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Abstract This paper reports the first in situ magnetic hysteresis measurements of pseudo-single-domain
(PSD) magnetite under high pressure up to 1 GPa. The magnetic hysteresis measurements of stoichiometric
PSD magnetite samples under hydrostatic pressure were carried out using a piston-cylinder high-pressure
cell, and the pressure dependence of the hysteresis parameters of PSD magnetite was calculated from the
hysteresis curves. It was found that coercivity (Bc) increases with increasing pressure as a quadratic function
up to 1 GPa by �90%, which is different from the pressure dependences of Bc of multidomain and single-
domain magnetites. Coercivity of remanence also increases as a quadratic function, and saturation rema-
nence (Mrs) increases with pressure up to 0.5 GPa by �20% until reaching saturation. In contrast, saturation
magnetization is constant up to 1 GPa. The approximate demagnetizing factor calculated from the ratio
Bc/Mrs increases with increasing pressure, suggesting that the number of lamellar domains increases with
increasing pressure. The number of lamellar domains and domain wall width are theoretically estimated to
increase under high pressure due to the changes in magnetostriction, elastic, and magnetocrystalline
anisotropy constants, and these changes in magnetic domain structure should relate to the changes in the
magnetic properties of PSD magnetite.

1. Introduction

It is well known that magnetic properties of magnetic mineral change with its grain size because of the
change in the magnetic domain state from fine-grained single-domain (SD) to coarse-grained multidomain
(MD). Pseudo-single-domain (PSD) is an intermediate state between SD and MD, and PSD magnetite is
known to frequently occur in natural deep crustal rocks [Wasilewski and Mayhew, 1992]. Hydrostatic pres-
sure effects on magnetic parameters of magnetic minerals are fundamental information in rock magnetism
and geophysical study, especially for understanding the magnetic properties of deep crustal rocks. The
hydrostatic pressure effects on various magnetic minerals included in the terrestrial and extraterrestrial
rocks, such as magnetite, titanomagnetite, pyrrhotite, hematite, and Fe-Ni alloy, have generated consider-
able recent research interest [e.g., Bezaeva et al., 2010; Gilder et al., 2002, 2004; Gilder and LeGoff, 2008; Jiang
et al., 2013]. However, only a few studies have performed magnetic hysteresis measurements of magnetite
under hydrostatic pressure [Carmichael, 1969; Gilder et al., 2002; Sato et al., 2014, 2015].

Carmichael [1969] measured the hydrostatic pressure dependence of coercivity (Bc) of MD magnetite sam-
ple using a high-pressure cell constructed of nonferromagnetic beryllium-copper alloy (BeCu) and a ballistic
magnetometer. He reported that Bc increased with increasing pressure at a rate of 148%/GPa, while the
pressure dependence was ambiguous due to the large uncertainty in measurements of Bc under pressure.
Gilder et al. [2002] measured alternating current (AC) susceptibility of MD and SD magnetites in a diamond
anvil cell and integrated the AC susceptibility curves to calculate hysteresis loop and magnetic hysteresis
parameters. In their experiment the pressure conditions in the cell were evaluated using the ruby fluores-
cence spectra and hydrostatic conditions were confirmed up to <3 GPa. They found no significant change
in Bc of MD magnetite up to 5.6 GPa and that Bc of SD magnetite increased with increasing pressure and sig-
nificant changes occurred above 1.3 GPa.
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Sato et al. [2014] and Sato et al. [2015] conducted in situ hysteresis measurements of MD and SD magnet-
ites, respectively, under hydrostatic pressure using a high-pressure apparatus for an MPMS-XL5 magnetic
property measurement system (MPMS, Quantum Design). The high-pressure apparatus enables us to direct-
ly measure the magnetic hysteresis loop with high precision. The pressure dependences of Bc of MD and SD
magnetites calculated from these hysteresis measurements are different: Bc of MD magnetite linearly
increases with increasing pressure at a rate of 191%/GPa while that of SD magnetite is almost constant up to
1 GPa. So far, in situ hysteresis measurements of PSD magnetite have not been done and are clearly required
to determine the pressure dependence of its magnetic hysteresis parameters.

