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Abstract

One approach to the development of magnetometers is the pursuit of an ideal device
that meets the demands and limitations of all the possible applications. Such an
ideal device must have ultra-high resolution, ultra-low power consumption, a wide
dynamic range and bandwidth, as well as being ultra-miniature, inexpensive,
operable over a wide range of temperatures and more, which, all together, does not
seem realistic.

Since this silver bullet is currently unachievable, researchers are seeking optimal,
rather than ideal, magnetometers. An optimal magnetometer is that which best fits a
set of requirements dictated by a specific application. However, the large number of
applications employing magnetic sensors leads to a great variety of requirements
and, naturally, also to a large number of “optimal magnetometers”.

The aim of this book is to assist the readers in their search for their optimal
magnetometer. The book gathers, for the first time, an overview of nearly all of the
magnetic sensors that exist today. This broad overview exposes the readers, rela-
tively quickly, to a wide variety of sensors. The book offers the readers thorough
and comprehensive knowledge, from basics to the state-of-the-art, and is therefore
suitable for both beginners and experts.

From the more common and popular AMR magnetometers and up to the
recently developed NV center magnetometers, each chapter describes a specific
type of sensor and provides all the information that is necessary to understand the
magnetometer behavior, including theoretical background, noise model, materials,
electronics, design and fabrication techniques.

We invite students, researchers and engineers to learn more about the fascinating
world of magnetic sensing.

vii



Induction Coil Magnetometers

Kunihisa Tashiro

Abstract This chapter describes induction magnetometers with air-core coils for
weak magnetic fields detection. In order to explain the historical background, the
introduction provides the useful references through the author’s experiences. Two
detection models, the voltage and current detection model, can help to understand of
the operational principle. Because the key components are the coils and electronics,
practically useful design tips are summarized. Some experimental demonstration
results with well-designed induction magnetometers are also mentioned.

1 Introduction

Because the study of induction magnetometers has long history in many research
fields, this magnetometers are also given several names as induction sensors (ISs),
induction magnetic field transducers (ITs), search coil magnetometers (SCMs),
magnetic antenna, coil sensors, and pickup coils. They have been used many years
to measure micropulsations of the Earth’s magnetic field in ground-based stations
[1], to study of magnetic field variations in space plasmas [2], and to several
scientific spacecraft missions [3]. Although fluxgate is well adapted for weak
magnetic field from dc to a few Hz, while induction magnetometers extend the
frequency band measurement from few 100 MHz to few kHz [4]. A very important
advantage of induction magnetometers is that they are completely passive sensors:
they do not require any internal energy source to convert magnetic field into
electrical signal. The only power consumption associated with a search coil is that
needed for signal processing [5]. Induction magnetometers are one of the oldest and
most well-known types of magnetic sensors, and they can cover numerous appli-
cations. Several good review papers [6—8] and handbooks [9-11] published in the
21st century may help to follow them. Although there are a lot of magnetic sensors
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2 K. Tashiro

are proposed, the study of induction magnetometer is still attractive to this author.
One of the reason is that the technical details are still difficult to answer, clearly.
The motivation of this chapter is to provide author’s experiences and tips related to
study the induction magnetometer.

The “first contact” of this author to the induction magnetometers was related to
the biomagnetic measurements. Although SQUID sensors are common tool in this
measurements at present, they did not exist when the evidence for the existence of
magnetic fields from human heart [12] and brain [13] were presented. For the both
magnetocardiography (MCG) and magnetoencephalograpy (MEG) measurements,
the signals were measured with induction magnetometers whose operational prin-
ciple was voltage detection mode. Because of the operational principle based on
Faraday’s induction law, the pickup coil has a magnetic (ferrite) core and large the
number of windings as one-million or two-million. Although the use of a magnetic
core makes the sensitivity high, the estimation of effective permeability is one of the
difficult problem [14]. Because theoretical estimation of demagnetization factor
only exists for an ellipsoidal body which is placed in a uniform magnetic field. This
chapter does not focuses on the design of the magnetic cores. In order to weak,
low-frequency magnetic field, reduction of environmental magnetic fields is nec-
essary. The design and construction of magnetic shielded room [15] were very
important for the success of the first MEG measurements. In other words, the
necessity of the magnetic shielded room is a barrier to install the MEG system for
local hospitals. In case of the first MCG measurements, the environmental noise
was suppressed by the use of the signal conditioning circuit and gradiometer, two
pickup coil connected in anti-parallel direction. In fact, the author also confirmed
that the possibility to detect the MCG signal outside the magnetic shielded room
[16]. It should be noted that the electrical interferences should be reduced by
choosing suitable grounding points and simple electrical shielding enclosure,
Faraday cage.

The motivation to start studying the induction magnetometers was not for the
MCG measurements; it was the demands for a magnetic shield evaluation.
Compared with the geomagnetic field (dc field), the amplitude of environmental
magnetic fields at 50/60 Hz in our living environmental is low. And the perfor-
mance in dc fields is usually limited by the internal magnetic field produced by own
magnetic layers, so that the fluxgate is enough to the evaluation in dc performance
[17]. When the magnetic shield to be evaluated is placed with a sufficient distance
from electrical devices or power lines, the amplitude of environmental magnetic
field at 50/60 Hz were usually less than 0.1 pT. The magnetic shielding factor is
usually defined by the ratio of external to internal field strength. If the evaluation of
magnetic shielding factor is larger than 100,000, the corresponding magnetic field
inside the magnetic shield is less than 1 pT. Although SQUID sensors can be used
for this evaluation, the interferences of urban RF noises should be reduced because
they disturbs the measurement results [18]. Compared with a commercially avail-
able fluxgate, the advantages of induction magnetometers are very attractive [19].
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Although SQUID sensors have several advantages in the sensitivity and spatial
resolution, the maintenance of liquid nitrogen or helium is indispensable. For a
young researcher, who used SQUID sensors as a tool, this demerit made troubles
and disappointment. The most impressive paper for this author was written by
R.J. Prance in 2003 [20]. The title is “Compact room-temperature induction mag-
netometer with superconducting quantum interference device level field sensitiv-
ity”. This induction magnetometer was the current detection model which is based
on the definition of self-inductance. To the best of author’s knowledge, the first
paper related to the current detection model was proposed by M.A. Macintyre in
1980 [21]. In this optimization, the estimation of the coil inductance is very
important [22]. This kind of induction magnetometers were not only used for MCG
measurements [23], but also to measure magnetic fields produced by nerve action
currents of a 2 kg lobster [24]. Because the pickup coil does not require to keep
inside liquid nitrogen or helium, they can approach to the object as possible. In the
current detection model, the magnetic flux linkage of the coil is converted to the
induced voltage with a transimpedance amp, or current-to-voltage converter.
Because the induced current can be used to produce a well-controlled magnetic
field, it could be combined with a SQUID device. Some practical applications were
proposed as a clip-on SQUID current probe [25], SQUID magnetometer with a
room-temperature pickup coil for impedance magnetocardiography [26] and
superconducting induction magnetometer [27].

This chapter focuses on the current detection model. In the section two,
induction magnetometers are categorized into two detection models. The equivalent
circuits for both models are explained through Faraday’s law, definition of induc-
tance, and Ohm’s law. In the section three, the coil design is explained. The main
point is the estimation of self-inductance for several shapes of coils. Although the
theoretical estimation of self-inductance for any shapes of coils does not exist, good
approximations are useful in practical use. In the section four, some tips of the
electronics design are provided. In general, a high-sensitive magnetometer is not
only sensitive to magnetic field, but also to electrical interferences. The suppression
of the interferences, a stable grounding point for the electronics should be provided.
In the section five, experimental demonstration results with well-designed induction
magnetometers are mentioned.

2 Operational Principle

Although the fundamental explanation through the two equivalent circuits was
presented in previous paper [28], this section describes more simple explanation
with modified figures. First of all, the induction magnetometers are categorized into
two models. The theoretically backgrounds for both models are mentioned with
several equations. Finally, advantages of the current detection model are explained
with an example of both the calculated and measured results.
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(a) a (b) a

Fig. 1 a Faraday’s induction law and b definition of inductance for the explanation of voltage and
current detection models

2.1 Two Detection Models

The basis of induction magnetometer can be explained by two detection models,
voltage detection model and current detection model. Figure 1 shows Faraday’s
induction law and definition of inductance for explanation of both models.

Figure l1a shows the model based on Faraday’s law for the explanation of
voltage detection model. When a homogeneous magnetic field, uoH [T], at fre-
quency, f [Hz], is crossed with a coil having mean radius, a [m], the induced
voltage, V [V], is expressed by the following equations:

d®
V=—— 1
V = —jonSuyH = —j2n’fna® uoH (2)

where j is an imaginary number and r is the number of coil windings. It means that
the both waveform of the magnetic field and induced voltage has phase difference in
90°. If an ideal integrator integrates the induced voltage, the output voltage
waveform corresponds to the objective magnetic field.

Figure 1b shows a model based on the definition of inductance for the expla-
nation of current detection model. The relationship between the current, / [A], and
flux linkage, @ [Wb], is expressed by the following equations:

@=Ll (3)

_ nSugH mna® uoH
L L

I (4)
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where L [H] is the inductance of the coil. If an ideal current-to-voltage converter, or
transimpedance amplifier, converts the induced current, the output waveform cor-
responds to the objective magnetic field. In practical use, it should be considered a
finite resistance in the coil, R [€)], and input resistance in the instrumentation, R;;,
[Q2]. Because the equivalent circuits of both detection types are regarded as a simple
RL circuit, cutoff frequencies f. can be defined.

_R+Rin

2nL (3)

fe
Although the coil resistance of an ideal superconducting coil is zero, connecting
wire between the coil and instrumentation may cause as coil resistance. SQUID
sensors does not have the connecting wire between the coil and instrumentation.
From the view point of an engineer related to induction magnetometer, this kind of
sensor is based on current detection model. The pickup coil in SQUID sensor not
only convert to the objective magnetic field to induced current, but also passes
magnetic flux to the superconducting interference device, SQUID. SQUID with a
flux closed loop, FLL, is the instrument which can convert a magnetic flux to output
voltage.

2.2 Voltage Detection Model

Figure 2a shows the voltage detection model. Based on Thevenin’s theorem, the
pickup coil can be replaced with parameters of R, L, and V. Figure 2b shows the
equivalent circuit model. From the Kirchhoff’s voltage law (KVL), the current / can
be expressed by the following equations:

V= Lﬂ + (R+Rin)l (6)
dt
v 1 v 1
(7)

_R+Rin1+j(R2z—LI-§> _R+Rin1+j(;i>

Because the output current is as same as the induced current, the output voltage,
Vou [V], is expressed by:

Rin 1

Voul = Rinlout = Rinl = mw

xV (8)
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(a)
1 E IOLIT
o~ >
| Vout

™ 00

———————————————————————————————————————————————————————————

——

bioisiasiomima] Pickup coil ===~ ks Instrumentation |---'

Fig. 2 Voltage detection model. a Model. b Equivalent circuit

i V()llt [] R,‘n E

The frequency response of the output voltage can be considered by two fre-
quency regions where the resistance or the inductance is dominant. If the frequency
of the objective field is low as f < f;:

Rin
X
R+ Rin

Rin
V=—j—2 x2n’nd® X f x uoH 9)

V.. =
out R—|—Rm

and if the frequency of the objective field is high as > f.:

R; R;
= f—CxV:—ﬂxnnazx,uoH (10)
R+Rinf L

Vou = _j
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At the low frequency region, it is same to Faraday’s induction law when the R;,
is very large as R;, > R. The output voltage is proportional to the frequency. At the
high frequency region, it is same to the definition of inductance. The output voltage
is proportional to the magnetic field, and does not depend on the frequency. It may
cause a misunderstanding because the output voltage is also proportional to the
input resistance as amplifier gain. If the input resistance is infinity, the cutoff
frequency is also infinity so that the output voltage is expressed by the Faraday’s
induction law. If the input resistance has a finite value, the cutoff frequency has also
finite value. It means that the output voltage should be considered with both
Faraday’s induction law and definition of inductance. Although the resistance of an
ideal integrator is infinity, the value is limited to a finite value in practical. When the
detection of relatively high frequency field as MHz frequency range, the input
resistance of the instrumentation, a spectrum analyzer or network analyzer, is
usually 50 or 75 Q to prevent the reflection phenomenon.

2.3 Current Detection Model

Figure 3a shows the current detection model with a transimpedance amplifier.
Because the plus pin of the OPamp is connected to the ground, the input resistance
is zero in ideal case, R;, = 0, and the pickup coil is in a virtual short. Figure 3b
shows the equivalent circuit. The induced current is expressed by:

LV v
Ri+iCR) Risj(f)

(11)

Although the oscilloscope, or other analyzer for measuring the output voltage,
has a finite input resistance, R;,’, the OPamp controls the output voltage, V. [V], as
follows:

R 1 v
R i(L
H—](fC)

The frequency response of the output voltage can be also considered by two
frequency regions where the resistance or the inductance is dominant. If the fre-
quency of the objective field is low as [ < f;:

Vour = —IRf = (12)

R R
Vouw = =1 V' = ~j X 20na® X f % poH (13)
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Vv

1

b---- Pickup coil ==~~~ bomommmmees ;rlnstrumentation ---------------
(b)
| ER low= =1 R/ R, |
| o e i
i V E ER;.F 0 | —IRy = Vyy [] Rin‘ i

R

e Instrumentation |-----------

-~ Pickup coil [-----* l

Fig. 3 Current detection model. a Model. b Equivalent circuit

and if the frequency of the objective field is high as f > f.:

R R
Vour = —j;fjjifV = _ff x mna* x pyH (14)

At the low frequency region, the output voltage is (R¢#R) times than that of the
voltage detection model. Although an increase in n makes the output voltage large
in the voltage detection model, the value of R becomes large. Because Johnson
noise is proportional to R'?, the noise floor level of the magnetometer becomes
worse. Although a low-noise voltage amplifier could be used for the voltage
detection model, the gain of a commercially available amplifier is usually limited to



Induction Coil Magnetometers 9

Fig. 4 An induction
magnetometer with an
air-core pickup coil. The
operational principle is the
current detection model [19]

Transimpedance: R;=1 MQ

Coil-01

R=T70Q
L=0611H
n=2827 turn

1000, or 60 dB. In contrast, the value of R; can be achieved larger than 100,000, or
100 dB, with a commercially available OPamp.

2.4 Comparison of Frequency Response

From the simple equivalent models, both detection models have similar manner
related to frequency response; the output voltage is proportional to the frequency in
low frequency region and does not depend on the frequency in high frequency
region. Compared with both models, the ideal values of Ry, are different; R;, — ©0
for voltage detection model and R;, — O for current detection model. Figure 4
shows an induction magnetometer with an air-core pickup coil, whose design was
based on the current detection model [19]. The frequency responses are categorized
into three regions;

I. Low frequency in voltage detection model (f < f;): Eq. (9),
II. Low frequency in current detection model (f < f.): Eq. (13),
III. High frequency in both detections model (f > f.): Eqs. (10) and (14).

At the region III, the sensitivity is same because the typical values of both R;, in
the input resistance of an instrument for voltage detection model and Ry in the
transimpedance for current detection model are 1 MQ. Figure 5 shows the fre-
quency responses of the induction magnetometer with the coil (a). Plots represent
the experimental results, and lines represent the theoretical estimation results. It
does not only explain the validity of the theoretical estimations, but also the
advantages of the current detection model. This magnetometer exhibit the linear
response from 18 Hz to 10 kHz without an integrator. If the linear and wide
response is required, a frequency compensation circuit is useful which described in
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Fig. 5 Comparison of 1000 .
frequency response on the
sensitivity between the
voltage and current detection
model. The pickup coil is
Coil-01. [28] (a = 45 mm,
n=2827,R=70Q,
L=0.611H,

Rf = Rin =1 MQ)

100 | i

Current
detection

Voltage
detection

Sensitivity, |V, /uoH| [mV/nT]

10" 10°

Fig. 6 Linearity of the 10°
induction magnetometer 3
(Coil-01) compared with a
fluxgate magnetometer. The
evaluation frequency is

100 Hz [19]

£ Induction magnetometer _
10° | (Coil-01)
107 : :30 mV/nT

Output Voltage, ¥V, [V]

107 { . ]
10° 2 Fluxgate (MAG-01) ..
]0“‘ i 0.1 mV/nT 1
10° L k
ot v ]
10" 10" 10°* 10°¢ 107

Magnetic field , uoH [T]

Sect. 3. It seems that a resonance phenomenon is found in the range between 10 and
100 kHz. It was caused by the stray capacitance of the cable which is connected
between the coil and electronics. In order to obtain the linear and flat response, stray
capacitances should be small. In contrast, if the frequency of objective field is
already defined, the use of resonance phenomenon, which should be categorized as
third detection model, is the best way.

2.5 Remarks

To give the straightforward understandings for induction magnetometers, some
remarks are mentioned with some experimental and theoretical estimation results.
The first remark is that the induction magnetometer based on current detection
model has an advantage in the sensitivity compared with a fluxgate. Figure 6 shows
an example of the measured linearity compared with a fluxgate (MAG-03,
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Fig. 7 Noise floor level 10° . : ;

measured inside a magnetic .

shield [19] 107 1 1
1010 Fluxgate (MAG-01) ~50 pT/VHz

Induction magnetometer ~0.3 pT/Hz
4

(Coil-01)

Magnetic noise, B, [T/Hz'?]

10 . . L
50 75 100 125 150
Frequency , f[Hz]

Fig. 8 Two pickup coils for
induction magnetometers
based on current detection
model [29]

Coil-02

L
g
=

o

S
il

_

R=142KkQ R=13.0kQ
L=199H L=108H
n = 20,800 turn n = 50,000 turn

Bartington). The induction magnetometer had a linear sensitivity as 30 mV/nT, and
it was in good agreement with the theoretical estimation. Compared with the
fluxgate, the sensitivity is 300 times. Although it could gain combined with an
instrumentational amplifier as described in Sect. 5, it is a challenging to suppress
both the electrical interferences and environmental magnetic field. Figure 7 shows
an example of the noise floor level measured inside a magnetic shielding. The
measured range was from 50 to 150 Hz with 0.125 Hz in a bandwidth, and the
averaging was 4 times. The measured noise floor level was as low as 300 fT/Hz'
which is one of the advantage for the weak and low-frequency magnetic field
detection.

Other remarks are related to the design of coil parameters. Figure 8 shows two
pickup coils for induction magnetometers based on current detection model [29].
Although the values of mean diameter of the coils are similar as Coil-01, the
numbers of turns are different. According to the design based on the voltage
detection model, the number of turns makes the sensitivity high. In contrast, the
best sensitivity can achieve the magnetometer with Coil-01 based on the current
detection model. The values of sensitivity in III region are 30, 6.5 and 2.4 mV/nT
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Fig' 9 Comparison of (a) 10 Coil-02 at RoomTemp.
frequency response between s
. . -~ L 650 /
the induction magnetometers. =, Tl 4
Plots represent the measured E 1 | St
) N LT e ooy
results [29] and lines " G
represents the theoretical ;;I 100m
estimation results. a Coil-02. c; L v
b Coil-03 —
f:l 10m
A a—— 1:0.08 mV/Hz
S
Im T : :
100m 1 10 100 1k 10k
Frequency , f[Hz]
(h) Coil-03 at RoomTemp.
10 -
= 11: 12,7 mV/Hz
= 101 241 mV
n ! |
51 asew
50 v ooy
= 100m -
=
B 10m-
o —— 1:0.16 mV/Hz
Tm : T . T -
100m 1 10 100 1k 10k

Frequency , f[Hz]

for Coil-01, 02 and 03, respectively. The frequency responses of the current
detection model strongly depends on the coil inductance, the design of coil shape
and parameters is very important. Figure 9 shows the frequency responses of
Coil-02 and Coil-03 for the magnetic field of 100 nT. The electronics was the same
as Coil-01; Ry = 1 MQ. Because of the numbers of turns, the sensitivity in the
region I of Coil-03 is twice compared with Coil-02. In contrast, the sensitivity based
on the current detection model, region II and II, for Coil-02 is twice or more
compared with that for Coil-03. It should be noted that the value of the cutoff
frequency was also low in Coil-02. If the lowest cutoff frequency is required, the
use of Brooks coil as Coil-01 is one of the smart solution which described in
Sect. 2.

The final remark in this section is the temperature stabilization. This is not only
the problem for the induction magnetometer, but also all magnetic sensors for
practical use. The reason of the high sensitivity in region II relies on the coil
resistance. From the view point of the voltage detection model design, this resis-
tance define the voltage gain of a pre-amplifier as (R¢/R). For example, this value
becomes as high as 83.1 dB for the Coil-01. However, it is well known that the
resistance has temperature dependency. In the extreme case, the resistance value of
copper wire becomes about 1/8 when it is dipped in a liquid nitrogen (77 K).
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Fig. 10 Comparison of (a) A e i
0l-UL al
frequency response between 10+
the induction magnetometers = ==
cooled in a liquid nitrogen. = L S5 mY
Plots represent the measured ~ 1
results [29] and lines & I FrHi— T
represents the theoretical G
estimation results. The "~ 100m - 4 11:57.3 mV/Hz 2
amplitude of the measured =
magnetic field was 100 nT. o 1:0.08 mV/Hz ——
a Coil-02. b Coil-03 10m : : : .
100m 1 10 100 1k 10k
Frequency , f[Hz]
(b) Coil03 at 77K
10 -
ot
5 112127 mV/Hz
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Figure 10 shows the frequency responses of Coil-02 and Coil-03 cooled in a liquid
nitrogen for the magnetic field of 100 nT. In conclusion, the temperature dropping
makes the flat frequency response wide, and the sensitivity does not change in the
region III.

3 Coil Design

The estimation of coil inductance is very important to design induction magne-
tometer based on current detection model. Although the estimation of the induc-
tance for ideal solenoid coil is well known, it could not be used for the other shapes
of coils. The study of inductance estimation contains long historical background
and difficult mathematics [30]. From the point of engineers related to development
of the induction magnetometer, it is not easy to follow all the details.

Figure 11 shows the shapes of coil which are selected for practical use. In order
to estimate the inductance, suitable approximations should be chosen. In 1995,
K. Kajikawa and K. Kaiho confirmed the accuracy of the several approximations
for a circular coil of rectangular cross section with the help of computer calculations
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(a) (b)

(c)

Fig. 11 Coil shapes for estimation of self-inductance. The parameters written in the figures are:
a;, a, and a represent the inner, outer and mean radius, respectively. ¢ and [ represent the coil width
and length, respectively. a Thin solenoid coil (¢ = 0). b Flat spiral coil (I = 0). ¢ Short solenoid
coil (d < I). d Long solenoid coil (I > d). e Brooks coil (I = a; = ¢, a =1.5¢, a, = 2¢, d = 3¢)

[31]. According to their excellent works, it was reported that the five approxima-
tions are enough to estimate the inductance within three digit accuracy. For the
induction magnetometer design, the selection in this section is more simplified into
four general shapes and one special shape, Brooks coil. All the estimations can be
calculated by a simple calculator as Excel program.
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3.1 Thin Solenoid Coil

The inductance of a single-layered solenoid coil with negligible coil winding width
is expressed by

‘uonaznz

; (15)

L= Cnagaoka
where i (H/m) is the permeability in vacuum, a (m) is radius of the coil, n is
number of the coil windings, / (m) is length of the solenoid coil, and Cp,gaoka iS the
Nagaoka coefficient. For the ideal solenoid coil, the value of Cpagaoka is 1. In
practical case, the existence of open ends should be taken in account even if the
solenoid coil has relatively long length. The Nagaoka coefficient is defined by

4 1 [k?
Cnagaoka zgy ﬁ(K_E)‘FE—k (16)

where k and k' are the elliptic module and complementary elliptic module, K and
E are complete elliptic integral of the first and second kind, respectively. In order to
calculate with a simple calculator as Excel spreadsheet program, approximations

proposed by C. Hastings [32] are very useful. The calculation of values of esti-
mation error are lower than 0.01 % [33].

42

7 _ 2
=1k (17)

n/2

K =K(k) = L
J 1 — k2 sin> 0

n 14 (18)
~ (1.3862944 +0.1119723k" +0.0725296k"*)
1
+ (5 +0.1213478 k" +o.0288729k’4) In(1/k")
/2
E=E(k) = / V1 — k2 sin® 0d0
(19)

0
~ (140.4630151k” +0.1077812k")
+ (0.2452727K"* 4 0.0412496k™*) In(1/k?)
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3.2 Flat Spiral Coil

According to the reference [31], Spielrein’s approximations are known to calculate
the inductance for a flat spiral coil with negligible coil winding width. To calculate
the inductance, the aspect ratio y should be used to select the suitable approximation.

a
Jo=— 20
- (20)
Ity <05,
L= 7n2ao X
g (1= )
8n 3 T w1
— —1-1 — —— 4+ =In—- H
{3[2G 1 i(nln2 2G+1 12+21nﬂt>} [H]

3 15 175 2205 14553
2 )5 7 9 11 13
— — A L A

T [ZOA + 448 + 13824 + 360448 * 4259840 } }

(21)
where,
/2
d
2G::L/“EiJ£:: 1.8319311883544380301. . . (22)
sin ¢
0
Else if y > 0.5,
n2a(, «
=Ho
4l L2 1m4+_m L 11 ln4+ 1
2| T 24 T 2sg| T (2880 T 150
where,
1—4
= 24
T (24)

3.3 Short Solenoid Coil (d > 1)

This shape of coils is popular for the pickup coil of an induction magnetometers.
The inductance of Coil-04, Coil-05, a one turn coil for high frequency field
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detection, described in Sect. 5, was also estimated by this approximation. The
estimation of the inductance for this coil shape is known as Lyle’s approximation.
According to the reference [31], it was pointed that there was a mistake in the
approximation described in the original Lyle’s paper. Lyle’s approximation is
acceptable when the values of (I/d) is lower than 1.0 within the 0.1 % error.
Because approximation has a lot of terms, it should be divided into several parts to
calculate a Excel program as follows. The Lyle’s approximation could be expressed

by

where,

L = poan® x (Ag+ Ay + Ay + Ag)

P P4
uzz nl—2,

A P43
vERN T

8a 1 ut+v 2

:1 _
"rratn T T3

Ao

1 P 8a 2 1
A2 :@{(31 +c )h’lm—f—-l u——cv

1 221
——612w—|— @lz—k—cz}

5 20 60
1 22 8a
=— | =30 +35P+ ==¢* | In——
30720a4{< R Ry
1151* — 480> 23 , 256, . _»»

B 365901* — 203512¢? — 11442¢*
840 '

(25)

(32)
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8a
P?4c?

1

Ag = ————
6~ 688128045

{ (5250° — 16100'¢* + 770/ ¢* +103¢°) In

30
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—2048( 216 — 4PP + = Pt bty
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3.4 Long Solenoid Coil (d < 1)

This shape of coils is also popular for the pickup coil of an induction magne-
tometers. According to the reference [31], there are two candidates for the suitable
approximations, Butterworth’s or Dwight approximation. For the design of
induction magnetometers, Dwight approximation is acceptable. The values of
inductance for Coil-02, Coil-03 and Coil-06 can be estimated by this approximation
[22, 34]. If the coil width is very thick, (c/d) > 0.8, and the coil length as similar as
the mean diameter, 1 < (I/d) < 1.2, the shape of the coil should be re-designed. The
Dwight’s approximation could be expressed by

poma*n®

L i (Cnagaoka + ALO + AL2 + AL4 + AL6> (34)
where,
d
}’}1:77 35
Vd?* 44l (33)
2¢ 12
Ao=-3,%32
4d (1A [ 4d 23\ 1¢/ 4d 1
+%{Zﬁ<ln7_ﬁ)_%ﬁ(m?_ﬁ) (36)
_ 1 ® (23 4d 4547
89646 \20 " ¢ 5600/ [’
cdmm 5 m’ 95 217
AL :__{___ 3 Ay 209
2= 2706 2a™ T3 1™ T g™

2135, 21571 5 895895
512 2048 32768 ’
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c4d{m 17 5 53 5 1265 , 38857 ,

=36 180" T 96" 576 ™ T a0s "
3913 |, 2206281 .5 1519375 (38)
T8 T 20480 T 4096 }
Sdf 1 15 1117 , 1183
ALﬁ_dﬁl{_lzomB " et oe ™ o
76461, 4043831 15637479 15} (39)
1024 10240 8192

3.5 Brooks Coil (I =ai =c, a =1.5c, ao = 2¢, d = 3¢)

Although the inductance of Brooks coil could be estimated by Lyle’s approxima-
tion, the historical background should be mentioned according to the handbook of
inductance calculation written by F.G. Grover:

Maxwell found that for maximum inductance with a given length to a chosen wire, the
mean diameter of the turns should be 3.7 times the dimension of the square cross section.
This result, although often quoted, is only approximate. The more accurate formulas for the
inductance now available show that the ratio lies quite close to 2a / ¢ = 3... Accordingly,
Brooks has proposed that a coil for which 2a / ¢ = 3 is, for all practical purposes, one of the
optimum form and has the advantage over that yielded by mathematical analysis of sim-
plicity of the proportions. Such a coil offers, in fact, an inductance only 2 parts in 100,000
less than the maximum attainable with the wire in question. [30]

This shape of coil can achieve maximum inductance for a given length of
winding wire, and the estimation error of the inductance is less than 3 % [22]. The
inductance of the Brooks coil is given by

L=1.6994 x 10°° x an’ (40)

It should be noted that the cutoff frequency is defined by the size of the Brooks
coil. The resistance of a coil is given by

2nan

R= (41)

where s [mz] and p [Qm] represents the cross section and resistivity of the wire,
respectively. With the values of the inductance and resistance, the cutoff frequency
for the Brooks coils is given by

R p p (42)

Je = 3L T 1.6994 % 10%sn — 1.6994 x 10652
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Fig. 12 Cutoff frequency as a 1000
function of outer diameter of —_
Brooks coil o
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where [ represents the spacing factor of the Brooks coil. If the ideal high-conductor
density coil, the value of f§ closes to 1. Figure 12 shows the cutoff frequency as a
function of outer diameter of Brooks coils, as a parameter of the spacing factor. The
values for Coil-01 and other Brooks coils described in previous reports are also
plotted. In practical design, the reasonable value of f is 0.65. In previous reports
[19, 22, 28, 35], the values of § were overestimated because of the definition of
s based on the square cross section. It should be corrected that the definition of the
s is

s =T (43)

where & [m] represents the diameter of the wire.

4 Electronics Design

The basis of the electronics design for the current detection model was proposed by
Macintyre in 1980 [21]. Design of the electronics is not only related to the coil
design, but also to reduction of both the environmental magnetic field and electrical
interferences. This section provides some useful tips for the design of this induction
magnetometer for practical use.

4.1 Optimum Design

Figure 13 shows the equivalent circuit of the induction magnetometer. An op-amp
has both an input noise voltage and current density, e, [V/Hz”z] and i, [A/Hzm],
respectively. Considering both the op-amp noise and thermal noise in the resistance.
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Fig. 13 Equivalent circuit of I €Rf Ry
an induction magnetometer
based on the current detection
model

For example, typical values of a low noise op-amp LT1028 (Linear Technology)
are 0.9 V/Hz'? and 1 pA'?, respectively [36]. The values of both R and Ry cor-
respond to thermal voltage noise source eg [V/Hz”z] and ey [V/Hz”z], respec-
tively. The total voltage noise, V,, [V/Hz" 2]? in output voltage is defined by all the
voltage and current noises, which define the noise floor level of the induction
magnetometer, By, [T/Hz'):

Vnoise

Bpin =————
e [Vout/ koH |

(44)

where |Vou/uoH| [V/T] represents the sensitivity of the induction magnetometer
which defined by (13) for low frequency region, II, and (14) high frequency region,
III. They are expressed by

\% R
o — 2L on?na® x f, forregionTl, (45)
HoH R
Vou R .
—outl 2 qna®  forregion I, (46)
toH L

From this author’s experiences, the thermal voltage in coil resistance, eg_ is
usually main contribution to the noise floor level. For the practical use, the values of
er and Vs could be given by

er = VAKTR (47)

R
Vhoise = EfeR (48)
where k [J/K] represents the Boltzman constant (~ 1.38 x 10_23) and T [K] rep-
resent the room temperature. The value of (4kT)"* could be estimated as
(1/8) x 1077 at room temperature. It should be recommended that the value of
Vioise should be set larger than 1 }/LV/HZU2 because of the limitation of a
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conventional instrumentations to measure the voltage signal. The noise floor level

could be estimated by
L J4kT
Bmin =5\ 5 4
nna? ' R (49)

The estimated value for the Coil-01 was 0.51 pT/Hz'? and the corresponding
value of the output noise voltage was 15 pV/Hz'? with the transimpedance of
1 MQ. In general, the measured noise floor level is decreased by the square number
of averaging. As mentioned in Sect. 2, the measured value of 0.3 pT/Hz"* with 4
times averaging, which agreed with the estimation result. The estimated values for
the Coil-02 and Coil-03 were also 0.52 and 0.47 pT/Hz'?, and the corresponding
values of the output noise voltage were 3.42 pV/Hz"? and 1.23 uV/Hz"? with the
tranimpedance of 1 MQ, respectively. Although the numbers of windings for
Coil-02 and Coil-03 are larger than that for Coil-01, the values of noise floor level
are similar. If the shape of coil is Brooks coil, the size and spacing factor also define
the noise floor level. With the estimation of both the inductance and resistance
described in Sect. 3, the noise floor level is rewritten by

16kT B

_ =7
Bin = 16994 x 107y |75

(50)

This results notice that the noise floor level does not depend on the wire diameter
or number of winding coil, because they are defined by the values of the coil width
and spacing factor. It should be mentioned that an decrease in the spacing factor
produces an decrease in the noise floor level. Figure 14 shows the noise floor level
as a function of the outer diameter of Brooks coil, as a parameter of the spacing
factor. Lines represent the theoretical results calculated by Eq. (45), where
parameters are p = 1.78 X 1078 [Qm], k= 1.38 x 107 [J/K] and T = 300 [K],
respectively. The circle and square plots represent the Coil-01 and other Brooks
coils described in Ref. [22], respectively.

4.2 Frequency Compensation

A simple explanation of a frequency compensation circuit for a transimpedance
amplifier was given by R.J. Prance [37]. Figure 15 shows the equivalent circuit of
the induction magnetometer with a frequency compensation. Optional passive
elements of a resistor, R;[€2], and capacitor, C; [F], extend the frequency region II.
Figure 16 shows the transimpedance as a function of the frequency. The values of
Ry and C; define a cutoff frequency f; [Hz] to be set the desired value of the cutoff
frequency for induction magnetometer. The values of R and C; define a cutoff
frequency f> [Hz] to be set the cutoff frequency defined by the values of both the
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Fig. 14 Noise floor level as a 1000
function of the outer diameter
of Brooks coil, as a parameter
of the spacing factor
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inductance and resistance of the coil. The values of R; and R; define the tran-
simpedance in the region III.

Figure 17 shows the comparison of the sensitivity for the induction magne-
tometer with and without this compensation circuit. Although the sensitivity in the
region III is decreased, it provides a wide and flat frequency response. Figure 18
shows an example of the measured frequency response. The coil is Coil-01, and the
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electronics is the conventional or frequency compensation transimpedance ampli-
fier. The values of Rg, Ry, C; are 1 MQ, 10 kQ and 0.88 puF, respectively. Although
the sensitivity becomes as 1/100 times with the frequency compensation tran-

simpedance circuit, the linear frequency response of 0.3 mV/nT was confirmed
from 0.2 Hz to 20 kHz.

4.3 Reduction of Noise

To detect weak and low-frequency field, reduction of environmental magnetic field
and electrical interferences is necessary work. There are two keywords: differential
structure and grounding points for both coil and electronics [39]. Figure 19 shows
an example of induction gradiometer. The pickup coil consists of two coils,
Coil-01, which are connected in serial, differentially. When a uniform magnetic
field is crossed to both coil, the induced voltage is cancelled. Because
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Electronics

Coil-01

Fig. 19 An example of induction gradiometer

Cable

Faraday cage

Fig. 20 A schematic design of the induction gradiometer [39]

environmental magnetic field could be regarded as a uniform magnetic field, this
pickup coil could be reduced it. The electronics is differential-input-type tran-
simpedance amplifier. Figure 20 shows the schematic design of this induction
gradiometer. Because a conventional op-amp has a finite offset voltage, this
structure could be reduced it. This amplifier also help to reduce the electrical
interferences due to the unstable grounding point. The Dotted lines represent
conducting material for electrical shielding.

The reduction of electrical interferences needs several or endless trials. The
keyword is “never give up”. Figure 21 shows the induction gradiometer after finding
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Fig. 21 An example of
induction gradiometer after
finding a condition of suitable
grounding points [39]

a condition of suitable grounding points. The points “a” and “d” represent the
contacting points on the electrical shield for the pickup coil and the converter,
respectively. The points “b” and “c” represent the contacting point on the cupper
mesh layer of the cable. The point “e” represents the contacting point on the Faraday
cage. The point “g” represents the grounding point of the transimpedance amplifier.
The resistance values of the cables, used for the connecting points, should be less

than 0.2 Q. An example of the grounding procedure in detail is described in [39].

5 Application Tips

The motivation of this section is to provide some inspirations for future develop-
ment related induction magnetometers. This section provides some useful tips for
the design of this induction magnetometer for practical use.

5.1 MHzz Fields Detection

To the best of author’s knowledge, the state-of-the-art performance of the induction
magnetometers was presented by Korepanov’s group [6]. From personal commu-
nications with Prof. Valery Korepanov and Ms. Vira Pronenko in 2010, it was
confirmed that the noise floor level was 100 fT/Hz"* at 1 Hz for low frequency
type (0.3 mHz-200 Hz), 10 fT/Hz"? at 1 kHz for middle frequency type (1 Hz—
20 kHz), and 2 fT/Hz"? at 50 kHz for high frequency type (10 Hz—600 kHz). On
the other hand, the definition of the sensor to measure magnetic fields around MHz
range is not clear because both magnetometers and antennas cover this frequency
range. To measure this frequency range involves several applications; NMR/MRI
devices, metal detection systems for security gates, high efficiency motor with
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Fig. 22 Coils for detection

magnetic fields around MHz R=50Q* R=50Q*

range L =400 nH L =470 nH
> n=1tum

* BNC connector

Coil-04 Coil-05

PWM control, etc. An interested report was presented by Coillot’s groups [4].
Although their developed magnetometer achieved a best noise floor level of
30 fT/Hz"? at 2 kHz, it became worse for higher frequency region. The noise floor
level was 100 fT/Hz"? at 80 kHz, and 1 pT/Hz"? at 400 kHz.

Figure 22 shows an example of coils to detect magnetic fields around MHz range.
The first report on this sensor of Coil-04 was presented and EMSA2010 conference,
and the paper was published in 2013 [40]. In order to suppress undesired stray
capacitance, the number of coil windings is one. The value of inductance can be
estimated by the Lyle’s approximation described in Sect. 3. Although the values of
resistance were less than 10 Q, the values of effective resistance become 50 Q which
is defined by the equivalent input resistance of the instrumentation, spectrum ana-
lyzer. The wire of Coil-05 is made of BNC cable whose inner wire and metal
shielded layer are used for the coil and electrical shield, respectively [41]. Figure 23
shows the experimental setup for the evaluation. All of the experiments were con-
ducted in an electromagnetically shielded room (Iida EMC center, Nagano, Japan).

In this frequency range, the field has both the magnetic and magnetic properties.
In order to generate a magnetic field of 10 nT, an electromagnetic field of 3 V/m
was calibrated with an electric field sensor. Figure 24 shows an example of the
measured frequency response based on the voltage detection model. Plots represent
the measured output voltage for the calibration field and noise floor level [41], and
lines represent the estimation results. The absolute error of the output voltage
between the measurement and estimation was less than =1 dBuV between 0.3 and
2 MHz. From the measured noise floor level, the sensitivity limit at 1 MHz was
1 nT. Figure 25 shows an example of the measured frequency response based on
the current detection model. Although the value of transimpedance was 1 kQ
because of the enough sensitivity, the values could be set up to 10 MQ if an
environment for weaker electromagnetic field calibration environment is prepared.
The measured results were good in agreement with the estimated results in region
II. From the measured noise floor level, the sensitivity limit at 1 MHz was 20 nT
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Fig. 23 Experimental setup
for evaluation of induction

magnetometer for MHz range

Fig. 24 An example of
frequency response based on
voltage detection model. The
value of calibration field was
10 nT [41]

Fig. 25 An example of
frequency response based on
current detection model. The
values of calibration field and
transimpedance were 10 nT
and 10 kQ, respectively [41]
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which was 20 times values compared with the voltage detection model. To share
future success related to induction magnetometers, it should be mentioned unsolved
question related to estimation of inductance in high frequency region. Although the
estimated cutoff frequency for both coils are larger than 10 MHz, the Coil-04
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operated as region III after the cutoff frequency around 3 MHz. If the value of the
inductance is 25 pH, this phenomenon is explained by the basis described before.

5.2 Nondestructive Evaluation

Based on both the electrical and magnetic properties, magnetic field can be used to
inspect an object without destruction. The famous applications are a security gate in
airport and metallic contamination detection system in the food industry. Because
of the sensitivity of induction magnetometer based on voltage detection model, the
frequency of magnetic field is usually larger than 100 kHz. However, it does not
penetrate inside a conductive material, when the frequency of the magnetic field is
high. For example, the skin depth corresponds to 0.2 mm at 100 kHz for a material
made of copper. The use of a low-frequency magnetic field has an advantage with
an induction magnetometer based on current detection model.

From the author’s point of view, the nondestructive evaluation is not only for the
industry application, but also for both the engineering education and material sci-
ence. Figure 26 shows an example for the engineering education for children.
Several cheese are wrapped an aluminum foil as samples, and a staple made of a
stainless SUS304 is embedded into a sample. Children made a fun when a sample
with a staple was found without unwrapped the aluminum foil. While the austenitic
stainless material SUS304 does not have magnetism, stress-induced martensitic
transformation gives it magnetic properties. Most of the possible contaminants are
fragmented metal with sharp edges caused by degradation during processing in a
machine. In particular, the austenitic stainless material SUS304 accounts for over
60 % of all stainless material in production.

