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Abstract

We present giant magnetoresistance (GMR) spin valve sensors designed for detection of superparamagnetic nanoparticles as potential biomolec-
ular labels in magnetic biodetection technology. We discuss the sensor design and experimentally demonstrate that as few as∼23 monodisperse
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6-nm superparamagnetic Fe3O4 nanoparticles can be detected by submicron spin valve sensors at room temperature without resorting
etection. A patterned self-assembly method of nanoparticles, based on a polymer-mediated process and fine lithography, is deve
etection. It is found that sensor signal increases linearly with the number of nanoparticles.
2005 Elsevier B.V. All rights reserved.
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. Introduction

For the past several years, giant magnetoresistance (GMR)-
ased magnetic biodetection technology, which involves label-

ng biomolecules with magnetic micro- or nanometer-sized par-
icles and detecting the magnetic fringing fields of the particle
abels by GMR sensors after capture by target-probe biomolec-
lar recognition, has received increasing research and develop-
ent efforts[1–14]. This is because the GMR biosensors are
romising for sensitive, large-scale, inexpensive, and portable
iomolecular identification. They are also compatible with stan-
ard silicon IC technology, and suitable for integration into a

ab-on-chip system. Compared to the superconducting quan-
um interference device (SQUID)-based ultrasensitive magnetic
iodetection[15,16], the GMR technology has advantages of
oom-temperature operation, less complex instruments, and
ence more portable and flexible implementation. Moreover,
iven the nature of the solid-state thin film sensors and the IC
ompatible fabrication, the GMR biosensors can be integrated

into a very high density, individually addressable array sim
to the magnetic random access memory (MRAM), and h
such a GMR sensor array will be well suited for multi-ana
biodetection[2,3].

Up to date, most magnetic particle labels in the litera
are micron or submicron sized, usually composed of a p
mer matrix with imbedded magnetic nanoparticles or a poly
core coated with magnetic nanoparticles[1–10]. However, in
order to achieve ultrahigh biodetection sensitivity, e.g., si
molecule detection, the dimension of magnetic particle la
should be comparable to that of biomolecules. In the ca
detecting DNA fragments, it is ideal to have the particle la
at 20 nm or smaller in diameter[17]. Such small nanoparticl
would not block bimolecular interactions, such as hybrid
tion between complementary gene fragments. Moreover
nanoparticle label may be conjugated with one or at mo
few DNA fragments, which will help establish a quantita
relationship with a sufficient accuracy between the numb
captured particle labels and the actual biorecognition even
contrast, it is quite difficult to do so with microbeads beca
of their large size mismatch with biomolecules. The mono
∗ Corresponding author. Tel.: +1 650 723 8671; fax: +1 650 215 9918.
E-mail address: sxwang@stanford.edu (S.X. Wang).

persity of crystalline magnetic nanoparticles in both size and
magnetic moment[18,19]also benefits the signal quantification,
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in contrast to the large variations of the microbeads in magnetic
moment[1,10].

Given all these desirable properties, magnetic nanoparti-
cles with a diameter of 20 nm or smaller become desirable
biomolecular labels for ultrasensitive, highly quantitative mag-
netic biodetection technology. On the other hand, such tiny
magnetic nanoparticles are a great challenge to the detectors,
because their magnetic moments are very low due to their limited
physical volume, relatively large surface area, and significant
thermal disturbance to magnetic moments, i.e., superparam-
agnetism. In this paper, we present a GMR spin valve sensor
designed and fabricated for detecting monodisperse superpara-
magnetic nanoparticles as potential biomolecular labels. The
sensor design will be discussed first, and then we will present
experimental results demonstrating the quantitative detection of
a few tens to hundreds of magnetic nanoparticles (16-nm Fe3O4)
by spin valve sensors at room temperature.

