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1 INTRODUCTION

SUMMARY

Saturation isothermal remanent magnetization (SIRM) and AC susceptibility have been mea-
sured as a function of temperature between 5 K and room temperature for one multidomain and
three pseudo-single-domain magnetite samples after cooling in a zero (ZFC) and in a strong
magnetic field (FC), and also after three partial field coolings (PFC) when a magnetic field
had been turned on in 300-150, 150-80 and 805 K ranges, respectively. For the multidomain
sample, SIRM(5 K) after ZFC is about twice as high as after FC, while the low-field suscepti-
bility is higher after FC. SIRM and susceptibility curves measured after PFC(300-150 K) and
PFC(150-80 K) coincide with those measured, respectively, after ZFC and FC. PFC(80-5 K)
curves are intermediate between the two extremes. This behaviour can be fairly well under-
stood within the framework of a simple model, introduced back in the 1950s, which assumes
that on cooling through the Verwey transition in a strong magnetic field easy magnetization
axes in the low-temperature phase are set along the [001] directions of the high-temperature
(cubic) phase closest to the field direction. If, on the other hand, the Verwey transition is
passed in a zero field and a strong magnetic field is applied below the transition temperature,
some of easy axes, initially set at random, can still be switched into the field direction, ex-
plaining observed SIRM and susceptibility versus temperature curves measured after PFC(80—
5 K). Pseudo-single-domain grains show a more complex behaviour, which depends strongly
on sample stoichiometry. In two samples with a relatively small non-stoichiometry (Verwey
temperatures are 122 and 110 K, respectively) SIRM(5 K) is higher by 5-7 per cent after
FC. After both PFC(150-80 K) and PFC(80-5 K), SIRMs are nearly equal in magnitude to
SIRM acquired after FC, but are thermally demagnetized at a different rate below the Verwey
transition. Low-field susceptibilities also show different temperature dependences below Ty,
dependent on a preceding thermomagnetic treatment. A strongly non-stoichiometric sample
(Ty = 95 K) shows very large, over 70 per cent, difference between SIRMs after FC and
ZFC, respectively, and a 35 per cent difference between susceptibilities measured under the
same conditions. These results suggest that in magnetite grains several microns in size, easy
magnetization axes setting on first passing the Verwey transition from above and switching of
easy axes on subsequent cooling below the transition occur, qualitatively, in the same way as in
grains of larger size, but switching of easy axes is considerably facilitated. The latter process
is subject to further enhancement in strongly non-stoichiometric magnetite, where it seems
to be possible even in zero field, resulting in SIRM, susceptibility and magnetic hysteresis
properties fairly different from more stoichiometric samples. Strongly depressed, compared
with stoichiometric magnetite, magnetocrystalline anisotropy of the low-temperature phase
could be a physical mechanism for this behaviour.
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rock magnetism since it was realized, in the early 1960s, that
a magnetization anomaly (Weiss & Forrer 1929) on passing the

Low-temperature magnetic properties of mineral magnetite and Verwey phase transition (Verwey 1939) offers a convenient method
magnetite-bearing rocks have come under scrutiny in palaco- and for detecting magnetite in rocks (Nagata et al. 1964), while

58

© 2003 RAS

2202 Menuer gz uo 1senb Aq 8//709/8G/1L/G L /eone/B/woo dno-olwepeoe//:sdiy wou) papeojumoq
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cycling magnetite-bearing rocks to 77 K in zero field (low-
temperature cleaning) could remove unwanted secondary magne-
tizations carried by magnetite (Ozima et al. 1964b). Apart from
mineral magnetite, the initial research was largely conducted on
volcanic rocks (Nagata et al. 1964; Ozima & Ozima 1965; Creer
& Like 1967); however, Mauritsch & Turner (1975) have pio-
neered use of low-temperature magnetometry in studies of mag-
netic mineralogy of sedimentary rocks. Initial susceptibility mea-
surements between 77 K and room temperature (RT) have also been
used for the characterization of magnetic mineralogy of basalts
(Radhakrishnamurty et al. 1981; Senanayake & McElhinny 1981,
1982). More recently, with the advent of commercial systems
capable of measuring magnetization and/or susceptibility down
to and below 4.2 K, low-temperature magnetometry of miner-
als and rocks, and most notably of magnetite, has seen a new
boost. Apart from the simplest task of magnetite detection in a
rock, the research scope has broadened to include the magnetic
hysteresis properties (Schmidbauer & Schembera 1987; Schmid-
bauer & Keller 1996; Kosterov 2001, 2002; Ozdemir et al. 2002;
Smirnov & Tarduno 2002) and magnetic domain structure (Moloni
et al. 1996) of the low-temperature phase itself, and also, in pace
with the developments in solid-state physics (Walz 2002), stud-
ies into the effect of oxidation (Ozdemir et al. 1993; Cui et al.
1994) and stress (Sahu 1997; King & Williams 2000) on the Ver-
wey transition temperature and magnetization variation across the
transition.

