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CHAPTER 1

INTRODUCTION

Thermoremanent magnetization, TRM, 1s acquired by cooling a ferromag-
netic or ferrimagnetic substance in the presence of a magnetic field.
EQRM(Tj'Ti';S denotes the specimen's TRM, measured at room temperature
(v25°C), acquired when the specimen is cooled from Tj (*°C) to T; in the
presence of field h. The first temperature in the argument, Tj’ always
denotes the higher temperature. If the specimen is cooled from above the

Curie point (Néel point for a ferrimagnetic substance) to room temperature,

+
in the continuous presence of a constant field, h, the remanence is a

TR’

total-TRM. (Where no ambiguity is likely to arise, the prefix 'total' is
: +

often omitted.) In our earlier notation we write JTRM(TC’TR'K) or some-

-3
times TRM(TC,TR,K). If K is applied during only part of the cooling, say

between T1 and T2 where TR<T1<T2<TC, the remanence 1s a partial-TRM, PTRM,

3o (T,,T,,B), or sometimes PTRM(T,,T.,R).
PTRM*"2°71"77? 2’71

Igneous rocks usually have minor fractions of ferrimagnetic minerals--
commonly of the order of one percent by weight and almost always less than
ten percent--which usually acquire TRM as they cool below their Curie point
to room temperature. TRM is also found in baked clays, kilns, baked bricks,
and baked artifacts such as vases and jars.

Specific TRM properties are different for each magnetic mineral and are
usually sensitive to small fractions of impurities that may be present.
Within a certain mineral, TRM properties vary widely depending on the mag-
netic grains' sizes and shapes and the grains' internal and external states

of stress. Although highly variable, TRM has some peculiar and wonderful

properties that make paleomagnetism a viable field of study and have enabled
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paleomagnetists to extract reliable magnetic information from as far back
as a thousand million (109) years. Because of its importance in archeo-
magnetism and paleomagnetism, TRM has been studied extensively by numerous
authors, mostly during the last forty years, and some of its important and
interesting properties are listed below:

(1) TRM is almost always parallel to the external field, ﬁ, in which

> -+ -+

it was induced. JTRM(TC,TR,h) // h.

(2) TRM acquired in a weak external field is more intense than iscther-
mal remanent magnetization, IRM, acquired in the same external field

F e Ter T ™ > Ty T

(3) TRM acquired in a weak external field is generally more stable
than IRM acquired in the same external field, such that: (i) TRM is more
resistant than IRM to spontaneous time decay in null field; (ii) TRM is more
resistant than IRM to demagnetization by direct and alternating fields; and
(iii) TRM is more resistant than IRM to thermal demagnetization.

The contrast between TRM and IRM outlined in properties 2 and 3

diminishes with increasing external field or, equivalently, with approach

to saturation remanent magnetization such that:

+> -+ + -+
J -+ saturation
TR remanence
-+ >
®)  timbr Q@) = Tpg
' ]
ETRM <+ gaturation

remanence

where 1T is the relaxation time of the maznetization.

(4) The intensity of TRM acquired in weak external fields (h<vl oe)
' -
is directly proportional to the inducing fields: 3&RH (TC,TR,ﬁ) e« h.
At higher fields TRM deviates from linearity and approaches saturation.

(5) In his extensive studies of TRM of baked clays and bricks from
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archeological sites E. Thellier (1938) discovered one of the more funda-
mental properties of TRM, summarized in Thellier (1946):

"To any temperature interval Ty, Ty (Tr<T1<T2<T¢)
there corresponds for a given specimen and a given
magnetic field h, a particular magnetic moment which
1s acquired by the specimen when cooled from Ty to Tj
in this field h and is unaffected by any heating to
temperatures less than T; but disappears completely

by heating to Tp. Further, it is quite independent

of other thermoremanent moments acquired in temperature
intervals outside T; and Ty even though they be due to
field h that are different in magnitude and direction.
All these moments are added geometrically but, para=-
doxical as it may seem, each is quite independent and
preserves a sort of exact memory of the temperatures
and field which produced it."

This translation of Thellier's words was taken from Néel (1955, page 212-

213). Nagata (1943) discovered the independence of partial thermoremanent

magnetization (PTRM) for volcanic rocks. The independence of PTRMs acquired

over different temperature intervals can be generalized to what is commonly

known as the additivity law of PTRM, which can be written as follows:

1. TRA(T,T,) = P'E’RM(TC,EN,ENH) + PTRM(T,, Ty ; » ”ﬁﬂ) + PTRU(T, )3Ty ooy )
+ ...+ PTRM(TZ,Tl,hz) + PTRM(TI’TR’hl)

-5
,Ti,h a

1, TRM(T,,T) = I PTRM(T ) 8

Ti<T3¢T, J

>
vwhere TC 2 TN 2T T

5
The values of the argument of PTRM(Tj,Ti,g5) denote the temperature
interval Tj’ T, over which the PTRM is acquired and the external field
R&, active in that temperature intervalj ﬁj’ in equation 1' is a unit vector
parallel to ﬁs. In the acquisition of TRM by volcanic rocks where cooling

>
is relatively rapid, and in laboratory experiments, h can be usually approx-—

imated by a constant vector for the entire interval Tc to TR so that the
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vector sum becomes an arithmetic sum and the above equation can be simpli-

fied to:

2. TRM(T, T ,h) = : lﬁTiﬁ(Ti’Ti’ h) |
1~<%~ c
TosT,

where n is a unit vector in the direction of B.) I1f the sample's blocking
temperatures are distributed over the entire temperature range TC to TR'
and if 1 is applied throughout the entire TRM acquisition process between

T_. and TR, then for 2 to hold,

c

3. T, - Tp = I (Ty = Ty)
TysTy$Tc
T ST,

Néel (1949, 1955) was able to theoretically explain many of the pro-
perties of TRM by considering an assemblage of identical non-interacting
single domain grains of volume v. Single domain particles are defined to
be homogeneously magnetized throughout their volume such that their spon-
taneous magnetization, JSP’ equals the saturation magnetization, Js. Each

grain thus has a magnetic moment vJS. If such an assemblage is given TRM,

J
TRM

at a time t later will have decayed towards its new equilibrium condition

(t-O)Ejo, and the field is subsequently removed, the magnetizatiom, 3;

-+
in null field,which is J = 0, according to:

-

4, J(t) = Iy exp{~ t/t]

This spontaneous decay of the magnetization is accomplished by thermal
fluctuations of the magnetic moment over the potential energy barriers. The
decay rate is determined by relaxation time, T.

The incremental probability dP that in the time increment dt, through
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the effect of thermal energy, kT, a magnetic moment might 'relax' toward
equilibrium by overcoming the magnetic potential energy barrier, E, (E is

most commonly known as the activation energy) is given by
5, dP = C exp [-'-li ldt
kT

where C is a constant, k is the Boltzmann Constant, and T is the absolute

temperature.

T dt pl kT]

where C is of the order of 109 sec-1 (Nagata, 1961, p. 24). The precise
value of C is not so important here, but it should be noted that for EIKT
the relaxation is essentially instantaneous. If the above value for C is
used, then for E/KT = 20.72, T = 1 sec whereas for E/KT = 60.32, T = 5x10°
years. An increase in E/kT by a factor of three leads to a corresponding
increase in T of seventeen orders of magnitude. This dependence of T on the
exponential leads immediately to the concept of magnetization '"blocking'. |
To develop an expression for T for his single domain grains, Néel

further assumed that the grains had only one axis of easy magnetization and
that these axes are all aligned parallel to the applied field. Thus for
each grain there are two stable orientations (positions of minimum total
energy) of the magnetic moments, parallel and antiparallel to the external
field, which are separated by an energy barrier. Using the above scheme,

Néel derived the following expressions for the relaxation time, T:

1/2 2

2,2 vigp(Hoy + h)
- 1 = - H -

7 o) ao(1+thci)(l h™/ ci) expl 2kTHc

i



1/2 vl -h)z

_1 - iy 2 sp{fley
T(m,0) - ao(l hlﬂci) (1-h IHci ) exp [- ZRTHC_; ]
c

8.

 where O and T are the two stable orientations of the magnetization parallel
and antiparallel to the external field, K, respectively. v is the grain
volume in cubic centimeters, k is the Boltzmann constant, JSP(T) and uci(T)
are the spontaneous magnetization (gauss) and the microscopic coercivity
(oersted) at the temperature T(°K), respectively. In the absence of an

external field these equations reduce to

1_a - VJSPHci

Néel derived an expression for a, which is expressed by

1/2

ell
a, = 2°1 [3GA + DIg 22

m0 nGKT

where G is the shear modulus, A, the longitudinal saturation magnetostric-
tion, D 1is related to the shape demagnetizing constant, and m0 and e are

the mass and charge of an electron. a, (lth/H )(1 -h IH i ) 1/2 is a frequency
factor whose value is of the order of 109 sec 1 and whose variation with
temperature is mild compared with that of the exponential, which largely
determines T's temperature dependence. Brown (1959) disagrees witthéel's
derivation of the frequency factor and develops a different expression.
Although Brown's criticisms seen justified, numerical values of the two
frequency factors do not differ significantly. Since we shall never depend
on the specific expression for the frequency factor, we remain faithful to

Néel.
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) i
Jop(T [H_((T) ¢ b] Jgp(TIH 4 (T) '
and represent the grains' energy barriers
244 2

>
(per unit volume) in an external field h and in zero field, respectively,

against the rotation of the grain magnetization by the action of thermal
fluctuation due to thermal energy, kT. Both Hci(T) and JSP(T) are sensi-
tive functions of temperature and their values decrease with increasing
temperature and vanish as T approaches TC.

1t can be shown (by substituting realistic values for the parameters
in the equations for the £e1axation time) that for a sample containing
noninteracting single domain grains, there is for each grain a temperature
T where 0°K £ T < TC is such that T(T)<<1 sec but t(T-AT)>>1 sec, That is,
at T and higher temperatures the magnetic moment of the grain in question
is free and able to adjust and be in a state of thermal equilibrium with
respect to its surroundings and the field ﬁ, However, at T-AT the magnetic
moment is frozen, blocked in its equilibrium state of temperature T and is
unable to readjust to new thermal equilibrium states of lower temperatures.
Since AT is usually small, T, centered in AT, is called the blocking tem=
perature, TB’ of the particular grain, and it is determined by the grain
parameters (v, JSP’ Hci) and by the external field. TB represents the
transition temperature for each grain where E/kT, the ratio of the magnetic
energy barrier due to the collective behavior of the magnetic anisotropies
(shape, magnetocrystalline, magnetostrictive, and in seldom cases exchange
anisotropies) to the randomizing effects of the thermal fluctuations, is

such that

10. T(T,-AT) »1 sec ¥ (1 + AT)
Thus each grain has a rather well-defined blocking temperature for a given

external field ﬁ. When cooling a sample from T2 to Tl in ﬁ, only those



grains with blocking temperatures, TB; in this interval will be blocked with
a net magnetization parallel to ﬁ. Grains with TB>T2 will have already been
blocked and grains with TB<T1 remain unblocked and in thermal equilibrium
with respect to f at Tl'

Theller's and Nagata's observations of the independence and add;tivity
of PTRMs are naturally explained by Néel's theory for single domain grains,

as is the great stability of TRM against various types of demagnetization.
Consider N independent single domain grains each having one axis of
easy magnetization all of which are parallel to the external field. If
TB<T<TC, the grains are unblocked (superparamagnetic), but each possesses
spontaneous magnetization, Jsp(i) - JS(T). The ensemble obeys Boltzmann

statistics and the magnetic moments are partitioned in the two allowed

states parallel and antiparallel to the external fleld according to:

11, N+ exp[vJS'n/kT]

N exp[vJShIHﬂ + exp [-v Jsh/kI]
12. N exp [-v JShIkT]

N " exp [vJsh/kT] + exp [-v Jsh/kT]
13, N = N+ + N_

where +(-) denote magnetic moments parallel (antiparallel) to the inducing
field, K. The configuration that is frozen in at T = TB is the configura-

tion of the remanence.

14 Joon (To) = I (T )v[ft N vigh
' TRM " B s\BVIFT = ) = Mg (Ty)v tanh (_ﬁ..T-
: -7

B
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As the temperature decreases below Tg, the remanence increases as Js. For

vJSh
small values of the argument, [_ET_] << |.
T=T
, B
b 2
-> vJ (T dh  Ke“3 (T)I (T,)
v S5 B s s‘'B’y R

for whicﬁ case ETRM is not only parallel to h but also is linearly related
to its intensity. At higher fields ETRM approaches saturation according to
the hyperbolic tangent law.

Néel's theory for single domain grains has been so successful in
explaining the most important features of TRM that one might wonder whether
further study is necessary. Because of hematite's low saturation magneti-
zation, Js<.5 emu/g (Chevallier.and Mathieu, 1943, in Fuller, 1970), hema-
tite's critical diameter, dc’ for the single domain to multidomain trans-
sition for spherical grains has been estimated to be of the order of 1 mm
(Stacey, 1963). Thus, most naturally occurring hematites in igneous and
sedimentary rocks and in baked clays are probably single domain. In addi-
tion, the work of Chevallier and Mathieu (1943) shows that for some natural
hematites the bulk coercivity, Hc peaks at a grain size of about 15 ym with
a value of approximately 1500 oe, suggesting that for these hematites the
bulk coercivity, HG’ peaks within the single domain size range.

In igneous rocks where the remanence is often in titanomagnetites, it
is much less convincing to argue that the remanence carriers are single
domain. The transition diameter, dc’ for the single domain to multidomain
transition is obtained by comparing the magnetic energies {magnetostatic,
exchange, magnetocrystalline, and wall energles) of the different possible

magnetic states of the system. For example, one can compare the state of

homogeneous magnetization (single domain) with that of a two-domain
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configuration separated by a 180° domain wall. It is assumed that the
system will be in the state of minimum energy. Such energy balance calcu-
lations lead to values for dc at room temperature of the order of .05 um
(Morrish and Yu, 1955; Stacey, 1963; Evans, 1972). Stable remanence has
been observed in natural and synthetic magnetite grains larger than dc and
in excess of 1 ym (Roquet, 1954; Morrish and Yu, 1955; Rimbert, 1959; Parry,
1965; Dunlop, 1973; present study). In addition, Soffel (1971) observed
domain walls in titanomagnetite grains(of composition .55Fe2T104.65Fe304)
as small as 1.3 um in diameter. This suggests that in Ti-free magnetite,
domain walls can exist in even smaller grains. These results suggest that
stable remanence exists in graigs of diameters larger than dc; that is, in
particles larger than single domain. Indeed, stable remanence may reside
in multidomain grains. Titanomagnetite grains in excess of lum are very
common in igneous rocks. Optical microscopy, which is most commonly used
to observe and count the opaque grains in rocks, is strongly bilased to
viewing grains larger than the wavelength of the light used (A%,5um).
Hence, grains smaller than .5 im are extremely difficult to resolve,
identify and count. The above reasons have given rise to the development
of several multidomain and pseudo single domain theories to explain the
stable remanence of rocks.

Neel (1955), Stacey (1958), Everitt (1962) recognize the importance
of self-demagnetization in multidomain remanence, whiéh determines the

grain's magnetization above TB‘ Neel (1955) assumes that HC(T) - JS(T)
Ha (TO) JS(TO)

which in conjunction with the mean self-demagnetizing factor, D, effects
blocking. Néel's model can be conceptualized for any m>1l, although
alternate choices for m will affect the equation for the remanence. Stacey

(1958) assumes that at T_ a configuration of minimum energy is maintained

B
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such that hex -=D}=0c=>]= hexD' For T<TB the remanence increases as the
spontaneous magnetization. Everitt (1961) extended Stacey's approach and
obtained an explicit expression for the TB'

Verhoogen (1959) and Kobayashi and Fuller (1968) seek to explain nulti-
domain remanence in terms of small single domain behaving regions in large
grains. These single domain regions are pinned by the uniaxial stress
fields associated with dislocations (Verhoogen, 1959) or dislocation pile-
ups (Kobayashi and Fuller, 1968). Ozima and Ozima (1965) visualize single
domain behaving regions isolated within large grains by numerous micro-
fractures.

Lowrie and Fuller (1969) and Shive (1969) demonstrate the importance
of internal stresses in affecting multidomain remanence, TRM in particular.

To explain the stable remanence found in small multidomain grains up
to 15-20 ym in diameter Stacey (1958) considers the Barkhausen discreteness
effect. Pseudo-single domain is a term invented by Stacey to describe
magnetically stable particles with diameters greater than dc. Barkhausen
discreteness is due to energy barriers to the wall movement. Thus as the
external field is removed, the wall is pinned before reaching the fully
demagnetized position and leaving the grain with net remanence parallel
to the inducing field. Recently, Stacey and Banerjee (1974) propose a new
model for pseudo-single domain remanence which attributes their relatively
high stability to surface domains that result from the intersection of
domain walls with the grain's surfaces. Dunlop (1973) proposes. ‘wall-like’
domain structure in submicron grains to explain some of his experimental
results.

Our understanding of remanence in larger-than-single domain particles

is only qualitative at present, and it might be naive to expect that one
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theory could successfully explain the magnetic behavior of all such
particles. Each of the above models has been criticized, and each is
usually dependent for its success on inadequately known parameters. The
reason for this uncertain state of the science has to do with the complexity
of the problem and difficulties of direct observation and determination of
the intrinsic properties. Information relating to stress fields associated
with different kinds of crystal imperfections and their temperature
dependences, and data about actual domain and domain wall structure and
their respective temperature dependences in larger than single domain
particles would be extremely valuable in establishing constraints for
multidomain models.

There is, on the other hand, accumulating experimental evidence
suggesting that stable remanence in rocks originates in submicroscopic
grains, whose high stabilities suggest single domain behavior (Evans and
McElhinny, 1966; Watkins and Haggerty, 1967; Hargraves and Young, 1969).

In addition, these studies suggest that the stable remanence in these rocks
is associated with the oxidation of silicate minerals: pyroxene, olivine,
and plagioclase. This hypothesis is supported by the electron microscope
observations of Evans and Wayman (1970). |

In this study we investigate, mostly experimentally, some remanence
properties in magnetite that are important in paleomagnetism. Titanium free
magnetite, Fe304, was chosen for this study because it is probably the most
common remanence carrying mineral in igneous rocks, and both natural and
synthetic specimens are readily available and easily prepared in the labora-
tory. In addition, magnetite 1is mineralogically stable at TR. We study a
host of magnetic propertiea for a variety of magnetite.particles of differ-

ing shapes and sizes and interpret the results in terms of these differences.
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In the next chapter we describe the physical and chemical properties
of the various magnetites studied in this dissertation, concentrating par-
ticularly on the grain-size distribution of the particles. We also examine
the effect of heating to abové 600°C on the bulk magnetic properties of the
synthetic magnetite powders. In the following chapter we describe the
method for sample preparation, and in chapter 4 we discuss the stability of
weak field TRM of the prepared samples. In Chapter 5 we present experimental
data and discuss the field dependence of TRM stability against alternating
fields (and thermal) demagnetization for large crystals and fine particles.
In Chapter 6 we discuss our experiments on the temperature dependence of
A.F. demagnetization of TRM in large crystals and fine particles and the
temperature dependence of various hysteresis properties of a submicron
magnetite powder. In Chapter 7 we discuss our experiments on the additivity
low of partial TRM in magnetite as a function of grain size. In Chapter 8
we discuss experiment; on the use of magnetites for paleointensity determina-
tions as a function of grain size. In Chapter 9 and 10 properties of anhys-
teretic remanent mégnetization, ARM, are compared with TRM and an attempt is
made to gain a better understanding of the role of magnetic interactions in

ARM and TRM.



CHAPTER 2

DESCRIPTION OF THE MAGNETITES

A large fraction of this dissertation 1s devoted to a systematic and
comparative study of some of the magnetic properties of magnetites which
are of particulgr importance for paleomagnetism. The chief variable in
these experiments is the characteristic size and shape of the magnetite
particles of the different samples, both of natural and synthetic origin.
In this chapter we describe the magnetites that will be used in subsequent
experiments of this study. We shall elaborate on'the particles' physical
and chemical properties, their origin, and their shapes and size distribu-
tions as obtained from electron microscope photographs. We shall also
discuss the synthetic magnetites' bulk magnetic properties.

2.1 PHYSICAL AND CHEMICAL PROPERTIES OF THE NATURAL MAGNETITES

Several magnetite crystals from the same ore body were obtained. One
of these crystals was analyzed by an electro# microprobe (Johnson and
Merrill, 1972), which "indicates that the natural magnetite contains less
than 0.03% by weight of V, Cr, Mn, Ni, and Mg, a Ti content less than 0.05Z
and an Al content less than 0.23%." One crystal was ground and sieved to
obtain several size ranges of magnetite particles. Two large chips several
millimeters in diameter were used to determine the magnetite's saturation
magnetization in a field of 7.9 koe. Values of 94.2 * 2 ems/g and 92.0 .2
emu/g were obtained, in good agreement with the accepted value for pure
magnetite of about 92.5 emu/g. This strongly suggests that the natural
magnetite is essentially stoichiometric. Curie points were determined
using one of the above chips and particles of one of the smaller particle

sizes (powder 3). Heating was conducted in a slightly reducing environment
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to prevent oxidation of the magnetite, using carbon as a reducing agent and
a residual nitrogen atmosphere at low pressure (=%.2 mm of Hg). To accen-
tuate the Curie point determination only moderate external fields were
applied. The two J versus T curves were obtained in fields of 560 oe and
720 oe, respectively, yielding single, well defined Curie points of 580°
+ 10°C and 582° * 10°C, tespéctiveiy. In addition, Johnson and Merrill
(1972) report that X-ray diffraction patterns of the natural magnetite
powder show no hematite or maghemite lines, but only those spinel lines
associated with magnetite. All these pleces of evidence suggest that we

-

are dealing with essentially pure and stoichiometric magnetite,
Fe3+[Fe2+Fe3+]04.‘

Four masgive magnetite crystals, M5C-0, MSC~1, MSC~2, usc-é are
studied in our experiments. It is very important to note that samples
MSC-0 and MSC-1 are identical with O and 1, respectively, of subsequent
chapters. Samples MSC-0 and MSC-3 are euhedral crystals weighing 6.3?8 gm
and 9.583 gm, respectively. Samples MSC~1 and MSC-2 are chips of the same
crystal. MSC-1 weighs 3.569 gm and MSC-2 weighd about 3 tm. The density
of magnetite is 5.18 gm/cc. Figure 1 shows MSC-0, MSC-1. MSC-3 resting
on one of their (111) surfaces. Sample MSC-2 was pulverized to prepare
sized powders before it was weighed and before figure 1 was taken, MSC-2
had about the same base area as MSC-1, but was considerably flatter. The
crystals are apparently deformationally twinned (N.I. Christensen, private
communications, 1971).

MSC~2 and an additional crystal were pulverized to prepare sized
particle fractions. The magnetite was manually dry ground in a porcelain
mortar and pestle and mechanically sieved, and the particle fractions are

discriminated by the sieves which bracketed them. The particle size
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fractions that are later dispersed in a non~magnet1c matrix to simulate
paleomagnetic specimens were phofographed by»a scanning electron micro- .
scope (JEOL JSM-U3) and their shapes and particle size distributions will
be discussed in some detail. The particle size fractions will be numbered
according to the sample number with which they will be later associated.
For example, particle size fractions 2, 3, 4 correspond to samples 2, 3,
4, respectively. Samples 2 and 3 are distinct from samples MSC-2 and
MSC-3!

. The particle size fraction of the ground natural qagnetite crystals
bracketed by sieve size of 105 um and 44 um is galléd ;owder 2. From the
sieve sizes one expects that the mean diameter or characteristic length of
these particles should be in the range 44 um<d<105 ym. Figures 2a and b
show the electron microscope pictures of powder 2. Photograph 2a is X 200;
that is, 1 cm = 50 um. We see several large particles among many much
smaller particles. The particle shapes are quite irregular, and the largest
particle has a characteristic length of about 150 um. The characteristic
lengths (or mean diameters) are measured directly off the photograph aﬁa
their values are approximated such that a circle of that diameter (or
characteristic length) should have the same area as that of the measured
particle. Photograph 2b focuses on some of the specks of figure 2a. The
magnification is X 1000, such that each centimeter on the photograph is
equivalent to 10 um. Figures 5a~-c represent the labor of particle counting.
Figure 5a is the particle size distribution of powder 2. Because of the
broad range of particle sizes, the abscissa is a contracted logarithmic
scale while the ordinate represents the particle number. 25 particles were
measured off figure 2a and 39 particles off figure 2b. The mean particle

diameter for each figure is designated by an arrow on figure 5a. For
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Figure 1
Photograph (x 1) of the large magnetite crystals, resting on one
of their respective {(111) surfaces. From left to right: MSc-0, MSC-1,
MSC-3. MSC-0 and MSC-1 are also identified as samples 0 and 1, respec—

tively, in later chapters.

Figure 2
a. Electron microscope picture (x 200) of magnetite powder 2,
corresponding to sample 2. These particles were fétained between
44 um and 105 um sieves. Note the large variation in particle

sizes.

b. Electron microscope picture (x 1000), focussing on some of

the smaller particles of figure 2a.
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Figure 3

a. Electron micrograph (x 450) of magnetite powder 3, corres-
ponding to sample 3. The particles were sieved through a 44 um

size. Note the large scatter in particle sizes.,

b. Electron micrograph (x 3000), focussing on the small particles
that are apparently attached to one of the larger grains in figure

3a.
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figures 2a and 2b the mean diameters are 5.2 and 2.1 ym, respecttvely;
Although a different number of particles is counted in each photograph,
each mean diameter is given equal weight. To obtain the overall mean par-
ticle diameter we normalize with respect to the magnification; higher mag-
nification is given proportionally greater weight. Thus the over~all mean
particle diameter 1is:

<d> = (1/5) (5.2 ym) + 4/5 (2.1 um) = 2.7 ym
This value should be compared with the minimum sieve size of 44 um.

Powder 3 was also manually ground and sieved through the 44 um sieve.
From the patience required to sieve these particléé: one would guess that
they are all between 40 um and 44 um in size, and certainly none was
expected to be smaller than 10 um. Figures 3a, b are X 450 and X 3000
electron microscope pictures of powder 3, respectively, and each 1 cm of
figures 3a and 3b represents 22.2 um and 3.3 um, respectively. The particle
shapes are irregular and the largest grains have a mean diameter of about
50 pym. Many small particles are attached to the large ones; this is very
clear in figure 3b which focuses on one of the larger particles in the
center of figure 3a. The abscissa of the particle size distribution,
figure 5b, is a contracted logarithmic scale representing the particle
diameters. 46 particles were counted in figure 3a and 88 in figure 3b.

The mean diameter for each figure is designated by an arrow on the particle
size distribution. For figures 3a and 3b the mean particle diameters are
6.4 um and .64 um, respectively. As for powder 2, we assign equal weight
to the mean diameters obtained from the two photographs of powder 3 and
normalize with respect to the magnification, giving proportionately greater
weight to the larger magnification. Thus the over-all mean particle

diameter of powder 3 is:
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450

<d> = (450/3000) 6.4 ym + (1 - 3565) .64 ym = 1.5 um
It appears that one of the major differences between powders 2 and 3 1is
in the fraction of particles greater than 50 ym, which is essentially
absent from powder 3. Both powders have abundant small particles of the
or&er of 1 um,

Powder 4 was obtained by ball-milling. To prevent heating and possible
adverse oxidation effects, ball-milling was carried out in 8 25-minute
time segments separated by approximately 30-minute intervals for cooling.
The powder was then sieved through a 44 um sieve. ?igﬂre 4 is one of the
electron microscope pictures. The particle shapeéxare more regular and
their sizes more uniform than for powders 2 and 3. 79 particles were
counted off figure 2.4 and their particle size distribution appears in
figure 5c, where both axes are linearly scaled. The distribution can be
described by a single mean diameter of .31 im, and none of the particles
is greater than 2 um,

The particle size distributions in figures S5a-c are not as smooth
as might be expected. Rather, there are sometimes rapid fluctuations in
the particle numbers counted at successive characteristic diameters. Char-
acteristic particle diameters were measured off the photographs to the
nearest 1/2 millimeter, and the jaggedness in the particle size distribu-
tions 18 due to the experimental bias favoring integral millimeter values,

The‘physical description of the natural magnetites is summarized in
table 1. (It is important to note that the sample numbers of column 1
will be followed and maintained throughout the dissertation.) Column 2
1ists the sieve sizes that bracket the powder size fractions; column 3

1ists the mass of the single crystal samples and mean particle diameter,

<d>, of the powders; column 4 lists the maximum particle sizes observed in
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Figure 4
Eléctron micrograph (x 12000) of magnetite powder &4,. corres-
ponding to sample 4. The particles were first ball-milled and
then sieved through a 44 um sieve. Note the smaller particle
sizes and the smaller scatter in the particle size distribution

in comparison with powder 3, figure 3.

