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Abstract

Rock Magnetic Studies of Magnetite and Quartzite: Results at Ambient Conditions and
From Diamond Anvil Pressure Experiments (~2 GPa)
Dimitra Daniil

Numerous techniques are used to study the magnetic history and properties of rocks, which provides
important data on the Earth’s interior.  In this study we conducted a series of experiments on two
different sample sets,  comprising pure magnetite (Set1) and a mixture of magnetite-hemoilmenite-
bearing  quartzite  (Set2),  in  order  to  gather  information  about  their  magnetic  susceptibility  and
remanent magnetization. A miniature diamond anvil cell  (mDAC) constructed from hardened non-
magnetic alloy (40HNU) was used for high pressure experiments. With the help of high sensitivity
susceptibility  bridge  (MFK1-FA Kappabridge,  AGICO),  we  measured  the  susceptibility  of  three
samples and of the mDAC. Consequently, we loaded one of the samples in the mDAC and acquired
susceptibility measurements during the compression and decompression of the system. For remanence
measurements we used a 2G Enterprises SQUID magnetometer. We measured the natural remanent
magnetization (NRM) and performed alternating field (AF) demagnetization on ten samples and on
the  mDAC.  Additionally,  isothermal  and  anhysteretic  remanent  magnetization  (IRM  and  ARM)
acquisition were performed on nine and one samples, respectively and demagnetization on three and
one samples, respectively. Results showed that Set1 samples consist of both SD and MD magnetite
grains. Regarding Set2 samples, the main magnetic carriers are SD and MD magnetite or titanium
bearing magnetite grains, while there are indications that hematite and ferrimagnetic titanohematite
might  be present  as  well.  The  presence of  eddy currents,  due to  the  conducting  materials  of  the
mDAC, resulted in masking the signal of the sample making it difficult to draw any safe conclusions
regarding  how  the  susceptibility  of  the  sample  changes  with  pressure.  All  in  all,  there  was  a
satisfactory response of the instruments working with very small amounts of material and an adequate
signal stability of both the samples and the mDAC. Our study provided us with an insight into high
pressure experiments and showed possible directions for future studies.
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IRM, ARM
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Populärvetenskaplig sammanfattning

Magnetiska studier av magnetit och kvartsit: Resultat vid rumsförhållanden och från
diamantstädcell (DAC) högtrycksexperiment
Dimitra Daniil

Många metoder används för att studera magnetiska egenskaper i berg, vilket ger viktig information om
Jordens  inre.  I  denna  studie  genomförde  vi  en  rad  experiment  på  två  olika  uppsättningar  prov,
innefattande ren magnetit (Set1) och en blandning av magnetit-hemoilmenit-bärande kvartsit (Set2),
för att samla information om deras magnetisk susceptibilitet och magnetiska remanens. En miniatyr
diamantstädcell (mDAC) konstruerad av en härdad icke-magnetisk legering (40HNU) användes för
högtrycksexperiment. Susceptibilitetet av tre prover och av  mDAC mättes en MFK1-FA Kappabridge,
AGICO.  Följaktligen  monterade  vi  ett  av  proverna  i  mDAC  och  vi  genomförde
susceptibilitetsmätningar  under  kompression  och  dekompression.  Vi  använde  en  2G  Enterprises
SQUID magnetometer för remanensmätningar. Den naturlig remanentmagnetiseringen (NRM) mättes
och  vi  utförde  alternerande  fält  (AF)  demagnetisering  på  tio  prover  och  på  mDAC.  Dessutom
genomfördes isotermisk och anhysteretisk remanentmagnetisering (IRM och ARM) på nio respektive
ett prover, och demagnetisering på tre respektive ett prover. Resultaten visade att Set1-prover består av
både  enkeldomän  (SD)  och  multidomän  (MD)  magnetit.  SD  och  MD  magnetit-  och
titanomagnetitkorn är de viktigaste magnetiska mineral av Set2-prover, medan finns det indikationer
på att hematit och ferrimagnetisk titanohematit också bidrar till signal. Virvelströmmar, som skapats
av  mDACs  ledande  material,  maskerade  provets  magnetiska  susceptibilitet  och  det  var  svårt  att
kommentera  på  hur  provets  susceptibilitet  förändras  med  tryck.  Sammantaget  var  instrumentens
prestanda tillfredsställande,  även vid  små mängder  material.  Prov och mDACs signalstabilitet  var
också adekvat. Vår studie gav oss en inblick i högtrycksexperiment och magnetiska egenskaper och
den visade möjliga riktningar för framtida studier.

Nyckelord: magnetisk susceptibilitet, magnetisk remanens, mDAC, AF demagnetisering, NRM, IRM,
ARM
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1  Introduction

Over the course of the years, the scientific community has developed multiple methods and techniques

in order to study the magnetic minerals in rocks, sediments and archaeological materials. Identifying

the magnetic state and size of the magnetic carriers, obtaining information regarding their origin and

isolating the orientations of magnetization directions are some of the crucial investigations required in

order to understand the natural remanent magnetization of rocks and by extension their paleomagnetic

history (Borradaile et al. 2004; Johnson et al. 1975; Kruiver et al. 2001). Iron and iron-titanium oxides

as well as iron oxyhydroxides are the most important carriers of remanent magnetization in rocks and

soils (Mørup et al. 2019). Among them, titanomagnetites (Fe3-xTixO4), which are cubic minerals with

inverse spinel structures, are the main carriers (Dunlop & Özdemir 1997).

    Among the most commonly used techniques for the identification of magnetic minerals are the

analyses of the acquisition and subsequent (either alternating field (AF) or thermal) demagnetization

curves  of  the  thermoremanent  magnetization  (TRM)  and  isothermal  and  anhysteretic  remanent

magnetizations (IRM and ARM). Lowrie and Fuller (1971, cited in Johnson et al. 1975) wanted to

determine whether single or multi-domain particles were the carriers of TRM of different samples.

They suggested that in multi-domain grains larger destructive fields are generally required to remove

strong-field  TRM  than  a  weak-field  TRM.  The  Lowrie-Fuller  test  has  been  widely  used  in

paleomagnetism and several different ways to carry out the test have been suggested. A simple way is

to compare the relative stabilities of TRM and SIRM (saturation isothermal remanent magnetization;

used to approximate the strong-field TRM). If the normalized stability of the first is less than that of

the latter, then this is an indication of a multi-domain behavior (Xu & Dunlop 1995). Modifications of

the test replace TRM with ARM (used to approximate the weak-field TRM) and observe a similar

behavior (Egli & Lowrie, 2002; Johnson et al., 1975). Although the Lowrie-Fuller test is an easy and

rapid tool, it does not always provide results that agree with its original predictions and for that reason

new, improved alterations of the test have been suggested (Egli & Lowrie, 2002; Newell, 2000; Xu &

Dunlop,  1995).  Lowrie  (1990)  used  a  modification  of  the  IRM  method  where  he  remagnetized

different coercivity fractions of IRM along three orthogonal directions of several samples, plotting the

thermal  demagnetization  of  each  component  separately.  This  method  takes  advantage  of  the

characteristic coercivities and thermal unblocking temperatures of the minerals,  and often offers a

more clear interpretation.

    No single method can provide unambiguous interpretations regarding which magnetic minerals are

in a sample and, therefore, the majority of the studies use a combination of different methods. Kontny

and de Wall  (2000)  studied mineral  composition and grain texture changes for  minerals from the
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titanomagnetite and ilmenite-hematite series. They used several rock samples with different origins

and  conducted  a  series  of  experiments  that  included  low-  and  high-temperature  susceptibility

measurements,  NRM  demagnetization  and  IRM  acquisition  curves  and  ore  petrology,  forming  a

sensitive tool for establishing the magneto-mineralogical evolution of the rocks. Martin-Hernandez et

al. (2014) studied the remanent magnetization of mantle xenoliths, which are widely studied in general

as they can provide a window into the Earth’s interior. They also used combined experiments (NRM

analysis with focus on the number of the recorded NRM directions, acquisition of ARM and SIRM

demagnetization curves) in order to characterize the samples and identify the remanence carriers with

different coercivities which are also potential carriers of magnetization at mantle depths. In recent

studies, a newly developed method was used by Sato et al. (2019). Utilizing samples from basaltic

lavas and welded tuffs, they obtained the distribution of ARM carriers on the hc-TUB (microcoercivity –

unblocking temperature) plane by combining stepwise alternating field and thermal demagnetization

of ARM. Apart from clarifying the distribution of ARM carriers, hc-TUB diagrams can also evaluate the

effect  of  thermal alteration due to  laboratory heating and combining the diagrams with the  ARM

coercivity  spectra  can lead to  the  identification of  remanence carriers.  Finally,  Sato et  al.  (2019)

suggested that the diagrams can be used to evaluate the relationship between the remanence carriers

and paleointensity experiments.

    Understanding the Earth’s magnetic field is one of the main reasons to study rock magnetism and in

order to do so, it is crucial that the conditions of the Earth’s interior (high temperatures and pressures)

are reproduced in the laboratory. Between them, achieving high pressures is particularly challenging

and high pressure  experiments  is  a very active research field.  In  1958,  Charles  E.  Weir,  Ellis  R.

Lippincott and Elmer N. Bunting created the first diamond anvil cell (DAC); a high pressure device

used  in  several  fields  such  as  geology,  engineering  and  material  sciences  for  a  great  variety  of

experiments  (Bassett  2009).  In  geosciences,  there  are  numerous  analytical  techniques  that  can  be

applied  to  samples  at  high  pressures,  characteristic  examples  of  which  are  Raman  spectroscopy,

Brillouin  scattering,  electrical  measurements,  synchrotron  radiation,  and  magnetic  studies  among

many others. The demand of higher and higher pressures has lead to the continuous improvement of

the diamond anvil cells as well as the reduction of the sample sizes and the specific characteristics of

each experiment have motivated the scientists to find ingenious ways of designing various different

cells that would adapt to each individual analytical technique (Bassett 2009).

    Magnetic  experiments  (measurements  of  susceptibility  or  magnetization  under  pressure)  are

particularly challenging as the DAC should satisfy a series of demanding requirements. The size is a

critical factor, as it should be small enough to fit in the sample volume of the available commercial

systems; SQUID magnetometers for example (Gavriliuk et al. 2009). Besides that, it should have a

high degree of pressure stability when exposed to high or low temperatures, be as less magnetic as
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possible,  preferably consist  of  inexpensive materials  and finally  be user  friendly (Gavriliuk et  al.

2009). The Cu-Be, the Ni-Cr-Al (Russian alloy), the Co-Ni-Cr-Mo (MP35N) and the CuTi alloys, are

among  the  most  common  materials  used  for  the  construction  of  the  DAC  (Marizy  et  al.  2017;

Uwatoko et  al.  2002).  Each alloy has  its  own special  characteristics  which make it  more or  less

preferable depending on the nature of the experiment.  The pressure limit for the Cu-Be alloy,  for

example, is 2 GPa, and therefore in order to achieve higher pressures one of the Ni-Cr-Al or MP35N

are preferred (pressure limits 3.15 and 3.5 GPa, respectively). The Ni-Cr-Al alloy is better when it

comes to high pressure experiments at low temperatures as it shows no temperature dependence, in

contrast  to Cu-Be and MP35N that  show a strong dependence for temperatures  lower than 50 K

(Uwatoko et al. 2002). The CuTi alloy has a magnetic susceptibility of 8x10 -8 emu g-1 at 1.8 K, the

lowest susceptibility known for a hard metallic alloy (Marizy et al. 2017). Apart from the material of

the DAC, the size of the diamonds, the thickness of the gasket hole and the pressure medium also set

limits regarding the pressures that can be achieved. The smaller the size of the diamond culets and the

thinner the hole of the gasket, the higher pressures can be reached. Each pressure medium has different

hydrostatic limits which should be taken into consideration; different experiments are more or less

sensitive to such limits. Angel et al. (2007) examined the hydrostatic limits of a number of commonly

used media and found a limit of 9.8 GPa for 4:1 methanol – ethanol, 3 GPa for nitrogen and 0.9 GPa

for silicone oil, among others.

    The first high pressure cell made for the MPMS SQUID magnetometer, was reported by Reich and

Godin (1996) and it was of cylinder type (Wang & Kamenev 2014). Due to its very small dimensions

(7.7 mm diameter and 41 mm length), it was named miniature. Five years later, Mito et al. (2001),

developed the first mDAC (miniature diamond anvil cell) for the MPMS with opposed anvil cells; a

design of critical importance as it  allows the applications of extremely high pressures on samples

(Wang & Kamenev 2014). mDAC has been used in numerous studies since, in different alterations in

order to fulfill the specific requirements of each experiment, and is used up to this day since high

pressure experiments is still a very active field.

    Gilder et al. (2002) built a system that measures the reversible susceptibility in a diamond anvil cell

and acquired measurements for micron-sized samples. Their system consists of a Cu-Be membrane

type diamond cell, two unequal pickup coils wound in opposition around a diamond and an inducing

coil around the pickup coils that produced an ac field over the sample region. The cell was placed in

the confines of an electromagnet and the ac susceptibility was measured as a function of the applied

field (from 1.2 to 1.2 T). The complexity of this type of experiments, rises from the difficulty in

obtaining good coupling between the sensing coil and the sample; a poor coupling can lead to low

measurement sensitivity and poor signal-to-background ratio (Wang & Kamenev 2014). Jackson et al.

(2003) suggested a new, improved technique, for high-pressure ac susceptibility experiments. They
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encapsulated sensing microcoils in the diamond anvil, only 10-20 μm away from the sample. In this

way, very high signal sensitivities and signal-to-background ratios can be achieved.

    Gilder et al. (2006) designed a Merril-Basset type DAC and measured the magnetic remanence of

single and multi-domain, Ti-free, magnetite under successive pressure steps. Their results suggest that

the  percentage  loss  in  magnetic  moment  is  the  inverse  of  pressure  and  indicate  that  stress

demagnetization depends on domain state and stress history. A couple of years later, Gilder and Le

Goff (2008) studied the magnetization of titanomagnetite under pressure, using a miniature moissanite

anvil cell. Their results showed that both saturation remanent magnetization and magnetic coercivity

increase under pressure, especially for high-Ti samples, indicating that multi-domain titanomagnetite,

under pressure, has a more single domain-like behavior.

    High-pressure experiments are very often combined with high-temperature experiments, in order to

have a more faithful reproduction of the conditions of the Earth’s interior.  There are two ways to

achieve high temperatures  in  the  DAC, laser  heating and resistive  heating.  Laser  heating has  the

advantage  of  localized  heating  which  makes  it  easy  to  achieve  temperatures  of  several  thousand

Kelvin. However, the resistive heating is preferred for temperatures below 1200 K (as it is difficult to

maintain stable temperatures with laser heating) and for transparent materials that cannot absorb the

energy of a heating laser (Jenei et al. 2013). Examples of the resistive technique can be found in the

studies  of  Pasternak et  al.  (2008),  Jenei  et  al.  (2013)  and Lai  et  al.  (2020),  among many others.

Detailed information about the laser heated diamond anvil cells as well as references to the numerous

studies using the technique can be found in the review paper by Anzellini and Boccato (2020).

