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Abstract

Magnetoresistive sensors using spin valves and magnetic tunnel junctions are
reviewed, considering applications as readers in hard disk drives, as well as
applications where the ultimate field detection limits are required (from nT
down to pT). The sensor noise level in quasi-DC or high-frequency applications
is described, leading to sensor design considerations concerning biomedical and
read head applications. Magnetic tunnel junction based sensors using MgO
barriers appear as the best candidates for ultra-low field (pT) detection, either in
the high-frequency regime, or for quasi-DC applications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Magnetoresistive (MR) sensors are linear magnetic field transducers based either on the
intrinsic magnetoresistance of the ferromagnetic material (sensors based on the spontaneous
resistance anisotropy in 3d ferromagnetic alloys, also called anisotropic magnetoresistance
(AMR) sensors), or on ferromagnetic/non-magnetic heterostructures (giant magnetoresistance
multilayers, spin valve and tunnelling magnetoresistance (TMR) devices). This chapter covers
spin valve (SV) and magnetic tunnel junction (MTJ) magnetoresistive sensors. The major
present application of MR sensors is for the data storage market, as read heads in hard
disk drives. AMR-based read heads replaced inductive readers in the early nineties, spin
valve sensors entered the market in 1995-1996 and MTJ-based readers have been used since
2005. Magnetoresistive sensors find also applications in the automotive market (ABS sensors).
The ability of magnetoresistive sensors to detect very weak magnetic fields (nT) at room
temperature is being used in a growing number of new applications other than recording.
Magnetoresistive biochips used for biomolecular recognition have emerged as an application
with the potential to detect single molecule recognition processes. The optimization of sensor
features in order to maximize the ultimate field detection limits are discussed considering the
noise characteristics of the magnetoresistive sensors.
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Figure 1. Magnetoresistance versus magnetic field for a top-pinned spin valve coupon sample.
(P) pinned, (F) free, and (AF) antiferromagnetic layers.

2. Materials

2.1. Spin valves

Spin valves were introduced in 1991 [1], the first sensors were designed and tested in 1993—
1994 [2, 3], and the first head prototypes were presented in 1994 [4]. A good review of the
spin valve mechanism is given in [5]. Spin valves are based on the giant magnetoresistance
effect (GMR) [6], and they rapidly replaced anisotropic magnetoresistance based read head
sensors [7]. The GMR effect arises from the asymmetry in the spin-dependent scattering at the
non-magnetic/magnetic interfaces for spin-up and spin-down electrons. When the magnetic
layers have parallel magnetization directions, spin-up conduction electrons will be weakly
scattered, and spin-down electrons will be strongly scattered. The spin-up channel will short
the current leading to a low-resistance state. When the magnetic layers have antiparallel
magnetization directions, both spin-up and spin-down electrons will alternatively be strongly
and weakly scattered, leading to a high-resistance state.

Contrary to GMR multilayers, where the magnetization direction depends on the non-
magnetic (Cu, Ru,...) spacer thickness leading to oscillatory coupling [6], in spin valves, one
layer is engineered to have its magnetization pinned by exchange to an antiferromagnet [8],
while the other is free to rotate. A typical spin valve structure consists then of two ferromagnetic
layers, separated by a Cu spacer (figure 1). The buffer layer (Ta in this case) is chosen in
order to provide a (111) texture, and control grain size to 10 nm leading to soft free layer
properties. With Ta buffers, typical MR values up to 10% are obtained, (figure 1, top-pinned,
Mnlr-based spin valve, INESC-MN). The magnetoresistance dependence on the different layer
thicknesses has been modelled in the semi-classical Boltzmann equation model [9]. The
MR increases strongly by minimizing Cu thickness down to the continuity level of the Cu
layer (15-18 A, on Ta buffers). However, a decrease in Cu thickness leads to an increase in
interlayer ferromagnetic Néel coupling, so a compromise is usually found near 20-22 A Cu.
Within the Boltzmann equation model, the MR dependence on ferromagnetic layer thickness
depends on the interfacial transmission coefficients at the Cu/F interfaces, and on the spin-
dependent bulk mean free paths in the ferromagnetic layer. Depending on ferromagnetic
material (CoggFejo, Nig;Fejg, Fe), maximum MR occurs for a ferromagnetic layer thickness
varying from 60 A down to 35 A [5].
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Figure 2. Magnetoresistance versus applied field for a specular spin valve coupon sample with two
nano-oxide layers [13].

Further improvements on the MR ratio of current in plane (CIP) spin valves were obtained
by changing from Ta buffers into (Nig;Fej9)0Cryo buffers [10]. The use of NiFeCr buffers
dates back to the anisotropic magnetoresistance sensor days, where it was shown that NiFeCr
can be made smoother than Ta (about 2 A rms) achieving a higher degree of specularity at the
NiFeCr/NiFe interface and leading to larger grain size, and therefore reducing grain boundary
scattering and improving the AMR [5]. The arguments that led to larger AMR also lead to
larger MR in the NiFeCr-based spin valve structures. MR values up to 15% were reported by
different groups [10].

