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Chapter 1: Introduction

1.1

Iron-based superconductors - background and motivation
The discovery of superconductivity in 1911 by Heike Kamerlingh Onnes was, like

many discoveries in science, a serendipitous event. 1 Onnes was conducting research on
cryogenics in attempts to achieve temperatures in which helium would liquefy. Through
the course of these experiment, he measured the resistance of mercury and observed a
transition, called the critical temperature (T c ), from finite resistance to a seemingly zero
resistance state at 4.2 K. This was the first measurement of the superconducting state
of a material. Through continued work, it was determined that superconductivity is not
just the observation of a zero resistance state. Magnetic measurements of samples in the
superconducting state exhibited perfect diamagnetism as external magnetic flux was completely expelled - this phenomena was dubbed the Meissner effect after its founder. 2 Both
of these phenomena have possible commercial applications. As to be expected, research
in this new field exploded as zero resistance components or wires would completely revolutionize the world’s electronic industry and electrical grid. The main hurdle the field
has faced since its discovery is that the critical temperature at which most materials become superconducting is very low and thus requires expensive and complex cryogenic
systems to achieve their respective superconducting states. However, research into syn1

thesis of new superconductors, fundamental properties and theory of superconductivity
has continued to be topical for the past 100+ years.
The early work on superconductors encompassed work on a specific type of superconductor which would later be called “conventional" superconductors. The behavior of
these materials could be extremely well by the microscopic theory of superconductivity
described by Bardeen, Cooper and Schrieffer (BCS theory) which was awarded the Nobel Prize in 1972. 3 A formal description and work through of BSC theory can be found
in many texts including the seminal textbook by Tinkham. 4 The key takeaways from the
theory were the following: 1) electrons at the Fermi level under an attractive potential can
form bound pairs called Cooper pairs, 5 2) external magnetic fields decay exponentially
inside of a superconductor, 6,7 3) the critical temperature experiences an isotope effect, 8,9
and 4) the electron-electron coupling is mediated by phonons. The experimental work
leading up to BCS theory and the culmination of a microscopic theory to describe the
experimental observations exemplifies the amazing conjunction of experimental and theoretical work to describe the natural world. One problem which arose was the necessity
of a phonon-mediated mechanism to describe superconductivity of these systems. This
was assumed to set an upper-limit of critical temperature to the region of 30 - 50 K 10
for known systems as the time. The key requirements were that the material had to have
a high density of states at the Fermi level (the system must be metallic), a high Debye
frequency (lighter elements preferred) and strong electron-phonon coupling. Of course,
these latter two are linked in most materials, thus the critical temperature “limit" of 30
- 50 K was imposed based on the currently known materials. However, it was later famously predicted that metallic hydrogen would be a room temperature superconductor 11
2

which means the superconductivity in BCS theory does not have an actual limit - its just
limited by the currently available materials. This conventional thinking regarding superconductors behaving in line with BCS theory was abruptly shook with the discovery of a
new class of superconducting materials.
In 1986, Bednorz and Muller discovered superconductivity in Ba-La-Cu-O ceramic
system at 30 K which kicked off the field of high-temperature or “unconventional" superconductors. They were awarded Nobel Prize in 1987 for their discovery. This work
began an incredible amount of research activity around these new materials called the
cuprate superconductors. 12–15 Two of the most important materials discovered through
this research have critical temperatures above the limit of liquid nitrogen which significantly expanded the possibility of integrating these materials into commericialization.
This is because liquid nitrogen cyrogenic systems are much cheaper and easier to manage than liquid helium systems. These two materials are YBa2 Cu3 O7−x (YBCO) which
has a T c = 93 K 16 and the other Bi2 Sr2 Can−1 Cun O2n+4+x (BSSCO) with a critical temperature up to 108 K 17 depending on which composition is measured. In general, all cuprate
superconductors are built around the structural motif of Cu-O planes which consist of a
checkerboard lattice of Cu2+ and O2− ions which are separated by different spacers layers. The superconductivity in these systems comes from electrons within CuO2 planes.
The main differences between these materials and previous “conventional" superconductors are: 1) the undoped phases exhibit insulating and antiferromagnetic long range order
before doping, 18 2) upon both electron or hole-doping antiferromagnetic order is suppressed and superconductivity is induced which suggests electronic interactions rather
than electron-phonon are responsible for superconductivity emergence, 3) the observed
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superconducting gap is not isotropic 19,20 indicating non s-wave pairing. Although 30+
years have passed since their discovery, the mechanism which causes superconductivity
in the cuprate systems is still not fully understood. Despite that, high temperature cuprate
superconductors have begun to be integrated into commercial applications 21 and still offers a hot-bed of research activity.
The field of superconductivity was up-ended again with the discovery of another
class of superconducting materials called the iron-based superconductors. The discovery
of superconductivity in LaO1−x F x FeAs in 2008 by Hosono et al. opened up an entire
new field of study on superconducting materials containing iron pnictide or iron chalcogenide layers. 22 Historically, magnetism and superconductivity were considered antagonistic, which caused the excitement around the possibility of superconductors built out of
the prototypical ferromagnetic element to explode. Ever since, there has been a fury of
work done by chemists and physicists alike attempting to understand the mechanism(s)
for superconductivity in this family of compounds through guided synthesis of analogous compounds offering different probes into the physical system. 23–27 The physics of
the iron-based pnictide superconducting system is very similar to those of the cuprate
superconductors whereby a high temperature antiferromagnetic state is suppressed upon
doping to reveal superconductivity. 27,28 However, there are a number of key difference between the iron-based pnictide systems and the cuprates: 1) the undoped parent compounds
are magnetic metals, 2) electronic correlations within the iron layers are moderate 29,30 in
comparison to the strong correlation in the cuprate systems, 31 3) the electronic structure
in the cuprates is single band 32,33 and multi-band in the iron-based systems. 34–36 The combination of all these has made iron-based superconductors one of the most widely studied
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topics in condensed matter physics in the past 10+ years.
The multiband nature of iron-based superconductors and the corresponding physics
has been met with an abundance of theoretical work to describe the system. This has led
to the coinage of the term “Hund metal" to describe the electronics structure and correlations in the system. 37 Unlike the single band nature of the cuprates and the description
of Mott insulator physics leading to superconductivity, 31–33 the multiband nature of the
iron-based system requires a new description. This “Hund metal" description is characterized by enhanced electron correlations, high spin configuration, and orbital character
selectivity. 38,39 In summary, the correlations arise from local Coulomb interactions and
Hund’s rules which allows another paradigm to access strong correlations in condensed
matter systems. Hund’s rules is the energy scale which dictates intra-atomic exchange
(i.e. lowering the cost of placing two electrons in different orbitals as opposed to in the
same orbital). Thus, from theoretical approaches, it becomes clear the when the energy
scale of Hund’s rules becomes meaningful, electronic correlations can become significant
and give rise to very exotic physics, such as high temperature superconductivity. 40,41
The iron-based and the cuprate superconducting systems both exhibit a similar
structural motif whereby two-dimensional lattices are stacked to form layered materials.
In the iron pnictide and chalcogenide systems, square iron layers are the basic building
blocks of the iron-based superconductors which stack to form more complicated layered
structures as shown in Figure 1.1. The largest structural difference between the pnictide
and chalcogenide families is that the pnictide family is built of anionic (FePn)− (Pn =
pnictide) layers whereas the chalcogenides are built from neutral FeCh (Ch = chalcogenide) layers. This means that the pnictide family requires cationic interlayer species to
5

FeSe

KFe2Se2

(a) Tc = 8 K

(b) Tc = 30 K

LiOHFeSe

(c) Tc = 43 K

Fig. 1.1: Crystal structures of FeSe (left) and KFe2 Se2 (center), and LiOHFeSe (right), and their
respective critical temperatures, which all demonstrate the stacking of tetrahedral FeSe
layers as the basic building block of the iron-based chalcogenide superconductors.

stabilize the structure, but the chalcogenide family can be made as a simple binary and expanded from that simple building block. The most structurally simple iron chalcogenide
superconductor is FeSe which crystallizes in the anti-PbO structure (P4/nmm, Figure 1.1,
left) and exhibits superconductivity at 8 K. 42–45 The T c of FeSe can be improved significantly to 42-46 K from 8 K after intercalation, 46–48 37 K with applied pressure 49 or 65
K in the monolayer limit. 50 Our group’s research has focused on the chalcogenide family
for two important reasons. To start, the neutral building block of FeSe and FeS layers is
a perfect candidate for chemical manipulation through intercalation and doping due to its
two-dimensional van der Waals structure and neutral charge. Also, unlike the related iron
pnictide phases, FeSe is a superconductor without required doping and exhibits no parent
magnetic phase. 42,51 Although no parent magnetically ordered phase exists, strong magnetic fluctuations have been observed in a wide range of temperatures in FeSe through
neutron and NMR spectroscopy experiments. 51–54
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The use of FeSe as a building block (and the underlying structure-property relationships associated with the FeSe building block) and its subsequent chemical manipulation is the dominant motivation for the work described in this thesis. FeSe is the only
tetrahedral transition metal chalcogenide material (TTMC), with the anti-PbO structure,
that is known to be thermodynamically stable and can be synthesized through a number
of methods, such as: direct elemental reaction and chemical vapor transport. 55–57 The
FeS analogue is metastable and cannot be made through a traditional high temperature
solid-state method. However, in 2015 a new hydrothermal synthetic scheme was devised
to form FeS and found superconductivity at 4 K in powder samples. 58 More recently,
another reaction scheme was devised to form single crystals of tetragonal FeS through
topochemical de-intercalation of K x Fe2−y S2 , which supported the previous work with FeS
formed through this method exhibiting superconductivity at 4 K. 59 Thus, my work attempts to expand the class of TTMC materials beyond iron to understand how the TTMC
structure leads to different properties for different electron filling and expand the chemical
manipulations possible on the FeSe and FeS building blocks to tune the superconducting
and magnetic properties of the iron-based chalcogenide superconducting family through
topotactic synthetic routes.

1.2

Tetrahedral transition metal chalcogenides
The study of iron-based chalcogenide superconductors is motivated largely by their

structure which is built upon neutral FeCh layers with a square transition metal sublattice;
it is this fundamental structure that gives rise to the exotic physical phenomena observed

7

in these materials. Thus, it is useful to take a deeper look from a structural point of view
to understand the nuances of the structure and bonding in this class of materials. the
fundamental unit of tetrahedral transition metal chalcogenides (TTMCs) are edge-sharing
MCh4 (M = Fe, Co, Ni, Cu, Zn; Ch = S, Se, Te) tetrahedron which condense together in
the plane to form extended two-dimensional layers of the MCh species. In the simplest
case, these two-dimensional layers are then stacked together and held through van der
Waals forces to form the anti-PbO type structure; to date only the iron and cobalt versions
of these binaries have been synthesized. 60–62 This main building block highlights the most
important features of this structure: 1) tetrahedral chalcogenide bonding of the transition
metal, 2) square transition metal sublattice, and 3) neutral two-dimensional layers held
together by van der Waals forces. A representative crystal structure illustrating the stacked
layers held together by van der Waals forces, square metal sublattice, and tetrahedral
coordination is shown in Figure 1.2. There are many different structures which use this
building block or similar building blocks which can fall into the category of TTMCs
which are cataloged in the review work by Zhou and Rodriguez, 63 but the remainder of
the discussion will focus on the simple binary building block.
In a cubic close-packing arrangement of chalcogenide ions, there are tetrahedral and
octahedral interstitial holes which can hold cations. In general, octahedral sites require
the cation radius to be > 41% of the anion radius (rc /ra = 0.414) and tetrahedral sites
requires the cation radius to be between 41% - 23% of the anion radius (rc /ra = 0.225).
If we consider the sulfide S2− anion which has an ionic radius of 1.84 Å, this means that
cations with ionic radii between 0.75 - 0.42 Å may be able to order within the tetrahedral
interstices. This means that larger transition metal cations are unlikely to be incorporated
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Fig. 1.2: Representative crystal structure of tetrahedral transition metal chalcogenides illustrating
the stacked layers held together by van der Waals forces, square metal sublattice, and
tetrahedral coordination adapted from Rodriguez. 63

into this crystal structure. Another consideration must be taken into account as well due to
the 2- charge on the sulfide ion. In order to maintain a neutral layer, which is key for our
desired building block, a cationic charge is needed to yield a neutral metal chalcogenide
layer. Since the MCh layers are only two layers of close-packed chalcogenide anions in
the (AB)-(AB) sequence (the third layer C is empty in this structure), only one tetrahedral
interstice exists which requires transition metal to be in a low valent 2+ cationic state.
Thus, we can assume that low-valent transition metals with small cationic radii in the
case of tetrahedral coordination will preferentially form this structural building block.
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The tetrahedral bonding also leads to other benefits with regards to the electronic
structure of the MCh layers themselves. The bonding between the transition metal and
chalcogenide is covalent in nature and its impact is fully discussed in a some seminal
works by Roald Hoffmann and more recently by our group. 63–65 The translation of the
chemical bond’s impact to electronic structure is very difficult as one is a real space concept while the other is best viewed in reciprocal space; fortunately two very important
works have helped bridge that gap in thinking. 66,67 Another key feature, is that tetrahedral
interstitial sites are closer together than octahedral sites within the cubic close packing
array which means that interactions between the cations can be stronger and metal-metal
bonding can be significant. This metal-metal bonding leads to a delocalized or wide-band
description for the orbitals with character from the metal cations. Since the bands at the
Fermi level are primarily metallic in character in these compounds, 63 the metal-metal interaction plays a significant role in determining the electronic structure and properties in
these compounds.
Beyond the tetrahedral bonding of the transition metal, the square metallic sublattice itself is one of the main features of the TTMC class of materials. As previously
stated, the metal-metal interactions caused by the proximity of the tetrahedral interstices
in the cubic close packing of chalcogenide anions leads to bands with metallic character becoming delocalized and dispersed. The square metallic sublattice has been shown
through a variety of works to be susceptible to electronic instabilities depending on electron filling. 68,69 These instabilities drive exotic physics and observable properties from
charge density waves to superconductivity. Up until now, we have only considered the
electronic effects of the transition metal sublattice, however; since the low-valent late
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transition metals have unfilled d-orbitals, the effects of magnetism must be considered as
well. To that end, there has been a significant amount of theoretical work on describing
the magnetic interaction of the square lattice for configurations that would lead to magnetic frustration and possible exotic manetic ground states. This work has been done for
local moment systems 70–74 and needs to be expanded to consider itinerant systems which
includes metallic character with delocalized moments.
Finally, the last important piece of structural makeup of the TTMC class of materials is that the neutral MCh layers are held together by van der Waals forces which
makes these materials perfect candidates for chemical manipulation. With FeSe and FeS
displaying superconductivity at 8 K 42 and 4 K, 58 respectively, there has been substantial
research on intercalation chemistry within the system to probe how intercalated species
will affect the physical properties. This is because intercalating interlayer species can
achieve two main goals: 1) increased interlayer spacing between adjacent MCh layers
leads to increasingly two-dimensional electronic structure and 2) interlayer species can
charge dope the MCh layers to tune the electron filling. Although the cobalt analogues
to FeCh have been synthesized, 61,75 reported intercalation chemistry has been limited due
to the phase stability of those compounds. Currently the list of successful intercalated
species is fairly extensive including simple alkali metal cations, 76–78 which are typically
able to be synthesized from a traditional solid state route such as self-flux or salt flux reactions. Other intercalates can be partially charged hydroxide or amine layers 46,79–86 that
typically require low temperature or chimie douce techniques to synthesize. After these
different intercalation schemes, the T c of FeSe can be improved significantly to 43-46 K
from 8 K. Although both hydroxide or amine intercalation can increase the T c of FeSe,
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only LiOH intercalation is known to increase the T c of FeS from 4 to 8 K. 87
Almost all of these intercalation chemistry methods are done at low temperatures
and exploit the stability of chalcogenide anions in basic solution as well as the ability of
basic aqueous and other basic solutions to oxidize iron metal to form soluble iron cations.
As a note of caution: this chemistry must be done in basic conditions as acidic conditions may give rise to the evolution of toxic hydrogen chalcogenide gases. In any case,
the means by which low temperature reaction schemes have been employed to modify
TTMCs is the focus second main focus of this thesis work.

1.3

Topotactic chemistry and hydrothermal synthesis
The field of solid-state chemistry and physics is dominated by materials and syn-

thetic routes which employ high temperatures in order to stabilize the formation of thermodynamically stable phases. This is for good reason, high temperatures typically allows for the formation of single crystals through dissolution of constituents in some flux
and precipitation slowly through very precise temperature control. Single crystals are
essential for in-depth physical property characterizations including resistivity, magnetic
anisotropy, crystal structure determination, etc. Beyond that, traditional solid-state synthetic routes are often dubbed (often times with a negative connotation) “shake-and-bake"
reactions for their ease of setup and lack of sophistication. In these reactions, mechanisms
are typically not considered and there is often no control over the formation of intermediates. From a solid-state chemist’s point of view, this is in stark contrast to the organic
chemist’s approach to the synthesis of a new compound or molecule. There, every step
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of the reaction is considered and intermediates of complex reactions can be isolated and
changed throughout the synthetic scheme to guide the reactions in new ways. The extension of a similar, albeit less dramatic, approach to the synthesis of solid-state materials offers a window into the synthesis of a wide-range of new compounds. Here, we
consider the formation of metastable phases which are typically synthesized at low temperature as to limit the effects of thermodynamics and trap the desired metastable phases
kinetically. Metastable phases are niche but are widely used for a variety of important
applications. 88–91
As mentioned, the stabilization of metastable phases is often done at low temperatures in order to avoid the effect of thermodynamics which will dictate the formation
of the lowest energy phase if the thermodynamic energy barrier is overcome. However,
temperature control is not the only tool we have to employ, we can also consider other
chemical factors such as reaction time, pressure, concentrations, redox chemistry, etc.
Thus, thinking about the synthesis of metastable phases can be approached by two ways:
1) changing the thermodynamic landscape of the chemical reaction by adjusting the chemical environment such as solvent, pH etc, or 2) using thermodynamically stable phases as
a starting point to convert to metastable phases. As imagined, the approach of 1) can be
extremely difficult and time-intensive as the number of variables which can be considered
and adjusted in a reaction scheme is very large. This is not to say it can’t be done, a great
example of this is the synthesis of metastable tetragonal FeS, mackinawite, which can be
done through a number of methods. 92–94 One caveat of this example is that mackinawite
was known to exist from geological mineral samples, so a synthetic route could be rationalized from Mother Nature. In its mineral form, mackinawite is typically stabilized
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by nickel impurities on the iron site and found in low temperature aqueous environments,
such as marine sediments. However, in its synthetic form FeS is stabilized by a low temperature kinetically controlled route as to avoid the formation of more stable phases like
gregite and pyrite. 92–94 Although mackinawite cannot be synthesized by direct solid-state
reaction, it can be afforded using hydrothermal reaction under basic conditions. The compound itself converts to the more stable hexagonal phase when heated above 100 ◦ C, but
is stabilized above that temperature with high pH. This demonstrates that the thermodynamic landscape can be changed by tuning the synthetic environment. However, for the
synthesis of materials which do not exists in nature, a successful synthetic route can, and
often times is, be much more difficult to determine.
This brings us to 2), the conversion of one thermodynamically stable product to
a metastable state through some chemical conversion method. This has been dubbed
topotactic chemistry and is defined as a reaction scheme which retains some structural
building blocks of the reactant in the product. Topotactic chemistry is essential in intercalation/deintercalation/ion-exchange routes where a guest species is added, removed, or exchanged
between host layers in order to tune the structure and physical properties. These reaction schemes often require low temperature and are often called chimie douce or “soft
chemistry" routes in literature. 89,90,95–97 They are dubbed so as they offer a contrast to the
high temperature approaches of traditional solid-state chemists. The field is not new and
chimie douce reaction schemes have been used extensively in intercalation chemistry in
the past 40 - 50 years to great effect. 98–103 With that being said, it is still considered a
niche field as it straddles the fence between the worlds of the organic chemist and that
of the solid-state chemist. The future outlook of topotactic chemistry and chimie douce
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methods is very high especially with the current emphasis on rational material design as
this synthetic paradigm allows for a guided design of extended solids - much like the
thinking from the organic chemistry world.
When considering topotactic chemistry and chimie douce methods, the application to the work motivated in this thesis is readily apparent. As materials or solid-state
chemists/physicists, we are intimately concerned with structure-property relationships how does the crystal structure and bonding directly affect the manifestation of physical
properties? The easiest example to consider is that of graphite and diamond, both made
up of carbon but each have incredibly different properties due to structure and bonding
within each material. We have already emphasized how TTMCs exhibit a structural motif
for which we are interested: tetrahedral chalcogenide bonding to a transition metal, square
transition metal sublattice, and van der Waals layers. Thus, this topotactic or chimie douce
paradigm is an excellent lens to approach this problem. We are directly targeting one specific building blocks, and as such, we can use topotactic reaction schemes to change the
overall structure without affecting that building block. All three chapters of this thesis
utilize topotactic or chimie douce methods in order to synthesize new materials.
The chemistry of topotactic schemes can vary depending on the building blocks
which are meant to be retained. For oxides and chalcogenides, a main tool for topotactic chemistry and chimie douce methods is the hydrothermal technique. Low temperature topotactic orchimie douce hydrothermal techniques can be used to synthesis a wide
range of materials. 89,90,104–109 Hydrothermal reactions are used to mimic Nature’s own hydrothermal reactions which exists at hydrothermal vents where typically insoluble minerals are heated in water by volcanic activity to dissolve before being released into sur15

rounding cold waters to form new species. 110,111 Due to the amazing chemistry present
at these natural sites, there have also been intensely studied for their possible role in the
origin of life. 112,113 In this research, hydrothermal conditions are defined as any reaction
carried out above 100 ◦ C and above 1 atm of pressure. Typical growths and reactions
require the use of hydrothermal autoclaves which are used to maintain high temperature
and pressure for the reaction media.
The theory of hydrothermal growth, the growth methods, equipment, growth parameters, etc are cataloged very well in the following sources; 114–117 we will focus on a
brief discussion of how hydrothermal synthesis is done in this research and its relationship
to topotactic chemistry and TTMCs. The low temperatures often used in hydrothermal
reactions fits perfectly into the paradigm of topotactic chemistry for the synthesis of new
TTMC materials. To reiterate, the low temperature allows for the stabilization of kinetic
phases as thermodynamic effects are limited and phases for which kinetic pathways exists
can be trapped and isolated. Another benefit of hydrothermal reactions is that the redox
chemistry which occurs in water is highly desirable for chalcogenides, especially for iron
chalcogenides. In particular, this is true for highly alkaline hydrothermal reactions. To
that end, we can consult a Pourbaix diagram which shows which species will exist in
solution as a function of pH and electrochemical potential. Pourbaix diagrams for any
system are well tabulated but can be calculated from electrochemical potentials for all
species which should exist in aqueous solution. An example Pourbaix diagram for the
speciation of Fe in H2 O is shown in Figure 1.3.
From these Pourbaix diagrams, it is discovered that under reducing conditions at
high pH, chalcogenide ions can be stabilized as HCh− species which can act as the anion
16

Fig. 1.3: Pourbaix diagram of iron calculated at standard temperature and pressure adapted from
Channei. 118

building block for the desired building block. For the cation, iron, the Pourbaix diagrams
shows that iron oxidizes in reducing alkaline solution to yield Fe2+ species in solution.
The combination of these two species in solution under reducing and high pH conditions
has been shown to cause the formation of Fe-HCh− clusters in aqueous and non-aqueous
solutions with tetrahedral Fe-Ch coordination 119,120 which likely condense to form the
extended layers in iron-based TTMCs. The special consideration in these reactions is
that under anaerobic hydrothermal conditions, water plays the role of solvent and cathode
for electrochemical reactions. In this case, we can consider the simple electrochemical
reaction whereby iron powder is oxidized:
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−
−−*
Fe(s) + 2 OH− (aq) −
)
−− Fe(OH)2 (s) + 2 e

E = 0.89 V

(1.1)

−
−−*
2 H2 O(l) + 2 e− −
)
−− H2 (g) + 2 OH (aq)

E = −0.828 V

(1.2)

−−*
Fe(s) + 2 H2 O(l) −
)
−− Fe(OH)2 (s) + H2 (g)

E = 0.062 V

(1.3)

This formulation shows that iron is oxidized in solution to form Fe2+ species with a
small but positive driving force which can be increased as a function of temperature. This
Fe2+ species then reacts with SH− or SeH− in solution to form the Fe-HCh− clusters as
the starting point for extended layers of iron chalcogenides. However, in the case where
the SH− or SeH− species is not in solution, the Fe2+ species will all continue to oxidize
to Fe3+ species. 121 Thus, we can push the reaction toward the formation of new products by utilizing the formation of the intermediate oxidized species. This harkens back to
point 1) of how to stabilize metastable phases by changing the thermodynamic landscape
of the chemical reaction by adjusting the chemical environment such as solvent, pH etc.
The electrochemical considerations show that intermediate species can form due to redox
potentials which can then be converted. As before, this is assuming the effects of thermodynamics are limited at low temperatures as thermodynamics will decide which phases
forms at higher temperatures. Although this thesis focuses mainly on the topotactic approach to the formation of metastable phases, this other view point offers to bring another
platform for future exploration. In particular, the exploitation of the associated hydrothermal redox chemistry with regards to the formation of desirable intermediate species that
can be converted and trapped as metastable phases is underexplored.
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1.4

Objectives and Outline
The previous sections have helped illustrate the motivation leading up to this thesis

work. This work is highly interdisciplinary and lies directly in between the realms of solid
state chemistry and condensed matter physics. In this thesis, we describe the synthesis and
characterization of three different topotactically modified transition metal chalcogenide
systems and their corresponding physical properties.
In Chapter 2, we discuss the synthetic techniques and characterization techniques
employed throughout this work. In order to fully characterize crystal structure, elemental
composition and physical/chemical properties, many different instruments and techniques
were utilized.
Each Chapter 3-5 focuses on a different family of materials. In Chapter 3, we
discuss the synthesis and characterization of tetragonal CoSe which is isostructural to superconducting FeSe. This material requires a topotactic de-intercalation synthetic route
and we can successfully synthesize powders and single crystals. Physical property measurements displays metallic spin glass type behavior below 10 K which we attribute to
magnetic frustration due to competing interactions of the square metal sublattice.
Chapter 4 focuses on the synthesis of transition metal doped (LiOH)FeSe. In previous work, (LiOH)FeSe was shown to display magnetic order below the superconducting
critical temperature. We have used transition metal doping and a topotactic hydrothermal
synthetic route to increase the magnetic signal of the system and have been able to observe
the formation of long range magnetic order in nominally 20% Mn-doped (LiOH)FeSe.
The majority of the work focuses on the characterization of this nominally 20% Mn19

doped sample family, however; we are able to synthesize other transition metal doped
samples from Mn - Zn with varying results due to the chemistry and properties of the
other transition metals.
In Chapter 5, we focus on synthesis and characterization of an ethylenediamineintercalated iron chalcogenide family. This work echoes other work in the field on similar
intercalation with one large difference. Other reaction schemes requires the addition of
an alkali metal to the ethylenediamine neat solvent in order to stabilize the formation of
the intercalated species. This has the detrimental effect of making the true doping level
achieved by intercalation hard to identify due to the formation of other charged intercalated species with the alkali metal. Thus, we have developed a hydrothermal method
which does not require the addition of an alkali metal to stabilize the intercalation of
ethylenediamine into FeSe and FeS. This work shows that the hydrothermal method may
be a more universal means to intercalate other adducts as it does not require liquid or low
melting temperature adducts or the co-intercalation of alkali metals.
Chapter 6 summarizes the main findings of this work and discusses the future directions related to the work which can be explored.
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Chapter 2:

2.1

Methods

Synthetic Methods
The synthetic methods discussed here are more general with regards to the synthe-

sis of a wide range of layered transition metal chalcogenides. More in-depth synthetic
methods and discussion of those routes are cataloged in their respective chapters.