Figure 6
Electron micrograph (x 20,000) of heated, synthetic, Toda
magnetite powder, corresponding to sample 11. Note the elongated

shapes of the particles whose mean axial ratio is 8:1.
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Figure 5

a. Particle size distribution for magnetite powder 2 obtained
from grain counts of figure 2a (open circles) and figure 2b
(solid circles). Note the logarithmic contraction of the
abscissa due to the broad range of particle sizes. The arrows

indicate the mean particle diameter of each figure <d> = 2.7 um.

b. Particle size distribution for magnetite powder BEgbtained
from grain counts of figure 3a (open circles) and figure 3b
(solid circles). The arrows indicate the mean particle diameter
of each figure. Note the logarithmic contraction of the

abscissa. <d> = 1.5 um.

c. Particle size distribution of magnetite powder 4 determined
from particle counts of several electron micrographs including
figure 4. Note that the abscissa is linear, and the arrow

designates the mean particle diameter. <d> = ,31 um.
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TABLE 1.

PHYSICAL DESCRIPTION OF THE NATURAL MAGNETITES

Sample and/or Sieve <d>, um d_,m Predominant
Powder No. Size, um- (gm) | max Shape
s el ey
MSC~0 2 0 3.569 gm -7 g;{:tal
MsC-2 "3 g EHS fa%lat
MSC-3 9.583 g ggz:gi
2 - 44<d<105 2.7 150 Irregular
3 d<44 1.5 50 Irregular
4 d<4k 0.31 2 Regular

Polygons




24

each powder; and column 5 describes the shapes of the particles.

2.2 PHYSICAL AND CHEMICAL PROPERIIES OF THE SYNTHETIC MAGNETITES

In addition to the natural magnetites, several synthetic magnetite
powders were obtained and studied. Two species of equidimensional magne-
tite powder were received, one from the Columbian Carbon Company (c.c.C.)
and one from the Pfizer Company (BK-5099). These magnetité powders are
prepared by direct precipitation from an aqueous solution. An additional
species of equidimensional magnetite was prepared in the laboratory accord-
ing to a recipe of Elmore (1938) by its direct precipigation from aﬁ
appropriate solution of ferric and ferrous chloridé in the presence of
sodium hydroxide. An acicular, needle-shaped-;agnetite powder was obtained
from Toda Industries, Inc. All the synthetic magnetite powders have
impurity contents less than 1Z.

Magnetites prepared at room temperature by precipitation in an aqueous
solution are usually slightly oxidized (Gallagher et al., 1968), and their
FeO/Fe203 ratio is usually 20%-24% by weight rather than the 31% for
stoichiometric magnetite. Gallagher et al. (1968) showed that the X-ray
diffraction pattern of the oxidized magnetite is identical in its structure
to that of stoichiometric magnetite down to an FeOIFezo3 ratio of 22% by
weight. There is, however, a steady shift of the diffraction peaks to
higher 26 angles, representing a decrease in the lattice spacings. In
addition, Gallacher (1968) also noted a broadening in the diffraction peaks
of the oxidized magnetites with respect to the unoxidized material. As
the oxidation nears completion (pure maghemite in their case}, the peaks
become narrower again. In addition to changes in the mineralogy, the

magnetic properties also are affected by oxidation (Johnson and Merrill,

1972). For example, the gsaturation magnetization, Js, of oxidized
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magnetites is always less than that of stoichiometric magnetite.

In our subsequent experiments we shall be particularly interested in
various TRM and PTRM properties of prepared samples containing dilute
concentrations of the various magnetite powders. That is, the powders
will be heated above their Curie points before they are studied. Heating
may drastically affect the magnetic properties of the powders through their
oxidation or reduction, through annealing of some of the strains introduced
in the precipitation process, and through sintering and grain growth. 1In
order that the characterization of the powders be applgpable to the magne-~
tites in the samples, the pgwders are first heated';bove their Curie points
before théy are further studied. Since we woﬁid like to study the proper-
ties of unoxidized magnetites similar to those found in many unaltered
igneous rocks, the magnetite powders are heated above 600°C in a slightly re-
ducing chemical environment, using carbon as a reducing agent and a resid-
val nitrogen atmosphere at 0.1 - 0.3 mm of Hg. The temperature is main-
tained above 600°C for 6.5 hours before cooling back to TR. X-ray diffrac-
tion patterns of the heated and unheated C.C.C. magnetite show only magne-
tite peaks. No maghemite or hematite peaks are observed. Although they are
never observed in any of our experiments, it is still possible that small
fractions of hematite and/or maghemite (<5%) are present but hiding. There
is a systematic shift of the peaks of the heated powder to lower 20 angles
and higher lattice spacings with respect to.the unheated powder. The cell
parameter of the heated powder is 8.39 t .0l A°, which is indistinguishable
from stoichiometric magnetite. Johnson (1973, private communication) has
made similar observations for this and other precipitated magnetites. He
also noted a decrease in the line broadening of the heated powders, which

he interpreted as grain growth; however, in view of the work of Gallagher
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et al. (1968) such a decrease in liﬁe width would also be consistentiwith
the reduction to stoichiometry of ;he oxidized magnetite powder.

Electron microscope pictures were taken of the heated powders. Repre-
sentative pictures of the Toda MRM B~450, C.C.C. magnetite, Pfizer BK-5099,
and Elmore magnetite powders are shown in figures 6 - 9, respectively.
Figure 6 of Toda (MRM B-450) magnetite shows that the particles are pre-
dominantly acicular (needle-shaped). However, énly a few of the particles
(25) could be completely measured and their mean dimensions, both length
and width, are nearly double the values reported by Toda Industries,
although their mean length to width ratio is g}osé‘to the reported value of
8:1. This suggests that the particles that we were able to measure are near
the maximum end of the particle sizes. Because data obtained by us, such
as the bulk coercivity, Bc (Table 3), and the saturation magnetization,
JS(TR), to characterize the Toda magnetite powder are in close agreement
with similar data provided by Toda Industries, we shall assume that the
true mean particle dimensions are those reported by Toda Industries which
are 0.35 ym x .04 um and whose approximate axial ratio is 8:l.

Characteristic particle diameters were measured off figures 7, 8, and
9a and other similar pictures to obtain the particle size distributions
plotted in figures 10a - ¢, where both axes in each of these figures is
linearly scaled. A total of 232 particles in two photographs were measured
for the C.C.C. magnetite. 111 particles were measured off two photographs
for the Pfizer BK~5099 powder, and 249 particles off three photographs
were measured for the Elmore magnetite. The mean particle diameter for
each powder is designated by an arrow in the particle size distributions.
The mean diameters are .12ym, .2lum, and .24um for Elmore, C.C.C., and

Pfizer BK-5099 magnetite powders, respectively, with maximum observed
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Figure 7
Electron micrograph (x 20,000) of heated, synthetic, Columbian
Carbon magnetite powder, corresponding to sample 6 and 7. Note
the relatively small dispersion in the particle size distribution

and the rather uniform and polygonal shapes of the particles.

-
L6
=

Figure 8
Electron micrograph (x 20,000) of heated, synthetic, Pfizer
BX~5099 magnetite powder, corresponding-to sample 5. Note the

similarity of these particles to those of figure 7.






28

Figure 9

a. Electron micrograph (x 20,000) of heated, synthetic, 'Elmore’
magnetite powder, corresponding to samples 8 and 9. Note the small
dispersion in the particle gsize distribution and the rather uniform

and polygonal shapes of the particles.

b. Electron micrograph (x 40,000) of unheated, synthetic, 'Elmore'
magnetite powder. Note the dramatic increase in the particle sizes

upon heating seen by comparing figure 9b with %a.
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Figure 10
Particle size distributions of the heated, synthetic,
magnetite powders obtained from diameter measurements and par-
ticle counts off electron micrographs such as figures 7,8, and 9.
The arrows indicate the distributions' mean particle diameters.
a. Sample 5 Pfizer BK-5099 magnetite powder, <d> = .24 ym.

b. Samples 6 and 7 Columbian Carbon magnetite powder, <d> = .21 um.

¢. Samples 8 and 9 'Elmore' magmetite powder, <d> = .12 um.
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TABLE 2

PHYSICAL DESCRIPTION OF THE SYNTHETIC MAGNETITE POWDERS

Sample

Number

6, 6A

6B, 6C

11

<d>

(um)

0.24

0,21

0.12

0.35 x 0.04

max

(pm)

0.9

0-5.’

0-3

1.2 x 0.13

Predominant
Particle Shape

Reg. Polyg.
Cubes + Spheres

Reg. Polyg.
Cubes + Spheres

Reg. Polyg.
Cubes + Spheres

Acicular
Axial Ratio
8:1
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diameters for particles of these powders of 0.3 ﬁm, 0.5 ﬁm, and 0.9 um, res-
pectively. It should be pointed out that the observed mean particle di;-
meters of both C.C.C. and Pfizer BK-5099 magnetite powders are less than
those reported by their makers: O0.2um - 0.8ym and 0.3m - 0.4um, res-
pectively.

Table 2 summarizes the physical description of the heated synthetic
magnetite powders. Column 2 gives the sample numbers corresponding to the
particular magnetite powders present in that sample. These sample numbers
will be maintained throughout the remainder of this stggy. Columns 3 and
4 1ist the mean particle diameter, <d>, and the'ma£im;; observed particle
diameter, dmax’ respectively, for each of the'ﬁowders. In column 5 the
particle shapes are listed.

2.3 COMPARISON OF THE BULK MAGNETIC PROPERTIES OF THE UNHEATED AND HEATED
SYNTHETIC MAGNETITE POWDERS

Table 3 describes the effect of heating on the bulk magnetic proper-
ties of the synthetic magnetite powders. All the data in table 3, as well
as the values for TC in tables 1 and 2, and the values of Js for the natural
magnetites, were obtained using a vibrating sample magnetometer (VSM) manu-
factured by the Princeton Applied Research Company. HC' the bulk coercivity,
is the reverse field for which the sample magnetization is zero. HCR’ the
coercivity of the remanence, is that reversed field which upon removal
leaves the sample unmagnetized. J. is the saturation magnetization and

S

JRS is the remanence remaining after the saturating field is removed.

Heating above 600°C is conducted in a slightly reducing evironment to pre-
vent the oxidation of the magnetite, as described earlier in this chapter.
That this is indeed the case was strongly suggested by the fact that, after

heating, J. is always greater than or equal to its value prior to heating.

S
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(Reduction of the iron oxide beyond magnetite is highly unlikely in §ut,
experiments.)

Comparison of electron micrographs of heated and unheated C.C.C. and
Pfizer BK~5099 magnetite powders shows no measurable difference in the
mean particle diameters or particle shapes, where we have assumed through-
out that the particles that we observe and measure are indeed representa-
tive of the entire powder. This observation suggests that the observed
changes upon heating of the magnetic properties of these magnetite powders
are not caused by grain growth. The effects of heating on the magnetic
properties of the Toda and Pfizer magnetite powders are small and probably
not significant. The effects of heating on C.C.C. magnetite is probably
caused by the reduction of the iron oxide to magnetite and/or by annealing.
It is not possible to distinguish among these two mechanisms because both
are present in our experiments with the synthetic powders. The annealing
effect is expected to reduce the coercivities and the JRSIJS values as
observed for the C.C.C. powder, while the trend of the effect of oxidation
and reduction is more difficult to assess. Fligures 9a and 9b are electron
microscope pictures of heated and unheated Elmore magnetite powder, respec-
tively. Figure 9a is X 20,000 and figure 9b is X 40,000. It is clear that
the mean particle diameter of the heated powder in figure %a is substantially
greater than that of the unheated powder. The relatively large effect of
heating on the magnetic properties of the Elmore magnetite is, therefore,
at least in part due to grain growth of some of the superparamagnetic grains
into the stable single domain size range. The observed trends of the coer-

civities, H, and L and the JRS/JS values are consistent with this inter-

C
pretation. Equations 7, 8, and 9 show that for Néel-type single domain

grains, if all other parameters are held constant, T increases with
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increasing grain volume--from superparamagnetic (t<<t) to single domain
(t>>t). That is, the observed magnetic behavior before and after heating
of the magnetite powder in question could be explained by Néel's theory
for single domain grains as being due to grain growth. It is very inter-
esting that after heating the bulk magnetic properties of all three equi-
dimensional magnetite powders are rather similar. It will be seen later,
in Chapter 4, that the bulk magnetic properties of these equidimensional
magnetites are much more similar than their TRM properties. Specifically,
it will be seen that samples containing Elmore magnetite are less stable

than corresponding samples of C.C.C. and Pfizer magnetite powders.



CHAPTER 3

SAMPLE PREPARATION

The content of magnetic minerals in rocks is highly variable, but is
usually between a fraction of one percent and several percent, and it is
rare that the magnetic minerél content exceeds ten percent. Usually the
magnetic minerals are uniformly distributed throughout the rock. To simu-
late rocks it is necessary to dilutely disperse the various magnetite
powders in a suitable matrix.

The matrix chosen in which to disperse the magnetites is Alcoa's high
purity alumina powder, A-16, bonded by Alcoa's calcium aluminate cement,
CA-ZS.‘ The advantage of this matrix is its strength, durability, and
resistance to high temperatures. Typical chemical properties and size
characteristics for these powders are presented in Table 4. The data in
this table was obtained from Alcoa's product data: Alcoa Reactive Aluminas
(1972) and Calcium Aluminate Cement CA-25 (1970).

. TABLE &

PHYSICAL PROPERTIES OF THE SAMPLE MATRIX

Alumina Calcium Aluminate
A=16 CA-25

A A1203 99. 5+ 79.0

7. Nazo -06 - -10 .5

z 5102 -01 - -02 015

z F8203 -01 - 002 n3

% Ca0 18.0

% MgO oh

% through 100 mesh 99

% through 200 mesh 97

% through 325 mesh (<44 Hm) 99,5 90
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Approximately 20% CA-25 cement is thoroughly mixed with 80Z alumina. To
the matrix mixture small amounts of magnetite powder are added (from .15%
to 5% by weight). The mixture is thoroughly mixed, and gsieved through a
250 ym sieve to break up small clumps and improve the sample homogeneity.
Water should be added dropwise (the difference between too little water
and too much water is amazingly small), and ﬁhen the mixture becomes a
thick paste, it is ready to be molded into a sample-size cylinder, approxi-
mately 22 mm in diameter and 22 mm high. CA-25 cement has a typical setting
time of less than one hour, and, normally, full development of its bonding
strength takes place within twenty-four hours. The sample should be dried
at about 100°C for several hours before it is subjected to higher tempera-
tures. |

Because of magnetite's high saturation magnetization and the resulting
attractive forces between the magnetic moments, magnetite powders tend to
flocculate, and despite careful mixing the sieving small scale magnetite
clusters surely remain. To avoid flocculation one could start out with
hematite which is much less magnetic than magnetite. The room temperature
saturation magnetization, JS(TR)’ of hematite depends on its origin, mode
of preparation, and grain size, but is usually less than 0.5 emu/gm (Chev-
allier and Matthieu, 1943 in Fuller, 1970). The flocculating tendency
greatly reduced, hematite can be uniformly and dilutely dispersed in the
matrix. The resulting hematite samples can then be reduced to magnetite.
The difficulty one then encounters is making sure that all the hematite
has been reduced. However, it will be shown that the possible existence
of small scale magnetite clusters seems to have no measurable influence on
the experiments reported here.

Before commencing with the experiments of interest, the prepared
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samples were placed in an evacuated (.1 -.3 mm of Hg) quartz tube, and were
outgassed at room temperature for about 24 hours. Nitrogen is the residual
gas in the quartz tube, and granulated carbon is used as a reducing agent.
To reduce the magnetic minerals to pure magnetite and to stabilize their |
magnetic properties, the samples were dried for an additional 24 hours at
about 110°C, and then they were heated to 650°C where the temperature was
maintained for 5 hours. On cooling, the samples were given TRM in the
laboratory field. Subsequent heatings used similar procedure with elimina-
tion of the drying step and a much shortened outgassing time. The samples
were subjected to repeated TRM, until their alternating field (A.F.) demag-
netization spectra and their TRM values were reproducible within a few
per cent. For specific exampies of the reproducibility of the TRM values
for the various samples see Table 6, and for the reproducibility of the
A.F. demagnetization spectra refer to Table 8 and to figures 43 to 54,
When these conditions were satisfied, the samples were declared stable and
ready for further experiments. ‘

Initial experiments with the matrix material suggested that, as far
as our experiments were concerned, it was non-magnetic. Several blank
(magngtite free) sample slugs were prepared, and one was heated with the
other samples and given TRM. It was then discovered that the 'blank'
sample carried measurable and stable remanence. The TRM of the 'blank'
sample increased during subsequent heatings in the constant laboratory
field until reaching a stable and reproducible plateau, about 1.6 times
its first TRM value. In additionm, the IRM of the 'blank' at the TRM
plateau is 2.4 times a8 {intense as the IRM of the unheated slub (2.2!nc1l‘.)'-2
emu as compared with .95:(10"z emu; both IRMs were induced in a field of

7.2 koe.) The TRM of the "plank' sample is about 1/9 as intense as the
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as the TRM of the next most feeble sample and less than 1/40 as intense as
the TRM of the third most feeble sample (see Table 5). The specific magnet-
ization (in emu/gm of sample) of the 'blank' slug diminishes yet further
relative to subsequent samples reaching a minimum value of approximately
1/440 for the most intensely magnetized sample. Further experiments with
the 'blank' sample revealed éhat more than 97 percent of the blocking tem-
peratures are below 580°C, although the Curie point of hematite is near
695°C (Chevallier, 1951) and despite the fact that the TRM was given between
650°C and room temperature.

The Fe in the original unheated matrix material is probably partly in
iron oxides and partly as paramagnetic impurities in some of the other
matrix minerals such as alumina, The presence of an oxidigzed iron oxide
mineral with low JS such as hematite in the unheated matrix is suggested by
the large increase in both IRM and TRM when the sample is heated in a
reducing environment. Presumably, some of the original iron oxide is
reduced to magnetite upon heating. Due to the small grain size of the
matrix material and hematite's low room temperature saturation magnetiza-
tion, JS(TR), a substantial fraction of the native iron oxide may be
superparamagnetic, whereas upon reduction to magnetite with its much larger
JS(TR), some of these grains may have been transformed into carriers of
stable remanence. Part of the original magnetization of the matrix can be
due to the presence of minor fractions of other magnetic minerals such as
magnetite and maghemite with varying degrees of Mg and Al impurities. The
reduction of maghemite could possibly account for some, though only a minor
fraction, of the 'thermogenic' magnetite generated by reduction upon heating.
The large increase in the IRM of the heated 'blank' relative to its unheated

value suggests that about 70 percent of the stabilized magnetization of the
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'blank' resides in this 'thermogenic' magnetite. The remaining 30 percen=-
of the magnetization could réside in magnetite, hematite, and/or maghemite.
The thermal demagnetization spectrum of figure 11 shows that about 97 per-
cent of the magnetization is blocked below 580°C. There is no evidence in
the demagnetization curve for more than one magnetic phase. On the other
hand, hematites, too, have blocking temperatures below 580°C, and mineralo-
gically stable maghemites are known tc exist whose Curie point is very
similar to magnetite's (Everitt, 1961). We prefer the interpretation that
the 'blank's' magnetization is dominated by magnetite, and further experi-
ments to be.discussed later suggest that its TRM resides in single dowmain
remanence carriers.

We decided to run a 'blank' sample along in all our experiments for
twvo primary reasons: one, it is important to know the magnetic behaviour
of the matrix material to be able to assess whether and to what extent the
magnetic properties of the matrix affect and interfere with the study of
the magnetite grains embedded in it; two, since the magnetic minerals of
the 'blank; are naturally dilute and probably well dispersed and since a
substantial fraction of the magnetite is probably generated by the reduction
of hematite, it alone among the prepared samples avoids the previously dis~
cussed flocculation problem. Since its magnetic grains are the most dilute
and most uniformly distributed of all the prepared samples, the 'blénk'
sample is least affected by the sample demagnetizing fleld. If, as is
strongly suggested by the experiments, the remanence carriers of the 'blank'
sample are indeed single domain, the 'blank' sample is, ironically, ideal
to examine single domain theories. On the other hand, Aue to the very nature
of the 'blank' sample certain of its properties remain unknown. Thus, for

example, the distribution of the particle sizes and shapes remains a matter
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for conjecture, as does the precise mineralogical and chemical nature of
the magnetic particles. It should be stated here, and it will be abun-
dantly clear from the experimental evidence, that the effect of the matrix
magnetization nowhere seems to interact with or disguise the magnetic
properties of the magnetite particles it hosts. The magnetic effect of
the matrix appears to be directly and simply related to its magnetic min-

eral concentration and has no further effect on the experimental results.



CHAPTER 4

SAMPLE DESCRIPTION AND TRM PROPERTIES OF PREPARED SAMPLES

4.1 SUMMARY

In this chapter we discuss experiments conducted to study various
of the TRM stability parameters of the prepared magnetite samples. In
particular we discuss the stability with respect to alternating field
(A.F.) demagnetization, stability with respect to spontaneous decay in
iero field, stability with respect to thermal demagnetization, and
stability with respect to low temperature cycles in zero field to below
magnetite's magnetocrystalline anisotropy transition temperature near 130°K.
It is observed that in gemeral TRM stability 1is high for small, single
domain particles and decreases for multidomain remanence carriers and is
minimum for large crystals of magnetite. This trend 18 obeyed most closely
by the stability against low temperature cycles.

4.2 EXPERIMENTS AND RESULTS

The TRM in these experiments was induced by a field of .467 * .002 oe.
The magnetization of the prepared samples (and rock specimens) in this
chapter and throughout this dissertation are measured by a Schonstedt Slow
Spinner magnetometer with a maximum sensitivity of about 10~7 emu which is
at least three orders of magnitude more sensitive than required for our
experiments. The TRM properties are listed in table 5. The first column
lists the samples according to their anticipated magnetic behavior from
samplé 0, which should be most multidomain, to sample 11, which should be
the most single domain in its behavior. The sample order is determined
from the measured or inferred sizes and shapes of their magnetite grains.

Placing sample 10 into the sequence, some of the stability characteristics
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are considered as well. The second columa lists the origin and average
grain sizes and shapes of the magnetite powders. In the third solumn we
list the samples' mean TRM per grams of sample, obtained from the arith-
metic mean of the TRM values in table 6 for each sample. Column 4 gives
the mean destructive, peak, alternating field, ﬁilz(oe), defined as that
alternating field which demagnetizes the sample's TRM to 1/2 its original
room temperature value. Column 5 gives the mean blocking temperature,
<TB>, defined as that temperature to which a sample must be heated in null
field so that its room temperature magnetization drops to 1/2 its original
value. Column 6 represents the TRM decay when subjected to temperature
cycles in zero field to below the magnetite magnetocrystalline anisotropy
transiﬁion temperature, This fransition tempefature is also called the
isotropic point, because at that temperature the sum of the magnetocrys-
talline anisotropy constants vanishes: Kl + K2 = 0. For pure magnetite
the isotropic point is near 130°K (Bickford et al., 1956; Syono and Ishikawa,
1963). The decay characteristics are a measure of the relative fraction
' ;f the remanence controlled by the magnetocrystalline anisotropy. Kobayashi
et al, (1965) observed that the relative low temperature decay of the
magnetization decreases with decreasing grain size and is essentially
absent for single domain grains. The values for each sample represent the
fraction of the magnetization remaining after each of three successive low
temperature cycles. Column 7 describes the spontaneous decay of the TRM
when the samples were placed in zero field for 24 hours.

The uncertainty brackets of columns 4, 5, and 7 are conservative,
but subjective estimates obtained from: (1) the uncertainty in deducing a
particular value from the demagnetization curves, including uncertainties in

ﬁ and the absolute values of T; and (2) uncertainty estimated from repeated
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independent determinations. All measurements of remanence that appear in
table 5 are made at room temperature.

The last four columns are different measures of TRM stability for the
various samples. The data within each of the last four columns is ranked,
with respect to the other samples, by an integer between 0 and 11 appearing
to the right of each datum in these columns. The larger the integer, the
greater is the sample's TRM stability under the particﬁlar treatment. The
integer ranking system is somewhat subjective and may, when used by itself,
lead to misinterpretations. It should only be used as a guide, and the
actual data should be used for specific comparisons.

One striking observation is the poor correlation between '1‘B and HIIZ'
This is especially apparent in samples 2, 3, 4, 8, and 9, It is often
assumed in paleomagnetism that there is a one-to-one correlation between
TRM stability against temperatures and the stability against alternating
fields for samples of a given mineral. Equivalently, it is assumed that
samples having a certain sequence of relaxation times, T, at room tempera?
ture will have the same sequence of relaxation times at other temperatures.
Thus higher values for T at TR, associated with higher stability, imply
higher values for TB' We restrict our discussion to single domain grains
of a particular mineral whose relaxation time is given by equations 7 and
8 and where the microscopic coercivity, Hci’ is a function of the various
magnetic anisotropy energies. If we suppose that JS(T) and the spontaneous
magnetization are the same for all single domain grains of the same material,
then differences in the temperature dependence of T for different particles
are largely a function of the temperature dependence of the different func~
tions that make up Hci'

For example, consider two samples A and B whose remamence is carried
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by similar single domain grains whose coercivities are controlled by

uniaxial magnetocrystalline and shape anisotropy energies, respectively,

such that
A K(T B _
Hci = | 3;??%7 Hci M JSP(T)

where K(T) 1is the magnetocry;talline anisotropy constant aﬁd JSP(T) is the
grains' spontaneous magnetization. W is a constant referring to the orien-
tation of the magnetic easy axes with respect to the inducing field and M

is a constant describing the demagnetizing factors along the grains' major

and minor axes. According to Fletcher (1971),

m
K(T) . JS (T)
KT "~ |35

where m = 8 for magnetite. Therefore,

A - 7
HE, (D 35(1) ]
A J.(T.)
HO{Tp) s R

whereas
B - 1
Hoy (M Ig(T) ]
B J (T 5
H_, (T 8T R

Hence, although it is possible for Hﬁi(TR) > Hzi(TR), there will be a tem-
perature TR { T < TC such that Hzi(T ) > H:i(T ). Similarly, it is possible
for rA(TR) > TB(TR), however, at some temperature TR <TKXK TC this order
will reverse such that TA(T) < TB(T). Therefore, even for single domain
particles, similar relaxation times (and similar stabilities) at one tem-—
perature do not imply similar relaxation times (and similar stabilities) at
other temperatures but are critically dependent on the temperature variation

of Hc For samples 2, 3, and 4, whose particle size distributions (see

i.
Chapter 2) suggest that a substantial fraction of the remanence is in
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multidomain particles, the above analysis does not apply. However, the
fact that sample 4 is so much more stable against A.F. demagnetization than
samples 2 and 3, while having a lower value for <TB>, should suggest some
caution against the generalization that higher A.F. demagnetization stabili-
ties imply higher blocking temperatures.

it should be pointed out that the values for <TB> in column 5 are not
unique. In our experiments the remanence is always measured at room temper-
ature; therefore, our definition for <TB> specifies that temperature above
which 1/2 the room temperature magnetization is blocked. If one uses the
above definition for <TB> but measures the demagnetized remanence at ele-
vated temperatures, one will obtain lower values for <TB> than in column 5,
because 3£§£E? < 0, which decreases the magnetization regardless of

oT
whether any unblocking has occurred. Thus the condition where 1/2 the room

temperature TRM is thermally demagnetized is reached at a lower temperature.
Although the measurement of the remanence at elevated temperatures will
yield lower values for <T >, the sequence of <Tg> values for the different
samples is expected to remain unaffected as are the conclusions drawn there-
from. When the thermally demagnetized remanence is measured at elevated
temperatures, a better measure for the stability of TRM with respect to
temperature might be the temﬁerature corresponding to the maximum slope

in the demagnetization curve. In our experiments, however, where the former
method is used to obtain <TB> for the samples, the demagnetization curves
are often so abrupt that it is impossible to distinguish between the point
of maximum slope and the point where 1/2 the room temperature TRM is
thermally demagnetized.

