INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
~ the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

ProQuest Information and Learning
300 North Zeeb Road, Ann Arbor, MI 48106-1346 USA
800-521-0600

®

UMI







THE APPLICATION OF HALL EFFECT
DEVICE FOR THE MEASUREMENT OF
LOW MAGNETIC FIELD

By

NAZIR A. CHAUDHRY

colté '
s “n
BIBLIOTHEQUES
oty

" a—

—_—vf-'
LIBRARIES ‘\o

2, S
erslty 0‘ (¢)

Submitted in partial fulfilment
of the requirements for the degree of
Master of Scisance
in Electrical Engineering

Department of Electrical Engineering
Faculty of Pure and Applied Science
University of Ottawa
Ottawa, Canada.

March, 1965«




UMI Number: EC52218

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

®

UMI

UMI Microform EC52218
Copyright 2007 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346




Approved for the
Department of Electrical Engineering

Supervisor

TN e e s aeamt in e aamas

Chaimman of the, Bkamining Committes

Chairman of the Department




|

ABSTRACT

An indium antimonide Hall element is prepared, oper-
ated at liquid nitrogen temperature in combination with
5 inch long mumetal concentrator. The polycrystalline

indium antimonide Hall probe provides an overall sensi-

tivity of 12500 Volts/ampere-kilo gauss. The device 1is
capable of measuring down to 2 x 155 gauss peak in the
frequency range dc¢ to 25 ¢/s. The factors which restrict
the lowest limit of magnetic field detection are discussed
and methods are suggested to further improve the sensiti-

vity of the device.
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INTRODUCTION

The measurement of low level magnetic field has
not always been an easy task. Until recently, the con-
venlent methods of measuring low magnetic field have

i been saturable core magnetometer, electronic integrator,

. nuclear magnetic resonance and optically pumped vapor

magnetometer. These methods, although useful in certain

respects, do not cover the following features as a whole: %
(1) absolute measurement. (II) Measurement of time varying
magnetic fields and (III) Static magnetic flelds., These
devices are quite bulky and .are not portable, This crea-

tes the need for having a practical, reasonably economi-

device for the study of low frequency magnétic enviromments.

i

l

|

|
cal, compact and accurate low level magnetic field sensing i
|
Very little work has been done towards the detection %

of low level magnetic field employing Hall effect device., %
The Hall effect was first discovered in 1879 in metal i
strips, but due to very low Hall voltage in metals, this |

effect could not be used for practical purposes., With

the development in semiconductor materials in recent years,
the properties of indiuwm arsenide, indium antimonide, ger-
manium and silicon etc. are such as to make them sultable

for Hall effect device.




It is the purpose of this work to measure the low

. level magnetic field employing Hall effect device. Indium

Antimonide material is selected for this purpose and a
Hall probe is prepared and operated at liquid nitrogen
temperature. Hall probe, magnetic concentrator and a
low noise amplifier are combined to form a sensitive low

magnetic field sensing device.
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CHAPTER 1

METHODS OF MEASURING IOW MAGNETIC FIELDS

The development of science and technology has given rise to

the problem of detection and measurement of ultra low and very
high magnetic flelds. The advancement in magnetic measurement
techniques has been stimulated by the need for measurements in
new or more stringent conditions. Some of the incentives to
such a considerable development in magnetic measurement
techniques are, for instance,magnetic field studles in outer
space, low intensity measurementsfor geophysical studies of
earth's fileld, complex type high fleld magnetic measurements
in large particle accelerators and ultra low level measure-~
ments of bilological magnetic field. In all these cases we
are faced with the problem of accurately measuring a magnetic
field which often varies both in space and time. |

The present review is mainly concerned with low magnetic
field measuring devices. The following methods are widely used
for this purpose.
1.1 SA‘I’URABLE-CORE'_ MAGNETOMETER

The underlying principle of this measuring device depends
upon the fact that if a straight core, consisting of a wire of
high permeability alloy, such as permalloy or Mumetal, is ex-
clted by a sinusoidal field of sufficlient amplitude to drive
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i1t well into saturation, the resulting voltage wave form in-
duced in the search coil around the core is distorted in the
presence of external d ¢ field, and contains even and odd
harmonics of the exciting frequency. The amplitudes of the
harmonics are functions of the applied field along the core.
Since the amplitude of the second harmonic is roughly propor-
tlonal to the applied field, 1t 1is separated and measured. ?

Its value gives the unknown magnetic field along the core.(|)
I*B

r~ [

(a) a

(]
H
o

W

(b)

v

-

Fig. 1.1 (a) B-H loop of the core in the absence!
of external dc field.
(b) Voltage waveform induced in the

search coil.
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The principle of operation of the device is Udlustrated
in Fig. 1.1. When the primary coil of the device is driven by
an exciting field He, of frequency fo and there 1s no steady
field component along the core, the hysteresis loop is as shown
in Fig, l.la. The whote pattern is symmetrical with respect to
zero fleld position. Fig. 1.1b shows the corresponding voltage
in the search coll and contains only fundamental and odd har-
monics of fo, If a biasing field is produced by passing a dc
current in the primary, the B-H loop becomes asymmetrical.
The induced voltage waveform will be distorted and will con-
tain even and odd harmonies of the exciting frequency.

The magnetic field along the axis of the core can be

measured in elther of the following ways:

1. The output of the search coil is fed to anamplifier
which is tuned to the second harmonic of the exciting
frequency. The amplified output 1s calibrated against
the field of a Helmholtz Coil.

2. The core is biased with dc field in the proper direc-
tion, so that the amplified output is reduced to zero.
The bias current is calibrated against a standard mag-
netic field source.

The principle of saturable core is utilized by McCurley

and Blake (2) in the development of their magnetometer. The
second harmonic of the exciting frequency of 5 kc is amplified by

the tuned amplifier.
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60 c¢/s ac pick up field appears as amplitude modulation
of the output of the tuned amplifier. The device measures the
dc magnetic fleld down to 15t gauss.

Recently, Vickers magnetometer PM 1 (3) claimed a lower
1imit of 155 gauss in the frequency range of .O04—,.2¢/s.

1.2 ROTATING COILS

A sinusoldal Voltage V is induced in a search coil, which
1s rotated at constant angular velocity w, about an axis per-
pendicular to the magnetic field and is given by

VaeNSWB, 158 voits

where N = Number of turns in the coil.
= Mean area of one turn. (em?)
Bn = Magneitc flux density perpendicular to the axis

of rotation. (Gauss)

Slgnal from the search coil is picked up from slip rings,
amplified, rectified and measured. To obtain greater accuracy,
two colls are used, one in the fleld to be measured and a sec-~
ond coll on the same shaft in the variable known field of a
Helmholtz Coil. The search coil voltages are connected in op=-
position and an amplifier is used to detect the null.

The sliding contacts can be eliminated by using a coupl-
ing transformer whese primary winding is connected to the sen-
sing coll and rotates with it, whereas the secondary is fixed
as shown in Fig. 1.2 (})
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- Pmplifier
} : To meter
f Primary — Secondary
i Sensing Coil

Shield
Fig. 1.2

Rotating Coil Magnetometer

The sensitivity of the instrument is limited by the varla-
tions in speed of the motor rotation, nolse due to elastlic mac-
hanical vibrations, fluctuations due to the displacement of the
coil and pick up intereference.

Changes in the ambient field of the order of 103 Geuss
can be detected with a rotating colil magnetometer. (5)

1,3 NUCLEAR MAGNETIC RESONANCE

The free precession of a nucleus in an external magnetic
field B hes an angulor frequency W given by (6)
w-gB.l.O.lol....Qioco.'l.z

Where g isthe nuclear gyromagnetic ratio

Absolute field values are obtained by measuring the lLarmor fre-

quenc fawse 1.3
y ZTT %;TB.C.....'I'..

i The magnetic resonance apparatus consists of two parts: one for

producing the oscillating magnetic field, and the other for
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detecting the magnetic resonance which can be done either by
bridge method or the induction method. The oscillating magnetic
fileld 1s usually produced in a small emlitting coll containg the
resoné%{ng sample, orlented so that its axls 1s perpendicular to
the magnetic field B. When the oscillating field is in reson-
ance with the Larmor frequency, nuclear resonance takes place.

In the bridge method (Fig. 1.3) this results in unbalancing the
bridge. The signal from the bridge network is amplified by a
narrow bandwidth gudio amplifier and fed into a mixer. In the
mixer the signal beats against the sweep voltage producing a

de voltage proportional to the amplitude of the signal. The
frequency of the signal generator corresponding to the maximum
outpuﬁ is measured and substituted iIn eq. 1.3 to obtain the
magnetic intensity B.

