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Abstract

In this thesis research is presented into multiple unexplained phase
transitions of the two antiferromagnets FePS; and Fej_, S (pyrrhotite).
X-ray diffraction and resistivity measurements of pressurised FePS;3
show that this material undergoes at least two crystallographic phase
transitions, strongly related to the appearance of an exotic metallic state
when pressures over approximately 10GPa are applied.
Magnetisation, specific heat and resistivity measurements of Pyrrhotite
highlight for the first time the dual nature of the Besnus transition.
Compelling evidence is presented that excludes the proposition of
extrinsic magnetic coupling between differently ordered vacancy
superstructures as the underlying mechanism. Instead the presence of
local magnetic domain formation is highlighted.
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Chapter

Introduction

When one is introduced in the field that is broadly labelled as ‘Quantum
Matter’, it often feels as if everything is known but very little is under-
stood. This is inherently linked to the fact that all states of matter that we
can classify as such are by definition emergent phenomena. But unlike
many other emergent (soft & biological matter) physics, these states are
intrinsically quantum mechanical, superconductivity being a well-known
example. Fundamentally we know all the quantum mechanical rules gov-
erning the interactions between the electrons and the nuclei of our system.
We know that the hamiltonian that fully describes this system is simply a
superposition of the fundamental kinetic and (coulomb) potential hamil-
tonian of the electrons and nuclei and their corresponding coulomb in-
teraction hamiltonian. However, the enormous amount of atoms in any
type of condensed matter makes it virtually impossible to make any real
predictions from this fact. This is why we build models, starting at the ba-
sic tight binding and free electron approximations and ending at far more
complex density functional theory. These models help us understand more
about the nature of these emergent phenomena and allow us to predict
and describe their behavior.

Not only do new models such as these have to be tested, but quite
often new materials are found that don’t seem to adhere to any of the
known theoretical models. Experiments have to be conducted in order to
obtain more information about their behavior. These experiments can then
form the basis for future models. This means that the nature of emergent
phenomena research is very experimentally oriented.

The nature of quantum emergent phenomena means that usually the
limits of experimental conditions have to be approached in order to ob-
tain new information. In practice this often encompasses going to very

1

Version of March 27, 2018- Created March 27, 2018 - 20:29



2 Introduction

low temperatures, high pressures and/or high magnetic fields. This the-
sis will describe several experiments performed at the Quantum Matter
group at the Cavendish Laboratory in Cambridge. This group is one of
the most knowledgeable about and has some of the best facilities for low-
temperature and high pressure physics in the world. It will be referred to
as ‘the group’ throughout this thesis.

In this thesis two ongoing researches into the materials FePS3 and Fej_,S
(pyrrhotite) will be presented. Both of these materials show behavior that
either does not fit to currently known models or is yet to be described
by them. Focus will be primarily on resistivity, magnetisation and X-ray
diffraction measurements, but temperature dependency of specific heat
will also be discussed. One chapter is devoted to each of these materials.
The results are summarized in the final chapter and an outlook on ongoing
and possible further experimental investigations is given.

Experimental limits are rarely pushed in the research presented in this
thesis. The characteristics of both pyrrhotite and FePS; change remarkably
at temperatures far above absolute zero and at pressures easily within ex-
perimental range. These materials are two prime examples of the fact that
- even though the facilities are available - it isn’t always necessary to go to
the extremes of what is possible. Because in the end, all we have to know
is that we want to understand. This thesis aims to do just that.
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Chapter

FePS3

FePS3 is an ideal example of a
low-temperature 2D antiferromag-
netic insulator that can be tuned
with pressure into an exotic metal-
lic state. The emergence of these
kinds of new states of matter from
strongly correlated electron sys-
tems has been of interest in con-
densed matter physics for decades
[2]. One famous area under in-
vestigation is unconventional su-
perconductivity, which is a phase
that often borders an insulating an-
tiferromagnetic ground state. An
example is depicted in the phase
diagram in figure 2.1. Materi-
als that exhibit this characteristic
are often found to be quasi two-
dimensional crystals [3]. This is ex-
plained via theoretical calculations
by Monthoux and Lonzarich [4].

Y T " T k. T : T

CeRhIn5 .

Temperature (K)
N

Pressure (GPa)

Figure 2.1: Phase diagram of CeRhlIns;
a superconducting ‘"dome’ can be seen to
emerge from an insulating antiferromag-
netic state when pressure is increased.
Adapted from [1]

They showed that the superconducting transition temperature increases
when the structure of a material becomes more and more two dimensional
(moving from cubic to tetragonal and eventually towards two dimension-
ality). It was also found that the strength of the superconducting pairing
interaction is enhanced by the proximity of an antiferromagnetic phase.

