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Abstract

We have investigated the low-temperature behavior of a suite of ‘grown’ synthetic and natural magnetites that
span singie-domain (SD) and muitidomain {MD) behavior. Synthetic sampies had been grown in the laboratory
either in an aqueous medium or in glass. Natural samples included SD magnetites occurring in plagioclase and truly
MD magnetites in the form of large octahedra. In all experiments a sample was first given a saturation remanence at
room temperature; next, moment was measured continuously during cooling and warming between 230 K and 60 K.
Similar to results reported earlier by other workers, magnetic memory is large in SD samples, whereas truly MD
sampies are aimost compietely demagnetized by cycling between room temperature and 60 K. Pseudo-singie-domain
samples exhibit behavior that is intermediate with respect to that of the SD and truly MD states. When data from
this study are combined with data obtained by Hartstra {10] from sized, natural magnetites, it is found that the
percentage of total remanence that survives cycling between room temperature and 60 K decreases linearly with the
logarithm of grain size and, thus, with increasing number of domains. This relation suggests that memory can provide
a reasonable estimate of grain size in those magnetite-bearing rocks for which these sampies provide good
analogues. Remarkably, some of the large natural octahedra provide a magnified view of MD response to low
temperatures and thus reveal two surprising and intriguing types of behavior. First, below approximately 180 K these
octahedra demagnetize through a series of large Barkhausen jumps. Second, near 117 K these same octahedra
exhibit a ‘wild zone’, where magnetic moment executes large, random excursions. We interpret these two
phenomena as direct evidence for the unpinning and irreversible displacement of domain walls in response to the
drop in coercivity and, possibly, the broadening of domain walls as temperatures drop toward the isotropic point.
One implication of this behavior is that cooling to progressively lower temperatures could provide an effective
method for stepwise removal of paleomagnetic components carried by MD grains, even without passage through the
isotropic point of magnetite.

1. Introduction
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The low- temperature
has been a subject of interest for many decades.
At the isotropic point occurring at about 130 K,
the first magnetocrystalline anisotropy constant,
K,, changes sign, being negative above the

Elsevier Science B.V.
SSDI 0012-821X(94)00260-6

oaharrene
wIRAYIUL ULl llagliviie

isotropic point and positive below it [1,2]. At the
Verwey transition, which occurs at about 110-120
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thought to be a monoclinic structure [3-5]. As a
result, pre-existing remanence can drop dramati-
cally when a sample passes through these transi-
tion temperatures [6—13]. In multidomain parti-
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cles, demagnetization could result from the
broadening, unpinning and complete reorganiza-
tion of domain walls when K, becomes very
small in the temperature range near the isotropic
point. What remains puzzling is the partial recov-
ery of original remanence after multidomain
magnetite has been cycled through the transi-
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tions. Kobayashi and Fuller [8] suggested that

stress centers both pin and cause retention of

certain domain walls across the isotropic point.

Although this specific mechanism remains some-

what speculative, Hodych [14] has demonstrated

experimentally that stress does exert strong con-
trol on coercive force at low temperatures.

Not only is the low-temperature behavior of
magnetite fascinating in terms of its physics, it
also contains practical information relevant to
rock magnetism and paleomagnetism. For exam-
ple, the response of remanence to low-tempera-
ture cycling has been used as a magnetite detec-
tor in rocks [15,16]. Second, there is good evi-
dence that magnetic memory increases with de-
creasing grain size, although the particular rela-
tionship depends on the sample preparation
method [10,12,13,17-19]. In principle, low-tem-
perature memory could provide a size estimate of
the magnetites contained in rocks, once suitable
synthetic analogues are available. Finally, with
the increasing availability of instruments that en-
able remanence measurements at low tempera-
ture, continuous low-temperature demagnetiza-
tion could become a viable technique for isolating
paleomagnetic components in rocks highly sus-
ceptible to chemical alteration during heating
above room temperature.

We have performed a suite of experiments to
investigate low-temperature behavior in synthetic
and natural ‘grown’ magnetite particles, encom-
passing the single-domain (SD) and multidomain
(MD) states. The goals of these experiments were
twofold:

(1) to characterize low-temperature behavior
across a broad range of grain size and thus
domain state, since these grown crystals may
be representative of magnetites occurring in
certain types of rocks;

(2) to investigate the physical mechanism by
which low-temperature demagnetization oc-

curs in magnetite particles containing domain
walls.

