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Abstract

Driven by rapid progress in microelectronics and thin film technologies, magnetic sensors development continues to expand. This
paper presents issues related to the principles, categorisation and applications of magnetic sensors. Special attention is paid to two types of
sensors and their present and future impact: superconducting quantum interference devices (SQUID) magnetometers with their unsurpassed
sensitivity, and giant magnetoresistance (GMR)/giant magnetoimpedance (GMI) based sensors as the most promising technology. A review
of recent developments in SQUID technology and a discussion of limitations and aspects that could contribute to the wider acceptance
of this technology, are presented. The giant magnetoresistance and giant magnetoimpedance effects have already found applications in
magnetic sensing and have promise in other applications. Their unique characteristics and miniaturisation potential have contributed to the
rapid acceptance of these technologies. The article describes the principles of the GMR and GMI effects along with recent developments
in these technologies particularly in manufacturing techniques and materials.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic sensors have been of great assistance to
mankind in a variety of applications, ranging from suspended
magnets used for navigation to small thin film detectors
which sense information in the form of magnetic reversals
on computer disks. For most applications, magnetic sensors
offer safe, non-invasive, non-destructive means of detection,
and provide a more rugged, reliable and maintenance-free
technology compared to other sensor technologies.

Magnetic sensing techniques exploit a broad range of
physics and chemistry concepts, most of which based on the
intimate connection between magnetic and electric phenom-
ena, such as Lorentz force, Faraday rotation, Hall effect and
other galvanomagnetic effects. Though the basic underlying
physics remain the same, today all these basic measurements
are carried out with ever increasing finesse. For example, su-
perconducting quantum interference devices (SQUIDs) are
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used for very accurate measurements of the earth’s magnetic
field. State-of-the-art semiconductor fabrication techniques
coupled with modern micromachining techniques have fa-
cilitated new types of solid-state, thick and thin film mag-
netic sensors and related transducers that offer solutions to
many drawbacks normally associated with similar structures
at larger scales[1]. In the first part of this paper, the con-
cepts and operational principles of major magnetic sensor
technologies will be described. The second part of the pa-
per is dictated by a review of the theory, applications, and
recent developments in SQUID magnetometer, GMR and
GMI based sensor technologies.

2. Magnetic sensor technologies

A magnetic sensor is a transducer that converts a magnetic
field into an electrical signal. In general, the operational
principle is based on either dc or ac technology.Fig. 1shows
a family tree of some magnetic sensors materials and effects.

2.1. Physical and operational principles of magnetic
sensors

Most magnetic sensors that use dc excitation are based on
exploitation of galvanomagnetic effects due to the Lorentz
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Fig. 1. Family tree of magnetic sensor materials and effects.

force on moving electrons in a metal, semiconductors, or an
insulator in one way or another. These effects occur when a
material carrying an electric current is exposed to a magnetic
field. The best-known fundamental galvanomagnetic effects
are the Hall effect, which produces an electric field perpen-
dicular to the magnetic induction vector and the original cur-
rent direction, and the magnetoresistive effect, which is the
increase in material resistivity due to exposure to the mag-
netic field [1]. Other galvanomagnetic effects include the
quantum mechanical galvanomagnetic effects occurring in
Josephson junctions between superconducting materials[2].

Generally, galvanomagnetic effects are manifestations of
the charge-carrier transport phenomena occurring in matters
when the carriers are subject to the action of the Lorentz
forceF :

F = eE + e[v × B] (1)

whereedenotes the carrier charge (for electronse = −q, and
for holese = q andq = 1.6×10−19 C), E denotes the elec-
tric field,v the carrier velocity andB the magnetic induction.
The first term on the right-hand side ofEq. (1) represents
a Coulomb force and the second term is the Lorentz force
law. For nondegenerate semiconductors exposed to trans-
verse electrical and magnetic fields (i.e.E ·B = 0), the cur-
rent transport equation for one type of carrier becomes[3]:

J = J 0 + µH[J 0 × B] (2)

whereJ denotes the total current density and the termJ 0 =
σE − eD∇n is the current density due to only the elec-
tric field and carrier-concentration gradient∇n. However,
J 0 �= J (B = 0), since a magnetic field generally influence
the electric potential and carrier-concentration distributions.
The transport coefficientsµH (the Hall mobility which has
the sign of the corresponding charge-carrier),σ (the con-
ductivity), andD (the diffusion coefficient) are determined
by the carrier scattering processes and generally depend on
electric and magnetic fields. Both the Hall and the mag-

netoresistive effects can be derived from the solutions of
Eq. (2)subject to the appropriate boundary conditions.

The Hall effect in semiconductors is best understood by
considering a special case of carrier transport in a very long
strip with narrow cross-section of a strongly extrinsic and
homogeneous (∇n = 0) semiconductor material, subjected
to a magnetic field described by a magnetic flux densityB =
(0, By,0). Assuming that the strip axis is along thex-axis,
and the strip plane is thexz-plane, then if the strip is exposed
to an external electric fieldEex = (Ex,0,0), a currentI will
flow through it with current densityJ = (Jx,0,0). Since
Jz = 0, an internal transverse electric fieldEH must build
up in order to counteract the ‘magnetic’ part of Lorentz force
(the second term inEq. (1)). The fieldEH is known as the
Hall field and can be determined fromEq. (2)by substitut-
ing E = Eex + EH, under the condition that the transverse
current density vanishes, i.e.EH = (0,0, Ez) and Ez =
−µHBEx. A macroscopic and tangible consequence of the
Hall field is the appearance of a measurable transverse volt-
age that is proportional to the magnetic field. This voltage
is known as the Hall voltage,VH, and can be calculated as:

VH = −µHBExw, (3)

wherew denotes the strip width. By relating the Hall mobil-
ity in Eq. (3)to the current density, it is possible to express
the Hall voltage as:

