VIBRATING-SAMPLE MACNETOMETER USED
ﬂ U w! Jh \f .I“-.- 1ol \{. }fk AL P UL I ER U .1.1.:'
TO MEACURE RYADK UVCTERESIS OF ROCK
jU 'a'l'-'.|.l‘,}i'.) g_%‘\'ﬂ siaﬂfﬂ f Te iﬁ\J IJ |t} I ﬂa.u 4 J ) l:‘J .:a-n’l 1R

AT | TEMPERATURE

CENTRE FOR NEWFOUNDLAND STUDIES

TOTAL OF 10 PAGES ONLY
MAY BE XEROXED

(Without Author’'s Permission)

GERALD B ENGLISH




Y i

M
AY 30 1%
6

P2



Nati I Lib
L It

Acquisitions and

Bibliotheque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Weilinglon Street
Ottawa. Ontano
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395. rue Weilnglon
Ottawa (Onlano)

Your i Volre reaver e

Owr N Ntre 1eieance

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d’impression de
certaines pages peul laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a l'aide d’un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendeinents subséquents.




A NOVEL VIBRATING-SAMPLE MAGNETOMETER USED TO MEASURE
MAGNETIC HYSTERESIS OF ROCK AT LOW TEMPERATURE

By

© GERALD M. ENGLISH B.Sc.

A thesis submitted to the School of Graduate
Studies in partial fulfilment of the
requirements for the degree of
Master of Science

Department of Earth Sciences (Geophysics)
Memorial University of Newfoundland
1995

Newfoundiand




National Library Bibliothéque nationale
l *I of Canada du Cana

Acquisitions and Direction des acquisitions et
Bibliographic Services Branch  aes services bibliographiques
395 Wellington Street 395, rue Weilington

Ottawa, Ontario o

K1A ON4 K1A ON4

Ottawa (Ontano)

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

ISBN 0-612-06117-5

Canadi

Yo hip Voire réidcence

Ow hig  Notre réierence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SATHESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CINE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.




Abstract

A vibrating-sample magnetometer was constructed. calibrated and used 1o
measure the magnetic hysteresis of rock samples. The magnetometer was designed
around a large electromagnet capable of producing fields of approximately 3600 Oe (36:
mT). Between the poles of this magnet. pick-up coils and a liquid nitrogen bath
surrounded a sample port assembly in whick th.: sample could be vibrated. The sample
port assembly contained a heating element that allowed the sample temperature 10 be
varied from room temperature to 98 K (-175'C). A novel method was used to vibrate
the large (5 gram) rock samples. The sample was mounted off-axis on a rotating shaft
in a way that kept the sample’s orientation in the applied field from changing while the
sample moved uniformly in a circle of 2 mm radius 29.2 times a second. This induced
a 29.2 Hz sinusoidal voltage in the pick-up coils proportional to the magnetization ol
the sample. Cycling the magnetic field intensity allowed hysteresis loops to be
automatically plotted.

Seven magnetite-bearing Precambrian dolerite dyke samples which had likely
retained their original remanence direction for over a billion years were studied.
Measurements of their magnetic hysteresis as a function of low temperature were used
to investigate what mechanisms allowed them to retain such stable remanence.

The coercive force, H., of the samples decreased as a linear function of

saturation magnetostriction on cooling. This suggests that interna: stresses opposing

ii




domain wall motion are mainly responsible for the ability of most »f these recks to

retain stable remanence. The one clear exception was the specimen of highest coercive

force (H = 487 Oe = 3.9x10* A/m) in which H¢ hardly changed or cooling suggesting

that remanence was carried by single-domain grains with shape anisot-or:y.

The ratio of saturation remanence to saturation magnetization Ji/J. was found to

change linearly with saturation magnetostriction and with coercive force on cooling.

These linear relationships and that between coercive force and saturation
magnetostriction were used to infer what proportion of the magnetite present was in the
form of single-domain or pseudo-single-domain grains using the method of Hodvch
(1990). This method could not be applied to the sample of highest coercive force
because its coercive force and saturation remanence did not change on cooling.
Reversible work, W, done on descending from saturation to the remanence
point in a hysteresis loop was measured as a function of low temperature. When W,
was estimated by integrating to a constant magnetization rather than to a constant field,
W,.. was found to decrease on cooling. However, this does not allow inference of what

is controlling domain rotation 1n the samples.
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Note on Units

Throughout this thesis the data is presented using the Gaussian system of units
followed by the SI equivalent units in brackets. Tais makes it easier to compare with

carlier related work. The following list shows the magnetic terms. the symbols. the

Gaussian and SI equivalent units, as well as the conversion factors by which data in

Gaussian units must be multiplied to convert to Sl units,

Magnetic Term Symbeol Gaussian Unit ST Unit Conversion Factor I
Magretic field H Qersted Tesla (x107)

Magnetization J emwcm’ Tesla (x4nx10%)

Coercive force Hc Oersted Ampere/metre  (x10°/4n)

Saturation remanence Jg emw/cm’ Tesla (x4mx10™

Polycrystalline

saturation X dimensionless dimensionless
magnetostriction

Internal suress c dyne/cm? Pascal x10™H
Reversible work W, erg/em’ Joule/metre’ (x10%)
Self-demagnetizing N emu Henry/metre (x1/4mx107)
factor

X1
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CHAPTER 1

INTRODUCTION

1.1 Magnetic Hysteresis of Rock

In the study of rock magnetism, we seek to understand the magnetic properties
of rocks and their magnetic minerals - primarily magnetite and hematite. This can help
us explain the origin and reliability of the remanent magnetism of rocks used for
palaecomagnetic studies. In the present study, low temperature variation of magnetic
properties of magnetite-bearing Precambrian dolerites are studied to help understand why
such rocks have been so successful in recording the ancient field of the Earth.

The magnetic properties that will be studied are those determined by measuring
the hysteresis loop of the rock. If the magnetization (J) in a sample is measured as
applied field (H) is increased and then decreased, magnetization is found to lag behind
field leaving a remanent magnetization when field is removed. This phenomenon is
called magnetic hysteresis. See Figure 1.1. The saturation magnetization (J;) is reached
by applying a magnetic field large enough that magnetization ceases to increase with
field. When the saturating field is removed. the remanent magnetization left in the
sample is termed saturation remanence (Jg). Applying field in the opposite direction to
saturation remanence decreases total magnetization and the field required to reduce this

total magnetization to zero is called coercive force (Hc). Hodych (1982a, 1982b, 1986b,




1990. 1991). has shown that measuring low temperature variation of H. can help us
determine the mechanism by which the magnetite retains natural remanence through

geological time.

MAGNETIZATION
“)J SATHIRATIIN
———— MAGNE TIZATION
b

SATURATION
REMANENCE
-b L—
=) / Y MAGNE TIC
COERCIVE P FIELD
FORCE r H

Hc

)

Figure 1.1: Magnetic hysteresis loop.

Generally, hysteresis loops measured for ferromagnetic substances are affected
by self-demagnetizing fields. The magnetic field (H) applied to a multidomain grain
induces a magpnetization (J) whose m.znetic poles apply a reverse self-demagnetizing
field Hp = NJ. The self-demagnetizing factor (N) is generally assumed to be constant,
depending only on the shape of the grain. Since the effective magnetic field inside the
grain is H-NJ, many magnetic properties of rocks bearing multidomain magnetite are

strongly influenced by N, making its determination important. J; and H,- are unaffected




by self-demagnetizing fields, but J, is reduced (Hodych, 1986a) causing the hysteresis

loop to "shear" as shown in Figure 1.2.

Js Constant

R e e R
Je Jr
[S—— Decreases

s

/t—Hc HE
/ Constont

Small N targe N (Sheared Loop)

Figure 1.2: Hysteresis loops expected measuring along the axis of a long rod (left)
and for a sphere (right) of the same multidomain material.

1.2 Magnetic Domain Theory

The size of the magnetic grain affects its magnetic behaviour. Very small grains

may nol be able to retain remanence at roor temperature; these grains are termed
superparamagnetic. Grains that are a little larger. are termed single-domain grains. They
remain magnetized to saturation along an easy axis (an axis that is easy to magnetize)
when field is reduced to zero. Magnetic field can only change their magnetization by
rotating J; from one easy axis to another. The saturation remanent magnetization of an
assemblage of single-domain magnetite grains is a large fraction of saturation

magnetization, and the coercive force tends to be of the order of 100 Oe (8.0x10° A/m)




or greater (Fuller. 1987).

