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Abstract

We report three new types of low-temperature (<120 K) magnetic behavior from oxidized and stoichiometric
pseudo-single domain magnetite: (1) a non-monotonic dependence of the saturation remanence to saturation
magnetization ratio on the magnetic field (0-1.7 T) applied during cooling, (2) an induced magnetic anisotropy at
temperatures below the transition from cubic to monoclinic crystalline symmetry at ~ 120 K (the Verwey transition)
after cooling in magnetic fields between 0.01 and 0.09 T, and (3) a non-monotonic dependence of a low-temperature (10
K) remanent magnetization on the magnetic field (0.01-2.5 T range) applied during cooling through the Verwey
transition. We interpret these phenomena in terms of relationships between crystal twins, that can form in monoclinic
magnetite, and the reorganization of magnetic domains. Our results are important for interpretations of low-
temperature magnetic measurements and provide new insight into the fundamental magnetic properties of magnetite at

low temperatures. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Low-temperature magnetic measurements have
been increasingly utilized in rock- and paleomag-
netism for magnetic mineral diagnostics and gran-
ulometry [1-5]. Interpretations of these data,
however, are ultimately based on our understand-
ing of the basic magnetic properties of minerals at
cryogenic temperatures. Of special interest is mag-
netite (Fe;O4) which, by virtue of its isotropic
point at ~ 130 K [6] and its transition from cubic
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to monoclinic crystalline symmetry at ~120 K
(Tvy, the Verwey transition) [7], is easily recogniz-
able in low-temperature magnetic data [8].

It has long been known that the application of
a strong magnetic field during cooling through the
Verwey transition affects magnetic properties of
the monoclinic phase of magnetite [9]. A few stud-
ies have further investigated the effect of the mag-
netic field on magnetic hysteresis at low temper-
atures [10,11]. In these studies, cooling in a zero
field was compared to cooling in a very strong
field (> 1.5 T). Overall, the experimental database
on magnetic hysteresis properties at low temper-
atures is small (e.g. [12-15]). Another important
factor is the effect of oxidation, which results in
cation-deficient magnetite (Fegj’rzz /3Feff2DZ /3042[)
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common in natural samples. Unfortunately, the
low-temperature database for cation-deficient
magnetite is even smaller than that for stoichio-
metric magnetite [16,17].

To contribute to these databases, we report ex-
perimental results on low-temperature magnetic
hysteresis properties of magnetite as a function
of the magnetic field applied during cooling. We
have studied samples of oxidized and stoichiomet-
ric pseudo-single domain (PSD) magnetite. Low-
temperature magnetic measurements were per-
formed at the Institute of Rock Magnetism (Uni-
versity of Minnesota). Through these studies we
have discovered several new types of low-temper-
ature magnetic behavior. Below we describe these
magnetic properties and offer some interpreta-
tions in terms of processes occurring at and below
the Verwey transition.

2. Sample preparation and oxidation state

The first sample studied was a synthetic mag-
netite powder W3006 produced by Wright Indus-
tries, Inc. The grain size reported for this powder
is 2-3 um. We examined the powder with a low-
voltage high-resolution LEO 982 scanning elec-
tron microscope (SEM) at the University of Ro-
chester. We found the grain sizes ranged from 0.5
to 6.5 um, approximating a log-normal distribu-
tion with an apparent mean grain size of ~ 1.5
um. A second sample was prepared by reducing
magnetite W3006 in a CO/CO, (1:10) atmosphere
at 400°C for 4 h. High-resolution SEM analyses
indicate no significant change in grain size after
reduction. Magnetic hysteresis properties (satura-
tion magnetization, M; saturation remanence,
M;s; coercivity, H.; coercivity of remanence,
H.) were measured at room temperature. Both
non-reduced (H.=23.3 mT, H,=39.0 mT,
H,/H.=1.67, M./M;=0.263) and reduced (H. =
12.7 mT, H,,=24.6 mT, Hy/H,=1.94, M/M;=
0.169) samples show PSD behavior [18].