Unfortunately, the emergence of high-temperature superconductivity
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4 F8P53

in a sense prevents the underlying ground state from being studied. In
this case simpler models have to be sought in order to understand the tun-
ing of this ground state towards unconventional metallic phases at higher
temperatures. Materials from the MPX3 family (where M = Fe,Ni,Mn or
other first-row divalent transition metals and X=S,Se) are candidate ma-
terials for these model systems. They are layered two-dimensional insu-
lators and exhibit a variety of interesting magnetic and electronic prop-
erties across the family, even though all the members of this family have
approximately the same crystal structure. In the following, the effect of
using pressure as a tuning parameter for FePS; will be discussed. FePS3
was chosen because it is an antiferromagnetic insulator. It is also proposed
to be a Mott insulator [5]. It has the lowest electrical band gap from the
samples available in the group and previous work in the group has shown
that it is most susceptible to pressure tuning.

The standard theory used in de-
scribing insulator-metal transitions
is exemplified by the Hubbard
Model. Even though more elab-
orate and comprehensive models
can be used, the Hubbard Model
shows, in all its simplicity, the ba-
sic elements of such transitions.
The Hubbard Model follows from
the quantization of the Tight Bind-
ing Approximation (TBA), where
Figure 2.2: Graphic depiction of elec- g lattice of well separated atoms
trons (red) sitting in an atomic potential hose orbitals barely overlap is

Iattice.(gr.een) forflMottinsulator, where  oncerned [6]. The situation for a
each site is occupied by one electron

specific example (a Mott Insulator,
where each site is occupied by ex-
actly one electron) is depicted in figure 2.2. In the Hubbard model each
electron is well localized at an atomic site and each site can contain at
most two electrons (with opposite spin). The hamiltonian for this model
is given by

H=—tY e +UY fnhy 2.1)

ijo i
where i, j are summed over neighbouring sites only, and s is the spinindex
of the creation and annihilation operator ( ¢, ¢ respectively). Furthermore
flic is the number operator that indicates the number of electrons with
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spin ¢ at site i. U and ¢ can be found to express certain energies, because
both quantities that are being summed over are dimensionless. The first
term describes the hopping of electrons from one site to the next. The
kinetic energy cost associated with this hopping is represented by t. The
second term describes the number of atoms at a site i and U represents the
Coulomb potential energy of two electrons sharing one such site.

When t > U, electrons are more likely to hop from one site to another
and hardly feel the potential barriers separating the sites from one another.
This has the effect that electrons can move freely through the lattice and
the lattice therefore conducts electricity. This describes a metallic state.

If, however, U > t, the electrons are mostly confined to their atomic
sites and don’t hop from one site to another. This means the lattice doesn’t
conduct electricity and thus describes an insulating state. In this case an
input of external (for example thermal) energy is needed in order for the
electrons to hop between sites.

The magnitude of the parameters t, U are governed by the interatomic
exchange interactions, which in term are determined largely by the inter-
atomic separation of the underlying lattice. By pressurizing a material,
we can manipulate these separations and therefore tune these parameters
from a U > t antiferromagnetic insulating state to a t > U metallic one.
Chemical doping and other tuning methods can also be used, but in the
following we will examine the influence of pressure on the crystal struc-
ture of FePS3 in order to understand more about the insulator to metal
transition that was found to occur at high (order of GPa) pressures.

Crystallographic studies [7] have shown that in ambient conditions
most materials from the MPX3 family (including FePSs) have a mono-
clinic unit cell from space group C2/m. An overview of FePS3’s structural
parameters is given in table 2.1. The crystal structure is given in figure
2.4. Fe atoms form 2D honeycomb lattices perpendicular to the c-direction.
The P and S atoms form in strongly bonded PS¢ clusters inbetween. These
clusters of neighbouring layers are joined only by van der Waals forces,
which allows for easy cleaving of the crystal in a-b planes. The magnetic
moments of FePS3 point along the c-axis. The magnetic Fe*t ions have
spin S = 2 and are Ising in character [8]. The material has a Neel tempera-
ture of 123K, below which the moments order ferromagnetically along the
a-axis. These chains are in turn antiferromagnetically ordered with adja-
cent chains, giving rise to overall antiferromagnetism [8]. The magnetic
structure of FePS3 is shown in figure 2.3.

All MPX3 materials are p-type semiconductors [5]. They exhibit ex-
tremely high room temperature resistivities and have band gaps in excess
of 1eV [9]. As was mentioned before, previous work in the group showed

5
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6 FePS3

| structural parameters | FePSs |

a(A) 5.947
b (A) 10.30
c(A) 6.722
o 90°
B 107.2°
0% 90°

Table 2.1: Crystallographic data for Figure 2.3: Magnetic Structure of

FePS3 (belonging to space group FePSs. Ferromagnetically ordered

C2/m) from [7]. chains along the a-direction can be seen
to be orderred anti-ferromagnetically
along the b and c-direction with neigh-
bouring chains.

Figure 2.4: Crystal structure of FePS3. The iron layers are seperated by two P256
clusters that are bonded only via van-der-Waals forces. [8]
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that FePS3 had the lowest resistivity and band gap. Many attempts have
been made in theoretically calculating the band structure of FePS3 [5, 10],
but none of them have yet been shown to reproduce the experimental data.
Figure 2.5 shows the experimentally determined conductivity of FePS3 in
the temperature range 250-500K by Grasso et al. in 1990. In order to ex-
tend this measurement to lower temperatures and examine the electric
behaviour of FePS3 under pressure tuning, several measurements were
made in the group.