    In this thesis, we performed both magnetic susceptibility and magnetization experiments. We used

two different  sets  of  samples;  the first  consisted of  magnetite  grains  and the second consisted of

samples from quartzite. We measured the susceptibility signal of three Set1 samples and of the mDAC

with the MFK1-FA Kappabridge of AGICO and we evaluated their stability. The mDAC we used was

like the one reported in Gavriliuk et al. (2009). We also loaded one of the samples in the mDAC and

measured the susceptibility of the system for four pressure values; two during the compression and

two  during  the  decompression  process.  For  the  second  half  of  our  experiments  we  used  a  2G

Enterprises SQUID magnetometer. We measured the NRM and acquired remanence demagnetization

curves for the mDAC and the majority of Set1 and Set2 samples. We also performed IRM and ARM

acquisition and demagnetization experiments on both Set1 and Set2 samples.
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2  Theoretical Background

2.1  Fundamentals of Magnetism

2.1.1  The Magnetic Field

The  first  question  that  rises  when  we  talk  about  magnetism is,  what  is  the  magnetic  field.  The

generators  of magnetic fields  are moving electrically charged particles,  or  in  other  words electric

currents (Caceres 2007). It is therefore valid to use the electric current as a starting point for giving the

definition of the magnetic field. Let’s assume the simple case of a long wire carrying current I [A]

(Figure 1). According to Ampere’s Circuital Law, adding the magnetic field at each point along any

closed path that encircles the wire gives a numerical value that is equal to the amount of current that

this path encloses (Bevelacqua 2012):

∮H d L=I enc           (1)

where : H is the magnetic field strength [A/m]

              L is the length of the path [m]

              I is the current enclosed by the path [A]

a)                                                                                                      b)

                         

Figure 1. a) Side and front view of the wire carrying current I. The blue dashed lines indicate a closed path
encircling the wire. b) The direction of the magnetic field can be found by the right-hand rule. When your thumb
points  at  the  direction  of  the  current,  the  rest  of  your  fingers  curl  in  the  direction  of  the  magnetic  field
(Bevelacqua 2012; Tauxe et al. 2018).
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    Let’s consider the path of figure 1a, that is a circle of radius r. Then the length of the path will be

equal to the circumference of the circle: 2πr. The magnetic field is uniform at a distance r from the

wire, due to symmetry, and therefore equation (1) simply becomes (Bevelacqua 2012):

∮H d L=H 2π r=I enc

⇒H=
I enc
2 πr

          (2)

Equation (2) gives the magnitude of the magnetic field. The direction of H can be found with the help

of the right-hand rule and it is always perpendicular both to the radial vector r and to the direction of

the current flow (Tauxe et al. 2018).

2.1.2  The Magnetic Moment

Another fundamental concept and crucial to our study is the one of the magnetic moment, which is a

measure of how strong a magnetic field is and is measured in the unit Am 2. There are 2 sources of

induced magnetic dipole moments, the orbital motion of electrons and the unpaired spins. Beyond the

atomic level, interactions between electron spins can give rise to remanent magnetizations (Tauxe et

al. 2018). 

    Let’s  assume a  current-carrying  circular  wire  (Figure  2a).  Then the  magnitude of  the  orbital

magnetic dipole moment (we frequently refer to a closed current loop as a magnetic dipole) is (Ling et

al. n.d.a):

μ = I A          (3)

where, I is the current

           A is the area of the loop.

    If we now look at the atomic level, we can consider the orbital motion of an electron around the

nucleus to be a tiny electric current (Figure 2b) (Tauxe et al. 2018). This is of course from the classical

perspective, which we know that does not represent reality faithfully. Nevertheless, the result that it

gives is the same as if we followed the quantum approach and since it is significantly easier, we will

6



proceed classically for the definition of the magnetic moment. The current in this case is the charge per

unit time that passes from any point of the electron’s circular orbit (Feynman 2013):

I=
qe

T
=

qe

(
2π r
v

)

=
qe v

2π r
          (4)

where, T is the electron’s orbital period

            2πr is the circumference of the circular trajectory of the electron

            v is the velocity of the electron.

The magnitude of the electron’s orbital angular momentum is (Ling et al. n.d.b):

L=|r−p|=r me v           (5)

where, me is the electron mass.

The direction of L can be found with the right-hand rule.

    Combining equations (3), (4) and (5) we can find the magnetic moment which is associated with the

orbital angular momentum:

μ=I A=
qe v

2π r
π r2

=
qe

2me

L           (6)

which in full vector form is (Ling et al. n.d.b):

μ=−(
qe

2me

)L [Am2]           (7)

The negative sign is due to electron’s negative charge.
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a)                                                                                     b)

Figure  2. a) Circular wire carrying current I and its magnetic moment  μ.  b) Electron orbiting a proton. The
direction of the angular momentum can be found with the help of the right-hand rule. The magnetic moment, that
is associated with the electron motion, is anti-parallel to L (Ling et al. n.d.b).

Equation (7) was derived following a classical approach, but as we already mentioned, a quantum

mechanical approach gives the same result. We can therefore, re-write the orbital magnetic moment as

follows (Ling et al. n.d.b):

μ=(
qe

2me

)L=(
qe

2me

)√ l(l+1)ℏ=√ l(l+1)μB           (8)

where, l is the angular momentum quantum number

          μB = qeħ/2me is the Bohr magneton, which is the elementary unit of magnetic moment (Dunlop

& Özdemir 1997).

Similarly, the z-component of the magnetic moment is (Ling et al. n.d.b):

μz=−(
qe

2me

)L z=−(
qe

2me

)mℏ=−m μB           (9)

where, m is the magnetic quantum number.

    Everything we discussed so far is associated with the orbital motion of the electron, but there is one

more source for the magnetic moment, the spin. Since the spin is the rotation of the electron around its

own axis, the electron has an angular momentum and a magnetic moment associated with the spin.

This spin magnetic moment is (Dunlop & Özdemir 1997):
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μs=2 s μB=μB           (10)

where, s is the spin quantum number. For electrons s = ±1/2.

2.1.3  Magnetization and Susceptibility

What we described about the magnetic moment had to do with one single electron of an atom. Let’s

see now how we can describe the magnetic behavior of a substance or a material when subjected to an

external  magnetic  field.  Most  of  the magnetic  moments will  then be aligned to  the field and the

material (or the substance) can be characterized as magnetized (Feynman 2013). The magnetization M

of the material is thus defined as the net magnetic moment per unit volume, which is nothing but the

vector sum of all the magnetic moments in a unit volume (Feynman 2013). Magnetization can also be

mass normalized, but when we refer to magnetization we will imply that it is volume normalized,

unless stated otherwise. If we, thus, have N atoms per unit volume, the magnetization of the sample

will be (The University of Sheffield 2008): 

M = Natoms Zelectron/atom μ [A/m]           (11)

We should mention that there are some materials which are magnetized even in the absence of an

external magnetic field and possess a spontaneous magnetization, as it is called, in contrast to what we

just described that is an induced magnetization. We will further study both types of magnetization in

later chapters.

    The relationship between the magnetization M, induced to a material, and the external magnetic

field H is (Tauxe et al. 2018):

MI = χ H           (12)

where  χ  is  the  magnetic  susceptibility,  a  dimensionless  quantity  which  describes  the  ability  of  a

material to be magnetized by an external field (Laurent et al. 2017). We usually treat the susceptibility

as a scalar, however it can be a complicated function of temperature, orientation, applied field and

orientation. Just like magnetization, it can be normalized by mass or volume or even not be normalized

at all  (Tauxe et al.  2018). We will  each time mention if and how our susceptibility is normalized

according to our study.
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    At this point it would be useful to distinguish between H and B, which are two quantities that are

being often confused. As we have already seen, H is the magnetic field strength and is measured in [A/

m]. What is  important about  H,  is the fact  that it  unambiguously designates the driving magnetic

influence from external currents in a material, independently of which the magnetic response of the

material is (Nave n.d.a). B, on the other hand, is the total magnetic field in the material, an augmented

field which includes both H and M (Dunlop & Özdemir 1997). It is called magnetic induction or flux

density, although very often we refer to it simply as the magnetic field, and it is measured in Tesla [T]

(Dunlop & Özdemir 1997). The relationship between H, B and M is (Tauxe et al. 2018):

B = μ (H + M)           (13)

where μ is the magnetic permeability, a measure of the ability of a material to support the formation of

a magnetic field in it. It is measured in [H/m] (Henries per meter) and in vacuum the permeability of

free space is: μ0 = 4π x 10-7 H/m (Tauxe et al. 2018).

2.1.4  The Magnetic (Potential) Energy

When a magnetic dipole is placed in an external magnetic field it experiences a torque (Nave 2003):

τ = μ x B = μ B sinθ           (14)

where θ is the angle between μ and B.

Due to this torque that the dipole experiences, a work must be done in order to change the orientation

of the dipole (Morgan 2001). For a dipole that is at an angle θA with the magnetic field (Figure 3), the

work that is done to rotate it in a new angle θB is :

W A ,B=∫
θ A

θB

τ dθ=μB∫
θ A

θ B

sinθ dθ=−μ B(cosθB−cosθ A)           (15)

For the potential energy it is common to set it equal to zero at right angles to the field (θ = 90 o).

Making this convention, the magnetic energy of the dipole is :
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Emag = -W90
o

,θ = μ B (cos90 -cosθ) =>

Emag = - μ B cosθ = - μ B             (16)

a)                                                                                            b)

Figure  3.  a) A magnetic dipole having a magnetic moment  μ, at angle θ with the magnetic field  Β  (Florida
Atlantic University 2016). b) The rotation of the magnetic dipole from an angle θA to an angle θB (Morgan 2001).

2.2  Classes of Magnetism

2.2.1  Diamagnetism

Diamagnetic materials are the ones consisting of atoms with all of their shell orbitals filled and thus

having no unpaired electrons to give a net magnetic moment (Moskowitz 1991). Diamagnetism results

from the orbital motion of the electrons and therefore it is an inherent property of all matte (Tauxe et

al.  2018).  Nevertheless,  atoms  with  unpaired  electrons  are  constituents  of  paramagnetic,

(anti)ferromagnetic or ferrimagnetic materials, the effects of which are stronger and hence dominant.

Diamagnetism is what remains in the absence of any other class  (Nave n.d.a).  When diamagnetic

materials are exposed to an external field, a negative magnetization is produced and therefore the

diamagnetic susceptibility is negative (Moskowitz 1991).

    As we have already described, the electron has an angular momentum L, due to its orbital motion,

and a  magnetic  moment  μ,  created by  L.  When the electron is  placed in  a  magnetic  field  Β,  its

magnetic moment will experience a torque μ x B. Due to this torque, the magnetic moment shows the

tendency to be aligned with the magnetic field, since this is the lowest energy configuration for a static
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magnetic moment (Nave 2003). However, the magnetic moment is not static, it is proportional to the

angular momentum. The exerted torque, causes a change in the angular momentum ΔL, and therefore

in the magnetic moment Δμ, resulting in L and μ precessing about the magnetic field axis (Figure 4).

This is known as Larmor precession (Nave 2003). The last is equivalent to an electric current which,

for Z electrons, produces an induced magnetic moment (Dunlop & Özdemir 1997):

μd=−
Z qe

2
⟨ρ2

⟩

4 me

B           (17)

where <ρ2> = <x2> + <y2> = 2/3 <r2> is the mean square distance of electrons from the z axis, which is

the axis of  the magnetic field  B, and <r2> = <x2> + <y2> + <z2> is the mean square distance of

electrons from the nucleus (Dunlop & Özdemir 1997; Kittel 2005).

    The minus sign denotes that the induced magnetic moment is opposite to the magnetic field. This

occurs as a consequence of Lenz’s Law, according to which the induced current that is produced with

the change of the flux through an electrical circuit is such that opposes the flux change (Kittel 2005).

Figure  4.  The Larmor precession. The magnetic moment μ, which is created by the electron’s orbital angular
momentum L, experiences a torque in the presence of the magnetic field.  This torque causes a change ΔL in
angular momentum which results in a change of the magnetic moment (Nave 2003; Tauxe et al. 2018).
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    If n is the number of atoms per unit volume, the diamagnetic susceptibility is (Dunlop & Özdemir

1997):

χd=
M
H

=
nμd

B /μ0

=−
μ0n Zqe

2
⟨r2

⟩

6 me

          (18)

This expression for the diamagnetic susceptibility is the classical Langevin result. It is important to

note  that  the  susceptibility  of  diamagnetic  materials  is  temperature  independent,  unlike  the

susceptibility of the rest of the magnetic classes.

    We shall mention that a quantum approach gives the following result for the diamagnetic magnetic

moment, which is in very good agreement with the classical Langevin result (Kittel 2005):

μd=−
qe

2
⟨r 2

⟩

6 me c
2B=−

qe
2
⟨ρ2

⟩

4 mec
2 B           (19)

2.2.2  Paramagnetism

Paramagnetic materials are the ones consisting of atoms or ions with unpaired electrons in partially

filled orbitals, which means that they have permanent magnetic moments (Feynman 2013; Moskowitz

1991). However, in the absence of an external magnetic field the net magnetization is zero. This is due

to the fact that there is  no magnetic interaction of the individual  magnetic moments and thus the

dominant effect is the thermal motions which results in the orientation of the magnetic moments in all

directions (Feynman 2013). Exposure of paramagnetic materials to an external field leads to the partial

alignment of the atomic moments in the direction of the field which gives a positive net magnetization

and susceptibility (Moskowitz 1991).

    A first order model for paramagnetism was provided by Langevin who approached the phenomenon

classically. It is of course clear that in reality things  are more complicated  and cannot be described

with a simple model, but since we are mostly interested in understanding the basics of paramagnetism,

Langevin’s approach is sufficient for our needs. According to Langevin the magnetization  M of a

paramagnetic material in an applied field B is (Tauxe et al. 2018):

M = MS L(α) = N μ L(α)           (20)
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where : MS = N μ, is the saturation magnetization (the value of magnetization when all N dipoles are

aligned)

             L(α) = coth (α) – 1/α, the Langevin function, with α = μ B / kB T

             kB is the Boltzmann constant

             T is the temperature.

What is important is that the magnetization is positive, or in other words in the direction of the field

(M // B), and is inversely proportional to temperature (Dunlop & Özdemir 1997).

    At the limit of high temperatures and small fields (room temperatures and fields up to several Tesla

(Tauxe et al. 2018)): μ B << kB T or α << 1.

 At this limit, the paramagnetic susceptibility is :

χ p=
M
H

=
1
T

N μ2μ0

3kB

=
C
T

          (21)

Just like magnetization, the paramagnetic susceptibility is inversely proportional to temperature and

this  relation is  known as  the  Curie  Law.  C is  the  Curie  constant.  This  is  of  course  a first  order

approximation  giving  as  a  result  a  scalar  χP,  which,  for  our  needs,  is  a  good  approximation.

Nevertheless, we should mention that in real life circumstances, susceptibility can be anisotropic and

non-linear with the applied field (Tauxe et al. 2018).

2.2.3  Ferromagnetism

Unlike paramagnetism, which is a phenomenon related to the isolated ion or atom, ferromagnetism is

inextricably  linked to  the  interactions  between neighboring atoms which  occur  in  certain  crystals

(Laurent et al. 2017; Tauxe et al. 2018). This interaction is not the magnetic dipole – dipole one, as it is

fairly small to produce ferromagnetism (Fitzpatrick 2016). The interaction in question is known as the

exchange interaction and exchange energy is the energy associated with it, which is minimized for

either  parallel  (ferromagnetism)  or  anti-parallel  (antiferromagnetism)  alignment  of  the  spins,

depending on the crystal structure (Fitzpatrick 2016; Tauxe et al. 2018). Transition metals (Fe, Co, Ni)

are the most typical example of ferromagnetic materials but they are not the only one. There are also

cases  such  as  rear-earth  metals  (Gd,  Dy)  and  the  transition  metal  oxide  CrO2 which  show
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ferromagnetism  under  suitable  circumstances  (Tsymbal  2016).  The  cases  where  we  observe

ferromagnetism indicate that 3d and 4f orbitals are susceptible to exchange interactions (Tauxe et al.