To further maximize the MR ratio, CIP spin valves can be made to incorporate nano-oxide
layers (NOLs) to further confine the electron path within the active F/Cu/F layers (figure 2),
and therefore reducing shunting effects and increasing specular reflection [11-13]. NOL layers
are introduced at the free layer/cap interface and in the middle of the pinned layer. Increasing
specularity decreases the total spin valve resistivity, enhancing the MR ratio. Figure 2 shows
enhanced magnetoresistance (about 14.5%) in specular spin valves with two NOLs grown on Ta
buffers [13]. Optimized specular spin valves with NiFeCr buffers and dual NOLs have reached
MR values of 18-20% [14].

For sensor applications, and apart from large MR values, the exchange field created at
the pinned layer/exchange layer interface is important. The exchange energy should be large
(>0.2 erg cm™2) such that the exchange field prevails against demagnetizing fields. The
blocking temperature (temperature where the exchange field vanishes) should exceed 300 °C,
to prevent accidental de-pinning of the pinned layer during sensor life. Another factor to take
into account is the effective coupling field between the free and pinned layers [15], which
should not exceed 10-20 Oe to allow for proper biasing (see the transfer curve in figure 1,
with an effective coupling field of 9 Oe). This coupling arises from the competition between
ferromagnetic Néel coupling [16] (caused by corrugated interface roughness), indirect RKKY-
like oscillatory exchange coupling across the Cu spacer [17], and the coupled demagnetizing
fields of both layers in patterned sensors [18].

Concerning exchange fields, most sensors use synthetic antiferromagnets to increase the
exchange and improve the temperature dependence of the exchange field. The synthetic
antiferromagnet (SAF) consists of two Co or CoFe layers with similar thickness strongly
antiferromagnetically coupled through 0.5-0.7 nm Ru [19, 20]. To avoid a spin flop transition
under an external transverse field [20], a conventional exchange layer must be coupled to
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Figure 3. Schematic band structure for electrons tunnelling across the tunnelling barrier, in the
parallel state (left) and antiparallel state (right).

one of the ferromagnetic layers. Although this strong AF coupling has a weak temperature
dependence [22], this is not so for the conventional AF that must still have an optimum blocking
temperature, but no longer large exchange. These SAF structures have another advantage.
Since the effective moment of the pinned layer is low (Me = M, — M,, where M; is the
moment of each ferromagnetic layer), its contribution to the demagnetizing and coupling fields
acting on the free layer is much weaker than in conventional spin valves. Similar SAF structures
can be used as synthetic free (SF) layers, in order to reduce the effective magnetic thickness
and moment of the free layer [23, 24].

2.2. Magnetic tunnel junctions

In the spin-dependent tunnelling effect, electrons tunnel across an insulating barrier between
two ferromagnetic electrodes [25]. Figure 3 shows the simplified band structure for the
electrons involved in the tunnelling process. The tunnelling can be either incoherent (for
example across an amorphous AlO, barrier) or coherent (across a crystalline MgO barrier). For
incoherent scattering (Julliere’s model [26]), the tunnel magnetoresistance of such a junction is
proportional to the product of both electrode polarizations P.

TMR = 2P, P,/(1 — P P») (D
where

P; = (D1(er) — D (er)) /(D4 (er) + D (er)) (2

and where D(er) is the interfacial density of states at the Fermi level for the particular spin-up
or spin-down bands.

Equations (1) and (2) lead to a low-resistance state when the two electrode magnetizations
are in the parallel state, and a high-resistance state when they are in the antiparallel state. A
typical magnetic tunnel junction has a structure similar to a spin valve, but with Cu replaced
by the insulating barrier, and the current flowing from one electrode, across the barrier, into the
other electrode. Figure 4 shows a 40% resistance change obtained upon free layer reversal, for
a medium resistance, top-pinned, AlO, tunnel barrier (Ta 50 A/NiFe 70 A/CoFe 20 A/AlO,
15 A/CoFe 25 A/Mnlr 100 A/Ta 50 A).

The interfacial spin polarization involved in the tunnelling process depends both on the
ferromagnetic electrode and on the oxide barrier. Although known since the mid-1960s, only
in the late 1990s have significant room-temperature TMR signals been observed [25, 27-31]
(TMR up to 70% with amorphous AlO, barriers). In 2004, TMR over 200% was reported
for coherent tunnelling in crystalline fcc (100) MgO barriers [32, 33]. In most of these
studies, transition metal ferromagnetic electrodes are used (CoFe, CoFeB, Fe). These results
opened a realm of practical applications, among which, two of the most important are non-
volatile magnetic tunnel junction random access memories (MRAM) and spin tunnel read
heads. Figure 5 shows the minor-loop tunnel magnetoresistance for an MgO magnetic tunnel
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Figure 4. Minor-loop tunnel magnetoresistance (free layer reversal) for a 2 x 9 um? tunnel
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Figure 5. Minor-loop tunnel magnetoresistance (free layer reversal) for a 2 x 1 um> MgO-based
tunnel junction.

junctions with structure Ta 30 A /CuN 300 A /Ta 50 A /PtMn 200 A /CoFe 25 A/Ru 7 A/CoFeB
30 A/MgO 12 A/CoFeB 30 A/Ta 50 A (Singulus and INESC-MN [78, 79]).

