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Temperature Data Part I11:

The Magnetite

Verwey Transition
(Part A)

Mike Jackson, Bruce Moskowitz,
Julie Bowles, IRM

After completing his doctorate in chemistry at the
University of Amsterdam in 1934, Evert Johannes Wil-
lem Verweij (aka Verwey) moved to the Philips Research
Laboratories in Eindhoven, where he continued the
research into the properties and behavior of colloids for
which he is widely remembered today. In geophysics, of
course, we remember Verwey primarily for his work in
pursuit of another interest, the metal oxide spinels, their
cation arrangements and associated physical properties.
Specifically, magnetite (Fe,O,) undergoes a low-temper-
ature transformation which is now known as the Verwey
transition, in recognition of his important work on elec-
trical conductivity variations with temperature and their
implications for crystallography and cation distribution.

We now know (more or less) that at the Verwey transi-
tion temperature (T, ~120 K)), magnetite transforms from
cubic (T > T,)) to monoclinic (T < T,)) symmetry. This
transformation is related to changes in crystal symmetry
and in cation ordering and is accompanied by dramatic
changes in electrical conductivity and heat capacity. At
a slightly higher temperature (~130 K), the first magneto-
crystalline anisotropy constant (K,) changes sign, and at
this isotropic point (T,) the easy directions of magnetiza-
tion change from the [111] cubic body diagonals (T > T)
to the [001] cube edge directions (T, <T < T). In the
transformation to the monoclinic phase (T < T,) one of
the cube edge orientations becomes the new c-axis, the
unique easy magnetic orientation. As you might expect,
the transition is often easily identified by magnetic mea-
surements.

The Verwey transition is widely used for identifica-
tion of magnetite in natural samples [e.g., Mauritsch
& Turner, 1975], for cleaning of natural remanence by
low-temperature demagnetization [e.g., Ozima et al.,
1964; Merrill, 1970; Dunlop, 2003], and for recognition
of magnetotactic bacteria in sediments [e.g., Moskowitz
et al., 1989, 1993]. In spite of these useful applications
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of the Verwey transition and nearly a century of research,
fundamental aspects of the transition and of the low-T
state of magnetite are still incompletely understood, and
competing theories remain embroiled in controversy [e.g.,
Walz, 2002; Garcia & Subias, 2004; Piekarz et al., 2007;
Rozenberg et al., 2007].

In this article, the first in a series devoted to the Ver-
wey transition, we will discuss some of the initial observa-
tions and history behind the transition, the fundamental
ideas about magnetite’s structure above and below T, , and

how this structure affects macroscopic physical properties. cont’d. on
In subsequent articles we will explore the dependence pg. 7.,

of this transition and of the low-T phase on variables of
interest including composition (cation deficiency and/or
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The La Plata drainage basin is the main source of
sediments to the western South Atlantic, delivering annu-
ally ~670 km?* of sediments into the ocean carried within
their brackish waters. It comprises a catchment area of
~3,200,000 km? which encompasses a large surface of the
Parana flood basalts. The cold, salt-poor waters of the La
Plata plume may have reached latitudes as far north as 24°
S [1]. But the influence of the La Plata plume on the sedi-
ment input in the region is probably younger than 6,000
years B.P., when the La Plata River was flooded as a result
of the transgression succeeding the last glacial maximum
[2]. Here the progressive inception of the La Plata water
plume into the southeastern Brazil shelf is revealed by
changes in magnetic properties along a two meters long
sediment core collected at 25°30° S and 46°38” W.

The 107610 piston core was collected at a water
depth of about 100 m. It comprises laminated muddy
sediments with fine sand, accumulated within the past
6,000 years with an average sedimentation rate of 35.6
cm yr', deduced from six AMS radiocarbon ages along
the core. Surface sediments (first 10 cm) were lost during
coring. Samples for grain-size analyses were collected at

