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Abstract The planar Hall effect (PHE) is intimately related to the anisotropic
magnetoresistance (AMR). However, while AMR-based magnetic sensors have
been commercially available for decades and are widely used in a variety of
applications, PHE-based sensors have been mostly the subject of research. The
reason for that is most probably the superior performance that has been exhibited by
the AMR sensors. In this chapter, we review the work that has been done in the
field of PHE sensors with emphasis on the PHE sensors developed by the authors.
The performance of these sensors exceeds the performance of commercially
available AMR-based sensors and has the potential of competing even with bulkier
ultra-sensitive sensors such as flux-gate and atomic magnetometers. We review the
physical origin of the effect, the use of shape to tailor the magnetic anisotropy on
demand and the optimization process of the fabrication details of the sensor and its
amplification circuit.

1 Physical Background

The interplay between spin polarized current and magnetic moments gives rise to
many challenging and intriguing phenomena. The emergence of the field of spin-
tronics [1, 2] highlighted phenomena encountered in heterostructures such as giant
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magnetoresistance, tunneling magnetoressitance, spin-torque, etc. Several addi-
tional important phenomena are encountered in a single compound, such as the
dependence of the longitudinal resistivity qxx and that of the transverse resistivity
qxy on the orientations of the current density J and the magnetization M. For
polycrystalline magnetic conductors (including ferromagnetic 3d alloys) the
dependence is given by:

qxx ¼ q? þ qk � q?
� �

cos2 h ð1Þ

qxy ¼
1
2

qk � q?
� �

sin 2h ð2Þ

where qk and q? are the resistivities for magnetization parallel and perpendicular to
the current, respectively, and h is the angle between J and M (see Fig. 1). The
variation of qxx is called the anisotropic magnetoresistance (AMR), while the
variation of qxy is called the planar Hall effect (PHE) [3, 4].

The AMR and PHE can be more complicated when the magnetic conductor is
crystalline. In this case, in addition to the angle between J and M, the angles
between each of the two vectors and the crystal axes may also be relevant, and the
magnetotransport tensor qij is expressed as a function of the direction cosines, ai, of
the magnetization vector [5],

Fig. 1 a A sketch of a typical pattern used for measuring AMR and PHE. b The dependence of
the longitudinal and transverse resistance on the angle h between the current J and the
magnetization M demonstrating AMR (blue graph) and PHE (red graph), respectively
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qijðaÞ ¼
X3

k;l;m...¼1

aij þ akijak þ aklijakal þ aklmijakalam
þ aklmnijakalaman þ � � �

 !
ð3Þ

where i, j = 1,2,3 and the a’s are expansion coefficients. As usual, qijðaÞ ¼
qsijðaÞþ qaijðaÞ where, qsij and qaij are symmetric and antisymmetric tensors,
respectively. As the AMR and PHE are symmetric, only the symmetric part of the
tensor is used to extract the AMR and PHE equations to replace Eqs. (1) and (2).

Theoretical treatment of AMR and PHE in 3d itinerant ferromagnets has been
mainly done in the framework of two channel sd—scattering model. In this model,
conduction (carried primarily by s electrons) is divided into spin-up and spin-down
currents which flow in parallel and mix via a spin-orbit interaction which depends
on the angle between the k vector of the conduction electron and the orientation of
the magnetic moments.

The AMR of 3d magnetic alloys is on the order of several percent and their room
temperature resistivity is on the order of 50 lX cm . Therefore, typically the PHE
amplitude given by ðqk � q?Þ is on the order of 1 lX cm. For films with thickness
on the order of 100 nm, the actually measured DR is on the order of 0.1 X.

Much larger PHE amplitudes are obtained in GaAs(Mn) [6], manganites [7], and
magnetites [8], and for this reason the PHE in these compounds is termed giant. The
origin of the giant PHE is not high AMR ratio but much larger qxx.

2 PHE Sensors

The dependence of the PHE signal on the angle between the magnetization
direction in the magnetic conductor and the direction of the current that flows
through it is used for magnetic field sensing. For such a use the magnetic conductor
should have uniform magnetization, and the magnetization direction should change
predictably, reversibly and without hysteresis in the presence of an applied mag-
netic field. To obtain such a behavior, the layer should have magnetic anisotropy,
commonly with an easy axis parallel to the current direction. When these conditions
are met, the PHE signal indicates the magnetization direction which indicates the
magnitude of the applied magnetic field in the film plane, in a perpendicular
direction to the current direction.