2018; Tsymbal 2016).

    The  main  characteristic  of  ferromagnetism  which  makes  it  substantially  different  from

paramagnetism, is the spontaneous magnetization which is the parallel alignment of atomic magnetic

dipoles in the absence of an external magnetic field  H and which occurs in a small region called a

domain. All these domains are randomly oriented with regard to one another and in a bulk sample the

material is usually unmagnetized (Caceres 2007; Nave 2002). It is required to apply only a very small

external field H in order to alter the size and the distribution of the domains and produce a large and

positive magnetization M and susceptibility χ (The University of Sheffield 2008).

Figure  5.  The microscopic structure of a ferromagnetic substance. Each domain  is spontaneously magnetized
parallel  to  its  easy  direction.  The random orientation of  the  domains with respect  to  each  other  leaves the
substance unmagnetized (Feynman 2013).

• The Weiss molecular field

In  1907,  Weiss  made  an  attempt  to  understand  the  nature  of  ferromagnetism  and  explain  its

mechanism, suggesting the existence of a huge internal field proportional to magnetization, known as

the Weiss molecular field (Hook & Hall 1991). This was before the advent of Quantum Mechanics,

when in 1926 Heisenberg and Dirac, independently, discovered the exchange effects and studied the
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exchange interactions, which are the actual cause of ferromagnetism (Krawczyk et al. 2012). Although

Weiss’s approach is from the classical point of view, it is worth mentioning since it provides a fast and

easy understanding of the phenomenon avoiding the complicated calculations of Quantum Mechanics.

    The Weiss  molecular  field  is  equal  to  HW =  λ  M,  where  λ  is  the  dimensionless  constant  of

proportionality and M is the mean magnetization of the domain (Dunlop & Özdemir 1997; Tauxe et al.

2018). To be more accurate, the molecular field actually depends on the local environment of each

atom,  but  as  a  first  approximation  we  assume  that  throughout  a  domain  the  field  has  the  same

magnitude (Dunlop & Özdemir 1997). The Weiss molecular field constant is (Hook & Hall 1991):

λ=
2

N μ0 g
2μB

2 ∑
i≠ j

J ij           (22)

where, Jij  is the exchange integral and it is related to the overlap of the charge distributions of the

atoms i, j (Kittel 2005)

            g is the Landé factor.

If there is also an external applied field H, the ferromagnet is exposed to a total magnetic field (Tauxe

et al. 2018):

Htot = H + HW = H + λ M           (23)

At  the  limit  of  high  temperatures  and  small  fields,  the  magnetization  and  susceptibility  of  the

ferromagnet are :

M=
N μ2μ0H
kB (T−TC)

          (24)

χ f=
M
H

=
N μ0 μ

2

k B(T−T C)
=

C
(T−T C)

          (25)

where, μ0 = 4π x 10-7 H/m is the permeability of free space (vacuum) (Tauxe et al. 2018)

        TC=
N μ2μ0 λ

kB

is the Curie temperature; a critical temperature above which thermal agitation

dominates  resulting  in  the  randomization  of  the  spins,  and  therefore  the  ferromagnetic  property

disappears and the material becomes paramagnetic (Nave 2002; Tauxe et al. 2018).
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            C=
N μ0 μ

2

k B

is the Curie constant.

Equation (25) is the Curie-Weiss law.

    The  difference  compared  to  the  paramagnetic  susceptibility  is  that  the  ferromagnetic  one  is

inversely proportional to the difference between T and TC  (Feynman 2013). For λ = 0, which means

that  there  are  no  interactions  between  neighboring  atoms,  TC  =  0  and  the  susceptibility  is  the

paramagnetic one.

    The Weiss molecular field constant can be estimated from the Curie temperature :

λ=
kBT C

N μ2μ0

=
T C

C
          (26)

The mean field theory succeeds in describing qualitatively the behavior of ferromagnets but when it

comes to experiment there are important discrepancies. This is due to the fact that mean field theory is

a classical theory, whereas it is quantum mechanical phenomena that give ferromagnetism. Quantum

mechanical  treatment  of  ferromagnetism  results  in  a  power  law  variation  of  spontaneous

magnetization and susceptibility with temperature (Hook & Hall 1991):

M∝(TC−T )
γ           (27)

χ∝(T−T C)
−β           (28)

where β and γ are critical exponents.

The values that mean field theory predicts are β = 1 and γ = 0.5 (Hook & Hall 1991).
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Figure  6.  Three different data sets for the behavior of magnetite magnetization with temperature MS(T). The
curves have been normalized by their inferred Curie temperatures (around 565 oC). The red and green dashed
lines are 2 different theoretical fits for the data with γ = 0.36 and γ = 0.39, respectively (Tauxe et al. 2018).

• Magnetic Domains

From what we’ve studied so far about ferromagnets, we know that on a microscopic scale and below

the  Curie  temperature,  the  magnetic  moments  are  lined  up in  one  direction and the  material  has

spontaneous magnetization. We would therefore expect that on a macroscopic scale the magnetization

of a ferromagnetic material would be equal to the saturation magnetization, but in reality this is not

what we observe. The magnetization we measure is much less than the saturation magnetization and in

some cases even equal to zero (Fink 2002). This is due to the fact that specimens are not actually

composed of one unique area which is uniformly magnetized but they are composed of small regions

which we call (magnetic) domains. Within each domain, the local magnetization is saturated but the

magnetization  of  different  domains  points  to  different  directions  and  that  is  why  the  specimen

macroscopically appears to have a net magnetization smaller than the saturation. Adjacent domains are

separated by a transition layer which we call  a Bloch wall (Kittel 2005). The transition from one

domain to another is not sharp but it occurs across a larger length scale, since gradual transitions are

more favorable energetically (Figure 7)
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Figure 7. The structure of the Bloch wall. The magnetization from one domain to the other is rotated by 180o.
The spin change occurs gradually over many atomic planes N. The thickness of the Bloch wall depends on the
strength of the exchange and the anisotropy energy. If the exchange energy is considerably stronger compared to
the anisotropy energy, the domain wall will be thick, while in the opposite case the domain wall is expected to be
thinner (Kittel 2005; Tsymbal 2016).

    The reason why ferromagnetic materials are not uniformly magnetized but they are subdivided into

domains instead, is that in this state, minimum energy of the system is achieved. The total energy of

the system is the result of the contribution of four types of energy, the exchange, the magnetostatic, the

anisotropy and the magnetoelastic energy.

➢ The exchange energy.

It is the energy associated with the exchange interaction. Magnetic dipole-dipole interaction is many

orders of magnitude weaker compared to the strength of the molecular field and therefore it cannot be

the main cause of  ferromagnetism  (Dunlop & Özdemir 1997;  Hihinashvili  et  al.  2004).  Quantum

mechanics, on the other hand, can adequately explain ferromagnetism considering the electrostatic

Coulomb interactions  as  its  source.  Within  atoms there  is  a  significant  overlap  of  orbitals,  since

electrons  are  at  a  very  close  distances,  and  consequently  it  is  reasonable  that  they  interact

electrostatically (Dunlop & Özdemir 1997). In 1928, Heisenberg explained the exchange coupling and

he considered it to be analogous to spin dependent hydrogen bonding.
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    In order to get a rough idea of the exchange coupling mechanism we shall consider the simplest

case of two atoms a and b and two 3d electrons 1 and 2 (Dunlop & Özdemir 1997). Since the electrons

are indistinguishable and there is a significant overlap of the two 3d orbitals, the electrons can be

exchanged  between  the  two  atoms;  electron  1  will  be  sometimes  associated  with  atom  a  and

sometimes with atom b and similarly for electron 2. The wave function of an electron is Ψ = Ψ lΨs,

where  Ψl is  the  spatial  and  Ψs the  spin  wave  function.  The  product  of  the  two individual  wave

functions of each electron is the joint probability of finding simultaneously electron 1 at position r1 and

electron 2 at position r2 (Dunlop & Özdemir 1997). According to Pauli’s exclusion principle this wave

function has to be anti-symmetric, so that we avoid the two electrons having the exact same quantum

numbers, which would be a violation to the principle. Therefore there are 2 allowed states. The first, is

the one with an anti-symmetric spatial wave function Ψ l(r1,r2) = Ψa(r1)Ψb(r2) -  Ψb(r1)Ψa(r2) and a

symmetric spin wave function Ψs(r1,r2) = α(r1)α(r2) or Ψs(r1,r2) = β(r1)β(r2), where α(r) is the spin

wave function for s = +1/2 and β(r) is for s = -1/2. In this case the 2 electrons will be parallel, with

spin either +1/2 or -1/2 and the energy of the state is E↑↑. The second allowed state is the one with a

symmetric spatial wave function Ψl(r1,r2) = Ψa(r1)Ψb(r2) + Ψb(r1)Ψa(r2) and an anti-symmetric spin

wave function Ψs(r1,r2) = α(r1)α(r2) – β(r1)β(r2). In this case the 2 electrons will be anti-parallel, one

having spin +1/2 and the other -1/2 and the energy of the state is E↑↓ (Dunlop & Özdemir 1997).

    These  2  states  are  quite  different  and  have  different  energies.  The  energy  of  interaction  of

neighboring atoms a and b is known as the exchange energy and it is given by (Dunlop & Özdemir

1997; Kittel 2005): 

U = - 2 J Si Sj = -2 J Si Sj cosθij           (29)

where,

J is the exchange integral

Si ans Sj are the electron spins of atoms i and j

cosθij is the angle between atoms i and j.

    Depending on the degree of the overlap of the orbitals, which is related to J, parallel or anti-parallel

coupling might be favored. More specifically, for the case that α/rorb has small values, where α is the

interatomic spacing and rorb is the orbital radius, J is negative and the state with total spin S = 0 (anti-

parallel coupling) has lower energy and thus is favored. Materials which show such a behavior are

called antiferromagnets (Dunlop & Özdemir 1997; Hihinashvili et al. 2004). For larger values of α/rorb,

J is positive and the state with total spin S = 1 (parallel coupling) is favored, since it has the lowest

energy. Materials with a behavior like this are known as ferromagnets. When α/rorb is even larger, there
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is no more exchange coupling and the material will  behave paramagnetically  (Dunlop & Özdemir

1997). It is obvious that if the exchange energy was the total energy of a ferromagnet all the magnetic

moments would be aligned.

➢ The magnetostatic energy.

The magnetization  M of  a ferromagnetic crystal  generates North and South poles on the top and

bottom surface of the crystal, respectively, which we can refer to as magnetic charges or magnetic

poles  (Dunlop & Özdemir  1997;  Tsymbal  2016).  These poles  produce  an  external  field  which is

proportional to the magnetic moment and can be seen in figure 8a, b, c. It also produces an internal

field which is opposite to the direction of magnetization and which is known as the demagnetizing

field  Hd   (Tauxe et al.  2018;  Tsymbal 2016). Some of the magnetic moments  μ will  change their

direction aligning with the field and the total magnetization  M of the crystal will be reduced. The

demagnetizing field is given by (Dunlop & Özdemir 1997): 

Hd = - N M           (30)

where N is the demagnetizing tensor, determined by the shape.

For the cases where N is a scalar (demagnetizing factor), (30) reduces to the simpler:

Hd = - N M           (31)

    We know from equation (16)  that  the magnetic energy is  Em = -  μ Β.  If  we use the volume

normalized magnetization |M| = μ V the magnetic energy can be expressed as : Em = - M B (Dunlop &

Özdemir 1997). For the case we are studying here,  B includes not only the internal demagnetizing

field -μ0NM but also the external field -μ0He and thus the magnetostatic energy density (energy per

unit volume) is given by (Tauxe et al. 2018):

Ems=−M μ0H e−
1
2
μ0MNM           (32)
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Figure  8.  Different possible structures for a ferromagnetic particle.  a) Single domain (SD) grain,  uniformly
magnetized.  b) A multi  domain  (MD) grain,  divided  in  two domains.  The  increase  in  exchange energy  is
compensated by the decrease in magnetostatic energy. c) Division in four domains (lamellar pattern). d) Domain
closure. It reduces the external field, and thus the magnetostatic energy, to zero.  e) Domain closure with small
edge domains which reduce the magnetoelastic energy (Tauxe et al. 2018; Tsymbal 2016).

The first term of (32) is known as the magnetic field energy or Zeeman energy EH and the second term

is the magnetostatic self energy or demagnetizing energy Ed (Dunlop & Özdemir 1997). These energies

are huge for a ferromagnetic crystal that is uniformly magnetized and ferromagnets try to reduce the

total magnetostatic energy by forming domains. If the crystal forms two or more domains (Figure 8b,

c) we see that the magnetostatic energy is reduced since the two ends of the crystal have now both

magnetic poles (N and S) and the energy is confined to the region near the top and bottom of the

crystal. It is obvious that the exchange energy does not have its minimum value anymore but since the

exchange interaction is short-ranged only the spins close to the domain boundaries will be affected,

experiencing unfavorable interactions (Tsymbal 2016). On the other hand, the magnetic dipole-dipole

interaction is long-ranged and therefore spins all across the crystal are favored energetically and by

extension domain formation is also favored. In figure 8d, e we see domains of closure where the

magnetostatic energy is zero.

➢ Magnetocrystalline anisotropy

Materials with magnetization curves that are dependent on the material’s direction of magnetization

are called magnetically anisotropic (Caceres 2007). The magnetocrystalline or anisotropy energy arises

from the crystalline structure that most magnetic materials have and due to which there is only a

restricted number of allowed orientations for magnetization (Tsymbal 2016).  Out of the permitted

directions of magnetization for a material, there are some along which the anisotropy energy is at a
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minimum and are known as easy magnetization directions. All the remaining directions need more

energy to be magnetized and are known as hard magnetization directions (Figure 9) (Caceres 2007;

Tsymbal 2016).

    For a cubic crystal, like magnetite (above about 120K), the anisotropy energy density is (Tauxe et

al. 2018):

Εα=Κ 1(α1
2α 2

2
+α2

2α3
2
+α3

2α1
2
)+Κ2α1

2α2
2α 3

2           (33)

where, Κ1 and Κ2 are the first and second order anisotropy constants, respectively. They are in units of

Jm-3 and thus Eα is in units of energy per unit volume.

α1, α2, α3 are the direction cosines referred to the cube axes.

Figure 9. Magnetization curves along easy <111> and hard <100> directions, for magnetite. The magnetization
curve for the medium direction <110> lies between the curves for easy and hard directions. The energy required
to magnetize a sample in its easy (hard) direction equals the area between the easy (hard) direction magnetization
curve and the M axis. The area between the two curves is the difference of the two energies and equals the
anisotropy energy (Dunlop & Özdemir 1997).
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    By making the appropriate substitutions in equation (33) the anisotropy energy is found to be zero

parallel to the [100] axis, Κ1/4 parallel to [110] and Κ1/3 parallel to [111]. For magnetite, in room

temperature, Κ1 = 1.35 x 104 Jm-3 and therefore the [111] direction has the minimum energy (Tauxe et

al.  2018).  The  anisotropy  constants  are  strongly  dependent  on  temperature  due  to  the  fact  that

electronic interactions depend on inter atomic spacing. In magnetite, for example, Κ1 changes sign at

around 130 K, a critical temperature which is known as the isotropic point and at which there is no

large magnetocrystalline anisotropy, and the spins are moving in the crystal more freely. Below the

critical temperature of 120 K, known as the Verwey temperature, the lattice of the unit cell changes

from cubic  to  monoclinic,  having a  profound effect  on magnetization;  a  loss  of  magnetization is

recorded at around 100 K (Tauxe et al. 2018).

