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Abstract

Submicron magnetite crystals with mean sizes of 0.037, 0.10 and 0.22 pum undergo major changes in hysteresis
properties and domain states in crossing the Verwey transition (7y = 120 K). The 0.037 um crystals are single-domain
(SD) both in the cubic phase at room temperature 7, and in the monoclinic phase below 7y. The 0.10 and 0.22 pm
crystals have a mixture of SD and two-domain (2D) states at room temperature Ty, but mainly SD structures below T,
in agreement with micromagnetic calculations. Coercive force H, increases on cooling through 7Ty, by a factor 3-5 in
the submicron magnetites and 40 in a 1.3 mm single crystal, because of the high crystalline anisotropy and
magnetostriction of monoclinic magnetite. As a result, domain walls and SD moments are so effectively pinned below
Tv that all remanence variations in warming or cooling are reversible. However, between = 100 K and 7}, remanence
behavior is variable. Saturation remanence (SIRM) produced in monoclinic magnetite at 5 K drops by 70-100% in
warming across Ty, with minor recovery in cooling back through Ty (ultimate levels at 5 K of 23-37% for the
submicron crystals and 3% for the 1.3 mm crystal). In contrast, SIRM produced in the cubic phase at 300 K decreases
5-35% (submicron) or >95% (1.3 mm) during cooling from 300 to 120 K due to continuous re-equilibration of domain
walls, but there is little further change in cooling through T¥ itself. However, the submicron magnetites lose a further 5—
15% of their remanence when reheated through 7vy. These irreversible changes in cycling across Ty, and the amounts of
the changes, have potential value in determining submicron magnetite grain sizes. The irreversibility is mainly caused by
2D —SD transformations on cooling through 7y, which preserve or enhance remanence, while SD—2D
transformations on warming through 7y cause remanence to demagnetize. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction properties of magnetite at low temperatures, par-
ticularly in cycling through the Verwey transition
There has been much recent interest in the (Ty =120 K), where magnetite transforms from

cubic to monoclinic structure [1-10]. Most pub-

lished data (e.g. [2,4,11,12]) are for remanences
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Fig. 5) have companion data been measured for
remanences produced in the monoclinic phase be-
low Ty, then warmed through 7y to 7, and
cooled back through Ty to the original temper-
ature. Very few of these data are for submicron
magnetites or large single crystals. One purpose of
the present study was to produce high-quality
hysteresis and remanence cycling data for these
very small and very large magnetites.

Despite the wealth of published work, it is still
unclear what controls the transformation of rema-
nence across the cubic—-monoclinic phase transi-
tion, or indeed what is the domain structure of
monoclinic magnetite below 7y. Moloni et al.
[3] were successful in imaging domains between
77 and 110 K on the {110} plane of discs cut
from a large synthetic single crystal of magnetite,
using a novel low-temperature magnetic force
microscope. They found two types of domains,
both typical of substances with strong uniaxial
anisotropy. Lamellar domains without closure
structures characterized parts of the crystal where
the monoclinic c-axis (the easy axis of magnetiza-
tion) lay in the plane of view, while intricate wavy
patterns appeared in twinned regions where the c-
axis intersected the viewing plane. Structures un-
fortunately faded from view around 110 K, but
reappeared on cooling. Pinning of a wall by a
topographic feature was observed in one case.
No observations were possible of domains above
Tv, nor of how structures transform or are re-
nucleated between the cubic and monoclinic
phases.

There are no domain observations at low tem-
peratures for smaller magnetite crystals, but Mux-
worthy and Williams [15,16] have made micro-
magnetic calculations of the structures of model
magnetite cubes ranging in size from 0.08 to 0.6

Table 1

um at temperatures down to 100 K. Modeling at
lower temperatures was limited by fragmentary
knowledge of the governing physical constants.
One important prediction of their work is that
the critical SD size increases from 0.07 um in
the cubic phase at Ty to 0.14 pum in the mono-
clinic phase at 110 K, just below 7Ty. Thus we
would expect to see a marked change in magnetic
properties such as hysteresis parameters of mag-
netites in the 0.07-0.14 um size range in crossing
the Verwey transition. Testing this prediction is
another purpose of our work.

2. Sample characterization

We studied three fine-grained magnetites with
median particle sizes of 0.037, 0.10 and 0.22 pum.
Their basic properties have been described by
Dunlop [17,18]. The cube-shaped crystals were
grown from aqueous solution and were initially
surface oxidized. We therefore heated the magne-
tites in a mixture of 80% CO, and 20% CO for 120
h at 395°C to reduce the surface layer and then
stored them in a desiccator until beginning experi-
ments. Experimental samples were 2% by weight
dispersions of magnetite in non-magnetic CaF,.

Susceptibility curves measured with a Kappa
bridge gave magnetite Curie temperatures of
575-580°C. X-ray unit cell edges determined using
a Debye-Scherrer camera with Cu-Ko radiation
were 8.393+0.008, 8.399+0.005 and 8.400+
0.005 A for the 0.037, 0.10 and 0.22 um samples,
respectively. These values are characteristic of stoi-
chiometric magnetite. Saturation magnetization
M values of 85.8, 89.2 and 89.4 Am?/kg (Table
1) also indicate nearly stoichiometric Fe;Oy.