In comparison with AMR sensors, PHE sensors have several intrinsic advan-
tages. The AMR as a function of the angle h between the current and the mag-
netization has its largest slope at p

4 þ np
2 whereas the PHE as a function of h has its

largest slope at np
2 . Since it is easier to fabricate sensors where in the absence of an

applied magnetic field h is equal to np
2 PHE sensors are simpler and cheaper to

manufacture.
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Furthermore, the AMR signal is measured on top of a large dc component
associated with the average resistance (see Fig. 1b). Therefore, temperature and
aging drifts which affect the dc component are extremely detrimental to AMR
sensors. To obtain an output voltage which reflects the AMR signal without the dc
component, AMR sensors are commonly used in a Wheatstone bridge configuration
of four AMR sensors. Such a design is not needed in PHE sensors whose dc
component is zero (see Fig. 1b).

Different types of PHE sensors have been reported:

1. Sensors with a single ferromagnetic layer with magnetic anisotropy which is
induced during growth by applying a magnetic field and by using an antifer-
romagnetic pinning layer.

2. Sensors with multi ferromagnetic layers separated by non-magnetic conductors.
These sensors are commonly called spin valve PHE sensors.

3. Sensors that are called PHE Bridge (PHEB) sensors but in fact are AMR sensors
in a common Wheatstone bridge configuration.

4. Sensors with a single ferromagnetic layer and shape induced magnetic aniso-
tropy due to their elliptical shape. This is the type of sensors with the best
reported magnetic field resolution and we will elaborate on the properties of
these sensors in the following sections.

2.1 PHE Sensors with Field Induced Magnetic Anisotropy

Uniform and reversible response of a sensing ferromagnetic layer in a PHE sensor
has been obtained by inducing uniaxial magnetic anisotropy during growth.
A common structure of such sensors consists of a ferromagnetic Ni80Fe20 layer
coupled to an antiferromagnetic IrMn layer. A field on the order of several hundreds
of Oersteds induces magnetic anisotropy and aligns the pinning direction of the
IrMn layer [9–12].

2.2 Spin-Valve PHE Sensors

PHE sensors that consist of at least two ferromagnetic layers separated by
non-magnetic layers are commonly called PHE sensors with spin-valve structure
(Fig. 2). This term refers to the fact that such magnetic multilayer structures are
used to obtain a spin-valve effect; namely, that for a given voltage the current flow
is high or low depending on the relative orientation of the magnetization in
neighboring magnetic layers (parallel or anti-parallel). Following are spin valve
structures that are used to fabricate PHE sensors.

A common structure used for spin-valve PHE sensors is Ta/Ni80Fe20/
Cu/Ni80Fe20/IrMn/Ta [13–28]. The structure is commonly deposited on silicon
dioxide in dc magnetron sputtering system. The first Ta layer is a seed layer, the
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first Ni80Fe20 layer is the free magnetic layer, the Cu layer serves as the
non-magnetic metallic spacer, the second Ni80Fe20 layer is the pinned ferromag-
netic layer, the IrMn layer is an antiferromagnetic layers that pins the Ni80Fe20 layer
below, and the second Ta layer is a capping layer.

The layers are commonly sputtered in a working pressure of several mTorr with
a magnetic field on the order of several hundreds Oersted parallel to the film plane.
The role of the field is to induce magnetic anisotropy in the ferromagnetic layers
and define the exchange bias between the antiferromagnetic layer and the neigh-
boring ferromagnetic layer. Typical thicknesses are: Ta—5 nm, free NiFe—4–
20 nm, Cu—1–4 nm, pinned NiFe—1–12 nm, IrMn—10–20 nm.

A sensitivity of 15.6 mX/Oe was reported for a structure with free layer thick-
ness of 20 nm and pinned layer thickness of 2 nm [29]. Other reports indicate
sensitivity of less than 10 mX/Oe [16, 21, 24, 30]. Other spin valve structures
include Co/Cu/Py [31–33], Co/Cu multilayers [34], NiFe/FeMn/NiFe [35], and
Ta/NiFe/CoFe/Cu/CoFe/IrMn/Ta [14]. However, for these structures either sensi-
tivity data are missing or the sensitivity is lower than for the Ta/Ni80Fe20/
Cu/Ni80Fe20/IrMn/Ta structures.

In these sensors the spin valve structure is used to induce the required magnetic
properties. There are no reports of additional transverse voltage in relation to the
spin valve effect itself; namely, the large variations in the longitudinal resistivity as
a function of the magnetic configuration. The measured PHE signal is simply the
average contribution of all layers in connection with the AMR of each layer.