To characterize the oxidation state of the sam-
ples, Mdssbauer spectra were measured in a zero
magnetic field environment using a Ranger Scien-
tific Mdssbauer Spectrometer with a 3’Co source.
The zero field room temperature Mossbauer spec-

trum for magnetite consists of two sextets, related
to Fe-cations in tetrahedrally coordinated (A) and
octahedrally coordinated (B) sites of the inverse
spinel lattice (e.g. [19]). For stoichiometric mag-
netite, the relative ratio (A/B) of the two spectral
components should be close to 1:1.88 [20,21]. For
cation-deficient magnetite the ratio increases with
oxidation parameter z [20]. For our non-reduced
and reduced samples the A/B ratios were 0.494/
0.518 (1:1.05) and 0.327/0.621 (1:1.90), respec-
tively. These data indicate that magnetite W3006
is oxidized, and was reduced to stoichiometric
magnetite by the controlled-atmosphere heating
described above.

Oxidation parameters were determined through
X-ray diffraction measurements using a Scintag
X-ray diffractometer XDS-2000 at the University
of Rochester. The lattice parameter a was calcu-
lated using eight peaks corresponding to diffrac-
tions by planes (220) to (533). A half-angle be-
tween the diffracted beam and the incident
X-ray beam was changed from 29° to 44°. The
parameter «a for the reduced magnetite is
8.396 £ 0.001, indistinguishable from that of stoi-
chiometric magnetite (z=0) [22]. For the non-re-
duced magnetite a=28.39010.001, corresponding
to an oxidation parameter z = 0.24 [23]. Mass-nor-
malized saturation magnetizations measured from
the reduced and non-reduced magnetite at room
temperature were 91.3 and 87.2 Am?/kg, respec-
tively, supporting the results of Mdssbauer and
X-ray diffraction analyses.

3. Experimental results

3.1. Thermal demagnetization of low-temperature
saturation remanence

Thermal demagnetization of low-temperature
saturating isothermal remanent magnetization
(LT SIRM) was measured using a Quantum De-
sign Magnetic Property Measurement System
(MPMS-XL). First, samples were demagnetized
in an alternating magnetic field (AF) of 0.2 T
and cooled from 300 to 10 K either in a zero
magnetic field or in a magnetic field between
0.05 and 2.5 T. At 10 K, a 2.5 T direct magnetic
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field was applied for 60 s to impart a LT SIRM.
Thermal demagnetization of the LT SIRM was
measured at 5 K intervals during zero field warm-
ing to room temperature (Fig. 1). The Verwey
transition for the non-reduced magnetite is
blurred and shifted to lower temperatures, typical
of oxidized magnetite with z<<0.3 [16]. The sharp
transition observed at ~ 120 K from the reduced
magnetite further indicates its high stoichiometry.

Interestingly, the strength of the LT SIRM de-
pends on the magnetic field applied during cool-
ing (Hy) in a non-monotonic fashion: the LT
SIRM imparted after field cooling (FC) in 0.05
and 0.2 T is considerably higher than that im-
parted after FC in 2.5 T. The latter value is nearly
equal to the LT SIRM imparted after zero field
cooling (ZFC) for the stoichiometric magnetite
(Fig. 1b). For the cation-deficient magnetite, the
LT SIRM imparted after FC in 2.5 T is lower
than that imparted after ZFC (Fig. la). These
results suggest a complex field-dependence of
M5/ M for the monoclinic magnetite phase. To
further explore this, we measured magnetic hyste-
resis properties as a function of Hy.