This paper reports the first in situ magnetic hysteresis measurements of PSD magnetite under hydrostatic
pressure up to 1 GPa using the MPMS high-pressure apparatus [Sato et al., 2012]. On the basis of experimen-
tal observations, we calculate the hydrostatic pressure dependences of the magnetic hysteresis parameters
of PSD magnetite, which enable us to estimate the magnetic properties of deep crustal rocks.

2. Sample

A magnetite powder sample was prepared by hand crushing a natural magnetite crystal approximately
1 cm in size (Brazil, Komuro Minerals) and sieved in an ultrasonic bath. Then the sieved powder less than
�45 mm was ground in an agate motor with ethanol. The ground powder was dispersed in ethanol, and the
powder sample was separated on the basis of the falling time corresponding to the size between a few
micrometer and �10 mm, which are calculated using the Stokes’s law without taking into account the Brow-
nian motion. The separated powder sample was annealed with a carbon buffer at 7008C for 2 h in vacuum
to relieve internal stress.

The strong-field thermomagnetic curve of the annealed sample was measured in a field of 500 mT between
50 and 7008C in a helium gas flow using a MicroMag 3900 vibrating sample magnetometer (VSM, Princeton
Measurements Corporation). The strong-field thermomagnetic curve shows a single Curie temperature of
5728C (Figure 1a), indicating the Curie temperature of stoichiometric magnetite [Dunlop and €Ozdemir, 1997,
Table 3.1]. A series of low-temperature remanence curves of the annealed sample was measured between
10 and 300 K using the MPMS (Figure 1b). The sample was cooled in zero field from 300 to 10 K and an iso-
thermal remanent magnetization (IRM) was imparted for the sample in a field of 2.5 T (ZFC remanence). A
thermal demagnetization curve of the ZFC remanence was measured during zero-field warming (ZFW) from
10 to 300 K. Subsequently, the sample was cooled from 300 to 10 K in a field of 2.5 T (FC remanence) and a
thermal demagnetization curve of the FC remanence was measured during ZFW from 10 to 300 K. Lastly, a
saturation IRM (SIRM) was imparted for the sample in a field of 2.5 T at 300 K (RT-SIRM) and a demagnetiza-
tion curve of the RT-SIRM was measured during low-temperature demagnetization (LTD) cycle between 10
and 300 K. The ZFC remanence and FC remanence were sharply demagnetized at approximately 120 K dur-
ing ZFW from 10 to 300 K, and RT-SIRM was significantly demagnetized at approximately 120 K during the
LTD cycle, indicating the Verwey transition of stoichiometric magnetite [Moskowitz et al., 1998; €Ozdemir
et al., 1993].

The grain size and shape of the annealed sample were observed for 250 grains using a field emission scan-
ning electron microscope (FE-SEM, JEOL). The grain size distribution of the annealed sample is shown in Fig-
ure 1c. The grain size varied from 0.13 to 7.24 mm with the arithmetic mean of 0.93 mm and the volume
weighted arithmetic mean of 4.92 mm. The observed maximum grain size is consistent with the falling time
in the ethanol, while the minimum is smaller than that expected from the falling time. The difference arose
from the adhering of small grains in large grain and the aggregation of small grains during the separation.
The average aspect ratio of the sample was 1.50. The magnetic hysteresis parameters (Bc, saturation rema-
nence Mrs, saturation magnetization Ms, and coercivity of remanence Bcr) of the annealed sample were mea-
sured using the VSM. The ratios of hysteresis parameters (Mrs/Ms and Bcr/Bc) were plotted near the PSD/MD
boundary over the Day plot [Day et al., 1977], and the annealed sample slightly deviates away from the SD-
MD mixing line in Dunlop [2002] (Figure 1d). The deviation may result from the grain size distribution from
0.13 to 7.24 mm; the Bcr/Bc for the mixed phase is sometime larger than that for end-members [Dunlop,
2002].