Still larger grains of magnetite become spontaneously subdivided by walls into
domains magnetized to saturation in opposite directions when field is reduced to zevo.
This reduces magnetostatic energy (the stored potential energy of free poles) at the
expense of domain wall energy. The number of domains formed are such that the total
energy in the sampie, that is, the sum of magnetostatic and domain wall encrgies will
be reduced to a minimum. Applying a field will cause domain walls to move. although
the motion will be opposed by imperfections in the crystal. These imperfections allow
the sample to retain a remanent magretization when the field is removed. Rocks
consisting of large multidomain grains of magnetite usually have lower coercive force
and saturation remanence is a smaller fraction of saturation magnetization than in rocks
with single-domain magnetite.

Sometimes grains are large enough to contain domain walls but still hchave
similarly to single-domain grains; these grains are termed pseudo-single-domain grains.

For palacomagnetic work, single-domain grains or pseudo-single-domain grains
are more desirable than larger multidomain grains because multidemain remanence is

of lower coercivity and hence is more easily reset over geological time.

1.3 Shape Anisotropy

Magnetite grains are often easiest to magnetize along their longest axes hecause




self-demagnetizing fields are then lcwest. [n single-domain grains of magnetite.
magnetostatic energy would usually be the dominant energy. controlling coercive force
through shape anisotropy. For a randomly-oriented assemblage of elongated single-
domain grains (with N, and N, being the self-demagnetizing factor along and transverse
to the long axis of the grain resnectively) coercive force should be given by (Stoner and

Wolfarth, 1948);

Hc = 0.479 (N, - N)Jq

Since J; for magnetite shows little change on cooling to liquid nitrogen

temperature, elongated single-domain magnetite grains are expected to show little change

in H¢ on cooling.

1.4 Magnetocrystalline Anisotropy

Crystals are usually easier to magnetize along some crystallographic axes than

others. For example, magnetite has cubic symmetry. and is easiest to magnetize along

<i11> and hardest to magnetize along <100>. The magnetocrystalline anisotropy energy,

Lix. for a crystal like magnetite with cubic symmetry is given by, (Stewart, 1954);




E =K+ K, (ajaz~asaj+asa)) +K.aiazoq+. ..

where the s are the direction cosines of the magnetization vector with respect

to the cubic axes, and K, K,. and K, are the magnetocrystalline anisotropy

coefficients.

In single-domain magnetite. shape anisotropy would usually be expected to
dominate over magnetocrystalline anisotropy (unless the grains were nearly spherical).
Magnetocrystalline anisotropy could control coercive force in multidomain magnetite it
for example domain wall motion was impeded by non-magnetic inclusions. In this case
simplifying the theoretical result of Néel (1946) leads one to expect coercive force to

vary in approximate proportion to magnetocrystalline anisotropy, as given by

He o | K, | /5

On cooling, K, for magnetite decreases to zero at approximately 140 K (T . the
"isotropic” point) and then changes sign. At approximately 120 K (T,. the Verwey
transformation) magnetite transforms from cubic to orthorhombic with a great increase
in magnetocrystalline anisotropy. Hence. H. controlled by non-magnetic inclusions
impeding domain wall motion should drop to near zero on cooling to T, and then

increase sharply on cooling to T,.




1.5 Stress-induced Anisotropy

Magnetostriction is the fractional change in a sample’s dimensions with a change
‘n its magnetization. Conversely, clanging a sample’s dimensions by applying stress will
change its magnetization making some axes easier to magnetize than others. This stress-
induced anisotropy in the case of a cubic crystal such as rnagnetite can be described by

stress-induced anisotropy energy. E,, given by (Carmichael, 1989);

3.
Elo=3’t1000 (oipi+aip3+aip3) +34,,0 (a,a,B,B.+a,a,f, B, +a,a,8,8,)

where; G is stress
o’s are direction cosines of magnetization vector
B's are direction cosines of stress, &
A0 IS saturation magnetostriction along <100>

A,y 1s saturation magnetostriction along <111>

For isotropic magnetostriction (A,i0=A,=A,) this simplifies to,

(]

E =%ksosin2¢

where ¢ is the angle between the direction of the stress and the direction of the
magnetization. For magnetite, magnetostriction is far from isotropic. but the

polycrystalline saturation magnetostriction A = 0.44,,, + 0.64,,, is often used in place




of A¢ in the above expression.

In multidomain grains, internal stresses (o) may control coercive force by
impeding domain wall motion. Simplifying (Néel’s, 1946) theoretical prediction and
assuming isotropic magnetostriction. leads one to expect coercive force to vary in

approximate proportion to A as given by:

He <o Ay /)

On cooling, A for magnetite gradually decreases until Ty, is reached. | lcnce. H,.
controlled by internal stresses impeding domain wall motion should decrease on cooling

to Ty.

1.6 Objectives

The purpese of this study was to design and construct a vibrating-samplc
magnetometer to measure the magnetic properties of magnetite contained in rock as the
rock is cooled from room temperature to near liquid nitrogen temperature 77 K (-196°C)
and to interpret the results.

The vibrating-sample magnetometer constructed for this thesis was designed to
be simple but robust so that it could vibrate a large rock sample (1-2 cm’) at an

amplitude that remains constant as temperature is varied to liquid nitrogen temperature.




Details of the new magnetometer are given in the next chapter.

This magnetometer was used to measure hvsteresis as a function of low
temperature to obtain evidence as to the domain state and controls on coercive force of
the magnetite in rock samples of high coercive force. Morrish and Watt (1958) measured
the variation in coercive force of various grain sizes of crushed magnetite on cooling to
liquid nitrogen temperature. For these multidomain magnetites. they found that coercive
force decreased on cooling until near the Verwey transition (~120 K) and they assumed
that this decrease was due to the decrease in K, on: cooling. For elongated single-domain
magnetite powder, they found coercive force to show relatively little variation on cooling
which was consistent with J; control of coercive force through shape anisotropy.

The effect of cooling to liquid nitrogen temperature on the hysteresis loops of
rocks containing magpnetite or titanomagnetite was measured by Radhakrishnamurty et
al.. 1972, 1978, Deutsch and Pitzold, 1976 and Murthy et al., 1976. These results were
then interpreted to suggest the domain state of the magnetite or titanomagnetite in the
rocks.

Hodych (1982a) showed that H in the experiments of Morrish and Watt (1958)
on multidornain magnetites varied in proportion to IS (Figure 1.3) rather than K,
suggesting that coercive force of these samples was controlled magnetostrictively
through internal stresses opposing domain wall motion. Hodych (1982a. 1986b. 1990)
showed that H,. of magnetite-bearing rocks often varies in approximate proportion to A

rather than J or K, on cooling. This suggests that internal stresses opposing domain wall




motion are an important control on remanence retention in magnetite-bearing rocks. Xu
and Merrill (1990 supported this view in their theoretical study ot how internal stresses
associated with dislocations impede domain wall motion in magnetite.

Worm and Markert (1987) made hysteresis loop measurements on
iitanomagnetites that were precipitated in artificial silicate glass and likely have high
internal stresses. For a few of their samples, hysteresis loops were measured al
temperatures from 4 to 700 K. On comparing the variation of coercive torce with
temperature with the variation of Jg. K, and A with temperature, they concluded that
these titanomagnetites owe their coercivity to stress-induced anisotropy rather than shape
anisotropy or magnetocrystalline anisotropy.

On the other hand. Schmidbauer and Schembera (1987) prepared synthetic
magnetite samples with very low internal stresses. They measured magnetic hysteresis
loops as a function of decreasing temperature for these samples and concluded that
coercive force varies like the magnetocrystalline anisotropy constant on cooling.

Argyle and Dunlop (1990) also used magnetites that likely had very low internal
stresses (being hydrothermally grown). They measured hysteresis loops as a function of
temperature, finding that coercive force changed linearly with K, /J; between 250 and
376 K. implying magnetocrystalline control.