3.2. Magnetic field-dependence of magnetic
hysteresis parameters

Cation-deficient and stoichiometric magnetites
were AF-demagnetized at 300 K and cooled to
10 K in a zero field and in the presence of 0.2 T
and 1.7 T magnetic fields. At 10 K, magnetic hys-
teresis loops were measured (maximum applied
field Hpox=1.7 T) using a Princeton measure-
ments variable-temperature vibrating sample mag-
netometer. Although some studies suggest that
magnetite may not be fully saturated in a 1.7 T
field at very low temperature (e.g. [8]), the differ-
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Fig. 1. Thermal demagnetization of saturation isothermal re-
manent magnetization imparted at 10 K after ZFC (solid
circles) and FC (open symbols). (a) Cation-deficient magnet-
ite. (b) Stoichiometric magnetite.

ence between measured and true M, values has
been shown to be only a few percent [11]. To
determine H., DC demagnetization curves were
measured. An unusual non-monotonic depen-
dence of the M, /M, ratio on the field Hy was
observed for both samples (Table 1). Cooling of
the cation-deficient magnetite in an intermediate
0.2 T magnetic field results in a M /M;~14%

Magnetic hysteresis parameters at 10 K after zero field cooling and field cooling

Cation-deficient magnetite

Stoichiometric magnetite

ZFC FC02T FC17T ZFC FC02T FC17T
M/ M 0.333 0.409 0.358 0.275 0.405 0.307
H, (mT) 42.2 31.7 28.3 31.2 23.0 19.5
Hg (mT) 66.0 44.0 42.4 52.2 27.6 233
H/H, 1.56 1.39 1.50 1.67 1.20 1.19
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greater than that measured after cooling in a
stronger 1.7 T field, and ~23% greater than
that measured after zero field cooling (ZFC).
This effect is more pronounced for stoichiometric
magnetite (the respective values are ~32% and
~47%). For both samples, H. and H, are great-
est after ZFC and decrease as the field Hy in-
creases (Table 1).

3.3. Magnetic field-memory effect

Another unexpected result of the magnetic hys-
teresis measurements was the observation that
both minor (Hmax=0.2 T) and saturated
(Hmax = 1.7 T) loops measured at 10 K have an
inflection point located at the field Hy (Fig. 2a).
Because the field Hy can be determined by mea-
suring a low-temperature hysteresis loop, we call
this phenomena a field-memory effect. This effect
is distinct from the low-temperature memory
when part of a remanence survives low-tempera-
ture demagnetization by cycling through the Ver-
wey transition [22]. The inflection point is better
seen on the first derivative (dM/dH) of a hystere-
sis loop as a local maximum located at the field
Hy (Fig. 2b). To check the reproducibility of the
effect, hysteresis loops were measured after subse-
quent coolings in a magnetic field of different
magnitudes (0.01-0.09 T) applied in random or-
der. A perfect correlation between Hy and the
location of the inflection point was observed
(Fig. 2). For fields Hy>0.1 T the field-memory

P
Fig. 2. Effect of memory of a magnetic field applied during
cooling through the Verwey transition. (a) Magnetic hystere-
sis loops (central parts are shown only) measured at 10 K
from stoichiometric magnetite after ZFC (dashed curve) and
cooling in 0.03 T magnetic field (FC, solid curve). Vertical
dashed lines show a 0.03 T field where an inflection point is
observed both on descending and ascending branches of the
field cooled loop. (b) First derivatives of hysteresis loops (de-
scending branches only) measured at 10 K from stoichiomet-
ric magnetite after ZFC (dashed curve), and after FC (solid
curves). The location of the inflection points (a local maxi-
mum on a dM/dH curve) correlate with the magnetic field of
cooling (vertical dashed lines). (c) First derivatives of hystere-
sis loops (descending branches only) measured at 10 K on
cation-deficient magnetite after ZFC (dashed curve) and after
FC (solid curves).
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effect was not observed. Interestingly, for the stoi-
chiometric magnetite, hysteresis loops measured
after ZFC also manifest some distortion (Fig. 2b),
having two maxima on a dM/dH curve. However,
in contrast to a field cooling (FC), both maxima
are located on one side of the H-axis. For the
cation-deficient magnetite the field-memory effect
is observed within a narrower range of Hy (0.02—
0.09 T) (Fig. 2¢) and a loop measured after ZFC
shows no distortion (Fig. 2c).