In the physics of magnetic materials, it has long been known
that magnetic properties of the low-temperature phase of magnetite
are largely controlled by the magnetic field applied during cooling
through the Verwey transition (Li 1932; Bickford 1950; Domeni-
cali 1950). A model that accounts for most of the observed fea-
tures (Bickford 1950; Williams ef al. 1953) assumes that cooling
in a strong magnetic field sets an easy magnetization axis of the
low-temperature phase approximately along the [001] direction of
the high-temperature (cubic) phase closest to the field direction.
Alongside with this process, switching of easy axes into a new di-
rection below the Verwey transition, made possible by applying a
strong magnetic field at a large angle to an initial easy axis, has
been observed (Bickford 1950; Calhoun 1954; Abe et al. 1976).
This model is qualitatively consistent with the observed magnetic
hysteresis properties of the low-temperature phase of multidomain
magnetite with the grain size 100-150 pm (Kosterov 2001), where
the M/ M ratio and the coercive force were both much lower after
field cooling (FC) compared with the values after zero-field cool-
ing (ZFC). In contrast, in pseudo-single-domain magnetite (grain
size <5 um) a considerably more complex behaviour has been ob-
served, which includes a number of peculiar features: (1) a rapid
decrease with increasing temperature of the M/ M ratio after FC;
(2) an equally rapid decrease with increasing temperature of the co-
ercive force after ZFC; (3) a small but discernible difference between
the H.(T') curves measured after the two different ZFC treatments,
one being started, at room temperature, from a magnetized, and an-
other from a demagnetized state (Kosterov 2001, 2002); (4) a non-
monotonic dependence of the M,/ Mj ratio in the low-temperature
phase on the magnitude of the magnetic field applied during cool-
ing; (5) an induced magnetic anisotropy at temperatures below the
Verwey transition after cooling in magnetic fields between 10 and
90 mT; and (6) a non-monotonic dependence of a low-temperature
(10 K) remanent magnetization resulting from cooling through the
Verwey transition in a non-zero magnetic field on the field inten-
sity (Smirnov & Tarduno 2002). All of these features have been
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observed in both stoichiometric and non-stoichiometric samples.
Since measurement of the complete hysteresis loops as a function
of temperature is generally a very time-consuming experiment, it
appeared to be of interest to study the temperature dependences of
magnetization and susceptibility below the Verwey transition and
compare them with already known hysteresis properties at these
temperatures.

2 SAMPLES

In the present study, four magnetite samples for which magnetic
hysteresis properties below the Verwey transition had been stud-
ied previously (Kosterov 2001, 2002) were used. Two of them
were sieved fractions (<5 and 100-150 pum) of the crushed nat-
ural magnetite sample HM4 (Hartstra 1982), designated as HM4S
and HMA4L, respectively. Another two samples were commercially
produced magnetites, designated as BK-5099 (Pfizer Company) and
3006 (Wright Company). Sample 3006 with the nominal grain size
2-3 um had been acquired in 1999 (A. Smirnov, personal com-
munication, 1999) and sample BK5099 in 1981 (0. Ozdemir, per-
sonal communication, 1999). For BK5099, room-temperature mag-
netic properties and grain size distribution had been measured by
Ozdemir & Banerjee (1982). Using TEM, they found the mean grain
size to be 0.12 um, and minimum and maximum sizes of 0.05 and
0.6 um, respectively. Grains were mostly of spherical or cubic shape.
In sample 3006, grains are of a rather irregular shape and have a
fairly broad size distribution, from 0.5 pm to about 5 um. HM4S ap-
pears to contain a more or less uniform distribution of grains in the
1-5 um range, and significantly less abundant 0.5-0.7 pm grains.
HMA4L contains a roughly uniform distribution of 100-150 pum
grains, and very little, if any, significantly smaller ones. In both
size fractions of HM4 grains are equant or slightly elongated and
reveal evident traces of crushing.

According to the microprobe analysis (Hartstra 1982), major im-
purities in the HM4 sample are magnesium (4.8 per cent), alu-
minium (0.9 per cent) and manganese (0.6 per cent). No major
impurities have been reported for 3006 and BK5099 magnetites.
High-temperature susceptibility curves for the four samples were
measured with a KLY-3 instrument in argon atmosphere. All sam-
ples yielded a single Curie point in the 585-590 °C range, i.e. just
slightly higher than the nominal value for the stoichiometric mag-
netite. Room-temperature hysteresis loops of the four samples were
measured with a Princeton Measurements vibrating sample mag-
netometer in a maximal field 1.4 T prior to the low-temperature
experiments (Kosterov 2001, 2002) and the respective hysteresis
parameters are listed in Table 1. For HM4L, room-temperature hys-
teresis parameters are in the multidomain range, consistent with its
grain size. For the three finer samples, they all lie in the pseudo-
single-domain range; however, the M /M, and H . /H ratios for
HM4S and 3006 are somewhat high compared with the general
trend for crushed magnetite grains (Dunlop 1995, 2002), and for
BK5099 they are somewhat low. In the two former samples, this
discrepancy is probably due to relatively high stresses to which these
samples have been subject during crushing or manufacture process.
BK5099, which has the smallest grain size of all the samples used
in the present study, is severely oxidized because of air exposure
for 20 yr and its superficial layer is probably totally converted to
maghemite (Kosterov 2002). This may account for the lowering of
the M/ M ratio and coercivity compared with the stoichiometric
magnetite.
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Table 1. Room-temperature magnetic hysteresis parameters and apparent Verwey temperatures for the
four samples used in the present study. Low-temperature hysteresis properties of these samples have been

reported previously (Kosterov 2001, 2002).

Sample M/Ms H,(mT) He (mT) He/Hc

Mean Verwey temperature (K)
From low-T hysteresis From SIRM  From x ’

HMA4L 0.025 2.06 9.02 4.38
HM4S 0.30 29.5 41.9 1.42
3006 0.30 24.5 38.7 1.58
BK5099 0.17 11.3 24.7 2.19

115 117.5 117.5
119 122 122
108 112 107
n.d. 95 90

3 EXPERIMENT

Two quantities, saturation isothermal remanent magnetization
(SIRM) and AC complex susceptibility, x = x’ — i x”, have been
measured as a function of temperature between 5 and 300 K. Since
below the Verwey transition both parameters are thought to be con-
trolled by the distribution of easy magnetization axes in the low-
temperature phase (Li 1932; Bickford 1950; Williams et al. 1953),
SIRM and susceptibility warming curves have been measured five
times: after a zero-field cooling, after a field cooling and after three
different partial field coolings (PFCs) (Smirnov & Tarduno 2000),
when the magnetic field was turned on only in a certain temperature
range. Thereafter, for the sake of brevity, an SIRM or a x curve
measured after any of these treatments will be designated by an
abbreviation of the respective treatment. Temperature intervals for
partial field coolings were, respectively, 300—150, 150—-80 and 80—
5K. A 5 T magnetic field was used for FCs and PFCs. After an initial
cooling, an SIRM was imparted with a 5 T field, then the magnetic
field was switched off, and measurement of either SIRM or suscep-
tibility started after a 60 s pause. To measure an AC susceptibility,
an alternating field of 100 uT peak amplitude at 10 Hz frequency
was generally used. Besides these measurements, taken on warm-
ing only, SIRM evolution (after initial ZFC) was monitored during
two consecutive 6-300—6 K cycles in zero field. Also, temperature
evolution of an SIRM given at 300 K was measured in zero field
during two consecutive 300-6-300 K cycles. Finally, the frequency
dependence of susceptibility was measured in the frequency range
1072-10° Hz at room temperature and at a few selected tempera-
tures below the Verwey transition. All magnetic measurements at
low temperatures were carried out using an MPMS XL instrument
at the Geological Survey of Japan.