In the Induc 5ion method, another pickup coil having the
sample, 1s orlented at right angle to the emitting coll, so as
to reduce the inductive coupling as much as possible. For fre-
quencies near the magnetic resonance, an oscillatling voltage is
set up in the pick up coil, which is amplified and detected.
Thus knowing the freaquency at which magnetlc resonance takes

place, the magnetic fleld is calculated from Eq. 1.3. The

accuracy of the measurement depsnds upon two factors, the nuclear

constant and the frequency of precession.(7) For proton, g

has been measured with an accuracy of £ 2 x 1075 per secper gauss.

Accuracy is limited only by the accuracy of measurement of fre-
ouency.

The valne of earth's horizontal component is measured with
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1. Sample in a glass tube.

2., Bmitting Coil.

3. Sween Coil.

li. Signal Generatore.

5. Bridge Network.

6. Narrow Band Audio Amplifier.

7. Mixer.

8. Low Audio Sweep Generator.
Fig, 1.3

Nuclear Res eonance Magnetometer

oubjub
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5

an error of 0.% x 10° gauss (8).

1.1y BALLISTIC GALVANOMETER AND FLUXMETER

Ballistic galvanometer and fluxmeter directly measure the
variation of the magnetic flux linking a search coil. A voltage
is induced in the search coil by the changing magnetic flux. An
integrator is used, so that the flux density rather than its time
derivative is obtailned.

A fluxmeter serves the purpose of a mechanical voltage in-

tegrator, the deviation of the fluxmeter pointer glves the value
A?.~ﬁg%5 dt which is integrated value of the voltage %% applied

at its terminals. Ballistic galvanometer due to its long time

period, enables us to measure fields of duration less than 1 sec.

When comparing the flux values of two seperate coils, one
in the reference field, the balance method makes 1t possible to
attain high accuracy with either the fluxmeter or the ballistic
galvanometer. The galvanometer or fluxmeter 1s used as a null
reading instrument and any small disbalance 1s detected.

The sensitivity i1s usually limited to about 151 zauss but

it can be pushed to about 163 gauss provided percautions are taken
against thermal and contact e.m.f's. (9) (10) (11).
1.5 ELECTRONIC INTEGRATER

If the field is changing in time and its value at any in-

stant is required, the induced voltage must be integrated. The
voltage is induced in a flat coil with n turns, when placed in
an alternating magnetic field. An integrating R-L or R-C net-
work can be employed to integrate the output of the coll. An

induced e.m.f. in case of sinusoidal magnetic field strength B
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is given by
E=nAw B Cos wt Cose 1.4
where By= amplitude of the magnetic field strength
A = area of the windings
w = angular Velocity of the magnetic fileld
¢ = angle between the magnetic field strength B and the
normal to the plane of the coll windings.
E:nAmeCoswt I‘or<P=0‘1.5
From Eq. 1.5 it is clear that E.s proportional not only to B,

but also to frequency w.
2m

The integrating network eliminates the effect of frequency.
The voltage V; at the output of the integrating network R-C
Fig. 1.4 is given by '

B
Vl._nABmSinwt S 1Y -3
. R+ "'-—]-"C
jwC
Where r 1is the resistance of the coil. R ;
AAMA—— |
In the case of perfect integrator we have T ;
Rer 3 1 E oLy, |
? %
then let V; = V5 = gé?m Sin Wt ceeeenen. l.?K. M
1 (R+r5 C
=KBm Sin Wt 'uontoocol'7a Fig. l.).l.
Where - nA RC Integratin
K—-TRTI.T——C- 8 g
Network
The frequency error § is aiven by (12)
Vo - V.
8: —-v-—‘—L

V2
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For R-C metwork gC: 1 1 X 100% veees 1.8

2 w(R+r ) C

In the case of R-L network %L- 1l (Rer ) x 100% ... 1.9
: 2 wklL

The frequency error § decreases with an increasing frequency
of magnetic field. The error can be decreased by using an inte-
grator having large time constant. For instance, Miller integra-
tor (13), which is essentially a d.c amplifier with a high gain

G, FPig 1.5. It integrates the input voltage during a time which
is G time longer than in simple RC circuit.

Input ' Output

Fig. 1.5

Miller Integrator

For higher sensitivity, search coil can be wound on a high
permeability material, which can magnify the unknown magnetic
field few hundred ﬁimes. When very accurate measurements are re-
quired, two colls of 1dentical characteristics are used side by
side in series opposition. ( 1)

Any stray alternating magnetic field whose origin lies
qulte far away from the colls, will induce equal and opposite

voltage in each coll, thus making the net output zero. Output
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Will only be detected when an unknown field is applied to one
coil.

- The induced e.m.f. and the current produced by it in the
coil increase with frequency. This current produces magnetic
field which according to Lenz law operates in the opposite dir-
ection to the unknown field being measured. Since the result-
ing voltage in the coill depends not only on the measured field,
but also on the opposing field, the latter has toYbe taken into
account.

The integrater method provides a good accuracy for measur-
ing time varying magnetic flelds and a sensitively of 166 Gauss
peak value has been claimed. (1l) The measurment however yields
the mean value over the coil area,

1.6 OPTICALLY PUMPED RUBIDIUM VAPOUR MAGNETOMETER

Optical pumping consists of raising atoms from a low energy
ssate to a higher energy state., Rubidium Vapour is used as a
pumping material. In the absence of external influence, the elec-
trons of the rubidium atoms will be in the unexcited cr ground
state. To pump electrons to the P-state or excited
state, it 1s necessary to expend energy. [Electrons can be excited
to the P-state by bombardment with electrons or ion beam or by
irradiation with 1ight of the correct wave length.

In practice, the rubidium vapour in a sealed gas cell is
irradiated with light from a rubidium spectral lamp. When the
rubidium atoms are placed in a magnetic field, the s-state en-
ergy level further splits into Tine levels called the m level.
Transitions between m level are magnetic field dependent and

therefore can be used in a magnetometer system. (15)
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With this process, the range of measurement is extented down
to 1 x 165 gauss, (16)
1.7 HALL EFFECIT

This effect was discovered in 1879 by Edward H. Hall. He
observed that a voltage appears between the edges of a metal
strip, when current carrying metal strip is placed in a magnetic
field. The voltage that appears perpendicularly to the direction
of the flow of the current is called "Hall Voltage" and is maxi-
mum When the magnetlc field applied 1s perpendiculor to the current.

This effect was relatively weak in gold and iron but one
thousand times stronger in bismuth and fifty thousand times in
telluwium. (17)

Due to developments in semiconductor matérials, such as
Germanium, Stlicon, Indium Antimonide, Indium Arsenide, Galium
Arsenide, Galium Antimonide and Indium Arsenide Phosphide, this
effect acquired practical importance. Mangetic field strength
can be measured by knowing the Hall Voltage which appears at the
output terminals of the Hall generator and the control current
flowing through it.

The open circuit Hall Voltage is given by the equation
. -8
Vg = Ry % Bx 10 VoltS v.eeeesees 1410
where Ry - Hall coefficient in cm / coulomb

B= Magmetic field strangth in Gauss
I

Control Current in amperes

t Thickness of the Hall element in cm.

Since Ry is a constant of a rarticular Hall element used at a
T
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certain temperature, then Vy can be calibrated in terms of magnetic
fleld strength B for a particulor control current I.

- This method is capable of measuring dc as well as ac magnetic
flelds up to few thousands of magacycles, (18)

Magnetic field down to 105 Gauss can be measured using
indium Antimonide material for Hall element in ccmbination with
magnetic concentrator. (19)

The 1imit to the detection of the lowest magnetic fileld 1is
set by the thermal drift due to temperature instability and the
nolse voltage originating from the Hall element in the absence
of the magnetic field being measured. The factors which affect
the performance of the Hall element are discussed in the next
chapter.

Hall effect device provides a simple meﬁhod for the mea-
surement of magnetic fleld. It permits direct determination of
& magnetic fleld without measuring a time rate of changs and in-
tegrating. Due to its small size, high sensitivity and ability
to measure steady as well as varying fields, it is prefered over

other conventional methods.
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CHAPTER II

HALL ELEMENT

2.1 THEORY OF HALL EFFECT

Fig. 2,1 is a typical Hall element of length f. breadth b
and thichness t, having perfectly conducting electrodes of finite

size.

Y

| 4

r |

Fig: - |

Control current density and magnetic fieid are assymed cons-
tant and uniform. When voltage is applied to the control terminals
1 and 2, the current consists of charged particles drifting under
the influence of electric field. With magnetic field absent, the

current flows longltudinaly in the element. When a magnetic fileld

B is applied, the current carriers experience a lorentz force eV
b4 E'in a direction mutually perpendicular to both ¥ and Ei where !
e and v are electronic charge and drift Velocity of carriers res-
pectively. The charge continues to build up on the edges of the
element, until thelelectric f1el1d due to non-uniform charge dis-
tribution exerts a force equal but opposite to the deflecting

Lorentz force.