The TRM decay after a low temperature cycle is the only stability

measure that follows the grain size and 'domainness' pattern of column 1.
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The relative decay decreases proceeding from large, multidomain grains to
smaller and to single domain grains, when the behavior of samples with the
same species of magnetite_powder--samples 6 and 7 and samples 8 and 9--is
averaged. This data 1s in agreement with the work of Kobayashi et al.
(1965) and Merrill (1970). As the ratio of a grain's volume to surface
area decreases with diminishing particle size the relative importance of
the magnetocrystalline anisotropy energy diminishes with respect to the
surface energles, and 80 does its role in domain wall formation in magne-
tite. As the grain sizes decrease, the magnetocrystalline anisotropy
enérgy controls a relatively smaller fraction of the magnetizatiom, because
of the decreasing number of domain walls per grain. Therefore, with
diminishing particle size, a lesser fraction of the magnetization is
affected by temperature cycles to below the magnetocrystalline anisotropy
transition temperatures.

The low temperature reversal of the magnetization of sample 1 is not
considered significant due to the unstable nature of the magnetization.
Even after total thermal demagnetization above the Curie point, a residual
magnetization of about 10 percent is not uncommon in samples 0 and 1, but
such a residual magnetization is so soft that it can be reversed by
fifteen minutes' viscous magnetization in the earth's field, What is sig-
nificant is that the bulk of the TRM of samples 0 and 1 seems to be con-
trolled by magnetocrystalline anisotropy.

The trends of *1/2 and of the spontaneous decay also generally follow
that of column 1. The exceptions are samples 8 and 9, which are relatively
unstable with respect to alternating fields and spontaneous decay. In addi-
tion, these samples have the lowest blocking temperatures, except the large

crystals. The relatively low stability of samples 8 and 9 suggests the
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presence in the particle assemblage of a considerable fraction of grains
near the superparamagnetic-single domain transition region, having rela-
tively low values for the relaxation time. It is interesting that magneti~
zation of samples 8 and 9 is stable to low temperature cycles, as expected
from the small average grain size of their magnetite.

-Sample 4 1s also anomaléus in its magnetic behavior, having high value
of yl/Z despite its relatively large grain size and low <TB>. Sample 11
lives up to expectations in being more single domain in character than any
of the samples studied in all the stability categories.

4,3 CONCLUSIONS

It is comforting to note that samples of like magnetite powder--samples
6 and 7, and samples 8 and 9~-behave more similarly to one another than to
samples of different magnetites. Comparison of the data for the pairs of
like samples may provide a realistic appraisal for within-species uncertain-
ties. Such comparisons also indicate some of the problems that can occur
when two laboratories try to reproduce each other's results by using magne-
tite particles of slightly different origin or of slightly different
characterization.

We have seen in this chapter that in general the TRM stability is
relatively low for large multidomain magnetite particles and it increases
for smaller and single domain particles. This trend is followed most faith-
fully by the stability with respect to temperature cycles below magnetite's
isotropic point. However, the differences are small in the low temperature
behavior of the small, equidimensional, synthetic particles, and it may be
questioned whether differences in the low temperature behavior of samples 5
through 10 are significant. The total spread im the data for spontaneous

decay is 7.6%, and the total spread in the spontaneous decay data for
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samples 4, 5, 6, 7, 10, 11 is 1%. The range in the values for <TB> 1u.
relatively narrow as compared with the spread in “i/Z' It is also seen in
table 5 that the samples queue slightly differently for each stability test,
although sample 11 is always the most stable while samples 0 and 1 are
always least stable. Whereas it appears that the particle sizes and shapes
are primary in determining TRM stability, it seems that the different sta-
bility tests see the samples slightly differently; that is, the different
stability tests emphasize different aspects of the samples' particle distri-
butions. For example, sample 4 is more stable than samples 5, 6, and 7 with
respect to A.F. demagnetization, while being lesg stable with respect to
low temperature cycles and having lower <TB>. Although the magnetite
particles of sample 4 are of more regular shapes than those of samples 2
and 3, their shapes are considerably more angular and less regular than the
particles of samples 5, 6, and 7. It is possible that stability with
respect to temperature--high and low--is more semsitive to the particle
volumes, while stability with respect to alternating fields is more sensi-
tive to the particle shapes. On the other hand, samples 8 and 9 are rela~
tively stable with respect to low temperature cycles, while being relatively
unstable with respect to temperatures above TR' This behavior of samples 8
and 9, however, can be explained in terms of particles which carry stable
remanence at TR’ but are near the superparamagnetic-single domain transition

diameter.



CHAPTER 5

THE FIELD DEPENDENCE OF TRM STABILITY AGAINST
ALTERNATING FIELD, A. F., (AND THERMAL) DEMAGNETIZATION

5.1 SUMMARY

In this chapter we investigate the field dependence of TRM staﬁility
against alternating field, A. F., (and thermal) demagnetization in some
magnetite samples.

For multidomain crystals of magnetite we find that the stability with
respect to A. F. and thermal demagnetization increases with increasing TRM
fields. This trend can be explained by the fact that there are statistically
fewer domains and domain walls in the crystal when magnetized by higher
fields, such that demagnetization by domain wall movement requires larger
paths of wall movement. In addition, relatively more energy is consumed in
the demagnetization of the crystal when magnetized by higher fields due to
the energy input required to nucleate reversed domains.

For a sample whose magnetization resides in single domain magnetite
the stability with respect to alternating fields decreases smoothly with
increasing TRM fields. This behavior can be explained in terms of Néel's
single domain theory. For fine grain magnetite (<d> = .21 um) of diameters
greater than the single domain critical size, the stability with respect to
alternating fields decreases smoothly increasing TRM fields greater than .5
oe, as for the single domain particles. There is, however, a maximum in the
stability between 0.1 and 0.5 oe. For TRM fields less than that corresponding
to the maximum stability, there fine grain magnetites behave more like the
multidomain crystals. This behavior is not yet fully understood, although ome

possible mechanism is suggested in the text.
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5.2 MULTIDOMAIN CRYSTALS

Lowrie and Fuller (1971) showed experimentally that the 'hardness' of
multidomain TRM sgainst A. F. demagnetization increases with increasing TRM
inducing field. Figures 12a and 12b illustrate the A. F. demagnetization
curves of a 0.5 oe and 9.5 oe TRMs for samples MSC-0 and MSC-l1. The A. F.
demagnetization method is described in Appendix B-1, The same field depen-
dence of the stability of the TRM is observed as reported by Lowrie and Fuller
(1971): The higher field TRM is more stable with respect to A. F. demagneti-
zation than the lower field TRM for multidomain particles. The reversal of
the magnetization of sample MSC-0 is not understood, but it is thought to be
real, because it was observed in two separate demagnetization runs. The
reversal is not ARM induced, because the magnetization at each A. F. value
is the average of two demagnetizations--one where the ARM is parallel and ome
where it is antiparallel to the remanence. See also Appendix B-1l. 1In
figures 13a and 13b the thermal demagnetization spectra of 0.5 ce and 9.1 oe
TRMs of samples MSC-0 and MSC-1 are shown. The squares and triangles are data
obtained during separate 'Thellier' experiments, and the circles are data
obtained by heating untreated TRMs in zero field to the designated tempera-
tures. Despite considerable scatter in the data, the 9.5 oe TRM of both
samples is clearly more resistant to thermal demagnetization than the 0.5 oe
TRM. This trend is precisely opposite to that observed by Roquet (1954) in
whose sample, composed of a dilute dispersion of magnetite powder approximately
.1 ym in diameter, thermal stability decreased with increasing TRM fields of
.42 oe, 17 oe, 86 oe, and 570 oe, respectively. The same trend as observed
by Roqﬁet (1954) was also seen by Dunlop and West (1969) in their six samplea
containing single domain grains, including éwo samples containing magnetite.

In large multidomain crystals, as in the present sequence of experiments,
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Figure 12

a. Normalized A.F. demagnetization curves of .5 oe and 9.5 oe
TRM for sample MSC-0. Note that the 9.5 oe TRM is more stable.
The magnetization reversal is not understood, but it is reproducible

and apparently real.

b. Normaiized A. F. demagnetization curves of .5 oe and 9.5 oe
TRM for sample MSC~1. The 9.5 oe TRM is consistently and signifi-

cantly more stable than the .5 oe TRM.
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Figure 13

Stepwise thermal demagnetization of .5 oe and 9.1 oe TRMs.
The different types of open gymbols denote independent thermal
demagnetization experiments. Note that despite the large scatter
in the .5 oe demagnetization curves, the .5 oe TRM is consistently
and significantly 'softer' with respect to thermal demagnetization

than the 9.5 oe TRM.

a. Sample MSC-0.

b. Sample MSC-1.
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the response of the grain's magnetization to external fields that are well
below those required for saturation is to a large extent through domain-wall
movement. The wall movement in the presence of an external field is such as
to increase the grain's magnetization component in the field direction. The
wall movement is impeded by the local demagnetizing fie;ds and by energy
barriers, caused by internal stresses associated with crystal imperfections,
that the wall must overcome. As the field increases, the number of domains
decreases (as does the number of the domain walls) until the final state is
reached, where the grain is homogeneously magnetized to saturation along the
applied field. As the field is removed the energy minimization principle is
responsible for the renucleation of oppositely magnetized domains (to minimize
the magnetostatic energy), and the sample demagnetizing fields act to return
the grain to a demagnetized state. A domain wall is 'pinned' when the restor-
ing torques due to the demagnetizing field cannot move the wall beyond a par-
ticular energy barrier.

The intensity of the remanent magnetization of multidomain crystals is a '
measure of how far from a demagnetized configuration the walls are 'pinned'’
when the external field is removed. It is reasonable to expect that the
farther from a demagnetized configuration the walls are 'pinned' the greater
are the demagnetizing torques that try to drive the walls over energy
barriers towards a more demagnetized state. To explain the increased stability
with increasing biasing fields, we assume that each point in the crystal has
approximately the same distribution of energy barriers and that the distribu-
tion is field independent. We recall that the greater the remanence of the
crystal the smaller is the number of the domains and domain walls within it.
It follows, therefore, that there are statistically fewer domains and domain

walls in the crystal subject to a 9.5 oe TRM than in the same crystal having
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a 0.5 oe TRM. If demagnetization occurs purely by domain wall movement, then
the multidomain particle having a higher-field-TRM behaves more as 1f it were
a smailer multidomain particle compared to the same crystal having lower-field
TRM, and their A. F. demagnetization is accomplished by the movement of the
domain walls over statistically longer paths, thus possessing greater sta-
bility. We assume above thatﬂlonger demagnetization paths of fewer domain
walls imply greater stability than shorter demagnetization paths of a
relatively greater number of domain walls. Neglected above are the possible
effects of interaction between domains and domain walls and between several
domain walls, which may depend on their number density. However, it is

also possible that such an effect is statistically cancelled.

Demagnetization in multidomain crystals is probably affected by a
combination of both domain wall movement and the nucleation of new domains
with reversed magnetization. To initlate the nucleation process a certain
activation energy must be available to the crystal. Therefore part of the
energy af the demagnetization process, whether in the form of alternating
fields or thermal energy, is used iﬁ wall nucleation. Since a relatively
greater amount of energy is needed for domain mucleation of the higher-field-
TRM, more energy will be required to demagnetize higher-field remanence. It
follows that the stability of multidomain crystals increases with increasing
remanence-inducing fields, as is shown in figures 1l2a, b and 13 a, b for
both A. F. and thermal demagnetization. (The relative stability of the
crystal having the higher-field-TRM will, however, be lower than that of a
geometrically similar but smallér crystal with an identical domain and domain
wall configuration, because the former is farther from equilibrium in zero

field and a relatively amallef activation energy 1s required to nucleate

additional reversed domains and domain walls.)
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5.3 FINE PARTICLES

As was described and discussed in the previous paragraphs, the
stability against thermal A. F. demagnetization of large magnetite
crystals increases with increasing TRM field. This behavior is a sharp
contrast to the data obtained by Dunlop and West (1969) in their study
of single domain particles. In their samples the A. F. demagnetization
curves become progressively 'softer' with increasing TRM fields for
five of their six samples. Dunlop and West (1969) also observed that
the thermal stability decreases for increasing TRM fields in all six

samples.
Rimbert (1959) studied the A. F. demagnetization characteristics of a

sample containing approximately 1% synthetic magnetite powder approximately
.1 um in size. TRMs in fields of .192 oe, 30 oe, and 50 oe were A, F., demag-
netized, the stability of the TRMs becoming progressively 'softer' with in-
creasing fields. Rimbert (1959), Dunlop and West (1969), and Lowrie and
Fuller (1971), noted for the particular samples that they studied, that the
stability of TRM fields (sufficient for saturation remanence) approaéhes the
stability of saturation IRM. Lowrle and Fuller (1971) first discovered the
fundamental difference between the A. F. demagnetization behavior of large
multidomain grains and fine particles. They devised a method to test whether
remanence is carried by single or multidomain particles: normalized A. F.
demagnetization curves of weak field TRM and saturation IRM for the same
sample are compared. If the saturation IRM is more stable, the
remanence is in multidomain particles, and, if the weak field TRM is more
stable, it is in single domain carriers.

The stability with respect to A. F. demagnetization for five distinct
TRM fields was determined for samples 6A, 7, and Olby 269A. Samples 6A and’

7 contain Columbian Carbon magnetite powder previously described in Chapter 2
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and summarized in Table 2 and whose bulk magnetic properties are sumnatizgd
in Chapter 2 Table 3. Sample 7 of this chapter is the same as sample 7 of
Chapter 4, and samples 6A, B, and C are made in the same way as sample 6

of Chapter 4, where the various TRM properties are described and discussed.
Sample Olby 269-A is a baéalt specimen (cylindrical; about 1 inch in dia-
meter and 1 inch long) from the Olby flow, France. The paleomagnetism and
some rock magnetic aspects of this flow were described by Bonhommet and
zdhringer (1969) and Bonhommet (1970). Using various mineralogical and rock
magnetic clues, Whitney et al. (1971) concluded that the remanence of the
Olby flow probably resides in single domain magnetite grains. The TRM field
strengths chronology according to which the demagnetization experiments

were performed is: .49 oe, .25 oe, 0.10 oe, 150 oe, and 40 oe, respec-
tively. The TRM fields are listed chronologically to show that the particu-
lar sequence of the demagnetization curves in figures 14 and 15a, b cannot
be explained by the order in which they were executed. That is, the parti-
cular sequence of the demagnetization curves is not due to chemical,
mineralogical, or annealing effects on the samples. The demagnetization
spectra are drafted in figures 14 and 15 a, b for samples Olby 269A, 6A and
7, respectively.

'For the Olby sample, whose remanence carriers have been previously
judged to be single domain magnetite particles, the stability decreases with
increasing TRM field, consistent with the observations of Rimbert and Dunlop
and West. Lowrie and Fuller (1971, p. 6342-6343) convincingly explain this
behavior in terms of Néel's equations (equations 7 and 8 of the introduction).
It i{s seen that the ARM effect becomes visible only for the .10 oe TRM when
the alternating field is near 600 oe, but it has no substantive effect on

the result. (The ARM acts parallel to the initial remanence.) Clearly, the
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Olby sample is single domain according to the 'Lowrie-Fuller' test for all
the TRM fields that were studied.

The TRM stability of samples 6A and 7 is drafted in figures 15a and 15b.
In both samples a slight ARM component is observed in the .25 oe demagneti-
zation curves for alternating fields above 500 oe. A more noticeable ARM
component appears in the .10 oe curve at alternating fields above 400 oe.

For alternating fields less than 400 oe, the sequence of the demagnetization
curves is identical for both samples. For alternating fields greater than
400 oe the ARM distorts the sequence of the demagnetization curves. Due to
the opposite orientations of the remanence of the two samples with respect

to the axis of the demagnetizing coil, the ARM in sample 6A is parallel to
the TRM, while in sample 7 the ARM is antiparallel to the TRM. It is seen in
figures 15a and 15b that the two curves affected by ARM are shifted upwards
for sample 6A and downwards for sample 7.

Dunlop (1973) showed experimentally, using TRM fields of 1 oe or greater,
that the transition from single domain to multidomain behavior under the
'Lowrie-Fuller' test occurs at particle diameters much larger than the theo-
retically predicted single domain to multidomain critical diameter, dc'
Equidimensional magnetite particles up to .22 ym were shown to behave as
single domain particles under the 'Lowrie-Fuller' test..

Looking across the Abscissa of figures 15a and 15b at J(?f)lJ° = 1/2
the TRM fields in order of their increasing stabilities are: 153 oe, 41 oe,
.10 oe, .49 oe, and .25 oe. This sequence is identical for both samples.
Apparently there is a maximum in the field dependence of the TRM stability
for these samples between .10 oe and .49 oe. That is, for sufficiently low
TRM fields, the stability pattern is that characteristic of multidomain grains,

whereas at higher TRM fields, h > .5 oe, it is characteristic of single domain
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behavior. This interesting phenomenon which causes the stability sequence
of samples 6A and 7 to reverse with increasing TRM fields is not yet fully
understood. It might be possible that a graih's domain structure is field
dependent, such that for TRM fields, h, greater than a certain critical
value, hc’ the nucleation of domain walls is inhibited, but for values
h < hc domain walls might be ﬁble to nucleate. For Columbian Carbon mag-
netite the critical field might be 0.1 oe < hc < .49 oe. For h > hc the
samples would behave more as single domain particles, and for h < hc their
behavior might more closely resemble multidomain particles. It would be
very instructive to study the field dependence of other stability parameters
of these samples, such as the stability with respect to temperature cycles
below magnetite's isotropic point and the stability with respect to elevated
temperatures between TR and TC. It would also be instructive to study the
effect of an external field on the critical diameter, dc' for the single
domain to two domain transition. Under a 'Lowrie-Fuller' test, however,
both samples 6A and 7 behave as if their remanence is carried by single
domain crystals, although the average diameter of their magnetite crystals,
.21 um, is much greater than dc' Further experiments with truly single
domain particles (highly acicular or of diameters smaller than dc) and with
magnetite particles that have diameters greater than dc yet exhibit single
domain behavior when subjected to a 'Lowrie-Fuller' test are required to
test whether the peculiar field dependence of TRM stabilities for biasing
fields less than .5 oe, observed for samples 6A and 7, is a general phenome-
non that might be used to distinguish amongst these two types of particles.
5.4 DISCUSSIONS

In the previous section we saw that the results of the 'Lowrie-Fuller'

test are not as simple to interpret as was originally conceived. We saw that
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some particles whose diameters are much greater than dc behave as single
domain particles under the ‘Lowrie-Fuller' test, although a more detailed
analysis of their demagnetizaﬁion curves shows that the characteristic single
domain stability pattern breaks down for TRM fields less than 0.49 oe and
becomes similar to that of multidomain particles. More experimental and
theoretical work is needed to substantiate and to improve the understanding
of these findings.

The 'Lowrie-Fuller' test loses its simplicity when more than one magnetic
species is present in a sample and when the sizes of the particles wherein
the remanence resides span the gamut from single to multidomain. For dis-
cussion's sake we shall assume the presence in our sample of an equal number
of both 'single domain' and 'multidomain' particles. The quotation marks are
present because the particles are declared 'single domain' or 'multidomain'
according to their behavior in the '"Lowrie-Fuller' test. Both the contribu~-
tion of the particles to the remanence and their respective stabilities must
be considered. Two extreme examples will be discussed. In the first the
active grains are single domain; and in the second the active grains are
multidomain.

Table 3 of Chapter 2 gives values of JRSIJS for the synthetic submicron
particles varying from .11 to .44. Although a 'Lowrie-Fuller' test was
performed only for the Columbia Carbon variety, probably all the synthetic
submicron particles listed in table 3 are 'single domain' in the 'Lowrie-
Fuller' sense. In multidomain particles JRS/JS is usually much lower than
for submicron particles. For example, a chip of a natural crystal, weighing
.0261 gm, has a JRS/JS value of .008. Ground magnetite powder trapped between
two sieves such that 250 ym < d < 500 ym has a J, /J, value of .005.

RS 7S

The first example can be visualized to result from the lower relaxation
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times of the 'multidomain' particles such that when the rock measured in the
laboratory the NRM resides primarily in 'single domain' particles. Satura-
tion IRM will reactivate the 'multidomain' remaﬁence, but because the JRS’JS
of 'multidamain' particles is much lower khan that of 'single domain' par-
ticles, a much greater total volume of 'multidomain' grains is required so that
their remanence will be of the order of the intensity of the 'single domain'
particles. Remagnetization of the 'multidomain' particles may also affect
the demagnetization curve. In particular, the presence of the multidomain
particles will either not affect or depress the demagnetization curve of the’
saturation IRM relative to the hypothetical demagnetization curve of satura-
tion IRM of only the 'single domain' particles. The correct result is
obtained by 'Lowrie-Fuller' tests: namely, that the remanence is carried by
'single domain' particles. The difference between the demagnetization curves
of the NRM and the saturation IRM in our example may be greater than if the
sample contained only 'single domain' particles. Thus the difference between
the demagnetization cur;es cannot by itself be used to make statements about
the degree of 'single domain' versus 'multidomain' remanence.

The second example might be visualized to occur in an intrusive rock
whose magnetic grains are generally 'multidomain' and the remanence blocked
upon cooling through Tc is largely in these particles. At lower temperatures,
say 300°-400°C, new 'single domain' grains are created by possible oxidation of
the silicate minerals or by possible mineralogical changes of the Fe~Ti miner-
als. It is assumed that these necwly generated grains carry no net remanence.
The NRM is thus carried by 'multidomain' particles. Saturation IRM magnetizes
both 'multidomain' and 'single domain' particles. The effect on the total
remanence of the 'single domain' particles depends on their JRS/JS value and

on their relative total volume. The newly magnetized 'single domain'
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particles will either have no effect or increase the stability of the démag—
netization curve of the saturation IRM relative to the hypothetical satura-
tion IRM curve of only the 'multidomain' particles. The 'Lowrie-Fuller' test
predicts the correct result that the remanence is in 'multidomain particles.
As in the first example, the difference between the NRM and the saturation
IRM curves may be greater thaﬁ if the sample contained only 'multidomain'
particles, so that the spread betﬁeen the two demagnetization curves cannot
by itself be used to make statements regarding the degree of 'multfdomain'
versus 'single domain' remanence.

If half the NRM 1s in 'single domain' particles and half in ‘multidomain’
particles and if the same partition of remanence is maintained when the sample
is given a saturation IRM, then the normalized NRM and saturation IRM demag-
netization curves will display similar behavior and will be close together.
Thus even for samples having both 'single domain' and 'multidomain' particles,
the 'Lowrie-Fuller' test predicts the correct remanence carriers (within their

definition).



CHAPTER 6

THE TEMPERATURE DEPENDENCE OF SOME STABILITY PARAMETERS IN MAGNETITES

6.1 SUMMARY

In this chapter we study some atabiltty parameters of magnetite as
a function of temperature between TR and Tc.

A. F. demagnetization of large crystals of magnetite at elevated
temperatures shows that for these multidomain particles there is a
maximum in the ﬁk versus T curve. This behavior can be explained by the
competing effects on Hci of <A> and J., both of which decrease monotoni-
cally between T, and To. The possibility of fewer domains in the crystal at
elevated temperatures might also explain the maximum in the E& versus
T. curve.

Hot A. F. demagnetization of fine particles ylelds a linear decrease
in the ;3 versus T curve until just below ﬁhe blocking temperatures.

In studying hysteresis properties as a function of temperature for

equidimensional, synthetic magnetite powder whose mean diameter is .21 um,

the following relationships are observed:
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Ho(Tp)  Bp(Tp) | Jps(Ty)

d.

6.2 INTRODUCTION

From equation 7 and 8 of chapter 1 it is seen that the microscopic
coercivity, Hci(T)' and the spontaneous magnetization, JSP(T). are two
temperature sensitive parametérs that are prominent in influencing the
relaxation time, T, and hence the blocking of TRM. For ideal single
domain particles JSP(T) = JS(T). Where the grain magnetization is not
uniform and homogeneous, JSP(T) can be estimated from the remanence of
saturation IRM, JRS(TL at each temperature. Hcicl) is determined by a
combination of the relevant magnetic anisoptropies (magnetocrystalline,
magnetostatic, magnetoelastic and exchange) that are active at each
temperature. To know the relative importance of the various magnetic
anisotropies in the blocking of TRM and in determining its stability
with respect to time and in fixing the grain's magnetic configuration,
the temperature dependencés of the magnec;c parameters and anisotropy
constants must be known, especially in the vicinity of TB' In addition,
the relative contribution of the various anisotropies to LI is intrinsi-~
cally dependent on the size and shape of the magnetic particle.

One fruitful approach is to study the temperature dependence of the
anisotropy constants. Thus Bickford et al. (1956) and Syono and Ishikawa
(1963a) and Syono (1965) measured the magnetocrystalline anisotropy con-
stants for magnetite and titanomagnetites between 78°K and TR' Fletcher
(1971) extended the measurements of Kl for magnetite from TR to Tc.

Bickford et al. (1955) determined the magnetostriction constants for
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magnetite between " 120°K and TR, and Ishikawa and Syono (1963b) and
Syono (1965) measured A;,; and 1o for titanomagnetites between 78°x
and T#. Klapel and Shive (1974) extended measurements of 1111 and Ayq9
for magnetite between TR and Tc. Measurements of the anisotropy constants
require single crystals whose crystallographic axes are known such that
the crystal can be oriented as needed. Dealing with samples containing
a large number of randomly orienteéd fine particles, the above approach
cannot be used; rather, one can study the temperature dependence of the
various stability parameters which are determined by the influence of
the magnetic anisotropies. Although this procedure is one step removed
from the individual anisotropies, it is hoped that additional independent
knowledge of the character of the magnetic particles and the anisotropy
constants will help us understand which anisotroples are dominant near
TB’ and to observe differences in behavior due to differences in grain
sizes and shapes. It is hoped that such data will improve our understand-
ing of how TRM is blocked in different types of magnetite particles.
Several investigators have studied stability parameters of magnetite
and other magnetic substances as a function of temperature, setting the
stage for our experiments. Morrish and Watt (1958) studied the tempera-
ture dependence of the bulk coercivity, H;, between 77°k and 300°K for
several samples containing different species of magnetite powders, They
observed minima in H, near magnetite's isotropic temperature; the rela-
tive decrease in the Hc was observed to diminish with decreasing particle
sizes. Dunlop (1969) measured the remanence coercivity, HCR' as a function

of temperature between Ty and 600°C for several samples coataining single
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domain particles to determine which magnetic anisotropy is dominant in
controlling their coercivity. Dunlop (1970) A. F. demagnetized high
temperature IRM both at TR and at the temperature where the IRM wvas
{nduced and noted the drastic decrease in the IRM stability with increas-
ing temperature. Rathenau (1953) measured the temperature dependence of
the coercive force of Ba-ferrite powder between ~196°C and 1its Curie
point near 460°C. A maximum in the coercivity near 280°C was observed
and interpreted as a decrease in the number of domains with increasing
temperature,

The approach in this chapter is to study the stability with respect
to A. F, demagnetization at temperatures between Tp and Tp, and it is
hoped and assumed that the A. F. demagﬁetization characteristic are
directly related to the temperature dependence of the microscopic
coercivities, H, . Hot A. F. demagnetization experiments are done for
large crystals of magnetite, for a rock containing single domain magnetite
particles, and for samples containing a specles of equidimensional, syn-
thetic magnetite pwoder whose mean particle diameter is .21 um. For
the later samples we also determine the hysteresis parameters as a func-
tion of temperature. In addition to possibly providing a functional form
for Hci,.such data might provide certain constraints for TRM theories.