2. Sensor design

2.1. Spin valve sensor

The physical volume of magnetic nanoparticles limits their
magnetic moments and hence their magnetic fringing fields.
Therefore, the nanoparticle sensor is required to possess high
field sensitivity. For that reason, a GMR spin valve has been
c detec-
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Fig. 1. Schematic illustrations of (a) the top view of a spin valve sensor and (b)
its cross-section. A few magnetic nanoparticle labels are conceptually shown
bound to the sensor through hybridized probe and target DNAs in the biologically
active area.Mf andMp are the free and pinned magnetization of the spin valve
sensor, respectively.Ht and Hb are the applied magnetic excitation and bias
fields, respectively.

as shown inFig. 1(a), the sensors were patterned in such a rect-
angular shape that the pinned magnetization is aligned in the
transverse direction and the shape anisotropy will then align
the free layer magnetization in the longitudinal direction. In
this magnetic configuration, the transverse direction is the field-
sensitive direction of the spin valve sensors.

To avoid unwanted Barkhausen noise in the signal output of a
spin valve sensor, we need to magnetically stabilize the sensing
free layer. As used in magnetic recording heads, a permanent
magnet bias would be effective for free layer stabilization for
the spin valve biosensor, but with a modest increase in fabri-
cation complexity. For our prototype spin valve sensors, espe-
cially those with a submicron-scale width (w), we utilize shape
anisotropy to stabilize the free layer. In addition, an external bias
fieldHb, as shown inFig. 1(a), can also be applied to enhance the
free layer stabilization. Moreover, we overlay thick aluminum
leads on the end segments of the spin valve stripe where complex
domain structure is most likely to form, as shown inFig. 1. This
lead configuration will shunt the electrical sense current (Isense)
away from those regions and hence reduce possible Barkhausen
noise.

Defined by the aluminum leads, the central segment of a spin
valve sensor generates the electrical signal when a sense current
passes through it, and therefore is called the “electrically active
area”. When designing the electrically active area, we should
consider the sensor surface area available for biochemical reac-
t sor
s
i e the
e DNA
hosen as the sense element for magnetic nanoparticle
ion because of its high sensitivity to low magnetic fields[20].
he spin valve with a synthetic antiferromagnet pinned lay

he preferred structure for its large dynamic range of field, g
hermal stability, and design flexibility[21], and is actually use
o fabricate the spin valve sensors presented in this paper.

Fig. 1 shows schematic drawings of a spin valve se
esigned for detecting magnetic nanoparticles that are conc
lly immobilized onto the sensor surface via DNA hybridizat
nlike the binary digital output of a spin valve cell in nonvola
emory applications[22], a linear analog signal is desired fro

he spin valve sensors for quantitative biodetection. For this
ose, the spin valve sensor is best configured in an ortho
agnetization state[23]. Fig. 1(a) shows a patterned rectangu

pin valve sensor with its pinned magnetizationMp fixed in the
ransverse ory direction and the free magnetizationMf rotat-
ng freely in the sensor plane. In this configuration, the se
esistance can be expressed asR = R0 + (1/2)�Rmaxsinθf , where
Rmax= RAP − RP is the sensor resistance change betwee
ntiparallel (RAP) and parallel (RP) magnetization configura

ions,R0 = RP +�Rmax/2 is the sensor resistance at the orth
nal configuration, andθf is the orientation angle of free lay
agnetization with respect to the longitudinal orx direction.
or an external field applied in the transverse direction w
certain range, sinθf is linear or approximately linear with th

eld, leading to a linear dependence of sensor resistance
eld too.

For our spin valve sensors, a couple of methods have
sed to establish such an orthogonal magnetization con
ation. We deposited the free and pinned layers in diffe
agnetic fields that were orthogonal to each other. More
n
-

,

ions, which is called the “biologically active area”, the sen
ignal strength, and noise. As illustrated inFig. 1, the biolog-
cally active area is an area of the surface located insid
lectrically active area and where biorecognition, such as
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hybridization, and nanoparticle immobilization occurs. The bio-
logically active area can be a physically separate layer, such
as gold, deposited on the sensor to suit the surface chemistry
requirements for biochemical reactions. In principle, the biolog-
ically active area can be as large as the whole electrically active
area to maximize the available biochemical reaction sites. How-
ever, for good signal quantification, the biologically active area
should rather be confined to the central portion of the electri-
cally active area and have a high aspect ratio, because the spatial
uniformity of the sensor signal degrades significantly when mag-
netic nanoparticles are located close to the sensor edges[12].
Nonetheless, given a sensor width, the longer the electrically
active length is, the larger the biologically active area can be.