Kg_i = OTXB ceeerevccccsocssanea 2.1

VH-bVBSine P TR L I I R B S I I B ) ?.2
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where Vy = Hall voltage.

-]
n

drift velocity of carriers in cm/sec.

breadth of the element in cm,
B

8

Current density J can be introduced in eq. 2.2

flux density in gauss.

angle between current @irection and flux density.

J = nev where n is carrier concentration per unit volume

Eq. 2.2 becomes
Vg = bJ B SinB

ne
lt IB Sin®

ne since I = J bt
= %—HIB Sing x 158 VOltS eeeeececvoanes. on 2.3
where 15 is introduced as the conversion factor for the system
of units selecﬁeq.

and RH - %e cg/boulomb is called the Hall Coefficient.
4 8 & @ ¢ B & ¢ "0 9B OO POODN 2.3&

For transverse magnetic field, 6 = 90 degrees:

VH:%HIBI(-)BVOI'IJS.............. 2.
- SIB 10° Volts evvseen. - N 1T
Where S 1s the sensitivity of the Hall element (volts/amper-
kilo gauss ), 1 camtrol current in amperes and B=s magnetic flux
density in wE®-gauss,
The sensitivity is the proportionality factor for a parti-
cular Hall element. It determines the open circuit Hall

voltage for one ampere control current and one kilo-gauss mag-

netic field.




-18~

2.2 BLEMENT PARAMETERS

Important pareameters of the Hall generator are defined and

discussed below:
1, Input Resistance
2. Output Resistance
3. Sensitivity
L. Misalignment Voltage
5. Inductive null Voltage

6. Temperature dependence

1. INPUT RESISTANCE: It is the resistance of the Hall element as

measured between terminals 1 and 2 (Fig. 2.1) and is denoted by :

Ri. It determines the operating control current one may pass

through the element at a particular heat dissipation of the ele-~
ment. This resistance is dependent on temperature of the element

and 1s plotted against temperature for a particular Hall element

(Beckman, model 335) (Fig. 2.2).
2. OUTPUT RESISTANCE: This is the resistance measured between

terminals 3 and 4 (Fig. 2.1). This parameter, like the first
one, 1s also temperature dependent.

3. SENSITIVITY: This term is defined by the ecuation 2.L4a. The

effect of control current can be included in the definition
of sensitivity. Tﬁen the sensitivity will determine the Hall
Voltage for a given magnetic field., Therefore, sensitivity can
better be defined as the open circuit Hall Voltage for a mag-
netic field of one gauss at the operating control current. For
low level measurement of magnetic field it is necessary to have

a Hall element of high sensitivity, so that it may produce a
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Element.

Fig, 2.2 Input Resissance Versus
Tempenture of Hall

27 29 31 33 3 37

Temperature &
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measurable Hall Voltage at the lowest field to be detected.
Ly, MISALIGNMENT VOLTAGE: Misaligmment Voltage is also called

"Zero field voltage" or"Resistive Null" and is the voltage appear-
ing between the terminals 3 and I} (Fig. 2.3) when a current flows

in the element and the magnetic field is zero.

s

> | A - J‘—L Output
Input <LA ( ~

e—

Fig. 2.3 Misalignment Voltage caused by non-sym-
metric placement of Hall output electrodés.
This voltage arises because the output contacts do not lie exactly
on an equipotential across the width of the element. The two major
components of this voltage are both dependent upon the control
current. The first component is linear with the control I or tke
applied voltage VA and is given by the relation:
vV - f.VA where x is shown in Fig. 2.3
The second component 1is non-linear, depending upon square
of the control current and is due to power dissipation effects.
In the next section (" Limiting factors in the measurement of low
level field"), the effect of misaligmment will be discussed and
methods described to reduce this effect.
5, INDUCTIVE NULL VOLTAGE: This voltage is caused by the pick up

loop formed in the output circuit of a Hall element as shown in

Fig. 2.}.




Ef;/ Cross sectional area of magnetic fileld

Area of coupling loop

Fig. 2.4

It is proportional to the cross hatched area. It is present

only when the magnetic fleld being measured is time varying and
depends upon the time rate of change of the magnetic field. An
undesired voltage 1s also induced in the output when ac current
flows through the Hall element in the absence of the magnetic
field. By careful adjustment of the orientation of the output
leads, this method may be reduced. Methods to minimlze this
voltage are described in the next section.

6. TEMPERATURE DEPENDENCE: The Hall voltage decreases in a non-

linear manner with increasing temperature. The changes in Hall
voltage are due to the fact that input and output resistance and
Hall coefficient afe temperature dependent. Thess variations in
the Hall oubtput can be compensated by suitable associated cir-
cultary described in the next section.

2.3 LIMITING FACTORS IN THE MEASUREMENT OF IOW LEVEL FIELD

The Hall voltage 1s influenced by many extraneous factors.
The interference will not generally affect the large signal, how-

ever, low level signals may be completely lost 1n the noise.
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We will examine in detaills the practical possibility of

using this device for the measurement of low magnetic fields,

Limiting factors will be analysed and a practical approach to
minimize their effects will be adopted.

In the following we shall systematically analyse the limit-

ing factors involved:

(1) Misalignment voltage
(II) Inductive null voltage
(III) Sensitivity
(IV)  Thermo-magnetic effects
(V) Magnetoresistance
(VI) Temperature effect
(VII) Noise |
(I) MISALIGNMENT VOLTAGE: This voltage 1s dependent on the con-

trol current and the resistivity of the material., Variations in
resistivity due to the variations from point to point in thick-
ness and size of the Hall element may lead to fluctuations 'in this
non-linear voltage. It is desirable to reduce this voltage to a
negligible value as compared with the required Hall output. This,
in turn, will depend upon the manufacturing techniques and the
external circuitry employed to reduced this voltage. The mis-
aligmment voltage éan be compensated in a number of ways:
1. Modified form of the circuit suggested by Kuhrt (20)

is shown in Iig. 2.5a. By adjustment of the potentio-

meters Py, Pp, and P3, current is fed into the Hall

output terminal to alter the s2squipotentials and re-

sistive null is reduced to zero. This adjustment will

work for one particular value of the control current.
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Innnt

Hall element _
L >
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(b)
=
N 2
: . # € Outout
Input : ___j;
(c)

Fig, 2.5

Compensation of misaligmment voltape
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Misalignment voltage can be reduced by supplying a
small magnetic field from a solenéitd. This is i1llus-
trated in the Fig. 2.5b. Few turns on concentrator
rod, form a solenoid which is connected in series
through a variable resistor with the control current.
The adjustment of the compensating system is carried
as follows:

The winding is moved axially along the rod, until
the magnetic fleld, it generates in the air gap,
results in a Hall voltage equal but in opposition

to the zero field Hall voltage. Fine adjustment can
be made by adjusting the variable resistor. This

ad justment also holds}for one particular value of the
current. This method does not change the output im-
pendance of the Hall element.

Roth and Straub (21) used an ingensous method to com-
pensate the voltage. The arrangement is shown in
Fig. 2.5¢c. Hall contacts can be located on a equi-
potential surface by modifying the current distri-
bution. They reduced the misalignment voltage to

.ZFW over the entire current range from o to 100 mA.

(II) INDUCTIVE NULL VOLTAGE: Spurious voltages are induced in the

output, due to the ac control current and the ac magnetic field
and limit the frequency response of the Hall element as well as

decrease the signal to noise ratio.
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Methods are described to minimize this effect:
1. One output terminal is joined to the sliding contact of
the potentiometer P which is connected across a coll
wound on the one side of the.concentrator.(?ig. 2.65}
By adjusting the arm of the potentiometer, the induced

voltage can be reduced considerably.

2. From one Hall output terminal, the leads are brought

out in a symmetrical double loop through a potentiometen.

(22), The Hall output connection is then taken as a

variable tap on the potentiometer, which may be adjusted

to a zero pick up position. A similiar device is used
in the inpﬁt circuit.CFig. 2.6%)

The induced 7oltage may alsc be cancelled if a voitage source were
to supply an equal and opposite voltage.

{IIT) SENSITIVITY: The main criterion of selectiong a Hall ele-

ment for measurement of low field, is that it must have high sen-
sitivity. The sensitivity of Hall element can be increased by
suitable changes in thickness, carrier density and length to width
ratio, Further increase 1s obtained by cooling the material -and

increasing the magnetic flux density. These factors are discussed

below:

1. EFFECT QF THICKNESS:

From eq. 2.l:, we have Vy K L
t

This relation states that Hall voltage and hence the sensitivity
increases with the decrease in thickness of the Hall element. The

decrease in the thickness is limited by the fabrication problems,

R
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difficulty in handling the element and the heat dissipation of
the element. Some commercially available elements have thick-
ness as low as ,002 inch. The reduction in thickness does not
produce proportional gain due to power dissipation as shown in

the section "on choice of material." (Eq. 2.13).

