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Despite the influence that paleomagnetism has exerted on the earth sciences, our understanding of 
thermal remanent magnetization (TRM), which is one of the primary sources of paleomagnetic informa- 
tion, is at best fragmentary and incomplete. In this paper we report on experiments studying TRM 
properties of magnetites whose particle sizes vary from single domain (SD) to pseudo single domain 
(PSD) to multidomain (MD). TRM stability has been measured by using alternating field (af) demagneti- 
zation, hot af demagnetization, low-temperature treatments, thermal demagnetization, and storage tests. 
Low-temperature treatments are a great aid in helping to determine whether a sample's TRM is carried 
primarily by SD, PSD, or MD magnetite particles. Thermal demagnetization is relatively insensitive for 
predicting particle sizes, while af demagnetization remains the best method for reducing the MD contribu- 
tion to the remanence. Theoretical considerations indicate that the thickness of a domain wall should 

initially increase with temperature until a critical value is reached, beyond which the thickness decreases. 
This result is useful in the interpretation of the hot af demagnetization experiments of MD particles whose 
median destructive alternating field increases with temperature up to some maximum value before 
decreasing, while the median destructive field of SD and PSD particles decreases monotonically with 
temperature, Characteristics of the Lowrie-Fuller test (Lowrie and Fuller, 1971) for equidimensional 0.2- 
•m-sized particles indicate that a critical TRM-inducing field hc exists, where 0.10 < hc < 0.49 Oe; SD-like 
behavior is exhibited when the inducing field is greater than h•, and MD behavior is exhibited for fields 
less than h•. This suggests that the critical sizes for transitions of domain structure depend on the intensity 
of the inducing field. It is argued that the presence of an external field and, similarly, blocking at high 
temperatures increase the effective size region of SD/PSD remanence and that remanence might be 
blocked in grains with a nonequilibrium domain configuration. Estimates of critical sizes for transitions 
between SD, PSD, and MD behavior depend on several factors including grain shape, temperature, type 
of remanence given to the sample, mineralogy, and intensity of the field used to induce the remanence. 

INTRODUCTION 

Ndel's [1949] theory of thermal remanent magnetization 
(TRM) of noninteracting single-domain (SD) particles has 
been successful in explaining many (though not all) of the 
observed properties of natural remanent magnetization 
(NRM) in baked clays and igneous rocks. However, optical 
observations of magnetic minerals of igneous rocks, which 
exhibit stable NRM, show that the particle sizes are usually 
much larger than expected critical diameters of the SD to 
multidomain (MD) transition of these minerals. This led to the 
development of MD theories [Ndel, !955; Everitt, 1962b; Sta- 
cey, 1958; Schmidt, 1973] and to theories 'of SD-behaving 
regions within a MD matrix [Verhoogen, 1959; Ozima and 
Ozima, 1965]. For particles larger than the SD critical size but 
smaller than the size of 'truly' MD behaving particles (17 #m 
for magnetite, according to Stacey [1962]), Stacey [1962, 1963] 
developed a theory for pseudo-single-domain (PSD) particles 
for which the TRM is inversely proportional to the pa{ticle 
volumes and changes in remanence occur by discrete Bark- 
hausen jumps of the domain walls. Further developments of 
PSD theories have been made by Dunlop et al. [1974] and 
Stacey and Banerjee [1974, pp. 60-62, 110-114]. In this paper 
the term PSD is used to refer to magnetite particles whose sizes 
and magnetic properties are intermediate between truly SD 
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and truly MD particles. Extensive optical and electron micro- 
scope studies of the magnetic constituents of igneous rock in 
conjunction with their magnetic properties [Evans et al., 1968; 
Strangway et al., 1968; Hargraves and Young, 1969; Evans and 
Wayman, 1970] have shown that in many rocks a significant 
fraction of the remanence carriers are submicron in size. It is 

now recognized that carriers of TRM in rocks span the gamut 
from SD to PSD to MD. 

Because the construction of viable theories of TRM requires 
the knowledge of various magnetic parameters, a considerable 
amount of experimental work has been undertaken in recent 
years to delineate various magnetic properties as a function of 
particle sizes and domain states [Everitt, 1961, 1962a; Parry, 
1965; Dunlop and West, 1969; Lowrie and Fuller, 1971; Dunlop, 
1969, 1972, 1973; Rahman et al., 1973; Johnson et al., 1975; 
Bailey, 1975; Day et al., 1976]. Although it is essential to have 
the experimental data to test the various TRM theories, it is 
often unclear how to relate these data to a particular theory. 
For .example, which experimental coercivity does one sub- 
stitute for the microscopic coercivity in N•el's [1949] SD the- 
ory? Even more uncertain is the choice of experimental coer- 
civity that should be used in N•el's [1955] equations for MD 
remanence. How are the parameters which are obtained from 
saturation hysteresis loops related to remanence acquired in 
weak fields? The above uncertainties and complexities are 
particularly real for TRM, because all the magnetic parame- 
ters are temperature dependent. 

Many studies in recent years have tried to develop experi- 
mental methods to distinguish between remanence carried by 
SD, PSD, and MD particles. Parry [1965], Rahman et al. 



310 LEVI AND MERRILL: PROPERTIES OF MAGNETITE 

[1973], and Day et al. [1976] have used hysteresis properties, 
whereas Lowtie and Fuller [1971], Dunlop et al. [1973], Johnson 
et al. [1975], and Bailey and Dunlop [1975] have used the 
characteristics of alternating field (af) demagnetization curves. 
Clearly, the answer to the question of what is the predominant 
size of the magnetic carriers in a particular rock (SD, PSD, or 
MD) must be sought in the context of a particular remanence, 
because it is not in general true that different types of rema- 
ncnce activate the same distribution of magnetic particles. 
(Sometimes anhysteretic reinanent magnetization (ARM) can 
be used to model TRM, insofar as stability properties are 
concerned, as has been shown by Levi and Merrill [1976].) 

The success of the paleomagnetic method depends on the 
supposition that a particular rock acquires its reinanent mag- 
netism (RM) parallel to the ambient field at the time of its 
formation and that the rock's RM is stable with respect to 
geologic time. Although TRM has been subject to studies for 
over half a century, much remains unknown about which 
parameters are dominant during the blocking of TRM for 
different-sized particles, which parameters control the stability 
of TRM, and how they vary with temperature. It is imperative 
for the continuing refinement of the paleomagnetic method 
that we improve our understanding of how RM is acquired 
and of the different physical mechanisms which control its 
stability and might cause it to change. 

In this paper we report on our TRM studies using particles 
whose sizes vary from SD to PSD to MD. Magnetite (FeaO4) is 
used for reasons of experimental convenience and because 
magnetite is a remanence carrier of many igneous rocks. We 
try to gain a better understanding of TRM blocking and its 
stability, to determine the parameters which control them, and 
to see how they vary with temperature, external fields, and 
particle sizes. We also seek means for distinguishing between 
TRM carried by SD, PSD, and MD particles. 

SAMPLE DESCRIPTION 

This paper deals with magnetites that vary widely in size and 
origin. It is crucial to most of the following to describe these 
samples well, so that others can duplicate the work here or 
possibly explain differences between our results and those of 
other workers. 