The relationship between the grain size and Bc is shown in Figure 1e. The annealed sample results in the
relationship consistent with the trend of low-stress magnetites [Heider et al., 1987]. The grain size of the
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annealed sample was greater than the SD/PSD thresholds [Dunlop and €Ozdemir, 1997, Table 5.1]. Although
the grain size of the PSD/MD threshold is not very clear, the grain size of the annealed sample was suffi-
ciently smaller than the PSD/MD threshold [e.g., Dankers and Sugiura, 1981; Moskowitz and Banerjee, 1979].
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Figure 1. Rock-magnetic data of the BZ4 sample. (a) Strong-field thermomagnetic curve. Arrows indicate heating and cooling directions. (b)
Low-temperature remanence curves. Arrows indicate warming and cooling directions. (c) Grain size distribution. (d) Day plot. Threshold values
for SD/PSD and PSD/MD are shown as dashed lines [Dunlop, 2002]. The SD-MD mixing lines in Dunlop [2002] are also shown as gray lines. (e)
The relationship between grain diameter and coercivity. The arithmetic mean and range of the grain size are shown as the black square and
line, respectively. The dashed line indicates the trend for low-stress magnetites [Heider et al., 1987]. The threshold grain sizes for SD/PSD [Dunlop
and €Ozdemir, 1997, Table 5.1] and PSD/MD [e.g., Dankers and Sugiura, 1981; Moskowitz and Banerjee, 1979] are shown as a guide.
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In the low-temperature remanence measurements, the intensity of ZFC remanence was slightly greater
than that of FC remanence at 10 K (Figure 1b); JZFC(10)/JFC(10) 5 1.28, where JZFC(T) and JFC(T) are intensities
of ZFC remanence and FC remanence at temperature T, respectively. This behavior is intermediate between
SD magnetite (JZFC(10)/JFC(10) 5 0.66 [Sato et al., 2015]) and MD magnetites (JZFC(10)/JFC(10) 5 2.03 [Sato
et al., 2014]) used in the previous studies. The dFC and dZFC values are 0.95 and 0.94 and the ratio dZFC/dFC is
1.0, where dFC and dZFC are defined as dFC 5 {JFC(80) 2 JFC(150)}/JFC(80) and dZFC 5 {JZFC(80) 2 JZFC(150)}/
JZFC(80), respectively [Moskowitz et al., 1993]. The dFC and dZFC values are slightly larger than those of the
sized magnetite sample with mean dimension of 1000 nm in Moskowitz et al. [1993]. The RT-SIRM curves
reduced to �30% of the original RT-SIRM intensity at 300 K after the LTD cycle, which is consistent with the
LTD memory of SIRM of the low-stress magnetite with �1 mm grain size [Heider et al., 1992]. These results
indicate that the annealed sample is a stoichiometric magnetite with a PSD grain size.

To minimize sample geometry deformation, which affects magnetic hysteresis curves owing to a change in
the demagnetizing factor, the annealed sample powder was mixed with a silicone adhesive, and we pre-
pared two cylindrical specimens of 2 mm in diameter and 1.6 mm in height (BZ4-A and BZ4-B).

3. High-Pressure Experiment

We followed the method of magnetic measurements under high pressure by Sato et al. [2014], and the
magnetic measurements were carried out using the MPMS and the piston-cylinder high-pressure cell made
of BeCu and zirconium oxide (ZrO2) [Sato et al., 2012, 2014, 2015]. A Teflon capsule and disc were placed
inside the high-pressure cell. The Teflon capsule was composed of a small chip of indium, a resin cylinder,
glass wool, the cylindrical specimen, and a liquid pressure-transmitting medium (1:1 mixture of Fluorinert
No. FC70 and No. FC77).

A hydrostatic pressure condition was evaluated using the superconducting transition temperature of indi-
um (�3 K) and the transition temperature of magnetite. Changes in the superconducting transition temper-
atures of indium were used to calculate the pressure values [Jennings and Swenson, 1958]. The transition
temperature of indium was determined with precision of 0.005 K in our method, and the uncertainty of
pressure determination due to the uncertainty of transition temperature determination is estimated to be
<0.015 GPa in the <1 GPa pressure range. The pressure differences between about 3 and 300 K were evalu-
ated by the Curie temperature measurement of gadolinium (�295 K at 0 GPa), which is also known as a
function of pressure [McWhan and Stevens, 1965], indicating that the pressure differences between about 3
and 300 K are smaller than 0.06 GPa in the >0.5 GPa range [Sato et al., 2015]. Changes in the demagnetiza-
tion temperature (Td) were used to evaluate the hydrostatic condition (see section 5.1). The Td was defined
as a median demagnetization temperature of ZFC remanence between 20 and 150 K [Sato et al., 2014], i.e.,
{JZFC(Td) 2 JZFC(150)}/{JZFC(20) 2 JZFC(150)} 5 0.5.