For comparison, we studied a 1.3 mm single

Values of hysteresis parameters measured at room temperature and at low temperature

Grain size Measurements at 295 K Measurements at =15 K

(nm) M M/ M H. H./H. M M/ M H. H./H.
(Am?/kg) (mT) (Am?/kg) (mT)

0.037£0.015 85.8 0.276 17.5 1.61 91.5 0.517 89.7 1.45

0.10£0.03 89.2 0.219 13.3 1.64 95.4 0.406 50.2 1.28

0.22+0.04 89.4 0.126 8.8 2.69 94.0 0.389 37.1 1.27

1300 90.7 0.003 0.13 45 - 0.013 1.1 -
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crystal of magnetite from Richmond County, QC,
Canada. The Curie temperature of 577°C, spinel
unit cell edge ¢ =8.397 A, and room temperature
M of 90.7 Am?/kg indicate stoichiometric mag-
netite with no major impurities.

3. Low-temperature hysteresis

Hysteresis loops were measured in a maximum
field of 1.5 T at selected temperatures from =15
K to 295 K using a Princeton Measurements Cor-
poration AGFM (MicroMag Model 2900) with a
liquid He cryostat. Condensation and icing on the
cryostat interfered with measurements below =15
K. Hysteresis measurements on the 1.3 mm crys-

g0 - 0.037 um

(o)
(=]
T

- 0.10 pum

0.22 m

Coercive force, H . (mT)
N
o

1 | 1
0 50 100 150 200 250 300

0 1
Temperature, T (K)

Fig. 1. Coercive force H. measured in 1.5 T hysteresis loops
at temperatures from =15 to 295 K. H, is almost tempera-
ture independent above Ty, then increases sharply in crossing
the Verwey transition for all submicron magnetites.
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Fig. 2. Remanence ratios M;,/M; measured at low tempera-
tures. Above Ty, Ms/M; is constant, indicating no change in
domain state. Below Ty, all the submicron magnetites show
sharp increases in M,s/M;, reaching SD-like values of 0.39-
0.52 at =15 K.

tal used a Quantum Design MPMS-2 SQUID
magnetometer at Kyoto University, Japan.

Table 1 summarizes 295 K and =15 K values
of the saturation magnetization Mj;, saturation
remanence to saturation magnetization ratio
M,/ M, coercive force H., and remanent to ordi-
nary coercive force ratio H./H.. At =15 K, the
three submicron samples have parameters ap-
proaching those of single-domain (SD) grains:
M/ Mg =0.389-0.517 and H./H.=1.27-1.45. At
295 K, on the other hand, M, /M, values are
much below 0.5 and depend strongly on grain
size, while H./H_. increases to 1.6-2.7. H_. values
are a factor 4-5 higher at =15 K than at room
temperature.

Values of H. for the submicron magnetites at
intermediate temperatures are plotted in Fig. 1.
Between room temperature and the onset of the
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Verwey transition at Ty =120 K, H. is almost
constant. Only for the 0.037 um sample is there
a slight increase, from 17.5 mT at 295 K to 19.0
mT at 130 K. This small gradual increase in H.
may reflect residual non-stoichiometry in the sur-
face layers of these ultrafine magnetite crystals.
The 0.037 um sample had slightly lower M, values
than those of the other magnetites (Table 1), in-
dicating some surface oxidation.

At the Verwey transition, all the submicron
magnetites showed an increase in coercive force.
The largest increase in H, from 20 mT at 125 K
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to 70 mT at 100 K, was for the 0.037 um sample.
Below 100 K, H. continued to increase but more
slowly, ultimately reaching 90 mT for the 0.037
um sample at 20 K.

M /Mg changes somewhat differently at low
temperature (Fig. 2). As with H., M./M; values
are almost temperature independent between 300
K and Ty. However, M/M; then increases very
strongly and rapidly over the narrow temperature
range 120-110 K, but unlike H., changes very
little between 100 and 20 K for all the submicron
samples. M./ M, approximately doubled in cross-
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Fig. 3. Low-temperature hysteresis parameters of the 0.10 and 0.22 pm magnetites on a Day plot of M,/M, vs. H,/H.. The
data follow PSD type curves [20] quite closely. Changes from more MD-like to SD-like parameters occur between 100 and 120

K (Verwey transition).
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ing the Verwey transition for the 0.037 um sam-
ple. The change in Ms/M; was largest of all for
the 0.22 pum sample: from 0.136 at 120 K to 0.34
at 100 K.

The changing domain structure at low temper-
ature is traced in Fig. 3 on a Day et al. [19] plot of
M/ Mg vs. He/H.. The three type curves, calcu-
lated by mixing experimental data from SD (or
fine-grained, F) and small multidomain (MD)
end members, fit measured values for sized pseu-
do-single-domain (PSD) magnetites quite well
[20]. The largest change in domain structure is
for the 0.22 pm sample. At 150-295 K, M./
M;=0.126-0.128 and H./H.=2.66-2.69, charac-
teristic of moderately large PSD magnetites (70—
75% MD mixtures), while at 14-71 K, M,/
M;=0.380-0.389 and H./H.=127-1.31, close
to SD values. M /M and H./H. hardly change
on cooling through the isotropic temperature
T; = 130 K, where the first magnetocrystalline ani-
sotropy constant K; changes sign and momentar-
ily vanishes, in spite of the change at 7; from
(111) to (100) easy axes which must cause some
reorganization of the domains. M /M and H./

1.2

H_. change mainly between 120 and 90 K, with
=~75% of this change (measured along the Day
plot curves) occurring between 110 and 100 K.
Changes in domain structure are therefore mainly
a result of the decreasing lattice symmetry (cubic
spinel — monoclinic) and accompanying large in-
crease in crystalline anisotropy in crossing the
Verwey transition. The changes in M /M; and
H./H. are less dramatic for the 0.10 um sample
but again occur almost entirely at and below Ty,
not around 7;.

