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Summary

Summary

This dissertation explores the effects of pressure on the magnetic remanence of iron-nickel
and iron-silicon alloys relevant to the solid inner cores of the terrestrial planets and Earth’s moon.
The Earth’s inner core likely comprises mostly pure iron in a hexagonal close packed (hcp) structure.
Experiments on pure iron powder and foil were carried out up to 21 GPa at room temperature. The
most important conclusion from this work is that either hcp-iron is ferromagnetic or that a poorly
understood, intermediate hcp phase of iron is ferromagnetic. It was also determined that the results
must be corrected for magnetic shape anisotropy, which is related either to the original sample
material (foil) or how the bulk sample volume changes shape due to increasing oblateness of the
chamber during pressurization. Fe-Ni alloys in the face centered cubic (fcc) phase with compositions
around FegsNisg, called Invar, exhibit near-null thermal expansion, making them useful for
technological applications. Models explaining the Invar effect evoke magnetovolume effect that
compensate for thermal expansion. Previous work suggested that the Curie temperature of FegsNiss
decreases 35 K per GPa, which predicts that around 5 GPa, FegsNiss will turn paramagnetic. Our
experiments on FegsNiss found a marked decrease in magnetization between 5-7 GPa, consistent with
former studies, but that it remains ferromagnetic until 16 GPa. The magnetic remanence of low Ni
Invar alloys increases faster with pressure than for other body-centered-cubic compositions due to
the higher magnetostriction of the low Ni Invar metals. Experimental results on body centered cubic
(bcc) Fe-Ni alloys match well with those for pure iron-- again leading to the conclusion that either an
intermediate hcp phase, or that the hcp phase itself, is ferromagnetic. The ubiquitous enhancement in
magnetization under pressure, or during pressure release, of the Fe-Ni and Fe-Si alloys is associated
with strain-induced martensitic effects. Finally, a defocused laser heating technique was developed to
measure the Curie temperature in diamond or moissanite anvil cells. Preliminary results on

titanomagnetite (Fe,4TigsO4) are broadly consistent with previous work.



Summary




Contents

Contents
YU 0] 0T U T PP O PR U PRSPPI iii
LO00] 0] =] o | TSP PTRTOPR PP Y
TSy A0 o TN TSRS vii
LIST OF TADIES ..ottt b bbbt iX
ACKNOWIBAGMENTS ...ttt b et b et e et e st e be et e eneenbeeneeenes Xi
INEroduCtion aNd OULIINE..........ooi ittt aeeaeeneesreeeeenes 1
L1 oo 0 Tod 1 o] o ISP URRURRON 1
The outline or the thesis is organized as fOlIOWS: ..., 6
1. EXPerimental MEtNOOS ........coooiiiie e bbbt nne e nneas 9
1.1 SQUID MAGNEIOMETET .....vviiiiiieiiii et stee sttt et e et e e ssb e e ssb e e e nnb e e e nbbeeanbneeanres 9
1.2 Diamond and Moissanite anVil CeIIS...........coiiiiiiiiiie e 10
1.3 Isothermal remanent Magnetization ............ccccoeiereiiiinisiee e 13
O . TN gl 1= U T OSSPSR 15
2. Ferromagnetism of iron under pressure t0 21.5 GPa.......c.ccocviiiiiiiinene e 17
20 A 10 oo [FTox {To] o ISR 17
2.2 Experimental Procedure and RESUITS..........c.oiiiiiiiiieirese s 18
2.3 Shape anisotropy OF IFON TISKS ......cueiiiiieiieieeie s e e neeans 22
2.4 DISCUSSION. ...ttt sttt et et e et bbbt b e st e st e s et et e e b e s b e s b e e bt e st e st e st e benbeebenbeebeabeeneeneenee e 26
p S I O3 Tod (1] o] PP 30
3. Pressure dependence on the remanent magnetization of Fe-Ni alloys and Ni metal............ 35
3L INEFOTUCTION .t bbbttt b ettt e 35
3.2 Experimental Procedure and RESUILS..........c.coviiiiiiiiccccc e 38
TR I B [T 1 ] (o] o SRS P TR RTRPPI 44
3.3.1 Magnetization and Curie teMPEratUre ...........ocereriririeieie e 44
3.3.2 Magnetovolume effects on magnetic remManenCe.........ccccvevveeeereerecieeseee e e 46
K I 0] o] 1] o] ST PR S URRPRP 48
4. Magnetism of body-centered cubic Fe-Ni and Fe-Si alloys under high pressure................. 53



Contents

A 1oL oo 1 [ RPN 53

4.2 Experimental Procedure and RESUILS.........cuoiiiiiiiiieee e 54

G I S0t U1 [ ) o SRR 61
e AT I= 1] 0] USSR 61

[T I: L [0) £ SRS 63

5. Curie temperature study of TM60 and FegsNi3s Invar by laser heating............ccccceeveveennen, 69
T80 A 11 10T L1 T [ o RSP STR 69

5.2 Experimental Procedure and RESUILS..........cooviiiiiiice e 70

oI I B T ot U (o] o TP ORTRP 74

TR I O] o [ ] o] 1 SRR PR RTRPI 77

L] (] =] (o PRSP TR TP PSR 83

vi



List of Figures

List of Figures

0.1 Interior structure of Mercury, Venus, Earth, Mars and the moon.................ccc o3

0.2 Phase diagram OF 170N, ....... vt s e et e v e e e e e ste et e s et eeae e e sreeee e e e nreas

1.1 Superconducting quantum interference device - SQUID magnetometer............cccooevverenivenennnns 9
1.2 Diamond anvil cell or moissanite anvil Cell.............cccooiriiiiiii i 10
1.3 Experimental preparation of the moissanite anvil cell.............cccoovevviiiiii i 11
1.4 Optical setup for ruby fluOrescence SPECIIOSCOPY.....cuuiviieerieiieiieiie e e e e e e n e aaeas 12
1.5 Isothermal remanent MagNEtiZAION. ........c.oiieriiiie it 14
1.6 Backfield curves of cell with and without SamPple...........ccooiiiiiiiii s 15
1.7 Sketch of the 1aser NeatiNg SELUP.......ecviiieiieie e nres 16
2.1 X-ray and backfield curves for iron powder and iron foil under pressure............cccoceveiieinnnne 19
2.2 SIRM and Bcr as function of pressure for iron powder and foil.............ccooooviiiiniinincis 21
2.3 Shape change under uniaxial compression in the anvil Cell............ccoovviiieii s, 23
2.4 Vibrating sample magnetometer measurements of iron disKS..........ccccccevvieviiiiiieece s, 24
2.5 Magnetic hysteresis parameters 0f Ir0N AISKS..........ccoiiiiiiieiiieiiee e 25
2.6 Magnetic parameters versus Shape for iron diSKS...........cooeeiirininiiinecee e 26
2.7 Simple demonstration of the phase and magnetic transition of iron under

PrESSUIE IN OUF EXPEITMENTS. .. .evieieitieiteeie st e ste et e steeste e re et e e e e s seesteaseesreesteessestaeeeeneesreenseaneenseens 29
3.1 The thermal expansion coefficient of Fe-Ni alloys.........ccooiiiiiiiiiiii e 36
3.2 Magnetic and physical properties of the iron-nickel alloys.............cccooiiiiiiiiiii 39
3.3 Backfield magnetization curves for iron-nickel alloys and nickel.............ccccoovevviiiieicciieieenn, 42
3.4 SIRM and Bcr as function of pressure for iron-nickel alloys and nickel...............ccccoveiiiennn, 43
3.5 Curie temperature and X-ray spectra of pressure cycled FeeaNigs......cccovvevieiiieiiiiiiieiie e, 45
3.6 SIRM versus Ni concentration under pressure for Fe, Fe-Ni alloys, and Ni...........cccccooevviiinnne. 47

vii



List of Figures

4.1
4.2
4.3
4.4
4.5
4.6
4.7

5.1
5.2
5.3
5.4

Curie temperature of Fe-Ni and Fe-Si alloys at ambient pressure..........ccccovveveeveveeve e ceennn, 55
X-ray diffraction Of FE-Si allOYS........cuoiiiiiie e 56
Backfield magnetization curves of Fe-Ni allOyS.........ccoviiiiiiiiiei e 58
Backfield magnetization curves of Fe-Si alloys..........cccooviiiiiiii i 59
SIRM and Bcr of Fe-Ni and Fe-Si allOys........cc.coovviieiiiiieece e 61
Transition pressures for Fe and Fe-Ni @lloys..........cocoiiiiiiiiiiie e 63
Maximum relative changing in SIRM of Fe-Ni alloys...........ccocoviiiiiiiiieenn 64
Power density of the defocused 1aser DEAM............ccoov i 71
SIRM of FegsNizg aNd TMB0 UNCEE PIrESSUIE.....ccveeivieiieeciieeieesiieeiteesteeesteesieeesteesreesreesaeesaaesnnes 73
Magnetic data of TM60 and FegsNisg after laser heating..........c.coovvvveieiiiinieee 74
Curie temperature 0f TM60 and FEgaNIzs.......ccveiierieiieiiec e 76

viii



List of Tables

List of Tables

2.1 Magnetic data fOr ir0N UNAEr PreSSUIE.........ooiiuiriiriirieeiieiieiee ettt sb e 31
2.2 Magnetic data for iron disks measured With VSM..........ccccoeiiiiiiiie i 33
3.1 Magnetic data for iron-nickel alloys and pure nickel under pressure...........ccccooeverenencncnennenn 49
4.1 Magnetic data for iron rich Fe-Ni and Fe-Si alloys..........ccccoveviiiiiieii i 66
5.1 Magnetic data for TMB0 and FEgaNIz6........civereiieiieiiiieieeie e eee e sie e enee e e 78



List of Tables




Acknowledgements

Acknowledgments
I would like to give thanks to many people for their support about this dissertation:

¢ First, I thank Prof. Dr. Stuart Gilder, who gave me the opportunity to do this research. With

his guidance | was able to create this thesis.

%+ Fe-Ni alloys synthetic support from Dr. Werner Ertel-Ingrisch; X-ray analysis support from
Prof. Wolfgang Schmahl, Dr. Bernd Maier and Dr. Sohyun Park; sample SEM analysis
from Prof. Karl Thomas Fehr; experiments help from master student Nicolas Zander;

mechanical support from the workshop group are highly appreciated.

+ In addition, I thank my colleagues in our research group Linder Julia, Mao Xuegang, Wack
Michael, VVolk Michael, Eitel Michael, Zhao Xiangyu, Lhuillier Florian, Cheng Yanjun, and

He Kuang, e.g. | am very glad to study with them.

% | thank my parents for their encouragement; and special thanks give to my wife Zhang Yan
who is accompanying me in Germany and gave birth and taking care of our lovely daughter

Wei Xinyi.

Xi



Acknowledgements

Xii



Introduction and outlline

Introduction and Outline

Introduction

Iron is one of the most widely used elements in human life, which spawned the so-called
“iron age” of human civilization. The main reason for this is that iron is abundant in nature, and has a
relatively high hardness and strength. Another fascinating property of iron is that it is ferromagnetic-
- most of the magnetic materials encountered by humans are related to iron. Since the last century,
the magnetic properties of iron have been the subject of intense research because of its widespread

usage and the high demand for better magnets.

The magnetic field of the Earth resembles a dipole field that emanates from a bar magnet.
Mercury also has an internally-generated magnetic field, yet its total field intensity is much weaker
than the Earth (surface fields on Earth= 50 uT; Mercury= 0.3 uT). Venus, Mars and Earth's Moon
have no internally-generated magnetic fields today, yet surface rocks on Mars and the Earth’s Moon
possess remnant magnetizations, implying that these bodies likely had internally-generated magnetic

fields in the past.

It is broadly accepted that magnetohydrodynamic processes in the Earth's core generate the
Earth's magnetic field. Moreover, it is widely assumed that the solid inner core material is
paramagnetic at the high pressure/temperature conditions in planetary cores, where temperatures well
exceed the Curie temperature of iron. But the fact is that very few experimental results exist to
constrain the magnetic properties of iron alloy materials at core conditions. The goal of this thesis is
to measure the magnetic properties of iron alloys relevant to the solid inner cores of the terrestrial

planets.

Chondritic meteorites, which represent the composition of the solar nebula, contain ~18.4
wt% Fe (White, 2013). Through differentiation of chondritic material during planetary formation,
iron will sink into the planet’s center, forming a core. Iron meteorites thus serve as proxies for the
core material of former planets. For terrestrial planets and the moon, metallic cores comprise a
significant portion (Figure 0.1) of the total volume (Sohl and Schubert, 2007). The radius of the
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Earth's core is 3486 km (radius of solid inner core 1216 km), hence 16% of Earth’s volume and 33%
of Earth’s mass; Venus is slightly smaller than the Earth, 85% of Earth’s volume, and is believed to
have a similar structure as Earth; the volume of core to planet is about 12.5% for Mars and 42% for
Mercury; volume of core to the moon is about 0.1%. Earth’s solid inner core is thought to be slowly
growing from liquid outer core due to the gradual cooling of the Earth’s interior. Earth’s solid inner
core is believed to consist primarily of iron-nickel alloy; and liquid outer core is believed to have

more light elements.

Iron is the major, but not the only, element in cores. Nickel concentrations in iron meteorites
vary from 5 and 60 wt%-- most are between 5 and 12 wt% (Albertsen et al., 1983). Seismological,
experimental and theoretical calculations show that the density of Earth’s outer core is ~10% lower
than the density of iron at the core pressure and temperatures (Anderson and Isaak, 2002; Birch,
1952, 1964; Jeanloz, 1979; Mao et al., 1990), which means the Earth’s outer core should have lighter
elements than iron-- H, C, O, S, Si and P are potential candidates (McDonough and Sun, 1995;
Poirier, 1994; Vocadlo, 2013), with cosmochemical abundances and metallurgical solubility being
the major consideration. Among them, Si and S are preferred, because of their relative depletion in
Earth’s silicates (Allegre et al., 1995; Georg et al., 2007; Javoy, 1995), which indicates that some
silicon and sulfur entered into the core. The depleted Si could be present in Earth’s core as high as
14.4 wt % (Wanke and Dreibus, 1988). The MESSENGER satellite mission to Mercury found 1-4
wt% FeO and S on the surface, suggesting the core of Mercury could be composed of Fe-Si-S
(Chabot et al., 2014) in order to achieve equilibrium with silicate melts. A sulfur content of 14% in

Martian meteorites also suggests sulfur is a major alloying element in Mars’ core.

We chose pure iron as a standard reference for the terrestrial planets’ cores, as well as Fe-Ni
alloys with Ni compositions between 5-20 % (bcc structure), which is the common composition in
iron meteorites; Fe-Ni alloys (fcc structure) with Ni composition between 30-60 % are chosen as
core materials in the fcc structure (Mars, Mercury and the moon). Fe-Si alloys with Si compositions
between 5-20% were also chosen as potential core material for Mercury and Mars. Fe-S alloys were
not studied in this thesis, although S has been suggested as an alloying element in some cores. Fe-S
alloys are unstable at room temperature, which makes working with them problematic.
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Earth Venus
Radius = 6378 km R=6052km
Solid inner core: = 1216 km Solid inner core: r= 1000 km ?
330-360 GPa, 5300-7300K Fe, Ni, Si. S

Fe ~90%, Ni~5%,8i, 8,0

Mars Mercury Moon
R=3394km R=2439km R=1738km
Solid core:r=1700km Solid Core: r= 18007 km Solid core:r=170km
23-40 GPa, 1200-2200K 7-40 GPa, 2000-2500 K 3-10 GPa, 1100- 1700 K
Fe ,Ni,8i, 8 Fe>90%, Ni Fe.Ni, 8

Figure 0.1 Interior structure of Mercury, Venus, Earth, Mars and the moon. Information from (Alfe
etal., 2007; Bullen, 1952, 1973; Melchior, 1986; Monnereau et al., 2010; Stevenson, 1981).

Because magnetism and the crystallographic structure of a material are related through
electron exchange between atoms, structural changes induced by pressure modify the crystal lattice,
which in turn influences magnetic properties. At ambient conditions, iron has a body-centered cubic
(bce) structure (Figure 0.2); it transforms to a hexagonal-close-packed (hcp) structure at 13 GPa

(Takahashi and Bassett, 1964) at room temperature; iron transforms to a face-centered cubic (fcc)
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crystal structure at ambient pressure at temperatures >1183 K (Figure 0.2). The phase diagram of
iron changes with the addition of alloying elements (nickel, silicon and sulfur). Nickel expands the
stability range of the fcc phase (Huang et al., 1988; Kuwayama et al., 2008) and lowers the bcc to
hcp transition pressure at room temperature. Silicon can largely increase the stability range of the bcc
phase up to 80 GPa (Hirao et al., 2004; Lin et al., 2002).
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Figure 0.2 Phase diagram of iron. Modified from (Tateno et al., 2010) with approximate P-T

conditions for solid cores of Mercury, Venus, Earth, Mars, and the moon.

Pressure at the Earth’s inner core is 330-360 GPa with temperatures exceeding 5000 K
(Anzellini et al., 2013). The phase of iron in Earth’s inner core is debated. Several studies concluded
that the hcp phase is the best candidate (Brown and McQueen, 1986; Mao et al., 1990; Merkel, 2000;
Tateno et al., 2012; Tateno et al., 2010), while others argue for bcc or double hexagonal closed
packed phase (Andrault, 1997; Boehler, 1993; Dubrovinsky et al., 2007; Dubrovinsky et al., 2000a).
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Experiments with iron alloyed with 4% and 10% nickel that attained Earth’s inner core pressures at
both room temperature and 4700 K identified the stable structure as hcp (Tateno et al., 2012). The
phase of iron in Venus’s inner core is largely unknown; it is probable that iron is in the fcc phase in
the solid cores of Mercury and Moon (Jackson et al., 2013; Siegfried and Solomon, 1974; Wieczorek,
2006); fcc and hep phases may both exist in the core of Mars (Stevenson, 2001). Among the bcc, fcc
and hcp phases, the magnetic properties of the hcp phase is the most debated yet is of the greatest
relevance to the Earth’s core.