2.3 PHE Bridge Sensors

The term PHE bridge (PHEB) sensors [9–12, 24, 36–41] has been used to describe
AMR sensors in different Wheatstone bridge configurations. Two main types have
been considered: (a) sensors where the arms are straight and form a square;
(b) sensors where the arms form a ring shape [42]. The two basic shapes have been
further developed into meander-like shapes to increase the signal (see Fig. 3). In all
these configurations at zero applied field the angle between the internal magneti-
zation and the current is around 45° as required for AMR sensors and not parallel or
anti-parallel as required for PHE sensors.

Fig. 2 A typical layer
structure of a spin-valve PHE
sensor
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The bridge configuration which is useful for eliminating effects of thermal drifts, and
the angle between the current and the internal magnetization when no field is applied
give rise to a dependence of the output voltage on the magnetization direction which is
similar to that obtained for PHE; nevertheless, these are in fact AMR sensors whose
output is determined by the integrated AMR response of the entire bridge structure.
Such sensors have demonstrated a resolution of 2 nT/√Hz at 1 Hz [10].

3 Elliptical PHE Sensors

Starting from this section we concentrate on elliptical PHE sensors which exhibit
magnetic field resolution of *200 pT/√Hz at 1 Hz and less than 1 nT/√Hz at
0.1 Hz.

The elliptical shape of these sensors induces uniaxial magnetic anisotropy par-
allel to the long axis of the ellipse. For sensing, a current is driven along the long
axis of the ellipse and the transverse voltage due to the PHE is measured across the
short axis of the magnetic ellipse (see Fig. 4).

We start with describing the fabrication process and then we introduce the main
factors which are used to analyze the operation of the sensor: the equivalent circuit,
the signal and noise models and the resulting resolution.

3.1 Fabrication

The sensors are fabricated by the following steps:

1. We start with an undoped Si wafer (orientation: (100) ± 0.9°, resistivity
[ 100X cm, micro roughness � 5 Å).

Fig. 3 Planar Hall effect
Bridge (PHEB) configuration
with multi segments per
branch (Source Ref. [10])
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2. Ellipses are patterned on the wafer by a liftoff process using MJB-4
Mask-aligner, photoresist S1813 and developer MICROPOSIT® MF®-319.

3. Permalloy (Ni80Fe20) films capped with tantalum are sputtered in a
UHV-evaporation and sputtering system (BESTEC). Prior to deposition, the
wafer is treated with Ar+ beam using 3 cm dc Ion Source Filament Cathode
(ITI) in order to remove resist and developer residue that can remain after
development process. Base vacuum before deposition is less than
5 � 10−7 mBar, and it rises to 3 � 10−3 mBar during deposition. Gas is
introduced into the upstream end of the ion source through the gas feed tube
where it is ionized. The Permalloy is sputtered at a rate of 1:76 Å=s and a
capping layer of tantalumn (3 nm) is deposited on top in situ immediately after
Permalloy to prevent oxidation.

4. The wafer is immersed in NMP for liftoff.
5. Current and voltage leads are patterned at a second liftoff process.
6. The gold contacts are sputtered on top of an adhesion layer of chrome (4 nm) in

BESTEC. Before deposition the wafer is treated with Ar+ beam. The gold layer
thickness is *1.5 times the thickness of the magnetic layer.

7. The wafer is immersed in NMP heated to 80 °C for liftoff.

The liftoff process described in (2), (3) and (4) can be replaced by a wet etching
process. In this process the new stage (2) is former stage (3) performed on an
unprocessed wafer. Stage (3) is former stage (2) with reversed lithography (namely
the remaining photoresist defines the ellipses. Stage (4) is replaced by wet etching
with 32 % HCl. The etching is stopped by H2O.

Fig. 4 An elliptical PHE sensor with its dimensions. The elliptical part is made of permalloy
capped with tantalum. The current leads (Vx1, Vx2) and the voltage leads (Vy1, Vy2) are made of
gold
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3.2 Equivalent Circuit

The equivalent electrical circuit of the PHE sensor and its preamplifier is presented
in Fig. 5. The equivalent circuit includes the PHE voltage source which generates a
Vy voltage across the sensor y-terminals, the sensor resistance across the y-term-
inals, Ry, the sensor internal thermal and 1/f noise sources ethermal and e1/f respec-
tively, and eamp, the total preamplifier noise, referred to its input (including the
voltage noise, current noise, and the noise of the feedback resistors Rf and R).