6.3 HOT A. F, DEMAGNETIZATION OF MULTIDOMAIN CRYSTALS

Figures 16 a-d show A. F. demagnetization curves of samples MSC-0,1,
2,3, taken at various temperhtures. TRM was induced in an external field
Y
of 9.1 oe, because for a 0.5 oe TRM Hk was only about 20 oe., After in-

ducing TRM of about 9.1 oe, the samples were thermally demagnetized at
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Figure 16

Normalized A. F. demagnetization curves at elevated tempera-
tures of 9.1 + .5 oe TRMs of the large magnetite crystals. The
remanence is measured at TR,.and the initial points represent the
thermally demagnetized remanence at the temperature where the
demagnetization was subsequently executed. Although the induced
ARM direction in the T = 25% demagnetization curves is opposite
to the ARM sense of the highef temperature demagnetization
curves, it i1s seen that the 200°¢C and 400°C curves are more
stable or as stable as the 25°%¢ demagnetization curves for

values of Jz(ﬁ)/Jzo > .4, where the ARM effect 1is relatively

minor.

a. Sample MSC-0

b. Sample MSC-1
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Figure 16

Normalized A. F. demagnetization curves at elevated tempera-
tures of 9.1 + .5 oe TRMs of the large magnetite crystals. The
remanence is measured at TR’ and the initial points represent the
thermally demagnetized remanence at the temperature where the
demagnetization was subsequently execufed. Although the induced
ARM direction in the T = 25°%C demagnetization curves is opposite
to the ARM sense of the higher temperature demagnetization
curves, it is seen that the 200°C and 40000 curves are more
stable or as stable as the 25°C,demangetization curves for
values of JZ(H)IJzo > .4, where the ARM effect is relatively

minox.
Cs Sample MSC-2

d. Sample MSC-3
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the elevated temperature where they were subsequently A. F. demagnetized.

The remanences were always measured at room temperature, and the demag-
netization curves at each temperature were obtained by normalizing the
remanence with respect to.the magnetization remaining after the thermal
demagnetization step. The room temperature stability curves were taken
more than a month before those at elevated tewmperatures. Due to an
interchange in the polarity of the leads connecting the demagnetizing
coil to the inductrol, it is seen that the sense of the ARM for the room
temperature spectra is opposite to the ARM sense in elevated temperature
curves. (See appendix B-1). There is hardly any doubt that this is
" the reason that in all four samples studied the room temperature demag-
netization curves cut across the hitherto more gstable curves at relatively
higher alternating field, when the ARM becomes more noticeable. (See
figure 16).

Focussing our attention on the region of the demagnetization curves
where the ARM effect is relatively small (JZ(H)/Jzo > .4), we gee that for

all samples the stabilities at 200°C and 400°C are either greater tham or

similar to those at 25°C. The 500°C curves are 'softest' for all samples.

" N
In figure 17’“& versus T is plotted for the various crystals. Clearly, H&

is not a fundamental quantity, and gsimilar curves can be drawn using
other criteria such as fixing the level of magnetization (e.g. Jz(H)IJzo
= ,9, .8, cusy o4, .3 vvss) or by fixing the A. F. demagnetization level
(e.g. ﬁk- 10 oe, 25 oe, ...). This was done using the latter criterion
and the resulting curves (not reproduced here) have the same features

as in figure 17, as long as the ARM effect is relatively minor. As seen
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in figure 17, three of the aambles display a borad maximum in their
stabilicies between 200° and 400°C. For the fourth sample the qtability
curve is essentially flat out to 400°cC. Figure 18 depicts the similarity
of the TRM thermal demagnetization curves of samples MsC-0,1,2,3.

For bulk magnetic material, where changes in magnetization are
largely caused by domain wall movement, the microscopic coercivity is
related to

*AC

16. Heglwax =
Is

where A 1s the relevant magnetostrictive constant, ¢ denotes the magnitude

of the internal stress, and Js is the saturation magnetization. (See

Chikazumi, 1964, p. 285-287 or Morrish, 1965, p. 385-387.) Hci is the

maximum field required to drive a single domain wall across all the

energy barriers in the crystal, where the energy barriers are due to a

ginusoidal internal stress distribution, associated with crystal imper-

fections auch as dislocations and dislocation pileups. In our crystals

some of the stresses may be a result of deformational twinning. Substitut-

ing the appropriate value for A (Ay7; = 7.8 x 10'5) and for Jg (480 gauss)

for magnetite and assuming that Hcilqu % ﬁ%(-zo oe), we obtain, using

equation 16, a value for the internal stress in our crystals, ¢ X .4 kglmnz.
Klapel and Shive (1974) have shown that 1;;; decreases linearly

between TR and 500°C. Their data for 1100 is less conclusive, but the

overall magnetostrictive effect decreases with increasing temperature.

At Tp A11] 1s the dominant magnetostriction constant (at Tg, 2193 = 78 x 10°6

and Aygq = =20 x 10'6); howevér, at temperatures approaching Tc the rela-

tive effect of 1100 seems to increase. This possibility suggested



78
by the data of Klapel and Shive and also by the data of Syono (1965) ,

who studied the magnetostriction constants of the xFezTioa(l-x)Pe30g
solid solution. The data show that for increasing values of x and
corresponding decreasing values of T A\ g0 becomes relatively more visible
and even exceeds 1111 for x = .56 in the temperature interval that was
examined. Although Syono's data may not be directly applicablg to pure
magnetite, because both the chemistry and the Curie points are variables
of the solid solution series, it seems from the data of Klapel and Shive
and that of Syono that, as the temperature approaches Tc, AIOO (which 1s
apparently always negative, while 1111 is always positive) becomes rela-
tively more important in pure magnetite (x = 0).

The temperature dependence of the stress field is not known. However,
as the temperature rises, the apparent height of the energy barriers de~
creases, and wall movement is more easily implemented, causing a decrease
in Hci and g&' In addition, Js decreases with temperature. These two
effects have an opposite effect on the Hc1 and may cause the observed
maximum in the ﬁ% curves. This implies that at moderate temperatures
above TR’ up to 300° or 400°C, 3& is dominated by the decrease in Js
causing the initial increase in y&. We have assumed in the above paragraph
that Hci and ﬁk have similar temperature dependences.

Alternatively, the observed temperature dependence of ﬁ% of the
large crystals can be explained using an argument gimilar to that proposed
by Rathenau (1953). Caused by the rapid decrease with temperature of the
magnetocrystalline constant, K, there is a corresponding thickening of the

domain walls, 6 X JSI/ K, with temperature. Using Fletcher's (1971) data
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for the decay of Ky with temperature,

Ky (T)

Kl(TR)

Jg (T

JS(TR)

one obtains for the relative domain wall thickness,$.

s [3gap ]’
R |Ism |

Thus at elevated temperatures the domain walls occupy a larger fractlom of
the volume of the magnetic particles. As the temperature increases, the
crystal is composed of fewer domains and domain walls, and demagnetization
requires longer paths of domain wall movement, implying higher demagetizing
fields and greater stability. On the other hand, rising T decreasing

the barriers to domain wall movement thus decreasing the stability.

A
Again, these two effects affect H% in opposite sense, possibly

"
giving rise to the observed maximum in 1"

6.4 HOT A.F. DEMAGNETIZATION OF FINE PARTICLES OF MAGNETITE

Hot A. F. demagnetization was also done on Olby 269-A and samples 6B
and 6C, The demagnetization curves of the three samples are displayed
in figures 19a, 20a, and 2la, respectively. It is seen that the spectra
become less stable with increasing temperatures. In figures 19b, 20b, and
21b, ﬁ% and the TRM thermal demagnetization spectra are plotted against
temperature on the left and right ordinate, respectively, for the samples.
Despite (or because of) the small number of data points, the temperature

dependence of ﬁ% can be approximated reasonably by a line. The experiments



80

Figure 19

a. Normalized A. F. demagnetization curves at elevated tempera-
tures of .49 oe TRM of basalt sample Olby 269A, whose magnetic
carriers are single domain magnetite particles. The remanence is
measured at TR and the initial points represent the thermally
demagnetized remanence at the temperatures where the demagneti-
zation is subsequently performed. The dermagnetization curves

become monotonically 'softer' with increasing temperature.

b. Solid circles, left hand ordinate, represent the MDF versus
temperature curve, which are well approximated by a linearly
decreasing function with increasing temperature.

Open circles, right hand ordinate, represent the sample's

normalized demagnetization curve.
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Figure 20

a. Normalized A. F. demagnetization curves at elevated tempera-
tures of .49 oe TRM of sample 6B, whose magnetite carriers are
synthetic, equidimensional magnetite particles whose mean diameter
is .21 ym. The remanence is measured at '1‘R and the initial points
represent the thermally demagnetized remanence at the temperatures
where demagnetization 1s subsequently performed. The demagneti-
zation curves become monotonically less stable with increasing

temperature.

b. Solid circles, left hand ordinate,represent the MDF versus
temperature curve, which is well approximated by é linearly
decreasing function with increasing temperature.

Open circles, right hand ordinate, represent the sample's

normalized thermal demagnetization curve.
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Figure 21

a, Normalized A.F. demagnetizatlion curves at elevated tempera-
tures of .49 oe TRMs of sample 6C, whose magnetic carriers are
synthetic, equidimensional magnetite particles whose mean diameter
i{s .21 um. The remanence is measured at TR and the initial points
represent the thermally demagnetized remanence at the temperatures
where demagnetization is subsequently performed. The demagneti-
zation curves become monotonically less stable with increasing

temperature.

b. Solid circles, left hand ordinate, represent the MDF versus
temperature curve, which is well approximated by a linearly de-
creasing function with increasing temperature.

Open circles, right hand ordinate, reﬁresent the sample's

normalized thermal demagnetization curve.
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at 500°C were repeated thus giving some measure of the reproductibility

of the results. The temperature values are thought to be known to £10°C,
and the values of Kk to £5%. If the lines for the temperature dependence
of ﬁ% are extended to intersect the temperature axes, the points of inter-
section are about 630°C, 580°C, and 570°C, for samples Olby 269A,

6B and 6C, respectively. In reality one would expect ﬁk to vanish with
the TRM as in the thermal demagnetization curves. For samples 6B and

6C the intersection is peculiarly close to Tc, although for Olby 269A

the intersection is substantially above TC('I‘c = 5650110°C, Whitney et al.,
1971). For the samples studied, to a reasonable approximation, stability
decreases linearly with temperature up to near the blocking temperature,
where a more rapld decay of the stability is inferred. This behavior

is markedly different from that of the large magnetite crystals.

That ﬁk of the samples containing fine particles of magnetite decays
linearly with temperature implies that its temperature decay is more
rapid than would be expected if ﬁk were determined by shape anisotropy,
but that the decay of Ek is less rapid than would be expected if it were
completely determined by magnetocrystalline anisotropy. Although we now
have numbers detailing the temperature variations of 1111 and 1100. the
magnetoelastic effects on ﬁ% are difficult to assess because we lack
knowledge on how the internal stresses, ¢, vary with temperature. In the
next section we shall pursue further the effects of the magnetic aniso-
tropies on controlling the stability.

6.5 TEMPERATURE DEPENDENCE OF HYSTERESIS PROPERTIES

For purposes of comparison we also investigated the temperature

dependence of the high-field hysteresis properties of the Columbian Carbon
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magnefite powder, which is the magnetite species of samples 6, 6A, 6B,

6C, and 7. The experiments were performed on a Princeton Applied Research
(P.A.R.) Vibrating Sample Magnetometer (V.S.M.). The experiments were
performed with previously heated and stﬁbilized powders. One set of
experiments was performed with undiluted powder (Js(TR) = 85 emu/g). In
the second set of experiments we diluted the powder to the sample concen-
tration (JS(TR) = 1,20 emu/g). |

In figure 22 the open and aoiid circles represent the temperature
dependence of the saturation magnetization, JS(T). (with H» 7.3 koe) of
the undiluted and diluted powders, respectively. The difference in the
two sets of data is not thought to be significant. The squares and
triangles represent the bulk coercivity, Hc, of the undiluted and diluted
powders, respectively. At lower temperatures the two sets of data are
quite divergent, but they converge at higher temperatures. It should be
noted that the room temperature coercivity of both diluted and undiluted
powders is the same, 105t3 oe, which suggests that interaction effects
due to different powder concentrations are not the determining factors
causing the differences in the lower-temperature H, data., The curves
represent an average of the two sets of data. The temperature dependence
of Hc is seen to be similar to that of Js though its decay is generally
more rapidly.

For comparison (the right hand ordinate) the dash curve is drawn to
represent (Tc - T)M, where M = .50 and T, is taken to be 580°C. We sece

Cc
that for JS(T)IJS(TR), M> .50 (M% .53); for HC(T)IHC(TR), M < ,50 for

high temperatures, T > 300°C, and M > .50 for T < 300°C.
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In figure 23 the value of H% for samples 6B and 6C taken from figures
20b and 21b are normalized with respect to their room temperature valuss
and plotted along the ordinate versus JS(T)IJS(TR). The curves drawn
for reference are obtained from the equation [JS(T)IJS(TR)]H where
M= 2, 5/2, 3 for the upper, middle, and lower curves, respectively. It
is seen that

17. CY N RERENC YIRS

approximates the data quite well.

In figure 24 we plot Ho(T)/H(Tp) versus Jpo(T)/Jpo(Tp). Jpg is the
remanence after the application and subsequent removal of an external field
sufficient to saturate the sample. Jpq 1s a measure of the average spontane-
ous magnetization of the grains. Despite the fact that some of the Ho data
of the two powders are rather divergent (see figure 22), the data plotted
in figure 24 can be approximated by a line whose slope is unity. It is
again to be noted that the approximation is improved for the higher tempera-
ture points. This is an interesting result, showing that for this particu-
lar type of magnetite powder the hysteresis loop contracts linearly at

elevated temperatures,
| 1
18 . Ho(T)/HG(TR) = [Ipg(T)/Ipo(TR)]

The representation of figure 24 has an advantage in that the

determinations of Hc and J__ are essentially simultaneous so the tempera-

RS
ture is known to be identical (within 1° or 2°C), whereas in figure 22
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the temperature cannot be ascertained to better than +10%c,

For a single domain particle of uniaxial anisotropy the intrinsic
coercivity, Hci' is the intensity of the reverse (critical) field needed
to reverse the grain's magnetization. For solid rotation of the magnet-
ization (rotation in unison) Hy 1s linearly proportional to KuIJsr
where Ky is the dominant anisotropy and JsP the spontaneous magnetization.
For single domain particles that are homogeneously magnetized, J__ = Js.

sP
For magnetite particles, when magnetocrystalline anisotropy is dominant,

K, ¥ <k> and’Hci a <K>/JSP.

When shape anisotropy is dominant,
2
K, = %DJSP and Hy @ Dgp
where D 1s a shape factor which can vary from 0 to 4r, When the uniaxial
anisotropy is magnetoelastic in origin,

Ky e <> and H  a <1>0/Jsp.

cl

where <\> is the relevant combination of A and 1100 and 0 is the internal

111
stress. The total intrinsic coercivity is a combination of the contribut-
ing anisotropies.

The two coexcivities obtained from hysteresis loops are the bulk
coercivity, Hc, the reverse field for which the sample magnetization is

zero, and the coercivity of the remanence, HCR' the reverse field required

such that when it is removed (H = 0), the magnetization vaniahes.(ﬂcR > Hg).
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The precise relation between Hc1 and nc and HCR is difficult to

ascertain. Although the process of obtaining Hc is similar to the
procedure followed in calculating “ci’ in practice, the sample whose
hysteresis is measured containsg a distribution of particles with a
distribution of Hci' and Hc is therefore a weighted average of all the
particles of the sample including those that are superparamagnetic and
multidomain. The presence of superparamagnetic grains is particularly
disturbing because their contribution is felt when Hc is measured,
although they do not contribute to the remanence. Thus Hc is always
lower than the appropriate average value of H. for the grains actually
responasible for the remanence.

In the measurement of chlthe final external field is zero, so that
its value 18 not affected by contributions of superparamagnetic particles,
so that its value is higher than Hc and more closely related to an average
value of Hci’ corresponding to the remanence carrying particles. In addition,
HCR 18 numerically more closely related to E&. Wohlfarth (1958) calcu-
lated that for an assembly of identical uniaxial single domain particles
HCRIHc = 1.09 this ratio is increased to 1.29 when allowing for a distribu~

tion in Hc values. It is expected that the HCRch ratio will increase

i
markedly, due to an increase in the induced magnetization, with an in-
creasing superparamagnetic fraction and with an increasing fraction of
multidomain particles.

The dominant anisotropy controlling Hci near the blocking temperature
can be determined from the functional form of its temperature dependence.

For better visualization one can plot Hcilep versus T (or TITC). Then

for shape anisotropy RciIJSP a D = Constant; for magnetocrystalline
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anisotropy.ncil.!sP a <K>IJSP2 o JSP6; for magnetoelastic anisotropy
ucilJSP a <l>oIJsP2. 1f we take <A\> % 1111 and if ve use the data of
Klapel and Shive (1974) and assume further that 1111 decreases linearly
with increasing temperature between T, and Tc = 580°C, then <A> a 1 - T/T,.
Assuming that o is constant with T (where ignorance is bliss) and taking
JSP a JRs a (1~ TITC)'S. one obtains HciIJSP = Constant. Therefore,
Hci/JSP should be constant with temperature for shape controlled coercivity
and possibly for magnetoelastic controlled coercivity and should decay with
temperature as JSP6 for magnetocrystalline controlled coercivity.

For a sample containing oniy homogeneously magnetized, blocked, single
domain grains, where for each particle JsP - Js, the variation of Js with
T 1s a good measure of the dependence of JSP on T (Dunlop, 1969). For a
sample whose particles range in size from superparamagnetic upwards the
temperature dependence of JS is no longer a good measure of the temperature

decay of J J_ in this latter case is artifically inflated because it

sp’ S

includes the magnetization of many particles that do not contribute to the
remanence. A better measure of JSP versus T is obtained from JRs versus

T values, whose decay rate with increasing T is more rapid than that of

J..
S

In figure 25a H__/J_  and HCIJs are plotted against T. Despite differ-

CR" 'S
ences in HCR and Hc, their temperature dependences are similar. The curves

of the diluted samples are slightly more resistant to thermal decay. The

approximate mean of all these curves can be approximated by HCRIJs %
'l
s L ]
determined by the magnetocrystalline anisotropy. Rather, the observed

HCIJS ald The temperature dependence in figure 25a is certainly not
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Figure 25

a. Circles represent HCR/Js versus T data,

Squares represent HCIJS versus T data
for Columbian Carbon magnetite poﬁder. Open (solid) symbols
correspond to undilute (dilute) powder. The relative flatness
of the curves suggests that shape anisotropy is the predominant

anisotropy determining the coercivity.

b. H./J_ . versus T left hand ordinate,

C' RS
HCR/JRS versus T right hand ordinate
for Columbian Carbon magnetite particles. Open (solid) symbols
correspond to undiluted (diluted) powder. The flatness of the

curves suggests that shape anisotropy and magnetostatic energy

are dominant in determining the coercivity.
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decay is believed to be caused by a relative inflation of Js as compared

to JSP due to the contribution of the superparamagnetic fraction which

increases with the temperature.

In figure 25b we plot HCRIJRS and BCIJRS versus T, and the curves
are essentially flat up to about 300°C. Above this temperature a gradual
increase is observed in H__/J. . curves. This behavior is not understood,

CR RS

Neither can we explain the datum at 555°C where HCRIJRs = 1,7, Due to the

similarity in the temperature dependence of HCR and Hc observed in figure

25a, greater confidence is placed in the H, data; experimentally, it is

c

much easier and quicker to obtain Hc thao H R,and this fact becomes more

c
true at higher temperatures.

From the data of figure 25, and mostly from the data of figure 25b,
we conclude that magnetocrystalline anisotropy plays only a minor role
in controlling the coercivity of the Columbian Carbon magnetite powder.
This conclusion is consistent with the observations of chapter 4 where
it was discovered that only about 6% of the magnetization decays after
cycles in zero field to below magnetite's isotropic temperature. The
data suggest that the coercivity depends linearly on JSP' implying that
the coercivity is largely controlled by magnetostatic anisotropy due to
the shape effect and/or, possibly, by magnetoelastic anisotropy due to

magnetostriction.

6.6 CONCLUSIONS AND DISCUSSION

In this chapter we have seen that there is a fundmental difference
between the teﬁperature dependence of the A. F. demagnetization charac-

teristics of fine particles and large crystals of magnetite. For the
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large crystals there is a maximum in the g& versus T curve, whereas for
the fine magnetite particles the g& versus T curve decreases linearly |
until just below the blocking temperatures.
The temperature dependence of the microscopic coercivity is the
key to Néel'a (1955) theory for TRM in multidomain particles. N‘el
assumes that

s=2
H (T) Js(r)

< -

HC(TR? JS(TR)

The coercivity in the above expression is that obtained from hysteresis
loops; in addition, it is assumed that each particle has a square hysteresis
loop. Schmidt (1973) has shown that Néel's multidomain theory would work
for any 8 > 1; that is, the only requirement is that the height of the
hysteresis loop, Js, should contract more rapidly with temperature than
its wi&th, Hc. However, real multidomain particles do not have square
hysteresis loops; that is, for multidomain particles JSP 7k Js. such that
it 1s not clear whether Js or JSP is appropriate in Néel's expression
given above. In addition, hysteresis loops are usually not measured for
single particles (especially in situations that are 6f interest in rock
magnetism), so that it 1s not clear which of the various representations
for the stabiiity, Hc'éHCR’ of ﬁk ( or some other stability parameter) is
the best measure for the intrinsic coercivity. Using equidimensional,
synthetic magnetite powder whose mean particle diameter is .21 um, we made

a comparative study of the above 'coercivities' and their temperature

dependences. Although the particles studied are too large to be classical
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single domain grains, they are thought to be small to accommodate 'truly’
multidomain behavior. (That is, due to previously presentéd magnetic
data it is believed that magnetization and demagnetization processes are
not primarily controlled by domain wall movement.) Although the particles
we studied may not be ideal to test multidomain theories, the results

are interesting and offer direction for future work. We saw in figure

25a that

M Be® {3 |

~ "N
(T Hep(Tp) | Jg(Tp)

19.

From figure 23 we have that

ﬁk('r) MEA ] 5/2
L")
ﬁlz('ra) Is an)_l

20.

Although H, and H,, are numerically very different, their temperature

c
dependences are very similar. This observation is not so surprising in

retrospect because both HC and H _ are obtained from the same hysteresis

CR
A

loop and its contraction with temperature affects them similarly. “k' on

the other hand, is determined in a totally independent manner, as is its

temperature dependence., If the above values of the exponent are used in

Schmidt's (1973) expressions for TRM, one obtains:

g = 3/2 =2 a ho'33
TRM

0.6
8 = 5/2 '—-_—f—-»”JTmah
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Keither of these values is particularly satisfying in view of the observed
linear dependence of TRM on applied fields for small fields. Other objec-
tions to Néel's multidomain theory are discussed in Verhogen (1959) and
Stacey (1963).
In addition to Js. we also use the previously discussed approximation

J ~J

SP , thus obtaining from figure 25b

RS

1
He® | Hop( | Igs®

N
HF(TR) Hoo(T0) Jos(Tp)

and

B [ ]3’ 22

Mery JRS(TR)J

1f nothing else, we have shown that hysteresis-obtained coercivities and

the stability with respect to A.F. demagnetization are intrinsically differ-
ent and have different temperature dependence. In addition, we see that
although H_ and B, appear to be sinilar due to their sinilar absolute
values, experiments on their temperature dependencies show that they are
intrinsically quite different. HCR is rather more similar to Hc, although
they are quite distinct in their absolute values. It is not obvious which
type of stability parameter best describes the microscopic coercivity;
however, it appears to us that neither the bulk coercivity, Bc, nor the
coercivity of the remanence, HCR’ is probably the best description for nci

of particles possessing weak-field remanence. Hysteresis loops and the
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resulting H_  and Hep deal with the saturation IRM due to all the

c
magnetic particles, thus different ensembles of magnetic particles and
different regions of magnetization are sampled during bulk measurements
than are affected by weak-field remanence such as TRM or ARM. It there-~
fore seems to us that stability parameters describing the actual reman-
ence are better measures for the intrinsic coercivity of the particles
and regions of magnetization participating in a particular remanence.
Whether stability with respect to alternating fields is the best measure

for Hc is not known, but it should be a better measure than the bulk

i
coercivities. Rather surprising and yet unexplained is the fact that the

A
temperature decay of Hk is more rapid than that of the bulk coercivities

Hc and HCR'



CHAPTER 7

ON THE ADDITIVITY OF PARTIAL THERMOREMANENCE (PTRM)

7.1 SUMMARY

In this chapter we shall test the additivity law of partial-TRMs for our
prepared samples each containing magnetites of different mean particle size,
spanning the single domain to multidomain size range. The experiments com-
pare the sum of two PTRMs, PTRM, + PTRM,, with that of the total-TRM. It
is found that, statistically, IPTRM 3 TRM. This tendency is true to the same
degree for all samples, regardless of their mean particle size. Thus, it
appears that the additivicy law‘is obeyed to the same degree by multidomain
magnetite particles as by single domain particles.

7.2 BACKGROUND

In the introduction we saw that Néel's theory for single-domain grai;s
is successful in explaining Thellier's and Nagata's obsérvations of the inde-
pendence and additivity of PTRMs. In addition, we argued from the magnetic
prOpérties of hematite (ﬁFe203) that most hematite found in rocks and clays 1is
probably single domain, such that Néel's (1949) single domain theory applies
directly. In volcanic rock, where the remanence usually resides in titanomag-
netites, a substantial fraction of the magnetic grainms is larger than 1 um.
Thus it appears likely that remanence in multidomain particles may contribute
substantially to the TRM of volcanic rocks.

Current theories for multidomain TRM do not possess the generality and
elegance of Néel's (1949) single domain theory, and do not provide a defini-
tive statement regarding the additivity and independence of PTRMs. However,
Néel (1955) argues that additivity should hold for two domain grains whose

different states of magnetization are determined by wall displacements over
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two types of potential barriers ('high' and 'low' barrier) which do not
interact and whose distribution is temperature independent. Stacey (1963)
also argues that multidomain particles should act in accordance with the
additivity law. Above all, Nagata's (1943) experiments remain! the addi-
tivity law and the independence of PTRM are obeyed by volcanic rocks.

Ozima and Ozima (1965) afgued that the additivity law should be strictly
satisfied only where the high temperature IRM is negligible in comparison to
the PTRM, but in general the sum of the PTRMs should exceed the total-TRM by
the sum of the IRMs at the elevated temperatures. In the simplest case,

where only one intermediate temperature is used, their prediction leads to:

21, TRM(T

C,TR,K) + Iﬁd('rl,'ﬁ) = PTRM(T

T + PTRM(T, ,Tp )

They verify their prediction by comparing partial inverse TRMs with total
inverse TRM for an assemblage of magnetite grains of approximately 30 ym in
size and in an external field of 10 oe.

Dunlop and West (1969) verified equétion 21 for samples containing
single domain grains of yFeZO3 and CoFezoa using external fields of 45 and
90 oe, respectively.

The independence of PTRM and the additivity law are among the more fun~
damental properties of TRM. Indeed, their validity is crucial for reliable
determinations of the intensity of the paleomagnetic field, using samples
whose remanence is TRM. In addition, it is of fundamental interest to test
the semi-quantitative predictions of Néel and Stacey that additivity should be
obeyed by multidomain grains. For these reasons, we study in this chapter
the additivity law in magnetites whose magnetic properties are well chargc-

terized and whose sizes and magnetic behavior range from single to multi-

domain. We conduct our study of additivity in fields typical of the earth's.
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7.3 PTRM EXPERIMENTS AND RESULTS

To study the additivity of PTRM we conduct experiments according to the

following sequence:

(a)

(b)

(c)

(d)

(e)

The samples are given a total-TRM in the laboratory fileld, hL’
to obtain TRM(TC,TR,hL).

The samples are reheated above T, and cooled in null field to a

c
temperature TI where TR<TI<T « The temperature is maintained at
T, to allow the samples to equilibrate at T (Depending on T

I I' II
the temperature is maintained from between 60 to 90 minutes.) The

laboratory field, hL’ is turned on about five minutes before cooling

the samples from TI to T_ to obtain PTRMi(Tc,TI,NULL; TI’Tn’hL)'

R
Step (a) is repeated to obtain TRM (TC,TR,hL). (Step (c) was added

during the experiments, therefore it is absent in slightly over half

the experiments.)