Probing the magnetic properties of samples under high pressure is challenging: there are both
direct and indirect measurements to do so. For indirect measurements, Mdssbauer spectroscopy is
commonly used to study the magnetic moment at the nucleus, which causes hyperfine splitting
(Pipkorn et al., 1964; Taylor, 1982). X-ray magnetic circular dichroism, X-ray absorption
spectroscopy and X-ray emission spectroscopy (Baudelet et al., 2005; Rueff et al., 2001; Rueff et al.,
2008) have also been used to study magnetic moment of atoms, yet like Mdssbauer, these techniques
are based on complex influences between magnetism and electron energy levels. On the other hand,
the signals from Madossbauer and X-ray related spectroscopy are mass independent, which makes
these techniques favorable to study magnetism at high pressure due to the very small (<1*10° mm?)
sample used in the diamond cell chamber. However, these methods can be thought of as indirect, due
to electromagnetic effects at the nucleus; they thus do not provide physical quantities relevant to the
Earth sciences like saturation magnetization (Ms), remanent saturation magnetization (Mrs), the bulk
coercivity (Bc) and the coercivity of remanence (Bcr), which are the basic magnetic parameters
describing the quality of ferromagnets. There exists a stark discrepancy concerning the magnetic
state of hcp Fe between Mdssbauer spectroscopy, which suggests it is non-magnetic (Pipkorn et al.,
1964; Taylor et al., 1982) versus direct observations of the interaction of hcp Fe with an applied field

(Gilder and Glen, 1998), consistent with a ferromagnetic interpretation.

This thesis concerns direct magnetic measurements of materials relevant to planetary cores.
The intention of this work is to measure magnetic parameters such as remnant saturation moment
(Mrs), coercivity of remanence (Bcr) and Curie temperature (Tc) of iron and iron alloys (Fe-Ni, Fe-
Si and Fe-S) under high pressure up to the hcp iron stability range (~20 GPa). To do so, new pressure
cells and techniques were developed and materials for the experiments needed to be either purchased

(when possible) or synthesized in the lab. All of these steps and the results are described herein.
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The outline or the thesis is organized as follows:

Chapter 1 describes the basic experimental methods and procedures used in the experiments.
Our experiments used a superconducting quantum interference device (SQUID)-based magnetometer
combined with a non-magnetic moissanite or diamond anvil cell. This combination allows one to
measure the magnetizations of tiny amounts of ferromagnetic samples up to 25-30 GPa. Pressure in
the cell was measured using in-situ ruby fluorescence spectroscopy. An isothermal remanent
magnetization (IRM) is applied to the sample using a specially designed electromagnet. Backfield
acquisition curves of the sample under pressure permit one to measure two fundamental magnetic
parameters: the coercivity of remanence (Bcr), defined as the magnetic field in mT required to null
the remanent magnetization and the saturation isothermal remanent magnetization (SIRM). For Curie
temperature studies, we developed a new method based on laser heating by controlling the power

density.

Chapter 2 reports experiments on remanent magnetization of iron powder and foil in response
to applied magnetic fields under pressure up to 21.5 GPa at room temperature. Two independent
experiments using different pressure transmission media reveal a higher remanent magnetization at
21.5 GPa than at initial conditions, which could be attributed to a distorted hexagonal closed packed
phase grown during the martensitic transition. Upon both compression and decompression, the
remanent magnetization of the bcc Fe increases several times over initial conditions while the
coercivity of remanence remains mostly invariant with pressure. These results were published in:
Wei, Q.G., and S.A. Gilder (2013), Ferromagnetism of iron under pressure to 21.5 GPa, Geophysical
Research Letters, 40, 5131-5136, doi:10.1002/grl.51004.

Chapter 3 describes the remanent magnetization of fcc iron-nickel alloys (FegsNiss, FesgNigp,
and FesoNisg) and pure Ni in response to applied magnetic fields under pressures up to 23 GPa at
room temperature. Magnetization decreases markedly for FegsNiss between 5 and 7 GPa, yet remains
ferromagnetic until at least 16 GPa. Magnetization rises by a factor of 2-3 for the other phases during
compression to the highest applied pressures. The magnetic remanence of low Ni invar alloys
increases faster with pressure than for other body centered cubic compositions due to the higher
magnetostriction of the low Ni invar metals. Thermal demagnetization spectra of Feg;Niss measured
after pressure cycling broaden as a function of peak pressure, with a systematic decrease in Curie

6
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temperature. Irreversible strain accumulation from the martensitic transition also likely explains the
widening of the Curie temperature spectra, consistent with X-ray diffraction analyses. This work was
published in: Wei, Q.G., S.A. Gilder, and B. Maier (2014), Pressure dependence on the remanent
magnetization of Fe-Ni alloys and Ni metal, Physical Review B, 90, 144425,
doi:10.1103/PhysRevB.90.144425.

Chapter 4 focuses on the magnetic properties of bcc Fe-Ni alloys (FegzaNiopg, FegzNiis, and
FessNisg) and bee Fe-Si alloys (Feg:Siog, and FegsSiyz) under pressures up to 24 GPa. Magnetization
of FegyNiopg, FegzNiiz and FegsNig remain ferromagnetic up to 24.1 GPa, yet show significant
hysteresis corresponding to the hcp-in to bcec-out and hep-out to bece-in transitions. Magnetization of
Feg1Sigy, and FegsSiy7 increases with pressure up to 22 GPa with no hint of a magnetic phase
transition. These latter results have implications for the solid cores of Mercury and Mars. They are
being prepared for publication and should be submitted in the Spring of 2015.

Chapter 5 describes the development of laser heating to measure Curie temperature as a
function of pressure. Titanomagnetite (Fe24TigsO4 = TM60) and invar (FegsNiss) were used as test
materials due to their relatively low Curie temperatures and because the change in Curie temperature
for these phases were previously reported. These results are more preliminary than the room

temperature studies and more work will be needed before writing them up for publication.
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1 Experimental

1. Experimental Methods
1.1 SQUID magnetometer

A superconducting quantum interference device (SQUID)-based magnetometer is a very
sensitive instrument used to measure extremely subtle magnetic fields, based on superconducting
loops (Figure 1.1a) containing Josephson junctions (wikipedia). A vertical three-axis, DC SQUID
magnetometer, 2G Enterprises Inc., is housed in magnetic shielding room for magnetic moment

measurements. Its sensitivity is 1.0*10™2 Am? (Figure 1.1b).

(a)
Magnetic field
Superconductor
Biasing Biasing
current

current

X L
Oneperiodof  § 58
voltage variation & o= BN _é'
correspondsto _ ;" |t 0B
an increase of FLe

g
one flux quantum S é‘ ég:

Figure 1.1 Superconducting quantum interference devices - SQUID magnetometer. (a) Schematic
of a dc SQUID sensor (image from web of HyperPhysics). (b) A 2G Enterprises Inc., vertical three-
axis, SQUID magnetometer, installed in paleomagnetic laboratory of geophysics LMU.
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1.2 Diamond and Moissanite anvil cells

The diamond anvil cell (DAC) is widely used for generating high pressure on small volume
samples (Figure 1.2a). Diamonds anvils usually are around 0.2 carat for economic considerations. To
support the small diamonds, back seats made of hard materials are needed, usually tungsten carbide
which are hard to be made non-magnetic. Like diamond, synthetic moissanite (SiC) is transparent
and hard (9.5 on Mohs scale, compared to 10 for diamond). Moissanite is much cheaper than
diamond in same size. Larger size (1 carat) single-crystal moissanite (SiC) anvils can be mounted in
anvil cell directly without using back seats, which called moissanite anvil cell (MAC). Maximum
pressures for MAC can be up to 60 GPa (Xu et al., 2002). In our experiments, moissanite anvils with
culet diameter of 400-700 um were mounted in a non-magnetic cell. The frame of the cell was build
out of working hardened beryllium-copper alloy (Figure 1.2b), which has relative high mechanical

strength and non-magnetic.

Monssamle ;
anvnls Y

Figure 1.2 Diamond anvil cell or moissanite anvil cell. (a) Principle of a diamond anvil cell. (b)

Nonmagnetic moissanite anvil cell made of working hardened beryllium-copper alloy.

Gaskets made of rhenium and work hardened beryllium-copper, with dimension of 2 mm in
diameter and 250 um in thickness, were used in the experiments. Both rhenium and beryllium-copper

are non-magnetic. Small rings with conical shapes, also are 2mm in diameter, placed on tip of each

10
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anvil, sandwiching the gasket (Figure 1.3a &1.3b), which can improve the MAC to reach higher
pressure without cracking the rhenium gasket. The small rings are made of beryllium-copper alloy;
with their support the MAC with anvils culet of 400 um diameter can provide pressure over 20 GPa

in our experiments.

o Bt

e

Figure 1.3 Experiment preparation of the moissanite anvil cell. (a) Rhenium gasket and support
rings. (b) Side view of assemblage moissanite anvil cell with gasket was sandwiched between the
two support rings. (c) A hole was drilled in center of the pre-pressed gasket. (d) Sample with

pressure medium and tiny ruby spheres were loaded into the hole.

The gasket was pre-pressed for creating an indentation; and after that a hole was drilled in the

center (Figure 1.3c), as sample chamber; sample with pressure medium and tiny ruby spheres will be

11
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loaded into the hole. To drill a well centered and perfect hole is very crucial for the high pressure
studies of using diamond anvil cell. A electrical discharging machine (EMD), BETSA MH20M, is
used for drilling holes on rhenium gaskets; mini drill bits made of steel or harder materials can drill

holes in work hardened beryllium-copper gasket.

Pressure was measured using R1 peak of ruby fluorescence spectroscopy (Mao et al., 1986;
Syassen, 2008) with a Coherent Inc., Cube 405 nm laser and a Princeton Instruments (PIXIS)
charged coupled device connected to a 150 mm, ARC SpectraPro spectrometer (Figure 1.4),
resolution 0.07 nm. Tiny ruby spheres doped with Cr** (Chervin et al., 2001) in diameter of ~1 pm
were used in experiments. Few ruby spheres placed near the center and edge of the sample chamber
helped monitor potential pressure gradients. Silica gel is used as pressure medium in most of our
experiments, which behave more hydrostatic than NaCl (Klotz et al., 2009). One advantage of using
silica gel is that it is sticky, which can avoid magnetic samples jumping or falling out of the sample

chamber during experiment preparation.

ARC SpectraPro
spectrometer

Diamond or moissanite anvil cell

\

NS B

Optical Beam Optical

i L
mirror splliter filter ens
- XYZ microstage
Optical
Cube laser mirror
405 nm

Figure 1.4 Optical setup for ruby fluorescence spectroscopy. Blue line represents the 405 nm blue
laser, and orange line represents the fluorescence light from sample, Arrows represents the direction
of the light path.

12



1 Experimental

1.3  Isothermal remanent magnetization

A specially designed electromagnet (Figure 1.4a) was used to give an IRM to the sample in
the diamond anvil cell while not magnetizing the whole cell (Gilder et al., 2011). A 2 mm gap
between tips of the two sleeves is guaranteed by the fixed 2 mm gasket diameter used in the cell. A
static field was directed perpendicular to the axis of the moissanite pistons with an electromagnet
whose pole pieces slide through the cell’s housing until they abut the pistons (Figure 1.5b). In order
to acquire a backfield curve for sample in DAC, we proceed as follows. First we applied a magnetic
field of 370 mT along the —y-axis direction of the cell (Figure 1.5c). The cell was removed from the
electromagnet and then placed into the bore of a 2G Enterprises Inc., three-axis, DC SQUID
magnetometer to measure the full magnetic vector. This first data point is considered as the starting
point (0 mT) on a backfield acquisition diagram (Figure 1.6). We then stepwise increased the applied
field intensity in the +y-axis direction until reaching 370 mT (Figure 1.5c), each time measuring the

corresponding remanence with the magnetometer.

Figure 1.6 plots two curves for the empty cell, one at ambient pressure and another at 17 GPa,
to demonstrate the precision that the cell’s contribution can be ascertained and subtracted; another
curve plots the magnetic moment of the sample (lron foil at 0.9 GPa) after subtracting the
magnetization of the empty cell. Two fundamental magnetic parameters can be extracted from the
backfield curves: the coercivity of remanence (Bcr), defined as the magnetic field in mT required to
null the remanent magnetization, and the saturation isothermal remanent magnetization (SIRM, in

units of Am?), which is defined here as the average moment from the last three steps of the curve.

13



1 Experimental

o PRy

(c)

M=-370 mT M= 14, 20, 30, 40, 50, 60, 70, 80, 100,
120, 150, 180, 210, 250, 290, 330, 370 mT

S 7/ E.- o =

Magnetic field Magnetic field

Figure 1.5 Isothermal remanent magnetization. (a) A self designed electromagnet, 1613 mA creates
a static field of 370 mT at the sleeve joints. (b) Setup diamond anvil cell onto the electromagnet with
corresponding axis’s when measured in SQUID magnetometer. (c) Schematic process to acquire a

backfield curve, arrow represents the magnetic field.
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100 —B 10

=&~ 1Iron powder (21.5 GgP)

=@-Empty (0 GPa)- right axis

—+=Empty (17 GPa)-right axis

v Ber

0 100 200 300 400
Applied direct current field (mT)

-10

Figure 1.6 Backfield curves of cell with and without sample. Remanent magnetization of empty cell
at pressures of 0 GPa and 17 GPa; and iron powder at 21.5 GPa, has been subtracted from the empty
cell. Remanent magnetizations at 0 mT were actually -370 mT, which set as “0 mT” as starting point
of backfield curves. Bcr- coercivity of remanence; SIRM-saturation isothermal remanent

magnetization.

1.4 Laser heating

A JK50FL fiber laser (maximum output power 50 W) is connected with a microscopic
focusing laser process head (Figure 1.7) for heating. The power density of the laser spot can be
controlled by combination of laser output power and defocusing (Figure 1.7). The off focusing
distance is precisely controlled by a XYZ stage (resolution 0.01 mm), and focusing status can be

monitored by the camera integrated on the laser process head.
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Optical fiber laser input
wavelength 1080 nm

|

Diamond or mossanite
anvil cell

Lens diameter
20.0 mm

XYZ
microstage

CCTV

Laser process head 76 0 mm |

Focal distance

Figure 1.7 Sketch of the laser heating setup. JK50FL fiber laser (max output 50W) with laser
process head (lens diameter 20.0 mm and focal distance 76.0 mm); focused laser beam through the
diamond or moissanite anvil; focusing and off focus is controlled by a XYZ microstage in precisely
(0.01 mm), monitored by the live camera (CCTV).
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2 Ferromagnetism of iron under pressure to 21.5 GPa

2. Ferromagnetism of iron under pressure to 21.5 GPa*

Computational, Madssbauer and synchrotron radiation experiments arrive at disparate
conclusions regarding the magnetic state of the high-pressure, hexagonal closed packed, phase of
iron, which likely comprises the bulk composition of Earth’s inner core. Using a non-magnetic,
moissanite anvil cell together with a superconducting magnetometer, we measured the remanent
magnetization of iron in response to applied magnetic fields under pressure up to 21.5 GPa at room
temperature. Two independent experiments using different pressure transmission media reveal a
higher remanent magnetization at 21.5 GPa than at initial conditions, which could be attributed to a
distorted hexagonal closed packed phase grown during the martensitic transition. Upon both
compression and decompression, the remanent magnetization of the body centered cubic phase
increases several times over initial conditions while the coercivity of remanence remains mostly

invariant with pressure.

2.1 Introduction

Iron metal, together with limited contributions from nickel and light alloying elements, is
widely believed to be the chief core constituent of the terrestrial planets, as well as Earth’s moon and
Jupiter’s moon, Ganymede. It also comprises the dominant magnetic mineral in Moon rocks and in
several meteorite classes. Iron exists in a body centered cubic (bcc) state at ambient conditions and in
a hexagonal closed packed (hcp) state at room temperature above ~13 GPa (Takahashi and Bassett,
1964). Its phase in Earth’s inner core is debated. Several studies conclude that the hcp phase is the
best candidate (Brown and McQueen, 1986; Mao et al., 1990; Merkel et al., 2000; Takahashi and

! Part of the contents published as: Wei, Q., Gilder, S.A., 2013. Ferromagnetism of iron under
pressure to 21.5 GPa. Geophysical Research Letters 40, 5131-5136. doi:10.1002/grl.51004, 2013.
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2 Ferromagnetism of iron under pressure to 21.5 GPa

Bassett, 1964), while others argue for a bce or double hexagonal closed packed phase (Boehler, 1993;
Dubrovinsky et al., 2000b). Experiments with iron alloyed with 4 and 10% nickel that attained
Earth’s inner core pressures (340-374 GPa) at both room temperature and 4700 K identified the
stable structure as hcp (Tateno et al., 2012).

Bcc Fe is ferromagnetic at ambient pressure with a Curie temperature of 780°C. Bezaeva et al.
(2010) studied the stress demagnetization effect on iron to 1.2 GPa, yet the piezoremanence of bcc
Fe is unknown. Such knowledge could be important, for example, for modeling lunar magnetic
anomalies or interpreting the magnetic signals in meteorites and lunar samples. The magnetic state of
hcp Fe is important to understand processes in Earth’s inner core, yet despite its importance for
geophysics, as well as for solid-state physics, the magnetic state of hcp Fe remains contentious.
Madossbauer spectroscopic investigations at room temperature find a broad transition between 9 and
20 GPa where the hyperfine splitting of bcc Fe decreases, supposedly as iron transforms
progressively from a ferromagnetic to a non-ferromagnetic state (Pipkorn et al., 1964; Taylor et al.,
1982). A sharp decrease in x-ray circular diachroism signal across the bcc-hcp transition corroborates
the Mdssbauer data (Baudelet et al., 2005). Density functional theory and full-potential calculations
for non-collinear systems, made at 0 K, predict antiferromagnetic ordering of hcp Fe (Ono et al.,
2010; Steinle-Neumann et al., 2004). X-ray emission spectroscopy shows a finite albeit progressively
decreasing magnetism in hcp Fe that persists until 30 GPa (Rueff et al., 2008). Iron particles
immersed in a fluid inside a diamond anvil cell were directly observed to move in response to an
applied field gradient at 17 GPa and 260°C (Gilder and Glen, 1998). It was concluded from these
experiments that hcp Fe is either ferromagnetic or paramagnetic with an extremely high
susceptibility (0.15 to 0.001 SI). Here we present two independent experiments that show the
magnetic saturation remanence of Fe increases systematically with pressure in the bcc realm and that

Fe possesses magnetic remanence within the hcp stability field.