The room temperature hysteresis curve of the
1.3 mm magnetite crystal is ramp-like and typical
of large MD grains. Room- temperature hystere-
sis parameters are consistent with truly MD be-
havior: M;=90.7 Am?/kg, H.=0.13 mT, M,/
M;=0.003 and H./H.=45. The temperature de-
pendence of coercive force during cooling from
300 to 15 K is shown in Fig. 4. In contrast to
the behavior of the submicron magnetites, H. de-
creased on cooling, reaching a minimum at the
isotropic temperature 7; =130 K. In crossing the
Verwey transition, H. increased more than an or-
der of magnitude, from 35 uT to 1.1 mT. The
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Fig. 4. Coercive force H, measured in 0.4 T hysteresis loops for the 1.3 mm crystal of magnetite at temperatures from 10 to

300 K.
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change was much sharper than for the submicron
magnetites, occurring mainly in a <10 K interval
below 120 K. In cooling from 110 to 15 K, H,
remained essentially constant, again in contrast to
the submicron magnetites.

4. Isothermal remanence cooling (300 —5 K) and
warming (5 —300 K) curves

We measured temperature dependence of rema-
nence with an MPMS-2 SQUID magnetometer at
the Institute for Rock Magnetism, University of
Minnesota, Minneapolis, MN, USA. Samples
were given a saturation isothermal remanent mag-
netization (SIRM) in a field of 2.5 T at room
temperature, then cooled in zero field to 5 K
and back to 300 K. The SIRM cooling and warm-
ing curves for the submicron magnetites are
shown in Fig. 5. The SIRM cooling curve for
the 0.037 um sample is almost flat between 300
and 150 K. In further cooling across the Verwey
transition, the remanence dropped to 95% of the
original SIRM, but this was not a permanent de-

My / M. SIRM 300

0.90
0.80
0.70

0.60

magnetization. SIRM cooling and warming
curves were reversible for the monoclinic phase
in the range 5-90 K, with all but 2% of the initial
SIRM intensity being recovered at 5 K. Warming
through the Verwey transition resulted in a per-
manent remanence loss, however, with =85% of
the original SIRM remaining at 300 K.

In cooling from 300 K to Ty, the remanence of
the 0.10 um magnetite decreased in much the
same way as that of the 0.037 um magnetite. At
Tv, 10% of initial SIRM had apparently been
demagnetized but all but 2% of this remanence
was recovered in cooling to 5 K. The remanence
retraced the cooling curve in warming from 5 to
100 K, then decreased sharply at the mono-
clinic—cubic phase transition. The memory at
room temperature was about 80% of the initial
SIRM.

The zero field cooling and warming curves of
SIRM for the 0.22 pum sample had many of the
same features as those of 0.037 and 0.10 um mag-
netites but the decrease in remanence with cooling
to Ty was larger. At the phase transition, the
remanence was only 63% of the initial SIRM

0.50
0

150 200 250 300

Temperature, T (K)

Fig. 5. Normalized temperature variation of saturation isothermal remanence (SIRM) of submicron magnetites during zero field
cooling from 300 to 5 K and zero field warming back to 300 K. SIRM was produced in a field of 2.5 T at 300 K. Open circles,
triangles and squares represent the 0.037, 0.10 and 0.22 um magnetites, respectively.
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and there was little recovery in cooling to 5 K.
The cooling and warming curves below Ty resem-
ble those of the 0.037 and 0.10 pm samples. In
warming from 90 to 120 K, the remanence de-
creased a further =15%, then increased slightly
with further warming. At 300 K, the surviving
remanence was 55% of the original SIRM.

For all submicron magnetites, SIRM cooling
and warming curves are irreversible for the high-
temperature cubic phase but completely reversible
at all temperatures below 90 K for the low-tem-
perature monoclinic phase. The remanence de-
crease across the Verwey transition during the
warming half cycle becomes more marked with
increasing grain size. The permanent remanence
loss at 300 K after a complete cycle also increases
with increasing grain size.

SIRM cooling and warming curves for the 1.3
mm magnetite crystal appear in Fig. 6. The rema-
nence decreased steadily with cooling to the Ver-
wey transition, as for the 0.22 pm magnetite, but
the changes were much larger. By 120 K, only 3%
of the original SIRM remained. The remanence
then increased sharply in cooling across Tv, fol-
lowed by a smaller more gradual decrease be-

Mgy / M SIRM 30
1.0~

0.6
04

02

tween 110 and 100 K. In warming from 10 K to
Tv, the behavior was completely reversible, but
above Ty, the remanence did not retrace the cool-
ing curve but increased slightly until 150 K and
then became almost temperature independent.
The SIRM memory at room temperature was
= 10%.