2.1.1

Self-flux synthesis of ThCr2 Si2 -type transition metal chalcogenides
The synthesis of single crystals of new intercalated and de-intercalated transition

metal chalcogenides starts with the self-flux synthesis of the ThCr2 Si2 -type K x M2Ch2 (M
= Fe, Co, Ni; Ch = S, Se) single crystals. The main benefit of this approach is that
many different compositions of the ThCr2 Si2 exist even beyond chalcogenides and these
phases can be usually be formed as relatively large single crystals. These single crystals
offer a great base for post synthetic modification to form new layered transition metal
chalcogenides.
A typical growth of K x M2Ch2 (M = Fe, Co, Ni;Ch = S, Se) single crystals uses
approximately 0.25 g K chunks and the required molar ratios of metal powder and chalco-
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Fig. 2.1: As recovered single crystals of KCo2 Se2 (left), KNi2 Se2 (right) grown via the double
ampoule method.

genide powder is calculated from the measured potassium amount. The amount of potassium has to be limited as potassium vapors attack the quartz tube which can cause them to
break during the growth process. In general, this can be avoided if reaction vessels which
are inert to alkali metal vapors such as niobium or tantalum tubes are used. The potassium, metal powders, and chalcogenide powders are loaded in a quartz ampoule within
a inert atmosphere glovebox. As a note of safety, the reaction of potassium with chalcogenides can be extremely exothermic so these growths are usually done so that the loaded
potassium does not come in contact with the chalcogenide powders. One way around this
issue is to pre-react the transition metal and chalcogenide to form a stable binary; however, we have found that better quality single crystals are formed through a reaction of
direct elements.
Once the reaction mixture has been removed from the glovebox, it is sealed under
vacuum using a natural gas flame torch at a typical vacuum of ∼ 10−3 Torr. In the case of
direct element reactions, the reaction mixture is usually frozen in liquid nitrogen before
sealing to ensure that any possible reaction between the potassium and chalcogenides is
limited. Once sealed, the smaller quartz ampoule is loaded inside a larger quartz ampoule
and vacuum sealed again. This is done so that if the inner quartz ampoule breaks due to
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potassium vapor attack or other factors, the reaction mixture is not fully compromised;
inner quartz tube failure occurs in about 20% of growths. These double-sealed quartz
ampoule reaction mixtures are loaded into a box furnace, heated to 1050 ◦ C at a rate of
10 ◦ C/hr and held at 1050 ◦ C for 12 hours to ensure reaction homogeneity. The very
slow heating is done to ensure the melting of potassium occurs slowly to react with the
chalcogenide to form a potassium polychalcogenide flux. As the reaction slowly heats the
potassium polychalcogenide flux react with the transition metal to form the K x M2Ch2 (M
= Fe, Co, Ni; Ch = S, Se) product as the potassium polychalcogenide flux oxidizes the
transition metal.
The reaction mixture is slow cooled from 1050 ◦ C to 550 ◦ C at a rate of 2 ◦ C/hr
which assures slow crystallization. Once 550 ◦ C is reached, the reaction mixture is cooled
the room temperature naturally by turning off the furnace. These crystals are typically
recovered in air but is done in an inert gas glovebox when required. Crystals are typically
5 x 5 x 0.5 mm platelike shiny crystals of different colors depending on what transition
metal was used in the reaction mixture shown in Figure 2.1. The crystals are usually air
stable on the order of a day or so but are stored in an inert gas atmosphere for long term
storage.

2.1.2

Soft chemical reductive de-intercalation
The class of materials of tetrahedral transition metal chalcogenides with the de-

scribed layered structure was previously limited to the FeSe. This is because the layered structure is not thermodynamically stable for other combinations of transition metal
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K1-xCo2Ch2

CoCh
K+,, H2(g)
LiOH (aq)
RT, t = 24 hours

Fig. 2.2: Soft chemical reductive de-intercalation at room temperature in saturated LiOH solution
of KCo2 Ch2 single crystals and powders to form CoCh powders and single crystals.

and chalcogenides, even for FeS. Previous work in our group showed that single crystals of FeS would be synthesized by hydrothermal reductive de-intercalation of KFe2 S2
single crystals to form FeS single crystals. 59 Similar work had also been attempted to deintercalate the KNi2 Se2 compound to form the layered NiSe binary, isotructural to FeSe,
but was not successful. 122 My work has expanded the available TTMC’s beyond FeSe and
FeS to the isostructural cobalt analogues. 61
Two methods are used to form layered tetragonal CoCh (Ch = S and Se) compounds
shown in Figure 2.2. KCo2Ch2 powders and/or single crystals were placed in approximately 10 mL of saturated LiOH solution made by dissolving LiOH·H2 O in de-ionized
water. The reaction mixture was purged with argon and placed in an ultrasonic bath for an
hour. The reaction mixture was then recovered via centrifuge and washed up to five times
with water and ethanol which yielded black shiny powders of CoCh. Another method
was employed to ensure starting crystals of KCo2 Se2 were not destroyed in the ultrasonic
method; at the current time single crystals of KCo2 S2 could not be made. Single crystals
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of KCo2 Se2 were placed in 20 mL saturated LiOH solution in a round-bottom flask on
a Schlenk line under inert gas flow for 1 day. Shiny silver crystals were recovered after
1 day after water and ethanol washes and dried under vacuum. In these reaction scheme
one important note of safety must be acknowledged. Highly basic solutions must be used
for chalcogenide reactions in water in order to prevent the formation of highly toxic H2 S
and H2 Se gases.
This room temperature reductive de-intercalation was found to work for the cobalt
analogue whereas the iron versions, FeSe and FeS, requires hydrothermal conditions
to achieve the de-intercalation. Preliminary attempts with the cobalt system under hydrothermal conditions gave different polymorphs depending on the temperature used. 61
Some work has been done to employ room temperature and hydrothermal schemes to the
KNi2Ch2 system to form NiSe, isostructural to FeSe, with no success. It has been found
that room temperature reactions in saturated basic solutions leave the starting KNi2Ch2
unreacted and higher temperature achieved in hydrothermal reactions give different NiCh
polymorphs. The expansion of soft chemical techniques to expand the TTMC class of
materials is promising avenure for future research.

2.1.3

Hydrothermal ion exchange
Much like the soft chemical reductive de-intercalation reaction scheme, we can also

expand the synthetic routes to include ion exchange starting with the K x M2Ch2 (M = Fe,
Co, Ni; Ch = S, Se) single crystals from the self-flux synthesis. As a note, for some
desired products, it is possible to complete a two-step reaction whereby the K x M2Ch2
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Fig. 2.3: Possible hydrothermal cation exchange routes for iron chalcogenides which includes the
intercalation of extended hydroxide layers and various cations. 123

crystals are de-intercalated and then intercalated with another species, but this does not
work for all desired intercalants. A summary of possible reaction schemes is shown in
Figure 2.3
With regards to our research, the predominate use of this reaction scheme is for the
synthesis of single crystals of the (Li1−x Fe x OH)FeSe. In this compound, FeSe layers are
intercalated with an extended hydroxide layer of LiOH. It has been found through multiple works that some of the Li in the LiOH layers is substituted with Fe which gives the
LiOH layer a partial positive charge. This partial positive charge helps stabilize the inter-
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calation as well as charge doping the FeSe layers - increasing the superconducting critical
temperature to 45 K from 8 K in FeSe. 48,79,82,124 This compound can also be made from a
“bottom-up" route whereby Fe metal and a selenium source are added to a hydrothermal
autoclave with excess LiOH to build the FeSe layers in the reaction although this reaction
scheme only yields powders.
To remedy this, we have developed a hydrothermal cation exchange method to start
with single crystals of K x M2Ch2 and exchange the interlayer potassium ions for LiOH.
The extreme benefit of this reaction scheme is that single crystals of (Li1−x Fe x OH)FeSe
are afforded which enables much for expansive physical property characterization. In a
typical synthesis, selected single crystals of K x M2Ch2 are added to 15 mmols Fe granules/powders, 1.2 mmol selenourea, 1.2 mmol tin granules, 0.30 moles LiOH, and 40 mL
H2 O or D2 O (required for neutron experiments). All components were added to a Teflon
cup and the head space was purged with argon for 2 minutes before being tightly sealed.
The autoclave was placed into an oven for 72 hrs at 120 ◦ C before being recovered in air
and dried under vacuum.
The addition of additional Fe granules/powders and selenourea in the reaction scheme
is to ensure the product is not selenium or iron deficient. Often time, the starting K x M2 Ch2
crystals are iron deficient; 125 thus the addition of extra Fe ions in solution acts to replace
vacancies as superconductivity in these compound is very dependent on stoichiometry.
Single crystals produced from the self-flux method K x M2Ch2 are frequently on the size
3 x 3 mm2 or larger and the thickness can be controlled by cleaving from the growth
boule. After the hydrothermal cation exchange it is often noted that the starting crystals
will have flaked apart to form much thinner crystals. This method is used heavily for the
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production of very high quality (Li1−x Fe x OH)FeSe single crystals, but can be expanded
for the intercalation of other species are future work.

2.1.4

Alkali metal-free ethylenediamine intercalation of iron chalcogenides
The previously mentioned “bottom-up" synthetic route has the downside of only

producing powders, but the large benefit is that the ability to synthesis new compounds is
more robust. This is attributed to the fact that instead of actively having to exchange one
cation for another, as in the hydrothermal cation exchange method, FeCh layers are built
in − situ from Fe and a chalcogenide source which form around the desired intercalated
species. This allows the intercalation of much larger species between the FeCh layers.
One such growth is the hydrothermal intercalation of FeCh with ethylenediamine. This
reaction can be done starting with pre-reacted tetragonal FeCh, but that reaction scheme
must be done solvothermally which limits desired intercalate adducts to ones that have
melting points in the low temperature regime. Thus, we have developed a hydrothermal
route whereby the desired adduct, ethylenediamine in this case, is mixed with water and
other constituents to form the intercalated species. Again, the benefit of this scheme is its
generality, where by many adducts which are miscible or soluble in water can be used as
possible intercalants.
For a typical growth, 4 mmol of Fe powder, 10 mmol thiourea or 5 mmol selenourea, 7 mmols KOH, 10 mL H2 O and 3 mL ethylenediamine were added to a Teflon
cup, purged with argon for 2-5 minutes and sealed in a hydrothermal autoclave. The reac-
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tion mixture was placed in a convection oven for 2- 6 days at 120 - 160 ◦ C before recovery
via centrifuge in air and drying under vacuum. The recovery of this reaction yielded shiny
black powders and excess unreacted Fe granules or powders could easily be removed via
magnet.
The benefits of this reaction scheme are twofold: 1) the in − situ formation of
FeCh layers should allow for a wider range of intercalated species and is the only way to
synthesize the intercalated species of the metastable sulfide analogue, 2) the addition of
water allows for a wider range of intercalated adducts as long as the adduct is miscible
or soluble in water. The extension of this work to include other adducts is a promising
avenue for future work.

2.2

Characterization Methods
Synthesis of new compounds takes the bulk of one’s research time as it can take

many, many trials to achieve success in forming new compounds. However, the most
important steps come next in the characterization of the structure and properties of the
synthesized compounds. This section details the numerous methods used in this thesis for structure determination, elemental composition, physical property measurements,
and theoretical calculations. Each section catalogues typical usage and important notes.
Technical and theoretical references are added to each section for more in-depth reading
as required.
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2.2.1

Laboratory powder x-ray diffraction
The X-ray Crystallographic Center at the University of Maryland is extremely well-

equipped for research activity and Dr. Peter Zavalij has been incredibly helpful in discussion and helping conduct various x-ray experiments. As recovered samples were ground
in a mortar and pestle for approximately 10 minutes until the sample crystallite size was
uniform and grinding yielded smooth motion. Since our growths are usually small in
recoverable product, the ground powders were typically mounted on a very small or flat
sample plate and pressed down with a glass slide to ensure the surface as flat. Powder
x-ray diffraction measurements for quick phase identification were done on a Bruker D8
X-ray diffractometer with Cu Kα radiation (λ = 1.5406Å) in Bragg-Brentano geometry
from 5◦ - 90◦ 2θ with a step-size of 0.020◦ and total counting time of 20 minutes. Extended measurements for Rietveld analysis were altered to a step-size of 0.010◦ and a
total counting time of 1 - 3 hours depending on how much powder was available for the
measurement.
All crystallographic analysis was done using the Bruker software suite. Bruker
Diffrac.EVA was used for analyzing collected diffraction patterns and often times for
quick search-and-match phase identifications to quickly identify all phase (products and
impurities) in a reaction mixture. Bruker Diffrac.Suite TOPAS was used for all Lebail/Pawley
and Rietveld refinements. 126,127 Laboratory x-ray diffraction and subsequent Rietveld refinement was usually paired with synchrotron x-ray diffraction, neutron powder diffraction, electron diffraction and/or other elemental analysis techniques to fully understand
the crystal structure and chemical composition.
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The most frequently used references for x-ray diffraction and Rietveld refinements
are collected here. 128 The website curated by John Evans at Durham University is tremendous is explaining usage of TOPAS for all types of x-ray and neutron refinements, peak indexing, and more complex techniques (http://community.dur.ac.uk/john.evans/
topas_academic/topas_main.htm). Crystallographic databases were often time extremely useful to identify new compounds via similar structural motifs and/or by matching catalogued data - the ones most frequently used for the Inorganic Crystal Structure
Database (ICSD) (https://icsd.fiz-karlsruhe.de/index.xhtml;jsessionid=
AA35F9A5641C059D4D0AA0C29791ACC2) and the Cambridge Structural Database (CSD)
(https://www.ccdc.cam.ac.uk/structures/). The ICSD is most widely used in inorganic research, but the CSD adds the ability to search for organic, organometallic, and
organic-inorganic hybrid compounds.

2.2.2

Synchrotron powder x-ray diffraction
In many cases, we used synchrotron x-ray diffraction techniques to supplemental

in-house laboratory x-ray diffraction. For work in this thesis, the mail-in program at 11BM at the Argonne National Laboratory Advanced Photon Source was used exclusively,
however; our group has done a series of experiments at 17-BM at Argonne National Laboratory Advanced Photon Source for in − situ x-ray diffraction of hydrothermal reactions.
The mail-in program offers access to the 11-BM instrument which offers the highest resolution powder diffraction instrumentation in the Americas (< 1.4 × 10−4 ∆Q/Q) with
extremely fast collection times (< 1 hour collection). The constant wavelength from the
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synchrotron beam is determined by the beamline cycle, typically between 15 - 30 keV.
Diffraction data is collected from 1◦ to 45◦ 2θ with a step size of 0.001◦ and total collection time of about 1 hour.
Synchrotron x-ray diffraction allows for higher resolution x-ray diffraction patterns
which aids in the analysis of crystallographic structure and elemental composition. This
is especially true in complex systems with complicated crystal structures or high amounts
of disorder with regards to elemental composition. The wesbite for 11-BM is quite useful
in describing how to obtain mail-in time as well as user guidance for sample preparation
and experimental questions (https://11bm.xray.aps.anl.gov/users.html).

2.2.3

Neutron powder x-ray diffraction
Neutron powder diffraction is a very powerful complementary technique to x-ray

powder diffraction for two main reasons. To start, neutrons are used instead of x-rays
which means since neutrons have a magnetic moment, the magnetic order of your sample
may be determined as well as the crystallographic structure. Secondly, the x-ray scattering
form factor scales with number of electrons so elements close to each other on the periodic
table are hard to identify whereas neutron scattering is determined by the nucleus of the
scattering atom which may be appreciably different for nearby elements and especially
useful for light elements.
One important note about neutron diffraction is that neutron flux is much less than
typical x-ray flux. For example, a neutron flux of 1.1 ×106 n/s/cm2 is achievable at BT1 at the NIST Center for Neutron Research (NCNR) whereas the flux on the sample
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at a synchrotron x-ray source 5 ×1011 p/s/mm2 , many orders of magnitude larger. For
neutron diffraction experiments, this means two things: 1) more sample is often required
for neutron powder diffraction (> 1g pure sample) and 2) longer collection times are
required to obtain desirable statistics.
The research cataloged here has made use of three different instruments for neutron powder diffraction. The main instrument used was BT-1 and the NCNR with help
and collaboration with Dr. Craig Brown. BT-1 is a instrument designed specifically
for high-resolution neutron powder diffraction. Ground powder samples were loaded in
vanadium cans in a helium glovebox and sealed with pressed indium wire. The use of
vanadium can is important as vanadium nuclei has a very small coherent scattering length
and is essentially transparent to incoming neutrons. Helium is used when low temperature experiments are required to avoid freezing other gases. Loaded vanadium cans were
typically mounted on closed-cycle refrigerators (CCRs) and cooled to base temperature,
usually about 3 - 6 K.
Diffraction measurements were conducted using either a Ge(311) monochromator (λ = 2.0709 Å) or Cu(311) monochromator (λ = 1.540 Å) depending on the desired
outcome of experiment. The Ge(311) monochromator offers the highest total flux on
the sample which is often needed if the total amount of sample is small and it has the
best resolution at low angles which may be required for crystal structures with large
units cells and for magnetic phase identification. Cu(311) is a more universal choice
with high resolution at all angles. A typical diffraction pattern is measured from 15◦
to 145◦ 2θ with a step size of 0.05◦ at multiple temperature, typically above and below
the observed magnetic transition temperature from other experimental methods. Col33

lection times have varied depending on the amount of sample but average 8-10 hours
at each temperature. The BT-1 website has a lot of useful information regarding instrument capabilities and how to acquire beamtime (https://www.nist.gov/ncnr/
high-resolution-powder-diffractometer-bt-1).
Additional neutron powder diffraction experiments were conducted at BT-7 at the
NCNR. This research was done in collaboration with Dr. Jeffery Lynn and his team at
BT-7. BT-7 is a triple-axis spectrometer which is typically used for inelastic neutron
spectroscopy. However, the instrument at BT-7 has a position sensitive dectector system
(PSD) which is available for use as needed. On the typical setup at BT-7, a point detector
is used which would make the collection of diffraction patterns very time-consuming.
The PSD setup allows a 5◦ 2θ range to be collected at once which is very useful for
diffraction patterns of one or more diffraction peaks in close proximity. The setup here is
very similar to BT-1 where ground powders were loaded in a vanadium can under helium
atmosphere and cooled to base temperature on a CCR. In the case of the transition metal
doped (LiOH)FeSe work, one diffraction peak in question was measured as a function of
changing the temperature on the CCR setup. For this, the sample was cooled to the desired
temperature and a diffraction pattern using the 5◦ 2θ range of the PSD was collected for
approximately 1 hour using a pyrolytic graphite monochromator (λ = 2.359 Å) at each
temperature. The BT-7 website has more information regarding the more traditional use of
the triple-axis instrument for inelastic measurements (https://www.ncnr.nist.gov/
instruments/bt7_new/).
Finally, additional neutron powder diffraction measurements were completed at
Oak Ridge National Lab High Flux Isotope Reactor (HFIR) at the HB-2A instrument.
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This work was done in collaboration with Dr. Simon A.J. Kimber and Dr. Keith Taddei.
The sample setup and experiment at HB-2A is very similar to BT-1. Powder samples were
loaded in vanadium cans and sealed under He atmosphere. The sample environment at
HB-2A uses a multiple sample changer and an open ILL orange cryostat which requires
frequent refills of liquid nitrogen, but the multiple sample changer enables less sample
changes. HB-2A uses a Ge(115) monochromator (λ = 1.54Å) and has higher flux at the
sample than BT-1 so typical collection times were approximately 2 hours so more samples
can be scanned during experimental time. The HB-2A website catalogs the instruments
capabilities, how to request time on the instrument, and how diffraction data is obtained,
manipulated and analyzed (https://neutrons.ornl.gov/powder).
Neutron powder diffraction is very useful but much different with regards to magnetic diffraction and experimental setup than x-ray diffraction. Since neutron production
usually requires a nuclear reaction as at NCNR and HFIR, neutron experiments are only
done at national facilities which require proposals, approval and training. The most used
references for neutron diffraction were the beamline website as well as the texts listed
here. 129,130

2.2.4

DC magnetic susceptibility and magnetization
Magnetic susceptibility is a measure of a materials response to an external field.