2. Samples and experimental methods

We used the following natural and synthetic
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(1) plagioclase crystals separated magnetically
from the Lambertville diabase and which contain
submicron grains of magnetite (courtesy of R.
Hargraves); (2) large (e.g., 0.5 mm) individual
octahedra of natural magnetite occurring in schist
from Chester, Vermont (courtesy of Harvard Mu-
seum); (3) very large (> 2 mm) individual octahe-
dra of natural magnetite occurring in talc from
Windham, Vermont (courtesy of Harvard Mu-
seum); (4) virgin, submicron magnetite cubes
grown in aqueous (Aq) solution (courtesy of D.
Dunlop); (5) glass—ceramic (GC) magnetite
(courtesy of H.-U. Worm and W. Williams).
With the exception of the large, single octahe-
dra, each sample contained an assemblage of
particles. Lambertville samples were made by
randomly dispersing the plagioclase crystal sepa-
rate in nonmagnetic cement. Five GC magnetite
samples were investigated; average particle sizes
in these samples were 0.1 pm, 0.2 um, 1.5 gm, 7
um and 100 um [20]. In the two Aq samples,
average particle sizes were 0.1 pm and 0.22 pm,
respectively [21]. To reduce magnetic interac-
tions, the Aq magnetites were dispersed in cal-
cium fluoride and then compressed into cylindri-
cal pellets. It is important to note that the Aq
magnetites had not been previously reduced [13].
Results of various rock magnetic experiments
indicate that the magnetites above span the full
range of domain states. In the five GC samples,
hysteresis experiments yield the following ratios
of saturation remanence to saturation moment
(M, ./M,): 0.5 (0.1 pm); 0.44 (0.2 pm); 0.14 (1.5
pm); 0.03 (7 wm); 0.02 (100 wm) [22]. Note that in
Worm and Markert’s study of hysteresis proper-
ties versus grain size in GC magnetite assem-
blages [20], M, /M, peaks at approximately 0.5
when grains are about 0.05 to about 0.1 um in
size. In finer grained assemblages M, /M, is less
than 0.5, due to the effect of superparamag-



netism; in coarser grained assemblages M_/M_ is
less than 0.5, due to contrlbutlons from partlcles
with walls. Thus, the 0.1 and 0.2 um GC mag-
netite assemblages largely occupy the SD state
after saturation, the 1.5 um magnetite assem-
blage is largely pseudo-singie-domain (PSD), and
the 100 mm magnetite assemblage is truly MD. In
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=0.202, and in the 0.22 um cubes s/M =
0.112 [21}; thus, the submicron, Aq samples fall in
the PSD range. In the Lambertville plagioclase,
Cisowski [23] found that acquisition and alternat-
ing-field demagnetization curves of M,, when
normalized to their maximum intensities, inter-
sected near 0.5. This 50% intersection point pro-
vides strong evidence that remanence in the Lam-
bertville plagiociase is carried by SD particles, as
suggested much earlier by Hargraves and Young
[24].

Despite their similar sizes, the submicron Aq
magnetites and submicron GC magnetites exhibit
very different values of M, /M,. These differ-
ences could indicate that GC samples contain
high levels of internal stress [25]. In a subsequent
section, this difference will be discussed further
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At room temperature each sample was given a
saturation remanent maanptwahnn along one m{m
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through exposure to a 5 kOe field generated with
a bench-top electromagnet. Remanence was mea-
sured in a one-axis, SCT cryogenic susceptometer
throughout thermal cycles between 230 and 60 K,
so that samples passed through both the isotropic
point and the Verwey transition. Average cooling
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thermocouple’s location with respect to the sam-

ple in the suscentometer. most samnles exhibited
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some thermal lag with respect to the thermocou-
ple reading, as revealed by comparison of cooling
to heating curves. In the majority of experiments,
the working field inside the susceptometer was
the ambient laboratory field (= 0.4 Oe). Samples
were oriented with their remanences co-linear

with the vertical axis read Dy the SUSCCDIOHICICI'

Unless otherwise noted, initial remanences
nnmfprl VPTfI(‘SI"V downward rlnrmo measure-

ment. In a llmlted number of experiments a 10
Oe field was trapped in the susceptometer, so

[

that the effect of a moderate field on low-temper-
ature behavior could be observed.