Synthetic magnetites were received from the Columbian 
Carbon Company (CCC), Pfizer Company (BK-5099), and 
Toda Industries. In addition, we synthesized our own magnet- 
ite according to a recipe by Elmore [1938]. All the synthetic 
magnetites have a foreign cation impurity content of less than 
1%. It has been well known since the work of Gallagher et al. 
[1968] that magnetites prepared at room temperature by pre- 
cipitation in an aqueous solution are usually oxidized to some 
degree or other. Regions of 3' Fe2Oa may exist, and solid 
solution between FeaO4 and 3' Fe2Oa may be present, and 
possibly even regions of iron hydroxides (see the review by 
Merrill [1975]). The extent of this oxidation is usually variable 
but sometimes quite large. Since 3' Fe•Oa and FeaO• are well 
known to exhibit different magnetic properties, a lack of re- 
producibility of experiments between different laboratories is 
to be expected if precautions are not taken. 

All our synthetic samples were heated above 600øC for 6.5 
hours in a slightly reducing environment: a residual nitrogen 
atmosphere at 10 -• torr, with carbon as a reducing agent. This 
heating reduced the 3' Fe•Oa to stoichiometric magnetite, as is 
indicated by the increase in Js and by the increase in the lattice 
parameter to that of FeaO• (8.39 k 0.01 •). In addition, the 
temperature treatment at 600øC also altered the internal strain 

through annealing. A decrease in line broadening of X ray 
diffraction peaks of the heated synthetic magnetites was ob- 
served, consistent with either grain growth, strain release, or 
improved stoichiometry [Gallagher et al., 1968] (acting to- 
gether or individually, these causes would have the same effect 
on line broadening). 

Comparison of electron microscope pictures before and af- 
ter heating indicates that no measurable differences in size or 
shape have occurred for the CCC and Pfizer magnetites, but a 
substantial increase in size due to heating was exhibited by the 
Elmore [1938] magnetite. Figure 1 gives a summary of the size 
distributions for the synthetic magnetite samples after heating. 
A total of 232 particles in two photographs were measured for 
the CCC magnetite (samples 6 and 7), 111 particles in two 
photographs for the Pfizer magnetite (sample 5), and 249 
particles in three photographs for the 'Elmore' magnetite 
(samples 8 and 9). Although photographs were also taken of 
the Toda magnetite, which indicated that it is very acicular, it 
was difficult to measure both length and width of many of the 
particles from the photographs. Because our crude size data 
are consistent with those reported by Toda Industries, we use 
the Toda Industry figure of 0.35 •m X 0.04 •m (approximate 
axial ratio of 8:1) for the mean particle dimensions. 

Table 1 describes some of the effects of heating on the bulk 
magnetic properties of the synthetic magnetite powders. In all 
cases, ds was the same or increased after heating, a result 
expected if 3' Fe•Oa conversion to FeaO• occurs. The relatively 
large effect of heating on the magnetic properties of the El- 
more samples is believed to be due, at least in part, to grain 
growth of superparamagnetic grains into the stable single- 
domain size range. This is supported by the large increase 
(after heating) of JRs/Js, Hc, and Hcn and the large decrease 
of Hca/Hc. The effect of heating on the Toda and Pfizer 
magnetites appears negligible, while the effects of heating on 
the CCC magnetite are probably caused by the reduction of 3' 
Fe•Oa and/or annealing. Regardless of the cause we see that 
the effects of heating vary significantly between samples. 

_ 

In addition to the synthetic magnetites, four large magnetite 
crystals, samples MSC-0 -- 0, MSC-1 = 1, MSC-2, and MSC- 
3, were used. Electron microprobe analyses [Johnson and Mer- 
rill, 1972] of a chip from one of these samples indicated that 
the magnetite contained less than 0.03 wt % of V, Cr, Mn, Ni, 
and Mg and had a Ti content of less than 0.05% and an AI 
content of less than 0.23%. ds measurements, good to +2 
emu/g, are consistent with the 92.5-emu/g value expected for 
stoichiometric magnetite. Curie temperatures (good to 
+ 10øC) measured in fields between 500 and 800 Oe to accentu- 
ate the Curie point are 580øC, as expected for pure magnetite. 
X ray diffraction results [Johnson and Merrill, 1972] are also 
consistent with the stoichiometric magnetite interpretation. 
However, recently, Hoblitt and Larson [1975] made detailed 
scanning electron microscope studies on a chip from one of 
these crystals and found small nonmagnetic inclusions that 
appear to be Fe-AI silicates. Although the inclusions are nu- 
merous, the total volume of these impurities is clearly small, as 
is indicated by the above measurements. They probably have a 
minor effect, if any, on the magnetic measurements reported in 
this paper. In addition, all the natural magnetite crystals have 
undergone deformational twinning. 

MSC-2 was manually ground and mechanically sieved. Par- 
ticle fractions were initially separated on the basis of sieves 
that bracketed them. Electron microscope pictures showed 
that the median particle sizes of the ground powders are al- 
ways substantially smaller than the apertures of the smaller 
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Fig. 1. Particle size distributions of the heated synthetic magnetite powders obtained from electron micrographs. The 
arrows indicate the distributions' median particle diameters. (Top) Sample $, Pfizer BK-$099 magnetite powder; (d) = 0.24 
#m; d < 0.9 #m. (Middle) Samples 6 and 7, Columbian Carbon Company magnetite powder; (d) = 0.21 ttm; d < 0.$ #m. 
(Bottom) Samples 8 and 9; Elmore magnetite powder; It/) = 0.12 ttm; d < 0.3 #m. 
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bracketing sieve; however, the larger bracketing sieve does Meaningful values of the standard deviations of the median 
establish an upper limit to the particles present. The samples diameters 'can only be assigned to sample 4 and to the equidi- 
were dispersed in an alumina matrix to be described in detail mensional synthetic powders (BK-5099, CCC, and Elmore 
shortly. Figure 2 illustrates some of the problems involved in magnetite powders), and they are listed in Tabl e 2. 
characterizing these samples; particles are quite irregular in 
size, shape, and distribution, and many small particles typi- 
cally adhere to the larger ones. Considerable effort was made 
to obtain mean sizes for these samples, as is described else- 
where by Levi [1974]. Table 2 summarizes the shape and size 
data of heated synthetic and natural magnetite particles. 

The magnetite powders were dispersed in an alumina matrix 
(Alcoa's high-purity alumina powder, A-16) bonded by A1- 
coa's calcium aluminate cement (Ca-25). The POwders were 
diluted in the matrix to less than 1 wt %, the maximum 
concentration being less than 4 wt % for sample 3, because of 
its low JRs/Js ratio. The mixtures of magnetite and matrix 
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TABLE 1. The Effect of Heating on the Bulk Magnetic Properties of the Synthetic Magnetite Powders 

Hc(TR) HcR(T•) Hc•/HcJ r,• d•s/ds J r,• 
+(30e +(70e + (0.10 +0.005' 

Magnetite Tc Un- Un- Un- Un- 
Powder +10øC heated Heated heated Heated heated Heated heated Heated 

Pfizer BK-5099 565 98 100 270 278 2.76 2.78 0.103 0.103 
CCC 570 148 105 400 279 2.70 2.66 0.144 0.121 
Elmore 575 26.5 112 175 315 6.60 2.81 0.004 0.116 
Toda MRM- 591 440 438 600 582 1.36 1.33 0.440 0.448 

B-450 

tcm 

100/.zm 

20m 

Fig. 2. (Top) Photograph (X 1 ) of the large magnetite crystals resting on one of their respective (111 ) surfaces. From left 
to right: MSC-0, MSC-I, and MSC-3. MSC-0 and MSC-I are identified as samples 0 and 1, respectively, in Table 3. 
(Middle) Electron microscope picture (X200) of magnetite powder 2, corresponding to sample 2. These particles were 
retained between 44-/•m and 105-/•m sieves. Note the large variation in particle sizes. (Bottom) Electron microscope picture 
(X 1000) focusing on some of the smaller particles of the middle photograph. 
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were sieved through a 250-urn sieve to break down clumps of 
the matrix and of the magnetite to improve the samples' ho- 
mogeneity. Samples were molded into cylinders 24 mm in 
diameter whose height is about 22 min. Sample volume is 
usually between 9 and 10 cm a, and the samples weigh between 
15 and 19 g. Samples 6, 6A, 6B, and 6C are different samples 
prepared in an identical manner from the same batch of CCC 
magnetite. Sample 7 also contains CCC magnetite and differs 
from sample 6 only in having approximately 1 order of magni- 
tude greater concentration of magnetite particles. Samples 8 
and 9 were prepared identically from the same batch of Elmore 
magnetite. 

