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Commercially available superparamagnetic nanospheres are commonly used in a wide range of
biological applications, particularly in magnetically assisted separations. A new and potentially
significant technology involves the use of these particles as labels in magnetoresistive assay
applications. In these assays, magnetic bead labels are used like fluorescent labels except that the
beads are excited and detected with magnetic fields rather than with photons. A major advantage of
this technique is that the means for excitation and detection are easily integrable on a silicon circuit.
A preliminary study of this technique demonstrated its basic feasibility, and projected a sensitivity
of better than 10212molar@Baseltet al., Biosensors Bioelectronic13, 731~1998!#. In this article we
examine the theoretical signal to noise ratio of this type of assay for the special case of a single
magnetic bead being detected by a single giant magnetoresistive~GMR! detector. Assuming
experimentally observed and reasonable parameters for the magnetic label and the sensitivity of the
GMR detector, the signal to noise ratio is calculated to be greater than 5000:1 for detection of a
single 1mm diameter magnetic microsphere immobilized on the surface of a 1mm31 mm GMR
sensor. Based on this large signal to noise ratio, the detection format should be applicable to more
complicated assays where linear quantification is required or to assays requiring significantly
smaller beads. Detection of microsphere labels approaching 10 nm may be possible upon further
technological advances. ©2000 American Vacuum Society.@S0734-2101~00!11804-4#
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I. INTRODUCTION

Magnetic particles have been used for many years in
logical assays.1,2 These particles range in size from a fe
nanometers up to a few microns, and in composition fr
pure ferrite to small percentages of ferrite encapsulated
plastic or ceramic spheres. The beads are subsequ
coated with a chemical or biological species that selectiv
binds to the target analyte.3–6 To date, these types of pa
ticles have been used primarily to separate and concen
analytes for off-line detection.5–8

These particles can be part of a completely magn
quantitative assay with the use of a magnetic detector. T
examples of magnetic assay detectors are using an ac
netic susceptibility technique9 and a superconducting quan
tum interference device~SQUID! magnetometer10 to quan-
tify the magnetic signal from analyte solutions. In this artic
we discuss the use of integrated giant magnetoresis
~GMR! sensors as the magnetic detectors in these app
tions. GMR sensors have the unique advantage of be
compatible with silicon integrated circuit fabrication techno
ogy, resulting in a detector that can be made on a single
along with any of the needed electrical circuitry. Resu
from theoretical modeling are presented showing magnet
sistive detectors have single-bead resolution for micron s
beads. The results also suggest that, since the lower lim
bead size detection is set by the lithographical feature s

a!Electronic mail: markt@nve.com
b!Electronic mail: mporter@porter1.ameslab.gov
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detection of single 100 nm beads is possible with exist
technology, and may reach 10 nm in the near future.

This kind of sensitivity to extremely small magnetic o
jects is already convincingly demonstrated in the ubiquito
hard disk drive-read head system present within every p
sonal computer. State-of-the-art read heads can dete
20 nm3500 nm bit on a magnetized surface with great re
ability and at extremely high speed.11 Billions of these on-
chip detectors are fabricated each year in the form of h
disk drive read heads at a cost of;$1 per head. The require
sensitivity of these detectors is achieved by making the G
sensor as small as the objects being detected, and by ge
the sensor very close~, 100 nm! to the surface of the hard
disk.

Analogous steps must be taken in the GMR bead as
Recently, such a system was reported where bare~unpack-
aged! GMR sensors were used, permitting the beads to co
within ; 1 mm of the GMR detector and were able to dete
single 2.8mm Dynal M280 beads.12 The authors measure
the sensitivity of the GMR detector to magnetically label
analytes, and calculated a minimum detectable concentra
of analyte to 65 000 molecules/ml when mass transport li
tations are accounted for. The system was expanded and
rently is capable of detecting 64 different analytes on
same chip.13 In this article we consider in detail the idea
case of a single immobilized 1mm bead being detected by
1 mm31 mm GMR detector. It is shown, using reasonab
parameters for bead properties and GMR characteristics,
the signal to noise ratio of this model system is greater t
11250Õ18�4�Õ1125Õ5Õ$17.00 ©2000 American Vacuum Society
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5000:1. This high signal to noise ratio suggests that the G
assay can be adapted to a great many applications.