2.2 Experimental Procedure and Results

One experiment used iron powder (Sigma-Aldrich, 97% pure, 325 mesh (44 um)) and the
other iron foil (Goodfellow, 99.5% pure) to compare with previous results that routinely use either
sample type (polycrystalline aggregate or foil). X-ray diffraction on the starting material of both

samples reveals only bcc Fe peaks with no measurable contribution from iron oxide (magnetite or
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2 Ferromagnetism of iron under pressure to 21.5 GPa

hematite) (Figure 2.1a). Hysteresis loops measured at room temperature and pressure with a Petersen
Instruments, variable field translation balance yield remanence ratios (remanent magnetization after
saturation (Mrs) / saturation magnetization (Ms)) of 0.06 for the powder and 0.006 for the foil;
coercivity ratios (coercivity of remanence (Bcr) / bulk coercivity (Bc)) are 17 for the foil and 5 for

the powder, indicating that both are in the multidomain state.
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Figure 2.1 X-ray and backfield curves for iron powder and iron foil under pressure. (a) X-ray
diffraction pattern of the iron powder and iron foil samples used in this study (0 GPa, 298 K)
collected using a Mo X-ray source (0.71069 nm wavelength) (intensity scale in arbitrary units [a.u.]).
(b and c) Backfield magnetization curves for iron powder with silica gel pressure medium. (d-f)
Backfield magnetization curves for iron foil with sodium chloride pressure medium. Figure 2.1f also
shows backfield magnetization curves of the empty cell measured at 0 and 17 GPa. Labels showed in
figures is in sequence of left to right.

These samples were loaded together with ruby spheres and pressure medium into a hole drilled in a

rhenium gasket contained by a moissanite-beryllium copper anvil cell. For pressure medium, the
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2 Ferromagnetism of iron under pressure to 21.5 GPa

powder was mixed with silica gel whereas two pieces of foil were sandwiched between layers of
sodium chloride. Initially, the foil was a square sheet of side = 25 mm and thickness = 0.25 mm,
which was presumably fabricated with a rolling machine, so some initial strain could be present.
Although less hydrostatic than other pressure media (methanol, etc.), silica gel is preferable because
we can load the iron into the cell while insuring no iron remains outside the chamber. Pressure was
measured before and after each experiment using ruby fluorescence spectroscopy with a Coherent,
Cube 405 nm laser and a Princeton Instruments (P1XIS) charged coupled device connected to a 150
mm, ARC SpectraPro spectrometer. Rubies placed near the center and edge of the sample chamber
helped monitor potential pressure gradients; differences reached 10% at 20 GPa. Below we report the

average, and not peak, pressures.

At successive pressure steps, we measured the stepwise acquisition of isothermal remanent
magnetization. A static field was directed perpendicular to the axis of the moissanite pistons with an
electromagnet whose pole pieces slide through the cell’s housing until they abut the pistons. First we
applied a magnetic field of 370 mT along the —y-axis direction of the cell. The cell was removed
from the electromagnet and then placed into the bore of a 2G Enterprises Inc., three-axis,
superconducting magnetometer to measure the full magnetic vector. This first data point is
considered as the starting point (0 mT) on a backfield acquisition diagram (Figure 2.1b to 2.1f). We
then stepwise increased the applied field intensity in the +y-axis direction until reaching 370 mT,
each time measuring the corresponding remanence with the magnetometer. Identical experiments
were carried out with the same cell and gasket void of iron. Figure 2.1b to 2.11f plot the magnetic
moment of the sample after subtracting the magnetization of the empty cell. Figure 2.1f also plots
two curves for the cell void of iron, one at ambient pressure and another at 17 GPa, to demonstrate
the precision that the cell’s contribution can be ascertained and subtracted. Two fundamental
magnetic parameters can be extracted from the backfield curves: the coercivity of remanence (Bcr),
defined as the magnetic field in mT required to null the remanent magnetization, and the saturation
isothermal remanent magnetization (SIRM, in units of Am?), which is defined here as the average

moment from the last three steps of the curve.
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Figure 2.2 SIRM and Bcr as function of pressure for iron powder and foil. (a) Saturation isothermal
remanent magnetization (SIRM) as a function of pressure. (b) Coercivity of remanence (Bcr) as a
function of pressure. (c) Normalized SIRM (by the initial value) of both the powder and foil samples
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2 Ferromagnetism of iron under pressure to 21.5 GPa

after accounting for changes in their shape anisotropy. Arrows show the pressure path; data from
Table 2.1.

The powder sample was progressively compressed to 21.5 GPa and then progressively
decompressed back to ambient conditions (Figure 2.1b and 2.1c). A more complicated pressure path
was used in the experiment with the iron foil. The sample was compressed to 7.4 GPa, decompressed
to 0.4 GPa, recompressed to 20.5 GPa, decompressed to 10.2 GPa, and then recompressed to 15.5
GPa where after the cell failed upon further compression (Figure 2.1d to 2.1f). One observes that the
iron acquires a magnetic remanence at all pressures in both experiments, with a general tendency that
iron becomes more magnetic (i.e., greater moment acquisition at a given field strength) with

increasing pressure.

Figure 2.2 plots SIRM and Bcr as a function of pressure for each experiment (Table 2.1).
Magnetization is mass dependent whereas coercivity is not; in our case, the samples’ masses are
unknown. Uncertainties on the magnetization data are greater at low pressures (initially) than at high
pressures because SIRM moments increase with pressure, being 6 times more magnetic for iron
powder and 13 times more magnetic for iron foil at 17-18 GPa than at initial conditions. Above 17
GPa for the powder and 19 GPa for the foil, SIRM moment decreases, although even at the highest
pressures achieved, SIRM moments remain significantly higher than those at starting conditions.
SIRM moments further increase upon decompression. Bcr of the iron powder varies little as a
function of pressure, slightly increasing from 11 to 12 mT between room pressure and 21 GPa. Bcr
upon decompression is fairly reversible, ending up 2 mT less (9 mT) upon full decompression than
before compression. The iron foil has a larger coercivity (45 mT) than the powder at starting
conditions. Stress decreases Bcr to similar values as the powder (10 mT) above 16 GPa (Figure 2.2b).
Bcer increases upon unloading from 17 to 10 GPa and then again upon further compression before the
cell failed.

2.3 Shape anisotropy of iron disks

Because of the uniaxial compression in moissanite anvil cell, the shape of the sample
chamber will change, the shape changing case for iron powder and foil experiments showed in

Figure 2.3. Changes in shape anisotropy in produces changes in magnetization though the
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2 Ferromagnetism of iron under pressure to 21.5 GPa

demagnetization factor (Dunlop and Ozdemir, 1997). In order to find out how the shape change
influenced the magnetization a experiment carried out on piled 1, 2, 3 and 10 iron disks (diameter
3mm) with height of 0.25 mm, 0.50 mm, 0.75 mm, and 2.5 mm respectively, dimension of one disk
has a diameter (d) of 3 mm and height (h) of 0.25 mm (h/d = 0.083). Coercivity of remanence (Bcr)
and ratio of remanent magnetization after saturation (Mrs) / saturation magnetization (Ms) for iron
foil disks measured with a Princeton Instruments vibrating sample magnetometer versus the angle
between the applied field and the plane of the disk (the two are parallel at 0° and orthogonal at -90°

and +90; absolute angular uncertainty is ~10°) (Figure 2.4). Measured data is showed in Table 2.2,

Shape changing

in iron powder

experiment: ) )
microscopic

top view

image

d, o (b)
Shape changing 0000060
assumed for h, |92999E _ : — I
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: d
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iron foil A /
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Figure 2.3 Shape changes under uniaxial compression in moissanite anvil cell. (a) shape change
viewed form microscope for iron powder experiment. (b) Assumed shape change for the iron power

experiment. (c) Assumed shape change for the iron foil experiment. For, hy and d, represent height
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2 Ferromagnetism of iron under pressure to 21.5 GPa

and diameter of sample chamber at initial; and h, and d, represent height and diameter of sample

chamber at high pressure in moissanite anvil cell.
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Figure 2.4 Vibrating sample magnetometer measurements of iron disks. Top view sketch, of a

Princeton Instruments vibrating sample magnetometer (VSM), arrow represents the magnetic field.

The coercivity of remanence (Bcr) and ratio of remanent magnetization after saturation (Mrs)

/ saturation magnetization (Ms) versus the angle between the applied field and the plane of the disk
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2 Ferromagnetism of iron under pressure to 21.5 GPa

showed in Figure 2.4. The results is consistent with theoretical calculations of demagnetization

factors for oblate spheroids (Dunlop and Ozdemir, 1977).

Remanent magnetization after saturation (Mrs) versus coercivity of remanence (Bcr) for
h/d=0.167 and 0.250, data in Table 2.2, fitted in power function of Mrs = 4.6729*Bcr#% (Figure
2.6a), and ratio of remanent magnetization after saturation (Mrs) / saturation magnetization (Ms) for
iron foil disks versus h/d at at 0° (Figure 2.5b) fitted in power function of Mrs/Ms = 8.3628x10
*(h/d) %" (Figure 2.6b). The two power function were used as Seor and Bcreor in Table 2.1,
corresponding shape anisotropy correction in ablation for iron powder and foil and angle changing

for iron foil.
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Figure 2.5 Bcr and Mrs/Ms of iron disks for VSM measurement. (a) Coercivity of remanence (Bcr)
and (b) ratio of remanent magnetization after saturation (Mrs) / saturation magnetization (Ms) for
iron foil disks measured with a Princeton Instruments vibrating sample magnetometer versus the
angle between the applied field and the plane of the disk (the two are parallel at 0° and orthogonal at
-90° and +90; absolute angular uncertainty is ~10°). The dimension of one disk has a diameter (d) of
3 mm and height (h) of 0.25 mm (h/d = 0.083). Cylinders have spherical (negligible) shape
anisotropy when 0.9 > h/d > 0.8 (Collinson, 1983). Mrs/Ms data were normalized by a fit of the h/d =

0.833 data to remove non-saturation effects at higher angles; maximum field = 800 mT.
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Figure 2.6 Magnetic parameters versus shape for iron disks. (a) ratio of remanent magnetization
after saturation (Mrs) / saturation magnetization (Ms) for iron foil disks versus h/d fitted in power
function of Mrs/Ms = 8.3628x10*(h/d)*®®*°. (b) Remanent magnetization after saturation (Mrs)
versus coercivity of remanence (Bcr) for h/d=0.167 and 0.250, fitted in power function of Mrs =
4.6729*Bcr %% Data in Table 2.2.

2.4 Discussion

The experimental results demonstrate the presence of a ferromagnetic material until the
highest pressures achieved (21.5 GPa). An experimental artifact can be dismissed as the
magnetization of the empty cell is <5% than that of the cell with iron at high pressure; moreover,
significantly different pressure-dependent magnetic behaviors were observed for titanomagnetite and
pyrrhotite using the same cell (Gilder and Le Goff, 2008; Gilder et al., 2011). On the other hand,
changes in the shape anisotropy of the sample can partially account for the pressure dependency of
the magnetic parameters. The initial dimensions of the sample chamber for the powder are diameter
(d) ~248 pum and height (h) ~150 um (h/d =0.6), which already deviates from spherical (null) shape
anisotropy. As pressure increases above ca. 5 GPa, h/d decreases, resulting in higher degrees of
oblateness and thus lower demagnetization factors in the long axis direction. By 13 GPa, the sample

chamber for the powder has a diameter of ~320 um and height of ~90 um (h/d = 0.28); h/d remains
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2 Ferromagnetism of iron under pressure to 21.5 GPa

fairly constant above 13 GPa until 19.2 GPa (Table 2.1). Because the applied field direction lies
along the long axis of the sample, increasing the maximum to minimum axis ratio would result in a
slight decrease in Bcr and a roughly two-fold increase in SIRM (Figure 2.5b), consistent with
theoretical calculations of demagnetization factors for oblate spheroids (Dunlop and Ozdemir, 1977).
We can correct for the change in demagnetization factor by normalizing the SIRM values for the
change in shape (Scorr) directly from the data in Table 2.2 (Figure 2.5b) by fitting a power function to
h/d versus SIRM at 0°, which yields Scor= 8.3628x10*(h/d)®®®*° (Table 2.1, Figure 2.6a). We
assume the cell geometry changes insignificantly from 0 to 5 GPa and above 13 GPa, and remains

the same upon decompression according to the highest pressure previously achieved.

Initially, the foil has roughly two times higher (45 mT) coercivity than expected for a sphere.
This is likely due to the initial shape of the foil sample and how it was positioned inside the cell
relative to the applied field direction, which would lead to SIRM values at low pressures that are
actually underestimated (Figure 2.5). During loading, the foil sample would be flattened out,
becoming more like an oblate spheroid with its long axis parallel to the field direction like in the case
with the powder. The resulting change in sample geometry with increasing pressure would lower Bcr
and increase SIRM above that due solely to an increase in oblateness following a trend from high to
low angles in Figure 2.5, also explaining why the relative increase in SIRM moment of the foil is
greater than that of the powder and why Bcr values between foil and powder become comparable at
higher pressures. We did not measure the sample chamber geometry in the foil experiment, but the
gasket was prepared in the same way, so we assume the same change in geometry following the
powder experiment and apply the same correction factor (Scorr) to the SIRM data accordingly (Table
2.1). To make the additional correction, we fit a power function relating Bcr to Mrs in Table 2.2
(Figure 2.5a) for h/d of 0.17 and 0.25 where SIRM= 4.6729*Bcr®%? (Figure 2.6b). We then
calculate the SIRM normalization factor from the experimental Bcr data by assuming Bcr of the foil
should be constant with pressure as in the powder experiment (Bcrqor in Table 2.1). Figure 2.2c
shows the change in SIRM relative to the initial (0 GPa) value following the correction procedure.
The curves now match relatively well; the peak in SIRM moments are shifted to lower pressures, yet
SIRM moments remain significantly above starting values well into the hcp Fe stability region.

Can the remanence exhibited in the hcp stability field be due to unconverted bcc Fe? SIRM
and Bcr will also vary as a function of pressure among experiments depending on the pressure

gradient (degree of non-hydrostaticity) in the cell since the gradient will determine the relative
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2 Ferromagnetism of iron under pressure to 21.5 GPa

proportion of the two phases. In a study of the bcc-hcp transition pressure, (Patrick, 1954) found
significant hysteresis depending on the shear strength of the pressure medium. Their room
temperature experiments on iron with NaCl pressure medium, like in our foil experiments, identified
the starting pressure for the transition at 12.4+0.3 GPa, with complete transformation to hcp at
17.8+0.8 GPa. Although they did not perform an experiment with silica gel, silica gel should behave
more hydrostatic than NaCl (Klotz et al., 2009), implying that the starting and completion transition
pressures should be lower than those for NaCl. Moreover, we report mean and not peak pressures, so

one should add ~5% to our pressures when comparing with other studies.

If one assumes that hcp Fe is non-magnetic, then as the volume of bcc Fe decreases with
increasing pressure, the magnetization of bcc Fe must increase proportionally to explain our results.
Assuming that Ms stays constant as a function of pressure for bcc Fe, then the maximum possible
increase in SIRM, which is equivalent to the saturation remanent magnetization (Mrs), is 16 and 167
times for the powder and foil, respectively, since the remanence ratio (Mrs/Ms) cannot exceed 1. At
19.2 GPa for the powder and 20.5 GPa for the foil, SIRM increases 5 and 13 times initial conditions
(non-corrected), respectively, implying that the cell could contain up to 32% and 8% unconverted
bcc Fe and 18% and 1% according to the corrected values. However, because coercivity remains
constant, a remanence ratio of one is a gross overestimate as the Fe must be well below the single
domain threshold. Given a remanence ratio of 0.3 (still unrealistically high), the required proportion

of bce Fe in the cell triples these estimates, which seems implausible, especially for the powder.

That the SIRM moments begin decreasing around the transition pressure into the hcp Fe
stability field (Figure 2.2c) is consistent with the X-ray emission spectroscopy results (Rueff et al.,
2008). They show magnetization persists above the structural bce-hep transition, yet diminishes with
increasing pressure, with measurable signal until 30 GPa. Ultra-fast x-ray emission spectroscopy
detects remanent magnetization up to 40 GPa (Monza et al., 2011). Thus, together with our results, it
appears possible hcp Fe could be ferromagnetic initially (intermediate hcp Fe), and then become
non-ferromagnetic as pressure increases (Figure 2.7). However, x-ray emission, as well as x-ray
absorption (Mathon et al., 2004), data show a marked discontinuity across the transition boundary
whereas our new findings do not, which raises the question on the role of hydrostaticity and
hysteresis across the transition. Pressure gradients would make the transition appear more diffuse

when averaged over the bulk sample. The experiments of Gilder and Glen (1998) were done under
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perfectly hydrostatic conditions—motion of iron in response to an external magnet to 18.4 GPa

would then unlikely be due to bcc Fe.
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Figure 2.7 Simple demonstration of the phase and magnetic transition of iron under pressure in our

experiments.

Alternatively, energy dispersive x-ray diffraction (Bassett and Huang, 1987) and x-ray
absorption fine structure (Wang and Ingalls, 1998) experiments find that the bcc and hcp lattice
constants behave anomalously in the hysteretic part of the martensitic transition (a diffusionless,
structural transition produced by internal shear); the hcp phase is structurally distorted with an
anomalously large c/a ratio. One way to reconcile the results would be if this intermediate hcp phase
is ferromagnetic while the non-distorted hcp phase is not. An intermediate hcp phase would also

explain why the magnetization decreases in our experiments during decompression from ca. 8 GPa.

A few explanations can resolve the inconsistency with Massbauer spectrometry of iron under
pressure. In the presence of type-Il antiferromagnetic coupling (Steinle-Neumann et al., 2004), the
hyperfine field would be significantly reduced in hcp Fe (Rueff et al., 2008). Increased shape
anisotropy (this study) together with rotation of the magnetization perpendicular to the maximum
stress direction, and thus perpendicular to the incident gamma ray, will additionally modify the
absorption spectra (Gilder and Le Goff, 2008). Pressure also creates a preferred alignment of the
crystallographic axes of hcp Fe, with c-axes oriented orthogonal to the compression axis (Merkel et
al., 2004).
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2 Ferromagnetism of iron under pressure to 21.5 GPa

2.5 Conclusions

Our experiments show that saturation isothermal remanent magnetization (SIRM) of iron
powder and foil is enhanced 3-4 fold during compression, and enhanced even higher, about 7 fold,

during decompression. Coercivity of remanence (Bcr) of iron is relatively constant with pressure.