3.3 Signal

The sensitivity of a PHE sensor is defined as the ratio between the PHE voltage Vy

and the magnetic field B applied in the film plane perpendicular to the easy axis
(and the current direction). When B is small compared to the total effective ani-
sotropy field (Hk) which is the sum of the sensor shape induced anisotropy Hsa and
the excess anisotropy Hea, the sensitivity can be expressed as follows [43]

Sy ¼ Vy

B
¼ 104

Vx

Rx
� Dq
t
� 1
Hsa þHea

ð4Þ

where Vx is the bias voltage across the x-terminals, Rx is the sensor resistance across
the x-terminals, t is the sensor thickness, and Dq is the sensor average electrical
resistivity ðDq ¼ qk � q?Þ.

We express the sensor resistance across the x-terminals Rx, while neglecting the
resistance of the gold leads and the interface resistance between the leads and the
sensor as:

Rx ¼ C1 � q � d
t � b ð5Þ

Ry

Vy

eamp

Rf

C

R

e1/f

ethermal

Fig. 5 Equivalent electrical circuit of the PHE sensor
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In this expression, C1 is a constant not much larger than 1 which is used to
reflect the previously mentioned approximations.

3.4 Noise

The total noise of a PHE sensor eR has three main components: 1/f noise, thermal
noise, and preamplifier noise:

eR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21=f þ e2thermal þ e2amp

q
ð6Þ

3.4.1 Thermal Noise

The thermal noise (sometimes referred to as Johnson noise) is generated by thermal
agitation of electrons in a conductor and is defined by:

ethermal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTRy

p ð7Þ

where kB is the Boltzmann constant, T is the temperature, and Ry is the sensor
resistance across the y-terminals:

Ry ¼ C3 � q � b
t � e � C2

ð8Þ

where C3 similarly to C1 is a constant not much larger than 1, and C2 is a constant
larger than 1 that relates the real, rectangle shaped volume between the y-terminals
to the effective conduction area.

3.4.2 1/f Noise

The sensor 1/f noise is described using the Hooge empirical formula:

e1=f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
x

dH
Nc � Vol � f a

s
ð9Þ

where Vx is the bias voltage, dH is the Hooge constant [44, 45], Nc is the “free”
electron density and is equal to 1.7 � 1029 1/m3 for Ni80Fe20 Permalloy [45], f is
the frequency, a is a constant, and Vol is the effective volume, where the electrons
are contributing to the conduction process in a homogeneous sample [45].
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Considering the effective conduction volume described using C2 in Eq. (8), Vol
can be approximated by:

Vol ¼ C2 � t � b � e ð10Þ

3.4.3 Amplifier Noise

eamp is the total preamplifier noise, referred to its input (including the voltage noise,
current noise, and the noise of the resistors). The feedback resistors Rf and R are
selected to be small enough so their noise contribution can be neglected.
Consequently,

eamp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2amp þ Ryiamp

� �2q
ð11Þ

where vamp and iamp are the operational amplifier voltage and current noise
respectively. The voltage and current noise of the operational amplifier possess both
white and pink (1/f) noise components and can be expressed using the following
expressions:

vamp ¼ vamp0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ fc1

f a1

s
ð12Þ

iamp ¼ iamp0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ fc2

f a2

s
ð13Þ

where vamp0 and iamp0 are the level of the voltage and current white noise densities
respectively, fc1 and fc2 are the voltage and current noise densities corner frequency
respectively and a1 and a2 are constants.

3.5 Equivalent Magnetic Noise

The sensor equivalent magnetic noise (sometimes referred to as resolution or
minimal detectable field) is defined as

Beq ¼ eR
Sy

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21=f þ e2thermal þ e2amp

q
104 Vx

Rx
� Dqt � 1

Hsa þHea

ð14Þ

In the following sections we describe a series of steps we have made to improve
the magnetometer resolution with special emphasis on the low frequency noise.
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4 Magnetic Behavior of Elliptical PHE Sensors

As mentioned above, the operation of PHE sensors requires magnetic anisotropy. In
elliptical PHE sensors the magnetic anisotropy is induced by the dependence of the
magnetostatic energy on the direction of the magnetization relative to the principal
axes of the ellipse. Compared to previously discussed methods for the magnetic
anisotropy induction (e.g. field induction or induction using an anti-ferromagnetic
layer), anisotropy induction using the sensor shape has several important
advantages:

1. The direction and magnitude of the magnetic anisotropy is determined by the
pattern shape.

2. In principle, for ideal magnetic ellipsoids with no intrinsic magnetic anisotropy,
the anisotropy field, which is inversely proportional to the signal [see Eq. (4)],
can be made as small as required.

3. The anisotropy is achieved using a single magnetic layer which makes the
fabrication simple. Furthermore, due to the fact that the anisotropy is not
achieved via interaction with other layers, the magnetic sensing element can be
as thick and big as required which is important for decreasing the 1/f noise.