A long electrically active length is also beneficial to the sen-
sor signal, because the longer the electrically active length is,
the more magnetic flux from magnetic nanoparticles the elec-
trically active area collects, and therefore the larger the sensor
signal is due to the nanoparticles. On the other hand, the sensor
noise increases with the electrically active length, because elec-
trical noises, such as 1/f noise and Johnson noise increase with
the sensor resistance which is proportional to the electrically
active length. Therefore, the electrically active length should be
a result of balancing all these factors. Similar trade-off exists
to the sensor width. It is straightforward to see that the nar-
rower the sensor width is, the more sensitive the sensor is to the
magnetic fields of the nanoparticles. However, narrowing sensor
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d

2

ls is
t netic
fi nts or
fi n
fi rec-
t n be
a plane
o ction
m
[
w
e d
i ction
m exci-
t
o

es,
t se
d lve
s
l n
t alve
s d (3
p ar-
t field
i ods

Fig. 2. Schematic illustrations of four nanoparticle detection modes: (a) in-
plane DC mode, (b) vertical DC mode, (c) in-plane AC mode, and (d) vertical
AC mode, corresponding to the four combinations of the direction and form of
the magnetic excitation fieldHt. Hb is a constant DC bias field applied in the
sensor plane. A double-head arrow indicates an AC field, while a single-head
arrow indicates a DC field.

such as permanent magnet bias or a large shape anisotropy, are
available. In fact, the application ofHb in the longitudinal direc-
tion will decrease the field sensitivity of the spin valve sensor in
the transverse direction, becauseHb will increase the magnetic
stiffness of the free layer magnetization. Moreover, the magnetic
nanoparticles do not need an initial polarization in the in-plane
modes, because the excitation fieldHt is already in the trans-
verse direction and the induced effective magnetic fields from
the nanoparticles will also be exerted in the same direction on
the sensor. Based on the above reasons, the DC bias field may
be needed only for a micron-wide spin valve sensor, mainly to
stabilize its free layer, whereas for a submicron-wide sensor it
may not be needed if the free layer is already in a single domain
state.

For the vertical modes, the excitation fieldHt is applied in
the vertical direction. The DC bias field, however, needs to be
applied in the transverse direction for a spin valve sensor[12],
as shown inFig. 2(b and d). In contrast to GMR multilayer sen-
sors whose resistance is affected only by the field magnitude
[1–3,5,10], a spin valve sensor is sensitive to the field direction
as well. If no DC bias field is applied, the magnetic fringing field
of a vertically magnetized nanoparticle will be radially symmet-
rical in the sensor plane[24], leading to a zero net field. This is
not a problem for a GMR multilayer sensor, but it is an impor-
tant issue for a spin valve sensor because the resistance of a spin
valve sensor under such a radially symmetrical field will not
c y (
o func-
t
L -
u e,
k re,
b n
m netic

m ,
idth will increase sensor resistance and hence noise, an
ecrease the biologically active area.

.2. Detection methods

The basic idea of detecting magnetic nanoparticle labe
o excite the superparamagnetic nanoparticles with a mag
eld and then to detect their magnetic responses (mome
elds) by the GMR sensors[1–13]. The magnetic excitatio
eld, however, can be applied in different forms and di
ions. For example, a DC or AC magnetic excitation field ca
pplied, and this excitation field can be either in the sensor
r perpendicular to the sensor plane, leading to four dete
odes: in-plane DC[4,6,8,13], in-plane AC[7], vertical DC

5,10], and vertical AC modes[1–3,12], as illustrated inFig. 2
here the excitation field is denoted asHt. In addition to the
xcitation field, a constant DC bias fieldHb may also be applie

n the sensor plane for different purposes in different dete
odes. In this paper, we define the sensor’s response to the

ation fieldHt as the sensor signal. The static DC bias fieldHb
nly affects the base state of the spin valve sensor.