These measurements are done on both single crystals and powder samples. Powder samples are typically loaded in a gel capsule, which has very small parasitic magnetic background, and then loaded into a straw to fit onto the sample holder on the instrument. The
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straw has very minimal background signal as well which can be measured separately and
subtracted from the sample measurements in the case that the straw signal is contaminating the signal of the material. Single crystal samples are typically mounted on a quartz
paddle or brass rod which both offer very minimal background. Single crystal measurements must be carefully planned as to measure the sample along desired crystallographic
axes as the magnetic field in the instruments are fixed with regards to direction. Magnetic
susceptibility of the sample is determined by applying a known excitation field and measuring the magnetization through different techniques. Magnetic susceptibility per unit
volume is defined as: χ =

µ0 M
,
B

where M is the magnetization of the sample, and B is

the macroscopic magnetic field intensity, χ itself is a dimensionless quantity. Magnetic
susceptibility can be converted to a molar quantity if the mass, molar mass and magnetic
ions per unit cell is known.
DC magnetization is used to observe two different phenomena in a sample. Typically, the first experiment done is a measure of the temperature dependent magnetic
susceptibility. This is used to determine if the sample undergoes any magnetic phase
transition at a certain temperature which can be used to identify what type of magnetic
order exists in the sample. This experiment consists of the collection of two temperature
sweeps at the same applied field. The first is called the zero field cooled (ZFC) curve,
where the sample is cooled without any applied field down to base temperature. Once
base temperature is reached, an applied excitation field is applied and then the magnetization of the sample is measured as the temperature is heated to room temperature. For the
second curve, field cooled (FC) magnetization data is collected from room temperature
as the system is cooled to base temperature. The difference between ZFC and FC curves
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is that in the ZFC curve the sample is allowed to cool down to base temperature without
an external applied field and the sample’s magnetization will align based on its own energetics. However, in the FC curve, the directionality of the applied field in the instrument
will cause the sample’s magnetization to align with the applied field.
This is very important to understand ferromagnetic, ferrimagnetic and antiferromagnetic ordering. In ferromagnetic order, at some critical temperature called the Curie
temperature, the magnetic spins in the sample will all co-align. So, in the ZFC curve the
magnitude of magnetization below the transition temperature will be different than in the
FC mode. This depends on the strength of the applied excitation field in proportion to the
internal field generated by the alignment of the spins. In a strong ferromagnetic material,
the ZFC and FC mode will clearly and abruptly bifurcate at the transition temperature.
In an antiferromagnetic or ferrimagnetic material, the spins will anti-align at a transition
temperature called the Neél temperature. Antiferromagnetic and ferrimagnetic order can
exist with many different possible arrangements and are often very difficult to solve the
magnetic ordering structure. Ferrimagnetic ordering is similar to antiferromagnetic but
instead of perfect anti-alignment, one set of spins will be weaker than the other. In these
classes of materials, since the spins are anti-aligned and the net moment is zero or very
low, the bifurcation of the ZFC and FC curves is very weak or non-existent. This type of
measurement can help determine the magnetic ordering of the system. 131,132
Superconductivity exhibits distinct behavior in the temperature dependent magnetic
susceptibility curve. In the introduction, we discussed how superconductors exhibit the
Meissner effect which is the exhibition of perfect diamagnetic behavior. Thus, in magnetic
susceptibility, a transition to diamagnetic behavior is observed at the superconducting
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critical temperature. As a note, for superconductors, magnetic susceptibility is typically
reported as dimensionless (4πχ) which requires that the density of the sample is known
which is typically determined from Rietveld refinements. The use of (4πχ) is done to
show the shielding fraction of the sample at base temperature of the superconducting material as a perfect diamagnetic signal will yield a value of -1 at the measured temperature.
In this scale, shielding fraction is just the percentage of the (4πχ) value from 0 to -1.
This is used to determine if the sample is a bulk superconductor, which should show high
shielding fraction, or filamentary, which typically shows very low shielding fraction. The
behavior of magnetic susceptibility of superconductors can be very complex and a more
detailed description can be found here. 4
The other experiment usually performed is called isothermal magnetization. In
this experiment, the magnetization of the sample is measured at fixed temperature as a
function of applied field up to the max field available on the instrument. This is also very
useful for determining the magnetic order of the system. Ferromagnetic systems, and
sometimes ferrimagnetic systems, with a net moment can exhibit magnetic hysteresis as
the field is sweeped where the measured magnetization depends on the magnetic history of
the sample. Antiferromagnetic materials do not exhibit this behavior in the simplest case.
When considering superconductors, they exhibit Meissner shielding up to a certain field,
called the upper critical field, where the magnetization becomes non-zero. Isothermal
magnetization curves are typically performed at many temperature, above and below the
magnetic transition temperature in order to understand how the ordering and behavior
changes with temperature. 4,131,132
Throughout my work, DC magnetic susceptibility was measured by two different
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techniques: 1) superconducting quantum interference device (SQUID) magnetometry and
vibrating sample magnetometry (VSM). SQUID magnetometry measurements were completed on two instruments, Quantum Design MPMS-XL and MPMS3, both of which are
equipped with a 7 T magnet. SQUID magnetometry is the most widely used technique
because it is incredibly sensitive to small magnetic fields on the order of 10−8 - 10

−9

emu. 133 In this technique, the sample is moved through a SQUID device which is two
connected branches of Josephson junctions which form a closed loop. As the magnetized
sample moves through the SQUID loop, the magnetic flux inside the loop changes so
that the voltage across the SQUID loop will begin to change depending on the magnetic
flux. The change in voltage is measured as a function of sample position inside the sample
space which is then converted to magnetization by converting the measured voltage across
the SQUID coil into magnetization. This is a simplified explanation and more in-depth
references can be found here. 133–135
The other technique used is VSM. VSM is typically used in our labs when higher
fields are required as the VSM option is accessible of the Dynacool system which is
equipped with a 14 T magnet. The use of a stronger external magnet can be needed in
some systems with high superconducting upper critical fields or in systems with interesting magnetic ordering at higher fields. The one downside of VSM usage is that the VSM
is less sensitive and usually on the order of 10−5 emu. 136 The VSM technique uses Faraday’s law of induction to measure the magnetization of the sample. The sample is placed
inside a conducting coil, a magnetic field is applied to the sample, and the sample is then
oscillated inside the conducting coil. If the sample is magnetized by the applied magnetic field, the oscillating sample will cause swiftly changing flux within the coil which
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will then induce a AC voltage through the coil. The amplitude of the induced voltage is
directly proportional to the magnetization of the sample.

2.2.5

AC magnetic susceptibility
AC magnetic susceptibility is very similar to VSM measurements except that in-

stead of oscillating the sample through a conducting coil, a oscillating magnetic field is
applied to the sample. Since the applied excitation field is oscillatory, this will induce
an oscillatory voltage in the pick-up coil of the AC measurement. The big difference
between the VSM measurement and the AC magnetic susceptibility measurement is that
the induced AC voltage in the AC magnetic susceptibility measurement comes from the
changing magnetization of the sample due to the applied field. This means that the time
dynamics of the induced voltage are intrinsic to the system and describe the time dynamics of the magnetization in the sample.
This is very useful in the study of systems where the magnetization changes in time.
This is true in spin glass systems, ferromagnetic domain formation and even superconductors inside the superconducting state. 4,137–139 In our lab, the AC magnetic susceptibility
is performed on the Quantum Design PPMS 14 T. 140 The measurement can be done on
powders or single crystals. Typically, powders are loaded into a Teflon bucket with an
attached sample rod which seal the bucket and fits into the pick-up and drive coils which
are all then loaded into the PPMS system for atmosphere and temperature control. With
this setup, the lowest achievable temperature is 1.8 K on the PPMS 14 T, but members
of Dr. Johnpierre Paglione’s group have designed and implemented many AC magnetic
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susceptibility instruments for use in systems below 1.8 K in the milliKelvin regime.

2.2.6

Longitudinal electrical resistivity
Longitudinal electrical resistivity is a useful technique for the measurement of the

electronic properties of a material especially down to low temperature. Electrical resistivity measurements were performed on Quantum Design PPMS 9 T, PPMS 14 T and
Dynacool 14 T systems. For a typical measurement, single crystals of the material were
wired up by attaching four gold wires with DuPont 4929N silver paste. The DuPont
4929N silver paste must be mixed with a small amount of 2-butoxylethyl acetate in order
to dissolve the silver paste in such a way that it is workable for wiring up the sample. The
four wire setup is used to eliminate the contamination of wire resistance, although gold
wire is very low, as well as contact resistances from the silver paste connection to the
sample. In this setup, a known current is applied to the two outer wires and then voltage
in measured across the two inner wires as shown in Figure 2.4. In this case, no current
should pass through voltage wires and thus the voltage measured across the two voltage
terminals should only be dependent on the material itself.
Thus, longitudinal resistance can be determined by the measured voltage across
the voltage lead since the applied current is known. This is then converted to resistivity,
which is intrinsic to the sample and does not depend on the sample size, by dividing out
geometrical components. ρ xx = R xx ·

tw
l

=

V xx
I

·

tw
.
l

Here, ρ xx describes the longitudinal

resistivity along the x-direction which can be changed as long as the crystallographic axes
are well-known, R xx describes the resistance along the x-direction, t, w, l are geometric
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Fig. 2.4: Schematic representation of longitudinal resistivity measurement technique and example
of wired CoSe single crystal on the PPMS DC puck.

parameters of the crystal which are typically measured using a microscope and attached
camera, and V xx is the measured voltage across the voltage leads in the x-direction. The
samples are typically wired and then the other ends of the wires are attached to solder
pads on the Quantum Design PPMS DC resistivity pucks. The puck is then loaded in the
PPMS 9 T, PPMS 14 T, or Dynacool 14 T and resistivity is measured as both a function
of temperature and field.
Measurements done as a function of temperature are done to determine phase transitions which may occur at low temperature such as a superconducting transition or the
onset of a charge density wave. Measurements done as a function of field, called magnetoresistance, are done in a similar vain to understand how the material behaves at high
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magnetic field, such as the suppression of a superconducting transition. A systematic
study of resistivity in materials can be found here. 134,141
One key caveat to longitudinal resistivity measurements is that it is not a bulk characterization technique. Electrical transport will occur on the path of least resistance which
means the sample technique as a whole is highly susceptible to sample inhomogenity and
other confounding effects. This means that a result from a single experiment may be
misleading. To that end, electrical resistivity measurements are always done in at least
triplicate on the same sample or from the same sample batch. If interesting phenomena is
observed in resistivity measurements, these are always corroborated with a bulk characterization technique such as magnetic susceptibility or heat capacity measurements.

2.2.7

Low temperature specific heat
As mentioned, electrical resistivity measurements are often paired with specific heat

measurements in order to match observed phenomena. Specific heat is a bulk characterization technique which relates a known heat applied to a material to the resulting change
of temperature of the material itself. Because the specific heat is related to the change
in entropy of a material with respect to temperature, specific heat measurements are susceptible to any change in entropy of the system. Specific heat was measured on single
crystals and pressed powders of samples on the PPMS 14 T system 142 using the two-tau
technique. 143
In this technique, the sample is placed atop a heating platform which is specially
designed by Quantum Design on top of a traditional measurement puck. The sample
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is placed onto the heating platform with low temperature Apiezon N grease to allow
optimal thermal contact between the sample and the heating platform. The sample puck
is then loaded into the PPMS 14 T which is set to high vaccum (< 10−4 Torr) which
is required for heat capacity measurements as the sample must be as thermally isolated
from the environment as possible. For the measurement, a known constant heat is applied
to the heating platform for a fixed amount of time and then the cooling of the system
is measured as a function of time. The cooling of the system behaves according to the
= −Kw (T − T B ) + P(t) where Ctotal is the total heat capacity
differential equation: Ctotal dT
dt
of the system, Kw is the thermal conductance of the system, T and T B are measured
temperatures of the system and P(t) is the applied power to the heating platform. This is
a first order differential equation with an exponential solution which is used to model the
growth and decay of the sample temperature as a function of time through the Quantum
Design software to extract the total heat capacity.
This setup only measures the total heat capacity of the system: puck, grease, and
sample. This means that in order to extract just the component of heat capacity of the sample, a preliminary measurement of the puck and grease must be done, called an addenda.
Addenda measurements are typically done with less temperature intervals, in order to
save time, and data points are interpolated as required to match the experimental data for
the sample. Heat capacity measurements are typically done at low temperature but will
be done at any temperature where a phase transition has been observed. One caveat of
this is that at higher temperature, the growth and decay of the temperature of the system
can take very long to achieve so measurement times for a complete measurement may
take on the order of days. Addenda heat capacity values are subtracted from the total heat
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capacity values to yield the heat capacity of the sample itself which can be converted to
specific heat if the mass and molar mass of the sample are known.
Another complication which may arise in these measurements is that the exponential solution assumes a perfect coupling between the sample platform and the sample
itself. This is not always the case and poor coupling can cause the modeling from the software to be very poor. The Quantum Design software does allow for the case where there
is thermal link from the stage and the sample and modeling using this fitting procedure
is employed when data modeled using the previously mentioned functional dependence
is poor. In many case, poor sample coupling can be fixed by added more grease to the
sample stage to ensure there is thermal contact between the sample stage and the sample.
In one instance, a pressed pellet of a material was used as opposed to a single crystal as
single crystals of the material was unable to achieve appropriate thermal coupling.

2.2.8

Electron microscopy
Electron microscopy is a catch-all term for any imaging and diffraction technique

which uses electrons as the source of illumination in contrast to traditional microscopy
which uses light as the source of illumination. All electron microscopy characterizations
were carried out in the Advanced Imaging and Microscopy Laboratory (AIM) Lab at
the University of Maryland Nanocenter through collaboration with Dr. Sz-Chian Liou.
Two main techniques were used scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).
Scanning electron microscopy was performed on a Hitachi SU-70 field emission
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scanning electron microscope and energy dispersive X-ray spectroscopy (EDS) was done
using a Bruker EDS detector. Typically, an image is produced by secondary electrons
which are emitted from the sample by excitation from the incoming electrons. SEM
images can typically achieve resolution on the nanometer scale which is useful for determining sample morphology. Most importantly, SEM techniques are used for elemental
analysis using EDS techniques. In the EDS method, X-rays are produced by the sample
as the high energy electrons cause the atoms of the sample to lose inner core electrons.
Those inner core electrons are then replaced by outer core electrons which radiate down
in energy by releasing an X-ray. These X-rays are characteristic for each element and
are well-cataloged. Thus, the atomic composition of the sample can be determined by
measuring which characteristic X-rays are produced. In general, EDS techniques are sensitive on the order of 2-5% atomic composition. In some cases, characteristic X-rays of
two elements may have strong overlap in energy which can cause large errors in evaluating the elemental composition of a sample. Another issue which may arise from EDS
analysis is that the measurement can easily be contaminated by impurities which will
yield confusing elemental compositions. In the case where a sample may have impurities,
the sample morphology is easily shown via SEM images and EDS is only performed on
crystallites with the correct morphology. In typical usage, elemental analysis from EDS
is used to corroborate Rietveld refinement data from X-ray or neutron diffraction in order
to determine the elemental composition of the sample.
Transmission electron microscopy was performed on a JEM 2100 LaB6 transmission electron microscope with an acceleration voltage of 200 KeV. The main difference
between SEM and TEM is that TEM uses transmitted electrons for imaging as opposed
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to reflected electrons as in SEM images. The main benefit of this is TEM is not strictly
limited to surface characterization as SEM is typically used for surface morphology and
imaging. For our research, the TEM is employed to produce electron diffraction images
of a powder sample. Electron diffraction has been useful for systems with very complicated crystal structures. The main reason is that the wavelength of the electrons used are
0.25 Å whereas typical X-ray diffractometers using Cu Kα radiation has a wavelength of
1.54 Å and neutrons are typically even longer wavelength. A shorter wavelength means
that the Ewald sphere for meeting Bragg conditions in the reciprocal lattice is much larger
which means many more Bragg reflections can be identified.
Another huge benefit of TEM electron diffraction is that because electrons can be
focused down to a very small size, this allows for nanometer size crystallites to be individually used for diffraction experiments. For our research, using hydrothermal reaction often times produces very small crystallites on the nanometer scale. Thus, electron
diffraction offers the ability to do diffraction on a single crystallite in order to help determine the crystal structure. Albeit, electron diffraction patterns alone are typically not
enough to accurately determine a crystal structure or lattice parameters and are often used
as a complementary technique to traditional X-ray or neutron diffraction techniques. Another caveat, is that small crystallites are typically required for TEM and electron diffraction as the sample must be thin enough to allow electrons to transmit without significant
absorption and reflection.
On the whole, electron microscopy is a very useful set of techniques to be used
when single crystal samples are not able to be synthesized. SEM imaging allows for sample morphology to be determined which is extremely useful in determining different im47

purities phases. This is especially true in our research where our desired products are layered phases which are usually very easily identified in SEM images. TEM has also been
particularly useful to determine the symmetry present in our intercalated sample using
electron diffraction. In particular, in systems with complex intercalated species, electron
diffraction is useful to image the four fold symmetry of the transition metal chalcogenide
layers to show they remain intact through intercalation.

2.2.9

Inductively coupled plasma - atomic emission spectroscopy
Inductively coupled plasma - atomic emission spectroscopy (ICP-AES) is a elemen-

tal composition technique which is done to determine metal concentrations in a product to
extremely high levels of accuracy. This work was done in collaboration with Dr. Marya
Anderson and the Environmental Engineering Laboratories in the Department of Civil
and Environmental Engineering at the University of Maryland. Data was collected using a Shimadzu ICPE-9000 spectrometer which utilizes an argon plasma source to ionize
sample solutions. For ICP-AES analysis, a sample solution is ionized using an argon
plasma and characteristic emission lines are collected using a spectrometer within the instrument depending on which elements were ionized in the argon plasma. The intensity
of each characteristic emission for each element is then matched with a known calibration
of standards.
The standard and sample preparation is the most difficult part of ICP-AES analysis. Standard preparation requires the preparation of typically 5-7 standards of known
concentration made from commercially purchased elemental solutions (purchased from
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FLUKA). These standards are acquired at a concentration of 100 ppm and must be diluted
down to form a calibration curve, typically in the range of 0.2, 0.5, 1, 2, 5, 10, 20, 100
ppm. This full range of a standards allows for samples of a wide variety of concentrations to be properly characterized. Sample preparation is done through the dissolution
or digestion of a bulk sample and dilution down to concentrations within the calibration
curve are required. To start, a bulk sample, crystal or powder, is massed and then dissolved in concentrated nitric acid until the entire sample is fully solvated; this is done in a
hood for safety. One important note, ICP-AES is known as a destructive method whereby
the sample must be dissolved and cannot be recovered for the analysis. Thus, it is only
done when completely necessary to accurately determine the elemental composition when
other techniques such as SEM-EDS and Rietveld refinement of powder diffraction data is
not sufficient. The sample solution is now diluted to 2% nitric acid which is required for
proper ionization in the argon plasma for this particular instrument. The initial mass of
the bulk sample and the dissolution is used to determine the approximate concentration
of each element in the solution to ensure it falls within the range of the calibration curve.
This process is done for each standard and each sample and at least 15 mL of each
sample solution is required for proper usage on the instrument. This is because each
measurement is done in triplicate as the instrument takes 5 mL aliquots from the sample
solution and feeds them into the argon plasma torch for spectroscopic analysis. The instrument automatically runs through each sample up to a total of 60 samples. Once data
has been collected, the software requires the user to select which characteristic emission
wavelengths are chosen for each element and to ensure the calibration curve is accurate.
Once those are chosen, the software matches each emission intensity for each element in
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each sample to the calibration curve and determines the concentration of each element in
the sample. This data can then be used to determine the relative atomic percents of each
element in a sample to determine the stoichiometry. For ICP-AES analysis typically errors are in the < 0.1 ppm which equates to 0.00001 atomic percent. However, larger errors
typically arise from weighing the bulk sample and determining the dilution of each sample which typically puts an error bar of < 0.01 atomic percentage depending on accuracy
of the balance used and volumetric glassware for serial dilutions.
One caveat of the ICP-AES technique is that it is not able to determine the concentration of non metallic elements such as nitrogen, oxygen, halides and noble gases within
the sample. This is even true for some metalloid elements depending on the digestion
method used. All together, ICP-AES analysis is typically used for very accurate metal
concentration determination in a sample and is used in conjunction with SEM-EDS and
Rietveld analysis techniques to understand the stoichiometry and elemental composition
of a material.

2.2.10

Thermal stability and characterization

Thermal stability measurements on samples were performed using two different
techniques: thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
Both techniques are used to determine how thermally stable a material is with regards to
heating in different environments. For our research, this has implications for determining
the composition of a material as well as understanding how a material may be used in
future research. Thermogravimetric analysis and differential scanning calorimetry was
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conducted on a Mettler-Toledo TGA/DSC 3+ with high temperature furnace; typically
samples were heated from room temperature to 800 ◦ C in both an air and inert gas atmosphere to see how they behaved in different environments.
Thermogravimetric analysis measures the mass of a sample very accurately as a
function of time as a heating profile is applied to the sample. The change of mass as a
function of time and temperature describes different thermal phenomena in the sample
such as phase transformations and decomposition. One piece of very useful information
which can be gleaned from TGA analysis with regards to our research is to show how
intercalated species behave in a compound. This is especially true for organic intercalates
which will decompose at relatively low temperatures, which can be shown as an abrupt
and significant mass change in a sample at some characteristic temperature which describes the temperature at which the sample de-intercalates the organic molecule and the
organic molecule decomposes through oxidation.
Differential scanning calorimetry is a similar technique but is used specifically to
determine the phase transformation of a material. In this technique, the sample and a
reference sample are heated at the same rate. The temperature of each sample is monitored
as a function of time as the sample will allow heat to flow differently than the reference
sample. At some temperature, the heat flow will change abruptly which indicates the
sample is going through a phase transformation. We use this information to understand
the thermal stability of new compounds and this informs us about what possible chemical
manipulations and post synthetic modifications are available for a particular material.
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2.2.11

Density functional theory calculations

Density functional theory (DFT) calculations are performed by our group in order to
match experimental results to theoretical calculations. Through density functional theory
caculation code, we are able to predict the stability of a compound depending on its crystal
structure and lattice parameters.
All density functional theory (DFT) 144,145 calculations were performed by using
the Vienna Ab-initio Simulation Package (VASP) 146–149 software package with potentials
using the projector augmented wave (PAW) 150 method. The exchange and correlation
functional were treated by the generalized gradient approximation (PBE-GGA). 151 The
cut-off energy, 450 eV, was applied to the valance electronic wave functions expanded in
a plane-wave basis set. A Monkhorst-Pack 152 generated 23×23×17 k-point grid was used
for the Brillouin-zone integration to obtain accurate electronic structures. I would like
to thank University of Maryland supercomputing resources (http://www.it.umd.edu/hpcc)
made available for conducting DFT calculations in this thesis.
A typical workflow for our group with regards to DFT calculations is as follows. A
new material is synthesized and the structure and properties are measured through the long
list of characterization techniques listed above. We then will complete density functional
theory calculations on the compound in order to determine how well our results match
those predicted by theory. It must be noted that density functional theory, especially
those performed by VASP, which is a pseudopotential method, are not exact solutions.
They are always approximations; structural properties and dynamics are typically fairly
close to experimental values, but electronic and magnetic properties may vary greatly
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between experiment and theory. This is because, especially in our research, the hardest
aspects of the physical system to account for is the electron-electron correlations which
are typically non-negligible and significant.
To start, a measured crystal structure is arranged in the VASP software and a preliminary calculation is done in order to determine the optimal lattice parameters for the
system using a series of fixed lattice calculations. These calculations yield some energy
for the system as calculated, and that energy is then plotted as a function of lattice parameters or volume of the unit cell. These energy values as a function of volume is then fit
with an equation of state to determine the optimal lattice parameters for the system. As a
last step for structural calculations, the optimal lattice parameters are used for a structural
calculations where the ions in the unit cell are allowed to relax which as a whole allows
the lattice parameters to change as well as atomic coordinates. Once this calculation is
done, the optimal structure has been calculated for the system at hand. This structure is
then used for all electronic property calculations.
The first step for electronic property calculations is to perform a self-consistent field
calculation. Here, the optimal fixed structure is used iteratively to determine optimal description of the electron density functional for the system. Once this is optimized, the
fixed structure and fixed electron density functional is used to calculate density of states
as well as band structure. VASP software allows for angular momentum decomposition
within the calculations so that each orbital contribution can be determined in the density of state and band structure calculations. This is particularly useful for our materials
as transition metal d-orbitals are the most significantly contributing at the Fermi level.
Throughout these processes, the effect of electron spin degree of freedom can be consid53

ered or not which equates to considering if the system should have magnetic order or not.
As a caveat, due to the way the calculations are done starting with structure, complex
magnetic order of the antiferromagnetic or ferrimagnetic type require the construction of
a supercell of the original unit cell. This is a more advanced technique and in cases where
magnetic order is the direct aim of the calculations collaborations are usually required.
In conclusion, our group uses DFT calculations as a method to confirm experimental findings in our materials. It is a very powerful technique which allows the user
to understand the ground state properties of a material. As noted, the theory has many
approximations which means the technique can be used with appreciable accuracy for
structural properties but electronic and magnetic properties may vary between experiment and theory. Another note of caution, all calculations begin with an accurate description of the structure of the material; any error in the structure will lead to huge
errors in the electronic property calculations. There are many references which describe
how to use VASP and related software listed here. 153,154 In particular, VASP software
page https://www.vasp.at/wiki/index.php/The_VASP_Manual and the materials
explorer function on the Materials Project https://materialsproject.org/ offers a
wide-range of functionality and starting points for DFT calculations.
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Chapter 3:

Topochemical synthesis and frustrated magnetism in CoSe
- analog of superconducting FeSe

The work described within this chapter was published in Journal of the American Chemical Society 2016, 138, pg. 16432. Xiuquan Zhou, Hector Vivanco, Johnpierre Paglione, Craig M. Brown, and Efrain Rodriguez were contributing authors of the
manuscript. B.W., X.Z. and H.V. prepared the samples, X.Z. performed MPMS measurements and DFT calculations, B.W. collected resistivity data, X.Z., B.W., and C.M.B.
collected the neutron data. as well as Physical Review B 2018, 97, pg. 104408. Xiuquan Zhou, Hector Vivanco, Daniel J. Campbell, Kefeng Wang, Dave Graf, Johnpierre
Paglione and Efrain Rodriguez were contributing authors for the manuscript. B.W., X.Z.,
and H.V. contributed to crystal growth, B.W. collected MPMS measurements, AC susceptibility measurements, and heat capacity measurements, X.Z. performed DFT calculations, and D.J.C., K.W. and D.G. collected the high field resistivity data.