Among other interesting re-
sults, that will be published in
due time, these measurements con-
firmed the prediction that at high
pressure FePS3 moves from an in-
sulating to a metallic state. These
results are depicted in figure 2.7
and figure 2.8. These measure-
ments were obtained in tungsten
ol . | carbide Bridgman anvil cells and
| pressures went up to 135kbar. Such

25 3 35 4 45 a cell effectively puts the sample

100077 (< under pressure by applying force

with two tungsten carbide anvils

Figure 2.5: Temperature dependence onto a gasket that contains the
of in-layer FePS3 DC conductivity. sample. An important aspect of
Adapted from [10] . Measurements of Bridgman Anvil Cells is that the
photoconductivity are omitted in this gasket also contains a powderized
tigure compared to the original. pressure medium. By using such

a powder, higher pressures can be

dc conductivity (2-'cm!)

obtained in Bridgman cells.

Unfortunately this medium also introduces a uniaxial strain across the
sample, which is less than ideal because it effectively introduces a pressure
gradient. The effect of the presence of this stress on the data depicted in
figures 2.7 and 2.8 is still unclear.

For subsequent measurements Diamond Anvil Cells were used. Dia-
mond Anvil Cells are effectively more refined Bridgman Anvil Cells, where
the tungsten carbide anvil has been replaced by a sintered diamond anvil.
They don’t use a powder pressure medium and therefore don’t introduce
extra strain on the sample. A schematic overview of the workings of a Di-
amond Anvil Cell can be found in figure 2.6. An overview of the method-
ology in creating and using a Bridgman and Diamond Anvil Cell can be
found in reference [11] .
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8 FePS3

Pressure
transmitting
medium

Gaskel Sample

Diamond
anvil

Figure 2.6: Left: Graphic depiction of the workings of a Diamond Anvil Cell.
Right: photograph of the inner parts of a Cell.

Figure 2.7 shows all performed resistivity measurements at different
pressures. Taking into account the logarithmic scale on the y-axis, it can
be seen that the resistivity drops enormously with applied pressure. The
actual sample resistances in these measurements in fact dropped from the
range of G() to the order of (). When we look closer at the measurements
at highest applied pressure (figure 2.8) we can also see a decreasing rather
than increasing resistivity with temperature, giving further indication of a
metallic state appearing at pressures over 100kbar.

In these results however, there is one other feature clearly visible. Whereas
from room temperature downward the resistivity decreases with temper-
ature, it starts to increase again around a temperature that itself seems
to decrease with applied pressure. The increase of the resistivity at lower
temperatures also seems to be repressed with higher applied pressure. The
120kbar data, which was obtained down to a temperature of about 100mK,
additionally shows a gradual levelling off of this increase.

Previous attempts to fit the upturn into a seemingly metallic state with
an Arrhenius or variable range hopping model as well as a dependence on
the Kondo Effect have proven unsuccessful. Seeing as it can’t be fitted to
temperature dependencies of models describing known metallic behavior,
we are likely dealing with some kind of exotic metallic state.

It was mentioned that the Bridgman anvil cells use a powder pressure
medium in order to exert pressure on the sample. The benefit of using
such cells with this medium is that they are able to obtain high enough
pressures for the insulator-metal transition to occur as well as the fact that
the pressure medium presses the contacts onto the sample. This means
that the contact resistance in these cells will be negligible.

8
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Figure 2.7: Resistivity of FePS3 as a function of temperature at several different

estimated pressures ranging from 30kbar to 135kbar. Pressure was applied using
a Bridgman Anvil Cell. Resistivity can be seen to be strongly surpressed via the
application of pressure [11].
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Figure 2.8: Resistivity of FePS3 as a function of temperature at several different
estimated pressures ranging from 110kbar to 135kbar. Pressure was applied using
a Bridgman Anvil Cell. Inset shows a levelling off of the upturn in resistivity in
the low-temperature range of the data obtained at 120kbar [11].
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10 FEPS:J,

The downside, however, is that these cells invariantly introduce a uni-
axial stress on the sample. For the measurements depicted above this
stress is exerted perpendicular to the crystal planes along the c-axis of the
FePS3. This stress introduces a pressure gradient that is estimated to be
about 20%. The weak inter-plane bonding of FePS3 might enhance this
effect even more.

In order to obtain more information about the strange insulator-metal
transition described above, crystallography data at high pressure was sub-
sequently obtained. Diamond Anvil Cells were used to obtain the neces-
sary pressures. As was mentioned before, unlike Bridgeman cells, dia-
mond anvil cells don’t introduce a uniaxial strain across the sample. In
ref [11] it is described how the problem of relatively poor contact resis-
tance for diamond anvil cells at high pressures was overcome, using gold
sputter-coating.