II. OVERVIEW OF DETECTION FORMAT

The magnetoresistive bead detection format requires
immobilization of a magnetically labeled analyte in clo
proximity to an integrated GMR. Because the focus of t
article is on the detection of the label, and not its immob
zation, details of binding techniques will not be discussed
is assumed that the immobilization is sufficient to hold t
label close to the GMR in the presence of moderate~, 20
mT! magnetic fields, and that the immobilization means d
not add significantly to the distance from the bead to
GMR detector. The proximity of the bead to the GMR d
tector is critical because the fields from these beads are
localized, roughly decaying as 1/r3, wherer is the distance
from the center of a bead and the GMR surface. This fi
distribution will be calculated in Sec. IV.

Once a bead is immobilized, it must be magnetized
applying an external magnetic field. This is because comm
cially available paramagnetic beads have minimal and
defined remnant magnetization~i.e., the magnetization re
maining after an external magnetizing field is removed!. The
field from a bead that is detected by a GMR is proportio
to the magnetization of the bead, which is in turn prop
tional to the applied field. The GMR detector also respon
to the component of excitation fields along its sensitive a
and will magnetically saturate at some point. A critical iss
then, is to be able to apply sufficient fields to magnetize
beads without saturating the detector.

Beads for assay purposes can be obtained from sev
commercial sources. Sizes range from 30 nm to 5mm. The
larger particles typically have small amounts of ferroma
netic material dispersed in a plastic or ceramic matrix. T
actual function of the assay is controlled by the specific co
ing on the surface of the bead. Applications range from b
terial concentration to immunoassays.5–10 These coatings are
generally nonmagnetic, and do not affect detection other t
to increase the separation between a bead and the G
Before a more detailed analysis of the bead detection m
netics, the fabrication of GMR detectors is described.

III. SENSOR FABRICATION

A GMR detector consists of a stack of thin, alternati
magnetic and nonmagnetic metallic layers. The resistivity
this material is a function of the external magnetic field.14–16

The resistivity varies with the angle~u! between the magne
tizations of adjacent magnetic layers with a sinu depen-
dence. A typical change in resistivity from minimum~when
the magnetizations of magnetic layers are aligned in para!
to maximum~when magnetizations are aligned antiparall!
is ;15% of the minimum value. These thin film stacks a
fashioned into resistive sensors by patterning the mate
into long stripes. The observed resistance is then pro
tional to the length and inversely proportional to the width
a stripe. A typical sheet resistance is 10V/h. Consequently,
a GMR resistor with a respective width and length of 0.5 a
J. Vac. Sci. Technol. A, Vol. 18, No. 4, Jul ÕAug 2000
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5.0 mm ~10 h! would have a resistance of 100V under
parallel magnetization that increases to 115V ~15%! under
antiparallel magnetization. When correctly designed, the
sponse of a GMR resistor to an external magnetic field
unipolar and linear. The saturation field is controllable ove
range from 1 to a few tens of mT, depending upon the m
netic design. The observed resistance versus field streng
a such a linear resistor, patterned from Nonvolatile Electr
ic’s ~NVE’s! ‘‘standard multilayer’’ material, is plotted in
Fig. 1.

GMR films are typically deposited on insulating or sem
conductor substrates in vacuum deposition systems by
magnetron, rf diode, or ion beam sputtering. The stack thi
ness is tens of nanometers, with individual layers within
stack controlled to tenths of nanometers. Patterning of
films follows typical photolithographic techniques and ac
ion milling etching processes.

These general techniques are directly applicable to
magnetoresistive bead assay application. The key to succ
ful design is to adjust the GMR detector size so that all of
magnetoresistive material is as close as possible to the b
being detected. This implies both a reduction in the late
dimensions~length and width! of the detector, and minimi-
zation of the distance between the bead and detector.
schematic in Fig. 2 suggests such a design.