2. CARRIER DENSITY

Fprom Ego. 2.3a, we have R 1

H= he
where By = Hall coefficient
n = carrier concentration
e = charge of the carrier

The Hall coefficient and hence the sensitivity can be in-

creased by decreasing the carrier density. The carrier density

is related to the resistivity p of the material by the relation:
= 1
p= ne
where p= mobility of the carrier
The reduction in carrier density will result in the increase
of resistivity of the material. Then nower dissipation of the

device will become a problem. In such case, the device should

be operated in some coolant which immediately removes the heat
dissipated.

3. LENGTH TO WIDTH RATIO

. R -
Vi = FE - IB 108 volts tecrecsessaseane 2.1
Eg. 2.5 holds only for an infinitely long Hall element,
ie %-900. For finite dimensions, the Hall voltage

is decreased in proportion to the function F(%}. (23). Values of

F(%) have bean computed (2L) for the Hall voltage and are plotted
in Fig. 2.7.

B e o
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TABLE 2.1

£ F (%5
3 .98
2 .92
1.8 .88
1 .72
.5 .50
.25 .28

The function F 1is zero when £ is zero but attains a value
unity when the ratio %fis about 3., For larger values of this ratio,

F remains unity. Iptroducing this function into equation 2.}, we

have;
$ By -8
VHzF(E) TIBIO VOl'uﬂ ® 65 0P B0 c00e e 2.5
1} -
F(%)
.8
Fig- 2.7 6
Variation of P b
length .2
with readth

LN
[l

o'lew

The sensitivity of the Hall element can be increased by varying the
dimensions of the element, keeping the thickness constant. Since
maximum control current is directly related to the element width,

the sensitivity 1s lncreased by increasing the width. The lengbh

+ e PP INETR
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of the Hall element becomes important only when-% is (\3.(Fig. 2.7)
Thus at a particular ratio of length to breadth, the sensitivity is
increased with an increase in the width.

i, MAGNETIC FLUX DENSITY: The increase in this variable is made

possible by the use of a magnetic flux concentrator which is dis-

cussed in the next chapter.

(IV) THERMO-MAGNETIC EFFECTS: The thermo-magnetic effects,such as,

the Ettingshausen effect, the Neﬁ@t effect and the Righi-Leduc effectq

give rise to undesired voltages in the Hall output. (25) The thermo-
electric effects, Peltier effect and Seebeck effect, produce trans-
verse temperature difference and potential difference respectively

in the Hall element. These effects are discussed below:

ETTINGSEAUSEN EFFECT Consider a specimen in the form of a rectan-
gular plate of length f, breadth b and thickness t.
The Ettingshausen effect is the rroduction of a temperature
gradient between 3 and I (Fig. 2.8) when a current flows in the x-
direction with a magnetic field in gpf Z-direction
(

N\

Output

Fig. 2.8
The temperature gradient is found to be proportional to thes

product of the current density and the magnetic field.
Ty - Ib
b

= STB ceeeesscsresenann 2.6

H
N
N
H
N
i
H
1
|
i
H
'
|

i
e

i

l

1

i
H
¢
H
'
|
1
i
!
{
!
H




-output terminals due to the Ettingshausen temperature gradient given

-30-

where T1 and T2 are the temperatures of junctions 3 and .

S = Ettingshausen Coefficient
Eq. 2.6 can be written as
‘ I

AT-S—B_B e e s e s 400 000000 oe 207

where I = Control current in the plate.

A thermo-electric potential difference will exist across the Hall

by Eq. 2.7.
N

NERST EFFECT: A potential gradient appears in the Y-direction (Fig. 2.8
A

if a thermal current flows in the X-direction and a magnetic field is
applied in the 2-direction. Neﬂ?t Voltage is given by the relation.
Vy = @B &
N =

where Q = Néﬂ%t Coefficient
dr .
dx = temperature gradient along x.

At temperature T, Q is related to Ettingshausen Coefficient P ac-

cording to the relation

- PK
Q= =

Where K is the thermal conductivity of the Hall element.

RIGHI-LEDUC EFFECT: Temperature gradient along Y-axis is produced,

when a thermal current flows in the direction of x-axis and the mag-

netic field acts along:Z-direction.

al . Ry, B W where Wy= Heat current density in the X-dir

dy X —action.
and %% = Heat current density in the ydirection

R = Righi-Ieduc Coefficient

PELTIER EFFECT: This phenomenon produces a temperature gradient

i
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along the Hall element in which an electric current is flowing.
Such a temperature gradient can also arise from a non-uniform dis-
sipation of heat from the element or its surroundings. This tem-
peﬁ&ure difference will cause a thermal current to flow along the
length of the element. In the presence of such a thermal current,
the Neﬁ?t effect and the Righi-Ledue effect would become prominent.
The first three effects are magnetic field dependent, where
as the last one is lndevendent of the field and depends upon the
current flowing and non-uniform heat distribution. For weak magne-
tic fields, the corresponding thermo-electric voltages will be very

small and can be reduced by the use of heat sink. They can be com-

pensated by the arrangement used in reducing the misalignment voltage.

(V) MAGNETORESISTANCE: Megnetoresistance affects the linearity of

the Hall device when the magnetic field is measured over a wide range.

The input and output resistances of the Hall element are function of
magnetic fleld fér constant value of control current and temperature.
The dependence of resistance upon magnetic field is called magneto-
resistance effect.? It 1s approximately proportional to fhe square

of the product of carrier mobility and magnetic field intensity. (26)

(VI) TEMPERATURE EFFECT: The Hall output is affected by the changes

in the temperature. The heat generated in the Hall element in the
absence of heat sink will raise the temperature of the element, the
parameters of the Hall element will change, thus affecting the sen-
sitivity of the Hall element. These changes in sensitivity

are introduced due to the fact that the Hall Coefficient is tempera-
ture dependsnt.

Various output and input circuits(27), (28), (29) consist-
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ing of parellel combination of a thermistor and zero-temperature

Coefficient resistance, placed in series with the Hall generator
have been employed to reduce the temperature dependence of the
Hall Coefficient.

A1l these methods lead towards lower sensitivity. It is
a8lso possible that the network may fail to follow small temperature
variations experienced by a Hall generator of small size.

In the following the temperature stability is analysed
and we will examine the possibility of increasing stability by the
proper choice of material and dimensions of the Hall element.

Voeikov (30) defined the coefficient of stability K as the
ratio of open circuit Hall voltage per Gauss 6o one half the voltage
between the current terminals of the Hall probe.

From Eq. 2.5, we have

V' R
- G - | &y 408
g =% I F(b) 10
Vl3 = one half voltage between control current terminals

Ry - LI PL_1 IL RE
-2 bt T 2 bt m

]
-
H

where p = resicsivity of the material = Hlﬁ
S

= mobility of the carrier

T
1

- Hall constant = 1

——

ne

:I‘;U

Carrier concentration

=
u

Coefficient of stability

\'
.H 8

= B _ =1Dbg. Fid 10 2.8
T1s 5l (f)

For the same Hall element geometry, the stahility coefficient is pro-

portional to mobility. A high mobility material will he selected as
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the best choice for the Hall element. X depends on dimensions b
and L in a complicated way as shown in Eq. 2.8. Its effect will

be examined in the section on "Choice of material."
(VIT)NOISE

Thermal, current, flicker and contact noise will be

considered,

THERMAL NOISE

Hall effect device is a two port passive device. Any
noisy two port can be replaced by a noiseless two port and two

noise voltage sources, one at the input and one at the output

as shown in Fig, 2.9.

2 2
vin Von
v (: Noiseless U Vo
Rq m 1 .

Fig. 2.9

<

<4

2 = Ra1 17 » Rpp 1o

y

V1n= ’.], kTRll AN

2 = L kTR

A

where  Rg is the source resistance, k the boltzmann s constant,
T the absolute temperature and aof the bandwidth.
The noise voltages at input and output are uncorrelated

when R12 - - R21

Under this condition, the lowest value of the nolse figure of a
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Hall element of 7.66 db is obtained (31) if Ry = Rop = Ry

For R12 = Rp; the total noise voltage at the output is

: ' 24
2
Lk TﬂAf(Rgg R 2 R ')
. + . L—R——lﬁ
J 8 Rl 1 22 s * 12
The third term is the result of correlation between the input noise

voltage and the output noise voltage.