VH = RHJxBw (4)

whereRH = µH/σ = r/en denotes the Hall coefficient,r
the Hall scattering factor of carriers andn is the carrier den-
sity, and the negative sign has been omitted. This indicates
that low carrier-concentration produces a large Hall coeffi-
cientRH, and explains why semiconductors are more useful
here than metals are. The presence of the Hall field also re-
sults in inclination of the total electric field in the sample,
with respect to the external field, by the Hall angleθH with
tanθH = Ez/Ex = −µHB.
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Consider now the assumption of zero Hall electric field,
Ez = 0. This condition is approximately realised by consid-
ering a short strip with wide cross-section. If an electric field
Eex = (Ex,0,0) is applied, as before, the current density
given byEq. (2)leads to another lateral componentJz, which
produces a rotation of the current lines described by the ratio:

Jz

Jx
= µHB = tanθL (5)

whereθL is referred to as the carrier or Lorentz deflection
angle. The longer carrier drift path brought by this deflec-
tion leads to the transversal geometric magnetoresistance
effect [1]:

ρB − ρ0

ρ0
= (µHB)2 (6)

whereρ0 denotes the electrical resistivity atB = 0, andρB

the resistivity enhanced by the magnetic field.Eq. (6)shows
that the relative change in resistivity increases with the
square of the mobility-induction product. Hence this effect
is very small for silicon. Sensors based on this effect require
high-mobility III–V compounds such as InSb or InAs. Due
to their low electron mobility, the geometrical magnetore-
sistivity in metals also has no practical importance.

Besides the above geometrical magnetoresistance, there
is also the anisotropic magnetoresistance which is a larger
physical effect occurring in ferromagnetic transition metals
and alloys[4]. In these materials the magnetisation vector
determines the direction along which the current normally
flows. The application of an external magnetic field rotates
the magnetisation vector in the sample, and thus the current
path, by an angleθ. The specific resistivity of the sample as
a function ofθ, ρ(θ), is given by:

ρ(θ) = ρ⊥ + (ρ|| − ρ⊥)cos2 θ = ρ⊥ + �ρ cos2 θ (7)

whereρ|| is the resistivity of the sample whenθ = 0, ρ⊥
the resistivity of the sample whenθ = 90◦, θ being the an-
gle between the internal magnetisation and the direction of
the current, and the quotient�ρ/ρ⊥ is called the magne-
toresistive effect[4]. It is common practice to consider the
resistivity ratio�ρ/ρ0 when dealing with the magnetoresis-
tive effect. The anisotropic magnetoresistance effect can be
easily realised using thin film technology and, hence, lends
itself to sensors applications.

The principle of measuring magnetic field using super-
conducting materials is based on the Meissner effect (the
expulsion of magnetic flux) and flux quantisation which re-
sult in the constancy of the magnetic flux through a super-
conducting closed loop. If such a superconducting loop is
placed in an external fieldHex, a shielding current, know as
the supercurrentIs, will circulate around the inner surface
of the ring such that the total magnetic flux,Φi, inside the
ring is quantised and composed of the fluxLIs (L is self in-
ductance around which the supercurrent flows) and the flux
Φex of the external field:

LIs + Φex = Φi = mΦ0 (8)

whereΦ0 = 2.07 × 10−15 Wb is the flux quantum andm
an integer. Thus the superconducting ring responds to any
change in external flux by setting up an equal but opposite
flux. Provided that the supercurrent value does not exceeds
the critical current density,Ic, for as long as the supercon-
ducting specimen remains superconducting,Φi will remain
constant, and quantised, at the same value. This behaviour,
coupled with the Josephson effects, provides the operational
basis of the SQUID[2].

Eqs. (2)–(8)represent some physical principles to develop
magnetic sensors utilising dc technology. Sensors in this
category include the Hall effect sensors[5,6], the magneto-
diodes and magnetotransistors[7,8] which are based on the
magnetoconcentration or Suhl effect[1], the GMR sensors
[9], and the SQUID magnetometers[10]. The operational
principles, advanced features and recent developments and
applications of the SQUID magnetometer and giant magne-
toresistive sensors (Eq. (7) with large resistivity ratio) are
given inSections 3 and 4.

For the case of ac technology, magnetic sensing is based
on classical electrodynamics, such as Faraday’s law of in-
duction (search-coil sensors[11], fluxgate sensors[12]),
and skin effect (magneto-impedance and giant magneto-
impedance sensors). When ac excitation is used, the volt-
ageV and the total currentI = Im exp(iωt), Im being the
amplitude, are related via the complex impedanceZ:

V = Z(δ)I (9)

with δ being the skin-depth which is a function of angular
frequencyω and magnetic permeability.Section 5gives de-
tailed description of the concepts, operational principles and
technologies of GMI sensors.

2.2. Categorisation and applications of magnetic sensors

The response of a magnetic sensor is usually determined
by the strength of magnetic inductionB that acts on the
mobile carriers. Hence, it is often boosted by employing a
highly permeable material. Magnetic sensors using ferro- or
ferrimagntic materials whereµr ≫ 1, µr being the relative
permeability of the sensor’s material, bring about a consid-
erable enhancement of sensitivity. Examples of such sensors
are those based on magnetoresistance in NiFe thin films
[13,14], or the magneto-optic effects in garnets[11]. On the
other hand, all sensors based on galvanomagnetic effects in
semiconductors use low-permeability materials and hence
do not provide appreciable amplification[15]. A common
way of comparing magnetic sensors is by the range of fields
which they detect.Fig. 2 compares a number of common
magnetic sensor technologies. Most of these devices are
quite different from each other in construction and cost, so
in making comparisons, we must take account of the ap-
plication, the desired accuracy and the physical size of the
sensor being used. It is also important to note that sensitiv-
ity range for each concept is often affected by the read-out
electronics[11]. Regarding applications, sensors can be
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Fig. 2. A comparison list of some common magnetic sensor technologies.