    If we were to judge exclusively by the anisotropy energy we would expect to have very thin walls

separating the magnetic domains in order to minimize the anisotropy energy. On the other hand, if we

had only the exchange energy, we would expect a gradual rotation of the spin from one domain to the

other and thus a pretty wide wall (Figure 10). In reality both energies are present and the result of the

competition between them is the formation of domain walls with finite widths which can be more or

less  wide  depending  on  whether  the  exchange  or  the  anisotropy  energy  is  stronger,  respectively

(Moskowitz 1991).

Figure 10. For the case of a wide wall (a) there is a large number of spins that are not aligned along an easy
magnetization  axis  which  gives  rise  to  a  high anisotropy energy.  For the  case  of  a  very  thin  wall  (b)  the
anisotropy energy is minimum but we have a very high exchange energy which acts to keep spins parallel and is
therefore favored by gradual rotations. Both energies must be taken into consideration to determine the final
width of a domain wall (Moskowitz 1991).

➢ Magnetoelastic energy

When a ferromagnetic or a ferrimagnetic material is magnetized, there is a spontaneous change in its

dimensions, which is usually between 10-5 and 10-3. This phenomenon is called magnetostriction. The
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material can either expand or contract in the direction of magnetization and the magnetostriction can

be either  positive  or  negative,  respectively  (Dunlop & Özdemir  1997;  Tsymbal  2016).  When,  for

example, a magnetic field is applied on a ferromagnetic material, the domains the magnetization of

which  point  towards  the  direction  of  the  field  will  expand  in  expense  of  the  domains  with

magnetization pointing towards different directions. Consequently, if the field is strong enough, all the

domains that are randomly oriented will start to rotate, aligning with the field, which produces a strain

in  the  material,  causing  it  eventually  to  elongate  (Yu  2015).  When  all  the  domains  are  aligned,

magnetostriction  cannot  alter  any  further  and  it  is  saturated.  The  opposite  phenomenon  is  also

observed, where the susceptibility of a material changes after subjecting it to a mechanical stress and

is known as the inverse magnetostrictive effect or Villari effect (Electrical 4 U n.d.).

    The magnetoelastic energy density which is caused by the application of stress to a substance is

approximated by (Tauxe et al. 2018):

Eσ=
3
2
λ̄ σ sin2θ           (34)

where,  λ  is  the  saturation  magnetostriction  coefficient,  which  is  the  uniform  and  spontaneous

longitudinal strain ΔL/L as magnetization raises from 0 to its saturation value MS (Electrical 4 U n.d.).

           σ is the stress

           θ is the angle between M and the direction in which ΔL/L is measured.

The isotropic magnetostriction in a rock, consisting of crystals that belong to the cubic lattice, is given

by (Tauxe et al. 2018):

λS=
2
5
λ100+

3
5
λ111           (35)

By isotropic magnetostriction we mean that it is averaged over randomly oriented crystals  and it is

only an approximation, without which though it is very difficult to draw any conclusions. In order to

minimize  the  magnetoelastic  energy  we  should  have  as  small  domains  as  possible.  This  is  why

formations like the one of figure 8e, where we have large domains with smaller domains at  their

boundaries, are favored. This would cost the minimum possible elastic energy to hold together the

domains (Tsymbal 2016).
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• Hysteresis

One of the most important properties of ferromagnets is hysteresis and the easiest way to study it is

through the behavior of magnetization M with respect to the changes of the magnetic field strength H

(Figure  11)  (CodeCogs  2018).  We  consider  a  ferromagnetic  sample  that  has  been  thoroughly

demagnetized and is, at  first,  in a zero external field. As  H is increased,  M is also increased non

linearly. More specifically, it increases relatively fast for small values of H and after that the increase

becomes slower until  it  reaches point (a).  This curve that starts from the origin of the coordinate

system and ends up at point (a) is called magnetization curve (CodeCogs 2018; Tsymbal 2016). Point

(a)  is  constant  and  for  further  increase  of  H,  M will  not  increase  any  more  or  will  increase

insignificantly and thus the material is magnetically saturated (NDT Resource Center 2003).

    If we now decrease the field, we observe that the magnetization decreases more slowly and as a

result the curve does not trace back the initial magnetization curve but follows a new path from point

(a) to point (b). This phenomenon of non - retraceability of the of the magnetization curve is known as

hysteresis (NDT Resource Center 2003). At point (b) (retentivity point) although the field H is zero,

the magnetization  M has  a  non-zero value which means that  the  material  has  still  some residual

magnetization. This is the largest magnetization that the material can have in zero field and it is called

remanent magnetization or remanence (Tsymbal 2016). This is one of the most characteristic features

and most  useful  properties  of  ferromagnets  as  they can basically  “record” the magnetic field and

provide information about their own magnetic history. This property is a result of the existence of

domains in ferromagnets. At the saturation point all the domains are aligned with the field. When we

leave the field relax to zero only some of the domains will be reoriented in random directions while

the rest will remain still, pointing towards the same direction and resulting to remanent magnetization

(Nave n.d.b).

    In  order  to  further  reduce  M,  we  need  to  apply  a  reversed field.  As  the field  increases,  the

magnetization will pass through zero (point (c)) and will end up at point (d) where the material is now

saturated in the opposite direction. We call point (c) the coercivity point (HC) and the associated with it

coercive force is the magnetic field required to reduce magnetization from point (b) of remanence to

zero (Kittel 2005; Tsymbal 2016). It is fairly easy to change the magnetization of a MD grain since

even in low fields, displacement of walls will take place so that the domains with a M vector close to

the direction of the applied field will enlarge while the rest of the domains will shrink. This is why

MD  grains  are  characterized  as  magnetically  “soft”  whereas  SD  grains  are  characterized  as

magnetically “hard”. The only possible response of a SD grain with an external magnetic field is the

rotation of the domain towards the direction of the field, a process that requires much higher fields. In

magnetite,  for example, the coercivities of SD grains are 1-2 orders of magnitude higher than the

coercivities of MD grains (Dunlop & Özdemir 1997).
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    If the field is reduced again to zero the curve will pass through point (e), where the material has the

same absolute value of magnetization as in point (b) but the direction is opposite. Further increase of

the reversed field causes the curve to pass through (f) and finally ending up at point (a) creating a loop

which is known as the hysteresis loop  (NDT Resource Center 2003).  Soft magnetic materials have

narrow  hysteresis  loops  and  form  temporary  magnets  since  they  are  easily  magnetized  and

demagnetized. Typical examples of soft materials are iron-silicon and ferrous nickel alloys, ferrites

and garnets, they have low hysteresis losses and high permeability and they are used in generators,

transformers, etc. hard magnetic materials have wide hysteresis loops and form permanent magnets.

Typical examples are alnico, chromium steel, tungsten steel and carbon steel, they have high hysteresis

losses and low permeability and they are ideal paleointensity candidates while they are also used in

electric motors, disc drives, refrigerator magnets,  etc  (Electrical Voice 2017;  Chemistry LibreTexts

Library n.d).

Figure 11. Theoretical Hysteresis loop. The saturation, the retentivity and the coercivity points are characteristic
of the ferromagnetic behavior of materials (NDT Resource Center 2003).
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2.2.4  Antiferromagnetism

There are some materials for which the exchange integral J ij for the neighboring atoms i and j,  is

negative and thus an anti-parallel alignment of the magnetic moments is favored. These materials are

called antiferromagnetic (Hook & Hall 1991; University of Birmingham 2003). The magnetic ordering

of  the  spins  is  such  that  the  atomic  lattice  is  divided  into  two  sublattices,  A and  B,  where  the

magnetization of sublattice A is antiparallel to that of sublattice B (MA = - MB) and therefore the net

magnetization (MA + MB) is zero, in the absence of an external field (Dunlop & Özdemir 1997; Hook

& Hall 1991). Above a critical temperature, known as the Néel temperature TN, the material loses its

magnetic ordering, due to thermal fluctuations, and behaves paramagnetically (Dunlop & Özdemir

1997; Kittel 2005). Hematite, ilmenite, pyrrhotite and goethite are some of the most common magnetic

minerals in nature that exhibit antiferromagnetic behavior (Dunlop & Özdemir 1997).

    According to Néel,  who generalized Weiss molecular field approach, the two sublattices have

oppositely directed magnetizations and each sublattice experiences its own molecular field (Dunlop &

Özdemir 1997):

HA = - λAAMA – λABMB           (36a)                                HB = - λAB MA – λBB MB           (36b)

In order to simplify the calculations, and since the qualitative result remains unaffected, the coupling

of each sublattice to itself is ignored and equation (36) becomes:

HA =  – λABMB           (37a)                                  HB = - λAB MA           (37b)

where, the molecular field constant λAB is now given by (Hook & Hall 1991):

λAB=
−4

(N μ0g
2 μ2

)
∑
i≠ j

J ij           (38)

The magnetization of each sublattice is given by:

MA=
N
2
μ tanh

μμ0(H+λ ABMB)

k BT
     (39a)         M B=

N
2
μ tanh

μ μ0(H+λABMA)

k BT
     (39b)

where, MS,A = MS,B = N/2 μ, the saturation magnetization of sublattices A and B, respectively (Hook &

Hall 1991).
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    At the limit of high temperatures, we can consider the approximation tanhx ≈ x and if we solve

equation (39) for (MA + MB) we end up with the total magnetization of the antiferromagnet:

M=MA+MB=
C

T+
λ ABC

2

H           (40)

where, C = Nμ2μ0 / kB is the Curie constant (Hook & Hall 1991).

The corresponding susceptibility, therefore, is :

χ=
M
H

=
C

T +T N

          (41)

where, TN = λAB C / 2 is the Néel temperature (Hook & Hall 1991).

    For temperatures higher than the ordering temperature (Néel  temperature),  the susceptibility is

nearly  independent  to  the  relative  orientation  between the  applied  field  (H)  and  the  spontaneous

magnetizations of the two sublattices (MA, MB) (Dunlop & Özdemir 1997; Tsymbal 2016). This is not

the case, though, for temperatures lower than TN, where this orientation becomes very important. More

specifically, a rotation of the spins away from the antiparallel orientation is caused and the associated

(approximately constant) susceptibility is proven to be : χ⊥ = 1 / λAB (Dunlop & Özdemir 1997). When

H is  parallel  to  MA and  MB,  there  is  no  torque  applied  on  the  magnetizations  and therefore  the

susceptibility should be zero. This is true for T = 0 K (χ  ‖ (0) = 0) but as the temperature increases there

are some thermal rotations of  MA and  MB. These rotations result in a torque giving rise to a small

susceptibility which increases smoothly with temperature until  the point where T = TN  (Dunlop &

Özdemir 1997; Kittel 2005).
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Figure 12. The temperature dependence of MnF2 susceptibility. Below the Néel temperature (TN = 67 K) there
are two susceptibilities,  χ  ⊥ and χ‖. χ  ⊥ (χ‖) corresponds to an external field which is parallel (perpendicular) to the
magnetization of sublattices A and B. Above TN, the susceptibility follows the relationship : χ = C / T+TN (Hook
& Hall 1991).

    It is worth mentioning that in the presence of very strong fields the phenomenon of spin flopping

could take place. If not opposing magnetocrystalline anisotropy, the spins of the two sublattices can

rotate through 90o, so that MA and MB become perpendicular to H (Dunlop & Özdemir 1997). There

are some cases, like that of hematite, where spin flopping occurs even in the absence of an external

field (H = 0). Above a critical temperature (TMorin) the sublattice magnetizations are deflected from

their antiparallel orientation (spin-canting) through a very small angle (φ ≈ 0.2o) which leads to a small

total magnetization MS, perpendicular to MA and MB (Figure 13) (Dunlop & Özdemir 1997).
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Figure  13.  (a)  Deflection of  MA and  MB through an  angle  φ,  in  the  presence  of  an  external  field  H.  (b)
Deflection of the sublattice magnetizations in the absence of a field (canted antiferromagnetism)  (Dunlop &
Özdemir 1997).

2.2.5  Ferrimagnetism

In  ferrimagnetism,  as  in  antiferromagnetism,  the  exchange  integral  J  is  negative  and  antiparallel

alignment is  favored.  In this case though,  the magnetizations of sublattices A and B are unequal,

resulting in a net magnetization (Figure 14) (Butler 1992; Tsymbal 2016). Ferrimagnetism is, in that

sense, similar to ferromagnetism and it exhibits the same characteristic features (Curie temperature,

hysteresis, spontaneous magnetization, remanence). The magnetic ordering though differs drastically

between the two classes (Moskowitz 1991). Ferrites are typical examples of ferrimagnetic materials.

They are compounds that have the general formula MO.Fe2O3, with M being a divalent cation such as

Fe, Mn, Co, Ni, Cu, Zn (Hook & Hall 1991; Morton 2012). Magnetite (FeO.Fe2O3 or Fe3O4) is the

most familiar example of ferrites and among the most studied magnetic minerals. Ferrites crystallize in

the spinel structure with a cubic unit cell that contains 8 tetrahedral sites (A sites) and 16 octahedral

sites (B sites) (Hook & Hall 1991; Kittel 2005; Tsymbal 2016). When it comes to spinels, all exchange

integrals, JAA, JAB, JBB, are negative and, therefore, antiparallel alignment should be favored within and

between sites A and B. The AB interaction, however, is much stronger and all the spins within sites A

and B are parallel to each other so that it can be eventually possible for the spins of site A to be

antiparallel to the spins of site B (Kittel 2005).

    Both sublattices follow the Curie law (Dunlop & Özdemir 1997):

MA=
CA

T
(H−λ ABMB)           (42a)                            MB=

CB

T
(H−λ ABM A)           (42b)
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where, CA = NAμ2
Αμ0 / kB and CB = NBμ2

Bμ0 / kB the Curie constants of sublattices A and B respectively.

NA (NB) is the number of atoms per unit volume of sublattice A (B) and  μA (μB) are the magnetic

moments of atoms.

    As we approach the ferrimagnetic ordering from high temperatures (T → TC), we require that the

sublattices will have finite magnetizations MA and MB even in the absence of a magnetic field (H →

0). For H = 0 and T = TC, equation (42) will then be (Dunlop & Özdemir 1997):

M A+
C A λAB

T C

MB=0           (43a)                                     
CB λ AB

T C

MA+MB=0           (43b)

From which we find the ferrimagnetic Curie temperature TC to be (Dunlop & Özdemir 1997):

TC=λAB√CACB           (44)

The associated susceptibility in the paramagnetic region (T > TC) and for a non-zero field H, can be

found by solving the system of equations (43a) and (43b) (Dunlop & Özdemir 1997):

χ p=
M A+M B

H
=

(CA+CB)T−2C ACB λAB

T 2
−TC

2           (45)

Figure  14.  A  schematic  representation  of  paramagnetism,  ferromagnetism,  antiferromagnetism  and
ferrimagnetism (Morton 2012).
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Figure  15.  The  temperature  dependence  of  susceptibility  for  paramagnetic  (PM),  ferromagnetic  (FM),
ferrimagnetic  (ferri)  and  antiferromagnetic  (AFM) materials.  In  the  AFM case,  χ  ⊥ (χ‖)  is  the  susceptibility
resulting  from  applying  a  field  perpendicular  (parallel)  to  the  sublattice  magnetizations  and  χav is  the
susceptibility resulting from applying a field in a direction that forms an angle, between 0 o and 90o, with the
sublattice magnetizations (Dunlop & Özdemir 1997).