3. Results

3.1. Low-temperature response curves and domain

cooli rves for SD
through truly MD magnetite assemblages are
shown in Fig. 1. SD through PSD-type response is
represented by the Lambertville plagioclase ex-
tract, the submicron GC magnetites and the sub-
micron Aq magnetites (Fig. 1a and c). Truly MD
behavior is represented well by 100 ,um GC mag—
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Windham, Vermont (Fig. 1b). As earlier authors

have reported [Q] SD and near-SD samples have

large magnetic memories. Surprlsmgly, the 0.1
and 0.2 um GC magnetites exhibit less memory
than do the Aq magnetites, despite the GC sam-
ples having values of M, /M, close to the ideal
value of 0.5 for randomly oriented, uniaxial SDs
(Fig. 1a and c¢); this result will be discussed shortly.
As expected, truly MD samples exhibit a pro-
nounced drop in remanence during cooling as the
transition are approached, with little recovery
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during warming (Flg. 1b). GC magnetites in the
1-10 pum range display behavior that is interme-
diate between that of SD and truly MD particles
(Fig. 1¢).

Note that the large Windham octahedron dis-
plays a well defined minimum in its magnetic
moment in the transition temperature range; be-
low this range there is some recovery of moment
(Fio 1}1\ Hartetra [101 nheerved cimilar hahaviar
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in sized magnetite assemblages obtained by
crushing rocks. However, the assemblages of
smaller, dispersed particles studied here show no
such minima.

Typical cooling and heating ¢

3.2. Large Barkhausen jumps in large single crys-
tals

Large octahedra of natu
Chester, Vermont, display two types of unex-
pected and intriguing behavior during thermal
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cycles (Fig. 2a). First, below about 180 K the
low-temperature response curve is punctuated by
many sudden jumps in magnetic moment. Al-
though most jumps are in the sense of decreasing
moment, small positive jumps are not uncommon.
Jumps are especially prominent when a field is
applied opposite to the original remanence dur-
ing a thermal cycle. Results of one such experi-
ment are shown in Fig. 2b and c. In this example,
a 10 Oe field was applied antiparallel to the
saturation remanence during cooling and heating,
resulting in jumps as large as 107°-107° emu.
Owing to the negative applied field, the moment
reverses in the transition temperature range and,
upon heating, the moment remains reversed.
Qualitatively similar results are obtained in the
earth’s field, although the jumps are smaller in
size. No jumps are observed at temperatures be-
low the two transitions, but jumps appear again
upon heating the crystal above the transitions.

The second surprising type of behavior is the
presence of a ‘wild zone’ near the transitions,
where the moment executes large, random excur-
sions (Fig. 2a and b). Below the transitions no
such excursions are observed. The wild zone also
occurs during warming through the transitions,
although the excursions are subdued with respect
to those observed during cooling.

Note that the wild zone occurs in a somewhat
lower interval of temperature during cooling than
during warming (Fig. 2a). This difference most
likely reflects thermal lag of the sample with
respect to the thermocouple.

In the Chester crystal, Barkhausen jumps were
first discovered between approximately 180 K and
120 K as rare drops in moment that were very
much smaller than the initial remanence. This
discovery was made when the instrument settings
permitted an entire low-temperature run to be
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displayed continuously on a recorder, without
adjustments for the large drop of intensity be-
tween room temperature and the transitions. In
order to resolve these jumps more clearly in
subsequent experiments, the chart recorder signal
was offset to zero and its gain was then increased
several fold with respect to the setting used nor-
mally. Neither the Barkhausen jumps nor the
wild zone was due to instrument noise, as indi-
cated by the following four observations. First,
the signal was smooth and displayed no disconti-
nuities below the wild zone. Second, no jumps in
the signal were observed when the crystal was
held at a constant temperature in the range where
large jumps ordinarily occurred during cooling or
heating. Third, neither jumps nor a wild zone was
detected in the assemblages, even when their
low-temperature responses were viewed at an ex-
panded scale. Fourth, not only were jumps ob-
served in the Chester crystals during the several
runs performed throughout the course of these
experiments, but they were also observed on the
same days when other samples, such as the as-
semblages, exhibited smooth low-temperature
curves.

