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Tetrahedral transition metal chalcogenides (TTMCs), which have a common lay-
ered structural motif that could carry novel functionalities on account of the d-orbital fill-
ing. These metal chalcogenide layers can be held together either by pure van der Waals
forces, ionic forces, or even hydrogen bonding, depending on the guest species interca-
lated in between the layers. Unlike transition metal dichalcogenides (TMDs), TTMCs
have been less explored with respect to their synthesis, chemical reactivity, and physical
properties. Structurally, TTMCs contain the transition metal in a square lattice and typi-
cally crystallize in tetragonal or orthorhombic structures on account of the square lattice.
Some extraordinary properties they exhibit include superconductivity, metallic conduc-
tivity, and itinerant ferromagnetism.

In this dissertation work, we demonstrate that using kinetically controlled soft-
chemistry routes, single crystal form of FeS is prepared for the first time. Furthermore,
using similar route, we expand the binary TTMC family from Fe to Co, preparing the anti-

PbO type of CoSe and CoS for the first time. Using these binary compounds, we demon-



strate that TTMCs can serve as excellent hosts for intercalation chemistry by preparing
alkali bases interacted iron chalcogenides. Upon intercalation, the new compounds show
vastly different properties from the host, such as enhanced superconductivity or coex-
istence of superconductivity and long-range magnetic ordering. This work provides a

framework for designing new binary and heterolyared TTMC:s.
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Chapter 1: Introduction

1.1 Fe-based Superconductors and inspirations

Ever since Heike Kamerlingh Onnes discovered superconductivity, which describes
a phenomenon of zero electrical resistance in materials cooled below a critical tempera-
ture (T.), in 1911,' the term has been associated with cryogenic physics. Indeed, su-
perconductivity was a side product of the 1913 Nobel laureate’s epic quest to achieve
ultra-low temperature in order to liquefy helium. The T, of the first known supercon-
ductor, mercury, is merely 4.2 K.! Despite the low T,’s of early superconductors, the
concept of superconductivity has held great potential to revolutionize the entire energy
industry since its inception.?™ For the past 100 years, the excitement for searching high-
temperature superconductors has never diminished.

There have been several milestones in the field of superconductivity since Onnes’s
discovery, such as the BCS theory® and the high-T. cuprate superconductors,’ which both
received the Nobel prize. Hosono et al.’s discovery of the high-T, Fe-based superconduc-
tors, LaFeAsO,,F, (T, up to 43 K), in 2008 marked the greatest breakthrough since the
discovery of the cuprate superconductors.®® In the family of iron pnictide (FePn) super-
conductors, the common crystal structure assumes a two-dimensional (2D) layered motif

consisting of alternating anionic (FePn)~ layers and cationic layers, such as (LaO)* and



Ba’+, held by ionic interactions. In addition to unconventional superconductivity, the
FePn superconductors are fascinating for exhibiting a close relationship between mag-
netism and superconductivity. In the FePn systems, superconductivity emerges after sup-

pression of the parent antiferromagnetic (AFM) phase. 1°-12,

KiFe.Se, FeSe (L, Fe OH)FeSe

0

/ \ 74
'o
hl.'.

P4/nmm, T.= 8K
14/mmm, T,.=30K P4/nmm, T,=43 K

Figure 1.1: Crystal structures of three layered iron selenides: KgFe;¢Se, (left) FeSe
(centre) and (Li,_,Fe,OH)FeSe (right)

Following the landmark discovery of FePn superconductors lead by Hosono et
al.®°, superconductivity was discovered in another layer Fe-based compound, FeSe, and
soon it attracted incredible amount of attention.'*!8 Unlike FeAs, which is not a super-
conductor itself, the layered S-FeSe exhibits a 7. of 8 K under ambient conditions, and its
T, can be further raised to 37 K by externally applied pressure.'” The tetragonal anti-PbO
type (P4/nmm) $-FeSe (Fig. 1.1 center) consists of sheets of edge-sharing FeSe, tetrahe-
dra held together by van der Waals interactions. Because of weak interlayer interactions
in FeSe, its van der Waals layers are more prone to chemical manipulations compared to
much more strongly bound ionic layers in the iron pnictides. Hence FeSe is an ideal host

for intercalation chemistry.



Indeed, both ionic and molecule species have been inserted into FeSe layers, and
more interestingly up on intercalation, the 7. of FeSe could be significantly enhanced up
to 42-44 K.?%-2% After insertion of ions or molecules, the products usually crystallize into
two types of structures: the ThCr,Si,-type (122-type) body-centered tetragonal (/4 /mmm)
structure, such as K,Fe;_,Se, (Fig. 1.1 left) or the primitive tetragonal (P4/nmm) struc-
ture, such as (Li;_.Fe,OH)FeSe (Fig. 1.1 right), respectively. Besides serving as a host
for intercalation, FeSe can be broken down to single layers to fabricate heterolayered
structures. Ge et al.?’ have achieved an astonishingly high T, above 100 K for FeSe
monolayers grown on SrTiO3 (STO) substrates. This has a great implication that the Fe-
based superconductors can break the liquid nitrogen temperature threshold. However, it is
still unclear why the T, is significantly enhanced for monolayer FeSe. It is suggested that
the heterolayer interface between FeSe and STO results in significant amount of strain to
the FeSe monolayer, which is essential to the high T. of monolayer FeSe.?’~*

