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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 10**molar[Baseltet al,, Biosensors Bioelectronit3, 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 magnetoresis&3MiR) 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 1um diameter magnetic microsphere immobilized on the surface gimx 1 um 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. @000 American Vacuum Socief$s0734-210000)11804-4

[. INTRODUCTION detection of single 100 nm beads is possible with existing

Magnetic particles have been used for many years in biot_echnplogy, and may_rgach 10 nm in the near future._
This kind of sensitivity to extremely small magnetic ob-

logical assay$:? These particles range in size from a few . ts is alread incinaly d trated in the ubiquit
nanometers up to a few microns, and in composition frorri‘j(':'C S IS already convincingly demonstrated in the ubiquitous

pure ferrite to small percentages of ferrite encapsulated i ard disk drive-read head system present within every per-
plastic or ceramic spheres. The beads are subsequen nal computer. State-of-the-art read heads can detect a

coated with a chemical or biological species that selectivel .r.lm>< 500nm bit on a m_agnetized s_urface with great reli-
binds to the target analyfe® To date, these types of par- ability and at extremely high speétiBillions of these on-

ticles have been used primarily to separate and concentra?é“p d(_atectors are fabricated each year in the form O_f hard
analytes for off-line detectiofr:® disk drive read heads at a cost-e$1 per head. The required

These particles can be part of a completely magnetiée”SitiViW of these detectors is achieved by making the GMR

guantitative assay with the use of a magnetic detector. Twgensor as small as the objects being detected, and by getting
examples of magnetic assay detectors are using an ac ma{€ Sensor very close< 100 nm to the surface of the hard

netic susceptibility techniqfieand a superconducting quan- J1SK-

tum interference devicéSQUID) magnetometé? to quan- Analogous steps must be taken in the GMR bead assay.
tify the magnetic signal from analyte solutions. In this article R&cently, such a system was reported where bampack-

we discuss the use of integrated giant magnetoresistivB9€d GMR sensors were used, permitting the beads to come
(GMR) sensors as the magnetic detectors in these appncé(\.{lthln ~ 1 um of the GMR detector and were able to detect
tions. GMR sensors have the unique advantage of beingngdle 2.8um Dynal M280 bead$? The authors measured
compatible with silicon integrated circuit fabrication technol- the Sensitivity of the GMR detector to magnetically labeled
ogy, resulting in a detector that can be made on a single Chiﬁnalytes, and calculated a minimum detectable concentrgtlpn
along with any of the needed electrical circuitry. ResultsOf @nalyte to 65000 molecules/ml when mass transport limi-
from theoretical modeling are presented showing magnetord@tions are accounted for. The system was expanded and cur-
sistive detectors have single-bead resolution for micron sizetently is capable of detecting 64 different analytes on the
beads. The results also suggest that, since the lower limit of@Me chip® In this article we consider in detail the ideal

bead size detection is set by the lithographical feature siz&ase of a single immobilized Am bead being detected by a
1umX1um GMR detector. It is shown, using reasonable

3Electronic mail: markt@nve.com parameters for bead p_ropertigs and GMR char_acteristics, that
YElectronic mail: mporter@porterl.ameslab.gov the signal to noise ratio of this model system is greater than
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5000:1. This high signal to noise ratio suggests that the GMR 421
assay can be adapted to a great many applications.

[I. OVERVIEW OF DETECTION FORMAT

The magnetoresistive bead detection format requires the
immobilization of a magnetically labeled analyte in close
proximity to an integrated GMR. Because the focus of this
article is on the detection of the label, and not its immobili-
zation, details of binding techniques will not be discussed. It ‘ 26 ?
is assumed that the immobilization is sufficient to hold the -400 -200 0 200 400
label close to the GMR in the presence of modefate20 applied field (Oe)
mT) magnetic fields, and that the immobilization means does _ o
not add significanty 10 the disiance from the bead to the: . Tesbotoe f 2 NuE mutiaver UE o 22 ppled o, ot
GMR detector. The proximity of the bead to the GMR de- gyact composition of the multilayer i NiFeCo3/CoFel.5/CuAgAul.5/
tector is critical because the fields from these beads are veryoFe1.5,/NiFeCo3 (all thicknesses in nin
localized, roughly decaying asr?/ wherer is the distance
from the center of a bead and the GMR surface. This field

