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Transition metal chalcogenides and transition metal arsenides are important
families of natural mineral compounds widely distributed in the natural world. With
similar structural and electronic properties of transition metal oxides, natural tran-
sition metal compounds are expected to have similar novel phenomena. With an
ongoing project for searching natural superconductors in collaboration with Depart-
ment of Mineral Science, Smithsonian Institution, we had a chance to investigate
several natural minerals from the Smithsonian Museum in order to study previously
unexpected naturally occurring mineral compounds for interesting ground states.

We found several interesting magnetic transitions in these natural occurring
mineral samples. Some of the magnetic transitions are not reported, some of
the transitions are associated with other unreported novel quantum phenomena.

In this thesis, I will discuss Bornite (CusFeSy), Berthierite (FeSbeS,), Nagyagite



(PbsAu(Te,Sb)4S5_g), Maucherite (Nij;Asg) and related experiments in detail.

Bornite (CusFeS,4) has a semiconductor-insulator transition accompanied with
an antiferromagnetic transition. As shown by our ability to tune the transition
temperature and low-temperature metallicity by applying external pressure, Bornite
may be a good candidate for Mott system and searching new superconductors.

Berthierite (FeSbySy4) is a quasi-1-dimensional antiferromagnet. With strong
anisotropic physical properties, berthierite may provide a very good system for un-
derstanding the low dimensional magnetic material.

A Ferromagnetic order was found in natural nagyagite (PbsAu(Te,Sb)4S5_s)
samples. The magnetic order, the weak anti-localization property with strong spin-
orbital coupling and the 2-dimensional structure of this compound make it a very
interesting system for realizing topological properties in a natural compound.

The magnetic order and transitions in both natural and synthetic maucherite
(Nij;Asg) samples show interesting finite-size scale effects. It gives us a different
approach to understand the differences in some physical properties between natural
and synthetic compounds.

Also, we will present a summary of other magnetic transitions and magnetic
properties of more than 40 minerals for this study and show the relation and similari-
ties between strongly correlated transition metal oxide materials and other quantum
materials. We will also make a list of other transition metal minerals that are worthy

of investigation based on our research experience.
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Chapter 1: Introduction

1.1 Smithsonian National Museum and Natural Superconductors

Discovering and understanding the properties of natural minerals has become
part of human beings’ history. In the pre-historical periods, our ancestors learned
to use stones to make tools; and it made them a little bit different from other lives.
Later they knew how to get bronze and metals from the rock to make better tools.
Maybe at the same time, they also got some gems, silver, and gold for decoration,
even found that they could make some colors and paints from the minerals, all
these are about beauty, art, power, and treasures. Some ancient Chinese people
made compass while playing with the mineral Magnetite, and later it was used
to discovering the world. The steam engines were driven by the energy from coals
hundreds of years ago. And now, we are not able to live in a world without products
form the petroleum. A lot of discoveries in natural minerals has become milestones
in the history of civilization.

A mineral is a naturally occurring chemical compound or material, usually
of crystalline form and abiogenic in origin. A mineral has one specific chemical
composition. In natural mineral samples from ores and rocks, the crystal quality

can be as good as some beautiful single crystals like pyrite, gold, and some gems.



Also, it can be as bad as a rock of mixture of the primary phase and some impurities.
Nowadays more than 5000 minerals are formally recognized on earth, and every year
some new types of natural minerals are discovered by geologist and mineralogist,
most of which were hidden in rocks for million years. They are classified into many
classes according to the chemical composition. For example the native element
minerals, sulfide minerals, sulfosalt minerals, organic minerals and so on. Most of
them were studied with some traditional techniques in mineralogy and geophysics.

In mineralogy and mineral physics, most of the mineral samples are use to
provide insights into plate tectonics, mantle convection and related phenomena. The
structure and mechanical properties are studied in these areas. What if we look into
the minerals with a view of modern condensed matter physicist by measuring their
magnetic and electronic properties? First, most of the extreme condition properties
(low temperature and high pressure) of minerals are not clear. Second, the mineral
physicists or mineralogist may not think about the novel physical properties, like
superconductivity and metal-insulator transition, of natural specimens. In the end,
even we can synthesize a lot of samples in a lab; the formation of natural mineral
samples still have a lot of differences with the techniques in lab considering the
time, for instance, the high pressure and temperature from earth. Is it possible
to discover some functional materials even new superconductors in the naturally
occurring samples? With this idea and goal, we start a project about minerals to
try to search superconductors in natural minerals in collaboration with Department
of Mineral Science, Smithsonian National Museum of Nature and History. To have

a better understanding of our plan and how we selected the mineral samples, an



introduction about the background and the project will be made in the first chapter.

Since our target is discovering a natural superconductor. I will first introduce
some theoretical and experimental study about superconductivity and some reported
natural mineral superconductors.

In 1911, Heike Kamerlingh Onnes reported a sudden drop in the electrical
resistivity of mercury at 4.2 K, as shown in Figure 1.1. This phenomenon named as
"Superconductivity” by Onnes, with a perfect diamagnetic state has been discovered
many times while cooling down different materials.

Superconductivity has become one of the most important aspects of condensed
matter physics. It has since been defined as a state of matter in which the resistiv-
ity of material drops to exactly zero and the material begins to show diamagnetic
behavior at a critical temperature (T.). In 1935, brothers Fritz and Heinz Lon-
don developed the London equation to explain the superconducting state phenome-
nally [5]. Later another phenomenological model Ginzburg-Landau Theory, named
after Vitaly Lazarevich Ginzburg and Lev Landau was proposed and could explain
the superconducting phenomenon very well. In 1956, the BCS theory of supercon-
ductivity, named after John Bardeen, Leon N Cooper and John Robert Schrieffer was
published, presenting a microscopic theoretical model for superconductors [6] and
introduced the concepts of Cooper pairs. The BCS theory was such a success that
can explain almost all the superconductivities before the 1980s. But, Alex Muller
and Georg Bednorz, working at IBM in Switzerland, discovered the first cuprate su-
perconductivity in Lanthanum barium copper oxide (LBCO) at 35K while looking

for superconductivity in Jahn-Teller perovskites in 1986 [7]. In the next year, Paul
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Figure 1.1: Superconducting transition at 4.2 K in Hg. The resistivity becomes zero
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Chu’s group in Houston first discovered superconductivity in Yttrium barium copper
oxide (YBCO) with T, above 77 K (boiling point of liquid nitrogen) [8]. However,
these newly discovered superconductors (named cuprates due to the common CuOy
plane structure in the materials) were found not follow the predictions of BCS the-
ory which will be discussed in details in next part. These cuprates defined a new
class of unconventional high-temperature superconductors. In 2006, another new
class of superconductors, Fe-based superconductor, was discovered [9] while search-
ing proper touchscreen materials. Figure 1.2 shows a graph of the highest known T,
as a function of the year of discovery. This new type of superconductors is based on
conducting layers of iron and a pnictide instead of CuO, layers and doesnt follow
the BCS theory either. The mechanism of these unconventional superconductors is
still under debating, so it is still imperative to discover more superconductors for
both understanding the superconductivity theory and future application. In this
paper, we will discuss our attempts for searching new superconductors in natural
mineral samples inspired by the experimental phenomena of these unconventional
superconductors as well as other novel magnetic properties.

To search new superconductors, one approach is making new crystals in the
lab; another way is to look at the existed compounds like minerals. The low-
temperature characteristics of most of the natural mineral compounds are not well
investigated. Also, in high-temperature superconductor cuprate and iron-based su-
perconductor, the Cu-O and Fe-As layers play an essential role in the supercon-
ductivity. Most of the natural mineral compounds are chalcogenides and pnictides

associated with transition metal elements which also have similar correlated struc-
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Figure 1.2: Timeline of superconductivity since 1911 (from Wikipedia).

tures of the transition metal atoms with O group and As group elements. With
a lot of unknown properties and similar element composition, the transition metal
chalcogenides and pnictides are worthy of being studied for searching new supercon-
ductors.

Several natural superconductors have been discovered in recent years. In 2006,
Benedetto found the first natural superconductor covellite (CuS). An abrupt increase
of the diamagnetic effect at 1.63 K (Figure 1.3) was observed in natural covellite
samples from different countries while measuring the AC susceptibility with decreas-
ing temperature, thus evidencing superconducting state [10]. The transition is field
independent for low DC fields (smaller than 50 Oe), while cannot be observed for
larger areas. These properties confirm natural covellite as a kind of type I supercon-

ductor. The structure of covellite at low temperature is composed of layered CuS;



| T T T | ' I
0.00 4 Y
._,__,-o-'-""_'__

-0.02 - -
= . s -
g 0.04
:‘*-d =

-0.064 1 -

-0.08 S -

T | T T ¥ T ¥ T T | T |
0 S 10 15 20 25 30

Temperature (K)

Figure 1.3: AC susceptibility measured in zero static field on covellite sample, in the
range 1.5-30 K. The frequency ranges from 50 Hz (upper series) to 10 kHz (lower

series); intermediate frequencies are 144, 416, 1201 and 3465 Hz.

planes connected by covalently bonded Sy planes [10].

In 2009, miassite (Rhy7S;5) was reported as a strongly correlated superconduc-
tor with a superconducting transition temperature at 5.4 K [11]. Later the experi-
ments were repeated in the lab made Rhy7S15 with the same transition temperature,
The heat capacity and resistivity experiment show that miassite is a strongly cor-
related superconductor. Based on the structure of miassite, researchers also tried
to adjust the interaction by using Pd and Se atoms of the same element group to
replace the Rh and S atoms. In these experiments, the researchers discovered a new
multi-band superconductor Pd;;Se;5. The new material is the first superconductor

born from the inspiration of natural superconductor.
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Both of the two samples show superconductivity (Reference 8).



Both of the two natural superconducting minerals are transition metal sulfides,
and most of the minerals in nature are sulfides. Also, most of the compounds
studied in this thesis are transition metal sulfides. It reminds us of a significant
family of materials in modern condensed matter physics, the transition metal oxides.
In this thesis, we will have a brief introduction to the physical phenomena and
properties of transition metal oxides. The physics of transition metal oxides will
help us understand the magnetic transitions in our transition metal sulfides better.
Besides sulfides, there is also some other type of natural superconductors.

In 2013, researchers discovered a superconducting transition in natural min-
eral calaverite (AuTey) by applying pressure up to 2.34 GPa [12]. The transition
temperature is 2.3 K with a pressured induced structural transition. The transi-
tion temperature was increased to 4.0 K by doping Pt atoms into lab made AuTe,.
Calaverite has monoclinic lattice structure with Au layers and Te layers at ambi-
ent pressure, and below 5 K. With applied pressure increasing, the material has a
low-temperature trigonal structure, and the charged ordered state disappeared and
ended in a bulk superconducting state.

The discovery of several natural mineral superconductors gives us an inspi-
ration of searching new superconductors in the natural mineral samples. With a
collaboration with the Smithsonian National Museum of Natural History, Depart-
ment of Mineral Science, I had the opportunity to get access to their collection
of mineral specimens. There are several advantages of finding natural supercon-
ductors. First of all, a discovery of a new superconductor will be great news to

the condensed matter physics research area. Also for a natural superconductor, we
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dont have to make it in the lab, it is possible to have wide applications with stable
physical properties.

As I mentioned above, the magnetic ground state is a significant property
for the unconventional superconductivity; also, the diamagnetic effect is a signal of
conventional superconductivity. So to have a quick understanding of the mineral
samples we have, I first do a quick magnetic scan for most of the mineral samples
in Quantum Design MPMS system to measure the temperature dependence of the
susceptibility. If there is a conventional superconducting state, we will observe a
robust diamagnetic signal. On the other hand, considering the phase diagram of
the cuprate, most of the unconventional superconducting states come along with a
magnetic transition or magnetic ground state. So if we observe a magnetic transition
in a particular sample, we will do more research on it including resistivity, heat
capacity, and other physical properties. For some of the interesting mineral samples,
I also attempt to grow them in the lab to get better crystals.

I have measured more than 40 samples from Smithsonian and discovered 17
unreported magnetic transitions, which will be introduced in details in the following
section. Most of the samples were in good condition and were characterized with
X-ray diffraction experiment and EDS experiment. In this thesis, I will introduce
four different natural minerals I studied in detail. Before I introduce the interesting
mineral samples, I will first give a brief introduction about transition metal com-
pounds from the transition metal oxides and what we are expected from the mineral

samples.
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1.2 Physical Properties of Transition Metal Oxides

Even though I did not find any new superconductor from the mineral samples,
I discovered several unreported magnetic transitions and also did further research
about several reported magnetic transitions. Most of the minerals I measured are
transition metal sulfides, and the magnetic properties of some samples remind me
another important family of materials, the transition metal oxides.

Transition metal oxides are significant for many reasons. In last several decades,
there were several notable discoveries in both theoretical and experimental con-
densed matter physics about transition metal oxides. The new physics phenomena,
especially about the strongly correlated materials, are related to the complex prop-
erties of transition metal oxides. For instance, the Mott insulator, high-temperature
superconductor cooperate, crystal field effect, colossal magnetoresistance, multifer-
roic materials, etc. Most of the discoveries are very important and even got Nobel
Prize and have a lot of applications in engineering and industry areas such as bat-
teries, photovoltaic materials, etc. In this section, I will have a brief review of the

physics of transition metal oxides and its relation with the transition metal sulfides.

1.2.1 Interactions in Transition Metal Oxides

The unconventional physical properties of transition metal oxides mostly arise
from the complex interactions in the systems. Besides the electron-electron inter-
action and electron-phonon interaction, the interactions between charges, spins and

orbital degrees of freedom also play a significant role in the physical properties of
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transition metal compounds. The complexity is because that most of the transition
metal atoms have partially filled d electrons. In the following part, I will start from
the magnetic interactions in transition metal systems and explain the novel theoret-
ical and experimental results of transition metal oxides. Similar physical properties
can also be found in transition metal sulfides.

Origin of magnetic moments

The total magnetic moment comes from two parts, the spin momentum S and
the orbital momentum L. The overall angular momentum can be determined by
Russell-Saunders coupling when the spin-orbital coupling effect is not substantial.
In this physics picture, the spin (s) and orbital () angular momentum of unpaired
elections are summed up to have the total spin momentum (S5) and total angular
momentum (L). S and L are coupled to give total angular momentum J as shown
in Figure 1.7, results in a ground state with degenerate levels from | L — S | to
| L+ S | by Hunds rule.