For elongated and flat ellipsoids ða� b � cÞ, one can define and calculate the
demagnetization factors [43, 46],

Na

4p
¼ c

a
ð1� e2Þ1=2 K � E

e2
ð15Þ

Nb

4p
¼ c

a
E � ð1� e2ÞK
e2ð1� e2Þ1=2

ð16Þ

Nc

4p
¼ 1� cE

a 1� e2ð Þ1=2
ð17Þ

where a, b and c are the axes of the ellipsoid. Na, Nb and Nc are the demagnetizing
factors (corresponding to a, b and c respectively). K is a complete elliptic integral of
the first kind and E is a complete elliptic integral of the second kind, whose

argument is e ¼ 1� b2
a2

� �1
2
. The behavior of the ellipsoid when H is applied in the

ab plane can be described by the Stoner-Wohlfarth Hamiltonian H ¼ Ku sin2 h�
MsH cos ða� hÞ [47] where the anisotropy constant Ku is given by
Ku ¼ 1

2M
2
s ðNb � NaÞ. So the shape-induced anisotropy field (Hsa) is

Hsa ¼ MsðM � LÞ ð18Þ
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Using asymptotic expansions of K and E in the limit a � b�c [46] we obtain

Hsa � 4pMs
c
b
� 10; 807

c
b
Oe ð19Þ

Using this approximation we estimate the shape-induced anisotropy of a thin
ellipse (thickness t) with principle axes a and b ða� b�tÞ as

Hsa � 4pMs
t
b
� 10; 807

t
b
Oe ð20Þ

As shown below, the effective anisotropy field does not go to zero when t/b goes
to zero. Therefore, we denote by Hsa the calculated shape-induced anisotropy field
and by Hk the actual effective anisotropy field.

The ideal magnetic ellipsoid is expected to exhibit a single magnetic domain
behavior with uniform magnetization. Figures 6 and 7 present two types of
experiments which demonstrate the effective single domain behavior of the thin
ellipses.

Figure 6 demonstrates the effective single domain behavior by showing that if
the magnetization is tilted away from the easy axis by an external field, it returns
completely to the easy axis when the applied magnetic field is set to zero. This is
demonstrated by measuring the PHE with and without the field. The small varia-
tions in the zero-field signals are consistent with the expected effect of a small
ambient field.

Figure 7 shows the dependence of the switching Field Hs on a measured on
elliptical sensor with long axis of 1 mm. The line is the expected for coherent
rotation [47]

Fig. 6 Demonstration of effective single-domain behavior of large elliptical sensors. The
normalized PHE is measured across an elliptical sensor as a function of the angle a between H and
J. The dimensions of the ellipse are 2 mm length, 0.25 mm width, and 60 nm thickness, the
current J is applied along the long axis of the ellipse. For each a, the voltage is measured twice:
with H = 100 Oe (full symbols) and with H = 0 (empty symbols). (Source Ref. [43])

212 V. Mor et al.



HsðaÞ ¼ Hk

sin
2
3 aþ cos s

2
3a

h i3
2

ð21Þ

where Hk is the actual effective anisotropy field. We note that for a close to 180° the
experimental points deviate from the theoretical prediction indicating that in this
narrow range of angles the magnetization reversal cannot be described in terms of
coherent rotation. This however does not affect the functionality of the sensors
which are used to detect fields much smaller than the anisotropy field.

To determine the effective Hk of the sensors, we apply a small field perpen-
dicular to the easy axis and measure the slope of h versus H?. Figure 8 represents
the experimentally extracted Hk for elliptical sensors in a wide range of sizes as a
function of b/t, where t is the film thickness, and b is the short axis of the ellipse.

We compare the analytical approximation with the experimental results (see
Fig. 8) and note that the experimental value of Hk has a lower bound. Namely, there
is an excess anisotropy which is sample dependent and its magnitude is typically on
the order of 5 Oe. The origin of this excess anisotropy is yet to be determined. We

Fig. 7 The switching field Hs

divided by the anisotropy
field Hk as a function of a.
The line is a fit to the Stoner–
Wohlfarth model. The
dimensions of the ellipse are
1 mm length, 0.125 mm
width, and a 60 nm thickness.
(Source Ref. [43])

Fig. 8 The theoretical anisotropy field of ellipsoids with principle axes a, b and c [continuous line
according to Eq. (19)] and the experimental (diamonds) and simulated (dots) shape anisotropy
field for ellipses with principle axes a and b and thickness t = c as a function of c/b. (Source Ref.
[43])
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therefore write Hk as a sum of two contributions: the expected anisotropy field due
to shape denoted by Hsa and an excess anisotropy field denoted by Hea.

