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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 dotsanoparticles, paramagnetic particles, superparamagnetic
have been grown in solution with excellent control, and theimanoparticles, and even biological entities such as magneto-
quantum characteristics have been studiedlanoscale Co tactic bacterid®
bars and wires grown with high uniformity orient in an ap- Two types of microelectromagnet were fabricated, simu-
plied magnetic field. The quantized charge of a single semilated, and tested: a matrix and a ring trap. Figures and
conductor nanocrystal has been meastaed the feasibility ~1(b) show a schematic diagram and a micrograph of a ring
of nanocrystal quantum dot lasers has been demonsttéied. trap; Figs. 1c) and 1d) show a schematic diagram and a
most experiments optical methods have been used to testicrograph for a matrix. These structures are constructed on
nanocrystals suspended in fluids. Methods to move, contro§apphire substrates by layers of lithographically patterned
and probe nanoparticles are needed to study and explore tikonductors separated by insulating layers. The ring trap is a
advantages of their quantum characteristics. The ability t@ingle circular current-carrying wire with an insulating layer
move magnetic particles can be also important in biologicabpun on top. The matrix consists of two arrays of straight
and biomedical applications, for example, to separate anwires aligned perpendicular to each other, separated by an
manipulate cells and DNA marked with magnetic particles ininsulating layer, with an additional insulating layer spun on
submicron scale. Microelectromagnets consisting of multipldop. Patterned conductor layers can be produced by optical
layers of lithographically patterned wires may open up those
possibilities. Microelectromagnétkave been used to control .

. . B-field line
and manipulate cold atoms on the micron scale as one seeks (a) (b) F
ways to build integrated atom circuits on a chip in the field
of atom optics. Microelectromagnet mirrdtsiraps! and =
guide$ have been successfully demonstrated, and many mi-

croelectromagnet devices for cold atoms have been proposec T \)
and developed. =

In this letter, we report the microscopic control and ma- Au wire
nipulation of magnetic nanoparticles using a microelectro- InsulatorI
magnetic matrix and a microelectromagnet ring trap. Specifi-
cally, we report the two-dimensional manipulation of ¢ Top wires (d)
superparamagnetic particles using a matrix and the trapping =
of superparamagnetic particles using a single circular trap.
The matrix is a multilayer structure with the capability to
trap and move nanoparticles suspended in fluid above the
chip with microscopic spatial resolution. High magnetic
fields (B~0.1 T) and high field gradient$VB~10* T/m)
produced by microelectromagnets allow precise control and
manipulation of magnetic particles at room temperature, en-
FIG. 1. (a) Schematic diagram of a microelectromagnet ring trap, where

abling the study of their motion and characteristics in mlcro_indicates the direction of current flowb) Micrograph of a fabricated ring

scopically confined regions. Any type of particle with @ mag-yap. (c) Schematic diagram of a microelectromagnet matrix. The matrix
netic moment can be manipulated, including ferromagneticonsists of two layers of current-carrying conductors with two layers of
insulators(d) Micrograph of a fabricated matriZ <7 wireg. Each wire has

a width of 10 um, height of 3um, and center to center spacing between
dE|ectronic mail: westervelt@deas.harvard.edu wires of 20 um.
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lithography or by electron-beam lithography, covering a wide &)
range of length scales. Electroplating patterned conductor
layers increases their cross-sectional area and permits larg:
currents, which produce large magnetic fields. Insulating lay-
ers are used in multilayer structures to prevent electrical
ticles.