The magnetic moment of an atom is determined by equation 1.1,

s = gyppy/J(J +1) (1.1)

Where:

3J(J+1)+S(S+1)—L(L+1)
2J(J+1)

97 = (1.2)

The following table shows the magnetic moments of several transition metal
ions. The temperature dependence of magnetic moment can be calculated with

mean field approach, as shown in the following equation:

. g7upJ(J+1)B
J 3KT

(1.3)
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Figure 1.7: The schema of spin orbital coupling and total magnetic momentum.

Metal ion Theoretical moment

Fe2+
Mn?+
C02+
Ni2+

Cu?t

4

1

Experimental moment
4.1
4.6
3.7
2.3

1.3

Table 1.1: Magnetic moment of some transition metal ions.
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Which is just the famous Curie-Weiss law for paramagnetism: y = C'/T, where

the Curie constant C' is defined as:

fopiF
C="ENG (T +1) (1.4)
3kp

Magnetic interaction

The interaction between magnetic moments on each ion site will form a more
complex magnetic structure in the materials. The Heisenberg model is often used to
describe the interactions between individual moments in the system. As shown in
equation 1.5, when the J;; is negative, the spins tend to be anti-parallel alignment,
so the material will prefer to have an antiferromagnetic ground state. Otherwise,
parallel alignment is favored, and the material will be in a ferromagnetic ground

state.

H = —J;8;5, (1.5)

Heisenberg can be used for most of the direct magnetic interaction. It can also
be regarded as a result of Pauli exclusion. Besides the direct interaction, indirect
interaction or superexchange is also ubiquitous in transition metal oxides systems.

Superexchange interaction in transition metal oxides is the indirect interac-
tion. The 3d orbitals of transition metal ion overlap with the p-orbitals of oxygen
ions. If the transition metal ions and the bridging oxygen ion is around 180 degree,
the overall system has antiferromagnetic interaction. If the bond is close to 90 de-
grees, the system has ferromagnetic coupling. This interaction rule is known as the

Goodenough-Kanamori rule.
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Paramagnetic Antiferromagnetic Ferromagnetic Diamagnetic

TigOg FeO MH304 Yb203
VO NiO ’V-Feg 04 T102
V02 CoO CI‘Q 03

Table 1.2: Some room temperature magnetic transition metal oxides.

The couplings and interactions between the spin degree of freedom bring a lot
of exotic magnetic transitions in transition metal oxides. Table 1.2 shows several
transition metal oxides with the different magnetic order at room temperature. All
these materials have a broad application in engineering.

Crystal field Effect (CFE) and the structure of transition metal ox-
ides

Besides the spin-spin interaction, the orbital degree of freedom and crystal
structure is another very significant reason for the many exciting phenomena in
transition metal oxides. Typically the several oxygen atoms and the transition
metal atoms in the systems form TM-Og octahedra, TM-Os5 squared pyramid or
TM-Oy4 planes as shown in Figure 1.8(a). The polarization of the electronic field
generated by the oxygen charge density will break the spherical orbital symmetry
of the d-electrons of the transition metal atoms.

Because the five d orbitals have different charge density in a different orien-
tation as shown in Figure 1.8(b), the d orbital electrons will lose their degeneracy
and split into various energy states. This effect is known as crystal field effect.

Figure 1.8(c) shows the electron configuration of a typical crystal field splitting in
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an octahedral cell. The crystal field effect will affect the physical properties of the

material.

1.2.2 Mott Insulator

One of the most significant concepts related to transition metal oxides is the
Mott Insulator. In last century, several theoretical pictures were proposed to ex-
plain the electronic properties of metal and insulator. One of the most successful
models is the Sommerfeld energy band theory. Consider a free Fermi gas without
electron-electron interactions is placed into a periodic lattice potential, if the elec-
trons obey the Fermi-Dirac distribution in momentum space, the available energy
states form bands. We call them the energy bands in moment space. For insula-
tors, the electrons in the valence band are separated by a large energy gap from the
conduction band. While in conductors like metals, the valence band overlaps the
conduction band. And in semiconductors, there is a small enough gap between the
valence and conduction bands. Despite its great success in explanation of metal,
insulator, and semiconductor, the ignorance of electron-electron interaction eventu-
ally brought some troubles. NiO was predicted to be metallic according to the band
theory. Nevertheless, NiO had insulating behavior and was not metallic as predicted
in later experiments. By introducing the effect of electron-electron interactions, we
can explain the effect quantitatively and fix the defect of band theory with Hubbard
model. Equation 1.6 shows the Hamiltonian of Hubbard model where t;; represents

the electron hopping between site ¢ and site j, U is the Coulomb repulsion between
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electrons.

H = —tij (C;-r’Uijg + c;r-ﬂci,a) +U Z Nqp Ny 4 (16)

In a schematic physics picture language, when the t;; is much larger than
U, the Coulomb interaction can be neglected, and the system is metallic because
the electrons can hop between sites with small repulsion. While if the Coulomb
repulsion is much larger than the hopping effect, the electrons will be localized and
the system is insulating. Such kind of insulator is called Mott insulator. As shown
in Figure 1.9(a), if we consider the Coulomb interaction, the system will also have
an energy gap. If the band gap in exists between anion and cation states, it is called
charge transfer insulator. As we can conclude, Oxygen atoms play a significant role
in strongly correlated transition metal oxides. Based on the localization of electrons,
some mechanisms such as Mott-Hubbard model were formulated to understand the
antiferromagnetic states in many of these correlated systems. We are expecting to
have similar phenomena in some of the transition metal sulfide minerals.

The high-temperature superconductor cuprate is also regarded as doped Mott
insulator in theory. In next section, we will discuss the physics of high-temperature

superconductor.

1.2.3 High-Temperature Superconductors

Cuprate The first superconductor found with T. ; 77 K (liquid nitrogen

boiling point) is yttrium barium copper oxide. It started a new page of supercon-
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Figure 1.10: Superconductivity in YBCO compound.

ductivity research. This family of unconventional superconductors is called cuprate.
All the cuprate superconductors share a similar structure with two common ele-
ments: the CuOs planes which form single-layer or multilayer conducting blocks
per unit cell, and the charge reservoirs that are responsible for contributing either
electrons or holes to the CuO4 planes. It has been well studied how the CuO, plane
contributes to the high-temperature superconductivity. We can control the carrier
density in CuOs planes with electron or hole doping [13].

Election configuration

Cuprates are regarded as doped Mott Insulator. In the undoped compounds,
the electronic states of the Cu ions on the CuO, plane are in the d configuration.
The crystal field effect splits degenerate electrons into e, and ¢y, orbitals. The
degenerate e, orbitals split again due to the Jahn-Teller effect of the surrounding

oxygen octahedron, leading to a partially filled d,2_,2 orbital with the highest energy.
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The Cu d,2_,2 orbital forms a strong covalent bonding with the O atoms’ p,, p,

y
orbitals. The hybridization of the three orbitals results in the bonding, non-bonding
and half-filled anti-bonding bands that predict a good metal considering the band
theory, while the undoped samples turn out to be an insulator instead of a conductor.

Hubbard model picture As I mentioned in the previous section, cuprate is
considered to be similar to doped Mott insulator. The contrast between the empir-
ical prediction and the experiment results has been well investigated by theorists
using Hubbard model and taking Coulomb repulsion into consideration. In a cuprate
systems, the energy cost of having a second hole in the Cu d-orbital is much larger

than the energy difference between the Cu d,2_,2 and O p-orbitals. So the extra

-y
hole goes to the O atoms’ p,, p,-orbitals more easily than to Cu orbitals. Thus
the hoping energy is much smaller than the energy barrier, so the electrons form
localized moments on the Cu sites, the spins interact via the superexchange interac-
tion and results in an antiferromagnetic state. So the undoped parent compounds
are also referred as antiferromagnetic Mott insulator. By electron or hole doping,
we can break the Mott insulator state and have a superconducting state at a lower
temperature.

Phase diagram

Compared with the undoped parent compounds, if we introduce carriers (elec-
tron or hole) into the systems, as shown in a simplified phase diagram (Figure
1.11), several novel phase transitions show up in both electron and hole doping.
The phase diagram was made from many experiments including transport measure-

ments, ARPES, STM, neutron scattering with different cuprate compounds. We
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Figure 1.11: Phase diagram of cuprates. The AFM insulating state can be tuned

by electron or hole doping and ends in a SC state (from Wikipedia).

will not go through the experiments in details. Instead, I will have a brief discussion
about the transitions along the x-axis of the phase diagram phenomenally.

As we already know, the system stays in an antiferromagnetic Mott insulator
state at zero doping. When holes are introduced to the system, the Neel temperature
(Tx) decreases rapidly, and the antiferromagnetic ground state is killed at a critical
doping level. If we continue introducing holes, various types of spin fluctuation
states replace the antiferromagnetic ground state, and a new superconducting phase
reveals with a particular optimal doping concentration and disappears if the system
is over doped. Between the antiferromagnetic region and superconducting region, an
opening spectral gap in spin and charge fluctuation with a suppress in the density
of states around the Fermi energy has been observed in experiments. This region
is referred as pseudogap. Beyond these states, the system stays in Fermi liquid

state. On the electron doping side, the behavior is very similar to hole doping side
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except that the antiferromagnetic region is broader and the superconducting region

1S narrower.

1.2.4 Colossal Magnetoresistance Effect

The Colossal Magnetoresistance Effect (CME) will help understand the re-
lation between transport properties and magnetic properties better. Magnetoresis-
tance is the property of the field dependent resistivity of materials. Most of the met-
als have magnetoresistance. The colossal magnetoresistance effect is a property of
some transition metal perovskites. In early 1950s, a ferromagnetic transition accom-
panied by a metal-insulator transition was discovered and extensively studied after
that. The magnetic transition is associated with large negative magnetoresistance in
doped lanthanum manganite as shown in Figure 1.12. The large magnetoresistance
and the metal-insulator transition is attributed to double exchange mechanism. As
shown in Figure 1.12, in these systems, the hopping effect between site ¢ and site
Jj is proportional to cos(6;;), where 6;; is the angle between the magnetic moments
on site ¢ and its nearest neighbor site 7. When the temperature is above the transi-
tion temperature, the system is in paramagnetic state, the angle between magnetic
moments is large, and the hopping effect is small. While when the system becomes
ferromagnetic order with a temperature below the transition temperature, the spins
tend to be aligned to the same direction and the hopping effect becomes large. In
this case, the system will show insulating behavior above the transition tempera-

ture, while will have metallic property below the transition temperature. For the
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Figure 1.12: (a) The Colossal magnetoresisitance effect in La;_,Ca,MnO3. (b) A

schematic digraph of the theory of CME.

same reason, the spins tend to be polarized with field increasing, and the hopping
effect becomes large which leads to a large negative magnetoresistance. Even though
most of the materials with CME effect are oxides, some sulfides with charge ordering
state also have the colossal magnetoresistance. For example, Mn?* doped FeS and
chromium sulfide CryS3_, all show some colossal magnetoresistance effect and both
of the materials have some mineral form analogs with similar structure and chemical

formula.

1.2.5 Anisotropic Properties

Anisotropic physical properties is another essential characteristic of many tran-
sition metal compounds. I also found some anisotropic structures in the minerals.
Some of the transition metal oxides have an anisotropic unit cell structure, and the

anisotropy in structure leads to anisotropic electronic and magnetic properties. An

26



T T T T T T T T T T T T T

- T -5
=10 . . =10
spruo,  Anisotropic Transport
4 s e L
—_ o pe e, ' —
g S 5
gal S el 49 &
O 1oz
H . s
32 1° 2
[7] [7]
g ) &
T L pab 13
0P Ho0
1 L 1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300

Temperature (K)

F. Lichtenberg | Progress in Solid State Chemistry 30 (2002) 103-131

Figure 1.13: The anisotropic transport property of SroVO;.

example is the SroRuOy, as shown in Figure 1.13, resistivity along c axis and per-
pendicular to the ¢ axis are different. Some of systems are perfect low dimensional
materials. For example quasi-1D transition metal oxide SraVOy.

In this part, I summarized the many interesting magnetic characteristics of
transition metal oxides which are related to our research about the mineral sam-
ples. With these magnetic properties, transition metal oxides have a comprehensive
application in industry. Similarly, the transition metal sulfide minerals may also
have similar applications if we understand them better. Some transition metal ox-
ide nanolayers are used as photovoltaic devices or solar cells. Even with a layered

structure, some transition metal oxides are used as battery materials.
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1.3 Comparison of Transition Metal Sulfides and Transition Metal

Oxides

Transition metal sulfides can be regarded as a family of general transition
metal oxide since the S atoms also from VIA group like the O atoms in oxides. For
transition metal sulfides, they also have the same physical properties of transition
metal ions in transition metal oxides. Even some of them have the similar TM-
Sn structure like the transition metal oxides. With similar structure and physical
characteristics, transition metal sulfides are also expected to have a lot of magnetic
transitions and applications like transition metal oxides; however, most of the tran-
sition metal sulfides have not been well investigated. In the project of searching
natural superconductor, I had an opportunity to get access to the large storage of
minerals in Smithsonian Museum. I found most of the minerals are transition metal
sulfides and had a chance not only to search natural superconductors but also to
study the transition metal sulfides and other transition metal compounds.

In this thesis, I will show some similarities between the transition metal ox-
ides and the natural transition metal sulfides based on my work. I will show an
anisotropic low dimensional natural sulfide, berthierite (FeSbySy). Also, I will show
a natural transition metal sulfide bornite (CusFeS,) with a magnetic insulating state.
Perhaps it will be a good starting point for natural superconductors. In the end,
I will go through the interesting results from the many measurements during this

project. A lot the sulfides have some transitions in transport associated with some
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magnetic transition. Just like the picture of colossal magnetoresistance effect, the
interactions between electrons and spin degree of freedom is not that simple.