3  Methods

3.1  Description and selection of samples

We used samples from two different sources. The first set of samples (Set1) consists of magnetite

grains that came from a separated extract from LKAB Minerals. The second set (Set2) consists of

samples from quartzite (rock label : KPN12-1014A) that came from a granulite facies metamorphic

grade  shear  zone  in  central  Värmland.  Unlike  the  first  case  where  we  know that  we  deal  with

magnetite grains, in the case of quartzite we do not know exactly which magnetic minerals we are

dealing with and one of our goals is trying to identify them. All the selected samples can be seen in

tables 1 and 2.

    The grains that we picked as our samples had to fulfill several conditions. First of all, they had to be

small enough in order to fit in the DAC. The hole of the gasket had a diameter of approximately 400

μm and the thickness of the gasket was approximately 100 μm. Therefore, our samples had to be less

than 400 μm long and wide and less than 100 μm thick. We also had to make sure that the grains were
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strong and compact and would not easily break into tiny pieces. This was a challenging task, since the

crushing of the bigger grains left  numerous brittle fragments behind, that  would turn into powder

simply by touching them. Finally, we wanted the samples to give a relatively strong susceptibility and

remanence  signal  so  that  we  can  actually  observe  changes  in  magnetization  during  the  different

experimental runs and obtain reliable results. Most samples of such a small size gave a pretty weak

signal,  with  a  big  standard  deviation,  which  was  not  detectable  during  some  runs  and,  as  a

consequence, we had to test many grains before we found enough samples that yielded a satisfying

signal.

    Different methods were applied in order to collect the samples for each case. In the first case (Set1)

the magnetite grains we had were fairly big and we had to break them into smaller pieces in order to fit

in the DAC. We did that using a mortar and a pestle. This method, led to difficulties in controlling the

sample size. Using a pestle does not allow fine cuts of the grains and the size of the created samples

was basically random. After breaking a bigger grain into smaller pieces, we picked out samples (with

the help of a tweezers) that appeared to be of the desirable size and subsequently, we observed them

under the microscope where a more accurate estimation of their dimensions took place. The shape of

the  grains  was  irregular,  which  made  it  difficult  to  measure  accurately  their  length,  width  and

thickness. Since we were primarily interested in making sure that the grains will fit in the DAC, we

only measured the maximum dimension of each of their three sides (Figure 17). The volume of the

samples presented in tables 1 and 2 are estimates of their actual volume calculated based on their

maximum dimensions. For the second case (Set2) we crushed the quartzite in order to collect the

magnetic minerals. For that, we used a crusher and thereafter a sieve for separating the fine grains

from the bigger pieces. Finally, with the help of a magnet, we isolated some magnetic minerals and

observed them under the microscope as in the previous case. We should note that in Set2 we mainly

included bigger samples (Q1-Q3) (Table 2) which were not used for DAC experiments but allowed

measurements of their NRM, IRM and ARM.
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Table 1. The dimensions (length x width x thickness) and volume of Set1 samples and the magnetic experiments
that were performed on each one.

Sample Identification Experimental Runs

Name Dimensions (μm) Volume

(mm3)

Susceptibility NRM

(demagnetization)

IRM 

(acquisition)

M1 147.6x170x57.4 0.00144 x x

M2 144.9x69.3x56.7 0.00057 x x

M3 126x100.8x69.3 0.00088 x x

M4 207.9x132.3x63 0.00173 x x

M5 252x119.7x56.7 0.00171 x x

M6 157.5x119.7x69.3 0.00131 x x

M7 157.5x126x90 0.00179 x

M8 170.1x138.6x69.3 0.00163 x

M9 163.8x119.7x72.5 0.00142 x

* Sample M6 was loaded in the DAC but the application of pressure was unsuccessful.
** Sample M9 was loaded in the DAC and we managed to acquire measurements for 4 steps of pressure (two
during the compression and two during the decompression process).
*** IRM acquisition took place in one step at 1000 mT.

Table 2. The dimensions (length x width x thickness) and volume of Set2 samples and the magnetic experiments
that were performed on each one.

Sample Identification Experimental Runs

Name Dimensions 

(μm)

Volume 

(mm3)

NRM

(demagnetization)

IRM  

(acquisition)

ARM

(acquisition)

Q1 1232.4x663.6x316 0.258 x x x

Q2 1270x762x508 0.492 x x x

Q3 1560x520x460 0.373 x

Q4 176.4x119.7x63 0.00133 x x

* IRM acquisition of sample Q1 and ARM acquisition of samples Q1 and Q2 took place in one step at 1000 mT
and 100 mT, respectively.
** IRM acquisition of samples Q2 and Q4 took place in 22 and 23 steps, respectively.
*** All  IRM and ARM acquisitions were followed by demagnetization, except for  the ARM acquisition of
sample Q1.
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3.2  Assembling of Miniature Diamond Anvil Cell (DAC)

A considerable part of our experimental procedure, was assembling the miniature diamond anvil cell.

The cell  consists of the cylinder, the piston and the washer made of hardened non magnetic alloy

(40HNU), the spring, the gasket which is made of Cu-Be alloy, 4 screws and 2 diamond anvils. The

hole we drilled in the gasket has a diameter of ≈ 400 μm and a thickness of ≈ 100 μm. The diamonds

culet diameter is 500 μm.

    The first step was to meticulously clean every part of the assembly and especially the diamonds, the

cylinder, the piston and the gasket. In order to mount the diamonds, all the surfaces have to be free of

any dust grains. The diamonds and the gasket were cleaned with ultrasonic cleaning at 35 kHz. They

were placed in 2 different glass containers and were covered with ethanol. The glass containers were,

thereafter, put in the ultrasonic cleaner tank that was filled with water. One of the main components of

an ultrasonic cleaner is the transducers which convert an electrical ultrasonic signal to a mechanical

vibration of the bottom of the tank that finally leads to the production of sound waves. These waves

are the reason of cavitation bubbles’ formation, which finally collapse (cavitation bubble implosion)

releasing huge amounts of energy. The result of this energy release is the cleaning of the desirable

surfaces (Fuchs 2014). All the other parts of the cell were cleaned with ethanol. For the cylinder and

the  piston,  specifically,  we used  long-fiber  cotton  swabs,  impregnated  in  ethanol,  and thoroughly

cleaned the surfaces under the microscope until every dust grain was removed.

    The second step was mounting the diamonds. For that, we used the Stycast 2850 FT epoxy, with

catalyst 23LV. We placed and stabilized one diamond on top of the piston and the other one inside the

cylinder and carefully glued them. We covered almost half of the diamonds with glue for better results

and at  the  same time we were  very  cautious,  not  to  apply any glue  on the diamond culets.  The

application of the glue was performed with the help of a toothpick. After the whole procedure was

completed, we left the glue to dry for 2 days.

    The third step was the preparation of the gasket. We placed it between the diamonds and we marked

both the gasket and all the cell parts, in order to know its exact position. This is part is critical, because

when we will later put the gasket on top of the diamond, we have to make sure that the diamond print

on the gasket and the diamond culet are aligned. Once the position of the gasket was marked, we

proceeded to its indentation by increasing the pressure. Finally, with the help of a needle we opened a

hole in the gasket, the sample chamber, which has a diameter of ≈ 400 μm and a thickness of ≈ 100

μm. Ideally, the hole should be in the middle of the gasket, but in our case it was a bit off - center.

Once the gasket was prepared, we thoroughly cleaned it again.

    The last step was the sample loading. We started by cleaning again the diamond culets from any

remaining dust grains. Subsequently, we placed the gasket on top of the piston diamond, at its marked
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position, and stabilized it with wax. Working under the microscope, we carefully picked the sample

with a fine needle and placed it in the sample chamber. Apart from the sample, we also put 3 ruby

balls, having a diameter of a few μm each, so that we can measure the applied pressure later using

Raman spectroscopy. Finally, we put the pressure-transmitting medium in the chamber, which in our

case was 2 drops of silicone oil. The very last thing to do was to put all the parts together and start to

tighten the screws to increase the pressure.

Figure 16. Pictures of selected typical samples (Sets 1 and 2), that we used for our experiments.
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Figure  17.  Determination of the length and width of samples. The thickness was measured in a similar way.
Since the shape of the samples was irregular, only the maximum dimensions were measured, as they were the
ones we were interested in.

    We loaded two samples in the DAC, M6 and M9. First, we loaded M9 and increased the pressure

with an external press. We wanted to increase the pressure in small steps, in order to get as many

measurements  as  possible,  but  it  proved  difficult  to  control  pressurization  in  the  end.  Once  we

increased the pressure, we secured it with the small screws, removed the external press and measured

the value of the pressure at the Raman lab, which was found to be 0.1 GPa. After measuring the

susceptibility of the system (see next section for more information), we repeated the same process and

pressurized the sample to 2.2 GPa. Unfortunately, after that, we were not able to further increase the

pressure. No matter how hard we tightened the screws, the pressure did not change. We assumed that

there was some problem with the screws and decided to perform measurements during decompression.

We managed to acquire measurements for pressures at 1.94 and 0.1 GPa and after that the pressure

would remain at 0.1 GPa,  regardless our attempts to further change it,  signifying the end of high

pressure experiments for sample M9. Since we suspected that the reason for not being able to increase

the  pressure  lies  with  the  screws,  we  obtained  some  new ones  in  order  to  try  conducting  new

experiments on sample M6. We loaded the sample and replaced three of the old screws with new ones.

However,  all  attempts  to  further  increase the pressure  were fruitless.  This  could either  mean that

changing only three of the screws was not sufficient and all four of them should have been changed or

that the windings in the holes are damaged and in that case a new piston should be used.

38



Figure  18.  Schematic drawing of miniature,  non – magnetic,  DAC. The two diamonds are mounted on the
cylinder and piston. As the spring pushes against the cylinder flange, force is applied to the gasket that lies
between the diamonds and the pressure in the sample chamber is increased. The four screws are used to clamp
the force (Gavriliuk et al. 2009).

3.3  Susceptibility Experiments

The  susceptibility  measurements  were  made with  the  MFK1-FA Kappabridge  of  AGICO.  The

frequency was set at 976 Hz and the field at 200 A/m. The samples were placed in plastic capsules and

the capsules were fixed in place in the holder with the help of foam. The DAC was directly placed in

the holder and was stabilized with some foam as well. We took the following measurements of bulk

susceptibility.

3.3.1  DAC measurements

i. Three sets of DAC susceptibility  experiments,  consisting of 50 measurements.  The different

sets were taken in order to study how stable the DAC susceptibility signal is. Two of the sets

were taken on the same day, so as to study how the signal changes within a few hours, and the

other one was taken in a different day in order to study the stability on a larger time scale.
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ii. Two sets of 50 measurements of DAC susceptibility, one with the silicon oil and one with the

silicon oil  and the rubies loaded.  These measurements were taken in order to study if the

signal changes due to the presence of silicon oil and rubies.

3.3.2  Sample measurements

i. One set of 50 measurements of M7 susceptibility.

ii. One set of 50 measurements of M8 susceptibility.

iii. One set of 50 measurements of M9 susceptibility.

3.3.3  Increasing pressure measurements

Sample M9 was loaded on DAC and measurements were taken for four values of pressure.

i. One set of 50 measurements at 0.1 GPa.

ii. One set of 50 measurements at 2.2 GPa.

iii. One set of 50 measurements at 1.94 GPa. This set was obtained during the decompression of 

the system.

iv. One set of 50 measurements at 0.1 GPa. This set was obtained during the decompression of 

the system.

The results are corrected for the holder. In the case of samples the holder correction includes the

Kappabridge holder, the foam and the capsules and in the case of DAC the holder correction includes

the Kappabridge holder and the foam.

    The  susceptibility  results  are  presented  normalized  to  the  mass  of  sample  or  DAC  (mass

susceptibility [m3/kg]). The mass susceptibility is given by: χ = V0 ktot/m (AGICO 2018), where V0 =

10  cm3 is  the  Kappabridge  nominal  volume,  ktot is  the  susceptibility  signal  provided  by  the

Kappabridge and m is the mass of the sample or the DAC. The DAC mass is mDAC = 10.04 g. We tried

to measure  the  mass of  our  samples  using a scientific  balance but  we didn’t  manage to obtain a

successful measurement. Therefore, the mass of each sample was estimated as: m = ρV, where ρ =

5.197 g/cm3 is the density of magnetite (Dunlop & Özdemir 1997) and V is the volume of the sample

calculated from its maximum dimensions. We should note that the actual value of mass susceptibility

of the samples will be higher and this is only an estimation in order to give us a rough estimate.
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3.4  Magnetization Experiments

The magnetization  measurements  were  made with  a  2G Enterprises SQUID magnetometer.  Each

sample was placed in a plastic capsule and each capsule was thereafter placed in a plastic cube with a

volume of 7 cm3  which is widely used for SQUID experiments. The DAC was placed directly in the

cube. In order to eliminate any potential moving of the individual parts, we put paper in the capsules

and foam in the cube so as to keep the samples and DAC in place. We conducted experiments of NRM

demagnetization  and IRM and ARM acquisition  and demagnetization  and we  took the  following

measurements.

3.4.1  DAC measurements

i. Three demagnetization curves of the DAC, during three consecutive days. We did this in order

to study if the DAC acquired magnetization after being demagnetized. We also measured the

DAC signal on two later days, after demagnetizing again the DAC at 100 mT, but this time we

did not record the demagnetization curves.

ii. Two sets of five measurements of DAC magnetization with sample M6 loaded.  Before M6

was loaded, we performed IRM acquisition at 1000 mT. Our goal was to increase the pressure

of the system and take more measurements for different steps of pressure, however we did not

manage to increase the pressure eventually.

3.4.2  Sample measurements

i. NRM demagnetization curves of samples M1, M2, M3, M4, M5, M6, Q1, Q2, Q3, Q4. We

acquired these curves in order to study the magnetic behavior of the samples.

ii. IRM acquisition of samples  M1, M2, M3, M4, M5, M6 at 1000 mT. After the acquisition of

IRM, five measurements of the samples’ magnetization were taken. We wanted to observe

which sample had the strongest signal in order to use it for high pressure experiments.

iii. IRM demagnetization curves of samples Q1, Q2, Q4. For samples Q2 and Q4 we performed a

stepwise acquisition up to 1 T, while sample Q1 was directly magnetized at 1 T. We acquired

these curves in order to study the behavior of the samples.

iv. ARM demagnetization of sample Q2. We also tried to perform ARM acquisition  on sample

Q1, but it was unsuccessful, due to high noise to signal ratio.
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The results are corrected for the holder and the background. In the case of the samples, the holder

correction includes the SQUID holder, the plastic cube, the foam, the capsules and the paper. In the

case of DAC, the holder correction includes the SQUID holder, the plastic cube and the foam.

    The volume of the samples we used in order to calculate their magnetization was estimated from

their maximum dimensions as in the susceptibility experiments.  We consider the DAC to have the

shape of a cylinder with a diameter of 13 mm and a height of 20 mm. Since there is empty space inside

the cell, we only counted 50% of the calculated volume and therefore we estimated a volume of 1.33

cm3 for the DAC, which we used in our calculations.

4  Results

4.1  Susceptibility Experiments

The susceptibility behavior is quite similar for the three measured samples M7, M8, M9 (Figure 19).

Fifty susceptibility measurements were acquired for each sample in order to test the stability of the

signal. The signal appears unstable during the first few measurements and it seems to become more

stable  after  a  certain  point  in  the  measurement  sequence.  We  estimated  this  point  to  be  after  7

measurements for M8, 11 measurements for M9 and 16 measurements for M7. We calculated 2 mean

susceptibility values for each sample. The first one is the mean value of all 50 measurements and the

second one is the mean value of the measurements we considered providing a more stable signal

(Figure 19).  In order to distinguish the two cases,  when a value or a data set  is  related to all  50

measurements it will be characterized as “total”. When a quantity is characterized as “partial” then it

means  that  it  is  calculated  ignoring  the  7,  11  and  16  first  measurements  for  M8,  M9  and  M7,

respectively. In both cases, M7 has the weakest and M9 has the strongest signal.