4 REMANENCE BEHAVIOUR

4.1 Zero-field warming

SIRM warming curves are summarized in Fig. 1. The multidomain
sample HMA4L exhibits a relatively simple behaviour, much like that
reported previously (Aragén 1992; Ozdemir & Dunlop 1999): lit-
tle variation below and above the Verwey transition, and a sharp
drop of magnetization in a narrow temperature interval associated
with the transition. In HM4L, the drop occurs between 116 and
119 K, yielding an apparent transition temperature of 117.5 K. It
is, however, worth noting that in the magnetic hysteresis experi-
ments on the same sample (Kosterov 2001) an increase of M and
a drop of M, and of the coercive force have been observed at a
slightly lower temperature, between 114 and 116 K. The mode of
cooling through the transition strongly affects the sample. SIRM
after ZFC is almost twice as high as after FC. Nearly the same rela-
tionship has been found previously for this sample (Kosterov 2001)

between M,/ M ratios derived from hysteresis loops measured at
low temperature after the two treatments. These observations can
be qualitatively explained in terms of the simple model developed
by Bickford (1950) and Williams et al. (1953). According to it, be-
low the Verwey transition easy magnetization axes are distributed
at random after ZFC, while after FC they are concentrated within
the cone with the conical angle 54.73° around the field direction.
Critical fields (microcoercivities) due to domain walls displacement
are expected to vary as Hy/cos 6, where 6 is the angle between
magnetization within the domains and the external field and H
is a critical field for & = 0. The bulk coercive force would then be
higher for a grain assemblage in which relatively larger fraction of
grains have easy magnetization axes directed at large angles with
respect to the external field. Since in multidomain grains saturation
remanence is related to coercivity through the demagnetizing factor,
SIRM would also be larger after ZFC. Applicability of this model
is corroborated by the PFC(300-150 K) and PFC(150-80 K) SIRM
warming curves. The latter practically coincides with the FC curve,
and the former with the ZFC curve, showing that no permanent axis
switching occurs above 7', and, on the other hand, the process of
easy axes setting is complete by 80 K. However, if the magnetic
field is first applied well below Ty, switching of some easy axes
into new directions is still possible as shown by the PFC(80-5 K)
curve.

SIRM curves of three other samples (Figs 1b—d ) differ signif-
icantly from those of HM4L. Magnetization decrease due to the
Verwey transition is much smaller than for HM4L, and occurs in a
rather wide, 20-30 K, temperature range. Apparent transition tem-
peratures, deduced from the SIRM derivative curves are, respec-
tively, 122 K for HM4S, 112 K for 3006 and 95 K for BK5099,
probably reflecting the difference in the stoichiometry of the sam-
ples. In the two former samples, most of the volume seems to remain
relatively stoichiometric, and the behaviour of their SIRM curves
has much in common. SIRM after FC is slightly higher than af-
ter ZFC, as are SIRMs after PFC(150-80 K) and PFC(80-5 K).
However, the two latter curves show a significant difference be-
low the Verwey transition, SIRM after PFC(150-80 K) being much
more stable. This observation is consistent with a hypothesis that
easy axes established on passing the Verwey transition are more
stable than those switched into below the transition. On the other
hand, close similarity of PFC(80-5 K) and FC curves shows that
easy axes established on passing the transition are vulnerable to
further switching when placed in a strong field. Showing many
common features in the behaviour below and at the Verwey tran-
sition, SIRMs of the two samples decay at different rates above
it. This can be viewed as evidence for the presence of a superfi-
cial maghemite layer in 3006 and its absence in HM4S. Indeed,
SIRM of pure maghemite decreases quite significantly between
77 K and room temperature (Morrish & Watt 1958; de Boer &
Dekkers 1996), and the presence of maghemite in magnetite sample
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Figure 1. Low-temperature demagnetization curves of SIRMs acquired at 5 K after different thermomagnetic treatments.

3006 has been directly demonstrated by reducing it to apparently
stoichiometric composition by heating in a CO/CO, atmosphere
(Smirnov & Tarduno 2002).

BK5099, which has the smallest grain size of the four studied
samples, shows a completely different behaviour. SIRM after FC is
much larger then after ZFC, and the inspection of SIRMs measured
after different PFCs (Fig. 1d) shows that this difference is mostly
produced below 80 K. The PFC(80-5 K) curve almost replicates
the FC one. At the same time, SIRM after PFC(150-80 K) is much
more stable against warming below 80 K, but, on the other hand, a
relatively larger fraction of the latter is lost at the Verwey transition.
This behaviour is thought to be generally related to a greater degree
of non-stoichiometry of the sample, reflected by its lower 7' (95 K).
Indeed, it has been demonstrated experimentally (Kakol & Honig
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1989) that easy axis switching is greatly facilitated in strongly non-
stoichiometric magnetites. Easy axis switching is also probably the
origin of the anomalous hysteresis properties of this sample at low
temperatures (Kosterov 2002).

4.2 Zero-field cycling

The results of zero-field cycling of the room-temperature SIRM
are summarized in Fig. 2. PSD samples show the behaviour gen-
erally comparable with their grain size and rather highly stressed
state. The fraction of SIRM remaining after the first low-7 cy-
cle (second memory as defined by Ozdemir et al. 2002) is, re-
spectively, 64 per cent for HM4S, 73 per cent for 3006 and
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Figure 2. The behaviour of SIRM acquired at 300 K during two consecutive cycles to 6 K in zero field.