Also, I will present some other interesting results of other transition metal min-
erals. A Ferromagnetic order was found in natural nagyagite (PbsAu(Te,Sb)4S;5_g)
samples. The magnetic order, the weak anti-localization property with strong spin-
orbital coupling and the 2-dimensional structure of this compound make it a very
interesting system for realizing topological properties in a natural compound. The
magnetic order and transitions in both natural and synthetic maucherite (Nij; Asg)
samples show interesting finite-size scale effects. It gives us a different approach
to understand the differences in some physical properties of natural and synthetic

compounds.
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Chapter 2: Experimental Methods

2.1 Chemical and Structural Characterization

The curators Cara Santelli, Jeff Post, and the collection manager Paul Powhat
at Smithsonian helped us select the mineral specimens from the museum collections.
Even though most of the natural mineral samples seem to have excellent quality,
we still must determine their chemical compositions and structural properties. The
chemical characterization is not only for investigating the structure of the materials
but also for confirming the composition of the materials and proving that the phys-
ical properties we got from the measurements are intrinsic instead of induced by
some impurities. Energy-dispersive (EDS) spectroscopy techniques give us the ele-
ments ratio in a given sample with very high accuracy. X-ray crystallography allows
us to calculate the structure of a given material and the unit cell lattice constants.
These techniques provide us an exact chemical composition analysis of the mineral

materials.
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2.1.1 Energy-dispersive Spectroscopy

Energy-dispersive Spectroscopy (EDS) obtains a local chemical composition
analysis by using the X-ray spectrum emitted by a solid sample with a focused beam
of electrons. The electron beam excites the electrons from the atoms in the sample,
which release X-rays of different energy as they leave the atom. The full range of
X-ray energy values is measured at one time. We can determine the elements in the
material with the energy of the peaks and calculate a number of the elements from
the density of the peaks.

The accuracy of EDS is affected by various of factors. Sometimes we are not
able to figure out the elements correctly because of the overlap of peaks of some
elements. Also, the surface of the sample will affect the penetration depth of the
elections beam, so the samples should be well polished before experiments.

The EDS measurement was taken with the scanning electron microscopy (SEM)
made by Bruker at Micro and Nano Fabrication Laboratory at University of Mary-
land. The device has a field emission SEM with EDS capability. The result was

analyzed with AMICS software.

2.1.2 X-ray Crystallography

Powder X-ray diffraction (XRD) is a very versatile technique to characterize
the structure and composition of samples. In our experiments, most of the mineral
samples are polycrystalline compounds. Powder X-ray diffraction is used to study

the materials. X-rays are partially scattered by atoms when they strike a crystal.
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Figure 2.1: A schematic digraph of X-ray diffraction experiment setup.

The part of the X-ray that is not scattered passes through to the next layer of atoms,
where again part of the X-ray is scattered, and part passes through to the next layer.
The scattering on different planes formed by the atoms causes an overall diffraction

pattern. The angle 6 and the distance between layers d follow the Bragg’s law,

nA = 2dsiné (2.1)

A diffraction pattern can also be used to determine and refine the lattice
parameters of a crystal structure. A theoretical structure can also be refined using
a method known as Rietveld refinement. We can determine the value of lattice
parameters of the materials as well as the composition of our target sample.

As shown in Figure 2.1, a powder X-ray diffractometer consists of an X-ray
source, a detector, and a sample stage. The X-ray is focused on the sample at some

angle 6, while reads the intensity of the X-ray it receives at 26.
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Most of the powder XRD diffraction data were collected on Rigaku Miniflex
X-ray diffractometer. It is a multipurpose analytical instrument that can deter-
mine: phase identification and quantification, percent crystallinity, crystallite size
and strain, lattice parameter refinement, Rietveld refinement, and molecular struc-

ture. The X-ray source is from Cu K« radiation, A = 1.5418 A

2.1.3 Neutron scattering

Neutron diffraction technique is a versatile technique to determine the mag-
netic structure. The mechanism of X-ray and neutron diffraction are very similar,
but with some differences because of the nature of neutron, they are used as comple-
mentary techniques due to their different atomic scattering mechanisms. Neutron
has spin-1/2 and will interact with the magnetic moments in the compound, which
will lead to magnetic peaks in the diffraction pattern. So neutron diffraction can
be used to study both magnetic and non-magnetic excitations in materials, as the
energy of thermal neutrons is comparable to the energy of lattice vibrations and the
neutron wavelength is comparable with typical interatomic distances in solids.

The BT-1 high-resolution neutron powder diffractometer at NIST Center for
Neutron Research is used to obtain neutron powder diffraction data for crystallo-
graphic analysis by the Rietveld method or other characterization purposes in our
experiments. It is a 32 detector instrument that can be used with three different
monochromators and two separate incident Soller collimators, allowing the instru-

ment response to be tailored to the needs of the experiment. The instrument can
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be used with furnaces, refrigerators, and cryostats so that data may be collected at
temperatures from 0.3 to 2000 K, and with magnet fields. For room-temperature

data collection, a six-position sample changer is available.

2.2 Physical Properties Characterization

2.2.1 Magnetic Susceptibility

Magnetic susceptibility is the most important physical property we collected
with the mineral sample. Because of the large amount of mineral samples from
the Smithsonian Museum, we have to decide which mineral samples worth further
investigation and so that we can focus on them. We measure the magnetic suscepti-
bility temperature relation, and if there is a magnetic transition, we will collect more
data from other experiments and even grow the material in our lab. Magnetic sus-
ceptibility is taken from Quantum Design Magnetic Property Measurement System
(MPMS). The sample is loaded into a dewar with two magnetic coils. Measurement
field up to 7 T is generated by one coil with a voltage corresponding to given mag-
netic field applied to the coil. The other coil takes the total magnetic response from
the system and sample in terms of emu. The system temperature can be cooled
down to 2 K with helium and well controlled. In some of the materials, the data
show some difference between field-cooled (FC) and zero-field-cooled (ZFC) mea-
sured due to the spin interactions such as spin glass phase or superparamagnetism.
So we need both measurements. To this end, we put the sample in straw and insert

it into the MPMS system, first cooled down to the base temperature of 2 K then
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a field is applied. After centering the sample in the middle of the field, the sample
is slowly warmed up while taking measurements. Once the temperature is back to
room temperature, it is cooled down back to the base temperature with the same
field applied. The susceptibility temperature tells us a lot of information; we can
quickly figure out the type of magnetic transitions from the shape of susceptibil-
ity temperature relation. The typical characteristics of susceptibility and spins of

several magnetic phase transitions are shown in Figure 2.2.
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2.2.2 Electronic Transport Measurements

For the mineral samples, once we found there are some magnetic transitions in
the magnetization temperature relation, more physical properties characterization
will be prepared. Transitions in resistivity accompanied with the magnetic transi-
tions are always worth more attention. Due to the magnetic order and exchange
interactions between electron spins, some transition metal sulfides also have a sim-
ilar transition like a metal-insulator transition in transition metal oxides. These
transitions are the footprint of superconducting in strongly correlated systems. We
typically use two different measurement configurations to measure the resistivity of
samples base on the sample size. As shown in Figure 2.3 (a), when the samples are
too small for attaching four wires, we use 2-wire probe method. This method is
considered inferior because the measured resistance includes not only the sample re-
sistance but also the contact resistance of the wires. The technique only works only
when the contact resistance is much larger than the sample resistance. As shown in
Figure 2.3 (b), four wires probe method are more common and precise. A current
will be applied through the two current wires, and the voltage value between the
two voltage wires will be collected. The contact resistance can be neglected with the
four wires probe method. Also before the measurement, we also have to do several
tests to determine the proper current with good enough signal and small enough
thermal effect.

The resistivity can be obtained via the resistivity formula and Ohm’s law in

equation 2.2, V' is the voltage, I is the applied current, s is the sample cross-sector
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Figure 2.3: (a) Two wires probe method setup. (b) Four wires probe method setup.

area, and [ is the distance between two voltage wires. We will cut and polish the

samples with razer and sandpaper into good shape and smooth surface.

_Vs

== (2.2)

P

There various technique for making a good contact for transport measurement.
Good contact has minimal contact resistance and also do not leave stray capacitances
that may change the characteristics of the contact. In the mineral measurements,
we mostly like to use silver paste, silver epoxy, solder or spot welding according to
the sample condition.

Silver paste and silver epoxy method are very similar. For the silver paste
method, we dissolve Dupont 4929 paint together with its solvent to make a liquid
paste. For the silver epoxy method, we mix two different chemical reagents to get

the silver epoxy paste. Wires will be covered by the paste and put onto the sample
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with tweezers under a microscope. Silver paste dries at room temperate, while for
the silver epoxy, we have to bake it at around 500 K for 10 minutes. Silver paint
method is more straightforward and typically has smaller contact resistance, but the
contact is not as high as epoxy which may fall off under some extreme conditions or
with vibrations. The silver epoxy method has a firm connection while sometimes its
contact resistance is large and the baking time is not suitable for some air-sensitive
materials. The soldering method needs excellent craftsmanship, it gives firm enough
contact and small contact resistance, but it is challenging and sophisticated. A small
amount of PbSn solder is melted on the tip of a soldering iron, and a small amount of
soldering flux is put on the end of the gold wire and the contact point on the sample.
The operation is just the same as regular soldering work except for the samples are
always extremely small. The spot welding method also gives firm contact and small
contact resistance, even it is more comfortable for operation compared with solder
method. The gold wire is loaded between a tip connected to a current source and
the sample, and we will measure the resistance between the tip and the wire. Once
they are attached to the sample, we will apply a pulse current to the tip. The heat
generated from the current will melt the gold wire and connect it to the sample
with a minimal contact resistance. The flaw is sometimes the current may break
the samples into pieces.

There is no perfect method for all the samples. We sometimes have to play
some trick with the measurements. For instance, for some of the transition metal
sulfide mineral samples, the S atoms in the sample may react with the Ag atoms in
the minerals forming some insulating AgS, ends in fragile and bad contacts. Solder
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and spot welding also doesn’t fit because of the sample size. In this case, we will
use the physical vapor deposition(PVD) technique. We attach three strips of thin
lithographer’s tapes on the sample. The sample is loaded at the top of the vaporing
chamber with the surface with tapes facing down. Some gold is put at the bottom
of the chamber to generate gold vapor. A gold thin film will form on the surface
of the sample, and the thickness can be easily controlled. After the fabrication, we
remove the tape to get four independent contact points covered by the gold film so

that we can avoid the reaction between contract paste and the samples.

2.2.3 Heat Capacity

Heat capacity temperature dependence is a prevalent method to identify the
transition temperature and to study the quantum phase transition in a given mate-
rial. Heat capacity is the amount of heat required to change the temperature of the
material. The magnetic transitions in transition metal oxides are forming magnetic
order, which is always accompanied by a structural transition or other phase change
in electronic structure. So a noticeable change in the heat capacity data can always
be found at the transition temperature.

We use the heat capacity setups and option on the 14 T PPMS. The sample
is mounted on a heat capacity puck with Apiezon N grease, the heat capacity puck
with the addenda has to be measured before putting the sample onto it. As shown
in Figure 2.4, the puck has several thermometers to measure the temperature of

different parts. Heat is applied to the sample, and the decay constant is recorded
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Figure 2.4: Exploded view of Quantum Design PPMS heat capacity puck, the pic-

ture is from the manual of Quantum Design PPMS.

during the measurement. By subtracting the addenda heat capacity from the total
heat capacity, we can get the sample heat capacity with very high accuracy.
Besides the magnetic properties, heat capacity temperature dependence also
gives us information about the electronic and structural properties of materials. The
phonon contribution to the total heat capacity can be described with Debye model,
Tp is the Debye temperature. When the temperature is much smaller than
Tp, the Debye model can be regarded as a T? model approximately. For metal or
insulator, the electron contribution to the heat capacity is also added to the model

with a linear T term.
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2.2.4 Pressure experiments

As mentioned in chapter one, in some transition metal oxide systems, applying
pressure will induce further transition like metal-insulator transition, superconduct-
ing transition. With very similar physical properties of transition metal oxides, we
also measured some of the mineral samples under pressure. The measurement of
pressure below 3.0 GPa is taken with the EasyLab piston cylinder high-pressure cell.
The structure of pressure cell is shown in Figure 2.5. The photo of pressure setup
is shown in Figure 2.6.

The contact is made with the 4-wire method with silver epoxy to avoid the
contact detaching under pressure. We put the sample into the Teflon cap filled with
pressure medium. By compressing the piston, we can apply pressure to the pressure
medium so that the pressure will be applied to the sample evenly. The value of used
pressure is confirmed with the superconducting transition temperature, which is very
sensitive to the pressure. We can get to 3.0 GPa with the piston cylinder pressure
cell in our lab. Diamond anvil cell (DAC) is used for higher pressure measurement.
Figure 2.7 shows the principle of DAC. Pressure will be applied to the sample space

if we press the top to DAC.

2.3 Crystal growth

For some of the mineral samples, the natural crystals sometimes have different
physical properties from the lab made crystals due to some defects in structure or
composition. Also, some experiments like neutron scattering require crystals with
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Figure 2.5: The setup of a typical piston cylinder pressure cell (from US Patent
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Figure 2.6: Photo of our pressure cell setup. The sample holder was made by me.
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Figure 2.7: A typical setup of diamond-anvil cell (from Wikipedia).
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larger size and higher quality. In these situations, it is necessary to grow larger poly-
crystals or single crystals. The most common method we use for transition metal
sulfides growth is flux method. Similar to making sugar crystals from water, crystals
also form in flux while cooling down. A flux growth starts from finding a good flux.
A good flux typically has a low melting temperate and a good solubility for the
elements. Also, it doesn’t enter crystal as inclusions and doesn’t create competing
phase. The Antimony(Sb) flux is a good choice with a melting temperature of 630
°C and high stability. We used it for almost all growths. The crystal growth is
accomplished by mixing a large molar amount of flux crystals and a smaller amount
of required elements. The mixture is put in a crucible and sealed into a quartz
ampoule under vacuum. We place the ampoule in a furnace and heat it to a high
temperature to make the materials dissolve into the flux. The system is then cooled
down slowly according to the phase diagram, the flux solubility decreases, and crystal
forms.

I tried growing several compounds during this project. 1 made synthetic
Nij; Asg polycrystals (will be mentioned in Chapter 6), CuszBiSs polycrystals, Fe;Sg
polycrystals successfully. Also, I made some CusFeS; polycrystals with CuFeS,

impurities. I attempted to grow nagyagite, FeSbyS, but didn’t succeed.

2.4  Density functional calculation

Another powerful technique we used in this project is the density functional

(DFT) calculation. DFT is a quantum computational modeling method to inves-
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tigate many body systems. We can get the density of states and band structures
from the DFT result. The main idea of DFT is to calculate a many-body interac-
tion via the particle density instead of using the wavefunction. There are several
commercial software with graphical user interface allow us to set up the atoms in
materials with space group and certain unit cell structure, and to call the atom
density functions directly. In this project, Mr. Xiuquan Zhou helped me do most
of the DFT calculation using software VASP.