3. Magnetoresistive sensors

3.1. Spin valve sensors

Depending on applications, the free and pinned layer easy axis of spin valves and magnetic
tunnel junctions can be set either parallel (MRAM applications) or orthogonal (linear sensors,
read heads), by controlling the magnetic field direction during deposition (induced magnetic
anisotropy). For sensor applications the sensor output must be linearized. This can easily be
achieved by inducing a transverse magnetization direction in the pinned layer, while the free
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Figure 6. Spin valve sensors: (a) unshielded spin valve sensor schematics, (b) linearized transfer
curve for the underbiased, and properly biased sensor, (c) experimental transfer curve for an
unshielded spin valve sensor (INESC-MN), and (d) shielded spin valve sensor used as a read head.

layer, in its quiescent state, is in the longitudinal direction. Figure 6(a) shows an unshielded
spin valve sensor with pinned and free layers at 90° (sensor or head applications) [2, 18].
Equation (3) gives the unshielded spin valve sensor output voltage.

AV = L(AR/R) Ry 1 (W/h){cos(Of — By)). )

Here, AR/R is the maximum MR signal of the spin valve sensor (reaching nowadays 15-20%
in specular spin valves), Ry, is the sensor square resistance (Ryq = p/t = 15-20 Q/sq), W
the width of the read element (distance between leads), & is the sensor height, I the sensor
current, ®y is the angle between the free layer magnetization and the longitudinal direction,
O, the angle between the pinned layer magnetization and the longitudinal direction, p is
the sample resistivity, and ¢ its thickness. The average (---) is taken over the active area
of the sensor (between leads). For linearized output (®p = m/2 and ®¢ ~ 0). For the
simple case where W > &, and assuming uniform magnetization for the free and pinned
layers, (sin ®¢) = (H, + Hyjas + Heoupling) / Hiett, Where H, is the external applied field and
Hyeff = Hy + Hgemag. Hierr 18 the effective anisotropy field, incorporating the free layer shape
anisotropy field (Hgemag) and its uniaxial anisotropy field (Hy). Hyiy is the bias field used
to center the transfer curve [18]. Hoypling corresponds to the sum of the ferromagnetic Néel
coupling between the free and pinned layers, with the magnetostatic field coupling between the
pinned and free layers. Equation (3) can then be rewritten as

AV = (AR/R)quI(W/ h)(Hd + Hbias + Hcoupling)/szeff~ (4)

Figure 6(b) shows the schematic transfer curve for an unpatterned spin valve coupon sample,
and the linearized transfer curve for the underbiased, and properly biased (centred) patterned
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sensor [18]. Figure 6(c) shows the experimental transfer curve for an unshielded spin valve
sensor (W = 6 um, h = 2 um). Unshielded sensors are used in a variety of applications,
normally in a Wheatstone bridge arrangement. For read head applications, the sensor is placed
in between soft magnetic shields to increase response to the signal fields immediately below
the magnetoresistive sensor.

For standard (non-NOL) spin valves, the longitudinal sense current through the sample
provides the easiest way to bias the sensor. The thickness of the pinned and free layers can
remain optimized for the MR signal, and the Néel plus magnetostatic field offset is corrected
by the sense current bias field (Hy(j)). For NOL-containing spin valve structures, this sense
current bias field can be strongly reduced in view of the reduced spatial current distribution
in the spin valve, and the transfer curve offset must be corrected directly by controlling the
pinned layer thickness or magnetization (the use of SAF pinned layer structures is in this case
convenient) [34]. An alternative way of biasing the sensor is to use on-stack magnetostatic
bias [35]. In this case, an extra hard layer is placed in the stack, creating an extra magnetostatic
field that helps in linearizing the sensor.

For a shielded spin valve sensor used as a CIP read head, as in figure 6(d), the head output
is given by equation (3) but now with (cos(®¢ — ©)) = E - ¢aps/t W oM,

AVop = (AR/R)RqI W Ednps /2t W 1o M 3)

in SI units [36]. Here, ¢aps is the media flux entering the shielded sensor at the head air
bearing surface. The media flux leakage to the shields is described by the head efficiency
E = tanh(h/21.)/(h/l.), with I, the flux propagation length, defined as I, = (tjugr/2)"/?,
with u the relative free layer permeability, M the free layer saturation magnetization, gg the
shield to sensor separation (read half gap), and ¢ the free layer thickness [37].

CIP (current in plane) spin valve sensor read heads have reached a practical limit near
100 Gbit in~2 [38] since the spin valve MR ratio has been essentially unchanged topping 15%—
20%, and further reductions in read gap (below 20 nm) are not possible in the sensor in gap
geometry. Two alternatives appeared for new-generation read heads: CPP (current parallel to
plane) read heads, either CPP spin valves or magnetic tunnel junctions. Both offer reduced
shield to shield spacing (the current flows directly from shield to sensor) and therefore can
immediately bring down the bit length, to the limit of the sensor thickness (30—40 nm). Heat
dissipation is also improved and larger current densities can cross the CPP device improving
the signal (CPP spin valves). In recent years, MTJ-based heads have come into production,
since they offer large SNR advantages compared with CPP metallic stacks.