We compare the analytical approximation with OOMMF [48] simulations and
note that the approximation in Eq. (19) is quite good for a=b� 8.

We have also performed simulations for ellipses and rectangles and have found
that the analytical approximation is better for elongated ellipses. The simulations
also indicate the effective single domain behavior for ellipsoids and ellipses in a
very wide range of sizes, whereas rectangular samples are much less stable. The
ellipses with axes ratio of 6:1 and above behave quite like a single domain particle
and the behavior improves with increasing axes ratio.

We note that the size dependence of the switching properties of Permalloy
(Ni80Fe20) ellipses was also investigated by other groups using magnetoresistance
measurements and magnetic force microscopy. A single-domain configuration was
observed in the elements with the range of aspect ratios from 5 to 10. More complex
domain structures appear in the lower aspect ratio and thicker samples [49].

Surprisingly, the single-domain-like behavior is observed even for very large
ellipses [43]. This has a practical importance since the big ellipses have a very small
Hk which means that their sensitivity can be higher.

S ¼ Vy

I
� 1
Hk

/ 1
Hk

ð22Þ

We have obtained Hk as small as 8 Oe and S as big as 200 X
T .

5 Operation and Optimization of Elliptical PHE Sensors

5.1 Exciting the Sensor Using AC Current

As previously explained, the preamplifier consists of voltage and current noise
sources at its input, both possessing white and 1/f components [see Eqs. (12) and
(13)]. Our magnetometer is designed for optimal resolution at ultra-low frequencies
starting from the mHz range. Since the 1/f noise of the elliptical PHE magnetometer
is extremely low, even ultra-low noise operational amplifiers will introduce an
additional, significant 1/f noise at frequencies below 1 Hz (see for example LT1028
by Linear Technology).

A probable solution is to use chopper or auto-zero amplifiers. Those amplifiers
show minimal drift and zero 1/f noise at their input. However, even state-of-the-art
commercially available amplifiers of this type (see for example ADA4528-1 by
Analog Devices) demonstrate white noise levels five times higher compared to the
white noise level of a standard ultra-low noise operational amplifier and therefore
did not constitute a potential solution in this case.

To overcome this limitation we have excited our sensor using ac current as
opposed to the classic approach of dc current excitation. Exciting the sensor using
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ac current translates its output signal and its intrinsic 1/f noise to frequencies where
the 1/f noise of the preamplifier can be neglected. The preamplifier output signal can
then be demodulated back to baseband using analog or digital synchronous
detector.

Compared to chopper amplifiers which modulate the signal inside the amplifier,
modulation of the signal inside the sensor itself results in an equivalent white noise
behavior of the amplifier with a drastically lower noise level.

Figure 9 shows the amplitude spectral density of the LT1028 preamplifier
equivalent input noise, measured after demodulation without excitation current.
One can see that the preamplifier noise is white from 10 mHz to 100 Hz. The
measured white noise level of *1.1 nV/√Hz is in good agreement to the reported
white noise level in the LT1028 op-amp datasheet. The graph in Fig. 9 was
acquired using a digital demodulation at a frequency of 1.12 kHz.

5.2 Optimization of the Sensor Thickness

The PHE sensor 1/f noise is inversely proportional to the sensor volume [see
Eq. (9)]. Since the sensor signal is inversely proportional to the sensor thickness, it
is also inversely proportional to its volume [see Eq. (4)]. As a result, there is an
optimal thickness for which the sensor equivalent magnetic noise is minimal.

Our magnetometer is optimized to operate at ultra-low frequencies where the 1/
f noise component of the sensor is dominant over its thermal noise and the
preamplifier white noise.

Fig. 9 Equivalent input voltage noise versus frequency for a LT1028 operational amplifier with
an output demodulation at 1.12 kHz. Both the measured noise and the fit are shown (blue and red
line respectively)
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In the limit where the 1/f noise is dominant, only the first term under the square
root of Eq. (6) remains relevant. The parameters Hea;

Dq
q , and q do not depend on

the sensor thickness for t > 20 nm; therefore, they are considered as constants for
the thicknesses we use. By substituting the expressions for Hsa, Rx, Vol and Ry into
Eq. (14) we obtain:

Beq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dH
Nc � C2 � t � b � e � f a

s
104tþ bþHeað Þ � C1 � d � q

104 � Dq � b2 ð23Þ

We note that the equivalent magnetic noise in Eq. (23) depends only on the
sensor dimensions and the material properties.