IV. DETECTION MAGNETICS

We now demonstrate, by theoretical consideration, t
the fields from a single commercial magnetic bead can
detected by an integrated GMR. For this discussion, we
fine the Cartesian coordinates for bead detection in the
lowing way: the bead is at the origin, and the GMR detec
is parallel to theX–Y plane but at a distance

z5a1n ~1!

from the bead’s center, wherea is the bead radius andn is
the vertical separation from the bead surface to the G
detector. Further, assume the GMR detector is a 1mm
31 mm square whose center is directly beneath the bea

FIG. 1. Response of a NVE multilayer GMR to an applied field. Note th
the best area for operating in a linear mode is at6100 Oe~10 mT!. The
exact composition of the multilayer is$@NiFeCo3/CoFe1.5/CuAgAu1.5/
CoFe1.5#4 /NiFeCo3% ~all thicknesses in nm!.
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@0, 0,2z# and has edges at@1/2 0.5, 0,2z# and@0, 1/20.5,
2z#. The GMR detector is only sensitive along one axis
the plane of the film, which is set to be theX direction. This
situation is shown in Fig. 3.

Detection takes place by applying a uniform extern
magnetic fieldHapp along theX axis and measuring the stra
fields from the bead’s induced magnetization,M . Stray fields
from the bead, referred to asHbead, are not at all uniform,
but have their largest magnitude in theX direction. The
GMR detector resistance changes linearly in response to
X component ofHbead. Consequently, theX component of
Hbeadmust be calculated over the surface of the GMR det
tor.

Using SI units, the basic equations relating magnetic
duction B ~Wb/m2!, magnetic field strengthH ~A/m!, and
magnetizationM ~A/m! are

B5m0~H1M !, ~2!

M5xmHapp, ~3!

FIG. 2. GMR sensor optimized for minimum separation from the bead to
GMR material. The Si3N4 passivation can be as thin as 10 nm. The be
immobilization surface can be 10 nm thick or so. Its precise compositio
tuned to the assay being performed. The interconnection lines are b
underneath the GMR element in a further effort to allow the bead and G
to be as close as possible.

FIG. 3. Coordinate system used for the present calculations. The detec
sensitive axis is theX axis.
JVST A - Vacuum, Surfaces, and Films
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where xm is the dimensionless magnetic susceptibility.
spherical bead of superparamagnetic or ferromagnetic m
rial will be uniformly magnetized in a uniform field. The
external field from the magnetized bead will have a dip
distribution from an effective dipole momentp:

p5M ~4p/3!a3, ~4!

wherea is the bead radius, andM ~A/m! is the magnetiza-
tion.

The two components of the dipole field at locationr from
the center of a bead are

Hr5xmHapp~8p/3!~a3/ur u3!cos~u!, ~5!

and

Hu5xmHapp~4p/3!~a3/ur u3!sin~u!, ~6!

whereu is the angle betweenr andM ~M is parallel toHapp).
The direction ofHbead from a bead in a uniform applied

field in the plane of the page from left to right is rough
depicted in Fig. 2. Note that the field directly under the be
~at u5p/2) due to its magnetizationdirectly opposes the
applied field. Setting xm50.05, a50.5mm, and n
50.1mm, theX component ofHbeadcan be calculated as
function ofX andY. The results of this calculation are show
in Fig. 4. Note that the fields plotted in Fig. 4 are in th
opposite direction from the applied field. The total field o
the GMR detector is the sum ofHapp andHbead. SinceHbead

is always opposite to but smaller thanHapp, the net field will
never be greater thanHapp, or less than zero. The averag
effect in the example given isHbead50.05Happ, so the net
field is Htotal50.95Happ.

Clearly, the effect is limited to the region immediate
beneath the bead. The magnitude of the field distortion
to the bead drops off approximately as 1/ur u3 as one moves
away from the bead in all directions. Consequently,

e

is
ed
R

r’s

FIG. 4. X-axis field beneath a magnetized bead. TheX andY axes represent
the distance~in mm! from the point directly beneath the center of the bea
which is situated above the surface of the GMR in theZ direction by a
distance equal to the bead radius plus the vertical separation. TheY-axis
field from the bead in the GMR plane is negligibly small. TheZ-axis field is
sizable, but the GMR detector is not sensitive to fields along theZ axis.
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single bead detection, it is best to match the GMR dete
size to the bead size for maximum resolution.

There are several variations of this technique involv
the relative orientation of the beads, GMR detectors,
excitation fields. An important variation of the excitatio
field geometry is to apply a field normal to the plane of t
GMR sensor~see Fig. 5!. The GMR is about 1000 time
harder to magnetize in the normal direction, so a much lar
magnetizing field can be applied to the beads without s
rating the GMR sensors. Another important variation fro
an instrumentation standpoint is having a differential sen
or bridge sensor setup where one or two of several G
resistors are exposed to fields from the beads while the
are not, or are exposed to fields in the opposite direct
Additional features could include embedded field excitat
straps~extra ‘‘wires’’ can be included in the design of th
detectors, which apply a local field of about 0.1 mT/mA! and
thick magnetically permeable ‘‘flux pipes’’ that guide ma
netic flux around the detector surface much like yokes
cores for electromagnets.