It is unknown whether the single Windham
octahedra also exhibit large jumps. Because the
Windham crystals were very large (e.g., several
millimeters) and their moments very strong, the
instrument gain could not be offset sufficiently to
allow detection of possible jumps.

4. Physical mechanisms of low-temperature be-
havior

4.1. SD through PSD behavior

The Lambertville plagioclase extracts exem-
plify what has often been considered to be ‘typi-

Fig. 1. (a) Response of room-temperature saturation remanence to low-temperature cycling in three samples of SD and PSD
magnetite. J(T)/J(211 K, cool) is the ratio of remanence measured at temperature T to the initial remanence at 211 K before
cycling, in percent. Solid curve = 0.1 pwm magnetite cubes grown in an aqueous (Aq) medium, without being reduced; bold dashed
curve = submicron magnetite in plagioclase crystals extracted magnetically from the Lambertville diabase; dashed curve = 0.1 um
glass—ceramic (GC) magnetite. (b) Low-temperature response of saturation remanence carried by MD magnetite. Dashed
curve = 100 pm GC magnetite; solid curve = 3 wm octahedron of natural magnetite from Windham, Vermont. (c) Low-tempera-
ture response of saturation remanence carried by three GC samples. Dashed curve = 0.2 pm GC magnetite; solid curve = 1.5 pum

GC magnetite; bold dashed curve = 7 um GC magnetite.
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cal’ SD response [9]. These samples exhibit a
nearly 20% drop in remanence during cooling
below about 120 K, but they recover more than
90% of their original remanence during warming
to room temperature.

This observed behavior is very different from
what one expects from SD crystals of pure mag-
netite lacking significant internal stress or shape
anisotropy. In such an ideal assemblage memory
should be low, for the following reasons: In the
saturation remanent state, each particle’s magne-
tization vector will point along the direction of
form (111), which is closest to the direction of
the previously applied field. Upon cooling through
the isotropic point, the easy magnetocrystalline
direction changes from {111), a body diagonal, to
(100), a cube edge. At the Verwey transition, one
of the cube edge directions becomes both the
monoclinic ¢ axis and the easy magnetocrystalline

axis in each crystal [2-5]. In zero field and, pre-
sumably, in a weak field, these ¢ axes should be
distributed with equal probability among the cube
edge directions of all particles. During warming
these transitions are reversed. Consequently,
cooling through the isotropic point causes a parti-
cle’s moment to flip from its original (111) direc-
tion to one of the nearest cube edges. Cooling
through the Verwey transition may cause the
particle’s moment to flip from one cube edge
direction to another, depending on which be-
comes the monoclinic ¢ axis. Upon warming
through the isotropic point, the moment will flip
from a cube edge to the nearest direction along a
body diagonal ({(111)); in general, this final direc-
tion will not coincide with that occupied in the
original saturation remanent state. Thus, thermal
cycling through the two transitions makes all of
the (111)-type directions available to the magne-

40 1

JT) 7 H211 K, cool}, %

20

(a)

pmm————

HT) 7 211 K, cool), %

T T T T
106 108 110 112 114 118
Temperature, K

80 120

200 240

Temperature, K

Fig. 2. Large Barkhausen jumps and ‘wild zone’ exhibited by a large natural octahedron of magnetite from Chester, Vermont,
during a thermal cycle between 260 K and 70 K. (a) Complete low-temperature response curve of room-temperature saturation
remanence carried by the Chester octahedron. Solid curve = cooling; dashed curve = heating. Note the presence of a ‘wild zone’
near 110 K on the cooling curve, where the moment undergoes large, random excursions. Inset: magnified view of the wild zone
during cooling. (b) Moment of the Chester octabedron as a function of temperature during cooling in an external field of —10 Oe,
starting from a state of saturation remanence with positive polarity. Segments of the low-temperature response curve are offset
vertically, in order to display the many Barkhausen jumps observed during cooling. Note that the moment reverses at about 120 K.
The wild zone can be seen at about 112 K. (c) Amplified view showing large Barkhausen jumps along a segment of the Chester

octahedron’s cooling curve.
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Fig. 2 (continued).

tization vectors. As a result, there survives only a
small net component parallel to the population’s
original saturation remanence, and memory is
low (e.g., see discussion in [18]).