Figure 27 shows the magnetic contamination detection system [34, 42]. This
system consists of two coils, electronics, current source with power amplifier and
oscilloscope. To access the inspection area, a sample folder made of nonmagnetic

Fig. 26 An example for
engineering education for
children. Although magnetic
field is invisible, children
made a fun when a sample
with a staple was found
without unwrapped the
aluminum foil

~

y
. ] N

TP Aluminum foi
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Fig. 27 Magnetic
contamination detection
system [34]

Sample holder -

AR |

Electronics

material is used. Figure 27 shows the schematic diagram of this system. When a
uniform magnetic flux crosses this differential structured detection coil, a current is
not induced. However, an induced current appears in the detection coil if the
balance of the magnetic flux is disturbed by a magnetic material (Fig. 28).
Figure 29 shows the coil for producing a uniform magnetic field, Coil-06. Although
this coil is used for the generation of magnetic field inside the coil, the basis of
induction magnetometers is useful for this design. The values of inductance,
resistance and cutoff frequency are 30.5 H, 841 Q, and 4.39 Hz, respectively.
Because of the low cutoff frequency, the reactance is dominant component to
provide a current for generation of magnetic field. This coil can produce magnetic
field as 0.2 T/A. Figure 30 shows the coil detection coil having a differential
structure, Coil-07. Two thin solenoid coil are connected in serial, differentially.
To share future success related to induction magnetometers, it should be men-
tioned unsolved question related to perfect balance and material science. Figure 31
shows examples of the output waveform. The frequency of the excitation is 10 Hz,

Fig. 28 Schematic design of Detection coil  Excitation coil
the magnetic contamination | |
. L [ 1
detection system [34] ]_\‘Eetal | P—— Direction of
searp : [ ] ! magnetic field
Do eleee
| ]
- ====- ! T Area of uniform
L

! magnetic field
| Electrical

current source

Transimpedance ch2 Oseill
amplifier SRR
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Fig. 29 Excitation coil for
generating a uniform
magnetic field, Coil-06 [34]

Fig. 30 Detection coil
having a differential structure.
Coil-07 [34]

Number of position
Inside area of coil (Cross sectional view)

Unit: mm

and the waveform of current are also plotted. Because of the high sensitivity, the
output waveform was saturated when the diameter of the sample iron was 0.1 mm.
In contrast, the output voltage was not balanced when the magnetic was not placed.
Although an finite offset voltage was suppressed by the both differential input type
transimpedance amp and a high pass filter, drift phenomenon in output voltage of a
few V was observed. Due to the imperfection of the coil balance, the components of
both the excitation and power-line frequency also appear in the output voltage.
Figure 32 shows the summary of the output voltage as a function of the wire
diameter, as a parameter of the wire length. The response for iron wire was
acceptable because the values of output voltage depended on both the wire length
and diameter. However, the response for SUS304 wire needed to explain some
physical model because the values of output voltage was limited by the wire
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Fig. 31 Examples of output (@ 1o =
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diameter. Although a qualitative explanation was described [42], the quantitative
explanation is still unsolved (Fig. 28).

5.3 Biomagnetic Measurement

As mentioned before, the first MCG and MEG measurements were demonstrated by
induction magnetometer, so that the motivation of biomagnetic measurement is
enough reason to study induction magnetometers. The detail of the first MCG
measurement by this author was already described in previous [16], the progress of
this research is mentioned, here. It should be noted that this continuous study were
supported by author’s master student, Mr. Takahiro Yamamoto, and all experi-
mental results were written in his master thesis. Figure 33 shows explanation of a
MCG signal distortion caused by filters. Because the induction gradiometer with
two Coil-01 has a cutoff frequency around 18.5 Hz, the values of R and S wave
amplitude were decreased and increased. In contrast, the band pass filter (BPF) and
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Fig. 32 Measured output o ¢=0.5mm
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band eliminate filter (BEF) does not distort the MCG signal, significantly. This
results are agreed with the previous experimental results [16]. Figure 34 shows the
new electronics of the induction gradiometer for MCG measurements. Compared
with the previous electronics, the transimpedance amplifier has frequency com-
pensation circuit which provides a new cutoff frequency of 0.3 Hz. All the mea-
surements was conducted inside a Faraday cage, and a suitable grounding condition
was selected. Figure 35 shows the confirmation of the MCG measurement with this
induction gradiometer. The MCG signal was generated by one turn coil, and the
output voltage signal was measured by a PC with LabView Program. Although the
power-line frequency noise of 60 Hz were superposed, the measured signal was
good in agreement with the generated MCG signal. Figure 36 shows the demon-
stration of MCG measurement from a human heart.
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Fig. 33 Explanation of a
MCG signal distortion caused
by filters. a MCG signal.

b Effect of filters on the MCG
signal waveform

Fig. 34 Electronics in the
induction gradiometer for
MCG measurements

K. Tashiro

(b) 10

0.8 F

out [ Vj

Original

Output voltage . V'
(=1
(%]

< _BPF+BEF
" (0.3~30 Hz,60 Hz)

0.4 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Time , 1 [s]

[-V circuit HPF  Instrumentation Amphifier

10M 100 k

10k 10k

4

To share future success related to induction magnetometers, it should be men-
tioned unsolved question related to design of magnetic core. Although this induction
magnetometer is possible to measure the MCG signal, the spatial resolution is not
enough to estimate the current source in the object. In order to design a suitable
magnetic core to reduce the size of pickup coils, the estimation of effective per-
meability related to the demagnetizing factor is a key point. Because exact calcu-
lation of the demagnetization factor for ellipsoidal bodies exists, it is widely used for
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Fig. 35 Measurement result
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the estimation of the effective permeability for ellipsoidal core or relatively long rod
core. Unfortunately, this estimation is not acceptable for the dumbbell-shaped core
[14], which was used for the first MCG measurement in 1963 [12].

5.4 Zero-Power Induction Magnetometer

To share future success related to induction magnetometers, it should be mentioned
unsolved last question related to power consumption. Low power consumption is
one of the advantages in induction magnetometer. After all, zero-power induction
magnetometer is considerable feature for future trillion sensors world with wireless
sensor network. Figure 37 shows an example of zero-power induction magne-
tometer, magnetic field alarm. It consists of a coil with a dumbbell-shaped core,
Cockcroft-Walton circuit and piezo buzzer. It is not only a self-generation com-
ponent powered by magnetic energy harvesting, but also a sonification device
which notices the existence of environmental magnetic field; This alarm is activated
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Fig. 36 MCG measurement (a)
result from a human heart.
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when a magnetic field of 100 pT at 60 Hz was crossed to the coil. Although the
details of this design will be published [43], the basis is as same as the induction
magnetometer based on current detection model.
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6 Conclusion

This chapter described the technical background and useful information to design
induction magnetometers. In Sect. 1, from the author’s point of view, the study of
induction magnetometers were summarized. Some useful review papers and
handbooks were also introduced. In Sect. 2, the operational principle was catego-
rized into two, voltage and current detection models. To mention the motivation,
some remarks were also presented with previous results. In Sect. 3, because the
estimation of inductance is key point to design induction magnetometers based on
the current detection model, useful approximations were summarized. In Sect. 4,
several tips were summarized to design the electronics for weak and low-frequency
magnetic fields. Although some optimization procedures were proposed, the sim-
plified estimation of noise floor level described in this section could be useful for
practical. In Sect. 5, some application related to induction magnetometers were
summarized. To share future success related to induction magnetometers, several
unsolved questions were also mentioned.
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Parallel Fluxgate Magnetometers

Michal Janosek

Abstract This chapter gives a brief overview of parallel fluxgate development, tech-
nology and performance. Starting from theoretical background through derivation of
fluxgate gating curves, the fluxgate sensor is explained on its typical examples, including
sensors with rod-, ring- and race-track core. The effects of geometry, construction and
magnetic material treatment on parallel fluxgate noise are discussed in detail-noise levels
as low as 2 pTomsHz ™ are possible with state-of-the-art devices. Basic applications of
fluxgate magnetometers are given and a quick overview of commercial devices is pre-
sented, concluded with recent advances in bulk, miniature, digital and aerospace devices.

1 Background

The parallel fluxgate sensor dates back to the 1930s [1] and most of this early
knowledge remains valid until today, although refined by recent findings in the field of
sensor noise, core magnetic materials and new principles of signal extraction. Since
the early times, the noise level of several nanoteslas has continuously decreased due to
evolution in electronic circuits and core materials to units of pT in a 10-Hz bandwidth.

The parallel fluxgate sensor in its simplest form is sketched on Fig. 1 (left)—the
time-varying excitation flux @y created in the ferromagnetic core via the excitation
field intensity Hg (produced by the excitation coil) and the “measured” field H,, are
in parallel.

A fluxgate sensor is basically a magnetic field sensor relying on induction law.
For its simplest form of Fig. 1 (left), its output voltage U, present at the pick-up coil
terminal P is approximated by the following equation:

U=-N-§S-|—+K- —— + K- uy- H, 4 1
( o K oty — = Ky Hy— (1)
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P

Fig. 1 (Left) Simplest parallel fluxgate with a rod-core. (Right) Modification with two cores

where H), is the measured external magnetic field intensity with an eventual
time-varying component, B is the alternating excitation flux density in the ferro-
magnetic core due to the excitation field intensity Hg, N is the number of turns of the
pick-up coil, S is the core cross-sectional area, u is the permeability of vacuum and
K is a dimension-less coupling coefficient of the core to the field Hy, (real core
geometry is far from an ellipsoid). The first term in parentheses is present because this
simple sensor directly transforms also the excitation flux @ to the pick-up coil, which
is the basic disadvantage of this design. The second term is due to the eventually
time-varying measured field H),. However the key principle of a fluxgate sensor is in
the last term of the equation—the alternating excitation (“drive”) field Hg, which
periodically causes the saturation of the magnetic material used in the fluxgate core,
modulates the core permeability which has in turn a non-zero time derivative.

The sensor presented in Fig. 1 (left) is however impractical, although sometimes
used in low-cost devices. Two cores can be used instead of one core, with each core
having an opposite direction of the excitation flux, whereas the pick-up coil shares
both of the cores—see Fig. 1 (right). If the core magnetic properties are same for
both of them, the first term of Eq. 1—with eventually large disturbing amplitude—
is effectively suppressed by the common pick-up coil.

If the measured magnetic field H,, is constant, the second term is also zero and
only the third term of Eq. 1 remains as fluxgate output. In agreement with [2] and
[3] we can then write for the fluxgate output voltage:

du, 1-D
di [14D(n, — D)

Uilt) = —NS - poH - 2)

The “coupling coefficient” K in Eq. 1 was replaced by an equation introducing the
dimension-less demagnetization factor D of a ferromagnetic body (fluxgate core).

2  The Physical Model

2.1 Fluxgate Transfer Function

The sensor depicted in Fig. 1 (right) can be used for deriving the parallel fluxgate
operation principle. As we have two core slabs sharing the same, but
opposite-in-direction excitation field Hg (yielding in time-varying ®@x(Bfg) in the
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Fig. 2 (Left) Transfer function—ideal BH curve. (Right) Output voltage derivation with triangular
excitation

core), we can draw the corresponding B-H loops for each core (which correspond to
one-half of the magnetizing cycle) as seen in Fig. 2 (left). The core B-H loop was
simplified to an ideal one with no magnetic hysteresis with Hg standing for the field
intensity where it becomes saturated; the red curve corresponds to the lower core of
Fig. 1 (right) and the blue one to the upper core. Without any external field Hy,
(solid curves), if both characteristics are summed, the net change of B during the
half excitation cycle is zero. A non-zero external measured field H,, however
effectively adds to the exciting field Hg and the resulting B-H loops are shifted
(dashed curve). After their summation for both cores we obtain an effective “B-H
transfer function” TF or “gating-function”: the flux in the core (core flux density) is
being periodically gated by the excitation field, the threshold is set by the Hg value
and size of the external field H,,.

Now considering a triangular waveform of the excitation field Hg as in Fig. 2
(right) and applying the transfer function TF to it, we can derive the output voltage
at the pick-up coil Up as the core flux density B derivative. It can be seen that the
output voltage is at twice the frequency of Hy and its magnitude and also phase lag
would be proportional to the measured field H,,

When taking into account also the material hysteresis, the transfer function will
modify accordingly [2] as shown in Fig. 3 (left). However the approach-to-saturation
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T \ 7

s

Bsat, Hsat
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FUNCTION
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P
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Fig. 3 (Left) Gating function with hysteresis from [2]. (Right) Real gating function from [3]
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shown in Figs. 2 (right) and 3 (left) is not realistic—in Fig. 3 (right) areal BH loop and
the corresponding gating function are shown.

An analytical approach to derive the fluxgate output signal was done as early in 1936
[1] and since then many improvements in the model were achieved, also by applying a
Fourier-transform to the pulse-train shown in Fig. 2 (right), see [2-5]. However the
original Aschenbrenner’s approach is shown below since it gives a simple analytical
demonstration of the origin of second harmonic in the fluxgate output signal.

Let’s have a very simple approximation of the BH magnetizing curve [1],
assuming the coefficients a > 0, b > O:

B=a-H—-b-H® (3)

At each of the magnetic cores of Fig. 1 (right), the measured field Hj, and the
harmonic excitation field Hg = A sin wt are summed up:

Hy\» =Hy £ Hg = Hy £ A sinwt (4)

The corresponding flux density B in each of the two cores is then expressed
using Eq. 3:

B> = a(Hy + A sin o) — b(Hy £ A sin 1)’ (5)
;3 2
B]72:Cl’HM7b'HM7§b'A ’HM
2 3 3 o
+ a~A—3b‘A~HM—Zb-A sin wt (6)
3, 1o,
+ Eb-A Hy;cos2wt + Zb~A sin 3wt

If both cores are of equal cross-section S, the flux is then added by the means of
common pick-up coil and after summing we get the remaining terms:

®=S-(B+B)

3 3 7
=258 <a.HM—b-H§4—§b-A2~HM+Eb-AzHMcoszwt) )

The only time-varying component is at the second harmonic of excitation field
frequency:

®(1) = 3S - b - A% - Hy cos 2wt (8)

Again we see that the time-varying output is at the second harmonics of the
excitation frequency and its amplitude is directly proportional to the measured,
static field H,,. If Hy; was time-varying, there would be also a signal at the fun-
damental frequency. In reality, however, also higher-order even harmonics are
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Fig. 4 The ac-driven fluxgate output spectrum

present, due to the nature of the B-H loop (hysteresis, approach to saturation) and
non-sinusoidal excitation waveforms with higher harmonics. These effects are taken
into account by the modern fluxgate models [2-5].

2.2 The Fluxgate as a Modulator

A real-world output of a fluxgate sensing a field H,,; with both ac and dc component
can be seen in Fig. 4—fj, is the frequency of alternating component and fz is the
excitation signal frequency. Signal at fz which is present due to non-ideal symmetry
of the sensor: i.e. the complementary terms of Eq. 6 are not exactly of the same
amplitude and phase, so they do not subtract completely. The signal exactly at the
second harmonics 2fg is due to the dc component of H,,. The measured field H,, is
thus modulated on the excitation second harmonics. However due to the non-ideal
symmetry of the sensor, it appears modulated also on the fundamental excitation
frequency fg. This applies not only to dc but also to the ac signal at fj,, which
appears at 2fp £ fy; and fz £ fi.

It can be concluded from the spectrum in Fig. 4 that an alternating signal is
amplitude-modulated with a carrier on the 2nd harmonics of fluxgate excitation
frequency, while the amplitude of the carrier is proportional to the dc component of
the signal. This can be proven by substituting H,, + B-cos({/f) for H,; in Eq. 8. If
the excitation field would contain higher harmonics, there will be also higher
modulation harmonics present in the spectra and the higher-order even harmonics
will contain the information about the measured magnetic field.

3 The Parallel Fluxgate Noise

The fluxgate noise generally exhibits a 1/f behavior with a noise amplitude spectral
density (ASD =+/PSD) as low as 2-3 pT,, Hz*° @ 1 Hz, typically
~ 10 pT,ms Hz %>, However, the noise due to the magnetometer electronic cir-
cuitry mostly limits at least the white noise floor (amplifier noise, detector phase
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noise etc.), which makes measuring the fluxgate noise difficult and subject to large
statistical errors.

The actual fluxgate noise can be related to three effects—stochastic behavior of
the Barkhausen noise, or better explained as irreversible rotation and domain
wall-displacement process during the fluxgate magnetizing cycle [6-8], thermal
white noise [9] and an excessive, small-scale noise [10] which is seen at many
fluxgates with supposedly low Barkhausen noise. The latter is believed to originate
from inhomogeneous, stochastic magnetoelastic coupling of the non-zero magne-
tostrictive core to external stresses [11] rather to magnetostrictive movement itself
[12]. The white noise of the pick-up coil does not have much influence, since
although with increasing coil turns resistance increases but also the voltage sensi-
tivity increases.

An important factor is the coupling of the “internal” fluxgate core noise to the
actual sensor noise via the core demagnetization factor D. It can be written [13]:

BSensorNoise = DBCoreNoise (9>

For Barkhausen noise, it was shown by van Bree [6], that minimum detectable
signal H,, which is equal to noise for SNR 0 dB, can be expressed as

H N BS T
o = Holty NB “Im

(10)

where 7 is the magnetization period lower limit (inverse of excitation frequency), ¢, is
the measurement time, By is the saturation flux density and Ny is the density of
Barkhausen volumes after Bittel and Storm [8]. For the lower limit of Ng = 104,
7=10"%s,1, = 1 sand u, = 8000 [6], Hy yieldsinabout2 x 107° A/m (2 pTin air)
which corresponds to the state-of-the art materials with low Barkhausen noise [14].

The white noise is usually estimated according to the (thermal) fluctuating
current in the core: the component perpendicular to the core axis creates magnetic
field noise, which couples to the pick-up coil [9]—Eq. 11.

; {Am} _[&T an
core vV Hz Rcore

This “white-noise current” is also present at the 2nd harmonics. In this case,
Eq. 11 should take into account the core “effective resistance” Re{Z} due to the
skin-effect. However, since now we are considering only the correlated component
at the 2nd harmonics, the noise couples to the pick-up coil only by the
(low) residual transformer term of Eq. 1.

For usual core volumes, the predicted white noise is at least an order of mag-
nitude below the observed fluxgate noise: for the race-track sensor [9] with
2 pTims Hz %% @ 1 Hz the white noise was about 0.39 PTims Hz%. In a
single-domain fluxgate [14], white noise about 50 fT was reported utilizing a
cross-spectral measurement technique.
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Fig. 5 Typical fluxgate magnetometer noise (TFM100G2, 100 kV/T, SR770)

A typical fluxgate noise is depicted below in Fig. 5—the low-noise TFM100G2
magnetometer of Billingsley A&D exhibits approximately 1/f character between 10
and 300 mHz and almost white response starting at 1 Hz with ASD about
4.5 pTims Hz *3, which is a limit of the electronics, not the sensor itself.

4 Fluxgate Geometry and Construction

The core geometry plays an important role in constructing the parallel fluxgate
sensor: the sensors can be roughly divided in two families according to core
geometry. Rod sensors utilize cores with open magnetic path, ring-cores and
race-tracks use closed path cores.

4.1 Rod Sensors

The design using two magnetic rods as in Fig. 1 (right) with a common pick-up coil
was used already in 1936 by Aschenbrenner and it is also often referred as “Forster
configuration” after the researcher and manufacturer F. Forster who utilized it. An
example is in Fig. 6 with two thin Permalloy cores in glass tubes, on top of which
the excitation coils are wound [compare to Fig. 1 (right)]. Alternatively, there can
be two pick-up coils anti-serially connected which would be wound directly on the
excitation coils—the so-called “Vacquier configuration” patented by V. Vacquier in
1941.

The advantage of rod sensors is low demagnetization factor due to the favorable
ratio of cross-section and length which is in the direction of measured field. The
disadvantage is that due to the open magnetic path the level of saturation is different
across the core length, causing problems with sensor offset. The pick-up coil is then
placed not to cover the noisy, unsaturated core ends [15].
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Fig. 6 The rod fluxgate
(Forster type) before
assembly

4.2 Ring-Core and Race-Track

As stated previously, the construction of a parallel fluxgate should assure good
symmetry to suppress unwanted excitation signal and also possibly to reduce the
noise by strong excitation field: this can be obtained with a closed-path magnetic
core. In terms of Eq. 4, the sensor can be virtually divided to two “core halves” with
opposite excitation field direction—see Fig. 7. The key advantage of the ring-core
[Fig. 7 (left)] is the possibility to rotate the pick-up coil in order to obtain best
suppression of the residual excitation signal (due to transformer term in Eq. 1). Its
disadvantage is the relatively large demagnetization factor decreasing its sensitivity
when compared to the rod designs. To decrease the demagnetization factor, a sensor
with an oval, race-track shape of ferromagnetic core [Fig. 7 (right)] is often
designed. However its balance is not easily achieved as for ring-cores.

4.3 Bulk Sensors and Micro-fluxgates

The classical parallel fluxgate is a bulk-type, i.e. it uses magnetic core material from
magnetic tape/wire or even a bulk material with wire-wound excitation and pick-up

i

E

Fig. 7 (Left) The ring-core with Hg in “core halves.” (Right) The race-track sensor
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Fig. 8 (Left) The real 12-mm-dia ring-core is a typical bulk sensor. (Right) The 30-mm long
race-track is created in PCB technology

coils. The final core shape in larger sensors is then obtained by winding the magnetic
tape [16] or the annealed wire [14] to a core holder [Fig. 8 (left)]; a stress-free
alternative is etching or arc-cutting the final core shape from a wide magnetic tape
[17]. The advantage of bulk fluxgates is their high sensitivity due to large
cross-section and high number of pick-up coil turns, and also low demagnetization
factor achievable with long sensors. Disadvantages are their cost and mass which
start to be a limiting factor even in aerospace applications where bulk fluxgates still
find use [18]. An approach to at least simplify the manufacturing design has been
done with PCB fluxgate sensors [19]—Fig. 8 (right), however despite the compa-
rable size their parameters are inferior to that of classical ones mostly due to residual
stresses after manufacturing (bonding of the ferromagnetic core) [20]. Electroplated
ring-core fluxgates on PCB substrates have been presented by Butta [11], the thin
layer was advantageous for high-frequency performance of the sensor.

Fluxgate micro-sensors appear since the end of 1980s. Their limitation is mostly
very low sensitivity, resulting in 1-Hz ASD about 1 nT,,,s Hz "> even when using
excitation frequencies in the range of 1 MHz. The way of magnetic core manu-
facturing is often limited by desired sensor design: the need for solenoid coils and
integrating the core mostly leads to MEMS devices; CMOS devices rely on
flat-coils with worse coupling to the ferromagnetic core. An integrated micro-sensor
core would require electrolytic deposition [21], integrating the etched tape [22] or
sputtering [23].

5 Fluxgate Noise and Ferromagnetic Core

During the 80 years of fluxgate development, it has been finally understood that the
core parameters are the key for a low-noise, high-sensitivity sensor [14, 16, 24].
The ferromagnetic core for a parallel fluxgate should fulfill several requirements
arising from Eq. 2 and the principle of operation; these requirements affect several
different parameters. Table 1 shows the list of required parameters and the most
affected property.
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Table 1 Influence of core parameter on fluxgate performance

Core parameter Primary effect Secondary

Low demagnetization factor Sensitivity Noise

Low Barkhausen noise Noise -

Low magnetostriction, low applied stresses Offset Noise

High permeability Sensitivity Power consump.
Approach to saturation Noise -
Thickness/resistivity Losses High f operation
Curie temperature Operating range Noise

5.1 Core Shape—Demagnetization Factor

Keeping the core demagnetization factor D low (lowest for rod-type sensors) not
only allows for high sensitivity to external fields (Eq. 2) but also provides better
ratio to the “core noise”—see Eq. 9. Thus a common practice to decrease sensor
noise, if the limits of improving the magnetic material are reached, is to decrease D.

The demagnetization factor of a ring-core with a diameter d and effective core
thickness T was estimated from a number of calculations and measurements [13]:

D = 0.223 (T/d) (12)

However it is relatively easy to model D it in today’s FEM packages for arbitrary
shapes. In Fig. 9 (left), the demagnetization factor of a 10-mm ring-core was cal-
culated using ANSYS and also FLUX 3D software. The ferromagnetic tape was
20 pm thick and 2.6 mm wide with p. = 15,000. The resulting demagnetization
factors for 5, 18 and 46 tape turns agree well with that calculated by Eq. 12. The
relation between fluxgate noise and the demagnetizing factor due to Eq. 9 as
proposed by Primdahl was later proved for large ring-core sensors [25]—the typical
dependence is depicted in Fig. 9 (right). The increased noise at very low D values
appears due to the fact that a smaller cross-section causes loss of SNR, assuming
the existence of external induced noise coherent to the 2nd harmonic.

5 layers 18 layers 46 layers
D=8x107 D =27 x 10° D=61x10" —+—Different cores
12 —+—Unwinded core

Noise RMS [pT]

1 15 2 25 3 35 4
Demagnetization factor <107

Fig. 9 (Left) Calculated demag. factor D of 10-mm ring [25]. (Right) Noise versus D for 50-mm
rings
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5.2 Core Material and Processing

Historically, the core materials were iron [1] or ferrites [3]. Later crystalline Ni-Fe
started to be used in the form of tapes or rods ending up with specially annealed
Molybdenum-Permalloy tapes [26] which are still being utilized in space research
[18]. With these crystalline materials, the cores have to be annealed with the material
already in its final shape. The inherent advantage of Permalloys is their high Curie
temperature, allowing for high temperature operation, however special care of the
material composition is necessary to achieve near-zero magnetostriction. Since
1980s there is a widespread use of amorphous materials, mostly in form of thin tapes
and wires, which do not require hydrogen annealing in the final form and are less
mechanically sensitive. Cobalt-based amorphous materials tend to be the best can-
didates for the sensors [16] however also in this case sufficient annealing process is
necessary to obtain the same or better performance than the heritage Mo-Py cores.

Low Barkhausen noise is generally obtained in materials with very low area of
the hysteresis loop with prevalent domain-wall rotations rather than domain-wall
movements. This is achieved usually by perpendicular-field or stress annealing of
the magnetic material to introduce perpendicular anisotropy, thus promoting
domain-wall motion rather than sudden jumps due to the domain wall movement
[16, 24]. Influence of Curie temperature on noise was studied by Shirae for various
amorphous compositions [27]—a strong correlation between low Curie temperature
and low fluxgate noise was found.

Since the end of the 20th century, nanocrystalline materials receive great
attention because of their good thermal stability and stable phase, which makes
them suitable for down-hole drilling [28] and possibly in space research. However
their disadvantage is the relatively high saturation induction, requiring high exci-
tation power and higher noise even after proper annealing.

6 The Feedback Compensated Magnetometer

The diagram of a typical feedback-compensated fluxgate magnetometer is on
Fig. 10. The magnetometer usually uses feedback in order to achieve better stability
and linearity of the device: the measured field is zeroed by an artificial field with
opposite sign, created either by a coil shared for also for voltage pick-up, or by a
separate compensating coil. The standard means of achieving the compensation
field is using an integrating regulator feeding a feedback resistor or driving an
active current source.

Alternatively, for full-vector magnetometers, the feedback coils can be inte-
grated to a triaxial coil system where the orthogonal sensor triplet is placed,
assuring high homogeneity of the compensating field and suppressing the parasitic
sensitivity to perpendicular fields [30]. Also the mutual influence of feedback fields
of the closely located sensors is suppressed.
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Fig. 10 The feedback compensated magnetometer from [29]

The sensitivity of the compensated magnetometer depends—by its operating
principle—only on the coil constant of the compensating coil. The open-loop sen-
sitivity (given by number of pick-up coil turns, core volume, demagnetization factor,
permeability, drive waveform etc.) then affects the noise or resolution of the mag-
netometer, which ideally remains the same as in open-loop. The magnetometer
linearity can be in tens of ppm and its gain stability better than 20 ppm/K, which in a
good design is limited by the thermal expansion of the compensating coil (and its
support) rather than by the electronics itself [30]. However, even for best magne-
tometers, the real-world limiting factor affecting the magnetometer resolution is the
sensor offset and its temperature drift, which are not suppressed by the feedback
loop. The offset is frequently caused by the non-ideal excitation waveform, which
may contain parasitic signal at second-harmonic, which is not suppressed due to
finite balance of the pick-up coil and the two ferromagnetic cores (or core halves).
The core itself can be further affected by perming (i.e. large field shock, which
causes change in the core remanence). Another significant contribution to the offset
is the core in-homogeneity and its magnetostrictive coupling to inhomogeneous
external stresses [12]; much lower contribution is to be expected from the elec-
tronics, such as amplifier non-linearity and detector offset. A detailed study of
influence of the electronics on magnetometer parameters was presented by Piel [31].

6.1 Magnetometer Electronics

6.1.1 Analog

Signal processing of the pick-up voltage in an analog design normally uses an
appropriate circuit for phase-sensitivite, dc-coupled down-conversion of the mod-
ulated signal on 2nd excitation harmonics (synchronous detector—phase sensitive
detector/mixer)—this is done mainly when the fluxgate output signal at the
pickup-coil can be “tuned” by a resonant capacitor to suppress higher-order even
harmonics. Another detection possibility is “in time-domain” by integrating the
output voltage [20]. Alternatively, it is possible to “short-circuit” the output
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fluxgate terminals by a current-to-voltage converter and then process the pulse-like
signal proportional to the gated flux [32]. Other techniques use the information of
time-lag of the fluxgate output pulses in a special detector circuit [33, 34].

After the detector circuit, the feedback regulator (integrator) stage assures the
feedback current, which is sensed, filtered and its value processed in an A/D
converter. The fluxgate excitation (oscillator + driver in Fig. 10) in reality does not
use sine-wave or triangular excitation signals, as shown in the derivation of the
fluxgate output function. In order to save power, either pulse excitation using
H-bridge is used [20] or the excitation circuit is “tuned”, i.e. the excitation wave-
form is generated by switches and the non-linear inductance of the excitation circuit
is tuned to serial-parallel resonance obtaining sharp excitation peaks. In that way
the losses in the excitation circuit can be lowered only to ohmic losses of the
excitation winding, moreover it was shown that the amplitude of the excitation
signal has an inverse proportional effect on sensor noise [35].

6.1.2 Digital

Early digital magnetometer designs ended up with higher noise than the analog
fluxgate with its D/A converter, however at least in space applications the trend is to
integrate the electronics to an ASIC which can be further radiation-hardened for
aerospace applications. The signal path historically utilized appropriate
analog-to-digital converters and signal processing in DSP/FPGA together with D/A
converters for feedback [36].

Recently, the fluxgate sensor was successfully integrated in an higher-order
delta-sigma feedback loop electronics [37]—the power consumption of the corre-
sponding ASIC (Fig. 11), which carries out the signal demodulation, feedback
compensation and digital readout, was only 60 mW and the magnetometer per-
formance was at least equivalent to 20-bit+ analog magnetometers with delta-sigma
ADC’s [38].

7 Applications

The first fluxgate applications appeared in the field of geomagnetic studies [1] and
later also in the military or defense sector—“flux-valves” served for detection of
ships or submarines [39]. After WWII, fluxgates have been extensively used in
compasses/gyrocompasses in shipping and aviation [40], they have also found their
use in attitude control of rockets or missiles and later they started to be used also on
satellites [41]. Fluxgate sensors have been used in planetary studies since the early
Apollo missions [26] and remained in their form almost unchanged—despite
improved electronics—in the aerospace segment up to today [18]. Geophysical
prospecting used aircraft-mounted fluxgates from the very beginning, and since
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Fig. 11 Microphotograph of the MFA fluxgate ASIC. Reprinted from [37] with kind permission
of the author

1980s, sufficient methods appeared to precisely calibrate the sensors, which allowed
their use even onboard spacecraft for satellite-based geophysical research [42, 43].
One of the most common applications of a fluxgate for ground-based surveys is

a magnetic gradiometer, consisting mostly of two aligned uniaxial sensors or two
triaxial sensor heads. For a single-axis gradiometer, the estimated gradient dB./dx
would be an approximation from two sensor readings B,; and B,; in a distance d:
an . Bxl - Bx2 Bxl - Bx2 o ABx

— ~

a_d—@ (xl—xz) d n Ax

(13)

Equation 13 implies the high requirements on individual fluxgate sensor noise if
the sensor spacing d should be reasonable, i.e. below 1 m. Metal or UXO
(Unexploded Ordnance) detectors using fluxgate find application also in underwater
mine-hunting [44] and because of the cheap computational power now available,
they are even constructed as full-tensor gradiometers which allow for localizing the
magnetic dipole.

There also exist fields in biomedicine where fluxgate (gradiometers) have found
their application: magneto-relaxometry (MRX) [45] and magneto-pneumography
(MPG) [46]. Parallel fluxgate—or at least their principle—are also used for
contact-less, precise dc/ac current measurements [34, 47].
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8 Commercial Fluxgates

8.1 Magnetometers

There are actually very few suppliers who would sell good-quality fluxgate sensors
separately—complete magnetometers are mostly offered. One common configuration
is a triaxial magnetometer with analog outputs, the transfer constant (sensitivity) is
mostly 100,000 V/T. Such instruments are for example of TFM100G2 (Billingsley
Aerospace & Defense, USA), MAGO3 (Bartington, UK), FGM3D (Sensys,
Germany), TAM-1 or LEMI 024 of Laboratory of Electromagnetic Innovations (Lviv,
Ukraine). Digitalization of these analog instrument outputs is upon the user or a
special hardware is available from the manufacturers. Magnetometers which feature
digital outputs (d-) are e.g. the Billingsley DFMG24, LEMI-029, the 3-axis magne-
tometer of Forster, Germany and FVM-400 of MEDA, USA. Table 2 summarizes
most important parameters of the mentioned magnetometers.

8.2 Fluxgate Gradiometers/UXO Detectors

Table. 3 shows parameters of several commercially available gradiometers (UXO
detectors), as manufactured by Schonsted (WV, USA), Forster (Germany), Geoscan
(UK) or Bartington (UK). Although the gradiometer noise can be a parameter for
selecting the best instrument, in reality, the gradiometer resolution is given by
gradiometer calibration (astatization) which limits its real-world performance: the
large, homogeneous Earth’s field will cause false response unless the gradiometer is
perfectly aligned or calibrated.

Table 2 Parameters of several commercial magnetometers

Magnetometer Range Noise (1 Hz) 3-dB BW Offset drift Power
type (£uT) (PT e /VHzZ) (kHz) (nT/K) W)
TFM100G2 100 5-10 0.5/4 0.6 0.4
MAGO03 70 6-10-20 3 0.1 0.5
FGM3D 100 15 2 0.3 0.6
LEMI 024 80 6 0.5 N/A 0.35
d—FVM-400 100 N/A 0.05/0.1 N/A 0.55
d—DFMG24 65 20 0.05 0.6 0.75
d—LEMI-029 78 6 (w/comp) 0.18 N/A 0.5
d—Faorster 100 35 1 1 3.6
3-Axis
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Table 3 Parameters of several commercial gradiometers

Gradiometer type Base Resolution Mass Power

(m) (nT/m) (kg) (W)
Schonsted GA52Cx 0.5 N/A 1.1 0.2
Forster Ferex (0.6 m, w/logger) 0.65 1.5 4.9 2
Geoscan FM256 0.5 2 2.5 0.5
Bartington GRADG601 1 <1 1.3 1.1
(w/logger)

9 State of the Art—Recent Results

Recent achievements, either in the field of sensors, or in final
magnetometers/gradiometers, are mainly determined by improving the ferromag-
netic core material and sensing technologies.

9.1 Bulk Sensors, Magnetometers and Gradiometers

A fluxgate magnetometer with high-temperature rating of +250 °C was presented
by Rithmer [28], the sensor core utilized nanocrystalline Vitroperm VP80O0R.
Similar study was done before by Nishio [48] for Mercury exploration satellite,
where the sensor characteristics were measured in —160 to +200 °C range.

Noise of a miniature, 10-mm diameter amorphous ring-core fluxgate was shown
to decrease by field-annealing down to 6 pT,s Hz *° @ 1 Hz [24] which is
comparable to the state-of-the-art 17-mm aerospace sensors of the Danish Technical
University [30] and also crystalline Mo-Py sensors used by the Geophysics and
Extraterrestrial Physics group of the Technical University Braunschweig, Germany
[18]. By decreasing the demagnetization factor by optimizing core geometry and
the core cross-section of large ring-cores, it was shown by the author that
2 pTems HZ ™7 can be achieved even with an as-cast tape [25]. The problem with
low sensitivity of miniature fluxgates was addressed by Jeng [49] who showed an
improvement of 2 X in the miniature magnetometer noise by using information from
multiple even harmonics.

A study relating the magnetostrictive coupling of fluxgate core to external
stresses with fluxgate noise was done by Butta [11]. The origin of the fluxgate offset
was recently studied by Ripka [12] and it is—together with excessive noise—
believed to be the effect of (local) magnetoelastic coupling, if other sources like
perming or offset due to electronics are excluded.

In the field of gradiometers, the state-of-the art in axial devices is still the
construction of DTU [50] with two triaxial vectorially-compensated heads, sepa-
rated by 60 cm: the achieved resolution was 0.1 nT, m . An underwater
“real-time-tracking autonomous vehicle” developed at Naval Surface Warfare
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Center, FL, USA [51] exhibited noise below 0.3 nT m'HZ% @1 Hz, after
compensating the vehicle noise. Recently, a similar full-tensor gradiometer vecto-
rially compensated by a compact-spherical-coil was shown by Sui [52], which has
the perspective to further decrease the gradiometer error and increase its sensitivity
due to common compensation of the homogeneous field for all the 4 x 3 sensors.

9.2 Micro-fluxgates

A low-noise MEMS microfluxgate with nanocrystalline core embedded by chem-
ical etching and with 3D solenoid coils was presented by Lei [22]. The sensor size
was 6 x 5mm” and the noise was as low as 0.5 nT Hz ®° @ 1 Hz. Texas
Instruments has recently published a CMOS-integrated Forster-type micro-fluxgate
for contactless current sensing using a gradiometric arrangement [53]. It is also
intended for closed-loop current measurement, where it replaces the common
Hall-probe in the yoke gap. Its microphotograph is in Fig. 12: the Forster sensor is
shown together with the excitation and signal-processing electronics. The
microfluxgate operates at 1 MHz, achieves 0.2 mA resolution and was released as
“DRV421”. Recently, also a standalone micro-fluxgate in a 4 x 4 mm?* QFN chip
was released, with a noise of 1.5 nT Hz *° @ 1 kHz [54].

Fig. 12 The CMOS integrated Forster fluxgate, reproduced with kind permission of Texas
Instruments, Inc
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Fig. 13 The magnetic sensor and digital electronics of MMM mission (flight model, not to scale)
—reproduced with kind permission of Werner Magnes /IWF Graz

9.3 Space Applications

An offset-reduction technique proposed by DTU for satellite missions [55] allowed
to decrease offset drift of the heritage analog magnetometer design [30] to £0.5 nT
in a 73 °C range—the temperature changes in the excitation resonant circuit were
compensated by an adaptive control of the detector phase. The digital-detection
delta-sigma magnetometer of the THEMIS mission (launched 2007, still active)
achieved offset stability of approximately 0.05 nT/K in the —55 to 60 °C temper-
ature range [18]. These parameters became the state-of-the art in space fluxgate
magnetometers.

The recently successful ROSETTA Explorer and its lander PHILAE used
fluxgate magnetometers; the instrument noise was about 22 pT,,s in 0.1-10 Hz
band [56]. The SWARM multi-satellite mission, launched in 2013, carries onboard
several atomic magnetometers and also traditional fluxgates from DTU Denmark,
and is now producing valuable data for a new Earth’s field model and other geo-
physical observations [43]. A similar NASA “Magnetospheric Multiscale Mission”
was launched in March 2015; the spacecraft carries analog and also
delta-sigma-loop-integrated magnetometers with custom ASIC developed at the
IWF Graz, Austria [37]—see Fig. 13. Multiple magnetometers have been used and
large effort was made to achieve magnetic cleanliness [38].
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Orthogonal Fluxgate Magnetometers

Mattia Butta

Abstract Orthogonal fluxgate is a particular type of fluxgate, which recently
gained popularity. As all fluxgate sensors it is based on the gating of magnetic flux
in a ferromagnetic core; however, in orthogonal fluxgates the excitation field and
the measured field are orthogonal. This leads to different sensor structure, most
notably to the absence of an excitation coil, making the construction of an
orthogonal fluxgate very simple. In this chapter we will first analyse the principle of
operation of orthogonal fluxgates in order to explain the mechanism which gen-
erates the output signal. Then, we will examine how the sensor is build, especially
the structure of the core and the techniques typically used in order to minimize the
amplitude of excitation current. Next, a particular type of orthogonal fluxgate—the
so-called coil-less fluxgate—is presented: its name comes from the lack of the
pick-up coil, for the output voltage is derived directly from the core’s termination
thanks to helical anisotropy of the core.The most important part of the chapter is
however focused on fundamental mode orthogonal fluxgate; in this type of sensor a
large dc bias is added to the excitation current in order to suppress the Barkhausen
noise, that is the main source of noise in fluxgates. The resulting output has very
low noise: we show how, properly designing the core geometry and modifying the
anisotropy by annealing we can achieve noise as low as 1 pT//Hz at 1 Hz. Another
part of the chapter is focused on magnetic gradiometers based on orthogonal
fluxgates, typically used when the sensor has to be used in noisy environment and
the magnetic field to be measured has large gradient and small amplitude. Finally a
comparison with similar sensors, such as wire-based GMI, is presented: we show
similarities and differences, especially regarding the methods for signal extractions
and we explain why orthogonal fluxgates perform better.
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1 Introduction

Fluxgates are very common sensors of magnetic field with large range of appli-
cations when high resolution is required form a room temperature operated sensor.
However, in the common language the term “fluxgate” typically refers only to one
particular type of fluxgate, the parallel one. As a matter of fact, there is another type
of fluxgate, namely the orthogonal one, which is often disregarded.

In fact, orthogonal fluxgates have been invented almost simultaneously to par-
allel fluxgates; the first patent about orthogonal fluxgates dates back to 1952 [1].
Then, this principle was forgotten for long time since most of the focus of the
scientific community was on parallel fluxgates, which apparently gave better
results.

In the last decade, however, orthogonal fluxgates gained new popularity, espe-
cially thanks to the availability of new magnetic microwires, which allowed us to
manufacture small orthogonal fluxgates competitive to parallel fluxgates.

2 Principle of Operation

All types of fluxgates are based, as the name suggests, on the gating of the magnetic
flux in a ferromagnetic material. In a fluxgate we therefore always have a core
composed of ferromagnetic material; this core is periodically saturated in opposite
directions by an excitation field applied to it. During the transition from one sat-
urated state to the opposite one we can observe the fluxgate effect. In a sense, the
fluxgate effect might look different for parallel and orthogonal fluxgate, but in fact
in both cases both working modes are based on the saturation of the core, and
therefore on the gating of the magnetic flux. In both cases you need saturation to
make a fluxgate work, whether parallel or orthogonal.

Let us now examine how the orthogonal fluxgate measures and external mag-
netic field. Before that, however, let us define what we mean by orthogonal fluxgate
and especially why we call it orthogonal.

In Fig. 1 we can see the basic structure of a parallel and orthogonal fluxgate.
There are different configurations for parallel fluxgates; in this case we depict a
race-track core to highlight the sensing portions of the core where the measured
field and the excitation field are parallel.

In a parallel fluxgate the excitation coil is wound around the core so that it
creates an excitation field H,, parallel to the sensed field H,,. An orthogonal
fluxgate, on the contrary is composed, in its simplest shape by a cylindrical fer-
romagnetic core surrounded by a toroidal excitation coil. Still the sensed field is the
axial direction of the core, however the excitation field generated by toroidal coil is
a circular field. In this case the excitation field lays in the X-Y plane which is
orthogonal to the sensed direction, that is Z axis (correspondent to the axis of the
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Fig. 1 Basic structures of
parallel (upper) and
orthogonal (lower) fluxgates

core). That is why we define this sensor orthogonal, because the excitation and the
sensed field are mutually orthogonal.

Even if trivial, we should point out this does not mean that the excitation field
H,, is linear; in fact, as we can see in Fig. 1 it is circular. By stating that H,, is
orthogonal to H, we simply say it is always perpendicular to H, along the whole
circumference (it never leaves the X-Y plane).

Although the cylindrical core is currently not the most common shape for a
orthogonal fluxgate is useful to use it for describing the working principle of the
sensor, not only because it was historically the first structure proposed, but also
because it allows us to easily understand how the sensor work.