One measurement cycle consisted of (1) the transition temperature measurement of indium, (2) the thermal
demagnetization curve measurement of ZFC remanence imparted in a 2.5 T field at 20 K, (3) the magnetic
hysteresis loop measurement at 300 K, and (4) the direct field demagnetization curve measurement of SIRM
at 300 K. In the hysteresis loop measurement, the maximum field was 700 mT, about two times the satura-
tion field of magnetite, and a field increment of 4 mT (10 or 50 mT) was set when the applied field was close
to zero (in other cases). In the direct field demagnetization curve measurement, the sample remanence was
measured with 4 mT steps.

In addition to the high-pressure experiments of the BZ4 samples, the hysteresis curves of a pure silicone
adhesive specimen of cylindrical form were measured in the same manner as those of the BZ4 samples at
atmospheric pressure to evaluate a background level. The magnetic hysteresis curves of the BZ4 samples
were also measured using the VSM before and after the high-pressure experiment to evaluate the effect of
high-pressure experiments on the samples.

4. Results

The magnetic hysteresis loops of the BZ4 samples as well as the pure silicone adhesive specimen (back-
ground curve) are shown in Figures 2a–2d. The background curve shows a weak diamagnetic character,
and hysteresis characteristic of the background curve is negligible relative to those of the BZ4 samples.
Thus, we made only slope corrections to the BZ4 loops by subtracting the diamagnetic/paramagnetic slopes
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in |B|> 400 mT ranges. The corrected hysteresis loops change with increasing pressure: total susceptibilities
decrease with increasing pressure (Figures 2a and 2b), and they become magnetically hard under high pres-
sure (Figures 2c and 2d). The direct field demagnetization curves of SIRM change with increasing pressure
(Figures 2e and 2f).
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Figure 2. Magnetic measurement curves of (a, c, e) BZ4-A and (b, d, f) BZ4-B are plotted together with the background curves. The hystere-
sis loops of BZ4 samples are corrected by subtracting diamagnetic/paramagnetic slopes at the |B|> 400 mT range. (a, b) Magnetic hystere-
sis loops. (c, d) Extended view of the loops. (e, f) Direct field demagnetization curves.
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The magnetic hysteresis
parameters of the BZ4 samples
at each pressure level were cal-
culated from the magnetic hys-
teresis loops and direct field
demagnetization curves of
SIRM (Table 1). The hysteresis
parameters measured using
the high-pressure apparatus at
atmospheric pressure agree
well with those of the VSM
measurements (Table 1), guar-
anteeing the results of high-
pressure experiment. The mag-
netic hysteresis parameters of
the BZ4 samples before and
after the high-pressure experi-
ment are similar to each other
(Table 1), indicating elastic
behavior in the <1 GPa pres-
sure range. This elastic behav-
ior is consistent with the
previous study; Bezaeva et al.
[2010] reported that the appli-
cation of �1.2 GPa do not per-
manently change the
hysteresis properties of PSD
magnetite.

The normalized magnetic hys-
teresis parameters, where a
parameter at pressure is divided
by that of an untreated sample,
are plotted as a function of
pressure in Figure 3. The pres-
sure dependences of the nor-
malized hysteresis parameters
of BZ4-A and BZ4-B are consis-
tent. The normalized Bc does
not increase linearly but as a

Table 1. Summary of the High-Pressure Experiment

Sample Apparatus P (GPa) Bc (mT) Mrs (lAm2) Ms (lAm2) Bcr (mT) Mrs/Ms (31022) Bcr/Bc Td (K)

BZ4-A MPMS 0 4.47 1.04 22.3 23.2 4.66 5.18 120.6
0.15 4.69 1.07 22.3 23.8 4.83 5.08 120.1
0.40 5.66 1.17 22.3 26.6 5.26 4.69 119.5
0.67 6.65 1.23 22.1 29.6 5.58 4.46 118.8
0.99 7.96 1.22 21.9 35.7 5.56 4.49 118.5

BZ4-A before pressurization VSM 4.36 1.08 21.9 21.7 4.91 4.99
BZ4-A after pressurization and decompression VSM 4.54 1.05 21.6 21.8 4.89 4.81
BZ4-B MPMS 0 4.53 0.99 22.0 24.2 4.50 5.35 120.6