Clearly, the Lambertville magnetites do not
conform to the behavior predicted above. Yet the
observed drop in remanence during cooling indi-
cates that cubic magnetocrystalline energy cannot
be dismissed. A simple explanation for the behav-
ior observed here is that the majority of Lam-
bertville magnetites are controlled by stress or
shape anisotropy, while magnetocrystalline
anisotropy dominates the small remainder of the
population.

However, the behavior of Lambertville mag-
netites must also be considered in the context of

recent work by Ozdemir et al. [13], who demon-
strated that the low-temperature response of sub-
micron magnetite is strongly sensitive to room
temperature oxidation. They discovered that the
Verwey transition and isotropic point are partly
or almost completely suppressed in dispersions of
virgin, aqueously grown, submicron magnetite
cubes (0.037, 0.076, 0.1 and 0.22 pm in diameter).
Also, the degree of suppression increases as grain
size goes down. This suppression is interpreted as
indicating surface oxidation to maghemite, in
which the two transitions are absent, because,
after reduction in a CO-CO, atmosphere, the
transitions are pronounced in these same disper-
sions [13].

The high memory and low-temperature curves
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of the Lambertville magnetite, therefore, are not
inconsistent with partial oxidation of magnetite to
maghemite. However, we view this explanation
with caution for two reasons. First, the fine mag-
netites have probably been shielded from oxida-
tion by their plagioclase hosts. Second, thermal
demagnetization curves of weak-field thermore-
manent magnetization are flat, until unblocking
occurs between 550° and 575°C [24]. Thus, ther-
momagnetic analyses show no evidence of mag-
netic minerals other than magnetite. Neverthe-
less, future work is needed to determine whether
these magnetites are cloaked by an oxidized layer.

Low-temperature behavior of the synthetic,
submicron magnetite samples appears to contra-
dict the behavior ordinarily expected from their
room-temperature hysteresis properties and im-
plied domain states. In the two submicron GC
samples, M, /M, is near or equal to 0.5, the ideal
value for a random assemblage of uniaxial SD
grains. In contrast, the two submicron assem-
blages of Aq magnetite yield M, /M, values typi-
cal of the PSD state. Yet the 0.1 um Aq mag-
netites exhibit higher memory than do the GC
samples of similar grain size. Furthermore, the
drop in remanence at low temperatures is much
smaller in the submicron Aq samples than in the
submicron GC samples (Fig. 1a).

These differences may be partly explained by
the results of Ozdemir et al. [13]. In the present
study, the Aq submicron magnetite came from
the original batches used by Ozdemir et al. [13],
without being reduced. As shown in Fig. la, the
cooling and warming curves of the (0.1 mm Aq
particles show very little structure. This result
agrees well with Ozdemir et al’s [13] results
obtained by warming unreduced, companion sam-
ples from 5 K through the transitions. Appar-
ently, virgin, Aq submicron magnetite cubes con-
sist of a pure magnetite core, a mantle of
maghemite, and an intervening transition zone of
partial oxidation [13]. In small, partially oxidized
magnetite particles that contain walls, a substan-
tial percentage of the walls’ surface areas would
occupy the transition zone and, thus, low-temper-
ature response would be subdued.

Unlike fine magnetites grown in water, the
submicron GC magnetites grew in a silicate ma-

trix. It is probable that this matrix protected the
magnetite crystals from surface oxidation; there-
fore, one would not expect oxidation to suppress
the transitions in these samples. Nevertheless,
one does expect a subdued low-temperature re-
sponse, because M /M, = (0.5, the value indica-
tive of SD grains dominated by uniaxial
anisotropy, not cubic magnetocrystalline
anisotropy. Clearly, this expectation is not ful-
filled (Fig. 1a and c).