    Figure 20 shows the box and whisker plots of the samples, both for the “total” and the “partial” data

sets. Sample M7 has the weakest signal, the data are evidently skewed left, for the “total” set and more

than 30% of the measurements are negative. For the “partial” case, the set is slightly skewed right and

all measurements are confined in a very small range. Sample M9 has the strongest signal, with more

than 80% of the data being between 3x10-4 and 6x10-4 m3/kg (“total” case) and the data are only

slightly skewed left. For the “partial” case, the median is slightly shifted to the right and all of the

measurements  are  now between 3.5x10-4 and 6x10-4 m3/kg.  The data  set  of  sample M8 is  almost

symmetrical and the majority of the measurements are between 1.0x10-4 and 3.2x10-4 m3/kg for both
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cases. The “total” data sets of all samples and the “partial” set of M7 have also some outliers all of

which are towards the low end of the data (Figure 20).

                                                                                                 

a)                                                                                 b)

                                       c)

Figure 19. In-phase susceptibility measurements for samples M7 (a), M8 (b) and M9 (c). The susceptibility is
mass normalized [m3/kg]. The red (green) horizontal line is the mean value of the “total” (“partial”) case and the
red (green) vertical lines are the deviations of each measurement from the mean value. The standard deviations
(std dev) and the percentage errors (% err) can also be seen for each case.
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a)

b)

c)

Figure  20.  Box  and  whisker  plots  with  outliers  for  samples  M7  (a),  M8  (b)  and  M9  (c).  The  in-phase
susceptibility is displayed in the plots. The blue boxes are representations of  the “total” case while the green
boxes represent the “partial” case. The red vertical line represents the median. The pink asterisks and the purple
crosses represent the outliers of the different data sets.

    The diamond anvil cell (DAC) susceptibility shows a quite different behavior (Figure 21). We

performed five sets of measurements in total, the first three are of the DAC without the silicone oil and

the rubies (DAC 1, DAC 2, DAC 3), the fourth set is of the DAC with the silicone oil (DAC+Sil) and

the last one is of the DAC with the silicone oil and the rubies (DAC+Sil+Rub). The signal of DAC is

pretty steady with a very low standard deviation, about five orders of magnitude lower than the signal.

For the first three sets (Figure 21a, b, c), the susceptibility of DAC ranges between -0.02645x10 -4 ±

3.59x10-9 and -0.02677x10-4 ± 4.48x10-9 m3/kg. For cases four and five the susceptibility signal only

changes infinitesimally (Figure 21d, e). Figure 22 shows the box and whisker plots for the several sets

of DAC susceptibility measurements. Two of the boxes are slightly skewed left (Figure 22b, c) and the

rest  three are skewed right  (Figure 22a,  d,  e),  including the extreme case of DAC+Sil  where the
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median of the set is equal to the median of the lower quartile (Figure 22d). None of the plots showed

any outliers.

                                       

a)                                                                                   b)       

c)                                                                                    d)

                                             e)

Figure  21. In-phase susceptibility measurements for  the DAC. DAC 1 (a),  DAC 2 (b) and DAC 3 (c) are
measurements of the diamond anvil cell before any silicone oil or rubies were loaded. DAC+Sil (d) displays the
measurements of the DAC with silicone oil and DAC+Sil+Rub (e) displays the measurements of the DAC with
silicone oil and rubies loaded. The susceptibility is mass normalized [m3/kg]. The red horizontal line is the mean
value of the 50 measurements and the red vertical lines are the deviations of each measurement from the mean
value. The standard deviations (std dev) and the percentage errors (% err) can also be seen for each case.
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a)

b)

c)

d)

46



e)

Figure 22. Box and whisker plots for the different DAC measurements. The in-phase susceptibility is displayed
in the plots. DAC 1 (a), DAC 2 (b) and DAC 3 (c) are plots of the diamond anvil cell before any silicone oil or
rubies were loaded. DAC+Sil (d) displays the plot of the DAC with silicone oil and DAC+Sil+Rub (e) displays
the plot of the DAC with silicone oil and rubies loaded. The red vertical line represents the median of the data
set.

    The last part of the susceptibility experiments was to load sample M9 on the DAC and study how

the susceptibility of the system changes for the different values of pressure. The results are displayed

in figure 23. Four measurements were acquired in total, two during the compression (at 0.1 and 2.2

GPa)  and  two  during  the  decompression  process  (at  1.94  and  0.1  GPa).  The  susceptibility  is

normalized to the total mass of the system (mDAC + mM9).  The lowest susceptibility value that we

recorded was at 1.94 GPa; a 5% decrease from the initial value at 0.1 GPa. Tables 3 and 4 summarize

the important results, including the mean mass susceptibility values of the samples and the DAC and

the raw measurements as they were given by the Kappabridge.
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Figure 23. The in-phase susceptibility of DAC with M9 loaded as a function of pressure. The susceptibility is
normalized to the total mass of the system (mDAC + mM9). The blue (red) squares are the measurements during the
compression (decompression) of the system.

Table 3. The mean and median values of the mass and raw susceptibility for the “total” and “partial” cases.
Susceptibility

/

Sample

Mean Median

χRe (x10-4)

[m3/kg]

χ´Re (x10-4)

[m3/kg]

KRe (x10-7)

[SI]

K´Re (x10-7)

[SI]

χRe (x10-4)

[m3/kg]

χ´Re (x10-4)

[m3/kg]

KRe (x10-7)

[SI]

K´Re (x10-7)

[SI]

M7 -0.456

±2.54

0.857

±0.394

-0.423

±2.36

0.795

±0.366

0.716 0.834 0.664 0.774

M8 1.33

±1.72

1.933

±0.723

1.13

±1.51

1.642

±0.614

1.917 2.021 1.628 1.716

M9 3.975

±1.63

4.702

±0.43

2.937

±1.21

3.473

±0.319

4.534 4.736 3.35 3.499

* χRe and χ´Re are the in-phase mass susceptibilities of the “total” and “partial” cases respectively.
** KRe and K´Re are the raw values of susceptibility for the “total” and “partial” cases respectively. Raw values
are the ones given by Kappabridge, in [SI] units and normalized to the nominal volume, which is 10 cm3.
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Table 4. The mean and median values of the mass and raw susceptibility for the different DAC measurements.

Susceptibility

/

DAC

Mean Median

χRe (x10-6)

[m3/kg]

KRe (x10-3)

[SI]

χRe (x10-6)

[m3/kg]

KRe (x10-3)

[SI]

DAC 1 -2.677±0.004 -2.688±0.004 -2.678 -2.689

DAC 2 -2.655±0.004 -2.665±0.004 -2.654 -2.665

DAC 3 -2.645±0.004 -2.655±0.004 -2.644 -2.655

DAC+Sil -2.772±0.002 -2.783±0.002 -2.773 -2.784

DAC+Sil+Rub -2.751±0.004 -2.762±0.004 -2.752 -2.763

Pressure Measurements (DAC+M9)

0.1 GPa (comp.) -2.283±0.035 -2.292±0.035 -2.281 -2.29

2.2 GPa (comp.) -2.394±0.009 -2.403±0.009 -2.397 -2.407

1.94 GPa (decomp.) -2.398±0.007 -2.408±0.007 -2.399 -2.409

0.1 GPa (decomp.) -2.367±0.01 -2.377±0.01 -2.37 -2.379

* χRe  is  the  in-phase  mass susceptibility.  For  the  cases  where  we have  only  the  DAC, the susceptibility  is
normalized to mDAC, while for the high pressure measurements it is normalized to mDAC+mM9.
** KRe is the raw susceptibility. Raw values are the ones given by Kappabridge, in [SI] units and normalized to
the nominal volume, which is 10 cm3.

4.2  Magnetization Experiments

4.2.1  DAC Measurements

In order to use the DAC in high pressure experiments we wanted to understand its magnetization and

demagnetization  behavior  and study  the  stability  of  its  signal.  We demagnetized  the  DAC using

alternating field (AF) demagnetization, repeatedly over a period of five days, in order to check if it

acquires viscous magnetization after being demagnetized. The three first days, we also acquired the

demagnetization curves (DAC 1, DAC 2, DAC 3) (Figure 24). On the first day, the DAC had initially

a magnetization of 0.12 A/m and after the demagnetization at 110 mT, it was left with a magnetization

of 0.0025 A/m (Figure 24a). The demagnetization curve is pretty smooth and the DAC has basically

lost its magnetization by 30 mT. DAC 2 and DAC 3 curves (Figure 24b, c) that were acquired the
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following days, are quite irregular and it  seems that the DAC is not further demagnetized and no

significant viscous remanent magnetization could be observed.             

a)                                                                                     b) 

 

                                        c)     

Figure 24. DAC demagnetization curves on three different days; day 1 (a), day 2 (b) and day 3 (c).

    During the final two days, we did not record the DAC demagnetization curves, but we measured the

DAC signal after demagnetizing at 100 mT. Table 5 shows the recorded DAC signal after each day’s

demagnetization. Apart from day 1 where we could see a clear decrease of DAC signal (two orders of

magnitude drop), on the following days there was no further decrease of the signal. On the last day

(DAC 5) we took 25 measurements of the cell in order to test its stability within a short period of time.

Figure 25 shows the deviation of the measurements from the mean value. The DAC signal that was

eventually  used  in  further  calculations,  was  the  average  value  of  the  five  days  measurements.  A
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graphic representation of the measurements and their mean value, as well as the respective errors, can

be seen in figure 26.

Table 5. The DAC magnetization on five different days, after the cell was demagnetized at 100-110 mT.

Measurement Magnetization (A/m) Standard Deviation (x10-5) % error

DAC 1 0.002472 5.76 2.33

DAC 2 0.002611 3.19 1.22

DAC 3 0.001927 1.14 0.59

DAC 4 0.002411 3.04 2.56

DAC 5 0.002637 1.18 0.45

* For cases DAC 1 – DAC 4, the standard deviation and the respective percentage error are calculated for the
four magnetization values provided by SQUID for each measurement.
** For the case of DAC 5,  the standard deviation and the respective percentage error are calculated for the 25
measurements we acquired on the last day.

Figure 25. The fifth and last day of DAC magnetization measurements. The signal was measured 25 times, after
the cell was demagnetized at 100 mT, in order to test its stability within a short time period.
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Figure 26. The DAC magnetization measurements from the five different days (demagnetization made to 100 or
110 mT).

4.2.2  Measurements of Set1 Samples

Before  conducting  experiments  on  the  samples,  we  acquired  their  NRM  and  subsequent

demagnetization curves (Figure 27). Samples M1, M3 and M5 (Figure 27a, c, e) show a clear decrease

in their  remanent  magnetization,  after  being demagnetized by a 50 mT alternating field and their

demagnetization curves are relatively smooth, apart from a few irregular points. On the other hand,

demagnetization curves of samples M2, M4 and M6 (Figure 27b, d, f) are quite noisy and irregular

with no clear drop in their magnetization.

a)                                                                                  b)
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c)                                                                                 d)                                                                             

e)                                                                                  f)

Figure 27. NRM demagnetization curves for samples M1 (a), M2 (b), M3 (c), M4 (d), M5 (e) and M6 (f).

    Subsequently, we performed IRM acquisition to 1 T on all  the samples and we measured the

acquired magnetization of each five times. The average values of these measurements, as well as their

mass normalized values, and their respective errors are presented in Table 6. All samples acquired a

significant  remanent  magnetization.  Samples  M5  and  M1  acquired  only  a  small  amount  of

magnetization, ending up with a signal approximately 7 times larger than their initial signal, while M4

acquired a magnetization that resulted in a signal almost 80 times larger than its initial NRM signal.
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Table 6. IRM signals of Set1 samples.

Sample

IRM (A/m) IRM (Am2/kg)

% error
Signal Standard Deviation Signal Standard Deviation

M1 2115.83 0.65 0.407126 0.000126 0.031

M2 2340.79 14.73 0.450412 0.002835 0.63

M3 4309.08 0.87 0.829147 0.000168 0.02

M4 5033.91 3.1 0.968619 0.000596 0.062

M5 3747.75 4.1 0.721138 0.000788 0.11

M6 2962.88 4.72 0.570113 0.000908 0.16

* The IRM signal for each sample is the average value of the five measurements and the standard deviation and
percentage error are calculated for these five values.
** The IRM acquisition was performed at 1 T.

4.2.3  DAC + M6 Measurements

We chose sample M6 in order to proceed with the high pressure experiments. After loading the sample

into the DAC, we took two sets of 5 measurements (within a three hour period) of the assembly’s

magnetization at zero pressure and calculated their mean value. Due to technical issues, we did not

manage to further increase the pressure and acquire more measurements. Table 7 presents the total

magnetic moment and the magnetization of the DAC and sample M6 individually, as well as of the

DAC + M6 assembly. 

Table 7. The magnetic moment and magnetization of the DAC and sample M6 individually and as a system.

Measurement

/

Sample

Magnetic Moment (emu) Magnetization (A/m)

Value

(x10-6)

Standard

Deviation (x10-6)

% error Value Standard

Deviation

% error

DAC 3.2 0.38 11.9 0.002411 0.00029 11.9

M6 3.87 0.0061 0.16 2962.88 4.72 0.16

(DAC+M6)1 16.43 0.016 0.098 0.0124 1.21x10-5 0.098

(DAC+M6)2 15.25 0.0048 0.032 0.011 3.63x10-6 0.032
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4.2.4  Measurements of Set2 Samples

• NRM demagnetization

We acquired the NRM and demagnetization curves of all Set2 samples (Figure 28). Samples Q1 and

Q2 (Figure 28a, b) have smooth curves, (with only Q2 showing a couple of irregular points) and by the

end of demagnetization, the samples had lost approximately 99% of their initial remanence. Q1 is a lot

softer compared to Q2 (i.e., lower coercivity of remanence), as it lost more than 80% of its remanence

< 20 mT already, while Q2 had to be demagnetized to 100 mT field to lose the same amount. At 20

mT, Q2 had only lost 20% of its magnetization, indicating a significantly higher remanence coercivity.

Q4  (Figure  28d)  has  also  a  relatively  smooth  demagnetization  curve  and  is  demagnetized  to  a

satisfactory  degree,  losing  half  of  its  magnetization  by  50  mT  and  80%  by  the  end  of  the

demagnetization process (100 mT). Q3 shows a different behavior with a quite irregular curve. At the

end of the process (100-150 mT) it has only lost 50-60% of its magnetization, and it’s only after 50

mT that we can see some clear signs of demagnetization (Figure 28c).

a)                                                                                b)

c)                                                                                 d)

Figure 28. NRM demagnetization curves for samples Q1 (a), Q2 (b), Q3 (c) and Q4 (d).
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• IRM acquisition and demagnetization

Figure 29 shows the stepwise IRM acquisition that was performed on samples Q2 and Q4. The curves

are slightly irregular at low fields (until approximately 200 mT) but both samples eventually acquire

magnetization. At 1 T, Q2 had a remanent magnetization of 415 A/m, which can be compared to the

initial signal of 2.9 A/m (Figure 29a). Q4 showed a decrease of magnetization up to 45 mT, but after

that the signal was steadily increasing until it reached the plateau of 700 A/m at 300 mT (Figure 29b).