The samples are reheated above T, and cooled in hL to T The

c 1°

temperature is maintained at T_ until the entirety of each sample

I
is of that temperature. hL is turned off about five minutes before
cooling the samples from TI to TR in null field to obtain

PTRM (T, Ty, by 3T1, Tg,NULL) «

Step (a) is repeated.

The samples are always heated in a slightly reducing chemical environment

in the manner described in the chapter on sample preparation. These experi~

ments were performed for three and sometimes four independent values of 'I'I

for each sample. The data is presented in table 6. Column 1 identifies the

samples from 1 to 11 in an identical scheme as in table 5. The samples

gradually vary from multidomain (sample 1 is a large single crystal) to single

domain (sample 11 is composed of needle-shaped (.04 um x .35 um) magnetite
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crystals). Column 1 also reveals the samples' relative intensity of the total
TRM in emu by listing their magnetization multipliers. Column 2 lists the

total-TRMs of steps (a), (c), and (e) in éhronological order where

hL = 467 = .002 oe
In column 3 the arithmetic means of the total-TRMs are given as well as the

variance brackets, where
2_.,1% 2.2
¢ = [ E(x, - <X>) n
so™ 1/

n is the total number of independent experiments performed to obtain the mean
value, <X>. In these experiments n is 2 or 3. Xi is the result of a parti-
cular experiment--a particular TRM value. Column 4 lists the various TI for
each sample. Column 5 lists the PTRMi(TC’TI'NULL;TI'TR’hL)' Column 6 lists

PTRM2 (T.,T.,h ;T TR,NULL). Column 7 lists the sume of PTRM, + PTRM,. The

(e Sl AL & 1 2
values in the parentheses under each datum in columns 3, 5, 6,-and 7 are nor-
malized with respect to the mean TRM for each experiment. In column 8 we note
whether or not the difference between the IPTRM and the mean total-TRM is

significant. Significance is defined as:

significant: [£PTRM - < TRM(TC,TR,ﬁ£) >| >0

not significant: |IPTRM - < TRM(TC,Tk,ﬁi) > | £a
In column 8 an N.S. implies no significance and an § implies significant
difference. |

Disregarding for the moment differences between the samples, in 18 experi-

ments out of a total of 38, there is no significant difference between the
mean TRM and the IPTRM. Of these 18 experiments there are 9 for which the
normalized IPTRM < 1 and 9 for which ZPTRM.» 1, For 8 of these 18 experiments

o < .,01. 1In other words, for these 18 experiments the additivity law seems to

be obeyed., In the remaining 20 experiments a 'significant difference' is



Sample}
Magnet.
Multp.

x 1!)-2 eou

x 10

x 10~

-3

emny

TRM (rc. l)
he,467 oe

«5374
+4625
4800

6275

» 5600

«5925
»3025
«5625

« 3450

—

.5125

2,175
2.188
2.200

2,462

2.430

2.362
2,360
2.340

2.335

2,325

2.062
2.062
2.012

2.275

2.238

2.150
2.150
2.150

2.212

2.173

894
+894
.881

.900
«900
+900

»888

«875
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TABLE &

THE ADDITIVITY OF PTRM

<TRD
*0

.4933+.032
{1.0002.065)

.6188+.058
(1.0002.094)

.55232.037
(1.000:.067)

.52882,016
{1.000%.030)

2.18820.010
(1.0002.005)

2.4462.016
(1.000%.007)

2.3542.010
(1.0002.004)

2,330+,005
(1.000%.002)

2.045%.024
(1.000£.012)

. 2.256%.019

{1.000+.008)

2,150,000
(1.000£.000

2.1942.019
{1.000£.009)

+8902.006
{1.0002.007)

«900%.000
(1.0002.000)

.8824.007
(1.000:,008

»,

rl. C PTRM,
446 +2862
(.580)
501 .3975
(.642)
520 +3700
{.670)
525 .3512
{.664)

452 1.234
(.564)

493 1.538
(.629)

511 1.688
(.717)

516 1.681
(.721)
452 .1825
(.383)

493 1,081
(.479)

511 1.265
(.588)

516 1.275
{.581)
426 .3220
{.362)
485 .6800
+756
493 + 71700
(.873)

PTRM
.1950
(.395)

«2275
{.368)

.2062
(.373)

.1888
(.357)

1.012
(.463)

+935
{.382)

+7100
(.302)

+6875

1.281

(.626)

1.181
(.523)

.919
(.427)

.888
{.405)

« 5723
(.643)

+2390
(.266)

+1050
(.119)

LPTRM

4812
(.975)

+6250
(1.010)

«5762
(1.043)

.5400
(1.021)

2,246
{1.027)

2,473
{1.011)

2.398
(1.019)

2.369
(1.017)

2.064
(1.009)

2.262
(1.003)

2.184
(1.016)

2,163
(.986)

894
(1.004)

.919
(1.021)

.8750
(.992)

sig.
Diff.
le.

N.S8.

N.S.

sl

S.

8.



Sample;
Magnet.
Hultp .

TRM(T ., Ty)
hs,467 oe

5

x 10~

x 10

emu

emnu

2,475

———

2.512
2,512

e

2.688

2.700
2.750
2.800

1.156

1.188

1.250
1,260
1.298

1.150

1.262

1.394%

1,375
1.310
1.300
1.331

1.369

1,400

1.025
1,031
1.031

1.056
1.055
1.050

1.119

———

1.088
1.081

1.069
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TADLE 6
(cont'd)

TIIE ADDITIVITY OF PTRM

<TRM>
g

2.4942,019
(1.000:.008

2.6004.088
(1.000%,034 .

2.750¢,041
(1.000t,015)

1.1722016
(1.000£014)

1.269¢.021
(1.000%,017)

1.206%,056
(1.000¢,046)

1,384:,010
{1.000%,007

1.314¢.013
(1.000:,010)

1.3844,.016
(1.0002.012)

1.029£.003
(1.000+.003)

1.054¢,003
(1.000£,003)

1.104%.016
(1.000£,014)

1.075¢.006
(1.000%,006)

rz.'c

468

490

512

493

512

517

493

512

517

426

485

493

517

PTRM, PTRM,
4350 2,050
(.174) (.822)
.6825 1.850
(.262) (.712)
1.650 1.094
{.600) (.398)
+2688 <944
(.229) (.805)
.5700 7400
(.449) {.583)
6575 .5825
{.545) (.483)
L1125 1.269
(.0813) (.917)
4950 .7750
.317) {.590)
5410 906
(.391) {.655)
+5350 L4925
,8375 .2300
(.795) (.218)
«994 L1131
{.900) {.102)
1.055 .01875
(.981) (.0174)

IPTRM

2,485
(.996)

2,532
(.974)

2.744
(.998)

1.213
(1.035)

1.310
(1.032)

1.238
(1.027)

1.381
(.998)

1.270
(.967)

1.447
(1.046)

1.028
(.999)

1.068
(1.013)

1.107
(1.003)

1.074
(.999)

Sig.
Diff.

H.8.

N.S.

S.
S.

N.S.

“ls.

N.s.

N-s.

N.S.



Sample; :
Hagnet: TRH(TE'TR) <TRM> 1..% PTRM PTRM
Multp. h = .467 oe 0 1 1 2 LPTRM
9 .956 .950%.006 468 .5550 . 3500 945
— (1.000+.006) (.586) - (.411) (.995)
944
_2 .938 .9342.006 485 6575 .2920 .9495
x 10°° emu  .925 (1.000%.006) (.704) (.313) (1.017)
.938
.938 .932¢.007 490 .6675 .2800 9475
— (1.000%.008) (.716) ¢.300) (1.017)
.925
10 2.762 2.771¢.006 447 .7225 2.100 2,822
2.775 (1.000+.002) (.261) (.758) (1.018)
2.775
x 1074 emy 2.762 2.768+.006 501 -1.344 -1.469 2.813
—- (1.000%.002) (.486) (.531) (1.016)
2.775 :
2.712 2.707£.005 520 -1.875 ~.919 2.794
2.710 (1.000%.002) (.693) (.339) (1.032)
2.700
2.720 2.716%.004 525 1.869 .931 2.800
— (1.000¢.002) (.688) (.343) (1.031)
2.712
11 2.912 2.918:.007 468 .3487 2.625 2.974
— (1.000¢.002) (.110) (.900) (1.019)
2.925
x 1072 eny  2.950 3.100%.150 490 5775 2.325 2.903
_— (1.000%.048) (.186) (.750) (.936)
3.250
3.075 3.033.050 511 .950 2.125 3.075
2.962 (1.000%.016) (.313) (.701) (1.014)
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TABLE 6
{cont'd)

THE ADDITIVITY OF PTRM

3.062

Sig.
Diff.
N.S.

s.
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observed between the mean TRM and the IPTRM, 1In 17 of these experiments the
normalized EPTRM > 1, and only in 3 experiments is the normalized IPTRM < 1.
Only for two samples (samples 2 and 10) is there a 'significant difference’
for all the experiments. For both of these samples all experiments have
IPTRM > 1. Wherever a 'significant difference' is observed it varies from
unity by an average of 2 to 3‘percent. The results of these experiments
show that, statistically, regardless of 'domainness' and particle size,

22, I PTRM(T h) > TRM(TC,TR,h)

j, i’

Tp e Ty

A closer look at experiments for the individual samples reveals no grain
size or 'domainness' pattern. The behavior of the large grain magnetites
is statistically identical with that of the small grain magnetites. That
is the degree of adherence to the additivity law does not seem to depend
on the grain size and 'domainness' of the magnetite particles.

7.4 DISCUSSION

It is interesting to consider the reasons cauéing a substantial fraction
of the experiments to deviate from the expected 'additivity' and to satisfy
in inequality of equation 22.

IRM at elevated temperature, IRM(TI’Ei)' as suggested by Ozima and
Ozima (1965) and by Dunlop and West (1969), is a possible mechanism, adding
remanence in the proper direction. In addition, high temperature viscous
remanent magnetization, VRM(TI,ﬁi), is another possible mechanism behaving

similarly to the IRM., VRM implies the presence of an external field for
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an extended time interval, while IRM suggests that the magnetization
process is of short duration. We arbitrarily define the transition from
IRM to VRM as t = 60 sec. That is, garticles which become magnetized
along ﬁi during the first 60 sec. of the field's application are desig-~
nated as IRM. Magnetization acquired by graims after exposure to an external
field for longer than 60 sec. is defined as VRM. At this point it should
be recalled that both IRM and VRM are measured after the external field
has been removed. In chapter 6 we presented and discussed the temperature
dependence of various hysteresis properties of Columbian Carbon magnetite,
which is the magnetite powder of samples 6 and 7. In table 7 some of the
relevant hysteresis parameters are listed for both the diluted (1) and

undiluted (ii) powders at temperatures near Ty.

TABLE 7

HYSTERESIS PROPERTIES OF COLUMBIAN CARBON MAGNETITE
AS A FUNCTION OF TEMPERATURE

T(°C) 425° 492° 535°
1 i1 1 11 1 41
H,(oe) 48 45 33 32 19 19
Hog(c€) 147 140 111 102 75 62
3lIs T .094 .090 .082 .08 .070 .066

JRS(T)lJRs(TR) 43 +45 .30 .33' .19 .20
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The data in table 7 show that even at 535°C, which is higher than any of
the values for TI’ hL << Hc; thus isothermal magnetization in 0.5 oe, even
at that temperature, is probably almost entirely in the reversible regionm, |
which becomes more true as the temperature drops and the hysteresis loop
expands. Assuming that the results for the Columbian Carbon magnetite
are typical for the remaining powders,we are tempted to conclude that in
our experiments high temperatures IRM could account for only a small frac-
tion of the observed increase in the remanence which averages between 2 and
3 percent. Of course, for higher inducing fields the IRM effect becomes
more important. VRM is similar to IRM but its magnetization ié due to grains
of higher relaxation times such that its contribution to the remanence at
TI may be as important or more i@portant the the IRM, depending upon the
duration of the sample'’s exposure to external fields. As with IRM, the VRM
effect becomes more important for increasing fields.

In addition to the IRM and VRM discussed above, the experiﬁental pro-
cedure used to test the additivity law is such that a component of magnetiza-
tion with blocking temperatures above TI is induced at Ty and is measured
as part of both PTRM; and PTRM;. In step b of the experimental procedure
particles with blocking temperatures Ty < Ty < T are demagnetized. The
field is turned on at Ty and grains with TR.‘ Tp < Tp acquire remanence
upon cooling. KL is turned on approximately 5 to 10 minutes before cooling
from TI to TR and is kept on until just before the remanence is measured.

It seems, therefore, that the demagnetized region with blocking temperatures
Ty < Tg < Tc is highly susceptible to induced magnetization as hy 1s turned
on at T;. This induced magnetization becomes more stable upon cooling

and part of it contributes to the PTRM measured at Tg. Therefore, some
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particles with T; < TB < Tg contribute to.PTRMI(TC,TI,NULL;TI,TR,KL). It
is apparent that these grains will again be statistically aligned parallel
to ﬁL as PTRMZ(TC,TI,KL;TI,T ,NULL) 38 induced. The contribution to the
remanence of these grains will be counted twice in summing the PTRMs.
The relative importance of the induced magnetization effect depends on
hL/Hci(TI) of the grains with blocking temperatures TI < TB < Tg and on
their relative concentration. As with the IRM and VRM, the induced magneti-~
zation increases with increasing fields. Although it is not possible to
say unambiguously which of the three mechanisms that were presented above
(IRM, VRM, and induced magnetization) is dominant in our experiments, the
hysteresis parameters obtained at elevated temperatures which appear in
table 7 lead us to conclude that high temperature IRM is probably not the
primary cause for the observed deviations from additivity. In additionm,
extrapolating the VRM data of Rimbert (1959) and Shimizu (1960) to external
fields of the order of .5 oe applied for less than 10 minutes sﬁggesfs
that in our experiments the differences between IRM and VRM are small. On
the other hand, it appears that in our experiments induced magnetization
provides a much more likely mechanism for the observed deviations from the
conditions of pure additivity.

Everitt (1961,1962) and Dunlop and West (1969) thermally demagnetized
partial-TRMs given over narrow temperature intervals (T2, Ty, with Tg >
Ty, > T1), and tney observed a 'tail' in the magnetization remaining above

T It is possible that these 'tails' are due to high temperature induced

2.
magnetization in grains whose blocking temperatures are between T and TC’
which were originally blocked with random magnetic orientations at T > Tj.

This hypothesis is supported by the fact that the'tails' are relatively
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more sustantial the more intense the inducing field.

7.5 CONCLUSIONS

We have demonstrated experimentally in this chapter that, statisti
cally, IPTRM > TRM(TC,TR). Deviations from additivity have been explained
primarily in terms of high temperature induced magnetization. In the limit

of small fields, h, and short exposure times, t, additivity is obeyed.

23. 2im IPTRM = TRM(TC,TR)

h-+0
t=+0

It is seen that the tendency to deviate from linearity is true to the
same degree and to the same extent for all samples, regardless of their
mean particle size. In the limit where equation 23 applies, it appears
that the additivity law is obeyed similarly by multidomain as by single
domain magnetites, as anticipated by Néel (1955) and Stacey (1963).

Looking ahead to their behavior in intensity studies, it appears that,
from the point of view of the additivity law, multidomain magnetites can be
used in intensity studies with the same expectations as single domain

magnetites.



CHAPTER 8

THE USE OF MAGNETITES FOR PALEOINTENSITY DETERMINATIONS

8.1 SUMMARY

In this chapter the 'Thellier method' for paleointensity determinations

is applied to the prepared magnetite samples, each containing different size

particles spanning the gamut from single domain to multidomain, and to

several rock specimens. The following are the principal findings:

(1) When a large fraction of the remanence resides in multidomain

(2)

(3)

(4)

particles, non-linear (concave up) P'NRM'-PTRM curves are observed
such that a linear approximation to the lower blocking temperature
data leads to apparent palecintensities that are higher than the
actual paleofield. Hoﬁever, the ratio of the end points, 'NRM'/

TRM, yields the corect (laboratory) intemsity.

Two mechanisms are developed to explain the observed non-linear
behavior; one uses Néel's equations for single domain particles,
and the other approach discusses the P'NRM'-PTRM behavior in a
two-domain grain separated by 180° wall.

There is a positive correlation between ideal behavior in the
Thellier sense and high thermal and A. F. stability.
Paleointensity determinations should be based on data spanning
the sample's entire blocking temperature range, and, wherever,
non-ideal behavior is observed, further tests should be conducted

to determine its cause.

8.2 BACKGROUND

That TRM is linearly proportional to the external field, ﬁ, for small

values of ﬁ, say h <1 oe, was demonstrated by Thellfer (1938) for baked
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earths, Nagata (1943) for igneous rocks, and Roquet (1954) for dispersed
magnetite and hematite powders. Assuming that we are in this so-called

'linear region' of the TRM, then

TR = x'rmi:’

where X is the TRM susceptibility. It becomes possible to determine the

TRM
intensity of the magnetic field in which this TRM was acquired by merely
heating it above its Curie point and cooling it in the presence of a known

field, EL' One then has:

JyrM o h
24, '3""-' q
TRM

where ﬁ, the field responsible for the NRM, is the one unknown. The assump-
tions made in obtaining h are:

(1) jﬁRM is a TRM with negligible secondary components of magneti-
zation;

(2) both h and Ki are in the 'linear region' of the TRM;

(3) ETRM and 3ﬁRM are independent of the cooling rate;

(4) the sample demagnetizing field due to its surroundings (such as
remainder of the lave flow) has a negligible effect on the
induced remanence; and

(5) Xy ™ XrRM- This is synonymous with saying that, when the sample

is heated above TC’ it undergoes no chemical or physical changes
that alter in any way its TRM acquisition properties.

The existence of a 'linear region' for TRMs induced in small fields

may have been known much earlier than the above-cited references suggest.

According to Thellier and Thellier (1959), Folgheraiter (1899) tried to

obtain values for the intensity of the earth's magnetic field in the
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historical past by comparing NRMs and laboratory TRMs of ancient vases of_
known ages. Repeated TRMs, however, were mnot self consistent. Thus no
reliable comparisons could be made between the ancient field and that of the
1890s.

Direct observations of the geomagnetic field for the last few centuries,
and geomagnetic intensity detérminations of archeomagnetic sites (Smith, 1967),
and the large majority of the available data of paleomagnetic intensities in
the geologic past (Smith, 1967) suggest that the earth's magnetic intensity
is usually substantially less than 1 oersted. It therefore appears that the
TRM of most samples used in paleomagnetism is im its 'linear region'. Thus
the second assumption is usually obeyed, and, 1f there is a suspicion that
it is not, linearity can be tested experimentally (assuming the validity of
assumption 5), and the intensity determination duly corrected, Coe (1967).

The original remanence in igneous rocks and baked clays, bricks, and
kilng is TRM, but depending on the samples' rock type, their chemistry,

their ages, and their field environments, the original TRM may have been

modulated by secondary magnetizations such as viscous remanence, VRM,
(or spontaneous decay) and/or by chemical remanence, CRM. Some rocks are
struck by lightning and some pick up secondary magnetizations between
sampling and measuring. Some rocks are subjected to partial reheating to
T <Tc and cooling to TR in a field different from that inducing the original
NRM.

To minimize the secondary components in samples to be used for intensity
studies the specimens should be chemically unaltered, and the sample magne-
tization should undergo no significant change upon storage test. For rapidly

chilled volcanic rocks, where cooling is of the order of a few hours to a

few days, the original TRM (NRM) usually records a single value of the
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geomagnetic field (direction and intensity). Therefore, the directions of
magnetization in samples of the same lava flow, for example, should record
the same field, and the only variations should be due to sampling uncer-
tainties and the presence of surface magnetic anomalies, such that only a
small uncertainty should be associated with the samples' mean direction.
Large scatter in the directions usually suggests the presence of unwanted
secondary components of magnetization. Hence the samples should be chosen
from sites whose mean direction is determined with high precision, and the
individual samples should have their magnetization vectors close to the
gite mean values. For intrusive igneous rocks, whose cooling may span a
much greater time interval tham for extrusive volcanic rocks, scatter in
the magnetic directions may reflect actual variations in the geomagnetic
field, and the requirement of small scatter in the directions may be too
restrictive and should be deemphasized, When a sample is chosen for
intensity studies, it is assumed that the first assumption is obéyed.

We are not familiar with any conclusive results on the effects of the
rate of cooling on the acquisition of TRM. In our experiments the normal
cooling rate near the blocking temperatures is of the order of 3°C/min., In
order to test the effects of the rate of cooling on TRM acquisition we
quenched the samples in air, thus increasing the cooling rate by at most a
factor of two. To prolong cooling we introduced a temperature step at about
525°C, but it is difficult to estimate the resultant effect on the cooling
rate. The TRM values did not exhibit a pattern that could be attributed to
changes in the cooling rate. Although more controlled experiments are needed,
we shall assume that TRM is unaffected by cooling rates less than 5°C/min.

Coe (1973) considered the effect of changes in the sample's environ-

ment on the paleomagnetic measurements, by causing a change in the
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demagnetizing field acting on the sample. In his calculation Coe considers
the effect of removing a spherical sample from a horizontal lava flow of
infinite extent. He finds that "errors in the estimated paleointensity of

up to 5 percent may be caused by shape anisotropy in specimens which acquire
a total TRM of 0.01 emu/cc in an applied field of 0.5 oe." Since most sub-
aerial igneous rocks acquire a total TRM of less than 0.0l emu/cc in a 0.5 oe
field, the shape demagnetizing factor will little affect intensity determina-
tions in such rocks. Indeed, we are not aware of any paleointensity deter-
minations where the adverse effects of shape anisotropy were unambiguously
demonstrated.

Probably the most common source of adverse effects on paleointensity
determinations is caused by 1rfeversib1e alterations in the sample's TRM
upon heating in the laboratory (Thellier and Thellier, 1959; Coe, 1967a,b).
Such alterations irreversibly affect the TRM capacity of the hagnetic
minerals and their blocking temperatures. These changes usually become
more pronounced with increasing temperature. Often, however, most of the
mineralogical and chemical alterations of the specimen occur upon the first
heating to above TC’ vhile on subsequent heatings only minor changes occur,

such that a second heating to above T, to test the consistency and relia-

c
bility of the result of the first heating may detect only small variations

in the TRM crowning the result with deceptive confidence.

8.3 THE 'THELLIER METHOD'

The 'Thellier method' for paleointensity determination substitutes

several heating steps between T, and Tc for the single heating above T

R c
used for the intensity determination in equation 24. In addition to the
assumptions listed in connection with intensity determinations using

equation 24, the 'Thellier method' rests on the observation that PTRMs
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acquired over different temperature intervals are independent and additive.
Therefore, 1f the total TRM is in the 'linear region', then the PTRMs are’
also linearly proportional to the inducing field. For a given sample, then,
the PNRM and PTRM acquired over a particular temperature interval are

directly proportional to the inducing fields.

+
25. PNRM (Tz' '1'1 ‘h) _h_
PTRM (1‘2 Tl’ hL
where Tz, T1 denote the temperature interval; ﬁL and ﬁ are the laboratory

and unknown fields, vespectively. As a sample with NRM is heated to a
temperature, T, with TR<T<TC, the ratio of the PNRM lost upon heating to
T in null field to the PTRM acquired by cooling the sample through the
identical temperature interval in a known field, ht, equals the ratio of the
ancient. unknown field, h, to that of hL' This process is repeated at
successively higher temperatures until all blocking temperatures are
exceeded. The data thus generated consists of PTRM and PNRM pairs between
TR and temperature T, spanning the interval TR to Tc. Ideal behavior in

the Thelllier sense implies that equation 25 is obeyed for each temperature
interval, T<Tg, thus each PNRM-PTRM pair should yield the same h/hL ratio.
The data can be presented graphically by plotting the PNRM versus PTRM for
the different temperature steps. This representation was first suggested

by Arai (1963; in Coe, 1967) and was first published by Nagata et al. (1963).
The initial point is (NRM, PIRM = 0) and the final point is (NRM = 0, TRM);
see figures 26-35. Ideally behav;ng data will be linear connecting initial
and final points having a slope of h/hL' Deviations from linearity suggest

that at least one of enumerated assumptions has not been fulfilled, and such

deviations Have been extensively discussed and analyzed by Coe (1967 a, b).
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The chief advantage of the 'Thellier method' is the self consistency
checks offered by the various PNRM-PTRM pairs as the sample 1s graduallj
heated to its Curie point, and systematic deviations with increasing tem-
perature caﬁ be readily recognized. To test for irreversible changes in
the sample's TRM capacity, Thellier and Thellier (1959) suggest that, after
a PNRM-PTRM pair is obtained at a given temperature, PTRM acquisition at
lower temperature intervals should be repeated. As wvas pointed out by Coe
(1967a, b), this test only recognizes changes that occur to regions with
blocking temperatures less than T, while possible irreversible alterations
to regions of higher blocking temperatures go undetected. Coe and Grommé
(1974) studied historical lavas that erupted in known fields, and they show
that irreversible TRM changes occur at higher temperatures and irreversibly
affect the PNRM-PTRM curves, whereas the lower temperature data provide a
good approximation to the unknown field.

8.4 EXPERIMENTAL RESULTS AND DISCUSSION

In our experiments the 'Thellier method' was applied to prepared
samples of previously characterized magnetite part;cles. vSince the NRM
was a laboratory TRM, assumptions 1 to 4 are immediately satisfied. In
addition, we tried to minimize irreversible changes in the TRM properties
- of the samples by prior stabilization of the samples' magnetic properties
and by always trying to heat the samples in a slightly reducing chemical
environment (see chapter 3). Our experiments should thus test how
different types of magnetite behave in a 'Thellier experiment'.

The 'Thellier method' has been executed three different ways: in the
" first which is described and used by Thellier and Thellier (1959) and by
Kono and Nagata (1968) the sample is always heated in the local geomagnatic

field.
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(a) the NRM is measured at TR'

(b) the sample is first heated to T >T, and cooled back to TR in the

R
continuous presence of EL; the magnetization is measured at TR'

(c) the sample is then carefully rotated 180° about a horizontal axis
perpendicular to the local geomagnetic meridian,

(d) The sample is reheated to the same T > TR and cooled back to TR
in the continuous presence of ﬁi; the magnetization is measured
at TR‘

Half the sum of the magnetization vectors obtained after steps (b) and (d)
represents the PNRM remaining after heating to temperature T. Half the
difference of the magnetization vectors obtained in steps (b) and (d)
repregents the PTRM acquired b;tween T and TR. Steps (b), (c¢), and (d)
are repeated at successively higher temperatures until all the blocking
temperatures are exceeded. '

Coe (1967 a, b) and Coe and Grommé (1974) execute a slightly modified

'Thellier method’.
(a) The NRY 1s measured at TR‘
(b) The sample is heated to T >'1'R and cooled back to TR in zero field,
and the magnetization is measured at TR representing the PNRM
acquired between T, and T.

C
(c¢) The sample is reheated to T > TR and cooled back to TR in'ﬁL, which
is continuously present throughout the heating and cooling cycle.
The magnetization is measured at TR to obtain the PTRM acquired
between T and TR'
Steps (b) and (c) are repeated at successively higher temperatures until all

blocking temperatures are exceeded.

A further modification to the above version of the 'Thellier method'
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has been used: in order to avoid high temperature VRM, ﬁi in step (c)
above is not turned on until just prior to cooling.

