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SUMMARY
The low-temperature magnetic properties of magnetite are reviewed, and implications
for rock magnetism considered. The behaviour of fundamental properties of magnetite
at low temperatures near the Verwey transition (Tv) are documented, and attention is
given to various Verwey transition theories. The low-temperature behaviour of the
magnetic energies that control domain structure is reviewed in detail. For the first time
in rock magnetic literature, the low-temperature anomaly in spontaneous magnetization
(Ms ) is documented and the differences between the saturation magnetization and Ms
near the Verwey transition are discussed. It is argued that the low-temperature
behaviour of the magnetocrystalline anisotropy, and in particular the anomaly at Tv ,
is most likely to affect multidomain remanence during low-temperature cycling. For
multidomain crystals it is calculated that the large increase in magnetocrystalline
anisotropy intensity and reduction in symmetry on cooling through Tv is likely to
reduce the stability of closure domains.

Key words: low-temperature properties, magnetite, rock magnetism.

In this paper, the current theories for the Verwey transition
1 INTRODUCTION

and the low-temperature behaviour of the controlling magnetic

energies are reviewed, and the implications for rock magnetismThere have been many rock magnetic studies (e.g. Yama-ai
et al. 1963; Hodych 1990; Özdemir & Dunlop 1998) that considered. The low-temperature physical properties are

examined and discussed, using a combination of theories andhave investigated the low-temperature magnetic behaviour of

magnetite in the vicinity of the Verwey transition at 120–124 K, experimental results by previous researchers, and complimentary
experimental data collected by the authors. Initially, the generalTv (Verwey 1939), and the first cubic magnetocrystalline

anisotropy isotropic point at 130 K, Tk (Kakol & Honig physical properties are considered, followed by a review of the

low-temperature behaviour of the controlling magnetic energies1989). It has been found that, on zero-field cooling of rocks
to temperatures below Tv , the magnetic remanence carried by near Tv, and finally the effects of stress and non-stoichiometry

are examined.multidomain (MD) magnetite grains partially demagnetizes
(e.g. Özdemir & Dunlop 1998). The remaining remanence
(memory) is relatively stable (Kobayashi & Fuller 1968;

McClelland & Shcherbakov 1995), and the nature and origin 2 INTRODUCTION TO THE VERWEY
of this memory fraction is therefore of great interest to the TRANSITION
palaeomagnetist. In order to understand the origin of memory

The first report that magnetite exhibits a low-temperatureand the processes that govern low-temperature demagnetization
transition was by Millar (1929), who discovered an anomaly(LTD) of MD remanence, it is essential to have a thorough
in the heat capacity near 120 K. However, it was Verwey andunderstanding of the low-temperature physics of magnetite,
co-workers (Verwey 1939; Verwey & Haayman 1941; Verweyespecially of the Verwey transition itself. However, the origin
& Heilmann 1947; Verwey et al. 1947) who carried out muchof the Verwey transition is still unclear (Honig 1995; Belov
of the initial research into the anomalies in both the structure1996b). In recent years there have been new theories proposed
and electrical properties at the transition. Verwey found thatfor the Verwey transition which have not been incorporated
there is a slight distortion in the crystal lattice as the structureinto rock magnetic models.
changes from the inverse-spinel structure above Tv (Okudera

et al. 1996), to a simpler structure below. Most experimental*Now at: Institut für Allgemeine und Angewandte Geophysik,
evidence suggests that the low-temperature structure is mono-München Universität, Theresienstrasse 41 D-80333 München, Germany.

E-mail: adrian@rockmag.geophysik.uni-muenchen.de clinic (e.g. Yoshida & Iida 1979; Zuo et al. 1990); however,
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there is evidence to indicate that the low-temperature phase Mössbauer spectroscopy because the frequency of the hopping

is considerably greater than the inverse of the Mössbauerlacks a centre of inversion and is triclinic (Miyamoto &
Chikazumi 1988; Medrano et al. 1999). The unit cell of measuring time (De Grave et al. 1993). As a consequence, the

Mössbauer effect sees an average valency state, often denotedthe commonly proposed monoclinic structure contains four

rhombohedrally distorted cubic cells (Fig. 1). as Fe2.5+ (e.g. Zhang & Satpathy 1991). Below Tv , the two
B-sublattices are distinguishable (Toyoda et al. 1999) due toImportantly, at the transition the electrical conductivity

drops sharply by a factor of 100, due to a reduction of electron the reduction in the hopping rate (cf . the reduction in the

conductivity at Tv ) (Fig. 2).mobility on the B-sublattice (Gleitzer 1997; Fig. 2). Above Tv ,
electrons from the 3d shells move or ‘hop’ between the Fe3+
and Fe2+ cations on the B-sublattice, and magnetite behaves

2.1 Brief review of the various Verwey transition theories
like a semiconductor:

Many mechanisms have been proposed to account for the
Fe3++e−uFe2+ .

experimental data at Tv ; that is, for the structural change,

the reduction in the conductivity (Fig. 2) plus anomalies in theOn cooling below Tv , the hopping is sharply reduced due to a
strong increase in the activation energy required for hopping heat capacity (Millar 1929; Kozlowski et al. 1996), magnetic

relaxation processes (Walz & Kronmüller 1991, 1994), theof the electrons. The reduction in electron mobility on the

B-sublattice is demonstrated by Mössbauer spectroscopy magnetocaloric effect (Belov et al. 1982), magnetoresistance
(Belov 1994; Gridin et al. 1996), spontaneous magnetization(Fig. 3; our new data) as follows. The hyperfine fields associated

with the two B-sublattices above Tv are indistinguishable to Ms (Belov 1993, Fig. 5), magnetocrystalline anisotropy (e.g.

Bickford 1949; Bickford et al. 1957; Abe et al. 1976, Fig. 13),
and magnetostriction (e.g. Tsuya et al. 1977; Aksenova et al.
1987, Fig. 17). It has also been found that variations in

stoichiometry (e.g. Aragón et al. 1985; Aragón 1992; Honig
1995, Fig. 18) and pressure (Rozenberg et al. 1996, Fig. 20)

strongly affect the Verwey transition. Unfortunately, there is
too much experimental evidence to discuss in detail in this
paper. Some of the topics will be discussed in the rest of the

text; for the others, the reader is referred to the suggested
literature.