Iron is still ferromagnetic up to 21.5 GPa, into the stability region of hcp phase, assumption
of non-magnetic hcp Fe is impossible. It is possible that hcp Fe could be ferromagnetic initially, and

then become non-ferromagnetic as pressure increases.
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2 Ferromagnetism of iron under pressure to 21.5 GPa

Table 2.1 Magnetic data for iron under pressure. P, average pressure; SIRM, saturation
isothermal remanent magnetization; Bcr, coercivity of remanence; Scor cOrrection made to the SIRM
data to account for the change in demagnetizing factor due to the increasing degree of oblateness.

Ave D, the average diameter of the sample chamber.

Iron powder
P(GPa) SIRM (x10° Am?  Ber (mT)  Seorx10®  SIRMpom  Ave D (um, SD)
0.0 25.5 10.8 1.15 1.0 248(17)
2.5 42.8 10.8 1.15 1.5 243(19)
4.5 52.6 10.5 1.15 1.8 248(24)
6.3 64.9 12.3 1.32 2.0 261(31)
8.3 88.0 11.3 1.53 2.6 286(41)
10.2 109.3 11.4 1.74 3.1 306(43)
12.4 130.8 11.3 1.96 35 319(40)
14.5 148.3 10.8 1.98 3.9 334(74)
16.9 155.4 11.0 1.98 4.1 319(55)
19.2 140.2 11.8 1.98 3.7 323(43)
21.5 92.6 12.4 1.98 2.4
18.2 93.4 12.1 1.98 2.4
15.5 116.7 12.5 1.98 3.1
13.0 179.9 11.1 1.98 4.7
11.5 240.1 11.0 1.98 6.3
8.7 281.6 11.7 1.98 7.4
8.7 282.2 11.2 1.98 7.4
75 275.8 10.9 1.98 7.2
4.9 267.8 10.6 1.98 7.0
1.9 232.9 9.8 1.98 6.1
0.0 179.7 8.6 1.98 4.7

To be continued
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2 Ferromagnetism of iron under pressure to 21.5 GPa

Continuing
Iron foil
P (GPa) SIRM (x10° Am?)  Ber (mT) Scorr BCreor  SIRMnom
0.9 11.8 45.3 1.15 0.17 1.0
4.3 17.7 41.2 1.15 0.19 1.2
7.4 42.3 36.5 1.43 0.21 2.3
7.1 36.4 315 1.43 0.24 1.7
4.5 31.8 26.5 1.43 0.28 1.4
0.4 27.0 27.7 1.43 0.27 1.4
4.8 36.7 35.1 1.43 0.22 2.1
1.7 47.6 35.1 1.47 0.22 2.5
10.0 74.1 28.2 1.72 0.26 2.9
12.1 105.8 23.6 1.94 0.31 3.3
13.9 142.5 18.1 1.98 0.39 3.3
16.5 158.4 13.6 1.98 0.49 2.8
18.9 159.9 12.0 1.98 0.55 25
20.5 158.8 10.7 1.98 0.61 2.2
20.0 157.6 10.1 1.98 0.64 2.1
18.9 152.5 9.7 1.98 0.66 1.9
17.2 155.2 9.5 1.98 0.67 1.9
15.6 160.4 9.8 1.98 0.65 2.0
12.6 189.2 11.6 1.98 0.56 2.8
10.2 235.8 20.0 1.98 0.35 6.1
12.4 242.9 20.2 1.98 0.35 6.3
15.5 253.6 22.0 1.98 0.33 7.2

Note: Ave D, the average diameter measured with a Leica DFC295 camera mounted on a Leica
MZ12.5 stereomicroscope. Four length measurements, two along the maximum and minimum axes
from the front and back sides of the cell, were made at each pressure. Standard deviations are in
parentheses. Bcreor, Ber correction made to the SIRM data for the foil assuming Bcr should be
invariant with pressure following the empirical fit of the data in Figure 2.5 for h/d of 0.17 and 0.25--
BCreor = 4.6729*Bcr(P) %%, SIRMporm is the SIRM normalized by the initial value after accounting
for Scorr and Bcreor; €.9., (SIRMp=n/(Scorr*BCreorr))/(SIRMp=i/ (Scor*BCreorr)).  BcCreor is 1 for the
powder at all pressures.
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2 Ferromagnetism of iron under pressure to 21.5 GPa

Table 2.2 Magnetic data for iron disks measured with VSM. Angle, degree between the applied
field and the plane of the disk; Bcr, coercivity of remanence; Mrs/Ms, ratio of remanent
magnetization after saturation (Mrs) / saturation magnetization (Ms); Mrs, remanent magnetization
after saturation, in units of emu/g. Dimension of one disk has a diameter (d) of 3 mm and height (h)

of 0.25 mm (h/d = 0.083), measurement carried out on piled 1, 2, 3 and 10 iron disks.

Angle Bcr Mrs/Ms  Mrs  Ber Mrs/Ms  Mrs  Ber Mrs/Ms  Mrs  Ber Mrs/Ms  Mrs
(°)  (mT) (*10%) (emu/g) (MT) (*10*) (emu/g) (MT) (*10*) (emu/g) (MT) (*10™) (emu/g)
h/d=0.083 h/d=0.167 h/d=0.250 h/d=0.833

-100 51.2 94 019 1502 65 019 333 7.7 019 195 96 0.31
90 831 55 014 659 59 014 376 44 013 199 9.0 0.31
-80 438 5.1 016 549 6.1 016 26.0 49 0.17 195 9.0 0.31
-70 235 8.0 016 287 54 0.16 234 83 029 190 88 0.30
60 184 117 026 292 89 026 216 94 031 184 9.0 0.29
-50 150 188 034 224 115 034 191 113 035 184 93 0.28
-40 130 240 042 195 148 042 161 126 036 188 96 0.27
-30 101 310 046 168 180 046 172 159 042 187 99 0.25
20 9.0 347 049 147 210 049 169 178 041 193 98 0.22
-10 81 395 050 138 235 050 166 203 043 185 95 0.19
0 81 427 052 132 254 052 175 221 044 190 89 0.17
10 86 429 052 139 261 052 186 196 038 185 84 0.16
20 87 407 050 148 245 050 190 199 039 189 86 0.17
30 96 363 046 158 214 046 214 168 035 183 8.0 0.17
40 110 295 042 176 177 042 244 144 033 182 97 0.24
50 12.6 243 038 202 148 038 264 112  0.27

60 165 182 030 225 110 030 304 97 024 204 938 0.30
70 251 138 024 328 84 024 359 89 0.22

80 499 92 017 450 65 017 429 81 021 207 94 0.33
90 88.1 56 014 632 59 014 392 75 0.23

100 632 7.4 017 575 6.2 0.17 201 9.0 0.33
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3. Pressure dependence on the remanent magnetization

of Fe-Ni alloys and Ni metal?

We measured the acquisition of magnetic remanence of iron-nickel alloys (FessNiss, FesgNiaz,
and FesoNisg) and pure Ni under pressures up to 23 GPa at room temperature. Magnetization
decreases markedly for FegNiss between 5 and 7 GPa yet remains ferromagnetic until at least 16
GPa. Magnetization rises by a factor of 2 - 3 for the other phases during compression to the highest
applied pressures. Immediately upon decompression, magnetic remanence increases for all Fe-Ni
compositions while magnetic coercivity remains fairly constant at relatively low values (5 - 20 mT).
The amount of magnetization gained upon complete decompression correlates with the maximum
pressure experienced by the sample. Martensitic effects best explain the increase in remanence rather
than grain-size reduction, as the creation of single domain sized grains would raise the coercivity.
The magnetic remanence of low Ni invar alloys increases faster with pressure than for other body
centered cubic compositions due to the higher magnetostriction of the low Ni invar metals. Thermal
demagnetization spectra of FegsNiss measured after pressure cycling broaden as a function of peak
pressure, with a systematic decrease in Curie temperature. Irreversible strain accumulation from the
martensitic transition also likely explains the widening of the Curie temperature spectra, consistent

with our X-ray diffraction analyses.

3.1 Introduction

After iron, metallic nickel comprises the second major constituent in the cores of terrestrial

planets, as well as Earth’s moon and Jupiter’s moon Ganymede (Anderson, 1989; Bottke et al., 2006;

?Part of the content published as: Wei, Q., Gilder, S.A., Maier, B., 2014. Pressure dependence on the
remanent magnetization of Fe-Ni alloys and Ni metal. Physical Review B 90, 144425.
doi:10.1103/PhysRevB.90.144425, 2014.
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3 Pressure dependence on the remanent magnetization of Fe-Ni alloys and Ni metal

Ringwood, 1966). Nickel concentrations vary from 5 to 60% in iron meteorites, which once formed
the cores of differentiated proto-planets (Albertsen et al., 1983; Goldstein et al., 2009). As
summarized by Reuter et al. (1989) and Goldstein et al. (2009), the phase diagram of Fe-Ni alloys at
Earth-like ambient conditions depends largely on the cooling rate and the concentration of lighter
elements (P, C, etc.). Iron-nickel metals with Ni concentrations lower than ~12% by weight have a
body-centered cubic (bcc) structure while those above 51% Ni have face-centered cubic (fcc)
structures. Phases in between 5-12% Ni and 51% Ni are metastable; they form in a miscibility gap
with mixed bcc and fcc phases, although single bcc or fce phases can be stabilized in the gap region
when rapidly quenched. Compositions around FegsNiss (fcc), called invar, exhibit near-null thermal

expansion, making them useful for technological applications.
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Figure 3.1 The thermal expansion coefficient of Fe-Ni alloys. (Based on image from
http://de.academic.ru/pictures/dewiki/73/Invar-Graph-CTE-composition.png).

The magnetic moments of the Fe-Ni alloys systematically decrease from ca. 2.2 Bohr
magnetons for pure Fe to ~0.6 in pure Ni, with a deflection at the invar compositions (Crangle and
Hallam, 1963; Glaubitz et al., 2011). Magnetic susceptibility mimics this trend (Figure 3.2a). Curie
temperatures of the bcc phases decrease from 770°C for pure Fe to 740°C for ~Feg,Niyp then drop
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steeply above ca. 10% Ni (Figure 3.2b). Curie temperatures of the fcc phases are below room
temperature for invar compositions with <30% Ni, then increase until attaining a maximum of
~570°C at FesoNizo, and then drop to ~370°C at Niygo (Figure 3.2b) (Asano, 1969; Dubovka, 1974).
Magnetocrystalline anisotropy and magnetostriction attain maxima at around 40% Ni in the fcc
alloys (Bozorth and Walker, 1953).

Models explaining the invar effect (Figure 3.1) evoke magnetovolume effects (volume
dependence on exchange interaction) that compensate for thermal expansion (Hausch, 1973; van
Schilfgaarde et al., 1999; Weiss, 1963). Such models bear on the magnetic behavior of invar under
pressure, as evinced by several experiments—most notably on the Curie temperature. Indeed,
changes in Curie temperature with pressure goes from sharply negative at the low Ni invar
compositions (-35 K/GPa for FegsNiszs) to negative yet lower slopes as Ni increases (-29 and -21
K/GPa for FesgNis, and FesoNis); the slope becomes positive for fcc compositions above ca. 65% Ni
and is 4 K/GPa for Niyo (Hausch, 1973; Kouvel and Wilson, 1961; Leger et al., 1972b; Patrick,
1954). Mdssbauer spectroscopy measured at 4.2 K on FeggsNisps and FegsNiss show that hyperfine
field distributions break down under pressure until collapsing by 5.8 GPa and 7 GPa, respectively
(Abd-Elmeguid et al., 1988). X-ray emission spectroscopy of FegNiss under pressure at ambient
temperature reveals that the amplitude of the Fe local magnetic moment changes in a two-step
manner, once at 5 GPa and another at 15 GPa, above which any trace of ferromagnetic character was
lost (Rueff et al., 2001). Orbital magnetic moments measured with X-ray magnetic circular
dichroism (XMCD) under pressure on FegsNiss decrease by 50% around 3-4 GPa then remain at that
level until 10 GPa (Nataf et al., 2009). Using the extended X-ray absorption fine structure technique
on FegsNiss, Matsumoto et al. (2011) found that the magnetic dichroic amplitude is highly suppressed
by 6 GPa and disappears around 7 GPa. Matsumoto et al. (2011) ascribed the discrepancy with the
results of Nataf et al. (2009) due to the martensitic nature of the transition.

In this paper, we document magnetic remanence measurements made under compression and
decompression on FegsNiszs, FesgNiso, FesoNiso and Nigge powders up to maximum pressures of 23.0
GPa. Because magnetovolume effects are greatest at invar compositions around FegsNiszs, we
anticipated finding magnetic remanence near that composition to be more pressure-sensitive than the
rest. We also sought to confirm the negative slope in the Curie temperature by testing whether

magnetization was lost at prescribed pressures. For example, FegsNizs has a Curie temperature of
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3 Pressure dependence on the remanent magnetization of Fe-Ni alloys and Ni metal

208°C at ambient pressure. Given that its Curie temperature decreases by 35 K/GPa, one would

predict a complete loss in magnetization at about 5.2 GPa at room temperature.

3.2 Experimental Procedure and Results

Our experiments used polycrystalline samples of FegsNiss, FesgNisp, FesoNisg and Niggo
(Goodfellow, purity >99.5%, max particle size 45 um). Magnetic hysteresis loops measured on all
samples with a Petersen Instruments, variable field translation balance at ambient conditions yield
remanence ratios (remanent magnetization after saturation (Mrs) / saturation magnetization (Ms))
<0.1 and coercivity ratios (coercivity of remanence (Bcr) / bulk coercivity (Bc)) >7, characteristic of
multidomain material. Curie temperatures measured with the same balance in a 30 mT field, and
defined by the second derivative of the data, are 208°C, 343°C, 516°C and 358°C for FegsNiss,
FesgNig, FesoNisp and Niggg, respectively (Figure 3.2c and Figure 4.1). The decrease in
magnetization occurs over several 10s of degrees for FegsNiss and FesgNis, (Figure 3.2c), which
could indicate non-stoichiometry, yet their Curie temperatures are consistent with published values at
the average compositions (Figure 3.2b) (Chuang et al., 1986; Crangle and Hallam, 1963; Dubovka,
1974; Swartzendruber et al., 1991). The other phases show sharper drops in moment with increasing
temperature near the Curie temperature. Magnetic susceptibility (Bartington MS2) of the samples
diluted in silica gel (~15% weight percent metal) decrease linearly from pure Fe (50x10®° m*/kg) to

pure Ni (31x10”° m%/kg) with a deflection at FegsNiss (Figure 3.2a), following the trend

in magnetic moment of the Fe-Ni alloys (Li et al., 1997; Swartzendruber et al., 1991). Powder
x-ray diffraction using an x-ray source wavelength of 0.709 A (Mo ko) identifies solely fcc
structures in all samples with no evidence for bcc or oxide phases (Figure 3.2d).

In each experiment, polycrystalline material was loaded together with ruby spheres and silica
gel into a cylindrical chamber drilled in a work-hardened gasket that was contained within a pressure
cell consisting of Be-Cu metal and moissanite anvils. Three independent experiments were made for
FessNiss-- two of them using 700 um diameter culets with beryllium-copper gaskets (chamber size =
diameter 390 um, height 250 um) and the third using 400 um diameter culets with a rhenium gasket
whose initial chamber dimensions were diameter 250 pum and height 175 pum. Experiments on

FesgNigz, FesoNisg and two on Niggo (Ni-1 and Ni-2) used 400 um culet diameter moissanite anvils
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Figure 3.2 Magnetic and physical properties of the iron-nickel alloys. (a) Magnetic susceptibility;
(b) Curie temperature trends for bcc, a-Fes.x Nix (red curve- Chuang et al. (1986)) and fcc, y-Fe;.x Nix
(blue curve-Crangle and Hallam (1963)). Black squares represent the data from our samples derived
from the second derivative of the curves in Figure 3.2c; (c) Magnetization normalized to the initial
(room temperature) value versus temperature for the four Fe-Ni metals used in this study; (d) X-ray

powder diffraction using a Mo-Ka; source (wavelength 0.709 A) (top 3 spectra measured with a Stoe
diffractometer; bottom two with an Agilent-Oxford Gemini A-Ultra diffractometer).
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with rhenium gaskets containing cylindrical chambers of diameter 200 um and height 160-180 pm.
In each experiment, polycrystalline material was loaded together with ruby spheres and silica gel into
a cylindrical chamber drilled in a work-hardened gasket that was contained within a pressure cell
consisting of Be-Cu metal and moissanite anvils. Three independent experiments were made for
FegsNiss-- two of them using 700 um diameter culets with beryllium-copper gaskets (chamber size =
diameter 390 pum, height 250 um) and the third using 400 um diameter culets with a rhenium gasket
whose initial chamber dimensions were diameter 250 pm and height 175 pm. Experiments on
FesgNigo, FesoNisg and two on Niygo (Ni-1 and Ni-2) used 400 um culet diameter moissanite anvils
with rhenium gaskets containing cylindrical chambers of diameter 200 um and height 160-180 pm.
Although less hydrostatic than some pressure media (methanol, etc.), silica gel is preferable because
the sample can be loaded into the cell while insuring none rests outside the chamber. Pressure was
measured before and after each experiment using ruby fluorescence spectroscopy with a Coherent,
Cube 405 nm laser and a Princeton Instruments (P1XIS) charged coupled device connected to a 150
mm, ARC SpectraPro spectrometer. Rubies placed near the center and edge of the sample chamber
helped monitor potential pressure gradients. Discussion below reports the average, not peak,

pressures.

For each experiment at successive pressure steps, we measured the stepwise acquisition of
isothermal remanent magnetization (Figure 3.3). A static field was directed perpendicular to the axis
of the moissanite pistons with an electromagnet whose pole pieces slide through the cell’s housing
until they abut the pistons. First we applied a magnetic field of 370 mT along the -y axis direction.
The cell was removed from the electromagnet and then placed into the bore of a 2G Enterprises Inc.,
three-axis, superconducting magnetometer to measure the full magnetic vector. This first data point
is considered as a starting point (0 mT). We then stepwise increased the applied field intensity in the
+y axis direction until reaching 370 mT, each time measuring the corresponding remanence with the
magnetometer. The same type of experiment is made before loading the sample into the gasket in
order to measure the contribution from the empty cell. These data are subtracted from the back-field
curves measured with the loaded cell (Figure 3.3). Once completed, the pressure is raised or lowered
and then the process is repeated on the same sample. Two magnetic parameters can be extracted
from the backfield curves: the coercivity of remanence (Bcr), defined as the magnetic field in mT
required to null the remanent magnetization, and the saturation isothermal remanent magnetization

(SIRM, in units of Am?), which is defined here as the average moment from the last three steps of
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the backfield curves. This definition assumes the sample becomes fully saturated by the last three

steps, consistent with the data. The goal is to see how Bcr and SIRM change as a function of pressure.