0.24 5.07 1.07 22.0 25.6 4.85 5.06 119.5
0.51 6.13 1.15 21.9 28.6 5.28 4.66 119.0
0.75 7.38 1.18 21.6 32.8 5.46 4.44 118.7
0.91 8.04 1.18 21.5 35.8 5.48 4.46 118.2

BZ4-B before pressurization VSM 4.53 0.98 21.6 23.3 4.56 5.13
BZ4-B after pressurization and decompression VSM 4.62 1.03 20.8 22.4 4.98 4.85

Bc/Bc0 = 0.992 + 0.471×P + 0.447×P2

Bcr/Bcr0 = 0.999 + 0.162×P + 0.401×P2
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Figure 3. Pressure effect on the normalized magnetic hysteresis parameters. Bc(P)/Bc0,
Ms(P)/Ms0, Mrs(P)/Mrs0, and Bcr(P)/Bcr0, where X(P) represents a hysteresis parameter at pres-
sure P and X0 represents that for an untreated sample (equivalent to X(0)). The results for
BZ4-A and BZ4-B are shown by open and closed squares, respectively. (a) Coercivity, Bc(P)/
Bc0. (b) Saturation magnetization, Ms(P)/Ms0. (c) Saturation remanent magnetization, Mrs(P)/
Mrs0. (d) Coercivity of remanence, Bcr(P)/Bcr0. The dotted lines in Figures 3a and 3d indicate
the pressure dependence equations. The BZ4-A data points at 0.99 GPa are excluded from
the pressure dependence calculations (see text).
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quadratic function (Figure 3a), which is dif-
ferent from those of MD [Sato et al., 2014]
and SD magnetites [Sato et al., 2015] (see
section 5.2). The change in Ms is within 3%
in the <1 GPa pressure range (Figure 3b),
which is in good agreement with the
results of MD [Sato et al., 2014] and SD
magnetites [Sato et al., 2015]. The normal-
ized Mrs increases with pressure and then
appears to reach saturation at about 0.5
GPa (Figure 3c). This saturation is also
observed in MD magnetite [Sato et al.,
2014]. The normalized Bcr increases as a
quadratic function (Figure 3d).

Relative changes in the Td are plotted as a
function of pressure in Figure 4. It is clearly
seen that the Td of BZ4-A and BZ4-B sam-
ples decrease with increasing pressure.
Except for the BZ4-A data point at 0.99
GPa, the relative changes in Td of BZ4-A
and BZ4-B samples are consistent; this
result is similar to the normalized hysteresis
parameters.

5. Discussion

5.1. Hydrostatic Pressure Condition
The pressure dependence of the Verwey transition temperature, which is the structural transition from cubic
to monoclinic symmetry of magnetite at approximately 120 K [Verwey, 1939; Walz, 2002, and references
therein], varies from negative to positive depending on the degree of nonhydrostatic stress [Coe et al.,
2012]. Sato et al. [2014] proposed that change in Td, which is equivalent to change in the Verwey transition
temperature [Sato et al., 2012], could be used as a barometer for the hydrostatic condition. Using MD mag-
netite samples, Sato et al. [2014] reported the slope for the hydrostatic condition (23.2 K/GPa). Since the
structural phase transition temperature may not be affected by grain size of magnetite, it is reasonable to
consider that the hydrostatic pressure dependence value of Td measured using MD magnetite is equivalent
to that of PSD magnetite. The relative changes in Td for the BZ4 samples agree well with the hydrostatic ref-
erence line of MD magnetite, except for the BZ4-A data point at 0.99 GPa (Figure 4). Thus, we excluded this
anomalous point from the calculations for the hydrostatic pressure dependence of the magnetic properties
of PSD magnetite.