As shown inFig. 2(a and c), in the in-plane detection mod
he magnetic excitation fieldHt is applied in the transver
irection, which is the field-sensitive direction of the spin va
ensor, and the DC magnetic bias fieldHb, if applied, is in the

ongitudinal direction. The DC bias fieldHb has three roles i
he in-plane modes: (1) stabilizing the free layer in the spin v
ensor, (2) defining a proper working point for the sensor, an
roviding an initial polarization or magnetization for nanop

icles. However, for the in-plane detection modes, the bias
s not really necessary if other free layer stabilization meth
)

,

hange. However, we know that the magnetic susceptibilitχ)
f superparamagnetic nanoparticles is not constant but a

ion of applied fieldH, i.e.,χ(H) = M/H = msL(α)/HVp, where the
angevin functionL(α) = cothα − 1/α,α = msH/kT,ms is the sat
ration moment of a nanoparticle,Vp the nanoparticle’s volum
the Boltzmann’s constant, andT is the temperature. Therefo
y applying a transverse bias fieldHb in the vertical detectio
odes, we can not only gain a nonzero transverse mag

omentmy = χ(H =
√

H2
b + H2

t )HbVp for the nanoparticle
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Fig. 3. (a) An optical micrograph of a fabricated spin valve sensor array of 60 sensors on a∼7 mm× 8 mm chip and (b) the scanning electron microscope (SEM)
image of one submicron sensor in the array.

but also make this transverse moment vary with the vertical exci-
tation fieldHt via the field-dependent magnetic susceptibilityχ.
Hence, due to this transverse moment, the average in-plane field
from the nanoparticle will also vary withHt. As a result, the
resistance of the spin valve sensor with captured nanoparticles
will change in response to the vertical excitation field. For the
above reasons, a transverse DC bias field is indispensable in the
vertical detection modes for a spin valve sensor.

One advantage of the vertical modes over the in-plane modes
is that there is no net signal output when no magnetic nanopar-
ticles are present, because a spin valve sensor is insensitive to a
vertical excitation field. On the other hand, the in-plane modes
have a higher tolerance to the possible misorientation of the exci-
tation fieldHt than the vertical modes due to the same reason. A
slight tilting out of the sensor plane ofHt would not affect the
sensor signal much because of the insensitivity of the spin valve
to the vertical field. In the vertical modes, however, a slight tilting
of Ht away from the normal direction will introduce an in-plane
component ofHt, which would, in turn, change the zero-particle
signal from null to a finite value that might be comparable to the
true signal from the nanoparticles.

As mentioned before, the magnetic excitation fieldHt can
be DC or AC. Compared to a DC excitation, an AC excitation
will generate an AC MR signal from a spin valve sensor, which
therefore can be measured with a lock-in amplifier to achieve a
high signal-to-noise ratio (SNR)[1–3,7,9,12]. The in-plane AC
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For the nanoparticle detection demonstrated in this paper, we
have chosen the in-plane DC mode for its EMI-free signal, the
easiness of magnetic field alignment, and the simple measure-
ment setup, for which only the transverse excitation fieldHt is
needed.