Let us consider an isotropic magnetic core in shape of a cylinder. The core is
exposed to a circumferential field Hy produced by the toroidal coil (not shown in
the drawing) and an external field H; in axial direction (Fig. 2a). Let us assume a
simplified hysteresis curve of the ferromagnetic material as depicted in Fig. 2b; this
is clearly not true for real magnetic materials, but this simplification helps us to
understand the basic principle of the orthogonal fluxgate.

While Hy is constant, Hg varies in time as a sine wave (Fig. 2¢) because the
excitation coil is a sine wave. We further assume that H; is much smaller than the
amplitude of Hy and much smaller than the field necessary to saturate the core Hg
(also this is a simplification, in real ferromagnetic material there is not a clear border
between saturated and non-saturated state). Under this assumption, and keeping in
mind the isotropy of the material we analyze what happens to the magnetization
when Hg varies in time.

When Hy is low enough so that the total field H,,,, = (Hé + H%)l/’ < Hg the core
is not saturated. Therefore, M has the same direction of the total field H,,, and
increases its magnitude as H,, increases. Once Hgy is large enough to make
H,,; > Hg then it is easy to understand from the hysteresis loop that the amplitude of
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Fig. 2 Working principle of the orthogonal fluxgate

M cannot further increase because it reached its maximum value M. At this stage
M rotates over the circumference corresponding to M = M.

If we pay now attention we realize that in the first period when the core is not
saturated, M, that is the projection of M on Z-axis, is constant (because Hy is
constant). However, when the core enters into saturation and M start rotating M
decreases (Fig. 2d).

When we consider the whole period of Hg, we easily find out that M rises back
to its original value when H decreases and H,,; returns back to a value lower than
Hjg; everything happens again for the semi-period when H is negative. In that case
the core is saturated in negative direction as soon as H,, < —Hs, and again
M rotates making M decrease again (Fig. 2e).

By taking the time derivative of M, we obtain a signal proportional to the
voltage induced in the pick-up coil (which is the derivative of the flux in axial
direction). Because there are two drops of M, for each period of Hg, it is
straightforward that the output signal is at the second—and higher order even—
harmonic (Fig. 2f).
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Fig. 3 Mechanism which brings to different induced voltage for different H; field in an
orthogonal fluxgate

Let us consider a different value of Hz. What happens if Hy is larger? Simply, the
maximum value of M will be larger. In this case the saturation is reached for lower
value of Hg (because the contribution of H; to the total field H,,, is larger), and—
most important—the derivative of M, will be larger because the drop of My is
larger. Therefore, for larger H, we obtain larger second harmonic in the output
voltage (Fig. 3).

It is easy to understand that if H, becomes negative then the polarity of the
output voltage is reversed.

As we stated in the assumptions this mechanism works for low H,. If H; is large
enough to saturate the core then there is only rotation of My; in this case if Hy
increases there is no change in My, which is equal to Mg, because M, cannot
increase more than Mj. Finally, we would have an increment of H; without any
change in the output voltage, that means the sensor is saturated.

While the core should not be saturated in axial direction, an important condition
is large saturation of the core in circumferential direction given by large amplitude
of Hg. If saturation in circumferential direction is not achieved there is no drop of
M7 and therefore no voltage induced in the pick-up coil. In order to get a properly
working orthogonal fluxgate large saturation should be always achieved in cir-
cumferential direction.

This model [2] assumes the core to be isotropic. In case of a non-negligible
anisotropy we should also consider the contribution of the anisotropy energy in
determining the direction of the magnetization [3]. Nonetheless the basic principle
of operation still applies.
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3 Core Shape
3.1 Cylindrical Core

As already mentioned the cylindrical core was the first structure originally proposed
for an orthogonal fluxgate, as it was the simplest possible core. A toroidal coil, in
fact, is not so simple to be manufactured around a cylinder (while automatic
winding machines are available for ring cores used in parallel fluxgates). However,
it allows generating a large excitation field by winding a large enough number of
turns.

We know that saturation is a key point for proper functionality of a fluxgate.
Moreover, if we want a low noise and largely linear sensor we must necessarily
apply an excitation field large enough to bring the core into deep saturation. By
using a cylindrical core excited by a toroidal coil this can be rather easily achieved.

Two other structures were originally proposed for orthogonal fluxgates [1]. In
the first one a wire simply passes through the cylinder carrying the excitation
current I (Fig. 4).

In this case the current flowing through the wire generates a circular magnetic
field H similarly to the toroidal coil. In a way, you can consider the wire passing
through the core together with the return wire a single turn toroidal coil. While this
structure is certainly easier to be implemented because it does not require com-
plicated winding of many turns it also has the disadvantage of producing a much
lower magnetic field than a toroidal coil.

Fig. 4 Orthogonal fluxgate

based on a cylinder of

ferromagnetic material and a J— —
wire carrying the excitation . & |
current (the image on the right | . A
shows a section of the Bl
cylinder)
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3.2 Wire Based Orthogonal Fluxgate

This structure does not make use of a cylinder but employs a ferromagnetic wire as
a core (Fig. 5). The excitation current directly flows through the ferromagnetic wire
creating a circular magnetic field inside it. Therefore, also in this case the core is
saturated in circumferential direction as seen in the previous structures.

Wire-based orthogonal fluxgates share the same disadvantage previously men-
tioned for cylinder base fluxgate excited by a single wire that is the circumferential
excitation field is limited. However, the structure is simplified: in this case all we
need for the core is single ferromagnetic wire, which serves both as magnetic core
and as excitation element since it carries itself the excitation current.

In other words we get rid of the excitation coil. This opportunity attracted new
interests to orthogonal fluxgate since it is very important in the prospective of
miniaturization of magnetic sensor as currently required by the market.

As we mentioned, the excitation field produced by the current flowing in the
ferromagnetic wire cannot be compared to the much larger magnetic field produced
by a toroidal coil; nonetheless, the current state of art of material sciences allows us
to produce both amorphous an nanocrystalline microwires with very soft magnetic
behavior and a diameter spanning from 10 to 100 um. Therefore, nowadays we
have magnetic microwires suitable for orthogonal fluxgates.

3.3 Composite Wires

Orthogonal fluxgates based on wires became immediately very popular because
they eliminate the need of an excitation coil, so simplifying the structure of the
sensor. However they have a disadvantage: the center of the wire is generally
non-saturated. This is due to the fact that the circumferential field Hg produced by
the excitation current is not constant at every distance from the center of the wire.
Following Ampere’s law, Hg linearly rises from O in the center of the wire to its

Fig. 5 Wire-based
orthogonal fluxgate: the
current flows through the wire
and produces a circular field
in it
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maximum at the edge of the wire. In the center of the core therefore there will be a
portion of the wire which is not saturated because the excitation field Hg, is lower
than the field necessary to saturate the wire’s material. We can certainly increase the
excitation field using a larger current, and we can use a very soft magnetic material;
in this way we can reduce the portion of the core which is not saturate, however
there will always be an inner part of the core which is not saturated.

Add to that there is the effect of the skin effect, which cannot be disregarded. In
this case the current drifts to the border of the wire, making the circumferential field
lower in the middle [4]; therefore the larger is the skin effect the larger is the area of
non-saturated inner section of the wire.

One might think that a non-saturated inner part of the core is simply a portion of
the core which does not act as a fluxgate, given that it is not saturated, therefore the
only problem is a limited amount of the total ferromagnetic material contributing to
the fluxgate effect. As a matter of fact there are other disadvantages when the central
part of the core is not saturated. The most immediate problem is that such portion of
the wire can be magnetized in axial direction by a large H, and the excitation field
will never be large enough to restore it in its original state. This causes a hysteresis
in the characteristic of the fluxgates. Moreover, there is not a brick-wall transition
between the saturated and the non-saturated regions of the wire. That is, we could
have parts of the wire which still partially acts as fluxgate by being “close” to
saturation, but they do not work properly due to the fact that they are not “fully”
saturated. This carries a noisy contribution to the total output signal.

In order to avoid such effects composite wires have been proposed [5, 6]. The
main idea is to use wires with a copper core and an electroplated shell of ferro-
magnetic material, typically permalloy (NigoFe,q). Copper has much lower resis-
tivity (17 nQ m) than the permalloy has (200 nQ m). Therefore, we can expect that
most of the current flows in the copper than the permalloy; in this way we can
compensate the tendency of the current to draw to the border of the wire by giving a
low resistivity way to flow through in the center of the wire.

Yet, for large enough excitation frequency the skin effect cannot be disregarded.
In this case a more complex structure has been proposed [7] to overcome such
problem. The wire is composed by a glass coated copper core. A thin layer of gold
is sputtered over the glass coating to create a conductive surface over it. Later,
electrodeposition of permalloy (or generally speaking, any other soft magnetic
material) is performed on the gold layer (Fig. 6). The terminations of the wire are
not gold sputtered, therefore neither electroplated. Therefore, the excitation current

__—~ferromagnetic shell
[ <~ gold

|«——glass insulation
<— copper core

Fig. 6 Bi-phase wire with glass insulation between copper core and ferromagnetic shell
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can be injected in the copper core without any electric contact to the ferromagnetic
shell. In this way the glass coating of the copper provides an efficient electric
insulation between the copper and the ferromagnetic layer which prevents the
current to drift to the wire’s border due to skin effect at any frequency. This makes
much easier to saturate the wire and it has been proved to reduce by a factor of three
the current necessary to saturate a fluxgate core.

3.4 Multi-Wire Core

One of the disadvantages of orthogonal fluxgates based on microwire is the low
sensitivity when compared to parallel fluxgates (typically with bulk cores), or even
orthogonal fluxgates based on tubular core. This is simply due to the small cross
sectional area of the ferromagnetic core. Generally speaking the sensitivity of a
fluxgate depends on many factors (quality factor of the pick-up coil, permeability of
the core, excitation frequency, demagnetizing factor of the core...) nevertheless, as
a rule of the thumb we can say that if the amount of ferromagnetic material of the
core is low we can expect low sensitivity.

In order to overcome this problem orthogonal fluxgates with multiple wires core
have been proposed. It is important to point out that in such sensors the wires are
not electrically in contact along their lengths, since an insulating layer (either few
pm of glass coating for melt spun wires or thin layer of epoxy for electroplated
wires) avoid electric contact between them. Therefore, from the electrical point of
view the act as independent wires in parallel.

The dependence of sensitivity on the number of wires used in the core has been
studied [8]. It was found out that the sensitivity increases almost exponentially over
the number of wires. For instance, if 16 wires are used instead of a single wire, the
sensitivity becomes 65 times larger. This was shown [9] to be not simply due to a
larger amount of ferromagnetic material inside the pick-up coil, as a core with the
same cross-sectional but a single wire has lower sensitivity of a core with two wires,
each of them with half of the cross sectional area.

Later it was shown that such effect disappears if the wires are kept far enough (at
least five times their diameter) instead of closely packed. This indicates that the
origin of such exponential growth of the sensitivity is the magnetic interaction of
the wires.

Subsequently, it has been suggested [10] that such increment of the sensitivity
was due to the improvement of the quality factor of the circuit composed by the
pick-up coil and the parallel tuning capacitor. Such hypothesis was later confirmed
in [11].

It is important to note that sensitivity is only one factor of the signal-to-noise
ratio. If we increase the sensitivity but simultaneously we increase also the noise of
the same quantity we do not have advantage whatsoever. However, it was found out
that the increment of sensitivity obtained using multiple wires as a core does not
only increase the sensitivity but also decreases the noise [12].
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4 Spatial Resolution

We have already discussed about the greatest advantage of orthogonal fluxgates that
is the absence of the excitation coil when the excitation field is generated by the
current flowing through the wire serving as core. Another important advantage is
very high spatial resolution in X-Y plane (that is the plane orthogonal to axial
direction of the wire). Classical parallel fluxgates have either a ring or race-track
core where two active parts of the core sense the external magnetic field to be
measured. If the field is not uniform but it has a gradient these two branches of the
core sense different fields, as shown in Fig. 7 where one part of the core senses Hyu
whereas the other part senses Hyg. Because the pick-up coil collects the flux from
both parts the total output signal will be an average of Hy, and Hyp, and there is no
way to discriminate them. From this point of view the spatial resolution of the
sensor is limited by the width of its core. When we consider the orthogonal fluxgate
it is straightforward to understand why its spatial resolution is much higher. Indeed,
orthogonal fluxgates can be built based on microwire cores. This means that in the
X-Y plane the limiting dimension is the diameter of the wire, typically some tens of
pm for the smallest sensors up to 100-150 pum. In Z direction, that is the direction
corresponding to the axis of the wire the length of the core is still of several cm,
nevertheless by using wire core in orthogonal fluxgate we are able to strongly
improve the spatial resolution at least in the X-Y plane. For instance, using 120 pm
diameter magnetic wires as core for orthogonal fluxgate, magnetic domains of steel
can be observed by mapping the magnetic field above its surface [13].

It has to be noted that parallel fluxgates have been developed using ultra-thin
cores using either magnetic tapes or electrodeposited [14] or sputtered [15] cores. In

Fig. 7 Spatial resolution of W
parallel and orthogonal _
fluxgate / /f
A
He
HXB
Hye
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this case the parallel fluxgates gains his spatial resolution in one of the dimensions
of the X-Y plane, yet the second dimension is intrinsically limited by the ring or
race-track shape to be much larger.

5 Coil-Less Fluxgate

If the absence of the excitation coil is convenient, the lack of both coils is certainly
better. The natural evolution of orthogonal fluxgate based on wire core was then to
get rid not only of the excitation coil but also of the pick-up coil. This was obtained
using the so-called coil-less fluxgate [16].

The sensor is still a fluxgate with a ferromagnetic wire periodically saturated in
opposite polarities by an ac current flowing through it. However the second or
higher order even harmonics are not derived from the voltage obtained using a
pick-up coil wound around the wire. The second harmonic is taken out from the
voltage at the wire’s terminations, V,,;. (Fig. 8).

It was found out that the second harmonic in V,,;,. is linearly dependent on the
magnetic field applied in axial direction as long as the wire has helical anisotropy.
This effect was first shown in composite wires creating helical anisotropy by
twisting the wire (torque in opposite direction was applied at the wire’s termina-
tions). In this case the helical anisotropy was mechanical induced anisotropy. Later
it was shown that the same effect can be achieved by field induced helical aniso-
tropy: the magnetic wire was electroplated under the effect of an helical field which
in turns gives built-in helical anisotropy in the electroplated layer without need to
mechanically twist the wire afterwards [17].

It is worthy to highlight that such effect occurs only if there is helical anisotropy
in the wire. Regular wires with axial (or circular) anisotropy do not have any field

i
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Fig. 8 Basic structure of a coil-less fluxgate based on torque induced helical anisotropy
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depended second harmonic in the voltage on their terminations. The fact that the
helical anisotropy is the cause of the appearance of the field dependent second
harmonic is clear when we consider that the sensitivity of the coil-less fluxgate
increases as the angle of anisotropy increases; eventually the sensitivity becomes
negative when the helical direction of the anisotropy is reversed.

5.1 Working Mechanism

By observing the structure of a coil-less fluxgate one might find some similarities to
magnetoimpedance sensors. In fact, the working principle at the base of coil-less
fluxgate is completely different from magnetoimpedance; the first clue is the much
lower frequency this phenomenon appears at (typically where magnetoimpedance
effect is negligible). Most important, the sensor does not work if the core is not well
saturated, exactly like in fluxgates.

Underlying the coil-less sensor there is still the same working mechanism of the
orthogonal fluxgate we have previously analyzed. The only difference is that such
mechanism now is rotated by an angle y corresponding to the angle of skew angle
of helical anisotropy (Fig. 9).

The mechanism is still the same: the circumferential field Hy makes the mag-
netization M rotate, while H is the axial field which has to be measured. However,
now the axes are rotated by an angle y; therefore the actual field which makes
M rotate is not the whole Hg field but only its component Hgp L, that is the com-
ponent of Hg perpendicular to the easy axis of magnetization (E.A.). This is the
reason why the larger is the angle of the helical anisotropy the larger is the current
we must use to achieve saturation of the wire. Indeed, the larger is y the lower is
Hg L, that is the field which brings the wire into saturation.

If we consider H; we easily realize that due to the rotation of the reference axis,
now H has also a component H, L perpendicular to E.A, the same direction of
Hg L. Because Hy is constant (or at low frequency) we can consider H, L as a dc
offset to HepL. In other words, Hp L makes M rotate back and forward by bringing

Fig. 9 Working principle of o4
the coil-less fluxgate

easy axis

-

Hzl
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Fig. 10 One-turn coil of the
coil-less fluxgate

it into saturation in both polarities, and H,L shifts this mechanism bringing M into
saturation more on one polarity than on the opposite polarity.

The voltage at wire’s terminations V,,;,. is composed of two contributions: a
resistive component given by the product of the current /,,;,, time the resistance of
the wire R,,;,. plus the inductive voltage V..

Vwire - Rwire . Iwire + Vind (1)

Vina 18 the derivative of the circumferential flux. Let us consider the axial cross
section of a composite copper core—magnetic shell wire (Fig. 10): if we consider
the circuit composed of the inner copper core plus the return wire we have a
single-turn-coil whose area is composed by A,;, (the cross section of the air) and
Ajnqe (the cross section of the magnetic shell). The voltage induced at the termi-
nation of this coil is then given by the derivative of the total flux of the air and the
circumferential flux ¢,;, of the magnetic shell ¢.

Now, let’s go back to the working mechanism. We have seen that the magne-
tization M rotates due to the excitation field HgL, and this process is shifted by a dc
component Hz L. If we measure the voltage V;,,, we shall see that a component of
M corresponding to its projection on @ axis, namely My, which is responsible for
the circumferential flux ¢4. Therefore, the shifting of the rotation of M due to H,L
has effect also on ¢4 and therefore V;,,. That is why we can see this effect at wire’s
terminations. Indeed, if we observe the circumferential B-H loop (i.e. circumfer-
ential B vs. circumferential H [18]) we see that the B-H loop is shifted by external
field H.

In other words, the helical anisotropy does not only create a component of H,
which shifts the magnetization process, but it also allows us to detect the flux on
wires terminations by bringing a portion of what is typically the axial flux on the
circumferential axis due to rotation of axis.
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5.2 Sensitivity

The main problem of coil-less fluxgate is the low sensitivity. As a matter of fact
with classical composite Cu (50 pm diameter)—Permalloy (10 pm shell thickness)
wires sensitivity up to 1015 V/T can be achieved for few cm long wires. This is
quite low and unfortunately we cannot simply increase it by adding more turns to
the pick-up coil because there is no pick-up coil.

Also, we cannot simply amplify V,,;,.. because it usually contains a large resistive
component R, * I,,;,» Which does not carry any information but it contributes to
reach a peak value of the voltage which determines saturation of the amplifying
electronics.

A solution is to use a bridge to suppress the restive part of the voltage. Yet, V;,4
will be composed of peaks (corresponding to the fast transition from one saturated
state to the opposite one) which only shift to the left or the right in time domain.
Ideally we would like to have no voltage at all for H, = 0 and peaks arising only for
H, # 0. This can be achieved using a double bridge with two microwires having
opposite direction of magnetization [19].

Other alloys than permalloy have been used to produce coil-less fluxgate giving
larger sensitivity; for instance in Co-rich amorphous wire 400 V/T sensitivity has
been achieved at 30 kHz [20]. In composite wire Cu—Co0,9Niyg gFes; 4 sensitivity
of 120 V/T at 20 kHz was reported [21].

5.3 Linearity and Noise

Unfortunately the coil-less fluxgate has relatively large noise. For example in [22] a
coil-less fluxgate base on composite Cu-Permalloy wires with 3 nT/YHz noise at
1 Hz has been reported. This is believed to be mainly due to low sensitivity. As a
matter of fact the noise could be lower with Co-based alloy microwires, which have
larger sensitivity but data of their noise have not been reported yet.

Coil-less fluxgate behaves better in terms of linearity, which is an important
parameter for this kind of sensor, since non-linearity cannot be compensated by
feedback method given that there is no coil to create a feedback field.

Open loop linearity error of coil-less fluxgate could be as low as 0.5 % in a
£50 pT range and it drops to 0.2 % in a £40 pT range [22].

6 Fundamental Mode Orthogonal Fluxgates

As we mentioned before, one of the reasons why orthogonal fluxgates have been
disregarded for many decades was their worse performances when compared to
classical parallel fluxgates, and this was particularly true when it came to noise.
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Everything changed in 2002 when Sasada proposed the so-called fundamental
mode orthogonal fluxgate [23]. The structure of the sensor is the very same of
wire-based orthogonal fluxgate: the core is composed of a magnetic wire excited by
a current flowing through it while the output voltage is obtained using a pick-up coil
wound around the magnetic wire. The only difference is that a large dc bias is added
to the traditional ac current. How large is the dc bias? And what is its purpose?

The dc bias should be large enough to permanently saturate the wire in one
direction. Its amplitude therefore depends on the B-H loop of the particular wire
used as a core; different ferromagnetic material generally speaking require different
dc bias to fall into permanent saturation only in one direction.

The question now is: why should I keep the wire saturated only in one direction?
So far we have always considered the magnetization periodically alternating its
saturation state in opposite direction, so why do we now change the operative
mode?

In fact, it turns out most of the noise in fluxgate sensors is due to Barkhausen
noise originated during the reversal of magnetization from one saturated state to the
opposite. The main idea behind fundamental mode orthogonal fluxgate is to sup-
press the Barkhausen noise by eliminating the reversal of magnetization: if the core
is permanently saturated in one direction no reversal of magnetization occurs and
there Barkhausen noise is strongly reduced.

However, how is the output voltage obtained if the core does never reverse its
magnetization? Clearly, the working mode previously explained does not hold
anymore. In this case the output signal is not obtained by extracting the second
harmonic as in traditional fluxgates (both orthogonal and parallel), but the first
harmonic. That’s why the sensor is in fact said to work in fundamental mode,
because the output signal is at the fundamental frequency.

The reason why the signal is now at the fundamental frequency is easy to
understand if we analyze the behavior of the magnetization calculating the position
it acquires to minimize its total energy.

Let us consider a simple isotropic wire saturated by an I,. + I, current, which in
turn generates circular magnetic fields H,. + H,.. If no other field is present the
magnetization M simply lays on circumferential direction too (Fig. 11).

However, if an external dc field H; is applied in axial direction the magneti-
zation is deviated away from the circumferential direction by a generic angle o
between ® direction (where H,. + H,. lays) and Z direction (where H lays). The
angle o depends on the amplitude of both H,. + H,. and Hy: the larger is H,. + H,.
the lower is o, the larger is H the larger is o (Fig. 12). The position of M is indeed
determined by minimizing the total energy [24]:

E=—pg-M- (Hy +Hge) - cos(ot) — piy - M - Hz - cos(m/2 — o) (2)

For a given H; field we now consider how o changes in the time domain,
considering that the circumferential field has a time varying component H,.. When
H,. is maximum the total field on circumferential direction is H. + |H,| and o is
minimum; when H,. reaches its minimum value the total field on circumferential
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Fig. 11 Excitation field and magnetization in a fundamental mode orthogonal fluxgate without
axial field

direction is Hy. — |H,| and o is maximum. If we consider now the projection of
M on Z-axis M, we find out that M oscillates with the same frequency of H,.. Then
it is sufficient to wind a coil around the wire to pick-up the magnetic flux corre-
sponding to M, and obtain and output voltage with the same frequency of the
excitation current (Fig. 13).

It is easy to realize that in case H is zero o is permanently zero because there is
no field, which can deviate M away from circumferential direction. Therefore
M always lays on @ direction and there is no component M, whatsoever. As a
result, given that M, = 0, the voltage induced in the pick-up coil is also zero. The
voltage is then only induced when H7 is applied in axial direction and gives us a
measure of Hz. Of course, the larger is H the larger is the deviation of M from

Fig. 12 Deflection of the magnetization in a fundamental mode orthogonal fluxgate with two
different values of axial field H,
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Fig. 13 Working principle of H
the fundamental mode =
orthogonal fluxgate

Hdc

circumferential direction, and therefore the larger is the voltage induced in the
pick-up coil: this is how we can finally measure the amplitude of H.

6.1 Sensitivity

One of the most common mistakes is to think that if the core is deeply saturated
then the sensor cannot work properly; many believe that if the core is fully saturated
(a condition which anyway cannot be totally achieved) then the output voltage is
zero. This leads them to think that it is necessary to let the core to be unsaturated for
low values of H,., because if the core is practically always saturated then there is
not output voltage; as a result many use low dc bias current because they are afraid
that a deeply saturated core would make the sensor not working. This is simply not
true: even if the core is deeply saturated, the sensor will keep working properly. The
magnetization in fact rotates to meet the angle oo where the minimum total energy
condition is met even the core is in deep saturation. Of course, the larger is the dc
bias the lower is the resulting sensitivity of the sensor. This can be easily under-
stood by considering the working principle of the fluxgate in fundamental mode
previously explained.

For a given amplitude of the ac current I, the sensitivity drops as we increase
the dc bias I,. (Fig. 14). This is due to the fact that a larger /,. makes the mag-
netization M rotate toward the circumferential axis @, so that the amplitude of the
oscillation of M is reduced. In other words, M is more strongly attracted by
H,. + H,. and o oscillates less, giving in turn lower variation of M (which finally
gives us the output voltage).

On the other hand, for a given I, the larger is I, the larger is the sensitivity
(Fig. 14). In this case it is straightforward to understand why: if we increase H,,.
angle o swings to a larger extend giving as a result a larger variation of M.

Finally, by tuning the amplitude of I,. and I,. one can obtain the desired sen-
sitivity. The choice of I, and I,. however is not so straightforward as one might
think. The resulting noise strongly depends on these two parameters.
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Fig. 14 Sensitivity of the fundamental mode orthogonal fluxgate as a function of both ac current
and dc bias

6.2 Noise

As we mentioned before, the fundamental mode orthogonal fluxgate had immedi-
ately a large success due to its lower noise compared to traditional orthogonal
fluxgates. Paperno has clearly demonstrated [25] that the dc bias itself is the reason
why the noise drops by comparing the noise of the very same fluxgate operated
without dc bias (in traditional 2nd harmonic mode) and with dc bias (in funda-
mental mode). By only changing the operative mode the noise drops by one order
of magnitude.

In that paper about 20 pT//Hz noise at 1 Hz has been achieved. Later on the
noise was reduced to 10 pT//Hz in tubular [26] and wire based [27] sensors.

By properly designing the geometry and using magnetic microwires with cir-
cular anisotropy finally 1 pT/¥Hz noise at 1 Hz has been achieved [28].

6.3 Excitation Parameters

The first key point to obtain the minimum noise from an orthogonal fluxgate in
fundamental mode is to properly select the excitation parameters /. and ;.. As we
mentioned before a larger I,;. reduces the sensitivity whereas a larger [, increases the
sensitivity. However, we should always keep in mind that sensitivity is only one side
of the coin when it comes to noise. Indeed, we should also consider the intrinsic
magnetic noise of the core alongside the sensitivity. If we reduce the dc bias the
sensitivity certainly increases, but the magnetization risks to fall out of saturation
during the part of the period when 1. approaches its minimum value [29].
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It turns out that the noise depends on the area (that is the energy) of the minor loop
of the core B-H loop [30] (Fig. 15). This was later confirmed analytically in [31].

If we now plot the noise at 1 Hz (or at any arbitrary point when the noise has 1/
f behavior) for different ,. amplitude (keeping the same 1,;.), we observe how the
noise has three different regions where it differently behaves (Fig. 16). At first,
when [, is low, the noise rapidly decreased for higher values of I,,.. In this region
most of the noise is due to noise of the signal conditioning circuit. The minor loop
energy is so low that the noise of electronics overlooks it. In fact we observe that
the noise behaves roughly as the inverse of the sensitivity given that the noise of
electronics is constant and the sensitivity increases for larger /.

For larger 1,. the minor loop energy rapidly increases, in fact it increases much
more rapidly than the sensitivity does, therefore the final noise recalculated in
magnetic units eventually rises (and approaches the same slope of the minor loop
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Fig. 16 Noise at 1 Hz of a fundamental mode orthogonal fluxgate (squares), inverse of the
sensitivity (1/S) and minor loop energy (MLE) as a function of the 1, for a I,
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energy). In the middle between these two regions there is third region when the
minimum energy is obtained. In this region the sensitivity is large enough to make
the noise of the electronic negligible and reveal the actual magnetic noise of the
core, yet I, is not too large to cause excessive minor loop energy (Fig. 16).

The minimum noise for a given I, is therefore found by selecting an amplitude
of 1. large enough to overcome the noise of the signal conditioning circuit but not
too large to make the magnetization fall out of saturation and have the magnetic
noise rise.

So far we considered only the case when I,;. was constant and /,. was varying. If
we now consider an increasing ;. we find out the minimum energy is shifted in the
bottom right direction (Fig. 17). For a larger value of I, the sensitivity, as we saw,
decreases then it is necessary a larger I,. to obtain the same sensitivity, which
defeats the noise of signal conditioning circuits. At the same time higher saturation
is achieved then the value of the minimum noise slightly decreases.

Then, one might think that an extremely large value of /., with proper amplitude
of 1., can eventually lead us to very low noise. Unfortunately there is a limit to the
amplitude of the excitation current due to excessive heat a large current might
cause.

Another important parameter is the frequency of I,.. In this case the tradeoff is
between a frequency which should not be too low to return a low sensitivity and not
too large to let the current be too much affected by the skin effect. For Unitika
AC-20 microwires the optimal range of frequency is between 70 and 130 kHz.

6.4 Effect of the Anisotropy

In the previous description of the working principle of fundamental mode orthog-
onal fluxgate we disregarded the effect of anisotropy by assuming the material was

Fig. 17 Noise at 1 Hz of a 50 1
fluxgate excited using
different /. and I,.. Every
line corresponds to a value of
1, circles 35 mA, squares
41 mA, diamonds 50 mA,
crosses 56 mA. The
horizontal axis is the
minimum value of the
excitation current that is the
most critical point in the
hysteresis curve of the wire
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isotropic. This is in fact not true, for anisotropy is typically found in magnetic
wires. Anisotropy can positively or negatively affect the behavior of the sensor
depending on its direction. If the anisotropy is out of circumferential axis an offset
will arise in the output signal. The reason is easy to understand if we consider the
contribution of the anisotropy to the position of the magnetization M. When we
consider the total energy of M we should now consider also the energy due to the
anisotropy calculated as:

E=—py M- (Hu+Hyg.)-cos(at) — g - M - Hz - cos(n/2 — o) 4k, - sin®(y — )

3)

where 7 is the angle of the anisotropy with the respect of the circumferential
direction and k,, the anisotropy constant.

In other words, the anisotropy tries to pull the magnetization to its direction as
well as magnetic fields do. Let us consider now the case when H; = 0; we would
expect the output signal to be null too. However, if the anisotropy is out of cir-
cumferential direction the magnetization will be located at an angle o in between
the direction of anisotropy and the circumferential axis as a compromise between
H,. + H,. which try to turn M counterclockwise and the anisotropy which try to
turn M clockwise. Also in this case the angle o oscillates with the same frequency
of I, given that o is maximum for H,. — |H,| and o is minimum for H,. + |H,.
As a result a voltage is induced in the pick-up coil even if Hz = 0.

On the other hand if the anisotropy lays in circumferential direction it has a
positive effect on the fluxgate operated in fundamental mode. In this case the
anisotropy works alongside the dc bias to keep the magnetization into saturation
and reduce the noise.

This can be better understood by observing what happens when we increase the
circumferential anisotropy by annealing the wire under the effect of a dc current
flowing into the wire.

The technique is based on the principle that annealing a ferromagnetic material
under the influence of magnetic field large enough to achieve saturation generates
an anisotropy in the direction of the field [32]. This has been extensively used to
change the anisotropy of magnetic materials for many applications, including
fluxgates [33].

In this case we desire the anisotropy to be in circumferential direction, therefore
we inject a large dc current in the wire to create a circumferential field. Figure 18
shows the circumferential B-H loop of an AC-20 wire from Unitika before and after
annealing at 200 °C for 4 h with 90 mA dc current flowing through it. Note that the
annealing is not obtained by joule effect caused by the wire but by an infrared
furnace.

We can see that the effect of annealing under dc current is an increment of the
circumferential anisotropy as the circumferential B-H loop appears more squared,
therefore the circumferential one becomes the easy direction of magnetization. The
anisotropy can be increased annealing for longer time or at higher temperature (still
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Fig. 18 Circumferential B-H
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keeping below Curie temperature) up to a technical limit where the anisotropy does
not further increase.

If we now consider the fluxgate excited by I;. + I,. we easily realize the minor
loop energy is strongly reduced by the presence of a strong circumferential ani-
sotropy. The magnetization keeps well saturated on the upper floor of the hysteresis
curve; in order to fall out of saturation M should reach the knee of the B-H loop
which is now located at lower value of H. In other words at the same value of
H,. — |H,.| while for as-cast wire M could be already at the knee on a annealed wire
M is still in saturation. This brings a strong reduction of the magnetic noise, but of
course it decreases the sensitivity too. Nevertheless, at low frequency the balance of
lower magnetic noise but lower sensitivity brings lower final noise. For instance, in
Fig. 19 we can see the noise spectrum of a 65 mm long fluxgate based on as-cast
wires compared to the spectrum of a sensor based on wires annealed 45 min at
150 °C under the effect of 200 mA current. As we can clearly see the noise at 1 Hz
decreased from 2.5 to 1 pTA//Hz due to the large anisotropy created by annealing.

However, we see that for frequency higher than 40 Hz the noise of annealed core
sensor is larger, for it earlier reaches the white noise region. This white noise is in
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fact the noise of the noise of signal conditioning circuit, which emerges due lower
sensitivity of the sensor.

6.5 Suppression of the Offset

One of the drawbacks of the anisotropy, as we mentioned before, is that any
component of the anisotropy out of circumferential direction causes an offset in the
output signal of the fluxgate.

It is vital to avoid the presence of axial field during annealing, in order to be sure
the magnetization is as most circumferential as possible during the thermal treat-
ment returning a circumferential anisotropy.

Another reason why we should avoid axial field during annealing is that the
inner part of the core is exposed to lower circumferential field, therefore it is not
saturated. In this inner region of the wire an axial field, if present, induces axial
anisotropy, which makes the internal part of the core to be magnetized axially; as a
result we would see a magnetic field measured by the sensor even at Hz = 0
because of the field generated by the internal part of the wire (Fig. 20).

There is in fact a smart method to suppress the offset caused by non-circular
component of the anisotropy, and it consists of periodical switching of the dc bias
and subsequently subtraction of the output voltages obtained with each polarity
[34].

This method is based on the fact that if the dc bias is reversed the sensitivity
changes polarity but the offset remains unchanged. The reason why the sensitivity is
reversed—if we switch the polarity of the dc bias—can be seen in Fig. 21. Let us
consider the case of positive dc bias (Fig. 21a) and increasing H,.. For a given H,
field to be measured, the magnetization M rotates counterclockwise as

Fig. 20 Wire with axially T
magnetized inner region: the
back-flux-lines will pass
through the outer shell of the
wire causing offset
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(a)
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Fig. 21 Reversal of sensitivity for different polarity of dc bias

Hg = H,. + H,. increases. As a consequence the component of M in axial direction
M7 decreases. Therefore, a negative voltage is obtained at the pick-up coil, as this
voltage is proportional to the derivative of the axial flux, and therefore of M. In the
second quarter of period H,. decreases, so M rotates clockwise, M, increases, its
derivative is positive and therefore a positive voltage is induced in the pick-up coil.
The resulting waveform of the output voltage is summarized in Fig. 21b, including
also the second half of the period.

Everything is reversed when the dc bias is negative. For negative H,., if H,.
increases the amplitude of the total excitation field Hy becomes smaller, and
therefore M rotates counterclockwise (Fig. 21c); however, since M in in the fourth
quadrant a counterclockwise rotation implies M, increases, therefore a positive
voltage induced in the pick-up coil. Vice versa, in the second quarter of period,
when H,. decreases the voltage induced in the pick-up coil will be negative. If we
now compare the voltage output obtained with positive H,. (Fig. 21b) and the
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Fig. 22 Offset caused by non-circular anisotropy, equal for both positive and negative dc bias

voltage obtained with negative bias (Fig. 21d) we easily see the voltages are ©
radians shifted, therefore when one gets the real part of such voltage, the sign is
reversed.

So far we considered the material to be isotropic. Let us now consider an
off-circumferential anisotropy. In this case we have output voltage even at H, = 0,
that is we have an offset. Let us repeat the same procedure used before to derive the
polarity of the output voltage: if the dc bias is positive, for increasing H,. we have
increasing Hg. Then M, which lays between @ axis and easy axis of magnetization
rotates counterclockwise, giving a decreasing M, (Fig. 22a), and therefore a neg-
ative voltage (Fig. 22b).

If the dc bias is negative the magnetization, given the symmetry of the aniso-
tropy, lays in the third quadrant. If H,. increases then the absolute value of Hyp
decreases and M rotates clockwise (Fig. 22c). In this case M, increases but it is
negative, so the output voltage is negative exactly as it was for positive dc bias
(Fig. 224).
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Fig. 23 Response of a
fundamental mode orthogonal
fluxgate with offset for
positive (V,,.+) and negative
(V,u—) dc bias
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In other words, when we switch the polarity of the dc bias the output voltage
keeps the same polarity.

Generally speaking, given a fluxgate operated in fundamental mode the output
characteristic after demodulation, shown in Fig. 23, can be described as
Vours= S * Hz + Vygtor positive dc bias and V,,,,— = =S - Hz + V,gfor negative dc
bias, where S is the sensitivity and V, is the offset voltage.

If we now subtract the voltages obtained with positive and negative dc bias we
obtain

Vout = Vout+ - Vout— = (S : HZ + Vnﬂ) - (_S . HZ + Voﬁ) =25- HZ (4)

and we get rid of the offset.

As an alternative, one can switch both H,;. and H,. (simply by flipping the
polarity of the wire). In this case the sensitivity does not change sign but the offset
does (Fig. 24):
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Voul+ :SHZ+Voﬁ‘ (5)
for +H,. and +H,,

Voutf =S HZ - VQ‘ (6)
for —H,. and —H,,.
In order to cancel the offset we can simply add the voltage obtained with both
polarities:

Vout = Vout+ +Vout7 = (S . HZ+ Voﬁ‘) + (S : HZ - Voﬁ‘) =2S- HZ (7)

This solution is somehow more efficient from the practical implementation point
of view because it only requires switching of the polarity of the excitation current
while the output voltage can be simply integrated with the same integrator without
need of performing difference of two voltages.

With this method we can efficiently suppress the offset. However, switching of
the dc bias can generate additional noise to the output signal due to the spikes
originated when the polarity is inverted. This problem can be solved by excluding
from demodulation a few periods immediately after the switching in order to let any
transient deplete. This can be done quite easily if digital signal conditioning is used
as in [35]. Recently Karo Hikaru has implemented an analog signal conditioning
circuit where the spikes due to switching of dc bias are removed using a solid state
switches. Even if this technique efficiently reduced the noise due to the spikes the
orthogonal fluxgate in fundamental mode with switched bias has significantly larger
noise than the same sensor with non-switched bias (in this case it was 10 pT//Hz
vs. 3 pTAWHz at 1 Hz). This gap is expected to be filled by synchronizing the
switching time in order to avoid a quick transient form 0 V to the voltage of the
pick-up coil when this is non-zero.

6.6 Temperature Stability

Alongside noise, another important issue for magnetic sensors is the stability versus
temperature. For many applications indeed it is necessary to use magnetic sensor in
environments where the temperature is not constant and in some case it can change
several tens of degrees. In this case is it essential to verify how stable the output of
the fluxgate is. For this reason it is important to characterize sensitivity and offset of
the sensor for a large range of temperature.

The sensitivity is an important parameter but any change of open-loop sensitivity
can be easily compensated by operating the fluxgate in feedback [36]; therefore, as
long as we do not observe a consistent loss of sensitivity any moderate drift of
sensitivity due to the temperature is not an issue.
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Unfortunately offset cannot be compensated by feedback, therefore it is very
important to produce sensors with low temperature drift of the offset. Fundamental
mode orthogonal fluxgate has shown to have a very large temperature coefficient of
offset [37], up to 59 nT/°C which is totally unacceptable. However, it was found out
the offset drift is very similar for positive and negative dc bias (most probably due
to the fact that the main cause of offset drift is the influence of temperature on
anisotropy); this means that if we apply the dc bias switching techniques we used to
cancel the offset we do not only suppress the offset at one temperature but we also
strongly reduce the offset drift. By applying dc bias switching the offset drift was
strongly reduced to 0.2-0.5 nT/K. While this is still larger then fluxgates properly
designed for temperature stability which return offset drift as low as 0.044 nT/K
[38], 0.02 nT/K [39] or 0.007 nT/K [40], switched fundamental mode orthogonal
fluxgate still offers comparable or better offset drift than many commercially
available parallel fluxgates which normally have 0.1-0.6 nT/K temperature
coefficient.

6.7 Geometry of the Core

Dimensions and shape of a fluxgate strongly influence the performances of the
sensor. In some applications we have constrains imposed by the maximum size
allowed for the sensors. In some other cases we are freer to choose the size of the
fluxgate. In both cases it is important to understand how the performances of the
fluxgate depend on its geometry to maximize the results.

As we mentioned before, the orthogonal fluxgate has a huge advantage com-
pared to parallel fluxgate, given that its cross section is often tens of um to 100-
150 pm. Therefore, in the X-Y plane the sensor’s core has a very small dimension.
When it comes the length, however, the choice of size is very important because it
strongly affects the sensitivity and the noise of the fluxgate.

In order to understand why, we should first consider the behavior of the mag-
netic flux when a magnetic wire of a finite length and saturated in circumferential
direction (as we do in fundamental mode orthogonal fluxgates) is placed in a region
with uniform magnetic field. In Fig. 25 we can see that the magnetic flux converges
to the microwire not only from the wire’s terminations but also along its length. In
fact, only a small part of the flux enters in the wire from its end; most of the flux
enters in the wire from its outer cylindrical surface. Therefore we observe the flux to
be minimum at the termination and then gradually increase up to the maximum in
the center of the wire. In the second half of the wire everything is reversed and the
flux symmetrically leaves the wire [41].

If we plot the flux inside the microwire we obtain a sort of bell showing the
maximum flux in the center of the wire and rapidly drops at the terminations. As a
practical consequence we derive that it is not necessary to wind the pick-up coil
along the whole length of the core. We can keep the terminations of the wire out of
the pick-up coil, because they bring negligible contribution to the output signal.
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Fig. 25 Convergence of the magnetic flux to the core of a fluxgate in a uniform field

If we now consider wires with different length we find out that due to lower
demagnetizing factor the longer is the wire the higher is the flux in the wire
(Fig. 26).

This means that a fluxgate based on longer wire core has larger sensitivity,
number of turns of the pick-up coil being equal. As a result also the final noise of
the sensor decreases for longer wires. Does this mean that we can indefinitely
decrease the noise of the fluxgate simply building a longer sensor? Of course not,
there is a limit to the noise reduction that we can achieve by increasing the length of
the core, and we can see it very well in Fig. 27a where the noise at 1 Hz is plotted

B axial [T]
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distance from the center [mm]

Fig. 26 Distribution of the field in the core of the fluxgate for 35 and 55 mm long cores
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Fig. 27 Dependence of the
noise at 1 Hz (a) and
maximum B in the core (b) on
the core length
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versus the wire length for as cast double wire core (excited at 35 mA at 100 kHz
and 40 mA dc bias).