Initial experiments with the matrix material suggested that it 
was nonmagnetic. However, later it was discovered that the 
material is capable of acquiring a weak TRM. The weak field 
TRM of a blank sample containing only alumina and calcium 
aluminate is roughly 1 order of magnitude less than a TRM for 
the next most feebly magnetized sample (see Table 3, column 
2). Extensive experiment. s described elsewhere [Levi, 1974] 
indicate that the magnetic impurity is probably fine grain 
magnetite (blocking temperatures of less than 580øC), which 
is probably produced by the reduction of a Fe•O• impurities 
when they are heated in a reducing environment. For the sake 
of comparison the 'blank' was always run along with our other 
samples in the experiments and is labeled sample 10. The data 
show that the matrix does not seem to affect the magnetite 
particles that it hosts beyond the effects of concentration of its 
own magnetite particles. Other workers may encounter similar 
problems with alternative matrices when careful analyses are 
undertaken. The final sample used in this paper comes from 
the O!by basalt flow in France, which is known to contain SD 
and/or PSD magnetite [Whitney et al., 1971]. 

After the samples were prepared, they were slowly heated to 
650øC for 6 hours and then given repeated TRM's in the same 
slightly reducing atmosphere described earlier until the TRM 
was reproducible to within 2 or 3%. 

EQUIPMENT AND EXPERIMENTAL PROCEDURES 

A Schoenstedt slow spinner magnetometer was used for all 
measurements of remanence. Alternating field demagnetiza- 
tion experiments were conducted by using a four-axis tumbler 
system in a null-field environment. Thermal demagnetization 
and low-temperature runs were conducted in a nonmagnetic 
space (+50 'r, equivalently, +50 nT). A low-temperature cycle 
or treatment refers to the process of cooling a sample in a 
nonmagnetic space below magnetite's isotropic point near 
130øK and reheating the sample in the nonmagnetic space to 
room temperature, where the remaining remanence is mea- 
sured [Ozima et al., 1964; Merrill, 1970]. High-field magnet- 
ization versus temperature (J versus T) runs and the determi- 
nations of the bulk magnetic properties were conducted on a 
Princeton Applied Research vibrating sample magnetometer. 
Unless it is otherwise stated, heating runs were conducted in a 
vacuum of the order of 10 -• torr, with purified nitrogen as the 
residual gas. A large solenoid was constructed to fit around the 
nonmagnetic furnace and to connect directly to the inductrol 
of our af demagnetization unit. This solenoid was then placed 
inside the nonmagnetic space to allow us to conduct uniaxial 
hot af demagnetization experiments. Because reinanent mag- 
netizations were given in the laboratory to magnetically iso- 
tropic samples, the uniaxial af demagnetization at room tem- 
perature was found to be essentially identical to af 
demagnetization in our tumbler system providing, of course, 

TABLE 2a. Physical Description of Heated Natural Magnetites 

Sample,/ 
Powder Sieve dmax, Predominant 
Number Size, #m (d) #m Shape 

MSC-O -- 0 
MSC-I = 1 
MSC-2 

MSC-3 

2 44 <d< 105 

3 d<x44 
4 d<44 

6.378 g euhedral crystal 
3.569 g crystal chip 

•3 g crystal chip, 
flat 

9.583 g euhedral crystal 
2.7 #m 150 irregular 
1.5 #m 50 irregular 

0.31 + 0.2#m 2 regular polygons 

the reinanent magnetization was aligned along the axis of the 
solenoid. 

STABILITY OF MAGNETIC SAMPLES 

Magnetic stability is usually measured in paleomagnetic 
studies by one or more of the following techniques: af de- 
magnetization, thermal demagnetization, low-temperature 
treatment, or storage tests. McElhinny [1973, pp. 89-107] gives 
a brief description of these techniques. Table 3 summarizes the 
stability versus grain size for our magnetite samples for each of 
these procedures. The largest changes in stability with respect 
to thermal demagnetization occur between samples 0 and 2, 
while the largest changes in stability with respect to af de- 
magnetization and low-temperature cycles occur between sam- 
ples 1 and 4. As multidomain grains of magnetite are argued 
not to have coercivities greater than 100 or 200 Oe [Softel, 
1971 ], samples numbered 4 and higher presumably carry TRM 
in predominately PSD or SD magnetite. 

This interpretation is consistent with results from low-tem- 
perature treatments. In this regard we note that if the theory of 
Kobayashi and Fuller [1968] is correct, then PSD grains should 
behave similarly to SD grains during a low-temperature treat- 
ment, and the loss of remanence resulting from a low-temper- 
ature treatment essentially should be restricted to MD grains 
[Kobayashi et al., 1965; Merrill, 1970]. An examination of the 
Kobayashi-Fuller theory indicates that the apparent lack of a 
loss of remanence in SD particles after low-temperature treat- 
ment results when shape anisotropy is dominant in pinning the 
remanence across the isotropic point near 130øK. However, 
for some nearly equally dimensional magnetite grains whose 
microscopic coercivity is a result of both shape anisotropy and 
magnetocrystalline anisotropy, there is some magnetic rota- 
tion across the 130øK transition (at which the sum of the 
magnetocrystalline anisotropy constants changes sign). There- 
fore no loss is expected for samples containing SD/PSD acicu- 
lar magnetite, but a slight loss is expected for SD/PSD 
samples containing more or less equally dimensional magnet- 
ite. This expectation is consistent with the data of Table 3, 
which gives results for each of three successive low-temper- 
ature cycles. Essentially no loss is observed for the acicular 
magnetite, sample 11, while a slight loss is observed for the 
more equally dimensional submicron magnetite samples. The 
largest change in the amount lost from a low-temperature 
treatment occurs between samples 3 and 4. This suggests that 
the MD contribution to the TRM of sample 3 is substantially 
greater than it is to the TRM of sample 4. 

These results are consistent with Jns/Js values of the sub- 
micron-sized magnetite samples, which have ratios that vary 
from 0.10 to 0.44 (Table 1). The largest ratio was found for the 
SD particles with large shape anisotropy. This ratio is smaller 
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TABLE 2b. Physical Description of Heated Synthetic Magnetites 

Magnetite dmax, 
Powder Sample (d), #m #m 

Pfizer BK-5099 5 0.24 + 0.1 0.9 

CCC 6, 6A, 6B, 0.21 + 0.06 0.5 
6C, 7 

Elmore 8, 9 0.12 + 0.04 0.3 

Toda MRM- 11 0.35 X 0.04 1.2 X 0.13 
B-450 

Predominant 

Particle Shape 

regular polygon; cubes-• 
spheres 

regular polygon; cubes-• 
spheres 

regular polygon; cubes-• 
spheres 

acicular; axial ratio, 8:1 

than 0.5 (expected for an assemblage of randomly oriented SD 
particles), as would be expected if any MD, PSD, or super: 
paramagnetic particles are present. Davis and Evans [1976] 
have shown that magnetic interactions can also cause a reduc- 
tion in JRs/Js, the effect being greatest for the most SD behav- 
ing samples. Typical JRs/Js values for samples of larger grain 
sizes are 1 or 2 orders of magnitude smaller. 