In the first experiment on FegNiszgs, pressure was progressively raised to 7.5 GPa and then
progressively decompressed to ambient conditions. In the second experiment, we again progressively
compressed to 7.2 GPa, whereafter the pressure was lost and the experiment was aborted (no
decompression path). In the third experiment, we stepwise compressed the sample to 16.3 GPa and
then stepwise decompressed to ambient conditions. FesgNis, and FesoNisg were progressively
compressed to 20.3 and 23.0 GPa respectively and then progressively decompressed back to ambient
conditions. For Niygo, the two experiments reached maximum pressures of 11.0 GPa and 17.2 GPa
(Ni-1 and Ni-2) that were progressively decompressed to ambient conditions. A secondary pressure
cycle between 17.2 and 13.2 GPa was made for Ni-2.

Figure 3.4 plots the relative change in SIRM (SIRMuorm in Table 3.1) and the absolute change
in Ber as function of pressure at room temperature. Magnetization is mass dependent whereas
coercivity is not. Because the samples’ masses are unknown in our experiments, relative values are
used for SIRM in order to compare the results. The SIRM data require a shape correction because
sample geometry influences magnetization intensity depending on the degree of oblateness and the
direction of the applied field relative to the plane of the oblate spheroid (Wei and Gilder, 2013). For
this reason we measured the horizontal cell dimensions (front and back sides) at each pressure step
with a Leica MZ12.5 microscope fitted with a DSC295 digital camera (1 pm resolution) (Table 3.1).

The initial height to diameter ratio (h/d) of the sample chambers ranged from 0.5-0.9. Those
<0.8 already deviate from spherical isotropy. Higher pressures decrease h/d, resulting in higher
degrees of oblateness and lower demagnetization factors in the long axis direction. Because the
applied field direction lies along the long axis of the sample, increasing the maximum to minimum
axis ratio will have the apparent effect of decreasing Bcr while increasing SIRM (Dunlop and
Ozdemir, 1997). We can correct for the change in demagnetization factor by normalizing the SIRM
values for the change in shape (Scorr) Via a power function Scor= 8.36x10*(h/d)*®® (Wei and Gilder,
2013). In other words, if h/d is flattened from 0.8 to 0.3, a sample will have 1.9 times greater SIRM
and 20% lower Bcr in the long axis plane. Sample geometry changes insignificantly during
decompression with respect to that obtained at the highest pressure, so changes in magnetization

observed along the decompression path can be directly compared with respect to the highest pressure
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step. The shape contribution was accounted for in all SIRM data in Figure 3.4. Those data are used in

the subsequent discussion.
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Figure 3.3 Backfield magnetization curves for iron-nickel alloys and nickel. (a-c) Backfield
magnetization curves for three independent experiments on FegNiss powder. (d-g) Backfield
magnetization curves for FesgNisz, FesoNiso, Ni-1 and Ni-2 powder, respectively. Some pressure
steps are omitted to make the curves visible/distinguishable; all pressure steps are given in Table 3.1.
Labels showed in figures is in sequence of top to bottom.

42



3 Pressure dependence on the remanent magnetization of Fe-Ni alloys and Ni metal

=

10 10
= 9 . (@) =77 e (®) _ot = Ni-1 (©)
& - S8 | e =28 r i-2
= 8 2 & 8 Fe,Ni. & —=Ni-2
s/ -3 w7 @ 7
o= g k|
%6 %6 r g.\nﬁ [ \
E 5 ::; 5 - E 5
< 4 S 4 b N S 4 P
23 23| \R‘\x -~ 231 \\.
= ?g' - \\H = H.,“‘_‘H*—“'—‘E'—_._
=] - | R — _— L ~ —_—
E 2 é 2 P R S M‘ _’\_. é 2 e *;’_“_‘_:‘;65_
&1 1 1
||||||||| | T T N T S S T S 0 IIIJIJIIIIIIJIJIIIIJIJII25
(e) (H)
i +—Fe,Ni 30
Fe, Ni ) 120
[N g%
115
g
- t"’o
3 110
. 15 —=Ni-1
B 0 ~#-Ni-2 2nd axis 15
'_‘:"“—_::ha—-o—ﬁ__‘_:‘.ﬁ-“'
I T T T T T T N T T T T N T T T T S . N | 5 |||||||||I||||I||||I||||[J
0 5 10 15 20 25 0 5 10 15 20 25
Pressure (GPa) Pressure (GPa) Pressure (GPa)

Figure 3.4 SIRM and Bcr as function of pressure for iron-nickel alloys and nickel. (a-c)
Normalized saturation isothermal remanent magnetization (SIRM), and (d-f) coercivity of
remanence (Bcr) as function of pressure for FegsNiss, FesgNiso, FesoNisg, Ni-1 and Ni-2. SIRM was

normalized after shape correction. Arrows indicate the pressure path; data from Table 3.1.

The three experiments on FegsNiss show a high degree of reproducibility with a two to three
fold increase in SIRM by 5 GPa, whereafter SIRM decreases to near-initial (pre-compression) values
by 6-7 GPa. That SIRM decreases above ca. 5 GPa should be expected based on prior work
suggesting the Curie temperature decreases by 35 K/GPa. Experiment #3 that goes to the highest
pressure contains our most unexpected observations as the magnetization significantly increases
immediately upon decompression-- by 10.7 GPa, the magnetization is already two times greater than
the initial value. In all experiments with Feg:Niss, Ber decreases until 5 GPa whereafter it remains
fairly constant, including upon decompression. Because the applied magnetic field increments are 15,
20, 30, 40,... mT, uncertainties on the Bcr data depend on the magnetization intensity crossing the y
axis going from negative to positive values. We cannot achieve fields lower than 15 mT due to an

intrinsic, permanent remanence of the electromagnet.
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3 Pressure dependence on the remanent magnetization of Fe-Ni alloys and Ni metal

SIRM of FesgNig increases two fold until ~11 GPa, whereafter it slightly decreases upon
further compression. SIRM moments of FesoNisp and Nijgo increase fairly continuously with
pressure during compression; all phases exhibit significant increases in magnetization upon
decompression. Magnetization for FesgNis, and FesoNisp increases fairly linearly upon
decompression, becoming 4-5 times stronger than initially. In contrast SIRM of Ni increases abruptly
at the last decompression step. Typical of most magnetic phases, the amount of increase upon full
decompression relative to starting depends on the maximum pressure. Bcr for FesgNis, and FesoNisg
decreases with increasing pressure until plateauing; it stays low and fairly constant upon
decompression. Ber for Niyg increases until 10 GPa, followed by a continuous decrease. For the
invar compositions, up to 20% of the initial decrease in Bcr can be attributed to changes in shape,
which is not accounted for in Figure 3.4.

3.3 Discussion
3.3.1 Magnetization and Curie temperature

All three experiments on FegsNiss sShow a marked decrease in magnetization from 5 to 7 GPa,
which is consistent among most studies of similar composition regardless of technique used to
quantify magnetic effects under pressure (Abd-Elmeguid et al., 1988; Hausch, 1973; Leger et al.,
1972a; Matsumoto et al., 2011; Nataf et al., 2009; Rueff et al., 2001). That magnetization remains
finite well above 7 GPa matches the results of Rueff et al. (2001) and Nataf et al. (2009). Unlike
previous work, we also measured magnetization during decompression; the marked increase in
magnetization during the initial stages of decompression at 12.7 and 10.8 GPa appears to be a new
finding. The slight increase in SIRM during compression beginning at 13 GPa is likely significant

and should be further explored to higher pressures.
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Figure 3.5 Curie temperature and X-ray spectra of pressure cycled FegNiss. (@) Remanent
magnetization normalized to the initial (25°C) value versus temperature for FegNiszs at 0 GPa
(starting material) and discrete samples measured after decompression from the indicated peak
pressure. The inset shows the temperature after 50 and 95% loss in magnetization as a function of
pressure. (b) Comparison of the first and second peaks between the non-compressed (0 GPa) sample
with two that pressure cycled peak pressures of 6.8 GPa and 16.3 GPa- the one to 16.3 GPa was

measured after heating to 407°C; and that to 6.8 GPa was never heated.

What could cause the increase in magnetization during decompression? Using a high-energy
ball mill, (Gorria et al., 2009) mechanically stressed FegNiss powder for 30 hours. They found that
the strained invar had a 150 K higher Curie temperature (650 K) than the non-strained equivalent
(500 K). From neutron diffraction spectra, they found that the lattice parameter of the strained invar
slightly increased Fe-Fe interatomic distances. We therefore postulated that the pressure cycling in
our experiments likewise raised the Curie temperature, thereby accounting for our decompression
data. To test this, we pressurized several sub-samples of FegsNiss to different peak pressures (4.0, 7.1,
11.1 and 16.3 GPa) and measured their Curie temperatures after decompression (Figure 3.5a).
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3 Pressure dependence on the remanent magnetization of Fe-Ni alloys and Ni metal

Pressure cycling broadens the spectra. Seen at 50% decay in magnetization, the Curie temperature
obviously decreases with increasing pressure; whereas at 95% decay, Curie temperatures generally
rise. Defining the Curie temperature using the second derivative resembles the trend at 50% decay.

A comparison of X-ray diffraction patterns between the pressure-cycled (16.3 GPa) and non-
compressed samples reveals virtually identical peak positions yet are broader for the strained sample
(Figure 3.2d and 3.4b). This could be due to grain size reduction; however if this were the case, we
would expect coercivity (Bcr) to increase since reduced grain sizes should shift multidomain material
toward the single domain state. Another possibility is that martinsitic effects from strain accounts for
the X-ray peak broadening and the smearing out of the Curie temperatures (Figure 3.5a). Likely
strain-induced martensitic effects explain the enhanced magnetization during decompression around

10 to 13 GPa. In this way, the higher the maximum pressure, the greater the effect.

Curie temperatures change at a rate of -29 and -21 K/GPa for FesgNig, and FesoNisp, which
predicts a loss in magnetization at room temperature at ~11.0 and 23.4 GPa. For FesgNij,, we do
observe slightly diminished SIRMs above 10 GPa compared to those below 10 GPa during
compression, somewhat mimicking the curves for FegsNizs. We likely did not reach high enough
pressures to see a measurable decrease in SIRM for FesoNiso. We interpret the enhanced

magnetizations during decompression again to martensitic effects.

3.3.2 Magnetovolume effects on magnetic remanence

With some exception, pressure raises the remanent saturation magnetization of multidomain
Fe-Ni alloys and Ni, both upon compression and especially upon decompression (Figure 3.4), as it
does for titanomagnetite, pyrrhotite and pure iron (Gilder and Le Goff, 2008; Gilder et al., 2011; Wei
and Gilder, 2013). A marked difference between the magnetic behavior with high pressure for Fe-Ni
metals (ferromagnets) versus iron oxides or iron sulphides (ferrimagnets) is that coercivity decreases

or changes little in ferromagnets, yet, with few exceptions, markedly increases in ferrimagnets.
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Figure 3.6  Normalized saturation isothermal remanent magnetization (SIRM) versus Ni
concentration during compression to 5 GPa for Fe, Fe-Ni alloys, and Ni. Pure iron data from Wei and

Gilder (2013).

Stress can influence magnetization by raising the magnetic anisotropy energy (Eanis), where
Eanis = (3/2)7»50'cos26, with A being the net magnetostriction constant, ¢ the applied stress, and 6, the
angle between the magnetization vector of the grain relative to the applied stress direction (Kittel,
1949). From this equation one would predict that the magnetizations of materials possessing higher
magnetostriction coefficients will be more stress-sensitive. For example, in the iron-titanium oxide
solid solution series (titanomagnetite) (FesxTixO4, with x from O to 1), an abrupt rise in
magnetostriction occurs when x exceeds 0.2 (Syono, 1965), which coincides with pressure-induced
changes in magnetization (see Figure 12 in Gilder and Le Goff (2005)). Hence, one would also
predict that the magnetization of the invar phases that possess higher magnetostriction coefficients

than other Fe-Ni alloys will be more sensitive to an imposed stress. This is indeed what we observe
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(Figure 3.6)—an equivalent imposed stress has a greater relative effect on the magnetizations of

FesgNis, and FegsNisg than the other alloys.

3.4 Conclusions

Our experiments show that pressure generally enhances the remanent magnetization
intensities of Fe-Ni alloys and Ni at room temperature, whereas magnetic coercivity initially
decreases then remains constant at relatively low values (~ <20 mT). If the increase in remanent
magnetization were due to a decrease in magnetic grain size, going from multidomain to a more
single domain like state, then one would expect coercivity to increase—opposite to what we observe.
Increased magnetic interactions could decrease coercivity, but magnetic interactions would also
lower the slope in magnetization approaching saturation (Cisowski, 1981), which is likewise not
observed. The widening of the X-ray diffraction spectra can be explained either by a decrease in
grain size or by an increase in strain. Given the sum of our results, the latter should be preferred, thus
we conclude that the diffusionless, structural transition produced by internal shear (martensitic
transformation) in the metal best accounts for the changes in magnetic remanence for all Fe-Ni

metals.

Why the magnetic remanence significantly increases upon decompression in the third
experiment on FegNisg remains unknown, but it is also likely due to martensitic effects. Cycling to
sequentially higher pressures can test this. The implications are that the energy governing the process
that enhances the magnetization largely exceeds the effect causing the decrease around 6 GPa. Gorria
et al. (2009) interpreted the suppression due to an increase in Curie temperature. Our results
contradict this explanation although the strains imposed in our experiments are much more
hydrostatic than in Gorria et al. (2009). Further experiments exploring how non-hydrostatic stresses
influence the Curie temperature should bear interesting results. Future work should also ascertain the

pressure when the increase in magnetic remanence ceases for fcc phases with high Ni concentrations.
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Table 3.1 Magnetic data for iron-nickel alloys and pure nickel under pressure. Pae, average
pressure; Pmax, Maximum pressure; SIRM, saturation isothermal remanent magnetization; Bcr,

coercivity of remanence

Pave Pmax SIRM Ber Scorr
(GPa)  (GPa) (x10°Am?)  (mT)  x10° SIRMym h/d
F864Ni36-1
0.0 0.0 11.6 13.4 1.2 1.0 0.6
1.5 1.5 14.3 115 1.2 1.2 0.6
2.3 2.6 18.2 10.3 1.2 1.6 0.6
3.3 3.7 22.7 9.1 1.2 2.0 0.6
4.6 5.2 32.5 7.8 1.2 2.7 0.6
5.3 6.3 33.4 7.6 1.3 2.6 0.5
6.6 8.1 29.3 7.7 1.7 1.8 0.4
7.5 9.4 25.1 7.7 1.7 15 0.3
4.6 5.7 52.3 7.7 1.7 3.0 0.3
2.0 2.6 66.6 8.0 1.7 3.9 0.3
0.0 0.0 74.3 8.4 1.7 4.3 0.3
F864Ni36-2
0.0 0.0 10.4 11.8 1.1 1.0 0.7
2.5 2.8 21.4 9.3 1.3 1.8 0.5
4.8 5.9 32.9 6.9 1.7 2.1 0.3
7.2 9.2 19.2 6.4 1.7 1.1 0.3
Fee4Ni35-3
0.2 0.2 7.0 19.6 1.1 1.0 0.7
2.5 2.6 9.7 12.2 1.1 1.3 0.6
4.8 5.0 15.8 8.3 1.3 1.8 0.5
7.2 7.4 9.3 9.1 1.3 1.1 0.5
8.7 9.0 7.3 10.1 1.3 0.8 0.5
10.0 10.5 6.4 10.3 1.4 0.7 0.5
11.8 12.7 6.1 10.3 1.4 0.7 0.5
13.8 15.0 6.6 10.2 1.4 0.8 0.5
15.2 16.8 7.6 10.2 1.4 0.9 0.5
16.3 18.7 7.7 9.9 1.4 0.9 0.5
12.8 15.4 11.1 8.5 1.4 1.3 0.5
10.7 12.3 18.1 8.1 1.4 2.1 0.5
7.2 9.0 35.3 8.1 1.4 4.0 0.5
5.9 7.2 51.4 7.8 1.4 5.9 0.5
3.8 4.6 72.6 7.4 1.4 8.3 0.5
0.0 0.0 83.5 7.5 1.4 9.5 0.5

To be continued
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Continuing
Pave Pnax SIRM Ber Seorr
(GPa) (GPa)  (x10°Am?) (mT)  x10°  SIRMuum h/d
FessNiso
0.3 0.3 11.3 12.3 1.00 1.00 0.8
2.5 2.6 19.2 12.7 1.00 1.70 0.8
4.3 4.6 21.8 12.3 1.25 1.50 0.5
6.5 6.7 25.0 9.6 1.27 1.70 0.5
8.5 9.1 24.9 9.0 1.31 1.70 0.5
10.4 10.6 29.0 8.2 1.35 1.90 0.5
12.3 12.7 28.3 8.2 1.39 1.80 0.5
15.0 15.8 25.3 8.3 1.57 1.40 0.4
18.5 20.4 25.7 8.3 1.57 1.40 0.4
20.3 22.7 26.4 8.6 1.57 1.50 0.4
17.3 19.6 37.2 7.8 1.57 2.10 0.4
14.6 17.1 45.2 8.2 1.57 2.50 0.4
10.2 12.2 59.1 8.1 1.57 3.30 0.4
8.0 9.5 62.9 8.5 1.57 3.50 0.4
4.8 5.6 73.5 8.9 1.57 4.10 0.4
0.3 0.3 86.9 9.2 1.57 4.90 0.4
FesoNiso
0.1 0.1 8.1 26.9 0.93 1.00 0.9
2.8 2.9 10.8 24.4 0.95 1.30 0.8
5.0 5.2 12.1 21.4 0.97 1.40 0.8
75 7.6 14.0 17.3 0.99 1.60 0.8
9.2 9.3 15.8 13.7 1.03 1.80 0.7
11.3 11.4 17.5 11.8 1.06 1.90 0.7
13.3 13.5 18.5 11.4 1.09 1.90 0.7
16.0 16.5 19.5 9.1 1.12 2.00 0.6
18.9 19.6 19.5 7.1 1.12 2.00 0.6
21.3 22.2 22.1 6.5 1.12 2.30 0.6
23.0 24.0 23.8 5.3 1.12 2.40 0.6
21.2 22.7 24.7 6.0 1.12 2.50 0.6
19.8 21.2 25.2 6.6 1.12 2.60 0.6
16.9 17.9 29.0 6.5 1.12 3.00 0.6
11.1 12.3 33.5 7.4 1.12 3.40 0.6
10.2 114 37.8 7.8 1.12 3.90 0.6
8.4 9.3 39.0 7.9 1.12 4.00 0.6
5.2 6.1 455 7.6 1.12 4.70 0.6
0.4 0.4 45.1 8.1 1.12 4.60 0.6