Although several theories exist (e.g. Verwey 1939; Cullen &

Callen 1971; Honig & Spalek 1992; Belov 1993), none has
been able to explain all the experimental data. The various
models can be roughly split into two camps: structural-

electronic and magneto-electronic. The magneto-electronic
model is the more recent of the two models, and is the only
theory to incorporate the anomaly in Ms . To the authors’

knowledge, the anomaly in Ms has never been previously
considered in the rock magnetic literature.

In this paper, the two models are briefly reviewed, and the

authenticity of the low-temperature anomaly in Ms , which at

z, [0 01], c

y, [0 10]

x, [1 00]

[1 10], b

[1 10], a

0.23
o

present has limited experimental evidence, is validated.
Figure 1. Relationship between the low-temperature monoclinic axes

(a, b and c), the rhombohedrally distorted cell (solid line), and the

high-temperature cubic unit cell (dashed line). Each monoclinic unit 2.2 Structural-electronic model of the Verwey transition
cell consists of four rhombohedrally distorted cells.

Verwey & Haayman (1941) proposed that the Verwey transition

is an ionic order–disorder transition. They suggested that,
below Tv , the Coulomb repulsion between neighbouring Fe2+
and Fe3+ B-sublattice site cations causes the two cations to

arrange themselves on alternate (100) planes producing the
crystal distortion. According to this model, the reduction in

the conductivity is a product of the ionic ordering. Anderson
(1956) showed that the Coulomb interaction between the
cations on the octahedral sites of ferrites gives rise to short-

range order (SRO) and is minimized by ~(3/2)N
B
/2 different

configurations, where NB is the number of B sites. A few of
these configurations have long-range order (LRO), the Verwey

or low-temperature structure being one of these LRO states
(Zuo et al. 1990). Anderson interpreted the Verwey transition
as a loss of LRO upon heating through the transition.

Mössbauer and NMR studies (Hargrove & Kündig 1970;
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Rubinstein & Forester 1971), using more detailed analysis thanFigure 2. Conductivity of magnetite as a function of temperature.

After Gleitzer (1997). we present here, identified more Fe2+ and Fe3+ sites than the
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Figure 3. Our measurement of the hyperfine splitting field as a function of temperature for a batch of non-stoichiometric Johnson–Matthey

magnetite. The crosses and solid triangles represent the Fe2+ and Fe3+ ions on the B-sublattice. Above Tv they are indistinguishable; below Tv , they

are distinguishable. However, it is unknown which ion causes enhancement or reduction in the hyperfine field (P. Solheid 1997, personal communication).

The hyperfine fields associated with the A-sublattice+maghemite and haematite are also shown. They are unaffected by the Verwey transition.

single Fe2+ and single Fe3+ predicted by the Verwey model. The magneto-electronic model applies the Vonsovskii
exchange interaction theory to magnetite. The valence electronsLater, Mizoguchi (1978a) found as many as five different Fe3+

sites on the B-sublattice using NMR. As a result, a number of are the hopping electrons, and the inner electrons are the fixed
electrons on the A- and B-sublattice cations. On coolingmore complicated charge-ordering models have been proposed

(e.g. Mizoguchi 1978b; Iida 1980; Zuo et al. 1990; Mishra & through the Verwey transition, the hopping electrons are

magnetically ordered under the influence of the VonsovskiiSatpathy 1993).
exchange interaction with the magnetic cations, to form
an e-sublattice. Because the Vonsovskii exchange interaction

2.3 Magneto-electronic model of the Verwey transition
between the hopping electrons and the iron cations is negative
(antiferromagnetic), this leads not only to localization of theThe magneto-electronic model was developed by Belov (1993,

1994, 1996a,b) in response to two important discrepancies conduction electrons but also to a partial screening of the total

magnetic moment (Abrikosov 1968); that is, the e-sublatticebetween the structural-electronic model and experimental data;
namely, the extremely low mobility of the conduction electrons electrons align antiparallel to the net magnetic moment of

the A- and B-sublattices (Fig. 4), and hence antiparallel to theabove Tv , which is not explained by the structural-electronic

model, and an unexplained anomaly in Ms at the transition. B-sublattice.
Consequently, there is a small decrease in Ms for T<Tv . AtThe number of available hopping electrons is 1.35×1022 cm−3

(Belov 1993), which is comparable with that which exists in T>Tv , the thermal motion destroys the magnetization of the

e-sublattice, which results in a small experimentally detectedmetals, and is much greater than the value in ordinary semi-
conductors. However, the actual conductivity of magnetite anomaly in Ms (Figs 5, 6 and 9). According to theories of

Belov (1996a), the interaction of a strong sublattice (A- andis akin to that of semiconductors (Belov 1993), and so the

conduction electrons have very low mobility. Let us consider B-sublattices) with a weak sublattice (e-sublattice) retards the
Verwey transition; that is, the transition is spread over a certainthe origin of this low electron mobility. The Verwey model

(Verwey 1939; Verwey & Haayman 1941) assumes a ‘hopping’ temperature interval (see Figs 5 and 6). This retardation

is supported by results from photoemission spectroscopymechanism for electrical conduction in magnetite. An alter-
native approach has been to apply band theory of electrical (Chainani et al. 1996). In Belov’s sample, the decrease in Ms

occurs over a wide temperature range of greater than 100 K.conduction to magnetite and other ferrites (e.g. Cullen &

Callen 1971, 1973; Samiullah 1995). However, neither of these The provenance or purity of this material is not cited by Belov.
We find a much sharper anomaly in Ms (see next section)two models explains the extremely low mobility of the conduction

electrons in magnetite above Tv . The low electron mobility which occurs over less than 15 K, and we suspect that the
anomaly may be broadened by impurities in Belov’s sample.has been attributed to the electrostatic interactions discussed

previously in the structural-electronic model; however, Belov The antiferromagnetic Vonsovskii exchange interaction also

explains the reduction in electron mobility above Tv . Above(1993) notes that this is not sufficient to cause the large
reduction in the conductivity. Instead, Belov (1993) points out
that in semiconductors there is another important mechanism

that causes localization of conduction electrons—the Vonsovskii
exchange interaction (Vonsovskii 1946; Nagaev 1971). This is
the exchange interaction between valence and inner electrons

in ferromagnetic materials. The spin of valence electrons is

s(σ )s(σ )s(σ )A B e

eBA

acted upon by the magnetic field exerted by the internal Figure 4. Magneto-electron sublattice electron model. After Belov

(1993).electrons (Vonsovskii 1946).
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determined by applying fields greater than this: 0.6 T (Heider

et al. 1996), 1 T (King 1996) and 1.5 T (Dankers & Sugiura
1981).