Table 1
Categorisation of magnetic sensor applications

10−9 T 10−4 T

Category 3 (high sensitivity) Category 2 (medium sensitivity) Category 1 (low sensitivity)

Definition
Measuring field gradients or differences

due to induced (in Earth’s field) or
permanent dipole moments

Measuring perturbations in the magnitudes
and/or direction of Earth’s field due to
induced or permanent dipoles

Measuring fields stronger than
Earth’s magnetic field

Major applications
Brain function mapping Magnetic compass Non-contact switching
Magnetic anomaly detection Munitions fusing Current measurement

Mineral prospecting Magnetic memory read-out

Most common sensors
SQUID gradiometer Search-coil magnetometer Search-coil magnetometer
Optically-pumped magnetometer Flux-gate magnetometer Hall effect sensor

Magnetoresistive magnetometer

classified into three basic categories as shown inTable 1
[11]. The distinction between each category is determined
by how the sensor is used in relation to Earth’s magnetic
field [11,16]. The boundary between categories 1 and 2 re-
sults from the magnitude Earth’s magnetic field, which has
a strength of about 0.2× 10−4 T. For category 1, the earth’s
magnetic field acts as the limiting noise source. The bound-
ary between categories 2 and 3 is the level to which Earth’s
magnetic field is stable. For many applications in category 2,
variations in Earth’s magnetic field due to cosmological and
geological effects provide the performance-limiting noise.
There are many factors, such as frequency response, lin-
earity, temperature stability, size and power, that influence

what a particular sensor or sensor technology is best suited
for [11].

3. SQUIDs

Since their commercialisation few decades ago, SQUIDs
have evolved from a mere specialised laboratory measure-
ment instrument that operates in the sub-nano/pico range of
voltages and temperatures, to systems routinely used in such
diverse applications as neuromagnetism (where signal lev-
els of 10−12 T or lower are involved), magnetic resonance
and geology.
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Recent progress in high-Tc superconductors (HTS) tech-
nology has increased the operating temperatures of SQUID
devices. On the other hand, the steady progress in HTS thin
film technology has enhanced the sensitivity of these devices
[17]. This has renewed various efforts to produce more com-
mercial acceptance of these devices. In this section, the ba-
sic theory of Josephson effect and the principles of SQUID
magnetometers are given. This is followed by a description
of the most commonly used SQUID-based instruments and
their main applications. Factors that limit the wide accep-
tance of SQUID-based systems are discussed in reference
to recent progress in the high-temperature superconducting
SQIUD technology.

3.1. SQUID magnetometer

An important application of superconductivity and
Josephson junctions[18] is the magnetometer called SQUID,
which has the ability to convert minute changes in current or
magnetic field to a measurable voltage. This ability is based
on the principles of superconductivity, the Meissner effect,
flux quantisation and the Josephson effect. A Josephson
junction, as named after Brian D. Josephson who discovered
the structure in 1962, is effectively a weak link between two
superconductors that is capable of carrying supercurrents
below a critical valueIc. The ‘weak link’ can be either a thin
layer of insulator, an area where the superconductor itself
narrows to a very small cross-section, or a superconducting
bridge between two superconducting sections. When a su-
perconducting ring interrupted by a weak link is exposed to
an external magnetic field, a shielding supercurrent flows
around the inner surface of the ring via the weak link, as dis-
cussed inSection 2.1. However, in this case the supercurrent
will be an oscillating function of the magnetic field intensity,
such that it first rises to a peak as the field increases, then falls
to zero then increases again and so on. In a SQUID, these pe-
riodic variations are exploited to measure the current in the
superconducting ring and, hence, the applied magnetic field.

Fig. 4. A simplified circuit of a flux-locked dc SQUID magnetometer.

Fig. 3. Basic components of dc and rf SQUID rings.

There are two types of SQUIDs: rf and dc. In both types,
the device consists of a superconducting ring interrupted by
one Josephson junction, in the case of the former, or two
Josephson junctions in the case of the latter, as depicted
in Fig. 3. The difference between the two is in the nature
of the biasing current being an rf or a dc. In either type,
the special properties of the Josephson junction cause the
impedance of the SQUID to be a periodic function of the
magnetic flux threading the ring, so that a modulation sig-
nal applied to the bias current is used with a lock-in de-
tector (seeFig. 4) to measure the impedance and linearise
the voltage-to-flux relationship. This makes a SQUID func-
tion as a flux-to-voltage converter with highest ever known
magnetic sensitivity. Also, the SQUID ring is too small to
detect weak fields so a superconducting transformer with a
pick-up loop forming a gradiometer, is usually added to the
system. The gradiometer discriminates strongly against dis-
tant noise sources, which have small gradient, in favour of
locally generated signals and thus enhance the sensitivity of
the SQUID magnetometer.

Depending on the superconductors, we have low-tempera-
ture (LTS) SQUIDs operating at liquid helium temperature
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Fig. 5. A schematic diagram of a washer-type HTS dc SQUID.

(4.2 K), and high-temperature (HTS) SQUIDs operating at
liquid nitrogen temperatures (77 K and above)[18]. LTS de-
vices are mostly dc SQUIDs, while HTS devices can be
either dc or rf SQUIDs, fabricated from the ceramic ox-
ide known as YBCO. A schematic representation of typical
washer-type, transformer-coupled dc HTS SQUID is shown
in Fig. 5 [19]. In terms of performance, SQUIDs have ex-
cellent characteristics that comprise true dc response, wide
band-width, zero phase distortion and, for the LTS type, en-
ergy sensitivity better than 10−32 J/Hz (equivalent to a mag-
netic flux noise of 10−6Φ0 Hz−1/2 at frequencies down to
few Hz), as well as high degree of linearity and dynamic
range. However, a complete SQUID magnetometer com-
prises extra coupling and read-out units to the basic SQUID
ring, as shown inFig. 4. Hence, although a flux sensitivity
equivalent to a fraction of a flux quantum,Φ0, is theoret-
ically possible, the actual sensitivity of a SQUID magne-
tometer is dependent on the sensitivity of the added units
and on the intrinsic and external noise[18]. Different noise
cancellation methods using gradiometers of various orienta-
tions and orders, with additional filtering techniques, have
been developed and successfully used to improve the sensi-
tivity of SQUID magnetometers particularly in cases where
weak magnetic signals immersed in noise are to be detected
in unshielded environments[20].

3.2. SQUID-based instruments and applications

A SQUID can be configured to measure any electro-
magnetic quantity.Table 2 (adopted from [21]) show
the measurement capabilities and basic configurations of
SQUID-based instruments. Both dc and rf SQUIDs have
been used as sensors in a far-ranging assortment of instru-
ments for a variety of applications particularly in biomag-
netism and non-destructive evaluation.