In this chapter, we introduced the experimental method we used for this
project. In the next several sections, we will present the preliminary results of

several absorbing natural materials.
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Chapter 3: Berthierite (FeSbyS,): An natural quasi-one-dimension

antiferromagnet with anisotropic magnetization.

In this section, we will discuss the unusual structural properties of transi-
tion metal sulfide compound with a natural transition metal sulfides berthierite
(FeSbyS,). Berthierite (FeSbySy) is a kind of iron and antimony sulfide mineral
with gray metallic luster. Berthierite consists of one-dimensional chains of FeSg
octahedra separated Sb atoms. Below 50 K, magnetic moments of Fe in each chain
can align collinearly to form a long-range antiferromagnetic ordering via interactions
with neighboring chains. The relationship between its low-dimensionality and mag-
netic order remains a puzzle. All the experiments were done by myself. Mr. Xiuquan

Zhou helped me do the DFT calculation, and we analyzed the result together.

3.1 Introduction

Many materials with chemical formula AB,C, have been investigated in recent
years, where A is a transition metal element, B is a group V element and C is group
VI chalcogenides (S, Se, and Te). In AB;Cy, 3d transition metal A prefers octahe-
dral coordination and forms ACg edge-sharing octahedra chains as the backbone of

its structure. Several materials in this family show some interesting magnetic tran-
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sitions at low temperature accompanying interesting physical properties [14]. For
instance, FeSbhySe, has been reported as a ferromagnetic material driven by struc-
tural distortion with a semiconductor-insulator transition [15]. MnSbySes has been
reported as a semiconductor with an antiferromagnetic transition at 20K [16]. With
Cu-doping, MnShySey also show an enhancement in thermoelectrical property [17].
Their unique structure-property relationship, electronic and magnetic properties at-
tract a lot of interests and demand through investigations on this family of materials.

Berthierite(FeSbyS,) is a natural mineral of the AB,Cy4 family. An antifer-
romagnetic transition in natural occurring FeShyS,; at 50K was reported by J.D.
Donaldson in 1972 from Méssbauer and susceptibility measurement [18]. In 1983,
Kerimov et al. found an abnormality between 50K and 70K and concluded it as
a 2D material with linear M-H curve [19]. However, some of the results are not
consistent with following measurements on natural mineral samples. The magnetic
structure of this material was confirmed with neutron diffraction on natural samples
by Wintenberger and Andr [20]. However, the magnetic interactions in the material
are still not clear. In this section, We will discuss the anisotropic and low dimen-
sional properties of berthierite with magnetic susceptibility, electrical resistivity,
and heat capacity measurements of natural berthierite single crystals and density

functional(DFT) calculations.
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3.2 Experiments

Berthierite single crystal samples were provided by Department of Mineral Sci-
ence, Smithsonian National Museum. Power x-ray diffraction data were collected
with Rigaku MiniFlex x-ray diffractometer. Temperature dependence of susceptibil-
ity from 300 K to 2 K and the M-H curve up to 7 T were measured with Quantum
Design Magnetic Property Measurement System (MPMS), the data were collected
with field along a different direction. The temperature dependence of resistivity
was measured on large bulk samples with four wires method with putting current
along different directions in Quantum Design Physical Property Measurement Sys-
tem (PPMS). The heat capacity was investigated with the PPMS from 150 K to 2

K as well.

3.3 Results and Discusion

3.3.1 Crystals and X-ray diffraction

The natural Berthierite samples have needle like shape and dark grey metallic
luster. Powder X-ray diffraction (XRD) data were collected with Cu K« radiation, A
= 1.5418 A, with 26 ranging from 10° to 90°. Rietveld refinement for the XRD data
collected from ground single crystals is presented in figure. 3.1, which is consistent
with the previous reported structure of FeSb,S, single crystals. Berthierite has
an orthorhombic unit cell with Pnam space group. The lattice constants are a

= 1144 A, b = 1412 A, ¢ = 3.76 A [21]. Similar to other compounds in the
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AByC, family, berthierite consists of one-dimensional chains of edge-sharing FeSg
octahedra separated Sb atoms. OEach iron atom is surrounded by 6 sulfur atoms
and forms a octahedral cell, the chains are connected via Sb-S-pyramids within the
ab plain (figure. 3.1). The anisotropic interactions between transition metal atoms
induced by strong anisotropic structure along and perpendicular to the c-axis always
contribute to some low dimensional characters in the AB,C, family materials and
other compounds with similar structure.

The magnetic structure of FeSb,S, has been deduced by M. Wintenburg with
neutron diffraction refinement as shown in Figure 3.1 [20]. The magnetic moments
at z and z+1 levels in the chain along c-axis make an angle of 142°, The moment
at level z on chain 1 makes angles of 71°with its neighbors at z+1/2 on chain 3, of
109°with those at z+1/2 on chain 2, and of 180°with its neighbor at level z on the
chain 4.

The distance and angles and lengths of chemical bonds between the Fe, Fe
and S atoms are presented in TABLE 3.1. In the chain along c-axis, the FeSg
octahedral are connected via sharing two S atoms. Each chain is connected via S-Sb
pyramids. The distance between inter-chain nearest neighbors is about twice of the
value of intra-chains. The magnetic interaction intra-chains should be larger than

the interchain interaction, which may end in some low dimensional phenomena.
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Figure 3.1: (a) The crystal structure of berthierite (FeSbyS4). Each Fe atom (brown)
is surrounded by 6 S atoms (yellow) and forms a FeSg octahedral cell. The octahedral
cells form a one-dimensional chain along the c-axis and the chains interact with each
other via antimony atoms(blue) within the ab plane. (b) The magnetic structure
of berthierite sample. Red arrows are magnetic moments on site 1-4. (¢) The XRD
pattern refinement of natural Berthierite (FeShyS,) single crystals. Photo of natural

berthierite single crystal samples is presented in the inset.
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Figure 3.2: TEM image of natural berthierite. The corresponding EDS spectra are

consistent with expected chemical composition.
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Atoms  Distance(A) Bond Length(A)  Angle(°)
Fel - Fel 3.763 Fe - S -Fe 2.509, 2.509 97.99
Fe-S-Fe 2616, 2.616 91.17
Fel - Fe2 8.810
Fel - Fe3 7.483 S-Sb-S 2708, 2.171 97.21
Fe-S-Sb 2492, 2.708 148.64
Fe-S-Sb 2452, 2171 114.61
S-S 3.678
Fel - Fe4 6.194 S-Sb-S 3.133,2.171 86.49
Fe-S-Sb 2509,3.133 106.27
Fe-S-Sb 2452, 2171 119.81
S-S 3.701

Table 3.1: Structural parameters of Bertherite single crystals.
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3.3.2 Resistivity

The resistivity data were measured from 300 K to 2 K with current (0.01 mA)
applied both parallel and perpendicular to c-axis. Low-temperature data were not
able to be collected because the resistance was too large and out of measurement
range. Unlike the metal-insulator transition observed by Yu in synthetic single
crystals [19], the resistance shows pure insulator behavior in both directions. The

data was fitted with typical insulator resistivity formula p = poexp(—ﬁ) with an

T

energy gap of A = 0.3 eV.

3.3.3 Magnetic susceptibility

Both ZFC and FC susceptibility temperature dependence of natural single
crystal samples were taken in a constant field of 100 Oe from 300 K to 2 K. Data were
collected with fields applied both parallel and perpendicular to the crystallographic
c-axis. Unlike the transition temperature (50-70 K) reported by Yu et al. [19], the
magnetic susceptibility data dropped by around 30% with a broad peak at around
50K with field applied along c-axis. The transition temperature is consistent with
other measurement taken from natural samples. While it only dropped around 10%
at the same temperature when the field is perpendicular to c-axis. Also, the upturn
of the susceptibility below 25 K is more obvious when the field is perpendicular
to c-axis. The result indicates an antiferromagnetic transition at 50 K with strong
anisotropy. The high temperature region were fitted by Curie-Weiss law, with 6

= 200 K, perr = 4.7 uB when the field is along c-axis and 6 = 290 K, perr =
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Figure 3.3: The resistivity of FeSbyS, sample with current parallel and perpendicular
to the c-axis. The sample has insulating properties for both conditions. The data
were fit by typical insulator model p = ppexp(—A/kpT), with an energy gap A =

0.3 eV.
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4.7 4B when the field is perpendicular to c-axis. The transition temperature, Curie
temperature and magnetic moment are well consistent with Winterberg’s paper [20].
The magnetic moment reveals the Fe atoms are in Fe?" states with § = 2.

The broad peaks in our susceptibility measurement always show in some quasi-
one-dimensional antiferromagnet. The magnetic susceptibility data were fitted with
Bonner-Fisher Model (Equation.3.1), which are often used to describe the quasi-one-
dimensional antiferromagnetic systems with anisotropic coupling. N is the Avogadro
constant, kg is the Boltzmann constant, ¢ is Landé factor, and J is the antiferro-
magnetic exchange constant coupling nearest neighbors along the chain, S equals 2

for Fe**. The expression of the function u(K) and K are shown in Equation.3.2.

_ NAS(S+1) 5 5 1+u(K)

XBF 3T 9 :uBl_iu([() (3.1)
B 1 . 2JS(S+1)
u(K) = coth(K) — I7d K = T (3.2)

The interaction parameter J is approximate -12 K and g = 1.9 when the
field is parallel to the c-axis. In one-dimensional antiferromagnetic systems, both
intra-chain and inter-chain couplings, referred as J and J’ respectively, should be
considered. Oguchi et al. has derived the following relationship from the Green
function method as shown in Equation 3.3 and Equation 3.4 [22], where n = J'/J.
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Figure 3.4: The magnetic susceptibility of berthierite. The red curve in (a) is

Bonner-Fisher fit for Spin-2 one dimensional AFM chain.

An interpolation formula was proposed by Amy et al. [23], I(n) ~ 0.64/,/7.
Substitute our experiment data into the formula, we have an estimation of the inter-

chain coupling of J' = -0.89 K. The ratio of J'/J is approximately 0.074.

3.3.4 Heat capacity

Heat capacity data were taken from 150 K to 2 K. The results are displayed
in Figure 3.4(a). The data show a more obvious A-abnormally centered at around
40 K compared with Yu’s paper, corresponding to the antiferromagnetic transition.
The high-temperature part data were fitted by the Debye model with two Debye
terms with Debye temperature ©; = 220 K, ©, = 355 K of weight 2.2 and 5.4 re-
spectively. As shown in Figure 3.4(b), the magnetic heat capacity was calculated by
subtracting the fitted data, the cumulative entropy was also calculated by integrat-
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ing the magnetic heat capacity over temperature. The S = 12.5 J/mol is smaller
than the theoretical value RIn(2S+1) = 13.38 J/mol, where S = 2 and R is the gas
constant. The smaller cumulative entropy is probably due to the long-range order
in the magnetic structure.

The heat capacity of crystal comes from the contributions of phonons and
magnetic excitations. At the low-temperature range, the phonon heat capacity fol-
lows the Debye-T? power law. The magnetic heat capacity depends on both the
spin-wave dispersion relation and the dimensionality of the system. The magnetic
heat capacity of an antiferromagnet is proportional to T®, where ¢ is the dimension-
ality of the lattice. The C/T versus T? ranging from 2 K to 10 K are presented in
the inset of Figure 3.6. The low temperature region cannot be fitted with one T3
term correctly. The lattice T® heat capacity at low temperature are estimated based
on the fitting data. A magnetic heat capacity C,, proportional to T14? at the low-
temperature range are determined by subtracting the T2 term from the experiment

data.

3.3.5 Field-dependent magnetic susceptibility

The field scan data were taken from 0 to 6.5 T at 2 K (below the transition), 20
K (below the transition), 80 K (above the transition) with field applied both parallel
and perpendicular to the c-axis, as shown in Figure 3.7. The M-H curve increased
linearly when the field applied parallel to the c-axis, the linear dependence is consis-

tent with Yu’s result. The magnetization saturates at the higher field when the field
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Figure 3.5: (a)Heat capacity data of berthierite, the red curve is the phonon term

fitted by Debye model. (b) The magnetic heat capacity and the cumulative entropy.

is parallel to the c-axis. The magnetization shows strong anisotropic character with
the field applied to the different direction. Similar properties are also discovered in
linear chain ferromagnetic transition metal oxides such as CuAs, Oy [24], c-axis is the
magnetic easy axis of the system with a larger intra-chain coupling compared with
inter-chain coupling.The anisotropic magnetism is also consistent with the magnetic
structure deduced from the neutron experiment. The long-range order perpendicu-
lar to the c-axis contributes some ferromagnetic order to the system, which is also

shown in the susceptibility temperature dependence and previous research.
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Figure 3.7: The M-H curve of FeShyS, at 2 K, 20 K and 80 K with field applied

both parallel and perpendicular to c-axis.

3.4 DFT calculation

The density functional calculation was done with help from Xiuquan Zhou. I
provided the crystallographic information file, and he helped me run the calcula-
tion on the server. We analyzed the results together. All density functional theory
(DFT) [25,26] calculations were performed by using the Vienna Ab-initio Simula-
tion Package (VASP) [27-30] software package with potentials using the projector
augmented wave (PAW) [31] method. The exchange and correlation functional were
treated by generalized gradient approximation (PBE-GGA) [32]. The cut-off energy,
450 eV, was applied to the valance electronic wave functions expanded in a plane-
wave basis set for all chalcogenides. A Monkhorst-Pack [33] generated 23x23x17
k-point grid was used for the Brillouin-zone integration to obtain accurate electronic

structures. As shown in Figure 3.7, the band gap is consistent with the value of 0.3
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eV we got from the resistivity measurement fitting. The density of state (DOS) was
shown in Figure 3.7(b), the iron atoms on site 1 and site 3 (Fel), site 4 and site
2 (Fe2) are the same, while the density is opposite between Fel and Fe2. Due to
the crystal field effect, the d orbitals of the Fe atoms split into e, and ty, orbitals.
A further splitting in eg and t2g orbitals make the d,, and d,, have lower energy.
The magnetic moments of orbital d,, and d,. with larger DOS dominate the total
AFM interaction. Electrons of orbital d,, and d,. Fe atoms are polarized to c-axis.
Two Fe atoms form strong coupling via superexchange interaction with the sharing
S atoms within the c-axis, leading to a quasi-one-dimensional antiferromagnetism

along the c-axis.