distribution will be calculated in Sec. IV. 50 um (]_O |:|) would have a resistance of 100 under
Once a bead is immobilized, it must be magnetized byparallel magnetization that increases to X1515%) under
applying an external magnetic field. This is because commemntiparallel magnetization. When correctly designed, the re-
cially available paramagnetic beads have minimal and illsponse of a GMR resistor to an external magnetic field is
defined remnant magnetizatidhe., the magnetization re- ynipolar and linear. The saturation field is controllable over a
maining after an external magnetizing field is redeé-dhe range from 1 to a few tens of mT, depending upon the mag-
field from a bead that is detected by a GMR is proportionahetic design. The observed resistance versus field strength of
to the magnetization of the bead, which is in turn propor-z sych a linear resistor, patterned from Nonvolatile Electron-
tional to the applied field. The GMR detector also respondse’s (NVE’s) “standard multilayer” material, is plotted in
to the component of excitation fields along its sensitive axis,:ig_ 1.
and will magnetically saturate at some point. A critical issue, GMR films are typically deposited on insulating or semi-
then, is to be able to apply sufficient fields to magnetize theonductor substrates in vacuum deposition systems by dc-
beads without saturating the detector. magnetron, rf diode, or ion beam sputtering. The stack thick-
Beads for assay purposes can be obtained from severgkss is tens of nanometers, with individual layers within the
commercial sources. Sizes range from 30 nm temd. The  stack controlled to tenths of nanometers. Patterning of the
larger particles typically have small amounts of ferromag-fiims follows typical photolithographic techniques and acid/
netic material dispersed in a plastic or ceramic matrix. Thggnp milling etching processes.
actual function of the assay is controlled by the specific coat- These general techniques are directly applicable to the
ing on the surface of the bead. Applications range from bacmagnetoresistive bead assay application. The key to success-
terial concentration to immunoass&ys? These coatings are  fy| design is to adjust the GMR detector size so that all of the
generally nonmagnetic, and do not affect detection other thagagnetoresistive material is as close as possible to the beads
to increase the separation between a bead and the GMBeing detected. This implies both a reduction in the lateral
Before a more detailed analysis of the bead detection magtimensions(length and width of the detector, and minimi-
netics, the fabrication of GMR detectors is described. zation of the distance between the bead and detector. The
schematic in Fig. 2 suggests such a design.

resistance (kohm)

[ll. SENSOR FABRICATION

A GMR detector consists of a stack of thin, alternating
magnetic and nonmagnetic metallic layers. The resistivity OIN' DETECTION MAGNETICS
this material is a function of the external magnetic fikfd® We now demonstrate, by theoretical consideration, that
The resistivity varies with the angl#) between the magne- the fields from a single commercial magnetic bead can be
tizations of adjacent magnetic layers with a 8inlepen- detected by an integrated GMR. For this discussion, we de-
dence. A typical change in resistivity from minimu@when  fine the Cartesian coordinates for bead detection in the fol-
the magnetizations of magnetic layers are aligned in payallelowing way: the bead is at the origin, and the GMR detector
to maximum(when magnetizations are aligned antiparallel is parallel to theX—Y plane but at a distance
is ~15% of the minimum value. These thin film stacks are
fashioned into resistive sensors by patterning the material
into long stripes. The observed resistance is then proporffom the bead’s center, wheeeis the bead radius and is
tional to the length and inversely proportional to the width ofthe vertical separation from the bead surface to the GMR
a stripe. A typical sheet resistance is@0 1. Consequently, detector. Further, assume the GMR detector is anl
a GMR resistor with a respective width and length of 0.5 andX 1 um square whose center is directly beneath the bead at

z=a+v 1)
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Hygead) / Happ VS- X and Y

H 0.5
Bead Immobilization applied
Surface Hyx(gead) / Happ 0.4
= Si;N, | D0.12-0.14 0.3
00.1-0.12 85
80.08-0.1
| y -0.1
Copper Copper ‘ 0.06-0.08 ‘
Interconnect Interconnect | 0.04-0.06 | 0 Y (um)
Line Line 00.02-0.04 | .
3 o
Cross Section View Chiz 005 l.0.3