3.1

Prologue
The majority of the work described in this chapter was enabled by preceding work

on the synthesis of the metastable CoSe which is isostructural to FeSe in the iron chalcogenide superconducting family. Superconductivity is very sensitive to doping and chem55

ical effects so from an experimental point of view, the next step would be to substitute
iron for other transition metals in order to investigate how these dopants affect superconductivity in the system. It was found that the all transition metal substitutions are limited
to ∼ 10% substitution on the iron site due to phase transformation or the appearance of
multiple competing phases and all the dopants except manganese were shown to destroy
superconductivity with minimal doping. 155–158 As mentioned, FeSe is the only tetrahedral
metal chalcogenide to crystallize in this structure type. Thus, when doping the system beyond some limit, thermodynamics will govern the formation of other phases which moves
away from the desired structural motif. This is where the requirement for a new reaction
pathways, kinetically controlled, is needed in order to overcome thermodynamics and
stabilize the phase desired.
Superconductivity in FeSe was reported in 2008, but was not reported in the sulfide
analogue, FeS, until 2015. This is because anti-PbO type FeS (mackinawite) is metastable
and previous chimie douce synthetic methods used resulted in the observation of ferromagnetic semiconducting behavior. 159,160 However, in 2015 a new hydrothermal synthetic
scheme was devised to form FeS and found superconductivity at 5 K; 58 the discrepancies in these works can be attributed to the instability of mackinawite which transforms to Fe3 S4 under adverse conditions. More recently, another reaction scheme was
devised to form single crystals of tetragonal FeS through topochemical de-intercalation
of K x Fe2−y S2 , which supported the previous work with FeS formed through this method
exhibiting superconductivity at 4 K. 59 This de-intercalation of potassium ions between
layers of FeS utilized the thermodynamic stability of K x Fe2−y S2 , which can be formed
through a solid-state self flux method, 161 to access the desired structural motif to form
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anti-PbO mackinawite. This led to a general realization of the possibility to target other
extended solids through the de-intercalation of A x M2Ch2 , where A = alkali metal, M =
transition metal, and Ch = chalcogenide to form other anti-PbO type tetrahedral transition
metal chalcogenide.
Here, we target the synthesis of the cobalt analogues to superconducting FeSe and
FeS through a kinetically controlled topochemical de-intercalation of the thermodynamically stable K x Co2Ch2 phases. However, in general, the ICSD lists 1865, 40 being chalcogenides, compounds that crystallize in the ThCr2 Si2 structure which could offer an expansive playground for future utilization of chimie douce techniques to form new materials.
The corresponding phases, KCo2 Se2 and KCo2 S2 , were synthesized by Greenblatt et al.
and their group has developed extensive methods to synthesize these ternary/quaternary
chalcogenide. 162–164 Their work reported ferromagnetism in KCo2 Se2 and KCo2 S2 with
Curie temperatures, TC = 78 and 127 respectively. Thus, the targeting of CoSe and CoS,
isostrutural to FeSe, fulfills two routes of investigation: 1) how does changing metal oxidation states and electronic configuration affect the physical properties from KCo2Ch2
to CoCh, and 2) how do the properties in these metastable cobalt chalcogenides relate to
superconductivity in the iron-based system. So, in total, this preliminary work aims to investigate a kinetically controlled route to form metastable tetrahedral cobalt chalcogenide
phases, the character of the magnetic interactions on the layered Co square lattice, and
how the physical properties relate to superconductivity in the analogous iron system.
Figure 3.1 illustrates the collection of synthetic routes encountered through attempts
to synthesize metastable tetragonal CoSe and CoS phases. In Figure 3.1, the successful
topochemical de-intercalation process is shown.
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Fig. 3.1: Reaction schemes for the topochemical synthesis of cobalt chalcogenides. Thermodynamically stable KCo2Ch2 is converted to tetragonal CoCh through a room temperature
de-intercalation reaction. Higher temperature cause the formation of cobalt pentlandite
and monoclinic CoCh. Possible avenues for intercalation are shown so LienCoSe can be
formed where en = ethylenediamine.

In this process, KCo2Ch2 reacts with water to form KOH and evolve hydrogen gas
through the extraction of interlayer potassium ions to form CoCh depicted below:

1
KCo2 Ch2 (s) + H2 O(l) −→ 2CoCh(s) + KOH(aq) + H2 (g)
2

(3.1)

Due to the observed evolution of hydrogen gas, the reaction rate could be semiquantitatively studied to understand how the de-intercalation reaction proceeds. Analysis
confirmed that the de-intercalation reaction involved the hydration of K+ ions to form
KOH accompanied by a transfer of electrons between Co1.5+ ions and H2 O to release
H2 gas. The reaction scheme in Figure 3.1 illustrates the necessity to complete the deintercalation under strongly basic conditions in order to ensure the formation and stability
of Se2− ions so that no selenium is lost to the formation of selenide compounds. 165
Powder x-ray diffraction (PXRD) was performed in order to compare the crystal
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structure of KCo2Ch2 and CoCh; Figure 3.2 shows PXRD and neutron powder diffraction
(NPD) patterns for KCo2 Se2 and CoSe.
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Fig. 3.2: Powder X-ray diffraction patterns of (a) KCo2 Se2 ) at room temperature and (b) CoSe
room temperature. (c) Neutron powder diffraction (NPD) pattern of CoSe at 3 K (d) NPD
pattern with attempted magnetic refinement of the ferromagnetic contributions. Tick
marks representing the phases are shown below the calculated, observed, and differences
curves from Rietveld analysis.

As seen from the x-ray and neutron data (details listed in Table 3.1), de-intercalated
CoSe can be matched very well with the anti-PbO structural model with neither diffraction pattern showing contributions from remaining KCo2 Se2 phase. Elemental analysis
utilizing energy dispersive spectroscopy (EDS) and inductively-coupled plasma atomic
emission spectroscopy (ICP-AES) techniques illustrate a composition of Co0.98±0.02 Se
with no residual potassium remaining in the selenide analogue. However, for the sulfide
analogue, EDS measured 4.5 at.% remaining potassium owning to slightly incomplete
de-intercalation which could be remedied through longer reaction times. In total, crystallographic and elemental analysis show the successful de-intercalation of KCo2Ch2 to
form anti-PbO type tetragonal CoCh phases.
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atom
K1
Co1
Se1

Site
2a
4d
4e

KCo2 Se2 (298 K, PXRD), I4/mmm, Rwp = 2.917%
a = 3.832(2) Å, c = 13.848(3) Å
x
y
z
0
0
0
0
0.5
0.25
0
0
0.359(3)

Occ.
Uiso (Å2 )
0.94(6) 0.109(22)
0.96(6) 0.060(11)
1
0.019(4)

Co-Se (Å) Se-Co-Se (◦ ) Se-Co-Se (◦ ) Co-Co (Å) anion height (Å)
2.442(6)
103.4(4)
112.6(2)
2.710(3)
1.509(3)
CoSe (298 K, PXRD) , P4/nmm , Rwp = 2.102%
a = 3.717(3) Å, c = 5.330(3) Å
atom
Site
x
y
z
Co1
2a
0
0
0
Se1
2c
0
0.5
0.265(5)

Occ.
1
1

Uiso (Å2 )
0.012(3)
0.010(3)

Co-Se (Å) Se-Co-Se (◦ ) Se-Co-Se(◦ ) Co-Co (Å) anion height (Å)
2.332(2)
111.382(63) 105.8(2)
2.6284(3) 1.412(3)
CoSe (3 K, NPD) , P4/nmm , Rwp = 5.318%
a = 3.716(6) Å, c = 5.275(1) Å
atom
Site
x
y
z
Co1
2a
0
0
0
Se1
2c
0
0.5
0.269(2)

Occ.
1
1

Uiso (Å2 )
0.0026(8)
0.0020(5)

Co-Se (Å) Se-Co-Se (◦ ) Se-Co-Se(◦ )
2.339(5)
111.632(36) 105.232(68)

Co-Co (Å)
2.6280

anion height (Å)
1.412(3)

Tab. 3.1: Structural parameters for ground single crystals of KCo2 Se2 and CoSe. Structures are for
room temperature PXRD data and 3 K NPD data. All relevant bond angles and distances
from the refinements are given. Standard uncertainties given in parantheses indicate one
standard deviation.

To further understand the stability of these phases, extensive reaction condition
experiments were executed to probe the appropriate thermal window for the formation of
these phases. The remaining structures in Figure 3.1, cobalt seleno-pentlandite (Co9 Se8 :
3) and monoclinic cobalt selenide (Co3 Se4 : 4) illustrate the formed products through
different temperature regimes. It was found that any hydrothermal reaction between 100
- 200 ◦ C led to the co-existence of tetragonal CoSe and cobalt seleno-pentlandite with
increasing formation of the monoclinic phase at elevated temperatures. To understand this
in more detail, temperature-dependent x-ray diffraction was performed on ground single
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crystals of tetrgonal CoSe from 27 - 600 ◦ C in an Argon atmosphere. It was found that
at 200 ◦ C tetragonal CoSe completely transformed to the cobalt seleno-pentlandite phase.
This remained the major product to 400 ◦ C where it began to convert to the monoclinic
phase which remained the major product up to 600 ◦ C and when cooled back to room
temperature. This illustrates that these tetragonal CoCh phases have a limited thermal
window of stability which can be exploited for future chemical manipulations. We now
move on to describe the extensive physical property measurements employed in order to
understand the interesting magnetism present in CoSe.

3.2

Introduction
The iron-based superconducters are composed of Fe2+ square lattices stacked to

form layered materials. For example, the simple FeSe superconductor contains stacked
layers of Fe2+ centers tetrahedrally-coordinated to selenide anions. Remarkably, its T c
of 8 K, 42 can be increased to 65 - 100 K when isolated as a single layer. 50 Therefore, it
is the square sublattice of d-cations that may hold the key to understanding the physical
properties of these systems. In this article, we have completely replaced the Fe2+ cations
in FeSe with Co2+ , and studied its magnetization, magnetotransport and specific heat
properties to further explore the physics of metal square lattices.
In addition to crystal structure, the relationship between magnetism and superconductivity is of paramount importance for these layered chalcogenides. In the iron pnictide
superconductors (e.g. BaFe2 As2 and LaOFeAS), suppression of the parent antiferromagnetic (AFM) phase can lead to the emergence of superconductivity. 24,166 However, no
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Fig. 3.3: Crystal structures of KCo2 Se2 and CoSe.

long-range magnetic ordering has been observed in any of the FeSe or FeS superconductors. Although antiferromagnetism was found in Fe1+x Te, the origin of its magnetism is
different from that of the pnictides, and it is largely influenced by the amount of interstitial iron. 167–169 Thus, it is less clear how magnetism and superconductivity interact in the
FeCh (Ch = chalcogenide) systems compared to their pnictide counterparts.
Currently, one key issue is that isostructural systems to FeCh are limited due to synthetic challenges. Previously, we have overcome this challenge by topochemical means
to convert KFe2 S2 to superconducting FeS. 59 Using a similar method, we successfully
prepared two new FeCh analogues, tetragonal CoSe and CoS. 61 The ferromagnetic ordering from 78 K in KCo2 Se2 164 to 10 K in CoSe 61 was suppressed by de-intercalation of
potassium cations to form pure CoSe as shown in Figure 3.3. These new Co-based phases
are promising for understanding the Fe-based superconductors due to their structural and
electronic proximity.
Much of the work performed to understand the magnetism in iron pnictides has been
done with those that adopt the ThCr2 Si2 structure-type (“122”-system). This structure62

type allows for a wider range of substitutions on the metal, anion and interlayer cation
sites to study doping effects. 27,82,87,170 There has been extensive work on the cobalt analogues to “122” iron pnictides, ACo2 Pn2 , with various interlayer alkali or alkali-earth
cations (A). 171–178 The observed magnetism in these pnictides was largely tuned by size
and electronic effects from changing the CoPn layer distances.
An intriguing question is: can CoSe be tuned into a superconductor like FeSe? By
directly comparing their band structures, CoSe chould share similar electron-hole pockets with FeSe if the electron filling level is reduced. 61 Therefore, it may be possible to
tune CoSe into a superconductor by increasing the Co oxidation state to form d6 cations
isoelectronic to Fe2+ . In order to investigate this, two fundamental factors must be understood: 1) the character of the magnetic interactions within the Co square lattice, and 2)
how its magnetism compares to other FeCh based superconductors. Here, we have performed extended magnetic and transport characterizations to understand the magnetism
within CoSe and its proximity to superconductivity in related FeSe.

3.3

Experimental Methods
Single crystals and powders of CoSe were synthesized following the previous method

in literature. 61 Crystals of CoSe were lustrous silver with high degree of layered morphology.
Temperature dependent DC (direct current) magnetic susceptibility measurements
were carried out using a Quantum Design Magnetic Susceptibility Measurement System
(MPMS) on powder samples of tetragonal CoSe. Field-cooled (FC) and zero field-cooled
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(ZFC) measurements were taken from 1.8 K to 300 K with various applied magnetic field
strengths. Magnetic hysteresis measurements were carried out using a PPMS DynaCool
utilizing a vibrating sample magnetometer (VSM) taken at a series of temperatures with
applied magnetic field between H = ±14 T on single crystals of CoSe mounted on a
quartz paddle via Ge 7031 varnish.
AC (alternating current) magnetic susceptibility was measured with a 14 T Quantum Design Physical Property Measurement System (PPMS-14) on powder samples of
tetragonal CoSe. Zero field-cooled measurements were taken from 35 K to 1.8 K with an
AC-field of 10 Oe and AC-frequencies of 10 Hz to 10 kHz. Due to the instrument setup,
a residual DC field within the PPMS-14 ranged from 40 Oe to 100 Oe.
Electrical transport measurements were preformed using a 9 T Quantum Design
Physical Property Measurement System (PPMS-9) with single crystals of CoSe mounted
on a Quantum Design AC transport puck. Electrical resistivity was measured using the
four-probe method with gold wire and contacts made with silver paste. The temperature
and field dependence of longitudinal electrical resistivity was measured in a range from
300 K to 1.8 K with applied fields up to 9 T.
Electrical transport measurements at fields up to 31 T were performed at the DC
Field Facility of the National High Magnetic Field Laboratory in Tallahassee, Florida.
Angular dependence measurements at base temperature of the He-3 system (500-600 mK)
were made by rotating the sample plane (ab-plane) from perpendicular (0 degrees) to
parallel (90 degrees) to the applied field. Temperature dependent magnetotransport was
measured for applied field both perpendicular and parallel to the sample plane between
base temperature and 12 K.
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Heat capacity measurements were preformed using the PPMS-14. Heat capacity
measurements on tetragonal CoSe single crystals yielded poor results due to low thermal
contacts arising from the micaceous nature of the CoSe flakes. Consequently, a pressed
pellet of CoSe ground single crystals was used for the heat capacity measurements performed with the relaxation technique. 143,179,180
All density functional theory (DFT) 144,145 calculations were performed by using
the Vienna Ab-initio Simulation Package (VASP) 146–149 software package with potentials
using the projector augmented wave (PAW) 150 method. The exchange and correlation
functional were treated by the generalized gradient approximation (PBE-GGA). 151 The
cut-off energy, 450 eV, was applied to the valance electronic wave functions expanded in
a plane-wave basis set. A Monkhorst-Pack 152 generated 23×23×17 k-point grid was used
for the Brillouin-zone integration to obtain accurate electronic structures.

3.4
3.4.1

Results
Magnetic properties
Our previous work demonstrated the suppression of ferromagentism from 78 K in

KCo2 Se2 164 to 10 K in CoSe 61 . However, due to the very low ordering moment as well
as the proximity to the iron-based superconductors, a more detailed investigation of the
magnetism and electronic properties has been undertaken.
Figure 3.4 shows the temperature dependence of inverse FC magnetic susceptibility
for ground single crystal samples of CoSe at various applied DC fields. The inverse
susceptibility was fit in the paramagnetic range from 100 K to 300 K to the Curie-Weiss
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Fig. 3.4: Inverse magnetic susceptibility of CoSe vs. temperature measured in applied field of 100
Oe. The inverse magnetic susceptibility is fit from 100 K to 300 K to the Curie-Weiss law
plus a temperature-independent term. The inset shows inverse magnetic susceptibilities
for different applied DC fields (0.2 T, 1 T and 5 T) to emphasize the change in slope near
82 K.

law:

χmol = χ0 +

C
T − ΘCW

(3.2)

emu
where χ0 = 3.52 × 10−4 Oe·mol
accounts for parasitic paramagnetic and diamagnetic conemu·K
tributions, C = 0.1579 Oe·mol
denotes the Curie constant, and ΘCW = -87.29 K is the Weiss

constant. A strongly negative Weiss constant empirically indicates predominant antiferromagnetic fluctuations.
The frustration parameter, f , for a magnetic system is defined as the ratio of the absolute value of the Weiss constant and the observed ordering temperature from magnetic
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susceptibility: 181

f =

| ΘCW |
TC

(3.3)

We obtain a frustration parameter of approximately 8.7, indicating strong suppression the
magnetic ordering temperature. The inset of Figure 3.4 displays the inverse susceptibility
behavior with different applied fields; it is shown that the paramagnetic regime (> 100 K)
does not change, but the deviation at approximately 82 K shows differing behavior with
applied DC field. Empirically, in the frustrated regime (T c < T < |ΘCW |) increasing field
drives the system toward increasing antiferromagnetic fluctuations as the slope of χ−1 (T )
decreases.
Our earlier work showed that the magnetic susceptibility of CoSe exhibited a ferromagnetic transition at 10 K, but the discontinuity at 10 K was not a classic example of
a ferromagnetic transition. In order to explore this, the temperature dependence of magnetic susceptibility was measured at different fields to see how the transition was altered.
Insets of Figure 3.5 shows the magnetic susceptibility from 10 K to 1.8 K at various applied fields. At low fields, 0.01 T, the transition at 10 K is clear from the bifurcation of the
zero-field cooled (ZFC) and field-cooled (FC). However, as the field is increased, the transition temperature is suppressed until at high fields, > 2 T, there is a complete suppression
of the ZFC-FC splitting indicative of complete suppression of long-range ferromagnetic
ordering.
The closing of the normal ZFC-FC splitting at the proposed ferromagnetic transition
is a hallmark of spin glass behavior as opposed to classic ferromagnetism. 137 Without a
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Fig. 3.5: Magnetic susceptibility of CoSe vs. temperature measured in various applied fields.
The insets show the zoomed region close to the transition temperature; ZFC (Zero fieldcooled) and FC (field-cooled) curves are shown by arrows which indicate the irreversibility of the magnetic ordering in the system at low fields. The bifurcation of ZFC-FC curves
at low applied field (a) = 0.01 T and (b) = 0.2 T is destroyed with high applied fields (c)
= 1 T and (d) = 5 T turning the system into a paramagnetic state with no irreversibility.

sufficiently applied field, spins are able to “freeze" in the random orientation of spin glass
yielding net magnetization opposing the applied field in the ZFC process. With a stronger
field, the “freezing" is destroyed as the spins are forced to align with the applied field. We
can rule out superparamagnetism as a possible explanation as we have observed remanent
magnetization and magnetic hysteresis for CoSe which would not occur in a superparamagnetic material. 61 In order to observe the glassy character in CoSe, we performed AC
magnetic susceptibility measurements to probe the time-dependence of the magnetization
around the transition temperature.
AC-susceptibility measurements use an applied field with a time-dependent wave68
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Fig. 3.6: AC magnetic susceptibility measured with various driving frequencies. The applied AC
field was 10 Oe and the residual DC applied field due to internal instrumentation was 40
Oe to 100 Oe. (a) The real parts of magnetic susceptibility (χ0 ) and (b) the imaginary
parts (χ00 ) parts. (c) Temperature dependence of χ” peaks at various driving frequencies
(100 to 1200 Hz) and a fit with the Volger-Fulcher law.

form to produce a time-dependent response in the material. It can therefore probe spins
fluctuating with time such as in spin glasses or strongly frustrated systems. 137 Figure
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3.6 shows the real (χ0 ) and imaginary (χ00 ) parts of magnetic susceptibility as a function
of temperature near the transition. Frequency dependence in χ0 appears below 10 K, and
accompanying non-zero peaks in χ00 indicate some out-of-phase contributions to the magnetic susceptibility. Thus, time-dependence in the magnetic domain size arises below 10
K, and any mangetic ordering appears dynamic down to base temperature.
A fit to the non-zero χ00 peaks with the Arrhenius law would be simple yet inadequate for canonical spin glasses and spin-glass-like materials. The transition into the
glassy state is more than a simple thermal activation process, and magnetic moments
can also be strongly interacting. 137 A more phenomenological approach that incorporates
different regimes of coupling above and within the glassy state uses the Vogel-Fulcher
law: 137,139

τ = τ0 · exp




Ea
kB (T f − T 0 )

(3.4)

where T f is the temperature of the χ00 peaks, τ0 = 1/ω0 is the characteristic relaxation
time, and kB the Boltzmann constant. The added parameter, T 0 , describes the ‘ideal glass
temperature’ where the coupling of the system effectively changes to give rise to new
phenomena. 137,139,182
Our modelling of the AC susceptibility data with the Vogel-Fulcher law is shown in
Figure 3.6c. The temperature values for T f were fit by Gaussian curves in the range from
5-12 K. The fit yields parameters: τ0 = 0.67 ± 1.61 s, Ea = 12.75 ± 10.47 K, and T 0 =
8.74 ± 0.89 K. The large degree of uncertainty in the relaxation time and activation energy
comes from the high correlation between τ0 and T 0 parameters and narrow temperature
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range of the χ00 peaks.
The lack of meaningful values from the initial Vogel-Fulcher fit led us to perform
additional analysis using a dynamical scaling model. Dynamical scaling relates the relaxation time of an observable to a correlation length that scales with a power law near
the transition temperature. We consider scaling of the frequency-dependent transition
temperature from the χ00 peaks such that: 183

 T − T −zv
c
f
τ=τ
Tf
∗

(3.5)

where T c is the critical temperature, τ∗ the critical relaxation time, and zv the critical
exponent. Our fit yields τ∗ = 0.064 ± 0.008 and zv = 5.47 ± 0.21, which fall into the
general range of spin-glass and glassy-like materials 183 .
Substituting the value of τ∗ for the the characterstic relaxation time in the VogelFulcher law, we obtain more precise values for the activation energy (Ea∗ = 14.84 ± 0.59
K) and ideal glass temperature (T 0∗ = 8.91 ± 0.09 K). The obtained critical relaxation
temperature is significantly higher than canonical spin-glass materials, but compatible
with Monte-Carlo modeling of a 3D Ising spin glass. 184,185

3.4.2

Transport Properties
To further probe the dynamics of the transition within CoSe, we have employed

more electronic transport measurements. Figure 3.7a shows the temperature dependence
of electrical resistivity for CoSe. For a truly ordered material, one would anticipate a
noticeable change in the resistivity near the critical point. However, no such anomaly
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occurs in the resistivity measurements. This lack of an anomaly could be understood on
the basis of weak ferromagnetism as the observed moment of CoSe via neutron diffraction
is very small. 61
We observe positive magnetoresistance for all applied field directions (Figure 3.7b),
which does not occur in typical ferromagnets. The positive magnetoresistance can be
interpreted in two ways: 1) the spins have no fixed direction and are randomly distributed
as would be the case for a glass-like material, or 2) the spins are fixed but their associated
moments are so small that their contribution to scattering is negligible.
The complete angular dependence of the resistance versus field direction at 31 T
(Figure 3.7c) shows two-fold symmetry, which is due to the geometry of the four-probe
longitudinal measurements. Angular measurements in other planes are not possible due
to sample morphology. CoSe crystals are highly layered and micaecous so that only allow
the ab-plane is available as the wiring surface.
We performed specific heat measurements from 1.8 - 150 K (Figure 3.9) on a
pressed pellet of CoSe obtained through the potassium de-intercalation route. The micaecous nature of the single crystals caused poor thermal coupling between the sample
and the heating platform, and we therefore utilized a pressed pellet of CoSe. For comparision, we also performed specific heat measurements of KCo2 Se2 single crsytals, known
from previous studies to exhibit a clear ferromagnetic transition below 80 K. 164,186 Our
own heat capacity measurements of KCo2 Se2 confirm a clear transition at 78 K shown in
Figure 3.8. The temperature dependence of the specific heat for CoSe, however, shows
no anomaly near 78 K.
The inset of Figure 3.9 shows a zoomed in region around the transition observed
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Fig. 3.7: Electrical transport measurements of CoSe single crystals obtained through deintercalation of KCo2 Se2 . (a) Temperature dependence of longitudinal resistivity at various applied fields with inset around the transition temperature. (b) Normalized longitudinal magnetoresistance up to 31 T with different applied field directions by sample
rotation. (c) Angular dependence of longitudinal magnetoresistance at an applied field
of 31 T. The magnetoresistance is fit with a sinusoidal dependence to the field angle.

in magnetic susceptibility measurements with a fit to a conventional specific heat model.
There is no apparent discontinuity in the specific heat in this region, which indicates a
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Fig. 3.8: Specific heat as a function of temperature measured on a single crystal of KCo2 Se2 measured from 1.8 - 100 K with no applied field. Specific heat shows a distinct discontinuity at 79 K which corresponds to previous reports of the ferromagnetic transition in
KCo2 Se2 ; this is used to further prove the lack of KCo2 Se2 phase within our CoSe samples signifying that complete de-intercalation is achievable for this system.

lack of a distinct phase transition. This result either supports a glass-like material, 137,139
or that the magnetic ordering does not change the energy scale due to the low ordering
moment of a weak itinerant ferromagnet. 187,188
The low temperature region of the specific heat, T < 15 K, was fit to a general
model to extract electronic and vibrational contributions. 134

C p = γT + βT 3 + cT 5

(3.6)

where the γ-term accounts for electronic contributions and β/c-terms for vibrational contributions. The fit yields a γ = 15.7 mJ mol−1 K−2 , significantly larger than in the
iron-based analogues FeSe and FeS (5.4 and 5.1 mJ mol−1 K−2 , respectively). 44,59 This
could indicate stronger electron correlations in the cobalt system. However, recent angle-
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Fig. 3.9: Temperature dependent specific heat of a pressed pellet of CoSe from 150 K to base
temperature. Upper inset shows the temperature dependence near the transition temperature as well as a fit to a specific heat model accounting for electronic and vibrational
components in the range 1.8 K to 15 K.

resolved photoemission spectroscopy (ARPES) work on related KCo2 Se2 indicated weaker
electron correlations in the cobalt system than in the KFe2 Se2 analogue. 189 A possible explanation for the larger γ in CoSe than in FeSe is that it arises from spin fluctuations
present in a weak intinerant ferromagnet. 190,191
We can use the parameter β = 6.2 × 10−4 mJ mol−1 K−4 to calculate the Debye
temperature, ΘD , for CoSe by the relation: 134

ΘD =

 12π4 nR 1/3
5β

(3.7)

where R is the universal gas constant. This fit yields a ΘD = 232 K. We added the T 5
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term since the T 3 contribution is generally only applicable up to ΘD /50 = 4.6 K. 192 The
resulting c is −5.9 × 10−7 mJ mol−1 K−6 , two orders of magnitude lower than the iron
analogue.