CURRENT NOISE: This noise is caused by current fluctuations that

arise from randomly fluctuating emission of charge carriers. Con-

sider a Hall element of concentration 5 x 101& carriers per CC and

dimensions:

Length = .508 cm
Width = .254 em
Thickness = .0076 cm
Volume = 98 x 155 cm3

- - 1 :
average No. of carriers = N « 98 x 105 X 5 x 1oh

. oy 3L =19
average translt time = o= Ne _ L.9 x 10” x 1.6 x 10
I 50 x 1073

where I = 50 mA is taken
To = 1.57 x 166 sec

In a semiconductor Tp >>"(j » WhereUis average 1ife time of a carrier.
2

Hence, the mean square noise current bn may be computed according to

Guggentuehl's formula (31)

. _uly G Af
T (7 +% )2 (1md 1)

[N
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where I = current through Hall element |
T\ = average life time of a carrier :

|

Uy, = average life time of a trapped carrier E

For wl {< 1 (low frequencies) :
ﬁz - 167 sec Ty = 158 sec. §
Tz -23

L =2.04x10  Af ‘

The mean square noise voltage developed across the output resistance

.2 2
of Hall element = |, x R,

let Ro = 100 S ( A typical value for polyerystalline In sb at
liquid nitrogen temperature)

-11
Current noise voltage = 4.5 x 10 JAf Volts
Thermal noise voltage

of 100 = J UkT x 100 A
- 6.l x 159\}2—{ Volts

It is clear that current noise is much smaller than the ther-

mal nolse and it can be neglected.

FLICKER NOISE: This noise is also called "excess noise" or“% noise”.
The last name describes one of its most characteristic features. The
mean souare voltage fluctuations have & spectraldensity of the form
%. This spectral shape has been observed on different semiconductor
devices from 5 x 165 dycles well up into the megacycles. Generally,

in a sample, the noise current is found to be proportional to the

square of the direct current I. This leads to the conclusion that

W2 —_—
SO £ = (A?: )2

!
i
|
|
: !
pure conductivity fluctuations prevail. (32) }
{
!
I2 3% :

!

|
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where & = Conductivity of the material
The modulation of conductivity can thus be attributed to

fluctuations of carrier density. The mechanism of this noise is

not fﬁlly understood, although surface and volume properties appear

to be important in determining its magnitude.

CONTACT NOISE

The properties of the Hall plate contacts play an impor-

tant role in the operation of the device. If the contacts are not

ohmic, the rectificatlon, whether by the control current or Hall

contacts leads to considerable noise in the output. The degree of |

rectification is.strongly affected by the contact form and it is

therefore desirable that the contact area should be large so as to

reduce the amount of rectification. Soldering of contacts should

be done by a low melting point solder in order to reduce the possi-

bility of introducing inhomogeneity in the material.
2,14 CHOICE OF MATERIAL

For low level magnetic field measurements, the choice of
the Hall material depends upon the following requirements:

l. large open circuit Hall voltage.

2. large ratio of Hall voltage to noise.

3. 1independence of temperature within the working range.
Keeping in mind these basic requirements, we will investigate the
sultable material for the present work. The open circuit Hall
voltage is given by Eq. 2.5

Vg = F (%J E% IBx 158 volts

Our main concern is to maximize the expression:
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R -8 .
Vu.r () TH1x 10 e e, 2.9
B b® =%
for the given input powser.
The power supplied to the Hall element is
Wa I% By

where Ry = Input Resistance = %%

where p is the resistivity of the material.
2

Thus, Input power = W = lé#L

or

I _(Wbt) %’
- P . LR BAY SEET S I A A S R RS 2.10

Combining Eqs. 2.9 and 2.10, we have

B

Since P - E%Tb

R
XE.:F(%) _% (%%%J% x 108 v?lts/Guass. creseresse 2.11

where n = Carrier concentration /cc

e electronic charge in coulomb

p = mobility of the carrier in sq-cm/V-sec
and RH - %E %g - gﬂﬁ“P (Hall constant for a semicon-
ductor)

Intorducing the values of By and p in eq. 2.11, we have

Y8 et (g_u_.;,_bz)%.(f»RH)% 168 Volts/Guass ....... 2.12
Eq. 2.12 states that for material of similiar geometry and equal
power dissipation, the figure of merit is

(AbRH)%

In order to obtain a large Hall valtage, the carrier mo-
bility and Hall coefficient should be large. In table 2.2 (19) are
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TABLE 2.2
Material Temp. Electron Resistivity Hall ( PR)%
x° Mobility (sL-cm) Coefficient
In Sb 78 580,000 0.107 62,000 159,600
In Sh 78 1,00,000 0.09 39,000 125,000
In Sb 78 1,60,000 0.03 27,000 112,300
Si 78 10,000 50.00 500,000 70,050
In As 78 75,000 .009 650 6,980
) Ge 298 3,600 25.0 87,000 17,700
St 298 1,790 100.0 170,000 17,000
In As 298 36,000 0.0173 600 Iy, 64,0
In Sb 2983 60,000 0.005 350 Iy, 600
GalAs 298 8,500 0.2 1,7oo‘ 3,570
In AsP 298 10,500 0.08 850 2,985
Si 298 1,500 1.5 2,250 1,836
In sb 298 25,000 0.0035 100 1,580
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given the characteristics of a number of semiconductor materials,

where the figure of merit is calulated at room temperature and also

at liquid nitrogen temperature.

" Indium Antimonide fulfills the requirement of high mobiliy
and large Hall Coefficient at liquid nitrogen temperature and is
therefore considered most suitable material for the present work.

Its low resistivity as compared with_otherusemiconductor
materials at the same temperature, keeps thé input and output im-
pendences of the Hall generator at a low value. Low input imped-
ence allows us to pass more control current for a particular input
power, to obtain higher Hall output. Low output impedence reduces
the thermal noise and thus increases the signal to noise ratio.

Although silicon and germanium have the highest merit fig-
ure of 17,000 and 17,700 respectively at room temperature, input
impedences are quite hiéh as compareé to Indium Antimonide probe
of the same dimension. Due to high input impedence, the control
current through these materials 18 smallcompared with the Indium
antimonide probe of the same dimenemSions. The merit figure of
silicon 1s nearfy half that for Indium Antimonide at liquid ni-
trogen temperature. This suggests that the use of silicon is not
recommended as probe material for the present work,

TEMPERATURE DEPENDENCE OF HALL COEFFICIENT: Full utilization of

high value of Hall Coefficient is prevented by the large temper-
ature coefficient of sensitivity. The temperature dependence of
Hall Coefficient can be reduced by doping the material with a
particular impurity concentration. Impurity concentration will

increase the carrier concentration, thus decreasing the Hall
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Coefficient and hence the sensitivity. Thus what i1s gained in terms

of stabiiity against temperature changes, is lost in terms of sen-
sitivity.

" In view of these considerations, and keeping in mind the
main purpose of achtéving the higher sensitivity the Hall element
should be maintained at liquid nitrogen temperature. This liquid
serves as a constant temperaﬁure hath and the condition of constant
heat removal is satisfied.

It is experimentally observed that Hall Co-efficient of
In sb remains constant over a range 120° K to 70° K. (33). (19).
This fact shows that temperature dependence of Hall Coefficient
can be eliminated by operating the Indium Antimonide Hall probe
at 1liguid nitrogen temperature (78°K),
CHOICE OF DIMENSIONS: The open circult Hall voltage varies as

(%E)% F(%) as shown in equation 2.12. For fixed heat removal,
this term should be maximum.

In the first instance, the length and breadth of the ele-
ment are taken into account and their qonbined effect.on this term

is considered. The effect of thickness is examined later.

The factor (%)% F(%) is computed for various values of

length to breadthratio and is shown in table 2.3. The walues of
F(%) are taken from ‘table 2.1.

The maximum value of the term (i)% F(%) occurs when the
ratio é is chosen around 1.5. This optimum value 1s in agreement
with the pesult from theoretical considerations by Lofgren (34).

For values of % smaller than 2, shorting effect of current

electrodes reduces the Hall Voltage (35). We choose

£._ >
b
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TABLE 2.3

2

5 r B rd
3 .98 .565

2 .92 .650
1.5 .88 .715

1 .72 .72

'5 -50 n706
.25 .28 .56

The temperature stability as shown by Eg. 2.8, is propor-
tional to (%) F(%). This fector increases with the decresase in
%'F (é). But for values of % less than 2, sensitivity decreases
due to shorting of current electrodes. Ratio % = 2 1s chosen for
higher sensitivity and morderate stability.

Since Vy is proportional toq%??s shown in Eq. 2.12, out-
put can be increased by making the element thinner. The lower

limit of t is fixed by fabricatlon problems and consideration of

power dissipation.
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CHAPTER III

MAGNETIC FLUX CONCENTRATOR

3,1 INTRODUCTION !