As the length approaches 65 mm the noise does saturates to about 2.5 pT/VHz,
which looks like the minimum achievable noise with as cast wires.

The reason of such saturation in the reduction of the noise is simple to under-
stand if we consider the amplitude of the flux inside the microwire versus the length
(Fig. 27b). The flux rapidly increases if we increase the length till 60 mm; then, for
longer cores, the flux still increases but with lower slope. The difference between
these slopes is crucial; as we increase the wires’ length we certainly increase the
sensitivity but we also linearly increase the Barkhausen noise, simply because we
have more magnetic material. For wires lower than 60 mm, the flux in the wire
increases more rapidly than the magnetic noise because the slope in Fig. 27b is
steep. Therefore, it makes sense to use a longer wire because the increase in
sensitivity is larger than the increase of intrinsic magnetic noise. For longer wires
however the sensitivity increases with the same rate as magnetic noise, therefore the
advantage of a larger sensitivity is compensated by a similar increment of magnetic
noise.
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This means that it makes sense to increase the length of the core only until the
magnetic flux, and therefore the sensitivity, increases more rapidly of the intrinsic
magnetic noise of the wire. Generically speaking this length is different for different
wires; as a rule of the thumb one can either calculate or measure (simply by
induction method) the flux in the wire—taking as a reference the flux in the center
of the wire—and plot it versus the length of the wire. The length where the flux has
inflection is the limit length; increasing the length of the wire over this limit length
does not contribute to decrease the noise.

7 Gradiometer Based on Orthogonal Fluxgate

With extensive development of orthogonal fluxgate operated in fundamental mode
a very low noise magnetic sensor became available. Such low-noise fluxgate is then
aimed to measure very low magnetic fields; quite often such low fields are gen-
erated locally either by magnetized material (e.g. magnetic nanoparticles used in
biotechnologies) or by very tiny electric currents (e.g. magnetic field produced by
beat of human heart). In both cases the sensor is certainly exposed to a very low
magnetic field, but this field rapidly decreases as we get away from its source. It has
been shown that fundamental mode orthogonal fluxgate can be used to measure
adult human heart by placing the sensor very close to the patient chest [42], but this
is not the best way to measure such low magnetic field. Indeed, instead of magnetic
field one should measure the gradient of magnetic field, for the field rapidly drops
as the distance increases generating a large gradient. If we simply measure the
uniform magnetic field the measurement should be performed in a shielded envi-
ronment to suppress, first of all, the Earth’s magnetic field and other sources of
uniform magnetic field much larger than the tiny field we are interested in. By using
a gradiometer this can be avoided and we can just measure the gradient of magnetic
field.

In a sense a first example of gradiometer based on orthogonal fluxgate was
presented in [13] where they measured the magnetic field produced by magnetic
domains of steel plates by using a fluxgate core composed of a bended wire: the first
half of the wire was placed very close to the steal plate whereas the second half of
the wire was kept 1 mm above in order to expose it only to the uniform field.

However, the first actual gradiometer based on orthogonal fluxgate was pre-
sented in [43]. In this case two 30 mm long fluxgate probes originally designed to
measure homogeneous field where used to measure gradient by arranging them
50 mm apart and connecting in anti-series their pick-up coils.

In this case, we do not have a single core with two pick-up coils, but we have
two different cores each of them with its own pick-up coil, and we derive the
difference of the induced voltages to get rid of the response to the homogeneous
field. The reason why two cores, instead of a single core, are used comes from smart
method used to match the response to the homogenous field in order to fully
suppress it.



94 M. Butta

Tac T.o+Taa
sensor 1
— || —>
— |
Taer T Tac2 sensor 2

S s
J

Fig. 28 Schematics of a gradiometer based on orthogonal fluxgate in fundamental mode with
correction of sensitivity obtained using additional dc current on sensor 2

¢ TactTaartTac:

As a matter of fact it is almost impossible to build two sensors with sufficiently
similar sensitivity to obtain negligible response to the homogenous field when the
difference of the induced voltages is derived, even if the cores are excited by the
same excitation current, and are composed of the same material with the same
geometry.

Therefore, it is necessary to manually match the sensitivities of the sensors used
in the gradiometer. This is typically done by either moving the coils or by changing
the number of turns of the pick-up coil, yet it is very difficult to obtain a good match
of the sensitivities.

In this case a smart technique is used to efficiently suppress the response to the
homogenous field. This method is based on the fact that the sensitivity of a fun-
damental mode orthogonal fluxgate monotonically decreases if we increase the dc
bias, as we saw in Fig. 14. Therefore, we can change the sensitivity of the sensor
with larger sensitivity by increasing its dc bias in order to match the sensitivity of
the second sensor. The simple schematics is shown in Fig. 28: alongside 1, and 1
which flow through both sensors an additional current /., is added to the one of the
sensor to obtain fine tuning of its sensitivity. With this method the suppression ratio
of the gradiometer is easily increased more than two orders of magnitude. Finally a
gradiometer with 200 (pT/m)//Hz noise at 1 Hz can be obtained.

8 Signal Extraction and Operative Frequency

Sensors similar to fundamental mode orthogonal fluxgate have been proposed,
during the last years, by developers devoted to giant magnetoimpedance (GMI) and
classified as off-diagonal GMI. Even if such sensors failed to reach the same quality
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of fundamental mode orthogonal fluxgate (the lowest noise reported so far was
1 pTAWHz at 30 Hz and presumably 6-7 pT//Hz at 1 Hz—derived from the 1/
f curve even if actual data are not show [44]), it is worthy to analyze them, as this
gives us the opportunity to better understand some features of orthogonal fluxgates,
because this can teach us something how to properly extract signal from these
Sensors.

The structure of the sensor is the very same, a magnetic core—typically a wire—
excited by an ac current plus a dc bias and a pick-up coil wound around it.

The first immediate difference is the method used to extract signal from the
voltage induced in the pick-up coil. If large saturation of the core is achieved then
the output voltage is very close to a sine-wave at fundamental frequency, therefore
tuning of the pick-up coil is not necessary to achieve resonation at the desired
frequency (on the contrary this is done in parallel fluxgate to retrieve the second
harmonic buried in larger harmonics). However, phase sensitive detection is used in
fundamental mode orthogonal fluxgate in the very same way it is performed in
parallel fluxgates. This can be achieved by a standard lock-in amplifier or any other
type of phase sensitive demodulation. Using a lock-in amplifier to extract a specific
frequency from a voltage where that frequency is already prevalent to a large extend
might look excessive. Developers of off-diagonal GMI often use simpler method to
extract signal from the voltage induced in the pick-up coil, also because—as we
will later discuss—off-diagonal GMIs are operated at larger frequencies than
orthogonal fluxgates (up to several tens of MHz). In this case using synchronous
demodulation with low noise is rather challenging. A cheaper alternative is to use as
simple peak detector, which can be easily manufactured using diode-capacitor
scheme [45].

A typical response of off-diagonal GMI obtained a peak detector is shown in
Fig. 29.

The curve shows two pseudo-linear regions from O to about 150 A/m, then
after a peak the amplitude of the voltage decreases. Developers of off-diagonal GMI
use a bias field Hy to move the working point to the middle of one of the two
pseudo-linear regions to use it as characteristic of the sensor [46].

Using this approach one might calculate the derivative of the curve shown if
Fig. 29 and derive where the sensitivity (i.e. the slope of the curve) is maximum
and set the Hy, bias there. In the same way one can easily realize that the sensitivity
is zero for H = 0.

On the other hand, scientists working on fundamental mode orthogonal fluxgates
use phase sensitive demodulation. This means that not only we extract a specific
frequency from the picked-up voltage, but we also derive its real part instead of the
total amplitude as peak detectors do. Let us consider again the same sensor whose
response was shown in Fig. 29. If we extract the real part of the fundamental
harmonic we obtain an actual linear response in the 100 A/m instead of two
pseudo-linear parts (Fig. 30).

It is clear that such response is much more suitable for a sensor, because it does
not require a bias field Hy to achieve a linear and antisymmetric characteristic.
Moreover, it can be seen that the sensitivity at H = 0 is larger than the sensitivity at
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Fig. 29 Typical characteristic of off-diagonal GMI sensor obtained by measuring the amplitude of
the voltage induced in the pick-up coil. A bias field Hy is used to move the working point into the
linear region

the bias field Hy > 0 (where the slope is already decreasing because it is
approaching the peak). So, considering the real part of the fundamental harmonic
we obtain an actual linear characteristic and the highest possible sensitivity. It is
possible this is achieved only by changing the signal conditioning techniques? In
fact, it is.
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Fig. 30 Characteristic of fundamental mode orthogonal fluxgate (squares) and off-diagonal GMI
(circles) for the very same sensor operated under the same conditions (/. = 20 mA, [,. = 40 mA,
f=10.4 MHz)



Orthogonal Fluxgate Magnetometers 97
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What is missing in the peak detector method used by the developers of
off-diagonal GMI is the information about the phase. The voltage induced in the
pick-up coil does not contain information about the measured field only in its
amplitude but also in its phase.

In Fig. 29 we can see that the amplitude of the voltage it is not zero at H = 0 but
it reaches its minimum value V. This means that around H = 0 the amplitude of the
voltage does not significantly change; however, if we observe the voltage in time
domain we would see a voltage with basically an unchanged amplitude shifting to
the left or to the right according to the measured magnetic field. This means that
around H = 0 the amplitude is steady whereas the phase of the voltage is changing
(Fig. 31). In the ideal case when V; = 0 the phase simply switches by m radians
exactly at H = 0; in actual cases V;, > 0 and there is always a finite, although
sometime narrow, range around H = 0 where the information about the field is not
contained in the amplitude of the voltage but in its phase.

In some particular case V| is very large and it gets close to the maxima of the
voltage amplitude response. If we simply use the amplitude response with a field

(a) Va (b) Va

mY
A |

Fig. 32 Two responses of different sensors with low and large V,, in amplitude (solid line) and
real part (dotted line)
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bias as developers of off-diagonal GMIs do, we might think that the sensitivity is
very poor because of the lower slope we can obtain out of such response.

Using such method to extract information from the sensor’s output voltage one
can try to maximize the sensitivity by selecting the excitation parameters, which
return low V{, and then larger slope at the bias field Hy. This approach is however
misleading: one might think that a response such the one in Fig. 32b has low
sensitivity due to the slope at H, but this is not true. The sensor in fact has a large
sensitivity, we are only extracting the signal in a very inefficient way. If we consider
the real part of the voltage instead of its amplitude we find out the sensor has very
large sensitivity (dotted lines in Fig. 32b), even larger that the response shown in
Fig. 32a; we were mislead because we were looking at the amplitude while a
considerable amount of the signal was represented by the phase.

Therefore, the method used in off-diagonal GMI to extract the signal is simply a
very inefficient method to gather the information about the magnetic field we want
to measure; such method should then be used only if the frequency is so high to
make unpractical to used proper phase sensitive detection.

As already mentioned, an important difference between the fundamental mode
orthogonal fluxgate and off-diagonal GMI is the excitation frequency: fundamental
mode orthogonal fluxgates are often excited by an ac current with low frequency
(100 kHz in [27], 40 kHz in [28], 1-32 kHz in [25], 130 kHz in [26]) whereas off
diagonal GMI is operated at much higher frequency (1 MHz in [46], 10 MHz in
[48], 1 MHz in [50] in ribbons). The main reason for this difference in the operative
frequency is that orthogonal fluxgates based on microwires are traditionally oper-
ated at ~kHz frequency, in order to easily saturate the wire, whereas GMI sensors
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Fig. 33 Dependence of the sensitivity of fundamental mode orthogonal fluxgate (circles),
off-diagonal GMI (diamonds) and classical GMI (black squares) on frequency
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are excited by ac current in ~MHz range in order to achieve significant skin effect,
for this is the main cause of GMI effect [50].

Therefore, when using off-diagonal GMI sensors they usually operate them at
high frequency as well. Another reason which brings many researches to use high
frequency is that the induced signal is expected to be larger for higher frequency.
However, this is not always true.

As previously mentioned, we must take into account that higher frequency
makes the current drift to the border of the wire; as a consequence Hg is too low in
the central part of the wire to achieve saturation. Therefore, as the frequency raises
the thickness of the saturated shell of the wire decreases: even if the frequency is
higher the amplitude of the rotating M is lower and eventually the induced voltage
is lower than the voltage induced at lower frequency.

This can be clearly seen in Fig. 33 where the sensitivity for both fundamental
mode orthogonal fluxgate and off-diagonal GMI are plotted versus frequency (for
1;. = 40 mA, I,. = 18 mA). The sensitivity for off-diagonal GMI has been mea-
sured considering bias the middle point between H; = 0 and the value of H, where
the peak in the characteristic was reached. The sensitivity of off-diagonal GMI
clearly results lower than the sensitivity of fundamental mode orthogonal fluxgate
(because sensitivity at H = 0 is larger than the one at H = H).

First of all we notice a resonance, due to the stray capacitance of the pick-up
coil; some users tune the excitation frequency to the resonance frequency in order to
maximize the sensitivity. This technique is useful in classical second harmonic
fluxgate, because it helps to retrieve a small second harmonic buried in a large first
harmonic signal. However, when working on fundamental mode orthogonal flux-
gate the induced voltage is already at the desired frequency. If the wire is properly
saturated the output voltage will be basically sinusoidal, therefore there is no need
to use resonance frequency to retrieve a specific harmonic from a signal with
multiple harmonics. Using resonance frequency is not always convenient, because
the value of the resonance frequency may drift with temperature. Moreover, when
we operate the sensor at resonance frequency we do not increase the actual signal
generated from the sensor, but we simply amplify it by tuning the capacity and the
inductance of the sensor; nonetheless the intrinsic signal coming from the rotation
of the magnetization will be only due by the amplitude of the rotating M and its
frequency, regardless how the signal is tuned at the pick-up coil. This means that
operating the sensor at resonance frequency does not increase the amount of
information in the signal provided by the sensor, it merely increases its amplitude.

In fact, this can be advantageous in case the main source of the noise in the
magnetometer is the noise of the electronics. In this case it is useful to have an
induced voltage as large as possible in order to decrease the equivalent noise of the
magnetometer by dividing the electronic noise by a large sensitivity.

Excluding this specific case, using resonance frequency gives a large sensitivity
which is just the result of a mere amplification, and eventually does not improve the
signal-to-noise ratio of the signal. Since our goal is to analyze the intrinsic noise of
the sensor, we disregard the frequency range where resonance occurs.
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We can then consider two main regions in Fig. 33: the first is at frequency up to
~200 kHz before the resonance effect appear, the second is at frequency larger
than ~3 MHz where the resonance has disappeared. Comparing these two regions
we clearly notice the effect of the frequency: in the first region (up to ~200 kHz)
the sensitivity increases linearly due to larger frequency (induction law). At this
stage the skin effect is still negligible, therefore the only parameter affecting the
sensitivity is the frequency. In the second region (above ~3 MHz) the sensitivity
not only stops increasing as we should expect from the induction law, but it even
drops at values considerably lower than those obtained for f < 200 kHz.

This means that skin effect is not negligible anymore for f > 3 MHz: the skin
effect is substantially reducing the thickness of the saturated shell making the
amplitude of the flux decrease and finally the sensitivity to drop. For this reason it is
more convenient to operate the sensor in the first region, where skin effect is still
negligible.

Moreover, Fig. 33 is useful because it helps also to understand the working
principle of the sensor. Alongside the sensitivity of fundamental model orthogonal
fluxgate and ODGMI in the same graph also the classical GMI sensitivity is shown.
This is the off-diagonal GMI, or simply the classical GMI, that is the dependence of
the wire impedance on H,. The value of classical GMI sensitivity is shown in
percentage relative to the impedance at H, = 0 per pT. We observer that, excluding
a small resonance, the classical GMI sensitivity is very small up to 3 MHz, then it
rapidly increases. This confirms that the skin effect becomes significant for
f> 3 MHz, as previously derived.

In other words, the giant magnetoimpedance effect is not involved at all in the
mechanism which brings to the development of the signal in what is called
off-diagonal GMI, since GMI effect arises only at frequencies where the
off-diagonal GMI sensitivity is already vanishing.

As a matter of fact, the so called off-diagonal GMI sensors are a degraded
version of orthogonal fluxgates in fundamental mode excited at too large frequency
and with inefficient method for signal extraction.
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Giant Magneto-Impedance (GMI)
Magnetometers

Christophe Dolabdjian and David Ménard

Abstract This chapter is about recent advances in giant magneto-impedance
(GMI) magnetometer development. The emphasis is put on their performances in
terms of equivalent magnetic noise. We first present the physical principles and
outline the model of the GMI effect. Next, we establish the relation between the
GMI sensing element and the associated electronic conditioning circuits, thus
providing expressions for the performances of the device. Our approach is prag-
matic and aimed at scientists and engineers concerned with sensitive magnetic
measurements. It is hoped that our presentation of the topic will be useful to
workers in the field who wish to compare GMI to other magnetic sensors.

1 Introduction

The magneto-impedance (MI) effect refers to the change in the electrical impedance
of a ferromagnetic metal due to the application of an external magnetic field. While
it was observed and qualitatively understood several decades ago [1], it was not
until the development of magnetically ultrasoft metals that the effect was recog-
nized for its potential for magnetic field sensing in the 1990s [2]. By 1994, several
groups had reported large impedance variation in CoFeSiB amorphous microwires
[3-7] and the term giant magneto-impedance (GMI) was gradually adopted to
qualify the effect. In the subsequent years, the effect was observed in a variety of
soft magnetic wires and ribbons and the initial phenomenological models were
extended into quantitative models. The vast amount of work involved during this
first decade of “GMI re-discovery” is too numerous to be properly reported her, but
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the interested reader may find a comprehensive review of the development over that
period in Ref. [8].

Magneto-impedance is a general property of any ferromagnetic metals.
However, the effect can be particularly spectacular in ultra-soft magnetic wires and
ribbons, whether amorphous or nanocrystalline [8]. The most widely used materials
are CoFeSiB-based soft amorphous wires (exact composition varies among dif-
ferent research group). Wires or ribbons can be fabricated, for instance, by
in-rotating water quenching [9, see also 10], glass-coated melt spinning [11] and
melt extraction [12]. A fairly large number of GMI studies, over the last two
decades, have also been dedicated to studies of the effect of various annealing
procedures on the GMI response. It is generally accepted that soft amorphous
materials with slightly negative magnetostriction coefficient, submitted to a proper
stress, current, or combined stress and current annealing, yield the largest GMI ratio
and highest sensitivity.

The present chapter is mostly concerned with the exploitation of the GMI effect
for the development of magnetic sensors as magnetometers. Section 2 presents the
physical basis for modelling the effect. For simplicity, we focus on single domain
wires with uniform circumferential anisotropy, thus avoiding any difficulties
associated with the details of the domain structure and domain-wall dynamics and
of non-uniform anisotropy distribution. While the magnetic susceptibility, and
therefore the GMI, can be related to the domain-wall dynamics at low-to-moderate
frequencies (such that the domain-wall motion is not damped), we chose to ignore
these effects for the following reasons. Domain structures are hard to predict and to
control in these ultra-soft magnetic metals, they are most likely a source of mag-
netic noise, but fortunately they are relatively easy to eliminate, using a small dc
bias current, which we usually do in practice.

We also chose not to focus on details of model interpretation, particularly on the
confusion or misunderstandings associated with the established link between GMI
and ferromagnetic resonance, along with the use of a non-local permeability due to
the inclusion of an exchange term in the equation of motion for the magnetization.
We will limit ourselves by stating that the non-local permeability, leading to
so-called exchange-conductivity effects, have been demonstrated to set fundamental
limits on the performance of GMI sensors [13, 14]. The interested reader will find a
discussion of these issues in Ref. [15]. Finally, we also chose to limit our discussion
to the linear behavior, which leads to simple analytic treatment. A numerical
treatment of the non-linear regime has been presented, for instance, in Ref. [16].

In Sect. 3, we are concerned with the sensitivity and noise of an idealized GMI
sensor. Contrary to the widespread practice of using the GMI ratio

¥ _ Z(B) - Z(Bref)

z Z(Bry) M

as a figure of merit, here we adopt the pragmatic point of view that the main
criterion relevant to the design of highly sensitive GMI (or low noise GMI)
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magnetometers is the maximum voltage sensitivity, defined as the derivative of
voltage across the GMI sample, at the applied magnetic field at the static working
point (bias field) B,

i @)
B=B,
expressed in V/T. As was recently discussed [17], the GMI ratio is not particularly
meaningful as a metric for sensitive magnetometry and it can be misleading in the
comparison of the performance between GMI wires from different sources.
Section 4 considers the design of a GMI-based magnetometer, that is, a device
which outputs a voltage linearly proportional to the measured field in the full output
dynamic range. An overview of the conditioning electronics is presented, along
with the estimation of the associated performances. To conclude, the state of art of
recent GMI magnetometer development is given.

2 Physics of Magneto-Impedance
2.1 Phenomenology of the MI Effect

Consider a magnetic wire of length / and radius a, driven by a longitudinal electrical
current 7. and placed in a longitudinal static magnetic field H,, as shown in Fig. 1.
It is found experimentally that the electrical impedance of the wire depends sen-
sitively upon the longitudinal component of the applied static field. The phe-
nomenon is referred to as magneto-impedance. The complex impedance,
Z = R+ iX, of the wire is obtained from the ratio of the voltage v,. across the wire
and the drive current i,,

7 Vac _ { e,

- T A7 )
lac 2na h((’ surface

3)

where e, is the surface longitudinal electric field, and A, the circumferential
magnetic field. For nonmagnetic conductors, the ratio of the fields on the right hand
side of Eq. (3), which corresponds to the surface impedance, is directly calculated
from Maxwell’s equations. The procedure results in the electrical impedance, which
depends on the electromagnetic skin depth.

For magnetic conductors, we may assume a similar dependence of the impe-
dance, provided the classical (non magnetic) skin depth is replaced by an effective
skin depth which depends upon the magnetic field. Thus, the normalized impedance
will be expressed as
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Fig. 1 a Ferromagnetic metallic wire driven by an AC current and submitted to a longitudinal
magnetic field to be measured. b Picture of a wire with an associated coil

Z _kaJy(ka)
Ry 2 Ji(ka)’

where Ry, is the dc resistance of the wire, and

is the radial propagation constant, related to the effective skin depth

[ 2
O = [ i (6)

In Eq. (6), w is the angular frequency, o is the electrical conductivity, and .4 is
the effective permeability.

In order to observe a strong MI effect, the effective penetration depth, J,4 of the
electromagnetic field must be much smaller than the radius, a, of the wire. When
this is the case, the ratio of the Bessel functions in the right hand side of Eq. (4)
equals the imaginary unit i, and Eq. (4) reflects the inverse dependence of the
normalized impedance on the effective skin depth

Z_1+ia
Rie 2 Oef

(7)

Equation (7) is generally valid for the GMI response of microwires in the MHz
range. However, for frequencies of a few kHz or less, or for sub-micron structures,
the situation may be such that the skin depth is much larger than the transverse
dimension of the sample. For such cases, the ratio of Bessel functions in the right
hand side of Eq. (4) may be expanded in series, which yields

il
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In this limit, we would refer to the effect as magnetoinductive. Since p.s is
generally complex, both the real and imaginary parts of Z may vary appreciably
with the field.

The effective permeability, defined by Eqgs. (4)—(6), is a useful concept to discuss
the physics of the GMI effect. However, it merely displaces the problem from a
calculation of the impedance to a calculation of the effective permeability. For the
important case of a wire with helical anisotropy, relatively simple, approximate
expression for the effective permeability, may be obtained.

2.2 Effective Permeability

Consider the cylindrical coordinate system in which the static field Hy is applied
longitudinally along the z-axis, as shown in Fig. 1, with a circumferential easy axis
of anisotropy. When there is no applied field, the magnetization is circumferential,
that is 6 = 90°. Thus, the circumferential component of the dynamic magnetic field
produced by the driving current is parallel to the static magnetization. If the drive
current is small enough to avoid nonlinear effects, there should be no response from
the magnetization, and the material behave as a normal nonmagnetic conductor.
Thus, for a circumferential magnetization the effective permeability is trivially p. If
the wire is magnetically saturated along the z axis, that is 6 = 0°, the coupling
between the magnetization and the circumferential field is maximum. This corre-
sponds to a transverse effective permeability which is defined as y,. For the general
case (0° < 0 < 90°), pp and g are related to the diagonal component of the
impedance tensor defined in a helical coordinate system with the z' axis at an angle
0 from the z axis, that is, parallel to the static magnetization M. As an example, for
a circumferential uniaxial anisotropy characterized by an energy Ksin’0, K is the
anisotropy constant (J/m?), the anisotropy field is given by Hy = 2 K/uoM; and the
static equilibrium is given by cosf = Hy/H,. The tensor is then rotated by an angle 0
in order to be oriented along the wire axis. The procedure leads to a general
effective scalar permeability’.

to = (/1 cos® 0+ \/11g sin® 0)2. (9)

The heart of the problem consists of calculating the transverse effective per-
meability p. Note that, despite the fact that the permeability which enters
Maxwell’s equations is a 3 x 3 tensor, the magnetic behavior is effectively
determined by a simple scalar effective transverse permeability,

'See Eq. (49) or Ref. [14]
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W/ to = 1+my/hy. (10)

This follows from the constraint 4, = —m, on the out-of-plane components of the
fields, which is a consequence of the dipolar field associated with the radial k-
vector, and also from the fact that the components of the fields parallel to the static
magnetization do not contribute to the magnetic response. One may alternatively
work in terms of a tensor of surface impedance and apply the constraints subse-
quently, in order to obtain an effective scalar impedance, as was done in Ref. [14].

The effective transverse permeability is calculated from the ferromagnetic torque
equation of motion

%Z—MHOMX (H+d,,V’'M) —R. (11)
where |y|/2n =28 GHz/T is the gyromagnetic ratio, p is the permeability of free
space, M is the magnetization vector, and H is the “Maxwellian” magnetic field,
which includes external, dipolar, and demagnetizing fields. While the effective
anisotropy field has not been included here for simplicity, it can be easily accounted
for, as will be discussed below. The exchange effective field, which arises from
non-uniform magnetization vector, is expressed in terms of the exchange length

dey = ZA/uOMsza (12)

where A is the exchange stiffness. In Eq. (11), R is a phenomenological relaxation
term, which can take various mathematical forms, such as a viscous damping
(Gilbert term) or a relaxation (modified Bloch-Bloembergen term) or both terms, as

R=-Mx— 4=, (13)

where M, is the static part of the magnetization. The Gilbert parameter o is
dimensionless and relates to viscous damping, whereas the Bloch-Bloembergen 1/t
term corresponds to a relaxation rate in rad/s. The calculation of the effective
permeability from Eq. (11) has been described in detail in previous publications
[13, 14].

Let us first consider a wire magnetically saturated in the z direction.
Equation (11) is solved in cylindrical coordinates, in a small signal approximation.
This leads to a k dependent susceptibility tensor,

()= 7)) "
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The tensor components are given by

y= % K= % (15)
where
wp = oMo, (16)
»=w-—ilt, (17)
on = yigHo + ivw + oyde k2, (18)

are in units of angular frequency. Note the implicit condition m, = 0, which arises
from the small signal approximation. Equation (14) describes the response of the
dynamic magnetization to an internal dynamic field. The effect of anisotropy and
demagnetizing fields, which is neglected here, can be included in Eq. (18) by the
replacement of H, by an effective internal field. In the local approximation,
exchange interaction is neglected, and the last term in &> is omitted from Eq. (18).

Due to the skin effect, the wave vector k£ will be perpendicular to the surface of
the wire and the fields are expected to vary with the radial coordinate in terms of
Bessel functions. Maxwell’s equations will then lead to the relations

h, = —my, (19)

h *im (20)
T 2 k(% o

where ko = (1 —i)/0p relates to the non magnetic skin depth obtained with
e = Ho in Eq. (6). With the observation that K*/k3 = e/ o> Eq. (20) simply

restates that w.q /1ty = 1 +my,/h,. The combination of Eqs. (14) and (19) enables
one to solve for the scalar transverse permeability

&:H‘%:M~ (21)
Ho hy — @F —@?

where the complex resonance

0% = oy (g + o), (22)
and antiresonance

Wag = (On+on)’, (23)

angular frequencies have been defined for convenience.
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Fig. 2 Characteristic GMI response of a wire as a function of a longitudinal applied field

In the local approximation, Eq. (21) may be substituted directly in Eq. (9), with
the proper 0 dependence of the effective internal field, which will yield the effective
skin depth and thus, the permeability of the wire. Otherwise, the exchange term in
Eq. (18) leads to a k-dependent transverse permeability, or equivalently, to spatial
dispersion of the permeability. Since y, depends on k, which also depends on ,, the
non-local approach requires a self-consistent solution. Detailed analysis has been
presented in Refs. [13, 14].

In summary, combining Egs. (5), (6), (8) and (20) leads to the normalized
impedance

Z _ Jiwopd® [ |ozg — 0? 5 )
R 4 < 22— o + tan“[0(Hy)] | cos”[0(Ho)]. (24)

In Eq. (24), 0 is presented as an explicit function of the static external applied
field Hy, emphasizing the two mechanisms of impedance variation: magnetization
reorientation as a function of the field and field-dependent transverse permeability.
Figure 2 illustrates a characteristic GMI impedance variation as the function of a
longitudinal applied magnetic, as modeled by Eq. (24). As illustrated, the calcu-
lation provides an evaluation of the two figures of merit, defined in Egs. (1) and (2).
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GMI wire pick-up coil

Fig. 3 Sensing element schematic and its associated two port network model illustrating the
different terms of the impedance matrix given in Eq. (25) [18]

3 GMI Sensors
3.1 Two-Pole Network Model

Here, we describe how a GMI element can be engineered into a sensor, using a
two-port network approach [18]. A schematic of the sensing element is illustrated in
Fig. 3, along with the associated two-port network model. It consists of a GMI wire
inside a long solenoid or pick-up coil.

The GMI sensing element may be described by its field-dependent impedance
matrix [Z(B,.)], where B,,, = uoH,,, is the longitudinal component of the external
magnetic induction.” Its expression is

Vi i Zyy Zp | (i
=[Z(Be)]| . | = -, 25
where v, and i, are the voltage across or current into port p (1 or 2), as illustrated in

Fig. 3. For operation at low field amplitude in a closed field configuration (feedback
loop), the external magnetic induction may be written as

B.x = By +b(1), (26)

where By is the static working point (bias field) and b(7) is the measured ac signal.
Under a small signal approximation, the first order expansion of the impedance
components yields

"Due to strong demagnetizing effect and assuming that we measure fields that are much smaller
than the saturation magnetization, the GMI elements are essentially sensitive to the longitudinal
component of the field.
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Fig. 4 Real and imaginary parts of the components of the impedance matrix, Z;(B), as a function
of the applied magnetic field for three dc bias currents. Measurements were performed for an
excitation frequency, fy, of 300 kHz. On the Re(Z;,) curve, we show an estimated differential
variation of the impedance sensitivity, Sj»—q, at a zero field working point in /T [18]
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0Z;
OB |5,

Zij = Zijn (BO) + 'b(t) = Zijo +SU*Q ’ b(l), (27)

where Z;jy = Z;(By) is the impedance at the bias field and 9Z;(B)/9B (= S;-¢) are
the intrinsic sensitivity of the corresponding impedance components, in units of
Q/T.

As implied by Eq. (25), there are four different configurations for excitation and
detection, each related to a component of the impedance matrix. Examples of
measured impedance components, Z;{(B), as a function of applied field are presented
in Fig. 4 [18].

The matrix components, in Eq. (25), are given by [19]

71— z—fm (ZMcoszeM + ZNsin26M) N(Zy — Zy)sinBycos0y ”
21 = N(Zy — Zy)sinOy; cos Oy Z”ZNz (ZMCOSZGM +ZNsin29M) , (28)

where [, I, and N are the length of the wire, the length of the pick-up coil, the
number of turns of the coil, N, respectively. This expression of the impedance
matrix can also be extended to include the parasitic capacitance of the pick-up coil,
C..i» yielding [19]

71 — 212731 Ceoit 0o Zi»
[Z/] — W 1347200 Coonirg. T+ 7222 Ceuiton (29)
- Zi Z» ’
1 +jZ2 Ceoito 1 +jZ2 Ceoito

where ) is angular frequency of the sinusoidal current excitation of amplitude I,..

3.2 Sensitivity of the Sensor

The output voltage V,,, of the sensor, ideally proportional to the measured field,
depends upon several factors, including the intrinsic sensitivity, the driving current and
the conditioning electronics. Let us consider a typical lock-in detection scheme in any
of the four configurations A, B, C or D, as illustrated in Fig. 5. The classical single wire
configuration (A configuration), which was treated in Sect. 2, consists of a direct
measurement of the wire electrical impedance, whereas the so-called off-diagonal or
wire-coil configuration (B configuration), corresponds to an excitation current through
the GMI wire, with a voltage detection across the pick-up coil.

The excitation and detection stages consist of a voltage generator, e,;, having an
internal resistance, R;, and associated with carrier compensation circuitry. The
detector is a lock-in amplifier, locked to the excitation frequency, fy [18]. The
output sensitivity, also called the transfer, 7,, at the lock-in amplifier output,
expressed in V/T, is defined as
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Fig. 5 Diagram of the two-pole network sensor and its associated signal conditioning
(preamplifier + detector) [18]

aVDMf
Ty =" (30)

where X = (A, B, C or D) indicates the measuring configuration and V,,, is the
output voltage. Assuming a linear response, the sensitivity can be obtained from S;;
- Zijo and the circuit elements. The Fourier transform of the voltage at the lock-in
output is given by

0Z;;
Iy (Zijo (wo) + 92;(e) -b(®) + kpszn, (CU)> + kpsen, (wo)] ,
OB |p_p,

(31)

Vour(w) = G

where G and kpg are the gains associated with the preamplifier and the detector,
Zn; (@) is the equivalent impedance spectral noise density source, in Q/Hz and
en(w) is the equivalent conditioning voltage noise, in VWHz. At the working
frequency and the static working point (bias field), the output sensitivity is

8Z,-j(o)0) Mg 8Zij(o)0)

I
T OB 2 OB

rx

= Glac

(32)
and the equivalent voltage noise

Vn(w) = GkDS Iac Zny (CL)) + GkDS €ny ((UO) - Iac Zn,;,v(w) + €ny (CO())] 5 (33)

5l
V2
where the right hand terms in Eqs. (32) and (33) were obtained by setting G = 1/2
and kpg = V2, where kpyg is a correction factor varying from +2 to 1, depending upon
the type of synchronous detector or lock-in used [20, 21]. Here, we consider a
product detector using a sinusoidal function, at the same frequency and in phase
with the carrier.
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With an ideal sinusoidal current generator (R, > Z;, or Z,,) and a high input
preamplifier impedance, the sensitivity of the sensor is simply given by

0 Zi' (0] Iav
 ~ ool e (34)
OB 2
The specifics of electronic conditioning are further discussed below. Details may
be found in Ref. [18].

3.3 Equivalent Magnetic Noise of the Sensor

3.3.1 Intrinsic Magnetic Noise

It is well known that thermal fluctuations of the magnetization set fundamental
limits to the signal-to-noise ratio of magnetic sensors, with a response depending
upon the magnetization direction of their sensing elements, with magnetoresistive
element as an example [22]. Estimation of the impact of the magnetization fluc-
tuations on the equivalent magnetic noise of GMI sensors was first discussed in [23]
and subsequently developed in [24]. More recently, the contribution of the hys-
teresis losses to the low-frequency noise was considered for the A configuration
[25] and extended to the B configuration in Ref. [26].

Based on the equipartition theorem and a simplified physical model of the GMI
response, the intrinsic magnetic noise is expressed by Ménard et al. [23]

- (0Z;\? Z\* [ 4kgTy"
Zﬁj(w) ~ (8_0j> Séo(w) ~ (8_01> <27szm>’ (35)

where Sy is the spectral density of the magnetization direction fluctuations, y;, the
magnetic susceptibility, 1J, the effective volume of the wire, g the permeability of
free space, and kT, the thermal energy. The imaginary part of the susceptibility, y",
is related to various dissipation mechanisms. For example, Eq. (35) implies that a
viscous damping, proportional to the frequency, yields a frequency independent
noise (white noise), whereas frequency independent hysteresis losses, should result
in 1/f noise at low frequency.

The equivalent magnetic power noise spectral density, in T*/Hz, is given by the
magnetic part of the voltage noise spectral density, Eq. (33), divided by the transfer,
Eq. (34), that is

R =2
02(f,) /08|

(36)

In Ref. [27], it was shown that magnetic contribution to white noise is given by
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27 ‘( sinf > 0Z;
toHin) 00

Then, assuming a wire with circumferential anisotropy, the magnetization as a
function of field is given by M/M, = cost = Hy/H,;, and the internal field by
Hiy = (H,f — Hé) /Hy. The sensor is usually operated at a few MHz, with a dc bias

field approximately equal to Hy = Hy /2. In these conditions, using Eqs. (35)-(37),
an estimate of the equivalent magnetic power noise spectral density, is given by

} (37)

’ 9Z;(fo)
OB

by(f) =

(4#0kBTXN) H12nt _ 3:uOkBTH_I%X_// (38)

nf |sin9|2M52_ . MZf°

Assuming a worst case scenario, provided by y” ~ M,/Hy, a very rough esti-
mate of the equivalent magnetic power noise spectral density, in the low frequency
regime is

3upksT H, \ 1
7~ (L) L (39)

A lower limit to 1/f excess noise, at low frequency, is given by the theoretical
intrinsic magnetic white noise, [17]

72 AkpTo
b2(f) ~ 1 < b ) 40
) () j0BP \ 7 it (40)

where y and o are the gyromagnetic ratio and the dimensionless Gilbert damping
parameter, respectively. In principle, the Johnson noise of the dc resistance of the
GMI sensor, which is included in Eq. (42), should be considered also as an intrinsic
noise contribution. In contrast, as discussed below, the white noise regime has been
limited so far by the conditioning electronics.

To conclude, the low frequency equivalent magnetic noise spectral density is
expected to scale with the impedance sensitivity ratio, with the square root of the
absolute temperature, and inversely with the square root of the wire volume. While
the analysis above must be considered to be a very rough estimate of the equivalent
GMI magnetic noise, numerical values suggest that thermal magnetic noise arising
from thermal fluctuations of the magnetization could be a significant contribution to
the low frequency intrinsic noise of the sensing element. Further theoretical and
experimental studies are required to address this issue in the future.
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3.3.2 Noise from the Conditioning Electronics

The output equivalent noise of the system can be estimated based on the classical
conditioning circuitry illustrated in Fig. 4. Assuming a well-conditioned electronic
circuit, there are three main sources of this noise.

The first is noise induced by the voltage generators, e,. Signal instability of
sinusoidal sources are generally characterized by the single sideband noise spectral
density expressed in decibel below the carrier per hertz (dBc/Hz), in direct relation
to the output amplitude of the source. This allows one to evaluate the voltage power
noise spectral density of the two generators shown in Fig. 4 to be

62

2 _ 8i s
€, (f) = 0B/ 1073 (i=12), (41)

where e, is the amplitude of the sinusoidal signal generator. The order of the dBc,
around 100-140 dB at 1 Hz, depends upon the generator performance. The
amplitude, e, of the second generator is usually related to e,; since the amplitudes
of the signals at the inverting and non-inverting inputs of the preamplifier need to
be approximately equal. Consequently, the noise level of the second generator,
e,2(f), may be expressed as functions of e,,,;(f) and of circuit elements.

The second noise source is that of the preamplifier, which may be summarized
by its (e,(f) — i,(f)) model, considering an input voltage white power
€npreamp(f) and an input current, iypreamp(f-

The third source is the Johnson noise of each resistor, R, of the setup, including
that of the GMI element, expressed as

2, = 4kgTR, (42)

where kz (1.38 x 1072 J K!) is the Boltzmann constant and 7 (300 °K) is the
electronic operating temperature.

Considering an AM signal at the preamplifier input of the form A, [1 + m cos
(0,,1)] cos(wgt), where w,, is the angular frequency of the sensed field, b(), and
is that of the excitation (driving) current, I,.(?). The filtered demodulated signal is
multiplied by cos(wgf). Consequently, the output noise spectral density is increased
by a factor G - kps, due to the quadratic sum of the noise of the sidebands which
have to be considered (cf. Eq. 33). This effectively results in a decrease by a factor
kps of the signal to noise ratio. Consequently, we can express the equivalent output
white noise power spectral density given at the output, after demodulation and
low-pass filtering, by

2
2 ~ 272 ’Zij (f‘))| 2 2 2 2 2.2
enx (f) ~G kDS{ < ;el |:2eng1 (f) + ean:| + enpreamp + €hRx + Rx lnpreamp :

(43)
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Finally, the equivalent magnetic noise spectral density of the setup, b,x, in pT/
VHz, is defined as the ratio of the electronic noise spectral density (in V/A/Hz) to the
sensitivity (in V/T), b,x = e,x/T,x.

We note that this description leads to a good estimation of the experimental
noise and also that the magnetic noise spectral density is dominated either by the
excitation or detection stages, depending upon whether the excitation currents, or
sensor sensitivity, are high or low. The non-trivial noise behavior exhibited by each
configuration (A, B, C, D), leads to a better understanding of the sensor noise
limitations. The configuration in which the signal at the coil terminals is measured
(often named off-diagonal, X = B) appears, at present, to be the most efficient in
decreasing the electronic conditioning equivalent output magnetic noise spectral
density. Details may be found in Ref. [28].

Overall, the GMI equivalent magnetic noise due to the two main noise source
contributions (intrinsic 1/f noise and white conditioning electronic contribution
noise) is described by

5,0 = BN+, [T2f

U ](B_T& I DS{ (|Zl]0 (f())|/R1) [ ngl ) + enR1:| + enpmamp + enRx + R% %preamp}
* nfd Ms 02;(fy) /0B 2,

(44)

4 Magnetometer Development

4.1 Conditioning Electronics

There are two principal modes of excitation of a GMI sensor: the classical sine
wave generation [18] and pulsed generation [29, 30]. Examples are shown in
Figs. 6 and 7. The first provides a single frequency, the second a multiple frequency
excitation mode.

Fig. 6 Typical electronic
design based on a pulse
generator [31]
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Fig. 7 Typical electronic +12V
design based on a sine-wave
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g [28] R
R;
Cy
1
ZCEEEE
Voltage <> : : owi(®)
|
generator 1
GMI :__I._:
1l
Fig. 8 Classical electronic +12V
peak detector associated to a
MIG wire as sensor R
2
R; D
I ™~
c;" L1
Voltage = __CD
Generator Vae(t) il 0] RD|:| T
GMI, | |
L._.i_.‘
Ll

Based on the Fourier formalism and considering a linear system, both modes are
quite similar due to the fact that the first harmonic amplitude dominates for both
signals. In both cases, a dc bias current is usually used. This helps to reduce the
equivalent magnetic noise of the sensor [31]. There are some other approaches for
conditioning electronics, such as a Colpitts oscillator [32], exploiting the GMI wire
resonance, but we do not treat them here.

Similarly, there are different types of detectors, such as a peak detector or a
lock-in. A typical peak detector is shown in Fig. 8.