Optimizing t for minimal value of Beq yields:

topt ¼ Hsa � b
104

ð24Þ

We find that for this thickness:

Hsa 	 Hea ð25Þ

We now substitute Eq. (24) into Eq. (23) and obtain the sensor low-frequency
equivalent magnetic noise at the optimal thickness:

Bmin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

dH
Nc � C2 � e � f a

s
2
ffiffiffiffiffiffiffi
Hea

p
C1 � d � q

102 � Dq � b2 ð26Þ

To appreciate the sensitivity of Beq on deviations from the optimal thickness, we
calculate changes in Bmin denoted as Beq ¼ Bmin � dBeq as a result of relative changes
in the sensor thickness denoted as dt¼ ðtopt
tÞ=topt.

0.01 0.1 1 10 100
1

1.5

2

3

5

δ t

δ
B e

q

Fig. 10 Relative change in
the equivalent noise as a result
of deviations from the optimal
thickness
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This yields

dBeq ¼ 1
2
ð1þ dtÞ

ffiffiffiffi
1
dt

r
ð27Þ

A plot of Eq. (27) (see Fig. 10) shows that a ten-fold deviation of the sensor
thickness from its optimum value results in almost two-fold increase in the sensor
equivalent magnetic noise.

5.3 Optimization of the Driving Current

Theoretically, if the sensor power consumption is not limited, the excitation current
should be as high as possible to bring the equivalent magnetic noise to a minimum
at all frequencies. However, the ability of the sensor to dissipate the excessive heat
is limited and therefore, at a too high current, the sensor becomes thermally
unstable, which degrades its equivalent magnetic noise.

The excitation current should be selected according to the bandwidth require-
ments of the specific application. In frequencies significantly higher or lower than
1 Hz, thermal or 1/f noise, respectively, will dominant over other noise sources
regardless of the excitation current. On the other hand, the unique case of a
bandwidth ranging from sub-Hz frequencies and up to tens or hundreds of Hz
requires a more sophisticated approach for the selection of the excitation current
based on an experimental optimization process.

In this case of intermediate frequencies the optimal current must yield best
possible magnetic field resolution at frequencies where the 1/f noise dominants but
also at frequencies where the white noise sources are dominant.

To find the optimal excitation current for the intermediate frequency range, we
have measured the sensor equivalent magnetic noise between 0.01 and 10 Hz for
currents in the range of 10–100 mA. We have changed the current by small steps

Fig. 11 Equivalent magnetic
noise versus frequency. For
the optimum excitation
current amplitude of
71.4 mA, both the sensor
noise and the noise fit are
shown. For other excitation
current amplitudes only the
noise fits are shown. (Source
[50])
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measuring at each step the sensor gain and noise. Figure 11 shows the sensor
equivalent magnetic noise as a function of frequency for three cases: a too high, a
too low and optimal excitation current.

The sensor was excited with ac current. The sensor output was amplified using a
low-noise operational amplifier (LT1028). The amplifier output was sampled by a
24-bit ADC (PXI-5421) and demodulated using a digital synchronous detector.
A 100 Hz low-pass filter at the output of the synchronous detector was used to
band-limit the signal. As the input voltage noise of the LT1028 operational
amplifier flattens at around 1 kHz, we have excited the sensor at 1.22 kHz to avoid
the amplifier 1/f noise and 50 Hz power network harmonics. The sensor gain was
measured using a calibrated solenoid and was found to be flat from 10 mHz to
100 Hz. The sensor noise was measured inside a seven layer magnetic shield to
suppress low-frequency interferences. A similar experimental setup is shown in
Fig. 12. The experimental sensor parameters are listed in Table 1.

From Fig. 11, one can see that the sensor equivalent magnetic noise at the
optimal excitation current is either the lowest one or does not practically differ from
the noise values at the other excitation currents. A too low excitation current
provides similar results at low frequencies but worse results at higher frequencies,
where the 1/f noise is not so dominant. At a too high excitation current, the
equivalent magnetic noise at high frequencies is similar to that of the optimal
current, but is degraded at low frequencies due to thermal drift.

5.4 Equivalent Input Magnetic Noise

By increasing the sensor volume (see Fig. 13) and decreasing white noise associ-
ated with the pre-amplifier we have managed to considerably improve the equiv-
alent magnetic noise of our PHE sensors and obtain a magnetic field resolution of
200 pT/√Hz at 1 Hz and less than 1 nT/√Hz at 0.1 Hz [51].

Figure 14 shows the 5 mm PHE sensor equivalent magnetic noise as a function
of frequency compared to the equivalent magnetic noise of a high-resolution
commercial AMR sensor of a model HMC1001 by Honeywell.