5. Isothermal remanence warming (5— 300 K) and
cooling (300 —5 K) curves

The submicron magnetites were cooled to 5 K
in zero field, where they were given a 2.5 T SIRM,
and then warmed to 300 K in zero field. The
shapes of the remanence curves between 5 and
90 K and also across the Verwey transition were
basically the same for all samples, but the amount
of remanence lost at Ty increased with increasing
grain size (Fig. 7). In warming from 5 K, there
was a slight drop in remanence extending up to
35 K for all the submicron magnetites. Similar
behavior has been observed for a large natural
single crystal of magnetite by Ozdemir et al. [1],
ruling out remanence unblocking in ultrafine par-
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Fig. 6. Normalized zero field cooling (300 -5 K) and warming (5— 300 K) curves for SIRM produced at 300 K in the 1.3 mm

crystal of magnetite.
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Fig. 7. Normalized zero field SIRM warming curves from 5 to 300 K for submicron magnetites. SIRM was produced in mono-
clinic magnetite in a field of 2.5 mT at 5 K. The open circle, triangle and square at 5 K are SIRM memories after a complete

warming—cooling cycle.

ticles as a cause. The remanence drop may be
related to a 30-35 K transition, marked by a
sharp peak in the quadrature susceptibility £” at
this temperature [21,22]. Following major drops
at the Verwey transition, the remanence remained
constant or decreased slightly in warming above
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Tvy. In recooling across the Verwey transition,
there was little recovery of low-temperature rema-
nence. The SIRM memories for the 0.037, 0.10
and 0.22 pm samples at 5 K were 37, 31 and
23% of the original monoclinic SIRM, respec-
tively.
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Fig. 8. Normalized zero field SIRM warming curve from 10 to 300 K for the 1.3 mm crystal of magnetite. The single point at
10 K is the SIRM memory of monoclinic magnetite after cooling from 300 to 10 K.
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The SIRM warming curve for the 1.3 mm mag-
netite crystal (Fig. 8) differs in several ways from
the submicron magnetite curves. The remanence
was almost temperature independent between 10
and 100 K. At the crystallographic phase transi-
tion, the remanence decreased abruptly over only
two temperature steps to practically zero, where it
remained from 7y to 300 K. Thus SIRM pro-
duced in monoclinic magnetite of this size is com-
pletely demagnetized in the transition to the cubic
phase. Almost no memory of the initial SIRM
was recovered in recooling through the Verwey
transition.

6. Discussion

6.1. Domain states at room temperature and
low temperature

Magnetite in 0.037 pm cubes should have SD
structure both above and below Ty. We measured
M /M =0.517 at =15 K, but at 295 K, M,/ M,
was only 0.276 (Table 1). A major factor in this
difference is superparamagnetism. Particles have a
distribution of sizes about the mean and the
smaller particles are thermally unstable or super-
paramagnetic (SP) at 295 K [17]. They contribute
to M; but not to M., thereby lowering the M/
M, ratio. At 15 K, most of these particles are
stable SD because thermal energy kT is 20 times
smaller. M,/ M, thus increases to more SD-like
values. SP behavior at room temperature is prob-
ably responsible also for the rather high H./H,
value of 1.61 [20].

Two factors influence the SD value of M, /M,:
‘flowering’ of the spins at the corners of SD grains
[23,24] and the number of easy axes of anisotropy.
The flowering factor is 0.92 for 0.1 um magnetite
cubes [15] and increases with decreasing size [23].
More significant is the difference between uniaxial
and multiaxial anisotropy. Perfect cubes at 295 K
would have purely magnetocrystalline anisotropy
with four equivalent (111) easy axes, leading to an
expected M,/ M of 0.866 ([25], Ch. 11). However,
high-temperature hysteresis [26] suggests that
there is sufficient elongation of our submicron
cubes to make uniaxial shape anisotropy impor-

tant; M s/M;=0.5 is expected for uniaxial aniso-
tropy. Experimentally (Fig. 2) there is no obvious
change in M, /M; for any of the submicron mag-
netites in passing the isotropic temperature
T;=130 K, where K; momentarily vanishes and
the spins in perfect SD cubes would rotate to
(100) easy axes, with M /M;=0.832. Shape ani-
sotropy is probably responsible.

The evolving domain structures of the 0.1 and
0.22 um magnetites are well displayed in Fig. 3.
At room temperature, both have PSD values of
Ms/Ms and H./H, which change to almost SD
values at 15-50 K. Because 0.1 um is above the
critical SD size d for cubic magnetite but below
dp for monoclinic magnetite [15], this is the ex-
pected trend for our 0.1 um magnetite. The trend
for our 0.22 um magnetites is not as expected,
however. Such grains are well above the predicted
dy of 0.14 um at 110 K and should not have M./
My and H../H. values almost identical to those of
the 0.1 pm magnetites at 15-50 K. Perhaps, as the
H,. values in Fig. 1 suggest, the anisotropy of
monoclinic magnetite increases enough with cool-
ing from Ty to 50 K to push dy above 0.22 um.
Of course, the M /M values of 0.406 and 0.389
at 15 K are distinctly lower than M /M;=0.517
of the 0.037 um sample, so there must be some
compromise with SD structure in the larger
grains, likely an admixture of two-domain (2D)
states.