We did not acquire any IRM acquisition curve for sample Q1, but we placed it directly in a 1 T field,

where it acquired a magnetization of roughly 350 A/m. Figure 30 shows the IRM demagnetization

curves for samples Q1, Q2 and Q4. Q1 and Q2 have pretty smooth curves and are demagnetized to a

great extent. Sample Q1, lost approximately 90% of its magnetization by 40 mT and is not further

demagnetized after that (Figure 30a). Q2 is gradually demagnetized up to 150 mT. By 60 mT it has

lost 60% of its magnetization and at 100 mT only 5% of its initial signal remains (Figure 30b). Q4

shows a more complicated behavior with an unclear demagnetization curve (Figure 30c). There is a

sudden drop in magnetization at  25 mT but  it  is  followed by an increase and the signal  remains

basically unreduced up to 50 mT. After that we can see a small decrease in magnetization but it only

results in a 33% reduction of the initial signal.

a)                                                                                b)

Figure 29.  Stepwise IRM acquisition for samples Q2 (a) and Q4 (b).
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a)                                                                                  b)

                                             
                                          c)

Figure 30. IRM demagnetization curves for samples Q1 (a), Q2 (b) and Q4 (c).

• ARM acquisition and demagnetization

We first performed ARM acquisition on sample Q1. The alternating field was set at 100 mT and the

DC bias field at 0.05 mT. We performed 2 experimental runs. For the first one the dwell time was 2

sec and the ramp rate was 3. After measuring the remanent magnetization, we noticed that the sample

hadn’t acquired any magnetization. We, therefore, performed a second run increasing the dwell time

and the ramp rate to 5 sec and 5,  respectively. However, the sample’s magnetization had still  not

increased. The next day, we performed ARM acquisition on sample Q2 and this time we increased the

bias field, keeping the dwell time and the ramp rate to 5 sec and 5, respectively. We performed 3

experimental runs. For the 2 first runs, we had a bias field of 0.05 mT and 0.1 mT and there was no

increase of magnetization. For the third run we set the bias field at 0.4 mT and we managed to achieve

a small increase in magnetization.
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    Sample Q2 acquired a remanent magnetization of roughly 45 A/m; 15 times higher than the initial

signal  (the  ARM  acquisition  took  place  after  the  demagnetization  of  the  NRM).  The  ARM

demagnetization curve is shown in figure 31. The curve is quite smooth with only one irregular point

at 125 mT. Q2 lost half of its magnetization by 30 mT and approximately 85% by 80 mT.

Figure 31. ARM demagnetization for sample Q2.

5  Discussion

5.1 Susceptibility Experiments

5.1.1  Measurements of samples

Many grains were picked and tested, before we were able to choose three (M7, M8, M9) for our

experiments.  Some  of  the  samples  were  in  a  good  condition,  giving  a  high  and  measurable

susceptibility signal, but were too big to fit in the DAC, while others had the proper size but were

either too brittle or within the noise level of Kappabridge. Samples M7, M8 and M9 were all compact

grains and of the right dimensions for high pressure experiments.

    These three samples show the same behavior. The first few measurements give a very low, negative,

signal for the in-phase susceptibility that is not at all representative of the average signal calculated for
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the 50 measurements. Subsequently, the signal increases progressively until a certain point (different

for each sample), after which it appears to become more stable. This is most probably due to the coil

drift.  After  the  initialization  of  Kappabridge,  we  waited  for  10  minutes  until  the  instrument  is

stabilized in order to avoid drifting. However, since the samples are very small and the signal is weak,

it appears that some extra time is required after the measurement procedure starts until the instrument

is stabilized and successfully records the sample signal.

    We calculated two mean values, one for the “total” and one for the “partial” case. For the first case,

the standard deviations are very big; for samples M7 and M8 even bigger than the average signal

(Figure  19).  For  the  “partial”  case,  the  standard  deviations  are  noticeably  smaller,  one  order  of

magnitude lower than the average signal. Due to the fact that the instrument is not yet stabilized during

the first measurements, it is natural to assume that the calculations based on the “total” case provide

misleading results, both for the average signal of the samples and for the errors (percentage errors up

to 557%). The “partial” case, that considers only the measurements after the signal stabilization, shows

notably smaller percentage errors, indicating a more accurate calculation of the average signal.

    M7 has the weakest signal and is the only sample with such a high number of negative values (30%

of the measurements) resulting in a negative average signal for the “total” case (Figure 19a). Even for

the “partial” case the average signal is less than 1.0x10 -4 m3/kg and the percentage error is still quite

high (≈46%). It is also the only sample that shows outliers in the box and whisker plot of the “partial”

case. Therefore, it  does not make a good candidate for high pressure experiments. Looking at the

“partial” case for samples M8 and M9, they both give a satisfactory signal and have lower percentage

errors,  compared to  M7 (Figure  19b,  c).  We chose M9 for  our  experiments  because it  gives  the

strongest signal (≈4.7x10-4 m3/kg) and has the smallest error (9.18%).

5.1.2 DAC Measurements

The DAC appears to be diamagnetic (negative in-phase susceptibility), which is most probably due to

the Cu-Be gasket. Besides that, it has a high out-of-phase susceptibility; one order of magnitude higher

than the in-phase (the phase angle is slightly below 100o) (Table 8). This is a strong indication that

electrical  conduction is  taking place.  When a  conductor is  placed in  the  Kappabridge,  due to the

presence of the AC field, a current is induced in the conductor, known as eddy current and this is one

of the three major mechanisms that produce the out-of-phase susceptibility (Hrouda et al. 2013). In our

case, the presence of aluminium and copper, which are highly conductive materials,  represent the

cause of eddy currents and thus for the high out-of-phase susceptibility values. Although it is hard to
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quantify the effect  of  eddy currents,  we should note that  their  presence is  likely to influence our

measurements and make them less reliable.

    The individual DAC measurements are highly precise with standard deviations that are three orders

of magnitude lower than the average signal and percentage errors ranging between 0.058 and 0.17%.

Instrumental drift is observed here as well, as in the susceptibility plots of the samples. DAC 1, DAC 3

and DAC+Sil+Rub plots (Figure 21a, c, e) exhibit a characteristic trend which is typical of drifting. It

is interesting though that we see this behavior only for these three measurements and not for all five. It

is possible therefore that the drift is caused by external factors. The kappabridge is a very sensitive

instrument and any change regarding the room conditions could potentially affect the measurements.

Nonetheless, the percentage errors are very small and instrumental drift should not pose any problems

for our study purposes.

    DAC 2 and DAC 3 measurements were taken during the same day, within a few hours. Their

average value is (-2.65 ± 0.028)x10-6 m3/kg and the percentage error is 1.07%; the signal only changed

slightly.  Nevertheless,  it  is  not  within  the  limits  of  the  standard  deviations  calculated  for  the  50

measurements (± 0.004x10-6  m3/kg) and it  should be taken into consideration for calculations that

involve DAC measurements taken within a few hours period.

    DAC 1 measurements were taken on a different day. The average signal of DAC 1 and (DAC 2 +

DAC 3) measurements is (-2.664 ± 0.035) x10-6  m3/kg and the percentage error is 1.3%. The signal

does not change significantly during different days either, however the percentage error is marginally

higher in this case. Therefore it is preferable to measure the DAC signal and perform high pressure

experiments on the same day, rather than on different days.

    DAC+Sil are measurements that include the DAC and the pressure-transmitting medium (silicone

oil). The signal in this case is outside the standard deviation limits (0.073 x10 -6  m3/kg lower than the

low limit) calculated for measurements that take place during different days (± 0.035 x10 -6  m3/kg).

There are two possible explanations for why this is happening. The first one is the presence of the

silicone oil. We only added a few drops, so we do not expect to see a dramatic change of the signal.

Nevertheless, the silicone oil signal is recorded along with the DAC signal and therefore it is possible

that we observe small changes, between the signals of the DAC alone and the one of DAC+Sil. The

second one is that the standard deviation that shows how the DAC signal changes from one day to

another, is calculated only for two days and therefore is not very accurate. It is thus preferable to

obtain measurements  for  several  days in  order  to  get  a  more  reliable  average  signal  and  a  more

accurate estimation of the standard deviation.

    DAC+Sil+Rub are measurements that include the DAC, the silicone oil and the rubies and were

taken the same day as DAC+Sil measurements, with a few hours difference. Their average signal is (-

2.762 ± 0.015) x10-6 m3/kg and the percentage error 0.54%, smaller than the one for DAC 2 and DAC
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3 measurements. We would not expect to see any changes in the signal due to the rubies since they are

several orders of magnitude smaller than the DAC and their signal is very weak, so eventually it will

be swamped by the DAC signal.

    We performed the high pressure experiments a few days after the last DAC measurement, therefore,

for our case, the most accurate estimation for the signal would be the average of the five different

DAC measurements (DAC 1, DAC 2, DAC 3, DAC+Sil, DAC+Sil+Rub). This is (-2.7 ± 0.058) x10 -6

m3/kg and the percentage error 2.14%. The optimum procedure would be to measure the DAC signal

with the silicone oil and rubies loaded several times in one day and then on the same day perform high

pressure experiments; in this way, the errors are minimized. Nevertheless, even in our case the errors

are  smaller  than  the  respective  ones  for  the  samples,  which  is  important  as  the  DAC  signal  is

background for our experiments.

5.1.3  High Pressure Measurements

Since we managed to obtain only four measurements, it is hard to comment on the overall behavior of

susceptibility with pressure. During the compression process from 0.1 GPa to 2.2 GPa there is a 4.86%

decrease in the susceptibility of the system (DAC + M9). The susceptibility reaches then its minimum

value at 1.94 GPa, at the beginning of the decompression process. Finally, when the system rests back

at 0.1 GPa, it has 96% of its original signal (Figure 23). The standard deviations for the measurements

at 0.1 GPa, both for the compression and the decompression data, are one order of magnitude higher

compared to any other measurement of the DAC. If we also take a closer look at the susceptibility

signals at  2.2 GPa and 1.94 GPa,  we notice that  the susceptibility values are very close,  and the

standard deviations for the two cases do not allow us to be certain whether the minimum susceptibility

signal is reached at 2.2 or at 1.94 GPa. 

    There is also a possibility that when we measure DAC+M9, the signal of M9 is basically swamped

by the DAC signal and all  we record eventually is only the signal of the DAC. The Kappabridge

provides the signals with four significant figures. The raw signals we got from Kappabridge for the

DAC (calculated as an average of the five measurements) and the M9 are (-2.709 ± 0.06) x10 -3 and

(3.473 ± 0.319) x10-7 [SI], respectively. The signal of DAC is four orders of magnitude higher than

that of M9 and therefore with the precision of four significant figures it is not possible to record the

signal of M9 along that of DAC. The only way to record both signals is that during the pressure

experiments this four orders of magnitude difference is decreased, but we cannot be sure about that.

Apart from that, the susceptibility plots for the different values of pressure (Figure 32) show the same
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behavior and display the same features as the DAC ones (Figure 21). As we have previously described,

the Kappabridge most probably does not record the signal of M9 during the first 11 measurements but

needs some time to stabilize  and consequently record the sample’s  signal  (Figure 19).  We would

therefore expect to see signs of this behavior when M9 is loaded in the DAC as well and observe some

sort of change after the first 11 measurements. However, we do not observe anything like that (Figure

32). Finally, we concluded that the best estimation of the DAC signal for our case is (-2.7 ± 0.058)

x10-6  m3/kg. If we now calculate the average value of the four high pressure measurements (Table 4)

we find that it is (-2.361 ± 0.053) x10-6 m3/kg. We see that the standard deviations for the two cases are

basically the same. We cannot, therefore, be sure if the changes that we observe among the signals for

the different pressure measurements are actually changes of the sample’s signal or if it  is just the

standard deviation of the DAC.

Table 8. The mean values of the mass and raw out-of-phase susceptibilities and the phase angles for the different
DAC measurements.

Susceptibility

/

DAC

Mean

χIm (x10-5)

[m3/kg]

KIm (x10-2)

[SI]

Phase Angle

[o]

DAC 1 1.599 ± 0.001 1.606 ± 0.001 99.5 ± 0.01

DAC 2 1.649 ± 0.001 1.656 ± 0.001 99.15 ± 0.02

DAC 3 1.65 ± 0.001 1.656 ± 0.001 99.11 ± 0.01

DAC+Sil 1.623 ± 0.001 1.63 ± 0.001 99.69 ± 0.01

DAC+Sil+Rub 1.623 ± 0.002 1.631 ± 0.002 99.61 ± 0.01

Pressure Measurements (DAC+M9)

0.1 GPa (comp.) 1.621 ± 0.001 1.627 ± 0.001 98.02 ± 0.12

2.2 GPa (comp.) 1.627 ± 0.004 1.633 ± 0.004 98.37 ± 0.01

1.94 GPa (decomp.) 1.636 ± 0.003 1.643 ± 0.003 98.34 ± 0.01

0.1 GPa (decomp.) 1.631 ± 0.004 1.638 ± 0.004 98.26 ± 0.02

* χIm  is the out-of-phase mass susceptibility. For the cases where we have only the DAC, the susceptibility is
normalized to mDAC, while for the high pressure measurements it is normalized to mDAC+mM9.
** KIm is the raw susceptibility. Raw values are the ones given by Kappabridge, in [SI] units and normalized to
the nominal volume, which is 10 cm3.
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a)                                                                                  b)

c)                                                                                  d)

Figure 32. In-phase susceptibility measurements for the (DAC+M9) system, under pressure; compression at 0.1
GPa (a) and 2.2 GPa (b) and decompression at 1.94 GPa (c) and 0.1 GPa (d). The susceptibility is normalized to
the total mass (mDAC + mM9). The red horizontal line is the mean value of the 50 measurements and the red
vertical lines are the deviations of each measurement from the mean value. The standard deviations (std dev) and
the percentage errors (% err) can also be seen for each case.

5.2  Magnetization Experiments

5.2.1  DAC Measurements

On the first day of the DAC demagnetization experiments, it is clear from the demagnetization curve

(Figure 24a) that the DAC was indeed demagnetized losing 96% of its initial signal by 30 mT. The

signal of the DAC after the demagnetization at 110 mT was (2.472±0.058)x10 -3 A/m. In order to check

if the DAC acquires a viscous magnetization after its demagnetization, two more demagnetization

curves were acquired on the following days (Figure 24b, c). On the second day (Figure 24b), the DAC

gave a signal of (1.136±0.01)x10-3  A/m at 0 mT, indicating that the cell  had not acquired viscous
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magnetization  overnight.  Apart  from  that,  the  demagnetization  process  did  not  give  a  typical

demagnetization curve which most probably means that the cell cannot be further demagnetized. What

we basically see in Figure 24b then, is the stability of the DAC signal. Similar behavior is recorded on

the third day as well (Figure 24c), therefore it is safe to assume that the DAC does not acquire a

viscous magnetization over a short period of time (approximately 24 hours). Demagnetization of the

cell on days 4 and 5 did not result in significant changes of the DAC signal either (Table 5).

    On day 5, after the cell was demagnetized at 100 mT, we acquired 25 measurements of its remanent

magnetization  for  checking  the  stability  of  its  signal  (Figure  25).  The  average  signal  is

(2.637±0.012)x10-3  A/m and the percentage error is 0.45% indicating a high degree of stability. We

also calculated the average value of the signals during the five  different  days and found it  to be

(2.411±0.29) x10-3 A/m with a percentage error of 11.9% (Figure 26). As in the case of susceptibility,

the errors are bigger when the average signal is estimated over a period of several days. Measuring the

DAC remanence during the same day, over a period of a few hours, would most probably provide a

better estimation of the DAC signal, judging from our observations on the susceptibility experiments.