It seems likely that internal stresses are high in most natural magnetites and that
magnetostrictive control of H. may be common except for rocks of very high coercive

force where shape anisotropy may well dominate. One aim of the present thesis was (0

10




extend the methods of Hodych (1982a. 1986b. 1990) to higher coercive force specimens.
This required replacing the original air-cored coil used by Hodvch with an electromagnet
capable of producing higher fields ang designing a vibrating-sample magnetometer to
use with the electromagnet.

Appel (1987) estimated internal stress magnitude in titanomagnetite in rock using
reversible work recovered between saturation and the remancnce point of the hysteresis
loop. He assumed that internal stresses could be estimated using the relation o = W_/A,.
Hodych (1990) tried applying this method to magnetite in rocks. but found that it did
not seem to be reliable because reversible work did not decrease in proportion to A¢ on

cooling. This method was tested further in this thesis.

1
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Figure 1.3:

Xg/ Jg(x 10%em.u.)
Coercive force H,. of three grain sizes of crushed natural magnetite
measured between ~300 and ~130 K by Morrish and Watt (1958) plotted
by Hodych (1982) versus polycrystalline saturation magnetostriction divided
by saturation magnetization.




CHAPTER 2

THE VIBRATING-SAMPLE MAGNETOMETER

2.1 Introduction

The vibrating-sample magnetometer in one of its many forms. has long been the
instrument common!y used by rock magnetists to determine the magnetic hvsteresis
parameters of rock samples. The hysterests loop is measured and yields fundamental
parameters such as the coercive force and the ratic of saturation remanence to saturation
magnetization.

Within a vibrating-sample magnetometer, a2 magnetized sample is vibrated
sinusoidally relative to a multi-turn pick-up coil. The changing magnetic flux through
the pick-up coil induces a sinusoidal voltage in it which is proportional to the
magnetization of the sample. The sample’s magnetization is usually produced by a
uniform magnetic field applied by a magnetizing coil or electromagnet. Measuring the
magnetization of the sample by recording the voltage in the pick-up coils as the applied
magnetic field is cycled allows hysteresis loops to be measured.

Blacket and Sutton (1956) were probably the first to describe a vibrating-sample
magnetometer used for rock-magnetic measurements. Within their instrument. a disc of
rock 2.3 cm in diameter and 0.5 cm thick was vibrated with an amplitude of 1.2 cm and

a frequency of 30 Hz parallel to the disc axis and to the applied field of an




electromagnet. Magnetization within the sample was measured with two pick-up coils
placed on either side of the sample and aligned co-axially to the sample. The output
from these coils was amplified and read on a vibration galvanometer.

Foner (1959) used a loudspeaker drive to obtain a 90 Hz vibration with an
amplitude of 0.1 to 1.0 mm. This system was designed to vibrate samples 6 mm in
diameter or smaller perpendicular to the field of an electromagnet. A phase sensitive
detector (also referred to as a lock-in amplifier) was used to acquire signals from the
pick-up coils.

Kobayashi and Fuller (1967) described a system in which the sample was
vibrated by an electric motor and a mechanical converter. This system was capable o
vibrating samples of up to 25 grams longitudinally perpendicular to the field of an
electromagnet at a frequency of 90 Hz with a vibration amplitude of 0.2 - 5.0 mm. The
signal from the pick-up coils was processed using phase sensitive detection.

Creer, de Sa and O'Reilly (1967) constructed an instrument which used an air
turbine to drive a scotch crank which in tumn vibrated the sample longitudinally. They
believed that this drive system would avoid the electromagnetic noise associated with
motor and speaker drive systems. Their drive system, which was designed for use in a
solenoid with axial pick-up coils, could vibrate a | gram sample at 70 Hz with a 1.2 ¢m
stroke. However. the frequency of the air turbine drive was difficult to stabilize and the
turbine was acoustically noisy. This led Hoye (1972) (described in Collinson (1983)) to

replace the air turbine with a motor to vibrate the sample at 11 Hz with a 2.2 cm stroke.
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{-urther modifications were made to this magnetometer by Tucker (1978) (described in
Collinson (1983)) who replaced the axial pick-up coils by 5000 turn coils for use in the
gap of an electromagnet. The coils were spaced 5 cm apart allowing room for a furnace
and controlled atmosphere around the sample. A vibration amplitude of 1.5 cm and a
frequency of 11 Hz was used. At room temperature, 2.5 cm rock samples could be used
but for high temperature work, small (1 gram) samples were used.

Recently, Flanders (1988) described an alternating-gradient magnetometer. This
vibrating-sample magnetometer claims to be 1000 times more sensitive than conventional
designs, and capable of producing complete hysteresis loops over 10,000 Oe (1000 mT)

in about 100 seconds. The sample is mounted on the end of a cantilevered rod that

incorporates a piezoelectric element. The sample is magnetized by a variable DC field

while simultaneously being subjected tc a small alternating field gradient. The
alternating field gradient exerts an alternating force on the sample, proportional to the
magnetic moment of the sample. The resulting alternating deflection of the cantilevered
rod is measured by the alternating voltage output of the piezoelectric elemeat. This
voltage is measwred by a lock-in amplifier, giving an output proportional to the magnetic
moment of the sampic. The instrument has been used at temperatures ranging from 77
to 400 K. However, the sample was limited to approximately | gram or less.

The vibrating-sample magnetometer constructed for this thesis is of unique
design. It was designed for measuring hysteresis loops of large rock specimens (~1.5

cm') in an electromagnet at various low temperatures. Figure 2.1 is a drawing which
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identifies the components of the magnetometer and Figure 2.2 is a photograph of the
magnetometer. The sample is moved uniformly around a circular path of 2 mm radius
making 29.2 revolutions per second. This magnetometer is related to one built by
Flanders (1967) in which a sample was also spun off-axis. However Flander's
magnetometer was used to measure magnetic anisotropy. and could not mwcasurc
hysteresis loops because the sample’s orientation was continually changing in the applied
field. In the magnetometer built for this thesis, the sample’s orientation is kept constant
relative to the field applied by a large electromagnet. The sample’s motion relative to
two fixed pick-up coils induces in the coils a 29.2 Hz sinusoidal signal which is
proportional to the sample’s magnetization. This signal is amplified and applied to the

Y-axis of an X-Y plotter. Meanwhile, a signal proportional 1o the applied field is

applied to the X-axis and a hysteresis loop is traced. Hysteresis loops can be traced for

any temperature from 294 to 98 K using a temperature control assembly consisting ol
a liquid nitrogen reservoir, a resistive heating element and a specially-designed Dewar

flask that surrounds the sample.

2.2 The Electromagnet

The magnetometer was designed to be used with a large electromagnet
constructed by Dr. Bruce May in 1969 using the laminated iron corc from a transformer.

The core of this elec.-omagnet shows no noticeable hysteresis in the field cycles used
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Figure 2.1: Drawing of the vibrating-sample magnetometer.




Figure 2.2: Photograph of vibrating-sample magnetometer.
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in this thesis, making it easy to calibrate. | had to increase the magnet's original pole
gap of 2.5 cm to 8.2 ¢m in order to accommodate the vibrating sample. the sample
cooling system and the pick-up coils. The modified magnet produces a maximum field
of approximately 3600 Oe (360 mT), when a current of 2.5 A at 145 V is passed
through its coils. The field was found to be proportional to current (see section 2.7 for
details).