V. DETECTOR SIGNAL TO NOISE

The foregoing model assumes a 1mm31 mm GMR de-
tector sits directly beneath the paramagnetic label. Suc
detector would carry 5 mA, and have a 10–11V resistance
corresponding toHapp ranging from 20 to 0 mT. This repre
sents the 10% resistance change over 20 mT indicated in
1. The detector voltage, then, changes at a rate of 250mV/
mT. The maximumHapp possible without saturating the se
sor is 20 mT. The field attenuation from the bead mode
above is, on average, 0.05 times theHapp. Although the total
resistance change will be slightly less than the average
change due to current redistribution within the GMR sens
assume for now that the net resistance change is exactly
portional to the average field change. Hence, the maxim
total signal field is 1.0 mT (0.05320 mT). The voltage ‘‘sig-
nal’’ from the bead is then 250mV.

The noise of the detector has two main components:
Johnson noise and current dependent 1/f noise. The Johnson
~thermal! noise for a 10V resistor is 0.4 nV/AHz. The de-
tector’s intrinsic 1/f noise will typically be two orders of
magnitude higher than the thermal noise at 1 Hz, and ha
corner frequency at 10 kHz. Assuming a 1 Hzmeasuremen
frequency, the total noise will be dominated by the 1/f noise,

FIG. 5. GMR resistors represented by the thin, hashed rectangles. Bot~a!
and ~b! are cross sections analogous to that in Fig. 2.~a! Resultant bead
magnetization and stray fields from an excitation field in the plane of
GMR. ~b! Resultant magnetization and fields from a vertical excitation fie
In both cases, the GMR resistors respond to the fields in the plane o
GMR film.
J. Vac. Sci. Technol. A, Vol. 18, No. 4, Jul ÕAug 2000
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and be about 40 nV/AHz. So the signal to noise ratio at 1 H
with a 1 Hzbandwidth is 250mV/40 nV56250:1. While this
simple calculation ignores engineering challenges that m
be addressed to fully use the available signal, it is clear
detection of a single 1mm diameter bead with a 1mm
31 mm GMR detector is not limited by fundamental sign
to noise issues.

VI. ULTIMATE SIZE LIMITS AND CONCLUSION

The preceding discussion shows that a GMR sensor
detect a single paramagnetic beadof any sizeas long as the
following conditions are met:~1! the sensor is about th
same size as the bead,~2! the bead surface is about 0.2 be
radii away from the surface of the sensor,~3! the bead has a
xm of 0.05, and~4! the GMR sensor response is adequa
All four of these conditions are presently easily met at a be
radius,a, of 500 nm. Reducinga to 100 nm is clearly pos-
sible by overcoming technical difficulties in fabrication o
the GMR sensors. A significant difficulty will be fabricatin
increasingly thin passivation layers over the GMR sen
that can withstand the chemical treatment and saline envi
ment required in an assay. Reducinga further to 10 nm will
require advances in bead fabrication technology as wel
GMR sensor fabrication. Gettinga to 1 nm will require new
understanding of the fundamental magnetism of extrem
small objects. Most of these advances in nanoscale magn
technology will likely be driven by the hard disk drive in
dustry as they continually decrease bit sizes at a rate of o
60%/year. Advances in magnetic density will compleme
other rapidly decreasing feature sizes for integrated devi
Ultimately, it may be possible to make these detectors
have the same volume as the objects they are designe
detect.

This design study has described in detail the design
constructing a single bead detector for a magnetoresis
assay. Furthermore, the signal to noise of such an assay
shown to be greater than 5000:1 using reasonable assu
tions about the GMR detector and bead properties. In so
preliminary experiments, nonoptimized GMR detectors ha
been used to detect single magnetic beads with signa
noise of several hundred. The most difficult aspect of th
experiments has been the precise positioning of the be
with respect to the GMR sensor. Further work is being do
to more completely verify the detection limits of this ass
format.
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