Two different powder X-ray diffraction datasets were obtained for pres-
sures up to 180 and 310 kbar. In the first dataset no pressure medium
was used, whereas for the second helium acted as the pressure medium.
The introduction of helium as pressure medium generally leads to sharper
and clearer peaks in the diffraction patterns. The downside to using he-
lium as pressure medium at high pressures, however, is that from around
12GPa (or 120kbar) extra diffraction peaks appear. By examining the raw
2D diffraction data, it can be seen that these seem to have a significant pre-
ferred crystal orientation. This effect might be due to the solidification of
helium under these pressures. These peaks were masked out in the data
that is presented in this thesis. The full analysis of the data that was ob-
tained with helium as a pressure medium is at the time of writing still
underway.

The powder X-ray diffraction datasets were obtained at the Diamond
Light Source Synchonotron in Oxford. Performing an X-ray diffraction
measurement in a large synchonotron allows for obtaining much higher
quality data than in most other setups. The XRD measurement gives a
2D diffraction pattern. Noise and diffraction peaks that originate from
elements in the cell other than the sample, such as the diamond anvils in
a DAC, have to be removed. The 2D diffraction pattern is then reduced to
a 1D diffraction pattern via azimuthal integration, giving a more reliable
overview of the diffraction data. This was done using Diamond’s self-
written software DAWN.

The data that was obtained without a gasseous pressure medium has
been fully analyzed and will be discussed first. The 1D diffraction data
was analyzed using the well-known method of Rietvelt refinement. Ri-
etvelt refinement is basically a multi-parameter curve fitting procedure

10

Version of March 27, 2018- Created March 27, 2018 - 20:29



11

[12]. It takes both the obtained diffraction Bragg peaks as well as a smooth
background into account. Its results contrive, among others, of all relevant
crystal structure parameters such as lattice parameters and atomic coordi-
nates. Especially the lattice parameters are obtained with high precision.

In ref [7] it was shown that FePS3 has a monoclinic C2/m structure at
ambient pressure. After the Rietveld fitting of the obtained diffraction data
it was found that with the application of pressure this structure changes
smoothly until it reaches a modified monoclinic C2/m structure at 10.1
GPa. The biggest difference between this state and the ambient pressure
state is that B has changed from about 107° to 90°. This change in crystal
structure is depicted in figure 2.9, which shows the view down the b and
c-axis. The shift of the angle  can be seen from the shift in relative orien-
tation of the iron atoms and is indicated by the grey lines connecting them
in the view down the b-axis.

At even higher pressures another structural transition was found. The
main aspect of this transition is a collapse of the interlayer spacing along
the c-axis. This transition causes the structure to change from monoclinic
C2/m to the closely related trigonal P-31m point space group. In this
phase the iron atoms form perfect hexagons. The crystal structure of this
high pressure phase is also depicted in figure 2.9. The collapse along the
c-axis can be deduced from the changing structure parameters indicated
below the visualizations of the view down the b-axis.

In figure 2.10 we see the Rietvelt fits of the obtained data at ambient
pressure, 10.1GPa and 18.1GPa. The last two can be considered as the
‘endpoints’ of the first and second structural transition. The data fits nicely
with the crystal structures mentioned above. From the restricted fits we
can obtain a quantitative analysis of the weight percentages of each struc-
ture throughout the transition. The associated weight factors of the inter-
mediate C2/m and the final P-31m structure are depicted in figure 2.11.
The midpoint of the first transition is at 3.6GPa. The midpoint of the sec-
ond transition can be seen to lie around 13.7GPa. It should be mentioned
that the original 2D diffraction data showed a significant preferred orien-
tation, possibly because the FePS3 wasn’t powderised enough. To account
for this the fits used spherical harmonics.

Also, a discrepancy between the ambient pressure fit and the data at
low ( P < 2GPa) pressures was found. The fit for the ambient pressure
structure doesn’t fit well with the data at these pressures. This might in-
dicate that there is a new phase transition occurring at pressures below
1GPa. Because much is as of yet unclear about this, the transition at 3.6GPa
will for now still be referred to as the ‘first phase transition’.
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Figure 2.9: Proposed high-pressure crystal structures for FePS3 after comparison with
Rietvelt fits shown in figure 2.10. Ambient pressure structure is compared to proposed
structure by Ouvrard et al. in ref [7]
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Figure 2.10: Obtained diffraction data for FePS3 at pressures of 0, 10.1 and 18.1
GPa. Diamond Anvil Cells without pressure medium were used. Obtained data
is displayed in red and the relevant Rietvelt fits for the proposed structures C2/m,
modified C2/m and P-31m for the pressures 0, 10.1 and 18.1 are displayed in pink,
green and blue respectively. The deviation of the obtained data from the Rietvelt
fit is displayed in gray below each dataset.
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Figure 2.12: X-ray diffraction data for FePS3 pressurized in a diamond anvil cell
up till a pressure of 31.5GPa. Two transitions can be seen to occur around 2GPa
and 12GPa. The intensity of the diffraction pattern is depicted in arbitrary units.