Noise in the magnetic field delivered by the magnet must be avoided because it
is detected by the pick-up coils reducing the magnetometer’s sensitivity by decreasing
the signal to noise ratio. It is thus essential that the power supply used for the magnet
delivers a DC current free of noise and that this DC current be changed smoothly
enough to avoid generating noise in the pick-up coils. The current was supplied by a DC
power supply (Kepco Model JQE 150-7) which had very little AC ripple. The current
was smoothly increased and decreased by a voltage supplied to the DC power supply by
a triangle wave function generator (Hewlett Packard Model 3310A Function Generator)
operating at a frequency of 0.005 Hz. This arrangement produced very little noise in the
pick-up coils - orders of magnitude less than when the coils were placed in a
commercial electromagnet with accompanying power supply (Varian Associates Model

V3700-01 Magnet Assembly, and Model V2901 Regulated Magnet Power Supply).
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2.3 The Sample Vibrator

A large sample is desirable since we are dealing with coarse-grained rocks. The
sample must be vibrated at a constant frequency and amplitude. (An amplitude change
of 10% for example will give an apparent change of 10% in magnetization.) The method
of vibrating the sample consisted of rotating it on an off-axis shaft while preventing the
sample from spinning. (Figure 2.3) To accomplish this, a main shaft was machined from
aluminum with two stainless steel bearings placed within it with their centres 2 mm oft
the centre axis of the shaft. A second shaft was pressed into these bearings. A sample

1™ was then fixed to this

holder machined from a fibreglass epoxy resin material, Tufno
second shaft using two set screws. By rotating the main shaft using a one third
horsepower 120 V AC motor, the second shaft and its attached sample holder was
moved around a circular path with 2 mm radius at 29.2 cycles per second. Meanwhile,

the second shaft and sample holder were kept from rotating by a stationary foam rubber

collar which kept the sample’s orientation relative to the applied field constant.
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2.4 The Pick-up Coils

The placement of the sample with respect to the pick-up coils must be constant.
With a single pick-up coil. a small variation in this placement could lead to serious
changes in magnetometer sensitivity. It is very desirable t0 use a Hcelmholtz
configuration of pick-up coils connected in series opposition to minimize this problem
of placement. The series opposition configuration also helps reduce voltages induced in
the pick-up coils due to variations in the applied field. The pick-up coils must also be
isolated from the vibrating source so the coils do not vibrate relative to the applied
magnetic field, inducing false voltages.

The pick-up coils, shown in Figure 2.4, were a matched pair of 3.8 cm diumeter
coils placed 3.1 cm apart (larger spacing than for a Helmholtz pair but still providing
reasonably uniform pick-up sensitivity from the sample). Each coil was made of
approximately 2000 turns of 34 AWG magnet wire and the two coils were connected
in series opposition. The two coils were placed within the styrofoam liquid nitrogen
container so that their axes were aligned and were perpendicular to the pole faces of the
electromagnet. One coil was positioned squarely against each pole face with 0.64 cm of
styrofoam intervening. Figure 2.5 is a photograph of the pick-up coils in place between

the poles of the magnet.
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Figure 2.4: Photograph of the pick-up coils.
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Figure 2.5: Photograph of the pick-up coils and the temperature control assembly
installed in magnet.
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2.5 The Temperature Control Assembly

The magnetometer design was also constrained by the need to vary sample
temperature. To cool the sample, a liquid nitrogen container was constructed from
styrofoam to fit snugly within the pole gap of the magnet. (Figures 2.5 and 2.6) This
container also housed the pick-up coils and the sample port assembly. Figure 2.7 is a
photograph of the temperature control assembly. Care was taken to use only non-
magnetic materials in constructing all parts of the magnetometer (other than the magnet
itselt).

Within the pick-up coils is a sample port assembly which isolates the sample
from the liquid nitrogen reservoir and contains a heating element. This assembly allows
the sample to be vibrated at the centre of the coil pair and allows the temperature of the
sample to be increased above that of liquid nitrogen. The sample port assembly consists
of an open-ended Dewar flask 23 cm long with an inside diameter of 2.1 ¢cm and an
outside diameter of 3.1 cm. This Dewar was made by sealing the ends of two 2 mm
thick Pyrex glass tubes. one with an outside diameter of 3.1 cm and the other with an
outside diameter of 2.5 c¢cm. The annular space between the two tubes was then
evacuated with the aid of a small amount of charcoal getter and then sealed. The Dewar
was then pushed through holes machined in both ends of the styrofoam liquid nitrogen
container. The Dewar was designed with both ends open to room temperature air after

it was found experimentally that a Dewar with a single open end produced a sizable
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temperature gradient along its entire length causing a few degrees of temperature
difference between the ends of the vibrating sample.

The heating element fixed to the inside of the sample port assembly was
constructed by winding a 4 metre length of Chromel A wire non-inductively. This
element was attached to the inner wall of the Dewar with Ceramacast 520. a non-
magnetic castable ceramic made by Aremco Products Inc. With liquid nitrogen
surrounding the Dewar, the sample temperature within the sample port assembly could
be varied from room temperature to near liquid nitrogen temperature by varying the
current passed through the heating element from 1.75 to 0 A using a DC power supply
(Kepco Model JQE 25-4). The sample’s temperature could not be reduced to liguid
nitrogen temperature (77 K), but only to about 98 K. This was mainly duc to the
insulating properties of the evacuated space in the Dewar and the fact that it was open
to room temperature air at both ends.

Figure 2.8 is a graph of the cooling rates of various Dewars consiructed during
the study. It took many tries to achieve a cooling rate which would allow the
temperature to approach liquid nitrogen temperature as well as allow the temperature to
be stabilized near room temperature. The graph shows that a Dewar with too high a
vacuum takes a very long time to reach the temperature of the liquid nitrogen. A Dewar
with too little vacuum reaches liquid nitrogen temperature too quickly, and is very
difficult to stabilize at temperatures close to room temperature. The vacuum in the

Dewar was adjusted by varying the amount of charcoal getter used in the evacuated
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space. The more charcoal used the higher the insulating properties of the Dewar. Once
the cooling curve neared the desired level, the amount of vacuum was fine tuned by
heating the charcoal thus reducing the vacuum.

The temperature inside the sample port was measured using two Copper-
Constantin thermocouples (referred to as T type thermocouples). These were chosen
because of their non-magnetic properties, their effective operating range from 423 to 73
K (+150 to -200°C), their high accuracy and their relatively low cost. One thermocouple
was placed in the sample holder next to one end of the sample. The other thermocouple
was inserted in through the opposite end of the sample port to a point near the other end
of the sample. The two temperatures measured usually agreed to within a few degrees

and their average was considered to be the temperature of the sample.

2.6 Measurement Procedure

First, we will discuss the equipment used to monitor magnet output, pick-up coil
output and temperature. Then we will describe the procedure used to measure a sample's
hysteresis loop. Pen and paper were used to record all pertinent data instead of using
more costly digital data acquisition techniques.

Figure 2.9 shows the block diagram of the measuring system. The magnetic field
applied to the sample was monitored by the horizontal axis of a Hewlett Packard Model

7000 AM X-Y recorder. A voltage that was proportional to the current passed through
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Flgure 2.8: Plot of specimen temperature versus time for the various Dewar flasks triea
in the temperature control assembly (from the time when the Dewar was
first surrounded by liquid nitrogen). The Dewars differed in the amount of
charcoal getter included to improve the vacuum and whether the getter was
later heated to reduce the vacuum.
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the coils of the magnet was applied to the horizontal (X) axis of the X-Y recorder. This
voltage was measured across a 25 Watt 0.1 Ohm resistor placed in the circuit of the
magnet coils.

The sample’s magnetization was monitored by connecting the pick-up coils to
a Tectronix Qscilloscope Model 561 A allowing the output waveform to be monitored
to be sure it was sinusoidal. In general, che output from the pick-up coils consisted of
a main 29.2 Hz sinusoidal component with harmonics of this frequency superimposed.
The harmonics are a function of the coil geometry, sample vibration amplitude and
sample size relative to coil size. The signal from the pick-up coils was amplified and
filtered by thz oscilloscope using a Model 3A9 Differential Amplifier Module and
applied to the vertical axis of the X-Y recorder.

A phase sensitive detector or lock-in amplifier could have been used to increase
the signal to noise ratio as described by Foner (1959) but was not needed because of the
high magnetite content of the samples studied. This technique can allow measurement
of signals obscured by noise up to three orders of magnitude larger than the signal and
should be considered for less magnetic samples. A lock-in amplifier acts as a narrow
band amplifier tuned to the frequency of the signal, and is followed by a rectifier. The
output from the lock-in amplifier is a DC voltage proportional to the amplitude of the
fundamental frequency of the signal and the cosine of the difference in phase between
the measured signal and a reference signal of the same frequency. A common method

of generating a reference signal is with a pick-up coil close to a small magnet attached
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to the vibrator shaft.

The horizontai axis of the X-Y recorder was uzed to plot the magnetic field (H)
applied to the sample, while the vertical axis of the recorder was used to plot
magnetization (J) of the rock sample. The field was cycled from 0 to 3600 Oe (360 mT)

to 0 again and half the hysteresis loop was automatically traced. Then the polarity of the

applied field was reversed and the second half of the hysteresis loop was traced. This

procedure could be repeated for temperatures from near room temperature to 98 K (-
175°C).