3. Magnetic nanoparticle detection

3.1. Sensor fabrication

The spin valve sensors with synthetic pinned layers and
a magnetoresistance (MR) ratio of 11.3% were fabricated at
submicron scale by e-beam lithography with a width of about
0.2�m. Reducing sensor width from micron to submicron size
will increase the effective field of the magnetic nanoparticles in
the sensor and therefore enhance the sensor’s detection sensitiv-
ity [7,11–13]. The sensor fabrication started with the spin valve
thin film deposition on a 4-in. silicon wafer with the pinned
magnetization (Mp) set in a selected direction. This selected
direction will makeMp aligned in the width or transverse (y)
direction of the patterned spin valve sensors, as illustrated in
Fig. 1(a). e-Beam lithography (Hitachi HL-700F) was used to
pattern sensor stripes on a submicron scale. The patterns were
thereafter transferred into the spin valve thin film by timed ion
milling. After striping off the e-beam resist, optical lithography
(Electronic Visions 620 Aligner) was used to overlay leads pat-
t inum
l ition.
E rmed
a ri-
c
c ge of
o

3

he
m t
i em-
ode signal has the same frequency (1f) as the AC excitatio
eld Ht [7], whereas the vertical AC mode signal is at twice
requency (2f), because the upward and downward half per
f Ht have the same effect on changing the transverse mag
eld of the nanoparticles in a spin valve sensor with a DC tr
erse bias fieldHb [12]. In contrast to a DC magnetic excitatio
n AC magnetic excitation will introduce electromagnetic in

erence (EMI) to the sensor signal, because the AC field
ause a time-varying magnetic flux in the measurement c
hich, in turn, generates an AC voltage as governed by the
ay’s law. This EMI can easily surpass the true signal from
anoparticles and therefore extra care is needed in the AC
etection.
ic
-

t
-

e

ern on the spin valve sensor stripes. Thick (300 nm) alum
ayer was then deposited on the wafer by ion beam depos
lectrical leads and pads to the spin valve sensors were fo
fter lift-off. Fig. 3shows (a) the optical micrograph of a fab
ated spin valve sensor array of 60 sensors on a∼7 mm× 8 mm
hip and (b) the scanning electron microscope (SEM) ima
ne submicron sensor in the array.

.2. Magnetic nanoparticles

Monodisperse 16-nm Fe3O4 nanoparticles are used in t
agnetic nanoparticle detection experiments[19]. The left inse

n Fig. 4shows a SEM image of the nanoparticles. At room t
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Fig. 4. Normalized magnetization curves of 16-nm Fe3O4 nanoparticles mea-
sured by VSM at room temperature. The left inset shows the SEM image of the
nanoparticles. The right inset is the distribution of particle magnetic diameter
obtained from the log-normal fitting to the magnetization curve.

perature, the 16-nm Fe3O4 nanoparticles are superparamagnetic,
as indicated by the magnetization curve shown inFig. 4, which is
measured with a vibrating sample magnetometer (VSM). Also
shown inFig. 4 is the fitting of the magnetization curve with
the Langevin function weighted by a log-normal distribution of
nanoparticle diameter[25,26]:

Mnp

MS,np
=
∫∞

0 L(α)f (dm) ddm∫∞
0 f (dm) ddm

, (1)

whereL(α) is the Langevin function withα = msH/kT, dm the
effective magnetic diameter of nanoparticle, andf(dm) is the
log-normal distribution of the magnetic diameter:

f (dm) = 1√
2πdmσd

exp

(
− ln2(dm/dm0)

2σ2
d

)
, (2)

wheredm0 is the median diameter andσd is the distribution
width. The particle momentms is related to the magnetic diam-
eter asms = πd3

mMS/6, whereMS = 480 emu/cm3 is the satura-
tion magnetization of Fe3O4, and the imperfection of a nanopar-
ticle is represented by its reduced magnetic diameter with respect
to its physical diameter. As we can see, the magnetization curve
is well fitted by the weighted Langevin function, indicating the
superparamagnetism of the nanoparticles. The particle diameter
distribution is also plotted in the right inset ofFig. 4, for which
dm0 = 14.5 nm andσd = 0.25. The mean diameter of the Fe3O4

nanoparticles is̄dm = dm0 eσ2
d/2 = 14.9 nm, close to the phys-

ical diameter of 16 nm as measured by transmission electron
microscope (TEM)[19].