Represented in figures 26 to 35 are the results of the three versions
of the 'Thellier method' for the prepared samples 2 to 11. Three groups of
data are plotted. The upper data correspond to the Thellier and Thellier
(1959) version of the 'Thellier method', where both heatings are conducted
in the laboratory field and the samples are reoriented between the two heat-
ings; the middle data correspond to the Coe (1967 a, b) version of the
'Thellier method', where the sample orientation is maintained throughout,
the first heating is in zero field, and in the second heating the field is
on throughout the entire heating; and the bottom sets of data correspond to
the 'modified Coe' version, where during the second heating the field is
turned on only for the cooling branch. The data 1s always normalized with
respect to the 'NRM'. gi is always between .46 oe and .49 oe, and it is
known to better than * .5%, In the Coe version of the 'Thellier method'
the zero field in which the samples are heated is nulled to within 50y
of zero in the region of the experiment. Although the field associlated
with some of the more strongly magnetized samples distorts the 'zero' field,
many experiments were performed in which the strongly magnetized samples
are removed, included, or have their orientation changed to assess the
influence of the distorted 'zero'field. No measurable effect was ever
present. It seems that in our experiments and with our samples the condi-
tion to be satisfied is that h(residue)/h << 1l,whereas the absolute zero-
ing of the field is secondary. The numbers associated with the PNRM-PTRM
points correspond to the temperature in °C. The reproducibility of the
temperature for a particular position in the oven for the various paifed

heatings is thought to be within # 3°C. This uncertainty is estimated
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Figure 26

P'NRM'-PTRM data for sample 2, normalized.
® The Thellier and Thellier version of Thelliers' method.
o»e The 'Coe' version of Thelliers' method.

v,4 The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figure correspond to temperature steps in °C. The
The lines in the figure represent 'ideal' behavior expected 1if
equation 25 i{s satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.) !

I =1.4x107%

TRM emu/gm for h, = .47 oe.

Note that each of the three sets of data has its own origin and

abscissa.
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Figure 27

P'NRM'-PTRM data for sample 3, normalized.
® The Thellier and Thellier version of Thelliers' method.
D, The 'Coe' version of Thelliers' method.

A,A The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figure correspond to temperature steps in .

The lines in the figure represent 'ideal' behavior expected 1if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.)

-3
JTRM 1.3 x 10 ~ emu/gm for hL .47 oe.

Note that each of the three sets of data has its own origin and

abscissa.



A Jygy (7] _zr

1.0

SAMPLE 3

0.0

T

0.2

0.6

B Jrau(T)/ Jnrm



121

Figure 28

P'NRM-PTRM data for sample 4, normalized.
® The Thellier and Thellier version of Thelliers' method.
o,® The 'Coe' version of Thelliers' method.
A,a The 'modified Coe' version of Thelliers' method.
See text for further explanation.
The numbers in the figure correspond to temperature steps in °c.
The lines in the figure represent 'ideal' behavior expected if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.)

-4
JTRH = 5.7 x 10  emu/gm for h; = .47 emu.

Note that each of the three sets of data has its own origin and

abscissa.
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Figure 29

P'NRM'-PTRM data for sample 5, normalized.
) The Thellier and Thellier version of Thelliers' method.
®,0 The 'Coe' version of Thelliers' method.

A,A The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figure correspond to temperature steps in °c.

The lines in the figure represent 'ideal’ behavior expected if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.)

= —3 -
JTRM 1.8 x 107 ° emu/gn for b .47 oce.

Note that each of the three sets of data has its own origin and

abscissa.
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Figure 30

P'NRM'-PTRM data for sample 6, normalized.
® The Thellier and Thellier version of Thelliers' method.
o,m The 'Coe' version of Thelliers' method.

a,a The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figure correspond to temperature steps in °c.

The lines in the figure represent 'ideal’ behavior expected if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initfial and final data points.)

= -4 -
Jopy = 703 % 107" emu/gm  for h .47 oe.

Note that each of the three sets of data has its own origin and

abscisgsa.
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Figure 31

P'NRM'-PTRM data for sample 7, normalized.
o The Thellier and Thellier version of Thelliers' method.
0,8 The 'Coe' version of Thelliers' method.

A A& The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figure correspond to temperature steps in .

The lines in the figure represent 'ideal' behavior expected if
equation 25 is satisfied exactly. {(Sometimes the lines are drawn to

connect the initial and final data points.)

Joo = 7.7 x 1072

TRM emu/gm for hL = ,47 oe.

Note that each of the three sets of data has its own origin and

abscissa.
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Figure 32

P'NRM'-PTRM data for sample 8, normalized.
@ The Thellier and Thellier version of Thelliers' method.
0,9 The 'Coe' version of Thelliers' method.

~a,s The ‘modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figures correspond to temperature steps in °c.
The lines in the figure repreaént 'ideal' behavior expected if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.)

- -4 -
Jrru 7.1 x 107" emu/gm for b .47 oe,

Note that each of the three sets of data has its own origin and

abscissa.
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Figure 33

P'NRM-PTRM data for sample 9, normalized.
e The Thellier and Thellier version of Thelliers' method.
0,8 The 'Coe' version of Thelliers' method.

A,a The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figures correspond to temperature steps in °c.
The lines in the figure represent 'ideal' behavior expected if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.)

JTRM = 6.6 x 10'4 emu/gn for hy = .47 oe.

Note that each of the three sets of data has its own origin and

abscissa.
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Figure 34

P'NRM'-PTRM data for sample 10, normalized.
°® The Thellier and Thellier version of Thelliers' method.
o,® The '"Coe' version of Thelliers' method.

A,A The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers 1nlthe figures correspond to temperature steps in °c.
The lines in the figure represent 'ideal’ behavior expected if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.)

- —5 =
JTRH 1.6 x 10~ emu/gm for hL 47 oe,

Note that each of the three sets of data has its own origin and

abscissa.
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Figure 35

P'NRM'-PTRM data for sample 11, normalized.
) The Thellier and Thellier version of Thelliers' mathod.
o,m The 'Coe' version of Thelliers' method.

a,A The 'modified Coe' version of Thelliers' method.

See text for further explanation.

The numbers in the figures correspond to temperature steps in °c.
The lines in the figure represen? '{deal' behavior expected 1if
equation 25 is satisfied exactly. (Sometimes the lines are drawn to

connect the initial and final data points.)
-3
JTRM = 1.9 x 10 ° emu/gm for h, = 47 oe.

Note that each of the three sets of data has its own origin and

abscissa.
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from repeated PNRM-PTRM pairs for a given temperature in figures 26 to 35
and from repeated thermal demagnetization experiments such as in figure 11.
The lines usually connect the initial and final ﬁoints or the points (1.0, 0)
and (0, 1.0). The TRMs were always induced in a vertical field along the
axes of the cylinders, so that in the Thellier and Thellier version the
samples were rotated 180'-aboht any horizontal axis. In the lower two sets
of data the samples occupied identical positions and orientation during both
heatings at each temperature step,

It is seen in figures 26 to 35 that for the bottom sets of data,
represented by triangles and corresponding to the experiments vhere ﬁi
is turned on just prior to cooling from T to TR’ the data for all but one
sample lie below the line connecting initial and final points, and their
shapes are concave up. For the one exception, sample 11, only three points
define its behavior. It appears that while carefully avoiding;high tem-
perature VRM,'we introduced excessive spontaneous decay. Even for the
stable sample 10 the PNRM-PTRM curve is concave up. The degree of curva-
ture or the high temperature spontaneous decay is not simply related to
grain size or to the various stability criteria. For example, the curvature
of sample 7 is at least comparable to that of sample 2. The maximum devia-
tions from the line for the lower sets of data occur near <TB>, approximately
midpoint on the line; this occurs near 508°C for sample 7 énd at about 450°C
for sample 2. The closed triangles represent a single experiment where the
temperature steps increase from TR to Tc. The open triangles represent a
single temperature experiment each.

With the possible exception of sample 11, all the PNRM~PTRM plots are
non-linear, concave up. Only when high temperature spontaneous decay can

be neglected will this particular experimental procedure yield linear plots.
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The middle sets of data were obtainéd using Coe's version of the
"Thellier method', that is,h 1s active throughout the entire heating and
cooling cycle, TR + T TR. In other worda,hL is active at elevated tem-
peratures for the same length of time as was the null field of the previous
step. It is seen that the curvature is decreased for all samples. Samples ~
5, 6, 7, 10, and 11 are linear for all practical purposes throughout their
entire spectra of blocking temperatures. For these samples the high tem-
perature VRM ptecisely nulls the high temperature spontaneous decay of the
previous step. In figures 28, 29, 30 for samples 5, 6, and 7 the PNRM-PTRM
point at 522°C is consistently above the linme for all three samples. This
behavior is probably due to a temperature discrepancy in the paired heat-
ings. The phenomenon coulh be explained if during the thermal demagneti-
zation the temperature was somewhat lower than during thé PTRM heating.
This eiplanation is favofed over one that invokes chemical change, because
the samples oécupied adjacent positions in the oven during the heatings
such that the similarity in their behavior follows naturally out of the
temperature discrepancy explanation. The PNRM-PTRM plots of samples 2, 3,
and 4 are still concave up, the curvature decreasing with decreasing mean
magnetite particle size from sample 2 to 4. The ratio of initial to final
points, however, is within 27 of unity. For samples 8 and 9 the data sag
below the line just slightly at higher blocking temperatures. A line
through all but the final point, that of the total TRM, has a slope of -1.03
for sample 8 and -1.04 for sample 9. This compares with slopes of -.996
and ~.994 for the line connecting the initial and final points, NRM/TRM, of
samplea 8 and 9, respectively. The open and closed squares represent data
obtained in two separate experiments.

The upper sets of data correspond to the Thellier and Thellier version
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of the 'Thellier method'. The data for samples 5, 6, 7, 10 and 11 zig?zag

about the line connecting the initial and final points. The zig-zag ox
step-like appearance of the data is a result of temperature gradients in
the oven and our particular experimental procedure: If for a glven tempera-
ture step Eh is parallel (antiparallel) to the remanence during the first
heating, then during the next temperature step ﬁL is antiparallel (parallel)
to the remanence. The data for samples 2, 3, 4, B, and 9 forms a zig-zag
about an imaginary curve that is concave up. The zig-zag of the data is
much more step~like for these samples because in their position in the
oven the thermal gradients are more pronounced than in the positions of
samples 5, 6, 7, 10, and 11. For more elaborate description of the oven's
thermal environment and temperature gradients, turn to Appendix B-2.
Despite the presence in our oven of thermal gradients, the data of the
Thellier and Thellier version contain essentially the same features as

the data obtained using the Coe version of the 'Thellier method’'. 1In the
case of negligible thermal gradients, the data obtained from the above

two versions of the 'Thellier method' should become increasingly similar.
This statement is supported by the increased similarity of the upper

two sets of data for samples 5, 6, 7, 10, 11 which occupied the oven
positions of minimum temperature gradients. In our subsequent discussion
we shall focus our attention to the middle sets of data obtained using

the Coe version of the 'Thellier method'.

Figures 26 to 35 show that samples 5, 6, 7, 10, and 11 behave ideally
in the Thellier sense, having essentially linear PNRM-PTRM curves. The
average diameter of the magnetite particles in these samples is less than
.25 ym, and the samples possess high stabilities against A. F., demagnet-
ization, ﬁ% > 340 oe and mean blocking temperatures near or above 500°C ,

<T> > 493°C.
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The remaining samples display varying degrees of non-ideal behavior,
which is always concave up with respect to the line'connecting initial
and final points. For samples 2, 3, and 4, which contain progressively
smaller particles originating from the same parent magnetite crystal,
the deviation from linearity diminishes with decreasing particlé size.
ﬁg values for samples 2, 3, and 4 are 77 oe, 138 oe, and 380 oe,
respectively, and their values for <T,> are 475°C, 493°C, and 444 °C,
respectively. It seems that the deviation from linearity of samples 2, 3,
and 4 is more closely related to their A. F. demagnetization stabilities:
increase in non-linearity with decreases in ﬁé. It is interesting to
note that ﬁ;! of sample 4 is higher than that of samples 5, 6, and 7,
although its <T,> is at least 50°C lower. That is, the degree of non-
linearity cannot be ascertained from g% alone. Samples 8 and 9 display
a slight degree of non-linearity. Thelr values for ﬁ% are 295 oe and
300 oe, respectively, and their values for <Tp> are 400°C and 418°C,
respectively. Both their ﬁ% and <Tp> values are substantially and con-
sistently lower than the corresponding vaiues for samples 5, 6, 7, 10, and
11.

Non-linear behavior similar to that observed in the prepared samples
is also observed in some extrusive igneous rock samples. In particular,
we studied a young lava flow on Pagan Island in the northern Mariana Are,
whose mean magnetic direction had high precision parameters with a cone of
confidence whose half angle, ¢95 = 5,95°, PNRM-PTRM curves of three NRM
bearing samples of this lava flow were obtained by H. Kinoshita (1973;
private communications). It is not known which version of the "Thellier
method' was used in his experiments, however, all three PNRM~-PTRM curves

are very similar to one another. They are all non-linear and their
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Figure 36

Volcanic rock specimen from Pagan Island (flow ¢, specimen ¢ 8.1).
A PNRM-PTRM data (normalized) obtained by the 'modified
Coe' version of Thelliers' method.
e P'NRM'<PTRM data (normalized) obtained by the Thelller
version of Thelliers' method.
The numbers in the figure correspond to temperature steps in °c.
The lines are drawn connecting the initial and final data points.

Note that the two sets of data have separate origins and abiscissae.
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Figure 37

Volcanic rock specimen from Pagan Island (flow ¢, speciment ¢ 1.1).
A  P'NRM'-PTRM data (normalized) obtained by the 'modified
Coe' version of Thelliers' method.
® P'NRM'-PTRM data (normalized) obtained by the Thellier
version of Thelliers' method.
The numbers in the figure correspond to temperature steps in %c.
The lines are drawn connecting the initial and final data points.

Note that the two sets of data separate origins and abiscissae.

gy = 4:96 x 1072 emu/gm for hy, = .485 ce.
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Figure 38

Strong-field magnetization versus temperature (J -~ T) curves for

a chip from flow ¢, Pagan Island. Both heating and cooling curves

were run in a slightly reducing environment (’'vacuum' with residual
nitrogen gas and carbon). and in an applied field, H, of 7.3 koe.

Both heating and cooling curves display a single Curie point of

5259 + 109,
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curvature is concave up; Linear approximations through the lower tempera-
ture data up to between 400° and 500° yield slopes of 1.68 and 1.79, while
the ratios of initial to final points are .79 and .83, respectively, less
than half the slopes of the lines through the lower temperature points.

The latter values are in far better agreement with the geomagnetic intensity
one would expect to be recorded in a recent flow near latitude 18°N.

In our laboratory we obtained PNRM=-PTRM curves for two additional
samples of this lava and the results are plotted in figures 36 and 37. The
lower curves in these figures represent the‘modified Coe'version of the
‘rhellier method' for the NRM of sample ¢8.1 and for a laboratory TRM
of sample ¢l.1. The PNRM-PTRM curve of sample ¢8.1 is highly non-linear.
The slope of the line through the lower temperature data up to 448°C 1is
1.69, whereas the ratio of the initial to final points is .81; both values
are in excellent agreement with Kinoshita's data. The P'NRM'~PTRM curve
of sample ¢1l.1 is also highly non-linear. Although the degree of non-
linearity is different for the two samples, the main features are similar.
For sample ¢1.1 the linear approximation through the lower temperature data
up to 448°C yields a slope of 1.28, and the ratio of the initial to final
points is .96, which is within about 4% of the known laboratory field.
Thus, it appears that the non-linear beh;wior in these samples is intrinsic
to the magnetic minerals and to the particular way in which the 'Thellier
method'! was carried out. The upper curves represent the Thellier and
Thellier version of the ‘Thellier method' for laboratory TRM of samples
$8.1 and ¢1.1. It is seen that the P'NRM'-PTRM curves are very similar for
both samples, displaying a slight non-linearity which is concave up.

Figure 38 shows the high field magnetization versus temperature (J-T) curve,

performed in a £ield of 7.3 koe. Oxidation was retarded by using carbon



137

Figure 39

Pagen Island - 1925 flow: Two samples.
A PNRM~PTRM data (normalized) obtained by the 'modified
Coe' version of Thelliers' method. The line is drawn

through the four highest temperature points.

Ty = 1413 x 1071 equ.

a P'NRM' - PTRM data (normalized) obtained by the
'modified Coe' version of Thelliers' method. The
line 18 drawn connecting the initial and final

points.

3 .70 x 107" emu for hy = .485 oe.

TRM

Note that both sets of data are set in a single coordinate system

and have a common initial point (NRM = 1; PTRM = 0),
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Figure 40

Strong-field magnetization versus temperature (J - T) curves for

a chip from the 1925 flow, Pagan Island. Both heating and cooling curves

were run in a slightly reducing environment ('vacuum', with residual

nitrogen gas and carbon) and in an applied field, H, of 7.3 koe.
The curves are irreversible and both heating and cooling branches

appear to have two magnetic phases whose Curie points are:

Tg = 325° + 10°C.

Tc = 5700 + 10°C.
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as an oxygen getter and heating under 'vacuum' in a residual nitrogen atmos~
phere. A single Curie point at 525°C * 10°C is observed.

Pagan Island is also blessed with two historical lava flows which were
sampled as part of another study (Levi et al. to be published). Flow H
erupted in 1873 and Flow E is of 1925 vintage. The NRM directions of these
flows were highly scattered and it required alternating fields of about 200
oe to sufficiently reduce the secondary components to be able to use the
magnetic directions for paleomagnetic purposes. In each of figures 39 and
41 two PNRM-PTRM curves are displayed for lava flows E and H, respectively.
The'modified Coe'version of the 'Thellier method' was used. Two samples are
used from each flow, one having NRM and the other a laboratory TRM. The
solid and open triangles represent the NRM and TRM bearing samplgs, respec=-
tively. The NRM of sample E21.1 was 1.13 x 10-1 emu, and the TRM of sample
£22.2 was .70 x 10 - emu. The NRM of sample H4.l was 1.87 x 107} emu, and
the TRM of sample H3.1l was .872 x 10 emu. The TRMs of samples E22.2
-and H3.1 were induced in a laboratory field of .485 oe. The NRM of samples
E21.1 and H4.1l decays rapidly with temperature and the PNRM-PTRM curves are
highly non-linear. For sample E21.1 the data for temperatures above 446°C
form a line whose slope is about -.68. For sample H4.1l the data above
306°C form a line whose slope is about ~.92, It is noteworthy also that
it took higher alternating fields to demagnetize the secondary components
of flow E. The P'NRM'-PTRM curves of the laboratory induced TRMs of samples
E22.2 and H3.1 have display varying degrees of non-linearity of undetermined
causes. There 18 an increase in the TRM capacity of about 102 and 122 for
samples E22.2 and H3.1, respectively, suggesting that chemical and/or min-
eralogical changes are taking place increasing the samples' TRM capacity.

This result is not surprising, in retrospect, in view of the characteristics
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Figure 42

Strong-field magnetization versus temperature (J = T) curves from
a chip from the 1873 flow, Pagan Island. Both heating and cooling
curves were run in-a slightly reducing environment ('vacuun' with
residual nitrogen gas and carbon) with an applied field, R, of
7.3 koe. The heating and cooling curves are nearly reversible

having a single Cufie point of 455° & 10°C.
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of the high field J-T curves for flows E and H, appearing in figures 40 and
42, respectively. The experimental procedure and heating environment is
identical to that used for the J-T of flow ¢. Flow E has two Curie points,
one near 325° t 10°C and one near 570° t 10°C, and there is a large increase
in the magnetization seen during cooling. Although the J-T curve of flow H
is reversible, displaying a single Curie point, the Curie point is low,
Tc = 455° + 10°C, characteristic of an intermediate member of the titano-
magnetite solid solution with approximately 25% Fe,T10,, which is in

metastable equilibrium at T Certainly the short linear segments of the

R’
higher blocking temperatures cannot be used by themselves to obtain reliable
paleointensities, although it appears that the higher temperature data lead
to more realistic paleointensities than the lower temperature data. These
experiments are only used to illustrate that sometimes secondary magnetiza-
tion which adversely affects the PNRM-PTRM curve at lower temperatures can
be demagnetized at higher temperatures and may reveal the correct ancient
field intensity. In order to obtain more reliable estimates for the field
intensity recorded by flows E and H, more PNRM-PTRM curves must be obtained

for each flow to check the reliability and self consistency of the results.

8.5 EXPLANATION OF THE NON~IDEAL PNRM-PTRM CURVES

Before attempting to explain the departure from 1linearity, it is worth
recalling that in chapter 7 we found that samples 2 to 11 are similar in
obeying the additivity law. No distinction could be made on the basis of
particle size. On the other hand, the experimental procedure used to test
the additivity law is fundamentally different from that used in the 'Thellier
method'.,

Although the data presented in chapter 4 suggest that a substantial

fraction of the TRM of samples 2 and 3 resides in multidomain particles,
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we shall first try to explain the non-linear PNRM-PTRE curves in terms of
Néel's single domain theory described by equations 7, 8, and 9. We shall
assume that_differences between single domain particles and non-single .
domain particles are due primarily to differences in the energy barriers
impeding changes in the particles' magnetization, whereas the functional
form of the equations 1s assumed to remain essentialiy unaltered.

As the sample acquires its original TRM, the gré:l.n's blocking is

2
determined by the height of the potential barrier v JSP(HcithL)
' 21

; i
where +(~) refers to moments parallel (antiparallel) to h:. Upon reheating
the samples to T > TR in zero field, the potential barriers are M JSPuci
2

That is, the barriers to the rotation of moments parallel to hL decrease,
while the barriers to the rotation of moments antiparallel to hL increase.
Thus some moments originally blocked parallel to hL at temperatures higher
than T are unblocked at T. 1If there are Q such magnetic moments their
contribution to the sample magnetization parallel to hL is v JSPQ. After
heating the sample to T in zero field and cooling to TR’ these moments are
randomized such that Q/2 of the moments are parallel and Q/2 of the moments
are antiparallel to the original remanence. On second heating to T, hL is
on throughout, and the values of the energy barriers are as during the
original TRM acquisition. Only the Q/2 moments antiparallel to hL are
unblocked and partitioned along hL according to the hyperbolic tangent law,
equatfon 14. Therefore, at the end of the second heating between .75 Q and
Q of the moments will be aligned along hL' The net result of this effect is
that for equal NRM and TRM fields the amount of PNRM lost by heating in zero
field to T is preater than or equal to the PTRM gained by cooling in a field
from T to T,, leading to a PNRM-PTRM curve that is concave up. The relative

importance of this effect depends on hL/Hci at the grain's blocking
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temperature, becoming.less important for larger Hci (TB). Similar analysis
as above shows that the effect is maximum when the PTRM is induced parallel
to the remanence, and the effect is minimum when the PTRM is induced anti-
parallel to the remanence.

The non-linear behavior can be further reduced by reversing the pro-
cedural steps (b) and (c) in the Coe version of the 'Thellier method'. That
1s, the first heating is executed in hL and the second in zero field. This
statement was verified for samples 2, 3, 4, and 8 for a single temperature
experiment at about 440°C, The above mechanism for non-ideal behavior of
PNRM~PTRM curves is independent of the particular domain configuration;
rather, it is dependent on the value of hL/Hci(TB) and on the assumption
that T for non-single domain particles, as for single domain particles,
is determined by energy barriers that impede changes in the grain's magne-
tizations and that Boltzmann's is the appropriate statistics. Although
there may not be a simple relationship between Hci and g; one usually
expects their trends to be similar; that is, an increase (decrease) 1in
ﬁ% is usually a reflection of an increase (decrease) in Hci' It 1is
interesting to'note that amongst the cogenetic magnetite particles of
samples 2, 3, and 4, there is a direct correlation between lower values of
a; and an increase in the deviations from liaear PNRM-PTRM curves.

We shall now develop an alternate model to explain the ébaerved non-
ideal behavior for multidomain particles. We shall consider particles that
are composed of two domains for all temperatures between TR and TB' We shall
neglect the temperature variations of the &6main wall width. We shall
further assume that each point within the grain has the same distribution

of barriers to wall movement and that the temperature variation of these

distributions of the barriers is position independent. Consider such a
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particle cooling through T, in the presence of hL, where hL is applied

c
along the grain's easy axis. Just below Tc, JS is small and the magneto-
static energy is dominant, and the grain magnetization is essentially

parallel to hL' As the temperature drops, J_. increases, and the demagnet-

S
izing field becomes more important, driving the wall to a more demagnetized
position. Decreasing temperatures also lead to a decrease in the thermal
fluctuation energy, kT, and a relative increase in the potential barriers

impeding domain wall movement. At each temperature T > T, the equilibrium

B
wall position in the absence of barriers to wall movement is determined by
the magnetostatic and demagnetizing energles. As the temperature is reduced
the wall moves towards its new more demagnetized equilibrium positions.

The magnetization is blocked when the wall can no longer overcome a particu-
lar energy barrier. The magnetization is therefore blocked in configuration
such that the TRM is higher or equal to the equilibrium vglue. In other
words, the wall is blocked on the highét TRM side of the potential barrier,
causing higher TRM than the equilibrium value. As the sample is heated to
T in zero field, the grains whose blocking temperatures are exceeded are

demagnetized in a statistical sense when back at T Upon reheating to T

R
in the presence of hL the grains' walls with T;aT are blocked such that the
remanence is less than or equal to the equilibrium remanence. Thus the PTRM.
acquiredlin a certain temperature interval is less than or equal to the PNRM
that is lost in that particular intexrval, giving rise to PNRM-PTRM curves

that are concave up.

8.6 CONCLUSIONS

Because considerable temperature gradients exist in our oven, the Coe
version of the 'Thellier method'has yielded the best results, since the

sample orientation i1s maintained during both heatings such that each point
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in each sample is heated to the same temperature on both heatings, and the
temperature gradients do not affect the results, In the limit of no tem-
perature gradients the Coe version and the Thellier and Thellier versiom
should provide essentially identical results. In addition, our experiments
show that, during the PTRM acquisition step of the Coe version, the labora-
tory field must be in effect throughout the entire heating runm.

We now summarize our observations. (1) We saw that in our magnetites
ideal behavior in the Thellier sense is correlated with high A. F. demag-
netization stability H% > 340 oe, and high mean blocking temperatures,
<Iz> 493°C). In our experiments with pure magnetites the linear approxi-
mation to the lower blocking temperature data of the PNRM—PIRM curves yield

: ay
intensities within 10% of the laboratory field whenever H% 2 300 oce.

(2) We saw that non-ideal behavior can occur in samples with small grains
of lower stability and in samples with a substantial fraction of multi-
domain remanence carriers. (3) The non-ideal behavior in our experiments
leads to non-linear PNRM-PTRM curves that are concave up with respect to
the line connecting the initial and final points. (4) This non-ideal
behavior is reproducible, and it is a function of the magnetite particles
and the experimental procedure, and it is not due to irreversible altera-
tions of the particles. (5) Where part of the remanence is in multidomain
particles, the non-linear behavior becomes more pronounced with an increase
in the mean particle diameter (and with the corresponding decrease in

ﬁ%). Whenever the non-linearity of the PNRM-PTRM curve is an intrinsic
property of remanence carriers, substantial error can be introduced into
the paleointensity determination by using a linear approximation to the
lower blocking temperature points. If the non-linear behavior is concave

up, as in our experiments, such an approximation leads to anomalously high
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paleointensities, although the ratio of the end points may yileld the
correct paleointensity, as with Coe's (1967 b) Mt. Lassen rocks.

Two mechanisms are developed to explain the observed non-linear
behavior; one uses Néel's equations for Single‘domain particles and depends
on the variations of T with h. The second mechanism discusses the PNRM-
PTRM characteristics in a two-domain grain separated by a 180° wall.,

While systematic mon-ideal behavior is observed during intensity
studies for samples with multidomain particles and for samples with submicron
grains of relatively low stabilities, no such systematic differences are
observed among these samples during experiments testing the additivity law
of PTRM. The reason is due to the fundamental difference in the experi-
mental procedure. In the experiments on additivity there is a tendency -
to induce magnetization parallel to ﬁ in the unmagnetized higher blocking
temperature region thus giving rise to the inequality IPTRM > TRM. In the
intensity experiments there is a tendency for sponﬁaneous decay of the
magnetization of the higher blocking temperature regions; this spontaneous
decay cannot always be totally reclaimed by the VRM during the subsequent
heating, thus leading to the non-linear PNRM-PTRM curves.