To be continued
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Continuing
Pave Prnax SIRM Ber Scorr
(GPa)  (GPa) (x10°Am%)  (mT) x10%®  SIRMugm  h/d
Ni-1
0.2 0.2 20.0 13.3 0.91 1.0 0.9
2.9 3.1 27.1 18.2 0.91 1.4 0.9
7.1 75 33.4 19.1 1.14 1.3 0.6
10.0 10.6 41.3 20.3 1.31 1.4 0.5
11.0 13.2 42.9 18.8 1.35 1.5 0.5
5.9 6.6 59.3 12.0 1.02 2.7 0.7
4.1 4.6 70.4 11.8 1.02 3.2 0.7
0.0 0.0 122.0 9.4 1.02 5.5 0.7
Ni-2
0.2 0.2 9.8 26.3 0.90 1.0 0.8
4.0 4.1 13.0 30.2 0.90 1.3 0.8
6.2 6.2 14.3 30.0 1.00 1.4 0.8
9.3 9.6 18.5 31.4 1.10 1.7 0.7
10.3 10.7 21.7 26.4 1.30 1.7 0.5
11.8 12.5 23.8 25.6 1.40 1.6 0.4
13.4 14.5 25.7 23.8 1.70 1.5 0.3
15.2 16.9 29.9 23.7 1.70 1.6 0.3
17.2 19.6 335 23.3 1.90 1.7 0.3
15.3 17.7 37.1 21.4 1.90 1.8 0.3
13.2 15.6 42.0 21.0 1.90 2.1 0.3
15.8 18.0 38.0 22.4 1.90 1.9 0.3
17.2 19.7 39.8 22.5 2.00 1.9 0.3
15.1 17.9 47.3 20.4 2.00 2.3 0.3
12.6 15.3 50.2 18.8 2.00 2.4 0.3
9.7 12.0 53.6 17.8 2.00 2.5 0.3
6.6 8.3 53.8 17.9 2.00 2.5 0.3
4.2 4.8 63.0 18.4 2.00 3.0 0.3
0.1 0.1 158.3 14.1 2.00 7.4 0.3

Abbreviations are: Paye, average pressure; Pmax, maximum pressure; SIRM, saturation isothermal
remanent magnetization; Bcr, coercivity of remanence; Scor, cOrrection made to the SIRM data to
account for the change in demagnetizing factor due to the increasing degree of oblateness. SIRMyorm
is the SIRM normalized by the initial value after accounting for Scon, e€.0.,
(SIRMp=n/Scor)/ (SIRMy=i/Scorr). h/d, height to average diameter ratio of sample chamber.
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4. Magnetism of body-centered cubic Fe-Ni and Fe-Si

alloys under high pressure®

We measured the acquisition of magnetic remanence of body-centered cubic Fe-Ni alloys
(Feg2Niog, FegzNiy3, and FegsNisg) and Fe-Si alloys (Feo;Sigg, and FegsSii7) under pressures up to 24.1
GPa at room temperature. Magnetization of Feg,Nigs, FesyNii3, and FegsNiyg increases and then
decreases with pressure at 15.1 GPa, and still ferromagnetic up to 24.1 GPa, which the Fe-Ni alloys
are already in hexagonal-close-packed structure at room temperature. Magnetization of Feg;Sigg, and
Feg3Siq7 increases with pressure up to the maximum pressure of experiments 21.9 GPa, the body-
centered cubic structure is stabilized by silicon to pressure higher than our maximum pressure of
experiments. The magnetic coercivity of remanence increases greatly between 10-15 GPa for Fe-Ni
alloys; and keeps constant at relatively low values (9-13 mT) under pressure for Fe-Si alloys, at room

temperature.

4.1 Introduction

After iron, metallic nickel comprises the second major constituent in the cores of terrestrial
planets, as well as Earth’s moon and Jupiter’s moon Ganymede (Anderson, 1989; Bottke et al., 2006;
Ringwood, 1966). Nickel concentrations vary from 5 to 60% in iron meteorites, which once formed
the cores of differentiated proto-planets (Albertsen et al., 1983; Goldstein et al., 2009). Silicon is one
of favored candidates as lighter elements in Earth’s outer core (Li and Fei, 2007; Poirier, 1994) and
also in Earth’s inner core (Badro et al., 2006; Kuwayama et al., 2009; Lin et al., 2005; Liu et al.,
2014).

® Preparing for publication.
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Pure iron has a body-centered cubic (bcc) structure at ambient condition, and has a
hexagonal-closed-packed (hcp) structure at room temperature above 13 GPa (Takahashi and Bassett,
1964). For Fe-rich Fe-Ni alloys, face-centered cubic (fcc) structure is stabilized at high pressure and
high temperature (Huang et al., 1988; Lin et al., 2002; Mao et al., 2006). At room temperature, phase
transition pressure from bcc to hcp lowered to ~11 GPa and ~8 GPa for 10% Ni and 25% Ni Fe-Ni
alloys (Huang et al., 1988). For Fe-rich Fe-Si alloys, bcc structure is stabilized at higher P-T
conditions with slight Si alloyed into iron at high pressure and temperature (Fischer et al., 2012;
Fischer et al., 2013; Lin et al., 2009; Lin et al., 2002). At room temperature, phase transition
pressure in range 16-36 GPa for 8-9% Si Fe-Si alloys (Hirao et al., 2004; Lin, 2003); and no phase
transition occur up to 124 GPa for 17.8% Si Fe-Si alloy (Hirao et al., 2004).

Magnetic remanence of pure iron increases with pressure at room temperature until 14-17
GPa for iron foil and powder respectively (Wei and Gilder, 2013), and then decreases with pressure
when pressure goes even higher; the transition pressure of pressure versus magnetic remanence is
consistent with the pressure of bcc-to-hcp phase transition for iron at room temperature. The
difference on phase changing pressures at room temperature for Fe-Ni and Fe-Si alloys, because of
the nickel and silicon alloying effect, maybe also revealed by their magnetization under pressure. In
this paper, we document magnetic measurements made under compression and decompression on
Fe-Ni alloys (FegzNigs, FegzNiq3, and FegsNijg) up to 19.4-24.1 GPa, and on Fe-Si alloys (Feg:Sigg,
and Feg3Siy7) up to 19.3-21.9 GPa, at room temperature.

4.2  Experimental Procedure and Results

Iron (Sigma-Aldrich, 97% pure) and nickel powders (Goodfellow, purity >99.5%) were
mixed in Ni atomic percent of 6%, 10% and 15%, and synthesized at 1600 °C in an argon
atmosphere for more than 1 hour, then quenched in an alumina crucible. Electron probe analysis
shows atomic Ni percentage of 8.4 £0.7 %, 12.7 £ 0.9 % and 16.4 + 0.8 % in the alloys, which are
named Feg,Nios, FeszNiis, and FegsNisg respectively. In the experiments, many small pieces (each
about 80 pm in length) of Feg,Nios, Feg7Nii3, and FegsNig were used; FegiSigg, and FegsSiiz
(Goodfellow) samples are polycrystalline, with maximum particle sizes of 45 um. Magnetic
hysteresis loops measured on a PCM Micromag 3900 vibrating sample magnetometer at room

temperature yield remanence ratios (remanent magnetization after saturation [Mrs] / saturation
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magnetization [Ms]) <0.02 and coercivity ratios (coercivity of remanence [Bcr] / bulk coercivity
[Bc]) >3.6, characteristic of multidomain material. Curie temperatures measured with a Petersen
Instruments, variable field translation balance in a 30 mT field, and defined by the second derivative
of the data, are 723 °C, 674 °C, 625 °C, 648 °C and 416 °C (Figure 4.1) for FegyNigs, Feg7Niy3,
FegsNiys, Feg1Sige, and FegsSiyz respectively. The Curie temperature of Feg,Nigs, Feg;Nii3, and
FessNig decrease with Ni concentration increasing, which is consistent with the calculated Curie
temperature of the bcc Fe-Ni alloys (Chuang et al., 1986), indicating bcc phase dominated in
samples. Powder x-ray diffraction using an x-ray source wavelength of 0.709 A (Mo kal) identifies

solely bcc structure for Feg;Sige, and FegsSiyz powder (Figure 4.2).
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Figure 4.1 Curie temperature of Fe-Ni and Fe-Si alloys at ambient pressure. Blue diamonds
represent Fe-Ni alloys; gray squares represent Fe-Si alloys, derived from the second derivative fcc
Fe-Ni alloys and Ni data from Wei et al. (2014). Curie temperature trends for bcc (red curve- Chuang
et al. (1986)) and fcc (blue curve- Crangle and Hallam (1963)).
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In each experiment, the sample was loaded together with ruby spheres and silica gel into a
cylindrical chamber drilled in a rhenium gasket that was contained within a pressure cell consisting
of Be-Cu metal and moissanite anvils. The culet diameter of moissanite anvils is about ~400 pm.
Rhenium gasket of initial thickness 250 um pre-compressed to thickness of 150-180 um for creating
a indentation; then a hole of diameter 150-200 um was drilled in the center as sample chamber.
Although less hydrostatic than some pressure media (methanol, etc.), silica gel is preferable because
the sample can be loaded into the cell while insuring none rests outside the chamber. Pressure was
measured before and after each experiment using ruby fluorescence spectroscopy with a Coherent,
Cube 405 nm laser and a Princeton Instruments (P1XIS) charged coupled device connected to a 150
mm, ARC SpectraPro spectrometer. Rubies placed near the center and edge of the sample chamber
helped monitor potential pressure gradients. Discussion below reports the average, not peak,

pressures.
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Figure 4.2 X-ray diffraction pattern of Fe-Si alloys. X-ray powder diffraction using a Mo-Ka;
source (wavelength 0.709 2\), with a Stoe diffractometer. Bcc Fe is simulated X-ray diffraction signal

corresponding Mo-Ka, source.
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For each experiment at successive pressure steps, we measured the stepwise acquisition of
isothermal remanent magnetization (Figures 4.3 and 4.4). A static field was directed perpendicular to
the axis of the moissanite pistons with an electromagnet whose pole pieces slide through the cell’s
housing until they abut the pistons. First we applied a magnetic field of 370 mT along the —y axis
direction. The cell was removed from the electromagnet and then placed into the bore of a 2G
Enterprises Inc., three-axis, superconducting quantum interference device (SQUID) magnetometer to
measure the full magnetic vector. This first data point is considered as a starting point (0 mT). We
then stepwise increased the applied field intensity in the +y axis direction until reaching 370 mT,
each time measuring the corresponding remanence with the magnetometer. The same type of
experiment is made before loading the sample into the gasket in order to measure the contribution
from the empty cell. These data are subtracted from the back-field curves measured with the loaded
cell (Figure 4.3 and Figure 4.4). Once completed, the pressure is raised or lowered and then the
process is repeated on the same sample. Two magnetic parameters can be extracted from the
backfield curves: the coercivity of remanence (Bcr), defined as the magnetic field in mT required to
null the remanent magnetization, and the saturation isothermal remanent magnetization (SIRM, in
units of Am?), which is defined here as the average moment from the last three steps of the backfield
curves. This definition assumes the sample becomes fully saturated by the last three steps, consistent

with the data. The goal is to see how Bcr and SIRM change as a function of pressure.

Measured data showed in Table 4.1. In experiments pressure were progressively raised to
maximum of 19.3-24.1 GPa for Feg;Nigs, Feg;Nii3, FegsNis, Feg1Sigg and FegsSiiz and then
progressively decompressed to ambient conditions. Figure 4.5 plot the relative change in SIRM
(SIRMporm in Table 4.1) and the absolute change in Ber as function of pressure at room temperature.
Magnetization is mass dependent whereas coercivity is not. Because the samples’ masses are
unknown in our experiments, relative values are used for SIRM in order to compare the results. The
SIRM data require a shape correction because sample geometry influences magnetization intensity
depending on the degree of oblateness and the direction of the applied field relative to the plane of
the oblate spheroid (Wei and Gilder, 2013). For this reason we measured the horizontal cell
dimensions (front and back sides) at each pressure step with a Leica MZ12.5 microscope fitted with

a DSC295 digital camera (1 um resolution).
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Figure 4.3 Backfield magnetization curves of Fe-Ni alloys. (a-b) Backfield magnetization curves
for FegzNigs. (c-d) Backfield magnetization curves for FegzNiis. (e-f) Backfield magnetization curves
for FegsNiyg. All data from Table 4.1.
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Figure 4.4 Backfield magnetization curves of Fe-Si alloys.. (a-b) Backfield magnetization curves

for Feg;Sigy powder. (c-d) Backfield magnetization curves for FegsSii; powder. All data from Table
4.1.

The initial height to diameter ratio (h/d) of the sample chambers ranged from 0.8-1.0. Higher
pressures decrease h/d, resulting in higher degrees of oblateness and lower demagnetization factors
in the long axis direction. Because the applied field direction lies along the long axis of the sample,
increasing the maximum to minimum axis ratio will have the apparent effect of decreasing Bcr while
increasing SIRM (Dunlop and Ozdemir, 1997). We can correct for the change in demagnetization
factor by normalizing the SIRM values for the change in shape (Scorr) Via a power function Scon=
8.36x10(h/d) % (Wei and Gilder, 2013). In other words, if h/d is flattened from 0.8 to 0.3, a sample
will have 1.9 times greater SIRM and 20% lower Bcr in the long axis plane. Sample geometry

changes insignificantly during decompression with respect to that obtained at the highest pressure, so
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changes in magnetization observed along the decompression path can be directly compared with
respect to the highest pressure step. The shape contribution was accounted for in SIRM data in
Figure 4.4a and Figure 4.4c. Those data are used in the subsequent discussion.
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Figure 45 SIRM and Bcr for Fe-Ni and Fe-Si alloys. (a) Normalized saturation isothermal
remanent magnetization (SIRM) and (b) coercivity of remanence (Bcr) as function of pressure for
FegoNipg, FegsNips and FegsNig. (€) Normalized saturation isothermal remanent magnetization
(SIRM), and (d) coercivity of remanence (Bcr) as function of pressure for Feg;Sigg and FegsSiyy.
SIRM was normalized after shape correction. Arrows indicate the pressure path; data from Table 4.1.
It should be noted that the SIRM data for Feg;Siog is preliminary as the moment at 0 GPa was equal
to the cell. Because the relative change in SIRM highly depends on this first point, an independent

experiment is underway to calibrate this curve. Once this is done, the results can be considered final.
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The experiments for Feg,Nios, FegzNiiz and FegsNiig show SIRM (Figure 4.4a) increases
until 17-15 GPa with ~4 times to initial values during compression steps; SIRM starts increases with
pressure decreasing until 10-5 GPa with also ~4 times to initial values during decompression steps;
at their maximum pressure steps SIRM are 1.6, 2.4 and 0.6 times to initial values. In compression
steps Bcr has sharp decrease around 8-4 GPa and starts to increase again around 10-12 GPa; Bcr
decrease again for Feg7Nij3 and FegsNiyg around 15 GPa. With pressure decrease in decompression
steps, Bcr decrease for FegoNiog; while Ber for FegzNij3 and FegyNiyg first increase and then starts to
decrease at around 11-15 GPa. The decrease in Bcr at lower pressure during compression can be

attributed to changes in shape, which is not accounted for in Figure 4.4b.

The experiments for Feg;Sigg and FegsSiiz show SIRM increases with pressure with 5.5-1.8
times to initial values (Figure 4.5c) at their maximum pressure steps during compression; SIRM
slight increased higher and then decrease again with pressure decrease during decompression steps.
Ber of Feg Sigg and FegsSiyz decrease at low pressure steps during compression and show fairly
constant value (9-13 mT) when pressure up to 16-13 GPa and whole decompression steps. The sharp
decrease in Bcr at lower pressure during compression can be attributed to changes in shape, which is
not accounted for in Figure 4.5d. The very high Bcr of Feg;Sigg at the first step (0.2 GPa) is partially
contributed from empty cell, because of the relative low magnetization of the sample compared to
the empty cell. A final correction must be made to account for the volume contribution to the
moment in each cell as a function of pressure. For example, the median pressure in the cell, taken at
on-half the total radius means that 1/3 of the volume is above the median pressure and 2/3 is below.

This volumetric correction will be performed before final submission.

4.3 Discussion
Fe-Ni alloys

The starting pressure of bcc-to-hcp phase transition is about 1-5 GPa lower (Figure 4.6¢) for
Fe-Ni alloys (Huang et al., 1988) than pure iron (Takahashi and Bassett, 1964). At room temperature,
complete bcc-to-hcp phase transition for pure iron is ~17.8 £ 0.8 GPa, when using NaCl pressure
medium in diamond anvil cell (Von Barge and Boehler, 1990). Silica gel, used as pressure medium
in our experiments, is more hydrostatic than NaCl (Klotz et al., 2009), implying completion
transition pressures should be lower than 17.8 GPa. Our data shows that Feg,Nigs, FeszNiy3 and
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FegsNiyg are still ferromagnetic up to 24.1 GPa. The results are highly consistent and comparable
with hcp-Fe (Figure 2.2c) up to 21.5 GPa (Wei and Gilder, 2013), in these experiments the same
experimental methods and moissanite anvil cell was used. Like ferromagnetic hcp Fe, ferromagnetic
hcp Fe-Ni alloys could be ferromagnetic initially and the magnetization disappear when pressure is
high, the magnetization could be caused by distorted structure around martensitic transition zone
(Bassett and Huang, 1987; Wang and Ingalls, 1998).