ARM X

2 cm intervals, then frozen and subsequently freeze-dried.
The sub-sampling for magnetic mineralogy analysis was
performed using 8 cm? plastic boxes at regular intervals
of 2 cm totaling 71 samples. Sampling conditions did not
allow a continuous recovery of the sedimentary record for
magnetic studies, leaving a gap between 86 and 114 cm.
Magnetic measurents were performed in the new
2G Enterprises pass-through SQUID magnetometer of
the Institute for Rock Magnetism. Two artificial magne-
tizations were induced in the samples — the anhysteretic
remanent magnetization (ARM) and the isothermal rema-
nent magnetization (IRM). The ARM was acquired with
a steady bias field of 0.05 mT up to 100 mT (ARM100)
and subsequently demagnetized step by step in alternating
fields (AF) up to 100 mT. The IRM was acquired at room
temperature in a direct field of 1000 mT (IRM1000mT)
and finally at a backfield of -300 mT (IRM-300). Bulk
magnetic susceptibility (%) was measured in all samples
in the Kappabridge KLY-4/CS-4 (Agico Ltd.) of the
Paleomagnetic Lab of the Sdo Paulo University. The fol-
lowing magnetic parameters were calculated from ARM
and IRM acquisitions: hard IRM (HIRM = [IRM
- IRM_,1/2), ARM (%) (ARM, /ARM ) and S-Ratio
(-IRM , /IRM, ) Low-T thermomagnetic susceptibil-
ity curves, hysteresis measurements at room temperature,
First Order Reverse Curves (FORC) and zero field cooled
(ZFC) curves were performed in selected samples to better
constrain the magnetic mineralogy.
Concentration-dependent magnetic parameters
ARM, %, IRM and HIRM (Fig. 1a, 1b, 1c and 1d) show a
significant increase at the top of the core, suggesting an
enhanced detrital input after 1,300 years B.P. Other mag-
netic parameters reveal more subtle changes in magnetic
carriers throughout the core. Magnetite is present all along
the core, being identified by typical Verwey transitions
in ZFC curves, which also show a log-normal decay of
magnetization in their first-derivative [7] that is typical of
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Figure 1. Magnetic parameters changes with depth (left axis) and age (right axis). a. ARM100mT and ARM10mT; b. 7 (greece curve without top
part evidences changes); c. IRM1000mT and IRM-300mT; d. HIRM; e. ARM%; f. S-Ratio (%); . ARM/IRM.
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superparamagnetic behavior (Fig. 2). Magnetite coercivity
(and consequently grain-size) changes significantly along
the core. This is clearly shown by the continuous decrease
in the ARM (%) parameter between 152 cm and 54 cm
depth, indicating a progressively higher contribution of
low-coercivity magnetite grains (Fig. 1e). Hematite has
also been identified in the core and accounts for the slight
increase in remanence at high-fields in IRM acquisition
curves. The S-Ratio is usually interpreted in terms of
magnetite to hematite proportion. In the 107610 core,
it follows the same trend of ARM (%) and ARM/IRM
parameters, indicating that hematite grains were prefer-
entially deposited together with coarse magnetite grains
(Fig. le, 1fand 1g).

The fluctuations in magnetic parameters can be used
to track changes in clastic input. The transgression follow-
ing the last glacial maximum flooded the Rio de La Plata
river, hindering continental sediments from reaching the
shelf (e.g. [1], [3]). By that time, the sediments deposited
on the Brazilian shelf were likely derived from the Ar-
gentinean shelf, being transported northward by a much
stronger Malvinas current [4]. This current is presently
blocked by the Rio de la Plata outflow. In our magnetic re-
cord, these Argentinean-derived sediments correspond to
the basal interval, rich in fine-grained magnetite grains and
devoid of more oxidized types. The continuous changes
in magnetic properties upcore probably track the progres-
sive inception of the La Plata plume, delivering coarser
magnetic grains derived mostly from the weathering of
magnetite-rich Parana flood basalts. These sediments are
also enriched in other oxidized types, like hematite, thus
explaining the coherence between ARM (%), ARM/IRM
and S-Ratio parameters. The shift in these parameters
occurs at ~4,700 years B.P. and set the time at which the
influence of the La Plata plume reached the 25°S latitude
of'the I07610 core. The final shift in magnetic properties is
marked by a strong increment in concentration-dependent
parameters between 1,300 and 915 years BP, and coincides
with an increase in humidity at the La Plata drainage
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basin [5]. This increase in precipitation was responsible
for the onset of the de La Plata delta [6] delivering a
higher amount of detrital magnetic material to the ocean.
In summary, environmental magnetic indicators are fully
compatible with the paleoceanographic and paleoclimatic
record in the SE margin of South America. They suggest
that sedimentation on the Brazilian continental shelf at the
latitude of 107610 core in the past 6,000 years B.P. was
mainly controlled by changes in sea-level and continental
climate, which affected the relative input of sediments
from two sources — the Argentinean continental shelf and
the La Plata plume.