The sensitivity of the Hall probe can be greatly increa- i

sed by placing-'it between the two high permeability rods, which
increase the magnetic flux density acting on the Hall element. a

(19) (36).
The idea of a magnetic flux concentrator is i{llustrated in Fig. 3.1

ILines of flux are denser inside the magnetic material
than that out side. '

(a)

Hall elemen S S

4

Concentrator

(b)
Hall element

Se=—re——x—

(c)
Fig. 3.1
Any hipgh permeablility material when placed in a magnetic

vyYvYyY

\ YVy Y wWYY

wyYy

field, causes a deformation of the field pattern. The lines of

flux try to fbllow the path of lower reluctance and thus the field
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is distorted. Fig., 3.la shows the vattern of flux lines, when a
high permeability rod is placed in a uniform magnetic field.

If a high permeability magnetic rod is cut in two, to
place the Hall element between the two halves, the gap will experi-
ence a higher flux density than without the rods. This is illus-
trated in Fig. 3.1b.

Further increase in sensitivity can be achieved by taper-
ing the concentrator at the location of the Hall element as shown
in Fig. 3.1c.

Tapered concentrator is useful when a Hall element is
employed bhecause of the small area of the element. Since the Hall
Voltage is directly proportional to flux density, the "gain" in
magnetic flux density due to concentrator will increase the sensi-
tivity to the same extent.

3.2 SELF DEMAGNETISATION: When a ferromagnetic material is placed

in a magnetic field and magnetic induction exists due to the field
present, a self denagnetisation effect is encontered. Consider a

magnetic material, which is magnetized by the field H_,, N and S

a’
poles are produced and an external field is set up owing to the
poles with flux lines going from the N to the S pole externally.
Additional lines of force go from N to S inside the material,

and a magnetic force exists in opposition to the magnetization
force Hy. This self inflicted demagnetization influence is func-
tion of—

(1) applied field and intensity of magnetization.

(2) shape or gedmetry of the specimen of the megnetic material.
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Demagnetization factor of a cylindrical rod.

Net effective field strength acting is

54
n

Hy -N I,

applied magnetic field in oersted

2]
[} ]

Demagnetization factor

= iIntensity of magretization

mg—i'z

Since - He * uWIm o e

combining Ers. 3,1 and3.2 , we get

or"ba -.___—l—-— ..n.o-o-.--ooo-on‘o.
1 N

length of the rod

Values of N for different p (= diameter

)

and K (susceptibility) were calculated, using the formula (37)

NKR: N 2,26 dn (1+0.156 ) + 1
B 2,15 In §1+o.32 r 1

0 600 9000000

LR R R N A R I I 3.2

He = Hy - } .
a %(BHG) ....... ® & 5 s 990 00 8 0900 3.3
Dividing Equation3.3 by B, and taking the reciprocals
sides we obtain,
-B - 1
/ua_.__ -
Hg _g_a__N 1= He)
o7 (1 g2
: 1 .
1 _X 1
P"a -E'Tr(l'-,'b) ------------ e v e s e e 3.u
Wherep = B the apparent permeability.
Ha -
For relatively high values of M %& <<
= b
/b --;__N; A B B I L B I B I R R I R Y R Y 3.ha
fog LT

.s 3.5

on both
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and Ny w :-.2.-7—‘-
K™o p2

where Nmy = Demagnetization factor of rotaional ellipsoid

= h__.[ b n (p+wf_§—i - 1]

p2 1
TABLE 3.1
D Ve - Mgzo Mg=oo -
10 0.2549 0.0628 0.193
12 0.191k 0.0442 0.143
15 0.1342 0.0279 0.1038
16 0.1188 0.02L5 0.0915
18 0.1042  0.019) 0.081
20 0.08)3 0.0157 0.0665
22 0.0695 0,0130 0.0551
25 0.0587 0.0100 0.0L7Y

The demagnetizing factopr depends upon the dimensions of the
magnetic material. The higher is the ratio of the length of the
magnetic rod to the diameter of its cross-section, the lower is the
demagnetizing factor. In general the influence of demagnetizing
factor is minimum for slender specimens amd attains a maximum
value when short length specimens of large area are encountered.

For closed magnetic circuit, like a torus, N =« O, for a thin sheet

or plate N = lyr
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K the susceptibility is taken ecual to infinity for high permea-

bility magnetic material. (A»10,000).

Consider an example of a rod of the following dimension:
| lenght = 15.20 cm

diameter = .7 cm

th o« Lenagth of the rod -
°n b diameter

22

From table 3.1, we have for p = 22, N = ,0551

Then the permeability of the rod
y ‘_lN Eq' 3'5

=228 tiiiieeveees. 3.58

Thus the flux density will be 228 times greater inside the
magnetic rod than in the air. Further demagnetization occurs when
the magnetic rod is split into two halves. An air gap is created
to place the Hall element between the two halves.

Let us consider a magnetic rod in two halves, having an
air gap of length Eg. (Fig. 3.2) Since flux lines are contiﬁ?us,

the flux in the gap will be equal to the flux in the magnetic

material.
He, € L >
- - i i i >
i
Fig.- -3

From equatice 3.1, we have

. /
He=Ha—NIm ® O 0 @ 0 0o 00000 3‘6

where N = self-demagnetizing factor due to air gap

L, = intensity of magnetization
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and Hol = Hy (L-8g) + B L2,

where B is the magnetic flux density inside the material

then - Hy = B, Lols + B le

=He+3(%5) P IO ¢
since bg <K &

The flux density inside the material is
Bz Hg ¢ Ly Iy

e s s s e e s s e 3-8

Combining Eqs. 3.7 and 3.8, we have

. g
H, = He (b-‘-fg ) ¢ LI, (-f)
or Ho = - LI C%E) ceseesscsssescs 3.9 -

Comparing Egs. 3.6 and 3.9, we have N = & u7r(—8) ceeeeee  3.10
For very small air gap N =0

The effect of demagnetization introduced by the air gap
should be kept minimum, either by increasing L or decreasing Qg.
Since we have to introdueethe Hall element in the gap, the air gap
length 1s fixed by the thickness of the Hall element.

In order to achieve the maximum macnetic gain determined
by equation 3.5, N!should be negligible as compared with N,

For fg = .005 cm, £ = 15.24 cm
we have N!- .00516 from DBg. 3.10

This value of N’is nearby 10 times less than the particular
value of N given by Eq. 3.5a. Further increase in gain is obtained
by tapering the poles at the Hall element.

3.3 LEAKAGE FLUX

The most important one is the fringing flux which occurs
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in the vicinity of the gap. It reduces the gap reluctance and in~

creases the cross-sectional area of the face of the magnetic mat-
erial,

Fringing flux decreases to a low value, when area to air

3ap lenzth ratio is very large. Flux can be assumed to be uniform

in an area (ﬂ-Eg) (w-£24) in case of a rectangular rod. (38)

In making the pole faces of the concentrator, the length and

breadth of the pole faces should be increased by the length of the

air gap (thickness of the Hall element), in order to ootain a

uniform magnetic field on the Hall element.
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CHAPETER IV

EXPERIMENTAL WORK

Lh.1 HALL ELEMENT

Hall element Beckman Model 335 was chosen as the magnetic
field sensing device, having the following specifications:
Indium Antimonide thin film Hall element
Input Resistance = 135 olms
Output Resistance = 52 ohms
Input power (Still air)= 125 mW

Sensitivity = 1.5 Volts/ampere-kilo gauss
Length of the Hall element = .2'
Breadth = .Og
Overall thickness _ . .og

The selection was made in consideration of higher sen-
sitivity required for this type of work, which resulted from small
thickness of the film (.oog) and utilization of ferrite substrate.

Introducing the value of sensitivity into Eq. 2.4a, Hall
voltage is given by

Vg = 4.5 IB 153

volts

where
I

control current in amperes

B = Magnetic field applied in gauss
For a control curreht of 25 mA, the open circuit Hall voltage due
to the magnetic field of the order of 15° gauss is

10 volts

1.25 x 10
The magnetic concentrator with a gain of about 200 in-
=8
creases the Hall voltage to 2.5 x 10 volts. Further increase

in the Hall voltage can be obtained by passing more control
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current with proper heat sink.

L.2 LOW NOISE AMPLIFIER

To measure the ultra low level signal, Astrodata Model 120

Nanovolt Amplifier having the following specifications was used

Gain 200 to 1,000,000
Input Resistance 1 M
Frequency Response de to 100 eps (3db)

Nolse referred to input 5.0 x 158 volts peak to peak de
to 1 cps. 25 x 158 volts peak
to peak 1 cps to 20 cps,for source
resistance of 100 ohms.
DC signal of .05;&v can be detected with this amplifier.
L.3 PRODUCTION OF MAGNETIC FIELD

Uniform magnetic field is produced at the axial line AB
of the Helmholtz coll by passirg the current through the coil.
@Eg. 4.1). The coilshave the following dimensiong.