Biomagnetism is broadly defined as the development and
non-destructive application of magnetic field measurements
on people in order to detect, locate and diagnose defects and
other imperfections. The order of magnitude of the human

Table 2
Measurement capabilities of a SQUID-based instrument

Measurement Sensitivity

(a) Current (A/Hz1/2) 10−12

(b) dc voltage (V) 10−14

(c) dc resistance (�) 10−12

(d) Mutual/self inductance (H) 10−12

(e) Magnetic moment (emu) 10−10

(f) Magnetic fields (T/Hz1/2) 10−15

magnetic fields ranges from about 1 nT down to less than
1 pT, as indicated inFig. 6 [18]. Until the development of
SQUIDs, the detection of magnetic fields arising from bio-
logical functions was almost unknown. LTS SQUIDs were
first used in biomagnetism in 1970s, when Cohen et al.
[22] recorded the magnetocardiogram (MCG), and then
the magnetoencephalogram (MEG)[23]. In the mid-1980s,
the improved LTS technology using niobium/aluminium-
oxide/niobium Josephson junctions, with improved read-out
electronics, helped the growth of multi-channel systems for
both heart and brain measurements. Since then, SQUIDs
magnetometers have been extensively used in a number of
medical research and biomagnetism applications, as shown
in Table 3. There are now systems with more than 30
LTS SQUID sensors for MCG measurements and over 100
sensors for MEG measurements[24].

Immediately following the discovery of HTS materials,
HTS SQUID magnetometers which operate at 77 K were
developed[25]. Later developments in HTS and thin film
technology considerably improved SQUID magnetometers
sensitivity and made it entirely adequate for geographical
and magnetocardiology applications[24]. A nine-channel
HTS SQUID MCG system has been developed and tested in
an unshielded environment, and a noise level of 1 pT/Hz1/2

for each channel has been measured[26]. Most recently, an
eight-channel HTS SQUID MCG system with encapsulated

Table 3
Current applications of SQUID magnetometers in the medical field

Studies of the brain—neuromagnetism
Epilepsy
Presurgical cortical function mapping
Drug development and testing
Stroke
Alzheimer’s
Neuromuscular disorders
Prenatal brain disorders

Studies of the heart—magnetocardiography
Arrhythmia
Heart muscle damage
Fetal cardiography

Other medical applications
Studies of the stomach—gastroenterology
Intestinal ischemia
Non-invasive in vivo magnetic liver biopsies
Lung function and clearance studies
Nerve damage



A.E. Mahdi et al. / Sensors and Actuators A 105 (2003) 271–285 277

Fig. 6. Typical amplitudes and frequencies of biomagnetic signals and common noise sources.

sensors and first-order gradiometers achieving a typical
noise of less than 50 fT/Hz1/2 in a magnetically shielded
chamber have been reported[27].

The excellent performance characteristics of SQUIDs af-
ford them a deeper look into metallic structures, and permit
a wide range of non-destructive testing techniques, such
as imaging and hysteretic magnetisation. Both LTS and
HTS SQUIDs have been used for applications such as, for
example, inspection of cladded pipes, airplane wings, cor-
rosion pits and stress fracture[21]. LTS and HTS scanning
microscopes have also been demonstrated. For example, a
niobium SQUID loop 4�m in diameter and 0.8�m line
width has been used to map flux quanta penetration in and
around a Josephson logic circuit[28]. On the other hand, a
resolution of 130�m has been achieved in the measurement
of a feature of a dollar bill using a HTS SQUID loop of
140�m [28].

3.3. High-Tc SQUIDs magnetometer and future needs

The convenience of operating in the 40–80 K temperature
range has opened up new possibilities of SQUID applica-
tions, most of which require high sensitivity and mechanical
ruggedness in their operating conditions.

Over the past few years, YBCO films quality and
crossover design techniques have improved, thus reducing
the flux-motion noise by eight orders of magnitude since the
earliest HTS production. This has been achieved via (both)
different fabrication techniques of junctions, such as the
YBCO boundaries microbridges and nanobridges, single and
multilayers, different seed layer materials[29], and the appli-
cation of various active noise compensation techniques[30].
HTS SQUIDs with noise figures of 9.7 fT/Hz1/2 at 1 kHz
and 53 fT/Hz1/2 at 1 Hz have been reported[17]. Fairly re-
cently, planar dc SQUID gradiometers based on YBCO thin

films with a gradient resolution of 450 fT/(cm Hz1/2), were
prepared and tested in unshielded environment[31]. Based
on these gradiometers, a biomagnetic two-channel system
which operates directly in the hospital for investigation of
cardiac infraction has been developed[31].

Although this is still way behind the sensitivity perfor-
mance of the state-of-the-art LTS SQUIDs, it seems possi-
ble that by improving the fabrication process and material
properties, more robust HTS SQUIDs can be obtained. This,
for example, could be achieved by adopting a combination
of configurations, together with additional active noise com-
pensation techniques. On the other hand, advanced read-out
and interface electronics with fast slew-rates[32] will be
beneficial for all SQUID-based applications. In fact, this
coupled with state-of-the-art signal processing that offers
real-time signal averaging, visualisation and storage option,
may prove of a significant value to physicians, for example,
in the case of SQUID-based biomagnetism systems.

Another aspect lies in providing appropriate cooling
systems for SQUIDs that are easier to take care of com-
pared to the liquid cryogen filled dewars. This could reduce
the delicacy of SQUID-based instrument and make them
user-friendlier. In fact, this has been one of the major chal-
lenges for workers in the field over the last two decades. A
significant progress in the development of various cooling
systems for HTS SQUIDs, such as pulse tube refrigerators
(PTR), have been achieved. Recently, a HTS SQUID-based
sensor cryocooled by liquid nitrogen has been developed
for the detection and classification of underwater magnetic
targets such as sea mines and unexploded ordnance[33].