Bead Radius = 0.5

Fic. 2. GMR sensor optimized for minimum separation from the bead to the ycied 2o 01

-0.4

GMR material. The SN, passivation can be as thin as 10 nm. The bead ————t———— £-0.5
immobilization surface can be 10 nm thick or so. Its precise composition is 05 04 -03 02 -01 0 01 02 03 04 05

tuned to the assay being performed. The interconnection lines are buriec X (um)

underneath the GMR element in a further effort to allow the bead and GMR

to be as close as possible. Fic. 4. X-axis field beneath a magnetized bead. KhendY axes represent

the distancdin wm) from the point directly beneath the center of the bead,
which is situated above the surface of the GMR in thelirection by a
distance equal to the bead radius plus the vertical separationY-Exées
[0 0 —Z] and has edges m_/_ 05.0 —Z] and[O +/-05 field from the bead in the GMR plane is negligibly small. Thexis field is
—’Z] ,The GMR detector is only .sénéitive along; one a.xi,s inSizable, but the GMR detector s not sensitive to fields along?tasis.
the plane of the film, which is set to be tXedirection. This
situation is shown in Fig. 3.

Detection takes place by applying a uniform externalwhere x, is the dimensionless magnetic susceptibility. A
magnetic fieldH 5, along theX axis and measuring the stray spherical bead of superparamagnetic or ferromagnetic mate-
fields from the bead’s induced magnetizatibh, Stray fields  rial will be uniformly magnetized in a uniform field. The
from the bead, referred to a$,.,4, are not at all uniform, external field from the magnetized bead will have a dipole
but have their largest magnitude in the direction. The distribution from an effective dipole momept
GMR detector resistance changes linearly in response to the p=M(4m/3)a%, ()
X component ofH.,4 Consequently, th&X component of _ _ _ _
HpeaaMust be calculated over the surface of the GMR detecwherea is the bead radius, anld (A/m) is the magnetiza-
tor. tion.

Using SI units, the basic equations relating magnetic in- The two components of the dipole field at locatiofrom
duction B (Wb/n?), magnetic field strengtii (A/m), and  the center of a bead are

magnetizatiori\/l (A/m) are Hr:XmHap487/3)(a3/|r|3)C05( 0), (5)
B=uo(H+M), (2 and
M= XmHapp, (€©)) Hy= XmHapd 47/3)(2%/|r]3)sin(6), (6)

wheredis the angle betweenandM (M is parallel toH ;).
The direction ofHpe,qfrom a bead in a uniform applied
Z1 field in the plane of the page from left to right is roughly
Happlied e o depicted in Fig. 2. Note that the field directly under the bead
— > qiBasts (at 6=7/2) due to its magnetizatiodirectly opposes the
applied field Setting x,=0.05, a=0.5um, and v
=0.1um, theX component ofH,.,qCan be calculated as a
function of X andY. The results of this calculation are shown
in Fig. 4. Note that the fields plotted in Fig. 4 are in the
opposite direction from the applied field. The total field on
the GMR detector is the sum éf,p,andHpeaq SinCeHpeqq
is always opposite to but smaller theiy,,, the net field will
never be greater thaH ., or less than zero. The average
effect in the example given iBlpeaq=0.08H,,p, SO the net
field is Higa= 0.98H 3p.

Clearly, the effect is limited to the region immediately
beneath the bead. The magnitude of the field distortion due
Fic. 3. Coordinate system used for the present calculations. The detectorl® the bead drops off approximately agrf as one moves
sensitive axis is th& axis. away from the bead in all directions. Consequently, for

1 pm
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and be about 40 n\dH_z. So the signal to noise ratio at 1 Hz
with a 1 Hzbandwidth is 25Q.V/40 nV=6250: 1. While this
simple calculation ignores engineering challenges that must
be addressed to fully use the available signal, it is clear that
detection of a single lum diameter bead with a &m
2 & X 1 um GMR detector is not limited by fundamental signal
Fic. 5. GMR resistors represented by the thin, hashed rectangles.(®oth {0 noise issues.
and (b) are cross sections analogous to that in Fig(a®.Resultant bead

magnetization and stray fields from an excitation field in the plane of th
GMR. (b) Resultant magnetization and fields from a vertical excitation field?VI' ULTIMATE SIZE LIMITS AND CONCLUSION