5.2. Pressure Dependences of Coercivity for SD, PSD, and MD Magnetite
The pressure dependences of Bc of SD, PSD, and MD magnetites are summarized in Figure 5. In this study,
Bc of PSD magnetite increases with increasing pressure as a quadratic function, and its calculated pressure
dependence is

Bc Pð Þ=Bc050:99210:4713P=GPa10:4473 P=GPað Þ2; (1)

where Bc(P) and Bc0 are Bc at pressure P and at atmospheric pressure, respectively. The pressure depen-
dence of Bc of PSD magnetite is clearly different from those of MD and SD magnetites reported in previous
experimental studies [Sato et al., 2014, 2015]. Using the same apparatus as used in this study, in situ mag-
netic hysteresis measurement under high pressures of MD [Sato et al., 2014] and SD magnetites [Sato et al.,
2015] were conducted. In the case of MD magnetite, Bc linearly increased with increasing pressure [Sato
et al., 2014]
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Figure 4. Relative changes in Td are plotted as a function of pressure. The
results for BZ4-A and BZ4-B are shown by open and closed squares,
respectively. The dashed line indicates the slope for the hydrostatic condi-
tion [Sato et al., 2014]. The arrow indicates the anomalous point, which is
excluded from the pressure dependence calculation.
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Bc Pð ÞBc051:0210:913P=GPa: (2)

In the case of SD magnetite, Bc was almost
constant up to 1 GPa within the experimen-
tal error [Sato et al., 2015]; the result was
consistent with theoretical estimation. The
pressure effects on Bc of SD magnetite
change depending on the mechanism
dominating the magnetic property, i.e.,
magnetite grain shape. As the aspect ratio
of a magnetite grain is unaffected by
hydrostatic compression, the Bc of acicular-
SD magnetite (shape anisotropy dominat-
ing) is expected to be constant under high
pressure

Bc Pð Þ=Bc051: (3)

In the case of equidimensional SD magne-
tite (magnetic anisotropy dominating), Bc is
expected to decrease with increasing pres-
sure due to the decrease in magnetic
anisotropy constant [Sawaoka and Kawai,
1968]

Bc Pð Þ=Bc05120:1353P=GPa: (4)

In the case of PSD and MD magnetites, the magnetic properties remain to be theoretically understood.
Thus, empirical equations (1) and (2) deduced from the experimental observations are useful for estimating
the Bc values of PSD and MD magnetites under condition similar to the high pressure in the deep crust.
Note that this study investigated on the PSD magnetite with mean grain size of �1 mm and size distribution
from 0.13 to 7.24 mm, and thus the data for coarse-grained PSD magnetite (�10 mm), fine-grained PSD mag-
netite (<�1 mm), and narrowly sized PSD magnetite samples should be investigated in the future study, to
understand the behavior of whole PSD family.

5.3. Magnetic Domain Structure Under
High Pressure
An approximate value of the average
demagnetizing factor can be calculated
from the ratio Bc/Mrs [Argyle and Dunlop,
1990]. Figure 6 shows the pressure depen-
dence of the approximate demagnetizing
factor calculated from the results
obtained in this study, together with the
theoretical demagnetizing factors for
lamellar two, three, four, and eight-
domain structures in a magnetite cube
[Dunlop, 1983]. The approximate demag-
netizing factor increases with increasing
pressure, suggesting that the number of
lamellar domains increases with increas-
ing pressure.

The increase in the number of lamellar
domains could be caused by the pressure
effect on the magnetic anisotropic energy
and magnetoelastic energy. To minimize

1.0

1.5

2.0

1.08.00 0.60.40.2
Pressure, P (GPa)

N
or

m
al

iz
ed

 c
oe

rc
iv

ity
, B

c(
P

)/
B

c(
0)

MD

PSD

SD (acicular)

SD (equidimentional)

Figure 5. Summary of the pressure dependence of coercivity. The results
for BZ4 samples are shown by squares. The lines indicate the pressure
dependence equations (see text).

0.12

0.16

0.20

0.24

0.28

1.08.00 0.60.40.2
Pressure, P (GPa)

A
pp

ro
xi

m
at

e 
de

m
ag

ne
tiz

in
g 

fa
ct

or
, B

c(
P

)/
M

rs
(P

)

2-Domain

3-Domain

4-Domain

8-Domain

Figure 6. Pressure dependence of approximate demagnetizing factor
calculated from saturation remanence and coercivity. The dashed line indi-
cates the theoretical demagnetizing factor for lamellar n-domain grains
[Dunlop, 1983].