In rock magnetic literature, Ms and Msat are often considered

to be identical, and are indiscriminately interchanged (e.g.
O’Reilly 1984; Dunlop & Özdemir 1997). At room temperature
and above, this assumption is valid; however, according to

the magneto-electronic model there is a significant difference
between the saturation and spontaneous magnetizations at
low temperatures below the Verwey transition (Belov 1993).

The difference is because of the interaction of the e-sublattice
with the external saturating field. The effect of a field on the
e-sublattice is two-fold: first if the external field is large enough

then the electrons in the e-sublattice align in the direction
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Figure 5. Spontaneous magnetization as a function of temperature the e-sublattice is destroyed; that is, the electrons become
for magnetite. Data originally collected by Skipetrova (1978) and delocalized (Belov 1994). Collectively these two processes are
reported in Belov (1993). termed the ‘paraprocess’ (Belov 1994). The paraprocess in

magnetite reduces the magnetization associated with the

e-sublattice, which in effect increases the net magnetization of
the entire lattice (see Fig. 4). The paraprocess gives rise to an
increase in electron mobility which is documented in magneto-

resistance studies (e.g. Belov 1994; Gridin et al. 1996). In the
low-temperature phase of magnetite, the paraprocess is not

significant until fields of the magnitude needed to cause
technical saturation are applied (Belov 1993). Therefore, below
the Verwey transition Msat measured in a field greater than

the minimum field required to cause technical saturation is
significantly greater than Msat measured in the minimum field
(Belov 1993).

Note that the effect of the paraprocess far outweighs any
diamagnetic contribution to Msat . If we take the diamagnetic
susceptibility for magnetite to be 1.4×10−7 m3 kg−1 (Mulay

& Boudreaux 1976) and assume that it is independent of
temperature (Dunlop & Özdemir 1997), then, in a field of
1 T, the diamagnetic component contributes a magnetization
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of approximately 0.1 per cent of the total Msat , whereas theFigure 6. Schematic representation of the spontaneous magnetization

paraprocess contribution is up to 20 per cent.of magnetite’s temperature dependence at low temperature. Curve 1:

total Ms of A- and B-sublattices; curve 2: Ms of e-sublattice; and Because there is very limited experimental data examining
curve 3: total Ms of A-, B- and e-sublattices. After Belov (1996a). the low-temperature behaviour of Ms (Belov 1996b), we have

measured the low-temperature variation of Msat in order to test
the magneto-electronic theory of Belov (1993). In the remainderTv , the Vonsovskii exchange interaction is insufficient to cause

LRO of the hopping electrons; however, it is large enough to of this section, the direct measurement of the saturation
magnetization and the determination of the spontaneous mag-affect the orientation of the hopping electrons. Because the

Vonsovskii exchange interaction in magnetite is antiferro- netization from low-temperature hysteresis loops are reported.

There is then a general discussion and comparison of themagnetic, the hopping electrons periodically reverse (flip) their
spin during hopping, which requires an additional activation structural-electronic and magneto-electronic models.
energy (Belov 1996a) and results in a reduction in the electron

mobility.
2.4.1 Measurement of saturation magnetization at Tv
The saturation magnetization was measured (Fig. 7) by heating

2.4 Differences in spontaneous and saturation
a hydrothermal magnetite sample (H (39 mm)) (see Appendix

magnetization at T
v for a description of the samples) from 20 to 300 K in fields

above the room temperature technical saturation field (#0.3 T).The spontaneous magnetization, Ms , is the magnetization
within the centre of a domain in zero field. The saturation This was measured using a Quantum Design Magnetic

Property Measurement System (MPMS).magnetization, Msat , is the magnetization measured in a

saturating field; that is, the field required to make a multi- The most immediately obvious feature (Fig. 7) is the sharp
jump in Msat at the Verwey transition. This is very muchdomain grain single domain (technical saturation). To ensure

that technical saturation has been obtained it is common sharper than the anomaly in Ms observed by Belov. Below Tv ,
increasing the applied field from 0.5 to 0.8 T increases thepractice to determine Msat by measuring in a field greater than

the technical saturation field; for example, magnetite saturates measured magnetization below Tv , which decreases the size of
the sharp anomaly at Tv (Fig. 7). The difference in the sizeat 0.3 T (Thompson & Oldfield 1986), but Msat is often
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Figure 7. Magnetization of magnetite sample H (39 mm) as a function Figure 8. Hysteresis loops for hydrothermal sample H (76 mm) at two
of temperature in the presence of two different applied fields.

temperatures.

of the anomaly is due to the paraprocess; that is, below Tv the
external field interacts with the e-sublattice, which results in At 300 K, technical saturation occurs in fields of #0.3 T,

whereas at 120 K the sample is not magnetically saturated ineither rotation or delocalization of the e-sublattice electrons.
Above Tv the e-sublattice is destroyed by thermal energy. The a field of 1.5 T (Fig. 8). The intensity of magnetization at

#0.5 T for the 120 K hysteresis loop is less than for the sameparaprocess increases with field, and hence Ms increases below
Tv , which in turn decreases the size of the sharp jump in the field on the 300 K curve (Fig. 8). The reason for these two

differences can be explained by the magneto-electronic model.magnetization at Tv . Similar results are reported elsewhere

(Domenicali 1950; Matsui et al. 1977; Aragón 1992; King 1996). The difference in intensity for the two loops is due to the
presence of the e-sublattice at 120 K, which reduces the netSampling on single crystals, Domenicali (1950) attributed

the anomaly to changes in the magnetocrystalline anisotropy magnetization (Fig. 6). The difference in the saturation field

is due to the paraprocess effect: at 300 K the paraprocessand its control on the preferred direction of magnetization;
however, this hypothesis can be rejected because in the present effect is very small; however, on cooling to near Tv it becomes

significant. The field-dependent paraprocess destroys thestudy the sample contained a large number of randomly

orientated grains. For randomly orientated grains, the mech- e-sublattice, which effectively increases the net magnetization.
At 120 K, the paraprocess does not completely saturate untilanism suggested by Domenicali (1950) would average to zero,

and no anomaly would be observed. Matsui et al. (1977) and #1.9 T (Belov 1993, 1996b; unfortunately the maximum reliable

field on the VSM used in this study was only 1.6 T), and henceAragón (1992) both measured at only one applied field (1 T),
and both reported an anomaly of #0.1 per cent in the the difference between saturation fields at 120 K and 300 K.