Values of M. /Mg and H./H. at room temper-
ature and down to 150 K indicate quite different
structures for 0.1 um compared to 0.22 um mag-
netites, but not as different as recent micromag-
netic theories predict. In early modeling, Dunlop
[17,27,28] proposed from several independent
lines of evidence that 0.1 um magnetites have es-
sentially SD structure, whereas 0.22 um magne-
tites have 2D structure with a broad domain wall
that fills a substantial fraction of the grain. Re-
cent micromagnetic models come to similar con-
clusions. The SIRM state predicted for 0.1 um
cubes is essentially SD both above and below
Tv, with only a slight difference in the degree of
flowering, while 0.3 um cubes have room temper-
ature SIRM of 0.09-0.17 X (Mys)sp [15]. The ob-
served 150-295 K values of M. /M, are 0.219—
0.223 for the 0.1 pm sample, lower than predicted,
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and 0.126-0.128 for the 0.22 um sample, higher
than predicted. Both samples have wide size dis-
tributions. Probably the smaller grains in each
sample are SD and the larger ones are in 2D/vor-
tex states. The fraction of SD grains will be much
greater in the 0.1 um sample; hence its higher
Mo/ M.

In all three submicron magnetites, most of the
change in domain structure is accomplished over
a very narrow temperature range and is clearly
associated with the cubic— monoclinic phase
change at the Verwey transition, not with the
change of easy axes in the cubic phase at T;.
This is also the case for the 1.3 mm crystal,
although there are smaller-scale minima in H;
and M/Mg at T; associated with the minimum
in crystalline anisotropy at the isotropic point
(Fig. 4).

Because of self-demagnetization, any change in
H. in an MD ferromagnet is expected to produce
a proportional change in M, through adjustment
of domain wall positions: Ms= H./N, where N is
demagnetizing factor ([25], Ch. 5). This is approx-
imately true even for the profound changes in
magnetic properties and domain structure that
occur in crossing the Verwey transition [3,29].
From Table 1, H. for our 1.3 mm crystal in-
creases from 0.13 to 1.1 mT between 295 and
=15 K, while M/M; increases by a similar fac-
tor, from 0.003 to 0.013. The ratio between H.
and M, (both expressed in A/m, 15 K data) is
0.18, which is comparable to N =0.33 for an equi-
dimensional crystal.

6.2. Low-temperature coercive force

From the temperature dependence of coercive
force H., one can deduce the relative contribu-
tions of magnetocrystalline, magnetoelastic and
shape anisotropies and hence what factor or fac-
tors control the stability of low-temperature rema-
nence and room temperature memory. Shape ani-
sotropy is indicated by H (T)xMT). For
magnetocrystalline and magnetoelastic anisotro-
pies the coercivity has a K,/M; or AJ/M; temper-
ature dependence (As is the isotropic magneto-
striction), leading to a variation Hc (7)o« M (T)
with n> 1.

Bilogarithmic plots of H vs. M for our sub-
micron samples in the range 120-300 K were
straight lines with slopes n=1.71, 1.45 and 1.74
for the 0.037, 0.10 and 0.22 um magnetites, re-
spectively. The value of n=1.71 for the 0.037
um magnetite is not a reliable indicator of aniso-
tropy because H. is greatly affected by the re-
versed moment of the SP fraction. For the 0.10
and 0.22 um magnetites, the variations
H(T)x M!*5(T) and M!™(T) reflect some combi-
nation of shape, magnetocrystalline and magne-
toelastic anisotropies. At the isotropic point
T;=130 K, H, values for the three samples were
19.6, 14.5 and 9.8 mT, respectively, indicating a
large contribution from shape and magnetoelastic
anisotropies. If magnetocrystalline anisotropy
were the main source of coercivity, H. would
have very small values at 7T;, where K; becomes
zero, as was the case for the 1.3 mm crystal
(Fig. 4).

Cooling the submicron samples through the
Verwey transition resulted in large increases in
H., as much as a factor 3 for the 0.037 um mag-
netite (Fig. 1). Increases in H, in the vicinity of
Tv have been observed previously [6,9,30-32],
although the changes were only sharp for grain
sizes =0.25 um. H. increases because of the large
changes in magnetocrystalline and magnetoelastic
anisotropies when magnetite deforms to mono-
clinic structure at Ty. Magnetocrystalline aniso-
tropy constants, K,, Ky, Ky, Ky, Kpp and Ky of
monoclinic magnetite below 7Ty are much larger
than K of cubic magnetite [33]. Magnetostriction
and magnetoelastic constants also increase discon-
tinuously in the vicinity of Ty [34].

Muxworthy and Williams [16] used three-di-
mensional micromagnetic simulations to predict
H_. values for 0.08-0.3 um magnetites between
100 and 300 K. Below Tv, for all grain sizes mag-
netization reversals were by coherent rotation in
the monoclinic easy plane. Very large H. values
were predicted for monoclinic magnetite. For 0.1
um grains at 100 K, the model gave H. =200 mT.
This theoretical value is 10 times larger than our
experimental value of 20.8 mT at 100 K for the
same grain size (Fig. 1). The disagreement be-
tween the experimental and theoretical values
might be due to simplifications in the theoretical
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model, for example, neglecting magnetostrictive
and magnetoelastic anisotropies.