3.5
3.5.1

Discussion
Ground state of CoSe
Despite the structural simplicity of CoSe, its magnetic ground state is less straight-

forward. Initial temperature dependence of magnetic susceptibility indicated a ferromagnetic transition at 10 K corroborated by powder neutron diffraction work. 61 When considering itinerant systems, it is often useful to evaluate Stoner’s criterion for ferromagnetism
in the system where the enhanced susceptibility χS is given by: 193

χS =

χP
χP
=
1 − F 1 − Dband (E f )I s /2

(3.8)

where Dband (E f ) is the density of states at the Fermi level, I s is the Stoner factor for
Co (∼ 0.9 eV) divided by two to account for the two Co atoms per unit cell, and χP is
Pauil paramagnetic susceptibility. The denominator allows us to formulate the Stoner’s
criterion such that F = Dband (E f )I s /2. We performed DFT calculations on CoSe which
yielded Dband (E f ) = 7.33 states/eV for non-spin dependent calculations shown in Figure
3.10 Thus, this result leads to F = 3.29 > 1 which indicates that CoSe should have a
ferromagnetic ground state.
The structurally related KCo2 Se2 exhibits a ferromagnetic transition at approxi-
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Fig. 3.10: Non-spin polarized density of states for CoSe decomposed for Co and Se atoms and
their corresponding molecular orbitals.

mately 78 K measured on single crystals. The previous work used anisotropic single crystal measurements of magnetization to show that the magnetic moment resides completely
in the ab-plane for the CoSe layers. 186 No neutron diffraction work has been reported to
date on KCo2 Se2 , but the fairly large spacing between CoSe layers and anisotropic susceptibility indicates that the moment is likely in the ab-plane. When we remove the interlayer
potassium ions and reduce the CoSe interlayer spacing from ∼ 6.92 Å in KCo2 Se2 to 5.33
Å in CoSe, we can consider how these adjacent planes may begin to interact.
Figure 3.4 showed that the magnetic susceptibility of CoSe displayed Curie-Weiss
behavior above 100 K yielding a strongly negative Weiss constant, ΘCW = −87.29 K.
Although CoSe is an itinerant electron system, we can minimally consider a square lattice
Heisenberg model, 174,194 for which similar models have been applied extensively to the
FeSe system, 195–198 to yield:
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ΘCW = −

(J1 + J2 )
kB

(3.9)

where J1 and J2 describe the nearest-neighbor and next-nearest-neighbor interactions on
the square lattice, respectively. In this case we see that J1 + J2 = 87.29 K = 7.53 meV and
that the exchanges should be antiferromagnetic based on the inverse susceptilibity data.
At approximately 80 K, χ−1 (T ) increases its slope so that the Weiss field changes to a
positive value, possibly indicative of increasingly ferromagnetic fluctuations in this lower
temperature regime.
Interestingly, specific heat, magnetization, AC susceptibility, and resistivity show
no anomalous changes in near 80 K. Considering the ferromagnetic-like transition at 10
K shown in magnetic susceptibility measurements and the antiferromagnetic Weiss field
at high temperature, we postulate that the ferromagnetic ordering at 78 K in KCo2 Se2 is
suppressed down to 10 K for CoSe.
The suppressed ordering may arise from geometric frustration, vacancies on the
Co sites, or competing interactions between magnetic Co2+ ions. In the case of CoSe,
we can eliminate two of these possibilities: vacancy ordering and geometric frustration.
Elemental analysis from previous work showed that the percentage of Co vacancies did
not exceed 2%, within error of that amount. Not enough to significantly suppress ordering. Geometric frustration occurs in systems where magnetic sublattices cannot arrange
in a unique lowest energy ordered state, such as in an antiferromagnetic triangular lattice.
CoSe contains a square lattice of cobalt atoms that cannot host this type of geometric
frustration. Theoretical work, however, on square lattices have found frustration when
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the nearest neighbor and next-nearest neighbor magnetic interactions compete. This has
been termed interaction frustration. 72,199

3.5.2

Anisotropy and Magnetic Direction
Our previous results from powder neutron diffraction indicated that the magnetic

moments are aligned along the c-axis, contrary to the ordering in the related “122”phase. 61 A possible reason for a difference in moment direction between the two systems
could be could be due to closer CoSe layers in the CoSe than in KCo2 Se2 . To understand the anisotropy present in the system, we performed single crystal magnetization
measurements similar to the work done on KCo2 Se2 by Yang et. al.
In Figure 3.11a, we see that magnetic susceptibility in the ab-direction is about four
to five times larger than the susceptibility in the c-direction. This suggests a fair amount
of anisotropy, but not as large as in KCo2 Se2 , where there is an a order of magnitude
difference between the two field directions. 186 Unexpectedly, the anisotropy in the field
dependence of the magnetization for KCo2 Se2 did not hold for CoSe (Figure 3.11b). We
see that for both field directions the magnetization does not saturate up to 14 T and approaches a moment value of 0.1 µB . The itinerant nature of the magnetism leads to an
unsaturated magnetization.
An important insight from these measurements is obtained by Arrott plot analysis.
From Landau theory, we can expand the free energy, F(H, T, M), of a magnetic system in
the order parameter, M, corresponding to magnetization: F = F0 + aM 2 + bM 4 . Minimizing the free energy with respect to magnetization we arrive at: 193
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Fig. 3.11: Magnetic measurements of CoSe crystals mounted on a quartz paddle with orientations
relative to the applied field direction as listed. a) Temperature dependent magnetic
susceptibility for a 100 Oe field applied in two different orientations. b) Field dependent
magnetization for both field orientations. c) Arrott plots constructed from M(H) curves
from 2 - 12 K for H k ab, which indicate a ferromagnetic transiton within the 8 - 10 K
range. d) Arrott plots constructed for H k c-axis showing no spontaneous magnetization
in the c-direction for any temperature.

M 2 (T, H) =

1  H  a  T − Tc 
−
b M(T, H)
b Tc
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(3.10)

We can plot M 2 vs. H/M, known as an Arrott plot, to obtain linear relationships between M 2 (H) curves at different set temperatures. From Equation 3.10, as the temperature
approaches T c , the M 2 (H) curves approach zero. Positive y-intercept values correspond
to spontaneous magnetization at those temperatures. From Figure 3.11c for H k ab-plane,
the critical temperature appears to be in the 8 - 10 K range, as linear extrapolations of the
M 2 (H) curves yield a zero y-intercept between 8 K and 10 K, which corresponds to transition temperature in the powder measurement. However, for H k c-axis (Figure 3.11d), no
M 2 (H) curves yield positive extrapolations back to the y-axis. Therefore, no spontaneous
ferromagnetic moment orders along with c-axis.
The Arrott plot analysis matches previous reports for KCo2 Se2 , where the moment
is claimed to lie solely in the ab-plane. 186 However, what causes the difference both the
in ordering temperature and strength of the ferromagnetism between the two systems?
The removal of potassium ions between the layers affects a number of factors: 1) cobalt
oxidizes from Co1.5+ in KCo2 Se2 to Co2+ which means a removal of electron carriers,
2) CoSe layer distances are reduced from 6.92 Å in KCo2 Se2 to 5.33 Å in CoSe which
may cause more effective exchange between the moments in adjacent ab-planes, and 3)
the Co-Co distance shrinks from 2.710(3) Å in KCo2 Se2 to 2.6284(3) Å in CoSe, which
causes more orbital overlap between Co centers.

3.5.3

FeSe vs. CoSe
Currently, Fe and Co are the only transition metals that have been able to form

the anti-PbO structure which is closely related to the parent ThCr2 Si2 structure. The
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ThCr2 Si2 hosts over 1,500 structures and a wide-range of physical phenomena. The antiPbO phases are structurally simpler and can be used as the building blocks to systematically explore the physics within this structure type and, in general, metal square lattices. 63
Unconventional superconductivity has emerged in the FeCh systems with the pairing mechanism for this phenomena still to be understood. With the close proximity of
magnetism and superconductivity in the iron system, we need to understand the salient
differences between CoSe and FeSe. Previous work directly compared the band structures
of FeSe and CoSe and showed they differed by just a rigid band shift corresponding to the
extra electron added by cobalt as compared to iron. 61 This shift moved the Fermi level
away from the nesting of hole and electron pockets evident in the FeSe superconductor,
which could to be key to realizing superconductivity in this system.
Since band structure measurements have yet to be conducted on CoSe, we can
directly compare the results of recent studies on KCo2 Se2 and AFey Se2 . 200,201 ARPES
studies have shown that going from AFey Se2 to KCo2 Se2 (i.e. electron charge doping)
changes the 3d orbital that contributes the most at the Fermi level. ARPES work on
the AFey Se2 series showed that the 3d xy orbitals contribute the most at the Fermi level.
The Se 4pz orbitals also contribute to allow superexchange interactions. However, for
KCo2 Se2 the most significant orbital is the 3d x2 −y2 which would change the interactions
allowed between adjacent Co atoms. 189 This change in geometry of the d-orbital likely is
the mechanism for tuning away superconductivity to frustrated magnetism in CoSe.
Extensive work has been performed to understand the magnetic fluctuations in FeSe
which are integral in understanding the mechanism responsible for superconductivity in
the iron-based superconductors. As previously stated, the interesting interplay of mag82

netism in this system seems to stem from the electronic instabilities that accompany the
square lattice formation. 63 Recent inelastic neutron diffraction work and theoretical work
has shown that within the FeSe layers there is strong frustration between different magnetic ordered states (stripe vs. Néel), which causes FeSe to not exhibit a true long-range
magnetically order state. 52,197,198 The magnetic ordering in CoSe appears to suffer from
similar frustration via the square lattice motif, although single crystal inelastic neutron
spectroscopy measurements would shed further light on this hypothesis.

3.6

Conclusion
The synthesis of isostructural CoSe has allowed extensive characterization of the

magnetic and transport properties of the system to understand its proximity to the ironbased superconducting analogues. Magnetic measurements have shown a transition reminiscent of ferromagnetism at 10 K with low applied fields that is fully suppressed at high
fields. AC-susceptibility shows non-zero out-of-phase contributions, and such time dissipative magnetization below 10 K is indicative of a spin glass. Our more detailed analysis
of the AC-susceptibility matches the behavior of CoSe to a spin glass, and we a possible
explanation is the physics of interaction frustration present in square lattices.
Our Arrott plot analysis of the magnetization data reveals that the moment in CoSe
lies within the ab-plane much like in related KCo2 Se2 . However, even if these two systems have similar anisotropy, the transition temperature is vastly different, having been
suppressed from 78 K to 10 K in CoSe. Therefore, the amount of electron doping and
density of states at the Fermi level can be used to tune the magnetic interactions in the Co
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square sublattice.
Resistivity measurements indicate a metallic state in CoSe with no significant anisotropic
magnetoresistance and no discontinuity at the 10 K transition. Heat capacity measurements indicate no observable transition at 10 K either, but low temperature analysis reveals an enhanced Sommerfeld coefficient due to strong spin fluctuations at low temperatures. The lack of a discernable transition within transport measurements further corroborates the glassy character at low temperatures due to interaction frustration. Comparing
CoSe to FeSe, we now see that the nature of the d-orbital occupany near the Fermi level
vastly tunes the ground state from a metal with weak and competing magnetic interactions
(CoSe) to a superconductor (FeSe).
Future work on the CoSe system includes inelastic neutron spectroscopy to shed
further light on the nature of the exchange interactions leading to interaction frustration.
Chemical manipulation to charge dope CoSe would also be an important step in further
expanding the phase diagram of these metal square lattices. There has been some previous
cobalt doping studies on FeSe but the amount of substitution on cobalt has been limited
to less than 20% due to phase stability with increased cobalt content. 157,158 However, the
topochemical de-intercalation route should be able to expand the solid solution of cobaltdoped FeSe available to directly observe how superconductivity evolves into frustrated
magnetism.
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Chapter 4:

Long-range magnetic order in transition metal doped (LiOH)FeSe
by soft chemical design

The work described within this chapter was submitted to in Physical Review Materials Brandon Wilfong, Xiuquan Zhou, Navneeth Babra, Huafei Zheng, Johnpierre
Paglione, Craig M. Brown, Jeffery Lynn, Keith M. Taddei and Efrain Rodriguez were
contributing authors of the manuscript. B.W., X.Z., H.Z., and N.B. prepared the samples,
B.W. and X.Z. performed MPMS measurements, B.W. collected resistivity data, X.Z.,
B.W., C.M.B., K.M.T, and J.W.L. collected the neutron powder diffraction data.

4.1

Introduction
The binary FeSe, with a superconducting critical temperature (T c ) of 8 K, 42 pro-

vides an excellent template to study exotic physical phenomena in iron-based superconductors due to its simple structure, ease of chemical manipulation and relatively high
superconducting critical temperature. Amazingly, the T c of FeSe can be improved significantly to 42-46 K from 8 K after intercalation, 46–48 37 K with applied pressure, 49 or 65 K
in the monolayer limit. 50 The well-studied intercalated compound (Li1−x Fe x OH)FeSe (T c
= 42-44 K) consists of a tetragonal layer of partially charged Li1−x Fe x OH (x ≈ 0.1-0.2)
between the FeSe layers. Such a structure is stabilized by the partial charge transfer due to
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Fe doping on the Li site as well as hydrogen bonding from the LiOH layer to the Se atoms
in the FeSe layers. 47,202,203 The Fe substitution in the insulating hydroxide layer not only
plays a crucial role in the enhancement of T c , but also can induce exotic physical phenomena such as coexistence of magnetic order and superconductivity. 80,81,124 Although many
reports have shown signatures of magnetic order in this compound, there are no definitive
signs to understand the true nature of its magnetism. The magnetic transition is intrinsic
to the system with different reports attributing this transition to ferromagnetic ordering,
canted antiferromagnetic ordering, and spin glassiness. 80,81,124,204,205 Despite their differences, all of these studies point toward the hydroxide layer as the source of the magnetic
ordering.

(Li1-x-yFexMnyOD)FeSe

K0.85Fe1.8-xMnxSe2

(FeSe)δ-

Mn

120 oC
3 days

(Li1-x-yFex
MnyOD)δ+
(FeSe)δ-

Fig. 4.1: Synthetic scheme and results of targeted (Li1−x−y Fe x Mny OD)FeSe by converting Mndoped KFe1.8−z Mnz Se2 hydrothermally.

In contrast to the uncertainties in (Li1−x Fe x OH)FeSe, there is a history of the observation of the coexistence of magnetism and superconductivity, mostly in rare-earth element containing compounds. The first examples of long-range magnetic order coexisting
with superconductivity was observed in the ternary Chevrel phases RMo6 S8 and RRh4 B4
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(R = lanthanide) where magnetic order arose from the lanthanide ion sublattice which
was isolated from the superconducting sublattice. In these systems, both antiferromagnetism and ferromagnetism was observed coexisting with superconductivity depending
on the lanthanide chosen for the magnetic sublattice. 206–209 The stabilization of magnetic
order in these compounds was explained by dipolar electromagnetic interactions as the
magnetic transition temperatures were below 1 K. Akin to these compounds were the
later discovered borocarbides RNi2 B2 C where the magnetic ion sublattice now exhibits
significant R-R exchange interactions pushing the magnetic phase transition much higher
than in the Chevrel phases. 210–212 The discovery of superconductivity in the cuprate family offered a new avenue for exploration. In these compounds, magnetic ion sublattices
isolated from the CuO planes show low ordering temperature similar to the previously
mentioned systems which can coexist with superconductivity. However, interestingly
in these compounds, Cu ions (S = 1/2) of the CuO planes exhibited antiferromagnetic
insulator behavior, but this antiferromagnetic order could be suppressed to induce superconductivity upon doping. 27,213–215 The iron pnictide superconducting systems exhibit
similar phenomena to the cuprate systems whereby magnetic order can coexist with superconductivity through an isolated magnetic ion sublattice and superconductivity arises
from suppressing magnetic order of the iron pnictide layers through doping. 27,216–220 Unlike the related iron pnictide phases, FeSe exhibits no parent magnetic phase; 42,51 recent
work has shown a high temperature nematic phase that precedes the superconducting
phase. 221–223 Although no parent magnetically ordered phase exists, strong magnetic fluctuations have been observed in a wide range of temperatures in FeSe through neutron and
NMR spectroscopy experiments. 51–54 Thus, the introduction of a magnetic spacer layer
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between FeSe may help to further reveal the role magnetic fluctuations play in superconductivity in the Fe-chalcogenide systems.
In addition to its interesting magnetism, experimental evidence has shown that
(Li1−x Fe x OH)FeSe exhibits a Majorana Zero Mode (MZM) which plays a critical role
in topological quantum computing applications. 224,225 Therefore, (Li1−x Fe x OH)FeSe is a
perfect system to study and understand the coexistence of physical phenomena for possible applications in functional materials as well as quantum computing.
Since all the aforementioned exotic phenomena emerge from the interactions between the superconducting FeSeδ− and the insulating (Li1−x Fe x OH)δ+ layers, one may
suggest to modify the hydroxide layer to induce new properties. Unfortunately, traditional
solid-state reactions and methods will be insufficient to modify the solid solutions as these
phases are metastable. Thus, we have developed a two-stage ion-exchange scheme to
obtain (Li1−x−y Fe x Mny OD)FeSe by converting Mn-doped K0.85 Fe1.8−z Mnz Se2 hydrothermally. We manipulate the chemistry of the hydroxide layer in (Li1−x Fe x OD)FeSe through
manganese doping to tune the magnetic properties without significantly altering the superconductivity in the system (Fig. 4.1). The addition of manganese to supplant Li and Fe
in the tetrahedral hydroxide layer increases the effective spin and therefore the effective
moment of layer to observe long range magnetic order.
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4.2
4.2.1

Methods
Synthesis
The synthesis of (Li1−x−y Fe x Mny OD)FeSe (M = Mn, Co, Ni, Cu, Zn) single crystals

was perfomed via a two-step ion-exchange route similar to previous works. 79,82,226 High
purity metallic K (Alfa Aesar, 99.5%), M granules (Alfa Aesar, 99.98%), Fe granules
(Alfa Aesar, 99.98%), and Se shots (Alfa Aesar, 99.999%) were used as raw materials.
In order to incorporate transition metal doping, single crystals of K0.85 Fe1.8−z Mnz Se2
were synthesized through a self-flux route with elemental mixture of K:Fe:Mn:Se in two
nominal ratios of 0.85:(1.62/1.44):(0.18/0.36):2 were mixed in an argon glovebox sealed
under vacuum in a double quartz ampoule. The quartz tubes were slowly heated at 50
◦

C/hr to 1050 ◦ C, held at 1050 ◦ C to ensure a congruent melt, slowly cooled down to

550 ◦ C at a rate of 5 ◦ C/hr, and ended with natural cooling to room temperature. This
method routinely produced 3 x 3 mm2 plate-like single crystals. The hydrothermal ionexchange were performed in 100 mL stainless steel autoclaves lined with Teflon cups.
For each batch, select single crystals of K0.85 Fe1.8−z Mnz Se2 with average total mass of
approximately 2 grams, 1.2 mmol of selenourea (Sigma Aldritch, 98%), 13 mmols of iron
granules (Alfa Aesar, 99.98%), 1.2 mmol of tin granules (used to regulate pH), 0.31 moles
LiOH (anhydrous, Alfa Aesar, 98%), and 40 mL of D2 O (Cambridge Isotope, 99.9%)
were loaded into the autoclave and purged under argon flow for 2 minutes before being
tightly sealed. Each autoclave was heated to 120 ◦ C and held for 72 hours in a convection
oven. Silver plate-like single crystals were recovered by washing away excess powders
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with D2 O, excess iron granules were easily recovered with a magnetic bar. Crystals were
dried under vacuum overnight and stored in an Ar filled glovebox.

4.2.2

Magnetic and transport measurements
All magnetic property measurements were carried out using a Quantum Design

Magnetic Susceptibility Measurement System (MPMS-3) on powders and single crystals of (Li1−x−y Fe x Mny OD)FeSe samples. Zero-field-cooled (ZFC) and field-cooled (FC)
measurements were taken from 1.8 to 300 K with various applied direct current (DC)
magnetic fields. Isothermal magnetization measurements were taken from H = ± 7 T
at numerous temperatures to probe the magnetic and superconducting state. Electrical
transport measurements were performed on a 9 T Quantum Design Physical Property
Measurement System (PPMS-9T) with temperatures from 1.8 to 300 K and fields up to 9
T using a four-probe technique with current applied across the ab-plane due to the lamellar nature of the single crystals. Heat transport measurements were performed on a 14 T
Quantum Design Physical Property Measurement System (PPMS-14T) over the range of
1.8 to 60 K using the relaxation technique. 143,179,180

4.2.3

X-ray diffraction measurements
Laboratory powder x-ray diffraction (PXRD) was collected using a Bruker D8 X-

ray diffractometer with Cu Kα radiation (λ = 1.5406 Å, step size = 0.020◦ , 2θ = 5 90◦ ) for phase identification. In order to aid in structural refinements associated with the
(Li1−x−y Fe x Mny OD)FeSe system, as three different elements occupy the same crystallo-
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graphic site, high resolution synchrotron X-ray diffraction was performed on powders of
ground single crystals at Beamline 11-BM at the Advanced Photon Source at Argonne
National Lab. Ground powders of single crystals were packed in 0.4 mm Kapton capillary tubes and sealed with epoxy. Diffraction data was collected between 0.5◦ and 46◦
with a step size of 0.0001◦ using a constant wavelength λ = 0.413964 Å(30 keV) at 100
K. Rietveld refinements were performed using the TOPAS software suite. 126

4.2.4

Neutron diffraction measurements
Neutron powder diffraction (NPD) data was collected at the NIST Center for Neu-

tron Research (NCNR) BT-1 High Resolution Powder Diffractometer and Oak Ridge National Lab High Flux Isotope Reactor (HFIR) HB-2A. 227 Powder samples of ground single crystals of (Li1−x−y Fe x Mny OD)FeSe were loaded into vanadium cans under helium
exchange gas and loaded into a closed-cycle refrigerator (BT-1) or three-sample changer
in 70mm Orange Cryostat (HB-2A). Low temperature diffraction data was collected at 2
K and 9 K and high temperatures at 50 K, for direct comparison in attempts to find magnetic satellite reflections, with Cu(311) (λ = 1.54 Å) at BT-1 and Ge(115) (λ = 1.54 Å)
at HB-2A. Rietveld refinements were performed using the TOPAS software suite. 126 In
order to search for weak magnetic reflection, high intensity but coarse resolution diffraction measurements were performed on single crystals and ground single crystal powder
on the BT-7 spectrometer at the NCNR using the position sensitive detector (PSD) with
PG (002) (λ = 2.359 Å) in a range of temperature from 2 - 50 K to search for magnetic
transitions inside the superconducting regime.

91

Intensity (a.u.)

(a)
BT-7 PSD
¸ = 2.359 Å
10% Mn-doped(LiOD)FeSe

SG Smoothed
Gaussian Fitting
Raw data (3 K)

Magnetic

(002)
1.25

1.30

1.35

1.40

1.45

1.50

Q (Å¡1 )
(Li 0: 875 Fe0: 062 Mn0: 062 OD)FeSe
2K
50 K
2 K - 50 K

HB-2A
¸ = 1.54 Å

1.2

1.3

1.4

1.5

Normalized Intensity

Intensity (a.u.)

(b)

1.6

Q (Å )
¡1

1.1
1.0
0.9
(002)
0.8
Magnetic
0.7
0.6
0.5
(c)
0.4
0.3
0 5 10 15 20 25 30 35 40 45 50
T (K)

Fig. 4.2: Powder neutron diffraction data collected at BT-7 and HB-2A. a) Powder neutron diffraction data collected at 3 K at BT-7 using the PSD on a nominally 10% Mn doped LiODFeSe sample of the (002) reflection showing a clear well-resolved magnetic peak
proximate to the (002) reflection. This data smoothed using a Savitzsky-Golay filter and
subsequently fit using a two-Gaussian model to extract temperature dependence. b) Powder neutron diffraction data on (Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe at HB-2A showing
the (002) reflection and magnetic peak at 2 K which is absent in the 50 K data. c) Temperature dependence on the integrated intensity of the two-Gaussian model on the data
presented in a) showing a sharp decrease in the magnetic peak integrated intensity up to
10 K and temperature independence above 10 K. Uncertainties represent one standard
deviation.