Geochemistry, Geophysics, Geosystems 10.1002/2016GC006406

SATO ET AL. PRESSURE EFFECT ON PSD MAGNETITE 2832



the sum of exchange energy and magnetocrystalline anisotropy energy in a domain wall, the domain wall
width dw and domain wall energy per unit area cw at equilibrium are given by

dw5p
A
K

� �1
2

/ K21
2 (5)

and

cw52p AKð Þ
1
2 / K

1
2; (6)

where A and K are the exchange constant and magnetocrystalline anisotropy energy per unit volume,
respectively [Dunlop and €Ozdemir, 1997, equations (5.10) and (5.11)]. The pressure dependences of the mag-
netocrystalline anisotropy constant K1 of Fe3O4 has been reported to be 213.5%/GPa [Sawaoka and Kawai,
1968]. Thus, dw (cw) increases (decreases) with increasing pressure because of the decrease in the magneto-
crystalline anisotropy energy. Substituting the pressure dependences of K1 into equation (5), the domain
wall width at 1 GPa normalized by that at ambient pressure is estimated to be dw(1 GPa)/dw(0 GPa) � 1.08.
In the case of a magnetite cube with lamellar and closure domains, the number of lamellar domains n to
minimize the sum of magnetoelastic energy and domain wall energy is given by

n5
9k2

111c44

4cw

� �1=2

L1=2; (7)

where k111, c44, and L are the magnetostriction constant, elastic constant, and magnetite cube length,
respectively [Dunlop and €Ozdemir, 1997, equation (5.23)]. Substituting equation (6) into equation (7), the
number of lamellar domains n is expressed as

n5
9k2

111c44

8pA
1
2K

1
2

� �1
2

L
1
2 / k111c

1
2
44K21

4: (8)

The pressure dependences of k111 and c44 of magnetite have been reported to be 150%/GPa [Nagata and
Kinoshita, 1967] and 20.205%/GPa [Reichimann and Jacobsen, 2004], respectively. Substituting the pressure
dependences of k111, c44, and K1 into equation (8), the number of lamellar domains is expected to increase
with increasing pressure: the number of lamellar domains at 1 GPa normalized by that at ambient pressure
is estimated to be n(1 GPa)/n(0 GPa) � 2.59. The increase in the number of lamellar domains is consistent
with the increase in the approximate demagnetizing factor calculated from the magnetic hysteresis param-
eters. Boyd et al. [1984] conducted the magnetic domain observation on a magnetite particle of IRM state
during stress cycling to a few hundred bars. They found that magnetic domain walls were nucleated with
the application of stress and the domain pattern rearranged to give a lower energy and that the domain
numbers decreased irreversibly to give typical body domain after the stress was reduced to zero. The obser-
vation that domain number increased under stress state further supports the above estimation. Although
the detailed magnetic domain structure under high pressure should be investigated using micromagnetic
calculations in a future study, the increases in the number of lamellar domains and/or domain wall width
are expected to occur under high pressure and these changes should relate to the changes in the magnetic
properties of PSD magnetite.

6. Conclusions

To investigate hydrostatic pressure effects on the magnetic hysteresis parameters of PSD magnetite, we
have conducted in situ magnetic hysteresis measurements of PSD magnetite under high pressures up to 1
GPa. The stoichiometric magnetite with PSD grain size, which is carefully characterized by the rock magnetic
measurements and microscopic observation, was used as the experimental samples. The magnetic hystere-
sis loop and direct field demagnetization curve of SIRM at 300 K and under high pressure were measured
using the high-pressure cell specially designed for the MPMS, which enabled us to directly measure the
magnetic hysteresis curves with high precision. The hydrostatic pressure condition was evaluated from the
change in transition temperature of magnetite. The pressure effects on the magnetic hysteresis parameters
of PSD magnetite are (1) Bc and Bcr increase with increasing pressure as a quadratic function, (2) Ms is almost
constant, and (3) Mrs increases with increasing pressure up to 0.5 GPa and then appears to reach saturation.
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The approximate demagnetizing factor calculated from the ratio Bc/Mrs increases with increasing pressure,
suggesting that the number of lamellar domains increases with increasing pressure. Considering the pres-
sure dependences of the magnetostriction, elastic, and magnetocrystalline anisotropy constants, the num-
ber of lamellar domains is theoretically estimated to increase with increasing pressure, which is consistent
with our experimental results. The magnetic domain wall width is also expected to increase with increasing
pressure, and these changes in magnetic domain structure should closely relate to the changes in the mag-
netic properties of PSD magnetite.
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