The temperature dependence of H, for the 1.3
mm crystal is quite different from that of the sub-
micron magnetites (Fig. 4). H. decreases with
cooling from 300 K to a minimum of 0.035 mT
around 7; =130 K. Recent work on natural single
crystals of magnetite has shown that H. varies
with temperature as AJ/M; between 300 and 170
K, indicating the importance of magnetoelastic
anisotropy over this temperature range [7].
Coarse-grained magnetites behave similarly [35].
Below 170 K, the coercivity is controlled by mag-
netocrystalline anisotropy as well [7], and this ac-
counts for the marked minimum at 130 K. In
crossing the Verwey transition, H, increases very
sharply by almost a factor 40.

6.3. Low-temperature cycling of SIRM

The variation of remanence during a low-tem-
perature cycle depends strongly on the tempera-
ture at which the remanence was produced and
the consequent direction of approach to 7y. In
both our submicron and mm size crystals of mag-
netite, if SIRM is given to the monoclinic phase at
low temperature and 7Ty is approached from be-
low, a major part of the remanence is lost at the
phase transition (Figs. 7, 8). Most of the decrease
at Ty is permanent, with almost no recovery in
the second crossing of the Verwey transition in
the cooling half of the cycle for the 1.3 mm crystal
and 23-37% recovery for the submicron magne-
tites. The shape of the curves is almost independ-
ent of grain size, except for the memories. On the
other hand, if SIRM is imparted to the cubic
phase at room temperature 7, and 7Ty is ap-
proached from above, the memories and the
shapes of the demagnetization curves are strongly
dependent on the domain state and grain size
(Figs. 5, 6).

The temperatures at which demagnetization oc-
curs are also strongly controlled by the type of
low-temperature cycling. For example, if the
SIRM is induced at low temperatures and Ty is
approached from below, almost total demagneti-
zation occurs at 7Ty. In this case, the isotropic
point 7; is unimportant (Figs. 7, 8). If SIRM is

induced at T and Ty is approached from above,
T; and Ty both play an important role in the de-
magnetization mechanism [2,5]. The first demag-
netization occurs at 7; because the isotropic point
must be passed on the way to Ty. This is partic-
ularly important for remanences carried by PSD
and MD magnetites, in which magnetocrystalline
anisotropy controls a major part of the rema-
nence.

There are two reasons to expect differences be-
tween the results of cooling—-warming and warm-
ing—cooling cycles. First, the domain structure of
monoclinic magnetite below Ty is different from
that of cubic magnetite above Ty [3,29]. Below
Tv, spins lie along the [001] c-axis, domains are
lamellar without closure structures, and walls are
strongly pinned by crystal defects because of the
high magnetostriction and crystalline anisotropy.
Many submicron grains lack domain walls en-
tirely, as Table 1 and Fig. 3 attest. Above Ty,
spins have a choice of six or eight easy directions
evenly distributed in space, promoting sets of do-
mains with different orientations linked by closure
structures, and walls are less strongly pinned, par-
ticularly near 7;. Thus the starting remanence has
very different properties. Second, as mentioned
above, in cooling—warming cycles domains must
pass T; before reaching Ty, whereas in warming—
cooling cycles, profound changes have already oc-
curred at Ty before T; is reached.

We will discuss first the results of our cooling—
warming cycles of SIRM. This process is often
referred to as low-temperature demagnetization
(LTD), although it has seldom been used as a
routine paleomagnetic cleaning technique [36-
39]. There is some ambiguity in what is meant
by magnetic memory in low-temperature cycling.
In the first passage of the Verwey transition, a
certain fraction of the initial remanence survives
(or is recovered after a dip at Ty itself): this is the
‘first memory’. The fraction of the initial rema-
nence remaining after the second passage of Ty
is the ‘second memory’. When LTD is done for
paleomagnetic purposes, usually only the second
memory is measured. King and Williams [9] argue
that a more logical definition of memory is the
fraction of room-temperature remanence recov-
ered after a complete cycle, i.e. second memory—
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first memory (their Fig. 10). For our results (Figs.
5 and 6), this quantity is negative: on second
passage of Ty, there is a further loss of rema-
nence, not a recovery, and the second memory
cannot be taken as a baseline remanence that is
unaffected by passage through 7vy. Yet there is
remanence recovery, as shown by dips and recov-
eries at Ty in one or both passages (Figs. 5, 6).

6.4. Cooling+warming cycles of SIRM

Cooling through the Verwey transition has little
effect on room-temperature SIRM for the 0.037
um magnetite sample, apart from a minor dip and
recovery at Ty itself (Fig. 5), probably because
the SD remanence in this sample is controlled
mainly by shape anisotropy. For the 0.10 and
0.22 um magnetites, at least some of which con-
tain walls or wall-like vortex structures above Ty,
there are increasing remanence losses in cooling
from 7y to Ty but these are not localized near
T;. Wall unpinning is likely responsible because
the demagnetization is much less in the 0.10 um
grains than in the 0.22 um grains where 2D struc-
tures are more prevalent. However, there is no
important change in remanence in the first cross-
ing of the Verwey transition apart from a mild
recovery which is most marked for the 0.10 um
grains. In cooling and rewarming below Ty, the
remanence is constant until around 90 K, when a
substantial further demagnetization occurs in the
second passage of Ty.