Figure 2.10 is an actual plot of half a hysteresis loop plotted on the X-Y
recorder. Note that the noise level slightly increases as the field is increased. but noise
still remains a small fraction of the signal level.

Temperature was monitored by connecting one of the Copper-Constantin
thermocouples to a Leeds and Northrop Temperature Potentiometer Model 8693-2 and
the other thermocouple to a Fluke Digital Thermometer Model 2100A. The Leeds and
Northrop Temperature Potentiorneter needed to be "zeroed" manually before the
temperature could be read off its calibrated scale and recorded. The Fluke Digital
Thermometer displayed the temperature "in real time” on its LED display allowing the

lemperature to be monitored constantly during the experiment.




2.7 Calibration of the Field Axis

The field axis (X) of the recorder was calibrated using a Bell Model 640
Gaussmeter with a probe used for measuring transverse magnetic fields.

First, the proportionality between the field produced by the magnet and the
current passed through the magnet windings was checked. This was accomplished by
connecting the output from the gaussmeter to the vertical axis of the X-Y recorder while
a voltage proportional to the current through the magnet windings was applied to the
horizontal axis. As the current was increased, the magnetic ficld mecasured by the
gaussmeter increased. Both increased in proportion as shown by the straight diagonal
line drawn on the X-Y recorder to the highest fields used. 3600 Oc¢ (360 mT). The
magnet's laminated iron core helped produce this proportionality as well as reducing
remanence in the pole pieces. There was only a very small field of less than 5 Oc (0.5
mT) left in the pole gap after the magnet was cycled to maximum field and then back
to zero.

To calibrate the field axis (X), the gaussmeter was disconnected from the X-Y
recorder and a battery with a momentary on switch was connected in series to the Y
axis. The current applied to the magnet was then slowly cycled, from zero to maximum
and back to zero. While watching the field being measured by the gaussmeter as the
current cycled. tick marks were made on the recorder paper by pressing the momentary

switch when the gaussmeter displayed a multiple of 100 Oe. This was repeated for the
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different scale settings on the recorder. using different multiples. In this manner a

calibration factor {Oe/cm) was determined for each of the scale settings of the horizontal

ax:s of the X-Y recorder.

2.8 Calibration of the Magnetization Axis

The first step in calibrating the magnetization axis (Y) of the recorder was to
check that the vibration amplitude of the sample remained constant as the applied field
was increased. Due to gradients in the applied field, the sample might be pulled
sideways increasingly as field increased causing the vibration amplitude to increase with
field. Such an effect would superimpose a spurious linear magnetization increase with
field on the hysteresis loop of a ferromagnetic sample.

An experiment was designed to determine if there was any change in vibration
amplitude with applied field. The sample was replaced by a small coil of wire of similar
weight and size to a sample, and wound with its axis parallel to the applied field. A
current of 0.5 A was passed through this coil to mimic a sample with a strong
magnetization. The coil was thus vibrated, at room temperature, while the magnet field
was cycled from 0 to 3600 Oe (360 mT). The signal in the pick-up coils did not change
as the magnet field was cycled proving that the vibration amplitude of the sample does
not change as applied field is cycled - at least not at room temperature.

To check if vibration amplitude changed as the temperature was decreased to
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near liquid nitrogen temperature. a plot was made ot percent chang: of saturation
magnetization (relative to room temperature magnetization) versus decreasing
temperature using sample SD78-0444. This plot, shown in Figure 2.11. shows the data
from my vibrating-sample magnetometer. plotted as points, as well as the data of
Pauthenet (1950) for magnetite plotted as a line. Except for the data collected at the two
lowest temperatures, my data agree to within | percent with Pauthenet’s data. lence.
the vibration amplitude can be considered constant, usually to within | percent.

The magnetization axis was then calibratcd by assuming that saturation
magnetization J; = 480 emwcm’ for magnetite in the sample. None of my samples
saturated in 3600 Oe (360 mT) but the method described by Bozorth (1951) was used
to extrapolate to infinite field. Several points were picked from the hysteresis loops near
saturation. These values of J in centimetres were plotted against I/H in Oersteds using
spread-sheet software (Lotus 123™). The least squares fit line was then extrapolated to
I/H = 0 (infinite field) to determine Jg in centimetres. Knowing that J; = 480 emw/cm’

allowed the J axis to be calibrated in terms of emu per cm’ of magnetite in the sample.
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CHAPTER 3

EXPERIMENTAL RESULTS

3.1 Selection of Samples

Seven Precambrian dolerite dyke samples were selected for use in the vibrating-
sample magnetometer. The Matachewan and Biscotasing samples have been shown to
carry primary remanence (Buchan and Halls, 1990). The Nain samples are from an east-
west trending dyke swarm which likely carries a primary remanence (Buchan and
Hodych. personal communication). They were chosen because they were magnetite-
bearing. as suggested by their Verwey transition temperature (between 128 and 118 K).
and because they displayed a range of high coercive force values. Table 3.1 is a listing
of the sample numbers, the dyke swarm from which the samples were collected, the
radiometric age of the dyke swarm and the coercive force of the samples measured at
room temperature. The ages of the dyke swarms were determined by Uranium-Lead

dating, except for the Biscotasing swarm which was dated using the Argon-Argen

technique.




Table 3.1: Sample description.

Sample ID# Dolerite Dyke Swarm Radiometric Age 1,
of swarm (NTO 747 Arm)

SD78-0444 Matachewan. Ontario 2452 + 3 Ma

BX86100502 Biscotasii.. “Jntario 2150 £ 3 Ma 125 O¢
25.7.91-16.1A Nain, Lalrador 1277 £ 2 Ma 103 Oc¢
25.7.91-28.2C " 380 Oc¢
25.791-38.1A " 210 O¢
EC91020101 326 Oc
EC91440101 487 O¢

3.2 Experimental Procedure

Hysteresis loops for the seven whole rock samples listed in Table 3.1 were
plotted at temperatures ranging from room temperature (~294 K) to 98 K using the
vibrating-sample magnetometer described in Chapter 2. Before any measurements could
be made, the liquid nitrogen reservoir in the sample temperature control assembly had

to be filled. The liquid nitrogen level in the reservoir was monitored throughout the

experiment and more was added to keep the sample port assembly completely immersed

at all times. Once the reservoir was filled, a DC current was applied to the heating
element to bring the temperature in the sample port close to room temperatire. The
sample was then placed in the sample holder and carefully positioned in the sample port
so as to be centred between the pick-up coils. Sample temperature was menitored with

the two thermocouples until thermal equilibrium was attained.




When the temperature stabilized. the sample was cycled several times through
the hysteresis loop before plotting began. Then. the sample magnetization was plotted
continuously as a function of field as the applied field was increased to 3600 Oe (360
mT) and then decreased to zero. This was then repeated with the field in the opposite
direction.

Temperature was then lowered by decreasing the current passing through the
heating element. When therrnal equilibrium was again reached. another hysteresis loop
was plotted as beiore. This was repeated for successively lower temperatures.

Temperature was measured to an absolute accuracy of +3°C. using the average
value from the two thermocouples. one positioned in the sample holder behind the

sample and the other positioned in front of the sample on a stationary holder.

3.3 Experimental Results

Figures 3.1 to 3.4 show hysteresis loops plotted for the Matachewan dolerite
(SD78-0444) at various temperatures (indicated near the top of each plot). Note that the
hysteresis loops are slightly smoothed because they were digitized and plotted using
Autocad™ computer drafting software. Figures 3.5 to 3.7 are room temperature
hvsteresis loops for the other six samples.

Along with the complete hysteresis loop to 3600 Oe (360 mT) shown. a second

loop was always recorded using more sensitive plotter scales to show only the portion
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of the loop close to the origin to make it easier 0 measure H- and J, accurately. Values
for H. and J; were measured from the latter loops and are plotied against decreasing
temperature in Figures 3.8 and 3.9 respectively.

Although coercive force and saturation magnetization are independent of sell-
demagnetizing fields. saturation remanence is not. To correct for the shearing effect of
self-demagnetizing fields. the self-demagnetizing factor N had to be estimated. lFor this
study. N was considered to be equal 10 H/J; although this may be an overestimate of
N (Hodych. 1986a) and for small numbers of domains per grain (high coercive foree)
N can vary somewhat with magnetization (Dunlop. 1983). All the points on the observed
hysteresis loops would have to be moved horizontally a distance of NI to correct for
self-demagnetizing fields as shown in Figure 3.10.