To constrain the temperature interval where
processes responsible for the field-memory effect
occur we used a partial field cooling technique [4].
The field-memory effect was observed only if the
magnetic field Hy was applied during cooling
through the Verwey transition. We also studied
the temperature dependence of the field-memory
effect by measuring hysteresis loops at 5 K steps
with increasing temperature from 10 to 150 K.
The field-memory effect survives heating up to
~ 110 K, but completely disappears after ~125
K. These experiments suggest that the presence of
the Verwey transition is a necessary factor for the
field-memory effect. This is further supported by
the fact that we observed no field-memory effect
for a sample of PSD maghemite, which also
showed no low-temperature transition.

To investigate directional anisotropy of the
field-memory effect, magnetic hysteresis loops (at
10 K) were measured at different angles (15° in-
crement) with respect to the direction of Hy (0.03
T). An uniaxial anisotropy of the field-memory
effect was observed: an inflection point at Hy is
best seen at 0° and 180° and is not observable at
90° and 270° (Fig. 3). Interestingly, the inflection
point at Hy is blurred at 360° suggesting that
multiple applications of strong magnetic fields in
opposed directions affects the features responsible
for the field-memory effect.

3.4. Low-temperature transitional remanent
magnetization (LT TrRM)

Motivated by our LT SIRM and magnetic hys-
teresis results, we studied some additional charac-
teristics of the remanent magnetization acquired
when a magnetite sample is cooled through the
Verwey transition in the presence of a magnetic

dM/dH

-0.2 -0.1 0.0 0.1 0.2

Magnetic field (T)

Fig. 3. Angular dependence of the field-memory effect in-
duced in 0.03 T (vertical dashed line). First derivatives of
hysteresis loops (descending branches only) measured at 10 K
from stoichiometric magnetite are shown.

field. We call this magnetization a low-tempera-
ture transitional remanent magnetization (LT
TrRM). Again, samples were AF-demagnetized
at 300 K and cooled to 10 K in the presence of
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Fig. 4. Dependence of LT TrRM on magnetic field for cat-
ion-deficient (solid circles) and stoichiometric (open circles)
magnetite.

a magnetic field Hy. During cooling, an induced
magnetization was measured using the MPMS-
XL. At 10 K, the magnetic field was turned off
and the remanent magnetization (LT TrRM)
measured. Next, thermal demagnetization of the
LT TrRM was measured at 5 K intervals to 300
K in a zero field. These measurements were done
for several magnetic fields Hy (0.01-2.5 T). In
contrast to other magnetizations, which show a
monotonic increase with a magnetic field to a sat-
uration level, the LT TrRM manifests an unusual
non-monotonic dependence on Hy. For stoichio-
metric magnetite, LT TrRM has a maximum at
~0.10 T and decreases by ~ 38% to a stable level
at ~1 T. For cation-deficient magnetite the max-
imum is shifted to a slightly higher field (~0.15
T) and the subsequent decrease of LT TrRM to a
stable level at ~1 T is ~20% (Fig. 4).

4. Discussion

In our study special care was taken to control
the magnetic mineralogy and oxidation state of
studied samples. No secondary magnetic phases
were found using Mdssbauer and X-ray diffrac-
tion analyses. A bimodal grain size distribution
which could cause a distortion of hysteresis loops
was not observed in our SEM analyses and is not
supported by magnetic hysteresis data at room
temperature: for both cation-deficient and stoi-
chiometric magnetite hysteresis loops are not dis-

torted. The blocking of superparamagnetic (SP)
grains is unlikely to be responsible for the phe-
nomena observed because (i) the shape of the dis-
torted loops does not change on warming from 10
K to 110 K and (ii) the field-memory effect would
be better pronounced for oxidized magnetite with
cracked maghemite coatings behaving as SP par-
ticles [16]. A physical rotation of magnetic grains
in a strong magnetic field as a possible cause of
the observed effects was excluded by control ex-
periments on magnetite powders fixed in epoxy.