92 per cent for BK5099. The high SIRM memory of BK5099 is
probably due to a combined effect of its fine grain size and the
presence of a substantial amount of maghemite, which does not
show loss of remanence in the low-temperature cycling (de Boer &
Dekkers 1996). A second low-temperature cycle results in a fur-
ther, by a few per cent, decrease of magnetization recovered at
room temperature, similar to that reported previously (Kobayashi
& Fuller 1968). At the same time, it is worth noting that the re-

spective warming curves for the first and the second cycle are
very similar in shape (Fig. 2). The MD sample HM4L also shows
some recovery of remanence on passing the Verwey transition from
below, and SIRM memory is about 40 per cent (Fig. 2a), which
is evidence for a highly stressed state (Heider et al. 1992; King
& Williams 2000). At the Verwey transition, a rebound of mag-
netization is observed, similar to that found previously in large
MD grains (Halgedahl & Jarrard 1995; Ozdemir & Dunlop 1998,
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1999; Muxworthy & McClelland 2000; Ozdemir et al. 2002). It is
interesting to note that in the second cycle, the magnetization (SIRM
memory) decreases more slowly than it increased during warming
in the first cycle. Slightly higher magnetization is then produced at
6 K, and at room temperature after the termination of the second
cycle.

Temperature cycles of SIRM imparted at 6 K (Fig. 3) are qualita-
tively different from those of the room-temperature SIRM, in accord
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with previous observations (Ozima et al. 1964a; Kobayashi & Fuller
1968; Ozdemir et al. 2002). As described above (Section 4.1) the
first warming through the Verwey transition results in a major loss of
remanence, while the behaviour during the cooling part of the first
cycle and during the entire second cycle is quite different for MD
and PSD grains. In PSD samples, magnetization shows only a small
variation during cooling of the room-temperature residue of the low-
temperature SIRM, and during the subsequent warming—cooling
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Figure 3. The behaviour of SIRM acquired at 6 K during two consecutive cycles to 300 K in zero field.
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cycle. However, details vary somewhat from sample to sample. For
HMA4S (Fig. 3b), the room-temperature residue first slightly increase
on subsequent cooling, almost following the precedent warming
curve down to about 240 K, and then starts to decrease approaching
the Verwey transition. At the transition, a small rebound of mag-
netization is observed, which is then reversed during rewarming.
A similar magnetization rebound is also observed on the second
cooling. In samples 3006 and BK5099, on the other hand, a rela-
tively strong decrease of magnetization above the Verwey transition
during first warming is not replicated during cooling. This suggests
that decreasing magnetization above 7'y in these two samples is due
to the presence of a significant amount of maghemite, apparently
absent in HM4S. Upon cooling, magnetization of 3006 decreases
monotonically, and shows an increase, albeit very small, on passing
the Verwey transition during the second warming. In BK5099, mag-
netization increases slightly on passing the transition from above,
and decreases by about the same amount when passing the 7' from
below in the second cycle. MD sample HM4L shows a qualitatively
different behaviour similar to that observed previously by Kobayashi
& Fuller (1968): the room-temperature residue shows a fairly strong
rebound during the first cooling, followed in the second cycle by an
almost reversible variation with magnetization loss and rebound
at T V.

Since SIRMs acquired in both high- and low-temperature phases
have been monitored during two consecutive zero-field cycles, it is
possible to directly compare RT-6 K—RT cycles for the two start-
ing magnetic states: the residue of the low-temperature SIRM after
warming through 7', to the room temperature (designated in the
following as SIRM}P), on one hand, and the residue of the room-
temperature SIRM after the complete RT-6 K-RT cycle (second
memory following the terminology of Ozdemir et al. 2002, des-
ignated here as SIRMSD). These curves are shown in Fig. 4, nor-
malized in each case to a starting remanence value at room tem-
perature. Several features are noteworthy. In both cases, remanence
first increases slightly, roughly in proportion to M. Below about
250 K, two cooling curves start to diverge, demagnetization being
much more intense for SIRM". SIRM?P, on the other hand, de-
magnetizes only slightly for the three pseudo-single-domain sam-
ples, while for the multidomain sample HM4L the magnetization
at a local minimum at 132 K is even higher than the starting room-
temperature value. Signature of the Verwey transition in the cool-
ing curves of the two states is also fairly different. In the case of
SIRMSI), in three pseudo-single-domain samples remanence con-
tinues to demagnetize to a temperature about 10-15 K below the
Verwey transition. Only in the multidomain sample HM4L does
remanence show a small rebound at the transition similar to that
observed on this sample in the first cooling of room-temperature
SIRM. In contrast, for the SIRM}:) a small but distinctive rebound
of magnetization associated with the transition is seen in two out of
three studied pseudo-single-domain samples, and in the third one,
sample 3006, a break-in-slope is seen slightly above the transition
temperature assumed to be 110 K. Sample HM4L shows in this case
a very strong remanence rebound, magnetization below the transi-
tion increasing by a factor of 2.7. In the low-temperature phase
itself, magnetization changes reversibly in all cases, in accord with
previous observations (Ozdemir & Dunlop 1999; Muxworthy & Mc-
Clelland 2000; Ozdemir ef al. 2002). On the subsequent warming,
once the Verwey transition is passed, magnetization variation nearly
mirrors that during cooling, i.e. stronger remanence loss (in the case
of SIRMSI)) is matched by a stronger rebound and vice versa. As
a result, second memories of SIRMSI) and SIRMEP nearly equal
each other.