The behavior of the 1.3 mm crystal is different
in several respects (Fig. 6). The amount of demag-
netization in cooling from Tj to Ty is much great-
er (>90%) and there is an inflection around 130
K matching the minimum in H, at the same tem-
perature (Fig. 4). These differences are a natural
consequence of progressive wall unpinning. The
numerous domain walls in this large crystal have
much more freedom of movement than the single
walls in submicron grains. Another difference is
the large and sudden increase in remanence on
cooling through Ty, which is matched by an equal
decrease in rewarming through the transition. In
the submicron magnetites, reversible changes were
confined to temperatures below 90 K and behav-
ior across Ty was highly irreversible.

The contrasting responses of large and small
magnetites in crossing the Verwey transition
may be related to monoclinic twinning. As a mag-
netite crystal cools through Ty, the unit cell dis-
torts from cubic to monoclinic. If all parts of the
crystal have the same monoclinic ¢-axis, the entire
crystal must distort. To reduce such megascopic
strain, different parts of the crystal tend to form
twins with different c-axes [40,41] and contrasting
domain patterns [3]. Strain is accommodated at
the boundaries between twinned regions, which
are consequently under stress [42]. The spacing
between twin boundaries, dictated by the require-
ment that overall crystal strain be minimized, is
between 0.3 and 2 um. Thus below Ty, our 1.3
mm crystal contains numerous monoclinic twins
whereas the submicron magnetite crystals are
probably untwinned.

The stressed twin boundaries and twin junc-
tions (where twins oriented at right angles meet)
act as strong pinning sites for magnetic domain
walls. In crossing the Verwey transition, domain
wall thickness decreases sharply because of the
abrupt increases in magnetocrystalline and mag-
netostriction constants [5] and this increases the
efficiency with which the walls are pinned [43,44].
In recrossing the Verwey transition, the crystal
reverts to cubic structure, the twin boundaries
disappear and the remanence decreases reversibly
to its original level in the 1.3 mm crystal (Fig. 6).
Submicron magnetites are untwinned and lack
this lock-in mechanism ensuring reversible behav-
ior in cycling across the transition.

Why do the submicron magnetites scarcely
change their remanence intensity in cooling
through 7y but lose substantial remanence on
rewarming through 7y ? First, pinning of walls
to crystal defects such as dislocations which exist
both above and below Ty increases on cooling
through the transition but decreases on warming.
Demagnetization associated with wall unpinning
will occur on warming, not cooling. Second, SD
structures predominate in all submicron samples
in the monoclinic phase. In the 0.037 um grains,
both cubic and monoclinic phases are SD, and
shape anisotropy evidently bridges the transition
(Fig. 5). In the 0.10 and 0.22 um grains, judging
by their higher n values, shape anisotropy is less
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influential. In cooling, the easy axis above Ty,
which lies within a cone around the SIRM direc-
tion, becomes the SD c-axis below Ty and rema-
nence is preserved (or could even increase if
2D —SD, accounting for the dip and recovery
phenomenon). On rewarming through 7y in
zero field, the choice of multiple easy axes dis-
perses the remanence of grains that remain SD,
while those grains that nucleate a wall demagnet-
ize. With increasing grain size, the role of multi-
axial anisotropy grows and the proportion of 2D
grains increases, with the result that remanence
loss across the transition increases (Fig. 5).

Micromagnetic simulations of SIRM cooling—
warming curves for model 0.3 um magnetite cubes
by Muxworthy and Williams ([15], Fig. 14) repro-
duce many of the features of our 0.22 um results.
The progressive demagnetization in cooling from
Ty to Ty is predicted to be =60%, whereas we
observe =35% loss for our somewhat smaller
grains. There is a small dip and recovery of
remanence in crossing the transition, and constant
reversible behavior in cooling and rewarming be-
low =100 K, both as observed. The warming
curve across the transition has a further irrevers-
ible loss of remanence, but the magnitude is only
one half of the 15% we observe. Finally there is
only minor recovery above Ty: both their theo-
retical and our experimental remanence curves are
almost flat from 120 K to 7. This good agree-
ment between theory and observations is most
encouraging.

6.5. Warming+cooling cycles of SIRM

The behavior of SIRM of monoclinic magnetite
in warming—cooling cycles across Ty is quite un-
like that of SIRM of cubic magnetite in cooling—
warming cycles. Room temperature SIRM de-
magnetizes in cooling to Ty, by amounts that in-
crease with increasing grain size (Figs. 5, 6) but
SIRM imparted at 5 K scarcely changes with
heating until 7y is reached, and the curves are
grain size independent (Figs. 7, 8). The strong
uniaxial anisotropy of monoclinic magnetite
must be responsible for pinning domain walls in
the larger grains and SD moments in small grains.
The 2.5 T field applied at 5 K aligns spins along

the monoclinic c-axis in each submicron crystal
and the spins are locked in along [001] when the
field turned off.

In crossing the phase transition, permanent de-
magnetization of all the magnetites occurs at Ty
when the crystal structure changes from mono-
clinic to cubic. The amount of demagnetization
for the submicron magnetites is much greater
than the corresponding demagnetization of room
temperature SIRM memory when it was warmed
across Ty (Figs. 5, 7). In warming through and
above Ty, there is no dip and recovery of rema-
nence like that seen in cooling the room temper-
ature SIRM through Tvy. The Verwey transition is
all important in warming monoclinic SIRM;; there
is no expression of 7; in the remanence variation.
Furthermore, the large amounts of demagnetiza-
tion that occurred in cooling the room tempera-
ture SIRM of the submicron magnetites from 7
to Ty are completely lacking in the monoclinic
SIRM memory over the same range.