After the self-demagnetizing factor was calculated, an estimate (corrected for
self-demagnetization) was made of the reversible work done on the descending branch
of the hysteresis loop. This was done with the aid of Autocad™ computer drafting
software. First, a horizontal line was drawn at a constant magnetization near that
produced at room temperature by the 3600 Oe (360 mT) field. Then the arca was
measured between this horizontal line, a line of slope 1/N drawn through the origin and
the top of the hysteresis loop. This area is shown dotted in Figure 3.1 to 3.7. This arca
was then converted to the appropriate units using the conversion factors calculated in
Sections 2.7 and 2.8. and plotted against decreasing temperaturc. Figure 3.11 is a plot

of the reversible work versus temperature data. Note that the data for EC91440101 s
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shown as a dashed line as it was not reliable below approximately 173 K because of
noise of unknown origin so it was not included.

The above reversible work (W) is integrated to constant magnetization. The
reversible work integrated to constant field was calculated in a similar manner (the
horizontal line corresponds to the magnetization produced by 3600 Oe rather than the

constant magnetization as temperature is lowered) and is displayed as a function of

temperature in Figure 3.12. Again the data for EC91440101 is shown as a dashed line

because it was not reliable because of noise of unknown origin.
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CHAPTER 4

INTERPRETATION OF RESULTS

4.1 Room Temperature Hysteresis Parameters

The seven rock samples selected for hysteresis measurement are all trom dolerite
dykes and hence they likely crystallized with relatively large titanomagnetite grains
which on cooling exsolved into magnetite cut into fine grains by ilmenite lamellae. The
fine intergrowth of magnetite and ilmenite makes grain size estimates difficult, as well
as having the effect of lowering the self-demagnetizing factor (Davis and Evans, 1976).

Néel (1955) pointed out that, for rocks dominated by multidomain grains of
magnetite of average self-demagnetizing factor N. one expects J,/J to increase in
approximate proportion to Hc since N = H./J¢. As seen in Figure 4.1, observed J,/J; for
my dolerite samples does increase in approximate proportion to H.. (except perhaps for
the highest coercive force sample). The inverse of the slope of the least-squares
correlation line multiplied by the inverse of J is approximately 2.7 emu (2.2x10" H/m)
which should give an estimate of the average self-demagnetizing coefficient, N. This
value is significantly less than the 4n/3 emu (3.3x10° H/m) expected of spherical grains
presumably because of the non-magnetic ilmenite lamellae cutting the magnetite. Davis

and Evans (1976) suggested that for simple magnetite-ilmenite lamellae in a cubic grain,

the grain should have N = f4n/3, (+p, in SI), where f is the volume fraction of ilmenite
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lamellae which should be approximately 0.4. A traction 0.65 of ilmenite lamellac cutting
the magnetite would account for my observed value of' N interred from Jp/J versus H, .
Also plotted in Figure 4.1 is J,/Jg versus H.. where J; has been corrected for selt-
demagnetization assuming N = H./J;. These corrected values of J/), are near 0.5
suggesting the presence of single-domain or pseudo-single-domain grains.

For comparison, Figure 4.1 also shows the data of Day et al. (1977) for pure
magnetite ground under acetone in an agate mortar. One expects approximately
equidimensional grains and theretfore a self-demagnetizing factor of approximately 4n/3
emu (3.3x10° H/m). The J./J; values increase in approximate proportion to H. with a
slope suggesting N ~ 4.6 (3.7x10° H/m), agreeing reasonably well with the theory of
Néel (1955). Some idea of the probable grain size of the magnetitc in my dolerie
samples can be obtained by comparing their coercive force values with those of the
samples of Day et al. (1977). My lowest coercive force sample, 25.7.91-16.1A, could
have an effective magnetite grain size of approximately 3.8 um, and my three highest

coercive force samples could have effective magnetite grain sizes of less than 0.8 pm.

4.2 Interpretation of H. versus Low Temperature Results

The natural remanent magnetization (NRM) of terrestrial igneous rocks is often
due to multidomain (or pseudo-single-domain) grains of magnetite (rather than single-

domain grains). However, it is not clear what opposes domain wall motion in such
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grains controlling coercive force (H¢) which 1s a measure of the stability of their
remanence. Comnmon theories (reviewed by Hodych 1982b). for control of coercive force
in multidomain grains either have domain wall motion impeded by internal stresses
leading to magnetostriction controlling He (H¢ o« /) or they have domain wall
motion impeded by inclusions leading to magnetocrystalline anisotropy controlling H..
(He = | K, | J/J). For elongated single-domain grains, H.. should be controlled by shape
anisotropy (H. « J). The variation of saturation magnetostriction, A. and the
magnetocrystalline anisotropy coefficient, K,, with low temperature has been measured
for magnetite by Bickford et al. (1955), and Syono (1965). By measuring hysteresis as
a function of low temperature, one can infer what controls H,. by observing whether H,.
varies in proportion to Agor |K,| on cooling or whether H. shows little variation as
expected of shape anisotropy control.

Figure 3.8 plots coercive force, He, as a function of decreasing temperature for
each of the seven rock samples. The values of H decrease as the temperature is lowered
from room temperature until between 128 and 118 K when a sharp increase in H. takes
place. This sharp increase is due to the Verwey transition at which magnetite changes
its crystal structure from cubic to orthorhombic resulting in a large increase in
magnetocrystalline anisotropy.

The coercive force measured at 140 K, H-(140K), as a ratio of room tempcrature
coercive force, Ho(294K), is plotted versus rcom temperature coercive force in Figure

4.2 for each sample. Lines representing the values of H(140K)/H(294K) expected for
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coercive force controlled by shape anisotropy. stress-induced anisotropy  and
magnetocrystalline anisotropy are also shown. This plot should give a crude idea of
which of the three anisotropies dominates the coercive force in the sample. The data
displayed on the plot suggest that H. for the sample with the highest coercive forcee.
EC91440101, is dominated by shape anisotropy. Indeed this sample may bhe dominated
by single-domain grains with shape anisotropy. in view of the very large coercive toree
(487 Oe, 3.9x10* A/m) and high J/J5 (0.35). The sample of next highest coercive foree
plots on the line for H. dominated by stress-induced anisotropy. suggesting that high
coercive force can also be cue to internal stresses. The next two lower coercive torce
samples seem to have contributions to coercive force from both shape anisotropy and
stress-induced anisotropy. Finally the three lowest coercive force samples scem to be
mai: v dominated by stress-induced anisotropy.

In Figure 4.3, the values of H. observed on cooling were plotted against the
corresponding values of AJJ/J, where A, is the polycrystalline saturation
magnetostriction, calculated from A = 0.4, + 0.6),,, using smoothed curves through
the magnetostriction versus low temperature observations of Bickford et al. (1955). J,
is saturation magnetization at absolute zero and has a value of 520 emu/cm' (0.65 T).
The variation of J§ on cooling is from observations of Pauthenet (1950). Coercive force
was found to vary as a linear function of A¢J/Js as expected from the theory of Nécl
(1946) if H. is mainly controlled by TS through internal stresses. The one exception is

the sample of highest coercive force whose H,. is almost invariant with temperature as
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expected for single-domain grains dominated by shape anisotropy. However two of the
lines were found 1o pass well above the origin perhaps because a significant fraction of
their coercive force is magnetostatically controlled; these are the same two samples
which suggest large contributions to coercive force from both shape anisotropy and

stress-induced anisotropy in the plot in Figure 4.2.

4.3 Interpretation of J; versus Low Temperature Results

Figure 3.9 plots saturation remanence, J;, as a function of temperature for each
of the seven rock samples. J, was measured from the same hysteresis loops as used for
H. Note the similar shape of both the H. and J; versus temperature graphs. The values
of J, decrease as the temperature is lowered from room temperature to temperatures
between 128 and 118 K when a sharp increase in J; takes place. This sudden increase
is again a result of the Verwey transition at which magnetite changes its crystal structure
from cubic to orthorhombic resulting in a large increase in magnetocrystalline
anisotropy.