3.3. Experimental methods

In order to place magnetic nanoparticles on spin valve
sensors, we developed a “bilayer lift-off” process to deposit
the nanoparticles site-specifically. As schematically shown in
F : a
b te)
( p 1).
P can
s n PEI

F quen
b osed ns
a ned in the dot
S shown in (b) after lift-off of the PMMA layer.
ig. 5. (a) Schematic bilayer lift-off process: (1) a PEI/PMMA bilayer is se
y e-beam lithography, (3) magnetic nanoparticles self-assemble on exp
re lifted off by solvent. (b) SEM image of a nanometer-scale dot patter
ixteen-nanometer Fe3O4 nanoparticles deposited in such a dot pattern as
ig. 5(a), the bilayer lift-off process involves four steps
ilayer of poly(ethylenimine) (PEI)/poly(methyl methacryla
PMMA) is sequentially coated onto the sensor surface (ste
EI is a functional polymer on which magnetic nanoparticles
elf-assemble into a monolayer via ligand exchange betwee

tially coated on a sensor surface, (2) deposition areas are created inthe PMMA layer
PEI layer in the deposition areas, and (4) the resist layer and unwantedanoparticle
the PMMA bilayer on a spin valve sensor. Inset shows the close-up of. (c)
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and the surface surfactant (oleic acid) of the nanoparticles[27].
The PEI layer of∼2 nm thickness is dip-coated in chloroform
solution. The e-beam resist layer PMMA is spin-coated on top
of the PEI, and then the deposition areas are cleared by e-beam
lithography (Raith 150) (step 2). After that, magnetic nanoparti-
cles are applied in hexane solution onto the sensor surface. Some
particles self-assemble on the exposed PEI layer in the deposi-
tion areas (step 3). Finally, the PMMA layer is stripped off with
acetone and any nanoparticles on the PMMA layer are lifted
off, leaving behind the self-assembled magnetic nanoparticles
bound onto the PEI layer in the deposition area (step 4). For
example,Fig. 5(b) shows a nanometer-scale dot pattern in the
PMMA layer on a spin valve sensor andFig. 5(c) shows 16-nm
Fe3O4 nanoparticles deposited in such a dot area after lift-off
of the PMMA layer. By varying the size, location of deposition
area and the concentration of nanoparticles in solution, we gain
control of the number and position of deposited nanoparticles,
which enables us to perform quantitative detection of magnetic
nanoparticles on spin valve sensors.

The magnetic nanoparticle detection is performed in the in-
plane DC mode with the magnetic excitation fieldHt applied
in the transverse direction (seeFig. 2(a)). In this work,no bias
field Hb was applied for the submicron spin valve sensors due
to their large shape anisotropy. The MR transfer curves, i.e., the
sensor resistance versus the applied fieldHt, are measured for the
sensor with and without magnetic nanoparticles. The difference
o rthe
t
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�R = Rwith − Rwithout, whereRwith and Rwithout are the sensor
resistances with and without nanoparticles, respectively.

3.4. Detection results and discussions

Fig. 6(a) shows the resistance differences of three detection
sensors (filled symbols) and two reference sensors (open sym-
bols) as examples of the series of measurements. There are
increasing numbers of Fe3O4 nanoparticles on detection sen-
sors 1–3.Fig. 6(b and c) shows the SEM images of the detection
sensors 1 and 2 with the deposited nanoparticles, respectively.
The MR transfer curves before and after depositing the Fe3O4
nanoparticles of the detection sensor 3 are also shown in the
inset ofFig. 6(a). Due to the small effect of the nanoparticles,
the resistance differences do not look as apparent on the MR
transfer curves as on the�R curves. The difference between the
detection sensors and the reference sensors is readily noted in
Fig. 6(a). Whereas the resistance differences of the reference
sensors are almost flat around zero, the�R curves of the detec-
tion sensors show two peaks, one negative for positiveHt and the

Fig. 6. (a) Resistance differences before and after depositing 16-nm Fe3O4

nanoparticles for three detection sensors (filled symbols) and two reference sen-
sors (open symbols). The inset shows the MR transfer curves measured before
(solid line) and after (dashed line) the nanoparticle deposition for the detec-
tion sensor 3. The three detection sensors have different numbers of the Fe3O4

nanoparticles. SEM images of (b) the detection sensor 1 with∼23 deposited
Fe3O4 nanoparticles that are also shown in the inset at a higher magnification
and (c) the detection sensor 2 with∼108 nanoparticles.
f the MR transfer curves indicates the presence and, fu
he quantity of the captured nanoparticles.