Note that, at 120 K, Ms at 1.9 T is slightly greater than atmagnetization at Tv . They postulated that the anomaly is due

to small populations of anisotropic ions such as Fe1+ and 300 K, due to the reduction in thermal energy, which causes
the magnetic moments to precess.Fe2+ in a doublet ground state (Slonczewski 1958; Abe et al.

1976); however, this hypothesis does not explain the field We know that the paraprocess prevents us from directly

equating Ms to the measured saturation remanence at tem-dependence of anomaly size, nor has it been experimentally
tested. peratures below Tv . The higher the field is above technical

saturation, the larger the contribution from the paraprocess;By incorporating the paraprocess effect, the magneto-

electronic theory is the only model at present that can explain that is, rather than the spontaneous magnetization alone, the
spontaneous magnetization plus the effect of the field-dependentthe field dependence of the anomaly in Ms at Tv . Our experi-

mental data therefore support this model. In summary, in paraprocess is measured. In Fig. 9, the magnetization intensity

measured on the initial forward curve of a hysteresis loop atmagnetite the effect of the paraprocess is to increase the net
magnetization below Tv . The paraprocess is field-dependent; four applied fields is plotted against the temperature at which

each of the 29 loops was produced. These magnetization valuesthat is, it increases with increasing field.
are thus estimates of the spontaneous magnetization, but are
enhanced by various amounts due to the paraprocess. The

2.4.2 Measurement of spontaneous magnetization at Tv curve for 0.3 T is therefore the closest approximation to the
true temperature dependence of Ms . In each curve, the esti-The spontaneous magnetization was determined by measuring

29 hysteresis loops at low temperatures between 110 and 300 K mated Ms value drops close to the Verwey transition, but this

decrease is much larger for the lower-field measurements.using a vibrating sample magnetometer (VSM) at the Institute
for Rock Magnetism, Minnesota. Hysteresis loops were measured If the spontaneous magnetization is calculated from a field

substantially greater than the technical saturation field (0.3 T),as a function of temperature for two hydrothermal magnetites,

H (3.0 mm) and H (76 mm) (see Appendix for a description of for example 1.4 T, where the paraprocess is large, then the
anomaly in the calculated spontaneous magnetization isthe samples). Two typical hysteresis loops for the sample

H (76 mm) are shown in Fig. 8. significantly reduced.
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magnetization at T<Tv ; in other words, the paraprocess

increases the measured magnetization below Tv . Therefore the
true spontaneous magnetization for a sample in zero field is
larger than that calculated at H=0.3 T.

The spontaneous magnetization measured in this study
(Fig. 10) shows a sharper low-temperature anomaly than that
measured by Skipetrova (1978; Fig. 5) and reported in Belov

(1993). The reason for this difference has not been determined,
but may be due to the presence of impurities in Belov’s sample.
No information is known about the origin of the sample used

to determine Fig. 5.
Note that in theory it is possible to simply determine the

spontaneous magnetization by measuring the magnetization

of a sample in the technical saturation field on heating from
below Tv to room temperature. It is, however, more accurate
to determine Ms from hysteresis loops measured at a range of

temperatures. There are two reasons for this: first, there are
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uncertainties in a sample’s technical saturation field below TvFigure 9. Various calculations of the spontaneous magnetization as a
which can only be determined by measuring its hysteresisfunction of temperature for the hydrothermal sample H (76 mm). Each
loops; and second, by determining Ms from hysteresis loops,curve is calculated from hysteresis loops similar to those shown in
any possible contributions to the magnetization caused byFig. 8. The different curves represent the field value from which Ms is
heating and cooling a sample in a field below the Verweycalculated. For example, the ‘1.0 T’ curve is the magnetization at 1.0 T

on the initial forward curve in each hysteresis loop. Many hysteresis transition are removed.
loops were measured over the temperature range 105 K to room

temperature. Tv and Tk are marked, Tv as a range 120–124 K.
2.5 Comparison of the structural- and
magneto-electronic models

The spontaneous magnetization as a function of temperature Both the structural-electronic and magneto-electronic models
for the hydrothermal samples H (3.0 mm) and H (76 mm) is have experimental evidence in their favour. Strong support for
shown in Fig. 10. These two curves were calculated assuming the structural-electronic hypothesis comes from both Mössbauer
a technical saturation at 0.3 T; in other words, each curve was spectroscopy (Hargrove & Kündig 1970; Rubinstein & Forester
calculated by taking the value for the magnetization at 0.3 T 1971) and NMR (Rubinstein & Forester 1971; Mizoguchi
from hysteresis loops similar to those shown in Fig. 8. At fields 1978a). For T >Tv , Fe2+ and Fe3+ cations on the B-sublattice
less than the technical saturation field, that is ≤0.3 T, there is are indistinguishable to Mössbauer spectroscopy and NMR;
a small contribution from the paraprocess to the magnetization; however, on cooling below Tv , they become distinguishable
however, it is difficult to calculate for this. However the effect (Fig. 3). This is interpreted by the structural-electronic model
of the paraprocess contribution in fields less than 0.3 T is to as ordering of the Fe2+ and Fe3+ cations. Belov (1996a), how-
decrease the size of the low-temperature anomaly in the ever, provides a second interpretation of Mössbauer spectro-

scopy and NMR results in terms of the magneto-electronic

model. He argues that, at T <Tv , the Vonsovskii exchange
interaction between the iron cations and the hopping electrons
orders the hopping electrons to form the e-sublattice. This

localization gives rise to different values of Hhf for Fe2+ and
Fe3+ cations of the B-sublattice (Fig. 3). At T >Tv , where
the magnetic order is partially destroyed, hopping electrons

delocalize and migrate between the Fe2+ and Fe3+ cations,
creating an averaged Hhf field (Fig. 3).

