This profile could be used to bring two nanoparticles
gether. A single peak can also be split into multiple pea
that move apart. By making a matrix with submicron wi
spacing, it may be possible to trap and move a single na
particle suspended in a fluid to a desired position equip
with electrical leads or sensors and study its characteris
Because each wire in a matrix can carry a different curre
many magnetic field profiles can be created.

Experiments to trap and move magnetic nanopartic
using microelectromagnets were done using superparam
netic magnetite particles.11 A drop of fluid with magnetic
nanoparticles in suspension was placed on the microelec
magnet, either a ring trap@Fig. 1~b!# or a matrix@Fig. 1~d!#.
Current was supplied to the microelectromagnets from eit
a power supply~ring trap! or a group of 14 current source
controlled by a computer~a 737 wire matrix!. For the ma-
trix, currents,0.1 A were applied to wires in the top laye
and currents,0.3 A in the bottom layer. The peak magnet
field above the matrix for these conditions was,4 mT. Mo-
tion of the nanoparticles was observed using an optical
croscope equipped with a digital camera.

Figure 3 shows the operation of a ring trap containi
superparamagnetic particles with the magnetic field off@Fig.
3~a!# and with the magnetic field on@Fig. 3~b!#. The density
of particles is clearly smaller without the field. Single sup
paramagnetic particles are trapped several seconds afte
field is applied. Because each polymer-coated particle c
tains a magnetic nanoparticle, Fig. 3 demonstrates the t
ping of single superparamagnetic nanoparticles. The m
netic trapping energy and the thermal kinetic energy do
change substantially with the added polymer coating;
polymer makes the location of each nanoparticle visible.

Figure 4 shows the operation of a microelectromag
matrix to move a group of superparamagnetic particles c
tinuously over short distances that are comparable to the
spacing, longer distances, and to move two groups of p
ticles together and join them into a single larger group. F

FIG. 2. ~a! Simulation of a moving peak in the magnetic field magnitu
produced by a matrix; the white ticks show wire positions. Currents w
adjusted to approximate a Gaussian magnetic field peak. The peak m
continuously between two adjacent wires, in steps that are less than the
spacing.~b! Simulation of two separate peaks in the magnetic field mag
tude which move diagonally and converge at one position.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ure 4 demonstrates that a matrix can build larger object
two dimensions from nanoparticles, a capability that can
used to assemble custom designed structures. An impo
capability of a matrix is to move nanoparticles continuou
over distances much smaller than the wire spacing. With
capability the position of nanoscale particles can be c
trolled using a matrix with submicron wire spacing. The co
tinuous motion of magnetic particles in Fig. 4~a! by incre-

FIG. 3. Micrograph of superparamagnetic particles in fluid above~a! a ring
trap with no current and~b! I 50.35 A. The particles are 1–20 nm magneti
nanoparticles coated with a polymer composed of polystyrene and carb
lic acid, suspended in a water based solution; the coated particle diam
are 1–2mm. A spherical magnetite nanoparticle with 10 nm diameter ha
magnetic moment of;105mB . The currentI 50.35 A in ~b! produces a
magnetic field peak ofB52.7 mT at the center of a ring trap above th
insulating layer.

FIG. 4. ~a! Demonstration of moving a group of superparamagnetic parti
over two wires of a microelectromagnet matrix. The wire currents w
adjusted so they continuously move particles by increments that are
than the wire spacing. The size of the particle group is broader above
wire, in agreement with the simulation in Fig. 2~b!. ~b! A group of particles
is moved vertically by the matrix over a longer range of five wire spacin
~c! Two groups of particles are moved diagonally to join them together
single location. Particles can be moved diagonally at any angle. These
perimental results agree well with the motion of peaks of the magnetic
magnitude shown in Fig. 2. Current was passed through all 14 wires fo
demonstrations shown.
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ments that are less than the wire spacing is in agreement
the continuous motion of the magnetic field peak shown
Fig. 2~a!. Note that the size of the particle group is broa
ened above a wire in both experiment and theory. Figure 4~b!
shows that a matrix can move a group of particles ove
longer distance, five wire spacings for this case. Toget
Figs. 4~a! and 4~b! demonstrate that the matrix can move a
precisely locate magnetic nanoparticles anywhere on its
face. In Fig. 4~c! the matrix simultaneously moves tw
groups of particles diagonally and joins them into a sin
large group of particles, in agreement with the motion a
joining of two peaks in the magnetic field shown in Fig. 2~b!.
Moving magnetic beads along a line has been recently d
onstrated using a single layer micromagnetic system;12 the
device requires an external magnetic field and the parti
move in steps of several hundred microns.

The microelectromagnet matrix is a versatile devic
which can create complex static or dynamic magnetic fi
profiles for many experimental purposes. Using a matrix,
have demonstrated the trapping of particles at a desired
cation, the continuous motion of particles in two dimensio
and the simultaneous motion and joining of two separ
groups of particles into one group. A matrix can also rot
magnetic particles above a fixed position utilizing time d
pendent current control.13 To control and manipulate sem
conductor nanocrystals, microelectromagnets or microe
trode arrays could produce electric field peaks that inte
with the particle’s induced electric dipole moment.
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