Ny = 130 turns in each coil

Radiug = .15 meter
field strength at the axis of the coil is given by

H o I%B .%% ampere turns/meter

T%g %%‘ Wx x 103 ocersted

7.8 x 153 oersted for 1 mA dec current through the

coll,

Circuit diagram for producing dc magnetic field is shown in
Fig. l.1a.

Fig. l.1b shows the arrangement for producing ac magnetic
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To Helmholtz Coil

l 100

>
v

(b)
Circult dlagram for producing (a) dc fleld (b) ac field
Fig., L.1
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fleld. Voltage is measured across 10 k@ resistor by differential
oscillo scope and current passing through the Helmholtz coil is
determined.

Li.ly MAGNETIC FLUX CONCENTRATOR

Thin laminations of mu-metal, permalloy-80 and mu-metal
rods were used as magnetic flux concentrator., Mu-metal laminations
of dimensions, length 1.5", breadth .25" . thickness 014" and
permalloy-80 of the following dimensions have been used.

1.;; l.?%, éﬁ
.25"

Thickness = ,006"

Length
Breadth

. These dimensions in case of permalloy~80 gave us three dif-
ferent 1engths({, 3.% and ﬁ ) for the flux concentrator %o be used
in combination with the Hall element.

The magnetic sensing area of the Hall element Model 335
is .5 b4 .Og. The ends of the concentrator should be of the same
dimensions for the optimum use of the concentrator. In order to
have nearly the same area at the ends facing the Hall element,
the laminations are tapered at thess ends. The breadth of the
laminations is fixed. The other variable dimension of the con-
centrator is the overall thickness which is varied by changing the
number of the laminationg,

Since the laminations were difficult to handle and keep
them in cantact, mumetal rod of cross-sectional diameter .Zg is
utlilized as a magnetic flux concentrator at a later stage of the
experimsent, »

Two pieces of 2.; each were taken from the main rod. The

” ”
ends facing the Hall element were made to have an area of 0.2 x 0.1




and both pieces were anealed,

L.5 DESCRIPTION OF THE APPARATUS

Fig. 4.2 shows the set up to measure the magnetic gain of
the apparatus and detect the unknown magnetic field,

(I) COMPENSATING NETWORK

Misalignment voltage and the output of the Hall element
due to the ambient dc field i1s compensated by adjusting the
various potentiometers shown in Fig. 4.3 over a wide range. The
control current is supplied by two Mallory batteries (1.5 volts)
and adjusted by the potentiometer P3;. The control current flow-
ing through the Hall element is measured by a milliameter M.
(II) AMPLIFIER

Main features of the amplifier were described in the
section L.2. Gailn settings are checked and found to be accurate.
Input noise is found to be 0.lm v peak to peak for a source res-
istance of 5 ohms in the frequency range dc to 25 c¢/s.

(III) 60 ¢/s REJECTION CIRCUIT

The lower level of measurement is influenced by noise from
the Hall slement, amplifier . voltage induced in the instru-
ment leads and 60 c¢/s stray magnetic fields., The noise from the
60 ¢/s interference signal is considered here.

An ideal solution to thls problem would to be to have a
filter with a unity gain, except at the frequency of the undesired
signal, at which the gain should be zero.

 Parallel Tee Network was constructed and is shown in Fig.
L.y. Matched capacitors and resistors are selected for the opti-

mum performance bf the filter. Filter response is shown in
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Fig, L.5. Attenuation at 60 ¢/s interference signal is 56 db.
The response falls to 3 db at 20 ¢/s, giving a frequency responss
flat within 3 db from dc to 20 c/s.

(IV) LOW PASS FILTER

In order to avoid the high frequency pick up and also to

minimize the noise of the amplifier by limiting the bindwidth a
low pass Spectrum Analog Filer Model LH - 2} is employed. ;
(V) RECORDER AND MICRO VOLTMETER

For dc measurements Kiethly Micro Voltmeter Model 150 A
and Hewlett Packard Micro Voltmeter having 2% measurement accu-
racy are employed. Brush Recorder, Mark 11, is used for ac
measurements. |

l..6 OPERATION

25 mA dc control current was passed through the Hall
element, which is placed between two brass rods. The brass rods
reduce the temperature variations inside the Hall element and
help to keep the element at a fixed position. ' :

Output of the Hall element was reduced to zero by ad-
justing the compensating network in the absence of the applied
field, Known current was allowed to flow through the Helmholtz
coil , thus producing a Ehown perpendicular field at the Hall

element. Output was noted for different values of magnetic fisld,

ilinear relation was found between the Hall output and the mag-
netic field by plotting on a graph paper.

An insulated mounting base for keeping the laminations in-
tact was made and Hall element was placed between the tapered ends

of the laminations. Output was noted for the same valuss of the
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magnetic filed. The graph between output and maognetic field showed

a linear relation between these quantities. Magnetic gain of the
concentrator was measured from these two graphs.

LL.7 MAGNETIC GAIN OF THE CONCENTRATOR

Magnetic gain of mumetal laminations concentrator of 3"
length was found to be 105. Concentrator of permalloy-80 lamina-
tions, of length 3", 3.5" and 4" produced a magnetic gain of 10l,
L35 and 180 respectively. All these observations were carried
with the Hall element Model 335.

It was also observed that the thickness of the concentrator

plays an Important role in determining the magnetic gain. The
optimum value of the thickness occurred in the neighbourhood of
6L, laminations, which gave the equivalent diameter of the
concentrator to be 0.4" (1 cm nearly).
Permalloy rod of diameter .7 cm was also utilized instead
of laminations. The magnetic gain of this S"long concentrator was
found to be 210. This unit was selected for further work due to

its high gain, easy handling and good thermal contact with the
Hall element.

4.8 TEMPERATURE EFFECTS

The Hall element is found to bs temperature dependent.
The temperature dependéce of Hall coefficient changes the
sensitivity, thus introducing error in the measurement. Zero
field signal level or zero balance shifts with the changes in
temperature. It is desirable that zero adjustment should not

change during the'éxperiment. Some stability can bhe achtidved

[ S
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through the use of heat sinl: for the Hall element, control of am-
bient temperature and shielding the probe assembly from air cur-
rents.

In order to obtain the temperature stablility, the mount-
ing base for the concentrator was made of brass which provided
good thermal contact with the Hall element and the concentrators
The temperature gradient in the plate was further minimized by
coating the plate with a layer of silica loaded greese. This
helped to minimize the uneven heat dissipation in the Hall element.
The whole probe assembly was insulated from circulating alr current
Al1 these precautionsled to the stability of the zero balance less
than lpv for a control current of 25 mA.

L.9 NOISE

Noise superimposed on the zero balance in the frequency
range of low pass filter was observed when the gain of the am-
1ifier was increased. This was found to be 18 times higher than
the amplifier input noise. This voltage was found to be of the
same order of magnitude in all four samples of Hall element
which were used in the experiment. Using all the precautions
mentioned in the section lL.8, the noise voltage was found to he
0.9m v peak to peak with the concentrator of magnetic gain 210

at the room temperatuﬁe. Noise voltage increased to llw v peak

to peak when the Hall elemept without silicon grease was opera-
ted in open air and was not prevented from circulating air currents.
Passing vehicles on the nearby road and the vibrations in the

probe assembly also increased the noise voltage. Observationswere




~-60-~

taken ususlly at night when the interfersnce from the surround-
ings was reduced,

' In order to know the cause of fluctuations in the Hall
output, the element was operated with brass rods, thus reducing
the external 9ffects by 210 times the gain of the concentrator.
The nolse voltage was found to be of the same order, showing that
it was originating inside the Hall element.

Considering that it might be due to the thermal changes
tn the Hall element, the whole assembly was dipped in oill, but
no improvement was observed.

In order to observe the temperature changes in the Hall
element, an iron -constantan thermocouple junction was attached
to one output terminal at a point where it just emerged from fer-
rite substrate. The hall element was placed between two brass
rods mounted on a brass base. The whole assembly was enclosed in
a large thermoflas¥ to avoid the circulating air currents. 25 mé
de control current was allowed to flow through the Hall element.
30 minutes were allowed to reach the thermal equailibrium. The
output of the thermocouple was amplified and observed on an os-
cilloscope. The output showed no variationg as observed in the
Hall output. -

In order to see whether it is possible to reduce the noise
and pass more control current, the Hall element was operated at
1iquid nitrogen temperature. It resulted in low sensitivity and
and marked increase in noise voltage. It gave a noise voltage

of 6p v veak to peak for a control current of S mA. In spite of
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the fact that %th of the previous control current (25 mA) was
flowing in the Hall element, the noise voltage increased nearly
6 times the previous valus of 0.9mv at the room temperature.
was not considered feasible to pass more current, since nolse
increased markedly.