3.5 Conclusion

In summary, I did the transport measurement with temperature on natural
berthierite single crystal samples and confirmed it as an Antiferromagnetic insulator.
The magnetic susceptibility data were taken and analyzed. I gave an estimation of
the inter- and intra-chain coupling. The T? dependence of the magnetic heat capac-
ity strongly supports its low dimensional properties. I also observed the anisotropic
magnetization perpendicular and parallelled to the magnetic easy axis which is well
consistent with the magnetic structure and low dimensional character. In the end,
we proposed the DFT calculation, the density of states shows the magnetic moment
mainly comes from the d,, and d,. orbitals from the Fe atoms. The antiferromag-

netism is probably due to the superexchange between Fe atoms via S atoms along the
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c-axis. The difference in some physical properties between natural mineral samples

and the synthetic single crystals in Yu’s paper is worthy of further research.
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Chapter 4: Bornite (CusFeS,): Tuning the antiferromagnetic insu-

lating state by applying pressure.

In this section, we will discuss a transition metal sulfide mineral bornite
(CusFeSy) to show the possibility to find similar metal-insulator transition like tran-
sition metal oxides in transition metal sulfide. The results suggest transition metal
sulfides with metal-insulator transition associated with magnetic transition may be
a good candidate for searching natural superconductor as well as other strong corre-
lated phenomena. I-Lin Liu helped me with the pressure measurement setup. And
the X-ray data were collected by Dr. Ryan Stillwell from Lawrence Livermore Na-
tional Laboratory. I measured the other transport data at CNAM and the neutron

result at NIST.

4.1 Introduction

Materials with metal (semiconductor)-insulator transitions are of great interest
with novel electronic and magnetic properties. In some strongly correlated systems,
the magnetic or non-magnetic insulating states can be suppressed by chemical dop-
ing or applying pressure and associated by some unconventional phenomena like

superconducting state. For instance, by applying pressure, superconducting state
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shows up with suppression of the insulating states in the quasi-2D organic systems,
(TMTSF)2X [34,35]. In cuprate and iron-based superconductors, the antiferromag-
netic states can also be suppressed by a hole or electron doping which lead to a
superconducting dome [13,36]. Many theories and models about metal-insulator
transition and systems with metal-insulator transition were proposed, but search-
ing new systems with the metal-insulator transition is still of great importance to
physicists.

Transition metal oxide or sulfide compounds with mixed-valence state often
exhibit a metal-insulator transition (MIT) with charge ordering. Some of the in-
sulating ground states are non-magnetic. For example, Ti;O; with Ti** and Ti**
has a metal-insulator transition around 120 K associated with a structural phase
transition [37,38]. Culr2S4 experiences an MIT at 230 K associated with the charge
ordering of the mixed-valent Ir ion and the formation of isomorphic octamers of Ir3*
and Ir'* [39]. Meanwhile, some of the insulating ground states are ferromagnetic
or antiferromagnetic. For instance, magnetite Fe3O4 with Fe?™ and Fe?" exhibits
magnetically ordered ground states [40,41].

Bornite (CusFeS,) is a very famous mineral of considerable economic impor-
tance, also named as peacock ore with purple metallic luster. An antiferromagnetic
transition at around 77 K was reported in the 1970s, and the magnetic properties
of both natural and synthetic bornite have been studied with different experimental
approach since 1977. Several explanations for the antiferromagnetic transition has
been proposed. M.G. Townsend investigates the synthetic CusFeS, and suggests that

there is significant partial disordering of cations and vacancies in tetrahedral holes
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of the face-centered cubic sulfur lattice, and thermoelectric power measurements
indicate that bornite is a p-type semiconductor at room temperature. Mossbauer
spectroscopy was taken with natural mineral from 12.8 K to 300 K by M. S. Ja-
gadeesh. The data show the presence of high-spin Fe3* and low-spin Fe?*, whose
concentrations change is a function of temperature (Fe*" increases with increasing
temperatures) [42]. Two possible magnetic structure was proposed by M. F. Collins
et al. from the neutron diffraction data [43]. Compared with the magnetic proper-
ties, the low-temperature transport character of bornite has not been well studied.
In this chapter, we analyzed the transport properties under pressure of natural bor-
nite samples. A semiconductor-insulator transition associated with the magnetic
transition is reported for the first time. The insulating state is actively suppressed
by applying pressure up to 2.3 GPa with pressure cell. The high-pressure X-ray
diffraction data reveals a structural transition at around 6.1 GPa. I also present our
results of magnetic susceptibility, heat capacity, and neutron scattering experiments

and compared our results with previous reports.

4.2 Experiments and Results

4.2.1 Crystals and X-ray diffraction

The natural bornite poly-crystal samples were provided by Department of
Mineral Science, Smithsonian Institute. Natural bornite specimen has dark purple
metallic luster. Powder x-ray diffraction data were collected with Rigaku MiniFlex

X-ray diffractometer. The crystal structure of bornite has been well studied for a
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wide temperature range. There exist three polymorphic forms of CusFeS, [44-46].
Above 525K, bornite has a high-temperature cubic structure as shown in Figure 4.1
(a), each Cu(Fe) sites have an equal probability of vacancy. When the temperature
is below 525K, the bornite sample goes into a metastable state. As temperature
decreasing, the Cu and Fe atoms become ordered, c-axis loses its symmetry and
results in a doubled unit cell and gradually change to an orthorhombic structure with
space group Pbca and lattice constant a = 10.95 A, b = 21.862 A, ¢ = 10.95 A. The
samples are in the low-temperature orthorhombic structure in our measurements.
The refined X-ray diffraction pattern is shown in Figure 4.2, the structure of the
natural samples are well consistent with the orthorhombic structure and of excellent

quality.

4.2.2 Magnetic susceptibility

The magnetic susceptibility was measured with Quantum design Magnetic
Property Measurement System(MPMS) under 100 Oe from 2 K to 300 K with
both zero field cooling and field cooling. The magnetic structure has been well
investigated before. An antiferromagnetic transition at 750 K was first discovered
by from the susceptibility temperature dependence. As shown in Figure 4.3, our
susceptibility data is well consistent with the previous data. The magnetization
decreased when the temperature is below 70 K. Curie-Weiss analysis gives a magnetic
moment of 4.7 uB, which is consistent with the report by Koto et al. as well as the

results by Collins et al. from neutron experiment [43,45]. There is a small increase
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(a) High Temperature (b) Low Temperature

(c) Unit cell of bornite

Figure 4.1: The unit cell of bornite samples. (a) One sublattice of the high tem-
perature (above 525 K) cubic structure, four of which with different direction forms
a unit cell. (b) One sublattice of the low-temperature orthorhombic structure. (c)

The unit cell of the low-temperature structure of bornite.
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Figure 4.2: The X-ray diffraction pattern of natural bornite samples.

of magnetization at around 8 K, also reported by Collins et al., which is probably

due to the spin rotation.

4.2.3 Heat capacity

The heat capacity and entropy of natural bornite samples were measured by
Robie from 5 K to 351 K measured by quasi-adiabatic calorimeter and from 338 K
and 761 K by differential-scanning calorimetry [47]. The heat capacity of natural
bornite shows a A-type anomaly at 65 K associated with the antiferromagnetic
transition of the spins of the Fe?* ions. The heat capacity also exhibits a broad
hump between 140 K and 255 K which may be caused by charge transfer involving
Fe?t - Fe3* and Cu™ - Cu?®". I also measured heat capacity in a larger temperature
range from 2K to 300K with PPMS. As shown in Figure 4.4, the low-temperature
data around 50K is similar to the Collins’ measurement.
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4.2.4 Neutron diffraction

The neutron diffraction data were taken with BT-1 High-Resolution Powder
Diffractometer at NIST Center for Neutron Research (NCNR). Diffraction patterns
of 2.5 K, 50 K and 300 K were collected with Ge(311) monochromator, wavelength A
= 2.079 A. Compared with the neutron diffraction data of natural bornite samples
at 4.2 K, 18 K and 300 K using 1.40 Aneutron source measured by M.F.Collins
et al. [43], we detected more magnetic peaks and had better data below the 8 K
transition. As shown in Figure 4.5, the neutron diffraction patterns are plotted.
The peaks at 10.9, 12.2, 15.4, 22.7, 27.6 and 33.2°0f 2.5 K and 50 K data are not
apparent in the 90 K measurement. The magnetic diffraction pattern is calculated
by subtracting the 90 K data from the 50 K data. Most of the magnetic peaks are
the same as the peaks from planes in the unit cell. I couldn’t get exquisite refinement
with the several magnetic structures proposed by M.F.Collins et al. [43], only several
magnetic peaks can be fitted. The magnetic structure of bornite should be more
complex. The 10.9 and 15.4°peaks correspond to (0, 2, 0) and (0, 2, 1) plane; the
12.2°peak may come from a new sub-lattice due to the antiferromagnetic ordering.
The intensity of these three peaks increases with temperature decreasing, which is
probably due to the formation of the magnetic ordering. However, I couldn’t get
good enough magnetic structure refinement because of the complexity of the unit

cell.
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Figure 4.5: Neutron patterns of natural bornite samples at 2.5 K, 50 K, and 90 K.

The second plot shows the difference between patterns.

4.2.5 Resistivity and Pressure

The resistivity data under pressure were taken in a piston-cylinder pressure
cell (C&T Factory CTF-HHPC50) using 1:1 ratio mixture of 1-methyl-3-butanol
and n-pentane as a hydrostatic medium, with Quantum Design Physical Property
Measurement System (PPMS), from 2K to 300K with zero fields. The measurement
method is a traditional 4-wire method.

As shown in Figure 4.6, the sample is put in a piston-cylinder pressure cell
immersed in pressure medium. By applying pressure on the top of the pressure
cell, the pressure medium will be compressed so that the pressure will be applied

evenly to the sample. The exact pressure is confirmed with a superconducting
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Figure 4.6: The 4-wire resistivity measurement setup for natural bornite sample.
The shiny yellow parts are gold thin film fabricated by PVD method; the wires are
connected to the gold parts with silver epoxy. The sample is located in the cell

which will be filled with pressure medium during the experiment.
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Figure 4.7: Resistivity of natural bornite sample under 0, 1.0, 2.0 and 2.3 GPa. The

inset is the photo of the contact.
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transition temperature of a lead sample in the pressure medium. We can apply
up to a maximum pressure of 2.3 GPa with the setup. Unlike the measurement
of ambient pressure without pressure cell, the contact has to be very strong to
avoid detaching from the sample while applying pressure. So silver epoxy is used
for making contact instead of silver paint, while the contact resistance is extremely
large, up to 1000 Ohm. The Ag ions in the silver epoxy may react with the S atoms
in the mineral. I fabricate four gold contact points with a thickness of 100nm by
using the physical vapor deposition (PVD) to avoid the reaction and then connect
gold wires to the gold contact points with silver epoxy. With this preparation, I was
able to decrease the contact resistance down to less than 1 Ohm. The photo of the
sample is shown in the inset of Figure 4.7.

As shown in Figure 4.7, the resistance of the natural bornite sample decreases
dramatically with increasing pressure. A linear regression of the band gap size with
pressure was made and gave an estimation of 3.0 GPa to suppress the insulating
state to metallic state. However, we cannot get to 3.0 GPa with our pressure cell.

Density function (DFT) calculation was conducted to study the density of
states (DOS) of the spin-up and down Fe ions with Vienna Ab initio simulation
package (VASP). The cubic (high temperature) structure was used in the calculation
instead of the orthorhombic (low temperature) structure for simplicity. The two
structures are very close as I mentioned above. The DOS shows a metallic ground
state instead of the insulating state in our experiment. The insulating state may
come from charge order state associated with the antiferromagnetic order. The

system is probably a Mott insulator.
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Figure 4.8: The density of states of cubic(high-temperature structure) bornite. The
blue data are the spin up Fe atoms and red data are spin down Fe atoms. The Fermi

energy is in the band.
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4.3 High Pressure X-ray powder diffraction

High-pressure X-ray powder diffraction data of natural bornite sample from 4.7
GPa to 40.5 GPa were recorded on a MAR3000 imaging plate detector. The sample
was contained in a diamond anvil cell (DAC). The wavelength of the radiation was
0.4133 A(30keV).

The diffraction patterns are presented with corresponding pressure in Figure
4.9. The change at around 6.5 GPa indicates a structural phase transition in bornite
sample. It is necessary to do further research about the structure and physical
properties of the high-pressure phase.

The lattice parameters were calculated with the XRD patterns. As shown
in Figure 4.10, the volume of the unit cell doesn’t change much below 5.2 GPa.
The unit cell shrinks along a and b axis and expands along the ¢ axis. When the
pressure is above 5.2 GPa, the lattice parameters changes significantly which results

in a structural phase transition above 6.1 GPa.

4.4  Conclusion

I studied the transport properties under pressure of natural bornite samples. A
semiconductor-insulator transition associated with an antiferromagnetic transition
at 70 K is reported for the first time. Since the DOS of the cubic bornite gives a
metallic ground state, the antiferromagnetic insulating state may be a Mott insulator

with mix-valenced transition metal atoms. The semiconductor-insulator transition
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is because of the charge ordering introduced by the AFM order. The insulating state
can be strongly suppressed by applying pressure up to 2.3 GPa. The insulating state
is estimated to become metallic at around 3.0 GPa. High-pressure X-ray diffraction
data reveals a structural transition at around 6.1 GPa. The magnetic susceptibility
and heat capacity data are well consistent with previous studies. Neutron scattering
result shows several magnetic peaks, but the magnetic structure is still not clear.
Our research provides a candidate for pressure study of MIT transition. Trans-
port properties above 2.3 GPa will be measured in the future. Also, more experi-
ments will be conducted to study the magnetic structure of bornite as well as the

new structural phase transition at 6.1 GPa.
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Chapter 5:  Nagyagite (PbsAu(Te,Sb)4S5_g): A natural 2D material

with topological properties.

In this section, I will present our results about another transition metal sulfides
nagyagite (PbsAu(Te, Sb)4S5-5). My conclusion will show that in some mineral
systems, there may exist some quantum phenomena related to topological concepts.

All the measurement and analyze were done by myself.

5.1 Introduction

During recent years, there are a large number of observations of ferromag-
netism associated with doping of nonmagnetic material into non-magnetic oxides
[48,49], especially in some low dimensional materials [50]. The ferromagnetism has
been named as d° ferromagnetism because the magnetism is probably not from par-
tially filled d-orbitals, but from moments induced in the p-orbitals of the oxygen
band [51]. Even in cases where there are partially filled d-orbitals, discrepancies be-
tween bulk measurements indicating ferromagnetism, and microscopic analyses by
X-ray magnetic circular dichroism (XMCD) finding paramagnetic transition metal
ions, have suggested that the ferromagnetism comes from vacancies in the oxygen

lattices. The d° ferromagnetism is used to explain some of the ferromagnetic ma-
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terials without magnetic atoms. But the theory is still under debating. Besides
the exotic magnetic properties, low dimensional systems are of great interest due to
many other reasons.