In order to obtain more insight into the problematic fits throughout the
first transition, X-ray powder diffraction data was obtained at high pres-
sures in a diamond anvil cell using helium as pressure medium. For this
data less corrections for (anisotropic) peak broadening need to be consid-
ered, because it generally amounts to sharper diffraction peaks. The data
was obtained up till pressures of 31.5GPa and is depicted in figure 2.12.
Upon close scrutiny we can make out the two transitions. The first tran-
sition seems to occur over the pressure range 2-3GPa, where we can see -
among other features - a peak around 26 = 9° dissappearing and another
at 20 = 8° reappearing.

The second transition occurs inbetween 11.1GPa and 12.7GPa. Here
we see all diffraction peaks shift slightly to the right. This unilateral shift
corresponds to the collapse of the c-axis.

In comparison to the earlier obtained diffraction data where no pres-
sure medium was used, it can be seen that the obtained diffraction peaks
are significantly sharper. This effect is especially noticable at higher pres-
sures. The FWHM is approximately two times less for the diffraction peak
at 26 = 15° around 18GPa for the helium data compared to the no-medium
data. The Rietvelt analysis of the data presented above still has to be com-
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pleted at the time of writing. This will however will most likely produce a
much more detailed look into the change of crystal structure, because less
(anisotropic) peak-broadening has to be taken into account in the analysis.
Upon first inspection the structural transitions seem to occur at slightly
different pressures for the latter dataset. Rietvelt refinement will shed
more light on this possible discrepancy as well.

The exact relation between the structural crystallographic transitions
mentioned above and the exotic metallic state of FePS3 under pressure is
as of yet not understood. The added strain on the FePS3 samples during
the resistivity measurements - due to the fact that a Bridgman anvil cell
was used - might be of significant importance. This is why it would be
useful to perform resistivity measurements down to low temperatures on
FePS3 pressurised in diamond anvil cells. A comparison between these
measurements and the diffraction data would be more straightforward.
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Chapter

Pyrrhotite

Pyrrhotite is a strong carrier of magnetic remanence in both terrestrial and
extra-terrestrial rocks. Therefore it effectively locks-in information about
the direction and magnitude of the earth’s magnetic field at the time the
pyrrhotite was formed. This is why it has been extensively used over
the last 50 years for purposes ranging from the documentation and de-
termination of tectonic motions to the mapping of the secular variation in
the earth’s magnetic dipole moment [13]. Its presence in extra-terrestrial
(among which Martian) meteorites, might also offer us a record of the his-
tory of the magnetic fields of the bodies that these originate from [14-17].
The full Pyrrhotite group is de-
fined as the group of all iron mono-
sulphides with an NiAs-type struc-
ture that possess the general for-
mula Fe;_,S where 0 < x < 0.125
represents the degree of iron defi-
ciency [18]. These iron deficiencies
can occur periodically in several
different configurations, constitut-
ing so-called "superstructures’. In
pyrrhotite the superstructures are Figure 3.1: Structure of the unit cell of
characterized by the periodicity of FPyrrhotite
these vacancies in the direction of
the c-axis, where the c-axis is chosen to be orthogonal to the hexagonally
structured Fe/S layers. Two superstructures that will be mentioned in
the following are the monoclinic 4C superstructure, which has an effective
monoclinic unit cell of 8 layers due to its ordered vacancies and the 5C* su-
perstructure, which has an effective unit cell of 10 layers with 4C chemical
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Figure 3.2: Schematic depiction of the location of the iron-deficiencies in
pyrrhotite for superstructures of the form 4C (periodic in 8 layers) and 5C (pe-
riodic in 10 layers). Sulfur atoms are omitted for clarity. [19]

composition (see figure 3.2). The crystal structure of pyrrhotite is depicted

in figure 3.1.

In the hexagonally structured basal plane, the moments of the iron

atoms couple ferromagnetically and the adjacent iron-layers couple an-
tiferromagnetically. The ordered array of iron vacancies gives rise to fer-

rimagnetism in monoclinic 4C pyrrhotite, which has an ideal formula of

Fe;Sg. The associated Curie temperature is 350°C and this phenomenon is
well understood. However, at around 30K the magnetic and electric prop-
erties (among others) of this monoclinic pyrrhotite undergo a significant

change, known as the Besnus transition [20]. This transition is character-

istic for pyrrhotite and has been used for decades to identify the presence

of this mineral in rock samples [13, 20].

The origin and mechanism of the Besnus transition has been disputed

for decades. Ever since the (re)discovery of this transition by Fillion and
Rochette [21], a mechanism similar to the Verwey transition in magnetite
has been assumed. In essence, a Verwey transition is a simultaneous tran-

18

Version of March 27, 2018- Created March 27, 2018 - 20:29



19

b) *

'e H=18550 Oe

H=1740 Oe

o (emu/g) —
®

Magnetization

1 I

M t}lﬂfuul.)