4.3

Evidence for long range magnetic order
To date, all previous powder neutron diffraction data on (LiOD)FeSe samples made

via the bottom-up synthesis and ion-exchange method do not exhibit observable long-
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range magnetic order. 48,80,82,124,228 Small angle neutron scattering did reveal a characteristic ferromagnetic scattering below 12 K with a clear vortex scattering peak observed at
Q = 0.0077 Å−1 under a 0.4 T applied field. 81 Two more recent works on single crystals of
the (LiOD)FeSe system via the ion-exchange method used inelastic neutron spectroscopy
to investigate spin excitations below the superconducting temperature to reveal their importance in driving high critical temperatures in these compounds. 226,229
We have performed neutron powder diffraction on Mn-doped (LiOD)FeSe to observe long-range magnetic order. The results are shown in Figure 4.2 which span the use
of two diffraction instruments and two different compositions of the Mn-doped (LiOD)FeSe
system. To start, Figure 4.2b shows the low Q data accessible from the powder neutron
diffraction data collected at HB-2A on Mn-doped (LiOD)FeSe and presented in Figure
4.3b/c in full. At Q = 1.41 Å−1 , d = 4.45 Å, a pronounced peak is observed at 2 K which
is absent at 50 K; this peak is proximate to the nuclear (002) reflection but it was well resolved. This is the first time a satellite reflection has been observed in neutron diffraction
for the (LiOD)FeSe system indicating the existence of some form of long-range order.
We attribute this to the larger magnetic moment of Mn2+ (S = 5/2) compared to Fe2+ (S
= 2). As the magnetic peak appears distinct from the nuclear peaks, we can conclude
the ordering in the system must be of the antiferromagnetic or ferrimagnetic type. Unfortunately, we observe only one magnetic peak in the data, most likely due to the small
magnetic moment of the system or the small magnetic form factor in this compound. The
full magnetic structure cannot be solved currently.
In order to further understand how this magnetic peak behaved as a function of
temperature, additional powder neutron diffraction data was collected on ground single
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crystals of nominally 10% Mn-doped (LiOD)FeSe samples at BT-7 using the PSD. For
these measurements, the (002) reflection was identified and measured as a function of
temperature with a ±0.2 Å−1 window of collection using the PSD. Thus, the satellite reflection proximate to the (002) reflection observed in HB-2A data could be recorded concurrently. The raw data collected using the PSD at 3 K is shown in Figure 4.2a displayed
with a two-Gaussian model fit to the smoothed data using a third-order Savitzsky-Golay
filter due to the coarse resolution of the raw data. The raw data and two-Gaussian fit
show two well resolved peaks, one for the (002) reflection at Q = 1.37 Å−1 and one for
the magnetic peak at Q = 1.44 Å−1 , in close agreement to the HB-2A data. The slight
discrepancy is likely due to crystallographic differences in the compounds. Figure 4.2c
shows the temperature evolution of the normalized integrated intensities calculated by
the two-Gaussian model corresponding to the (002) reflection and magnetic peak. It is
observed that the (002) reflection is temperature independent while the magnetic peak
shows a sharp decrease in integrated intensity above 10 K in close agreement to the ordering temperature observed in magnetization and heat capacity data. We can conclude
that the long-range magnetic ordering observed is intrinsic to the system with an ordering
temperature around 9 K and has been observed for the first time by targeted design of the
hydroxide layer in (LiOD)FeSe.
Futhermore, in the Mn-doped (LiOD)FeSe we have observed a high superconducting critical temperature paired with a relatively high magnetic transition temperature compared to rare-earth containing phases. This arises through similar means to the previously
mentioned Chevrel, borocarbide, copper and iron-based systems whereby the magnetic
sublattice and superconducting sublattice are isolated from another. However, we have
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done so without the need for rare-earth ions. Interestingly, in this system the addition
of transition metal doping in the hydroxide layer both induces magnetic order as well
as charge dopes the FeSe layers significantly raising the critical temperature of the compound. Thus, transition metal doped (LiOH)FeSe offers a tremendous platform for exploration of the role magnetism plays in stabilizing high temperature superconducitivity in
the iron chalcogenides and for potential use in next generation devices.

4.4

Hydrothermal synthesis and crystallographic results
As shown in Fig.4.1, we first prepare precursors of K0.85 Fe1.8−z Mnz Se2 with 10%

and 20% nominal Mn doping level using direct elemental reactions from high-temperature.
Our XRD analysis of K0.85 Fe1.8−z Mnz Se2 show significant different lattice constants compared to K0.85 Fe1.8 Se2 , indicating replacement of Fe in the FeSe layer, presented in Table
4.1
Transition Metal
Mn
Fe
Co
Ni
Cu
Zn

10% Nominal Doping
a lattice parameter (Å)
3.8963
3.8341
3.8814
3.8817
3.9001
3.8939

c lattice parameter (Å)
14.1434
14.2360
14.1640
14.0735
14.0957
14.0932

20% Nominal Doping
a lattice parameter (Å)
3.8937
3.8341
3.8892
3.8790
3.9091
3.9061

c lattice parameter (Å)
14.1513
14.2360
14.1088
14.1187
14.1177
14.0323

Tab. 4.1: Refined lattice parameters of K0.85 Fe1.8−x M x Se2 M = (Mn, Co, Ni, Cu, Zn) starting materials made via a high temperature self flux reactions from the corresponding elements.
The 10% and 20% nominal doping come from the stoichiometric additons of each element to the growth. The reported lattice parameters for the Fe (un-doped) version come
from a similarly targeted stoichiometric compound of K0.85 Fe1.9 Se2 via Shoemaker, D.P.,
et al Phys. Rev. B 86.18 (2012): 184511.

Obtained small single crystals of these precursors are used to exchange K with
LiOH hydrothermally as described in our earlier work 82 For such conversion, it is crucial
to include additional Fe powders and Sn metal plates in the autoclave to avoid formation
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(c)

Fig. 4.3: a) High resolution synchrotron PXRD patterns for (Li1−x−y Fe x Mny OD)FeSe collected
at room temperature, b) and c) show NPD data for (Li1−x−y Fe x Mny OD)FeSe at 2 K and
50 K respectively. Green tick marks represent the targeted tetragonal layered phase and
orange tick marks represent impurity selenium. These are shown below the calculated,
observed, and differences curves from Rietveld analysis. The asterisk represent a single
observable impurity peak that does not match any observable peak in the NPD data.
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of iron oxides and complete destruction of superconductivity. In this scheme, because
the transition metal dopant, M, prefers covalent coordination with OH− group, they are
driven from the FeSe layer of the K0.85 Fe1.8−z Mz Se2 to replace Li in the LiOH layer. 48,230
This is because the hard Lewis acid, Mn2+ , prefers coordination with the hard Lewis
base of OH− as opposed to the soft base S2− ; this prevents the formation of impurity
manganese sulfides. The vacancies in the FeSe layer are then supplemented by Fe2+ from
the solution. After the hydrothermal conversion, we obtain the products in both powder
and single crystal forms.
After synthesis, we needed to determine the precise composition and crystallographic occupancy of all dopants. There has been multiple works to date on similar
transition metal doping in the (LiOH)FeSe system, but none have been able to quantify the crystallographic location of the transition metal dopant. 231–234 The location of
the transition metal dopant is incredibly important in the realization of different physical properties as superconductivity in the iron chalcogenide systems is very sensitive to
doping. 44,48,230 To identify the crystallographic location of the Mn doping, we use extensive x-ray and neutron diffraction. Since, X-ray form factors of Mn are very close to
Fe, it is extremely difficult to obtain their site occupancy using regular X-ray diffraction
whereas elemental analysis methods are not able to tell where Mn is located nor whether
they are from impurities. Therefore, high-resolution synchrotron powder x-ray diffraction (PXRD) has been paired with neutron powder diffraction (NPD) to fully understand
the composition of these materials. Fig. 4.3 shows powder x-ray diffraction and powder
neutron diffraction data for (Li1−x−y Fe x Mny OD)FeSe. High resolution synchrotron PXRD
allows for high quality Rietveld refinements of crystallographic structural parameters, Fe
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vacancies in the FeSe layer and total transition metal (M∗ = Fe + Mn) occupancies in
the LiOH layer; however it does not allow for discrimination of transition metal dopants
on the same crystallographic site. Thus, NPD complements synchrotron PXRD for high
contrast between Fe and other transition metals occupying the same site.
Figure 4.3a shows powder x-ray diffraction data and corresponding Rietveld fit for
(Li1−x−y Fe x Mny OD)FeSe. Refinements with PXRD were limited to occupation of total
transition metal (M∗ ) doping in the hydroxide layer as well as total transition metal in the
FeSe layer yielding a formula: (Li1−x M x∗ OD)My Se. Rietveld refinements of the powder
∗
x-ray diffraction yielded a composition of (Li0.875(2) M0.125(2)
OD)MSe with lattice param-

eters a = 3.8008(1) Å and c = 9.2394(2) Å which is in close agreement with previous
works. 47,48,81,82
(Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe (298 K, PXRD), P4/nmm, Rwp = 8.506%
a = 3.8008(1) Å,c = 9.23949(2) Å
atom
Site
x
y
z
Occ.
Uiso (Å2 )
Li/Fe1/Mn1 2b
0
0.5
0
0.875(2)/0.062(3)/0.062(3) 0.0246(2)
Fe2
2a
0.5
0.5
0
0.993(4)
0.0252(2)
Se1
2c
0
0.5
0.1603(1) 1
0.011(4)
O1
2c
0.5
0
0.4249(4) 1
0.002(6)

atom
Li/Fe1/Mn1
Fe2
Se1
O1
D1

Se-Fe-Se (◦ ) Se-Fe-Se (◦ ) Fe-Fe (Å)
112.21(6)
104.11(1)
2.687(8)
(Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe (2 K, NPD), P4/nmm, Rwp = 5.380%
a = 3.7887(1) Å,c = 9.1480(6) Å
Site
x
y
z
Occ.
Uiso (Å2 )
2b
0
0.5
0
0.875(2)/0.062(3)/0.062(3) 0.012(3)
2a
0.5
0.5
0
0.993(4)
0.0041(4)
2c
0
0.5
0.1624(2) 1
0.0031(5)
2c
0.5
0
0.4271(4) 1
0.0147(9)
2c
0.5
0
0.3267(8) 1
0.004(1)

Fe-Se (Å)
2.407(5)

Se-Fe-Se (◦ )
112.38(6)

Fe-Se (Å)
2.409(8)

Se-Fe-Se (◦ ) Fe-Fe (Å)
103.78(6)
2.679(1)

Tab. 4.2: Structural
parameters
for
ground
single
crystals
of
(Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe. Structures are for room temperature PXRD
data and 3 K NPD data. All relevant bond angles and distances from the refinements are
given. Standard uncertainties given in parantheses indicate one standard deviation.
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These refined structural and occupation values were then used as the starting model
for the NPD. As mentioned, NPD was pivotal in determining the different transition metal
dopants in the hydroxide layer and FeSe layers. Figure 4.3b,c show the NPD and corresponding Rietveld analysis for (Li0.875(2) M0.125(2) OD)MSe at 2 and 50 K respectively. Subsequent Rietveld analysis yielded a composition of (Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe,
full results shown in Table 4.2. Interestingly, it was found that all the manganese dopant
migrates to the hydroxide layer with no refineable amount of manganese in the FeSe
layer. It is understood that dopants in the FeSe layer destroys superconductivity, 48,82 so
this reaction scheme allows for the superconductivity to be marginally altered while the
magnetic layer can be manipulated.

4.5

Magnetic and transport properties
We have measured magnetic susceptibility at various applied fields and isothermal

magnetization at 2 K and 50 K on a single crystal of (Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe.
Figure 4.4a/b show temperature dependent magnetic susceptibility, corrected for demagnetization factors of a two-dimensional plate, 235 with applied field applied parallel to the
crystallographic ab-plane and c-axis respectively. Interestingly, the superconducting onset temperature is 25 K which is significantly lower than in the un-doped system. The
highest observed shielding fraction after correction for demagnetization factors is ∼ 25%
which may indicate non-bulk superconductivity in this system. Within the (LiOH)FeSe
system, many factors that affect the observable superconducting temperature: lattice parameters, transition metal concentration in the hydroxide and selenide layers, and struc-
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Magnetic property measurements on an aligned single crystal of
(Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe. a)/b) Magnetic susceptibility data at various
applied fields, aligned parallel to the crystallographic ab-plane and c-axis respectively,
showing a superconducting transition at 25 K but no second magnetic transition at lower
temperature. c)/d) Isothermal magnetization at 2 K and 50 K, with the same orientation
convention, showing magnetic hysteretic behavior superimposed on a superconducting
signal at 2 K and paramagnetic behavior at 50 K. Note: (1 Oe = (1000/4π) A/m)

tural homogeneity. 48,82,203
Unlike previous reports, 80,124 no magnetic transition is observed in the magnetic
susceptibility even at higher applied fields. Interestingly, the only reports to show a transition in magnetic susceptibility below the superconducting transition are on powder samples via hydrothermal method. 80,82,124,236 Single crystals samples from the ion-exchange
hydrothermal method fail to show the secondary magnetic transition below the observed
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superconducting transition. 82,203,237–240 We hypothesize that sample uniformity in doping
and structure caused by the different reaction conditions is likely the cause of these property differences. In the bottom-up synthesis, FeSe and LiOH layers are formed in-situ
contrary to the ion-exchange method which requires the removal of interlayer ions before
replacing with LiOH extended solid which would lead to more structural and compositional variation.
We observe strong anisostropy in the magnetic susceptibility. Fields applied parallel
to the crystallographic ab-plane have a much stronger effect on suppressing the superconducting transition than fields applied parallel to the c-axis as shown in the insets of Figure
4.4a/b. This is consistent with previous reports. 79,203 and the observed transition is suppressed at relatively low fields, 300 Oe. The supression is due to the superconducting
irreversibility temperature which is unique in these samples due to the very large vortex
liquid region caused by extremely high anisotropy and two-dimensionality. 238
We see an effect of underlying magnetic order is observable in isothermal magnetization measurements shown in Figure 4.4c/d at 2 K and 50 K. For both field orientations,
magnetization as a function of fields shows a superconducting signal superimposed on a
weak magnetic background. Mirroring the behavior of magnetic susceptibility, the Meissner shielding is more clearly observable at low fields for the field applied parallel to the
c-axis as compared to field applied parallel to the ab-plane. Again, this fast suppression
of Meissner shielding could be due to true anisotropy, the filamentary nature of the superconductivity, or the effects of vortex dynamics in the sample. At higher temperatures,
50 K, the magnetic and superconducting signals are absent and paramagnetic behavior
is observed. This paired with x-ray and neutron diffraction data shows that the magnetic
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signal is intrinsic to the system.
Electrical and thermal transport measurements shed more light on the superconducting and magnetic order in this system. Temperature dependence of electrical resistivity
on a single crystal of (Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe, shown in Figure 4.5a, shows
a sharp superconducting transition at 41 K in zero field. With field applied parallel to
the crystallographic c-axis, it is observed that the superconducting transition onset is not
changed, but the transition width in greatly increased at higher applied fields. This transition width broadening matches previous reports for this system. Specifically where this
behavior has been justified by strong vortex flow as well as a wide temperature range for
vortex liquid behavior due to anisotropy and two-dimensionality. 79,203,238,240–243
The superconducting onset temperature measured by resistivity is much higher
than in the same crystal measured in magnetic susceptibility. This phenomena was observed in previous works as well and can be attributed to the vortex dynamics in the
system. 203,239,240,243 The residual resistivity ratio ρ(300K)/ρ(T c ) for the sample presented
is ∼ 25 which is higher than in previous reports. 203,240–242 The observed normal state behavior is non-linear which has been demonstrated in previous works. 203,240–242 and has
been attributed to over-doping in the sulfide analogue. 87
Due to the very high critical field in these samples, 79 , heat capacity measurements
were employed to evaluate the effect magnetic ordering has within the superconducting
regime. Heat capacity measurements on this system fail to show anomalous behavior
around the superconducting transition. 124,204,244 Temperature dependence of heat capacity
at various applied fields shown in Figure 4.5b shows similar behavior. No anomaly is
observed at the superconducting transition temperature, however; a magnetic transition
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is observed at ∼ 9 K in zero applied field parallel to the crystallographic c-axis. In these
previous reports, 124,204,244 the magnetic transition was suppressed at high applied fields
which was justified by antiferromagnetic or spin-glass ordering in the system. However,
these measurements were done on samples made via the bottom-up hydrothermal synthesis, which behave differently than those produced via the ion-exchange method. To
that end, the magnetic transition shown in Figure 4.5b shows slight temperature suppression at 14 T, but is still clearly observable. We can conclude that the magnetic order in
this system is of an antiferromagnetic or ferrimagnetic nature when combined with the
observation of satellite reflection in neutron diffraction.
To calculate the magnetic contribution to the heat capacity at low temperatures, the
temperature dependent C p /T data at zero applied field was fit to a third order polynomial
above 20 K. This fitting was then extrapolated to low temperatures and subsequently subtracted from the raw data below 20 K. The remainder was then integrated to yield ∆S
as shown in Figure 4.5c as a function of temperature. The change in entropy sharply
increases up to 12 K before leveling off at a value of 0.38(8) J/(mol·K), which is significantly lower than the expectation for a free electron spin. The entropy change through
a magnetic transition is defined as ∆S = cRln(2J + 1), where c is the concentration of
magnetic ions in the system and R is the ideal gas constant. Our compositional analysis
of single crystals of (Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe showed a concentration of magnetic ions in the hydroxide layer as c = 0.125, yielding an effective J = 0.22(6) for the
system and effective moment µeff = 1.05(2) µB , spin-only.
The expected spin values for Fe2+ and Mn2+ in tetrahedral coordination (quenched
orbital angular momentum) are 2 and 5/2 respectively. These values are much larger than
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the observed 0.22(6) from entropy measurements. Previous reports observed similar behavior and concluded that this spin underestimation was due to spin-glassy character of
the magnetism in the hydroxide layer. 204 The robustness of the observed transition up to
14 T trends away from a spin-glass description for the magnetic behavior but spin glassiness cannot be ruled out. 124,139,204 In-depth analysis at the atomic level through imaging or
spectroscopy would be useful to understand how the dilute magnetic ions in the hydroxide
layer order to from long range correlations.

4.6

Effect of other transition metal dopants
We have been able to synthesize nominally 10 and 20% transition metal doped

(LiOD)FeSe using the same two-step soft chemistry hydrothermal reaction scheme described above for the Mn-doped system. In this scheme single crystals of K0.85 Fe1.8−z Mz Se2
M = (Mn, Co, Ni, Cu, Zn) were converted to (Li1−x−y Fe x My OD)Fe1−z Mz Se where different transition metal dopants in the K0.85 Fe1.8−z Mz Se2 behaved differently when converting
to the desired product. We have performed high resolution powder x-ray diffraction and
neutron powder diffraction on 20% Co, Ni, Cu, and Zn samples in order to understand
how the different transition metals behave in our hydrothermal reaction scheme. These
results are presenting in Figures 4.6, 4.9, 4.7, 4.8. Full details of the crystallographic data
is shown in Tables 4.3, 4.4, 4.5, 4.6. Based on our refinement results, it is surprising to
find that only Mn and Co replace Li at the Li site as intended. For Ni (Fig. 4.6), about
2% still remains in the FeSe layer while for Cu and Zn, no doping is present in neither
FeSe nor LiOH layer (Fig. 4.8, 4.7). For Cu and Zn, as a softer cations, they prefer co-
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ordination to softer anions such as Se compared to O. Therefore, significant amount of
starting K0.85 Fe1.44 Cu0.36 Se2 and ZnSe impurity is present in the product for Cu and Zn
doped samples respectively (Fig. 4.7 4.8). The case of Ni doping is a bit more difficult
to explain - it is likely that the Ni in the starting materials converts to some stable soluble product in solution as opposed to exchanging for Li in the LiOH layer and is then
removed when the product is recovered from the hydrothermal autoclave.
(Li0.842(1) Fe0.135(4) Co0.02(3) OD)Fe0.950(2) Se (298 K, PXRD), P4/nmm, Rwp = 7.862%
a = 3.7783(9) Å,c = 9.3065(2) Å
atom
Site
x
y
z
Occ.
Uiso (Å2 )
Li/Fe1/Co1 2b
0
0.5
0
0.842(1)/0.135(4)/0.02(3) 0.0257(1)
Fe2
2a
0.5
0.5
0
0.950(2)
0.0130(2)
Se1
2c
0
0.5
0.1593(4) 1
0.014(5)
O1
2c
0.5
0
0.4246(1) 1
0.007(5)
Se-Fe-Se (◦ ) Se-Fe-Se (◦ ) Fe-Fe (Å)
112.41(2)
103.73(7)
2.671(7)
(Li0.842(1) Fe0.135(4) Co0.02(3) OD)Fe0.950(2) Se (2 K, NPD, P4/nmm, Rwp = 4.606%
a = 3.7887(1) Å,c = 9.1480(6) Å
atom
Site
x
y
z
Occ.
Uiso (Å2 )
Li/Fe1/Co1 2b
0
0.5
0
0.842(1)/0.135(4)/0.02(3) 0.012(9)
Fe2
2a
0.5
0.5
0
0.950(2)
0.0051(1)
Se1
2c
0
0.5
0.1566(4) 1
0.0019(3)
O1
2c
0.5
0
0.4162(6) 1
0.0119(6)
D1
2c
0.5
0
0.325(1) 1
0.003(1)
Fe-Se (Å)
2.401(7)

Fe-Se (Å)
2.372(8)

Se-Fe-Se (◦ )
111.58(4)

Se-Fe-Se (◦ )
105.32(3)

Fe-Fe (Å)
2.667(1)

Tab. 4.3: Structural
parameters
for
ground
single
crystals
of
(Li0.842(1) Fe0.135(4) Co0.02(3) OD)Fe0.950(2) Se.
Structures are for room temperature
PXRD data and 3 K NPD data. All relevant bond angles and distances from the
refinements are given. Standard uncertainties given in parantheses indicate one standard
deviation.

As one may expect the location of the transition metal dopant, whether it remains
in the FeSe layer or migrates to the LiOH layer, has a huge effect on the superconducting
and magnetic properties. We have shown that Co doping behaves similarly to Mn doping where all the Co ions migrate to the LiOH layer leaving the FeSe layer un-doped;
although the ratio of Co replacement of Li compared to Fe is much smaller than in the
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(Li0.822(1) Fe0.176(3) OD)Fe0.964(3) Ni0.020(1) Se (298 K, PXRD), P4/nmm, Rwp = 7.778%
a = 3.7783(9) Å,c = 9.3065(2) Å
atom
Site
x
y
z
Occ.
Uiso (Å2 )
Li/Fe1
2b
0
0.5
0
0.822(1)/0.176(3) 0.0273(4)
Fe2/Ni2
2a
0.5
0.5
0
0.964(3)/0.020(1) 0.0163(2)
Se1
2c
0
0.5
0.1608(1) 1
0.011(2)
O1
2c
0.5
0
0.4253(2) 1
0.002(4)
Fe-Se (Å) Se-Fe-Se (◦ ) Se-Fe-Se (◦ ) Fe-Fe (Å)
2.412(6)
112.19(2)
104.15(1)
2.691(5)
(Li0.8229(1) Fe0.176(3) OD)Fe0.964(3) Ni0.020(1) Se (2 K, NPD, P4/nmm, Rwp = 3.455%
a = 3.7887(1) Å,c = 9.1480(6) Å
atom
Site
x
y
z
Occ.
Uiso (Å2 )
Li/Fe1
2b
0
0.5
0
0.822(1)/0.176(3) 0.006(5)
Fe2/Ni2
2a
0.5
0.5
0
0.964(3)/0.020(1) 0.0372(3)
Se1
2c
0
0.5
0.1623(2) 1
0.0060(3)
O1
2c
0.5
0
0.4242(4) 1
0.0118(7)
D1
2c
0.5
0
0.3229(7) 1
0.003(1)
Fe-Se (Å) Se-Fe-Se (◦ ) Se-Fe-Se (◦ )
2.409(1)
112.20(4)
104.13(8)

Fe-Fe (Å)
2.687(9)

Tab. 4.4: Structural
parameters
for
ground
single
crystals
of
Li0.822(1) Fe0.176(3) OD)Fe0.964(3) Ni0.020(1) Se.
Structures are for room temperature
PXRD data and 3 K NPD data. All relevant bond angles and distances from the
refinements are given. Standard uncertainties given in parantheses indicate one standard
deviation.