A storage test is not usually considered a demagnetization 
procedure but rather an indication of viscous effects that, 
presumably, preferentially affect M D grains. The results of the 
storage tests (Table 3) are more difficult to interpret in a 
precise manner but appear to be consistent with the inter- 

pretations made from the af demagne[ization and low-temper- 
ature results. 

If one expected higher 'stability' with decrease in grain size 
for the samples in Table 3, then the numbers ranging from 0 to 
11 in parentheses in the last four columns, which indicate 
the samples' relative stability, should progressively increase 
downward in each column. Of the demagnetization proce- 
dures, thermal demagnetization appears to be the least effec- 
tive in selectively removing TRM in MD grains. The low- 
temperature treatments are the most correlatable with changes 
in particle size. Low-temperature treatments detect the pres- 
ence of M D grains through a loss of remanence during cooling 

TABLE 3. TRM Properties of Heated Magnetite Samples 

Mean TRM 

of Sample, Low- 
emu/g Temperature Spontaneous 

Sample (h = 0.47 Oe) H•/•., Oe (T•),øC Cycles Decay 

0 0.75X 10 -3 12+4(0) 300+40(0) 0.136 0.926+0.013(1) 
0.110 

0.106 (1) 
I 1.63 X 10 -3 17 + 2 (1) 380 + 80 (1) -0.091 0.924 + 0.012 (0) 

-0.092 

-0.101 (0) 
2 1.45 • 10 -4 77 + 5 (2) 475 + 15 (5) 0.590 0.938 + 0.002 (2) 

0.465 

0.476(2) 
3 1.32 X 10 -3 138 + 10 (3) 493 + 10 (7) 0.593 0.970 + 0.005 (5) 

0.521 

0.497 (3) 
4 0.573 X 10 -3 380 + 15 (9) 444 + 10 (4) 0.936 0.990 + 0.002 (6) 

0.889 

0.822(4) 
5 1.78 X 10 -3 351 + 15 (7) 492 + 10(6) 0.945 0.992 + 0.002 (7) 

0.935 

0.929(5) 
6 0.729 X 10 -'3 338 4- 15 (6) 507 4- 10(9) 0.976 0.995 4- 0.004 (9) 

0.951 

0.945 (7) 
7 7.68 X 10 -3 360 4- 15 (8) 508 4- 10(10) 0.965 0.998 4- 0.002 (10) 

0.961 

0.955(8) 
8 0.707 x 10 -3 295 4- 15 (4) 400 4- 15 (2) 0.990 0.967 4- 0.002 (4) 

0.971 

0.965 (10) 
9 0.657 X 10 -3 300 4- 15 (5) 418 4- 10(3) 0.986 0.958 4- 0.002 (3) 

0.910 

0.907 (6) 
10 0.158 X 10 -4 430 4- 20 (10) 503 4- 10(8) 0.982 0.994 4- 0.012 (8) 

0.974 

0.960(9) 
11 !.95 X 10 -3 5714-20(11) 5194-10,(11) 1.003 0.9984-0.002(11') 

0.995 

0.994 (I 1 ) 

The numbers ranging from 0 to 11 in parentheses in the last four columns indicate the relative 
stability of the samples. These numbers in the 'Low-Temperature Cycles' column apply to all three 
values for each sample. 
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and a partial recovery on heating. However, because some 
part of MD remanence always remains and because the low- 
temperature treatment preferentially affects grains whose 
remanence is held by magnetocrystalline anisotropy, af de- 
magnetization is actually more effective in removing the TRM 
of MD grains [Merrill, 1970]. 

Contrary to the intuition of many paleomagnetists, there is 
no clear-cut correlation indicated in Table 3 between H•/: and 
T•. The lack of a one-to-one relationship between H•/: and T• 
can be illustrated by the theory of single-domain grains. The 
relaxation time for an ensemble of noninteracting identical 
single-domain grains of uniaxial anisotropy and in zero ex- 
ternal field [Ndel, 1949] is 

r+ = -f- exp, 2kr (1) 
where I/is volume, k is Boltzmann's constant, T is temper- 
ature, and f is the frequency parameter which can be approxi- 
mated by a constant. At blocking, 

2kr blocking = In (rf)blocking = C (2) 
where C is the blocking constant. For a given value of the 
blocking temperature (and therefore a given value of Js), (2) 
can be satisfied by a family of values of V and Hot. Therefore 
one should not expect a one-to-one relationship between Hc• 
and Ts or between r and Ts. 

An important question concerns the accuracy, as contrasted 
with precision, of the measurements in Table 3. Of particular 
importance is the degree to which a given measurement is 
reproducible in another laboratory when a different magnetite 
sample of presumably 'identical' properties is used. In this 
regard we stress again that it is important to make com- 
parisons of properties only for samples that have been stabi- 
lized by heating in a controlled atmosphere. 

The accuracy is partially reflected by considering samples 6 
and 7, which come from the same batch of synthetic magnetite. 
Sample 7 roughly contains 10 times the volume of magnetite as 
does sample 6. Because higher packing density of the magnetic 
mineral is known to reduce the coercivity, the larger value of 
H1/2 for sample 7 than that for sample 6 is a reflection of 
accuracy and not of packing density. Although the accuracy in 
this case is barely within the limits of the quoted precision, one 
would, in general, expect much larger differences to occur in 
the apparent magnetic properties of seemingly identical mag- 
netites when the measurements are made in different laborato- 

ries, especially when the magnetites are synthesized by using 
different techniques and when different equipment is used in 
the measurements. Therefore one must be cautious about 

making too much of small numerical differences in Table 3 and 
in interpreting similar experiments done in other laboratories. 

THE STABILITY OF REMANENCE AND ITS 

TEMPERATURE DEPENDENCE 

Introdt•ction 

The stability of remanence with time, a property that usually 
can be best described by referring to the relaxation time r, is 
probably the most important magnetic property to paleomag- 
netists. Although many simplifying assumptions were made by 
N•el [1949], he has derived a relationship (equation (1)) be- 
tween r and the intrinsic coercivity H• that appears to work 
reasonably well for SD grains. The problem is more com- 
plicated for MD grains. In MD grains, H•t is usually associ- 

ated with the field required to move a domain wall over a 
particular energy barrier. Although a relationship similar to 
that of SD particles may be applicable to the relaxation of a 
single domain wall, it is doubtful that such a relationship is 
applicable to a M D particle that contains many walls, because 
of magnetic interaction between different domains. In particu- 
lar, the stability of M D grains is well known to decrease with 
increase in the mean particle volume (all other factors con- 
stant), in contrast to SD grains, for which the stability in- 
creases with mean grain size (equation (1)). Nevertheless, all 
other factors being equal, one does expect that even in M D 
grains an increase in H• is directly related to an increase in 
stability. At present the problem is even more complicated for 
PSD grains, primarily because there is no agreement on the 
magnetic configuration of such grains. 

One does not directly measure H•t (although Hc• is some- 
times calculated from measurements of particle shapes and 
volumes and knowledge of the predominant magnetic ani- 
sotropies). Instead, one measures some other 'coercivity' such 
as Hc, HcR, or H•/•, from which one tries to infer the relaxa- 
tion time and to construct theories for the origin of remanence 
in SD, PSD, and MD grains. 