Ideally, the best solution towards more acceptable
SQUID-based systems is to make them more closely re-
semble a ‘black box’ with a user-friendly monitor, such that
users do not even recognise the SQUID or feel any of the
cryogenics aspects involved.
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4. Giant magneto-resistance (GMR)

This technology has evolved recently from the rather bet-
ter known anisotropic magnetoresistance (MR) sensing tech-
nology that came about since a landmark paper by Hunt[34].
Even MR technology is still new and continues to develop
with advances in materials and electronic circuits which take
it to new levels. Therefore, it is necessary to describe MR
technology first in order to appreciate GMR technology and
to realise the latest capability of MR itself.

4.1. MR sensors

The magnetoresistance phenomenon in which the electri-
cal resistance of a conductor made from a magnetic material
changes in the presence of a magnetic field, as described in
Section 2.1, has been known for more than 100 years. It has
only become important as a magnetic sensor since R.P. Hunt
reported that, when a permalloy thin film is made, its electri-
cal resistance can change by up to about 2% when its mag-
netisation direction is changed (by an external field) from a
direction parallel to the current flow by an angle of 90◦ to
the current flow. More importantly, when the film is made
(photolithographically) into a small size and magnetisation
is set in a “single domain” state then the noise in the sensor
is vanishingly small and almost only limited by the John-
son noise so that a signal-to-noise ratio of up to 97 dB can
be achieved. In an application in magnetic recording there
was about 20 dB of “tape” noise so even taking account of
this, MR technology was still much better than its inductive
counterpart, especially as, for modern magnetic recording
and data storage systems, very small data tracks are used
with a requirement for small replay transducers with very
small electrical signals requiring good signal-to-noise ratio.
MR technology has consequently been driven hard by data
storage but, in parallel with this it has found increasing ap-
plications in magnetic sensing, particularly in areas where
very small size has not been a requirement[35].

MR sensors are commonly made from ferromagnetic thin
films. This has two major advantages over bulk materials:
the resistance is high and the anisotropy can be made uni-
axial [36]. The ferromagnetic layer behaves like a single
domain and has one distinguished direction of magnetisa-
tion in its plane called the easy axis, which is the direction
of magnetisation without external field influence. The basic
thin film MR is an evaporated thin layer of suitable material
such as 80/20 nickel–iron on a non-magnetic flat substrate.
The electrical resistance of the film can be modulated by the
application of a magnetic field which changes the direction
of its inherent magnetisation. Such a film can have a typi-
cal size of, say 50 mm× 10 mm× 20 nm. The small thick-
ness is a result of recent advances—even thicknesses much
smaller than this are now viable. For the latest computer
disk drive heads, the height and width of the sensor is much
reduced to only a few microns. In this case, an optimum per-

Fig. 7. A SAL MR sensor as used in the basic IBM suspended head
design (courtesy of IBM storage systems division, IBM—see[37]).

formance is achieved by a bias system based on compiling
to a soft adjacent layer (SAL). This IBM-developed biased
MR structure, shown inFig. 7, is widely used in IBM’s MR
suspended head design which consists of separate read and
write elements sharing a common layers[37].

4.2. Linearity of MR sensors

The fundamental characteristic of magnetoresistors, par-
ticularly the anisotropic type, is not only non-linear but it
is subject to hysteresis. A summary of the limitations of
magnetoresistance in terms of linearity can be found in
[38]. The non-linearity relates mainly to the cosine-squared
relationship between the magnetoresistance and the angle
θ of the magnetisation, as indicated byEq. (7) (also, see
[35]). In practice, this is modified by saturation effects so
that there is a point of inflection on the curve where there is
a sensibly linear range. If the sensor is biased at this point
a good linear response can be achieved. Different biasing
methods are used in order to linearise the operation of MR
sensors. One of those is the ‘barber-pole’ configuration
[39], where narrow gold strips are deposited in an oblique
direction with respect to the length of the sensing element.
The magnetic field response becomes linear and passes
through the origin for a zero dc applied field. Wheastone
half- and full-bridge configurations are used by companies
like Philips (KMZ51, KMZ10A MR sensors), Honeywell
(HMC1001) or San Diego Magnetics (SDM531). The first
three devices have no flux concentrators and their white
level is in the range of 50–100 pT/Hz1/2 [40].

A biasing technique, commonly used in MR head design,
is that based on the IBM-developed SAL biased MR struc-
ture. As indicated inSection 4.1, this structure consists of the
MR NiFe film as well as a magnetically soft alloy layer sep-
arated by a film with high electrical resistance (seeFig. 7).
A bias current continuously passes through the MR sensor,
monitoring its resistance. A non-linear resistance change oc-
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Fig. 8. The general structure of the IBM SAL biased MR and GMR spin-valve sensor for magnetic recording.

curs as this sensor passes through the disk’s magnetic field.
The bias current also creates a magnetic field that interacts
with the magnetisation of the underlying soft film, saturating
it. This transverse biasing results in magnetic rotation in the
MR film at an angle to the bias current, producing linearisa-
tion of the MR signal, as shown inFig. 8(a)with a resistance
change up to 0.8%/Oe in some cases. To maintain stability
and suppress magnetic domain noise, a longitudinal bias is
applied by an additional structure referred to as the hard bias
layer. This is configured at the contacts adjacent to the MR
element in a patterned configuration, as shown inFig. 7.

A recent advance is to apply a switched-bias to a pair of
such sensors[41,42]. In this system, each sensor is placed
in a square-wave transverse field which switches the bias
from one side to the other of the MR characteristic loop. The
outputs from the two sensors are subtracted in a differential
amplifier to produce a zero output except if the system is
unbalanced. The field to be detected unbalances the system,
producing a non-zero square-wave output proportional to
the magnitude of the field. When combined with a lock-in
amplifier, this system is extraordinarily sensitive and can
reach the nano-Telsa range of detection. A curve from[42]
is reproduced asFig. 9showing an excellent output level for
an applied field of 160 nT. The best output level of 24 mV
from this system is accompanied by a noise level of less
than 1 mV. The switched-bias technique is still in its infancy

and, so, represents a new horizon for these sensors, much of
which remains to be realised.