Mn-doped case. The retention of an undoped FeSe layer has been shown in previous
works to be integral in retaining the superconducting properties of FeSe layers. 44 Interestingly though, Co doping does not result in observed long range magnetic order through
neutron diffraction measurements. Magnetic susceptibility measurements and isothermal
magnetization measurements presented in Figure 4.13 show a clear superconducting transition at 30 K wtih a ferromagnetic signal superimposed on Meissner shielding signal at 2
K. The saturation value of the magnetic moment at 7 T applied field is approximately 0.48
µB per magnetic ion in the LiOH layer which is 20% smaller than the similar Mn-doped
compound; this is likely why long range magnetic order was not observed in neutron
powder diffraction measurements on this system. The effect of dopant in the FeSe layer
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atom
Li/Fe1
Fe2
Se1
O1

(Li0.857(1) Fe0.14(4) OD)Fe0.992(3) Se (298 K, PXRD), P4/nmm, Rwp = 12.330%
a = 3.8056(3) Å,c = 9.2424(1) Å
Site
x
y
z
Occ.
2b
0
0.5
0
0.822(1)/0.14(4)
2a
0.5
0.5
0
0.992(3)
2c
0
0.5
0.1604(1) 1
2c
0.5
0
0.4293(3) 1

Fe-Se (Å) Se-Fe-Se (◦ ) Se-Fe-Se (◦ ) Fe-Fe (Å)
2.412(1)
112.20(1)
104.12(2)
2.690(9)
(Li0.857(1) Fe0.14(4) OD)Fe0.992(3) Se (2 K, NPD, P4/nmm, Rwp = 6.222%
a = 3.8375(4) Å,c = 9.040(1) Å
atom
Site
x
y
z
Occ.
Li/Fe1
2b
0
0.5
0
0.822(1)/0.14(4)
Fe2
2a
0.5
0.5
0
0.992(3)
Se1
2c
0
0.5
0.1651(5) 1
O1
2c
0.5
0
0.4313(8) 1
D1
2c
0.5
0
0.327(1)
1
Fe-Se (Å) Se-Fe-Se (◦ )
2.431(4)
112.16(1)

Se-Fe-Se (◦ )
104.21(6)

Uiso (Å2 )
0.0247(3)
0.0183(5)
0.0169(1)
0.0083(3)

Uiso (Å2 )
0.0118(2)
0.0595(6)
0.0024(7)
0.019(1)
0.046(2)

Fe-Fe (Å)
2.713(5)

Tab. 4.5: Structural parameters for ground single crystals of (Li0.857(1) Fe0.14(4) OD)Fe0.992(3) Se.
Structures are for room temperature PXRD data and 3 K NPD data. All relevant bond
angles and distances from the refinements are given. Standard uncertainties given in
parantheses indicate one standard deviation.

and superconductivity is clearly observed in the nominally 20% Ni doped sample. For Ni
doping, Ni does not replace Li in the LiOH layer and instead we observe 2% Ni substitution of Fe in the FeSe layer. In previous work, superconductivity in the Ni-doped FeSe
system was suppressed by >5% Ni doping, 158 and we observe similar results in magnetic
susceptibility of the (Li0.8229(1) Fe0.176(3) OD)Fe0.964(3) Ni0.020(1) Se powder sample. Magnetic
susceptibility and isothermal magnetization of the sample shows paramagnetic behavior
with slight bifurication of ZFC-FC curves around 130 K which is likely due to slight
amount of iron oxide impurity; superconductivity is completely suppressed. This result is
somewhat expected since the FeSe layers are no longer pristine with 2% Ni substitution
and 1.5% vacancies on the Fe site in the FeSe layers.
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atom
Li/Fe1
Fe2
Se1
O1

(Li0.847(2) Fe0.15(1) OD)Fe0.995(2) Se (298 K, PXRD), P4/nmm, Rwp = 12.330%
a = 3.7837(3) Å,c = 9.281(1) Å
Site
x
y
z
Occ.
2b
0
0.5
0
0.847(2)/0.15(1)
2a
0.5
0.5
0
0.995(2)
2c
0
0.5
0.1591(1) 1
2c
0.5
0
0.4293(5) 1

Fe-Se (Å) Se-Fe-Se (◦ ) Se-Fe-Se (◦ ) Fe-Fe (Å)
2.400(1)
112.25(2)
104.03(5)
2.675(5)
(Li0.847(2) Fe0.15(1) OD)Fe0.995(2) Se (2 K, NPD, P4/nmm, Rwp = 7.750%
a = 3.8375(4) Å,c = 9.040(1) Å
atom
Site
x
y
z
Occ.
Li/Fe1
2b
0
0.5
0
0.847(2)/0.15(1)
Fe2
2a
0.5
0.5
0
0.995(2)
Se1
2c
0
0.5
0.1608(4) 1
O1
2c
0.5
0
0.4234(7) 1
D1
2c
0.5
0
0.322(1)
1
Fe-Se (Å) Se-Fe-Se (◦ )
2.399(1)
112.21(1)

Se-Fe-Se (◦ )
104.12(2)

Uiso (Å2 )
0.0155(6)
0.0266(1)
0.0153(2)
0.0015(8)

Uiso (Å2 )
0.024(8)
0.0032(5)
0.0041(3)
0.0131(6)
0.051(1)

Fe-Fe (Å)
2.675(8)

Tab. 4.6: Structural parameters for ground single crystals of (Li0.847(2) Fe0.15(1) OD)Fe0.995(2) Se.
Structures are for room temperature PXRD data and 3 K NPD data. All relevant bond
angles and distances from the refinements are given. Standard uncertainties given in
parantheses indicate one standard deviation.

The Cu and Zn-dopes samples behave very similarly. In both cases, we have observed from high resolution x-ray powder diffraction and neutron powder diffraction that
Cu and Zn ions do not replace Li ions in the LiOH or Fe ions in the FeSe layers. Thus,
the resulting product shows very similar behavior to previous work on the un-doped
(LiOD)FeSe system where the superconducting criticial temperature is dependent on the
tetragonality of the system. 82 As with other un-doped (LiOD)FeSe works, no long range
magnetic order was observed in the neutron powder diffraction measurements on the Cu
and Zn-doped samples. The vacancies caused by the removal of Cu and Zn ions from
the starting material were filled by the additional Fe powders/granules added in the reaction scheme which cause the FeSe layers of the products in both cases to remain close to
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pristine.
These results show that transition metal doping of the (LiOD)FeSe system is limited to the harder low valence transition metals (Mn, Co, and Ni). We have shown that
Mn-doping can lead to the observation of long range magnetic order in the system by
increasing the effective moment of the transition metal in the LiOH layers without largely
effecting the superconductivity as the FeSe layers remain pristine. Co doping behaves
similarly, whereby Co ions only go to the LiOH layer, but the level of Co substitution was
lower than in the Mn case leading to no observable long range magnetic order. Ni doping
was observed to be detrimental to superconductivity in the system as Ni replaces Fe in
the FeSe layer destroying superconductivity. Thus, increased Mn and Co doping, beyond
20% as long as the starting material can be synthesized, is a viable method to stabilize
single crystals of magnetic heterolayer superconductors.

4.7

Conclusions
The coexistence of superconductivity and magnetism may be the key to realize the

next generation of multi-functional materials. To that end, we have successfully synthesized a series of late transition metal doped (LiOH)FeSe single crystals through a
hydrothermal ion-exchange reaction has been shown to house the co-existence of superconductivity and long-range magnetic order in the case of the nominally 20% Mn-doped
sample. We have fully characterized the 20% Mn-doped sample through powder x-ray
and neutron diffraction yielding a stoichiometry of (Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe
showing that the doped Mn migrates fully to the hydroxide layer. Magnetic measurements
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show a superconducting transition at 25 K with shielding fraction ∼ 25% indicating the
superconductivity in single crystal samples may be filamentary in nature with magnetization showing clear Meissner shielding and magnetic signal co-existing at low temperatures exclusively. Transport measurements show a sharp 41 K transition in resistivity
with a distinct non-linear normal state with no clear anomaly detected around the superconducting transition in heat capacity. However, a clear magnetic peak was observed at
∼ 9K in heat capacity measurement which remains robust up to 14 T applied field parallel
to the crystallographic c-axis. Powder neutron diffraction data reveals a satellite magnetic
reflection at Q = 1.41 − 1.44 Å−1 indicating the long-range character of the magnetic
order in this system observed for the first time. Additional neutron experiments would be
required to elucidate the nature of the magnetic ordering in this system. This work shows
that the (LiOH)FeSe system offers a platform for chemical manipulation to induce the
coexistence of long range magnetic order and superconductivity for possible exploitation
as multi-functional materials and for use in quantum computing.
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Fig. 4.5:

Electronic and thermal transport measurements on a single crystal of
(Li0.875(2) Fe0.062(3) Mn0.062(3) OD)FeSe. a) Temperature dependence of electrical resistivity with mutiple applied fields, with the applied field parallel to the crystallographic
c-axis, showing a sharp superconducting transition at 41 K. At higher applied fields,
the transition onset does not change, but the transition width is increased drastically.
b) Temperature dependence of heat capacity at various applied fields showing no
observable anomaly at the superconducting transition temperature, however; a magnetic
transition is observed at ∼ 9 K that is weakly suppressed with high field (inset). c) The
change in entropy calculated as described in main text.
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Fig. 4.6:

top) High resolution synchrotron powder X-ray diffraction patterns for
(Li1−x−y Fe x Niy OD)Fe1−z Mnz Se collected at room temperature, (middle and bottom) show powder neutron diffraction data for (Li1−x−y Fe x Niy OD)Fe1−z Mnz Se at 2
K and 50 K respectively. Green tick marks represent the targeted tetragonal layered
phase and orange tick marks represent impurity selenium. These are shown below the
calculated, observed, and differences curves from Rietveld analysis. Analysis yielded a
composition of (Li0.8229(1) Fe0.176(3) OD)Fe0.964(3) Ni0.020(1) Se.
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Fig. 4.7:

a) High resolution synchrotron powder X-ray diffraction patterns for
(Li1−x−y Fe x Cuy OD)Fe1−z Cuz Se collected at room temperature, b) and c) show
powder neutron diffraction data for (Li1−x−y Fe x Cuy OD)Fe1−z Cuz Se at 2 K and 50 K
respectively. Green tick marks represent the targeted tetragonal layered phase, orange
tick marks represent impurity selenium, and purple tick marks represent impurity
starting material in the x-ray data. These are shown below the calculated, observed,
and differences curves from Rietveld analysis. Due to remaining starting material, the
sample was reacted for 3 additional days before neutron analysis, where green tick
marks represented the targeted phase and orange tick marks show impurity lithium
carbonate. Analysis yielded a composition of (Li0.857(1) Fe0.14(4) OD)Fe0.992(3) Se.
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Fig. 4.8:

a) High resolution synchrotron powder X-ray diffraction patterns for
(Li1−x−y Fe x Zny OD)Fe1−z Znz Se collected at room temperature, b) and c) show
powder neutron diffraction data for (Li1−x−y Fe x Zny OD)Fe1−z Znz Se at 2 K and 50 K
respectively. Green tick marks represent the targeted tetragonal layered phase, orange
tick marks represent impurity selenium, and purple tick marks represent impurity zinc
selenide. These are shown below the calculated, observed, and differences curves from
Rietveld analysis. Analysis yielded a composition of (Li0.847(2) Fe0.15(1) OD)Fe0.995(2) Se.
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Fig. 4.9:

a) High resolution synchrotron powder X-ray diffraction patterns for
(Li1−x−y Fe x Coy OD)Fe1−z Coz Se collected at room temperature, b) and c) show
powder neutron diffraction data for (Li1−x−y Fe x Coy OD)Fe1−z Coz Se at 2 K and 50 K
respectively. Green tick marks represent the targeted tetragonal layered phase and
orange tick marks represent impurity selenium. These are shown below the calculated,
observed, and differences curves from Rietveld analysis. Analysis yielded a composition
of (Li0.842(1) Fe0.135(4) Co0.02(3) OD)Fe0.950(2) Se.
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Fig. 4.10: (left) Temperature dependent magnetic susceptibility at 30 Oe and (right) Isothermal magnetization at 2 K and 50 K measured on ground single crystals of
(Li0.8229(1) Fe0.176(3) OD)Fe0.964(3) Ni0.020(1) Se displaying non-superconducting behavior,
most likely due to Ni substitution on the Fe-site in the FeSe layers.

Fig. 4.11: (left) Temperature dependent magnetic susceptibility at 30 Oe and (right) Isothermal magnetization at 2 K and 50 K measured on ground single crystals of
(Li0.857(1) Fe0.14(4) OD)Fe0.992(3) Se displaying superconducting behavior with a superconducting transition at 32 K.
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Fig. 4.12: (left) Temperature dependent magnetic susceptibility at 30 Oe and (right) Isothermal magnetization at 2 K and 50 K measured on ground single crystals of
(Li0.847(2) Fe0.15(1) OD)Fe0.995(2) Se displaying superconducting behavior with a superconducting transition at 42 K.

Fig. 4.13: (left) Temperature dependent magnetic susceptibility at 30 Oe and (right) Isothermal magnetization at 2 K and 50 K measured on ground single crystals of
(Li0.842(1) Fe0.135(4) Co0.02(3) OD)Fe0.950(2) Se displaying superconducting behavior with a
superconducting transition at 30 K.
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Chapter 5:

Alkali metal-free hydrothermal synthesis of ethylenediamine intercalated iron chalcogenides

The work described within this chapter was submitted to Inorganic Chemistry.
Brandon Wilfong, Xiuquan Zhou, Huafei Zheng, Johnpierre Paglione, Rishvi Jayathialake,
Daniel J. Campbell, Sz-Chian Liou, and Efrain Rodriguez were contributing authors of
the manuscript. B.W., X.Z., and H.Z. prepared the samples, B.W. collected X-ray diffraction data, performed MPMS measurements and collected resistivity data, B.W. and S.C.L
performed TEM and ED experiments, D.J.C. collected SEM and EDS data and R.J. performed TGA analysis.

5.1

Introduction
The discovery of superconductivity in the iron-based superconductors La(O1−x F x )FeAs 22

and FeSe 42 spurred a surge of research activity. Much like the copper-oxygen layers
which are key for superconductivity in the copper-based superconductors 245 , all ironbased superconductors contain stacked layers of iron pnictides or chalcogenides. 27 In the
simplest case, FeSe contains stacked tetrahedral layers of an square iron sublattice with
each iron tetrahedrally coordinated to either pnictide or chalcogenide atoms. 42,45
With FeSe and FeS displaying superconductivity at 8 K 42 and 4 K 58 , respectively,
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there has been substantial research on intercalation chemistry within the system to probe
how intercalated species will affect the properties. Much of the work has focused on FeSe
as opposed to FeS due to the metastability of FeS. 59 To date the successful intercalates
of the iron chalcogenide system consists of simple cations 76–78 and/or partially charged
hydroxide or amine layers. 46,79–81,83–87 After intercalation the T c of FeSe can be raised
significantly to 43-46 K from 8 K. Although both hydroxide or amine intercalation can
increase the T c of FeSe, only LiOH intercalation is known to increase the T c of FeS. 87
In the case of simple cations, ionic interactions between the cationic layer and the
iron chalcogenide layers help stabilize the structure. However, in the partially charged
amine or hydroxide case non-ionic guest-host interactions such as hydrogen bonding
would also help stabilize the layered structures. In most works regarding intercalation
of amines, the co-intercalation of alkali metal atoms has been required since they to coordinate with the amine molecules. 46,83–86 We demonstrate here that alkali metal cations are
not required and intercalated strucutures may be stabilized by hydrogen bonding alone.
Amine intercalations are usually achieved by forming solvated electrons using alkali metal and liquid amines, which inevitably leads to co-intercalation of alkali metal
ions. This makes determining the electron doping effect on the T c of FeCh (Ch = S
and Se) quite difficult due to the formation of multiple intercalated species. Two different approaches in synthesis have been pursued to understand the doping effect of these
intercalated species and samples. One approach is to directly react FeCh with amines
solvothermally, to form ethylenediamine(EDA)-intercalated FeSe and FeS. 246–248 However, the type of potential intercalates are limited using this method as the intercalates
have to be in the form of liquid or exhibit low melting points. The other approach is to
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hydro/solvothermally prepare intercalated FeCh phases through bottom-up synthesis. We
pursue this approach here in order to find synthetic routes that maximize the number of
different intercalates that can be inserted into FeCh superconductors without the requirement of alkali metals. In the previously mentioned synthetic approaches, alkali metals are
directly reacted with amines before adding the iron chalcogenides species which results in
a differently chemically active solvated alkali metal ions 249–251 as opposed to aqueous alkali metal hydroxide ions used in our synthetic route. Thus, alkali metal - amine reaction
scheme, solvated alkali metals co-intercalate with amines whereas in our reaction scheme,
the aqueous alkali metal does not coordinate to the amine and co-intercalate between the
iron chalcogenide layers.

5.2

Experimental Methods
For a typical preparation of EDA-intercalated FeCh (Ch = S, Se), 4 mmol of Fe

powder (Alfa Aesar, 99.5%), 10 mmol of thiourea (Sigma-Aldrich, 99%) or 5 mmol selenourea (Sigma-Aldrich, 98%), 7 mmol of KOH (Fisher, 85%) which equates to ∼ 0.5
M solution, 10 mL H2 O, and 3 mL ethylenediamine (Sigma-Aldrich, 99%) sealed within
a Teflon cup within a stainless steel autoclave at 120 - 160 ◦ C for 2 - 6 days. After the
hydrothermal process, the contents were washed and centrifuged with de-ionized water
several times until the supernatant was clear. The recovered black powders were collected,
vacuum dried and stored in an Argon glovebox.
Powder X-ray diffraction (XRD) data was collected usining a Bruker D8 X-ray
diffractometer utilizing Cu Kα radiation (λ = 1.5418 Å, 2θ = 5 - 70◦ , step size = 0.020◦ ).
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Pawley refinements were performed using the TOPAS software. 126 Microscopic images
were examined on a Hitachi SU-70 SEM field emission scanning electron microscope
(SEM), and their elemental compositions were determined by energy dispersive X-ray
spectroscopy (EDS) using a Bruker EDS detector. Electron diffraction patterns were obtained using a JEM 2100 LaB6 transmission electron microscope (TEM) at an acceleration voltage of 200 KeV. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were performed using Mettler Toledo TGA/DSC 2 under high-purity
Ar. TGA/DSC samples were placed in alumina crucibles covered with alumina lids and
heated from room temperature to 600 ◦ C at the rate of 10 ◦ C/min.
Magnetic susceptibility and magnetization measurements were performed using a
Quantum Design Magnetic Property Measurement System (MPMS3). Temperature dependence of magnetic susceptibility was performed at various applied fields and magnetization isotherms were measured up to fields of ± 7 T. Electrical resistivity measurements
were performed on as-recovered and annealed samples of pressed pellets of ground powders cold-pressed into a pellet with 2000 psi of uniaxial stress. Temperature dependence
of electrical resistivity was performed using the four-probe method from 2 K - 300 K with
applied currents of 0.1 mA and frequencies around 17 Hz.

5.3
5.3.1

Results and Discussion
Alkali metal free hydrothermal ethylenediamine intercalation
All successful hydrothermal intercalations of EDA occurred at 120 ◦ C; higher tem-

peratures led to increased FeSe/FeS and Fe3 O4 formation with no intercalation. The re121

sults of varying the reaction time are presented in Figure 5.1 and 5.2. For the sulfide
analogue, we find successful intercalation after two day reaction time; however,some
tetragonal FeS remained. At four days, the remaining FeS is fully intercalated by EDA.
After six days, no intercalation is observed and only poorly crystalline FeS and iron powder remain. For the selenide analogue, two day reactions reveal a possible intermediate
intercalated phase. This new layered phase could be indexed with the structurally related
K x Fey Se2 (122-type), although its stoichiometry could not be determined. In previous
works, this phase was shown to form in the sulfide case when using KOH as the base in
the reaction. 87 After a four day reaction, the 122-type structure had converted to EDAintercalated phase and the formation of Fe3 O4 is observed. After six days, there is no
intercalated phase, all that remains is poorly crystalline FeSe, additional Fe3 O4 , and Fe
powder.
Previous work on amine intercalation in FeCh species focused on the co-intercalation
of alkali metal ions which would stabilize the amine intercalate through alkali metal coordination to the amide groups. 46 This method has been successful for a number of different
amines and alkali metals, 77,83,85,86,252,253 but the amount of electron doping level in these
systems is difficult to solve. Amines can intercalate as both neutral molecules and negatively charged amides or imides. 46 Therefore, simply determining the alkali metal content
does not gave the electron doping level. However, using our hydrothermal method the formation of metal amides are prevented. Also, due to the co-intercalated alkali metal, all
compounds made via the previous method are extremely air sensitive making extended
characterization increasingly difficult. Thus, this work aims to use our hydrothermal
method in order to remove the necessity for alkali metal coordination as the stabilizing
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Fig. 5.1: Pawley refinements on ground powders of (C2 H8 N2 ) x FeS after varying hydrothermal
reaction times.

factor.
Previously, we intercalated ammonia molecules along with protons hydrothermally
into FeCh layers. We resolved the structure of intercalated species through the use of neutron powder diffraction. In this analysis, the location of the hydrogen atoms and ammonia
molecules were determined and the N-H· · · Ch had clear implications for hydrogen bonding. However, this type of structural analysis is nearly impossible for ethylenediamine
molecule NH2 -C2 H4 -NH2 where all 12 atoms are in the highly disordered 16i site, for the
I4/m space group. 86 Secondly, previous work showed that the proton position is at the 2b
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Fig. 5.2: Pawley refinements on ground powders of (C2 H8 N2 )y FeSe after varying hydrothermal
reaction times.

site with about 50% of the occupancy, which allows for precise refinement from neutron
diffraction and direct understanding of the doping effects within the system. Previous
work 246–248 has shown this synthesis can be done solvothermally, however; this severely
limits the types of intercalate adducts that can be used as they must be liquid at or below
120 ◦ C, especially in the case of FeS due to its limited thermal stability.
The results of the SEM, EDS and TGA measurements are presented in Figure 5.3
and 5.4, which help us understand the morphology, composition, and stability. Elemental
analysis from EDS is in general agreement with previous reports, 246,248 although direct
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stoichiometry cannot be matched due to remaining iron and iron-containing impurities,
especially showing that our samples do not show alkali metals which are present in samples grown by the alkali metal - amine method. 254,255 This confirms that our samples are
alkali metal free as the aqueous alkali metals from the alkali metal hydroxides do not
co-intercalate with the ethylenedimaine as solvated alkali metal ions do in the previously
discussed synthetic method. This is likely due to the difference in chemical activity of
solvated alkali metal ions as opposed to aqueous alkali metal ions. Elemental analysis
for C/H/N cannot be performed with EDS due to their low effective charge and highly
overlapping spectra. TGA analysis was performed under argon atmosphere to show that
the hydrothermal intercalated phases are stable up to temperatures higher than previously
reported for intercalated FeCh phases. 246,248 (C2 H8 N2 ) x FeS showed weight loss, owning
to ethylenediamine de-intercalation, at 225 ◦ C, while (C2 H8 N2 )y FeSe did not show deintercalation until 350 ◦ C. Although these de-intercalation temperatures are different than
the reported weight loss temperatures for the ammonia intercalated phases 256 , we cannot
definitely rule out that ammonia intercalated species do not exist in this compound due to
the use of thiourea and selenourea as the chalcogenide sources. Weight loss before and
after the de-intercalation give rough estimates of x = 0.19 and y= 0.16 ethylenediamine
occupancy per unit cell for (C2 H8 N2 ) x FeS and (C2 H8 N2 )y FeSe respectively; these values
are both less than their solvothermal analogues which may mean the ethylenediamine coordination or intercalated structure may differ due to the different synthetic method. 246,248
Surprisingly, this means the ethylenediamine intercalated FeS phase is stable up to temperature comparable to the metastable FeS binary. 59 . The selenide analogue is much
more stable than the solvothermal synthesized version 246 and matches the highest tem125

peratures at which alkali metal co-intercalated ethylenediamine samples were annealed. 84
Both samples do not appear to be air sensitive after exposure for a week. The large thermal range of stability for these hydrothermally prepared iron chalcogenides gives a good
basis for post-modifications to alter the physical properties.
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Fig. 5.3: TGA and SEM/EDS analysis of (C2 H8 N2 ) x FeS ground powders.
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Fig. 5.4: TGA and SEM/EDS analysis of (C2 H8 N2 )y FeSe ground powders.

5.3.2

Intercalated ethylenediamine crystallography and symmetry
Figure 5.5 shows XRD patterns for (C2 H8 N2 ) x FeS and (C2 H8 N2 )y FeSe as recovered

from the hydrothermal autoclave. Pawley fits were used to model the diffraction data since
the intercalated structure is too complex to solve by Rietveld analysis with the laboratory
XRD sources. However, neutron powder diffraction (NPD) could help solve the position
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of the light elements of the organic clusters. Previously Jin et al. had utilized NPD to
solve the structure of a related intercalated phase Na0.39(1) (C2 N2 H8 )0.77(1) Fe2.02(1) Se2 . 86 .
Therefore, we used a similar model with space group I4/m for our Pawley fits of the
intercalated structure. Both patterns can be indexed well using this space group yielding
lattice parameters close to previous reports. 248 It should be noted that in both powder
patterns only the (00l) reflections are resolved due to strong preferred orientation as well
as possible stacking faults along the c-axis.
For (C2 H8 N2 ) x FeS, Pawley fits gave lattice parameters of a = 3.700(5) Å, c =
20.67(1) Å which are in close agreement to alkali metal and alkali metal-free ethyelendiamine intercalated FeS. 77,248 In this case, the a-axis lattice parameter is slightly larger
due to the in − situ formation of the FeS layers as opposed to intercalating pre-formed
tetragonal FeS powders. In in-situ formation of FeS layers may be influenced by the
intercalated species through hydrogen bonding directionality and stability. Interestingly,
the c-axis lattice parameter is in much closer agreement to the potassium co-intercalated
ethylenediamine FeS rather than the solvothermal EDA treatment possibly due to the role
of proton intercalation via the hydrothermal process. The only remaining impurity comes
from excess Fe powder remaining from the in− situ growth of FeS layers. To avoid excess
Fe, we attempted syntheses using pre-reacted tetragonal FeS at 120 ◦ C over 2 - 6 days, but
were unsuccessful. Remaining Fe powder could be mostly removed from the recovered
product by using a weak magnet. However, this recovery method significantly reduced
product yield since the desired product was intergrown with unreacted Fe powders.
Pawley fits for selenide analogue yielded lattice parameters of a = 3.813(2) Å, c
= 21.64(3) Å. The previous solvothermal work indexed the EDA-intercalated FeSe with
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Fig. 5.5: Pawley refinements with powder XRD for the structures of (C2 H8 N2 ) x FeS and
(C2 H8 N2 )y FeSe as recovered from hydrothermal synthesis.
(a) Refinement of
(C2 H8 N2 ) x FeS in the body-centered tetragonal structure (I4/m) at room temperature; (b)
refinement of (C2 H8 N2 )y FeSe with a body-centered tetragonal structure (I4/m) at room
temperature. Lower tick marks correspond to the tetragonal phases. Additional tick
marks denote impurities present with the sample.

an orthorhombic cell, but we did not find the same result since we did not observe orthorhombic splitting of the (013) or (015) peaks. The a-axis and c-axis lattice parameters closely agree with previously reported for alkali metal co-intercalated EDA-FeSe
and solvothermal EDA-FeSe. 84,86,246,247,255 The powder XRD pattern for (C2 H8 N2 )y FeSe
is more complicated than the sulfide analogues due to the synthetic challenges raised by
selenium. To start, additional impurities included tetragonal FeSe and iron oxide Fe3 O4 .
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Fig. 5.6: (a) Electron diffraction pattern of ethyelenediamine-intercalated, (b) model FeS layers
rotated as observed in electron diffraction images, and (c) FeS, green circles indicating
allowed reflections and rotated pairs for the I4/m unit cell with red circles indicating forbidden reflections and blue showing possible reflections from intercated EDA molcules.