The temperature dependence of Hc and HcR has been used 
to assess how magnetic anisotropy and domain structures 
influence the magnetic stability [Rathenau, 1953; Morrish and 
Watt, 1958; Dunlop, 1969]. In this section we report on our 
measurements of af demagnetization at different temperatures 
of TRM's in MD, PSD, and SD particles between T• and T• 
to study which magnetic parameters influence the stability and 
acquisition of TRM and how they depend on the particles' 
magnetic state. For the PSD particles we compare the temper- 
ature dependence of H•/• with that of Hc and Hc•. 

Experimental Results 

Hot af demagnetization experiments were conducted with 
four single crystals of magnetite (Table 2), an Olby flow 
sample which contains SD grains, arid samples 6B and 6C 
which contain PSD particles (mean diameter equals 0.21 #m). 
We consider first the results for the MD grains. After TRM 
was induced, the samples were thermally demagnetized at the 
elevated temperature, where they were subsequently af demag- 
netized. The temperature values are thought to be known to 
+ 10øC, and the values of H•/• to -t-5%. The remanences were 
always measured at room temperature, and the demagnetiza- 
tion curves at each temperature were obtained by normalizing 
the remanence with respect to the magnetization remaining 
after the thermal demagnetization step. For the MD crystals 
the TRM was induced in an external field of 9.10e, because 
for 0.5-Oe TRM, H•/• was only 20 Oe at room temperature. 
The results are shown in Figure 3. Three of the samples display 
a broad maximum between 200 ø and 400øC. For the fourth 

sample the curve for H•/•. is essentially flat to 400øC. Rathenau 
[1953] also observed a single maximum in the coercivity versus 
temperature curve for MD particles of Ba ferrite when they 
were heated from 78øK to their Curie point near 530øK. 

Very different behavior from that of the MD grains was 
observed for samples containing SD grains (Figure 4) and 
PSD grains (Figure 5). The TRM's in the SD and PSD sam- 
ples were produced in a 0.5-Oe field, which is greater than the 
'critical field' of these PSD magnetite particles (see the section 
on the effects of the external field on critical sizes for a dis- 

cussion of the critical field). Therefore the similarity of the H•/: 
versus T curves for these samples is not surprising. As is 
expected, the relative stability decreases with temperature. The 
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Fig. 3. Hx/• (peak oersted) versus temperature plot of the large crystals of magnetite. The curves either are flat up to 

about 400øC (MSC-3) or display a broad maximum between TR and 400øC. Note the relatively large scatter in the H•/• 
values of the different samples. 

temperature dependence of H•/2 can be approximated reason- 
ably well by a line. The experiments at 500øC were repeated to 
test the reproducibility of the results (see Figures 4-6). When 
the lines for H1/•. of the different samples are extended to 
intersect the temperature axes, values close to, or slightly 
above, the Curie temperature are obtained. Because these val- 
ues appear too high, we conclude that the stability, as mea- 
sured by H•/2, decreases linearly up to near the blocking tem- 
peratures, above which a more rapid decay occurs. 

Since many theoretical studies utilize relationships between 
saturation magnetization and coercivity, it is important to 
measure these parameters. We felt that this would be partic- 
ularly interesting for the CCC magnetite particles, whose mean 
diameters are close to 0.21 t•m (samples 6, 6A, 6B, 6C, and 7) 
because such particles are usually considered to be PSD. 

The experiments were performed with undiluted and diluted 
(roughly to 1.5 wt %) magnetite powder with essentially the 
same results. This suggests that packing is not a very impor- 
tant variable in these experiments and this particular powder. 
Figure 6 shows the temperature dependence of Js, He, and 
He, normalized to their values at T, for both diluted and 
undiluted powders. The measurements were made with our 
vibrating sample magnetometer; runs were made at low pres- 
sures (• 10 -• torr), with nitrogen the residual gas. J-T runs for 
these magnetites were found to be reversible under these con- 
ditions. For comparison, Figure 6 also shows H1/• (normalized 
to their values at Tn) versus T curves for samples 6B and 6C. 
To a reasonably good approximation the data of Figure 6 
satisfy the following relationships: 

Hc o: Hc• o: j$3/2 H•/2 oz j$5/2 

The different temperature dependences expressed by these 
proportionalities reflect, in part, the fact that H1/• refers to a 
TRM, while Hc and Hc• involve a saturation isothermal 
remanent magnetization. It is interesting to note that H•/• 
decays more rapidly than Hc and Hc•. 

Ideal SD particles are magnetized to saturation, and their 
net magnetic moment is equal to VJs. However, for particles 
for which J.s/Js < 0.5, the net magnetic moment is less than 
VJs, and Js is no longer the appropriate parameter to represent 
the particles' net magnetic moment. Although it might not be 
the ideal parameter, it seems that Jns is a better representation 
than Js for the particles' mean magnetic moment. 

For this reason in Figure 7a, Hc and Hcn normalized with 
respect to their Tn values are plotted versus Jns normalized to 
its room temperature value for both diluted and undiluted 
CCC powder. All the data are linear to a rather good approxi- 
mation, and the following relationship is maintained: 

Hc.(T) Hc(T) d•s(T) 
Hc.(T•) Hc(T•) 

(,3) 

That is, both length and width of the hysteresis loop shrink at 
the same rate with increasing temperature. In Figure 7b we see 
that 

H•/•(T) riss(T)] H•/•(T.'•-• • LJ.s(T.) _J (4) 
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Fig. 4. (Top) Normalized af demagnetization curves at elevated temperatures of 0.49-Oe TRM of basalt sample Olby 
269A, whose magnetic carriers are single-domain magnetite particles. The remanence is measured at TR; the initial points 
represent the remanence after thermal demagnetization at the temperatures where the af demagnetization was subsequently 
performed. The demagnetization curves become monotonically 'softer' with increasing temperature. (Bottom) Solid 
circles (left ordinate) represent the H•/• versus temperature curve; H•/• decreases linearly With increasing temperature. Open 
circles (right ordinate) represent the sample's normalized thermal demagnetization curve. 

where the H•/•. data are identical to the H•/•. data of Figure 6 
and the JRs versus T data were obtained separately, simultane- 
ously with the other hysteresis parameters of Figure 6 (He, 
HeR, and Js). (Since two independent J•s versus T determina- 
tions were made corresponding to both diluted and undiluted 
powders and because differences in the J•s values are thought 
not to be related to the dilution of the magnetite powder, with 
each H•/•. determination of Figure 7b there are associated two 
J•s values. Near 500øC the J•s values for the diluted and 

undiluted powders are indistinguishable; however, at that tem- 
perature, two H•/•. determinations were made for each 
sample.) 

When Hc/JRs and Hca/JRs data from Figure 7a are plotted 
versus temperature, horizontal lines are obtained (parallel to 
the temperature axis) for both diluted and undiluted powders. 
These results show that Hc and HeR are linearly proportional 
to J•s between T• and Tc; this suggests that in this temper- 
ature range, shape anisotropy is dominant in determining Hc 
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Fig. 5. (Top) Normalized af demagnetization curves at elevated temperatures of 0.49-Oe TRM of sample 6B, whose 
magnetite carriers are synthetic equidimensional magnetite particles with a mean diameter of 0.21 um. The remanence is 
measured at TR; the initial points represent the remanence after thermal demagnetization at the temperatures where af 
demagnetization was subsequently performed. The demagnetization curves become monotonically less stable with increas- 
ing temperature. (Bottom) Solid circles (left ordinate) represent the tt,/•. versus temperature curve; ttl/•. decreases linearly 
with increasing temperature. Open circles (right ordinate) represent the sample's normalized thermal demagnetization 
curve. 

and Hc/•. (Significant contributions of magnetocrystalline or 
magnetostrictive anisotropy would result in a more rapid rate 
of decay with temperature of Hc and Hc/•.) In addition, these 
data do not support the presence of a significant contribution 
due to thermal fluctuation [Dunlop and Bina, 1977] until, possi- 
bly, just below Tc, unless thermal fluctuations are also linearly 
proportional to J/•s. Shape anisotropy is also the chief contrib- 
utor to H•/2, but in this case there are also contributions from 

other anisotropies. These conclusions are consistent with our 
earlier discussions suggesting that shape anisotropy largely 
determines the stability of these particles, which results in only 
a slight loss of remanence after a low-temperature cycle. 