Samples for paleointensity determinations should be carefully chosen
to minimize their secondary components of magnetization. More than one
sample should be chosen to determine paleocintensity recorded in a particular
rock unit. For each sample the PNRM-PTRM curve must be evaluated over its
entire blocking temperature range. For samples whose PNRM-PTRM curve is
linear over the entire blocking, temperature range, the paleointensity is
determined directly from the slope of the line. If non-ideal behavior is
observed further experiments must be conducted to determine its source., It

ig not sufficient to assume that the non-linear behavior is due to chemical
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or mineralogical alterations of the sample. If the Thellier and Thellier

(1959) test for redetermination of PTRM at lower temperatures shows that
irreversible changes have occurred 1# the sample's TRM spectrum, then a
linear approximation to the lower temperature data might yield a proper
paleointensity, assuming that the gsample's NRM is very stable with respect
to A. F. demangetization, EH > 350 oe. If, on the other hand, the
Thelliers' PTEM test suggests no irreversible alteration of the sample,
the non-linear behavior might be intrinsic to the sample's magnetic minerals.
A further test would be to obtain a P'NRM'-PTRM curve for the sample bear-
ing a laboratory TRM and comparing its behavior to that of the NRM. If the
same or similar non-linear features are observed in both curves (which are
assumed to be concave up) and if the end points of the P'NRM'-PTRM curve
reproduce the laboratory field, then the linear approximation to the lower
temperature data will lead to an erroneous paleointensity, while a more
accurate paleointensity might be obtained using the end points only. This
last sentence is 225 intended to suggest that paleointensities should be
determined from the NRM:TRM ratio. Such a procedure would discard the

| consistency checks for which the Thellier method was originally developed.
The point that we wish to emphasize is that non-linear PNRM~PTRM behavior
can occur in samples having no secondary magnetizations and vwhere no
chemical or mineralogical alterations have occurred. The consistency
checks of the 'Thellier method' are of the utmost importance, because
chemical and mineralogical alterations upon heating in the laboratory are
probably the most common souxce of non-linear PNRM-PTRM curves. Intensity
determination using the ratio of the end points should be resorted to only
when it has been demonstrated that the'non-linearity is intrinsic to the

sample's magnetic minerals and where a linear approximation would lead to
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a greater error as for the Pagan Island flow ¢. The only time when great
confidence can be placed in an intensity determined using the NRM to TRM

ratio is when the geomaghetic field intensity is independently known.



CHAPTER 9

COMPARISON OF ARM AND TRM STABILITIES IN MAGNETITES

9.1 SUMMARY

ARM and TRM stabilities are studied in samples containing different
types of magnetite particles ranging from single domain to multidomain.,
The ARM and TRM stabilities are compared for the very same samples. We
find that ARM and TRM are amazingly similar in their stabilities with
respect to A. F. demagnetization, in their stabilities with respect to
spontaneous decay and in their stabilities with respect to temperature
cycles below magnetite's isotropic point, suggesting an intrinsic gimilarity
between ARM and TRM. It appears that ARM and TRM in magnetites are held in
similar magnetic regions and their stabilities (relaxation times) are de-
termined by the same anisotropies, such that an ARM model for TRM is a
useful first approximation as far as most stability parameters are con-
cerned, and can be used successfully as a rock magnetic and paleomagnetic
tool.

9,2 BACKGROUND

Anhysteretic remanent magnetization, ARM, as defined in geophysics,
A
is obtained by superposing an alternating field, H, on a usually much

smaller direct field, K, and reducing the amplitude of the alternating

v

n
field from its peak value, HU’ to a lower value, HL

-»> >
h. The resulting ARM is usually measured after h has been removed and is

, in the presence of

»> NN +> o N D v
denoted by J __(H ,H ,h) = ARM(HU,HL,h). If H , an alternating

ARM U L U AT
field of sufficient amplitude to saturate the sample's ARM for a given

'}‘i
* S

4]
ﬁ, and 1if HL = 0, then one is left with a total-ARM. TIn analogy with
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TRM, if the HU+HL interval is any subset of the HSAI-O interval, then

one if left with a partial-ARM, PARM.

The phenomenon of ARM has been known since the beginning of this
century and studied as early as 1904 by Ch. Maurain. Further experimental
and theoretical studies by Néel et al. (1942), Néel (1942, 1943, 1955),
Lliboutry (1950), Thellier and Rimbert (1954) showed that for a given
direct field, K, ARM was much more intense, had substantially greater
initial susceptibility, and had greater stability than IRM, isothermal
remanent magnetization. For these reasons ARM is sometimes called 'ideal'
magnetization. The contrast between ARM and IRM was successfully explained
in a qualitative way be the use of Preisach diagrams (Preisach, 1935).
Recent work on ARM has been spurred by its similarity and application to
magnetic recording. ARM is an idealization of the recording process,
where the slowly varying audio signal is recorded by rapidly alternating
fields (Woodward and Della Torre, 1960; Daniel and Levine, 1960).

Although it has mot been verified,1it has been suggested (Nagata,1961)
that lightning may provide an alternating field to produce an ARM in the
earth's fileld. On the other hand, it is possible that lightningremanence
{s an IRM. The two alternatives could be discriminated for an observed
lightning strike: an ARM would be parallel to the local geomagnetic fileld,
while an IRM would be concentric with respect to the flowing current. An
additional method to distinquish whether lightning produces an IRM or an
ARM will be discussed later in light of some experimental evidnece that
will be presented. In any case, with the possible exception of lightning
remanence, ARM does not occur in nature.

In routine paleomagnetic work, knowledge of ARM is important because

of the common use of alternating field (A.F.) demagnetization, where
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spurious components of magnetiiation are often observed when the earth's
field is not perfectly cancelled or when the alternating signal is not
perfectly symmetric, but contains anharmonic components. In additiom to

the direct and alternating fields that characterize the process, a sample's
capacity to acquire ARM depends on the density'of its magnetic grains, their
intrinsic magnetization, and their stability. In palecmagnetism, whether
ARM is caused by lightning or during A..F. demagnetization, it is to be
avoided' And as it has been often documented in human experience, know-
ledge of the devil helps to ward him off.

In her very extensive and fhorough study of ARM in rocks and rock-
forming minerals, Rimbert (1959) showed that ARM and TRM have comparable
stabilities against alternating fields and thermal demagnetization. In
addition, she showed that ARM is linearly related to the direct inducing
field, ﬁ, for small values of E. This was also shown by Patton and Fitch
(1962) and Banerjee and Mellema (1974). Patton and Fitch (1962) and
Dunlop and West (1969) demonstrated that the additivity law is obeyed
for partial-ARMs. Thus ARM has the same characteristics as TRM, outlined
in Chapter 1. Because of its similarity to TRM and because ARM is an
isothermal process involving neither chemical mor mineralogical alteration
of the specimen, ARM is potentially a very powerful rock magnetic tool.
For the reasons mentioned, Johnson and Merril (1972,1973) usually used
ARM instead of TRM in their oxidation experiments, and Kinoshita, Johﬁson
and Merrill (1974, peréonal cormunication) used ARM in an attempt. to
detect chemical variations in oceanic sediments. It has also been sug-'

gested that ARM could provide a non-destructive method for paleointensity
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determinations (Banerjee and Mellema, 1974).

In this chapter we wish to see how far the ARM-TRM analogy can be
carried and where their properties diverge. The magnetic properties of
the magnetite powders, sample preparation, and TRM properties of the samples
were discussed in previous chapters, and the samples are numbered as in
Chapter 4. In this chapter we compare weak field ARM and TRM stability
properties in the same samples. Separating TRM and ARM demagnetizafion
experiments, there was only one heating -- that of a total thermal demag-
netization at about 590°C. Comparison of both ARM and TRM properties is
made for small inducing fields, similar to the earth's. The ARM of all
samples is saturated by an alternating field of 2,000 oe.
9.3 COMPARISON OF THE STABILITY OF ARM AND TRM
A. A. F. DEMAGNETIZATION EXPERIMENTS

Figures 43 to 54 depict the samples' A.F. demagnetization curves for
weak field ARM and TRM. The solid symbols represent the TRM data and the
open symbols the ARM data. The circles represent stepwise A. F. demagneti-
zation and it is seen that the demagnetization curves of ARM and TRM have
similar shapes for all samples. The stabilities of the ARM and TRM are
amazingly similar in view of the differences in their modes of acquisition.
Because the TRMs and ARMs were induced in slightly different biasing
fields, it is not possible to be certain whether the differences in the
demagnetization curves are due to differences between ARM and TRM or whether
they are caused by differences in the inducing fields. 1In eight'of the
twelve samples (samples 2, 3, 4, 5, 7, 8, 9, 10) the TRM is slightly more

stable than the ARM. For sample 3 (figure 46; table 8) the differences are
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within the experimental errors and therefore are not aignificant.- For

four samples the ARM is more stable than the TRM. For the large crysfals,
samples 0 and 1, the ARM is consistently more stable than the TRM. The ARM
curve of sample 11, which contains the acicular particlés, diverges from
the TRM spectrum above 300 oe and remains decidedly more stable beyond

that point. This is consistent with the observations of Dunlop and West
(1969) who report that for single domain grains, a 1 oe ARM is slightly
more resistant to alternating fields than a 1 oe TRM. The ARM of sample 6
is 'softer' than the TRM for low alternating fields, but the curves inter-
sect at about 190 oe, and the ARM is 'harder' for all higher alternating
fields. The behavior of sample 6 is in sharp contrast with that of sample
7 whose TRM is consistently 'harder' than its ARM. This behavior contrast
is somewhat surprising because samples 6 and 7 contain the same magnetite
particles and the samples were prepared identically. The only apparent
difference between the two samples is that sample 7 contains about 10 times
as much magnetite as does sample 6. (See table 5, column 3.) It is quite
possible, therefore, that the observed differences are due to differences
in the magnetic interactions in the two specimens.

In comparison with samples 6 and 7, samples 8 and 9 are samples con-
taining the same species of magnetite powder —- though different from the
powder in samples 6 and 7. Samples 8 and 9 were prepared identically from
the same mixture and their magnetite concentration is very similar. (See
table 5, column 3.). Comparison of the samples' ARM curves and, separately,
their TRM curves and comparison of the relative behavior.of each sample's
ARM and TRM show to the satisfaction of one's expectations and sense of

order that samples 8 and 9 are much more similar than any other pair, except
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possibly samples 0 and 1.

Since the shapee of the demagnetization curves of all the samples are
similar, and with one exception (that of sample 6) the surves do not inter-
sect, it 1s convenient to use the median demagnetizing field, ﬁk -- that
alternating field for which the magnetization drops to half its original
value -- to describe and compare the samples' stabilities against alter-
nating fields. To test how reliably g% can be reproduced for each sample,

a limited version of the demagnetization experiments was repeated, using

the original data as a guide (circles in figure 1). Alternating field
values were chosen to bracket J(ﬁ)/Jo = 1/2 to best estimate ﬁ%' The
second sequence of demagnetization experiments (represented by squares in
figures 43 to 54) followed the first and was separated from it by the entire
sequence of the partial-TRM experiments discussed in Chapter 7 and by one
complete set of 'Thellier' experiments. Although some of the demagnetization
curves and some of the values for ﬁ% shifted considerably between the two
sequences of demagnetization experiments, the relationship between the
respective ARM and TRM spectra did not. The values for ﬁ% are presented

in table 8, column 3. The uncertainties associated with each value are
estimated from the uncertainties in reproducing particular alternating fields
and from uncertainties associated with plotting the curves and estimating
ﬁ%. In figures 43-54, the values of the fields inducing the various reman-
ences are given, and at first one might suspect that the differences in the
demagnetization spectra and ﬁ% values are due to variations in the inducing
fields. A careful inspection, however, shows that this is not the case.

. 4"
Rather, it seems that the variations in HH are real changes in the coercivity
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Figure 55

A plot of the median-demagnetizing-fields (oersted, linear
scale) versus characteristic particle diameter (um, logarithmic
scale) for ARM (triangles) and TRM (circles) for magnetite-
bearing samples. The median-demagnetizing-fields (MDF) for
both ARM and TRM generally follow the same pattern.

The uncertainty bars associated with the mean particle
dismeters are related whenever possible, to the standard devia-
tions of the particle diameters obtained from electron microscope
photographers. The one exception is sample 10, which is labeled
*unknown' in the figure, for which there are no direct observations
of the magnetic particles. The uncertainty bars associated with
the MDFs represent deviations from the mean of independent
determinations. From right to left along the abscissa the data

correspond to samples 0, 1, 2, 3, 4, 5, 6 and 7, 8, 9, 10, and 11.
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gpectra of the samples, caused by multiple heatings. The consistent de-
crease in ﬁ& for both ARM and TRM of samples 2, 3, and 4 may be due to
annealing effects at elevated temperatures. The data for redetermining
ﬁ% is omitted for some of the samples in figures 43-54 to avoid unnecessary
clutter and confusion. In figure 55 the last determinations of ﬁ% are
plotted as a function of the magnetite grain sizes, as determined in
chapter 2. The only sample whose magnetite sizes and shapes are not known
is sample 10.
B. SPONTANEOUS DECAY

To investigate how ARM compares with TRM in acquiring viscous remanences,
VRM, and to use it as another method for comparing the relafive stabilities
of ARM and TRM, the samples were subjected to total- ARM in a direct field
of 0.65%.05 oe and then placed in null field for approximately 24 hours,
at which time the remaining remanence was measured. A second spontaneous
decay experiment was performed on a total-ARM where the direct field was
0.42+.05 ae. 1In the limited range of fields used in these experiments,
there appears to be no field dependence of the spontaneous dcay of the
magnetization of total-ARM. The mean of ARM remaining after spontaneous
decay of about 24 hours, JARM(h =0, t = 24 hours)/JARM, is listed for
each sample in table 8, column 5 alongside similar spontaneous decay data
for TRM reproduced from table 5, column 7. The uncertainties along the
mean spontaneous decay values are merely deviations of the particular
data from the means.

For samples 0, 1, 2, and 3 the ARM is significantly more resistant
to spontaneous decay than the TRM. The TRM of samples 8 and 9 1is signifi-

cantly more resistant to spontaneous decay than the ARM. For the remaining
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samples, samples 4, 5, 6, 7, 10, and 11, there is no significant difference

between ARM and TRM. The values for the spontaneous decay, appearing in
table 8.1, are also plotted in figure 56 whose ordinate gives the magneti-
zation normalized to its initial value, and the abscissa is a logarithmic
scale of the meaﬁ particle diameters, identical to that of figure 55.
C. LOW TEMPERATURE CYCLES

The decay of a sample's magnetization when it is subjected to tempera-
ture cycles below the magnetocrystalline anisotropy transition temperature
is a measure of the relative fraction of the remanence that 1s controlled
by the magnetocrystalline anisotrophy energy, through its effect on the
coercivity and on domain-wall formation. The low temperature behavior
was discussed at some length in chapter 4 in relation to TRM, and it was
observed there that the decay of the magnetization after low temperature
cycles followed more closely than any other stability criterion the samples’
grain size pattern. The samples were glven a total-ARM in a direct field
of 0.65+.05 oe and stored in null field for approximately 24 hours to
determine the magnitude of the spontaneous decay. After the remanence
was measured the samples were immersed in liquid nitrogen in zero magnetic
field for sufficient time (V45 minutes) to equilibrate with the liquid
nitrogen. The samples were then removed from the liquid nitrogen and
allowed to reach room temperature -- the samples at all times remaining
in null magnetic field. The remanence was then measured. The magnetiza-
tion after the low temperature cycle is normalized with respect to the
magnetization value obtained after the storage test. The samples were
subjected to three consecutive low temperature treatments and the data

is presented in tahle 8, column 4, alongside the equivalent TRM data
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Figure 56

The circles represent the fraction:of the ARM (open circles)
and TRM (closed circles) remaining after spontaneous decay in
zero field for approximately 24 hours of the magnetite-hearing
gsamples, Each datum represents a mean value obtained from two
independent determinations for each of the samples. (The devia-
tions from the mean are listed in table 8 colummn 5.) It is
geen that both ARM and TRM behave similarly under spontaneous
decay.

The triangles represent the fraction of the ARM (open
triangles) and TRM (closed triangles) remaining after the third
cycle in zero field to below magnetite's isotropic temperature.
Again, both ARM and TRM display similar behavior.

The abscissa is identical to that of figure 53, both feature
data for the same ensemble of samples. Thus the ‘characteristic
particle diameters' of both figures are identical. The uncertainty

bars have been omitted from figure 56 to avoid unnesasory clutter.
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reproduced from table 5, colum 6. This data is plotted with the spontaneocus
decay data in figure 56. By and large, ARM and TRM seem to behave similarly
under low.temperature treatment. It should be noted that for the almost
identical samples 8 and 9, the TRM of sample 8 is more stable than the

ARM under low temperature treatment, while the opposite is true for sample
9, Similar behavior is noted with the similar samples 6 and 7, where for
sample 7, the TRM is more resistant than the ARM to cycies to liquid nitrogen
temperature, whereas for sample 6 the ARM is more resistant than the TﬁH.
These examples suggest that small differences (a few percent) in the low
temperature behavior may not be significant and that the important observa-
tion is to note the similarity of the behavior of ARM and TRM subject to
cycles below magnetite's isotropic temperature.

9.4 CONCLUSIONS

It is interesting to note that whereas samples 8 and 9 rank very lowin

their stabilities against alternating fields and spontaneous decay, they rank

high in their stability against low temperature éycles, This observation is

consistent with the interpretatibn that these samples have a substantial
fraction of their magnefite particles in the size range near the super-
paramagnetic -— single domain boundary, having low relaxation timesr In
addition, their volumes are relatively small such that their ratio of
surface area to volume is relatively large. Therfore surface stresses

and surface anisotropy play a relatively more important role in determing
the intrinsic coercivity and in controlling the remanent magnetization,
while the magnetocrystalline anisotropy energy, which is volume dependent,

becomes relativley less important.
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The fact that ARM and TRM in the same samples and induced by similar
fields behave very similarly in low temperature cycles strongly suggests
that magnetocrystalline anisotropy plays a similar role in controlling
the remanence in both ARM and TRM in magnetites of different origins and
of a variety‘of grain sizes and shapes. In addition, the similarity of
ARM and TRM stability against alternating field demagnetization and their
similar spontaneous decay characteristics suggest an intrinsic similarity
between ARM and TRM in magnetites are probably held in similar magnetic
regions and their stabilities (relaxation times) are controlled similarly
by the same magnetic anisotropies.

It appears, therfore, than an ARM model for TRM may bela useful first
approximation in magnetites as far as most stability .characteristics are
concerned. Thus ARM can be used instead of TRM in most stability tests
in rock magnetic and paleomagnetic studies with the exception of cases
where extreme precision and resolution are required.

An additional experiﬁent that might be useful in comparing and under-
standing the relationshipé between ARM and TRM would be to compare their
respective blocking temperature curves for the same samples and similar
remanence-inducing fields. Rimbert (1959) showed that for the magnetite
powders that she used, ARM had a very narrow range of blocking temperatures
just below the Curie point. To satisfy our natural urge to speculate, we
venture to predict that the ARM blocking temperature curves will compare
to the TRM blocking temperature spectra in a similar way as the ARM and ‘

TRM A. F. demagnetization curves are related.



CHAPTER 10
THE EFFECT OF MAGNETIC INTERACTIONS ON THE

ACQUISITION AND STABILITY OF ARM AND TRM

10.1 SUMMARY

Experiments on the acquisition of ARM and TRM show that the low field
susceptibility ratio, XARM/kaM < 1 for fine patricles (.1 € XARM/XTRM“ .6),
but for the large crystals of magnetite xARM/XTRM > 1 (1.5 and 2.0 respec-
tively). It is argued that these differences in the susceptibility ratios
are caused by different interaction fields in the different samples due
largely to differences in the grain-self-demagnetizing factors and to
differences in the sample-self-demagnetizing factors.

Analysis of the various stability parameters of ARM and TRM in terms
of magnetic interactions, with particular emphasis on two samples contain-
ing different concentrations of the same magnetite powder, shows that in
our samples, where the magnetite concentration is always below 5% by
weight, there is no experimentally discernable effect on the various stability
parameters that can be unambiguously attributed to magnetic interactions.

10.2 A DISCOURSE ON THE ORIGIN AND EFFECTS OF MAGNETIC INTERACTION

In the introduction it was pointed out that despite the spectacular
success of Néel's single domain theory to qualitatively explain the main
features of TRM, more quantitative statements are extremely difficult to
make because of the need for precise kpowledge of the particles' grain
size distribution and the grains' blocking temperatures, spontaneous
magnetization and microscopic coercivities. Dunlop (1968) pointed out

that TRM and ARM magnetization do not obey equation 15, derived by Néel,
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but seem to have initial susceptibilities much lower than those predicted.

This is especially true for ARM for which simple theories, neglecting
thermal relaxation, predict an infinite initial.susceptibility for non-
interacting single domain grains. ARM's finite susceptibilities have
been attributed to interactions among the magnetic grains (for example,
Eldridge, 1961; Wohlfarth, 1964; Waring, 1967; Kneller, 1968).

Experimentally it is clear that ARM has a finite susceptibility; yet,
it is not certain that TRM and ARM susceptibility values should be cal-
culated using equation 15, where it is assumed that the particles are
of uniaxial magnetic anisotropy and all the easy axes of magnetization
are parallel to the external field. Bean and Livingston (1959) showed
that for particles of uniaxial anisotropy whose easy axes are isotropl-
cally distributed with random or cubic orientation, the magnetization
will obey the Langevin function with an initial susceptibility, X, pro-
portional to vJSPhISkT, 1/3 of the value obtained from equation 15. Bean
and Livingston also show that particles with cubic anisotropy will be
magnetized according to the Langevin relation. So, in view of their
work, it seems that for most samples used in paleomagnetism and rock
magnetism, the initial magnetization slopes should be of the order of
1/3 the value predicted by equation 15.

In their extensive experimental study to test Néel's single-domain
theory, Dunlop and West (1969) have shown that the discrepancy between
theory and experiments can usually be reduced and sometimes eliminated
by considering inter~particle interactions and by introducing appropriate
interaction fields. Recently, Banerjee and Mellema (1974) studied the

ARM properties of samples containing different concentrations (1, 5, and
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10 percent by volume) of single domain CrO, powder, and they demonstrated
the importance of magnetic interactions in the acquisition of ARM. 1In
their experiments the effects of interactions manifest themselves in
lower ARM susceptibilities and lower ARM stabilities against alternating
fields for saﬁples with progressively higher concentrations of magnetic
powder.

Jaep (1971), applying thermodynamic comsiderations to an assembly
of single domain particles, developed equations analogous to Néels', in
which particle interactions are incbrporated, and thus resulting in lower
susceptibilities. Jaep's development of the ARM equation makes use of
the kinetic equation and thermal fluctuationms, leading to finite ARM
susceptibility. Thus Jaep's contribution goes a congsiderable distance
to bridge the gap between the experimental facts and our theoretical
understanding of ARM. Although the importance of magnetic interactions
has been recognized for many years, the problem of explicitly calculating
the interaction field on a particle due to its neighbors has been an
intractable many~body problem, which depends on the nature and geometry
of the interacting particles, the external field and the sample's state
of magnetization. Usually the interaction parameter is mentioned and
included in the equations, but its value is adjusted to fit the experi-
mental results,

There are at least three distinct ways in which interaction fields
may arise; these fields, in addition to the externally applied field,
act on each magnetic grain.

a. Each grain sees a field due to its near neighbors. This field

depends- on the neighbors' geometry and the manner in which they surround
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the grain in question, on the neighbors' state of magnetization, and on

the magnetic field in so far as it affects these factors.

b. Each grain is also subjected to its own self-demagnetizing field
which depends on the grain's shape, its state of magnetization, JSP(T)’
and the orientation of the magnetization vector within the grain. When
dealing with a completely specified assembly of single domain grains of
simple shapes, the problem of calculating the grain's self-demagnetizing
field is, in principle, relatively straight forward. For multidomain
particles the problem is extremely complex as Qne has to deal with domain
walls, with more than one magnetization vector, and with alteration of
the domain configuration with variations in the effective field acting
on the grain. On the other hand, domain configuration is established to
minimize the grain's magnetostatic energy, and thus reduce the grain's
self-demagnetization. As a rule of thumb, therefore, as the grain size
increases and domain structure is more easily accomodated, the condition
of flux closure is more closely approximated, thus substantially dimini-
shing the self-demagnetization effects.

c. In addition, each grain is affected by the sample's demagnetizing
field which, for a homogeneously magnetized sample, is determined by the
sample's shape and magnetization vector.

The total interaction field is a composite of these effects. If
the sample's net magnetization is parallel to the external field and 1is
along the axes of the samples, the interaction fields caused by b. and
c. ahove are aﬁtiparallel to the external fleld, when averaged over all
of the sample's magnetic particles. The net direction of the interaction

field cause by neighboring particles in a. above is more difficult to
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ascertain.

with the exception of samples 0 and 1, all the samples are nearly
identical cylinders 22 mm high and 22 mm in diameter so the relative
magnitude of the sample-demagnetizing field can be obtained from the
sample magnetization. Listed in order of decreasing magnitude of the
sample-demagnetizing field, our samples are: 7, 11, 5,1, 3, 0, 6, 8,
9, 4, 2, 10. (See table 5, column 3.).

To estimate the grains' self-demagnetizing flelds, both the grain
shapes and their magnetic configuration must be known. Using the mean
grain sizes and shapes determined in chapter 2, and using JRS/Js as a
measure of the grains' mean JSP we estimate the mean grain self-demagne-
tizing field for each species of magnetite powder. We assume that the
magnetite grains of sample 10 are sperical, and, since we have no measure-
ment of JRS/JS for its magnetic particles, we use the fact that there is
usually a direct correlation between stability with respect to A. F. de-
magnetization and values of JRS/JS' We therefore assume that JRS/JS value
of the magnetite powder in sample 10 is second only to the acicular pow-
der of‘sample 11. In decreasing order of their estimated mean grain
self-demagnetizing field, the samples are: 10, 6, 7, 5, 8, 9, 11, 4, 3,
2, 1, 0. The particles of sample 1l have relatively low grain self-
demagnetizing factors along their long axes, which are also their easy
directions of magnetization. It is expected that samples 0 and 1 give
rise to relatively low self-demagnetizing fields: Due to their large
size and the relative 'softness' of their magnetization, their domain
structure is more successful in establishing flux closure within the

crystal thus minimizing the magnetostatic self-energy. Although calcu-
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lation of 1nteradtion fields arising from the interactions of different
remanence-carrying regions of the same magnetic crystal, such as the |
interaction between two domain walls or between a domain and a domain
wall or between two domains, is beyond the scope of this study, the
energy associated with such configurations must be inherently lower
than those that they are designed to minimize. Indeed, 1t is likely
that a particular domain configuration is established to minimize the
various interaction fields within a particular crystal.

The interaction fields due to neighboring grains is difficult to
estimate. It is expected that the 'meighbor effect' is relatively low
for samples O and 1 which are isolated, neighborless crystals. Similarly;
it is expected that this effect is low for gsample 10, in which the magne-
tite powder is very dilute and evenly dispersed, as was discussed in
chapter 3. On the other hand, it is not certain, for example, that
sample 6 has a significantly lower interaction field due to the neighbor
effect than sample 7, although sample 7 has an order of magnitude more
magnetite powder. It was pointed out in chapter 3 that magnetite powders
tend to agglomerate, and it is not certain to what extent these clusters
are reduced upon dilution. The interaction field on a particular grain
due to its neighbors probably is primarily a 'nearest neighbor' phenomenon;
the field due to neighbors further removed decreases with distance as the
as the dipole field according to 1/1:3 law and its effect 1is partly
screened out by neighbors closer to the grain of interest. The magnetite
grains in samples 6 and 7 have a mean diameter of about .21 ﬁm. This means
that a typical grain totally surrounded by one layer of other typical grains

has a cluster diameter of about .65 wm. Although the powders are carefully
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mixed during sample preparation it is not expected that clusters on the
order of 10 ym or less are disturbed, Therefore, it 1s our opinion that
differences in the interaction fields of samples 6 and 7 are primarily due
to differences in the sample-demagnetizing field.