In recent years, extensive studies have been conducted in investigating the
2D election gas related to topological physics such as GaAs and HgTe quantum
wells [52,53]. A lot of 2D systems like thin films have been developed with different
techniques. More interesting physical properties can be expected in similar systems
with a sufficiently strong spin-orbital coupling (SOC) such as the naturally formed
crystalline 2D structure that adopts a structure similar to those of lab-made thin
films. A strong advantage of naturally formed 2D structure is that a large number
of organic and inorganic materials adopt this type of structure. These natural oc-
curring materials provide a parallel platform to uncover novel quantum phenomena
derived from strong SOC, inversion symmetry breaking as well as novel magnetism.
For example, Lei Fang have studied the transport properties of natural and syn-
thetic [PbyBiSs|[AuTes] samples [54,55]. The naturally occurring material is called
buckhornite, in which Au and Te atoms form a planar pseudo-square net sand-
wiched between the PbyBiS; layers. Large SOC strength and weak antilocalization
were reported in the 2D heterostructure [Pb2BiS3][AuTe2], the ab-initial calcula-
tion suggested helical-like spin textures and spin-flips at the Fermi surfaces. In this
subsection, I will present the transport properties of a naturally occurring material
nagyagite ([Pb(Pb, Sb)S,][(Au, Te)]) with a similar 2D structure of the buckhornite.
Also, I studied the magnetic properties of the natural compound. A ferromagnetic-

like transition at around the 30 K will also be discussed. Due to the low transition
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temperature, most of the magnetic impurities can be excluded. I didn’t see any
magnetic atoms from the energy dispersive x-ray spectrometer (EDS) data. One
possible reason for the transition may occur with a tiny amount of magnetic atoms
doped in the system. Another possible reason is that is no magnetic atoms; the
transition comes from d° ferromagnetism induced by the low dimensional structure
and vacancies in the material. It worth further investigating by controlling the Au-
Te composition or magnetic doping with synthetic nagyagite samples as well as first

principle calculation.

5.2 Experiments

Nagyagite single crystal samples were taken from Department of Mineral Sci-
ences, Smithsonian Institution. The origin of the specimen is from Nagyag, Ro-
mania; the place nagyagite was first discovered. Powder x-ray diffraction data were
collected with Rigaku MiniFlex X-ray diffractometer. Energy dispersive X-ray spec-
troscopy (EDS) and transmission electron microscopy (TEM) photo was taken at
Nanocenter at University of Maryland, College Park. Temperature susceptibility
relation data from 300 K to 4 K and the magnetic isotherm measurement at a vari-
ous temperature up to 7 T were measured with Quantum Design Magnetic Property
Measurement System (MPMS). The temperature dependence of resistivity was mea-
sured on large bulk samples with four wires method in Quantum Design Physical

Property Measurement System (PPMS).
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5.3  Results and Disscusion

5.3.1 X-ray diffraction and EDS

Nagyagite was first discovered in 1789 by Werner from Nagyag Transylvania
(now Nagyag, Romania) and named after the city (cited in Hintze (1904)). The
structure of the material was unknown for a long time because of its complicated
chemical composition. X-ray diffraction experiments on both natural and synthetic
single crystal were conducted in 1999 [1], and the average structure was determined:
space group P2, /m, a = 4.220(1) A, b =4.176(1) A, ¢ = 15.119(3) A, 5 = 95.42(3)°,
and Z = 2. As shown in Figure 5.1, Nagyagite has a clear 2D layer structure: slices
of two slabs thick SnS-archetype with formula Pb(Pb, Sb)S2 parallel to (001) have a
thickness of 9.15 A. Te and Au forms a planar pseudo-square net that is sandwiched
between the SnS-archetype layers; it is assumed that planar AuTe configurations
are edge connected to chains and that Te atoms are in a zigzag arrangement.

EDS data was analyzed and presented with several other specimens from pre-
vious reports in Table 1. The chemical composition of the Au-Te layers and the
Pb-Sb-S layers have strong sample dependence. While on average the gold tellurium
ratio is from 0.25 to 0.5, so we may be able to make synthetic materials with AuTe,y
layers like the [PbsBiS3][AuTe,|, which has a robust spin-orbital coupling (SOC). We
may also be able to study the SOC effect of Au-Te layers of different composition by
controlling the gold tellurium ratio. As shown in the TEM photo in Figure 5.3, the

natural occurring nagyagite crystal is always with some quartz (SiO;), which is the
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Figure 5.1: Structure of Nagyagite.The orange and gray balls are Au and Te atoms.
The Au and Te atoms share the sites in the layers. The yellow balls are the S atoms,

the brown ones are Sb atoms, and black ones are Pb atoms.
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Figure 5.2: The X-ray diffraction pattern of natural nayagite. Red peaks are

quartz(SiOs) from the mineral samples.

white part of the picture. For the magnetic properties and transport measurements,
I removed the quartz from the sample as much as possible. To study the structure,
as well as the chemical composition of the natural samples, X-ray diffraction data
of several pieces of nagyagite crystals with the quartz as well were collected. The
refinement was done with the average structure proposed by Herta Effenberger. As
shown in Figure 5.2, we are not able to distinguish any impurity peaks except for
quartz. Even though we cannot exclude the possibility of having other impurity
phases, the main phases of our nagyagite samples are of 95% nagyagite and 5%

quartz determined by reference intensity ratio (RIR) method.
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3861
MAG: 33x HV:15.0kV WD: 12.4 mm

Figure 5.3: TEM image of a piece of natural nagyagite sample, the white parts
are quartz; corresponding EDS results are shown in TABLE 1. T didn’t see any
impurities from the surface, and the composition of elements is consistent with the

chemical formula.

88



Au Te Pb Sb S Au:Te

Sample a  6.61% 13.41% 31.84% 7.33% 40.28% 1:2.03
Sample b 6.71% 13.89% 32.75% 7.52% 39.13% 1:2.07
Sample ¢ 6.60% 14.18% 32.26% 7.12% 39.84% 1:2.15
Sample d  4.68% 15.97% 32.88% 7.54% 41.03% 1:3.41

Our sample 5.83% 16.65% 40.17% 9.02% 28.33% 1:2.83

Table 5.1: The atom composition of nagyagite samples in different papers. Sample
a: Herta Effenberger (1999) [1], samples from Nagyag, Romania, collection of the
Institute of Mineralogy and Crystallography, University of Vienna. Sample b: Paar
and Chen (1982) [2], samples from Schellgaden, Austria. Sample c: Stanley et al.
(1994) [3], samples from Nagyag, Romania. Sample d: Herta Effenberger (1999) [1],
synthetic nagyagite, standard deviation in parentheses from 18 analysis. Our sam-
ple: samples from Nagyag, Romania, collections of Department of Mineral Sciences,

Smithsonian Institution.

5.3.2 Resistivity

Resistivity temperature relation data were collected from 4 different pieces of
samples. Even though the normalized values are a little bit different, the shapes of
the plots are very similar. As shown in Figure 5.4, the resistivity of two different
samples, the resistivity of both samples first increase with temperature decreasing
and has a broad peak at around 220 K. Then the resistivity value decrease with

temperature decreasing. At the lower temperature at around 50 K, both samples
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have a metal-insulator transition. The resistivity data have great similarity with the
data of [PbyBiS;][AuTes] samples reported by Fang [54,55]. Resistance magnetic
field dependence was also taken under different temperatures. For the low field part,
we also see weak anti-localization phenomenon in sample 2 down to 2 K, while the
signal is not large enough to be figured out in sample 1. Also, the WAL disappears at
around 5 K in sample 2. The discrepancy of the low-temperature resistivity values
may come from the anisotropic property of nagyagite since all the experiments
are general measurements without structure characterization, there may exist some
angular dependence in the ab plane.

For higher field, the magnetoresistance data were collected at 2 K, 30 K, 50 K
and 300 K. The temperatures were selected according to the resistivity curve. Figure
5.6 shows the raw magnetoresistance, both samples have very obvious negative mag-
neto resistance at low temperature. To make a comparison with [PbyBiSs][AuTe,],
a HLN model with strong SOC were used to fit the low field data at 2 K as shown in
Eq 5.1, where « equals 0.5 for weak anti-localization, Be = & and [, is the electron
coherence length. The data doesn’t look so symmetric due to the Hall components.

The coherence length is about 1.37 nm.

5.3.3 Magnetic susceptibility

Both ZFC and FC susceptibility temperature dependence of natural nagyagite

samples were taken in a constant field of 1000 Oe from 300 K to 2 K. As shown
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in Figure 5.7, a sudden increase at around 30 K in FC and ZFC data indicates a
ferromagnetic order. The irreversibility between FC and ZFC suggests spin-glass
(SG) state. The susceptibility above the transition temperature can be perfectly
fitted with Curie Weiss law, x = %. As shown in the inset of Figure 5.7, we have
a negative Curie temperature of © = -54.4 K and an effective magnetic moment of
0.76 pup. The Curie temperature of a ferromagnetic material is expected to be posi-
tive. The negative Curie temperature suggests antiferromagnetic interactions in the
material, which may due to some ferrimagnetic order. The magnetic susceptibility
measurements were repeated with three different samples, and all the samples had

the ferromagnetic order at the same transition temperature. The magnetic hystere-

sis data at 4 K is shown in Figure 5.9. Since there are no magnetic atoms in the
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system, one possible reason is that there exist some magnetic atoms or impurities in
the mineral and cannot be detected with EDS and XRD experiments. In this case,
these phenomena can still be regarded as the intrinsic properties of natural nagyagite
sample. We may be able to construct the magnetic system by doping some magnetic
elements in synthetic nagyagite. Another possible reason for the magnetic transi-
tion is probably due to the so-called d° ferromagnetism. The d° ferromagnetism is
used to explain some of the ferromagnetic materials without magnetic atoms; the
magnetism may come from some electron polarization. For example, pure gold is
nonmagnetic, while gold nanoparticles display a magnetic moment [56]. But the
theory itself is still under debating. Synthesizing some lab-made nagyagite single
crystals is necessary. Also, first principle calculation may reveal the reason for the

magnetism.

5.3.4 M-H curve

To understand the ferromagnetic interaction, I also did the magnetic isotherm
measurement. The M-H curve from 4 K to 52 K is presented in Figure 5.10. To
understand the nature of the magnetic phase transitions, I have transformed the
M-H data into Arrott plots as shown in Figure 5.11. Banerjee has given an exper-
imental criterion, which allows us to determine whether a magnetic transition is a
first or second order. It consists in observing the slope of the isotherms plots M?
versus H/M. Applying a conventional approach, the straight line was constructed

simply by extrapolating the high magnetization parts of the curves for each studied
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magnetic order in natural nagyagite samples.
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temperature. The negative slope of the Arrott plot indicates a first-order transition,
while the positive slope implies a second order transition [57]. From Figure 5.11,
the Arrott plots have positive slopes for both below and above T., indicating that
the transition is second order.

The magnetic entropy change can be evaluated using the Maxwell equation,

ASy; = /OH (;@)TdH — /OH (%)Hw (5.2)

In our magnetization measurement, I calculated the magnetic entropy change
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with approximation,

TH-TiH) o~ M — M,

AS
M( 2 Tipn — 15

AH, (5.3)

As shown in Figure 5.12, the magnetic entropy change are presented with tempera-
ture from 1T to 7T. The magnetic entropy change has the maximum right around

the transition temperature around 25K.

5.4 Conclusion

I report the magnetic and transport properties of naturally occurring min-

eral nagyagite. The slope of resistivity temperature relation changes several times
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from 2 K to 300 K. Natural nagyagite samples have negative magnetoresistance at
low temperature, and some of the samples show weak anti-localization phenomena
with a relatively large coherence length. The 2D layered structure associated with
these phenomena makes nagyagite a candidate for 2D heterostructures with a strong
spin-orbit coupling which may be related to topological quantum materials. Sur-
prisingly, a ferromagnetic transition was discovered in natural nagyagite samples. It
may come from impurities that have not been detected, or it might be derived from
the d° ferromagnetism. Either reason makes nagyagite an interesting system. Syn-
thetic nagyagite samples and first principle calculation should be conducted in the
future for further investigation. Also, another similar material museumite (Pbs(Pb,
Sb)sSs[Te, Au]s) which also has the AuTe layers can be regarded as another material

in this family.
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Chapter 6: Maucherite (Nij;Asg): crystalline size-dependent mag-

netic transition in natural minerals.

In this section, we will discuss the magnetic transition in natural mineral
maucherite (Nij;Asg) as well as the physical properties of synthetic maucherite.
The comparison gives a possible explanation for the discrepancies between the nat-
ural and synthetic samples. This may provide us with some inspiration about the
difference between natural compound, and the lab made ones, even if a material has
already been well studied, the same naturally occurring compound is still worthy of
investigation. Xiuquan and I did the grinding research together, and he helped me

do the TEM measurement for the powder samples.

6.1 Introduction

Since the discovery of superconductivity in iron-based superconductor LaFeAsO;_,F,
[58,59], a lot of experiments have been devoted for searching new iron-based super-
conductors. This family of new superconductors show competition between super-
conductivity and magnetization with chemical doping or applying pressure. The
quasi-2D Fe-As layers in the ab-plane also brought a lot of attention in investigating

transition metal arsenide binaries, which also have the similar tetragonal structure
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to those Fe-based superconductors [13]. Also, transition metal arsenide binaries
are a very significant family of magnetic materials with different special magnetic
properties arising from the 3d, 4d, 5d electrons [60]. There is a small number
of investigation about transition metal arsenide materials, most of the transition
metal arsenide binaries show very interesting physical and magnetic properties. An
anomalous spin density wave state was reported in FeAs [61]. A transition related
to the double-spiral h.-type antiferromagnetism and superconductivity was reported
in Cass [62,63]. MnAs has a ferromagnetic transition accompanied by a structural
transition [64]. A metal-insulator transition was reported in RuAs samples [65].
NbAs were predicted as a potential Weyl semi-metal [66]. However, there were
few low-temperature experiments about transition metal arsenide binaries due to
the difficulty of growth, and many of the reported transitions were not well stud-
ied. Natural nickel arsenide binary minerals have a wide distribution in nature
ore. For instance, nickeline (NiAs), rammelsbergite (NiAsy), and pararammelsber-
gite (NiAss) were reported as paramagnetic materials [67]. Another natural Nickel
arsenide binary maucherite (Nij;Asg) was first discovered in 1913. Nanosheets of
Nij; Asg were synthesized via hydrothermal redox route [68]. The nanosheet samples
show weak ferromagnetism at room temperature. The physical properties of bulk
maucherite have still not been well investigated. I studied the magnetic properties
of natural maucherite samples. The transport data of natural maucherite samples
including resistivity and heat capacity data will also be presented in this chapter.
Synthetic poly-crystals of Nij;Asg were also synthesized. I compared the suscepti-

bility of both synthetic, naturally occurring and nanosheet samples. Surprisingly,
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the natural samples show different susceptibility temperature dependence from the
synthetic samples. Also, the magnetic moment of nanosheet samples is ten times
larger than the bulk samples. These unusual magnetic properties are probably due
to the sample size dependence of the ferromagnetism. Nij;Asg can be regarded as a

good system to study the finite-size scaling properties of ferromagnetism.