In favour of the magneto-electronic model, there are anomalies

at Tv in the spontaneous magnetization (Figs 5, 9 and 10), the
magnetocaloric effect (Belov 1982) and the magnetoresistance

(e.g. Belov 1994; Gridin et al. 1996), which have only been
explained by the magneto-electronic model. Belov (1993) attri-
butes the distortion in the cubic symmetry below Tv , which is

fundamental to the structural-electronic model, to the changes
in the anisotropic magnetostriction. The magneto-electron
model can also explain the dependence on field during low-

temperature cooling—samples cooled in large fields show a
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different behaviour at Tv compared to samples cooled in a zeroFigure 10. Spontaneous magnetization as a function of temperature
field (Domenicali 1950; Moskowitz et al. 1993). Most otherfor the hydrothermal samples H (3.0 mm) and H (76 mm). Each curve
effects, for example anomalies in the magnetocrystalline aniso-is calculated by taking the value for the magnetization at 0.3 T from
tropy (e.g. Abe et al. 1976), have been explained by bothhysteresis loops similar to those shown in Fig. 8. Tv and Tk are marked,

Tv as a range 120–124 K. theories.
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In summary, there is strong experimental support for both are mutually independent. It is therefore possible for Ms to

display a low-temperature anomaly, and for the exchangethe magneto-electronic model and the structural electronic
model; however, the anomaly in Ms at Tv is only accounted energy not to do so.
for by the magneto-electronic model. Because the behaviour

of Ms is fundamental to the magnetic domain structure, the 3.2 Self-demagnetizing energy
magneto-electronic approach is preferred in the explanation of

The magnetostatic energy Ed is given byother magnetic phenomena of interest to this paper. In low-

field and remanence studies, which are of interest to the rock
Ed=−

m
0
Ms
2

∑
n

i=1
Hd,iΩm

i
D3 , (2)magnetist, it is important to know the behaviour of the

spontaneous magnetization rather than that of the saturation

magnetization. where Hd,i is the magnetic field at the location m
i
due to each

magnetic dipole in the system. The demagnetizing energy
depends on Ms , which displays an anomaly at Tv (Fig. 5).

3 BEHAVIOUR OF MAGNETIC ENERGIES
AT LOW TEMPERATURES

3.3 Anisotropy energy
To understand the demagnetization processes that occur at

The total anisotropy energy Eanis is the sum of the magneto-the Verwey transition, it is important to know how the con-
crystalline anisotropy energy Ek , the magnetostrictive aniso-trolling magnetic energies behave near the Verwey transition,
tropy energy Estrict , and the magnetoelastic anisotropy Emenamely exchange, self-demagnetizing and anisotropy, and other
(Lee 1955):parameters. The magnetic behaviour of a material is governed

by the ascendancy of the controlling magnetic energies—the Eanis=Ek+Estrict+Eme . (3)
exchange energy, Eex , the demagnetizing energy, Ed , the aniso-
tropy energy, Eanis , and the external field energy, Eh . The total

3.4 Magnetocrystalline anisotropy energymagnetic energy, Etot , is given by

Etot=Eex+Ed+Eanis+Eh . (1) 3.4.1 Tv<T<300 K

In this section, the low-temperature behaviours of the con- The cubic magnetocrystalline anisotropy Eck is given by (Kittel
trolling magnetic energies are briefly reviewed, and the relative 1949)
importance of each of the various magnetic energies considered.

Eck=K
1
(a2
1
a2
2
+a2

2
a2
3
+a2

3
a2
1
)+K

2
a2
1
a2
2
a2
3
+…, (4)

where K1 and K2 are the first two cubic anisotropy con-
3.1 Exchange energy

stants, respectively, and a
i

is the directional cosine of the
magnetization vector with respect to the cubic axes. For cubicExperimental evidence (e.g. Alperin et al. 1967; Torrie 1967)

suggests that the exchange energy is not affected by the Verwey magnetocrystalline anisotropy there are three easy axes. The
behaviour of the magnetocrystalline anisotropy energy attransition, and does not vary significantly from the room

temperature value. It should be noted that the exchange low temperatures is still under debate. Are the isotropic point

in the first magnetocrystalline anisotropy constant K1 at 130 Kintegral, which controls the exchange energy Eex , is not the
same as the Vonsovskii exchange integral, which gives rise to (Bickford et al. 1957; Fig. 11) and the Verwey transition at

#120–124 K two separate low-temperature transitions or justthe anomaly in Ms at Tv (Fig. 5). The two exchange interactions
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Figure 11. Magnetocrystalline anisotropy constants K∞
1

and K∞
2

as a function of temperature showing the large difference in the values of Bickford

et al. (1957) and Syono (1965).
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one? King (1996) argues that they are actually identical, and answer to the initial question, that the magnetocrystalline iso-

tropic point and the Verwey transition are separate transitions,any discrepancies between the two temperatures is due to the
neglect of the second anisotropy constant K2 and other higher- and not the same as suggested by King (1996).
order contributions. K2 is usually ignored because K1 dominates

at and above room temperature; however, at the K1 isotropic 3.4.2 T≤Tvpoint the contribution from K2 becomes significant.
Below Tv , the crystal structure transforms from cubic to a lessThe two most complete sets of low-temperature magneto-
symmetric structure, usually thought to be monoclinic with acrystalline anisotropy data (i.e. Bickford et al. 1957; Syono
tilt from the c-axis of 0.23° (Fig. 1). For the monoclinic low-1965; Fig. 11) are for K∞

1
and K∞

2
; that is, K

i
plus a magneto-

temperature structure, the magnetocrystalline energy Emk isstrictive contribution (Ye et al. 1994). In theory, it is possible
expressed by (Abe et al. 1976)to obtain K

i
by either direct measurement using ferromagnetic

resonance (FMR) as suggested by Ye et al. (1994), or by simply Emk =k
a
+a2

a
k
b
a2
b
+k

aa
a4
a
+k

bb
a4
b
+k

ab
a2
a
a2
b
−k

u
a2
111

, (5)
removing the experimentally measured magnetostrictive term

where a
a
, a

b
and a111 are the direction cosines of the mag-from K∞

i
(e.g. Kakol et al. 1991; Sahu & Moskowitz 1995).