4.3. GMR sensors

The phenomenon of giant magnetoresistance (GMR) was
first reported by Baibich et al.[43]. The original discov-
ery concerned a series of multi thin film layers of iron and
chromium which produced changes in electrical resistance
of greater than 50% at low-temperature (∼4 K) when sub-
jected to large fields of thousands of Oersteds. Rapid de-
velopment of devices using this effect resulted because of
a need for better reproducing heads in magnetic recording
at room temperatures and detecting small fields. Nowadays
sensors are of micron dimensions and can produce >10%/Oe
resistance change at room temperatures[44]. The basic sys-
tem now is the so-called “spin-valve” which achieves large
change in resistance at or near the zero field axis (Fig. 10). A
typical configuration is shown inFig. 8(b)(taken from[45]).

The spin-valve differs from the original GMR system in
some important respects. The system of Baibich et al. was a
repetitive Fe/Cr multilayer with a large number of alternate
layers. When all these layers were magnetised the same way,
half of the spin-polarised conduction current electrons could
move through the sandwich with no appreciable scattering
in the magnetic material (low resistance) whereas when the
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Fig. 9. The output of 10 nm sensor vs. 250 Hz bias field (0.009 Oe/mA) for an applied field (�H) of 160 nT.

magnetisation in alternate layers is reversed there is always
some scattering for all the electrons no matter whether they
are “spin up” or “spin down”. The spin-valve is much sim-
pler with only (basically) four layers. An antiferromagnetic

Fig. 10. (a) Schematic configuration of a spin-valve (basic layout); (b)
measured magnetisation curve of a spin-valve; (c) measured magnetore-
sistance curve of a spin-valve; (d) low field MR response for parallel
easy axes; and (e) low field MR response for crossed easy axes.

exchange film (e.g. Mn, Fe) couples to a cobalt layer and
pins its magnetisation in a (say) transverse direction. A sec-
ond magnetic film is separated from the soft NiFe layer by
a very thin conducting layer (Cu). This magnetic film has
a variable magnetic direction determined by the field to be
sensed and as the magnetisation angle between the two mag-
netic films changes, so the scattering of electrons moving
through the combined structure is varied. This gives a resis-
tance variation which is much larger than for simple MR.

Regarding sensitivity, GMR and spin-valve devices with
field noise power of about 20 pT/Hz1/2 at 100 Hz and a cal-
culated Johnson noise limit of less than 6 pT/Hz1/2 above
1 kHz have been recently reported[40]. Interesting data may
also be found in[46], which addresses the 1/f noise in GMR
and spin-valve reading heads.

4.4. Spin tunnelling

Another effect of some significance is found by making
the layer in the centre of the magnetic “sandwich” from
a very thin insulator instead of a conductor—the so-called
tunnelling effect [47] spin-polarised electrons passing
through the thin insulator from one magnetic layer to the
next are susceptible to the relative magnetic directions on
either side of the barrier giving a magnetically-dependant
effect on the contact resistance. This so-called tunnel junc-
tion is very difficult to control so that a reasonably low
resistance is achieved for, say, an oxidised alumina barrier
layer. Control of the oxidation of the interface is important
[48] but MR ratio can be as high (e.g. 23%) as for more
well-known GMR devices.

5. Giant magneto-impedance (GMI)

The giant magneto-impedance (GMI) effect includes a
large and sensitive change in an ac voltage measured across
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Fig. 11. Simplified circuit for GMI.

a soft magnetic specimen subjected to a high frequency cur-
rent under the effect of a dc (or lower frequency) magnetic
field. A typical circuit is shown inFig. 11. Two conditions
are important to get a large change in impedance: (i) the
frequency of the excitation current must be such to insure
a strong skin effect, and (ii) the magnetic structure has
to provide an ac transverse permeability sensitive to the
external field. At frequency of few MHz, these conditions
are realised in 30�m diameter CoFeSiB amorphous wires
having circular domain structure, showing the impedance
change as much as 40–100%/Oe[49,50]. Because of its
high sensitivity in combination with other advantageous
properties, the GMI effect has received much attention
as a candidate to develop new generation micro-magnetic
sensors. Magnetic sensors based on GMI in amorphous
wires have been recently developed, which demonstrate the
field detection resolution of 10−6 Oe for the full scale of
±1.5–2 Oe with a sensor head length of less than 1 mm,
and power consumption of less than 10 mW[51].

GMI can be considered as a high frequency analogy of
giant magnetoresistance. In the latter case, the sensitivity
to the field is relatively low and does not exceed 1.5%, as
was discussed inSection 4. Besides, there are hysteresis and
temperature instability problems. GMI elements typically
exhibit no hysteresis for the variation in the applied field.
Compared with a flux gate element, which also has a very
high sensitivity, the GMI element can be 100 times smaller
and its response speed up to 10 MHz is more than 103 times
higher. In terms of sensitivity, GMI cannot still reach the
lower level of that for SQUID magnetometer, however, the
GMI element seems can satisfy all the general requisite con-
ditions for various field and current sensors.

Table 4
Expressions for impedance in a wire

Expressions for impedance Comments Equation number

Z = Rdcka(Jb0(ka)/2Jb1(ka));
k = (1− i)/δ, δ =

√

(2ρ/ωµϕ), µϕ = µ′
ϕ − iµ′′

ϕ

Valid for any frequency,µϕ is the linearized
circumferential permeability averaged over domains,Rdc

the dc resistance,a the radius,l the length,ρ the
resistivity andJb0, Jb1 are Bessel functions

(10)

Z = Rdc + iωLj , Lj = lµϕ/8π Low frequency expansion (weak skin effect:a ≪ δ) (11)
Z = Rdc(a/2

√
2ρ)(

√
µR + i

√
µL)

√
ω;

µR = |µϕ| + µ′′
ϕ, µL = |µϕ| − µ′′

ϕ

High frequency expansion (strong skin effect:a ≫ �) (12)

|Z| =
√
Rdcl/4π

√

ω|µϕ| Absolute value of impedance for a strong skin effect case (a ≫ �) (13)

5.1. GMI effect

The complex impedanceZ that determines the measured
voltage at an ac excitation (seeEq. (9)) is a function of
the skin penetration depth. In the case of a magnetic wire
with radius a, length l, resistivity ρ and circumferential
permeabilityµϕ, the impedanceZ is generally expressed
by an equation involving the Bessel functions as shown
by Eq. (10) ofTable 4. The magnitude ofZ is sensitively
changed by an external fieldHex due to the relation ofZ ∝√

[ωµϕ(Hex)] at the condition of a strong skin effect (δ ≪
a). The skin effect occurs at frequencies over 130 kHz in an
amorphous wire havingρ of 130�� cm, a of 15�m, and a
dc maximum differential permeability (relative permeabil-
ity) of 104 measured by the circumferential dc BH hysteresis
loop.