I would like to thank the IRM for providing full access
to the laboratory, all staff of the IRM for their help and
warmth, and especially Mike Jackson and Julie Bowles
for their valuable discussions.
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Current Articles

A list of current research articles dealing with various topics in
the physics and chemistry of magnetism is a regular feature of
the IRM Quarterly. Articles published in familiar geology and
geophysics journals are included; special emphasis is given to
current articles from physics, chemistry, and materials-science
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Magnetite Verwey Transition, cont’d. from pg. 1

cation substitution), pressure and particle size, and we will
describe and explain some surprising and dramatic effects
of magnetic fields applied during cooling through T..

The Inverse-Spinel Arrangement of

Magnetite at T>T,,

Like the mineral spinel (MgAl,O,), many metal oxides
including magnetite have a crystallographic structure in
which the large O* ions form a cubic close-packed ar-
rangement and the small metal cations occupy certain
“holes” in the oxygen framework. The recurrence interval
of the occupancy pattern defines the unit cell, which con-
tains 32 oxygen anions, 8§ cations of one metal (the ‘X’ ions
of Verwey and Heilmann [1947]) and 16 ‘Y’ metal ions.
Three possible charge-balanced combinations exist: “2-3
spinels” (X*, Y*") such as magnetite (Fe*", Fe*") and spinel
(Mg?*, AP*Y), “4-2 spinels” (X*', Y*") such as ulvospinel
(Ti*, Fe*), and “6-1 spinels” (X, Y'*), a combination
that Verwey and Heilmann described as “very rare.” The
cubic spinel structure of magnetite at room temperature
was established by the x-ray diffraction work of Bragg in
1915.

The oxygens can be thought of as spheres arranged in
sets of hexagonally-packed planes (the (111) planes of the
cubic lattice). Each sphere touches six adjoining spheres
in the same plane (Fig. 2), as well as three in each of the
adjoining layers, making a total of 12 nearest neighbors.
Eight tetrahedral voids are formed around each sphere by
these nearest neighbors; and since each tetrahedral void
is shared by four anions, there are two per O* in the bulk
solid, or 64 per unit cell. Eight of these 64 tetrahedral
(or “A”) sites contain cations. In a “normal” spinel the
A sites are occupied by the X atoms, and in an “inverse”
spinel they contain (half of the) Y ions. Octahedral holes
(“B” sites) are surrounded by six O* ions (the vertices of
an octahedron); 32 such sites occur in the unit cell and
half of them are occupied by cations, which in a normal
spinel are the Y ions. In an inverse spinel, the B sites
contain the X ions and half of the Y ions, in a generally
unordered fashion. Overall the structure can be visual-
ized as a repeating sequence of alternating layers normal
to [111] (and symmetrically-equivalent axes): O* ions,
A-site cations, O* ions, and B-site cations.

Verwey & Heilmann [1947] modeled the stability
of normal and inverse spinel structures of different com-
positions in terms of “Madelung potentials” based on
Coulomb attraction and Born repulsion, and predicted that
4-2 spinels should always be inverse (i.e. Y**,[X*Y?']
50, is a lower-energy, more stable arrangement than X**,
[2Y*],0,), having the more strongly-charged cations in
the octahedral sites, coordinated with 6 oxygens. They
predicted that 2-3 spinels should generally be normal, and
found that such was indeed the case for AI*" and Cr*", but
they noted an “abnormal” tendency for Fe* to form inverse
spinels (as it does with Ni**, Cu*", Mg*, Co*", Mn*" and
Fe?*; only Zn?* and Cd*" were found to make normal Fe**
spinels). The competing crystal field energy contributions
leads to some cations having site preferences, such as the
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Figure 2. (a) Spinel unit cell, with cubic close-packed O, ions (large
white spheres) and metal cations in octahedral sites (intermediate-sized
hatched spheres), and tetrahedral sites (small black spheres). (b) Spinel
sublattices with cations (small black dots) in tetrahedral (i) and octahedral
(ii) coordination with neighboring Oz« ions (large circles). The bulk mate-
rial is “a 3-dimensional packing of A- and B- cubes in a checkerboard
arrangement.” [Verwey & Heilman, 1947]