6.2 Experiments

Natural maucherite poly-crystal samples were taken from Department of Min-
eral Science, Smithsonian Institute. Synthetic polycrystalline powder samples were
made by melting of high purity Ni and As powder. Powder x-ray diffraction data
were collected with Rigaku MiniFlex X-ray diffractometer at room temperature.
Temperature dependence of susceptibility from 300K to 2K and magnetic isotherm
measurements at various temperatures were taken with Quantum Design Magnetic
Property Measurement System (MPMS). The resistivity temperature dependence
was measured with the 4-wires method in Quantum Design Physical Property Mea-
surement System (PPMS). The heat capacity was measured from 150K to 2K
with PPMS as well. Neutron diffraction experiments were conducted with High-

Resolution Powder Diffractometer - BT1 at NIST Center for Neutron Research.
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6.3 Results and Disccusion

6.3.1 Crystals and X-ray diffraction

Both natural and synthetic maucherite samples have gray metallic luster. Our
synthetic samples are very fragile compared with the natural samples. We can break
the synthetic samples into powder even by touching them with a tweezer, while we
have to grind the natural samples in mortar to make them into powder. Powder X-
ray diffraction (XRD) data for both samples were collected with Cu K« radiation,
A = 1.5418 A, with 26 ranging from 20°to 80°. Rietveld refinement of both samples
is presented in Figure 6.2. Both samples have some nickeline (NiAs) impurities, but
the maucherite phases are well consistent with the previously reported structure of
natural Nij; Asg samples. Maucherite has a complex tetragonal unit cell with P4;2; 2
space group. The lattice constants are a = 6.872 A, b = 6.872 A, ¢ = 21.821 A [69],
as shown in Figure 6.1. The unit cell is composed of ordered-disordered (OD) layers
of one kind; the unit layers display stack orientation along the ¢ axis [70]. Table
1 presents the weight ratio of the main phase and impurity phase calculated with
reference intensity ratio (RIR) method and the lattice constants of best refinement.
Since NiAs is paramagnetic material, it didnt affect our magnetic measurements

very much.
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P4,2.2,
a = 6.868A,
c = 21.8A.
C
b
a

Figure 6.1: The unit cell of maucherite (Nij;Asg). The green atoms are Ni atoms,
and white ones are As atoms. The structure can be regarded as four layers, and
each layer is of the same structure and rotates 90 degrees compared with the lower

layer.
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Natural Sample Synthetic Sample

Niy Asg (%) 96(5) 90(2)
NiAs (%) 41(2) 9.5(2)
a (A) 6.86(2) 6.86(4)
b (A) 6.86(2) 6.86(4)
c (A) 21.81(5) 21.77(3)

Table 6.1: A comparision of the natural occurring samples and synthetic samples.
Both samples have some Nickeline (NiAs) impurities. The first two rows of the table
show the percentage of Nij;Asg and NiAs in weight. The last three rows are the

lattice parameters with the smallest residues after refinement.

6.3.2 Magnetic susceptibility

Both zero-field-cooled (ZFC) and field-cooled (FC) susceptibility temperature
dependence of natural samples were taken in constant fields of 100 Oe and 1000 Oe
from 300 K to 2 K. I also measured the ZFC and FC susceptibility temperature
relation of synthetic sample powder from 300 K to 10 K in 1000 Oe field. As shown
in Figure 6.3, in natural mineral samples, a sudden enhancement at around 20 K in
FC and ZFC data suggests a formation of ferromagnetic order. The irreversibility
between FC and ZFC indicates spin-glass (SG) state. With field increasing, the ir-
reversibility becomes smaller, indicating the frozen SG state is gradually destroyed
under larger magnetic fields. These coincide well with other SG systems. The sus-

ceptibility above the transition temperature can be fitted with modified Curie Weiss

108



law, x = xo + %. As shown in the inset, we have a negative Curie temperature
of ® =-40.9 K and a very small effective magnetic moment of 0.019 pp. The Curie
temperature of a ferromagnetic material is expected to be positive. The negative
Curie temperature suggests antiferromagnetic interactions in the material, which
perhaps indicates some ferrimagnetic order. While for the synthetic samples, the
susceptibility increases with temperature decreasing without any obvious transition.

The susceptibility data of both samples are very close at low temperature.

6.3.3 Resistivity

The resistivity data were collected from 300 K to 2 K at 0 T and 7 T. As shown
in Figure 6.4, the natural maucherite sample show typical metallic behavior. The
resistivity decreases as temperature decreasing with a p = py + AT? relation, sug-
gesting a Fermi liquid behavior at low temperature. py is approximately 4.22x107°
Q2 m and A equals 1.15x1071% Q@ mK~!. The residual resistivity ratio (RRR), de-
fined as p(300K)/p(2K), equals 6.7. I didn’t see any obvious abnormal around the

transition temperature. The magnetic field doesn’t affect the resistivity very much.

6.3.4 Heat capacity

Heat capacity data were taken from 150K to 2K. The results are displayed in
Figure 6.5. The heat capacity data is consistent with the Debye’s model. There is
no obvious abnormal at the transition temperature, but a very small cusp can be

found at around 30 K.
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Figure 6.5: Heat capacity of natural maucherite from 2K to 150K, the inset shows

the plot of C/T v.s. T. A subtle abnormal can be found at around 30K
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6.3.5 Magnetic isotherm

For better understanding the magnetic transition, I also did the magnetic
isotherm measurement. The susceptibility temperature dependence of bulk and
powder natural samples, as well as the M-H curves of natural bulk maucherite
at 4K, natural powder at 300 K, synthetic powder sample at 10 K and 300 K,
nanosheets at 283 K [68] are plotted in Figure. 6.6. As we can see, the magnetic
moment was enhanced after grinding for natural samples. The M-H curves of both
single crystalline nanosheets and synthetic and natural maucherite powder have
room temperature ferromagnetic behavior, while the natural bulk samples only show
ferromagnetic M-H curve below 20 K. The magnetic moments of both natural and
synthetic bulk compounds are ten times smaller than the ferromagnetic moment
of the Nij;Asg nanosheet reported by Wei et al. [68]. The difference in magnetic
order and transition temperatures between nanosheets, synthetic powder samples,
and natural bulk samples is probably due to the typical size dependence of the
magnetization of some ferromagnetic, ferromagnetic and multiferroic materials. A
field dependence shift in Curie temperature up to 93 K was discovered in nanoscale
MnFe,O4 particles [71-73]. The Curie temperature increased as the size of the
particles decreases. Such phenomena associated with a size-depended susceptibility
value were also reported in some other transition metal compound [74-76]. The
size-dependence of the transition temperature and magnetization are often modeled
by finite-size scaling model [77]. In a second order transition case, the shift of Curie

temperature is described as,
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1

T.(Lo) — To(L) = aL™> (6.1)

We are not able to give a quantitative analysis of our results based on the finite-
size scaling model, but considering the fragile property of the synthetic samples, the
transition temperature difference between natural and synthetic samples is probably
due to their microstructures. Size dependence of the magnetic order is worthy of
study.

To understand the nature of the magnetic phase transitions, I have transformed
the M(H) data in Figure 6.8 into Arrott plots shown in Figure 6.8. Banerjee has
given an experimental criterion [57], which allows the determination of the nature
of the magnetic transition (first or second order). It consists in observing the slope
of the isotherms plots M? versus H/M. Applying a regular approach, the straight
line was constructed merely by extrapolating the high magnetization parts of the
curves for each studied temperature. The negative slope of the Arrott plot indicates
a first-order nature of the transition, while the positive slope implies a second-order
transition. It is seen from Figure 6.9 that the Arrott plots have some positive slopes
both above and below the transition temperature T, indicating that the exhibits
some second-order property phase transition. In particular, the S-shaped nature of
the Arrott plot near T, denotes a negative order of the sign of the coefficient ¢2(T)
in the Landau expansion of the magnetic free energy.

Tight binding calculation of bulk Nij;Asg was given in Wei’s paper [68]. The

density of state (DOS) implies the bulk Nij; Asg to be metallic and has a Fermi level
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Figure 6.6: The susceptibility of natural maucherite bulk sample and powder sample.
The experiment was repeated 3 times on different pieces of samples. The powder

always has a larger magnetic signal than bulk samples.
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signal.
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Figure 6.10: Magnetic entropy change(A ;) of maucherite samples from 8K to 32K,

the data were calculated with the method mentioned in this chapter.
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(FE) of -11.40 eV with small DOS right above EF. The previous band structure
calculation is consistent with our transport data. Another remarkable character of
the DOS is that there is a narrow band centered at -14.10 eV below the EF which
can be viewed as the contribution of Ni atoms because the projected DOS of Ni
atoms almost fills all of the total DOS narrow band. This energy of DOS maximum
is slightly greater than the ionization potential of Ni 3d electron (-14.20 eV) which
indicates that this narrow band localizes in the Ni 3d atomic orbitals. Since the
Ni atoms have unpaired 3d electrons which are also localized in Nij;Asg tetragonal
lattice, it is possible that the localized electron configuration is one of the factors of
the observed weak ferromagnetic transition at around 20K.

The magnetic entropy change can be evaluated using the Maxwell relation,

ASy = /OH (;@)TdH - /OH (%)def (6.2)

In our magnetization measurements, I calculated the magnetic entropy change

with approximation,

ASyy (TH-Tz'H) _ M — M;

5 - AH,; (6.3)
As shown in Figure 6.10, the magnetic entropy change under different field are plot-
ted with temperature from 1T to 7T. The magnetic entropy change has the max-
imum right around the transition temperature. The magnetocaloric effect (MCE)
of 14 mJkg™'T~! can be estimated with the maximum value of the magnetic en-
tropy change. The magnetocaloric effect is relatively small compared with other

ferromagnetic transition metal arsenide materials.
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6.3.6 Grinding study

To confirm our guess, we study the crystalline size effect with grinding both
the natural samples and the synthetic powder samples for different periods of time.
We broke both the natural and synthetic samples into powder roughly into powder
and then measure the X-ray diffraction pattern. Since the synthetic materials are
very fragile as I mentioned, we didn’t spend a long time grinding them. They broke
into powder just by being touched by a tweezer. After the first measurement, we
kept rubbing both samples for another 30 minutes and measure them again.

The results were calibrated the instrument broadening using LaBg standard.
After correction and refinement, the crystallite sizes for the synthetic samples is
2027 nm at the beginning; and sizes for samples ground for 30 minutes for natural
and synthetic ones are 146+7 nm and 1274+3nm respectively. As shown in Figure
6.11, we can see that the structure of the sample didn’t change. Figure 6.12 presents
the zoomed X-ray diffraction pattern, as we can see, the peaks show broadening
visually.

TEM results further support our conclusion. For the synthetic sample, the
samples without 30 minutes’ grinding have very good crystallite and single nanocrys-
talline electron diffraction pattern as shown in Figure 6.13 (a) and (c). After grind-
ing for 30 min, significant twinning (or dislocation) can be seen on TEM pattern as
shown in Figure 6.13 (b), and on the sides of its twinning axis, we can see multiple
spots for each reflection (Figure 6.13 (d)). This is proof that after grinding the

coherent length was reduced to 5-10 nm, which significantly limited the magnetic
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Figure 6.11: The X-ray diffraction patterns of synthetic Ni;;Asg. The structure

didn’t change after grinding.
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become broader due to the decreasing size of the nano crystalline.
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20 nm

Figure 6.13: TEM patterns of synthetic Nij; Asg.

domains.

6.4 Conclusion

In summary, I did several magnetic and transport measurements with nat-
ural maucherite poly-crystal samples as well as synthetic poly-crystal powder. A
ferromagnetic-like transition is reported in susceptibility data at around 20 K. The
negative Curie temperature may due to some antiferromagnetic interactions in the
system. Comparing the susceptibility data of natural maucherite, synthetic sam-
ples, and previous nanosheet maucherite samples, maucherite show some finite-size

scaling properties and is worthy of further investigation. I also study the magnetic
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isotherm and found the transition second order. Resistivity and heat capacity were
also measured. The magnetic order and transport property are well consistent with
the prediction of previous tight-binding band structure calculation. Neutron diffrac-
tion experiment was conducted as well on natural materials, but we didnt see any
obvious magnetic peaks in the results. It may because the magnetic moment is too

weak.
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Chapter 7:  Other magnetic transitions in natural mineral samples

In this chapter, I will briefly present other mineral samples with magnetic
transitions in our measurements. Some of the magnetic transitions are not reported
before and are of great interest for further research. Some of the magnetic transitions
are published previously but not well studied. Transition metal mineral compounds
is a very significant family of compounds for physicists to study. All the samples were
characterized by X-ray diffraction, and the magnetic susceptibility measurements

have been repeated for at least two times.

7.1 Pyrrhotite (FerSs)

The natural iron-sulfur compound Pyrrhotite (Fe;Sg) was extensively inves-
tigated during the last several years due to its ferromagnetic phase at room tem-
perature. Another abrupt drop of susceptibility at around 34K was reported fifty
years ago, which was used to characterize the mineral [78]. Mdssbauer and neutron
diffraction experiment has been done, but the magnetic structure of it is still not
clear.