There is an inherent ambiguity in measuring Hc and HcR 
versus temperature, because the ensemble of particles contrib- 
uting to Hc and HcR changes with temperature as some par- 
ticles become superparamagnetic. This ambiguity can be 
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Fig. 6. Hysteresis parameters as a function of temperature for 

Columbian Carbon Company magnetite powder whose equidimen- 
sional particles have a mean diameter of 0.21 #m. Solid symbols 
represent the undiluted powder, and open symbols represent powder 
diluted to a concentration of about 1.5 wt %. Circles represent the 
normalized Js versus T dependence. Squares represent the normalized 
Hc versus T dependence. Triangles represent the normalized Hca 
versus T dependence. Crosses (sample 6B) and pluses (sample 6C) 
represent the normalized Hx/2 versus T dependence. 

avoided in the H1/2 versus T experiment by producing a partial 
TRM whose temperature interval is above the peak temper- 
ature to be used for af demagnetization. 

CHANGES IN DOMAIN WALL THICKNESS 

WITH TEMPERATURE 

At first glance the initial rise observed for H1/2 with temper- 
ature in M D grains seems puzzling, since all the anisotropy 
energies that one associates with coercivity in magnetite ap- 
pear to decrease monotonically with temperature (above room 
temperature). Because shape anisotropy for SD particles de- 
pends linearly on Js, it decreases with increasing temperature. 
Fletcher [1971] has shown that the magnetocrystalline ani- 
sotropy energy for magnetite, as expressed by the magneto- 
crystalline anisotropy constants K1 and K•, decreases with 
temperature above TR, where TR refers to room temperature. 
This decrease can be expressed in terms of Js [Fletcher, 1971 ]: 

Ki(T) I Js(T)qS gl(r•) - Js(Ta)l (5) 
Although K• is less well known, it probably also decreases 
rapidly with temperature [Morrish, 1965, p. 321]. Hereafter, K 
will be used to represent an average magnetocrystalline ani- 
sotroPy constant. In addition, the magnetostriction anisotropy 
energy appears to decrease with temperature, as is shown by 
Klapel and Shire [1974]. 

We will show in the next section that a possible explanation 
for our observations involves the change in dimension of a 
domain wall with temperature. The usual treatment of domain 
walls given in textbooks [e.g., Cullity, 1972, p. 290] predicts 
that the domain wall thickness increases with temperature. 
These treatments are oversimplified, because they incorrectly 
treat the temperature dependence of the exchange parameter A 
and because they neglect to treat the shape anisotropy of the 
domain wall. Amar [1957, 1958] has pointed out that domain 
walls can possess a significant shape anisotropy that must be 
considered in many calculations. We will show that the width 
of a typical domain wall in MD magnetite increases with 
temperature until a size is reached at which the magnetostatic 
self-energy of the domain wall dominat•:s the magnetocrystal- 

line anisotropy energy. The width of the domain wall decreases 
with further increase in temperature. In addition, we will pro- 
vide reasonable estimates for the temperature dependence of 
the exchange parameter A. Such estimates are valuable for a 
wide variety of theoretical calculations. 

The exchange parameter A is given by [Chikazumi, 1964, p. 
273] 

A = CJeJs • (6) 

where C is a constant with respect to temperature and J• is the 
exchange 'constant' that is directly related to electron overlap. 
The electron overlap of both 3d and 4s electron orbitals 
changes with increased temperature, because of thermal ex- 
pansion and because of increased thermal vibrations. Al- 
though we cannot accurately predict the temperature depen- 
dence of J• for magnetite, we can place limits on J•. 

We note that eventually, Js must decrease with temperature, 
because at the melting temperature, long-range order dis- 
appears, atomic mobility greatly increases, and the electron 
overlap is substantially lower. Therefore, a reasonable upper 
limit for Js is to assume that J• is constant, independent of 
temperature. To establish a lower limit for J•, we note that Js 
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Fig. 7. (a) The normalized coercivities Hc (squares) and Hca 
(triangles) plotted versus the normalized saturation remanence Jas for 
different temperatures for previously heated CCC magnetite powder. 
Solid (open) symbols represent undiluted (diluted) powder. Note the 
linear relation for both Hc and Hca. (b) Normalized Hx/2 values 
plotted versus normalized Jas for sample 6B (crosses) and sample 6C 
(pluses), which contain CCC magnetite powder. The curves represent 
the equation Y = X E, where X = Jas(T)/Jas(Ta); curves are drawn for 
E: 1, E= LandE = 3. 
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cannot go to zero a t the Curie temperature, since this would 
imply a significant change in bond type there, a phenomenon 
that is well known not to occur. Therefore a reasonable lower 

limit for Jx is simply Js itself. We assume in the above that J• 
decreases relatively smoothly with temperature. We exclude 
such hypothetical cases as that in which (1) J• first increases 
with temperature above Tn before decreasing and (2) J• de- 
creases more rapidly than Js. The limits of ,4 can then be 
obtained from (6): 

Js(TR)_] - •1(TR) < Js(T•)_] (7) 
With the usual approximation that the domain wall width (at 
least at temperatures close to room temperature) is linearly 
proportional to (A/K) •/•' [Chikazumi, 1964, p. 191], we use (5) 
and inequality (7) to find 

•/•' b(r) Js(r•)l * 
Js(T) • - b(T•) - Js(T) • 

We note that this predicts that a domain wall's thickness 
approaches infinity close to the Curie temperature, where Js 
approaches zero [Verhoogen, 1959]; or, considering the geo- 
metric limits imposed by grain size, a wall will increase until it 
fills the grain. This calculation neglects the effects of domain 
wall shape anisotropy. 

The role of shape anisotropy of the domain wall can be 
approximated by considering a 180 ø domain wall in which the 
atomic magnetic moments vary as the sine function from 0 ø to 
180 ø. The net wall moment is (2/•')Js per unit cross-sectional 
volume, and it is directed perpendicularly to the moments of 
the adjacent domains [Stacey and Banerjee, 1974, p. 60]. Even 
though the magnetization is nonuniform, the corresponding 
shape demagnetization energy probably is reasonably well ap- 
proximated by 2ANJs•'/rr •', where AN is the difference in the 
appropriate demagnetizing factors. 

Since the magnetocrystalline anisotropy energy decreases 
much more rapidly than magnetostatic self-energy, a temper- 
ature will be reached, defined as the crossover temperature, at 
which the shape anisotropy becomes dominant. This occurs 
when 2ANJs•'/rr •' > K. A crossover temperature is always 
reached, since K decreases much more rapidly with temper- 
ature than Js •' (equation (5)). Technically speaking, both shape 
anisotropy and magnetocrystalline anisotropy energies always 
contribute to the wall energy; this is particularly true near the 
crossover temperature. However, to obtain a first-order ap- 
proximation, we substitute the shape anisotropy for K above 
the crossover temperature. This yields the following brackets 
on wall thickness: 

Js(T•)_] - b(T•) < Js(TR)_] = 1 (9) 
Therefore it appears that domain walls monotonically increase 
in size until a temperature is reached for which shape ani- 
sotropy dominates; this results in a decrease in the wall's 
thickness with further increase in temperature, unless the up- 
per limit is applicable, in which case the wall's thickness is 
constant. 