The phenomena observed are more pronounced
for our stoichiometric magnetite sample, indicat-
ing that processes related to low-temperature
transitions must play a causal role. The domain
structure of magnetite is reorganized when cooled
below its isotropic point where the magnetocrys-
talline anisotropy constant K; changes sign (e.g.
[24]). Monoclinic crystal twins can form when
magnetite cools through the Verwey transition
[25]. Twinning has been observed in a wide range
of magnetite sizes including very large synthetic
plates (0.18 mmX5 mmX7 mm) (e.g. [26,27])
and very small (50-100 nm) natural grains (e.g.
[28]). Domain wall reorganization and monoclinic
crystal twin formation may be interrelated in a
way that gives rise to the low-temperature phe-
nomena we have observed.

Strain related to magnetostriction is high near
magnetic domain walls favoring the nucleation of
twin boundaries [25,29,30]. Therefore, the distri-
bution of twin boundaries may be controlled by
the magnetic domain configuration formed upon
passing 7Ty in an applied field (Hy). On the other
hand, zones of maximum strain and dislocations
associated with twin boundaries [25] may create
potential energy barriers which hinder the motion
of the magnetic domain walls during the field cy-
cling used in magnetic hysteresis measurements
(e.g. [31]). After a magnetic domain wall is moved
by remagnetization from its position previously
determined on cooling in the field Hy, this loca-
tion is ‘remembered’ by the overall configuration
of twin boundary defects. The field-memory effect
(Fig. 2), therefore, is a result of a slower, or in-
hibited, remagnetization near the initial applied
field value (Hvy) which is manifested as a distor-
tion in magnetic hysteresis curves.
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Fig. 5. Schematic representation of remagnetization in a simplified two-domain system (domain magnetization direction is shown
by thin arrows). X, shows the location of a domain wall corresponding to the demagnetized state. (a) Twin boundaries defects
(circles) form at or near the position of a domain wall as magnetite is cooled through the Verwey transition (7v). (b) A strong
magnetic field (Hs) is applied at a low temperature (7< Ty) so that the system is completely remagnetized. (c) The field Hy is
turned off. Short arrows indicate sense of domain wall motion. Relative values of the ratio of saturation remanence to saturation
magnetization (M,s/Ms) are also shown. The twin boundary defects (cases 1-3) pin domain walls. Case 1: ZFC. Twin boundaries
defects concentrate around Xy. Case 2: FC in an intermediate magnetic field H,. The magnetic domain wall and twin boundary
defects are shifted from X,. Case 3: FC in a magnetic field H, > H;. The magnetic domain wall and twin boundary defects are
located further from X, than in case 2. Case 4: FC in a strong magnetic field H;> H, where a magnetic domain wall does not

nucleate. Twin boundary defects also do not form.

We also suggest that the interaction between
the magnetic domain structure and twin forma-
tion is an important factor determining the non-
monotonic behavior of the M, /M, ratio (Table
1). When Hy is zero or relatively small (so that
magnetic domain walls are present), the M/ M;
ratio at temperature below 7Ty is predominantly
controlled by twin boundary defects. After ZFC,
a magnetic domain wall forms at the demagne-
tized position (Xj) and, hence, twin boundary de-
fects concentrate around Xy (e.g. case 1, Fig. 5). If
we consider cooling in higher fields, magnetic do-
main walls and twin boundary defects will be lo-
cated further from X, (cases 2 and 3, Fig. 5).
Therefore, after a saturating field Hs (applied to
measure M) is turned off, a domain wall will be
pinned in the position corresponding to a higher
M, resulting in a higher M /M; ratio.