5 LOW-FIELD SUSCEPTIBILITY

5.1 Temperature dependences

Variation of the in-phase initial susceptibility x’ with temperature
is shown in Fig. 5. HM4L shows a step-like increase of suscepti-
bility at the Ty, similar to that observed previously on the grains
of similar or larger size (Moskowitz et al. 1998; Muxworthy 1999;
Skumryev et al. 1999). Cooling through the transition in the strong
magnetic field results in higher susceptibility than that in zero field,
directly reflecting the concentration of easy magnetic axes around
the direction of the field applied during FC. Susceptibility after
PFC(80-5 K) almost equals that after FC and PFC(150-80 K), in-
dicating that easy axes distributions at 5 K forming after the three
treatments are similar. On the other hand, on the consequent warm-
ing the PFC(80-5 K) curve tends towards the ZFC one, implying a
different thermal stability of the easy axes switched into by a strong
magnetic field applied below 80 K.

In pseudo-single-domain samples HM4S and 3006 susceptibility
increase associated with the Verwey transition is much more gradual
(Figs 5b and ¢), also in agreement with previous observations (Mux-
worthy 1999). Field cooling results in higher susceptibility values at
5K, and in a smaller temperature variation on subsequent warming,
so that ZFC and FC curves converge well below the respective Ver-
wey temperatures, at approximately 100 K for HM4S and at 90 K
for 3006. An interesting behaviour is observed after PFC(150-80 K)
and PFC(80-5 K): for both samples these susceptibility curves dif-
fer from each other, and both of them also differ from the respective
FC curves. In the PFC(150-80 K) curves even a break-in-slope,
corresponding to the switching off of the field during cooling, can
be seen near 80 K.

In general, two characteristic regimes can be recognized in the
temperature dependences of the low-field susceptibility below the
Verwey transition, independent of the mode of preceding cooling
through 7'y. Both ZFC and FC susceptibilities first slightly de-
crease with increasing temperature, reaching a minimum at 12-13
K, and then increase gradually with temperature until 35 K in sam-
ple HM4L and until 50 K in HM4S and 3006. Similar behaviour has
been observed previously, being in addition frequency dependent
(Muxworthy 1999; Skumryev et al. 1999). The frequency depen-
dence of susceptibility at 10 and 30 K has been observed in the
present study as well (see Section 5.2). At higher temperatures
the susceptibility behaviour is fairly different for multidomain and
pseudo-single-domain grains. In the former, both ZFC and FC
susceptibilities decrease gently, again similar to previous studies
(Moskowitz et al. 1998; Muxworthy 1999; Skumryev et al. 1999).
In contrast, in pseudo-single-domain grains ZFC susceptibility con-
tinues to increase, albeit at a slower rate, while FC susceptibility
flattens out. This is in accordance with the decrease of the coercive
force with increasing temperature after ZFC and its constancy after
FC (Kosterov 2001, 2002).

Sample BK5099, which contains smaller grains and is consider-
ably stronger oxidized that two other pseudo-single-domain samples
in the present study, shows a somewhat different behaviour (Fig. 5d).
At 5 K, the in-phase susceptibility after FC is higher than that af-
ter FC by about 35 per cent. This difference is more than twice as
large as in HM4S and 3006. The susceptibility curve measured af-
ter PFC(150-80 K) almost coincides with the ZFC one, and that
measured after PFC(80-5 K) with the FC one. The two regimes in
susceptibility versus temperatures curves described above can still
be recognized, but they are significantly less distinct, with only a
small break in slope around 50 K.
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Figure 4. A comparison of 300-6-300 K zero-field cycles for a 300 K residue of an SIRM given at 6 K (solid lines) and a residue of an SIRM given at
300 K after a complete zero-field cycle to 6 K (dashed lines). (a) Sample HM4L; (b) sample HM4S; (c) sample 3006; (d) sample BK5099. Verwey transition
temperatures (7'y) were determined from SIRM(7") warming curves (Table 1), isotropic point (7';) is taken to be 130 K in all cases.

Another parameter that can yield information concerning the
magnetic state of a ferromagnetic sample is the out-of-phase sus-
ceptibility. When a sample is subjected to an AC magnetic field,
the resulting induced magnetization usually has a small component
orthogonal to the field, so that the total susceptibility can be written
in the form x = x’ — i x”, where yx’ is the usual in-phase suscep-
tibility, and x” is the out-of-phase susceptibility. The temperature
variation of the susceptibility phase angle ¢, which is related to
x" through the equation ¢ = tan~!(x"/x’), for the four samples
studied is shown in Fig. 6. Two features are observed in all cases:
a peak in the 15-30 K range, and a peculiar double-jump (triple
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in the case of HM4L) at 122 and 144 K, respectively. The peak at
about 30 K has been observed previously on large single crystals of
stoichiometric magnetite (Simsa ef al. 1985; Skumryev ef al. 1999),
and its origin is thought to be related to a certain type of relax-
ation of domain walls. However, in the present study the peak is
observed on supposedly isotropic assemblages of magnetite grains,
and three out of four samples have a grain size of about 5 pum at most.
The magnitude of the low-temperature peak depends on the pre-
ceding magnetic treatment being significantly higher after FC. This
agrees qualitatively with the domain walls relaxation as an origin for
this effect, thereby indicating that below the Verwey temperature a

2202 Menuer gz uo 1senb Aq 8//709/8G/1L/G L /eone/B/woo dno-olwepeoe//:sdiy wou) papeojumoq



66  A. Kosterov

3.0 4
2.5
=R 20
©
(0]
N
©
£
[e] ,QQEIEB
=z ' DEEEH
1.5 @ = HM4L
! = ZFC
o FC
PFC(300-150)
----- PFC(150-80)
~~~~~~~ PFC(80-5)
a
T T T T T T T T T T T 1
0 50 100 150 200 250 300

Temperature, K

224
2.0+
1.8+
S 1.6
o
[}
N
©
£ 1.4
S
z 3006
= ZFC
124 o FC
PFC(300-150)
----- PFC(150-80)
o m® | PFC(80-5)
c
0.8 T T T T T T T T T T T 1
0 50 100 150 200 250 300

Temperature, K

2.0 4
1.8 -
1.6 -
=
e)
(0]
N
©
e 144
S
zZ
1.2 S
PFC(300-150)
----- PFC(150-80)
1odma?® | PFC(80-5)
b
T T T T T T T T T T T 1
0 50 100 150 200 250 300
Temperature, K
2.2 -
2.0 4
1.8
=
- 164
(9]
N
©
E
CERER
5 BK5099
1% m ZFC
12 o FC
] PFC(300-150)
----- PFC(150-80)
~~~~~~~ PFC(80-5)
1.0 -
A d
T T T T T T T T T T T 1
0 50 100 150 200 250 300