Alternatively, the interaction fields due to neighboring grains can
be viewed as follows: consider an isolated grain whose flux closure is
less than complete, the net magnetic flux through any closed surface con-
taining the entire magnetic particle (or totally excluding it) is zero.
If this grain is now surrounded by similar grains whose magnetization
vectors are, in one case, perfectly aligned or, in a second case, random,
the stray field of the grain in question might be of any orientation wiéh

respect to the magnetization vectors that surround it, and its net con-

tribution to the interaction fields of the surrounding grains will be
statistically zero. It can be similarly argued that the net interaction
field on a.magnetic grain due to its neighbors is also statistically zero.
(The complexity of the neighborhood interaction fields is substantially
compounded as some of the magnetization vectors reverse during demagneti-
zation),

Our study of the comparative behavior of ARM and TRM in the same -
magnetite-bearing samples may provide information regarding the comparative
role of magnetic interactions in ARM and TRM. Since most theoretical work
on magnetic interactions is restricted to homogeneously magnetized, single
domain grains, our experiments may provide information and furnish con-
straints on the relative role of interaction Ffor magnetite grains ranging

from single domain to multidomain crystals, and for samples of varying
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concentrations of magnetite powder.

10.3 THE EFFECT OF MAGNETIC INTERACTIONS ON THE ACQUISITION OF ARM AND TRM

In figure 57, we illustrate the low field acquisition of ARM and TRM
for the various samples. The alternating fields for the ARM had peak
values sufficient to saturate the samples for the particular biasing -
fields. The one exception, sample 11, was within 5 percent of .aturation
at the maximum alternating field of 2,000 oe. The ARM curves containing
the larger magnetite graims, samples O through 5, are rathef linear up to
the maximum biasing field of 1.8 oe, whereas for the samples containing
the smaller magnetite grains, samples 8 through 11, significant deviation
from linearity toward saturation is observed at 1.8 oce. It is assumed
that TRM is acquired linearly up to, at least, 0.5 oe, and this assumption
has been supported whenever a third magnetization point was used. (The
origin is an actual datum for each sample obtained by total thermal
demagnetization). The ratio of the initial susceptibilities, XARM/XTRM
is listed in table 8, column 6. It is seen that the susceptibility ratio
is substantially below unity (.l < XARMIXTRM € .6) for all samples con-
taining fine particles; however, for the large crystals of magnetite,
XARMIXTRM > 1 (2.0 and 1.5, respectively).

(The above observations may help determine whether lightning rema-
nence is an IRM or an ARM in rocks whose remanence resides in fine grained
- magnetite. For an observed lightning strike, 1f the lightning remanence
1s greater than a laboratory-induced TRM, where it is assumed that the
sample's magnetic character is unaffected by heating, then the lightning
remanence is nost probably a strong field IRM. If the lightning remanence

is less than the TRM, the question of ARM versus IRM remains unresolved,
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Figure 57

Figure 57 a-f. Acquisition of ARM (open circles) and TRM
(closed circles) for samples 0 through 5 in small inducing flelds,
hex < 2 oe. ARM was induced in alternating fields sufficient to

saturate the ARM for the particular biasing field.

(1000 oe < § ¢ 1500 oe).
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Figufe 57

Figure 57 g-1. Acquisition of ARM (open circles) and TRM
(closed circles) for samples 6 through 11 in small inducing fields,
hex < 2 oe, ARM was induced in alternating fields sufficient to

Ny
saturate the ARM for the particular biasing field. (H = 2000 oe).

The one exception was aampleill, which was within 52 of saturation

L")
at H = 2000 oe).
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because the particular sample used may not have recorded the maximum value
of the lightning remanence. Hopefully, however, the remanent directions
can be resolved to help solve the problem as suggested earlier in chapter
9.
Dunlop and West (1969) measured the ARM'to TRM ratio of four single
domain samples whose remanence was acquired in a 1 oe biasing field.
Their values are all substantially below unity. One value particularly
relevant to our work is the ratio for a sample containing (less than 12
by volume) acicular magnetite. The ARM to TRM ratio for this sample was
0.182. Banerjee and Mellema (1974) report ARM to TRM initial suscepti-
bility ratios for their single Cr0, samples. The samples, diluted to 1,
5, and 10 percent volume concentrations, had initial susceptibility ratios
of 0.199, 0.189, and 0.194, respectively. Dunlop and West (1969) and
Banerjee and Mellema (1974) explain their observations in terms of inter-
actions between the magnetic particles. In the following paragraphs
we would like to extend previous work and concepts to explain some of
our results. We would like, if possible, to understand the causes for
the drastic difference between the susceptibility ratio of the large crystals
and the submicron particles of magnetite. We would alsc like to deter-
mine which types of interaction field are important in remanence acquisition.
For the region where TRM acquisition is linearly dependent on the

field, the magnetization of single domain grains can be written as:

VJSP (TB)

26 . Topy (T = Nvdgp(TIn h ee(Tp)

KTy

This equation is similar to equation 15. N =1 if equation 26 is the
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linear approximation of the hyperbolic tangent of equation 14, and N = 1/3

if equation 26 is the linear approximation of the Langevin function. The

external field, E

ex’ is modified by the interaction field to give:

> - +
27. hopg(Tg) = Doy + hyne(Tp)

In our experiments the samples are cylindrical (except the two single
crystals, samples 0 and 1) and the external field and the induced remanence
are always along the axis of the cylinder, such that the sample self-
demagnetizing field (in our experiments) is antiparallel to these quantities.
For a large number of grains,'isotropically distributed and whose easy axes
are random, the net interaction field due to the grain self-demagnetizing
factors is also antiparallel to the remanence and consequently to Eex’
(This is not strictly true for each grain, because the gself-demagnetizing
factor is a tensor so that the interaction field is not, in general, anti-
parallel to the magnetization vector). In addition, it was argued earlier
that the interaction fields due to neighboring grains may be statistically
zero. We therefore conclude that the total interaction field, ﬁint' is

antiparallel to Kex' Equation 27 can them be rewritten.
28, heff(TB) = hex - hint(TB)

Equation 28 is further supported by the obgservation that the experimental
susceptibilities are always lower than those predicted by theories neglect-

ing magnetic interactions. Furthermore, the remanence in our experiments
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is always parallel to hex'
We assume that ARM acquisition is in principle similar to TRM acquisi-
tion and, therefore, governed by a gimilar equation, which in the region

where ARM is linear with the blasing field, obeys the equation

)

> wgp(T)
29, JpaD = NvJgp (T)D = heff(T)

where all the quantities are as in equation 26. If T = TR’ then equations

26, 28, and 29 yield:

Xypr _| s TR/ 35p (T3) [Pex = Mine(T®)

XrrM Tp/Ty Lhex - hyne(Tp)

30.

sinee JsP(TR)/JSP(TB) > 1

and TR,TB <1

(Typically, JS(TR)IJS(TB) 1s between 2. and 5. and Tp/Ty is between .35

and .46 for magnetites.)

xA‘RM - A hex - hint(TR)
(o]

XTRM hax = Bine(T)

31,

where A, can vary from about 4 to l4. Setting A, = 10, ﬁex = ,5 oe, and
hint(TB) bd 0, then to Obtain XAR.M/XTR}l - 02’ hint(TR)z .49 oe. If Ao - 1,
hoy = .50 oe, and hinc(TB) = 0, then hint(TR) = .4 oe would yield

XARH/XTRuﬁv .2. Although the requirements on hy.. to yield the observed
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susceptibility ratio seem unrealistically high, a spherical single domain

grain whose spontaneous magnetization is 50 gauss (for magnetite Js(TR) -
480 gauss) will have an associated grain self-demagnetizing field of
4/37(50¥ 200 oe. On the other hand, a spherical sample whose remanence
is 0.01 gauss has an associlated sample-demagnetizing-field of 4/3%(.01)
23 .04 oe. These extreme values provide broad and subjective brackets for
hint(TR)' Undoubtedly the details of equation 30 are only approximate
and may possibly be in error. However, if the assumption that the observed
low values of XARMIXTRM are due to magnetic interactions is correct, then
equation 30 points out: 1) that for ARM hint(TR) is substantial with
respect to h,,, and 2) that hint(TB) is much less than hy,(Tg). We
shall assume that equations 26, 29, and 30 are as telling for multidomain
as for single domain grains, and that differences between magnetic par-
ticles are accounted for by difference in JSP(T) ~- the spontaneous
magnetization.

The interaction fields are unique for each sample and have to be
analyzed separately. Sample 10 is of particular iﬁterest. It has the
lowest sample-demagnetizing field of all samples studied, being less than
1% of that sample 11. (See table 5, column 3.) Also, of all the prepared
samples, sample 10 alone should be free of magnetite-powder agglomeration
and its magnetic grains should be the most uniformly dispersed. (See
discussion in chapter 3.) Therefore the interaction field due to neigh-
bors should be lower for sample 10 than for samples 5, 6, 7, 8, 9, and
11. Still, sample 10 has a low value for its susceptibility ratio:

XARM/xTRM = ,31 + .01. This suggests that the grain self-demagnetizing
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effect is dominant in suppressing the ARM. Samples 5, 6, 7, and 11 have
greéter sample self-demagnetizing fields and enhanced interaction due to
neighbors, depressing xARMleRM even further. Samples 6 and 7 are identical
with the exception that sample 7 has an order of magnitude more magnetite
powder than sample 6, the primary effect of which is to increase 3'and

the sample self-demagnetizing field. The difference in XARM,xTRH values

for samples 6 and 7, which are ,164 and .108, respectively, may be telling
us about the order of magnitude of the sample self-demagnetizing effect

on the remanence acquisition curves. Although sample 11 has a relativeiy
high sample gelf-demagnetizing field, its magnetite particles have rela-
tively 16w grain self-demagnetizing fields because of their needle shapes,
which might explain the reason that its susceptibility ratio is higher

than those of samples 6 and 7. It is not understood for what reason

X

ARM
and 7.

/xTRM of samples 8 and 9 is so much greater than that of samples 6

As the grain size increases, and domain structure appears, the grain
self-demagnetizing fields are reduced. Improved flux reteantion within the
grains also reduces the interaction fields due to neighbors. xmlxm,
increases as hint decreases. For sample 0 and 1, hy,.. is greatly reduced,
and XARMIXTRM is largely determined by A5 > 1. |

In conclusion, if low values of XARMIXTRM are caused by magnetic inter-
actions, then grain self-demagnetizing fields are probably significant in
suppressing ARM. Dimishing values of hint are in the right direction to
explain the fact that for submicron magnetite grains xARMIXTRM < 1, while

for large crystals, xARMleRM > 1.
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An experiment that might be instructive to further understand the

role of interactions in ARM and TRM would be to obtain ARM suaceptibilitiia
at elevated temperatures. Ideally, samples with well-defined blocking
temperatures should be used (for example, samples 11, 6, 7, 5, and 10 in
our study). ARM should be given at elevated temperatures which are below
the blocking points of most of the particles (up to 400°C for the samples
mentioned). After inducing the ARM, the samples should be cooled in zero
field to TR. After correcting for the fraction of the grains unblocked -
at the elevated temperature and for the variation in Jgp, XARM(T)IXTRH

i3 computed. If magnetic interactions are indeed responsible for the

observed values of XARMIXTRH and 1f our discussion above is on the right

track, we would expect that

1im [xm('r) lx.mll +1

->
T TB

10.4 EFFECTS OF MAGNETIC INTERACTION ON THE STABILITY OF ARM AND TRM

Comparisons of ARM and TRM stabilities for various samples with respect
to several stability criteria have shown their remarkable similarity.
Attention has been paid to similar samples (samples O and 1 and samples
8 and 9), and experiments have been repeated to determine the reproduc-
ibility of the data and the dispersion in the properties of distinct but
similar samples, This has been done to gain a better appreciation for
the significance of similarities and differences in the data.

Of the data presented thus far, only that of samples 6 and 7 can be

used for a comparative study of the role of the concentration of magnetic
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material in determining magnetic interactions in ARM and TRM. These
samples contain the same species of magnetite powder and were similarly
prepared; however, sample 7 contains about an order of magnitude more
' magnetite than sample 6. Samples 6 and 7 contain .19%.01 and 1l.4%.1
weight percent of magnetite, respectively, and the average 0.5 oe TRM
of samples 6 and 7 is 73x10”2 and 7.7x10"3 emu/gm, respectively, which
are representative values for the magnetization of extrusive igneous rocks.
In addition, the samples' stability parameters (see tables 5 and 8) are
typical of rocks from which reliable paleomagnetic information has been
obtained. Therefore, a comparative study of the magnetic properties of
samples 6 and 7 may provide information about the importance of particle
interactions for paleomagnetism in typical volcanic rocks.

Comparison of the ARM data for gsamples 6 and 7 in table 8 shows no
significant difference in their behavior after low temperature cycles or
in their spontaneous decay (see table 8, columns 4 and 5). The ARM of
sample 6, however, is more resistant to alternating fields than that of
gample 7. The demagnetization spectra are similar and are reproduced in
figures 49 and 50. The determination of ;% was fepeated three times.‘Each
of the last two determinations for the two samples was performed essentially
simultaneously, so that although the absolute value of §H may be in slight
error,the differences are very reliable. It is seen that the gap, A;H’
for the th samples is consistent for the three determinations. The trend
of our ARM results is the same as that observed by Banerjee and Mellema
(1974), although their experiments were performed with acicular Cro2

powder and the ARM was induced by a 200 oe biasing field superimposed on
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a peak alternating field of 1,000 oce.

These results are also in general agreement with theoretical models
predicting a decrease in the coercity with increasing concentration of
magnetic particles. For an assemblage of single domain grains, N‘elv
(1947) obtained an expression for the coercivity which 1s a lineuriy.

decreasing function of the grains' packing parameter.
32. H(P) = Hc(o)[l -p]

p is the packing parameter, which varies from zero for an infinitely
dilute mixture to unity. HC(O) is the coercive force for p = 0. (Equation
32 cannot be telling the entire story because in reality Hc (p=1) > 0.)
The magnetite particle concentrations of samples 6 and 7 are so low (192
and 1.4% by weight) that equation 32 predicts that their coercivities
should differ by no more than 1.5Z. Certainly, the 15% difference in the
ARM Ek values of samples 6 and 7 is much too great to be explained by
equation 32.

As with the ARM, the TRM behavior of samples 6 and 7 is not signifi-
cantly different for low temperature cycles and for its pattern of spon-
taneous decay. (See table 8, columns 4 and 5.) In additionm, the TRM
blocking temperature spectra for the two samples are compared to assess
whether they might be affected by different interaction fields. The spectra
are very similar. The mean blocking temperature, <Iy>, of sample 6 is
507° + 10°C and that of sample 7 is 506° & 10°C. The uncertainty of $10°C
is related to an absolute temperature determination. The closeness of

the mean blocking temperatures for the two samples is considerably less
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uncertain than £10°C, since it was observed in three separate thermal
demagnetization experiments, in which the two samples occupied adjacent
positions in the oven during simultaneous heatings.

In contrast to the ARM trend, the TRM of sample 6 is less resistant
to alternating field demagnetization than the TRM of sample 7. (See table
8, column 3.) The observed difference, Agk' after the first experiment
is of questionable significance, but the results of the second determina-
tion (which was performed essentially simultaneously for the two samples)
indicate a yet broader gap, leaving little question as to its reality.
This surprising result is not yet understood. If interactions play a
significant role in TRM stability against alternating fields, we would
expect the same stability as observed for the ARM (unless a totally differ-
ent interaction mechanism is active near the TRM blocking temperature from
the mechanism at room temperature). If magnetic interactions play a
negligible role, the two samples should behave similarly.

With the exception of the A. F. demagnetization characteristics, our
experiments show no significant difference in stability parameters of
gamples 6 and 7. The trend of the TRM A. F. demagnetization stability is
opposite to the trend expected from equation 32. Although the ARM A. F.
demagnetization stability does follow the trend of equation 32, equation
32 predicts that the differences in the coercivities of samples 6 and 7
should be much less than the uifferences actually observed in the H*
values.v-it is therefore quite possible that the differences in the ARM
and TRM A, F. demagnetization stabilities are not at all related to magnetic

interactions.
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Equation 32 was developed for an assembly of single domain grains,

and it was verified by Morrish and Yu (1955) who showed that the bulk
coercivity, Hc. (the reverse magnetic field for which the sample magneti-
;ation is zero) decreases linearly with increasing compaction for single
domain (highly acicular) grains. They also showed that for cubic grains

1l ym in size, Hc decreases only slightly upon compaction, and for larger
irregularly shaped grains, HC is invariant under compaction. They argue
that the latter grains behave as they do because they are multidomain
with much improved flux retention within the grains such that compaction
has a substantially reduced effect on altering the sample's magnetostatic
energy configuration. The magnetite powder in samples 6 and 7 consists

of regular polygons (hexagons and octagons mostly) whose mean diameter

is .21 ym and whose volume 1s less than 1% of MOrrish and Yu's 1 um
particles. No grains greater than 0.5 ym in diameter were observed in the
electron microscope pictures, such that the ocercivity-compaction dependence
of our magnetite would most probably be intermediate between the acicular,
single domain particles and the 1 um cubic magnetite powder. (See Morrish
and Yu, 1955, figure 7.) H, measurements of both the undiluted magnetite
powder and of the mixture of which sample 7 was prepared yielded identical
results: H, = 1053 ce.

10.5 CONCLUSIONS AND APPLICATION OF ARM TO ARM TO PALEOINTENSITY DETERMINATION

From our experiments on the stabilitiles of samples containing different
concentrations of the same magnetite powder it seems that the stabilities are
not measureably affected by the concentration of their magnetic particles
(which lead to different sample self-demagnetizing fields. and, possibly,
to different interaction fields due to neighbors) as long as the concentra-

tion is less than about 1.5% by weight. It is impossible, of course, to
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generalize from a few experiments with two samples to all paleomagnetic
samples, although it was pointéd out earlier that the remanences and the'
stabilities of samples 6 and 7 are typical of igneous rbcku. It is quite
probable tﬁat the magnetic minerals in rocks are more evenly distributed
than the magnetites in our samples, thus further reducing the interaction
fields due to neighbors. Clearly, mor; experiments are required to better
understand the effects of magnetic interactions on the stabiliites of ARM
and TRM. However, the preliminary conclusion that ;;érges from our
experiments is that magnetic interactions, in so far as they are determined
by the concentration of the magnetic particles, seem to have at most a
minor effect on the relative stabilities of TRM and ARM of samples whose
magnetic properties are similar to those of many rock specimens. Similar
experiments as reported here should be pursued first for several concen-
trations of clearly single domain (possibly acicular) particles, for which
interaction effects should be the most readily recognized. The results
should be carefully evaluated before deciding on whether or not to investi-
gate further a greater variety of particles.

On the other hand, it was shown that the ratio of the initial suscepti-

bilities, X varies widely depending upon the shapes and sizes and

ARM’xTRM
concentrations of the particular magnetite particles in a manner consistent
with the trend of interaction fields. It was shown that for fine particles,
<d> < 3 um, xARM,xTRM <1 (1c¢« xm/xrm < .6), and for large crystals
xARM,XTRH »>1 (2.0 and 1.5, respectively). It appears, therefore, that,

before a successful ARM technique for paleointensity determinations is

successfully implemented, an independent determination of xARMleRM is
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required. Because XARMIXTRM is dependent on the sizes and shapes and on
the concentration of the magnetic particles and because of the difficulty
in obtaining realistic grain size distributions in real rocks, it seems
that in order to obtain xARM/xTRM at least one heating to above T, would
be required, thus nullifying the chief attraction of an ARM paleointensity
method. Although we have shown that the A. F. demagnetization curves of
ARM and TRM in the sames samples are usually very similar (figures 43 to
54, chapter 9), the differences are sometimes substantial (for example,
sample 11, figure 54), and the differences between the ARM and TRM demag-
netization curves are sometimes of opposite sense. (Compare figures 53
and 54 for samples 10 and 11.) Thus any ARM method for paleointgnaity
determination should also require A. F. demaénetizacion of the total |
laboratory TRM, which was obtained for the X,p\/Xppy determination. It
should be repeated with emphasis that such a single heating above Tc does
away with self-consistency checks which are such an integral part of the
'Thellier method', and all chemical and physical changes that occur during
the first heating would go undetected. It appears to this writer that at this
time the extra labor of the 'Thelleir method' is still required to obtain

more reliable paleointensity results.
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APPENDIX A

CONVERSION OF SOME MAGNETIC QUANTITIES FROM

C.G.S. TO S.I. SYSTEM OF UNITS

In this dissertation the. C.G.S. system of units has been used
exclusively. In view of the recent recommendation by IAGA that the
S.1I. units be used in geomagnetism, we present below a limited con-
version table so that the data in this dissertation can be easily
converted to S.I. units. Most of what follows was taken almost
directly from a copy of Resolution 3 of the IAGA Kyoto General
Assembly held in September,1973 in Kyoto, Japan.

(1) Values of the geomagnetic "£ield" should be expressed in terms
of magnetic induction, B. S.I. unit =1 Tesla.

4 Gauss ( = 104 Oersted)

=5

1 Tesla = 1 Weber/meter2 = 10
1 Gamma = 10*9 Tesla = 10—9 Weberlmeter2 = 10 ~ Gauss ( = 10-50ersted)
(2) Values of "intensity of magnetization"” should be expressed in
terms of magnetization J.

S.I. unit = Ampere/meter.

1 Ampere/meter = 10”3 cmu/ce = 10”3 causs

(3) Values of the 'magnetic intensity', H, are defined by the

equations: S.I. i = B/uo - Y
> > -+
C.G.S. H bl B - lvl'TrM

S.I. unit = ampere/meter

1 ampere/meter = 47 X 10-3 Oersted ( = 47 x 10_3 Gauss)
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(4) Values of the susceptibility, X, are to be expressed as the
ratio between the magnetization, J, and the magnetic field inten-

sity, H.

xS.I. = h"xe.m.u.



APPENDIX B

EXPERIMENTAL PROCEDURES AND MEASURING TECHNIQUES

1. ALTERNATING FIELD (A. F.) DEMAGNETIZATION PROCEDURE.

The -A. F. demagnetization unit used to obtain all the demagnetiza-
tion curves that appear in this dissertation was constructed
especially for the hot A. F. demagnetization experiments. The coil
was designed to fit around a non-magnetic (non-inductively-wound)
oven, placed in the center of a set of three pairs of orthogonal,

8 foot square Helmholtz colls, which with the aid of a self-
correcting feed-back system, was designed to null the earth's fiéld.
It is conservatively estimated,as a result of many checks with a
test fluxgate, that within the actual space of the experiment the
field was nulled to better than 50 y. The coll was capable of.susf
taining peak alternating fields of up to 1,000 oe. Because only
uniaxial demagnetization was possible, it is important to note that
the remanences in the prepared, cylindrical samples were always in-
duced along the axes of the cylinders, and in the natural crystals
the remanences were always along one of the [111] easy axes, and
the axes along which the remanences were induced were always aligned
parallel to the axis of the demagnetizing coil.

The alternating fields are produced by an inductrol unit which _
utilizes a variable transformer whose ferromagnetic core has hysteresis
properties. Even if the input signal is perfectly sinusoidal, the
hysteretic ﬁroperties of the transformer-core will cause a phase delay

of the fundamental harmonic and the appearance of the third harmonic
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component. The relative magnitude of the third harmonic to the funda-
mental depends on the core's hysteresis properties and on the applied
field (Chikazumi, 1964, p. 397). These distortions 1nrthe wave form
of the altetngting fields are translated into an ARM component‘that is
sometimes superposed on the uniaxial demagnetization curve. The alter-
nating field at which the ARM component has a noticeable effect on the
demagnétization curve depends on the ratio of the intensity of the
secondary ARM to primary magnetization and on the stability of the
sample. The greater the primary remanence ARM ratio, the lesser 1s
the relative effect of the ARM on the normalized demagnetizafion curves,
The greater the sample stability, the larger is the alternating field
required to induce the ARM. (If samples are tumbled in a truly random
fashion in the alternating field and if the alternating field decreases
very slowly compared to the tumbling rate, the ARM can be totally suppressed.,
If the tumbling is not completely random, the ARM will appear but only at
much higher filelds than in uniaxial demagnetization.)

In the A. F. demagnetization of our samples, the ARM effect is
present and sometimes noticeable. In most of the démagnetization
curves the ARﬁ effect is unimportant until less than 20% to 25% of
the remanence remains. The lower the stability of the remanence of a
sample, the lower will be the alternating field for which the ARM
effect becomes significant. Usually the ARM sense was maintained for
each sample throughout the various demagnetization experiments so that

accurate comparisons could be made. The one time when the ARM sense
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was reversed (by reversing the connecting leads), it is essentially
obvious from the demagnetization curves; see chapter 6.3.

In later A. F. demagnetization experiments (chapters 4,9, and
10) the ARM effect was cancelled by demagnetizing twice at each
alﬁernating field value. The sample's remanence is placed parallel
and antiparallel to the ARM sense in the consecutive runs, and the
demagnetized remanences are averaged for each alternating field value,
cancelling the ARM component.

2. HEATING CHARACTERISTICS OF THE NON-MAGNETIC OVEN,

The cylindrically shaped oven was non-inductively wound so that
the heating current will generate no magnetic field within the oven
chamber. A brass sample holder having four levels was constructed.
Three of our samples could be placed on each level, such that the
gample holder could accommodate amaximum of 12 sample of size compar-
able to ours. Samples from adjacent leveis were separated by a mini-
mum of 1/8" which is the thickness of the brass disc forming the sample
holder. Samples within a particular level were often rubbing shoulders.
Many heating experiments were done varying the number.and the positions
of the samples on the sample holder. In addition, numerous experiments
were run where the sample number and position was fixed, but the orienta-
tions of the samples' magnetization vectors were reoriented, in other-
wise identical experiments, to produce maximum changes on neighboring
samples. At no time did we observe effects that could be attributed
to neighboring samples!

The sample holder is place inside a vycor tube whose outside
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diameter 18 64 mm; the tube is evacuated by a mechanical vacuum pump
and flushed with nitrogen gas before the temperature is increased.

To measure the actual temperature at the various sample positions,
we embedded a thermocouple in a sample-size cylindrical slug prepared
of the matrix Qaterial of which our samples are prepared. Our results

are summarized in table 9.

Table 9

Temperature Calibration of the Non-magnetic Oven

LAYﬁR ‘
Th1AL # #2 #3 #
300° 3010 306° 3049 2870
400° 397° 405° 399° 380°
450° 446° 452° 4479 426°
500° 493° 5019 493° 468°
5500 5380 5509 540° 513°

The separation of the thermocouple in two adjacent layers is approxi-
mately 26 mm so that temperature gradients can be estimated for our
experimental configuration. It is seen that the temperature gradients
are a strong function of the temperature. In addition, the gradients
are very large in layers 4 and 1 and relatively small in layers 2 and 3.
At 550°C the gradient in layer 4 are in excess of 10°C/cm, whereas in

layer 2 they are of the order 4°c/cm.
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Despite the sometimes high temperature gradients in the oven,
the temperature at each point on the sample holder is reproducible
Eo within a few °c, probably'betterthantsoc. This is so primarily
because of the automatic temperature controlling device whose thermo-
couple is fixed in the oven and the high degree of reproducibility of
the sample holder position, which 1is within + 1 mm. It should be
noted that both oven and sample holder are cylindrically symmetric.

The only adverse effects of the temperature gradients occur and
are clearly illustrated in chapter 8, when tue Thellier and Thellier
version of the Thellier method is executed. There the sample is
rotated 180° about an axis parallel to the cylindrical faces between
two heatings to the same tewperature. The gradients cause the
step-like appearance of the data, which 18 maximum for layers 4 and
1 and minimum for layers 2 and 3. As long as the position and orienta-
tion of the sample is maintained between runs the temperature gradients
are more an esthetic disappointment than damaging.

3. MEASUREMENT OF BULK MAGNETIC PROPERTIES.

Hystersis parameters, HC’ HCR’ JS’ JRS’ Curie point, TC’ measure-
ments, high-field magnetization versus temperature, J - T, measurements,
and determinations of the temperature dependence of the hysteresis
parametérs were made on a Princeton Applied Research (P.A.R.) Vibrating
Sample Magnetometer (VSM), capable of temperatures up to 700°C and
fields as high as 8 koe. The samples are small, usually weighing less

than 100 mg, and very weakly magnetic samples can not be studied.
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4. REMANENCE MEASUREMENTS.

Remaneéce measurements, TRM, ARM, and IRM were made on a
Schonstedt Slow Spinner Magnetometer, which has a maximum sensitivity
of 10_7 emu, full scale, which is a good two orders of magnitude more

sensitive than the least intense remanence studied in this dissertation.
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