We suggest that the nucleation of walls at low
temperature could contribute substantially to the
sharp drop in moment that submicron GC mag-
netites exhibit near the transitions. Domain the-
ory predicts that 0.1-0.2 xm magnetite particles
should contain domain walls at room tempera-
ture, if the particles occupy an absolute minimum
energy state and are stress free [26-29]. Yet, at
room temperature, GC magnetite assemblages in
this size range appear to be largely SD after
exposure to a strong field. Two effects could
produce this SD state. First, high internal mi-
crostress could raise the SD boundary size at
room temperature, with respect to that usually
predicted for stress-free grains. High levels of
microstress in these samples would not be sur-
prising, because synthesis involved quenching
from high temperature [20]. Indeed, above 293 K
the temperature dependence of coercive force in
GC samples supports stress control [25]. Second,
when combined with magnetocrystalline
anisotropy, internal stress would raise the inter-
nal nucleation field, 2K, /J, (where K, = total
anisotropy energy and J, = spontaneous magneti-
zation), required to form walls at room tempera-
ture. This could inhibit nucleation of walls in the
saturation remanent state, even though walls are
energetically favorable [2,30,31]. As the isotropic
point is approached during cooling, the large
drop in K, and the smaller drop in the magne-
tostriction constant, A,,;, would lower both the
domain wall energy and the nucleation field. Also,
the equilibrium number of domains would in-
crease. The net result would be the increasing
accessibility of equilibrium domain states and the
addition of energetically favorable walls in some
grains. Indeed, Boyd et al. [32] have reported that
low-temperature cycling does trigger the nucle-
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ation of walls in large magnetite particles that
initially appear to be saturated at room tempera-
ture. Consequently, the sharp transition exhibited
by 0.1 and 0.2 pm GC magnetites could reflect
nucleations in grains that were metastable SDs
after saturation at room temperature. This hypo-
thetical mechanism requires further experimental
testing.

4.2. Truly MD behavior

In contrast to SD grains, low-temperature de-
magnetization in truly MD particles is largely
irreversible and magnetic memory is low. Re-
markably, octahedra from Chester, Vermont,
provide a magnified view of this process. As indi-
cated by curves shown in Fig. 2, between about
180 and 120 K demagnetization occurs mainly
through many Barkhausen jumps, some of which
are quite large. In this temperature range these
jumps are not attributable to thermal activation
of walls over low barriers, since jumps were not
observed when temperature was held constant.
The probable mechanism for these jumps is the
unpinning of domain walls as the sample cools
below about 180 K, as would result from a large
drop in coercivity as K, and A,;; decrease below
this temperature [2,14,33]. This mechanism is
supported by the observation that increasing the
intensity of a field directed antiparallel to rema-
nence causes the jumps to increase in magnitude.
This response is expected from a wall-unpinning
mechanism, since a back-field would reinforce a
particle’s demagnetizing field. One predicted
consequence of this mechanism is that substantial
demagnetization could be accomplished in zero
field simply by cooling a MD sample from room
temperature to temperatures in the range of 180-
130 K, without passage through the isotropic
point.

The existence of a ‘wild zone’ strongly suggests
that walls become highly unstable in the tempera-
ture range encompassing one or both of the tran-
sitions. Such instability could be rooted in four
phenomena: (1) the substantial broadening of
walls when K, is small; (2) low microcoercivities,
owing to the low magnitudes of K| and, to a
lesser extent, of A;,;; (3) increased number of