We first patterned the nanoparticle deposition areas with
ng sizes on a series of spin valve sensors on a chip like th
hown inFig. 3(a). Then the sensor chip was brought to a p
tation equipped with a homemade electromagnet and four
ten probes. Driven by a DC power supply, the electroma
upplied the magnetic excitation fieldHt in the transverse dire
ion of the spin valve sensors. The four tungsten probes
ut in contact with the aluminum pads (seeFig. 3) to imple-
ent the four-probe measurement of the sensor resistan

ense current ofIsense=−0.1 mA was sourced to a spin va
ensor by a Keithley 236 Source-Measure Unit where the
tive current runs in the−x direction (seeFig. 1(a)), while the
oltage across the sensor was measured by a HP 3685 Mu
er. Both the magnetic field application and the sensor resis
easurement were controlled by a computer.
The 16-nm Fe3O4 nanoparticles, in hexane dispersion, w

hen applied onto the sensor surface. After drying, the PM
ayer was lifted off with acetone. As a result of the varying siz
he nanoparticle deposition areas, the Fe3O4 nanoparticles wer
eposited in different quantities on different sensors. How
ome sensors on the chip were intentionally skipped durin
-beam lithography so that they have no deposition area
ence no nanoparticles on surface. The sensors with dep
anoparticles are called “detection sensors” and the ones
ut nanoparticles “reference sensors”. During the nanopa
eposition, the sensor chip remained immobile at the prob

ion. The MR transfer curves were measured again after app
he nanoparticles. Comparing these two transfer curves
he resistance differences caused by the deposited nanopa
r,
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other positive for negativeHt. The appearance of the peaks is the
result of two competing factors: the sensor sensitivity and the
nanoparticle fields. When the applied fieldHt decreases from
saturating values, the field sensitivity of the sensor increases
until it reaches the maximum at low field, as seen in the MR
transfer curves. On the other hand, the polarization and there-
fore the field of the nanoparticles decreases with the decreasing
Ht. Hence, the MR effect of the nanoparticles peaks at some field
in between the saturation and zero. The opposite polarity of the
peaks is due to the fact that the field from the nanoparticles is
opposite to the applied field on the sensors.

Spaced by∼2-nm thick PEI layer and∼5-nm spin valve cap-
ping layer, the 16-nm Fe3O4 nanoparticles are about 7 nm above
the free layer. At such a close distance, the magnetic stray field
from the sensors will affect the polarization of the nanoparticles.
The stray field comes from the ferromagnetic layers in the spin
valve and from the sense current. The free layer stray field fur-
ther interacts with the particle field during the detection. As a
result of the influence of the sensor stray field, the positive and
negative peaks in the�R curves need not be symmetric about
zero applied field. Indeed, some shifts of the zero-crossing point
are observed on the�R curves. The shifts are towards negative
Ht in the−y direction, indicating that the stray field from the spin
valve sensors at zero applied field is positive, in the +y direction.
This positive sensor stray field may come from the negatively
pinned moments, the free layer moment tilted negatively due to
t e
d tion
a the
s rs).
m duce
s