For the case of a wire having a circular domain structure,
the symmetrical impedance changing characteristics as the
skin effect gets stronger are analysed as follows. The mag-
nitude of the wire impedance |Z| monotonically decreases
with increasingHex for angular frequencies of 1< ω/ωδ0 <

20, whereωδ0 = 2ρ/a2µd0 is a characteristic frequency at
which the skin-depth equals to the wire radius for the case
of a constant permeabilityµd0. In this frequency region, the
domain-wall movement contributes dominantly toµϕ. For
higher frequenciesω > 30ωδ0, |Z| increases withHex until
Hex/HK (HK is the anisotropy field) and then decreases with
increasingHex (>HK). This behaviour is related to the rota-
tional mechanism forµϕ since the domain-wall movement
is strongly suppressed by a large eddy current damping ef-
fect. It has been found that an optimal bias fieldHb of about
half value ofHK and an optimal angular frequencyω∗ of
(200–600)ωδ0 are required to realise the most field-sensitive
sensor head using the amorphous wire. The values of the
optimal magnetisation frequencyf∗ are 30–120 MHz for the
amorphous wire witha = 15�m, ρ = 130�� cm, and
µd0 = 104µ0.

5.2. GMI in Co-based wires

One of the best materials for GMI is a (Co1−xFex)72.5Si12.5
B15 amorphous wire which has a negative magnetostriction
for x < 0.06. In the outer layer of the wire, the com-
pressive stress from quenching coupled with the negative
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Fig. 12. Normalised voltage amplitudeV0/Vdc vs. axial field for different
frequencies in a FeCoSiB amorphous wire subjected to the ac sinusoidal
current of amplitudeIm = 5 mA. Vdc is the dc voltage level. The wire is
annealed under a tensile stress ofσa = 2 kg/mm2, it has a diameter of
30�m and a lengthl = 1 mm.

magnetostriction results in the circumferential anisotropy
and an alternate left and right handed circular domain struc-
ture [52]. This structure is retained even for wires with
slightly negative magnetostriction of−10−7 (x = 0.06), for
which especially large and sensitive GMI effects have been
reported. Annealing under tensile stress enhances the cir-
cumferential anisotropy, and the circular domain structure
exists almost in the entire wire.

The GMI characteristics for a sinusoidal current mag-
netisation are represented inFig. 12. The magnitude of the
voltage monotonically decreases with increasingHex for the
magnetising frequencyf = 1 MHz. In the case of a higher
frequencyf = 10 MHz, it increases forHex < HK and then
decreases withHex < HK . The high frequency behaviour of
the impedance is in line with that for rotational permeabil-
ity. The impedance changing ratio increases if the sinusoidal
current is biased with a dc current which makes a single do-
main at the surface layer of the wire, reaching a value of
more than 100%/Oe, which is typically more than 10 times
higher than that of the GMR element.

5.3. Asymmetrical GMI

The fundamental GMI characteristics are not only
non-linear, but also shaped in a way that the operation near
the zero-field point can present serious problems. Gener-
ally, a dc bias field is used to set properly the operating
point on the GMI characteristics. If then two oppositely
biased elements are connected in a differential structure,
a near-linear output occurs in some field interval near the
zero point. However, applying the dc bias field increases
substantially electric power consumption. In some cases,
the use of additional coils to produce the bias field may be
non-desirable as well. The effect of the bias field can be re-
garded as producing asymmetry with respect to the sensed

field, Hex. Therefore, for linear sensing the asymmetrical
GMI (AGMI) is of great importance.

AGMI characteristics at a frequency of 1 MHz have been
reported[53,54] for the case of a twisted amorphous wire
having a helically-induced magnetic anisotropy, subjected
to an ac current,I = Im sinωt, biased with a dc component
Ib. Without a dc bias currentIb, there are two symmetrical
picks. ApplyingIb produces asymmetry in GMI behaviour
and increases the sensitivity. In the case ofIm = 7.5 mA
and Ib = 4 mA one of the original picks is almost sup-
pressed, whereas the sensitivity of the other becomes as high
as 120%/Oe. However, a stress relaxation would occur in the
wire twisted and fixed at its both ends with soldering, which
gradually changes the sensor characteristics. Stable AGMI
characteristics can be obtained if the helical anisotropy is in-
duced by annealing under twist. In this case, asymmetry be-
comes more pronounced with increasing the dc bias and the
sensitivity increases up to about 100%/Oe forIm = 14 mA
andIb = 7.5 mA. If then two oppositely biased AGMI el-
ements are connected together in the differential system, a
near voltage response appears in the field interval of±2 Oe
with the voltage change of±80 V.

Another method to produce asymmetry is related to utilis-
ing an ac bias fieldhb [55]. In this case, the helically-induced
anisotropy is not required, and an asymmetrical voltage re-
sponse can be obtained in a wire with a circumferential
anisotropy. The ac bias is generated by an ac current in the
external coil, which can be the same as the currentI flowing
in the GMI element. This auto-biased configuration has been
realised in a wire with a circumferential anisotropy, driven
by a pulse currentIP (having both low and high frequency
harmonics) flowing through the wire and the coil mounted
on it, as shown inFig. 13.

5.4. GMI in films

Compared to CoFeSiB amorphous wires, sputtered
Co-rich amorphous films typically exhibit a lower GMI
sensitivity of 4–10%/Oe because of a higher anisotropy
field induced during the fabrication process and anneal-
ing [56]. A very sensitive GMI has been recently reported
to occur in magnetic/metallic multilayers, in which the
impedance change ratio is several times larger, then that in
a similar ferromagnetic single-layer film. For example, in
CoFeSiB/Cu/CoFeSiB films of 7�m thick the GMI ratio is

Fig. 13. Principle electronic circuit for ac (pulse) biased AGMI.
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340% for a frequency of 10 MHz and a dc magnetic field of
9 Oe. On the other hand, in the CoFeSiB layer of the same
thickness, the impedance varies over few percents under
these conditions[57].