B-site preference for Ti*".

The mixed-valence cations in the B sites are respon-
sible for the relatively high electrical conductivity of
magnetite, which is classified as a semiconductor. Verwey
and his Philips colleagues conducted extensive experi-
ments on conductivity of normal and inverse spinels as
a function of composition and of temperature. Verwey
& de Boer [1936] found that the room-T conductivity of
the inverse spinel magnetite is 10%-10° times greater than
those of the normal (but otherwise very similar) spinels
Mn,O, and Co,0,, and they attributed the difference to
the cation valence states and their spatial distributions.
Specifically, they proposed that electrons in Fe,O, could
move relatively easily from divalent to trivalent ions in
the B-site planes, a phenomenon now known as “elec-
tron hopping.” After receiving an electron in this way,
a formerly-ferric (now ferrous) Fe ion can just as easily
lose one to another nearby Fe*, and current can thereby
be transported through the lattice. This B-site valence
flexibility is often expressed by writing the structural
formula as Fe’*,[2Fe**"] O, [e.g., Piekarz et al., 2007] or
as Fe’*,[2Fe*'+e7],0, [e.g., Rozenberg et al., 2006].

This electron hopping is also evident in “’Fe Moss-
bauer spectroscopy, which is sensitive to the valence,
coordination and magnetic ordering of the iron ions in
solid materials. In magnetite the three species (tetrahedral
Fe*, octahedral Fe** and octahedral Fe*") are effectively
reduced to two (tetrahedral Fe** and octahedral Fe?*")
by electron hopping, and the absorption spectrum there-
fore shows two distinct sextets. The octahedral-sextet




|
o 120K
GE==4<2
— %

[}
1
'_
—
~N
>

[
/

/|

%
9 1

L 96 . ]

‘\4‘3‘
‘J
®
!

—95

96 —--94%

/
[/

iy

s 104 °H-

200 T

Figure 3. Magnetite magnetization as a function of temperature for
various fixed field values. Curves are offset to avoid overlapping. [From

Weiss and Forrer, 1929.]

linewidths broaden with increasing T above 300 K, as
thermally-activated hopping increases the charge disorder
of the B-site cations [Sawatzky et al., 1969].

The inverse-spinel arrangement also accounts for
the intensity of spontaneous magnetization in magnetite.
Unlike true ferromagnets (e.g. metallic iron), in which
neighboring magnetic atoms are directly exchange-
coupled, ferrimagnets (like magnetite) are ordered by
indirect “superexchange,” in which the irons are mu-
tually coupled through intervening oxygens. As first
hypothesized by Néel, the result is antiferromagnetic
coupling between sublattices. Since the B sites contain
twice as many Fe atoms as the A sites, a fairly strong
net spontaneous magnetization may be expected. For
Fe O, in the inverse-spinel arrangement, half of the Fe**
ions are in the tetrahedral sublattice and the other half in
the antiferromagnetically-coupled octahedral sublattice,
so the moments of the trivalent iron atoms are mutually
cancelling, and the net spontanecous moment is equal to
the uncancelled monents of the Fe?* ions in the B sites.
This amounts to ~4 Bohr magnetons (4y,) per formula
unit (~92 Am? kg') at room temperature, matching the
experimental value determined by Weiss and Forrer in
1929 [see also Duffy etal., 2010]. In contrast, in a normal
spinel arrangement, with divalent ions in the tetrahedral
sites antiferromagnetically coupled to the trivalent ions
(5uB per atom) in the octahedral sites, magnetite’s net
spontaneous magnetization would be ~6, per formula
unit or 138 Am? kg!' [e.g., Baudelet et al., 2010].