v ti-
c inea
fi ctua
t idere
t orre

F osite
F
l nate
t

sponds to one detection sensor on the chip. The three detection
sensors (1–3 inFig. 6(a)) are explicitly labeled. InFig. 7 we
notice that the sensor signal�Rp–p increases with the number
of nanoparticles in a reasonably linear manner. The data scatter
seen inFig. 7 may be caused by the factors, such as the vary-
ing locations and distributions of nanoparticles on the sensors.
Although the Fe3O4 nanoparticles have a narrow size distribu-
tion [19], they are not identical, as seen inFig. 4. This small
distribution would also have an adverse impact on the sensor
signal quantification, especially when the nanoparticle number
is small as in this case. The sensor-to-sensor variation, such as
physical dimension and field sensitivity, may contribute to the
data scatter as well. Hence, it is forseeable that the data scat-
ter can be reduced by varying and counting nanoparticles on
the same sensor for more realistic biodetection. In the current
experiments, however, the deposited nanoparticles are strongly
bound to the PEI layer so that the detection can only be per-
formed once per sensor. Nonetheless, since these sensors are
fabricated on the same chip and have closely similar properties,
Fig. 7represents to a large extent the sensor signal dependence
on the nanoparticle quantity.

The fitting line inFig. 7intersects the reference signal level at
14 nanoparticles, which may be the minimum detectable number
of nanoparticles in this detection scheme with a signal-to-noise
ratio of∼1. The inferred 14 or demonstrated 23 (on the detection
sensor 1) FeO nanoparticles have a total magnetic moment of
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irection. In another set of detection experiments, we inten
lly moved the nanoparticles away from the sensor top to
ensor side at a large distance (a few hundred nanomete
uch smaller shifting was then observed because of the re

ensor stray field at the greater distance.
Fig. 7 shows the peak-to-peak resistance difference�Rp–p

ersus the number of deposited Fe3O4 nanoparticles. The par
les are counted on the SEM images. The solid line is a l
t to the data. The horizontal dashed line indicates the flu
ion range of reference sensor signals, and may be cons
he noise level of this detection method. Each data point c

ig. 7. The peak-to-peak resistance difference vs. the number of the dep
e3O4 nanoparticles. The three detection sensors inFig. 6(a) are explicitly

abeled. The solid line is a linear fit and the dashed horizontal line desig
he average signal fluctuation range of the reference sensors.
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11 or 17 femu at the peaks of�R, respectively, which is on
rder of magnitude lower than the prior reported detection
f one 250-nm magnetic label or 200 femu[6]. Some clusterin

s noted in the deposited nanoparticles, as seen inFig. 6, which
ight reduce the particle moments because of the inter-pa
agnetostatic interaction[9]. In real biodetection application

he nanoparticle labels would be more isolated due to the
epulsion of attached biomolecules and surface surfactants
esult of this separation, the detection sensitivity will be fur
nhanced. It is conceivable that an even lower number (<1
anoparticles will be detectable by using more sensitive sen
uch as magnetic tunnel junctions[28,29], and higher momen
articles, such as Co and Fe, or by using lock-in detectio
arrow the noise bandwidth.

In these experiments, more than one reference sensors
sed to make certain that the resistance differences caus

he nanoparticles can be well distinguished. These referenc
ors were randomly selected on the sensor chip, and we
ecessarily the nearest neighbors of the detection sensor
xperiments indicated that reference sensor signals were c
ent among one another, and seemed uncorrelated to the
ocation on the chip. This implies that only a small portion
ensors may be needed as the reference for a large-sca
rated sensor array, leading to a high utilization ratio of the
alve sensors for biodetection.

. Conclusions

Prototype GMR spin valve sensors have been des
nd fabricated at a submicron scale for detection of m
etic nanoparticles intended as biomolecular labels in a



G. Li et al. / Sensors and Actuators A 126 (2006) 98–106 105

netic biodetection technology. We demonstrate experimentally
the detection of 16-nm superparamagnetic Fe3O4 nanoparti-
cles in various quantities from hundreds down to a few tens
by spin valve sensors at room temperature. A linear relation-
ship between sensor signal and nanoparticle quantity has been
found. These experiments provide a direct proof of the feasi-
bility of using submicron spin valve sensors as highly sensi-
tive biosensors and monodisperse superparamagnetic nanopar-
ticles as magnetic labels for emerging magnetic biodetection
technology.
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