Temperature, K

Figure 5. Temperature dependences of the in-phase susceptibility after different thermomagnetic treatments.

structure with distinct domain walls exists even in fairly small grains,
in agreement with hysteresis data (Kosterov 2001, 2002). With de-
creasing grain size, the magnitude of the x” peak (measured as the
phase angle ¢) decreases, and also shifts towards lower tempera-
tures, from 28 K for HM4L to about 17-20 K for the three other
samples. BK5099, however, shows a more complex behaviour with
another, apparently treatment-independent peak at 35 K.

In the vicinity of the Verwey transition, all four samples show a
similar x” pattern with jumps at 122 and 144 K as the main features.
The jump at 122 K seems to be a direct manifestation of the Verwey
transition, since the difference between ZFC and FC curves largely
disappears exactly at this temperature. The origin of the 144 K jump
is not clear, but it has been observed beyond measurement errors
in all four samples used in the present study. In view of apparently
different Verwey temperatures, obtained from SIRM and in-phase
susceptibility measurements, and also from the magnetic hysteresis

data (Kosterov 2001, 2002), it seems amazing that such a persistent
pattern is observed in x” behaviour in the samples of apparently
different stoichiometry. It may be suggested then that this double-
jump pattern in x” temperature dependence is a manifestation of
truly stoichiometric magnetite. If this is indeed so, it means that
even in the severely oxidized sample BK5099 a certain amount of
stoichiometric magnetite still exists, probably in the very inner parts
of the grains.

Being otherwise the closest to the model stoichiometric mag-
netite, HM4L shows a somewhat more complex behaviour in terms
of x”. An additional jump is observed at 118 K, which is even larger
than the following jump at 122 K. Note that the temperature of the
first jump corresponds fairly well to the temperature range where
the major drop of magnetization and the increase of the in-phase
susceptibility occurs. Since the single-stage model of the Verwey
transition now seems to be the only viable model, at least in the
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Figure 6. Temperature dependences of the out-of-phase susceptibility after different thermomagnetic treatments. Only ZFC and FC curves are shown above

80 K. Note also different vertical scales below and above 80 K.

ideal case (Walz & Kronmiiller 1991; Walz 2002), two jumps ob-
served in HM4L may simply be due to the two phases with slightly
different stoichiometry.

5.2 Frequency dependences

The frequency dependence of the in-phase susceptibility is shown in
Fig. 7. At room temperature, the susceptibility generally decreases
with decreasing frequency. However, the decrease over five decades
of frequency, from 10° to 102 Hz, is 0.5-0.7 per cent at most for the
PSD samples and about 2 per cent for the MD sample HM4L. This is
very similar to the previous studies (Bhathal & Stacey 1969; Worm
et al. 1993); however, in the present study much lower frequencies
have been used. Close to the Verwey transition and at an intermediate
temperature below it (75 K for BK5099 and 70 K for the three other
samples) the susceptibility of the PSD samples increases slightly
with the frequency decrease (by 1—4 per cent over the frequency
range studied, not shown in the figure). For HM4L, the susceptibility
at 70 K also increases with decreasing frequency by about 2 per
cent. In contrast, at 117 K, i.e. just below the Verwey transition, the
susceptibility first drops sharply, then decreases more gently and
finally nearly flattens below ca. 10 Hz.

At the two lowest temperatures, all four samples show quite dif-
ferent behaviour, which in addition depends on the cooling mode.
At 10 K, the frequency dependence is essentially flat down to 2 Hz,
and then starts to increase almost linearly with log frequency. The
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rate of increase is largest for HM4L, where, in the case of FC, it
amounts to about 4.5 per cent per frequency decade. For the PSD
samples, the increase rate for the FC state is about half that for
HMA4L. Compared with FC, the increase rate for the ZFC state in
the low-frequency range is 1.5—4 times smaller, depending on the
sample. At 30 K the three PSD samples show a more or less steady
increase with decreasing frequency over the whole range studied.
Again, the increase for the ZFC state is about half that for FC. In
the MD sample HM4L, however, susceptibility is saturated below
ca. 1 Hz for both ZFC and FC, albeit at different levels normalized
to the 10° Hz value.

6 DISCUSSION

Thermal demagnetization of the saturation remanent magnetiza-
tion acquired at a low temperature has become a fairly common
method for characterizing the magnetic mineralogy of rock samples.
However, in most cases only phase transitions are sought, while the
overall temperature variation of SIRM is rarely analysed in detail.
Generally, SIRM is acquired only after cooling in a zero magnetic
field (ZFC), limiting the information which can be drawn from the
low-temperature magnetization data.

Cooling in a strong magnetic field (FC) is known to affect many
materials of interest to rock magnetism, such as magnetite (Li
1932), titanomagnetites (Schmidbauer & Readman 1982), goethite
(Rochette & Fillion 1989) and siderite (Housen et al. 1996). In
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Figure 7. Frequency dependence of the in-phase susceptibility at selected temperatures.

the case of magnetite, demagnetization of SIRMs acquired after
ZFC and FC, respectively, has been suggested as a test for its bio-
genic origin (Moskowitz et al. 1993). Characterizing the amount
of magnetization lost at the Verwey transition by the parameter
8= %mm biogenic magnetite has been found to show
the ratio §pc/dzrc > 2, while in single-domain and small pseudo-
single-domain grains of inorganically produced magnetite this ratio
ranges from 1 to 1.6 (Moskowitz et al. 1993; Carter-Stiglitz et al.