3.2. Magnetic tunnel junction sensors

Magnetoresistive sensors based on linear MTJs have a magnetic behaviour similar to spin valve
sensors, but with quite higher MR ratios, and slightly higher noise levels. Figure 7 shows the
MT]J transfer curve (R versus transverse applied field) at different external longitudinal biasing
fields (0, 15 and 30 Oe), for an MTJ linear sensor [39]. The inset clarifies the sample geometry,
easy axis directions defined during deposition, and transverse applied field and longitudinal
bias field directions. From the hysteresis observed in the unbiased sample (Hpips = 0 Oe),
it is clearly seen that shape anisotropy only is not effective in fully linearizing the sensor.
The help of a 15 Oe longitudinal bias is required at the expense of a decrease in sensitivity.
In tunnel junction sensors, the sense current cannot be used for free layer biasing due to its
circumferential symmetry. In this case, in-stack PM biasing or domain stabilization using
particular free layer geometry is required. The MTJ sensor output is given by

AV = (1/2)TMR I (RA/Wh)(cos(© — ©,)). (©)
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Figure 8. Tunnel junction head geometry developed at INESC-MN [40].

Here the tunnelling magnetoresistance depends on the bias voltage applied to the junction,
in fact decreasing the available TMR at zero bias voltage. As for spin valve sensors,
(cos(®f — ©p)) can be expressed in terms of H,, H coupling and Hyr. For read head
applications, in the 100-300 Gbit in~2 region, the junction resistance must be around 1 € pm?.
This low-resistance level is required in order to keep the read element resistance <100 €2, for
compatibility with head amplifiers. Figure 8(a) illustrates how the low RA tunnel junction is
incorporated in a shielded read head. Figure 8(b) shows the tunnel junction head geometry
for prototypes developed at INESC-MN [40]. In this CPP design, the MTJ is at the ABS, and
contacts are made through the shields. Lateral permanent magnet hard bias is used. Notice
the small lateral insulating layer preventing the permanent magnet from shorting the tunnel
junction. Critical for tunnel head fabrication is controlling the lapping process into the read
element. MTJ heads were brought into production in mid-2005 by Seagate, and they are
gradually replacing spin valve based readers [41].

3.3. Signal-to-noise ratio in SVs and MTJs for read head applications

Although the TMR in MTIJs is significantly higher than the MR in SVs, the intrinsic noise of
an MTJ sensor is also higher than that of an SV. MTJs can only perform better than the SVs
provided their signal-to-noise ratio (SNR) is higher. Presently, read head sensors operate at a
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frequency close to 1 GHz. At this frequency the only sources of noise which are present are
thermal noise and shot noise (in MTJs). Thermal noise [42—45], caused by the random thermal
motion of electrons, is described by

Sthemal (2 /Hz) = 4kg T R. (7)

Here, kg is the Boltzmann constant, 7" represents the temperature and R represents the
resistance of the device being considered. Shot noise [46—48] arises in discontinuities in the
conduction medium as a consequence of the discrete nature of the electrical charge and is
described by expression (8), where e stands for the electron electrical charge and 7 is the current
flowing trough the device (for practical device operating temperatures).

S3Y (V2 /Hz) = 2el R*. (8)

The tunnel barrier of an MTJ is an example of a discontinuity in the conduction medium,
which is why shot noise is found in MTJs but not in SVs or AMR sensors which are made
of continuous metallic layers. At frequencies around 3—6 GHz, for present head materials and
sensor dimensions [49] additional noise associated with resonant spin precession around the
effective magnetic field is found. This subject is out of the scope of this text but information
concerning this subject is provided in [49-53].

While operating below the resonant frequency, the signal-to-noise ratio of a
magnetoresistive sensor is given by expression (9), where V;, is the sensor bias voltage and
Vi is the average noise level.

SNR = (AR/R)Vy,/ V. &)

In the case of an MTJ, the magnetoresistance ratio depends on the bias voltage. Assuming
a linear decrease of TMR with bias voltage, the bias voltage dependence of the MTJ can be
described by

Vi
TMR(W,) = TMR, <1 ~ v (10)

1/2
Here, TMR| is the low-bias TMR and V), is the voltage bias at which TMR is reduced to half
of its zero-bias value. V|, is in the 400-800 mV range, depending on the MTJ quality and RA
product value. Introducing (7), (8) and (10) into expression (9), the SNR of an MTJ sensor is
found (in the thermally dominated noise regime):

Vo
VakgTRASf 4 2el,R2Af

_ R, 2Yi2 = Rl RI? (an
- ), 4kgTAf + 2el,RAf

While the bias voltage is small compared with V /», expression (11) is dominated by the last
term with the SNR increasing with ~+/T,. As the current keeps increasing, so does the voltage
across the MTJ, and eventually the TMR falls due to the second term in (11). The decrease
of the TMR will oppose the previous effect and the rate of increase of the SNR with the bias
current slows down until a maximum is reached. Eventually the TMR decreases with bias
voltage becoming the dominant effect, and the SNR will also decrease.