4.2 Magnetic Feedback Loop

A GMI magnetometer must exhibit appropriate linearity and magnetic field
dynamic range. This can be achieved by using a negative feedback technique,
applying a feedback magnetic field. This is applied to the GMI wire via a coil



120 C. Dolabdjian and D. Ménard

Bext([) + Arw) o

Vel(t) V(1)

Fig. 9 Sketch view of feedback loop principle

wound around the wire, as illustrated in Fig. 1b. This field locked loop principle is
common to several magnetometers. Figure 9 illustrates a typical experimental
configuration. The output of the preamplifier, V(7), is applied to a low-pass filter,
Alw), to get the magnetometer output signal, Vs (¢). The latter is fed back to the
GMI coil through a resistor.

Considering a small signal, the system is assumed to be locked on the working
point having the highest transfer coefficient 7, (7, > 0). The transfer between the
detector and the differential amplifier output is given by

AL(0)
Allw) = —F——F——, 45
1) = T (45)
where A;(0) and w; are the low frequency gain and cutoff frequency of the
amplifier, respectively. Similarly, the transfer function of the low-pass filter is

Aj(w) = 41(0)

/. 46

where A;(0) and w; are the low frequency gain and cutoff frequency of the amplifier,
respectively. Combining the two, the loop factor of the magnetometer is [33]

A(@) =T, f AL(w)A(@), (47)

where £ is the ratio of the magnetic flux density applied to the magnetic wire to the
feedback current feeding the GMI coil (in units of T/V). Finally, the classical
overall small signal transfer function of the magnetometer expresses as a standard
second order transfer function is

w2 1 ?
T(w) =T, N y » : 48
() = Tes (COJZV —? +jwwL) B (wzzv - +ja)cuL) )

where Thue = % ~ % and w3, = T, BA;(0)AL(0) w; oy, .

1%
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Let us now consider the large signal behavior of the magnetometer. Around the
working point, at which the transfer coefficients are maximal, a rough estimation of
the dynamic range available at the pseudo-integrator is [33]

_HPeuk TrAL(O) S Vc<t) S HPeak TrAL(O) (49)

where Hp., =~ H;/2. It yields that the slew-rate (the maximum rate of change of
output voltage per unit of time) at the magnetometer output is limited to

oVs(t)
ot

~ HPeak T]AL(O)A](O)(U] (50)

This limitation is encountered when a large field step takes place, shifting the
magnetic flux density applied to the sensor out of the H,,. range. This limitation
is quite similar to the large signal response of a locked system. The slew rate
limitation also appears for large sinusoidal B,,,(f) signals. Further, it requires a
low-pass filter time constant, higher than the slew rate. If nothing else in the system
saturates, the equivalent magnetic slew rate is deduced from the previous equation
to be

'8l;§t) ~ Hpoo T, PAL(0)A;(0)wy. (51)

In the literature, there are some examples of optimized giant magneto-impedance
effect magnetometers [26, 28, 29, 34]. Their performances are in good agreement
with the analysis presented here, in terms of equivalent magnetic noise and per-
formance. Table 1 summarizes the state-of-the-art of GMI magnetometer (or sen-
sor) performances.

As an example, the field response model for the sensing element and the noise
model are in good agreement with experimental results [26, 28]. Here, the sensing
element consists of a thin pick-up coil wound directly on a 100 um diameter
CoFeSiB amorphous ferromagnetic wire (M, = 561 kA/m, « = 0.02, p = 129 pQ
cm). The length of the pick-up coil, /., was equal to that of the wire, [, and is about
2.5 cm. The number of turns of the coil, N, is approximately 500 turns/layer. The
noise performance of the magnetometer is, approximately, 1.7 pT/A/Hz in the white
noise region. It has a bandwidth of about dc-70 kHz, a full scale of 100 uT and a
measured slew rate of higher than 450 T/s. A sketch view of the electronic design
and the associated equivalent spectral magnetic noise density are shown in Fig. 10.
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Fig. 10 Sketch view of a full electronic GMI magnetometer design (a) and associated equivalent
spectral magnetic noise (b) [26, 28]

5 Conclusions

While the development of GMI sensor technologies started about two decades ago,
advances in the engineering of magnetometers with a systematic evaluation of their
noise performances have mostly taken place over the last 10 years. GMI magne-
tometry in wires, ribbons, single or multi layered films is steadily progressing and is
still an active field of research. So far, impressive GMI magnetometer demon-
strations have been carried out, exhibiting performances competitive with
state-of-the-art low-cost magnetometers operating at room temperature. GMI
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sensors are also currently considered to be promising candidates for the develop-
ment of multi-sensor arrays, which could considerably extend their range of
applications. Major short-term challenges include the reduction of their
low-frequency excess noise and the improvement of their long term magnetic
stability. These points have to be addressed, keeping sight of their energy con-
sumption and manufacturing costs, along with other issues pertaining to material
studies and optimization.
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Magnetoelectric Magnetometers

Mirza 1. Bichurin, Vladimir M. Petrov, Roman V. Petrov
and Alexander S. Tatarenko

Abstract Key features of magnetoelectric (ME) sensors for measuring the magnetic
field, electric current and microwave power are discussed. ME sensors are shown to
have advantages over semiconductor ones in the sensitivity, low price and radiation
resistance. To predict the feasibility of a composite for sensor application, we propose
the nomograph method based on given parameters of the composite components. The
sensor sensitivity depends on the construction and the materials parameters of the ME
composite and bias magnetic field. ME laminates offer opportunities for low frequency
(1072-10° Hz) detection of low magnetic fields (1072 Tesla or below) at room tem-
perature in a passive mode of operation. Any other magnetic sensor does not reveal such
combinations of characteristics. Current sensing based on ME effect is a good choice for
many applications due to galvanic isolation between the current and measuring circuit.
For increasing the sensor sensitivity one needs to use the ME composite based on
materials with high magnetostriction and strong piezoelectric coupling. Microwave
power sensors based on composite materials have a wide frequency range up to hun-
dreds of gigahertz, stable to significant levels of radiation, and a temperature range from
0 K to the Curie temperature. In the microwave region, it is possible to use selective
properties of ME materials, that enables one to create a frequency-selective power sensor
with fine-tuning.

1 Introduction

In this chapter under the magnetoelectric (ME) sensors, we understand the devices
recording the magnetic field, current in conductor, microwave power and so on, at
that the ME composites are the working material of these devices. In the ME
composites ferromagnetism and ferroelectricity occur simultaneously and coupling
between the two is enabled and connected with the ME effect. The ME effect is
defined as the dielectric polarization response of a material to an applied magnetic
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field, or an induced magnetization change upon application of an external electric
field [1, 2]. The Tellegen’s gyrator was the first offered ME device [3], which was
realized later based on layered structure of Terfenol—PZT [4]. The main interest of
researchers referring to design of magnetic field sensors was connected with
obtained high value of ME effect. This result showed the opportunity of design
based on ME composites of high sensitivity magnetic field sensors working at room
temperature [5]. The latest obtained results in the area of magnetic sensor design
presented in the review of Viehland et al. [6].

The chapter is organized as follows:

In Sec. 2, we briefly discuss the ME effect in composites; define ME voltage
coefficients (MVC) at the low-frequency, electromechanical (EMR) and ferro-
magnetic resonance (FMR) ranges and make an example of calculation of MVC by
nomographs. In Sec. 3, the results of the investigations of the ME magnetic field
sensors including the physical and noise models; fabrication and electronics with
applications examples are reported. In Sec. 4, we present the ME current sensors
with physical model and fabrication and electronics. In Sec.5, the ME microwave
power sensors are considered. The equivalent circuit and fabrication of such sensors
are described.

2 Magnetoelectric Composites

In ME composites the induced polarization P is related to the magnetic field H by
the expression, P = aH, where a is the second rank ME-susceptibility tensor. The
(static) effect was first observed in antiferromagnetic Cr,O3. But most single phase
compounds show only weak ME interactions and only at low temperatures [7].
However, composites of piezomagnetic/piezoelectric phases are also magneto-
electric [8, 9]. When said composites are subjected to a bias magnetic field H, a
magnetostriction induced strain is coupled to the ferroelectric phase that results in
an induced electric field E via piezoelectricity. The ME susceptibility, o = dP/8H, is
the product of the piezomagnetic deformation 61/6H and the piezoelectric charge
generation dP/31 [10]. Here we are primarily interested in the dynamic ME effect.
For an ac magnetic field 8H applied to a biased laminate composite, one measures
the induced voltage 6V. The ME voltage coefficient oy = SE/6H = 3V/t 6H(or
a = g,¢; ag), where t is the composite thickness and ¢, is the relative permittivity
[10]. The ME effect was first observed in single crystals [11] of single phase
materials a little more 50 years ago, and subsequently in polycrystalline single
phase materials. The largest value of oy for a single phase material is that for
Cr,0;3 crystals [11], where oyg =20 mV/cm Oe. In last few years, strong
magneto-elastic and elasto-electric coupling has been achieved through optimiza-
tion of material properties and proper design of transducer structures. Lead zir-
conate titanate (PZT)-ferrite, PZT-Terfenol-D and PZT-Metglas are the most
studied composites to-date [12—14]. One of largest ME voltage coefficient of 500
Vem ' Oe™' was reported recently for a high permeability magnetostrictive
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piezofiber laminate [14]. These developments have led to ME structures that pro-
vide high sensitivity over a varying range of frequency and dc bias fields enabling
the possibility of practical applications [15, 16].

In order to obtain high ME couplings, a layered structure must be insulating, in
order that it can be poled to align the electric dipole moments. The poling procedure
involved heating the sample to 420 K, and re-cooling to 300 K under an electric field
of E =20-50 kV/cm. The samples are then placed between the pole pieces of an
electromagnet (0—18 kOe) used for applying a magnetic bias field H. The required ac
magnetic field 3H = 1 Oe at 10 Hz-100 kHz applied parallel to H is generated with a
pair of Helmholtz coils. The ac electric field 6E perpendicular to the sample plane is
estimated from the measured voltage dV. The ME coefficient ag is measured for three
conditions: (1) transverse or ag3; for H and 6H parallel to each other and to the disk
plane (1,2) and perpendicular to SE (direction-3), (2) longitudinal or og 35 for all the
three fields parallel to each other and perpendicular to sample plane and (3) in-plane
ag,1; for all the three fields parallel to each other and parallel to sample plane. An ME
phenomenon of fundamental and technological interests is an enhancement in the
coupling, when the electrical or magnetic sub-system undergoes resonance: i.e., elec-
tromechanical resonance (EMR) for PZT and ferromagnetic resonance (FMR) for the
ferrite. As the dynamic magnetostriction is responsible for the electromagnetic cou-
pling, EMR leads to significant increasing in the ME voltage coefficients. In case of
resonance ME effects at FMR an electric field E produces a mechanical deformation in
the piezoelectric phase, resulting in a shift in the resonance field for the ferromagnet.
Besides, the peak ME voltage coefficient occurs at the merging point of acoustic
resonance and FMR frequencies, i.e., at the magnetoacoustic resonance [10]. Then we
discuss the estimations of ME effects in the different frequency ranges.

2.1 Low-Frequency ME Coupling

We consider more often used in practice the transverse fields’ orientation that
corresponds to E and JF being applied along the X5 direction, and H and J6H along
the X, direction (in the sample plane). The expression for the transverse ME voltage
coefficient is [17, 18]

E VA= V) +")Pd,
H; p833(m812 +m811)V +p833(p811 +p812)(1 —-V)-— 2pd§l(l -V)

()

OdE31 =
For symmetric trilayer structures, using the 1-D approximations, the expression
for transverse ME voltage coefficient takes on the form:

V(1 — V)x
go[™s11V +Psi(1 — V)]

(2)

OE31 =
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Fig. 1 Piezoelectric volume fraction dependence of transverse ME voltage coefficient for symmetric
layered structure of magnetostrictive and piezoelectric components with different compliencecs

where x = ("qq, —I—mqu),,:;j%,sp =Ps1 (1 =2v), 5 ="s11 (1 =™v), Ps11, "s11,
Pdy; and ™gy, are compliance, and piezoelectric and piezomagnetic coupling
coefficients for piezoelectric and piezomagnetic layers, respectively, Pe33 is the
permittivity of piezoelectric layer. In Eq. 2, the electromechanical coupling factor is
assumed to satisfy the condition: K3, = Pd3, /Ps1iPess < 1.

For convenience we suggest using the nomograph method that facilitates the
efficient estimates of ME voltage coefficients from given parameters of composite
components (Figs. 1 and 2).

For the bilayer structure, the ME voltage coefficient should be calculated taking
into account the flexural deformations. On the foregoing assumptions, our model
enables deriving the explicit expression for ME voltage coefficient:

OE; (17511 +"s117°]" q11P d31 [Pe3s
OHy  Psyy[2rmsy (24 3r4+2r2) +Psy | + msd

3)

Equation 3 is written in a simplified form under assumption ”K%, < 1 similarly
to deriving Eq. 2 (Figs. 3 and 4).

2.2 ME Coupling at Bending Mode

Next we consider ME coupling under small-amplitude flexural oscillations of a
bilayer rigidly clamped at one end. The bilayer deflection should obey the equations
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Fig. 2 Piezoelectric volume fraction dependence of transverse ME voltage coefficient for symmetric
layered structure of magnetostrictive and piezoelectric components at different X values
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of magnetostrictive and piezoelectric components with different compliencecs
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Fig. 4 Piezoelectric volume fraction dependence of transverse ME voltage coefficient for bilayer
of magnetostrictive and piezoelectric components at different X values in SI units with
x ="quPdseo0/Pess

of bending motion provided in our models in Ref. [18]. To solve these equations,
we used the boundary conditions that the bilayer deflection and its derivative vanish
at clamped end of the bilayer and rotational moment and transverse force vanish at
free end. Under assumption PK3, < 1 and "K}, < 1 ("K}, ="q%,/("su"wy,)
with ™p;; denoting the absolute permeability of magnetic layer), the resonance
condition is cosh(kL) ¢ cos(kL) = —1 where k is wave number.

The ME voltage coefficient at bending mode frequency can be estimated as

o YR Pdyy PYE Mg (2 20+ ") - (2020 — 1)
E3L = 2DA - Pes3

(rary +rar3)  (4)

where k* = ‘”;” ' D, p, t, and L are cylindrical stiffness, density, total thickness, and
length of sample, A = (7 +2r173 + 73 — 13 4+ r3)kL, ry = cosh(kL), r, = sinh(kL),
r3 = cos(kL), r4 = sin(kL). Equation (8) shows that the bending resonance fre-
quency is determined by equation A = 0 and depends mainly on elastic compli-

ances and volume fractions of initial components, and ratio \% The peak ME

voltage coefficient is dictated by Q value, piezoelectric and piezomagnetic coupling
coefficients, elastic compliances and volume fractions of initial components
(Figs. 5, 6, 7 and 8).
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Fig. 5 Piezoelectric volume fraction dependence of peak ME voltage coefficient at bending mode
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Fig. 6 Piezoelectric volume fraction dependence of peak ME voltage coefficient at bending mode
of magnetostrictive-piezoelectric bilayer for Ps;; = 5 X 1072 m*N and ™s;; =5 X 1072 mN
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Fig. 8 Piezoelectric volume fraction dependence of bending resonance frequency of
magnetostrictive-piezoelectric bilayer for Ps;; =5 X 1072 m*N and "s;; =5 X 10> m¥N
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2.3 ME Coupling at Axial Mode of Electromechanical
Resonance

Next we consider small-amplitude axial oscillations of the layered structures formed
by magnetostrictive and piezoelectric phases. The displacement should obey the
equation of media motion provided in Ref. [18]. To solve this equation, we used the
boundary conditions for a bilayer that is free at both ends. Under assumption
”Klzl < 1, the fundamental EMR frequency is given by

1 Psyp 4+ sy

f:i Psll’"sll(rpp—i-mp)

(5)

and the peak ME voltage coefficient at axial mode frequency is

OEs 80 r"quds /[ es
O0H, 2 (}’mSH +~”511)(V+1)
op _ 8 V(1 —V)"qulds /Pess

Qa n 7132 [V’”sll + (1 - V)psll]

or

where Q, is the quality factor for the EMR resonance.

It should be noted that Eqs. (5) and (6) for resonance frequency and ME voltage
coefficient are valid for both bilayer and trilayer structures. It is easily seen from
Egs. (6), that the piezoelectric volume fraction dependence of ME voltage coeffi-
cient divided by Q value is similar to that of low frequency ME coefficient (Eq. 2).
EMR frequency versus piezoelectric volume fraction is shown in Figs. 9 and 10.

2.4 ME Coupling in FMR Region

For calculating the electric field induced shift of magnetic resonance line, we
consider a bilayer of ferrite and piezoelectric. The ferrite component is supposed to
be subjected to a bias field H, perpendicular its plane that is high enough to drive
the ferrite to a saturated state. Next, we use the law of elasticity and constitutive
equations for the ferrite and piezoelectric and the equation of motion of magneti-
zation for ferrite phase.

The shift of magnetic resonance field can be expressed in the linear approxi-
mation in demagnetization factors due to electric field induced stress [18]:

M,
SHy — _5? (05 (NE — NE) + 03 (NE, — NE) — QuNE] (7)
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where

0, =2H; Jr]VI()Z [(Nﬁ *N§3) + (Nf; 7N§3)];

i#E

Oy = |Hs+My Y _ (N5, — Nis) |
iAE

Qs = |H3 +MOZ (N = N33) |
i#E
Q4 =2My » Ni,.

i#E

In Eq. 7, Ni, are effective demagnetization factors describing the magnetic
crystalline anisotropy field (i = a), form anisotropy (i = f), field and electric field
induced anisotropy (i = E).

As an example, we consider a specific case of magnetic field H along [111] axis.
The shift of FMR field versus ferrite volume fraction is shown in Figs. 11. and 12.
Electric field dependence of FMR field shift is presented in Fig. 13.

To obtain the estimates of ME coefficients from nomographs referred to above,
one should use the material parameters of composite components. The relevant
parameters of several materials that are most often used in ME structures are given
in Table 1.

Magnetic resonance line shift (Oe cm/kV)

. . ; . ; . .
0,0 0,2 0,4 0,6 0,8 1,0
Ferrite volume fraction

Fig. 11 Ferrite volume fraction dependence of magnetic resonance line shift at E = 1 kV/cm for

ferrite-piezoelectric bilayer for ”ﬁ‘ =0.16 x 1078 Oe™!
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As an example of ME structure, we consider the bilayer of Ni and PZT with
piezoelectric volume fraction 0.5. Based on data in Table 1, we get Ms;; = 20 X
1072 m*N, Ps;; =153 X 1072 m*N, Pdy; =—175 % 1072 m/V, ™q;, =
—4140 X 107'? m/A, Pess/ey = 1750. Figure 4 at point A reveals the low-frequency
ME voltage coefficient og3; = 190 mV/(cm Oe). Then, Fig. 5 gives the peak ME
voltage coefficient ag3; =20 V/(cm Oe) at bending resonance frequency and
Fig. 2 gives the peak ME voltage coefficient ag3; = 70 V/(cm Oe) at axial reso-
nance frequency. Q-value is assumed to be equal to 100.

In the section we presented a new quick test of ME composites using nomo-
graphs and showed its application.

3 Magnetic Field Sensors
3.1 Background

A sensor is known to be a device that detects changes in quantities and provides a
corresponding output. The magnetoelectric (ME) sensor represents a structure with
ME coupling with two electrodes for connecting to the voltmeter. The action of the
sensor is based on the magnetoelectric effect. A composite of magnetostrictive and
piezoelectric materials is expected to be magnetoelectric since a deformation of the
magnetostrictive phase in an applied magnetic field induces an electric field via
piezoelectric effect.

The ME effect in composites of magnetostrictive and piezoelectric phase is
determined by the applied dc magnetic field, electrical resistivity, volume fraction
of components, and mechanical coupling between the two phases. The ME inter-
action is a result of magnetomechanical and electromechanical coupling in the
magnetostrictive and piezoelectric phases, and stress transfer through the interface
between these two phases. It should be noted that both the magnetomechanical
response in magnetostrictive phase and electromechanical resonance in piezoelec-
tric phases are possible origin of ME output peaks.

To obtain the maximal ME output, the bias and ac magnetic fields should be
simultaneously applied to the sample. For measuring either of these fields, the value
of second field should be specified. In an ac magnetic field sensor, the reference
bias magnetic field can be generated by both permanent magnet and electromagnet
[19]. Making a dc (ac) magnetic field sensor implies using the additional magnetic
system to produce the ac (dc) reference field as in Fig. 14.
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Fig. 14 The equivalent

circuit of ac (dc) magnetic 2
field sensor. I and 2 are the

ME composite sample and dc
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3.2 Physical Model

The static ME effect can be measured by using the electromagnet with Helmholtz
coils between the electromagnet poles. The Helmholtz coils generate the dc mag-
netic field in the ME composite. Applying the dc magnetic field to the ME layered
structure induces the output dc voltage across the piezoelectric layer. The relation
between output voltage and magnetic fields can be described by sensitivity. The
sensitivity of the ME sensor is determined by following expression:
S = ag - Pt where ar = AE/AH is ME voltage coefficient and ”z is the piezoelectric
layer thickness with AE and AH denoting the induced voltage and applied magnetic
field.

The variation of static ME sensitivity, (AE/AH)y, as a function of magnetic field
H, at room temperature is shown in Fig. 15. It is observed that the sensitivity
S initially increases up to a certain magnetic field and finally attains a maximum
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and data for bilayer of NFO

and PZT 150 | - |
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value and then decreases with an increase in applied dc magnetic field. This is
because the magnetostrictive coefficient reaches saturation at a certain value of
magnetic field. Beyond saturation the magnetostriction and the strain thus produced
would also produce a constant electric field in the piezoelectric phase making the
sensitivity decrease with increasing magnetic field.

The increases in (AE/AH)y with magnetic field is attributed to the fact that the
magnetostriction reaches its saturation value at the time of magnetic poling and
produces a constant electric field in the ferroelectric phase. Therefore, beyond a
certain field, the magnetostriction and the strain thus produced would produce a
constant electric field in the piezoelectric phase. Also, the possible reason for
decrease in (AE/AH)y after certain magnetic field is attributed to the saturation state
of the magnetic phase which does not show any response to the increased applied
magnetic field therefore stress transfer through the interface between magnetic and
electric phase decreases with magnetoelectric coupling (AE/AH).

3.3 Noise Sources and Their Mitigation

Recent investigations of ME laminates sensors have shown that they have remarkable
potential to detect changes in magnetic fields. It was shown that the feasibility of
detecting magnetic field changes on the order of 10™'> T at near quasi-static fre-
quencies of f > 1 Hz. This is an important achievement because the ME sensor does
not itself require powering; rather it can harvest magnetic energy from inductances as a
stored charge across a capacitor. Thus, ME laminates are small, passive magnetic field
sensors with the potential of pico-Tesla sensitivity at low frequencies while operated at
room temperature. The potential for ME sensors resides with the fact that there are no
other present generations of magnetic sensors having the following key requirements
[6, 20]: (i) extreme sensitivity (~pT/Hz'?), allowing for better magnetic anomaly
detection; (ii) zero power consumption to foster long-term operation; (iii) operation at
low frequencies, f ~ 1 Hz; (iv) miniaturize size, enabling deployment of arrays;
(v) passive; and (vi) low cost. It should be noted that ME laminate sensors are the only
ones with the potential to achieve all key requirements. However, in spite of this
potential, there are no available technologies that can fulfill requirements referred to
above. The integration of ME laminates into an appropriate detection scheme has yet to
be achieved. This detection scheme must be simple and capable of detecting anomalies
in the time domain capture mode without either signal averaging or phase referencing.

Commonly, noise is defined as any undesirable disturbance that obstructs the
relevant signal passage. It is of importance in the measurement of minute signals.
Reducing the noise effect on the detection device is important since the sensitivity
of a sensor is often limited by noise level. We will consider some simple ways to
reduce noise.

The sensor itself and the measurement circuit contribute some inherent noise.
This kind of noise cannot be removed since it comes from stochastic phenomena:
thermal and radiation fluctuations between sensor and environment, generation and
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recombination of electron-hole pair, and current flows across a potential energy
barrier in materials.

Development in the noise reduction of magnetostrictive/piezoelectric laminate
sensors has been carried out in the past decade. Particularly, a 1 Hz equivalent
magnetic noise of 5.1 pT Hz ' has been obtained, which is close to that of the
optically pumped ultralow magnetic field sensors [21]. First of all, this was enabled
by improved methods of interfacial bonding that can decrease the equivalent
magnetic noise floor up to 2.7 X 107" T Hz ' [22]. Then, optimal poling con-
ditions for the piezoelectric phase result in an increase in ME voltage coefficient by
a factor of 1.4. The equivalent magnetic noise at f = 1 Hz was reported to equal 13
to 8 pT Hz '~ [23].

Magnetic flux concentration was found to enhance the ME coefficient of an ME
sensor. A dumbbell-shaped sensor with an enhanced ME coefficient and reduced
equivalent magnetic noise was reported [24], in which the dumbbell shape leads to
concentration of magnetic flux. ME laminates with dumbbell-shaped Metglas layers
exhibited 1.4 times lower required dc magnetic bias fields and 1.6 times higher
magnetic field sensitivities than traditional rectangular-shaped ME laminates.

It was found that Mn-doped PMN-PT single crystals have the advantages of high
piezoelectric coefficient and extremely low tan J. Experimentally, an ultralow
equivalent magnetic noise of 6.2 pT Hz "? was obtained at 1 Hz of the
multi-push—pull mode for Metglas/PMN-PT single crystals [25].

3.4 Fabrication

The combination of magnetostrictive amorphous ferromagnetic ribbons with
piezoelectric materials, allows obtaining magnetoelectric laminated composites,
that show an extremely high sensitivity for magnetic field detection. Magnetic
alloys epoxyed to Polyvinylidene Fluoride (PVDF) piezoelectric polymer give as
result magnetoelectric coefficients above 80 V/cm Oe. Also, high temperature new
piezopolymers as polyimides are can be used for the magnetoelectric detection at
temperatures as high as 100 °C.

ME three-layer can be constructed sandwich-like with longitudinal magne-
tostrictive operation and transverse piezoelectric response laminated composites by
gluing two equal magnetostrictive ribbons to opposite sides of polymer piezo-
electric films with an adhesive epoxy resin [6]. Magnetostrictive ribbons belonging
to the family of Fe—Co-Ni—Si-B, Fe-rich metallic glasses have a measured mag-
netostriction that ranges between As ~ 8-30 ppm and maximum value for the
piezomagnetic coefficient ds3 = dMdH of about 0.6-1.5 X 107%/Oe. This last
parameter will modulate the magnetoelectric response of the composite as a
function of the applied bias magnetic field. Concerning the piezoelectric material
we firstly used the well-known polymer PVDF, the well-known piezoelectric
polymer, with glass transition and melting temperatures about —35 and 171 °C,
respectively, but a Curie temperature of ~100 °C. This makes its piezoelectric
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response to decay quickly above 70 °C. To develop a ME device being able to
operate at higher temperatures, new amorphous piezoelectric polymers of the family
of the polyimides were tested. It should be noted that its main parameters are a glass
transition temperature of 7g ~ 200 °C and a degradation temperature of
Td ~ 510 °C, temperatures that make these polyimides suitable for our purposes.
Taking advantage of the magnetoelastic resonance effect that enhances the mag-
netostrictive response, all measurements have been taken at resonance. For that, the
static magnetic field Hpc necessary to induce the maximum amplitude of that
resonance was first determined. The induced magnetoelectric voltage in the sand-
wich laminate (through two small silver ink contacts located at both opposite
magnetostrictive ribbons) was measured by the following procedure: under a Hyc
magnetic excitation applied along the length direction, the magnetostrictive ribbons
will elongate and shrink along the same direction. This will make the piezoelectric
polymer film to undergo an ac longitudinal strain, inducing a dielectric polarization
change in its transverse direction. Thus, we can determine simultaneously the ME
response dependence as the bias field Hpc changes; and at the Hpc value for the
maximum magnetoelastic resonance amplitude, the ME voltage dependence vs the
applied ac magnetic excitation.

The highest ME response has been reported for laminated
magnetostrictive/piezoelectric polymer composites. ME voltage coefficient of
21.5 V/(cm Oe) for a METGLAS 2605 SA1/PVDF (Metglas, Conway, SC, USA)
laminate was achieved at non-resonance frequencies and is, so far, the highest
response obtained at sub-resonance frequencies [6]. At the longitudinal resonance
mode, energy transference from magnetic to elastic, and vice versa, is maximum.
This energy conversion at the resonance turns out to be very sharp for ME lami-
nates, while frequency bandwidth for applications based in this EMR enhancement
effect remains limited. ME voltage coefficient of 383 V/(cm Oe) on cross-linked P
(VDF-TrFE)/METGLAS 2605 SA1 is the highest reported to date. In order to avoid
the observed sensitivity decrease when increasing temperature, the same L-T
structured magnetoelectric laminates was fabricated with the same magnetostrictive
constituents but using a 40/60 copolyimide as high temperature piezoelectric
constituent.

Efforts to get wider bandwidths for EMR and ME applications have been mainly
based on magnetic field tuning procedures either in bimorph or tri-layered struc-
tures, but the maximum achieved frequency of operation has been some tenths of
kHz. Another way to get high frequencies of operation can be based on the rela-
tionship between length and resonant frequency value of magnetostrictive ribbons
at the magnetoelastic resonance. So, our efforts are now focused on fabricating short
magnetoelectric L-T type laminates showing good magnetoelectric response at high
frequencies. Nevertheless, the higher the resonant frequency the lowest the
amplitude of the resonance and as a first consequence, the magnetoelectric response
will be also decreased. It is clear that a compromise between length of the device
and so working frequency, and induced magnetoelectric signal, must be achieved.
Thus, a device 1 cm long for which the resonant (working) frequency rises to
230 kHz was developed. The measured magnetoelectric voltage coefficient is about
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15 V/(cm Oe) when PVDF is used as piezoelectric constituent. Thus a 0.5 cm long
device that will work at a resonant frequency about 500 kHz is expected to be
constructed. This fact, combined with the use of a high temperature piezopolymer
as the polyimides previously described, can lead to a very useful class of magne-
toelectric laminates working simultaneously at high temperature and within the
radiofrequency range, both characteristics of great interest for low distance near
field communications in aggressive environments (i.e., the desert, a tunnel or
fighting a fire).

Combining the excellent magnetoelastic response of magnetostrictive amor-
phous ferromagnetic ribbons with piezoelectric polymers, the short length mag-
netoelectric laminated composites that show an extremely high sensitivity for
magnetic field detection was fabricated.

3.5 Review of Recent Results

The magnetic sensors based on magnetoelectric composites for the practical pur-
poses including the use in biomagnetic imaging have been of considerable interest
in recent years [26-37]. Migratory animals are capable of sensing variations in
geomagnetic fields as a source of guidance information during long-distance
migration. It is well known that geomagnetic fields are on the order of 0.4-0.6 Oe
and have different inclinations at different locations. The Earth’s mean field and its
inclinations at many points over much of the Earth’s surface are known to be
tabulated. Accordingly, geomagnetic field sensors could be used in guidance and
positional location. There are many types of magnetic sensors: for example,
superconducting quantum interference devices or giant magnetoresistance spin
valves. However, these sensors require very low operational temperatures liquid
nitrogen in order to achieve high sensitivity. Fluxgate sensors based on exciting coil
have been investigated for many years to detect dc magnetic and geomagnetic
fields. This widely used sensor is relatively cheap and temperature independent;
however, its magnetic hysteresis, offset value under zero magnetic field, and large
demagnetization factor restrict design considerations. Recently, new types of pas-
sive ac and active dc magnetic field sensors have been developed based on a giant
magnetoelectric ME effect. They are simple devices that work at room temperature.
The laminated composites, such as magnetostrictive Terfenol-D or ferrite layers
together with Pb Zr,_,,Ti, O3 PZT ones, have been found to possess giant ME
effects of between 0.1 and 2 V/cm Oe under dc magnetic bias of H,. < 500 Oe.
Furthermore, a larger ME coefficients of up to 22 V/cm Oe under H,;. < 5 Oe have
recently been reported for Metglas/PZT-fiber laminates at quasistatic frequency,
which is 10 times larger than prior reports for laminates and 10* times larger than
that of single phases. As a result, using a Metglass/PZT-fiber ME sensor enables
one to detect precisely both geomagnetic fields and their inclinations along various
axes of a globe. This ME sensor is a Metglas/PZT-fiber laminate with a 100 circle
coil wrapped tightly around it. The PZT fibers were 200 pm in thickness and were
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laminated between four layers of Metglas by use of a thin layer epoxy; the thickness
of each Metglas layer was 25 pum, and the total dimensions of the laminates were
100 X 6 X 0.48 mm®. The working principal of the ME sensor is that an input
magnetic field changes the length of the Metglas via magnetostriction, and because
the PZT fibers are elastically bound to the Metglas layers through an epoxy
interfacial layer, the PZT fibers also change their length and generate an output
voltage via piezoelectricity. Detection of the Earth’s magnetic field was performed
by applying a 1 kHz ac magnetic field H,. via a 10 mA ac input to the coil and by
measuring the dc voltage and its phase induced in the PZT fibers by a lock-in
amplifier SR-850. Over the range of —1.5 < H,. < 1.5 Oe, V), was linearly pro-
portional to H,. and equal to 300 mV under a H;. = 1 Oe. This value is 10? times
as large as that of a corresponding Terfenol-D/PZT dc magnetic field sensor
operated at 1 kHz. Another important finding was that, unlike Terfenol-D/PZT
magnetic sensors, V,,z for Metglas/PZTfiber sensors was not dependent on H,,.
history (i.e., no hysteretic phenomena). This is very important to a stable and
repeatable detection of dc magnetic fields and their variations. In addition, when the
sign of Hy. was changed, a dramatic 180° phase shift was found. This shift could be
used to distinguish the direction along which changes in Hy. occur with respect to
the length long axis of the sensor. This is an important advantage compared to
fluxgate. Previously, it was reported that Ve from a Metglas/PZT fiber laminates
was strongly anisotropic, offering good sensitivity to magnetic field variations only
along its length direction. In the other two perpendicular directions, only very weak
signals were found with changes in H,. These unique properties of
Metglas/PZT-fiber ME sensors are due to the ultrahigh relative permeability r of
Metglas, which is 10° times larger than that of Terfenol-D or nickel ferrite.
Correspondingly, the high r of Metglas results in an ultrasmall demagnetization
field, enabling a high effective piezomagnetic coefficient at low biases.

Thus sensitivities of a few pico-Tesla to hundreds of femto-Tesla for 1-30 MHz
magnetic fields are required for use in biomagnetic imaging. A possible approach
for achieving such sensitivities is a bilayer ME sensor operating under frequency
modulation at bending resonance [6]. It is of interest to compare the low-frequency
and resonance ME voltage coefficients in representative bilayer composite systems.
One of the best values for low-frequency ME voltage coefficient, ~52 V/cm Oe,
was measured in samples of Metglas and a piezofiber and was attributed to high
q value for Metglas and excellent magnetic field confinement field due to high
permeability. A recent study that compared the low-frequency and resonance ME
effects in bilayers of composites with permendur and ferroelectric PZT and
PMN-PT and piezoelectric langatate and quartz [36]. The highest ME voltage
coefficient of 1000 V/cm Oe at bending resonance among these systems was
measured for a permendur-langatate bilayer. But the highest resonance ME voltage
coefficient to-date, 20 kV/cm Oe, was reported for AIN-FeCoSiB for measurements
under vacuum that reduces damping of bending resonance in air [26, 27]. A very
high ME sensitivity was also reported under bending resonance in a cantilever of
FeCoSiB and PZT with inter-digital electrodes.
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Table 2 Properties of modern magnetic field sensors [6, 20]

Sensor type Sensitivity (at Measuring mode
1 Hz) (Tesla/Hz'?)
High-temperature superconducting quantum |5 X 107 '# T<77K
interference devices (SQUID)
Giant magnetoresistance (GMR) spin valve |4 X 10710 T =300 K
I=1mA
Hybridizing a GMR sensor with a 1072 T=77K
superconducting flux-to-field transformer I=5mA
Chip-size atomic magnetometer 5%x 107! f=10Hz
Magnetoelectric magnetometer 3x 107" T =300 K
2x 1071 T =300 K at resonance
frequency (10° %)

ME sensitivity optimization should take into account the environmental or
external noise sources, such as thermal fluctuation and mechanical vibration. These
external noises will be dominating factors that affect the sensor’s sensitivity in
practical applications. For ME sensors, the dominant ones are the thermal fluctu-
ation and mechanical vibration sources. Thermal fluctuation noise is pyroelectric in
origin, where the spontaneous polarization of the piezoelectric phase is temperature
dependent, resulting in a dielectric displacement current in response to temperature
changes; whereas the vibrational noise is piezoelectric in origin, where the spon-
taneous polarization is coupled to pressure and stress changes, via piezoelectricity.
As for all magnetic field sensors, it is important that ME sensors be designed by
such a means that optimizes its abilities to cancel these external noise.

Comparative characteristics of modern magnetic field sensors are presented in
Table 2.

In the case of the push-pull laminate, the extreme enhancement in the sensitivity
limits (~10~" T/Hz"?) at EMR is nearly equivalent to that of a SQUID sensor
operated a 4 K and 15 mA.

ME laminates offer much potential for low frequency 107>~10° Hz detection of
minute magnetic fields (10_12 T or below), at room temperature, in a passive mode
of operation, such combinations of characteristics are not available in any other
magnetic sensor.

4 Current Sensors

4.1 Background

Current sensors are very essential kind of product. There are many different types of
sensors that are designed on different physical principles. The most common types
of sensors have been developed on the use of a resistive shunt, current transformer,
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magnetoresistance and Hall sensor. A new type of sensors on ME effect has good
isolation, it has small dimensions and weight and at the same time, a significant
advantage in sensitivity. Different variants of designs have been investigated.
Operating principle of ME current sensor is based on measuring the electromagnetic
field generated by current [38]. The value of the electromagnetic field allows one to
estimate the magnitude of the current flowing in the conductor. Next, the use of
ring-type magnetoelectric laminate composites of circumferentially magnetized
magnetostrictive Terfenol-D and a circumferentially poled piezoelectric Pb(Zr,T1)
O3 (PZT) which have high sensitivity to a vortex magnetic field is suggested [39—
41]. At room temperature, an induced output voltage from this ring laminate
exhibited a near-linear response to an alternating current (ac) vortex magnetic field
H,. over a wide magnetic field range of 107° < H,. < 107> T at frequencies
between sub-Hz and kHz. A significant improvement of sensors sensitivity for this
type devices through the use of current transduction mode was proposed in [42].
Such a sensor, according to a study [43] has an increased sensitivity to ultra-low
magnetic fields and leakage currents. This circumferential-mode quasiring ME
laminate can detect AC currents (noncontact) 10”7 A, and/or a vortex magnetic field
6% 1072 T, Next, a self-powered current sensor consisting of the
magnetostrictive/piezoelectric laminate composite and the high-permeability
nanocrystalline alloys is presented in [44]. However, this design can measure
only ac current, which significantly limits its use. Next, we consider the dc current
sensor based on ME element with the modulating coil.

The ME current sensor uses the ME effect as a basis of its measurements. The ME
effect is a polarization response to an applied magnetic field, or conversely a magne-
tization response to an applied electric field. ME behaviour exists as a composite effect
in multiphase systems of piezoelectric and magnetostrictive materials.
Magnetostrictive-piezoelectric laminate composites have much higher ME coefficients
than that of single-phase materials or particulate composites. In a magnetostrictive-
piezoelectric layered structure the interaction between magnetic and electric subsystems
occurs through mechanical deformation. It means that the ME effect is much stronger at
frequencies corresponding to elastic oscillations called resonance frequencies. In current
sensor applications the induced ME voltage coefficient is more important than the
induced ME electric field coefficient, as voltage is the physical quantity measured. The
sensor is designed for detecting ac and dc currents in electrical circuits [45—47] on range
from O up to 1, 10 or 100 A depending on destination.

ME current sensors can be designed on different principles. In the first case, the
operation principle work of ME element is nonresonant, in the second case the
principle is resonance. As a sensitive element of the sensor in both cases can used
the same design of ME element. The design of nonresonant ME current sensors was
considered in the paper [45], and the design of resonant ME current sensors in the
paper [46, 47]. An input-to-output ME current sensor was also developed, which
includes the internal current conductor as a source of information about the current,
and a surface-mounted sensor placed directly on the conductor with the current to
be measured. We consider here the basic principles of work of ME current sensors
of non-resonant type based on the low-frequency ME effect and next the resonant
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type, working on one excited in the piezoelectric phase of magnetoelectric material
of a resonant electromechanical oscillations. Also there are ac and dc ME sensors.
ME ac current sensor is a special case of the direct current sensor, as it doesn’t
contain the modulating coil and generator and, therefore, simpler to manufacture.
ME dc sensor can operate as an ac sensor without design modification.

4.2 Physical Model

The equivalent circuit of the device is represented in Fig. 16. The principle of
operation of the sensor is based on measuring the potential appearing at the output
of ME element due to ME effect under the influence of external modulation
magnetic fields and bias magnetic field. ME sensor dc will differ from the ME
sensor ac only additional baseband generator.

We can carry out modeling of current sensor using known basic formula of
electrophysics and using an expression for determine of ME coefficient. When the
solenoid is included into the structure of current sensor, the well-known expression
for the calculation of the magnetic field inside the solenoid can be used:

H="t ®)

where H is magnetic field inside the solenoid, / is measured current in the con-
ductor, [ is the length of the solenoid, N is the number of turns of the solenoid.

Let us write the expression for the ME coefficient, expressing the intensity of the
electric field:

E=H-og )

Fig. 16 The equivalent 1
circuit of ME dc current 2 |
sensor. / is ME element, 2 is N

ac solenoid coil, 3 is dc N
solenoid coil for measurement N
dc current
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where is ME coefficient, E is intensity the electric field in ME material. Due to the
ME effect, an electric potential equal to U = dE appears across the ME element,
where d is piezoelectric thickness. The expression (8) we substitute in (9) and
obtain, respectively:

(10)

If in scheme of current sensor an amplifier is used, then in the expression should
include the gain factor K, and the measured current is expressed in terms of output
voltage of the sensor as follows:

N-1-d
Us = Keap— (11)

The coefficient ax depending on the operation mode can be written for different
cases: nonresonant case for bending mode, for operation at the longitudinal reso-
nance, for a thickness resonance.

According to expression (11) output voltage directly proportional to the flowing
current and number of turns of the solenoid and is inversely proportional to the
magnetic permeability of ME composite. The design of ME sensor was developed on
the basis of these theoretical positions. Estimation of the parameter Us gives the result:
when N=500,/=12A,d=3mm, /=10 mm, ag = 2.5 V/A, K, = 10, then we obtain
the output voltage equal to 4.5 V, which is in good agreement with experiment.

4.3 Fabrication

The design of ME sensor in the general case consists of a driver and a measuring
head which includes ME element. The scheme of driver depends on the required
measurement.