In both cases, the GMR resistors respond to the fields in the plane of the The preceding discussion shows that a GMR sensor can

GMR film. detect a single paramagnetic bezcany sizeas long as the
following conditions are met(1) the sensor is about the

same size as the bed@) the bead surface is about 0.2 bead

s!ngle bead detecyon, Itis bgst to match t.he GMR detecmrradii away from the surface of the sens(8) the bead has a
size to the bead size for maximum resolution.

There are several variations of this technique involvingXm of 0.05, and(4) the GMR sensor response is adequate.

the relative orientation of the beads, GMR detectors, anc'ib‘" four of these conditions are presently easily met at a bead

excitation fields. An important variation of the excitation radius,a, of 500 nm. Reducing to 100 nm is clearly pos-

i ) ) sible by overcoming technical difficulties in fabrication of
field geometry is to apply a field normal to the plane of thethe GMR sensors. A significant difficulty will be fabricatin
GMR sensor(see Fig. 5 The GMR is about 1000 times ' 9 y 9

S Lo increasingly thin passivation layers over the GMR sensor
harder to magnetize in the normal direction, so a much larger : . . .
. . . . that can withstand the chemical treatment and saline environ-
magnetizing field can be applied to the beads without satu- o : X
. . . ment required in an assay. Reduciéurther to 10 nm will
rating the GMR sensors. Another important variation from . : L
. . oo . . . require advances in bead fabrication technology as well as
an instrumentation standpoint is having a differential senso

. MR sensor fabrication. Gettirgto 1 nm will require new
or bridge sensor setup where one or two of several GM . .
. ' . understanding of the fundamental magnetism of extremely
resistors are exposed to fields from the beads while the res . ; g
) . . .~ —. “small objects. Most of these advances in nanoscale magnetic
are not, or are exposed to fields in the opposite dlrecuont'echnolo will likelv be driven by the hard disk drive in
Additional features could include embedded field excitation 9y Y y

R . . . dustry as they continually decrease bit sizes at a rate of over
straps(extra “wires” can be included in the design of the ; . . )
. ) 60%/year. Advances in magnetic density will complement
detectors, which apply a local field of about 0.1 mT/pahd . . . . .
i ; " o : other rapidly decreasing feature sizes for integrated devices.
thick magnetically permeable “flux pipes” that guide mag-

. X [timately, it may be possible to make these detectors to
netic flux around the detector surface much like yokes an . :
ave the same volume as the objects they are designed to
cores for electromagnets.

detect.
This design study has described in detail the design for
V. DETECTOR SIGNAL TO NOISE constructing a single bead detector for a magnetoresistive
The foregoing model assumes axinx 1 um GMR de-  aSSay. Furthermore, the signal to noige of such an assay was
tector sits directly beneath the paramagnetic label. Such $hown to be greater than 5000:1 using reasonable assump-
detector would carry 5 mA, and have a 10-Qlresistance tions about the GMR detector and bead properties. In some
corresponding tdH .o, ranging from 20 to 0 mT. This repre- preliminary experimentg, nonoptimizgd GMR detgctor's have
sents the 10% resistance change over 20 mT indicated in Fi§®en used to detect single magnetic beads with signal to
1. The detector voltage, then, changes at a rate of 280 n0|se_of several hundred. The most dlff!qult_aspect of these
mT. The maximurH,,,, possible without saturating the sen- e>_<per|ments has been the precise posmonlng of t_he beads
sor is 20 mT. The field attenuation from the bead modeledVith respect to the GMR sensor. Further work is being done
above is, on average, 0.05 times thg,,. Although the total to more completely verify the detection limits of this assay
resistance change will be slightly less than the average fielfPrmat.
change due to current redistribution within the GMR sensor,
assume for now that the net resistance change is exactly prdCKNOWLEDGMENTS
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