A typical multilayer structure for GMI comprises two
outer magnetic layers with transverse magnetic structure and
an inner conductive lead having a much higher conductivity
(the conductivity ratio for the amorphous/Cu multilayers is
about 50). In this case, a very large change in impedance
can occur at much lower frequencies when the inductance
related to the outer magnetic layers becomes larger than the
resistance determined mainly by the inner conductor. Under
the condition of a week skin effect, the impedance is given
by [58]:

Z = Rm

(

1 − 2jµt
d2d1

δ2
1

)

(14)

whereRm is the resistance of the conductive lead,µt the
averaged transverse permeability, 2d1, d2 the thickness of
the conductive and magnetic layers, respectively,δ1 is the
skin-depth in the inner conductor.Eq. (14)can be compared
with GMI in a single magnetic layer in which a large mag-
netic response ofZ is possible only in the case of a strong
skin effect, whenZ ∝ 1/δ2 ∝ √

ωµt. On the other hand,
the GMI effect in a sandwich film can be very large even at
relatively low frequencies when the skin effect is not essen-
tial, having a linear dependence onµt. For a frequency of
10 MHz, takingd1 = d2 = 0.5�m andσ1 = 2.2 × 108 S/m
(conductivity of Cu), the parameterd1/δ1 = d2/δ1 = 0.045.
A typical low frequency change inµt (having a rotational
mechanism) under the application ofHex ∼= HK = 10 Oe
is from 1 to 103. This change corresponds to over 400%
variation in the impedance, which explains the experimental
results. Due to this advantage, GMI in sandwich films has
a potential in developing sensitive micro magnetic sensors
and magnetic heads for high-density magnetic recording.

5.5. GMI applications and circuitry

Using GMI elements, new sensitive and quick response
micro magnetic sensors are being developed for advanced
intelligent measurement and control system[51], includ-
ing non-destructive testing, highly accurate rotary encoder
heads, medical electronics, and automobile control. In this
section, the basic principles of GMI sensor operation are
discussed.

To realise high frequency operation and avoid microwave
problems, such as impedance mismatching, the GMI
elements have to be assessed for use with self-oscillation cir-
cuits, such as Collpits oscillator (seeFig. 14) or multivibra-
tor. To obtain good linearity and stability, the GMI circuits
have to be completed with a detector (de-modulator), a dif-
ferential amplifier and a negative feedback loop. Typical sen-
sor characteristics with Colpitts oscillator having a frequency
of 50–100 MHz are: field sensing resolution is 1�G for ac

Fig. 14. Colpitts oscillation circuit for MI sensor. The circuit operates
from dc voltage sourceVdc, axial sensed magnetic fieldHex is applied to
the MI element,Vout is the circuit output which is a function ofHex.

fields and 10�G for dc fields; quick response operation up
to 1 MHz; and non-linearity is less than 0.2% FS (±1 Oe).
This means that the spectral white noise density is of the or-
der of 100 fT/Hz1/2. To construct a linear field sensor (with
AGMI) or a gradient-field sensor, a pair of GMI elements can
be used in multivibrator circuit. The gradient-field sensor is
suitable to detect small localised fields as a magnetic-pole
field (cancelling a uniform disturbance field such as a terres-
trial field). For example, a pin-hole as small as 100-micron
diameter in a steel sheet of 0.2 mm thick running with a
speed of 10 m/s can be detected with this sensor at a gap of
5 mm[51].

A more advanced circuit to explore GMI characteris-
tics is C-MOS IC multivibrator reported by Kanno et al.
[59]. This circuit produces sharp-pulsed current of duration
2–10 ns. Such pulsed current involves both high frequency
(100–500 MHz) and low (quasi-dc) harmonics. Therefore,
it can be ideally used for the asymmetrical response re-
quiring dc or ac bias. This circuit also has a good sta-
bility since C-MOS multivibrator oscillation frequency al-
most does not depend on the impedance characteristics of
the GMI films. Power consumption of this circuit is also
small (10 mW).

6. Conclusions

SQUID magnetometers are, undoubtedly, the most sen-
sitive of all magnetic sensors and outperform conventional
electrical and magnetic sensing techniques in many areas.
However, despite all the progress in the technology over the
past few decades, the commercial success of SQUID-based
applications is still limited. This has mainly been due to the
inevitable high system price which in most cases overrides
the advantages of these systems in comparison with other
competing methods. The discovery of HTS materials and
recent advances in the SQUID and thin film technology,
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have again open the possibilities for broader acceptance
of SQUID-based applications. The current state-of-the-art
HTS SQUID technology is still lagging behind their LTS
counterparts in terms of sensitivity. However, driven by
continuous advances in thin film and microelectronics
technologies, progress in fabrication techniques of HTS
SQUIDs is encouraging. This is coupled with improvement
in read-out/interfacing electronics, and the development of
alternative and easy to use cooling systems, offer potential
for the development of more convincing SQUID systems
with more extended applications, some of which have been
briefly discussed here.

Despite their relatively recent introduction to the field,
GMR and GMI materials have already started to expand the
horizons of magnetic sensing. The technologies behind these
devices, particularly the thin film for GMR and the mul-
tilayer structures for GMI, easily lend themselves to very
small components with high-speed capabilities. In the case
of the GMR devices, an added advantage is their very sim-
ple, well-balanced operating scheme that is based on Whea-
stone bridge configurations. Integration of such devices with
conventional semiconductor technology is hence easy, and
promises significant developments in the field of advanced
intelligent sensor systems. The technology can also be ex-
tended to other smart measurement and control systems.
However, most existing GMR and GMI devices exhibit a
rather large 1/f noise and Barkhausen noise due to magnetic
domain trapping and motion inside flux-guides, which could
severely limit their applications. Practically, we should not
forget that most of these devices are still under development
and, hence, with better materials quality, use of monodomain
structures and advanced magnetic biasing strategies the sit-
uation could dramatically change.
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