As an example, figure 9 shows the noise level in units of field SY™ (T Hz") for a set
of MgO junctions with TMR ~ 120%, RA product ~ 10-30 ,umz, Vijp ~ 250 mV and
areas between 1 x 1 and 3 x 8 um?. Rather than the simple model in expression (11), the
data presented in figure 9 were calculated using the measured TMR(R, I) extracted from the
experimental /—V characteristic and TMR versus bias voltage curve. The noise level in units

SNRyry = TMR(V4,)

9
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Figure 9. Noise background level of MgO MTJs (in magnetic field units) versus the bias current. A
30 Oe linear range was assumed. The noise background in units of field is proportional to ~1/SNR.

of field is inversely proportional to the SNR. Both figure 9 and formula (11) show that the bias
current is a very important parameter in the determination of the SNR of an MTJ and it must
be chosen with care.

In the case of a spin valve, there is no first-order dependence of the MR signal on the bias
current and expression (9) simply becomes

Vi RI?
SNRgy = MR———2  — MR [——b 12
sV GksTRAS 4k T Af (12)

For an SV sensor, the SNR is proportional to ~,/ Rlbz. Therefore the current used to bias the
SV should be as high as possible, providing no excessive heating of the sensor occurs, and the
transfer curve remains centred.

Taking sensor dimensions typical of 100 Gbitin—2 applications (w = 100 nm, & =
120 nm), an RA product of 2 2 umz for the MTJ (Ryy = 167 2) and an R, of 20 £2/sq for the
SV (Rsy = 17 2) and taking I;, = 1 mA for the MTJ (the optimum bias for V;,, = 200 mV)
and I, = 3 mA for the SV, the SNR for the two types of sensors can be compared:

SNRyty TMR

=029——. (13)
SNRgsy MR

An MT]J sensor is advantageous over an SV sensor already at 100 Gbit in~2 provided that the
TMR of the MTJ is 3.5 times larger than the MR of the SV.

4. Biomolecular recognition detection using magnetoresistive biochips: designing MR
sensors for pT field detection

4.1. Overview

The ability of magnetoresistive sensors to detect weak magnetic fields is exploited in many
different applications. A new and promising area concerns biomedicine and biotechnology. In
the last decade, the detection of biomolecular recognition played an important role in areas
such as health care, the pharmaceutical industry and environmental analysis.
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Figure 10. Example of biomolecular recognition assay using a magnetoresistive sensor (DNA
hybridization example).

The main idea behind a magnetoresistive biochip is to provide a good alternative to
traditionally used fluorescent marker devices. These devices use an expensive optical or laser-
based fluorescence scanner system to detect fluorescent labelled biomolecules that recognized
a known biomolecule previously immobilized on the sensor surface. In spintronic biochips,
the fluorescent markers are replaced by magnetic nanoparticles and, in each probe, a magnetic
sensor detects the stray field produced by the label giving an electrical signal. The advantages
of this biochip are the fast response, the high sensitivity, the low background (since usually
biological samples are non-magnetic), the ease of integration and automation.

A typical spintronic (or magnetoresistive) biochip consists of the following features (see
figure 10).

(i) An array of magnetoresistive sensors. On top of these sensors known biomolecules (such
as gene-specific oligonucleotides or antibodies) are immobilized through microspotting,
electrical or magnetic field arraying. These immobilized biomolecules are called probes.

(i1) A hybridization chamber. Normally this chamber is based on microfluidic channel
arrangements.

(iii) A target arraying mechanism. This part consists of focusing the target elements on the
probe sites. It can be done using an electric field for charged molecules (such as DNA),
a magnetic field generating lines for targets labelled with magnetic particles, or simply be
based on diffusion.

The targets are the biomolecules (DNA strand or antigens) that are to be detected. They
are incubated in the chip for the biomolecular recognition to occur. The labelling of the
targets can be executed before or after the recognition step. Typically, the magnetic labels are
superparamagnetic or non-remanent ferromagnetic particles. These particles have micrometre
or nanometre dimensions and can be attached to target biomolecules. Under a small magnetic
field, these particles acquire a magnetic moment which produces a fringe field over the sensor.
This induces a change in the magnetoresistive sensor resistance which is detected.

Magnetoresistive biochips were introduced by the Naval Research Laboratory group in
1998 [54]. At present, several sensor layouts and biochip prototypes have been fabricated. The
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Figure 11. (a) Spin valve sensor. One of the detection modes uses a in-plane magnetic field in the
sensing direction. (b) Sensor transfer curve.

various sensors reported for this application are:

(i) anisotropic magnetoresistance (AMR) rings [55];
(i1) planar Hall effect sensors [56, 57];
(iii)) GMR multilayer traces [58], serpentines [59] and spirals [60];
(iv) spin valves [61-66];
(v) magnetic tunnel junctions [67, 68].

Figure 11 shows the architecture of a standard biochip incorporating a spin valve as read
element, and figure 12 shows the geometry of a biochip incorporating a tunnel junction as the
read element. In this case, a thin film diode is incorporated in series with the MTJ, providing a
way to select sensor sites out of a matrix of 16 x 16 sensors, as shown in figure 13.

Two concepts have to be introduced to design a magnetoresistive biochip: the biological
sensitivity of the assay and the sensor label sensitivity. The biological sensitivity represents
the capability of a biomolecule in solution to recognize its complementary biomolecule
immobilized to the sensor surface. This parameter is increased with the increase of the
functionalized area. Typically, DNA spots have a diameter of 50-100 pm, which means that
the sensor should have the same sensing area in order to have a maximum signal.