At 1iquid nitrogen temperature, the inout resistance of
the Hall element increased six times in comparison to 1ts value
at room temperature. The non-linear misalignment voltage also
increased due to increase .in resistivity of the Hall element.
The changes in this component due to resistivity fluctuatlons
produced the veriations in the carrier concentration, thus pro-
ducing the fluctuations in the Hall output. Marked increase in
noise voltage at ligquid nltrogen temperature may be attributed
to the non-ohmic contacts. To detect the low level magnetic

field, these factors must be taken into consideration.

&t T T T T

A magnetic field of 4.0 x 155 mauss peak value was detec-
ted by operating the Hall element Model 335 at room temperature in
combination with concentrator of magnetic gain 210. The detection
of the signal lower than L.0 x 155 gauss was corrupted by the
presence of the noise voltage.

Further improvements in the measurement sensitivity of
the device were sougﬁt in the fabrication of the Hall element of
high sensitivity and low zero field noise. It was decided to use

Indium Antimonide as a material at liquid nitrogen temperature as

outlined in the 2nd chapter under the section of "choice of

 material,"
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L,10 PREPARATION OF HALL ELEMENT

The material was supplied by Asarco Intermeiallics
Corporation through their parent plant in England, The mater-
1al selected was of type:

1, Single crystal N-type undoped

2., Polyecrystallins N-type undoped

The material was in the form of ignots section of 0.175"
thickness. The single crystal was in circular form'of 1.2"
diameter, whereas the polycrystalline was in semicircular in
cross-section of 1.2" semicircular width, DBoth sample were of
the same thickness. Slices of thickness nearly L0 mils were
cut from the material. Difficulty was exmerienced whlle cutting
Wwith the diamond saw, due to the bpittleness of the materlal.
Chips from the sides came out as the material was cut. The
wastage of the material was high, so this method was abondoned.
The material was finally cut by motor driven fine stainless
steel wire under pressure. Corborundum powder with water was
applied during cutting process, This method was found ideal
for cutting this brittle material.

The breadth-wise edges of the slice were then lapped to
to make both edges parallel, The distance between the two
parallel edges determined the width of the Hall element.

Again the slice was cut length-wise into pileces of the
dimensions slightly longer than the length of the Hall plate.
The length-wise edges were lapped to make them parallel and
of exactly equal to the length of the Hall element. The
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lapping along the edges helped the material from cracking du-
ring the last part of fine thickness lapping. It was experi-
enced that for unlapped edges, cracks appeared when the pleces
were lapped down to .0O4" thickness. The pleces were finally
lapped to 0.703" thickness. They can be lapped to still lower
thickness, but the handling of the samples becomes difficult
and there is always danger of cracking the samples.

These samples were put in the acetone while they were
still on the mesh plate of the lapping machine for at least 2}
hours. Sometimes they had to be kept in acetone for 48 hours,
so that they could be removed from the mesh plate.

The samples were then mounted on a permalloy-80 lamina-
tions by using a fine layer of epoxy. The empoxy serves a good
thermal contact and electrical insulation. It takes a long time
to dry up, otherwise there is always a possibility of cracking
the brittle material. Later on, another method was adopted.
The sample was mounted on a lamination by using one layer of
cigﬁrette paper 8nd fine layer of nail. warnish and it was foynd

to withstand the liquid nitrogen temperature. The contacts
were made using indium as a solder and zinc chloride as a scld-
ering flux. Control current leads were soldered along the
whole width of the Hall plate and Hall output terminals were
made point contact. Each contact was viewed under high power
microscope. Then the sample was washed in distilled water to
disolve the traces of zinc chloride. A thin layer of nail war-

nish was applied to cover the upper surface of the Hall element.

2 AiAis o
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Fig. 4.6 Hall element with concentrator.




~65-

The contacts were checked on transistor curve tracer and found
to be ohmic over the operating ranges of current.

‘The Hall element was placed between the concentrator, the
ends of the concentrator just touching the sides of the element.
(Fig. L.6)

.11 RESULTS

Magnetic gain of the concentrator at room and liquid
nltrogen temperature was measured to be 202 and 100 respectively.
The loss in gain at liquid nitrogen temperature might be due to
the gap created between the element and the concentrator. The
rods could not be pressed hard due to the danger of cracking
‘the element. The maximum gain of 100 at liguid nitrogen tem-
perature was obtained with 5" long concentrator.

Polycrystalline element at room temperature

Length = 0.2"
Width = 0.1"
Thickness = .003"

Magnetic field applied = 7.8 x 103 Gauss
Ggin of the concentrator = 202

Control current = 4O mA

Hall output voltage = Vi = 110 v

-8

Ve z BRgIB 10 voits
t

Ry = 133 om>/ Coulomb

Sensitivity of the Hall element = .17l Volts/ampere -kilo gauss

Zero field noise Voltage = .2ma v peak to peak (Fig. L4.7)

With this arrangement, magnetic field strength of 1.5 x 16“ gauss
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SINGLE CRYSTAL AT ROOM TEMPERATURE

0.2"

Length
Width = 0.1"
Thickness = 0.003"
Magnetic field applied =
Gain of the concentrator
Control current
Hall output voltage Vg
Hall Coefficient Ry
Sensitivity of the Hall element

Zero field noise voltage

7

o 8 163 Gauss

202

50 mA

17/ v

16L,.5 em3/Coulomb

.2158 Volts/ampere - kilo gauss
.1mv peak to peak (Fig. L.8)

-5 A
Signal strength of 5.6 x lu Gauss peak value can be detected

with this element.

POLYCRYSTALLINE MATERIAL AT LIQUID NITROGEN TEMPERATURE

Input Resistance

Control Current

Input power

Magnetic field applied
Gain of the concentrator
Hall output voltage Vg
Hall Coefficlent Ry
Sensitivity of the Hall element
Zero fileld noise Voltage for

10 m&d control current

Zero field noise voltage for
15 m& control current

121 ohms

10 mA

12.1 milliwatts
7.8 x 1067 Gauss
100

975 Wy

95150 em3/ coulomb

125.0 Volts/ampere-kilo gauss

2. 5'/;.\/ aeak to real{Fig.l.9)

5.5pv peak to peak (Fig.!'.10)
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2 % 155 Gauss peak value signal of 10 ¢/s frequency is recorded
- for 10 mA control current in the Hall element and is shown in
the Fig. L.11.

Fig. L4.12 shows the photograph of the same signal taken

on memoscope. The scale on the scope was adjusted to lm v per

cm.

Fig. Lj.12

Fig. ;.13 shows the Hall Co-efficient as a function of tem-
perature.

SINGLE CRYSTAL AT LIQUID HITRCGEN TEMPERATURE

Input resistance = 10.8 ohms

Control current 50 mA

Wz ]
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Input powsr

27 milliwatts

Magnetic fie8d applied 7.8 x 103 Gauss

.Gain of the concentrator 100

Hall output voltage Vi = 920mv
Ry = 17970 cﬁ/boulomb
Sensitivity of the Hall element = 23.6 Volts /ampere-
kllo gauss
Zero fleld noise voltage
= Luv peak to peak (Fig. L.1L)
for 50 mA control current

Zero field noise voltage

for 80 mA control current

This device can detect a magnetic field of 3.4 x 155 Gauss peak

value.
CONCLUSION

The overall sensitivity‘of the best Indium Antimcnide
Hall probe at liquid nitrogen temperature was 12500 volts per
ampere-kilo gauss. The increass in sensitivity was due to high
Hall coefficient, mobility and resistivity of the material.
Even with this high sensitivity, the lowest measurable magnetic
field should to be of the order of 2 x 155 gauss peak (at a sig-
nal to noise ratio of'unity.) Zero signal fluctuations in the
output voltage remained approximately the same with ard without
the magnetic concentrator in the absence of the passing vehicles
and moving permeable materials. lhis fact showed that the fluctu-

ations in the output were produced inside the Hall element. The

10/ v peak to peak (Fig. 1.15)

i
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CHART NO. RA 2921 32

Control Current = 50
1 Small Chart Line = 24 v.

Noise Voltage
1 Small Chart ILine
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Bandwidth

. 4,15 Noise Voltage
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cause of these fluctuations is attributed to (1) soldering of
the contacts and (2) minute internal cracks and holes in the
material.

The contacts could be improved by vacuum depositon of
gold contacts. As regards to the internal cracks and holes,
the material should be selected which 1s grown very slowly
during the process of manufacturing. Low frequency unwanted
fluctuations in the Hall output could be reduced considerably
by passing ac control current of a few kilocycles frequency
through ythe Hall element. The output of the Hall transducer,
which 1s the product of the control current and the magnetic
field, 1s then fed into an amplifier which 1s tuned to the

frequency of the control current. The rectified output deter-

mlnes the strength of the unknown magnetic fleld.

This method will not eliminate the effects introduced
in the output by the passing vehicles and the motion of the
permeable materials, However, these effects can be reduced if
the whole arrangement 1s built up in a well magnetically

shielded room.
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