Next we consider the situation when the field

applied during cooling (Hy) is high enough to
saturate the samples of interest (case 4, Fig. 5).
In this case, no domain walls form so that even if
twinning occurs, the location of twin boundaries
is not determined by the domain structure. There-
fore, after Hy is turned off, domain walls are not
pinned by twin boundary defects and the value of
M;s may be lower than that measured after cool-
ing in smaller applied fields (Fig. 5, cases 3 and 4).
However, the M.,/ Mj ratio is still higher than that
measured after ZFC (Table 1). This observation is
consistent with results reported elsewhere [10,11]
and may be explained by an alignment of the
monoclinic easy magnetization axes (c-axes).
When cooled in the presence of a strong magnetic
field the monoclinic c-axes are thought to form
along the [001] direction of the cubic plane closest
to the applied field direction so that they are uni-
formly distributed within a cone around the field
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direction applied during cooling [32,33]. We sug-
gest that the alignment of c-axes becomes a dom-
inate factor controlling the M, /M ratio if the
field applied during cooling (Hy) is strong enough
to nearly saturate monoclinic magnetite.

Interestingly, a monotonic decrease of H,, with
the magnetic field applied during cooling (Hy) is
observed both for stoichiometric and non-stoi-
chiometric magnetites. The values of H after
cooling in applied fields of 0.2 and 1.7 T do not
differ greatly (Table 1). As a first approximation,
the coercivity of remanence is directly proportion-
al to the amount of defects in a magnetic crystal-
line lattice. Therefore, the decrease of H. may be
due to a smaller number of twin boundaries form-
ing in a crystal because of the alignment of c-axes
with progressively higher applied fields Hy. The
decreased number of twin boundary defects may
account for the less pronounced field-memory ef-
fect observed for higher Hy (Fig. 2).

The interrelationship between monoclinic twin
boundaries in magnetite and domain walls may
also explain the non-monotonic behavior of LT
TrRM. For an intermediate applied field (Hy),
formation of defects due to monoclinic twinning
promotes a stronger pinning of magnetic domain
walls resulting in a higher LT TrRM. For stron-
ger Hy, when the amount of defects decreases
(because twinning decreases), pinning becomes
weaker. The remanence drops to lower values
after the field Hv is turned off.

Our interpretation based on the presence of
monoclinic twin boundary defects in magnetite
may also explain other experimental observations.
The uniaxial anisotropy of the field-memory effect
results from the dominance of 180° magnetic do-
main neighborhoods in monoclinic magnetite (e.g.
[34]). Blurring of the field-memory effect observed
after multiple application of a magnetic field (Fig.
3) may be explained by the fact that the twin
boundaries themselves can be moved by a mag-
netic field, although at a much slower rate than
magnetic domain walls [30]. On a final note it is
interesting to mention that the non-monotonic
behavior of field-dependence of LT TrRM resem-
bles the field-dependence of TRM for some types
of spin glasses (e.g. [35,36]).

5. Conclusion

Our experimental results show that the mag-
netic properties of magnetite at low tempera-
tures depend on the magnetic field applied during
cooling. The following phenomena were ob-
served:

1. A non-monotonic dependence of M/M on a
magnetic field (0-1.7 T) applied during cooling.

2. An induced uniaxial anisotropy (field-memory
effect) after cooling through the Verwey tran-
sition in magnetic fields between 0.01 and
0.09 T.

3. A non-monotonic field-dependence of low-tem-
perature transitional remanent magnetization
within the field interval 0.01 to 2.5 T.

The observed phenomena appear to have their
origin in complex interrelationships between the
formation of crystal twins in monoclinic magnet-
ite and domain wall movements. While more ex-
perimental and theoretical studies are needed,
the observations described should be considered
when interpreting low-temperature magnetic data
commonly used in rock- and paleomagnetic appli-
cations. Furthermore, these new results may be
useful in studying planets and their satellites
where magnetite subjected to very low tempera-
tures and relatively strong magnetic fields may be
present.
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