4.3.1 ME Element

ME element is the sensitive part of ME current sensor and consists, for example, of
piezoelectric and magnetostrictive layers as shown in Fig. 17. Layered structure
based on piezoceramic PZT plate in this case had 0.38 mm of thickness, 10 mm of

Fig. 17 Structure of ME element: (/) is PZT, (2) is Metglas, (3) is ME element
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length and 1 mm of wide was investigated in [45]. Piezoelectric was polarized in
the thickness direction. The electrodes are applied on two sides of the piezoelectric
plate. The electrodes are made from three layers of Metglas and correspond in size
the PZT plate. Thickness of one layer of Metglas was about 0.02 mm. Joint of
layered design was done by gluing. Various types of adhesives including epoxy
glue can be used. In general case, several piezoelectric plates instead of one can be
used to increase the sensitivity. Also number of Metglas layers may be different in
dependence on the required sensitivity. The electrical signal is taken from the
surface of Metglas plates.

4.3.2 Measuring Head

Measuring head is an important element of the sensor shown in Fig. 18. ME
element is placed in the inductance coil where a permanent magnetizing field and a
variable modulation magnetic field are created.

Bonding the ME element to the coil inductance is very important. ME element
must be fixed at one end only to avoid pinching magnetostrictive layer on the rest of
the surface element. Also there is a current coil as shown in Fig. 18.

4.3.3 Sensor Schematic

In nonresonant case the scheme of current sensor consists of a generator that is
tuned to the frequency, for example, about 500 Hz. Generator is connected to the
inductance coil for generation of magnetic modulation field and then the signal
from the ME sensor leading-out wires is amplified and fed to a peak detector.
Current coil creates a constant magnetic field proportional to the current strength. If
it is required, sensor’s circuit can contain a microprocessor with internal
analog-to-digital converter for signal conversion. Block diagram of dc sensor is
shown in Fig. 19. In resonant case the scheme of current sensor similar with one,
but sensitivities of the scheme some more about from ten to hundred times.

Fig. 18 Design of ME sensor 4 5 e
measuring head: (/) is
inductance coil, (2) is ME
element, (3) is leading-out
wire of ME element, (4) is
glue, () is current coil
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Fig. 19 Block diagram of dc I =SSR S mEannmes
Serglsor £ Peak i Micro !
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4.3.4 Construction

ME current sensor is a system consisting of ME element, generator, rectifier (or
peak detector), permanent magnet, two coils one of which is wound on another and
case. The construction of the dc ME sensor is presented in Fig. 20.

The design of ac sensors is similar to that of electromagnetic field. The difference
between these types of sensors is that the ac sensor is mounted near the conductor with
alternating current around which is formed an alternating magnetic field. A dc sensors
can also be used as ac sensors. The sensitivity of such sensors will depend on ME
material properties and ac current frequency, because the amplitude-frequency

Fig. 20 Design of ME
current sensor’s prototype:

a nonresonant sensor,

b resonant sensor. (/) Is
leading-out wire for detected
current, (2) is current coil, (3)
is ME element, (4) is the
chipset case, (5) is generator,
(6) is amplifier
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characteristic of the ME element is non-linear and strongly depends on the frequency.
The maximum sensitivity of sensors will be at various resonant frequencies, and just
below that, in the low frequency range are mostly up to several kHz. To increase the
accuracy, it is necessary to choose materials with the lowest magnetic hysteresis loop.

4.3.5 Electronics

Standard instruments used in measuring bench are the regulated power supply and
the oscilloscope. The measurement setup includes two power supplies APS-7315
(Aktakom), multimeter HM 8112-3 (HAMEG instr.), oscilloscope ACIP-4226-3
(Aktakom) and an electromagnet, Fig. 21. First power supply provides a constant
current for measurement, the second provides power supply measurement scheme,
oscilloscope or multimeter is necessary for control the output voltage.

4.3.6 Measurement Data

ME element includes piezoelectric PZT layer with dimensions 10 X 5 X 1 mm and
several layers of Metglas was researched and performed to optimize the sensor
design.

ME element characteristics modulated by output voltage depending on the
generator’s frequency at the magnetic field of 3 mT is shown in Fig. 22. The curve
has a non-linear form, with maxima at 1000 Hz and at electromechanical resonant
frequency about 176 kHz. The resonance frequency depends on the linear dimen-
sions of the element.

Data in Fig. 22 enable one to choose the oscillator frequency for the bias coil.

Characteristic of ME element output voltage depending on the magnetizing field
at the frequency of 500 Hz is shown in Fig. 23. ME element characteristic has a
strong maximum at bias field of 5 mT. The use of the linear characteristic part
located from 0.5 to 4.5 mT or part from 6 to 8 mT is possible for the development
of current sensors. We selected the first part for minimizing the magnetizing field.

Using data in Fig. 23 is convenient to choose the area in which will be carried
out measurements of dc. For the development of the current sensor can be choose
different zones of represented curve. For example, areas with the better linearity,

Fig. 21 Setup for
measurement of dc current
SEnsors

Power
supply
power
supply 5V
circuit
Power | 0.10A Current 0.5V Oscillo

supply [~ easured Sensor output scope
voltage

current
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starting from 0.5 to 2.5 mT, then from 6 to 8 mT and finally, one can choose a
non-linear areas and use methods of compensation or transformation.

For development ME current sensor important the choice of the optimal ME
structure. Theoretical modelling of symmetric and asymmetric ME structures is
discussed in detail in [48]. After selecting the optimal of ME structure can start the
measurement characteristics of ME sensor.

The output signal can be adjusted picking up the desired number of turns in
current coil. Using the different number of current coil turns to increase the output
signal in addition to the amplifier is possible. The magnetic field applied to ME
element will more strong at increasing the current coil turns, and accordingly, will
more big output voltage from ME element. Graph of the current sensor output
voltage depending on the measured constant field and different number of the
current coil turns is shown in Fig. 24. Current sensor can be used on different level
of current depending on the number of turns of the current coil. In addition, sen-
sitivity to direct current can be adjusted by using the gain of the amplifier.



Magnetoelectric Magnetometers 155

Fig. 24 Current sensor 4000
output voltage depending on
direct current and different 3500

number of the current coil

turns (from 1 to 10) 3000

2500

2000

OQutput voltage, mV

1500

Direct current, A

For the developed sensors the sensitivity of 1 A sensor is bigger than 3 V/A, for 5 A
sensor sensitivity is about 0.68 B/A. The linearity of characteristic is within 1 %.
Current consumption of the sensor is 2.5 mA. The increase in the number of coil
current turns raises the sensitivity to the current. The sensor’s design for a certain
current can be calculated using the ratio of turns and sensitivity of the sensor.

The Table shows the dc sensors data. The information about the sensors HO8-NP
production of LEM Holding SA, CSLW6B5 produced by Honeywell Inc., TLI4970
production of Allegro MicroSystems and also data of ME sensor discussed in [8] are
presented in the table. ME sensors have higher sensitivity and lower current con-
sumption compared to traditional sensors as it is evident from the Table 3 data.

Table 3 Comparative characteristics of dc sensors

Sensor features | HO8-NP CSLW6BS5 ACS712ELCTR-05B-T | Magnetoelectric
sensor

Measuring Hall effect Miniature Hall-effect sensor Magnetoelectric

principle measuring ratiometric linear effect

principle Hall-effect sensor

Primary current, | 0-20 +5 +5 0-5

measuring rang

Ipm (A)

Sensitivity 0.1 0.2 0.185 0.68

(V/A)

Supply voltage |5 £+ 10 % 4.5-10.5 5+£10% S5+10%

™

Current 19 9 10 2.5

consumptions

(mA)

Accuracy (%) 1 0.5 1.5 1

Output voltage 2.5-0.5 2.7-3.7 2.5-4.5 0.7-4.1

range Uou (V)

Size in mm 24 X 12X 12 |16.2 X 14 X 10 6 X5X%X1.75 30 X 20 X 10
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Fig. 25 Current sensor 5
output voltage depending on 45 .
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Figure 25 shows the characteristic of the dc current sensor for current up to 5 A.

In the future designs using of gradient ME materials and sensors placed directly
on electric conductor will be explored. Using the layered structures based on
compositionally graded materials enables making the sensors that can operate with
no bias magnetic field applied [48]. Development of new highly sensitive ME
materials will allow to develop industrial sensors are easily mounted on any surface
without changing the design of the measured devices. Integrated ME sensors using
MEMS or semiconductor technology in the future will also be developed.

5 Microwave Power Sensors

Almost all microwave devices use the sensor to measure any physical value that
typically converts microwave oscillations in the measured signal. The operating
principle of the majority of microwave power meters, called wattmeter’s, is based
on measuring changes in temperature or resistance elements in which the energy of
electromagnetic oscillations is dissipated.

5.1 Measurement of Powerful Microwave Signal

There are various sensors for measuring the microwave power.

The calorimeters are used to measure power in the range from a few milliwatts to
several hundred kilowatts. The principle of operation concludes in the equivalent
conversion of electromagnetic wave energy into thermal energy calorimetric body,
usually this is a water. Bolometers and thermistors: their operation is based on the
transformation of the incident power into heat and the changing in resistance of the
resistive element that is sensitive to temperature. Detector diodes are used for power
up to 100 kW, operating range up to 100 GHz. Hall elements are used as a
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walk-through power sensors in the microwave range. Meters with an absorbing
wall: the principle of operation is based on the absorption of microwave power in
the waveguide walls as a sensing element used semiconductor. Work of pondero-
motive wattmeter is based on the mechanical action of the electromagnetic field on
the conductor. Electron-beam method (Thomas method) is based on the interaction
of the electron beam and the microwave field.

The disadvantages of such sensors include: non-linearity in strong magnetic
fields, narrow dynamic and frequency range, a limited range of operating temper-
atures, the need for the voltage supply, the presence of residual stresses, low
resistance to static electricity and radiation exposure [49, 50, 51, 52]. One of the
most promising ways to improve the microwave power sensors is the use of ME
material [12, 53]; the use of which allows to improve the performance of devices,
expand their functionality and, in some cases, to create sensors with properties
which are unobtainable in other types of sensors.

5.2 Egquivalent Circuit

Sensors based on the ME materials have a wide frequency range from dc to tens of
gigahertz, stable when exposed to significant levels of radiation, temperature range
from O K to the Curie temperature of used components. ME composite materials
consist of magnetostrictive and ferroelectric phases [15]. By selecting a certain of
the original components in such systems it can be obtained ME interaction, suffi-
cient for practical application. ME microwave power sensors are based on the
resonant circuit [54].

For engineering calculations of resonant devices is a convenient method of
analysis, in which the transmission line and the microwave resonator is considered
as a bound system. The degree of coupling is characterized by a coefficient which
presents the main characteristics of the transmission line with resonator: coefficient
of reflection, transmission and absorption of electromagnetic microwave energy.
The problem is solved in two steps: first, it is need to solve the equation of power
balance (either by analyzing the equivalent circuits), that give us general expres-
sions for the characteristics of the transmission line with resonator. Then, the
coupling coefficients calculated for specific cases of resonator location in a
microwave transmission line. Thus consider two types of losses: heat losses and
reemission losses of electromagnetic energy in the transmission line.

Resonator quality factor Q, which is determined only on the basis of heat loss is
own quality factor, reemission loss and loaded quality factor of the ME resonator
are calculated as follows:

oW oW 1 1 1
T

Qo P. 0. 000



158 M.I. Bichurin et al.

Fig. 26 The equivalent
circuit of the resonator which
is an element of coupling of
transmission lines

Zy

Zoz
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where: w is angular frequency, W is energy stored in the resonator for the period of
oscillation, P is power of heat loss; P.. is power transferred in the transmission line
by waves which reradiated by resonator.

The coupling coefficient of the resonator with microwave transmission line is
defined as the ratio of the own quality factor to quality factor of coupling:

_ Q%

K =
0.

(13)

For calculation of coefficients of reflection, transmission and absorption we
obtain the energy relations for the system of two transmission lines connected by
ME resonator. Transmission and reflection coefficients is defined as the ratio of the
amplitudes fields considering only the basic wave type. The equation of power
balance in the system at resonance is follows:

P,, = P;,T* + P;,R* + P;,A” (14)

where T is transmission coefficient; R is reflection coefficient; A is absorption
coefficient.

Relations for the transmission, reflection and absorption coefficients can be obtained
by analysis of the equivalent circuit (Fig. 26). The resonator in the equivalent circuit is
represented as LCR oscillation circuit. Full input and output impedance of the trans-
mission line can be calculated by analysis of the equivalent circuit first, and then it is
possible to calculate the transmission and reflection coefficients, submitted through the
coupling coefficient. This equivalent circuit can be applied to analysis of microstrip and
waveguide resonant microwave power sensors.

Either all coefficients can be obtained by solving the equation of power balance.
At the same coupling between the resonator and the input and output transmission
lines, these formulas take the form:

K 1 2K
= ‘R = 1A= 5 (15)
1K 14K T (14K)
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The coupling coefficient is calculated as follows:

1-R_|T|
R 17|

(16)

To use the obtained general relations in specific cases it is necessary to calculate
the coupling coefficients of the resonator with the transmission line. Considerable
practical interest present a combination of a ME resonator with microstrip trans-
mission line, which leads to a number of wideband, compact and easy-to-
manufacture devices. The coupling coefficient in this case can be represented as:

2V 208 z 1 32\’
=——T [ arctg—— + —arctg——= 17
TEhz/LVZ & ZO\/E 3 & ZO\/E ( )
X,/ _ 87IMO
+ AH

where: M, is the saturation magnetization of the ferrite component; 4H is the
half-width of the FMR line; z, is characteristic impedance of a microstrip trans-
mission line; V is volume of the ME resonator; ", is a magnetic susceptibility at
resonance; Z is wave impedance of free space; ¢ is the permittivity of the substrate,
h is the substrate thickness; 4 is wavelength transmission line.

Thus, using the expression for the coupling coefficient and the general formulas
for the characteristics of the transmission line it can be calculated coefficients of
reflection, transmission and absorption for different schemes of inclusion of ME
resonators, and therefore devices.

The degree of coupling is characterized by the coefficient of transmission of
microwave electromagnetic energy. Here we consider the transmission coefficient
when the ME resonator is as heterogeneity in the transmission line.

If the transmission line is completely matched, power absorbed by ME resonator
can be written as:

Pap = 4Py, (18)

where the absorption coefficient is given by:

4K

e 19)

n

where: K is ME coupling coefficient of the resonator to the transmission line, is
normalized detuning of magnetic field from the resonance values:

_HP—H0+5HE

¢ AH

(20)
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where: Hp is the value of the resonance field for a given frequency; H is
constant magnetizing field; 0Hp is the value of resonance shift under the influence
of applied electric field; 4H is the half-width of the resonance curve of ME sample.

Absorption of microwave power by the ME material can be described by an
effective magnetic microwave field & due to the ME interaction, while the absorbed
power is equal to:

P, = k[hz (21)

where k; is coefficient depending on the shape and properties of the sample and
equal for the disk, magnetized perpendicular or spherical sample:

M,
k= u#owv (22)

for disk, magnetized tangential:

_ 27'CMO 47‘[M0 +HQ

_ _ v 23
"TTAH  anM, + 2H, M” (23)

where V is sample volume.
Magnetoelectric susceptibility tensor 7MF is determined as:

=

SME _ oM
=X

i (24)

e
where 7™ is magnetic susceptibility tensor

From the Formula (22) follows that electric field arising in ME element of
microwave power Sensor:

e= (25)

The voltage on the ME element, which is a planar structure with electrodes (as
capacitor) is:

M 4KPiy,

U= ed=a- V0]
7

(26)

where: d is the distance between the electrodes.
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Sensitivity of microwave power sensor can be calculated by the formula:

EC\ME 4K2 5
k|(1+K £
Ky = d— V0] 27)
4

Analysis of the formula (27) shows that for increasing the sensitivity of the
microwave power sensor is necessary to use a material with a large ME suscepti-
bility. Increasing the sensitivity will also decrease the magnetic susceptibility and
the coupling coefficient. To obtain maximum sensitivity is necessary to provide
adjustment of ME resonator on the resonant frequency.

5.3 Fabrication

5.3.1 Microstrip Resonant Microwave Power Sensor

The topology of the microstrip resonant microwave power sensor [54] is shown in
Fig. 27.

ME material (5) is placed in the hole in the substrate (8), while its thickness must
be equal to the thickness of the substrate. At the location of the ME material stripe
loops (3) and (4) long 3A/8 and A/8, respectively established area of circular
polarization of the microwave field. ME material at the same time is in the field of a

Fig. 27 The topology of the microstrip microwave power sensor. (/) Is supply lines; (2) the
coupling capacitor; (3, 4) strip resonator; (5) ME material; (6) the inductive element; (7) the
capacitive element; (8) substrate



162 M.I. Bichurin et al.

Fig. 28 ME waveguide il
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permanent magnet that produces magnetic bias field. The value of the magnetizing
field determines the operating frequency of the sensor. On the electrodes of ME
resonator due to passing through the sensor microwave power as a result of the ME
interaction will appear ac voltage proportional to the incident power. The ac
voltage, in the form of repeating the bending around amplitude-modulated RF
signal through a low-pass filter (6 and 7) is connected to a measuring device.
Coupling capacitors (2), without affecting the microwave signal, prevent the spread
of low-frequency voltage across the RF channel.

Presented power sensor can be used as a detector of amplitude-modulated
microwave oscillations.

5.3.2 Waveguide Resonance Microwave Power Sensor

Microwave power sensor (Fig. 28) is a waveguide device. ME element is placed in
the area of circular polarization, while being in a constant magnetic field of elec-
tromagnet which create magnetic bias field at resonance frequency. The value of the
magnetizing field will determine the operating frequency of the sensor. On the
electrodes of ME material will appear ac voltage repeating form of the bending
around of the microwave signal and proportional to the measured power.

Presented sensor operates at a frequency determined by the voltage of resonant
constant magnetic field. The frequency rearrange of the waveguide microwave
power sensor is achieved by varying the value of the magnetizing field. The
waveguide sensor can be used as a detector of an amplitude-modulated microwave
oscillations.

5.3.3 ME Microwave Power Sensor Based on Toroidal Resonator
Figure 29 shows the design of the sensor on the basis of the toroidal resonator [55].

ME element (1) is placed at an antinodes of the ac electric field and simultaneously
in the field of the permanent magnet (3). Coil (5) based on thin-film technology are
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Fig. 29 ME microwave Uout
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placed directly on the surface of the resonator ME. The value of resonance mag-
netizing field will determine the operating frequency of the sensor.

Under the action of the ac electric field on ME resonator through the piezo-
electric and magnetostrictive action around the ME resonator will appear
low-frequency ac magnetic field. Due to inductive coupling of ME resonator and
the coil on the electrodes arise EMF in the shape corresponding to the bending
around of the amplitude-modulated microwave signal, and the amplitude is pro-
portional to the measured power. Presented sensor operates at a fixed frequency
determined by the voltage of the constant magnetic field and the self-resonant
frequency of the toroidal resonator. When using an electromagnet, and a
mechanical adjustment of the toroidal resonator it can be changed the operating
frequency of the sensor.

The main advantage of ME microwave power sensor on the basis of the toroidal
resonator is: (1) the ability to measure high power levels at which the traditional
ferrite sensors and ME sensors operating in an ac microwave field are in the
saturation regime; (2) ac microwave electric and magnetic fields sufficiently sepa-
rated and haven’t influence simultaneously at large ME resonators.

6 Conclusions

In this chapter we considered the main constructions, equivalent circuits and
characteristics of ME sensors for measuring the magnetic field, current in conductor
and microwave power. It was showed that ME sensors have some advantages over
semiconductor ones, for example based on Hall effect, in the sensitivity, low price
and radiation resistance.
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Obtained results are as follows:

(1) The nomograph method is suggested for the efficient estimates of ME voltage
coefficients from given parameters of composite components. This facilitates
to evaluate the feasibility of the composite for sensor application.

(2) The potential for ME sensors is notable due to the fact that there are no other
present generations of magnetic sensors having the following key require-
ments: extreme sensitivity (~pT/Hz'"?), allowing for better magnetic anomaly
detection; zero power consumption to foster long-term operation; operation at
low frequencies, f ~ 1 Hz; miniaturize size, enabling deployment of arrays;
and low cost.

(3) The theory predicts that the highly sensitive ME laminate can be designed by
increasing the ME voltage coefficient.

(4) ME sensitivity optimization should take into account the environmental or
external noise sources, such as thermal fluctuation and mechanical vibration.
These external noises will be dominating factors that affect the sensor’s sen-
sitivity in practical applications. For ME sensors, the dominant ones are the
thermal fluctuation and mechanical vibration sources. It is important that ME
sensors are designed by such a means that optimizes its abilities to cancel these
external noise.

(5) The output voltage of ME current sensor was found to be a function of the
detecting input current under various dc magnetic bias fields. The sensor
sensitivity depends on constructive and material parameters of ME composite
and bias magnetic field. The operating point for the ME current sensor has
been selected. Current sensing based on ME effect is a good choice for many
applications due to galvanic isolation between the sensed circuit and the
measuring circuit. Using push-pull mode of ME composite will enable an
improvement of the sensors. For increasing the sensor sensitivity one needs to
use the ME composite based on materials with high magnetostriction and
piezoelectric coupling.

(6) Analysis of characteristics of the microwave power sensors shows that one of
the most promising ways to improve the sensors is the use of ME materials,
which allows improving the performance of devices, expand their function-
ality and, in some cases, to create sensors with properties which are unob-
tainable in other microwave power sensors. Sensors based on composite
materials have a wide frequency range up to hundreds of gigahertz, stable to
significant levels of radiation, temperature range is from 0 K to the Curie
temperature. In the microwave range, it is possible to use selective properties
of ME materials, that allows to create a frequency selective power sensor with
the possibility of adjustment.

Future prospects:
Although a large number of parameters of ME sensors would be attained,
however, several important issues remain to be solved, including, the following.
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6]
(©))
3)

Increasing the sensitivity and design of sensor for simultaneous measuring the
orientation and magnitude of dc and ac magnetic field.

Design of contactless sensor and one for measuring the current at different
range from leakage current up to 100 A.

Realization of frequency tuning and design of sensor at different range of
microwave power.
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Anisotropic Magnetoresistance
(AMR) Magnetometers

Michael J. Haji-Sheikh and Kristen Allen

Abstract Anisotropic magnetoresistive (AMR) based magnetometers are used in
devices as varied as global positioning systems to provide dead reckoning capa-
bility and in automotive ignition systems to provide crankshaft rotational position.
Presented are data and methods that can assist in the design and implementation of
these systems and a method to design a Helmholtz coil system to test these devices.
The transverse and longitudinal behavior of individual AMR sensors along with
group (proximity) behavior is addressed with both data and modeling. The design
of a 3-axis measurement system goes from basic electromagnetics to the use of
COMSOL and the verification of the measurement system using a commercial
3-axis magnetometer.

1 Background

When William Thompson (Lord Kelvin) discovered the Anisotropic
Magnetoresistance (AMR) effect in 1897 [1] it was but a curiosity of physics.
Significant effort through the early part of the Twentieth Century was made in an
effort to model and understand this effect. Though, to use AMR to its maximum
effect it would take another sixty years of development (including the microelec-
tronics revolution) to make usable thin-films for sensors and memory. In the 1960s,
the invention of the integrated circuit along with the space race led to advances in
thin film deposition processes that produced high quality magnetic films. The
search for a material to be a lightweight non-volatile memory material for space
applications, led researchers to develop devices from AMR materials [2] to satisfy
these requirements. This memory is called magnetic random access memory or
MRAM. Corporations as diverse as IBM, Philips Electronics, TI, and Honeywell
have developed variants over the years on this theme. Philips Electronics and
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Honeywell entered the Market in the 1960s, 1970s and into the present day using
AMR thin film magnetometers. Over that time period, researchers studied the effect
of depositing films under magnetic fields [3, 4] and the sources of noise that would
effect low field measurements [5]. Recently, the topic of permalloy deposition in
static magnetic fields has become of interest again as shown in this recent paper by
Garcia-Arribas et al. [6]. Commercial uses of AMR magnetometers consist of high
current detection (overload current detection in power distribution), position
sensing, tachometry, low magnetic field anomaly detection, and multi-axis
compasses.

2 Physical Model

Magnetoresistance can be broken into two types, ordinary and anisotropic. Ordinary
magnetoresistance is often exhibited by non-magnetic metal and semiconductors.
The effect is due to the shorting out of the Hall voltage which then increases the
path length of the electrons which in turn increases the resistance. The ordinary
magnetoresistance equation is

A
P _couB (1)
Po

where C is a constant, u is the mobility, and B is the normal magnetic field. This
effect is mostly used in indium antimonide magnetoresistors produced by Asahi
Chemical Industry. The InSb compound semiconductor can have extremely high
mobilities (60,000-80,000 cm?/V s). During the late 1980s and early 1990s GM
research advocated the use of InSb sensors in crank-sensor applications [7] and
deployed some of these sensors in vehicles such as their Cadillac luxury line.

Automotive AMR sensors come in two types: High-field sensors that sense
primarily angle; Low-field that sense magnitude. The range of what is considered
high field depends on the application. A high field sensor for an AMR device is an
in-plane field level that is high enough to keep the sensor in saturation. It is
common to discuss field levels in magnetic sensors in units of Oersteds or Oe since
a Tesla is quite a large unit for normal uses. For many AMR sensors this corre-
sponds to greater than 25-30 Oe. A low-field sensor operates below the onset of
saturation. Figure 1 shows the response of a single AMR resistor element. The
lower region behaves in somewhat a sinusoidal manner while the next region is
somewhat linear and the last region is the saturation region. This curve is often
described as cos® behavior

AR
—— = ARy cos? 6. (2)
Ry
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A solid monograph on the design of AMR sensors, as defined through the 1990s
and published in 2001 is authored by Tumanski [8]. Tumanski defines a broader set
of application devices and analyzes some giant magnetoresistive (GMR) devices
where this article only will consider AMR devices. Tumanski outlines much of the
design criteria for various magnetic sensors and is a pioneer in the use of AMR
sensors for many commercial applications.

2.1 Theoretical Behavior

The ordinary magneto-resistance effect is present in all metals and was first
observed by Hall [9] in his groundbreaking paper on “A New Action of the Magnet
on Electric Currents” in 1879 then followed by William Thompson’s discovery of
the AMR effect in 1897. After almost of a century of work by various researchers
such as Birss [10] and Stoner and Wolforth [11], the material went from a curiosity
to a commercial success in transformer cores, to modern magnetic sensors and
magnetic memory. The theoretical models can date back to the research work done
by the people at IBM’s Watson Research Center [2, 12]. A physical model put forth
[2] is the increase in resistance due to s-d interband scattering. Magnetoresistance
can be broken into two types, ordinary and anisotropic. Additionally Batterel and
Galinier [13] pointed out a novel effect that appears in AMR materials, this effect is
described as the planer hall effect and come out of the tensor analysis of the AMR
effect. This effect is often used in MRAM (magnetic random access memory) not
generally used in magnetometry. The anisotropy constant can be determined by the
planer hall effect according to Chang [14].
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2.2 The Resistivity Tensor

A physical model for the behavior of an AMR sensor is a necessary step to allow
these sensors to be used in design. Most models start with trying to fit data and
theory to a resistor below the saturation point. As we were designing sensors for
various saturation mode applications, it was painfully obvious that that method was
not applicable to the situation presented. Testing shows that rotating a saturating
field created a very well defined sinusoidal behavior. This did not match the cos®0
behavior outlined in a plurality of journal papers. For us to use an equation in our
modeling at the time, we needed to rethink this equation. An experiment to develop
this physical model was devised at the time that would incorporate everything we
knew about measuring resistors. Figure 2 shows the basic resistor design used to
develop a Maxwell’s equations based model to characterize the behavior of satu-
rated elements. The basic concept is to use Kelvin connected resistors that have a
well defined current launching structure that will behave in a manner which can
make extracting behavior a simple mathematical exercise. A common measurement
technique for these films has been to use a Vander Pauw structure. The Vander
Pauw structure is not useful for these type of magnetic tests due to the current never
following a straight line in one of these structures.

Figure 3 is a graph of the data generated for a group of magnetoresistive ele-
ments tested in the saturation region [15].
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Fig. 3 Saturated magnetoresistors tested through 360°. The data is from Haji-Sheikh et al. [15].
This graph also includes the results of modeling

The sensor model behavior is the result of solving a 2d tensor that starts by
assuming isotropic and anisotropic behavior for a magnetoresistor. The error often
made in this solution is the dropping of one of the current elements that relates to
the transverse current in a resistor. The full tensor to solve for the saturated mag-
netoresistance is as follows

, _[po O N p + Ap' cos(20) Ap' sin(20) 3)
total 0 po Ap'sin(20) p — Ap' cos(20)

By solving the following relationship,
E=pJ 4)
where E is the electric field and J is the current density. The modified AMR

relationship can be shown to be similar to the Mohr’s circle as described in Nye
[16] and is as shown in equation,

: Ap/ 2 (A :
Per = Potp \/(1 + p'[') c0s(20)> + ( pe sin(20)) (5)

with the only difference from a mechanical system is the lack of off-axis shear
components. So that the measured resistance is
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Table 1 Coefficients of fit for permalloy magnetoresistors

Film thickness

5.0 nm 10.0 nm 15.0 nm 20.0 nm 25.0 nm 30.0 nm 37.5 nm
A 0.97923 0.97580 0.97340 0.97090 0.97050 0.96968 0.97000
0.01420 0.01640 0.01695 0.01695 0.01726 0.01722 0.01630
C 0.480 0.480 0.572 0.572 0.718 0.769 0.845

os)

—— -1 or
area

(6)
Vit = I,Ro [A + B\/ (1+ Ccos(26))* + (Csin(26))*

The value of Ry is also experimentally determined since it represents the resis-
tance with no applied field (Table 1).

These empirical results allow for a high precision fit to the permalloy and are
consistent with Maxwell’s equations. For a sensor below saturation the modeling is
not so simple. Many things influence the results including the proximity of the other
sensor elements, length, width, and thickness. Some automotive designs operate
between 0.1 and 0.2 T (1000-2000 G) which is far above the sensor saturation
level. Above saturation, proximity and geometry don’t have much of an effect but
below saturation these effects become designable parameters and can have a sig-
nificant effect on the overall results.

2.3 Cross Axis Behavior Unsaturated Single Resistor
Element

The range of what is considered high field changes from sensor to sensor design.
A high field sensor for an AMR sensor is an in-plane field level that is high enough
to keep the sensor in saturation. It is common to discuss field levels in magnetic
sensors in units of Oersteds or Oe (Gauss in air). For many AMR sensors this
corresponds to greater than 15-30 Oe. A low-field sensor operates below the onset
of saturation. Figure 4 shows the response of a single AMR element with different
thicknesses. This behavior is representative of the rotation of micro-magnetic
domains. These domains will rotate until they reach a maximum angle which will
be a number somewhat lower than ninety degrees.

The below saturation mode in automotive sensing is not as common as the above
saturation mode sensors but it does show up in current sensing in electric vehicles
and in sensing the Earth’s magnetic field. The high-current sensors are generally
designed as meander sensors but have to take in account the design parameters an
not needed for the above saturation devices. Figure 5 shows various representations
of the magnetization and behaviors of the sensors below saturation.
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The Stoner-Wohlforth model is often used to represent the behavior of mag-
netoresistors within the full range of hysteresis, as shown in Fig. 5. To approach
magnetization rotation, we can look at minimizing the energy of the magnetic
system so from Chikazumi and Charap [17] we get,

E = —K,cos*(0 — 0p) — MyH cos 0 (7)

where M, is the saturation magnetization, H is the external field, € is the angle
between H and M, and 6, is the angle between H and the easy axis (EA). The
anisotropy constant K, acts like the spring constant for a rotating spring and is the
energy that it takes to return the magnetization back to the original position. It is
important to characterize the permalloy out of any particular deposition process
since no two deposition systems will produce identical material. The two main
numbers that are needed to be compared from machine to machine are the values of
H. and H,. The H, value represents the easy-axis hysteresis and the H; represents
the hard-axis slope between the saturation levels. There are commercial B-H

(@) ki HardAxis ) (c)

Easy Axis l //

e

06 TR N L A
=06-04-02 0 02 04 06
¥ ()

Fig. 5 a The B-H behavior of an ideal thin film. b A magnetic free body diagram representing the
thin-film resistor. ¢ A plot of the Stoner-Wohlforth asteroid is shown
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looping systems that will measure these values inductively directly on a deposited
substrate. That means that Eq. (8) needs to be matched to an actual test structure.
To extract 8 for a given design, the following equation can be used to extract the

angle
1 Vo 1\?
0=, —|((——-4)=) —c2—1+2C
[cos ) 4c[(<151e0 )B) *

where the values of A, B, and C come from Egs. (8) and (9). The angle & can be
plotted against applied 6. A graph of this is shown in Fig. 6 for a 25 nm.
Equation (12) is a first attempt to model the behavior using a magnitude tensor ratio

(3)

M M, 1 + acos 20)* + (orsin 20
Mo P+ (asin 20)

A0 = oK,

©)

2Ku\/(1 + 0 cos 20)* 4 (8 sin 20)

where M, is considered to vary thombohedrally and K, is also varying in the same
fashion. The values for 6 and for a are also experimentally determined and the
equation is solved transcendentally.

The model can then be substituted into Eq. (4) and compared to the original data.
The initial data and experiments indicates that this model can fit actual data. The
relationships then can create a conceptual basis for a more complete model in the
future.

It is important to reinsert the rotation data (Fig. 7) into the model to determine if
the magnetization rotation model works. This is to match the modeled data to the
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Fig. 7 Rotation angle for
resistors of the same width
and different thicknesses. It is
clear that the thicknesses
change the maximum rotation
angle. The maximum angle of
rotation appears to be actually
lower for the thinner resistors.
Width equals 35 pm

Fig. 8 This is a graph of
magnetic response of single
resistors of constant width but
varying thickness. This graph
demonstrates the behavior of
the model versus the actual
sensor results. Unfortunately
the model is not as predictive
as necessary. but it does show
the relationship between the
earlier saturation model and
the below saturation behavior
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original data. The result for this comparison is shown in Fig. 8. Normally this data
is fitted using a piecewise model as shown in Tumanski [8] but this new approach
allows the model to be appear contiguous.

2.4 Longitudinal Axis Behavior Unsaturated Single Resistor

Element

An important sensor response that needs to be understood is the off-axis behavior. This
off-axis behavior is most interesting when looking at a 45° field to the current direction
and then when the field is rotated 180° from the magnetization direction. The resistors
force the magnetization to line up with the resistor direction and without an applied
external field the magnetization and the current is parallel to the current direction. With
these responses, hysteresis is defined. This is specific to a below saturation element and
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often a source of error. The schematic in Fig. 5 shows an ideal hysteresis behavior and
we can compare this with Fig. 9 which shows the 45° off-axis applied field behavior.
The first quadrant applied field is in the direction in which the magnetization is set
(right side) and the third quadrant applied field is in the opposite direction of the set
magnetization (left side). This displays two effects need to produce a compass
chip. One of these effects is the asymmetry of the resistor response and the other is the
hysteresis caused by the reversal of the magnetization.

The hysteresis effect that is often observed in certain sensors can be demon-
strated by applying the field at forty-five degrees to the resistor. Each measurement
point is around a milligauss so that the domain reversal happens in a narrow field
range. To demonstrate the reversal effect at its strongest, a group of individual
resistors were bias longitudinally. These resistors were on four wafers to reduce the
effect of manufacturing variability on the experiment. There was no attempt to
reproduce this data with the effect of proximity on this set of samples. According to
Tanaka, Yazawa and Masuya [18], in their study of magnetization reversal in cobalt
thin films, the magnetization reversal is always proceeded by a non-coherent
rotation process and is heavily influenced by crystalline grain orientation. During
the processing of permalloy films often multiple layers are deposited to build up the
target thickness. The single layer films have Bloch wall displacement where mul-
tilayer devices have Neel wall displacement [19]. This multilayer structure lowers
the switching field. The films in the following graphs have multiple layers (2
minimum and 10 maximum). They exhibit switching fields that are strongly
affected by the thickness of the films and by the width of the patterned resistors. The
results in Fig. 9 demonstrate the behavior of a single resistor element being biased
by an external magnetic field at forty-five degrees. As expected, the resistor behaves
much as a barber-pole sensor behaves until the switching field is reached. When the
magnetization reversal occurs, the resistance change mirror images the right half
plain behavior.
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The next set of graphs show the results of using an external bias field along the
resistor direction and in the opposite direction of the magnetization for that resistor.
Figures 10, 11, 12, 13 and 14 demonstrate the effect of patterning and film thick-
ness on the reversal field for an 81 % Ni/19 % Fe permalloy film. It is clear that the
switching field drops with patterned resistor width. In Fig. 10, the film thickness
was 25 nm (250 A) and the resistors appear to go through a single reversal point
which would indicate that there is a certain amount of coherency in this behavior. In
Fig. 11 the comparison is with a constant resistor width (12 pm) and varying the
thickness from 15, 25, and 37.5 nm. This shows that the switching field is
increasing with increasing film thickness. This is consistent with the increasing
magnetic material volume.

The effects of using a very narrow resistor i.e. 6 pm as patterned, is shown in
Fig. 12 while Figs. 13 and 14 show 15 and 20 pum resistors. Several things come
out of these figures. The effect of edge in support of the magnetization reversal is
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quite strong. As the resistor gets narrower the field required to reverse the mag-
netization gets higher. This is consistent with present design philosophy and theory.
The thickness also has an effect on the reversal of the magnetization. Not only does
the thinner sensors demonstrate lower magnetization reversal, the thinnest sensors
(10 nm) show significant anisotropy dispersion. This dispersion is not evident in the
thicker resistors. Also, this dispersion effect is also interactive with the support from
the edge effect. This is also demonstrated with the 10 nm sample which, when the
resistor was patterned at 6 pum, the apparent dispersion was reduced and the reversal
point was increased. This dispersion effect, in the range of the test, does not seem to
be as strong as the thickness to width ratio from 15 nm and up. Additional mea-
surement in this range could support a strong micro-domain numerical model.

Another question that was attempted to be answered by this experiment was
whether or not temperature, in a narrow range, has an effect on the reversal value.
Figure 15 shows the resistance of an individual resistor biased magnetically along
the current direction. The resistor thickness is 15 nm and the width is 6 pm. This
resistor was chosen because of the strong magnetization reversal value above
20 Oe. This experiment was performed at 3 different temperatures and shows the
magnetization reversal is relatively independent of temperature in that narrow
range.

The magnetization rotation angle was calculated for the resistors going through
domain reversal. This calculation is shown in Fig. 16 and demonstrates that the
magnetization rotates somewhere between 50° and 65° of rotation prior to reversing
direction. Interestingly enough, the 35 pum resistor shows a result that implies that
some portion of the resistor is rotating past 90° since the resistance is starting to
decrease smoothly prior to reversal.
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2.5 Cross Axis Behavior for the Unsaturated Barber-Pole

Since the resistance change is coupled to the current direction, a different type of
sensor was developed. Commercial entities such as Philips and Honeywell have
produced compass chips using a design called the barber-pole. Unlike the previous
structures, the barber-pole steers the current 45° to resistor direction. This allows
the maximum field to be 90° to the resistor direction and improves magnetization
control. One of the primary uses of an AMR sensor is for a below saturation
direction sensor. The normal behavior of an AMR resistor can be characterized as
an even function sensor i.e. symmetrical about “y” axis. The resistance of these
barber-pole structures in a ninety degree applied field is shown in Fig. 17.

Figure 18 is a single element barber-pole resistor. The resistor is 35 pm in width
and has 45° shorting straps. The np in the graph means we are setting the mag-
netization in the negative direction and sweeping the field in the positive direction,
and the nn means that we are setting the field in the negative direction and sweeping
the field in the negative direction. These samples had a fixed offset field i.e. bias
field of 0, 5, and 10 Oe. The classic compass chip behavior is obtained by summing
resistor values that have different shorting +45 (and + current) shorting bars and
—45 (and —current) to linearize the main sensing region. The resistance of these
structures is inverse to the desired behavior, the wider structures have lower
resistances which in turns says that the larger the resistor bridge the better the
compass, but in general a more expensive part. These resistors are sensitive to
magnetization reversals so that it is important to have a calibration routine that
includes a magnetization reset function. A barber-pole sensor when placed in a

Fig. 17 Barber-pole sensor
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saturating field behaves similar to a non-barber pole sensor except that the phase is
shifted by forty-five degrees.

Figure 19 shows a bridge response calculated from a 4 resistor Wheatstone
bridge with no proximity effect. The proximity effect will be shown in the next
section. The source resistor data comes from the resistor in Fig. 18. The proximity
effect will increase the sensitivity of the sensor by as much as a factor of 5. The
advantage of a barber-pole magnetometer is that you get a very sensitive resistor
along with high linearity and good directional sense. Unfortunately these sensors
need either a magnet to support a consistent magnetization direction or some form
of set-reset circuitry and corresponding structures.
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2.6 Proximity Effect

The proximity effect, in AMR sensors, is unique in sensing. Anisotropic mage-
toresistors change sensitivity when placed in close proximity of each other, which is
quite unlike any other sensors. Two pressure sensors next to each other do not
change their sensitivity, two flow sensing elements cannot either. This effect is
caused by the coupling of each sensing element magnetically. A good demon-
stration of this effect can be visually demonstrated by using inexpensive compasses
and placing them in close proximity of each other. Each compass starts effecting the
previous compass till all the compasses have more effect on each other then the
Earth’s magnetic field has on the compasses. Figure 20 is a schematic of a resistor
array used to demonstrate the effect of proximity.

So in the sensor element, as the space between each element get closer, the
effective transverse sensitivity increases. The proximity effect has been modeled by
B.B. Pant [20] and is as follows,

#r) =2 ((1+r2-r)> MY (1r+r)2) ' (7;2_4> 10

where o(r) is the geometric correction factor based on the distance r that is the
resistor separation distance. This factor is then used as a correction factor for the
demagnetization factor,

G(r,t,w) =—-a(r) (11)

t
w

The demagnetization factor G(r, ¢, w) is now a function of the gap (a(r)), the
thickness ¢, and the resistor width w. Table 2 shows how a this factor can be used to
find equivalent thickness, width, and gaps for designing in proximity. These values
are quite reasonable. Figure 21 demonstrates the demagnetization factor G(r, f, w) by
holding the gap to 6 um and varying the resistor width from 12 to 35 um. These
results show a significant sensitivity difference between the elements. The sensitivity
is usually represented by

Fig. 20 Multiple resistor
strip model for proximity

effects %
1 T

> r |e

-»! W |4-



Anisotropic Magnetoresistance (AMR) Magnetometers 183

Table 2 Geometric

: Gap pm a (r) t (um) w (um) G (r, t, w)
correction factors for 2

different bridge designs rl |6 0.9803 |0.035 20 0.00170
2 |3 0.9448 |0.020 11 0.00172
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(12)

where R is the resistance at the starting point in the field range of interest, dR is the
change in the resistance, and the dB is change in the magnetic flux. Unfortunately,
proximity does not effect resistors being biased longitudinally, which does effect the
usefulness of the proximity effect in 0°-90° Wheatstone bridge configured sensors.
Narrow resistors as shown Figs. 10, 11, 12, 13 and 14 have reversal values much
higher than the wider resistors therefore producing a much larger hysteresis loop,
but a better low field sensor (less than 10 Oe). Wider resistors produce a much
better medium field range sensor i.e. greater than 11 Oe but lower than saturation
since the hysteresis is usually less than 10 Oe.