POSSIBLE INTERPRETATIONS FOR THE INCREASE 

IN //1/9. WITH TEMPERATURE IN MD GRAINS 

We begin by considering possible effects associated with 
changes in domain wall thickness. To do this, we use a sim- 
plified model given by Chikazurni [1964, pp. 285-287] for 

calculating the critical field required to move a domain wall 
over a particular energy barrier. Clearly, one can expect that 
the larger the critical field required, the larger H•/•. will be, all 
other factors being equal. The barriers are assumed to be 
caused by a sinusoidal distribution of stress accumulations 
resulting from crystal imperfections. The stress is assumed to 
be given by a = ao cos 2•- (x/l), where ao is its maximum 
amplitude, x is the displacement coordinate, and I is the wave- 
length of the stress centers. We assume that the critical field is 
directly related to H•/•. and Hot. One obtains [Chikazumi, 1964, 
p. 286] 

ß -Xa b 

Herme = ds cos 0 •' (10) 
where b is the domain wall thickness, X is the appropriate 
magnetostrictive constant, Js is the saturation magnetization, 
and 0 is the angle between Js and the applied field. Equation 
(10) is derived for I > b. Starting with I >> b, we gee that Hcritic 
will increase with increasing domain wall thickness b. Because 
the domain wall width has been shown to increase initially 
with temperature, the critical field will also increase, provided 
that the increase in the domain wall width predominates over 
the temperature variations of the other parameters. A maxi- 
mum will occur either because b becomes larger than 1, a 
situation that invalidates the assumptions used to derive (10), 
because shape anisotropy becomes dominant and the domain 
wall thickness decreases, or because of the accumulative effect 
of the temperature variations of X, a, and Js. 

An alternative explanation for the maximum in H1/•. in- 
volves the experimental design. It is important to note that 
with each increase in temperature in the hot af demagnetiza- 
tion runs one is removing the remanence that was blocked 
below the peak temperature of the experiment. Let T* denote 
any temperature below Truax, the temperature at which H1/•. is 
maximum. Then a maximum in H1/•. can occur if the rema- 
nence blocked below T* has a lower af demagnetization stabil- 
ity than the remanence blocked above T*. That is, there is a 
direct correlation between H1/•. and blocking temperature for 
the TRM blocked below Truax. Although our experiments are 
inadequate to determine which of the above mechanisms is 
primarily responsible for the observed behavior, in some sam- 
ples both mechanisms probably contribute to it. 

DEPENDENCE OF CRITICAL DOMAIN SIZE 

ON EXTERNAL FIELDS 

Introduction 

It is well known that many properties of remanent magnet- 
ization depend on the field strength used to produce the rema- 
nence of the sample. As will be shown here for the first time, it 
appears that actual critical domain sizes also depend on the 
field strength. 

Calculations to determine critical sizes for the SD-MD tran- 

sitions are obtained by comparing the magnetic energies of 
different domain configurations, for example, comparing the 
SD state with that of a spherical arrangement of the spins 
(N6el, cited by Kittel [1949]; also Morrish and Yu [1955]), or 
by comparing the SD state with a two-domain configuration 
[Kittel, 1949; Amar, 1958; Butler and Banerjee, 1975] or a four- 
domain configuration [Kittel, 1949; Stacey, 1963]. It is postu- 
lated in these calculations that the particle will assume the 
geometry of minimum energy. Although the calculations usu- 
ally neglect the effects of external fields, it is easy to see that an 
external field parallel to the magnetization of a SD particle will 
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tend to increase the critical size for the transition from SD to 

any of the configurations with inhomogeneous magnetization 
mentioned above. 

The problem is that when one is dealing with remanent 
magnetization, one is necessarily dealing with a nonequi- 
librium state. Therefore minimization of energy principles 
used to calculate critical sizes theoretically and which assume 
equilibrium conditions is not necessarily applicable. 

Experimental Results 

The contention that critical domain sizes depend on external 
fields, which has been suggested by Dickson et al. [1966], is 
supported by data given in Figure 8 showing af demagnetiza- 
tion of TRM acquired in different field strengths for sample 7 
(mean particle diameter, 0.21 #m). We see that the relative 
stability, as measured by af demagnetization, increases with 
external field strength between 0. l0 and 0.25 Oe and decreases 
with external field strength above 0.49 Oe. (Alternating fre- 
quency demagnetiza.tion was carried out to 1000 Oe, but the 
results of af values greater than 500 Oe are difficult to interpret 
because they are overprinted by ARM. See Levi [1974] for 
further discussion on this point.) On the basis of the Lowrie- 
Fuller test [Lowtie and Fuller, 1971], which distinguishes SD 
and PSD from MD behavior [Dunlop et al., 1973; Johnson 
et al., 1975], the remanence in this 0.21-#m-mean-diameter 
sample behaves as if it were in SD or PSD particles when 
the TRM is acquired in fields greater than a critical field 
where 0.10 < hc < 0.49 Oe, and like MD particles for fields 
less than h•. It is important to note that additional data 
strongly support this finding. Data identical to those of sam- 
ple 7 shown in Figure 8 were also obtained for sample 6A, 
which contains the same magnetite powder as sample 7. In 
addition, for a sample from the Olby flow, which is known to 
contain predominantly SD particles [Whitney et al., 1971], 
the af stability decreases monotonically with increasing TRM 
fields. The same TRM fields were used for all three samples, 
and the heating conditions were identical. 

Discussion 

The reason for this behavior can be understood by consid- 
ering a simple example. Suppose the equilibrium configuration 
for a grain at room temperature and in the absence of an 
external magnetic field is the two-domain state. Now suppose 
that we cool this grain in a large magnetic field. If the field is 
large enough, there will be no domain wall in the grain. Sup- 
pose further that the remanence is blocked while the grain is in 
this uniformly magnetized state. At room temperature, after 
the field is removed, the grain would like to be in the two- 
domain state, the equilibrium state. However, to do this, it 
must nucleate a wall. Because of exchange coupling, this is 
most easily accomplished at the grain's surface, and the wall 
must traverse the grain from the boundary to the equilibrium 
position in the center of the grain. Therefore, there is a net 
activation energy in going from the SD to the MD state that 
consists of the nucleating energy for the domain wall and its 
traverse energy, that energy required for the wall to move from 
the grain's boundary to its interior. Depending on the particle 
geometry, defect structures, etc. this energy might be suf- 
ficiently great to maintain a nonequilibrium configuration as a 
roetastable state with a very long time constant. Interestingly, 
in this case the appropriate relaxation time for the remanence 
might well be that associated with the change in the state of 
magnetic configuration of the grain. 

Using the model of the previous paragraph, we can readily 
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Fig. 8. Stepwise af demagnetization curves of TRM's induced in 
different magnetic fields in sample 7, which contains equidimensional 
magnetite particles whose mean diameter is 0.21 #m. Note that the 
most stable demagnetization curve corresponds to the 0.25-Oe TRM 
and not to the 0.10-Oe TRM, which is the lowest inducing field used. 
The 0.49-Oe TRM is also more stable than the 0.10-Oe TRM. 

explain the demagnetization curves of Figure 8. We suppose 
that for TRM-producing fields h > h• the particles contain no 
domain walls. If af demagnetization occurs by the nucleation 
of a domain wall and its subsequent translation, then for h > 
h• the stability of these particles should exceed that of truly 
MD particles, whose af demagnetization is by domain wall 
movements only. Although the required energy for wall nucle- 
ation is not known, it seems reasonable that •the af stability of 
such submicron particles would be less than that for true SD 
particles (sample 11, Table 3), whose demagnetization is by the 
rigid rotation of the magnetic moments. Because the observa- 
tional data are indirect, it is possible that for h > h•, demag- 
netization might occur by a mode of nonrigid rotation of the 
magnetic moment, such as magnetization curling [Frei et al., 
1957]. Similar to the explanation of Lowrie and Fuller [1971] 
for SD particles is the expectation that for h > hc the af 
stability would decrease with increasing TRM fields. For h < 
h• the particles are supposed to contain a domain wall, af 
demagnetization is by domain wall movements, and the af 
stability is expected to increase with increasing TRM fields 
[Lowrie and Fuller, 1971]. However, even for h < h• the af 
stability of these submicron PSD particles should be sub- 
stantially greater than it is for bulk MD material because of 
the particles' small size and the relatively large interaction 
between the domain walls and the crystal surfaces. 