The sensor label sensitivity is the capability for the sensor to detect a single magnetic
particle. This capability, in turn, is limited only by the minimum field which the sensor can
detect. As the magnetic particle fringe field is averaged over the sensor area, the increase of the
sensor area comes with the decrease of the sensor label sensitivity. However, a larger sensor
area increases the sensor dynamic range as the sensors are able to measure a larger number of
particles. A smaller sensor area may be used to detect a smaller number of magnetic particles
and at the limit this technology can be used for single biomolecular recognition events, such as
the detection of a single DNA hybridization.

For spin valves and MTJs, the sensor output is that of equation (4) (or (6)) with H, replaced
by (Hy):

Spin valve : AV = (1/2)(AR/R) Ry (W/h)(Huias + Heoupting + (Hp))/ Hiet (14)
MTJ: AV = (I/Z)TMRI (RA/Wh)(Hblds + Hcoupling + <Hb))/erff (15)
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Figure 12. (a) Magnetic tunnel junction sensor with an MgO barrier. An in-plane DC or DC 4+ AC
field in the easy axis (EA) direction is applied to magnetize the particles. The sensor detects the
particles’ fringe field. (b) Sensor transfer curve with a 15 Oe bias field applied in the direction of
the free layer magnetization.

where (H,) is the averaged field of the magnetic particle over the sensor area. In summary,
depending on the biochip application, the type of the sensor and its area may be optimized to
detect either large concentrations of particles or single particles.

Several types of magnetic nanoparticle are used in biology and medicine (for cell
separation, drug delivery...). In the case of magnetoresistive biochips, these magnetic particles
are used to label the biomolecules and should have the following properties.

(1) They have to be sufficiently small in such a way that they do not hinder the biomolecular
processes (recognition, interaction...).
(i1) They should have a non-remanent moment to reduce the particle coalescence due to the
dipolar interaction between neighbouring particles.
(iii) They should have a high magnetic moment under a magnetic field in order to have larger
fringe fields to be detected by the sensor.

Having these characteristics in mind, usually superparamagnetic particles are chosen as
labels for biological assays. This means that a magnetizing field has to be applied to magnetize
the particles. This field can be a DC field, an AC field or a DC + AC field.

13
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Figure 13. (a) Top view of four elements of a 16 x 16 matrix. Each element is surrounded by a
U-shaped focusing line. (Inset: view of the full chip over a cent coin.) (b) Response of a matrix
element to 10 1 of a 1:10 dilution (initial solution with ~1011 particles mI~") of 250 nm magnetic
particles. An in-plane 6 Oe DC magnetic field and an in-plane 15 Oe rms magnetic field were used
respectively to put the sensor in the most sensitive area and to magnetize the magnetic particles to
have an AC measurement.

The magnetic particle is characterized by its susceptibility,
M = xH. (16)

The fringe field of the particle created in the plane of the sensor, assuming that the
magnetization of the particle along the transverse direction of the sensor is given by the
following expression:

H(x,y,2) = (mo/4m)(3x%/(x* + y* + 2972 = 1/(x* + y* + 2532 (17)

where my = VM is the magnetic moment, V is the volume, and M the magnetization of
the magnetic particle. The z direction is the out of plane direction while x and y are the
directions transverse and longitudinal to the sensor, respectively (see figure 14). Table 1 shows
the characteristics of several magnetic particles at a magnetizing field of 15 Oe and the expected
maximum and average fringe field ((By) = po(Hp)) created over a2 x 6 and 2.5 x 80 wm?
sensing layer.

4.2. Limits of detection

The reported measurements in these magnetoresistive biochips [54-69] were made at low
frequencies (DC up to few kHz), normally in the 1/f dominated regime. While the white
noise floor level of a sensor can be accurately calculated with expressions (7) and (8), the 1/f
noise is described by phenomenological models with parameters that must be measured. In the
case of a spin valve sensor [70-72], 1/f noise is well described by the following expression:
1/£SV (x2 _yI’R?
Sy7°N (VP /Hz) = NeT (18)
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Figure 14. Transverse magnetic field created by a 2 um diameter particle at a distance d = 0.2 pm.
The magnetic particles have a magnetization M = 0.48 kA m~'.

Table 1. Examples of magnetic particle properties. The magnetization and magnetic moment were
measured at a magnetizing field of 1.2 kA m~! (15 Oe). The Bmax values were calculated using
equation (17) with x = y = 0 and z = 0.6 um. The (By) were calculated using equation (17)
and averaging the field of a single particle over the centre of the sensing area 6 x 2 um? and

80 x 2.5 um?.
Magnetization (Bp) over a (Bp) over a

Diameter (magnetic moment) Biax 6 x 2 pm? area 80 x 2.5 um? area
(nm) kA m™! (emu) (T) (T) (T)
2800 0.40 (4.60 x 10712) —1.12x 107* 037 x 10~* 2.79 x 107°
2000 0.48 (2.01 x 10712) —1.16 x 107*  0.24 x 10~ 1.67 x 1076

