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L ow-temperature susceptibility and hysteresis of magnetite
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Abstract

Measurement of susceptibility (x) and hysteresis loops below room temperature for large multidomain hydrothermal
magnetite and an acicular single domain magnetite are reported. Hydrothermal samples all display frequency dependent
anomalies in y across the Verwey transition (T,). A second frequency dependent anomaly in x is found a 50 K. In
both cases the frequency dependency of x is attributed to discontinuities in the hopping frequency of electrons at T,
and 50 K respectively. The coercive force (H.) of the hydrothermal samples displays sharp discontinuous behavior at the
magnetocrystalline anisotropy isotropic point (Ti). On plotting the hysteresis parameters on ‘Day’ plots, the hydrothermal
grains move towards more pseudo-single domain-like regions on cooling through Ty. It is suggested that the difference
in low-temperature anomalous behavior between ‘high-field' parameters, e.g., Hc a Ty, and ‘low-field’ parameters, e.g.,
x a Ty, is due to the partial destruction of the Vonsovskii exchange interaction in the presence of high-fields, where
according the magneto-electronic model of the Verwey transition, the Vonsovskii exchange interaction is the mechanism by
which electronic ordering occurs a T,. The acicular single domain sample displays no anomalous behavior in either x or
hysteresis parameters near T or T,. [0 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction magnetic properties such as susceptibility (x) and
coercive force H¢ [2].

Magnetic remanence which remains after low- On cooling from room temperature, xy and H. of

temperature demagnetization (LTD) of multidomain
(MD) magnetiteis of high stability [1]. Understand-
ing the origin of this stability will increase the
paleomagnetists knowledge of stable MD natural
remanent magnetization (NRM). To understand the
mechanisms which control partial demagnetization
of MD remanence during LTD, it is essential to
know the low-temperature behavior of fundamental
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MD grains are strongly effected by the behavior of
the controlling magnetic energies [3,4]. The first cu-
bic magnetocrystalline anisotropy constant changes
sign on passing through an isotropic point (Ty) at
130 K [5]. A few degrees below Ty the crystal struc-
ture changes from cubic to monoclinic at the Verwey
trangition, 120-124 K, T, [6], and there are anoma-
lies in most of the controlling magnetic energies,
most notably in the magnetocrystalline anisotropy
energy, where there is a very large increase in its
magnitude and a reduction in its symmetry [7]. The
large increase in the magnetocrystalline anisotropy is
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aresult of a sharp reduction in the mobility of elec-
trons from 3d shells which move or ‘hop’ between
the Fe** and Fe?™ cations on the B-sublattice, on
cooling through T, [7,8].

Previous studies have found large discontinuities
in x [3] and Hc [4] inthevicinity of T, and Ty. How-
ever these studies have concentrated on the low-tem-
perature behavior of either small single domain (SD)
and pseudo-single domain (PSD) magnetite samples
or large natural multidomain (MD) crystals [2—4].

This paper reports the first low-temperature mea-
surements of x and hysteresis loops for large mul-
tidomain (MD) crystals produced by hydrothermal
recrystallization [9]. Previous studies have cited both
the importance of stresson the low-temperature mag-
netic behavior of MD magnetite, and the extremely
low dislocation densities of hydrothermal magnetite
samples [10]. Therefore examination of hydrother-
mal samplesis useful in validating the importance of
stress.

2. Sampledescription and experimental methods

Four samples are considered in this study; three
MD synthetic samples (H(3.0 pm)—H(108 wm))
made by hydrothermal recrystallization [9], and a
commercial acicular SD sample (SD(acic.)). The
source materia for the SD(acic.) sample had been
previoudly investigated [11]. Grain size distributions
and magnetic parameters of the samples are sum-
marized in Table 1. XRD analysis and Mossbauer
spectroscopy confirmed that the MD samples were

Table 1

Summary of mean grain size, standard deviation o, and hystere-
sis parameters H (coercive force), Her (remanent coercive force)
and the ratio of the saturation remanence (Ms) to the satura-
tion magnetization (Ms) a room temperature, for the samples
considered in this study

Sample name  Size +o Hc Her Mis/Mg
(rm) (wm)  (mT)  (mT)