The sudden decrease of two orders of magnetization at 34 K (Figure 7.1)

was also found in our pyrrhotite sample, like the Verwey transition in Magnetite-
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Fe;04 [79]. But the reason for the transition was not well studied. We inves-
tigate the transition with transport measurement and found a field independent
insulator-metal transition (Figure 7.2) at the transition temperature. The abrupt
drop of magnetization is probably due to a superexchange induced ferromagnetic-
to-antiferromagnetic transition, which leads to an insulator-metal transition as well.
But more experiment has to be done to confirm this assumption. We also mea-
sured the magnetization with field under different temperature, which shows some
unconventional magnetic order (Figure 7.3). The behavior is similar to the colossal
magnetoresistance (CMR) materials.

The neutron scattering and heat capacity measurement was also conducted
and confirmed the magnetic transition [80]. Also, the lattice parameter changes
dramatically with temperature decreasing. So it is worthy of doing some pressure

study and first principle calculation with this material.

7.2 Wittichenite (Cu3BiS;)

Wittichenite is an essential material in photovoltaic industry [81], thin films
of CuzBiS; were well applied in solar cells [82]. But the low-temperature properties
have not been studied.

We observed an antiferromagnetic transition at 50 K and the susceptibility
starts increasing at a lower temperature (Figure 7.4). Above the antiferromagnetic
transition, wittichenite is an ordinary insulator, will the resistance saturated below

the transition. We made some synthetic ploy-crystalline samples with molten metal
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Figure 7.1: The antiferromagnetic transition in our natural pyrrhotite sample. The

sudden drop in susceptibility suggests a magnetic order transition.
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Figure 7.2: Normalized resistance of natural pyrrhotite. There exist an insulator-
metal transition around 34 K which is same as the magnetic transition tempera-
ture. The transition indicates the itinerant electrons getting rid of the ferromagnetic

charge-ordered state, which is very similar to Verwey transition.
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Figure 7.3: Hysteresis scan for a 13.6 mg pyrrhotite sample, the results show some

magnetic transition at high field.
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Figure 7.4: Magnetic susceptibility of natural wittichenite.

flux method, but the susceptibility of the synthetic sample followed paramagnetic
behavior, and the resistivity was just a typical insulator. The difference between

two samples needs to be investigated in the future.

7.3 Chalcostibite CuSbSs

CuShS; is also a promising photoelectric material [83]. A lot of experiments
have been done on thin film sample in room temperature range, while the low-
temperature behavior of bulk sample has not been investigated. We measured sus-
ceptibility with changing temperature and observed a magnetic transition at around

25 K (Figure 7.5). The transition hasnt been reported, while no magnetic order was
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Figure 7.5: Magnetic susceptibility of chalcostibite samples. A small abnormal at

around 25 K suggests some unconventional magnetic order.

expected in this material. The resistivity of the mineral shows insulating behavior.

7.4 Akinite (PbCuBiS;)

Akinite (PbCuBiS3) is Copper-Bismuth sulfide with orthorhombic structure
and Pnma space group. The structure has been confirmed in the 1970s. We mea-
sured the susceptibility and resistivity of this mineral sample. The samples show
a broad antiferromagnetic peak at around 100K in the susceptibility and metallic
behavior in resistivity. Also, we calculated the band structure of akinite, like many

other Bi-S materials, akinite may also be a good candidate for photovoltaic material
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Figure 7.6: Magnetic susceptibility of akinite samples.

similar to Cu3BiSs.

7.5 Jamesonite (PbyFeSbgSi4)

Jamesonite (PbyFeSbgS14) was reported as a quasi-one-dimensional spin two
Heisenberg chain with monoclinic structure [84,85]. This system can be regarded
as a diluted berthierite (FeSbySs). We measure the susceptibility temperature de-
pendence and found an antiferromagnetic transition at 34 K and another two ab-
normalities at 3 K and 8 K. Our result is consistent with previous research. The 3
K and 8 K transitions havent been well investigated. We measured the resistivity

from 150K to 300K which is just normal insulator behavior. According to the the-
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Figure 7.7: Magnetic susceptibility of natural jamesonite in log scale, two other
small abnormalities can be found at 3 K and 8 K, the low temperature transitions

were not well studied.

ory, jamesonite may also have frustrated magnetic properties. So the heat capacity
measurement, M-H curves may reveal more about the 3 K and 8 K abnormalities
and the frustrated magnetic properties. Also, neutron diffraction experiment may

help us have a better understanding of the two low-temperature transitions.
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Figure 7.8: Magnetic susceptibility of colusite. Similar to bornite mentioned in

chapter 3, colusite also has a antiferromagnetic transition at around 75K.

7.6  Colusite CugsVa(As,Sn,Sh,Ge)Ss3o

Colusite (CugsVa(As,Sn,Sh,Ge)gSs2) is a natural copper sulfide forms in cu-
bic structure. We discovered an unreported antiferromagnetic transition similar to
bornite (CusFeSy). The magnetic structure of this compound has not been deter-
mined. More transport experiments, as well as neutron scattering experiment, will

be conducted in the future.
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Figure 7.9: Magentic susceptibility of aramayoite under different fields.

7.7 Aramayoite (Ag(Sh,Bi)S,)

Aramayoite is a silver sulfide with triclinic structure. The physical proper-
ties of this material have not been studied. We studied the magnetic susceptibility
temperature dependence of aramayoite under a different field. We found some field
dependence and diamagnetic transition at around 10K. Such transitions were dis-
covered in some sulfides as well, and some of them also have transitions in transport
at the corresponding temperature. Only the structure of this material has been

reported. There are plenty of experiments to be done for this mineral.
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Figure 7.10: Magnetic susceptibility of bismuthnite. The pure BiySs are suppose

to be non-magnetic, the ferromagnetic may due to some impurities in the mineral

samples.

7.8 Bismuthnite (BisSs)

Bismuthinite (BiyS3) is a bismuth sulfide with orthorhombic structure. We
discovered an unexpected ferromagnetic order in a low-temperature range. It may

occur due to some impurities in the mineral.
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7.9 Cubanite (CuFe,Ss)

Cubanite (CuFeyS3) is a yellow mineral with orthorhombic structure. We
didn’t get very nice susceptibility temperature dependence for this mineral, while
we discovered a typical ferromagnetic M-H curve at low temperature (below 20 K).
The mineral is known as a room temperature ferromagnet [86]. More experiments

will be proposed.

7.10 Chalcopyrite (CuFeS,)

Chalcopyrite was reported as a room temperature AFM semiconductor [87].
The magnetic properties have been studied by using DFT calculation. According
to the DFT calculation, chalcopyrite is an antiferromagnetic semiconductor. But
our susceptibility result is not consistent with the previous computational research.
Instead, we found a weak upturn of susceptibility at low temperature. According
to the DFT calculation, the system may have some anisotropic phenomenon. More

transport experiments will be conducted in the future.

7.11 Stephanite (Ag;SbSy)

Stephanite (AgsSbS,) has been studied by NQR spectroscopy from 4.2K to 300
K, and a transition at 140K has been reported [88]. We didnt see the corresponding

transition at 140K clearly but found a diamagnetic drop at around 4K.
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Figure 7.11: Magnetic susceptibility of chalcopytite. A weak increasing is shown in

the magnetization when temperature is below 75 K.
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Figure 7.12: Magnetic susceptibility of stephanite. The material is diamagnetic

material. The further diamagnetic drop is not clear yet.
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7.12  Pseudobrookite (Fe,TiOs5)

Pseudobrookite is an iron-titanium oxide with orthorhombic structure. We
discovered an abnormal drop at around 180K in susceptibility. The magnetic struc-

ture has not been well studied.
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Figure 7.13: Magnetic susceptibility of pseudobrookite. A small drop at around 175

K was detected. There is no report about it.
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Chapter 8: Summary and outlook

This chapter attempts to provide a summary of our work. We will make a
comparison between our transition metal sulfides and transition metal oxides. We
will also present a list of natural minerals that may be worthy of investigation based

on our research experience.

8.1 Summary

In summary, we have measured more than 40 mineral samples from Depart-
ment of Mineral Science, Smithsonian Museum. Over 1/3 of the samples show some
magnetic transition. Most of the minerals are transition metal sulfides and arsenides.
As the four mineral materials, we discussed in detail in previous sections, as well as
the other minerals we presented in the previous section, naturally occurring samples
is a fascinating family of materials in many aspects. Besides lots of new magnetic
transitions, some of the materials have low dimensional property, some of them show
some relation between modern physics concept. Also, the physical properties of the
natural compound may be very different from synthetic compounds. More attention
should be paid to this family of compounds.

In table 8.1, we make a summary of the magnetic transitions we found in
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natural compounds. In

studied together.

table 8.2, we also put the non-magnetic compounds we

Name Formula Structure Features Previous work
Bornite CuzFeSy orthorhombic  AFM and semiconductor-insulator transition at 74 K Magnetic structure was studied.
Pyrrhotite Fe;Sg monoclinic AFM at 34 K Magnetic structure was studied.
Wittichenite Cu3BiS; orthorhombic AFM at 50 K No research.
Berthierite FeSb,Sy orthorhombic AFM at 70K Magnetic structure was studied.
Chalcostibite CuShS, orthorhombic Transition at 25 K No research.
Nagyagite Pb5Au(Te,Sb)sSs—s monoclinic FM at 37 K No research.
Akinite PbCuBiS; orthorhombic AFM at 100 K No research.
Jamesonite Pb,yFeSbgS14 monoclinic AFM at 34 K, Transitions at 3 K and 8K Magnetic structure was studied
Colusite CuagVa(As,Sn,Sb,Ge)sS30 cubic AFM at 75 K Not reported.
Aramayoite Ag(Sb,Bi)S, triclinic Diamagnetic drop Not reported.
Bismuthnite BiySs orthorhombic FM order Not reported.
Cubanite CuFe,S3 orthorhombic FM order Magnetic structure was studied.
Chalcopyrite CuFeS, tetragonal AFM order Not reported
Stephanite AgsSbS, orthorhombic AFM at 4 K Not reported
Maucherite Nij; Asg tetragonal FM at 20 K Nanosheet were studied.
Pseudobrookite Fe,TiO5 orthorhombic AFM at 175 K Not reported

Table 8.1: A summary of the magnetic transition in the mineral samples we mea-

sured.

8.2 Outlook and Future Work

In our measured samples, there are still several new reported magnetic tran-

sitions as well as some other interesting materials. More work should be done with

these materials.

Besides the measured material.

compounds that is worthy of investigation.

We also make a list of mineral

Arsenosulvanite (Cuz(As, V)Sy), the structure of arsenosulvanite is very simi-

lar to colusite, which has an AFM transition at around 70 K in our experiment.
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Mineral Name Formula Structure  fpierr (uB)

Pyrargyrite AgsSbSs Hexagonal 0.035
Canfieldite ~ Agg(Ge,Sn)Sg  Orthorhombic  0.007
Argyrodite AgsGeSg Orthorhombic 0.514

Andorite AgPbSb3S;  Orthorhombic 0.598

Guanajuatite Biy(S,Se);  Orthorhombic 0.586

Tetradymite BiyTesS Trigonal 0.578
Enargite CuzAsS, Orthorhombic 0.154
Skinnerite CusSbS; Monoclinic 0.389
Pyrite FeS, [sometric 0.049
Metacinnabar HgS Cubic 0.059
Millerite NiS Trigonal 0.122
Stibnite SbySs Orthorhombic 0.024

Table 8.2: A summary of nonmagnetic natural minerals we measured.

Carrollite (CuCoyS,) exhibits an antiferromagnetic transition with the Néel
temperature at 17 K. The transport property has not been well studied. This mineral
is also a good candidate for searching natural superconductivity by chemical doping
and pressure because of the similarity with CuRhyS,;, CuRhsSey and CuVs,S,.

Chromite (FeCryQy) is mix-valenced antiferromagnet, and there was not enough
research on its transport properties. It is also worthy of a high-pressure experiment.

Coulsonite (FeV,0y,) is similar to chromite (FeCryOy).

Crednerite (CuMnOs) has Mn?T in the system which may have some magnetic
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order.

Cuproiriosite (CulrsS,) also has a metal insulator transition and is similar to
carrollite (CuCoySy).

Cuprospinel (CuFe;O4) is a A;By04 material with mix-valanced transition
metal element.

Daubreelite (FeAssS,) is a A1ByS, material similar to FeSbeS,. The distance
between the Fe chain are expected be larger than the distance of FeSbyS,. It may
also exist some low dimensional properties.

Fletcherite (Cu(Ni, Co)2S4) is a A;B2O4 material with mix-valanced transition
metal element.

Germanite (CugsGegFesSso) is similar to colusite (CugsVa(As, Sn, Sb)gSsz)
which has a AFM transition.

Gersdorffite (NiAsS) has a similar structure with PbAs,, NiAs,.

Hakite ((Cu,Hg)s(Sb,As)(Se,S)s) may be good photovoltaic material with sim-
ilar structure of CusBiSs.

Hemusite (CugSnMoSg) may be useful photovoltaic material.

Indite (FelryS,) is a A1B2S, material similar to FeSbySy. The distance between
the Fe chain are expected be larger than the distance of FeShyS,. It may also exist
some low dimensional properties.

Kalininite (CuZnySs) has the same structure of CulrsS,; and CuCosS,;. An
antiferromagnetic transition accompanied with metal-insulator transition may also
exist in the material.

Langbanite (Mn;33bO14(Si04)2) is a mixe-valenced transition metal compound.
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Malanite (Cu(Pt, Ir)2S,) is similar to the CuX2S4 compounds, where X can
be Ir, Co, Zn.

Museumite (Pby(Pb,Sb)2Ss[Te,Aul,) has 2-dimensional AuTe layers similar to
Nagyagite.

Majakite (PbNiAs) is similar to PbAss.

Hollandite (BaMngO1;) is a mix-valenced transition metal compounds.

Laihunite (Fe3(SiOy4)2) is a mixed-valenced transition metal compounds.

Garavellite (FeSbBiS,) has similar structure with FeShyS,.

Haycockite (CuyFesSg) is similar to bornite (CusFeSy).

The above mineral samples are only small part of all kinds of minerals and even
a small part of transition metal sulfide minerals. We pick them out here because
they all have very similar properties with the samples we measured.

Also the vast amount of data we collected remind us to study the mineral
samples from a statistical approach by using the recently prevalent concept machine
learning. There were several significant results about this crossing area. These
attempts become very popular recently, especially in some engineering materials.
Perhaps in the future, these methods will provide us a better understanding of the
relations between minerals and make some predictions about the physical properties
of a particular mineral. To use the data more efficiently and to make the project
well organized, a mineral physical properties database is also under construction,
which will keep records of the name, chemical composition, origin, photos and other

experimental results.
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