2002). If the low-temperature SIRM(T') curves are to be used to
constrain the unmixing of magnetic data on natural samples (Carter-
Stiglitz et al. 2001), more data and a better understanding of the
magnetic properties of the low-temperature phase of magnetite as
related to grain size and stoichiometry are required.

SIRM demagnetization curves bear a fundamental difference
from temperature dependences of hysteresis parameters, since the
initial magnetic state of a sample is only modified by changes in
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temperature. It is therefore instructive to compare SIRM(T') be-
haviour observed in the present study with the hysteresis properties
ofthe same four samples reported previously (Kosterov 2001, 2002).

In the multidomain sample HM4L, SIRM(T') shows little varia-
tion below the Verwey transition, independent of the preceding ther-
momagnetic treatment. Similarly, the M/ M ratio and the coercive
force are nearly constant up to about 80 K, where easy magnetization
axes set during the initial cooling through the transition apparently
become switchable again (Kosterov 2001). SIRM(5 K) after FC is
smaller than that after ZFC by a factor of 2, and nearly the same
relationship holds for M,/ M ratios derived from the hysteresis
loops measured as a function of temperature. During SIRM demag-
netization, however, switching of easy axes does not occur since
the whole experiment is performed in a zero magnetic field. This
explains why a decrease of SIRM prior to the Verwey transition, as
compared with the M/ M ratio, is relatively less pronounced and
occurs at somewhat higher temperatures.

Samples HM4S and 3006, despite a difference in their Verwey
temperatures, show quite similar magnetic properties below the tran-
sition. Thus, a superficial maghemite layer present in 3006 (Smirnov
& Tarduno 2002) apparently does not influence the behaviour of the
magnetite core below the Verwey transition. Composition of the lat-
ter, assuming the Verwey temperature of 110 K, corresponds to a A
value of about 0.003 in the formula Fes;_»)O4 (Aragon et al. 1985;
Aragon 1992). Note that this is a maximum estimate since stresses
also lower 7'y (Samara 1968; Tamura 1990; Rosenberg et al. 1996).
Magnetocrystalline anisotropy of the low-temperature phase of such
amaterial is only 15 per cent lower than for the stoichiometric mag-
netite (Kakol & Honig 1989). This difference is probably too small
to be reliably sensed in hysteresis, SIRM or susceptibility measure-
ments on isotropic assemblages of fine magnetite grains. Results for
these two samples will therefore be treated together.

SIRM(T) curves of the two samples measured after ZFC and
FC, respectively, are very similar, SIRM (5 K) after FC being only
about 5 per cent higher than that after ZFC. The difference between
FC and ZFC curves disappears at about 70-80 K, well below the
Verwey transition. SIRMs after PFC(150-80 K) nearly equal those
after FC, being, however, much more thermally stable. SIRMs after
PFC(80-5 K) are again very similar to those after FC, both in mag-
nitude and in stability. This behaviour can be explained assuming
that in magnetite grains several microns in size new easy magne-
tization axes can develop under the action of a strong magnetic
field well below the Verwey transition. However, thermal stabil-
ity of the easy axes is higher the closer to the transition they are
formed.

Hysteresis measurements on the same samples with a Princeton
Measurements VSM (Kosterov 2001, 2002) have shown that at 10
K SIRMs, derived from loops measured after FC, are significantly
(by about 20 per cent) higher than after ZFC. The temperature vari-
ation of the M5/ M ratios in the two experiments is also different.
M s/ M after FC decreases much more rapidly but converges with
the ZFC curve only at the Verwey transition. To reconcile these ob-
servations with SIRM(7') data, hysteresis loops for the sample 3006
were measured at 10 K after ZFC and FC treatments using an MPMS
XL instrument. The M/ M ratio was found to be 0.252 after FC,
and 0.236 after ZFC. These values are approximately in the same
proportion as SIRMs acquired by simply setting the magnetic field
to zero, but are considerably smaller than the respective M,/ M
ratios measured with a VSM (0.392 and 0.323, respectively). Such
a large difference is likely to be due to a much faster field set-
ting in the VSM instrument compared with an MPMS. Hystere-
sis measurements with a VSM thus sample a quasi-instantaneous
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distribution of easy magnetization axes and pinning sites, while
in an MPMS measurement easy axes distribution apparently has
time to accommodate to a changing field environment. This be-
haviour is, however, seen only in pseudo-single-domain and smaller
grains.

The ratio of SIRMs acquired below the Verwey transition after
FC and ZFC, respectively (FC/ZFC ratio, for short) can be evaluated
theoretically only for the simplest case of Stoner—Wohlfarth (Stoner
& Wohlfarth 1948) particles, which are essentially uniaxial parti-
cles for which the magnetic moment can only be reversed by the
rotation-in-unison mechanism. Two assumptions have to be made:
(1) after ZFC easy magnetization axes are directed at random, while
after FC they follow the [001] directions of the high-temperature
cubic phase closest to the magnetic field applied during cooling and
(2) no easy axes can be switched into a new direction by SIRM
acquisition field. Under these assumptions, the theoretical FC/ZFC
ratio for an assemblage of SW particles should be 1.664. However,
experimental values observed for the stoichiometric magnetite are
much lower. Even for 53 x 35 x 35 nm® biogenic magnetite grains
(magnetotactic bacterium strain MV1) that had been expected to
behave like ideal single-domain particles, Moskowitz et al. (1993)
reported values of about 1.25. Recent measurements (Carter-Stiglitz
et al. 2002) have yielded FC/ZFC ratios of 1.36 for magnetite from
the same bacterial strain MV1 and 1.29 for the strain MS1. These
samples may, however, be oxidized due to several years of storage,
as suggested by their lowered Verwey temperatures of 105 and 97
K, respectively. Magnetostatic interactions in particle chains, typi-
cal for biogenic magnetite, might be suggested as a tentative reason
for the lowering of FC/ZFC ratio in these samples. Two magnetite
samples of inorganic origin containing mostly single-domain grains
yielded FC/ZFC ratios of 1.42 and 1.47, respectively (Carter-Stiglitz
et al. 2002). For larger, 250 nm magnetite grains the FC/ZFC ra-
tio derived from hysteresis measurements (Schmidbauer & Keller
1996) is even higher, about 1.6. This may be in part due to the
fact that these measurements were made with a VSM, rather than
with an MPMS, although a 1 min pause had been taken after the
field change. These grains are, however, too large to be single do-
main even below the Verwey transition, in agreement with a recent
micromagnetic model (Muxworthy & Williams 1999). More ex-
perimental data are needed to elucidate the factors controlling the
FC/ZFC ratio in single-domain magnetite.