H(3.0 um) 3.0 24 24 26.5 0.018

H(76 wm) 76 25 0.96 199 0.006

H(108 jwm) 108 31 094 182 0.005

SD(acic.) 0.05 - 65 88 0.470

H(3.0 pm)-H(108 pum) are MD hydrothermal samples, and
SD(acic.) an acicular SD sample with aspect ratiosup to 1 in 6.

pure magnetite. The chemical purity of the SD(acic.)
sample was not examined using XRD or Moss
bauer spectroscopy. The hydrothermal samples have
dightly wider grain distributions than the hydrother-
mal crystals prepared by [9]. The hydrothermal sam-
ples have low values for H, and low saturation
remanence to (M,s) to saturation magnetization (My)
ratios suggesting that they have low-dislocation den-
sities, in agreement with previous studies [10]. The
valuesfor Hc, He and M,s/ Mg for the SD(acic.) sam-
ple, are typical for acicular SD magnetite [12], how-
ever they were dightly higher than those previously
reported [11]. To explain this difference it might
be suggested that the SD(acic.) sample had partialy
maghemitized (oxidation under ambient conditions),
however, low-temperature thermomagnetic cooling
curves of remanence induced in the SD(acic.) sam-
ple [13], displayed anomalous behavior at ~120 K,
i.e., the value of T, for stoichiometric magnetite.
This suggests that no or little maghemitization had
occurred. The samples were loosely dispersed in
KBr pellets.

For all four samples low-temperature x was mea-
sured during warming from ~20 K to room tem-
perature at five frequencies (40, 140, 400, 1000 and
4000 Hz) using a Lakeshore Cryotronics Low-Tem-
perature AC Susceptometer. Hysteresis loops were
measured using a VSM, at various temperatures in
the range 100-300 K. During the measurement of a
hysteresis loop, the temperature was kept to within
+0.2 K of the required temperature.

3. Results

3.1. Susceptibility at low temperatures

Low-temperature y curves at five frequencies (40,
140, 400, 1000 and 4000 Hz) for each of the four
samples are shown in Fig. 1. The SD(acic.) sample
increases gradually on warming to room temper-
ature, and displays no discontinuous behavior in
the vicinity of T, and Ty, however, there is slight
anomaly at 100 K (Fig. 1a). There is a degree of
scatter between the different frequencies, giving a
noisy signal. The hydrothermal crystals (H(3.0 wm),
H(76 wm) and H(108 wm)) al display a sharp dis-
continuity across T, (Fig. 1b—d). The increase of x
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Fig. 1. Susceptibility vs. temperature at various frequencies for (a) SD(acic.), and hydrothermal samples (b) H(3.0 um), (c) H(76 pm)
and (d) H(108 pm). Susceptibility curves were measured on warming from ~20 K. Both T, and Ty are marked, T, as a band because of

the uncertainty in its value (120-124 K).

on heating through T, and Ty for the three samples
H(3.0 um), H(76 wm) and H(108 pwm) is ~120%,
~105% and ~100% respectively (Fig. 1b—d). This
large increase in y in the range 120-130 K for MD
grains is in agreement with previous studies [3,14].
On warming from T, to room temperature y de-
creases gradually for all three hydrothermal samples.
The smallest sample H(3.0 .wm) displays a‘peak’ or
maximum at ~126 K, which is not observed in the
larger hydrothermal samples H(76 wm) and H(108
wm) (Fig. 1c,d).

Thereisasmall anomaly in y at ~50 K observed
for H(3.0 wm), H(76 pm) and H(108 pm) (Fig. 1b—
d). The anomaly has been reported before for single
crystals of magnetite [3,14,15]. The relative size of
the anomaly is greater for the two largest samples,
i.e, H(76 wm) and H(108 pwm), than the smallest

sample H(3.0 wm). Thereis afrequency dependency
of x at thisanomaly; the temperature of the anomaly
increases with frequency (Fig. 1b—d).