domains, in response to the low magnitude of K;
and (4) reorientation of M,. In order to pin walls
effectively, a defect must have a ‘zone of pinning’
at least comparable to wall width. Thus, defects
would have little or no pinning power if walls
grew very much broader than the defects them-
selves. As a result, random fluctuations of smalil
stray fields could drive walls through large, ran-
dom excursions at temperatures where K is low.
Even in the absence of stray fields, thermal acti-
vation could trigger large, random jumps if barri-
ers were virtually ‘invisible’ to very broad walls.
Finally, wall nucleation and dramatic reorganiza-
tion of the domain structure could result from:
(1) the ultralow magnitude of K, and, thus, of
wall energy near the isotropic point [31,34]; and
(2) changes in easy axes at both the isotropic
point and at the Verwey transition [11,12].
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Fig. 3. Plot of memory ratios J(70 K)/J(211 K, cool) against
J(211 K, heat)/J(211 K, cool) for magnetites of different
provenances and grain sizes. J(211 K, cool) is saturation
remanence measured at 211 K during cooling; J(70 K) is
remanence measured at 70 K; J(211 K, heat) is remanence
measured at 211 K during warming. Ratios are expressed in
percent. ® = grown magnetite crystals initially carrying satura-
tion remanence, this paper, GC = glass—ceramic samples, Ag
= magnetite cubes grown in an aqueous medium; Lam-
bertville = magnetite-bearing plagioclase needles extracted
from the Lambertville diabase; O = crushed natural magnetite
initially carrying saturation remanence, from Hartstra [10).
Numbers specify grain size in microns.
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5. Future applications to paleomagnetism and
rock magnetism

Similar to Hartstra [10], we have defined two
low-temperature memory ratios:

J(70 K) /J(211 K, cool)
and:
J(211 K, heat) /J(211 K, cool)

where J(211 K, cool) is saturation remanence
measured at 211 K during cooling, J(70 K) is
remanence measured at 70 K, and J(211 K, heat)
is remanence measured at 211 K during warming.
J(70 K)/J(211 K, cool) represents the degree to
which a sample demagnetizes during cooling
through the transitions, while J(211 K,
heat) /7(211 K, cool) represents the degree to
which remanence rebounds after a thermal cycle.
In the present samples, J(211 K, cool) and J(211
K, heat) are virtually equal to the remanences
measured at 293 K during cooling and heating,
respectively.

The two memory ratios of grown magnetite
crystals studied here and of the natural, crushed
magnetite particles studied by Hartstra [10] are
plotted in Fig. 3. Despite their very different
provenances, these two suites of samples define
very similar trends. Both the percentage of rema-
nence that survives below the transitions and
percentage of total rebound during warming in-
crease systematically with decreasing grain size
and, thus, with decreasing number of domains.

As Fig. 3 suggests, low-temperature rema-
nence parameters could provide a means of esti-
mating particle size. Such a grain size indicator
would be especially useful in the case of rocks
containing magnetites which were either below
the limit of optical resolution or of very low
abundance. By far the most experimentally acces-
sible memory parameter is J(211 K, heat) /J(211
K, cool), the percentage of saturation remanence
that survives low-temperature cycling. Because
this ratio changes very little between 211 K and
room temperature, it can be obtained readily by
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Fig. 4. Semilogarithmic plot of the memory ratio J(211 K, heat)/J(211 K, cool), in percent, against grain size for the magnetite
samples studied here and samples studied by Hartstra [10]. J(211 K, cool) is saturation remanence measured at 211 K before a
complete low-temperature cycle; J(211 K, heat) is remanence measured at 211 K after a low-temperature cycle. Note that JQ11K,
cool) and J(211 K, heat) are virtually identical to remanences measured at room temperature before and after thermal cycling,
respectively. ® = grown magnetite particles initially carrying saturation remanence, this paper (see Fig. 3); O = crushed natural
magnetite initially carrying saturation remanence, from Hartstra [10]; dashed line = regression line from crushed, sized magnetite

studied by Parry [17,18].
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first measuring saturation remanence at room

temperature, immersing the sample in liquid ni-

trogen, and then measuring remanence after the
sample has been allowed to warm.

In Fig. 4, J(211 K, heat)/J(211 K, cool) is
plotted against average grain size, d, for the
samples studied here and the samples studied by
Hartstra [10]. For these particular data, linear
regression yields J(211 K, heat) /J(211 K, cool) =
0.714 — 0.068 In(d), where d is in microns (corre-
lation coefficient = 0.88).

Without geologic constraints, however, one
cannot yet apply a ‘magic bullet’ approach to
deduce the grain size of magnetite from low-tem-
perature memory or from the shape of low-tem-
perature curves. Heider et al. {12] have compiled
memory ratios for a variety of magnetite samples,
including hydrothermally grown crystals, crushed
powders, aqueously grown magnetite cubes after
reduction, powders produced by reducing
hematite pigments, two GC samples and several
large single crystals. These many results reveal no
single relationship between memory and grain
size for all samples. Instead, the grain-size depen-
dence of memory reflects the sample synthesis
method.