Finally, the inverse spinel structure contributes to
magnetite’s weak magnetocrystalline anisotropy at T >
T,. Magnetocrystalline anisotropy in general arises from
a combination of single-ion anisotropy and anisotropic
exchange interactions, related to the way that electron
orbitals fit into the crystal lattice [e.g., Stacey & Banerjee
1974 1.5; O’Reilly 1984 3.4; Dunlop & Ozdemir 1997
2.8.2]. The details of these mechanisms are beyond the
scope of this article, but we note here simply that whereas
Fe?* has a strong single-ion anisotropy (related to spin-
orbit coupling), Fe*" has none. The inverse spinel cation

arrangement (effectively lacking distinct ferrous ions due
to B-site electron hopping), together with the cubic crystal
symmetry, account for the relatively weak magnetocrystal-
line anisotropy of magnetite at room temperature. The
anisotropy constants K, and K, describe how magnetic
energy varies according to orientation of the magnetiza-
tion with respect to the cubic lattice. For K <0 the easy
magnetic axes are the body diagonals, as they are for
Fe,0,at 300 K. The values of these constants change with
composition and temperature [e.g., Kakol etal., 1991]; in
Ti-rich titanomagnetites (Fe, Ti O,; x > 0.55) the [100]
directions are the easy axes at room T, as is the case for
magnetite at temperatures below T,.

The Verwey Transition: Initial
Observations

In his extensive review article, Walz [2002] points to
a set of low-temperature magnetic susceptibility measure-
ments by K. Renger in Zurich a century ago (in his thesis
work under Weiss and Einstein) as the first observation
of the Verwey transition. Weiss & Forrer [1929] mea-
sured the magnetization of several magnetite specimens
as functions of applied field and temperature and found
“une discontinuité singuliere” near 120 K (Fig. 3) in all of
them, the magnitude of the jump being larger in weaker
fields. They wrote that “la nature de cette transforma-
tion est inconnue” (“the nature of this transformation is
unknown” ), but by applying an approach-to-saturation
law of the form M(H)=M(1-a/H), they established that
the values of M were essentially identical above and
below the transition. However the respective values of a
showed that magnetite is approximately 10 times harder
magnetically just below T, than it is just above.

In 1939 Verwey published his first account of the
sharp increase in the electrical resisivity of magnetite on
cooling, at about 120 K (Fig. 4). Aware of the specific
heat anomaly previously seen by Parks & Kelly [1926]
and the magnetic observations of Weiss & Forrer [1929],
Verwey had reason to expect that resistivity might also
exhibit interesting changes at low temperature. When he
found them he was quick to interpret them in terms of
the disordered mixed-valence B-site cation arrangement
(which enables current flow at higher temperatures) giving
way to a more ordered state at low temperature. He made
similar p(T) measurements for a cation-deficient magne-
tite (FeO:Fe,0, = 1:1.08), reasoning that the higher ferric/
ferrous ratio would affect his postulated mechanisms, and
found that the discontinuity disappeared.

Verwey and Haayman [1941] extended these experi-
ments to a series of intermediate stoichiometries, and dis-
covered several regular features that could be interpreted
in terms of the mixed-valence cation arrangement in the
B sublattice. First, conductivity in the “high-T” state
(T>T,) decreases progressively with increasing cation
deficiency, from which they deduced: “It is evident that
the holes act as negative charge centers which will try to
surround themselves by an excess of Fe*,” thus impeding
the easy flow of electrons through the lattice. Second,
the semiconductor-insulator transition became less sharp,
and was shifted to lower temperatures, with increasing



cation deficiency (conductivity changing by a factor of
~100 at ~118 K for stoichiometric magnetite; and by a
factor of ~3 at ~100 K for FeO:Fe O, = 1:1.07). To ac-
count for the abrupt change in stoichiometric magnetite
they tentatively proposed a charge-ordered arrangement
of the B-sites in the low-T phase, with Fe occurring in
rows of equally-charged (di- and trivalent) ions along
[110] directions. Cation deficiency interferes with such
charge ordering: “for it is obvious that the presence of
irregularly-distributed and frozen-in holes, and their
repulsive action upon the surrounding electrons, must
counteract and finally inhibit the formation of a regular
pattern. A concentration of holes of 1% (corresponding
to FeO:Fe,0, = 1:1.08) is actually sufficient to suppress
the transition entirely.”