Measurement of low-temperature y for H(108
pwm), was repeated with smaller temperature stepsin
therangein 110-130K (Fig. 2). Therewasvery good
repeatability in x inthistemperaturerange(cf. Fig. 1d
and Fig. 2). The anomaly associated with T, occurs
over the range of temperatures 118-126 K (Fig. 1).
That the transition is over atemperature range rather
than a discontinuous jump is in agreement with the
magneto-electronic model of the Verwey transition
[7,8]. The magneto-electronic model proposes that
the reduction of electron hopping is due to a negative
exchange interaction between the hopping electrons
and the B-sublattice, which causes both a reduction
in electron mobility and the magnetic moments of
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Fig. 2. Susceptibility as a function of temperature at various frequencies for hydrothermal crystals H(108 wm). The susceptibility was
measured at smaller step intervals in the range 110-130 K than reported in Fig. 1. Ty is marked as a band because of the uncertainty of

its vaue (120-124 K).

the hopping electrons to align in the opposite di-
rection to the B-sublattice moment. This exchange
interaction is called the Vonsovskii interaction [16],
and is broken by the application of strong magnetic
fields or thermal energies, i.e., during hysteresis or
heating above T, respectively [8]. The magneto-elec-
tronic model and itsimplicationsfor rock magnetism
are discussed in [7]. The transition width of ~8 K is
wider than the 3 K reported for single crystals [14],
however it is considerably narrower than the 17 K
reported for powdered samples [14].

Thereisadight frequency dependency for H(108
pm) across the transition, most noticeably at 122
K (Fig. 2). For most temperatures outside the range
118-126 K, the susceptibility measured at 40 Hz
(x40), was amost identical to that measured at higher
frequencies, however in the temperature range 118—
126 K, x isfrequency dependent, i.€.; x40 > X140 >
X400 > X1000 > Xao0o- 10 the author’s knowledge this
has never been reported.

3.2. Low-temperature behavior of the hysteresis
parameters

H. is depicted as a function of temperature in
Fig. 3 for the hydrotherma samples H(3.0 pm)

and H(108 pm). On warming from ~100 K, Hc
decreases gradualy to ~128 K before dropping
abruptly; H¢ of H(3.0 wm) is reduced from ~8.8
mT at 128 K to ~2.1 mT at 132 K, and for H(76
pwm) H¢ drops from ~4.0 mT at 127 K to ~1.1 mT
at 133 K (Fig. 3). In both cases H. drops by a factor
of approximately four.

For H(3.0 wm) there is a minimum in H; at
~135 K. On further warming H. increases, levelling
off towards room temperature (Fig. 3). This behav-
ior has been observed previously for both natural
samples [2] and synthetic crystals [4]. H(76 wm)
displays similar behavior as H(3.0 wm) on heating,
however the increase on warming is less pronounced
suggesting a grain size dependency in agreement
with results by [17]. SD(acic.) did not display any
low-temperature anomaly in H¢ at T, or Ty.

It is common to summarize hysteresis parameters
by plotting M,s/ Mg versus H/Hc (i.e., a Day plot),
because different domain states plot in different ar-
eas[18], e.g., SD grains have high M,/ Mg ratios and
low Hc/H; ratios (seeinset in Fig. 4). Fig. 4 shows
the Day plot for the two hydrothermal samplesH(3.0
pm) and H(76 pm). H(3.0 wm) and H(76 w.m) both
plot in the multidomain region above Ty, and display
amarked change on cooling through T. The smaller
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Fig. 3. Coercive force as a function of temperature for hydrothermal crystals H(3.0 um) and H(76 nwm). The coercive force was
determined from hysteresis loops measured at a variety of temperatures.

T
pSD | 0s :

04 -

A H(76 um)

0.08

M. /M,

|
/: below T, e H(3.0 um)
I
I
!
|

= 0.06

rs

M _/

0.04

0.02

0.00

12

HCY / HC
Fig. 4. Ms/Mg vs. He/H¢ (Day plot) for the two hydrothermal samples H(3.0 wm) and H(76 wm).

sample H(3.0 wm) shifts from the MD region to the PSD-like region of the MD area on cooling through

PSD region, and thelarger sample H(76 um) although Tk. Sample SD(acic.) plots in the single domain re-
still in the MD region shifts towards the harder more gion and does not vary in behavior with temperature.
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4. Discussion