netization with respect to the monoclinic a-, b- and cubicWith regard to FMR, however, the data sets are rather sparse
[111] axes respectively (see Fig. 1 for co-ordinate system). Abe(Bickford 1949, 1950) in the temperature range Tv<T ≤room
et al. (1976) added the k

u
a2
111

term to the expression originallytemperature. The second method of calculating K∞
i
is fraught

derived for an orthorhombic phase by Calhoun (1954), to dealwith errors, because for magnetite the values of the magneto-
with the small rhombohedral distortion.strictive constants are often smaller than the error in the

The temperature-dependent behaviour of magnetocrystallinemeasurement of K∞
i
.

constants for both the cubic and monoclinic phases is shownUsing the data of Syono (1965; Fig. 11), King (1996) shows
in Fig. 13. Again the magnetocrystalline anisotropy ‘constants’that, by adding K∞

1
and K∞

2
, the isotropic point is decreased

in Fig. 13 are not k
i

but k∞
i
, i.e. k

i
plus a magnetostrictivefrom 139 K for K∞

1
to 134 K for K∞

1
+K∞

2
. However, if a similar

contribution. The low-temperature monoclinic magneto-approach is taken with the data collected by Bickford et al.
crystalline anisotropy constants are considerably larger than(1957; Fig. 11), then the value for the isotropic point is greater
the cubic magnetocrystalline anisotropy constants (Fig. 13).for K∞

1
+K∞

2
than for K∞

1
alone. This raises the possibility that

The controlling monoclinic constant k∞
a

is approximately 10the magnetocrystalline anisotropy Ek is zero at a temperature
times greater than K∞

1
. Consequently, the relative importancehigher than 130 K, rather than lower, as King (1996) suggests.

of the monoclinic magnetocrystalline anisotropy to the domainThe reason for the high isotropic point for K∞
1

measured by
structure is far greater than the cubic magnetocrystallineSyono (1965; Fig. 11) is unclear. King (1996) suggested that it
anisotropy; that is, Emk &Eck . This abrupt jump in the magneto-was due to impurities; however, it is shown below that the
crystalline anisotropy on cooling through Tv is expected,effect of small deviations from stoichiometric magnetite is to
because the magnetocrystalline anisotropy is controlled by thedecrease the isotropic point. It is not until x#0.4 for
mobility of the Fe2+ ions (or alternatively the mobility ofFe3−xTi

x
O4 , that the isotropic point increases to above 130 K

the hopping electrons) (Fletcher & O’Reilly 1974; Belov 1993).(Syono 1965; Kakol et al. 1991).
As the mobility decreases, the magnetocrystalline anisotropyBy examining the relative magnetic initial permeability
increases (Belov 1993).(¬x+1), Aragón et al. (1985; Fig. 12) have produced very

There is also a significant reduction in the symmetry ofstrong evidence in support of the two-transition hypothesis.
the magnetocrystalline anisotropy field. We have depicted theAragón et al. (1985) associate the vertical anomaly with the
magnetocrystalline energy fields for T =290, 126 and 110 KVerwey transition, and the change in slope from y=x to the
in Figs 14, 15 and 16. In the cubic phase, for T >130 K thehorizontal at #130 K with the isotropic point. It appears in
easy-axis is the [111] (Fig. 14), and for Tv<T <130 K, K∞

1
is

positive, which switches the easy-axis from the [111]-axis to

the [100] (Fig. 15). The monoclinic magnetocrystalline aniso-
tropy has a lower order of symmetry than the cubic phase, the
easy-axis is the c-axis; however, the b-axis is also relatively

easy compared to the a-axis (Fig. 16).

3.5 Magnetostrictive and magnetoelastic anisotropy
energies

The cubic magnetostrictive energy, Ecstrict represents the inter-

action between the magnetic anisotropy and strain, and is
given by (Kittel 1949)

Ecsrict=[(9/4)(c
11
−c

12
)l2
100

− (9/2)c
44

l2
111

]

× (a2
1
a2
2
+a2

2
a2
3
+a2

3
a2
1
)

=Kstict (a21a2
2
+a2

2
a2
3
+a2

3
a2
1
) , (6)
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Figure 12. Relative magnetic initial permeability (¬x+1) as a

function of temperature for annealed magnetite single crystal. After l
100

=−
2

3

B
1

c
11
−c

12
, l

111
=−

1

3

B
2

c
44

,
Aragón et al. (1985). The two transitions Tv and Tk are marked.
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Figure 13. Temperature dependence of the cubic and monoclinic magnetocrystalline constants used in the model. K∞
1

is the first cubic

magnetocrystalline anisotropy constant (eq. 4), and k∞
i
are the low-temperature monoclinic constants (eq. 5).

X [100]

Y [010]

Z [001]

Figure 15. The cubic magnetocrystalline anisotropy of magnetite at

X [100]
Y [010]

Z [001]

126 K. The hard axis is in the [111] direction.
Figure 14. The cubic magnetocrystalline anisotropy of magnetite at

290 K. The hard axes are in the [100], [010] and [001] directions.

where c11 , c12 and c44 are elastic moduli, l100 and l111 are the
cubic magnetostriction anisotropy constants for the [100] and
[111] crystallographic directions, respectively, and B1 and B2
are the magnetoelastic coupling constants defined by Kittel
(1949). The cubic magnetoelastic energy or cubic magnetoelastic
coupling energy, Ecme , is given by (Träuble 1969)

Ecme=−(3/2)l
100

(a2
1
s
11
+a2

2
s
22
+a2

3
s
33

)

−3l
111

(a
1
a
2
s
12
+a

2
a
3
s
23
+a

3
a
1
s
31

) , (7)

where s
ij

is the stress tensor.