Nevertheless, the compilation of Heider et al.
[12] reveals four clear differences between free-
grown magnetites (magnetite crystals synthesized
without a matrix, such as hydrothermally grown
crystals, aqueously grown crystals and magnetite
grown by reducing hematite) and crushed mag-
netites:

(1) M, memories of free-grown magnetites drop
much more rapidly with increasing grain size
than do memories of crushed magnetites;

(2) when free-grown magnetites are larger than
about 10 um, their M, memories are low
(e.g. <0.25) and are not dependent on grain
size;

(3) crushed magnetites between about 1 and 200
um in size show a systematic decrease in M,
memory with increasing grain size;

(4) for any given grain size in the range of about
1-100 pm, free-grown magnetites exhibit far
less memory than do magnetites obtained by
crushing. At sizes above about 100 pum the
two species of samples exhibit low memories

of similar magnitude (e.g., < 0.20). This latter
similarity could result from the truly MD
behavior of both sample species when grain
size is very large.
These four differences undoubtedly reflect the
very different levels of internal microstress in the
two sample classes: internal microstress is quite
low in free-grown crystals but high in crushed
grains.

To date, do any of the synthetic or crushed
magnetites studied at low temperatures represent
natural magnetites in rocks? In our view, the
answer is yes with respect to a few types of
synthetic samples and a few rock types. Although
probably too highly stressed to represent mag-
netites in very young, poorly compacted sedimen-
tary rock or in slowly cooled igneous rock, crushed
and GC magnetites could share similar stress
states with magnetites in rapidly cooled subaerial
lavas and in the chilled margins of dikes. In their
unreduced state [13], submicron, Aq magnetite
cubes could represent fine, diagenetic magnetites
that have grown in soils and some sedimentary
rocks and that have subsequently undergone some
degree of in situ low-temperature oxidation to
maghemite. Magnetite particles grown hydrother-
mally at elevated temperatures are more prob-
lematic. Owing to their high compositional purity,
high degree of crystallinity, relatively low density
of defects, and low state of internal microstress,
hydrothermally grown magnetites may have few
natural counterparts that are important to NRM.
Nevertheless, hydrothermally grown magnetites
are a critical member of the microstress spectrum
and thus contribute to our understanding of how
stress, or the lack of stress, affects remanence
and stability.

Clearly, there are large gaps between the stress
states of most synthetic magnetite samples and
the natural magnetites found in the wide variety
of rocks relevant to paleomagnetism. Thus, there
are still unacceptably large uncertainties associ-
ated with using memory to estimate grain size in
magnetite-bearing rocks. These uncertainties em-
phasize the need for two suites of reference sam-
ples for future low-temperature studies: (1) mag-
netite-bearing rocks of various petrogenetic ori-
gins, where each sample contains magnetite with
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a narrow range of grain size; and (2) suitable
synthetic analogues containing magnetites whose
microstress levels represent natural states.

These experiments provide the first direct evi-
dence that MD particles steadily demagnetize at
low temperatures through a series of irreversible
wall displacements. If future experiments demon-
strate this interpretation to be correct, it follows
that remanence rebound would be incomplete
even when a MD sample is cooled to a tempera-
ture substantially above the range encompassing
the isotropic point and the Verwey transition.
This suggests an alternate method of stepwise
demagnetization: a sample would be cooled to
progressively lower temperatures between about
180 and 130 K, and after each cooling step the
sample would be warmed to room temperature
and then measured. After low-temperature de-
magnetization was complete, the surviving rema-
nence would be demagnetized with conventional
techniques. This method could remove MD com-
ponents carried by rocks that were subject to
chemical change during repeated heatings; in ad-
dition, it would allow the MD component to be
resolved accurately on a vector end point dia-
gram. Finally, it could provide an especially effec-
tive tool for removing MD, viscous components
whose coercivity and /or unblocking temperature
spectra overlapped with the spectra associated
with PSD or SD grains carrying the characteristic
component of natural remanence.
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