Resistivity

log (plp,) —

0 100 300 °
T(K) T (K)

c)

Figure 3.3: Summary of the earliest obtained magnetisation and resistivity data for Mag-
netite and Pyrrhotite. a) Top: magnetisation as a function of temperature for Magnetite.
Around 120K a sudden drop in magnetisation, corresponding to the Verwey transition,
can be seen. Below: a measurement of resistivity throughout the same transition [26, 27].
b) Magnetisation curves for pyrrhotite. The Besnus transition can be seen around 35K
[21]. ¢) Resistivity curve for pyrrhotite where the Besnus transition manifests itself as a
drop in resistivity around 35K [28].

sition of both the crystal lattice symmetry and the electrical and magnetic
properties of a material. These kinds of abrupt changes of the crystallo-
graphic structure are usually accompanied by related anomalies in other
control parameters, such as the specific heat [22]. A clear correspondence
can be seen when we compare previously measured anomalies in mono-
clinic pyrrhotite to those of the Verwey transition in Magnetite (see figure
3.3). The exact mechanism, however, behind the Besnus transition is as of
yet unclear and is still debated in the literature [18, 19, 23-25].

The question that this debate focuses on is whether or not the Besnus
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20 Pyrrhotite

transition is — in analogy with the Verwey transition — of crystallographic
origin, meaning that it is explicitly intrinsic and material-specific, or whether
it is magnetic in origin and stems from magnetic coupling of multiple su-
perstructures associated with different iron vacancy distributions.

In support of the former interpretation Wolfers et al [25] performed a
neutron diffraction study together with obtaining magnetic torque data
for natural pyrrhotite to propose a monoclinic to triclinic crystallographic
transition. This view is supported by the work of Volk et al [18], who
showed a clear change from sixfold to fourfold magnetic anisotropy in the
easy magnetization plane through the Besnus transition of a single crystal
of monoclinic pyrrhotite.

Koulialias [19] and Charilaou [23], however, point out that in the pa-
per by Wolfers et al, commensurate monoclinic pyrrhotite is assumed and
the effect of heterogeneities is neglected. Furthermore, there have been
neutron diffraction studies [24] and magnetic and spectroscopic studies
[29] that support the absence of a crystallographic transition around 30K
for synthetic single crystal and natural poly-crystalline pyrrhotite respec-
tively.

Koulialias and Charilaou show instead, that magnetic coupling be-
tween the 4C superstructure and other structural inhomogeneities might
be the underlying principle governing the Besnus transition. To support
their claim, they offer powder X-ray diffraction data in combination with
Rietveld refinement to show that their natural sample consists of a 4C su-
perstructure in combination with a less pronounced 5C* superstructure.
The presence of this extra 5C* structure above 35K was verified with hys-
teresis measurements of the easy-plane magnetization as a function of ap-
plied magnetic field. Hysteresis measurements at lower temperatures in-
dicated that the anisotropy properties of the 5C* structure might be em-
bedded into those of the 4C structure after the Besnus transition, which
was further evidenced by the appearance of a 12-fold symmetry in the
magnetic resistivity below 30K. This would indicate strong coupling of
these superstructures that form a unitary magnetic anisotropic system at
the transition. This is why Koulialias and Charilaou claim that the Besnus
transition is not related to an abrupt crystallographic transition, but that
it is an extrinsic magnetic phenomenon that stems from the coupling be-
tween the dominant 4C superstructure of monoclinic pyrrhotite and other
structural inhomogeneities.

In order to try to settle the debate about the origin of the Besnus transi-
tion, several different types of measurements have been performed in the
group. Specific heat and magnetic measurements have been performed on
two natural oriented pyrrhotite samples. Resistivity measurements were
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Figure 3.4: Results of measurements of specific heat of a single-crystal pyrrhotite
sample as a function of temperature and magnetic field. An anomaly correspond-
ing to the Besnus transition can be seen around 34K. Figure b) highlights the
dual nature of this anomaly, consisting of two seperate peaks: a broader mag-
netic field-dependent peak centered around 35K and a sharp - seemingly - tield
independent peak at 33K.

subsequently carried out in three orthogonal crystallographic directions
in order to further investigate strong anisotropic effects in magnetization.
Diffraction measurements indicated that the two samples that have been
measured are samples of almost "pure” 4C pyrrhotite Fe;Sg(x = 0.125).
This means that for the measurements that will be discussed in the follow-
ing, the effect of other types of structural inhomogeneities can seemingly
be neglected.

Firstly, a Quantum Design PPMS was used to perform heat capacity
measurements on a single crystal ‘pure” 4C pyrrhotite sample under the
application of magnetic fields of different strengths. The results are de-
picted in figure 3.4a. A clear anomaly related to the Besnus transition can
be seen around 34K. When we take a closer look at the data around the
transition it is clear that the anomaly in specific heat is field-dependent,
decreasing in size with the application of a large magnetic field.

The resolution of the performed measurement allows us to distinguish
not one, but two clear features that constitute the transition together. In-
stead of a single peak, the anomaly actually seems to be a linear superposi-
tion of two peaks centered around 35K and 33K. The 35K peak is broader
and can often be seen as a shoulder to the much sharper peak around
33K. Moreover, the 35K peak shifts towards slightly higher temperatures
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22 Pyrrhotite

as the magnetic field is increased, whereas the 33K peak remains at ap-
proximately the same temperature (even though it decreases in size). This
indicates that possibly it is only the temperature of the 35K anomaly that
is field-dependent. As far as is known to the group, the dual nature of the
transition as well as the difference in field-dependency has not been noted
in the literature until now. In the rest of this thesis, as was the case before,
the combination of these two anomalies will be referred to as ‘the Besnus
transition” as a whole.