4.1. Frequency dependency of susceptibility at
low-temperatures

The susceptibility of sample SD(acic.) is unaf-
fected by the transitions T, and Ty (Fig. 1a). Thisis
because x of randomly orientated acicular SD grains
is controlled by the shape anisotropy; x o 1/N,
where N is the self-demagnetizing factor [12].
Spherical or near spherical SD grains are partialy
controlled by the magnetocrystalline anisotropy [4].
The susceptibility of MD hydrothermal crystals
H(3.0 wm), H(76 wm) and H(108 wm) is governed
by the behavior of domain wallswhich are dependent
on the exchange, magnetocrystalline anisotropy and
magnetostrictive anisotropy energies. Of these three
energies, the magnetocrystalline anisotropy displays
by far the greatest anomaly at T, [7]. The sharp in-
creasein x on heating through T, reflectsthis behav-
ior of the magnetocrystalline anisotropy (Fig. 1b—
d). The anomaly is spread over a small temperature
range (118-126 K) for sample H(108 wm) (Fig. 2). It
is uncertain why the range of the transition is larger
than the value for the single crystal, i.e., 3 K [14].
It is not due to temperature inhomogeneity across
the sample, because the sample was given sufficient
time to thermally equilibrate (1020 minutes within
2 K of measurement temperature). [14] attribute the
large transition width for their powdered sample (18
K) to a range of internal stresses induced during
milling, i.e., some grains are more stressed than oth-
ers. Note, stress is known to decrease the Verwey
transition temperature, whether it is induced by ap-
plying hydrostatic pressure [19] or uniaxial pressure
[17]. Applying this theory to the H(108 wm) sam-
ple, implies that there was a distribution of stresses
within the samples, however hysteresis parameters
for H(108 jum) suggest that it was relatively stress
free (Table 1). The difference in transition width be
cannot attributed to grain interactions, because crys-
tals in the H(108 wm) sample were too large to be
significant (pers. comm. W. Williams, 1996).

A possible explanation for the large transition
width of the H(108 wm) sample, is that the anomaly
in x is associated with domain structure. The do-
main structure of each grain within a sample will
have a dightly different degree of stability. In re-

sponse to the AC field and changes in the magnetic
energies in the vicinity of T,, the domain structure
will ‘break’ at some temperature, giving rise to the
increase in x. By measuring only one crystal, with
one domain structure, then the transition width will
be relatively narrow [14], however by measuring a
number of grains then the width of the transition will
be larger (Fig. 2). It should be noted that different
single crystals very rarely give the same temperature
for the Verwey transition. Differences are normally
attributed to small variations in the stoichiometry or
stress, however even for ‘perfect’ magnetite there are
a range of claimed temperatures for T,, e.g., 125 K
[15], ~121 K [19] and 122—-125 K [20].

It is postulated in this paper, that the small fre-
guency dependency of x across T, (Fig. 2) is due
to the mobility of hopping electrons across the Ver-
wey transition. Above the transition the electrons
hop with an *attempt frequency’, 7, *, of ~10% s71,
however below the transition 75! ~ 10* s [15].
The reduction in electron mobility is due to the dom-
ination of the Vonsovskii interaction as the thermal
energy decreases [7,8]. Across the transition itself,
there will be a temperature where the hopping rate
is very susceptible to external changes, i.e., a small
external field may be able to break the influence
of the Vonsovskii interaction effectively pushing the
electron mobility from the slower to the faster hop-
ping rate. For MD grains, x is inversely related to
the magnitude of the magnetocrystalline anisotropy
[12], which in turn is heavily influenced by mobility
of Fe?* ions [21], i.e., electron mobility. The local-
ization of electrons below T, causes large increases
in the magnetocrystalline anisotropy [7], with a cor-
responding decrease in x. At lower AC frequencies
there is relatively more time for the Vonsovskii in-
teraction to be broken, increasing the hopping rate
and increasing x. As the AC frequency increases
there is less time to respond, making the effective
magnetocrystalline anisotropy higher, which in turn
decreases x. The temperature where the frequency
dependency is greatest i.e., 122 K for H(108 m)
(Fig. 2), is probably a good indicator for T,.