The Low-T Phase of Magnetite (T<TV)

For their proposed charge-ordered low-T arrange-
ment, Verwey et al. [1947] noted that “without resorting to
a larger unit cell, this pattern of order can no longer be of
cubic symmetry. The most probable pattern is one having
a tetragonal cell...” Early efforts to detect this showed
that overall changes in crystal geometry (symmetry and
lattice dimensions) are very small across T, and difficult
to detect by x-ray diffraction. These changes are also
difficult to distinguish from charge-ordering effects, and
observations are further complicated by twinning. In an
important neutron-diffraction study, Hamilton [1958]
cooled single-crystal magnetite through T, in a field
applied along the cubic [001] axis to suppress twinning
effects, and obtained the following results/conclusions:
1) the low-T phase is orthorhombic; 2) all Fe ions in the
orthorhombic phase have their magnetic moments aligned
along the cubic [001] direction closest to the direction of
the applied cooling field (i.e., this becomes the c-axis and
unique magnetic easy axis of the low-T phase); 3) the cu-
bic [110] axes (face diagonals) perpendicular to ¢ become
the orthorhombic a and b axes (magnetically hard and in-
termediate axes, respectively); and 4) the octahedral ferric
ions lie in rows parallel to ¢ and the ferrous ions in rows
parallel to b (i.e. exactly the structure proposed by Ver-
wey et al.; see Fig. 5). Samuelson et al. [1968] observed
(002) reflections like those found by Hamilton, but also
discovered a neutron-polarization sensitivity that led them
to a very different interpretation: “...the extra reflections
are not due to a purely magnetic ordering (octahedral site
ordering or ferrimagnetic spiral structure). Rather they are
caused by a lowering of the crystal symmetry...” with a
doubling of the unit cell along c¢. Later work demonstrated
that the low-temperature phase actually has monoclinic
symmetry [e.g. Chikazumi, 1976; Yoshida and lida, 1976],
and while this is now the commonly-assumed structure,
the details remain an active topic of research.

The nanoscale configuration of ferrous and ferric ions
in low-T magnetite and the processes involved in the tran-
sition remain controversial, and current physical models
are daunting in their complexity. Although no consensus
has emerged on the fundamental mechanisms driving the
transformation, it is nevertheless clear that they are far
more complicated than the simple charge-ordering model

of Verwey et al. In our (oversimplified) understanding,
the models fall into two groups. One suggests that the
transition is fundamentally a coordination crossover: a
reversible transformation between normal (Fe**,[2Fe’"]
30, for T<T,) and inverse (Fe*',[2Fe**"] O, for T>T,)
spinel arrangements [Rozenberg et al., 2006, 2007] (but
see also Baudelet et al [2010]). Other models generally
involve some form of incomplete charge ordering of the
octahedral iron ions, in combination with ordering of
electron-orbital orientations of the ferrous ions, lattice
distortion, and other additional complicating factors, and
the arguments revolve around the relative importance
of the various interacting effects [Walz 2002; Garcia &
Subias 2004; Zhou & Ceder 2010; Piekarz et al 2007].

Effects on Magnetic Properties and
Measurements

Here we will suspend consideration of the fundamen-
tal atomic-scale phenomena and provide a brief overview
of the resulting magnetic properties of monoclinic magne-
tite below T,. The net spontaneous magnetization changes
by only a very small amount (if at all) across the transition,
according to bulk magnetization [Weiss & Forrer 1929;
Ozdemir & Dunlop 1999], Méssbauer spectroscopy [van
der Woude et al., 1968], and x-ray magnetic circular di-
chroism (XMCD) measurements [Baudelet, 2010]. This
appears to be inconsistent with the proposed coordination
crossover, and suggests that the structure can still (to a
good approximation) be described as an inverse spinel.