FC/ZFC ratios of about unity, observed in the present study
on pseudo-single-domain grains several microns in size, may be
viewed as intermediate between the two extremes representing, re-
spectively, very fine (single-domain) and very large (true multido-
main) grains. Magnetostatic interactions in pseudo-single-domain
and larger grains seem unlikely to affect the low-temperature mag-
netic properties in a significant way. The major contribution to an ex-
terior magnetic field created by a multidomain ferromagnetic grain
comes from and acts primarily upon the domains close to the grain
boundaries. The SIRM value, on the other hand, is determined by
interactions between adjacent domains within a given grain, which
generally outweigh interactions between the grains. On the experi-
mental side, King & Williams (2000) have found that in interacting
250 nm magnetite cubes at 50 nm spacing loss of SIRM at the Ver-
wey transition is only a few per cent larger than in non-interacting
grains of the same size. At the same time, in both cases normalized
SIRM(T) curves were essentially flat below approximately 100 K.

Properties of the low-temperature phase of sample BK5099
strongly differ from those of HM4S and 3006. Its most striking
feature is a very large difference between ZFC and FC SIRM(T)
curves. The FC/ZFC ratio amounts to 1.74, i.e. even higher than the
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theoretical limit for Stoner—Wohlfarth particles. The 8gc/8zrc ratio
is 1.75, somewhat higher than previously reported for magnetites of
inorganic origin (Moskowitz et al. 1993; Carter-Stiglitz et al. 2002).
SIRM acquired at 5 K after PFC(150-80 K) demagnetizes even more
strongly on passing the Verwey transition, yielding the §ppc /8 zpc Ta-
tio of 1.86. At the same time, hysteresis measurements below the
Verwey transition (Kosterov 2002) yielded for this sample M,/ M,
ratios between 0.25 and 0.35, dependent on the thermomagnetic
history, precluding the possibility of single-domain behaviour. Ex-
isting hysteresis (Schmidbauer & Schembera 1987; Ozdemir ef al.
2002) and SIRM(T) (Ozdemir ez al. 2002) data for stoichiometric
magnetite with a comparable or smaller grain size are also fairly dif-
ferent from those shown by BK5099. It may be suggested therefore
that in this highly non-stoichiometric sample (7 = 95 K, corre-
sponding to A about 0.006 in the formula Fe3;_»)O4 (Aragén et al.
1985; Aragdn 1992) the magnetic field applied during cooling exerts
much stronger control over setting new easy magnetization axes in
the low-temperature phase, so that easy axes can deviate from the
[001] direction of the cubic phase towards the direction of magnetic
field applied during cooling. Resulting tighter concentration of easy
axes around the cooling field direction would explain the larger re-
manence. The behaviour of susceptibility measured after different
treatments also supports this hypothesis. The difference between
susceptibilities measured after FC and ZFC, respectively, is about
35 per cent, which is about twice as high as in more stoichiometric
samples. At the same time, easy axes initially formed on passing
the Verwey transition are far less stable than in stoichiometric mag-
netite, as indicated by FC and ZFC susceptibility curves almost
converging at about 40 K, much lower than the Verwey temperature
for this sample (95 K).

The physical mechanism of the peculiar behaviour of magne-
tization and susceptibility in this highly non-stoichiometric sam-
ple is most probably the magnetocrystalline anisotropy of the low-
temperature phase, which shows a strong decrease with increasing
non-stoichiometry (Kakol & Honig 1989). In magnetite with a A
of about 0.006 in formula Fes;_)O4, corresponding to the Verwey
temperature of 95 K, the magnetocrystalline anisotropy constant
K ,, the largest of the five monoclinic magnetocrystalline anisotropy
constants, is only about 60 per cent that of the stoichiometric mag-
netite. Kakol & Honig (1989) have also observed the onset of easy
axes switching around 40 K. ZFC and FC susceptibility curves in
BK5099 converge at about this temperature.

7 CONCLUSION

Saturation isothermal remanent magnetization and AC susceptibil-
ity curves have been measured as a function of temperature be-
tween 5 K and room temperature on four samples of multidomain
and pseudo-single-domain magnetite. The emphasis has been made
on the role of a magnetic field applied during cooling through the
Verwey transition in forming the magnetic state of the magnetite
low-temperature phase. In multidomain grains, the effect of cooling
(complete or partial) in a strong magnetic field on SIRM and suscep-
tibility data below the Verwey transition, as well as on the magnetic
hysteresis properties measured previously (Kosterov 2001), can be
adequately understood by assuming that on passing the Verwey tem-
perature from above easy magnetization axes of the low-temperature
phase are set along the [001] directions of the cubic phase closest
to the direction of applied magnetic field (Bickford 1950; Williams
etal. 1953). However, as PFC(80-5 K) SIRM and susceptibility ver-
sus temperature curves show, easy magnetization axes can also be set

in new directions by applying a strong field well below the Verwey
transition. Pseudo-single-domain grains display a more complex be-
haviour, as revealed by differences between FC, PFC(150-80 K) and
PFC(80-5 K) SIRM and susceptibility versus temperature curves.
In this case, easy magnetization axes formed by a magnetic field
applied during cooling through the Verwey temperature can be eas-
ily reset by switching off the field at an intermediate temperature.
Conversely, easy axes can be set into new directions by a partial
field cooling starting at a temperature well below 7. Both effects
are greatly enhanced in oxidized magnetite due to the much lower
magnetocrystalline anisotropy of its low-temperature phase.
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