It can be seen from eqs (6) and (7) that the magnetostrictive b-axisX

Z, c-axis

a-axis
Y

and magnetoelastic anisotropy energies are both controlled by Figure 16. The monoclinic magnetocrystalline anisotropy of magnetite

at 110 K. The hard axis is the a-axis.the behaviour of the magnetostrictive anisotropy constants.
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The magnetostrictive energy is also dependent on the behaviour however, on comparison with the magnetocrystalline aniso-

tropy (Fig. 13), the change in intensities of l100 and l111of the elastic moduli c11 , c12 and c44 (eq. 6). It should be noted
that the cubic magnetostrictive constants l100 and l111 are (Fig. 17) are considerably smaller than the changes in the

magnetocrystalline anisotropy constants.defined in terms of c11 , c12 and c44 (eq. 6).

4 VARIABLE STOICHIOMETRY AT LOW3.5.1 Behaviour of the elastic moduli at Tv
TEMPERATURES

Softening anomalies at Tv have been found for c11 and c44
(Siratori & Kino 1980; Isida et al. 1996). The anomaly in c44 Before 1984, the importance of stoichiometry had not been

realized (Honig 1995). In the past 10 years, there have beenis much larger than the reported anomaly found in c11 (Isida

et al. 1996). c12 is relatively unaffected by the Verwey transition many investigations that have examined the effect of non-
stoichiometry at low temperatures (e.g. Aragón et al. 1985;(Siratori & Kino 1980).

A decrease in the elastic moduli reduces the magnetostrictive Kakol et al. 1991; Aragón 1992; De Grave et al. 1993;

Kozlowski et al. 1996).energy term (eq. 6); however, it also increases the magnetostrictive
constants.

4.1 Effect of variable stoichiometry on the Verwey
3.5.2 Magnetostrictive anisotropy constants at Tv transition

Deviations from stoichiometric magnetite, either by anThe temperature-dependent behaviour of the magnetostrictive

constants of magnetite between room temperature and Tv has oxygen deficiency (Fe3(1−d)O4 ) or an impurity, for example
Fe3−xTi

x
O4 , shift the Verwey transition to lower temperaturesbeen well documented (e.g. Domenicali 1950; Belov et al. 1985);

however, there have been fewer studies examining the low- (Fig. 18). Non-stoichiometry also depresses and broadens the

transition (Honig 1995; Dunlop & Özdemir 1997).temperature behaviour as a function of temperature (Arai et al.
1976; Tsuya et al. 1977). There is a discontinuous anomaly in the Verwey temperature

at d=0.0039, i.e. 3d=0.012, which has led to a reclassificationThe monoclinic magnetostrictive anisotropy is defined in
terms of nine mutually independent constants below Tv (Arai (Aragón 1992) of the Verwey transition into first order

(−0.0005≤d<dc¬0.0039) and second order (dc<d<3dc). Foret al. 1976); however, it is possible crudely to define the low-

temperature magnetostrictive constants in terms of the high- d#3dc , the magnetite-maghemite/haematite phase boundary
is reached and the Verwey transition disappears (Honig 1995).temperature constants l100 and l111 (Arai et al. 1976; Tsuya

et al. 1977). This gives some estimate for the behaviour of the There is a corresponding system for impurities with x=3d, for

example Fe3−xTi
x
O4 , and similarly for x≥9dc no Verweymagnetostrictive constants across Tv .

The temperature dependence of all the constants becomes transition has been found (Honig & Spalek 1992; Kozlowski
et al. 1996).steeper, almost asymptotic, towards the transition (Fig. 17).

The anomalies in l100 and l111 across Tv (Fig. 17) have been There have been several structural-electronic theories to
explain the effect of the non-stoichiometry on the Verweyattributed to reduction of the elastic moduli (Aksenova et al.

1987); however, there must also be temperature variations in transition. The microscopic order–disorder model developed by

Honig and co-workers (e.g. Honig & Spalek 1992; Honig 1995)the magnetoelastic coupling constants (B1 and B2 , eq. 6) to
explain the behaviour of the l100 and l111 . proposes that at the first- and second-order transition, i.e.

d=dc , the Fe2+ and Fe3+ B-sublattice cations are rearrangedIn summary, the magnetostrictive and magnetoelastic aniso-

tropy energies are both effected by the Verwey transition; to minimize the free energy (Aragón 1992; Honig 1995). This
theory has been very successful in explaining the experimental
data.
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The magneto-electronic model has not been explicitly manner to variations in the stoichiometry; that is, the Verwey
transition decreases with increased stress and is split into first-applied to this problem, but it seems reasonable to assume
and second-order phases (Fig. 20). In the pressure rangethat, as x or d increases, the negative Vonsovskii exchange
0–6 GPa, Tv decreases continuously with pressure P from 122interaction between the e-sublattice and A- and B-sublattices
to 107.5 K (Fig. 20). At P#6 GPa there is a discontinuous jumpweakens. Because the temperature of the Verwey transition is
in Tv from 107.5 to 100 K; thereafter, for 6≤P≤12.5 GPa,governed by the balance between the Vonsovskii exchange
there is second-order phase which decreases linearly to 83 Kinteraction and thermal energy, a decrease in the Vonsovskii
for 12.5 GPa. For P>12.5 GPa no Verwey transition isexchange interaction causes Tv to decrease. However, this does
observed; that is, there is no discontinuous drop in conductivitynot explain the first- and second-order effects.
at low temperatures.