In agreement with [3] the anomaly in x in the
hydrothermal samples at ~50 K is attributed to
magnetic after-effect/relaxation processes [15]. At
50 K there is a reduction in the attempt frequency
of electron hopping from 7,1 ~ 10 s above
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50 K to 75 &~ 10" s* below [15]. Changes in
electron mobility effect x in a similar manner as
at T,. It is suggested here that the mechanism of
frequency dependency of x at the anomaly at ~50
K is analogous to the frequency dependency at T,
i.e., the small AC field is sufficient to increase the
hopping of electrons to the higher rate at lower
frequenciesincreasing y. H(76 wm) and H(108 jLm)
display larger anomalies than H(3.0 wm) because
they are truly MD rather than PSD.

There are reports in literature of peaksin y at Ty,
[8,22], however the only sample to display a peak
near Ty was the small H(3.0 wm) sample (Fig. 1b).
It is suggested that the peak could be an indicator of
grain size.

4.2. Hysteresis parameters at low-temperatures

On heating from below T,, H. sharply decreases
at Ty for both H(3.0 wm) and H(76 .m), before
reaching a minimum at ~132 K (Fig. 3). The de-
crease in H; occurs at Ty rather than T,, because at
T, thereis a discontinuous jump in the magnetocrys-
talline anisotropy energy (Ey), i.e., Ex > 0 at al
times across T, however at Ty, E, — 0.

Below T,, H(3.0 wm) and H(76 wm) are more
PSD-like than they are above it, having both higher
Ms/Ms and lower Hy/Hc ratios (Fig. 4). This is
due to anomalies in a number of controlling en-
ergies, especialy the increase in the magnetocrys-
talline anisotropy energy.

4.3. Comparison of y and hysteresis parameters

For the hydrothermal MD grains, anomalous be-
havior of y occurred across T, (Fig. 1) and H. dis-
played anomalous behavior at Ty (Fig. 3). It appears
that ‘high-field’ measurements, e.g., hysteresisloops,
are strongly effected by Ty, whilst ‘low-field” mea-
surements, e.g., x, and ‘zero-field measurements,
e.g., cooling of remanence [2], display anomalous
behavior at T,. This reflects a difference in MD
magnetite’s response to high and low external mag-
netic fields at low-temperatures. It is suggested here,
that this difference between high and low-field mea-
surements, may be due to the destruction of the
Vonsovskii interaction in the presence of high-fields,
which in turn reduces the dominance of the Verwey

transition. It may be concluded that it is incorrect to
directly infer behavior of remanence from high-field
measurements.

5. Conclusions

() MD hydrotherma magnetite samples dis-
play similar low-temperature y behavior to natu-
ral samples considered in previous studies [2]. The
SD(acic.) sample displays no anomalous in x at T,
and Tk.

(2) The sharp anomaly in y is associated with T,
not Ty.

(3) The width of the anomaly in x at T, (Fig. 2)
reflects a range of stable domain structures within
the assemblage of MD grains.

(4) The frequency dependency of x across T,
is associated to variations in the hopping rate of
electrons above and below T,,.

(5) Theanomaly in y at 50 K isattributed to are-
duction in electron hopping at this temperature [15].
The frequency dependency of y at 50 K isanalogous
to the frequency dependency of y across T,,.

(6) Hc drops by a factor of four on cooling
through T, and Ty for MD hydrothermal samples,
SD(acic.) displays no anomaly in He at T, or Ty.

(7) H¢ displays a minimum at 132 K ~ T for the
MD hydrothermal samples.

(8) Both hydrothermal samples H(3.0 wm) and
H(76 wm) shift towards more PSD-like regions of a
Day plot on cooling through Ty and T, (Fig. 4).

(9) Depending on whether a high-field or a low-
field magnetic characteristic is measured, e.g., Hc
or x respectively, the magnetic property displays
anomalous behavior at either T, or Ty respectively.
It is suggested that this difference is due to the par-
tial destruction of the Vonsovskii interaction in high
fields. It maybe erroneous to directly infer behavior
of remanence properties from high-field measure-
ments.
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