Figure 4.5a shows that SIRM vs pressure curves are hysteretic for compression and
decompression paths; in the compression paths, SIRM starts decreasing at 16.2 GPa, 14.6 GPa, and
12.9 GPa for FegyNigg, Feg7Niz and FegsNigg respectively; and in the decompression paths, SIRM
starts decreasing at 9.5 GPa, 4.7 GPa, and 7.8 GPa for Feg,Nigs, Feg7Ni3 and FegsNiyg respectively
(Figure 4.6). Figure 4.6 shows that the change in transition pressure decreases with increasing nickel
concentration. Pressures corresponding to the bcc-to-hcp phase transition starting versus nickel
concentration also decreases as nickel concentration increases; it is known that the bcc/hcp phase
transition in iron is hysteretic for compression and decompression paths (Taylor et al., 1991). It
indicates that the discontinuity in pressure induced SIRM for Fe-Ni alloys is related to the phase
transition. On the other hand it indicates that at same pressure the pressure induced SIRM changing
for bcc and hep phase of Fe-Ni alloy is different: magnetization of bcc Fe-Ni alloys will increase

with pressure and magnetization of hcp Fe-Ni alloys will decrease with pressure.

Synchrotron Mdssbauer spectroscopy on hcp-Feg;Nigs at 21 GPa under room temperature and
11 K was interpreted as non-magnetic (Papandrew et al., 2006), just like Mdssbauer spectroscopy did
not find magnetism of hcp-Fe (Cort et al., 1982; Nasu et al., 2002; Pipkorn et al., 1964; Taylor,
1982). X-ray magnetic circular dichroism (XMCD) technique combined with X-ray absorption and
emission spectroscopy (lota et al., 2007; Mathon et al., 2004) also did not find a magnetic signal for
hcp-Fe, while X-ray emission spectroscopy found that magnetic hcp-Fe persists up to 30 GPa (Rueff
et al.,, 2008) and 43 GPa (Monza et al., 2011). It needs to be mentioned that Mdssbauer
spectroscopy reveals the magnetic field around the atoms, >7 Tesla (Nasu et al., 2002); X-ray
magnetic circular dichroism (XMCD), X-ray absorption and emission spectroscopy reveals the
magnetic field around the atoms at the sample's surface. The relationship between magnetization
around atoms and net magnetization may not linearly related. Magnetization around atoms of hcp-Fe

could be so weak that Mdossbauer spectroscopy, XMCD and X-ray absorption spectroscopy
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techniques are too insensitive to detect a signal, whereas a net magnetization persists and remains

above detection limits.

Ber of FegoNips, FegzNiz and FegsNigg increases with pressure (Figure 4.5b). Pressure
induced Bcr increases was also found for pure Ni (Figure 3.4f), while the Ber of Fe and FegsNisg are
relatively constant (Figure 2.2b and Figure 3.4d) with pressure. The reason for pressure induced Bcr
changes is unclear.
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Figure 4.6 Transition pressures for Fe and Fe-Ni alloys. Blue squares are pressures for initial bcc-
out to hcp-in during compression (Huang et al., 1988), phase transition pressure of bcc-hep iron data
is from Von Barge and Boehler (1990). Red diamonds (this study) are transition of SIRM vs pressure
during compression; and gray diamonds (this study) are transition of SIRM vs pressure during

decompression.

Fe-Si alloys

The relative increase in SIRM of Feg;Sige and FegsSiy7 (Figure 4.5¢) with pressure up to 21.9
GPa and 19.3 GPa exhibits no sign of phase change like seen in the iron rich Fe-Ni alloys. This is

likely because silicon stabilizes the bcc phase to pressures higher than the maximum pressure in our
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experiments (Hirao et al., 2004; Lin, 2003). The slight decrease in SIRM at 12.4 GPa and 8.7 GPa
for Feg1Sigg and FegsSiy7 respectively could be attributed to uncertainty in the shape anisotropy
correction (Table 4.1).
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Figure 4.7 Maximum relative changing in SIRM of Fe-Ni alloys. Maximum relative changing in
SIRM data is at any pressure in their compression path: for bcc phase FegaNiog, FegzNiiz and FegsNisg
(this study) are at pressure of 16.2 GPa, 14.6 GPa, and 12.9 GPa respectively, also showed in Figure
4.5() and Table 4.1; for bcc-Fe is at 16.9 GPa for iron powder, also shown in Figure 2.2(c) and
Table 2.1, and in Wei and Gilder (2013); for fcc phase FegsNiszs, FesgNigo, FesoNisg, Ni are at 4.6 GPa
(FessNiss -1), 10.4 GPa, 23.0 GPa, and 17.2 GPa (Ni-2) respectively, which also showed in Figure
3.4 (a-c) and Table 3.1. SIRM of FesoNiso and Ni increases with pressure, so their maximum SIRM is
unknown, here SIRM values at our maximum experimental pressures are used, and in Wei et al.

(2014). Dash line is a trend line based on all points.
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SIRM of Fe-Ni alloys and Fe-Si alloys in bcc phase enhanced by pressure, as it also does for
titanomagnetite (Gilder and Le Goff, 2008), pyrrhotite (Gilder et al., 2011), pure iron (Wei and
Gilder, 2013), fcc Fe-Ni alloys and Ni (Wei et al., 2014). The increase in SIRM could be attributed to
an increase in the magnetic anisotropy energy, which is likely augmented by strain (Wei et al., 2014)
under pressure. The enhancement effect on different materials (Figure 4.7) show that the maximum
relative change in SIRM decrease linearly as more Ni is incorporated into iron, from 4.1 for pure iron
to 1.7 for pure nickel. Interestingly, this consistent with their relative magnetic moments at ambient
condition. The magnetic moments of the Fe-Ni, Fe-Si alloys systematically decrease from ~2.2 Bohr
magnetons for pure Fe to ~0.6 in pure Ni, and ~0 in pure Si (Crangle and Hallam, 1963; Glaubitz et
al., 2011; Marchal et al., 1977). The amplitude of the pressure enhancement on SIRM for Fe, Fe-Ni
alloys, Fe-Si alloys, and Ni is Bohr magnetons related.

4.4  Conclusions

Our experiments data shows that at room temperature, hexagonal close packed structure (hcp)
Fe-Ni alloys are ferromagnetic up to 24.1 GPa; saturation isothermal remanent magnetization (SIRM)
is enhanced with pressure for body-centered structure (bcc) Fe-Ni and Fe-Si alloys; and saturation
isothermal remanent magnetization (SIRM) decrease with pressure for hexagonal close packed
structure (hcp) Fe-Ni alloys. The coercivity of remanence (Bcr) increases with pressure for Fe-Ni

alloys; and keep constant with pressure for Fe-Si alloys.

The maximum SIRM at any pressure during compression for Fe, Fe-Ni alloys, Fe-Si alloy

and Ni, regardless their phase, is related to the number of Bohr magnetons.

Magnetization changing is usually following after the structural changing, further
experiments exploring on Fe-Si alloys over their bcc/hcp phase transition pressure at room
temperature will be interesting. Before these data are considered final, the Feg;Sige results will be

better calibrated and the volumetric contribution of low and high pressure phases will be made.
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Table 4.1 Magnetic Data for iron rich Fe-Ni and Fe-Si alloys. P, average pressure; SIRM,
saturation isothermal remanent magnetization; Bcr, coercivity of remanence Scorr, correction made
to the SIRM data to account for the change in demagnetizing factor due to the increasing degree of
oblateness. SIRMnorm is the SIRM normalized by the initial value after accounting for Scor, €.9.,
(SIRMp=n/Scor)/(SIRMp=i/Scorr). h/d, height to average diameter ratio of sample chamber.

P SIRM Scorr
(GPa)  (x10°Am?) Ber (mT) (x107%) SIRMyorm h/d
FegzNios
0.4 111 20.2 0.89 1.0 0.9
5.4 12.9 21.5 0.98 1.1 0.8
8.0 19.6 22.3 1.12 1.4 0.6
10.1 30.4 17.8 1.30 1.9 0.5
135 81.6 23.0 1.53 4.3 0.4
17.0 99.9 26.8 1.77 4.5 0.3
19.8 73.9 27.2 1.92 3.1 0.3
23.0 41.4 30.5 2.08 1.6 0.3
20.6 42.9 29.7 2.08 1.7 0.3
17.0 46.4 29.3 2.09 1.8 0.3
12.3 75.3 26.9 2.08 2.9 0.3
9.5 117.4 25.1 2.08 4.5 0.3
6.5 82.7 17.9 2.08 3.2 0.3
3.9 46.0 12.8 2.08 1.8 0.3
0.0 45.6 14.2 2.08 1.8 0.3
FessNiye
0.2 10.8 22.8 0.85 1.0 1.0
4.7 13.0 27.3 0.91 1.1 0.9
7.5 16.1 24.6 1.13 1.1 0.6
11.7 53.4 25.7 1.42 3.0 0.5
14.8 67.7 35.1 1.68 3.2 0.3
18.5 23.7 33.1 2.11 0.9 0.2
20.4 18.4 23.6 2.02 0.7 0.3
24.1 14.6 23.6 2.00 0.6 0.3
21.1 20.4 24.0 2.01 0.8 0.3
18.1 23.0 22.5 2.14 0.8 0.2
14.9 29.6 29.4 2.03 1.1 0.3
10.8 65.5 33.2 2.08 2.5 0.3
7.8 112.9 30.1 2.02 4.4 0.3
5.8 103.6 28.4 2.05 4.0 0.3
3.7 59.9 17.9 2.05 2.3 0.3
0.0 44.5 15.9 2.05 1.7 0.3

To be continued
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Continuing
P SIRM
(GPa) (x10°Am?) Bcr (MT)  Scorr (¥10%)  SIRMuom h/d
F687Ni13
0.2 8.4 27.5 0.89 1.0 0.9
3.9 11.9 27.4 0.94 1.3 0.8
1.7 18.0 17.5 1.32 14 05
11.7 50.5 17.4 1.80 3.0 0.3
154 67.6 27.1 2.11 3.4 0.2
19.4 48.0 27.9 2.13 2.4 0.2
14.6 49.4 30.9 2.13 2.5 0.2
11.1 58.6 28.4 2.13 2.9 0.2
8.6 75.3 24.8 2.13 3.7 0.2
4.7 79.2 18.9 2.13 3.9 0.2
0.0 59.3 12.9 2.13 3.0 0.2
Feg1Sigg
0.2 1.9 45.7 0.84 1.0 1.0
7.9 7.1 21.3 1.25 2.5 0.5
10.5 8.3 19.4 1.24 3.0 0.6
12.4 9.8 15.1 1.49 2.9 0.4
16.4 145 12.3 181 3.6 0.3
21.9 25.6 13.0 2.06 55 0.3
17.3 25.3 12.0 2.06 5.4 0.3
11.7 28.8 13.5 2.06 6.2 0.3
4.9 27.1 11.4 2.06 5.8 0.3
0.0 19.7 10.4 2.06 4.3 0.3
F8838i17
0.3 8.3 14.7 0.96 1.0 0.8
5.1 16.1 13.2 1.48 1.3 0.4
8.7 20.0 10.6 2.04 11 0.3
13.1 25.7 9.2 2.20 1.3 0.2
19.3 35.2 8.7 2.23 1.8 0.2
15.2 32.4 8.6 2.27 1.6 0.2
12.8 33.6 8.6 2.27 1.7 0.2
55 36.4 8.6 2.27 1.9 0.2

0.0 32.3 8.9 2.27 1.6 0.2
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5. Curie temperature study of TM60 and FegsNisg

Invar by laser heating

The Curie temperatures of TM60 (titanomagnetite- Fe,4TipsO4) and FeesNizg invar under
pressure were studied with a laser heating technique. Our preliminary experimental data shows that
Curie temperature of TM60 increases with pressure, which is consistent with former studies; Curie

temperature of FegsNisg also increases with pressure, which is inconsistent with former studies.

5.1 Introduction

Magnetization intensity, magnetic coercivity, and Curie temperature are three critical
parameters for describing properties of magnetic materials. Through the former chapter we learned
that pressure enhances remanent magnetization by many fold with only relatively modest changes in
coercivity of remanence for Fe-Ni and Fe-Si alloys. We now question how the Curie temperature
behaves under pressure. Curie temperature with pressure goes from sharply negative at the low Ni
invar compositions (—35 K/GPa for FegsNi3g) to negative yet with lower slopes as Ni increases (—29
and —21 K/GPa for FesgNis2 and FesoNisp); the slope becomes positive for fcc compositions above
~65% Ni and is 4 K/GPa for Niyo (Hausch, 1973; Kouvel and Wilson, 1961; Leger et al., 1972a;
Patrick, 1954). The Curie temperature of magnetite and titanomagnetite increase with pressure
(Schult, 1970), by about 12.5 K/GPa.

The technique previously used to measure Curie temperature was that two coils were put
around the samples under pressure, a frequency signal input from one coil, the voltage signal
detected on the second coil is proportional to the magnetic susceptibility. Here we study the Curie
temperature of FegsNiss (Invar) and TM60 (titanomagnetite, Fe, 4Tips04), by laser heating method at

high pressure in a non-magnetic moissanite anvil cell. Fast laser heating can avoid the thermal
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expansion influence from the moissanite anvil cell, which looses pressure with temperature increase

by normal heating, such as using resistant wires. Preliminary results are shown and discussed.

5.2 Experimental Procedure and Results

Our experiments used polycrystalline samples of FegsNiss (Goodfellow, purity >99.5%, max
particle size 45 um) and few pieces of single crystal TM60. Magnetic hysteresis loops measured on
all samples with a Petersen Instruments, variable field translation balance at ambient conditions yield
remanence ratios (remanent magnetization after saturation (Mrs) / saturation magnetization (Ms))
<0.1 and coercivity ratios (coercivity of remanence (Bcr) / bulk coercivity (Bc)) >7, characteristic of
multidomain material. Curie temperatures were measured with a Petersen Instruments, variable field
translation balance in a 30 mT field, and defined by the second derivative of the data, are 208°C and
153°C for FegsNizs and TMG60, respectively.

In each experiment, samples were loaded together with ruby spheres and silica gel into a
cylindrical chamber drilled in a rhenium or work hardened beryllium copper gasket that was
contained within a pressure cell consisting of Be-Cu metal and moissanite anvils. The culet diameter
of moissanite anvils is about ~400 pum. Gaskets of initial thickness 250 um were pre-compressed to
thicknesses of 150-180 pum; then a hole of diameter 150-200 um was drilled in the center to be used
as a sample chamber. Pressure was measured at room temperature using ruby fluorescence
spectroscopy with a Coherent, Cube 405 nm laser and a Princeton Instruments (PIXIS) charged
coupled device connected to a 150 mm, ARC SpectraPro spectrometer. Rubies placed near the center
and edge of the sample chamber helped monitor potential pressure gradients. Discussion below

reports the average, not peak, pressures.

A JK50FL fiber laser (maximum output power 50 W) is connected with a microscopic
focusing laser process head (Figure 1.7) for heating. The focused laser beam (diameter is <35 pum) is
powerful enough to burn steel in air, even using minimum fiber laser power (1%, ~2W- minimum
output). Power across the laser beam is Gaussian profile, and can be lowered by defocusing. So in
our experiments the power density of laser spot is controlled by the laser output power and distance
that the sample lies away from the focusing point. The lens for laser focus is 20.0 mm in diameter at

a focal distance of 76.0 mm. The laser spot seen by the sample will be 263 pum in diameter (larger
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than the diameter of the sample chamber, 150-200 um) if the sample is put 1 mm away from the
focusing point of the laser. The off focusing distance is precisely controlled by a XYZ stage
(resolution 0.01 mm), and focusing status can be monitored by the camera integrated on the laser

head. The average power density of the entire laser spot is calculated simply by the output power of
the laser divided by the laser spot area (Figure 5.1).

40

(8]
LN
1

(e ]
o
I

—15% laser power

.
h
I

—3% Laser power

.
Lh
1

o
I

Laser spot power density (*10°W/m’)
- b
)

0 T T I T T

0.0 1.0 20 3.0 4.0 5.0 6.0 7.0
Off focus distance (mm)

Figure 5.1 Power density of the defocused laser beam. The power density is calculated that output

power of laser (Power output= 0.439* (laser power percentage) + 1.5967, in unit Watt) divides the
laser spot area (= 0.2173*Off focus distance?, in unit 10°° m?).

For each experiment at successive pressure steps, we measured the stepwise saturation

magnetization. A static field was directed perpendicular to the axis of the moissanite pistons with an
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electromagnet whose pole pieces slide through the cell’s housing until they abut the pistons. In the
first step, we applied a magnetic field of 370 mT along the y axis direction; at such field sample is
magnetically saturated (Figure 3.3a&b). The cell was removed from the electromagnet and then
placed into the bore of a 2G Enterprises Inc., three-axis, superconducting quantum interference
device (SQUID) magnetometer to measure the full magnetic vector. This data is the saturation
remanent magnetization at room temperature. In a second step, both sides of the sample were heated
by laser at a specified power (Figure 1.7) through the moissanite anvil window, then the remanent
magnetization was measured again with the SQUID magnetometer. The laser heating were applied in
Earth magnetic field. The second data point is the demagnetized remanent magnetization,
corresponding to the laser power. We repeat the first and second step for laser heating with different
laser power densities (0.4-37.7 *10° W/m?). Once completed, the pressure is raised or lowered and
then the whole process is repeated. Remanent magnetization versus laser heating power curves at
different pressures were measured (Figure 5.3). The experiment for FegsNiss used pressure steps of
0.2 GPa, 5.5 GPa, 9.4 GPa, 6.8 GPa, 5.2 GPa and 0.0 GPa; and the experiment for TM60 used
pressure steps of 0.6 GPa, 7.2 GPa, and 0.0 GPa. The experiment data is listed in Table 5.1.