6 Future Prospects and Applications

The current resolution of the elliptical PHE-sensors exceeds the resolution of the
highest performance commercial AMR sensors and the resolution of other MR
sensors. However, there are prospects for improving the resolution of these sensors
by more than an order of magnitude to reach field resolution in the femto-Tesla
range. In the following we address several routes for improved resolution: (a) in-
creasing the signal (b) increasing the measured field and (c) decreasing the noise.

There are two main ways to increase the signal. The AMR ratio of the used
Permalloy films is on the order of 1–2 %. However, based on reports in the

218 V. Mor et al.



literature, optimization of deposition conditions may reasonably yield an
improvement of at least a factor of 2. We note that the equivalent magnetic noise is
inversely proportional to the AMR ratio. Another way to increase the signal is by
reducing the excess anisotropy Hex which sets a lower bound for the total effective
uniaxial anisotropy. The origin of the excess anisotropy is not fully understood at
this stage. We believe that it is related to internal intrinsic magnetocrystalline
anisotropy which can be suppressed by the optimization process of the growth
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vy1 vy2

vx1

vx2
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Solenoid

Magnetic shield
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Current
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vx1 vx2
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PXI-5421

24-bit ADC
PXI-5421

PXI

ch1

ch0

i

R

Rf

C
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vy2
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1k

1.6n

LT1028

Fig. 12 An experimental setup similar to the one used for the excitation current optimization
process. (Source Ref. [43])
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Table 1 Parameters of the
PHE sensor experimental
model

Parameter Value Units Parameter Value Units

a 3 mm Ha 3.84 Oe

b 0.375 mm Hk 3.45 Oe

t 120 nm Dq/q 1.6 %

d 1.2 mm q 2.7 � 10−7 Ohm m

e 0.06 mm a 1.5

Rx 9.97 Ohm dH 2.73 � 10−3

Ry 5.08 Ohm Nc 17 � 1028 1/m3

Ix 71.4 mA

Fig. 13 A 5 mm PHE sensor mounted on its carrier, placed next to 1 EURO coin for scale

Fig. 14 The equivalent magnetic noise of a 5 mm elliptical PHE sensor (blue line—measured
noise, red line—fit) compared to the equivalent magnetic noise of a high-resolution commercial
AMR sensor of a model HMC1001 by Honeywell (green line)
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conditions. We note that Eq. (26) equivalent magnetic noise is proportional toffiffiffiffiffiffiffi
Hea

p
.

The amplification of the field is commonly achieved by using magnetic flux
concentrators. In the case of elliptical PHE sensors the integration of such con-
centrators is relatively simple. We note that flux concentrators have been used to
increase the applied field by more than an order of magnitude.

The decrease of the noise can be achieved in several ways: by optimizing the
sensor geometrical parameters including the parameters of the current and voltage
leads and by optimizing the measuring method (amplitude and frequency of the
excitation current, amplification circuit, etc.). Based on the above, even without
exploring other material systems, a low frequency femto-Tesla resolution with the
elliptical PHE sensors is within reach. In addition to the field resolution advantage
of these sensors, there are other important advantages. They are simpler than the
AMR sensors, their anisotropy is tailored by shape which enables the simple fab-
rication on the same chip of sensors with easy axes which differ in their orientation
and the strength of the effective anisotropy field. Furthermore, they are quite robust
and stable, a feature which decreases considerably the need to “refresh” the sensor.
These features of the sensors make them suitable for a wide range of applications.
They may compete with the low-cost low-resolution magnetic sensors such as Hall

Fig. 15 Simplified scheme for biomolecule detection. Biomolecule with label (A) connecting to
the sensing surface by creating a bridge with a complementary biomolecule (B). This event can be
registered with a magnetic field sensor. Figure taken from [52]
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sensors, which are widely used in the automotive industry. Currently, it appears that
this industry does not need the improved resolution; however, it could be that once
cheap, high-resolution sensors are available, the need will also arise.

PHE sensors have been suggested for various medical diagnostic applications;
particularly, as a central part in lab-on-a-chip systems [52] (see Fig. 15). In such
systems, better resolution means more sensitive diagnosis. Thus the use of elliptical
PHE sensors in such systems may have important medical benefits. Furthermore,
they can also become relevant for detecting magnetic fields generated by the human
body in connection with heart and neural activity.

Another important field of application is related to magnetic anomaly detection
of ferrous objects (for example: vehicles, submarines, etc.) The possible mass
production of PHE sensors make them relevant for smart-dust [53] applications
which require the distribution of a large number of sensors.
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