3 Noise Sources and Behavior

Noise sources and the behavior of permalloy thin films at dc to high frequency have
been studied since these materials have been used for magnetic recording heads.
There are multiple reasons for noise in AMR materials but the most common source
is Barkhausen noise. Baldwin and Pickles [19] in 1971 experimented with thin
permalloy films to determine what model that the Barkhausen noise behaves like.
The term Barkhausen noise often refers to the erratic pops that are often heard in
older sound systems which use soft-magnetic materials. In the analysis above, the
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flux applied to the test samples were varied linearly over time. The conclusions for
this was to determine that the Barkhausen noise in the materials analyzed were due
to statistical fluctuations. For an exponential distribution function i.e. the power
spectrum G,, the concept that was put forward to analyze the effect with a breakable
spring model,

f(z,20) = k20 <z< 2 (13)
f(z,20) =0z<0,z> 29 (14)

and the exponential distribution function,
z0n(z0) = N exp(—z0/2) (15)

then by integrating,

0
G,(b) = (1/A.) / dzon(zo) / exp(—jpz)f (2, 20)dz

p

2

/dz/dZon(Zo)f(ZaZO) (p)
L, 0

Gyp) 4 1 2 (p2)* =1 N 2 N
P = NA. (pZ)71 (((pZ) 7@2)2_’_ 1) + In[(pZ)” + 1]) +4(p) (17)

and the coercive pressure is,

1
P, = ENkzz (18)

N and Z are density and length parameters, L, is the length of the wall travel
perpendicular to the wall, z, is the defect range, A,, is the are of the domain wall p is
the spatial frequency.

Shape anisotropy and defects have an effect on higher frequency behavior, this
was demonstrated by Grimes et al. [21]. They experimented on thin permalloy films
by patterning repeated arrays of holes in the film. This showed that a variation of
thicknesses and hole patterning created compensating demagnetization factors.
Another form of error is hysteresis caused by the formation and annihilation of edge
walls in the sensor elements. This was demonstrated by Mattheis et al. [22] by using
high fields perpendicular to the resistor. The edge walls were observed using Kerr
microscopy. Additionally, the pinning mechanism at the edge walls was observed
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by seeing cross-tie walls on thin permalloy films using scanning electron micro-
scopy with polarization analysis was used to image the surface magnetic domain
structure after exposure of the permalloy film to an ac field as shown by Lee et al.
[5]. Recently, Zhang et al. [23] have demonstrated Y-factor noise measurements for
sub-micron permalloy arrays. Their test setup was configured using co-planer
waveguides and patterned permalloy. The noise figures were extracted from the
following equation

Ny + kTG,
kTG, (19)
where F is the noise figure, k is Boltzmann’s constant, Gy is the system power gain,
N, is the added system noise, and Ty is 290 K. The noise voltage density for the
permalloy array will vary with bias voltage and will produce various ferromagnetic
resonance peaks. The noise, from the measurements, is Johnson-Nyquest noise
which comes from the real part of an RLCG model. The noise voltage density for
this array approach is

Vy = 4NKTAR (20)

where N is the total number of array elements and AR + R is the output of the
measurement system. The measurements in this analysis show even low noise
voltage density for frequency measurements in the 2—-10 GHz frequency range. This
was less than 1 nV?/Hz except at resonance where it was 2 nV?/Hz at resonance
which is quite low.

4 Fabrication Methods

Over the years, various physical deposition methods have been used as techniques
to create sensing films. These methods include e-beam evaporation, filament
evaporation, ion beam deposition and sputter deposition. The sputter deposition
methods include DC (Direct Current), DC-magnetron, RF (radio-Frequency), and
RF magnetron plasma deposition. The most effective method used to manufacture
the AMR sensors is a combination of radio frequency magnetron plasma deposition
and strong enough magnets to bias the film during deposition. This allows the film
to be deposited incorporating the minimum in trapped gases since the plasma can
run in a pressure as low as 1 mTorr. Plasma deposited films will trap gasses as
shown in van Hattum et al. [24] who shows that the argon incorporation can be as
high as four percent in the film. Early deposition experiments using rf-plasma
showed that this gas incorporation can create delaminations of the film. The stresses
from these trapped gases can effect the maximum magnetoresistive change and
stability of the sensor. Another important variable to control during the deposition
phase is the system base pressure. Base pressure in the 10~° Torr range will
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minimize oxygen incorporation in the film. When creating a sensor film it is important
to protect the permalloy (AMR sensor film) as much as possible from oxidation. Iron
and nickel oxides will reduce the range of the sensor and create a much higher H,
which will increase the stiffness of the film. Many process chemicals will attack the
permalloy film if it is left unprotected. The relatively high iron contact makes the film
rather sensitive to chlorine compounds. To prevent these problems from happening,
many people use a thin protective coating of tantalum nitride. The film than can be
handled like any other metallic film and patterned with photoresist without the worry of
contamination. A dry etch is recommended at this point since the protective films are
usually wet etch resistant and most wet permalloy etches are inconsistent at best. The
most common way of etching permalloy is to use an neutral beam ion-mill [15].
Figure 22 shows a schematic of a scanning electron microscope image of an AMR
sensor element on a monolithic device. The sensing film, TaN/NiFe/TaN, is deposited
on an integrated circuit with the semiconductor contacts open. The film is then coated
with positive acting photoresist and exposed through a patterned photomask. All areas
with semiconductor contacts are covered with resist and also the pattern for the sensor
is covered with the resist.

After the ion-milling process and after the photoresist is removed, every contact
will be covered with a residual stack of material. The advantage of this is that this
residual material acts as an electromigration barrier for the contact also. The
TiW/Al wiring layer is deposited on the surface and pattered and then the entire
wafer is coated with silicon nitride. To reduce process stresses, the assembly is
annealed in forming gas for at least 30 min at temperatures greater than 400 °C.
This step will lower the resistance of the permalloy and maximize the magne-
toresistance. To analyze the effects of the thickness on crystallography, several
different samples were sent to Argonne National Labs advanced photon source. The
results show that as the NiFe thickness increases the face centered cubic [111]
becomes enhanced [25]. This enhancement can explain the change in film behavior
in films less than 10 nm in thickness.
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5 Using a Magnetometer to Calibrate a 3 Axis Helmholtz
System

To demonstrate the one application of an AMR magnetometer, a 3 axis Helmholtz
low field system was chosen. To evaluate a sensor design the magnitude and
direction of the generated magnetic fields must be known or easily determined.
Since the magnetometers to be tested are capable of measuring the surrounding
magnetic fields along the x, y, and z axes, the system must be able to generate
magnetic fields in these three directions simultaneously. These design requirements
are fulfilled by the proposed arrangement of three pairs of Helmholtz Coils placed
along the three orthogonal directions. A pair of Helmholtz Coils is separated by the
value of their shared radius. However, when there are three sets of coils all with the
same coil radius and separated by that same coil radius along the X, y, and z
directions, an intersection would need to occur between these coils. Therefore, in
the system ultimately derived and laid out below, the three pairs are separated by
their diameter. This structure will be referred to as a modified Helmholtz Coil
system. The proposed arrangement of three pairs of Helmholtz Coils placed will be
placed along the three orthogonal directions. A pair of Helmholtz Coils is separated
by the value of their shared radius. The Biot-Savart Law for calculating the mag-
netic field at a point along the axis of a loop of wire is shown in Eq. (21):

2
gtk (21)
2R +a2)*?

defined by two coils placed in series. These two coils have the same radius and
current magnitude/direction and are represented by this equation, y is the magnetic
permeability of free space, I is the coil current, R is the radius of the coil, and a is
the distance between the coil and the point at which the measurement is taken,
which can be anywhere along the coil axis. From this equation, an equation can be
derived to calculate the magnetic field for a pair of coils, Helmholtz coils. This is
Eq. (22):

 u(NIR?)
b= 2(R2+ (R/2)%)*? (22)

Here the total current, /, is calculated from the current supplied to a coil and the
number of turns of wire for a coil, N. The coils are separated by a distance equal to
the radius of the coils, R. The point at which the measurement is taken, a is half of
the radius, R/2. The two coils are in series with the same current direction so that the
magnetic fields generated by the two are additive. Each coil is the same with respect
to all the quantities of interest, the entire equation describing one coil can be
multiplied by two. Simplifying Eq. (3), results in Eq. (4):
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B= (4/5)3/2““wa (23)

Equation (21) can be used to calculate the magnetic field obtained from a pair of
true Helmholtz Coils—where the coils are separated by their shared radius.
However, to account for the fact that each pair of coils will instead be separated by
their diameter rather than their radius for the reasons discussed above, Eq. (24) is
derived from Eq. (21) where a now represents half the diameter of the coils or the
radius, R.

2
2(R? +R2)*?

Simplifying this equation results in Eq. (25):
NI
B= (1/2)3/2“0T (25)

Equation (25) is the equation that ultimately describes each pair of coils in one
direction for the coil system designed within this thesis. The magnetic field gen-
erated by each pair of coils along their shared axis can be determined when the
number of turns, current, and radius are specified. Alternately, this equation can be
rearranged to solve for a different unknown; for example, it will be useful to solve
for the number of turns of wire needed to achieve a desired magnetic field value. It
can be seen that the numerical constant in Eq. (25), describing what will be referred
to as the modified pair of Helmholtz Coils, is smaller than the constant that appears
in Eq. (23), which describes the true pair of Helmholtz Coils. This is to be
expected, as separating the coils by a larger distance and measuring the magnetic
field at a further point from the two sources generating the field should reduce the
measured field. The result of this solution will require a greater number of wire
turns for a given current. Also an increase supplied current to generate a given field
value in the modified coil system could be used, more than would be required by
the true Helmholtz Coil system. The consequence of this fact will require a greater
number of wire turns or more current supplied to generate a given field value in the
modified coil system than would be required by the true Helmholtz Coil system.
There are many calibration techniques that have been developed for magnetometers
utilizing different methods. An example of a physical method is the swinging
compass procedure, which has long found use in sea navigation. This process
requires that the magnetic field values be recorded using the ship’s compass for the
eight cardinal directions and these values are then compared with reference values
to obtain the offset in measurements [26]. Generally, this method is
two-dimensional and not very precise and so will not be suitable when working
with a three-axis magnetometer in this application. For compensating the external
hard and soft error sources, which once again take the form of an ellipsoid shape
rather than sphere that is offset from the origin, numerical methods using matrices
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are commonly employed and are considered to be the simpler and less accurate
linear approach. In this approach, it is sought to do away with this mathematical
approach in compensating for these errors. Helmholtz coils have found use in
compensating the internal biasing errors of magnetometers. With regards to the
tri-axis design, existing designs tend to attempt to hold true to the requirement that
the separation between the coils be their shared radius, which again requires that the
design allow for the intersection and overlap of coils, making the realization of the
actual system more complex [27]. Here, the design to be explored keeps the coil
system design simple to realize by separating the coils by their diameter instead.

Once it was determined that the test system for the magnetometers would be of a
modified Helmholtz design for all three axes, the specifics of the design were laid
out. Originally, the limiting factors of the design were to be that a total magnetic
field capable of being generated by the system was to be about 6 G—as that was the
limit of the range of one of the magnetometers to be tested with the system. In
addition, the current was originally limited to SA and was therefore the value used
in the initial calculations. The reason for this was to plan for the event in which
there would be difficulties in obtaining six power supplies with a higher current
rating. The physical coil system was to be assembled using six aluminum bicycle
rims with a diameter of 16.5 in. (radius of 8.25 in.), each wrapped with 16 gauge
insulated copper wire. Before continuing, vector relationship equations must be
employed to determine the required magnetic field that must be generated for each
of the three axes, such that the resultant magnetic field vector has a magnitude of
roughly 6 G through the center of the system. A magnetic field vector of 3 G along
each of the x, y, and z axes will give a resultant vector magnitude of 5.20 G through
the center of the system.

Now, if Eq. (25) is employed and rearranged to solve for N, the number of
windings of copper wire needed for each of the bicycle rims can be estimated given
the requirement that for each pair, about 3 G of magnetic field be generated when
5A of current is supplied to each pair. This equation predicts that roughly 28
windings are necessary for each of the six bicycle rim coils.

In order to better visualize the magnetic fields predicted to be generated by the
entire tri-axis coil system, the software package COMSOL was used to simulate the
coil system design using the Magnetic Fields package. From within the COMSOL
model, the six aluminum rims, the current to be supplied to the coils, the number of
wrappings of copper wire, etc. could all be specified. The final simulation results are
shown in Fig. 23 which shows an individual slice of the three dimensional simu-
lation. Figure 24 shows the complete three dimensional model results. Similar to
the calculated scenario, this simulation specified an 8.25 in. radius for the coils, a
current of 5A supplied to each pair of coils and 28 wrappings for each of the coils.
It can be seen that at the very center of the assembly about 5.5 G is the predicted
value of the magnetic field according to the color legend. This does compare very
closely with the vector magnitude of 5.20 G and direction through the center of the
system that was calculated above.
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Fig. 23 One-dimension of the Comsol model of the three-axis Helmholtz coil test system

It should be noted that for this modified Helmholtz Coil design, the COMSOL
model shows that the fields within the system are not as uniform as what would be
expected from the true Helmholtz Coil design.

It can be seen in Fig. 23 that there are various “hot spots” near adjacent coils that
create an overall less than uniform pattern of the magnetic field in the system.
Regardless, the center point of the system, where the magnetometer will be placed,
shows a “sweet spot” for the field which Eq. (6) can predict fairly accurately. Using
the results of the COMSOL simulation, the six bicycle rims were hand wrapped
with 28 turns of the copper wire with the goal of achieving the roughly 6 G of
magnetic field at center of the physical assembly. Figure 25 shows the actual
physical assembly of the coil system. The base of the assembly seen in this figure is
also constructed of aluminum, chosen like the bicycle rims for its non-magnetic
properties and hence, not a source of magnetic distortion to the system. Finally, the
rod extending to the center of the system from a three axis manipulator located to
the left of the system is also aluminum and this is where the magnetometer will be
placed. Each coil was wrapped twice, with 28 turns going in the clockwise
(CW) direction and another 28 turns counterclockwise (CCW) (Fig. 25).

For the three pairs of coils for the x, y, and z direction, each wrapped in the
clockwise and counterclockwise direction, a total of six power supplies were
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Fig. 24 Full three dimensional model of the three-axis Helmholtz test system

Fig. 25 Modified 3-axes
Helmholtz Coil design. The
strings were used to help
square the sensor in the test
area

needed for the assembly. This setup is useful in the absence of switching power
supplies, because to otherwise switch the direction of the current, the leads would
have to manually be switched between the CW and CCW sets of wrappings and
checked each time for accuracy. Also, with two directions of wrappings, there exists
the possibility of running both sets of coils at the same time with different currents
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supplied to the two sets, if an offset value of magnetic field needs to be generated by
the second set to adjust the overall magnetic field for the system. Two Honeywell
chips, the HMC5843 and HMC5883L were considered for use in testing the coil
system. The HMC5843 chips were already available for use and provided the
opportunity to construct a hybrid circuit, while the HMC5883L breakout boards
were purchased fully assembled. These two chips were very similar in design and
operation. The HMCS5883L was designed to be the successor to the HMC5843 and
boasted a few improvements, including a smaller size, less connections, the ability
to measure a larger range of fields, etc.

The HMC5843 chip was explored first. The chip itself has dimensions of 4 mm
x 4 mm X 1 mm with 20 pads, each with a width of 0.25 mm (about 10 mils) and
spacing between the pads of 0.25 mm. Using AutoCAD, a layout for the design of a
hybrid circuit was constructed. The design was simple, requiring only that there be
conducting traces from the chip pad to larger printed pads at the edges of the
alumina substrate for the purposes of making external connections to the chip. An
additional AutoCAD layer was specified for printing a dielectric layer onto the
substrate to function as a solder dam to prevent leeching of solder applied to the
conducting pads out to the traces. Figure 26 shows the completed hybrid circuit
with the HMC5843 chip soldered to the printed circuit and wired to the connector.
Wires soldered to the magnetometer were then fed outside of the coil system an
Arduino Nano placed at the base of manipulator. The magnetometer is a slave
device with a unique hardware address and must be connected to a master that can
supply the power, clock, collect the data, etc. The Arduino was then connected by
way of an USB to a computer which ultimately supplied the power to the Arduino.
It also ran the Arduino IDE with code uploaded to the Nano that collected the
magnetic fields data along the X, y, and z axes and calculated the overall vector
magnitude and angles. The results of testing the physical coil assembly and mag-
netometer with the Arduino code when SA of current was supplied to each of the
three pairs of coils. It can be seen that the x and y axis values are in agreement with

Fig. 26 HMC5843 hybrid
circuit with external
connections
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Fig. 27 Plot of the corrected output of the HMCS5883L magnetometer in x-z, y-z, and x-y with
various offset currents to compensate the Earth’s field. Centered, spherical magnetic field data with
an offset current applied in the z coil set

Eq. (25), which once again, predicts 3 G of field under these conditions. The dis-
crepancy is mainly with the z axis measurement, as it showed the greatest variation
from 3 G, with roughly 2 G of magnetic field. And, it was this measurement that
reduced the magnitude of the resultant field to 4.748 G. Recall that the mathe-
matical prediction was 5.20 G while the COMSOL model predicted 5.5 G. The fact
that the experimental model resulted in a total magnetic field value significantly
different from both the COMSOL model and the mathematical calculations would
be expected, as the latter two are considered more ideal or simplistic than the real
world situation in which the experimental model operates. Real world conditions
include the presence of Earth’s magnetic field along with many other potential
sources of stray magnetic fields—the surrounding power supplies, computers, etc.
in the lab are just a few examples.

The following graphs show the results of using the HMCS5883L chip to find
sources of magnetic field distortion (Fig. 27).

6 Commercial Devices

Commercial sensing opportunities for AMR magnetometers are broken into two
basic areas. The first of these is for feedback for process control systems and the
second use generally for safety equipment. Automotive sensors are usually used for
engine control as well as safety equipment. The feedback control applications are
often position sensing and can be very similar to automotive applications, but many
are static position devices. These static position devices often set the range of
motion for robotic and automatic equipment. A common commercial device is the
meander sensor. Meander sensors can be used to measure anything from
ring-magnets to high-current fields generated by power lines.
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6.1 Discrete Devices

Common uses for the discrete AMR devices often are low field applications. The
low field applications are mostly compass applications but some applications like
linear position sensors may use an array of discrete sensors. An example of an array
of position sensors is shown in Fig. 28.

This arrangement of sensors can be used with either multi-channel analog to
digital converters and computer algorithms or can be used with a series of ampli-
fiers and comparators an a purely analog circuit.

6.2 Automotive Applications (Monolithic IC)

In the early 1970s a small group of engineers began a revolution in automotive
sensing using magnetic sensors. These individuals perceived that magnetic sensing
could replace the mechanical points in the automotive ignition system. By that time
optical ignition systems had been used in automotive racing, but these systems
proved unreliable in field testing due to their tendency to perform poorly in less
than ideal conditions. A team at Honeywell’s MicroSwitch Division saw that the
Hall Effect sensor along with a vane could replace the cam and points in an
automotive ignition system. This team installed this first solid state vane switch in a
1960s Ford Mustang and drove into the future. This first introduction of a point-free
magnetic sensor based ignition system open the door to computerized automotive
control systems. These developments allowed the automotive manufacturers to
reduce emissions of primary pollutants. Modern engine control systems now
monitor intake air, crank position, cam position, and exhaust gases. In the early
1990s, automotive manufacturers were looking to meet more stringent emissions
criteria. The criteria were essentially no misfire during start-up, and no fuel tank
vapor leaks. To improve the quality of the signal and to simplify the control system
by removing unneeded components the spark distributor was replaced by the
gear-tooth sensor. It was in this environment that the first automotive grade ani-
sotropic magnetoresistive sensor [29, 30] was introduced. This sensor is a
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Fig. 29 First automotive grade gear tooth AMR sensor element. This sensor element in
combination with the process patent created a monolithic sensor that could withstand 185 °C
ambient [29, 30]

monolithic sensor—monolithic means that the sensor and the circuitry exists on the
same chip and is shown in Fig. 29. Previous AMR monolithic sensors (high current
sensors) produced by the Honeywell team were limited by process technology to
85 °C, these sensors have now been replaced by newer technology. Previous AMR
monolithic sensors (high current sensors) produced by the Honeywell team were
limited by process technology to 85 °C, these sensors have now been replaced by
newer technology. The Hall Effect sensor, which is still used by the majority of
automotive platforms, requires that the direction of the field be oriented out of
plane. The Hall Effect sensor is mounted in such a way that the sensor is essentially
sitting on top of the magnet and the gear tooth sensor passes just short of the sensor
surface. Figure 30 shows an automotive crankshaft with target from the early
1990s. The problem with this sensor configuration is that the gap spacing is the
distance between the surface of the Hall sEffect sensor and the magnetic target and
is dependent on the over-molding, fit and engine wear. The form of the waveform
coming off of the gear-tooth is roughly sinusoidal with an dc offset. When a Hall
Effect sensor is placed close to a gear-tooth it produces a high dc offset and a high
amplitude waveform. As the spacing opens up, the offset reduces and the
peak-to-peak values reduce significantly. To maximize the sensors usefulness, the
Hall Effect sensor electronics require a partial rotation of the gear-tooth target to
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Fig. 30 Early 1990s
crankshaft with target. The
arrows show the target [31]

calibrate the sensor. This causes excess unburned hydrocarbons to be released in the
atmosphere during start-up.

On the other hand, the Anisotropic MagnetoResistor (AMR) sensor depends on
the in-plane magnetic fields. The AMR sensor is sensitive to the ratio of the
in-plane fields which can be quite consistent over several millimeters. This con-
sistency and high signal to noise ratio makes the AMR sensor quite desirable for
start-up conditions. Unlike the Hall Effect sensor, the circuitry used for the AMR
sensor can be relatively simple temperature compensated dc operational amplifier
(Hall Effect sensors can also be dc but the gap spacing is significantly smaller, as
much as 25-50 %). The AMR sensor can be near zero-speed at start-up, which
means that the sensor can detect the first gear-tooth transition. The AMR sensor can
be used with an encoded target rather than a gear-tooth target. The encoded target
can be found in U.S. Manufactured vehicles built by General Motors after 1997 (C5
Corvette). Other automotive applications in which AMR sensors can be used are as
follows, wheel-speed, gear-shift, automatic transmission sensing, and compass
applications. In the early days of AMR automotive sensing, there was a concern for
stray fields effecting the AMR sensors. This was allayed by a group of Honeywell
design engineers who surveyed all the possible sources of stray fields in the greater
Chicago area.
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Fig. 31 Prototype speed and direction sensor manufactured by Honeywell’s MicroSwitch
Division in the early 2000s. The monolithic device is made from ion-milled permalloy and double
level metal. The sensors are £45° meander sensors. The logic family is I2L. Photo care of Author

The stray fields were discovered to be much less than the fields needed to cause a
significant error in the sensor. Figure 31 shows a prototype permalloy speed [32]
and direction sensor built by Honeywell’s Microswitch Division. This device has
two separate permalloy sensors spaced far enough apart to create a phase shift. This
phase shift along with simple digital logic allows the device to detect direction
along with rotational speed for a ring magnet. The application envisioned for this
device was an anti-lock brake sensor that could a car from rolling backwards on a
steep hill.

7 Advances in AMR Magnetometry

The bulk of work in AMR magnetometry over the last 15 years has focused on
improving modeling of AMR sensors. A significant amount of work has been
performed to analyze permalloy nanowires and nanodots. Recent work by
Corte-Leon et al. [33] looks at the effect of pinning at the corners of 150 nm
structures. They noted that even these nanostructures magnetic response is still
dominated by the AMR effect while they were studying how to determine the best
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way to analyze magnetization reversal. The effect of aspect ratio is studied by Singh
and Mandel [34] along with temperature effects. Spin-waves in permalloy nanos-
tructures are studied by Nguyen et al. [35] using high frequency measurement
techniques with good correlation of theory for experimental. Many new papers are
studying these physical properties of nanowires, but this has not been translated to
the area practical magnetometry. Most modern advances in AMR magnetometry
has been in the commercial sphere and can be found during cursory searches on
patent agencies. A recent advancement on the planer hall device was filed with the
U.S. Patent and Trademark Office by Klien et al. [36] and a modification of the dual
track automotive sensor was filed by Pant and Lakshman [37]. Significant work still
needs to be done in trying to characterize the three dimensional tensor that repre-
sents the magnetoresistor also connecting that to the basic mechanisms. Nanoscale
work is showing that even though the resistors are getting smaller, the AMR effect
may exist at a very fundamental level.
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Planar Hall Effect (PHE) Magnetometers

Vladislav Mor, Asaf Grosz and Lior Klein

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 p,, and that of the transverse resistivity
Py oOn the orientations of the current density J and the magnetization M. For
polycrystalline magnetic conductors (including ferromagnetic 3d alloys) the
dependence is given by:

P =P+ (pu —m) cos” 0 (1)

Pry = % (PH - PL) sin 20 (2)

where p| and p are the resistivities for magnetization parallel and perpendicular to
the current, respectively, and 0 is the angle between J and M (see Fig. 1). The
variation of p,, is called the anisotropic magnetoresistance (AMR), while the
variation of Py 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 p;; is expressed as a function of the direction cosines, o;, of
the magnetization vector [5],

R ¢ B
PHE| [J 5 21,

L .M
AMR
R
A C
-180 -1:35 -90 -;5 ﬂ.S S0 1;5 180
8 (deg)

AMR PHE

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 0 between the current J and the
magnetization M demonstrating AMR (blue graph) and PHE (red graph), respectively
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3

_ Qjj + Aol + At 0 + Akl O Oy 3

ng(o‘) = E (3)
klm..=1 + Qinni Ok 1 O Oy + = = -

where i, j = 1,2,3 and the a’s are expansion coefficients. As usual, pij(oc) =
py(o) + pj(o) where, pj and pf 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 Egs. (1) and (2).

Theoretical treatment of AMR and PHE in 3d itinerant ferromagnets has been
mainly done in the framework of two channel s@—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 pQ cm . Therefore, typically the PHE
amplitude given by (pH — p, ) is on the order of 1 nQ cm. For films with thickness
on the order of 100 nm, the actually measured AR is on the order of 0.1 Q.

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 p,,.

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 0 between the current and the mag-
netization has its largest slope at § + ¥ whereas the PHE as a function of 0 has its
largest slope at . Since it is easier to fabricate sensors where in the absence of an
applied magnetic field 0 is equal to %* 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 NiggFe,q layer
coupled to an antiferromagnetic [rMn 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/NiggFe,/
Cu/NiggFe,o/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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Fig. 2 A typical layer
structure of a spin-valve PHE
sensor

EM =SS Free ferromagnetic layer (FM)

NM Spacer nonmagnetic layer (NM)

Pinned ferromagnetic layer (FM)

Antiferromagnetic layer (AFM)

first NiggFeyy layer is the free magnetic layer, the Cu layer serves as the
non-magnetic metallic spacer, the second NiggFe, layer is the pinned ferromag-
netic layer, the IrMn layer is an antiferromagnetic layers that pins the NigoFe,q 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—S5 nm, free NiFe—4—
20 nm, Cu—1-4 nm, pinned NiFe—1-12 nm, IrMn—10-20 nm.

A sensitivity of 15.6 m{/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 mQ/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/NigyFe,o/
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.
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Fig. 3 Planar Hall effect
Bridge (PHEB) configuration
with multi segments per
branch (Source Ref. [10])

Ground

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 nTAHz 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 pTA//Hz at 1 Hz and less than 1 nTAHz 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
> 100Q cm, micro roughness < 54).
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Fig. 4 An elliptical PHE sensor with its dimensions. The elliptical part is made of permalloy
capped with tantalum. The current leads (V,;, V,2) and the voltage leads (Vy;, V,,) are made of
gold

9}

. Ellipses are patterned on the wafer by a liftoff process using MIB-4

Mask-aligner, photoresist S1813 and developer MICROPOSIT® MF®-319.

. Permalloy (NigoFe,o) 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 Ton Source Filament Cathode
(ITD in order to remove resist and developer residue that can remain after
development process. Base vacuum before deposition is less than
5 x 107 mBar, and it rises to 3 x 107> 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 1.76A/s and a
capping layer of tantalumn (3 nm) is deposited on top in situ immediately after
Permalloy to prevent oxidation.

. The wafer is immersed in NMP for liftoff.
. Current and voltage leads are patterned at a second liftoff process.
. 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.

. 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 % HCI. The etching is stopped by H,O.
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3.2 Egquivalent 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
V), voltage across the sensor y-terminals, the sensor resistance across the y-term-
inals, Ry, the sensor internal thermal and 1/f noise sources €emq and e respec-
tively, and e, the total preamplifier noise, referred to its input (including the
voltage noise, current noise, and the noise of the feedback resistors Ry and R).

3.3 Signal

The sensitivity of a PHE sensor is defined as the ratio between the PHE voltage V,
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 (H}) which is the sum of the sensor shape induced anisotropy H,, and
the excess anisotropy H,,, the sensitivity can be expressed as follows [43]

Sy:&:104ﬂ-%-; (4)
B RX t HSd + HL’([
where V, is the bias voltage across the x-terminals, R, is the sensor resistance across
the x-terminals, ¢ is the sensor thickness, and Ap is the sensor average electrical
resistivity (Ap = p| — py)-
We express the sensor resistance across the x-terminals R,, while neglecting the

resistance of the gold leads and the interface resistance between the leads and the
Sensor as:

€thermal

Fig. 5 Equivalent electrical circuit of the PHE sensor
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In this expression, C; 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 ey has three main components: 1/f noise, thermal
noise, and preamplifier noise:

€x = \/e%/f + etzhermal + egmp (6)

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:

€thermal = 1/ 4kBTRy (7)

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

R :C3~p'b
Y t-e-Cy

(8)

where C5 similarly to C; is a constant not much larger than 1, and C; 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:

On
=4/ V2— 9
el/f ch'VOl'f“ ( )
where V, is the bias voltage, dy is the Hooge constant [44, 45], N, is the “free”
electron density and is equal to 1.7 x 10%° 1/m> for NigoFe,o Permalloy [45], f is
the frequency, « 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 C, in Eq. (8), Vol
can be approximated by:

Vol=Cy-t-b-e (10)

3.4.3 Amplifier Noise

eqmp 18 the total preamplifier noise, referred to its input (including the voltage noise,
current noise, and the noise of the resistors). The feedback resistors R, and R are
selected to be small enough so their noise contribution can be neglected.
Consequently,

Camp = ngp + (I-\’yiazmp)2 (1 1)

where v, and i4,, 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 = Vampor | 1 + — (12)

iamp = iampO 1+ (13)

sz
where Vgppo and ig,p0 are the level of the voltage and current white noise densities

respectively, f.; and f, are the voltage and current noise densities corner frequency
respectively and oy and o are constants.

3.5 Egquivalent Magnetic Noise

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

2 2 2
ey \/e 1/f + Cthermal + eamp
Bengz 104 Y. B0, 1 (14)
Y Rt " Ha+He

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 (a > b > c¢), one can define and calculate the
demagnetization factors [43, 46],

N, ¢ K—F

E:E(l —62)1/26—2 (15)
N, cE—(1-é)K 16
dn a1 — ) (16)
Ne ___ & (17)
4n a(l —62)1/2

where a, b and c are the axes of the ellipsoid. N,, N, and N, 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

b
a2

1
argument is e = ( )2. The behavior of the ellipsoid when H is applied in the

ab plane can be described by the Stoner-Wohlfarth Hamiltonian H = K, sin® 0 —
MH cos (x— 0) [47] where the anisotropy constant K, is given by
K, = %M?(Nb — N,). So the shape-induced anisotropy field (H,,) is

Hsa :M?(M_L) (18)



212 V. Mor et al.

Using asymptotic expansions of K and E in the limit a > b>>c [46] we obtain

HmN4TCMv% ~ 10,807%06 (19)

Using this approximation we estimate the shape-induced anisotropy of a thin
ellipse (thickness 7) with principle axes a and b (a > b>>t) as

t t
Hyg~ 4nM, 7 ~ 10,807 Oc (20)

As shown below, the effective anisotropy field does not go to zero when #/b goes
to zero. Therefore, we denote by Hy, the calculated shape-induced anisotropy field
and by H, 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 H; on o measured on
elliptical sensor with long axis of 1 mm. The line is the expected for coherent
rotation [47]

1 ?TTTTI.f? ?TmT'_I'?

i o1 Te Rl

o le . A
o« e, ol L
B ,1"|,|J|'JI.'|f,,.,.‘I ‘ !Ii“_|||||“r___.m
g Otililllll.]l]|1|"h; .5|||||I1|||]||-|l-‘.

g | L ¢ T ®

-1 QUL iLl_ﬂ.
0 4 90 135 180 225 270 315 360
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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 o 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 o, the voltage is measured twice:
with H = 100 Oe (full symbols) and with H = 0 (empty symbols). (Source Ref. [43])



Planar Hall Effect (PHE) Magnetometers 213

Fig. 7 The switching field H; 4 [ )
divided by the anisotropy
field Hy as a function of o. .‘\ S é
The line is a fit to the Stoner— o o
Wohlfarth model. The = sal e PR
dimensions of the ellipse are ;Ew ? =
1 mm length, 0.125 mm
width, and a 60 nm thickness.
(Source Ref. [43])
90 105 120 135 150 165 180
o(deg)
H,
Hy (o) = £ 3 (21)

.2 2 |2
SINn3 ol + COS $30(

where H; is the actual effective anisotropy field. We note that for o 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 H; of the sensors, we apply a small field perpen-
dicular to the easy axis and measure the slope of 6 versus H, . Figure 8 represents
the experimentally extracted H; 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 H; 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

A
100 W
50 .
: s _—
5 i
L
gx : ¢ . -
T 10 4 L . -
L ]
1 . A
107 10° 107
c/b

Fig. 8 The theoretical anisotropy field of ellipsoids with principle axes a, b and ¢ [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 ¢ = ¢ as a function of ¢/b. (Source Ref.

[43D)
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therefore write H; as a sum of two contributions: the expected anisotropy field due
to shape denoted by H,, and an excess anisotropy field denoted by H,,.

We compare the analytical approximation with OOMMEF [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
(NigoFeyq) 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
H; which means that their sensitivity can be higher.

v, 1 1
S=22 — o — (22)
I Hy H

We have obtained H; as small as 8 Oe and S as big as 200 %

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 Egs. (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



Planar Hall Effect (PHE) Magnetometers 215

-
m
=]
@

1E-09

Equivalent input voltage noise (V/VHz)

1E-10 T T T
0.01 0.1 1 10 100

Frequency (Hz)

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)

ac current translates its output signal and its intrinsic 1/f noise to frequencies where
the 1/fnoise 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 nVA/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.
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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,%, and p do not depend on

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

19 10*%+b+H,,)-C,-d-
Beq _ \/ H ( t+b+ ) 1 14 (23)

N G t-b-e-f 10° - Ap - b2

We note that the equivalent magnetic noise in Eq. (23) depends only on the
sensor dimensions and the material properties.
Optimizing ¢ for minimal value of B,, yields:

H\'a -b
topz = W (24)
We find that for this thickness:
Hy, ~ He, (25)

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

5 2HouCy - d -
Buin = H A (26)
Ne-Cre-fi 102-Ap-b

To appreciate the sensitivity of B, on deviations from the optimal thickness, we
calculate changes in B,,;, denoted as B., = By, - 68,4 as a result of relative changes
in the sensor thickness denoted as ot= (top%t)/top-

Fig. 10 Relative change in 5 /
the equivalent noise as a result /
of deviations from the optimal \
thickness 3 }’

4

5B,
A8}
)"
> -
N

N




Planar Hall Effect (PHE) Magnetometers 217

This yields

1 1
0B, :5(1 +5t)\/% (27)

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
[50D

B,, (nT/HZ?)

0.1
0.01 0.1 1 10

Frequency (Hz)
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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 Egquivalent 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 pTAHz at 1 Hz and less than 1 nTAHz 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
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Fig. 12 An experimental setup similar to the one used for the excitation current optimization

process. (Source Ref. [43])

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 H,, 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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Table 1 Paramet?rs of the Parameter | Value | Units | Parameter | Value Units
IP;Iigelsensor experimental P 3 m I 384 Oe

b 0375 |mm | H; 345 Oe

t 120 nm Aplp 1.6 %

d 1.2 mm p 2.7 x 1077 | Ohm m

e 0.06 mm o 1.5

R, 9.97 |Ohm |JH 2.73 x 107

R, 508 |Ohm |N. 17 x 10%* | ym’

I, 714 |mA

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

10+

Equivakent input magnetic noise (nT/VHz)

0.01 -
0.1

1
Frequency (Hz)

10

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 to
VHe.

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

(a) Magnetic label (b) sensor-bound
functionalised with biomolecule B {V)
biomolecule A {'}

Protective
(passivation) layer

Electrical
contact

N\

Substrate

- hlyvyyyvy o

|
Magnetic field sensor

TRENDS in Bivlew s niuyy

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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Giant Magnetoresistance (GMR)
Magnetometers

Candid Reig and Maria-Dolores Cubells-Beltran

Abstract Since its discovering in 1988, the Giant Magnetoresistance (GMR) effect
has been widely studied both from the theoretical and the applications points of
view. Its rapid development was initially promoted by their extensive use in the
read heads of the massive data magnetic storage systems, in the digital world. Since
then, novel proposals as basic solid state magnetic sensors have been continuously
appearing. Due to their high sensitivity, small size and compatibility with standard
CMOS technologies, they have become the preferred choice in scenarios tradi-
tionally occupied by Hall sensors. In this chapter, we analyze the main properties of
GMR sensors regarding their use as magnetometers. We will deal about the
physical basis, the fabrication processes and the parameters constraining their
response. We will also mention about some significant application, including
developments at the system level.

1 Physical Background

The electric current in a magnetic multilayer consisting of a sequence of thin
magnetic layers separated by thin non-magnetic layers is strongly influenced by the
relative orientation of the magnetizations of the magnetic layers [1, 2]. More
specifically, the resistance of the magnetic multilayer is low when the magnetiza-
tions of the magnetics layers are parallel but higher when the magnetizations of the
neighbouring magnetic layers are antiparallel. This is due to the spin-dependent
scattering. The spontaneous relative orientation between adjacent magnetic layers
depend on the the thickness of the spacer layer. Then, by applying an external
magnetic field, a change from antiferromagnetic to ferromagnetic (or viceversa)
coupling can be achieved, so changing the resultant resistance value.
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The magnetoresistance (MR) ratio is, then, generally defined as:

g _ RV — R )
R R

Such behaviour has important applications, initially focusing on magnetic
information storage technology. In this sense, P. Grunberg and A. Fert received the
Nobel Prize in Physics in 2007 for the discovering of the effect [3].

There are several kind of structures that can display GMR effect [4, 5]. In fact,
there have been described and used granular materials with such effect [6]. For
engineered applications, multilayer structures are preferred due to their integration
feasibility [7]. Typical multilayered structures consist of two or more magnetic
layers of a Fe—Co-Ni alloy, as can be permalloy, separated by a very thin non
magnetic conductive layer, as can be Cu [5], as sketched in Fig. 1 (left). With
magnetic films of about 4-6 nm width and a conductor layer of about 35 nm,
magnetic coupling between layers is slightly small. With this configurations, MR
levels of about 4-9 % are achieved, and spreading the linear ranges of about 50 Oe
[5], good for sensing applications. The figures of merit of these devices can be
improved by continuously repeating the basic structure.

Spin valves are a particular configuration of a sandwich structure. In spin valves,
an additional antiferromagnetic (pinning) layer is added to the fop or bottom part of
the structure, as shown in Fig. 1 (right). In this sort of structures, there is no need of
an external excitation to get the antiparallel alignment. In spite of this, the pinned
direction (easy axis) is usually fixed by raising the temperature above the knee
temperature (at which the antiferromagnetic coupling disappears) and then cooling
it within a fixing magnetic field. Obviously, so obtained devices have a temperature
limitation below the knee temperature. Typical values displayed by spin valves are
a MR of 4-20 % with saturation fields of 0.8—6 kA/m [4].

For linear applications, and without excitation, pinned (easy axis) and free layers
are preferably arranged in a crossed axis configuration (at 90°), as depicted in
Fig. 2. In this way, the linear range is improved and the sign of the external field is
detected without the need of an additional magnetic biasing. The response this
structure is given by Freitas et al. [8]:

<4 — =% magnetization —— current direction

<+ - P magnetic

Resistance

contact —> conductor contact

.

Fig. 1 (left) Basic GMR multilayer structure, (right) typical response of a basic GMR structure

Magnetic field
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Fig. 2 Basic spin valve scheme: a multilayer structure in crossed axis configuration, b typical
implementation, ¢ simplest lithography masks set

1 (AR iw
AR = E (?>RD TCOS(@P — @f) (2)

where (AR/R) is the maximum MR level (5-20 %), R is the sensor sheet resis-
tance 15-20 Q/0), L is the length of the element, W is its width, A is the thickness,
i is the sensor current, and @, and @y are the angle of the magnetization angle of
pinned and free layers, respectively. Assuming uniform magnetization for the free
and pinned layers, for a linearized output, @, = n/2 and @y = 0.

As a practical example, in [9], the spin valve structure was deposited by ion
beam sputtering (IBD) onto 3" Si/SiO, 1500 A substrates with a base pressure of
1.0 x 107 — 5.0 x 1078 Torr. For IBD deposition, a Xe flow was used for a
deposition pressure of 4.1 x 107 Torr. The spin valve structure was Ta(20 A)/
NiFe(30 A)/CoFe(20 A)/Cu(22 A)/CoFe(25 A)/Mnlr(60 A)/Ta40 A). This struc-
ture has demonstrated to give magnetoresistance responses of about 67 %, linear
ranges of about 20 Oe and sheet resistivities of about 1015 Q/[7) [9]. Deposition
rates ranged from 0.3 to 0.6 A/s. A 40 Oe field was applied to the substrates during
the deposition step in order to state the easy axis in the pinned and free layers. The
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wafer was 90° rotated between both depositions to ensure a crossed-axis spin valve
configuration.

Nano-oxide layers (NOL) inserted in the pinned layer and above the free layer
have been found to increase the magnetoresistance ratio up to 19 % [10]. The
enhancement of GMR is attributed to the specular scattering effect of the con-
duction electrons at the metal/insulator interfaces.

In [11], the specular spin valve structure was Ta(3 nm)/NiFe(3 nm)/Mnlr(6 nm)/
CoFe(1.6 nm)//NOL//CoFe(2.5 nm)/Cu(2.5 nm)/CoFe(1.5 nm)/NiFe(2.5 nm)//NOL//
CoFe(2.0 nm)/Ta(0.5 nm). NOL layers were formed in a 15 min natural oxidation step
at atmospheric pressure in the deposition tool load lock. The natural oxidation process,
keeping its simplicity, has proven to be well effective. Finally, the samples were annealed
at 270 °C under vacuum and cooled under a 3 kOe magnetic field applied parallel to the
pinned and free layer easy axis.

Giant magnetoresistance can also find in other structures. We collect two
illustrative examples. Pena et al. [12] report on giant magnetoresistance in
ferromagnet/superconductor superlattices. On the other hand, Pullini et al. [13]
describe GMR in multilayered nanowires. In any case, a magnetic/non-magnetic
interface is required in order to allow the spin-electron scattering producing the
effect.

2 Fabrication

The fabrication of giant magnetoresistance (GMR) devices involves a sort of
techniques including deposition, patterning and encapsulation in a similar fashion to
those related to standard CMOS processes. Because doping and implantation are
not required, they can be considered as low temperature processes. As a guideline,
three to five lithography steps are required for fabricating basic GMR devices. They
can be deposited on silicon wafers but glass, sapphire or flexible substrates can also
be considered.