The operating principle of nanoparticle manipulation by
microelectromagnets is illustrated in Figal The magnetic . \ . k il ‘
tracts magnetic particles to maxima in the field magnitude. ' )
The potential energy it = —mB. wherem is the particle’s FIG. 2. (a) Simulation of a moving peak in the magnetic field magnitude

. . ’ . . produced by a matrix; the white ticks show wire positions. Currents were

magnetic moment anB is the magnitude of the field. The
potential energyJ remains constant for constant field mag- continuously between two adjacent wires, in steps that are less than the wire
nitude if the direction of the field changes slowly enough sospacing.(b) Simulation of two separate peaks in the magnetic field magni-
that the direction of the particle’s moment can follow tude which move diagonally and converge at one position.
fluid dynamics determine this rate. The field magnit@le ticles continuously over the matrix with spatial resolution
scales with the characteristic sideof the wire asBx1/d,  |ess than the wire spacing. The currents in the conductors
gradients of the field magnitude ¥8«1/d?, and curvatures \ere adjusted to approximate a Gaussian peak in the mag-
vices, large gradients and curvatures can be produced. TR ows how two separate magnetic field peaks can be pro-
wire size for the devices shown in Fig. 1is38 um?. For  duced and moved diagonally to converge at one position.
the matrix reported here, current densities as high aghis profile could be used to bring two nanoparticles to-
provided by heat conduction through the sapphire substratéhat move apart. By making a matrix with submicron wire
yielding B=0.1 T andVB=5 mT/um. Improvements itVB  spacing, it may be possible to trap and move a single nano-
andV?B are possible if the devices are made on the submiparticle suspended in a fluid to a desired position equipped

Localized electromagnetic fields can be generated by miBecause each wire in a matrix can carry a different current,
croelectromagnets to perturb and sense the response of nampany magnetic field profiles can be created.
particles; two examples are nuclear magnetic resonance Experiments to trap and move magnetic nanoparticles
small size and their geometry, microelectromagnets are ableetic magnetite particles. A drop of fluid with magnetic
to generate ac magnetic fields at rf and microwave frequermanoparticles in suspension was placed on the microelectro-
cies in a small volume containing a single nanoparticle omagnet, either a ring trajf=ig. 1(b)] or a matrix[Fig. 1(d)].
tion inside the nanoparticle can be tested. a power supply(ring trap or a group of 14 current sources

The strength of the trap can be estimated for ferromageontrolled by a computefa 7x7 wire matriy. For the ma-
netic and paramagnetic particles. For a ferromagnetic particlgix, currents<<0.1 A were applied to wires in the top layer
Bohr magnetons, the potential energy i9=-—mB field above the matrix for these conditions wed mT. Mo-
=—NugB. The average kinetic energy of a particle due totion of the nanoparticles was observed using an optical mi-
thermal motion iK=(3/2)kgT, wherekg is the Boltzmann croscope equipped with a digital camera.
vided|U|=K. The conditionN=(3/2)kgT/ugB determines superparamagnetic particles with the magnetic field eiff.
the minimum magnetization of a ferromagnetic nanoparticle3(a)] and with the magnetic field ofFig. 3(b)]. The density
that can be trapped. Fa&8=0.1 T, this givesN=6700 at of particles is clearly smaller without the field. Single super-
ticles. Nanoscale particles may become superparamagnetiield is applied. Because each polymer-coated particle con-
For a paramagnetic particle with magnetic moment tains a magnetic nanoparticle, Fig. 3 demonstrates the trap-
=(xBl/uo)V, wherey is the magnetic susceptibility, is the  ping of single superparamagnetic nanoparticles. The mag-
potential energy i) = — mB= — (xB?/ ) V. The minimum  change substantially with the added polymer coating; the
size of a paramagnetic particle that can be trapped is polymer makes the location of each nanoparticle visible.
=(3/2)kgTuo/xB2. Figure 4 shows the operation of a microelectromagnet
microelectromagnet matrix for two different sets of wire cur-tinuously over short distances that are comparable to the wire
rents. Figure @) shows how a single peak in the field mag- spacing, longer distances, and to move two groups of par-
nitude can trap and move high field seeking magnetic particles together and join them into a single larger group. Fig-