Magnetisation was measured with a Quantum Design MPMS, in or-
der to further investigate the magnetic properties of the Besnus transi-
tion. Firstly, the sample was cooled without applying a magnetic field
(zero-field cooling) down to 2K. After this the magnetisation in the di-
rection of the three principal crystallographic axes was measured upon
heat-up under application of a 10mT field. The results of this measure-
ment are depicted in figure 3.5a. A clear anisotropy can be seen in the
magnetisation. At room temperature the direction of the overall magnetic
moment is clearly in-plane (M ~ 0 along the interlayer c-axis). How-
ever, from around 220K the magnetic moment along the c-axis gradually
increases, whereas the in-plane components slightly decrease. The total
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Figure 3.5: Zero-field cooled (a) and field cooled (b) magnetisation data of a
single-crystal pyrrhotite sample with an applied magnetic field upon heating
of 10mT. The magnetic moment is clearly anisotropic at all temperatures. The
anomaly associated with the Besnus transition can be seen around 34K. Low-
temperature behavior depends strongly on the application of a magnetic field
upon cooling, indicating the importance of magnetic domain formation after the
Besnus transition.
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magnetic moment stays the same, which indicates that the magnetic mo-
ments slowly rotate out of the plane when the sample is cooled from room
temperature down to the Besnus transition. At the Besnus transition there
is a sudden drop in magnetisation along all principal axes. This drop leads
to an overall decrease in total magnetic moment. This drop suggest a pos-
sible formation of local magnetic domains partly cancelling eachother.

This assertion has been tested by cooling the sample from room tem-
perature down to 2K under the application of a magnetic field of 5T (field-
cooling). Field-cooling saturates the magnetisation along the direction of
the applied magnetic field. This means that forming of possibly opposing
magnetic domains will be prevented. When the applied magnetic field
is then removed at base-temperature and the magnetisation is measured
upon heating it can be seen that the total magnetic moment is conserved
(see figure 3.5), contrary to the zero-field cooled results. This means that
the Besnus transition is nothing more than a reordering of the same mag-
netic moments that are present at room temperature.

In order to further investigate the anisotropic effects governing the
transition, 4-point electrical resistivity measurements were made for two
oriented natural pyrrhotite samples in three orthogonal crystallographic
directions characterized by the miller indices (100),(120) — both in-plane —
and (001) which is along the c-axis.

Resistivity measurements were performed using a Princeton Applied
Research 5210 and an EG&G 7265 Lock-in Amplifier in combination with
a current supplier of 5001 A/V. The lock-ins operated at a frequency of
1115Hz with an oscillation voltage of 2V. Both were chosen in order to re-
duce noise from an unknown source with frequency peaks at multiples of
10 and 15Hz. This noise remained constant when the oscillation voltage
was increased. This is why the highest possible setting (2V) was chosen in
order to improve the S/N-ratio as much as possible. Most of the presented
data is scaled, however, to the resistivity at 280K or 33K (transition tem-
perature) which eliminates the effect of the the noise-filters that were used.
When the magnitude of the resistivity is concerned, artificial noise filtering
has been corrected for. Furthermore, measurements of different samples
(of the same chemical composition) along the same crystallographic direc-
tion with two different lock-ins indicated that the effect of using different
lock-ins as well as the effect of performing the measurements on different
samples from the same batch can be neglected.

For each measurement 25um gold wires were spot-welded to the sam-
ple surface in a Kelvin 4-probe configuration along each of the previously
mentioned crystallographic directions. The connections were subsequently
enforced by applying 4929 DuPont highly conductive air dry epoxy. The
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Figure 3.6: Resistivity measurements along three orthogonal crystallographic di-
rections scaled to their resistivity at a) 280K and b) 33K (transition point)

samples were cooled down using a Cryomech PT407 Pulse Tube Refriger-
ator in combination with a Cryomech CP970 helium compressor. Without
thermal load this system will go down to a temperature of 2.8K [30] but
because of the relatively large thermal load of our setup as well as possible
contaminations of the *He gas used, the actual measurements went down
to about 7.5K. A Lakeshore 370 AC Resistance Bridge was used in order to
obtain accurate temperature control. The exact pressure was not recorded,
but turbo pump vacuum is assumed.

An overview of the resistiv-

ity measurements can be found

) — ' ' in figure 3.6. Anisotropy in the
conductivity is apparent, although
not as pronounced as one might
expect from the previously pre-
sented magnetization data. In
the temperature-regime below the
besnus transition magnetic scatter-
i » » - % ing dominates the resistivity of the
rempeatre (9 material. This can be deduced from

the T2 fit in figure 3.7 correspond-
ing to e — e scattering as a domi-
nant mechanism in increasing the
resistivity with increasing temper-
ature. When the magnitude is con-
cerned, the resistivity curve seems
to settle at a residual resistivity between 0.10 — 0.15 - 10~3Qcm. In addi-
tion a residual resistance ratio of around 1/4 was found. Both values are

Figure 3.7: Quadratic fit of temperature
range 10-35K of the resistivity curve for
pyrrhotite down to 10K in the (100) di-
rection.
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lower, by a small margin, than what has previously been reported in the
literature. This thus further indicates the lack of structural defects in the

samples used.