On Bi-CMOS processes, silicon, silicon oxide and aluminum are the basis
materials, as well as the dopants (Boron, Phosphorus, Arsenic, Antimony and
related compounds). In the case of GMR devices, the fabrication of magnetic layers
requires the use of additional magnetic materials (Iron, Cobalt, Nickel, Manganese,
and their alloys), different metals (e.g. Copper, Ruthenium) and additional oxides
(Al,03, MgO ...), not usually found in conventional semiconductor facilities. Each
of these materials has particular requirements in terms of deposition technology and
conditions or system contamination that need to be specifically considered and
optimized. As a high-lighting example we should mention the deposition of layers
with preferentially aligned magnetic moment which requires the use of a polarizing
magnet placed inside the deposition system, therefore not easily compatible with
hot deposition tools.
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2.1 Deposition

As before mentioned, GMR structures are composed of multilayered engineered
structures based on nanometric to sub-nanometric thick layers of ferromagnetic
materials (e.g.: Co, CoFe, NiFe) separated by a non-magnetic spacer (Cu). Isolation
layers are also commonly required. Therefore, adequate deposition techniques
namely those using ultra-high vacuum systems and providing a thorough control of
the thickness of the deposited layers are essential for the proper functionality of so
obtained devices.

2.1.1 Sputtering

Cathodic sputtering is one of the more common physical vapor deposition tech-
nique used for depositing thin films onto substrates. Such sputtering process occurs
when an accelerated ion hits a solid target material. If the ion kinetic energy is high
enough, atoms are extracted from the matrix. A vacuum reaction chamber (usually
lower than 1077 Torr) is required. A high voltage is applied to the target holder so
producing an electrical discharge that allows the ionization of the gas and hence
leads to the plasma. The produced ions are then attracted toward the cathode, hitting
the target. The ions with energy above the threshold can extract atoms from the
target material. These atoms are deposited onto the substrate, usually facing the
target, and thus forming a layer of material.

Regarding specific GMR devices, this method offers the possibility to deposit
from a target composed of different materials (alloy or mosaic target). Due to this,
sputtering is one of the preferred techniques to deposit metallic and magnetic layers
in GMR de-vices. It is also commonly used for the deposition of metallic non-
magnetic contacts and also insulating oxides.

2.1.2 TIon Beam Deposition (IBD)

The IBD technique is not as extended as traditional sputtering but it provides a good
film thickness uniformity and higher deposition control due to the low deposition
rates employed, enabling also epitaxial growth under particular conditions and
higher deposition textures. Deposition parameters such as ion flux, energy and
sputtered species, as well as the angle of incidence, can be more independently
controlled. In this case, the plasma is created and confined in an ion gun being then
accelerated towards the target through voltage applied into a grid set. Furthermore,
the basic configuration of a typical IBD system normally includes an assist gun,
used either for assisted deposition or ion-milling etching. An automatically
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interchangeable target holder (4-8 targets) can be used in GMR multilayer depo-
sition without vacuum break, with deposition rates below 1 nm/s.

2.1.3 Chemical Vapor Deposition (CVD)

CVD thin films deposition is based on the decomposition and/or reaction of dif-
ferent gaseous compounds. In this way, the considered material is directly deposited
onto the substrate surface from a gas phase.

Deposition usually occurs at high temperatures >300 °C, therefore not com-
patible with magnetic multilayers. However, since the deposition rates can be very
large (therefore fast deposition) and it is a conformal deposition (thus, excellent step
coverage), this method is mainly used in the deposition of insulating and passi-
vation layers (silicon oxide or silicon nitride) leading to good quality layers with
moderate cost equipment.

2.2 Patterning

GMR structures can be patterned in a similar way than common devices in typical
CMOS processes. Well-known ultraviolet (UV) lithography through hard or soft-
ware designed masks, together with physical or chemical etching processes can be
used. In this way, a good ratio cost/reliability is achieved with defined features
down to ~ 1 pm. The patterning process of a GMR device consists of sequential
steps of pattern design and transfer as illustrated in Fig. 3, with typically three
lithography steps, including that for opening contacts.

2.2.1 Photolithography

The photolithography process includes three steps: (i) coating of the sample with a
proper photoresist (a radiation sensitive polymer solution); (ii) exposure of the
resist, patterning a certain design (mask), previously prepared; (iii) development of
the transferred pattern.

Coating

The photoresist is deposited onto the surface of the sample by spin-coating, with
controlled conditions of speed, time and amount of resist for a proper thickness and
homogeneity of the sensitive layer, which is crucial for the lithography resolution
[14]. It is usually required a surface pre-treatment (such as hexamethyldisilizane,
HMDS) for promoting the adhesion, and a post-treatment (soft-baking, 80-100 °C)
for removing solvents and stress.
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By using UV radiation (wavelength typically ranging 0.5-0.1 pm) with focused
laser beams (direct write systems) or lamps (hard mask aligners), resolutions below
1 pum can be obtained. Due to the commonly limited production volumes of GMR
devices, direct write systems are particularly interesting. In this case, a spot of the
light beam moves trough the surface in those zones that need to be illuminated, with
the help of a precision X-Y system, together with a switching light mechanism. The
fabrication of physical masks is, then, not required. This is a versatile and low cost,
but slow process (the full exposure of a 150 mm wafer can take more than 12 h,
depending on he particular design). If higher resolutions are demanded (<0.5 pm),
X-ray, electron or ion beam systems can be used [15].

Development

The development is usually assisted by a soft-baking step before the resist
developer is sprayed or spin-coated onto the sample surface. With positive resists,
exposed regions have turn soluble during the exposure and are removed at this
moment. For negative resits, exposed regions turn harder and remain after
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developing. In any case, the sample is then washed to stop the development process
and dried. The pattern has been printed into the resist layer.

2.2.2 Pattern transfer techniques

We will consider two options: etching and lift-off.
Etching

It is a process concerning the capability of removal undesired portions of a
deposited layer. Such a selective property is provided by the patterned resist mask,
but also by the characteristics of the involved layers. The starting point is usually
the film to be patterned deposited on a substrate with the desired pattern defined in
the top resist mask,

Dry etching. Physical (dry) etching is commonly achieved by using plasma
etching (reactive etching or an ion beam system) providing a controlled removal of
material. Ion beam etching (ion milling), in particular, offers slow (below 0.2 nm/s)
but very controlled and stable etching ratios and it is usually used for the patterning
of GMR devices [15]. It is an anisotropic process with etching efficiency depending
on the material type and the incident angle [16].

Wet etching. For chemical (wet) etching, corrosive properties of some substances
(usually acids) are used. In this way, wet etching can be patterned with polymer
based resists, due to their intrinsic organic nature, resistant to the inorganic acids
action. Tables with specific etchers for the different materials, with associated
speeds can be found in the literature [17]. Due to its aggressive and isotropic nature,
wet etching is not commonly used for patterning GMR structures and is mostly
used for processes like opening contacts/vias.

3 Noise

Real performances of GMR magnetometers can only be estimated when compared
with their intrinsic noise sources. The noise power spectrum density (PSD) is
commonly given in V?/Hz. Often, is much more convenient to use the amplitude
spectrum density (ASD), expressed in V/v/Hz for comparison with voltage signals.
The sensitivity for a magnetoresistance signal, Sy is usually given in V/V/T.
Typical values for GMR sensors are 20-40 V/V/T, e.g., 2040 nV/nT when they
are biased with 1 V. For comparing different sensors, it is recompensable to use the
field equivalent noise power spectra density, sometimes called detectivity. It cor-
responds to the PSD divided by the sensitivity. For example, if a sensor displays a
noise of IOnV/\/m at a given frequency and a sensitivity of 25 V/V/T, its
detectivity will be 400 pT for 1 V bias.



Giant Magnetoresistance (GMR) Magnetometers 233

3.1 Types of Noise in GMR Magnetometers

3.1.1 Thermal Noise

The most relevant noise is the thermal noise (also called Johnson-Nyquist noise or
white noise), which is directly related to the resistance of the sensor. It is a white
noise, so it is independent of the frequency. It was first observed by Johnson [18]
and interpreted by Nyquist [19]. It is expressed as:

Sy(w) = \/4RksT 3)

where R is the sensor resistance, kg is the Boltzmann constant and 7 is the tem-
perature. For example, a 1 kQ resistor at room temperature has 4nV/v/Hz.

3.1.2 1/f Noise

The origin of the 1/f noise or ‘pink’ noise or Flicker noise is on resistance fluc-
tuations, so it can only revealed by applying a current into the sensor. Its depen-
dence with the frequency is described by the following phenomenological formula:

1R P
Sv(w) = NP (4)
where yy is a dimensionless constant proposed by Hooge [20], R is the sensor
resistance, I is the bias current, N¢ is the number of current carriers, f is the
frequency and f3 is an exponent typically in the order of 1. 1/f noise can exhibit a
non magnetic and a magnetic component with possible different slopes. The size
and the shape of the sensors have a strong effect on the 1/f noise. Due to its average
nature, and as followed by Ec. 4, small GMR sensors display more 1/f noise than
bigger ones. By considering equally thin sensors, the 1/f noise is roughly inversely
proportional to their area [21].

3.2 Noise Measurement in GMR Devices

Noise measurement is a difficult task that needs to be carefully performed.
A standard measurement system should comprise the sensor (device-under-test,
DUT), a low noise biasing source (usually batteries), a low noise amplifier (it can be
composed of different stages), filtering and acquisition/processing system, as this
depicted in Fig. 4. In some occasions, last two parts can be replaced by a spectrum
analyzer. A particular implementation is also shown in Fig. 4 including a National
Instruments data acquisition (DAQ) card (24 bits of resolution, 200 kHz bandwidth
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Fig. 4 Noise measurement system: a basic setup, b detail of the bias and shielding of the DUT,
¢ a specifically designed LNA, d aquisition and processing software

and noise spectral density of 8nV/v/Hz at 1 kHz) and a low-noise amplifier (2 nV/
v/Hz noise in a frequency band from 0.3 Hz to 100 kHz and voltage gain of 1000).
Devices and bias batteries are shielded. A LabView program is used for controlling
the system and obtaining the ASD.

As a representative example, we will give noise data on spin valves based on
multilayered structures [Ta(20 A)/NiFe(30 A)/CoFe(20 A)/Cu(22 A)/CoFe(25 A)/
MnlIr(60 A)/Ta(40 A)] patterned on strips of 3 x 200 umz. Measured sensitivity
was 20 mV/mT (1 mA bias). Measured bandwidth was above 1 MHz [22]. The
measured noise is shown in Fig. 5a, b. The 1/f behaviour is clearly observed and the
thermal noise limit well defined. If we take into account the measured sensitivity,
we can draw the detectivity understood as the field equivalent noise, that is drawn in
Fig. 5c, d. The benefits of the frequency is clearly stated. The increase of the bias
current has an impact on the field detectivity at higher frequencies, but there is no
effect in the 1/f regime [21].
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Fig. 5 Noise measurement data on 3 x 200 um? spin valves as described in [22]: a low frequency
noise, b high frequency noise, ¢ low frequency detectivity, d high frequency detectivity

3.3 Improving the Detectivity

Once the main parameters have been introduced, we follow with some suggestion
for improving the detectivity in GMR based magnetometers, as discussed in [23].

e Structures with high sensitivity (high MR level) should be considered in order to
maximize the output signal. Then, the signal to noise ratio (SNR) needs to be
calculated. In this sense, tunnel magnetic resistance (TMR) devices display
sensitivities higher than those from GMR, but with a noise level that is typically
three times higher. Then, a triple MR level is required for achieving the same
SNR. On the other hand, linear ranges should be kept as narrow as possible in
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Table 1 Field equivalent noise of GMR as dependant on the dimensions

C. Reig and M.-D. Cubells-Beltran

Size Noise at 1 Hz White noise Power consumption
Small GMR 150 X 4 um?® 10 nT 50 pT 5 mW
Large GMR 1 mm? 100 pT 20 pT 100 mW

order that the pendent in the response (and then the sensitivity) is as high as
possible [see Fig. 1 (right)]

e Due to the statistical nature of noise, this is reduced with the increasing of the
sensor size, by means of the Hooge parameter. From [21], the values in Table 1
can be extracted.

e The frequency of operation should be stated as high as possible in order to
minimize the 1/f noise effect. This can hardly done by modulating the measured
field with additional loops or by placing the sensing elements onto oscillating
cantilevers [23].

e The use of flux guide concentrators allows, in some cases, to have a magnetic
field amplification up to one hundred. In addition, the deposition of high per-
meability materials is compatible with the patterning and deposition processes
described above.

4 Thermal Effects

The temperature is always a limiting parameter in electronics. Every electronic
device has temperature depending response arising from its physical nature.
Regarding specific GMR electrical current sensors, not only the resistance (and then
the sensor impedance) varies with the temperature. Also the MR level (and then the
sensitivity) does.

The resistance of GMR sensors, like common resistances, is a function of the
temperature. For GMR based devices, and in the usual range of utilization, this
dependence can be considered as linear, and can be defined by a temperature
coefficient (TEMPCO) as following:

1 AR

An analogue relationship can be defined for the thermal dependence of sensi-
tivity, as:
1 AS
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When a full bridge configuration is considered, this thermal dependence is
partially compensated and is expected to be low. Due to the inherent voltage offset
of sensors configured as bridges, the temperature drift of the offset voltage must be
specified::

A Voir

TCV,5(%) = 100 x —AL (7)
()ff,To

Moreover, the output voltage has also a thermal dependence, defined as:

1 Vo T — Vo T
TCV, =100 x ———=~L—=0
0(%) X AT VD,TO (8)

VoﬁT,- = Vaul,T, - Vaﬁ}Tf

Experimental parameters are only related to the nature of the GMR structures,
and they have been measured elsewhere. In Fig. 6 we show typical values for full
bridge sensors composed of equal spin valve elements, as described in [22]. From
these graphs we can extract TCR = 0.11 %/°C, TCV,;< 10 nV/°C  and
TCS ~ —0.15 %/°C.

Compensation techniques

Assumed that thermal effects cannot be completely eliminated, various methods
of temperature compensation have been reported in the literature addressed to
reduce the thermal drift output of Wheatstone bridge type sensors. These methods
can be differentiated as noninvasive and invasive. As noninvasive we mean a
technique consisting of the addition of different circuit elements in series or parallel
to the bridge in order to reduce its thermal drift, as described, for example in [24].
A temperature sensor, a fixed resistor, some kind of active network (diode or
transistor) or a fixed current source have been successfully applied. This way, the
addition of one of the above elements results in a change of the bridge supply
voltage due to the temperature variation, which produces a valid compensation.
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Fig. 6 Experimental thermal parameters of typical GMR structures
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A slightly different approach consists of the connection of a temperature variable
gain instrumentation amplifier in cascade at the output of the bridge. On the other
hand, a Wheatstone bridge can also be temperature compensated by means of the
modification of its original configuration. In this case, we should ensure that the
terminals of the bridge are externally accessible. This group of techniques can be
considered as invasive, due that the conditioning circuitry in common commercial
sensors make the bridge terminals often inaccessible. An excellent revision of these
works is made in [25]. In addition, in the same work is presented a novel appli-
cation of the Generalized Impedance Converter (GIC) as a thermal compensating
biasing circuit for specific magnetoresistive sensors.

5 Electronic Interfaces

From the macroscopic point of view, a GMR sensor behaves as a resistance. In this
sense, in order to get a useful electrical signal, traditional schemes applied to
resistive sensors can be considered.

5.1 Resistive Bridges

Although single elements or basic voltage dividers can be also considered, to
arrange a resistive senor in a bridge configuration has clear advantages in terms of
the signal level, linearization, voltage offset and immunity against external unde-
sired perturbations. As a clear example, we can observe the benefits of such con-
figuration from data in 6. In this sense, we can make use of bridges with a unique
sensing element, half bridges or full Wheatstone bridges. For getting half bridge
sensors, and due to the requirement of polarization of the magnetic moments of the
layers, two of the four sensing elements must be inactive, usually got by depositing
patterned magnetic shielding layers [26]. It should be noted that, if a full
Wheatstone bridge is considered, the fabrication involves two steps (see Fig. 7).

5.2 Amplification

Due to the low signals involved, low noise amplifiers (LNA) are usually necessary.
Noise sources in operational amplifiers can be:

e Input-referred voltage noise. It can be modeled with a noise voltage source. As
an example, such a noise is typically : 30nV/vHz @1 kHz in a 741 general
purpose opamp and lower than 1nV/v/Hz in an specific LNA.
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SINGLE ELEMENT HALF BRIDGE FULL WHEATSTONE BRIDGE
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(usually external) (usually magnetically shielded) (two steps deposition)

Fig. 7 Arrangements of GMR elements in bridges: a Single element, b Half bridge, ¢ Full
wheatstone bridge

o [Input-referred current noise. It can be modeled as two noise current sources
pumping currents through the two differential input terminals). Its value can
range from : 10 pA/ vHz @1 kHz in general purpose amplifiers to : 10 fA / VHz
@1 kHz in specific LNAs.

o Flicker (1/f) noise. Due to the fabrication process, the IC device layout and the
device type. It has a rate of ~3 dB/oct for CMOS amplifiers, ~4.0 dB/oct for
bipolar amplifiers and ~5 dB/oct for JFET amplifiers,

In this sense, lock-in amplifiers (LIA) [27] and chopper amplifiers [28] are the
preferred choices.

5.3 Biasing

The correct use of GMR devices implies a proper biasing scheme both from the
electric and magnetic point of view. Assuming a resistor bridge configuration, a
constant voltage source can be used to feed the sensor, through two opposite vertex
of the bridge. The differential output voltage is taken from the remaining pins.
Nevertheless, it has been demonstrated that thermal characteristics (temperature
drifts) of spin valve based sensors are notably improved by using a constant current
source for the sensor feeding [29]. In addition, it has been demonstrated that an ac
biasing applied GMR based devices notably improves their performance in terms of
linearity, hysteresis, offset and noise [30].

Once the sensor is fed and the bias point set, it can be slightly modified by
applying an external magnetic field. This external magnetic field adds (with sign) to
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the measured signal and the operation point is then shifted. In a certain way, an
offset correcting coil can also be understood as an additional biasing, as presented
here. When no helping coils are present, a permanent magnet can also be used. In
this case the system has to be carefully designed. A proper magnetic biasing can, for
example, to convert to bipolar a GMR device, by displacing the quiescent point to
the middle of the output function [30].

5.4 Resistance to Time Approaches

Regarding interfacing, in typical resistor-based sensor applications (such as GMR),
the resistive sensing devices are usually dc biased. The generated output signal is
taken as an analogue dc voltage level, by employing traditional resistance-to-voltage
(R-V) conversion approaches and, commonly, by also making use of amplifiers
and filters, as previously described. As well known, these voltamperometric solu-
tions usually display undesired voltage offsets that need to be specifically
calibrated/corrected or taken into account. When compared with R—V converters,
front-end schemes using ac excitation have been demonstrated highly advantageous
for wide range devices or with unknown nominal/baseline values by improving the
immunity to voltage offset, noise and frequency disturbs [15]. These approaches
perform resistance-to-frequency (R—f) or voltage-to-frequency (V—f) conversions so
providing a direct quasi-digital output whose frequency depends on the sensor
resistance value. In addition, since the ac excitation of the sensor is made through a
closed feedback loop, the output frequency is theoretically independent from the
power supply level. They generally do not require any calibration procedure and/or
manual adjustments and the output signal can be directly connected to the digital part
of a system, making these solutions particularly interesting for A/D mixed-signal
applications. Moreover, these solutions can be easily used in integrated CMOS
designs and SoCs since they are typically implemented with a reduced number of
active/passive components.

We can consider several approaches as described in Fig. 8.

A simple astable multivibrator implemented with transistors (not necessarily
bipolar), as this depicted in Fig. 8a has an oscillation period given by:

T = ln(2)(R2C1 +R3C2) (9)

then, by making R, and/or R; variable, we get our objective.

An oscillator can also be implemented by using an integrated 555 circuit, as
shown in Fig. 8b. In this case, we get a square wave with a high level during #, and
a low level during #,, being:

= 1n(2)(R1 —|—R2)C, th = 11’1(2)(R2)C so T= 11’](2)<R1 +2R2)C (lO)
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More complex approaches can be developed with active elements like opamps as
displayed in Fig. 8c and detailed in [31]. In this case,

4
T:%RO(ROiARO)—RI& (11)
1

If we are dealing with resistive bridges, we can make use of the circuit in
Fig. 8d, where:

1 R R
f= (12)
2RC \R| +R4R, +R;

Circuits shown in Fig. 8c, d have been successfully used with discrete elements
and in integrated circuit form and for GMR spin valve sensing elements and bridges
for sub-mA electric current measurements, as described in [31]. Obtained oscillo-
grams are shown in Fig. 9. As observed, sensitivities of 0.8 Hz/mA and
0.68 Hz/pA are obtained which are excellent numbers for these purposes.

5.5 Arrays

Arrays of sensors are required for specific applications such as non-destructive
evaluation/testing (NDE/NDT) [32, 33], bio-technology systems [34-36] or other
magnetic imaging requirements [37, 38]. In general, the access to each individual
element involves two electrical/physical connections resulting in a total of 2 X
[N x M] connections. In these particular conditions, read out interfaces for such
arrays are a matter of concern [39, 40], usually involving analogue multiplexers and
shared amplifiers [41].

5.6 Compatibility with CMOS Technology

Non Volatile Electronics (NVE) was the first company in merging both technolo-
gies by using a dedicated 1.5 m BiCMOS technology [42]. Later, Han et al. used
chips made by 0.25 m NSC (National Semiconductor Corporation) BiCMOS
technology [43], by applying a post-process that employed reactive ion etching for
via opening through the passivation, so allowing access to the buried metal layers.
Then, by combining the design rules for CMOS chips with the techniques for GMR
device microfabrication allows the full integration of these sensors with the required
electronics (e.g., bias and conditioning circuits, signal processing, memory ele-
ments, etc.). Recent achievements regarding the monolithic integration of GMR
structures onto standard CMOS circuitry is summarized in Fig. 10. The fabrication
of spin valve based magnetic field sensing devices directly onto processed chips
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Fig. 9 Experimental oscillograms: a from R-to-f circuit and single GMR devices (Fig. 8c), b from
V-to-f circuit and GMR Wheatstone bridges (Fig. 8d)

(from non-dedicated CMOS standard technologies) is described in [44] (see
Fig. 10a). Functional devices are successfully developed with an standard 0.35 pm
AMS technology and with a non commercial CNM 2.5 um technology (see
Fig. 10b). Due to its extended use, the AMS 0.35 pum process has also recently used
for integrated current sensing at the integrated circuit level [45, 46] (see Fig. 10c).
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Fig. 10 Real monolithic integration of GMR structures onto pre-processed CMOS chips: a wafers
from CNM25 non-commercial technology [44], b non-dedicated AMS 0.35 pum technology [44],
¢ specifically designed AMS 0.35 pm chip for sub-mA current sensing [46]

6

Commercially Available Sensors

GMR s a relatively novel technology. At this moment, up to our knowledge, only
few companies (NVE, Infineon and Sensitec) have released GMR linear sensors to
the market, beyond the preliminary application on read heads. Other companies
include anisotropic magnetoresistance (AMR) based sensors to their portfolio
(Honeywell, Zetex, Sypris, Philips and ADI).

NVE

NVE is the world leader company in analog GMR sensing technology. It has a
complete catalog [47] with sensors with different magnetic field range appli-
cations. Focusing on analog applications, their devices are unipolar (not able to
detect sign, see Fig. 11a) and they are based on half bridges (two opposite
shielded magnetoresistors) with magnetic flux concentrators. Sensitivities range
from 5 to 10 mV/V/mT, with linear ranges from £0.1 to & 7 mT and an input
resistance of about 5 kQ. They have described a good number of successful
applications such as general magnetometry, electric current sensing, magnetic
media detection and currency detection and validation.
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Infineon

Infineon has developed a line of sensors mainly focusing on the automotive
market, with angle sensors and encoders. They release ICs including the
associated electronics. A detailed explanation of the functionality can be found

in [48].

Sensitec

Sensitec has recently developed GMR sensors for general magnetic field
sensing and magnetic encoding also based on unipolar half bridges (see
Fig. 11b). Sensitivity is in the order of 10 mV/V/mT with linear range from =+1

to £ 8 mT and input resistance about 5 kQ.

It is also interesting to compare the noise figure of GMR sensor against those of
standard AMR and Hall based, in order to highlight their detectivity level. Such a

comparison is made in Fig. 12.
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7 Successful Applications

7.1 General Magnetometry

The most of the applications developed with GMR magnetic field sensing is related
to the measurement of the Earth’s magnetic field perturbations produced by
specifically considered ferreous body. This way, a position detecting scheme is
always present.

For example, it is possible to use GMR sensors to locally measure the small
magnetic perturbations caused by the iron of the car’s body over the Earth’s
magnetic field. Moreover, if we use GMR gradient type sensors, the output signal is
only dependent on the magnitude of the magnetic field variation, and no additional
external magnetic field compensation is required. This way, a voltage ‘signature’ is
obtained from the differential output of such a sensor when a car is running close to
it. Within this scheme, it is easy to incorporate another sensor, placed to a well
known distance in order to also measure the car speed. This proposal has been
successfully developed by Pelegri et al. [51].

The same physical principle can be directly translated to the measurement of
vibrations in industrial machines. The small magnetic variations over the Earth’s
field produced by the vibration of the ferromagnetic pieces in industrial installations
can be converted into resistance variations by the use of GMR magnetic field
gradient devices. By using three sensors with the appropriated XYZ arrangement, a
complete description of the vibration can be obtained. A prototype was developed
by Pelegri et al. [52] and successfully tested with a drilling machine.

For linear magnetic position, in addition to the measurement of the Earth’s field
variations produced by magnetic materials, we can also use, if possible, permanent
magnets associated to the moving part of the system. This way, the measurement of
the absolute magnetic field is considered. Arana et al. [6] reported on the design of a
high sensitivity linear position sensor using granular GMR devices. Sensitivities
above 10 mV/V/mm are demonstrated by the utilization of Nd-Fe-B (0.4 T)
magnets.

Angle and circular position detectors are also demanded by the industry: auto-
motive applications, rotational machinery, etc. This kind of sensors are usually
designed as contact-less systems in which a magnetic sensor (GMR in our case)
detects the relative angular position of a rotationally moving magnet. This is the
case presented in [53, 54]. In the first case the authors focus on their specifically
designed sensor, based on a granular MR. Because of the independence on the
magnetic field direction, this technology is optimal for cylindrical symmetry
problems. When a NdFeB is used, sensitivities about 0.25 mV/V/° are achieved.

The conservative aerospace sector traditionally used old and well experimented
components in its developments. The utilization of brand new technologies in
commercial of the shelf (COTS) for space missions is nowadays only in the nearly
stage. COTS are cheaper, faster in delivering and with wider reliability. Michelena
et al. [55-57] introduce the possibility of using GMR commercial sensors in space
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applications. GMR sensors have not been flown yet but INTA, the Spanish National
Institute of Aerospace Technology is working on the adaptation of a miniaturized
GMR three axis sensor (HMC2003, from Honeywell) to the attitude control system
in the frame of the OPTOS project, which is a 10 x 10 x 10 cm? Picosat devoted to
be technological test bed. The circuitry consist of conditioning and biasing elec-
tronics blocks.

7.2 Current Sensing

Electrical current can be indirectly monitored with the measurement of the gener-
ated magnetic field by means of GMR sensors. In this way, we can achieve a
measurement that is sensitive, isolated and from dc up to the bandwidth of the
sensors, theoretically in the range of GHz.

In the medium to high current range, a specific full bridge spin valve sensor for
industrial applications is designed, characterized, implemented and tested in [58].
After soldering it onto a PCB strap, it is able to monitor currents up to 10 A. An
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PCB-IC technology [9], b integrated low current measurement [22], ¢ sub-mA monolithic
integrated current measurement in AMS 0.35 um chips, d detection improvement with the help of
V-to-f schemes [31]
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improved design is presented in [9] (see Fig. 13a), where a meandered strap is
designed in order to give the sensor a better performance regarding voltage offset,
thermal drifts and immunity against external magnetic fields. Regarding specific
applications, GMR sensors have been successfully used in differential current
meters [59], switching regulators [60], electrical power measurement [61] and
battery management [62].

GMR based sensors have also been successfully applied to low current mea-
surement, in different scenarios [63], in particular some compatible with CMOS
technology. In this sense, we have also demonstrated the applicability of spin-valve
structures [11] and bridges [22] (see Fig. 13b) to the measurement of such level
electrical currents. The detectivity of such sensors can be improved by including R-
to-t V-to-f schemes in the measuring process [31] (see Fig. 13c). In addition,
electrical analog isolators were also designed with a basis of GMR structures [64].
Finally, the potentiality of these devices as milliwattmeters has been also demon-
strated [65].

7.3 Biological

GMR sensors have been proposed for different bioapplications suchs as molecular
recognition [66], bacteria analysis [67], microfluidic systems [68], hyperthermia
treatments [69] or neural magnetic field detection [70].

With the rapid development of microfabrication techniques, together with the
finding of compatible devices, the concept of Lab On a Chip has become more and
more important in the last years. Portable devices have been recently developed
which are capable of driving a fluid trough microchannels close to a detecting
region, with additional conditioning and acquiring electronics. The usual scheme is
the detection of the magnetic fringe field of a magnetically labeled biomolecule
interaction with a complementary biomolecule bound to a magnetic field sensor. In
this context, magnetoelectronics has emerged as a promising new platform tech-
nology for biosensor and biochip development [66].

8 Conclusions

GMR technology has demonstrated its maturity in its relatively short existence. It
gained its popularity in the hard disks market and its success has open new doors.
At this moment, only three companies develop general purpose GMR based
magnetometers. But specific GMR sensors are nowadays successfully designed for
ad hoc applications in the fields of the bio-technology, microelectronics or auto-
motive, among others. Their intrinsic properties regarding high sensitivity, small
size and compatibility with CMOS electronics allow us to be optimistic on the next
future.
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MEMS Lorentz Force Magnetometers

Agustin Leobardo Herrera-May, Francisco Lopez-Huerta
and Luz Antonio Aguilera-Cortés

Abstract Lorentz force magnetometers based on microelectromechanical systems
(MEMS) have several advantages such as small size, low power consumption, high
sensitivity, wide dynamic range, high resolution, and low cost batch fabrication.
These magnetometers have potential applications in biomedicine, navigation sys-
tems, telecommunications, automotive industry, space satellites, and non-destructive
testing. This chapter includes the development of MEMS magnetometers composed
by resonant structures that use the Lorentz force and different signal processing
techniques. In addition, it presents the operation principle, sensing techniques,
fabrication processes, applications, and challenges of MEMS magnetometers. Future
applications will consider the integration of magnetometers with different devices
(e.g., accelerometers, gyroscopes, energy harvesting and temperature sensors) on a
single chip.

1 Introduction

The miniaturization has enabled the fabrication of different elements on the same
chip: sensors, actuators, electronics, communication, computation, signal processing
and control [1]. This chip can be developed using the batch production of micro-
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fabrication processes, which can reduce its cost. The miniaturization is key to produce
chips with important characteristics such as multiple functions, small size,
low-energy consumption, and high performance. For instance, the recent computing
systems are much more powerful and faster than those available 20 years ago. They
include more features, are significantly cheaper, and have far less power consump-
tion. Miniaturization has achieved faster devices with considerable cost/performance
advantages and the integration of mechanical and fluidic parts with electronics. Thus,
these devices can increase their functionality, resolution and sensibility.

1.1 MEMS

Microelectromechanical systems (MEMS) have allowed the development of devi-
ces composed by electrical and mechanical components with size in the
micrometer-scale, which can include signal acquisition, signal processing, actua-
tion, and control [2]. These devices offer several advantages such as small size,
reduced power consumption, high sensitivity, and low cost batch fabrication.
Recently, several MEMS devices have been fabricated such as micromirrors,
accelerometers, gyroscopes, magnetometers, pressure sensors, micropumps, and
microgrippers [3—10]. These devices could be employed in biomedical and
chemical analyses, automobile and military industries, telecommunications, con-
sumer electronic, and navigation. Figure 1 depicts SEM image of two MEMS
magnetometers designed by researchers from Micro and Nanotechnology Research
Center (MICRONA-UYV) into collaboration with Microelectronics Institute of
Barcelona (IMB-CNM, CSIC).

Fig. 1 SEM image of two
magnetometers based on
resonant silicon structures and
piezoresistive sensing. These
magnetometers are designed
by researchers from
MICRONA-UV and
IMB-CNM (CSIC)

ing Voltage Detector
ETD —500
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Fig. 2 SEM image of a
MEMS magnetometer with
piezoresistive sensing, which
is developed by researchers
from MICRONA-UV and
IMB-CNM (CSIC)

Microscope Accelerating Voltage Detector
Quanta 3D 200i 20 kV ETD -100 pm-

The classification of MEMS considers three groups: micromechanical structures,
actuators, and sensors [2]. Micromechanical structures can include beams, plates,
and microchannels. Actuators convert magnetic or electrical input signals to
motions (e.g., resonant structures, micropumps, microgrippers, and microswitches).
Sensors detect chemical and physical signals, which are transformed to electrical
signals. Figure 2 depicts SEM image of a magnetometer with piezoresistive sens-
ing, which has a resonant silicon structure and a Wheatstone bridge with four p-type
piezoresistors. This magnetometer is fabricated by researchers from
MICRONA-UYV and IMB-CNM (CSIC).

Fabrication of MEMS devices with their microelectronics on a single chip allows
integrated devices. They combine microelectromechanical structures, sensing ele-
ments, and signal conditioning. These devices will permit new applications,
incorporating the advantages of MEMS and microelectronics. The integration of
MEMS devices with signal conditioning systems on a single chip can active the
design of different devices to monitor several chemical and physical variables. For
example, multiaxis MEMS accelerometers and gyroscopes may be applied in
smartphones to control the screen orientation.

1.2 Fabrication Processes

MEMS devices can be fabricated using surface and bulk micromachining tech-
niques. These techniques take advantage of both mechanical and electrical prop-
erties of the silicon. Silicon mechanical properties have a higher strength than the
steel and a minimum mechanical hysteresis. In addition, silicon electrical properties
have allowed it to be the most common material of integrated circuits.
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Fig. 3 SEM image of two
resonant silicon structures
(backside view) that are
fabricated using bulk
micromachining. These
magnetometers are designed
by researchers from
MICRONA-UV and
IMB-CNM (CSIC)

Accelerating Voltage Detector
15 kV ETD —500 pm—

Bulk micromachining selectively etches a silicon substrate to fabricate
three-dimensional microstructures. In this micromachining process, a great amount of
material is removed from silicon wafer to develop beams, membranes, holes,
microchannels, and other structures types (see Fig. 3). Etching techniques, during the
MEMS fabrication, eliminate materials in desired areas through physical or chemical
processes, which define the geometry shape of the MEMS components. Usually
chemical etching is referred as wet etching and the physical etching is named as dry or
plasma etching. Chemical etching considers solutions with diluted chemicals to
dissolve substrates. For example, potassium peroxide (KOH) is employed to etch
silicon dioxide (Si0,), silicon nitride (Si3N4), and polycrystalline silicon. Plasma
etching generates a stream of positive-charge-carrying ions of a substance with a large
number of electrons, which is diluted with inert carrier gas such as argon [11]. It is
achieved using a high-voltage electric charge or radiofrequency (RF) sources. This
micromachining technology is based on sculpting features in the bulk of the silicon
substrate by orientation-independent (isotropic) or orientation-dependent (aniso-
tropic) wet or dry etchants. Wet etching provides higher degree of selectivity than the
dry etching [12]. For these etching processes, the etch-stop is related with the crystal
orientation or dopant concentration of silicon wafer as well as etchant protection
masks, which are not selective to the used etching type. In this technology is key the
etching type employed to fabricate the microstructures.

Generally, bulk micromachining take advantages of materials such as silicon,
silicon carbide (SiC), gallium arsenide (GaAs), indium phosphide (InP), germanium
(Ge), and glass. An etching protection mask covers a part of the material substrate,
which is used to protect it of chemical etchants. However, the other part of the
silicon substrate without etching protection mask is dissolved by the etchants.
Moreover, the chemical etching may undercut a silicon part located under the
protective mask. Etching process of the silicon substrate can be isotropic or



MEMS Lorentz Force Magnetometers 257

Fig. 4 SEM image of a
magnetometer composed by a
polysilicon resonator, a
micromirror, and an
aluminum loop. It is designed
by researchers from
MICRONA-UV and
fabricated using the Sandia
Ultra-planar Multi-level
MEMS technology
(SUMMIT V) process

anisotropic. Isotropic etching attacks in all directions the silicon substrate, which is
called orientation-independent etching. This etching type depends of the tempera-
ture and has difficult to control the lateral etching of the substrate. On the other
hand, anisotropic etching achieves defined well geometry shapes of microstructures
due to crystallographic planes of the substrate.

Surface micromachining is based on patterning layers deposited on the silicon
surface or any other substrate. It lets the integration of MEMS devices with
microelectronics on the same substrate. The thickness of the structural layer is
determined by the thickness of the deposited layer. This micromachining process can
deposit layers on silicon substrate using the low-pressure chemical vapor deposition
(LPCVD) technique. Polysilicon is the most common structural material for surface
micromachining. Sacrificial layers (e.g., SiO, or phosphorus silicon glass) define the
space between the structural layers and substrate, which are removed with wet
etching. Thus, the structural layers are suspended (see Fig. 4). In the wet etching the
surface tension force may pull the structural layers, causing permanent stiction.
Structural layers can be polysilicon, SizNy, polymide, titanium, and tungsten, which
can have thickness from 2 to 5 pm. These layers require high temperature treatment
to relief their internal stresses generated during the surface micromachining. This
fabrication process is much more complex than bulk micromachining.

1.3 Sensing Techniques

MEMS devices can detect different physical, biological or chemical phenomena
through piezoresistive, capacitive, or piezoelectric sensing techniques. The selec-
tion suitable of a sensing technique for monitoring chemical or physical signal
depends of signal dynamic range, environmental parameters, packaging, and
required accuracy. Environmental parameters include operating pressure and
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Fig. 5 SEM image of a MEMS magnetometer with piezoresistive sensing. a Resonant silicon
structure and aluminum loop; b four piezoresistors of a Wheatstone bridge [13]. Reprinted with
permission from Herrera-May et al., Microelectron. Eng., 142, 12-21, 2015. Copyright © 2015,
Elsevier B.V

temperature, moisture, and chemical exposure. In addition, other factors can affect
the choice of the sensing technique such as signal processing, data display, device
impedance, supply voltage, operating life, frequency response, and calibration.

Piezoresistive sensing is based on the resistance shift of a material when it is
mechanically stressed. It can use a Wheatstone bridge of four piezoresistors to convert
the variation of piezoresistors resistance to an output voltage shift, as shown in
Fig. 5a,b. This sensing technique has a high dependence with respect to piezoresistor
doping level and type, as well as operating temperature change. Piezoresistive sensing
generates voltage offset in the electrical response of the MEMS device. Other variable
resistive elements can be included to adjust the zero-offset level and calibrate the
sensitivity, as well as provide temperature compensation. In addition, a temperature
dependence of full-scale span (i.e., difference between full-scale output and offset)
could be controlled applying suitable doping levels.

Capacitive sensing uses the capacitance variation between electrodes with plates or
beams shapes. They provide fixed and moving electrodes that are relatively
straightforward to fabricate. This technique must consider interdigitated capacitors
and effects of the fringing fields. It is less noisy that piezoresistive sensing but its
values of capacitance are extremely small. It can use charge amplifiers, charge balance
technique, ac bridge impedance measurements, and several oscillator configurations.

Optical sensing relies on modulating the properties of an optical frequency
electromagnetic wave. A MEMS device can module a property of the electro-
magnetic wave such as intensity, phase, wavelength, frequency, spatial position,
and polarization.

Piezoelectric sensing employs piezoelectric materials to generate an electrical
signal when they are mechanically deformed. MEMS devices with piezoelectric
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elements can produce an output voltage when they are strained. Piezoelectric
material as lead zirconate titanate (PZT) is a common material for MEMS devices.
Piezoelectric sensing is inexpensive and it does not require a supply voltage.
However, piezoelectric materials can lose their piezoelectric properties with tem-
peratures close to their Curie points. In addition, piezoelectric coefficients of these
materials depend the temperature change.

1.4 Packaging Process

Packaging process is key for establishing the reliability of MEMS devices. The
package offers protection from environmental parameters such as moisture, liquid
or gaseous chemicals. MEMS devices can use ball-grid array (BGA) and land-grid
array (LGA) packages. Furthermore, surface-mount technology (SMT) can provide
wafer-level packages (WLPs), stacked die, wafer-level chip-scale packages
(WLCSPs), and 3-D packaging. The cost of a MEMS device can increase about 35—
60 % due to the packaging, assembly, test, and calibration steps, as well as the
application-specific integrated circuit (ASIC) [14]. After of fabrication process, the
MEMS devices are separated into individual die from the wafer by sawing or
scribe-and-break techniques. These dice are placed in carriers with automatic
pick-and-place machines to move the dice from the carrier to the package, where
device die is bonded to a package, as shown in Fig. 6. Next, wire bonds connect the
electrical contacts (pads) of the die surface with those of the package, as shown in
Fig. 7. It allows the electrical connections between the device and external
components.

The design of a MEMS device packaging must take into account the
device-specific function and the sensing technique, as well as the thermal stress
produced during the packaging process. This thermal stress alters the device sen-
sitivity and resolution. The device packaging can be affected by the characteristic

Fig. 6 Microphotography of
a packaged MEMS
magnetometer, which is
fabricated by researchers from
MICRONA-UV and
IMB-CNM (CSIC)
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Fig. 7 SEM image of an
electrical contact of a gold
wire with a MEMS device
pad. It is developed by
researchers from
MICRONA-UV and
IMB-CNM (CSIC)

Microscope Accelerating Voltage Detector
Quanta 3D 200i 20 kV ETD

following: wafer thickness and wafer stack, dimensions, integration level, stress
sensitivity, environmental sensitivity, heat generation, heat sensitivity, and light
sensitivity [10].

1.5 Reliability

MEMS devices require reliability tests to verify their performance under different
environmental and operating conditions. These tests can involve operational life,
temperature cycling, mechanical shock, humidity variations, high temperature, and
vibrations. The lifetime reliability of MEMS devices can be obtained through
accelerated life and mechanical integrity testing. For these devices, several failure
mechanisms occur during the fabrication, packaging, and signal conditioning
processes.

2 Lorentz Force Magnetometers

MEMS-based Lorentz force magnetometers are an alternative for monitoring
magnetic field with important advantages such as small size, low power con-
sumption, high sensitivity, good resolution, wide dynamic range, and low cost by
using batch fabrication. These magnetometers are small and lightweight compared
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to SQUIDs devices, search coil sensors, and fiber optic sensors. They could be
commercially competitive with respect to anisotropic magnetoresistive (AMR) and
giant magnetoresistive (GMR) sensors, and Hall-effect devices. However, MEMS
magnetometers need more reliability studies to ensure a safe performance under
different environmental conditions.

2.1 Operation Principle

MEMS Lorentz force magnetometers can operate with si