Hodych (1986b) pointed out that, for multidomain grains, we expect J; to vary
in proportion to H.. and hence in proportion to A¢J /Js. Figure 4.4 shows the values of
J. plotted versus A¢J /). The plots are linear and except for the sample of lowest
coercive force, the lines all pass significantly above the origin, suggesting that the

magnetite is not all multidomain. One would expect the slopes of these lines to be
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approximately 1/N of the slopes of the H¢ versus AdJ/), plots. if the magnetite in these
samples is dominated by multidomain grains with domain wall motion magnetostrictively
controlled through internal stresses (Hodych, 1990). Except for the lowest coercive force
sample, the slopes are significantly less than expected, suggesting again that the

magnetite is not all multidomain.

4.4 Interpretation of J; versus H, Plots

For multidomain grains, J; should vary in proportion to Hc on cooling with the
slope of the J; versus H line equal to 1/N (Néel, 1955). The J; versus H¢ plots (Figure
4.5) are linear (except for the sample of highest coercive force whose J; and H. do not
change much on cooling as expected of single-domain grains dominated by shape
anisotropy). However, the lines often do not pass through the origin. Hodych (1990)
showed theoretically that this is not explained by assuming that the dominant
multidomain grains with coercive force controlled by internal stresses are accompanied
by a fraction of single-domain grains with shape anisotropy. The only explanation
Hodych could devise was to assume that there exists a fraction of pseudo-single-domain
grains of magnetite with coercive force proportional to saturation magnetostriction as in
the dominant multidomain grains, and saturation remanence proportional to saturation
magnetization as in single-domain grains.

Hodych (1990) suggested a method of estimating the fractions of such
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multidomain, pseudo-single-domain and single-domain grains. He assumed that a fraction
f, of multidomain grains dominates with H., = C,A¢a /), and N, = H_,/J,,. He also
assumed a small fraction f, of pseudo-single-domain grains with H,., = C,X0./J, and J,,
= %J. Finaily he assumed a small fraction f, of single-domain grains with H.., = %2(N,-
N,)Js and Jg; = %Js. He showed that plots of J, versus H,.. H. versus X /J; and J, versus
A¢/Js on cooling should yield straight lines with slopes close to 1/N,. C,o, and C,a,/N,.
respectively. Figure 4.6 summarizes this theory as applied by liodych (1990) to his
observations for sample SD78-0444. The J-intercept of J; versus H should give an
estimate of %f(C,a,/C,0,)J,. the Hc-intercept of H. versus A ¢/J should give an estimate
of V2N, Ji[f,+f,-f,(C,0,/C,0,)] and the Jg-intercept of J; versus A /J¢ should give an
estimate of “4(f,+f;)J5. The minimum volume fraction f, of pseudo-single-domain grains
can be estimated by taking the Jg-intercept of J; versus H.. on cooling and dividing by
J/2. The maximum f, can be estimated by taking the Jy-intercept of J, versus A /J¢ on
cooling and dividing it by J;/2. Maximum C,0, for pseudo-single-domain grains can be
estimated by taking the inverse of the Jg-intercept of J, versus H. on cooling and
multiplying it by C,0,J5/2 and by maximum f,. The maximum volume fraction I, of
single-domain grains is cstimated by subtracting maximum f, and minimum f,.
Following Hodych (1990) Table 4.1 was made using the plots in Figures 4.3, 4.4
and 4.5. Note that the graphs in Figures 4.3 and 4.4 are of H,. and J, versus A J /).,

making it necessary to divide the values on the x-axis by J, = 520 emw/cm’ (0.65 T) to
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Table 4.1: Magnetic properties

Coercive Self-demagnetizing Dominant Small fraction f. of pseudo- Small Reversible
Force Factor multidomain single-domain grains with fraction f, Work
magnetite internal stresses o, of single-
with internal domain
stresses o, magnetite
max max min max
SAMPLE H N N C,o, C.o, f, f; f, W,
Oe emu emu x10* (x10* (x10*
(x10*/4n (+4nx (+4nx dyne/cm?) dyne/cm?) erg/cm’)
A/m) 107 Him) | 107 H/m) (x107 Pa) (x107 Pa) (x10" J/m’)
25.7.91-16.1A 103 221 2.13 14 8 0.01 0.02 - 84
BX861006502 125 3.57 227 15 16 0.10 0.10 0.004 6.7
SD78-0444 147 2.83 1.85 20 19 0.10 0.11 - 13
o (152) 2.7 (18) 2n (0.14) 0.12) (0.02) (26)
00
25.7.91-38.1A 210 3.70 2.50 14 30 0.18 0.09 0.10 5.2
EC91020101 28 4.55 2.17 29 38 0.42 0.32 0.11 5.4
25.7.91-28.2C 380 4.17 2.50 51 4 0.24 027 - 43
EC91440101 4187 - 294 - - - - - 10

N in column 3 is estimated from the inverse slope of the plot of J, versus H¢ in Figure 4.5.

N in column 4 is estimated from the ratio of J,/H. from the room temperature hysteresis loops.

C,o, in column 5 is estimated from the slope of H, versus 7.;J, J; x J, in Figure 4.3.

Max. C.o. in column 6 is estimated from the inverse of the J; intercept of J, versus Ho x C,0,J5-2 x max. f; (Figure 4.5).
Man. f. in column 7 is estimated from the J; intercept of J, versus A¢'J Jg+J;2 in Figure 4.4.

Min. f. in column 8 is estimated from the J, intercept of J; versus Ho=J 2 (Figure 4.5).

Max. f, in column 9 is estimated from max. f,-min. f..

For sample SD78-0444 the results in brackets are from Hodych (1990).
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get the corresponding plots (Figure -4.6) of Hodych (1990).

Column 3 of Table 4.1 contains estimates of sell-demagnetizing lactor
determined from the inverse slope of the plot of J; versus H_. (EC91440101 was not
used because H. and J; did not vary enough with temperature). These N values were

used to correct J for self-demagnetization for the Jg/J; versus H, plot in Figure 4.1, All

the values of Jg/Js. except for the lowest and third lowest coercive torce samples

significantly exceed 0.5. This suggests that most of the values for N calculated trom the
inverse slope of J, versus H are overestimates, perhaps due to the theory breaking down
when the magnetite contains more than a small fraction of pseudo-single-domain or
single-domain grains. Columns 5. 6. 7. 8 and 9 of Table 4.1 follow from the theory of
{Hodvch, 1990) and are to be used with caution for those specimens in which N was
overestimated.

Column 4 of Table 4.1 contains values of N estimated from the ratio of H,/J,.
All of the N values calculated in this manner were lower than those found using the
inverse slope of the J, versus H. plol. and agree more closely with the theories of
Dunlop (1983) and Davis and Evans (1976) who estimate values of N between ~1.6 and
~2.0 emu (~1.3x10° and 1.6x10° H/m).

Note that the hysteresis loops to 3600 Oe (360 mT) of this thesis give very
similar results and predictions as the hysteresis loops to 1200 Oe (120 mT) of Hodych
(1990) for the Matachewan dolerite sample (SD78-0444). The results of Hodych (1990)

are given in brackets below the results of this thesis in Table 4.1. (His result for W,
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is also given and is higher than mine because it is for the 6000 Oe (600 mT) loop of
Figure 4.7).

Column 5 of Table 4.1 is an estimate of C,0, calculated from the slope of H.
versus A¢J/Js x J, where o, is the internal stress magnitude of the dominant multidomain
grains and where C, can have a maximum value of approximately 4 according to the
theory of Chikazumi (1964). Minimum internal stress (C,5,/4) is estimated to be 6x10*
dyne/cm’ (6x10” Pa) on average. For comparison, the breaking stress of gabbro under
compression is 18x10® dyne/cm? (18x10’ Pa) according to Jaeger (1956).

Column 6 of Table 4.1 is an estimate of the maximum C,o, where o, is the
internal stress in the pseudo-single-domain grains forming a fraction f; of the magnetite
in the samples. These values were calculated from the inverse of the J; intercept of J,
versus H.xC o J¢/2xmax.f,. The average value of the maximum C,o, was approximately
26x10°® dynes/cm® (26x10” Pa) but is not as useful as C,o, since the value of C, is not
known.