SIRM of FegsNizs and TM60 before each laser heating is constant at a given pressure (Figure
5.2a&b; Table 5.1). For both TM60 and FegsNiszs, the SIRM is enhanced by pressure at room
temperature (Figure 5.2c), which is consistent with the former studies (Gilder and Le Goff, 2008;
Wei et al., 2014). When laser heated for 10 seconds, with a laser output power of 8.2 W (Watt) at 1
mm from the focusing point (average power density of the laser spot for such set is 37.7 *10° W/m?),
the remnant magnetization ratio after laser heating M/ SIRM decreases with the average power
density of the laser spot (Figure 5.3). M/SIRM decreases from ~1 to 0.3-0.7 for TM60 and from ~1
to 0.6-0.8 for FegsNisg.
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Figure 5.2 SIRM of FegNizs and TM60 under pressure. (a-b) Saturation isothermal remanent
magnetization (SIRM) of TM60 and FegsNiss corresponding to the average power density of the laser
spot before each laser heating. (c) Average SIRM of FegsNizs of TM60 and FegsNisg as function of
pressure. Data is listed in Table 5.1. Arrows indicate the pressure path.
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Figure 5.3 Magnetic data of TM60 and FegsNi3s after laser heating. (a) My, (remnant magnetization
after laser heating) / SIRM (isothermal saturation remnant magnetization) versus power density of
the laser beam for TM60 under pressure; (b) My, (remnant magnetization after laser heating) / SIRM
(saturation isothermal remnant magnetization) versus power density of the laser beam for FegsNisg
invar under pressures. Heating time last of 3 and 10 seconds for power density of 0.4 -13.4 *10°
W/m? and 13.4-37.7 *10° W/m? respectively.

5.3 Discussion

Remnant magnetization of ferromagnetic material decreases with temperature at ambient
pressure; as well, the remnant magnetization decreases more rapidly approaching the Curie
temperature. The laser passes through the moissanite anvil and the light energy is absorbed on the
sample’s surface producing heat. Higher laser power and longer heating times induce higher
temperatures. Mrh/SIRM of TM60 and FegNiss decrease with increasing power density, which
corresponds to thermal demagnetization of the sample. Considering a Gaussian profile of power
across the laser spot, the hottest place is in the spot’s center. Mrh/SIRM of TM60 at 0.6 GPa
decreases greatly around laser power density 3.4*10° W/m? suggesting that the temperature
corresponds to around 150 °C (20% magnetization remaining in Figure 5.4a). Except for TM60 at
0.6 GPa, Mrh/SIRM ratio (Figure 5.3) for TM60 and FegsNisg is still high (>0.4) after laser heating
with laser power density 37.7%10° W/m?; it could indicate that only part of the sample was heated
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above the Curie temperature. A reason for this is that most of the energy from laser heating was
transferred to the anvil and body of the cell, because thermal conductivity of moissanite anvil is
much higher (200-500 W/m K) than the sample (~10 W/m K ). Supposedly part of the sample is
heated over its Curie temperature during laser heating, and the higher the laser powder density, the
larger the fraction of the sample was heated. At constant pressure, SIRM for each sample is relatively
constant before and after laser heating, which suggests no alteration (oxidization) occurred during
heating.

Heating time lasted 3 and 10 seconds for power densities between 0.4-13.4 *10° W/m? and
13.4-37.7 *10° W/m? respectively. Different heating time caused slight discontinuity on M/SIRM
versus power density curves (Figure 5.3) at power density 13.4 *10° W/m?. The trends of curves for
power density between 0.4-13.4 *10° W/m? and 13.4-37.7 *10° W/m? are relatively consistent when
the power density is near 13.4 *10° W/m?. No absolute values of Curie temperature were measured,
only relative (higher or lower) changes when compared to the Curie temperature at ambient pressure.
So in the following discussion, we only talk about the relationship of relative remnant magnetization
with power density, which is then related to Curie temperature.

Figure 5.3a shows the demagnetization spectra of TM60 at 7.2 GPa compared against that for
0.6 GPa (initial, near non-compressed). It means that using the same heating power, less
demagnetization occurs at higher pressure. This implies that the Curie temperature of TM60
increases with pressure. It is consistent with a former study (Schult, 1970), which concluded that
Curie temperature of TM60 increases by about 12.5 K/GPa. After pressure release from 7.2 to 0.0
GPa, the curve for pressure at 0.0 GPa is above the curve for pressure at 0.6 GPa for TM60 in Figure
5.3a. It means that Curie temperature of pressure-cycled TM60 is higher than non-compressed TM60.
To verify that the Curie temperature of the pressure-cycled TM60, which was recovered at 0.0 GPa
after the high pressure experiment, was measured in a Petersen Instruments, variable field translation
balance Variable Field Translation Balance (VFTB) using a static magnetic field of 30 mT with
heating and cooling rate 10 °C/minute. The signal in Figure 5.4a is averaged (50 neighbor values,
temperature range 40°C) and normalized. Compared to non-compressed TMG60, the Curie
temperature curve (Figure 5.4a) was shift to higher temperature by about 10 °C at 50%
magnetization moment for the heating up curves (Figure 5.4a). The increased Curie temperature
value in our study (10 °C) is much lower than that of the former study, about 30 °C (Schult, 1970) in
which TM60 was compressed up to ~5.5 GPa and released.

75



5 Curie temperature study of TM60 and Feg;Nisg by laser heating

-
o

1.0

(a) "%y, Fehl Ni.’\b (b)
Tm60 ‘*..‘. = Compressed

0.8 0.8 - "=“,  + Non-compressed
= » Compressed £ n’s
= e
e » Non-compressed g =
g 06 n .E 06 - l..
E 0.4 - ;EDOA . l‘
® s :
s = %

0.2 - 0.2 - N

0.0 — 0.0 — &

50 100 150 200 250 300 350 50 100

150 200 2(__5)0‘) 300 350

Temperature (°C) Temperature (

Figure 5.4 Curie temperature of TM60 and FegsNiss. (2) Curie temperature measurement for non-
compressed and pressure-cycled TM60 (same sample in Figure 5.3a); (b) Curie temperature
measurement for of non-compressed and pressure-cycled FegsNiss (Same sample in Figure 5.3b). The
Curie temperature was measured in a Petersen Instruments, variable field translation balance (VFTB)
under a static magnetic field of 30 mT with a heating rate of 10 °C/minute and 50 °C/minute for
TM60 and FegsNizs respectively. The raw data is noisy, but in all cases were averaged and

normalized in same way.

For FegsNiszg, most of the curves for pressure at 5.5 GPa below those at 0.2 GPa (initial, near
non-compressed) in Figure 5.3b, except the part when the power density is near 13.4-25.5 *10° W/mZ.
It indicates that the Curie temperature of FegsNiszs is slightly decreased at 5.5 GPa. Former
susceptibility studies (Hausch, 1973; Kouvel and Wilson, 1961; Leger et al., 1972a; Patrick, 1954)
on FegNizs concluded that the Curie temperature of FegsNiss decreases, about -35 K/GPa, Curie
temperature of FessNiss will be lower than room temperature and will lose their magnetization
around 6 GPa. In our experiment, FegsNisg is still ferromagnetic at 5.5 GPa (Figure 5.2, similar
experiment results also showed in Figure 3.4a). There is 64% of the relative SIRM moment left at
5.5 GPa (Figure 5.3b) after laser heating for 10 seconds with laser beam power density of 37.7 *10°
W/m?. It may suggest that the Curie temperature of FegsNiss is lowered very little at 5.5 GPa.
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Curves for pressure at 9.4 GPa, 6.8 GPa, 5.2 GPa and 0.0 GPa are above those at 0.2 GPa
(initial, near non-compressed) and 5.5 GPa for FegsNisg in Figure 5.3b. Curves in Figure 5.3b shows
that after the Curie temperature was slightly decreased at 5.5 GPa during compression, Curie
temperature increased when further compressed to higher pressure (up to 9.4 GPa); the Curie
temperature is relatively constant during decompression for pressures between 9.4-5.2 GPa, and
decreases during decompression for pressures between 5.2-0.0 GPa. The Curie temperature at 0.0
GPa (after decompression) is higher than at 0.2 GPa (initial, near non-compressed). To verify that the
Curie temperature of the pressure-cycled FegsNiss sample, which was recovered at 0.0 GPa after the
high pressure experiment, was measured in a Petersen Instruments, variable field translation balance
Variable Field Translation Balance (VFTB) using a static magnetic field of 30 mT with heating rate
of 50 °C/minute. The noise level for FegsNiss is lower when using a heating rate of 50 °C/minute
than 10 °C/minute. The signal in Figure 5.4b is averaged (50 neighbor values) and normalized. Seen
at 50% decay in magnetization, the Curie temperature decreases for pressure-cycled FegsNizs, Which
is similar to that shown in Figure 3.5a in chapter 3 (Wei et al., 2014). However, the results in Figures
5.3b and 5.4b on pressure-cycled and non-compressed FessNiss are contradictory; the Curie

temperature of FegsNiss under pressure need to be further studied in the future.

5.4 Conclusions

Our experiments data shows preliminary result that Curie temperature of TM60 increases
with pressure, which is consistent with former studies; The Curie temperature of FegsNiss is

inconsistent with former studies and needs to be further studied in the future.
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Table 5.1 Magnetic data for TM60 and FegNizs. SIRM, isothermal remanent magnetization after
saturation; My, remnant magnetization after laser heating from SIRM; Power, laser output; Power D,
power density of off focused laser spot.

SIRM Off focus Power Time Power D (V[P
(10°Am%)  (mm) W) (s) (10°W/m?) (10°Am®) M,/SIRM

Fes4Ni36 -0.2 GPa

6.4 1.0 2.9 3 134 4.7 0.7
6.2 1.5 2.9 3 6.0 5.0 0.8
6.4 2.0 2.9 3 3.4 5.8 0.9
6.6 2.5 2.9 3 2.1 6.1 0.9
6.6 3.0 2.9 3 1.5 6.3 1.0
6.5 3.5 2.9 3 1.1 6.2 1.0
6.5 4.0 2.9 3 0.8 6.5 1.0
6.6 4.5 2.9 3 0.7 6.5 1.0
7.0 5.0 2.9 3 0.5 6.8 1.0
6.7 9.5 2.9 3 0.4 6.5 1.0
6.6 6.0 2.9 3 0.4 6.5 1.0
6.6 1.0 2.9 10 134 4.6 0.7
6.6 1.0 4.2 10 195 4.5 0.7
6.5 1.0 9.5 10 25.5 4.2 0.6
6.6 1.0 6.9 10 31.6 4.9 0.7
6.5 1.0 8.2 10 37.7 4.8 0.7
FeesNiss - 5.5 GPa
9.9 1.0 2.9 3 13.4 7.8 0.8
10.9 1.5 2.9 3 6.0 8.3 0.8
10.9 2.0 2.9 3 3.4 9.0 0.8
111 2.5 2.9 3 2.1 9.4 0.8
11.3 3.0 2.9 3 1.5 9.9 0.9
11.4 3.5 2.9 3 1.1 9.9 0.9
11.4 4.0 2.9 3 0.8 10.3 0.9
11.4 4.5 2.9 3 0.7 10.3 0.9
11.7 5.0 2.9 3 0.5 10.2 0.9
115 55 2.9 3 0.4 10.6 0.9
11.7 6.0 2.9 3 0.4 10.4 0.9
12.2 1.0 2.9 10 13.4 9.6 0.8
12.2 1.0 4.2 10 19.5 9.2 0.8
12.4 1.0 5.5 10 25.5 8.0 0.6
12.3 1.0 6.9 10 31.6 7.8 0.6
12.7 1.0 8.2 10 37.7 8.2 0.6

To be continued
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Continuing

SIRM Off focus Power Time  Power D M
(10°Am?)  (mm) W) (5) (10°W/m?) (10°Am?) M/SIRM

F964Ni36 -9.4 GPa

11.6 1.0 2.9 3 13.4 10.9 0.9
12.0 1.5 2.9 3 6.0 10.8 0.9
12.3 2.0 2.9 3 3.4 11.3 0.9
12.6 2.5 2.9 3 2.1 11.9 0.9
12.6 3.0 2.9 3 1.5 11.7 0.9
12,5 3.5 2.9 3 1.1 11.8 0.9
12.6 4.0 2.9 3 0.8 11.9 0.9
12.6 4.5 2.9 3 0.7 12.0 1.0
12.3 5.0 2.9 3 0.5 11.8 1.0
12.9 5.5 2.9 3 0.4 12.0 0.9
12.7 6.0 2.9 3 0.4 12.1 1.0
12.9 1.0 2.9 10 13.4 11.8 0.9
12.9 1.0 4.2 10 19.5 11.4 0.9
13.1 1.0 5.5 10 25.5 11.4 0.9
13.3 1.0 6.9 10 31.6 10.9 0.8
13.1 1.0 8.2 10 37.7 10.8 0.8
F664Ni36 - 6.8 GPa
17.0 1.0 2.9 3 13.4 13.4 0.8
17.7 1.5 2.9 3 6.0 16.3 0.9
17.7 2.0 2.9 3 3.4 16.1 0.9
17.7 2.5 2.9 3 2.1 16.2 0.9
17.7 3.0 2.9 3 1.5 16.3 0.9
17.6 3.5 2.9 3 1.1 17.2 1.0
17.6 4.0 2.9 3 0.8 16.7 0.9
18.3 4.5 2.9 3 0.7 16.8 0.9
17.9 5.0 2.9 3 0.5 16.9 0.9
18.2 5.5 2.9 3 0.4 16.6 0.9
18.0 6.0 2.9 3 0.4 17.9 1.0
18.7 1.0 2.9 10 13.4 16.4 0.9
18.7 1.0 4.2 10 19.5 16.1 0.9
18.0 1.0 9.5 10 25.5 15.3 0.8
18.2 1.0 6.9 10 31.6 141 0.8
18.2 1.0 8.2 10 37.7 14.4 0.8

To be continued
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Continuing

SIRM Off focus Power Time Power D M
(10°Am?)  (mm) (W) () (10°W/m? (10°Am?) M,/SIRM

F964Ni36 -5.2 GPa

22.6 1.0 2.9 3 13.4 20.8 0.9
23.0 15 2.9 3 6.0 21.1 0.9
23.5 2.0 2.9 3 3.4 21.9 0.9
23.0 2.5 2.9 3 2.1 21.2 0.9
23.0 3.0 2.9 3 1.5 20.9 0.9
23.6 3.5 2.9 3 1.1 22.1 0.9
23.5 4.0 2.9 3 0.8 22.0 0.9
23.3 4.5 2.9 3 0.7 22.0 0.9
23.2 5.0 2.9 3 0.5 22.1 1.0
23.1 5.5 2.9 3 0.4 22.0 1.0
23.3 6.0 2.9 3 0.4 22.0 0.9
23.3 1.0 2.9 10 13.4 20.9 0.9
23.3 1.0 4.2 10 195 20.6 0.9
23.3 1.0 5.5 10 25.5 20.0 0.9
23.2 1.0 6.9 10 31.6 195 0.8
23.3 1.0 8.2 10 37.7 17.8 0.8
F664Ni36 - 0.0 GPa
46.8 1.0 2.9 3 13.4 41.0 0.9
46.9 1.5 2.9 3 6.0 42.2 0.9
46.6 2.0 2.9 3 34 42.8 0.9
46.5 2.5 2.9 3 2.1 43.1 0.9
46.6 3.0 2.9 3 1.5 43.4 0.9
46.8 3.5 2.9 3 11 44.0 0.9
46.9 4.0 2.9 3 0.8 44.4 0.9
46.7 4.5 2.9 3 0.7 45.0 1.0
46.9 5.0 2.9 3 0.5 45.3 1.0
47.3 5.5 2.9 3 0.4 45.4 1.0
47.2 6.0 2.9 3 0.4 45.5 1.0
47.2 1.0 2.9 10 13.4 42.1 0.9
47.2 1.0 4.2 10 19.5 39.5 0.8
46.6 1.0 5.5 10 25.5 36.2 0.8
46.5 1.0 6.9 10 31.6 33.0 0.7
45.9 1.0 8.2 10 37.7 35.6 0.8

To be continued
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Continuing
SIRM Off focus Power Time  Power D M
(10°Am?)  (mm) (W) (s) (10°W/m?) (10°Am%) M,/SIRM
TM60 - 0.6 GPa
135 1.0 2.9 3 13.4 4.0 0.3
14.5 15 2.9 3 6.0 5.0 0.3
15 2.0 2.9 3 34 5.8 04
145 2.5 2.9 3 2.1 6.4 0.4
155 3.0 2.9 3 15 7.1 0.5
15.8 3.5 2.9 3 11 8.9 0.6
16.2 4.0 2.9 3 0.8 9.2 0.6
15.6 4.5 2.9 3 0.7 10.0 0.6
155 5.0 2.9 3 0.5 10.1 0.7
16.1 55 2.9 3 0.4 10.9 0.7
154 6.0 2.9 3 0.4 10.5 0.7
TMG60 - 7.2 GPa
116.7 1.0 2.9 3 13.4 99.8 0.9
116.8 15 2.9 3 6.0 106.4 0.9
116.9 2.0 2.9 3 3.4 109.2 0.9
117 2.5 2.9 3 2.1 112.9 1.0
118.2 3.0 2.9 3 15 113.6 1.0
118.2 3.5 2.9 3 11 114.9 1.0
118 4.0 2.9 3 0.8 114.3 1.0
117.4 4.5 2.9 3 0.7 114.7 1.0
119.1 5.0 2.9 3 0.5 116.4 1.0
119.1 5.5 2.9 3 0.4 115.4 1.0
119.2 6.0 2.9 3 04 117.0 1.0
118.4 1.0 29 10 13.4 101.4 0.9
118.4 1.0 42 10 19.5 96.9 0.8
118.3 1.0 55 10 255 94.3 0.8
118.7 1.0 6.9 10 31.6 78.7 0.7
117.3 1.0 8.2 10 37.7 76.9 0.7

To be continued
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Continuing

SIRM Off focus Power Time Power D \V/ P
(10°Am%)  (mm) (W) (5) (10°W/m? (10°Am?) M/SIRM

TMG60 - 0 GPa
94.0 1.0 2.9 3 13.4 60.6 0.6
95.5 1.5 2.9 3 6.0 64.1 0.7
88.7 2.0 2.9 3 3.4 74.4 0.8
103.0 2.5 2.9 3 2.1 78.9 0.8
95.6 3.0 2.9 3 1.5 85.4 0.9
95.3 3.5 2.9 3 11 90.9 1.0
95.5 4.0 2.9 3 0.8 92.1 1.0
95.9 4.5 2.9 3 0.7 93.2 1.0
96.0 5.0 2.9 3 0.5 93.5 1.0
95.9 5.5 2.9 3 0.4 93.7 1.0
96.0 6.0 2.9 3 0.4 93.8 1.0
95.8 1.0 2.9 10 13.4 67.4 0.7
95.8 1.0 4.2 10 19.5 58.6 0.6
96.2 1.0 5.5 10 255 63.5 0.7
96.0 1.0 6.9 10 31.6 57.9 0.6
96.2 1.0 8.2 10 37.7 40.0 0.4
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