We easily identify un-intercalated FeSe by its (001) reflection (d = 5.5258 Å), which is
proximate to the (004) reflection of the intercalated phase (d = 5.41 Å). We hypothesize
that remaining tetragonal FeSe is due to the thermodynamic stability of FeSe compared
to that of metastable FeS. The appearance of Fe3 O4 only in the selenide analogue is due
to the electrochemical potential differences of S2− and Se2− . Attempts to remove Fe3 O4
using reaction times less than 4 days lead to no EDA intercalation while both longer reaction and higher temperatures lead to no intercalation and/or more impurity. Interestingly,
the Fe3 O4 would not form in the product if the reaction was carried out in D2 O instead
of H2 O despite reducing the crystallinity. Similar solvent effects were observed for the
synthesis of LiOD-intercalated FeSe, where the use of D2 O suppressed the formation of
iron oxide impurities. 82
Since it was not possible to resolve the structure from the powder XRD data, we
have investigated their structures via electron diffraction (ED) using transmission electron microscopy (TEM). Despite poor resolution for reflections other than (00l) on their
XRD patterns, we observed well-resolved (hk0) reflections by ED. This indicates that the

129

(a)

(220)

(120)

(1-10)

(010)

(110)

(210)
(300)

(100)

(200)

(-100)
(0-10)

(2-10)
(-110)

(-1-10)

(-2-10)

Fig. 5.7: (a) Electron diffraction pattern of ethyelenediamine-intercalated FeSe; green indexing
and circles indicate allowed reflections for the I4/m unit cell while red indicates forbidden
reflections.

seemingly poor crystallinity of the samples is a result of strong anisotropic broadening on
the Bragg-Brentano geometry due to extremely short coherence lengths over the c-axis of
the layers.
The FeS analogue exhibits complicated ED patterns. As shown in Fig. 5.6, the
diffraction spots highlighted by green circles could be assigned to three different square
lattices with a = 3.69 Å, which is very close to our refined value by PXRD. Interestingly,
the two weaker sets of spots are placed at the positions by rotating the stronger set by 26◦
and -26◦ respectively. This suggests that the extra two sets of reflections likely do not
originate from two other randomly stacked nanocrystals. Indeed, we found another set of
weak reflections (highlighted in blue in Fig. 5.6c) that do not show such twin reflections
at ±26◦ . These extra diffraction spots (blue) cannot be indexed with the tetragonal lattice.
In addition, considering they are much weaker compared to the square-lattice reflections,
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these spots likely originate from the EDA molecules within the sheets. Since they do
not rotate with the FeS sheets, it is likely that the EDA molecules do not arrange in a
commensurate fashion with the square lattice of FeS and are vertically arranged between
the FeS sheets. This configuration of the EDA molecules may be a result of stronger
hydrogen bonding in the sulfide over the selenide of the type N-H· · · Ch. This hydrogen
bonding may lead structure directing of subsequent FeS layers which would result in the
observed c-axis disorder.
More structural disorder in the intercalated FeS is revealed in Figure 5.8 in Supplemental Information. These images are taken from different crystallites within the same
synthetic batch. It is difficult to understand the driving force leading to varying degrees
of c-axis disorder in this system, but it is likely caused by different degrees of hydrogen
bonding or coordination with adjacent FeS sheets. This increased c-axis disorder and subsequent ED ‘’smudging” was observed in ethylenediamine intercalated SnS2 as well. 257
Figure 5.8 also shows a TEM image of lattice fringes within the sample which display an
average length of less than 10 nm indicating short coherence lengths along the c-axis due
to stacking faults or possible twisting of the FeS layers due to intercalated EDA.

Fig. 5.8: Electron diffraction pattern of ethyelenediamine-intercalated-FeS and TEM image of lattice fringes of EDA-FeS.
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For the FeSe sample, its ED pattern agrees with the XRD data as the unit cell
can be indexed to a tetragonal one with a = 3.83 Å(Fig. 5.7). However, we were able
to observe a set a forbidden reflections at the condition (h + k = 2n + 1). This could
be caused by disorder or a charge density wave, which is also seen for the ammoniaintercalated FeCh. 256 More interestingly, their ED patterns are almost identical. However,
unlike ammonia, whose atoms can be arranged into a nearly perfect tetrahedron, the EDA
molecule is much more complex and does not exhibit 4-fold rotational symmetry. The fact
that no extra reflection spot breaks the 4-fold symmetry suggests a completely disordered
configuration for the EDA molecules. Therefore, all the C, H and N atoms in EDAintercalated FeSe are likely to occupy the 16i Wyckoff position in a disordered manner.
We cannot determine whether protons co-intercalate with EDA to occupy the edge-center
(2b site) of the unit cell, but it is a reasonable assumption given the synthetic and structural
similarities between both intercalated FeSe phases.

5.3.3

Intercalated ethylenediamine configuration and guest-host interactions
To date, much of the work on the synthesis and characterization of ethylenedi-

amine intercalated iron selenide has focused on the increase in critical temperature observed. 84,86,246,255,258 In these intercalated iron selenide systems, increasing two dimensionality of the FeSe layers as well as charge doping due to intercalated species combine
to produce the increase in superconducting critical temperature. Both of these factors are
determined by the new structures which form as intercalated species exist between the
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FeSe layers. Thus, fully understanding the novel structures which arise from molecular intercalation between these inorganic layers is immensely important for future guided
synthesis and to understand how the superconducting properties change in these systems
due to the changes in structure.
There exist two main forces which likely help stabilize the intercalation of ethylenediamine in FeSe, electrostatic forces due to charge species formed via ethylenediamine
coordination to metal ions and/or hydrogen bonding from the ethleyendiamine molecules
to the chalcogenides in the FeSe layers. There has been extensive work on the characterization of ammonia and ethylenediamine intercalation into various layered chalcogenide
compounds. For ammonia intercalation of transition metal dichalcogenides, nuclear magnetic resonance and diffraction work has shown that the formation of ammonium ions
and/or the arrangement of intercalated ammonia molecules to maximize hydrogen bonding to nearby chalcogenide ions helped stabilize the structure of these compounds. 259–269
Ethylenediamine intercalation is similar although there has been no reports thus far showing a similar homosolvation model to ammonia intercalation. Thus, ethylenediamine exhibits coordination to metal ions in solution to generate interlayer charged species to
stabilize the structure, and/or the ethylenediamine molecules arrange to maximize aminohydrogen bonding toward the chalcogenide layers. In the former case, dissolved metals in
solution coordinate with the ethylenediamine molecules to form metal-ethylenediamine
coordinated molecules. 270–278 Harder Lewis acid metals preferentially coordinate with
the ethylenediamine to form these coordinated species whereas softer cations typically
form the chalcogenide layers or chains. When no metal ion coordination is present, free
ethylenediamine molecules arrange between layers so that amino-hydrogen bonding to
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chalcogenide or oxide ions stabilize the structure. 257,279–283 The hydrogen bonding interaction in these inorganic/organic hybrid materials stabilizes the structure, but also directs
the inorganic constituents structure since hydrogen bonding is directional in nature.
There have been three main works which discuss possible crystal structures for
ethylenediamine intercalated iron selenide, shown in Figure 5.9 86,247,255 Two of these
works consider akali-metal co-intercalation while the other uses an alkali-metal free solvothermal method similar to the hydrothermal method considered in this work. All three have
different solutions for how ethyelendiamine intercalates between FeSe layers determined
through different methods, such as neutron powder diffraction and single crystal diffraction. For the two with alkali metal co-intercalation, the coordination of the ethylenediamine molecule to the alkali metal is different. The almost ubiquitous role ethylenediamine plays in coordination chemistry is well catalogued. 284,285 With regards to the
first structure Figure 5.9 (left), the coordination of the ethylenediamine molecule to the
sodium ion does not go through the nitrogen atoms but instead the carbon-carbon bond
is proximate to the alkali metal. This is unlikely as the nitrogen atoms in ethylenediamine are strong Lewis bases for which coordination to the alkali metal should dominate.
This structure was improved upon up the same authors in Figure 5.9 (center) where now
monodentate or bridging ethylenediamine molecules arrange vertically between the FeSe
layers and the FeSe layers are arranged in a primitive setting. Although this makes more
sense from a coordination chemistry perspective, monodentate ethyelendiamine is very
rare 286–289 as the two nitrogen atoms predominately form a bidentate to the same coordination site. Even amongst similar reaction schemes, the bidentate nature of ethylenediamine is well reported. 247,276–278 . The authors report that increasing Li content leads to the
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transformation of the body centered stacking of the FeSe layers to the primitive setting.
This may be due to the effects of Li-ethylenediamine coordination which leads to directional hydrogen bonding which guides the FeSe layers into the primitive setting through
amino-hydrogen interactions with the selenide ions of the FeSe layers. 255 The stability
of both of these intercalated compounds likely comes from electrostatic forces from the
introduction of interlayer charged species; however, the arrangement of amino-hydrogens
in the ethylenediamine molecules exhibit possible hydrogen bonding to selenide ions in
the FeSe layers. In both of these cases, these compounds exhibit high superconducting
critical temperatures, likely due to charge doping the FeSe layers, but without a concrete
understanding of the interlayer species, determining the exact doping leading to this increased critical temperature is impossible.
For the last case, Figure 5.9 (right), without alkali metal co-intercalation, the ethylenediamine molecule is not coordinated to anything and is free between the FeSe layers.
From this work, the reaction scheme requires Fe powder to be oxidized in solution to
form the FeSe layers 247 , thus the lack of Fe ion centered ethylenediamine coordination
complexes is questionable as the formation of Fe ion centered ethylenediamine complexes
in similar hydrothermal and solvothermal syntheses has been documented. 276–278 Since,
no metal ion coordination exists electrostatic forces do not exist to stabilize the intercalation, thus requiring hydrogen bonding. Previous work on ammonia intercalation of
FeSe 46 showed how hydrogens bonded to the nitrogen are directed toward the selenide
ions leading to a bond distance of 2.75 Å consistent with weak hydrogen bonding observed in a wide range of works. 290 The structure reported by Stahl et. al has a closest
N-H · · · Se distance of 3.63 Å which is outside the range for hydrogen bonding. Thus,
135

without the electrostatic forces due to metal ion-ethylenediamine coordination and no
hydrogen bonding, it is hard to understand what stabilizes the structure in this case. In relation to the alkali metal intercalated phase, since no charged species exist in this system,
there is no effective charge doping to the FeSe layers and may be one cause as to why
superconductivity is not observed. 247
The current work, without powder neutron diffraction or single crystal diffraction,
does not allow for complete structural analysis. However, similar previous work on hydrothermal ammonia intercalation has showed proton intercalation plays the role of electrostatic stabilization and hydrogen bonding. Hydrogen bonding from the intercalated
ammonia atoms was also determined to be significant through neutron powder diffraction
analysis. Thus, it is likely that the hydrothermal method for ethylenediamine intercalation may exhibit proton co-intercalation similar to the ammonia case and significant
hydrogen bonding from the hydrogens attached to the nitrogen directed at the chalcogenide ions. Current ED patterns for the hydrothermal ethylenediamine synthesis exhibit
clear four fold symmetry due to the Fe sublattice in the iron chalcogenide layers. This
rules out the formation of iron chalcogenide chains which has been observed in similar synthetic works. 247,276–278 Interesingly, in previous works using neat ethylenediamine
only iron chalcogenide chains form, 247,276–278 whereas when a hydroxide source is added,
glyercol 247 or water (in the current work), iron chalocogenide layers can be formed. This
hints at a fundamental role hydroxide ions play in the synthesis of extended iron chalcogenide layers as opposed to chains. Further structural analysis of organic molecule intercalation in iron chalcogenides is needed to understand the role metal ion coordination
plays in structural stabilization and charge doping to enhance superconductivity. In the
136

Model 1
Na0.39(C2N2H8)0.77Fe2Se2

Model 2
Li0.31(C2N2H8)0.52Fe2Se2

Model 3
(C2N2H8)0.3Fe0.85Se

Fig. 5.9: Proposed structures for ethylenediamine intercalated FeSe from previous works. 86,247,255
Left/center depict alkali-metal stabilized ethylenediamine intercalation and right shows
solvothermal alkali metal free ethylenediamine intercalated FeSe. Occupany and disorder for the ethylenediamine molecules have been simplfied for illustrative purposes.

case where metal ion coordination does not occur, hydrogen bonding must stabilize the
structure which requires in-depth structural analysis through neutron and/or single crystal
diffraction.

5.3.4

Magnetic and transport properties of intercalated species
Intercalation of various species between FeSe and FeS layers has shown to change

the properties drastically, from enhancing superconductivity to inducing magnetic order.
Previous work on alkali metal co-intercalated ethylenediamine showed an increase in
critical temperature for FeSe from 8 K to 45 K 84,86,258,291 while superconductivity was
suppressed in FeS displaying paramagnetic behavior. 254 For the case of intercalated FeSe
species, the increase in critical temperature is understood to be a combination of effects
due to an increase in adjacent FeSe layer distance as well as electron-doping from the
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Fig. 5.10: Temperature dependence of magnetic susceptibility of (C2 H8 N2 ) x FeS (top) and
(C2 H8 N2 )y FeSe (bottom) at various applied fields. The insets show low temperature
behavior for each species. For (C2 H8 N2 ) x FeS a broad antiferromagnetic transition is
shown at 55 K while for (C2 H8 N2 )y FeSe a clear transition is shown at 40 K which is
superconducting-like in appearance at 70 Oe applied field.

intercalated species. Only one intercalated FeS species has been shown to increase the
critical temperature 87 while the change to paramagnetic behavior is likely due to overdoping caused by the intercalated species. Figure 5.10 shows the temperature dependence
of magnetic susceptibility for (C2 H8 N2 ) x FeS and (C2 H8 N2 )y FeSe at various applied fields.
The magnetic susceptibility of (C2 H8 N2 ) x FeS is shown in Figure 5.10 (top). At
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Fig. 5.11: Isothermal magnetization of (C2 H8 N2 ) x FeS (top) and (C2 H8 N2 )y FeSe (bottom).
(C2 H8 N2 ) x FeS (top) shows weak hysteretic behavior at 2 K owning to possible canted
antiferromagnetism or some remaining net moment in the sample down to base temperature. (C2 H8 N2 )y FeSe (bottom) shows antiferromagnetic behavior due to the overwhelming signal from possible impurity phases; no Meissner shielding is observed in
the magnetization.

30 Oe applied field, a broad antiferromagnetic transition is observed at 55 K indicative
of low-dimensional antiferromagnetic coupling. The absence of superconductivity is in
agreement to other EDA intercalated FeS compounds. 248,254 The isothermal magnetization for (C2 H8 N2 ) x FeS shown in Figure 5.11 (top) shows very weak hysteretic behavior likely due to ferrimagnetism or an uncompensated moment. Figure 5.10 (bottom)
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Fig. 5.12: Temperature dependence of resistance of pressed pellets of ground powders of
C2 H8 N2 )y FeS and (C2 H8 N2 ) x FeSe. Both samples show semiconducting behavior with
no features.

for (C2 H8 N2 )y FeSe shows a clear transition in magnetic susceptibility at 70 Oe applied
field. The transition at 40 K is highly reminiscent of a superconducting transition. Several previous studies on alkali metal and solvothermal ethylenediamine intercalated samples yielded superconducting samples with similar critical temperature. 84,86,246,258 Unfortunately, the parasitic contribution from the possible impurities does not allow us to see
the true diamagnetic contribution and shielding volume fraction of the superconducting
transition. Figure 5.11 shows the isothermal magnetization, which is dominated by the
contribution from the impurity that masks the Meissner shielding.
Resistivity measurements were performed on pressed pellets of ground powders of
(C2 H8 N2 )y FeS and (C2 H8 N2 ) x FeSe using the standard four-probe method with silver paint
as contacts. Figure 5.12 shows the temperature dependence of resistance of the samples.
Both samples show semiconducting behavior with no transitions. Ethylenediamine inter-
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calated into FeS by solvothermal methods showed similar behavior to our compounds,
and pressed pellets of other FeS and intercalated FeS samples show semiconducting behavior even if the system is known to be metallic. 59,87,248,292 Previous solvothermal work
on EDA-intercalated FeSe did not report resistance measurements, although superconducting transitions were observed in alkali metal co-intercalated FeSe samples that were
metallic in the normal state. 258 Resistance measurements on pressed pellets may be highly
effected by grain boundaries, surface oxidation, and high contact resistances. Annealing
pressed pellets of each sample at 120 and 200 ◦ C had no effect on the resistance measurements with both samples showing semiconducting behavior and no phase transitions.

5.4

Conclusion
We have successfully synthesized EDA-intercalated FeS and FeSe from a novel

hydrothermal synthetic route. Previous solvothermal methods were only able to synthesize the selenide analogue and were not suitable for the metastable sulfide. The stabilization of the (C2 H8 N2 )y FeS phase demonstrates the robustness and universality of
our basic hydrothermal methods. In addition to cationic species and metal hydroxides,
we have extended topotactic intercalation chemistry to small molecules (NH3 and EDA)
for FeCh using a generic facile hydrothermal route. The successful synthesis of neutral EDA-intercalated FeSe can help with precise determination of the electron doping
level in comparison to alkali metal co-intercalated FeSe. The removal of the necessity
of co-intercalating alkali metals to stabilize ethylenediamine intercalation in these iron
chalcogenides points at the possible exploitation of hydrogen bonding as an important
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factor for stabilizing and directing the structure and properties of novel organic-inorganic
hybrid materials. To obtain high quality superconducting samples further optimization
for the synthesis, such as D2 O, EDA and chalcogenide source concentrations, higher temperature and/or the addition of different mineralizers and solvents, is still required.
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Chapter 6:

6.1

Conclusions and Future Work

Conclusions
To summarize the entire dissertation, we have systematically targeted the class of

materials known as tetrahedral transition metal chalcogenides (TTMCs) due to their structure and proximity to superconductivity in the iron chalcogenide family of superconductors. This class of materials offers a tremendous platform for exploration of interesting
chemical and physical phenomena due to its tetrahedral coordination, square transition
metal sublattice, and van der Waals layered structure. Through the use of this structure,
we have explored topotactic synthetic routes through hydrothermal synthesis and other
chimie douce techniques to synthesize metastable phases while retaining the important
building block of the TTMC family.
We demonstrated that metastable layered tetragonal CoSe single crystals could be
synthesized by a room temperature topochemical deintercalation of a thermodynamically
stable template precursor, KCo2 Se2 , in highly basic aqueous media. In opposition to superconductivity in FeSe, CoSe displays spin glass like behavior with a signature magnetic
transition at 10 K. We propose this spin glass behavior arises from magnetic frustration as
opposed to conventional means due to lack of vacancies and other factors. Magnetic frustration in this compound likely arises from competing magnetic interaction of the square
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transition metal sublattice as well as interlayer coupling of adjacent square lattices. Arrott
plot analysis shows the moments likely lie in the ab-plane which is similar to the starting
material KCo2 Se2 except with a suppressed transition temperature and effective moment.
Transport experiments show metallic behavior with no discernible anomoloues behavior
around the transition temperature in resistivity or specific heat measurements.
When revisiting the iron chalcogenide system, we have moved past simple deintercalation and considered topochemical ion exchange through a hydrothermal synthetic
route. Previous work on the (LiOH)FeSe system showed possible magnetism coexisting with superconductivity due to Fe ion substitution on the Li site in the LiOH layer of
the compound. We have attempted to increase that magnetic signal by substituting other
transition metal cations into the LiOH layer and in turn have developed a method for targeted doping of the LiOH layer without altering the FeSe layers. In particular, we have
observed the formation of long range magnetic order in the 20% nominally doped Mn
sample which is the first time long range order has been observed in this system. Neutron
diffraction measurements show the onset of magnetic order is well within the superconducting state without significantly altering the superconducting properties of the system.
As mentioned, we have expanded the work beyond Mn with other transition metals from
Mn - Zn showing different doping behavior and physical properties depending on their
chemical behavior. In total, this work shows that (LiOH)FeSe system offers a platform
for guided chemical manipulation to induce the coexistence of long range magnetic order
and superconductivity.
Beyond the intercalation of extended solids like LiOH, we have also expanded
possible adducts to include organic molecules through a hydrothermal synthetic route.
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Ethylenediamine intercalation of FeSe and FeS have been synthesized without the need
for alkali metals which were required in previous works to stabilize the structure. The
benefit of this is that charge doping is easier to understand as alkali metal co-intercalation
often caused the formation of multiple charged species which makes the actual doping behavior of the interlayer species difficult to truly understand. Beyond that, this hydrothermal method expands the possible intercalants as long as they have some solubility in water
at low temperature. The intercalation of organic molecules opens the window for hydrogen bonding as a possible mechanism for guided structure directing for how adjacent
TTMC layers are stacked which could offer novel functionalities.

6.2

Future Work
The work described in this thesis only encapsulates a small piece of all the projects

undertaken as a graduate student at University of Maryland. Some of the ongoing work
offers a logical next step with regards to expanding the work described in this thesis and
some new avenues of exploration are possible as well. One project which is currently
ongoing but will require significant additional work is the expansion of the phase diagram
as FeSe to changed to CoSe. Our work on the deintercalation method to form single
crystals of CoSe offers a pathway for the stabilization of any concentration of Fe1−x Co x Se
to be formed as long as the starting material KFe2−y Coy Se2 is able to be synthesized. To
date, current work has been able to synthesize a number of concentrations along the phase
diagram but one outstanding problem is that the starting material exhibits phase separation
as true doping does not occur and KFe2 Se2 and KCo2 Se2 form separately as products.
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This means that the deintercalated product may exhibit both FeSe and CoSe in different
concentrations as opposed to doping. To start, a systematic study of the KFe2−y Coy Se2
starting material would need to be employed in order to understand how to synthesize
the material as a solid solution. From there, the process should be rather straightforward
but the deintercalation conditions will likely need to be tuned depending on the cobalt
concentration as the pure iron phase requires hydrothermal conditions and the pure cobalt
case only requires room temperature conditions.
Beyond expanding the work on FeSe-CoSe, we would like to continue exploration
of expanding the class of TTMC binaries to include other late transition metals. In particular, NiSe should be able to be synthesized from a reductive deintercalation reaction
of KNi2 Se2 . Previous work and preliminary work in our lab has yet to find the correct
conditions required to stabilize this compound. This composition would be particularly
interesting because like the iron case, the KNi2 Se2 is superconducting which means the
deintercalated binary could offer a platform for additional studies of superconductivity.
Along with Ni, the synthesis of any related binary or ternary phase would be interesting as the functionality of the square transition metal sublattice in incredible rich in its
physical properties.
Although two of our works have been focused on the synthesis and properties of
CoSe, additional works are still to be done with regards to magnetic order in the system.
All magnetic and transport measurements have shown spin glass type behavior which has
been corroborated by neutron diffraction. However, we do not understand why spin glass
behavior develops in this system. To date, we explain this behavior as a function of interaction frustration as competing magnetic interactions on the square cobalt sublattice
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and interlayer interactions compete to lead to no long range magnetic ordering. To that
end, inelastic neutron spectroscopy should be employed to determine what spin fluctuations exist in this material at low temperatures which can be used to understand how these
competing interactions lead to the suppression of long range order.
The current work on transition metal doping the (LiOH)FeSe system was limited to
a maximum of nominally 20% for an initial investigation. However, due to the observation
of long range magnetic order in the 20% Mn doped (LiOH)FeSe, a continuation of that
work at higher doping level is warranted. Like the FeSe-CoSe diagram case, this requires
that the formation of the KFe2−y My Se2 (M = Mn, Co, Ni, Cu, Zn) can be stabilized in the
desired structure with doping rather than phase separation. The only two transition metals
of particular interest would be Mn and Co which were shown to selectively dope the LiOH
layer. Not included in this work is work done on the Cr-doped system. Preliminary work
on Cr-doped KFe2 Se2 shown the formation of a new layered phase at mild Cr content but
we have not had the opportunity to follow up on that work. The unknown layered phase
remained after hydrothermal cation exchange of the known Cr-doped KFe2 Se2 phase.
The intercalation of organic molecules and extended hydroxide solids have opened
an avenue for the exploration of the role hydrogen bonding can play on the stacking of
adjacent layers. Hydrogen bonding is weak like van der Waals bonding but is not isotropic
so the directionality of the hydrogen bond may be utilized to dictate the stacking of layers
in this class of materials. In doing so, we may be able to show that rational design of
heterolayer materials could be done through chemical means as opposed to the current
paradigm of mechanical methods.
Finally, one project currently under work is the development of in-situ hydrothem147

ral x-ray diffraction techniques and experiments at 17-BM through collaboration with Dr.
Andrey Yakovenko and Wenqian Xu. Research in our group has shown that the hydrothermal method is a tremendously powerful technique for the synthesis of iron chalcogenides
and heterolayer materials. An example time-resolved x-ray diffraction powder pattern is
shown in Figure 6.1 on the in-situ synthesis of (LiOH)FeS illustrating how the formation
of products from starting materials can be shown in a time-resolved manner.

Fig. 6.1: Rietveld refinement results for in-situ synthesis of (LiOH)FeS showing the phase fraction
of starting Fe powder and (LiOH)FeS product as a function of time with accompanying
lattice parameter evolution of the (LiOH)FeS phase.

Thus, we have worked to develop a method in which x-ray diffraction patterns can
be collected and analyzed in a high-throughput manner so that many different reactions
and conditions can be scanned. We hope this work can shed light on how these metastable
phases form and are stabilized in these reaction schemes. In addition, time resolved xray diffraction will allow kinetic analysis of the formation of these phases which is an
under-studied aspect of hydrothermal synthesis. This work offers a light into the realm
of hydrothermal synthesis of metastable materials and the associated kinetics which may
reveal additional interesting avenues for research and exploitation.
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