All these observations force us to the conclu-
sion that the memory of cubic phase SIRM below
the Verwey transition has a domain state entirely
different from that of SIRM produced directly in
the monoclinic phase at low temperature. The
converse is equally true: memory of monoclinic
SIRM transformed to the cubic phase is not at
all equivalent in its properties to SIRM imparted
to the cubic phase above Ty.

Although we do not yet understand the domain
structure of monoclinic magnetite well enough to
interpret these differences in detail, the contrast-
ing magnetic properties of SIRM warming—cool-
ing cycles and cooling-warming cycles could be
useful in diagnosing the presence and grain size
of magnetite in natural materials such as sedi-
ments and soils. Warming curves of low-temper-
ature monoclinic phase SIRM are routinely used
to detect magnetite in environmental studies, and
they clearly provide a very sharp indication of the
Verwey transition (Figs. 7, 8). On the other hand,
cooling-warming curves of room-temperature cu-
bic phase SIRM provide a wealth of details not
present in the monoclinic warming curves (Fig. 5,
6), including several key indicators of grain size
and domain structure.

The first size indicator is the second memory,
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which ranges from 86% for 0.037 um grains to
80% for 0.10 um and 55% for 0.22 um grains.
The second indicator is the loss of remanence in
cooling from Ty to Ty, which is 5% for 0.037 um,
10% for 0.10 um and 35% for 0.22 um grains.
Finally, the change in remanence in warming
across Ty (approximately equal to first memory—
second memory) is = 5% for 0.037 um, =~ 12% for
0.10 um, and = 15% for 0.22 um grains. The cor-
responding range of memories for monoclinic
SIRM is 23-37% (Fig. 7), offering less potential
size resolution.

7. Conclusions

Submicron magnetites undergo important
changes in their hysteresis properties and domain
states in crossing the Verwey transition. Our
smallest crystals (0.037 um) are SD/SP at room
temperature Ty (M/M;=0.276, H.=17.5 mT)
but thermally stable SD at 15 K (My/
M;=0.517, H.=90 mT) (Table 1, Figs. 1, 2).
Larger crystals have PSD parameters at Ty (M./
M;=0.219, 0.10 um; M,/M;=0.126, 0.22 pm)
but almost SD properties at 15 K (My/
M;=0.406, 0.10 um; M;s/M;=0.389, 0.22 um)
(Fig. 3), and probably contain a mixture of SD
and 2D/vortex states. These observations are in
approximate agreement with micromagnetic pre-
dictions [15,16].

Coercive force H. increases by factors of 3-40
between 120 and 100 K, and continues to increase
with further cooling in the submicron magnetites
(Table 1, Figs. 1, 4). The increases reflect the large
increases in magnetocrystalline anisotropy and
magnetostriction in the cubic — monoclinic phase
transition. Although the increases are large, for
the submicron magnetites they are only =~ 10%
of the increase in H. predicted by micromagnetic
modeling [16].

Low-temperature cycling results are very differ-
ent depending on whether SIRM is produced in
the monoclinic phase and heated through Ty or
produced in the cubic phase and cooled through
Tv. One reason is the different domain structures
of monoclinic and cubic magnetites, and transfor-
mations between the structures across 7y (e.g.

SD —2D in warming, 2D — SD in cooling). An-
other reason is the very high anisotropy and co-
ercivity below Ty, which pins both domain walls
and SD moments tightly, compared to the weaker
anisotropy above Ty, which permits continuous
re-equilibration of domain walls during cooling
from T.

There are some novel features in cooling—-warm-
ing cycles of cubic phase SIRM which have not
been previously reported. There is only a slight
dip and recovery of remanence between 120 and
100 K in cooling, but a major permanent loss of
remanence in rewarming from 100 to 120 K,
which increases with increasing grain size. One
cause is the change of crystalline anisotropy
from wuniaxial to multiaxial in the mono-
clinic—cubic transformation, which disperses
the remanence. Even more important is the
SD — 2D/vortex transformation across the transi-
tion. In our 1.3 mm crystal, there are large rema-
nence changes across the transition but these are
perfectly reversible because domain walls are
firmly locked in place by c-axis twin boundaries
in the monoclinic phase.

Warming—cooling cycles of monoclinic phase
SIRM are simpler, with > 50% loss of remanence
in the first crossing of the Verwey transition, al-
most constant remanence above Ty, and only mi-
nor recovery in the second crossing. The very
large permanent remanence losses in submicron
grains are not easy to explain in view of the
much smaller and very size-dependent losses
seen in the cooling half cycle of the cubic phase
SIRM. The monoclinic and cubic SIRMs must
involve entirely different domain structures, even
after transformation across Tv.

Although warming curves of monoclinic SIRM
are conventionally used to identify magnetite in
rocks, sediments and soils, cooling-warming
cycles of cubic phase SIRM offer three grain
size diagnostic indicators for submicron magne-
tites. These are remanence loss in cooling from
300 to 120 K, further remanence loss in warming
from 100 to 120 K (second crossing of Ty), and
ultimate remanence level or memory after a com-
plete 300—10—300 K cycle. Monoclinic SIRM
memory is a less sensitive indicator of submicron
grain sizes.
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