Columns 7 and 8 of Table 4.1 are estimates of the maximum and the minimum
fraction f, of pseudo-single-domain grains that have H. controlled by A but have J,

controlled by J;. The maximum fraction f, was calculated from the J; intercept of

A /J+)J2. and the minimum fraction f, was calculated from the J; intercept of Jg

versus H.+J/2. The average value of maximum f, was 0.18, and the average value of
minimum f, was 0.15.

Column 9 of Table 4.1 is the maximum fraction f; of single-domain grains of
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magnetite in the samples. calculated from maximum f. - minimum f{.. This column
suggests a very small fraction of single-domain grains (less than 10% even for the higher
coercive force samples). However the highest coercive force sample could not be
analyzed in this way because neither H. nor J; change significantly on cooling and
because it is likely dominated by single-domain grains whereas the analysis assumes

only a small fraction of single-domain grains.
4.5 Interpretation of Reversible Work versus Low Temperature Results

In the absence of self-demagnetizing fields, reversible work, W,,,. recovered
between saturation and the remanence point of the sample’s hysteresis loop is defined

by Bozorth (1951) as:

J
W= fJ HdJ
R

In the presence of self-demagnetizing fields, W ., can be estimated by measuring the arca
shown dotted in Figure 4.7 from Hodych (1990).

Appel (1987) following a 1932 paper by Kersten (discussed in Bozorth, 1951)
assumed that internal stresses o could be estimated from W, _, = A,o. Hodych (1990)

argued that, if W, were mainly due to anisotropy induced by internal stresses, W,,,
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should decrease in proportion to A on cooling to approximately 120 K. Hodych (1990)
attempted to measure the change W on cooling for various magnetite bearing rock
samples using hvsteresis loops plotted to 1200 Oe (120 mT). The reversible work
recovered between near-saturation and the remanence point. in the absence of
demagnetizing fields. was estimated by measuring the area (dotted in Figure 4.7)
bounded by the descending arm of the hysteresis loop. the line of slope I/N and a
horizontal line drawn through J at 1200 Oe (120 mT). Hodych (1990) found that W,
was approximately independent of temperature for all his samples. This suggested that
rotation against magnetostatic rather than magnetostrictive or magnetocrystalline forces
might mostly be responsible for W_, in his samples since magnetostatic forces arc
proportional to J¢, which changes little on cooling. Hence it seemed unlikely that W
could give an estimate of internal stress magnitude in his samples.

Figure 4.8 shows the procedure of Hodych (1990) repeated to higher field 3600
Oe (360 mT), on the Matachewan dolerite (SD78-0444) which was one of the specimens
used by Hodych. Again, W,_, is found to show little variation on cooling to
approximately 125 K. (The same is true of the rest of the samples as can be seen in
Figure 3.12) Also, Figure 4.8 shows that the lack of variation of W, on cooling does
not depend on the field strength chosen for the integration, for fields from 1100 to 3600
Oe (110 to 360 mT).

Note, however, that W __ is defined as an integration with respect to

magnetization rather than field. Hence, it would seem more valid to measure W, to a
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indicated) versus temperature.
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constant magnetization value rather than to a constant field value. This was done for the
Matachewan dolerite sample (SD78-0444) and is plotted in Figure 4.9. Note that instead
of W, remaining about constant on cooling, W, decreases on cooling roughly like A
as expected if domain rotation was opposed by stress-induced anisotropy. Also Figure
4.9 shows that W, decreasing on cooling like A does not depend on the constant
magnetization value chosen for the integration (for magnetizations between 331 and 413
emu per cm’ of magnetite in the sample (41.6 - 51.9 mT))

Both methods of evaluating W, should have given the same result if the samples
had saturated by 3600 Oe (360 mT). However, saturation magnetization (J5) has not
been reached by 3600 Oe (360 mT) in the Matachewan dolerite (Figure 3.1) or any of
the other samples (Figures 3.5 to 3.7). Figure 4.10 is a plot of W, (integrated to a
constant field) versus the strength of the field to which W, was integrated. The figure
shows that W, is increasing as a linear function of the field to which W, is integrated.
W.,.. is not even beginning to saturate at the highest field used (3600 Oe (360 mT)) even
though this is a sample with one of the lower Hc values and hence should be one of the
casier samples to saturate. This remains true at lower temperatures (201 and 129 K). It
seems that my estimate of W, may grossly underestimate the saturation value of W,
whether integrated to constant field or constant magnetization.

However, the shape of the W, (integrated to constant magnetization) versus
temperature plot remains the same whether one integrates to the highest magnetization

attained or to a lower magnetization, as seen in Figure 4.9. This gives some hope that
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the shape of the W versus temperature plots integrated to constant magnetization may
possibly be used to infer what is controlling domain rotation (domain wall motion is
expected to make a relatively small contribution to W ). W, versus temperature
estimates (integrated to constant magnetization) were normalized and plotted on the same
graph as normalized values of Jg, A and K, plotted versus temperature (Figure 4.11).
The highest coercive force sample did not give useable results because the hysteresis
loops drawn at the lower temperatures were very noisy, making it impossible to
determine accurate reversible work values. Column 10 of Table 4.1 lists the room
temperature values of W,,. The normalized W_, versus temperature plots do not
resemble nor do they fall between the normalized Jg, A or K, versus temperature plots.
This suggests that these W, versus temperature plots cannot be used to infer what is
controlling domain rotation in these samples. The one possible exception is the

Matachewan dolerite (SD78-0444) whose W, versus temperature plot roughly resembles

that of A versus temperature suggesting that stress may possibly control its domain

rotation. However, this resemblance may be fortuitous. In general, we do not believe that
W,., can be used to identify what controls domain rotation or to estimate internal stresses

in the specimens studied for this thesis.
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4.6 Summary

Seven Precambrian dolerite samples, with a remanence that is likely primary.
were selected for study in the new vibrating-sample magnetometer. They were chosen
because of their high magnetite content (a few percent) and their high coercive force
values ranging from 103 to 487 Oe (8.2x10° A/m to 3.9x10" A/m). Hysteresis loops to
3600 Oc (360 mT) were plotted for various temperatures from room temperature to near
liquid nitrogen temperature for each of these samples. Values of coercive force. H,.
saturation remanence, J; and reversible work, W, were measured from the hysteresis
loops and plotted against decreasing temperature.

H,. varied as a linear function of *sJ./1¢ on cooling to approximately 120 K. as
expected from the theory of Néel (1946) if H. is mainly magnetostrictively controlled
through internal stresses opposing domain wall motion. The one exception was the
highest coercive force sample whose H,. was almost invariant on cooling to ~120 K. as
expected of single-domain grains with Hc. controlled by shape anisotropy. Between about
128 and 118 K, H, increased due to the Verwey transition at which magnetite changes
its crystal structure from cubic to orthorhombic resulting in a large increase in
magnetocrystalline anisotropy.

Ji decreased on cooling similarly to H. and also showed a Verwey transition
between about 128 and 118 K. The plots of J, versus A(J/J were linear on cooling as

expected of grains in which H. is mainly magnetostrictively controlled by internal
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stresses opposing domain wall motion. The main exception again was the highest
coercive force sample whose J; was almost invariant on cooling to approximately 120
K as expected of H. controlled by shape anisotropy.

The plots of J; versus H. on cooling were linear (except for the highest coercive
force sample in which neither J; nor H. changed much on cooling). However, the liner
mostly pass well above the origin. This can be explained (Hodych, 1990) by assuming
that a small fraction of magnetite exists in pseudo-single-domain grains whose coercive
force is magnetostrictively controlled as in the dominant multidomain grains. but whose
saturation remanence is 2Jg as in single-domain grains.

Following Hodych (1990), estimates were made of the minimum valuc of the
internal stresses, ©,. of the dominant multidomain grains. The magnitude of these stresses
averaged 6x10* dyne/cm’ (6x107 Pa) which is less than the 18x10* dyne/cm’ (18x10 IPa)
breaking stress of gabbro in compression.

When estimated by integrating to a constant field, W,,, showed little variation on
cooling (agreeing with the findings of Hodych (1990)). However. it should be more
valid to estimate W, by integrating to a constant magnetization. When this was done.
W, was found to decrease on cooling. Unfortunately. the plot of W, versus
temperature does not resemble nor does it fall between the plots of A, | K,| or Jq
versus temperature (except perhaps for the Matachewan dolerite sample). Hence we do
not believe that W, versus temperature plots can be used to infer what controls domain

rotation in the samples studied.
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