250 20.1 (1.64 x 10713) —4.79 x 107*  4.67 x 107¢ 2.46 x 1077

130 17.8 (2.05 x 10714 —1.10x 107*  6.04 x 1077 3.14 x 1078

100 0.34 (1.78 x 10710) —1.14x 107 528 x 107° 2.74 x 10710

50 0.85(5.56 x 10717) —488x 1077 1.6x107° 8.61 x 10711

Here, f stands for the frequency, Nc is the number of current carriers participating in the
current / and y is the phenomenological Hooge parameter, which is a parameter quantifying
the magnitude of the 1/f noise for a certain device. In the case of an MTJ [73-79], the 1/f
noise is usually described by a slightly different expression more adequate to a CPP geometry,
where A stands for the MTJ area and oy is a modified Hooge parameter:
ayl*R?
Af

Once the device noise spectral density is known, the magnitude of the Hooge parameter can
be obtained by fitting the measured power density to expressions (18) or (19). Figure 15
shows the spectral noise density obtained for an MgO-based MTJ (TMR ~ 120% and
RA product ~ 30 Q pum?) with bias currents going from 0 to 3 mA [79]. Fitting each
measured curve to the expression (19) with the addition of the white noise background, the
value of the Hooge parameter is found to be g = 1.24 x 10~ um?. Data gathered from
several groups [73-79] suggest that while the barrier material of the MTJ has no effect on the
1/f noise magnitude, the RA product of the MTJ is an important parameter. In the range

S (V2 /Hz) = (19)
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Figure 15. Noise spectrum density of an MgO MT]J as function of the bias current. The MTJs have
parallel anisotropy easy axes. The measurement is made at zero magnetic field, in the minimum
resistance saturation branch.
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Figure 16. Noise spectral density measured for three different frequencies versus the applied
magnetic field in a sensor with non-perfect monodomain free layer configuration. At low
frequencies the noise in the active region of the sensor is about one order of magnitude higher
with respect to saturation.

below 1 MQ um? the Hooge parameter is in the 0.5 x 107° um? to 2.0 x 10~° um? range.
For RA product values above 1 MQ um? new 1/f noise sources appear in the thick tunnel
barriers and the Hooge parameter increases by orders of magnitude. The values of the Hooge
parameter just reported apply to a saturated MTJ (no magnetic 1/f noise contribution). When
measuring 1/f noise in linear sensors a new noise component becomes important: magnetic
1/f noise [64, 73, 74, 77, 78]. This can be seen in figure 16, where the noise spectral density at
low frequencies is shown to display a significant increase in the linear range of the sensor with
respect to saturation. Magnetic 1/f noise has its origin in fluctuations of the magnetic domains
making up the free and pinned layer of the sensor. It has a magnitude proportional to the MR
sensor transfer curve R versus H slope. The minimization of 1/f magnetic noise through the
stabilization of the domain structure of the magnetic layers is a subject of active research.

16



J. Phys.: Condens. Matter 19 (2007) 165221 P P Freitas et al

——data
- - - -fit
510‘“‘- 1
z
=
wn
. Calculated thermal background """
e s e
Frequency (kHz)

Figure 17. Noise spectra for a 2.5 x 80 um? spin valve sensor in the linear regime with a resistance
of ~650 €2 and a sense current of 0.1 mA. A fit is shown for the 1/f noise and thermal contributions,
and the calculated thermal background is also displayed.

If a spin valve is used instead of an MTJ the procedure used to extract the Hooge parameter
y from the spectral noise density is essentially the same. In this case, however, the number
of carriers must be estimated in order to extract . The procedure followed to calculate the
number of charge carriers participating in the current basically consists in assigning one carrier
per atom to each atom in the lowest resistance layers of the spin valve stack. It is a good
approximation to consider that only the free layer, pinned layer and Cu spacer contribute with
electrons to the current. A spin valve with the structure Ta 20 A /NiggFeyo 30 A/Cog Feo
25 A/Cu 26 A/Cog Fej9 25 A/Mnyglra, 60 A/Ta 30 A/Ti;oWoeoN 150 A and a sensing area of
2.5 x 80 um? is estimated to have 2.48 x 10'! carriers, using the prescribed method. With this
figure the Hooge parameter value extracted from a spin valve noise density spectrum, shown in
figure 17,is y ~ 1.

In order to compare SVs with MTJ-based sensors, it is convenient to express the noise in
field units. The voltage fluctuations Sy (V Hz™%3) measured at a certain frequency f due to
the noise in a linear magnetoresistive sensor correspond to a minimum field Hy,;, that could be
detected by this sensor. Equation (20) expresses Hpi,. Here, AR is the change in resistance
between the two saturation states and A H is the linear range of the sensor.

Sv(V Hz709)

Huin(T Hz™*) = Sy(THz ") = AR (20)
I35

In the low-frequency limit the thermal noise and shot noise are negligible when compared to
the 1/f noise. In the case of an MTJ expression (20) takes the form
agl?R?
Af AH [oay

SV (THZ ») = —0 = — | —. @21
1-28 " TMRYV Af

In the case of an SV in the low-frequency limit, expression (20) takes the form

§SV (T HZ_O'S) _ Nef _ AH Yy _ AH |y
v -5 7 MRV Ncf MR
AH C

A 1

sV . (22)
Nc Asvf
It is clear that the low-frequency limit depends on a very restricted number of parameters: linear
range A H, MR or TMR depending on the device considered, Hooge parameter, frequency, and
the number of carriers (SV) or area (MTJ). Notice that the bias current does not have any effect
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Figure 18. Magnetic field detection limits calculated at 10 Hz as a function of sensor area and
magnetoresistance. No magnetic noise contribution was considered.

on the result (except for the TMR dependence on bias voltage) since both the signal and the
noise are proportional to /. The same is true for the sensor resistance.