The most significant magnetic effect of the transition
is a dramatic increase in the magnetocrystalline anisotropy
in the low-T phase. The cessation of electron hopping,
whatever its ultimate cause, leaves us with distinct fer-
rous and ferric ions in the B sublattice (in contrast to the
Fe?* of room-T magnetite), and the Fe*" ions are largely
responsible for the strong anisotropy. Low-temperature
magnetization curves show that the approach to satura-
tion is much slower along the a- and b-axis than along c;
this uniaxial anisotropy is much stronger than the shape
anisotropy of even extremely elongate particles [Ozdemir
& Dunlop 1999; Carter-Stiglitz et al., 2002].

This abrupt change in anisotropy is fundamentally
responsible for magnetite’s diagnostic low-T variations
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Figure 4.Electrical resistivity as a function of temperature for (I) a nearly
stoichiometric magnetite and (1) a cation-deficient magnetite. [From

Verwey, 1939]
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in susceptibility (k) and remanence. k(T) curves for pure
magnetite (Fig. 6a) typically have the form of a step func-
tion, with relatively minor variations above and below the
transition, and an essentially instantaneous change at T ',
with k. /K 4.~ 0.5. Commonly, the isotropic point
is seen as a maximum in k(T). For remanence acquired at
low T (Fig. 6b, LTSIRM curve), the behavior on warming
is also step-like, with substantial loss of remanence at T,
typically by 25% to 100%, depending on particle size and
shape [e.g. Ozdemir & Dunlop 1999; Carter-Stiglitz et al.,
2002]. Strong domain-wall pinning by the high uniaxial
anisotropy of the monoclinic phase allows the acquisition
and retention of intense remanence below T, but domain
arrangements are profoundly altered by the loss of this
anisotropy on transformation to the cubic phase.
Approaching T,, from above produces quite different
remanent magnetization behavior, especially for multido-
main magnetites (where magnetocrystalline anisotropy
plays a significant role in stabilizing room-T remanence).
There is a significant loss of remanence on cooling through
T, (Fig. 6b, RTSIRM curves), but the changes are generally
not steplike; there is a continual reorganization of domain
geometry in response to the progressively changing an-
isotropy while cooling [Ozdemir & Dunlop 1999; Dunlop
2003]. In some cases additional changes are seen on
continued cooling through T, , and the behavior is strongly
sensitive to factors including grain size, crystal orientation,
stoichiometry and the nature of the initial remanence. We
will return to these dependencies in subsequent articles.
M@dssbauer spectra are distinctly different for T<T,,
(Fig. 6¢). The octahedral ferrous and ferric ions generate
distinct sextets, in contrast to the single Fe*>* octahedral
sextet they form together above T,. The tetrahedral Fe**
absorption pattern does not change significantly across
T,. The low-T ferric sextets (tetrahedral and octahedral)
are strongly overlapping, and can be approximated by a
single sextet, which accounts for 2/3 of the total absorp-
tion. Sawatzky et al. [1969] found that the best fits at
4.2 K were obtained using four sextets: one each for the
A- and B-site Fe**, and two for the B-site Fe?" (due to the
sensitivity of Fe?* to crystal symmetry, related to crystal-

' Frequently an additional step change is observed near or below

50 K, as in Fig. 6a. This phenomenon will be discussed in a separate
future article.
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field splitting of atomic orbital levels).

Closing Remarks for Part 1

In their 2004 review article, Garcia and Subias stress
the fundamental scientific significance of understanding
the Verwey transition: “The important fact is that mag-
netite has been taken as a reference for all the solid state
physics developed in the second half of the 20th century.”
Discontinuous changes in magnetic, electrical and thermal
properties coincide with structural changes in the crystal
lattice, and possibly with the onset of charge ordering in
the octahedral cations and/or electron-orbital ordering of
the ferrous ions.

Ultimate causes notwithstanding, the Verwey transi-
tion is a phenomenon that provides a surprisingly rich
trove of information about natural materials and their
origins and history. Stay tuned for future installments in
the series, where we will back up this claim.
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