shorting between wires and between wires and magnetic par- gy R ] i ‘
e
field produced by a current-carrying microelectromagnet at-
adjusted to approximate a Gaussian magnetic field peak. The peak moves
closely. For a particle suspended in fluid, the viscosity and
as V?Bel/d3, wherel is the wire current. For small de- netic field magnitude at each peak position. Figur) 2
10" Alcm? were achieved at room temperature with coolinggether. A single peak can also be split into multiple peaks
cron scale by electron-beam lithography. with electrical leads or sensors and study its characteristics.
(NMR) and electron spin resonan¢&SR). Due to their using microelectromagnets were done using superparamag-
group of nanoparticles, and the response of the magnetiz&urrent was supplied to the microelectromagnets from either
with magnetic momenin=Nug, whereN is the number of and currents<0.3 A in the bottom layer. The peak magnetic
constant. The particles will be attracted to field maxima, pro-  Figure 3 shows the operation of a ring trap containing
T=300 K, a magnetization corresponding to nanoscale pafparamagnetic particles are trapped several seconds after the
particle volume, angk is the permeability of free space, the netic trapping energy and the thermal kinetic energy do not
Figure 2 shows computed magnetic field profiles for amatrix to move a group of superparamagnetic particles con-
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ments that are less than the wire spacing is in agreement with
the continuous motion of the magnetic field peak shown in
Fig. 2(a). Note that the size of the particle group is broad-
ened above a wire in both experiment and theory. Figlng 4
shows that a matrix can move a group of particles over a
longer distance, five wire spacings for this case. Together,
Figs. 4a) and 4b) demonstrate that the matrix can move and
precisely locate magnetic nanoparticles anywhere on its sur-
face. In Fig. 4c) the matrix simultaneously moves two
groups of particles diagonally and joins them into a single

G 3. M b of ) icles i fiuid atigye 1 large group of particles, in agreement with the motion and
.o, ICrograpn o superparamagnetlc pamc es In Tiuia al @ ring s . . . . .
trap with no current an¢b) 1 =0.35 A. The particles are 1-20 nm magnetite joining of two peaks in the magnetic field shown in FigbR

nanoparticles coated with a polymer composed of polystyrene and carboxyMOVing magr_]etic be'.ads along a “.ne has bee_n recently dem-
lic acid, suspended in a water based solution; the coated particle diameteanstrated using a single layer micromagnetic systethe

are 1-2um. A spherical magnetite nanoparticle with 10 nm diameter has ajayice requires an external magnetic field and the particles

magnetic moment of~10°ug. The currentl =0.35 A in (b) produces a . -
magnetic field peak oB=2.7 mT at the center of a ring trap above the Move in stgps of several hundred rnlc_rons. . .
insulating layer. The microelectromagnet matrix is a versatile device,

which can create complex static or dynamic magnetic field
Rrofiles for many experimental purposes. Using a matrix, we

ure 4 demonstrates that a matrix can build larger objects i . . .
. . . o have demonstrated the trapping of particles at a desired lo-
two dimensions from nanoparticles, a capability that can be .. . . i . . .
. . c?tmn, the continuous motion of particles in two dimensions,
used to assemble custom designed structures. An importari

Y o : . and the simultaneous motion and joining of two separate
capability of a matrix is to move nanoparticles continuously

over distances much smaller than the wire spacing. With thigmr guﬁztg f p:rrttigf; ;rﬂ,tg\,cem; fgi];ggp' é;‘:;“ﬁtﬁi??n alfi?mreotda:_a
capability the position of nanoscale particles can be con- 9 P P Y

trolled using a matrix with submicron wire spacing. The con—pendent current contrdf. To control and manipulate semi-

. ' . : R . conductor nanocrystals, microelectromagnets or microelec-
tinuous motion of magnetic particles in Fi by incre- ! S X
9 P g(a by trode arrays could produce electric field peaks that interact

with the particle’s induced electric dipole moment.
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