Comparing expression (21) with expression (22) it is clear that with the above assumptions
y Asy/Nc plays the same role as the MTJ oy parameter. From the spin valve example
previously given y Asy/Nc can be computed. This parameter, which is constant for spin valves
with a similar structure, has a value of 8.06 x 10~1° umz. We can now compare the minimum
field detectable using an SV sensor with the minimum field detectable with an MTJ in the low-
frequency limit. The ratio between expression (21) and (22) assuming that the MTJ and SV
have the same area (and therefore the same spatial resolution), the same linear range and the
same frequency of operation is computed below:

S (TH7) _ MR e 23)
St (THz05) — TMRY yAsv/Ne'

On the one hand, the weak field detection favours MTJ over SV sensors because of the
MR/TMR term which compares the signal of the two sensor types. A typical SV has
MR ~ 8% while a typical MgO-based MTJ can display TMR ~ 200-350%. The first factor
in expression (23) has therefore a value between 0.04 and 0.023. On the other hand, the second
term of formula (23), which compares the noise in both sensors, favours the spin valve. Based

VAg/H/ Nc
in the most favourable situation for an MTJ (considering that the magnetic 1/f noise can be
suppressed with oy = 1.3 x 10~ pum?) and 4.01 in the most favourable situation for a spin
valve (considering a magnetic 1/f noise contribution resulting in ey = 1.3 x 1078 pum?).
Both terms considered, an MTJ operating in the low-frequency limit should be able to
detect a magnetic field between 10 and 20 times weaker than a spin valve with the same
area, linear range and operating frequency. MTJs should therefore always be preferred over
spin valves in the low-frequency limit. The only parameters that can be used to minimize
SV (T Hz ") in expression (23) are the TMR, linear range and area. Figure 18 shows the
calculated AS‘\I\,/[TJ (T Hz™*d) for MgO MTIJs as a function of sensor area for several values of
magnetoresistance. A linear range of just 3 Oe was assumed, requiring the integration of flux
guides in the sensor. Provided the TMR of the MTJs can be maintained over large areas, the

on the measurements presented before, the value of is somewhere between 1.27
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detection of fields as week as 0.1 nT Hz= %

10 Hz.

Despite the ability of MTJs to detect weaker magnetic fields than SVs with similar
electrical and geometrical properties, thus far systems using SVs for biomolecular recognition
have outnumbered those with MTJs. There are mainly two reasons for the preference of SVs
over MTlJs.

The first reason concerns the microfabrication process. It is quite simple to manufacture
CIP SVs, while CPP MTlJs require more complicated processes. Unless the detection of
very weak fields is required, the integration of an SV in a biochip is more effective than the
integration of an MT1J.

The second reason concerns the need for MTJ optimization prior to integration in a biochip.
Notice that the detection of fields of the order of ~0.1 nT Hz =" requires MTJs with areas of
~1000 m? while keeping a high TMR value. This seems a reasonable goal since TMR values
of up to ~225% have been demonstrated in MgO MTJs manufactured with 80 x 80 um? [32].
But according to the calculations, even lower fields can be detected for even larger junction
areas. In practice the area of an MTJ cannot be arbitrarily large since for larger areas the
probability of pinholes in the tunnelling barrier increases, resulting in reduced TMR. It is hard
to specify a maximum limit for a junction area since this depends strongly on the manufacturing
process and on the thickness and quality of the barrier. But it is important to stress that pinhole
free barriers over large areas are a condition for the results in figure 18 to hold. This problem
does not happen with spin valves, giving an advantage to this sensor type in applications where
a large area is fundamental to increase the biological sensitivity (see section 4.2).

In conclusion, the choice between the MTJ and the spin valve sensor for magnetoresistive
biochips applications depends on the biological sensitivity and on the number of labels to be
detected required for a specific assay. In this choice, the signal to noise ratio of the sensor is a
very important parameter but the absolute voltage variation is not less important. Finally, the
experimental setup has to be designed so that it does not introduce more noise than the sensor
in the measured values.

This article has shown that MR sensors alone can be fabricated that can detect fields
down to 10 to 100 pT at quasi-DC frequencies. Further improvements in field detection
can be accomplished with hybrid devices incorporating magnetic or superconducting static
flux guides. fT Hz ™ resolution has been achieved using standard spin valve sensors with
superconducting ring flux guides [80]. Further improvement to sub-fT Hz = detection should
be possible by further eliminating the 1/f noise contribution. One possibility is to include an
AC MEMS structure that modulates the DC signal field to a frequency above the 1/f knee [81].
These f7T detection capabilities will open new MR sensor applications in the biomedical
imaging arena.

should be possible even at a frequency of just
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