In order to further confirm the
dual nature of the transition the
derivative of the resistivity with re-
spect to temperature is plotted in
figure 3.8. Because the determi-
nation of this dual nature requires
data of high resolution, no smooth-
ing algorithm was used in process-
ing the data. The dual nature of
the transition can be seen in the
local maximum of the derivative
around 34K. When the pyrrhotite
is heated up through the transi-
tion the derivative first starts to in-
crease around 30K. This increase
reaches a local maximum around
32K after which it starts to decrease
and settle to an approximately con-
stant value at 34K. These tempera-
tures are somewhat lower than the
interval for the transition obtained
during the magnetisation/specific
heat measurements. Even though
the samples were cut from the
same batch as the ones that were
used for those measurements, the
discrepency might be an effect of

T T T
0.104 - dplpy)
at

Derivative

T T T T T T T
15 20 25 30 35 40 45
Temperature (K)

Figure 3.8: Derivative of resistivity
around the Besus transition. When tem-
perature is increased through the transi-
tion, the derivative can be seen to first
rise in the interval 30-32K and after this
settle down to a value lower than before
the transition. No smoothing algorithm
was used in order to keep the resolution
as high as possible.

the usage of different samples. A further possibility might be that the
effect in resistivity is only a characteristic of the lower-temperature transi-
tion. This would then mean that the magnetic field dependent higher tem-
perature transition would have no effect on the resistivity of pyrrhotite.
More detailed measurements and analyses in the future might offer more
insight into the viability of these possibilities.
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Chapter

Summary & Outlook

In this thesis research is presented into two types of exotic anti ferromag-
nets, namely FePS3 and Fej_,S (pyrrhotite). As of yet unexplained behav-
ior has been described and possible models describing the magnetic and
crystallographic structure of these materials are proposed. X-ray diffrac-
tion, resistivity, magnetization and specific heat measurements have been
performed and these have led to the crystallographic structural and mag-
netic models that are proposed for FePS3 and pyrrhotite respectively.

Resistivity measurements show the emergence of an unconventional
low-temperature metallic state in FePS3 when pressures exceeding 100kbar
are applied. The temperature dependency of the resistivity could not be
fitted to any of the theoretical models known (to the group), which is why
subsequently X-ray diffraction measurements were obtained. From these
diffraction measurements two structural transitions can be ascertained,
with the possibility of a third low-pressure (P < 10kbar) transition. The
analysis of the subsequently obtained diffraction data of FePSs pressur-
ized in Diamond Anvil Cells with helium as a pressure medium might
offer better resolution of this structural analysis, seeing as data that is ob-
tained this way is generally sharper and goes up to higher pressures.

An important fact that is noted is that the resistivity measurements
were performed in Bridgman Anvil Cells, which inherently introduce a
uniaxial strain and thus a pressure gradient on the sample that is esti-
mated to be about 20%. In the diffraction measurements Diamond Anvil
Cells were used that don’t introduce this strain, which means that two
different kinds of physics might apply for these situations. In order to fur-
ther investigate the effect of the added strain it will be useful to perform
resistivity measurements down to cryogenic temperatures on samples that
have been pressurized in Diamond Anvil Cells. Comparison of the resis-

27

Version of March 27, 2018- Created March 27, 2018 - 20:29



28 Summary & Outlook

tivity data with the data obtained in Bridgman Anvil Cells will then pos-
sibly offer both a qualitative and a quantitative measure of the effect of
the added pressure gradient on the found exotic metallic low-temperature
state.

Specific heat, magnetization and resistivity measurements were per-
formed on pyrrhotite, with the specific focus on anisotropy during the
‘Besnus transition’. This transition is characterized by a sudden drop in
resistivity around 30-36K together with jumps in the magnetization and
a specific heat anomaly. The mechanism governing this transition has
been heavily debated in the literature with the focus being on whether
the transition is a structural crystallographic transition (much like the Ver-
wey transition in magnetite) or whether the transition comes about from
the interplay of multiple magnetic superstructures. The results presented
in this thesis provide compelling evidence for the exclusion of the latter
interpretation. Even though no definitive conclusion can be made at this
time, this research does point to the importance of the magnetic domain
structure of pyrrhotite involved in the Besnsus transition. This is why fur-
ther exploration with the means of low-temperature neutron diffraction
studies might offer more insight into the change in magnetic structure in
this 30-36K temperature range.

Furthermore, the detailed and high resolution measurements that are
presented in this thesis seem to evidence the existence of two seperate
transitions, together constituting a phenomenon that has traditionally been
described as a single transition. This observation is of significant impor-
tance and can’t be omitted in any discussion regarding the Besnus transi-
tion. As far as it is known in this group, the dual nature of this transition
has never been noted before in the literature.
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