For the CCC magnetite powder at room temperature, 
Jns/Js = 0.12 (Table 1), which is substantially less than the 
0.50 value expected for a random distribution of SD particles. 
This condition could be due, in part, to the presence of M D 
and superparamagnetic particles in the assemblage, but it 
might also be due to particles which, though they are not MD 
in. the classical sense, are inhomogeneously magnetized. Such 
inhomogeneous magnetization might be caused by shape de- 
magnetizing effects of the particles' crystal surfaces. 

The Lowrie-Fuller test has become a very popular tool for 
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distinguishing the domain state of magnetic particles. Johnson 
et al. [1975] used ARM in studying the biasing-field depen- 
dence of af demagnetization characteristics. They found SD 
Lowrie-Fuller behavior of equidimensional particles of diame- 
ters of 0.2 #m. Thus they conclude that either the SD-PSD 
transition occurs at a diameter greater than 0.2 #m or the 
Lowrie-Fuller test does not distinguish between SD and PSD 
particles. The submicron magnetite particles used by Johnson 
et al. [1975] were prepared by precipitation from an aqueous 
solution, and they were substantially oxidized. Bailey [1975] 
also used ARM and observed a gradual change from SD to 
MD type Lowrie-Fuller behavior between 2 and 15 #m, sug- 
gesting that the PSD-MD boundary is at least several mi- 
crometers. Bailey's magnetite particles were obtained by grind- 
ing down larger particles, and the particles were not annealed 
prior to the af demagnetization experiments. Dunlop [1973], 
using both TRM and ARM, obtained SD characteristics of the 
Lowrie-Fuller test for submicron magnetite particles. Rarely, 
however, are the TRM-producing fields less than 10e. The 
estimate of Bailey and Dunlop [1975] is consistent with recent 
experiments of Day et al. [1976], who defined M D behavior to 
be when HcR/Hc > 3 and JRs/Js • 0.05. Day et al. suggest 
that the PSD-MD transition occurs between 10 and 20 #m. 

Some of these differences in critical size estimates are un- 

doubtedly the result of variations in the size of the inducing 
field. Figure 8 shows that for h > 0.50 Oe, SD behavior is 
obtained for sample 7, which has a mean particle diameter of 
0.21 #m. Yet for fields less than he, MD behavior is exhibited. 
Differences in estimates of critical size can result from the size 

of the inducing field, variations in shape anisotropy, variations 
in chemistry, variations in internal stress, and the use of differ- 
ent types of remanence. Although we are somewhat surprised 
that such variations can produce such large differences in 
critical size estimates, variations in the TRM-producing field 
strength appear to provide the most plausible explanation for 
our experimental results. 

It appears that numerous subtle factors, including field 
strength, can greatly affect estimates of SD-PSD and PSD-MD 
critical sizes. Because these factors are undoubtedly present in 
natural situations, one should expect a wide range of critical 
sizes in rocks. 

CONCLUSIONS 

In this paper we have measured numerous properties of SD, 
PSD, and MD grains. We have found that the stability with 
respect to low-temperature cycles to below magnetite's iso- 
tropic temperature is the most consistent indicator for domain 
structure in magnetite: minimum stability for large MD par- 
ticles, increasing stability with decreasing particle size, and 
maximum stability for acicular SD particles. This behavior is 
consistent with the diminishing role of magnetocrystalline ani- 
sotropy with decreasing particle sizes and a corresponding 
enhancement of shape anisotropy in controlling the rema- 
nence. Although the amount of remanence loss during a low- 
temperature cycle does not depend simply on grain volume but 
on other factors such as internal stress [Merrill, 1970], low- 
temperature cycles appear to be of great aid in determining 
whether a magnetite sample primarily consists of SD, PSD, or 
MD particles. In our studies the decrease of TRM (or ARM) 
in SD particles due to low-temperature cycles is typically less 
than 2 or 3%; in submicron particles that are larger than SD 
size, it is in the range of 5-20%, while in large M D particles it is 
greater than 50%. 

The stability with respect to thermal demagnetization is the 

least faithful stability indicator for predicting domain struc- 
ture in magnetite because some MD remanence is blocked at 
high temperatures in excess of 500øC. 

At room temperature, af demagnetization remains the most 
effective demagnetization procedure for assuring that the re- 
maining remanence is in submicron grains. 

We have shown that a typical domain wall width increases 
with temperature until a crossover temperature is reached. 
Above the crossover temperature the shape anisotropy energy 
of a domain wall dominates the magnetocrystalline anisotropy 
energy. This result possibly explains why the temperature de- 
pendence of H•/2 exhibits a broad maximum for MD particles. 
On the other hand, the H•/2 versus T curves for the SD and 
PSD samples are similar to one another,'-decreasing linearly 
with temperature between Ta and 500øC. The similarity of the 
curves suggests that the same anisotropy is responsible for the 
TRM of these PSD and SD samples. 

It is well recognized that critical sizes for transitions between 
SD, PSD, and MD behavior depend on grain shape and tem- 
perature (for example, see Butler and Banerjee [1975]). In 
addition, we have shown that several other factors can affect 
critical size estimates, such as the type of remanence involved 
and the strength of the field used in the experiments. Because 
of this and because activation energy is required to pass from 
one magnetic configuration to another, it is possible that a 
remanence at room temperature resides in grains that are not 
in their equilibrium configuration. The appropriate relaxation 
time of an ensemble of such grains may be very different from 
that previously assumed. Finally, this work clearly demon- 
strates that the various criteria used to estimate critical sizes 

(Lowrie-Fuller test, hysteresis parameter analyses, low-tem- 
perature treatments, etc.) can give inconsistent results. This 
comes about because the different methods used either are 

dealing with different types of remanence or involve experi- 
ments conducted at different temperatures, where the magnetic 
parameters are different. 

NOTATION 

Js saturation magnetization, the magnetization measured 
in the presence of a saturating field. 

Jas saturation remanence, the remanence after the saturat- 
ing field has been removed. 

Hot microscopic or intrinsic coercivity of a magnetic par- 
ticle. 

Hc bulk coercivity, the coercivity which refers to the re- 
versed field required to reduce to zero the net sample 
magnetization, after the sample has been magnetized to 
saturation. 

Hca remanence coercivity, the magnitude of the reversed 
field required so that when this reversed field is reduced 
to zero, the sample is left with zero magnetization. 

H1/s median destructive field, the peak alternating field re- 
quired to reduce the remanence to half its initial value. 

T l temperature in degrees Celsius or degrees Kelvin; Tc 
is the Curie point; Ta is room temperature; Ts is block- 
ing temperature. 

(Ts) median blocking temperature of the sample, the tem- 
perature to which the sample must be heated in zero 
field so that its remanence at TR equals one-half its 
initial value. 
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