5.2.2  Measurements of Set1 Samples

The demagnetization we performed on Set1 samples was up to 100 mT. Due to some unfortunate

failure of the software at the time, however, the demagnetization curves that were eventually recorded

were  up  to  40-50  mT.  Even  though  we  do  not  have  the  whole  picture,  there  are  some  basic

characteristics to be noted.

    Set1  consists  of  magnetite  samples  and,  therefore,  what  we  see  in  figure  27  are  basically

demagnetization curves of different magnetite grains. Samples M1, M3 and M5 (Figure 27a, c, e)

show clear demagnetization curves with a rapid loss of their remanence on the very first steps of the

magnetization process. They have all lost half of their initial remanence somewhere between 10-20

mT and by 40-50 mT they are left with less than 25% of their initial signal. This is a typical multi

domain (MD) magnetite behavior.

    On the other hand, samples M2, M4 and M6 (Figure 27b, d, f) do not show a clear demagnetization

up to 50 mT. Their curves are particularly irregular and it is hard to observe a general pattern of their

behavior.  The fact  that  the  samples  are  not  basically  demagnetized  in  low fields,  however,  is  an

indication  that  they  comprise  ensembles  of  single  domain  (SD)  or  pseudo-single  domain  (PSD)

magnetite grains. If we had a more complete picture of the demagnetization curve up to 100-150 mT,

we would most probably be able to see clear signs of demagnetization at higher fields. 
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    Among the recorded points there are a few which either have extreme values, not following the

general demagnetization behavior of the sample (points at 40 and 20 mT of samples M3 and M5

respectively) (Figure 27c, e), or show very big error bars (standard deviation) unlike the vast majority

of the points (sample M4 at 10-15 and at 40 mT) (Figure 27d). These type of anomalies are most likely

due to some problem related to an artifact or measurement error in a single measurement position. On

the first occasion the error occurs in the beginning of the measurement and that is why although the

points are irregular they have very small error bars, while on the second occasion the error occurs after

the beginning of the measurement, during the first, the second or the third rotation of the sample, and

that is why the error bars are so big.

     All Set1 samples that were subjected to IRM acquisition acquired remanence; some acquired only a

small amount of magnetization (samples M1, M5) and others acquired a very large amount (sample

M4) (Table 6). All the values, however, are evidently lower compared to the theoretical value of the

magnetite saturation magnetization, which is 92 Am2/kg (Tauxe et al. 2018). This is most probably due

to our rough estimations regarding the volumes, and subsequently the masses, of the samples. For our

calculations we did not take into consideration the errors in the volumes of the samples since we were

primarily  interested  in  the  relative  changes  of  the  signals,  during  demagnetizations  or  stepwise

acquisitions for example. In this case though, that we are looking at absolute values, it would be useful

to get an idea of how big these errors are.

     The percentage error of the mass magnetization in this case, where the theoretical value is known,

is calculated as: 

% error=
|theoretical value−calculated value|

theoretical value
∗100           (46)

The percentage errors for the calculated mass magnetizations of the samples (Table 6) are, therefore,

between 98.95% and 99.56%. These are also the errors of the estimated volumes; the percentage errors

that we see in Table 6 are considerably smaller to be taken into consideration here. The errors are

particularly big, and therefore our volume estimations are not very accurate, which is most probably

the  reason  of  the  large  deviation  between  the  calculated  and  theoretical  values  of  the  mass

magnetization. We should also consider the possibility that we do not deal with 100% pure magnetite.

If our samples contain grains of a less magnetic material, the mass magnetization is expected to be less

than 92 Am2/kg.

     It is also interesting to get an idea of how sensitive the volume calculations are to changes. In order

to calculate the volume, we measured the maximum dimensions of the samples under the microscope.

The microscope’s ruler is divided in whole numbers and therefore there is a deviation of ±1 from what

we measured. For sample M2, for example, we measured the following maximum dimensions: x1 = 23
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± 1, x2 = 11 ± 1, x3 = 9 ± 1. In order to find the dimensions in μm we need to multiply by a factor

related to the zoom level we used, 6.3 in our case. The maximum dimensions in μm will then be: x1 =

144.9 ± 6.3 μm,  x2 = 69.3  ± 6.3 μm, x3 = 56.7  ±  6.3 μm.  We calculated the volume as V = x1x2x3,

without accounting for the fact that the sample does not have a regular shape and found a volume of V

= (5.694 ± 0.02) x 105 μm3. Performing the same calculations and assuming that we miscalculated all

dimensions by 1 ( x’1 = 24 ± 1, x’2 = 12 ± 1, x’3 = 10 ± 1) we find a new volume of V’ = (7.201 ±

0.022) x 105 μm3. There is a great difference between the two volumes (there is a 26.48% increase),

due to only a slight miscalculation of the dimensions. It is therefore critical to be more thorough when

it comes to volume calculations if we are interested in studying absolute magnetization values. Rough

calculations can result in misleading results that do not provide useful information. We can imagine,

for  example,  dividing  the  irregular  sample  shape  into  smaller  regular  shapes  and  calculate  their

volumes, instead. Calculating the mass can be even more challenging, since the samples might consist

of more than one minerals.

5.2.3  DAC + M6 Measurements

Samples M3, M4 and M5 had acquired a higher IRM compared to sample M6 (Table 6). During the

experimental procedures though, samples M3 and M5 were lost and M4 proved to be brittle and was

crumbled after moving it around a few times. This is why we used sample M6 for our high pressure

experiments, eventually.

    Since it was not possible to increase the pressure, we only have measurements of the DAC and

sample M6 individually and of (DAC + M6) as a system (Table 7). Taking a look at the magnetic

moments, we would expect that the sum of the individual values of the DAC and M6 would be equal,

within the error limits,  to the value we measured for the (DAC + M6) system. What we observe,

however, is that the value of (DAC + M6) is actually significantly higher. One possible explanation for

this,  is  the  position  of  the  sample.  When  measuring  with  the  SQUID  magnetometer,  it  is  very

important  to  place  the  sample  in  the  middle  of  the  plastic  cube,  in  order  to  have  an  accurate

measurement.  If  the  sample  is  off-center,  we  will  be  able  to  only  partially  measure  its  magnetic

moment and end up with a lower value than the real one. When we measured the signal of M6 (before

loading it in the DAC) we tried to place it as close to the center of the cube as possible, but due to its

very small size it is likely that we misplaced it after all. It appears that when the sample was loaded in

the DAC and then the whole system was placed in the cube, the position of the sample was a lot closer
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to the center than it was when we measured the sample alone and this could explain the difference in

the measurements that we observe.

5.2.4  Measurements of Set2 Samples

Set 2 samples are of unknown mineralogy. Their NRM values cover a wide range from about 80 A/m

up to approximately 450 A/m (Figure 28). We observe three different behaviors among the samples.

Sample Q1 (Figure 28a) demagnetizes quickly, losing half of its remanence before 10 mT, which is a

typical MD magnetite or titanomagnetite behavior. Samples Q2 and Q4 (Figure 28b, d) show a very

similar  behavior.  They  both  consist  of  hard  magnetic  minerals  with  high  coercivities  as  they

demagnetize gradually and keep losing their remanence even up to high fields (100-150 mT). This

behavior  could  indicate  the  presence  of  highly  anisotropic  minerals  like  hematite,  pyrrhotite  and

goethite or the presence of Ti-bearing magnetite (Dunlop & Özdemir 1997). In addition, they both lose

faster their remanence at lower fields (up to 20-25 mT), while for higher fields they exhibit a slower

remanence loss. This could be an indication of the presence of a mineral with different coercivities (for

example SD and MD magnetite) or even the presence of two or more different minerals. Sample Q3

(Figure  28c)  has  the  very  characteristic  plateau  up  to  15  mT,  which  is  typical  of  SD magnetite

behavior. The size of the sample is too big to consider it as one single SD grain and we, therefore,

assume that  we deal  with an ensemble of several  SD magnetite grains.  Even in higher fields the

sample is very difficult  to demagnetize and has only lost half of its remanence by the end of the

demagnetization process at 150 mT. It  is thus possible that more than one minerals coexist in the

sample, with very high coercivities (SD magnetite and hematite, for example).

     Samples Q2 and Q4 have very similar IRM acquisition curves as well (Figure 29). They both

acquire IRM rapidly up to 300 mT and after that no additional IRM is acquired at higher fields. This

observation narrows down the possible minerals present in the sample. If the sample contained both

titanomagnetite  and  hematite  or  goethite,  we  should  have  recorded  an  additional,  gradual,  IRM

acquisition at higher fields (>300 mT). The fact that we did not, indicates that the samples contain

only titanomagnetite and/or ferrimagnetic titanohematite (Butler 1992). Another interesting feature of

sample Q4 is that up to 45 mT it looks like its IRM basically decreases instead of increasing. This

behavior  can  result  from  the  crystal  being  magnetized  in  a  different  direction  initially  and  this

remanence is  gradually being overprinted by the increasing IRM. At the point  where the original

remanence and the IRM are of equal magnitude, the remanence reduces to nearly zero and thereafter

we can see the values of IRM increasing.
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    The IRM demagnetization curves of samples Q1 and Q2 (Figure 30a, b) are particularly similar to

their respective remanence demagnetization curves (Figure 28a, b), supporting the initial hypotheses

of the samples’ constitution.  The IRM demagnetization curve of sample Q4 (Figure 30c) shows a

slightly different behavior compared to the respective remanence demagnetization curve (Figure 28d).

First of all, it has the characteristic plateau up to 20 mT. If we take a closer look at the remanence

demagnetization curve of Q4, we will see that there is a small plateau there as well, but only up to 5

mT. Apart from that,  the sample here appears to be a lot harder magnetically,  having a very high

coercivity, since it loses less than half of its IRM by the end of the demagnetization procedure at 100

mT.  The  difference  between  the  two  curves  though,  do  not  necessarily  lead  to  contradictory

interpretations. The presence of very fine titanomagnetite and/or titanohematite grains with a high

titanium content could explain the shape of the two curves.

    The ARM demagnetization of sample Q2 (Figure 31) also supports the initial hypothesis. It seems

that Q2 consists of at least two different magnetic minerals. At low fields it loses quite fast its ARM

(slightly more than half at 30 mT), indicating the presence of a soft magnetic phase such as MD

magnetite or low-Ti titanomagnetite. Between 30 and 50 mT there is a small plateau and no ARM loss

is  observed.  Between  50  and  150  mT,  Q2  progressively  loses  almost  all  of  its  ARM.  The

demagnetization is noticeably slower at high fields which suggest that some hard magnetic mineral

(high-Ti  magnetite  or  (titano)hematite)  must  be  present  in  the  sample.  Due  to  the  irregular

measurement at 125 mT it is hard to say if more than one magnetic phases are to be observed at higher

fields (>50 mT).

6  Conclusions
We conducted a series of experiments on different samples in order to study their magnetic properties.

The  first  part  of  our  study consisted  of  magnetic  susceptibility  experiments.  The  three  measured

samples have susceptibility values that range between (0.857 ± 0.394) x 10 -4 and (4.702 ± 0.43) x 10-4

m3/kg. They all exhibited an unstable signal during the first measurements which stabilized afterwards

(Figure  19)  and  therefore  the  first  measurements  were  excluded  from  the  calculation  of  the

susceptibility value. Sample M9 has the highest signal and was used for high pressure experiments.

    Measurements of the diamond anvil cell susceptibility showed that it is diamagnetic (negative in-

phase-susceptibility). The signal exhibited a higher stability for measurements taken within a period of

a few hours compared to measurements that were taken on different days. It is therefore preferable that
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all the experiments are carried out on the same day. The mean DAC susceptibility value, calculated

from measurements  we  took on  five  different  days,  is  (-2.7  ±  0.058)  x10-6 m3/kg;  2-3  orders  of

magnitude lower than the susceptibility value of the samples. The out-of-phase susceptibility of the

DAC is one order of magnitude higher than the in-phase-susceptibility, providing a strong indication

that  electrical  conduction  took  place,  producing  eddy  currents.

    Sample M9 was loaded in the DAC and four measurements were taken of the (DAC + M9) system

for four different pressure values; two during the compression and two during the decompression of

the system. Due to the technical difficulties we had in increasing the pressure, we did not manage to

acquire more measurements. This was either due to the screws or due to the windings of the piston and

thus the DAC should be carefully tested before being used in future experiments.  With only four

available measurements it is very hard to comment on the overall behavior of the susceptibility with

pressure and draw any reliable conclusions. We should also note that, judging from our results, there is

a high possibility that when we measured the (DAC + M9) system, we were only able to record the

DAC signal, while the M9 signal was basically swamped; an outcome that is most probably attributed

to the presence of eddy currents (Wang & Kamenev 2014). In order to avoid such effects, a different

method of measuring ac susceptibility should be followed (see for example Gilder et al. 2002; Jackson

et al. 2003).

    The  second  part  of  our  study  consisted  of  magnetization  experiments.  We  performed  AF

demagnetization  on  the  DAC over  a  period  of  five  days.  The  DAC lost  more  than  96%  of  its

remanence on the first day and did not acquire a viscous magnetization on the following days. Its

average  signal,  calculated  from  the  five  different  measurements,  is  (2.411  ±  0.29)  x  10 -3 A/m,

exhibiting a relatively good stability (11.9% percentage error).

    The demagnetization of  Set1 samples  provided both curves  that  suggest  the  presence of  MD

magnetite grains and curves that suggest the presence of SD magnetite grains. Samples M1, M3 and

M5, for example, showed a rapid loss of their remanence on the first steps of the demagnetization

process,  indicative of  MD magnetite  behavior  (Figure  27a,  c,  e),  in  contrast  to  M2,  M4 and M6

samples  that  showed no clear  demagnetization signs  up to  50 mT, indicating the presence of  SD

magnetite  grains  (Figure  27b,  d,  f).  Subsequently,  we  performed IRM acquisition to  1  T and all

samples  acquired  a  significant  remanent  magnetization;  values  ranging  from (2115.83  ±  0.65)  to

(5033.91 ± 3.1) A/m (Table 6).

    Due to the technical issues we had, we did not manage to acquire high pressure measurements. After

performing AF demagnetization on the DAC and IRM acquisition on sample M6, we measured the

remanent magnetization of the system (DAC + M6). Contrary to our expectations, the remanence of

(DAC + M6) was significantly higher than the sum of the individual remanences for DAC and M6
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(Table 7). We assumed that this is most probably due to the position of the sample which is different

for the two measurements. 

    We, finally, performed AF demagnetization, IRM and ARM acquisition and demagnetization on

Set2 samples.  The results  suggested that  in most  samples more than one magnetic phases can be

observed  (Figure  28b-d  for  example).  Magnetite  or  titanium  bearing  magnetite  seems  to  be  the

dominant mineral in all samples, while there are indications that titanohematite might be present in

some of them, as well (samples Q2, Q3, Q4). Although it is possible that more minerals coexist in the

samples, judging from our plots no clear sign of such minerals could be observed (Figures 28-31). 

    All in all, despite the technical difficulties that we had during some parts, our experiments constitute

a useful tool for the characterization of the samples. The magnetic susceptibility measurements and the

acquisition and demagnetization curves, provided information about the magnetic state and mineral

composition  of  the  samples,  giving  us  an  idea  of  their  identity.  Apart  from  that,  we  also  drew

conclusions regarding which of our methods were successful in producing reliable results and which

of them should be improved or even replaced. We should, however, mention that our study is far from

complete. In order to obtain a more thorough picture regarding the magnetic nature of the studied

rocks and minerals, it is preferable that a series of experiments are performed, as each one helps in

revealing different kind of information, the combined analysis of which leads to more reliable and

complete interpretations. Experiments that could supplement our study are combined high pressure

and high temperature experiments, geochemical analyses and paleointensity experiments, among many

others.
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