The structure of the low-temperature phase at P>12 GPa
4.2 Effect of variable stoichiometry on the magnetic is unknown; it is possible that the high pressure actually
anisotropy below room temperature suppresses the phase transition. Rozenberg et al. (1996) explain

their results in terms of a simple ‘Wigner structure’-type modelFor titanomagnetites (Fe3−xTi
x
O4 ), the anisotropy constant

rather than the order–disorder formulation.K∞
1

passes through a minimum at x=0.2, irrespective of
The behaviour of the elastic modulus c11 at Tv is stronglytemperature (Syono 1965; Kakol et al. 1991; Fig. 19). This

affected by external pressure, vanishing completely at Tv forcoincides with the point where Fe2+ ions appear in the tetra-
pressures of #1.2 GPa (Isida et al. 1996). c12 and c44 arehedral interstitial sites. For x≥0.2, there is a large magneto-
unaffected by pressure changes.strictive contribution to the anisotropy which dominates at

high x (Kakol et al. 1991). The isotropic point for K∞
1
decreases

5.2 Internal residual stress at the Verwey transitionfrom 130 K for magnetite (Kakol et al. 1991) until x=0.2,
where K∞

1
is still negative at 77 K (Fig. 19). Note that for Assuming the results from external pressure studies are appli-

x≥0.04 there is no Verwey transition (Fig. 18). For x>0.2, cable to internal stress, that is stress fields around dislocations,
both the magnetocrystalline anisotropy and the temperature the results of Rozenberg et al. (1996) have implications for
of the isotropic point increase with x (Fig. 19). For high values magnetic domain structures: first, stressed areas of a grain near
of x, i.e. x#0.6, K1 is positive between 77 K and Tc (Kakol dislocations will have lower Verwey transition temperatures
1990; Sahu & Moskowitz 1995). Similar results have been than stress-free areas; and second, differences in the elastic
found for Fe3−xCo

x
O4 (Slonczewski 1958). moduli responses to pressure will increase the anisotropic

energy.
The effect of internal stress on the Verwey transition has5 IMPORTANCE OF STRESS ON THE

been studied by King (1996) and Sahu (1997). King (1996)VERWEY TRANSITION
induced internal stress to his lithographic samples by quenching

Around internal dislocations, there are residual stress fields them from 600 °C at rates ≥30 °C s−1 and by piston pressing.
which interact with the magnetization (Träuble 1969). It is By examining the demagnetization of low-temperature induced
therefore important to understand the effect of stress on the SIRM at Tv , he found that the stressed samples displayed a
behaviour of the Verwey transition. By directly applying broader, less well-defined Verwey transition than the unstressed
external stress it is possible to calculate the behaviour of the samples. This difference in low-temperature behaviour can be
controlling magnetic energies at low temperatures. explained by a wider range of Verwey temperatures within the

sample due to inhomogeneous internal stress.

5.1 External stress at the Verwey transition
6 CONCLUSIONS AND IMPLICATIONS

By examining the conductivity, Rozenberg et al. (1996) have FOR ROCK MAGNETISM
shown that applying external stress to magnetite affects the

At #120–124 K, magnetite passes through a transition calledtemperature behaviour of the Verwey transition in a similar
the Verwey transition, which is due to the reduction in hopping
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electrons. At #130 K, the first cubic magnetocrystalline aniso- is zero above Tv , in terms of its elastic properties the Verwey

transition is often referred to as a ferroelastic transition (e.g.tropy tends to zero. We argue that the Tk and Tv transitions
are separate phenomena, in disagreement with King (1996). Medrano et al. 1999). Thus, on cooling through the Verwey

transition, twin domains may be created.Associated with the reduction in electron mobility at Tv are

anomalies in all the controlling magnetic energies except the In zero magnetic field, twin-domain structures have widths
of about 100–200 mm, so it should be expected that only largerexchange energy. Of the anomalies in the controlling magnetic

energies, the most significant is the large increase in intensity multidomain grains will display such twin-domain structures.

However, in the presence of high magnetic fields (~400 mT),of the magnetocrystalline anisotropy and the reduction in its
symmetry, which will strongly affect MD domain structures the twin-domain walls can re-order themselves to reduce the

net magnetization (Medrano et al. 1999). On reordering inand their stability. It is possible to estimate the effect on

the domain structure by considering the likelihood of closure high magnetic fields, twin-domain structures can have twin-
domain widths as low as ~20 mm. Hence, the magnetic domainsdomains.

An approximate estimate of the favourability of closure and twin-domain walls interact, in agreement with theory

(Houchmandzadeh et al. 1991). This may have implicationsdomains is found by considering the relative anisotropy, Q
(Rave et al. 1998). If Q≥1, then closure domains are unfavour- for hysteresis curves measured in multidomain magnetite

below the Verwey transition, which may be affected by thisable. Muxworthy & Williams (2000) calculated Q as a function

of temperature for magnetite: at room temperature Q#0.09, interaction.
Variations in stress and stoichiometry affect the temperaturebut at 100 K Q#1. Therefore at room temperature closure

domains are highly favourable for large grains of magnetite of the Verwey transition. The temperature of Tv decreases with

both stress and non-stoichiometry. It is postulated that stresswith many domains; however, in the monoclinic phase closure
domains become less favourable. The stability of the domain fields around dislocations will give rise to a range of Verwey-

transition temperatures in a sample. The temperature of Tk isstructure increases, and this is reflected in the decrease in x
and the increase in Hc on cooling through Tv (Schmidbauer & affected by non-stoichiometry; however, the rate of decrease is

less than that for Tv .Keller 1996; Moskowitz et al. 1998). This is in agreement with

the only published low-temperature domain observation study
(Moloni et al. 1996), which found that classic closure domains
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Dunlop, D.J. & Özdemir, Ö., 1997. Rock Magnetism: Fundamentals Millar, R.W., 1929. The heat capacities at low-temperature of Ferrous

Oxide magnetite and cuprous and cupric oxides, J. Am. chem. Soc.,and Frontiers, Cambridge University Press.

Fletcher, E.J. & O’Reilly, W., 1974. Contribution of Fe2+ ions to 51, 215–222.

Mishra, S.K. & Satpathy, S., 1993. Energetic stabilisation of thethe magnetocrystalline anisotropy constant K1 of Fe3−xTi
x
O4

(0<x<0.1), J. Phys. C, 7, 171–178. Mizoguchi structure for magnetite by band-structure effects, Phys.

Rev. B, 47, 5564–5570.Gleitzer, C., 1997. Electrical properties of anhydrous iron oxides, Key

Eng. Mat., 125–126, 355–418. Miyamoto, Y. & Chikazumi, S., 1988. Crystal symmetry of magnetite

in low temperature phase deduced from magnetoelectric measure-Gridin, V.V., Hearne, G.R. & Honig, J.M., 1996. Magnetoresistance

extremum at the first-order Verwey transition in magnetite (Fe3O4), ment, J. Phys. Soc. Japan, 57, 2040–2050.

Mizoguchi, M., 1978a. NMR Study of the low-temperature phase ofPhys. Rev. B, 53, 15 518–15 521.
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