All these results indicate that it is possible to further improve the 7. of FeSe by
forming heterolayered structures with appropriate spacers. There are a variety of lay-
ered compounds that can be used to fabricate heterolayered structure with FeSe, such as
brucite-type (Mg(OH),) layered hydroxide and transition metal dichalcogenides (TMDs).
These adduct layers can be insulating, semiconducting, metallic or superconducting, and
they can even be magnetic, such as Ni(OH),.° Therefore, besides discovering new super-
conductors, investigating the emergent properties of the heterolayered structures stacked
from layers with distinct different behaviors can reveal recipes for designing novel func-
tional materials. This is the greatest inspiration for us to explore heterolayered structures

of iron-chalcogenides. Since intercalation chemistry remains the most effective means to
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achieve this, we will introduce it in the next section.

1.2 Intercalation Chemistry for Tetragonal Layered Chalcogenides

Intercalation chemistry has been a longstanding technique for the manipulation of
layered materials such as graphite and chalcogenides.?'~** Like transition metal dichalco-
genides (TMDs), layered tetragonal FeCh can be hosts for intercalation chemistry due
to their van der Waals gaps. Ever since Geballe and coworkers®*7 raised 7. of TMDs
by inserting various bases, intercalation has been an effective method for studying su-
perconductivity and related phenomena in layered materials. Here, we distinguish the
intercalation chemistry from the solid-state methods used for 122-type TTMCs. The 122-
type tetragonal transition metal chalcogenides (TTMCs) are usually formed from melts,
and the formation of K,Fe;_,Se, with a large number of Fe vacancies coexists with several
impurity phases.?>%-? Therefore, our discussion will be focused on intercalation chem-
istry via chimie douce or soft chemical methods, where no drastic change occurs in the
host materials.

Clarke et al.?> successfully intercalated alkali metals (Li*, Na* and K*) into pre-
made FeSe powders using solutions of these metals in liquid ammonia. Interestingly,
not only are the alkali metal cations inserted between the layers but also ammonia and
metal amide moieties. Like A,Fe;_,Se,, these new compounds also assume the ThCr,Si,-
type structure. However, unlike in the A,Fe;_,Se, phases prepared by high-temperature
techniques, in the Liy(ND;)o2(ND3)o gsFe,Se, superconductors the amine occupies the A

site while alkali cations the interstitial sites. Most interesting of all, upon intercalation,



Fe-Se bonding

M I X

Figure 1.2: Band structure of FeSe showing the high-symmetry path for M-I'-X. The
I'-point corresponds to the most antibonding configuration, and the M-point to the most
bonding one.

the 7. of FeSe increased from 8 K'? to 42-44 K. This drastic rise in the T, has been

attributed to partial electron doping of the FeSe layer, 340?41

which is key towards filling
in the M-points of the band diagram (Fig. 1.2). Using a similar liquid ammonia route,
alkaline earth metals can also be intercalated into FeSe, despite achieving a slightly lower
T. than the alkali metals. For Sr and Ba intercalation, the 7. is found to be 35 K**** and
36 K*, respectively. Nonetheless, the compounds are quite remarkable considering that

they cannot be prepared by conventional solid-state methods, such as direct elemental

reaction at high temperature.



Other than liquid ammonia, organic amines such as traditional coordination lig-
ands can also be utilized for cation insertion into FeSe.**™® Ethylenediamine (EDA) is
the most commonly used amine for this purpose, and Li- and Na-EDA intercalated FeSe
also can raise T, to 42-44 K.*>*® Even higher-order amines, such as hexamethylenedi-
amine (HMDA) can co-intercalate along with Li* ions to form large spacers between
FeSe layers, increasing the interlayer distance from 5.52 A'6 up to 16.23 A.%® Although
the as-synthesized product only raised the T, of FeSe to 38 K, post-synthetic annealing
can further enhance the 7, to 41 K.*° Other than linear-chained amines, aromatic amines
such as pyridine, can also serve as a solvent for alkali metal intercalation, and the T
can be enhanced up to 45 K.*’ Interestingly, although the distance between FeSe layers
are increased to about 10.37 A to 16.23 A by varying the amine adducts, the maximum
enhanced 7,’s are fairly close. It is suggested that the optimal electron doping is more
important than interlayer distances once a certain spacer threshold is met.>

In addition to polar basic solvents such as liquid ammonia and organic amines, wa-
ter can also be utilized as a solvent for the preparation of intercalated TTMCs. Although
not intuitively desirable for the intercalation of chalcogenides due to possible decomposi-
tion and oxidation in water, metal chalcogenides can be stabilized as long as the aqueous
reactions are carried out under strongly basic conditions.>! Utilizing an excess of LiOH
under hydrothermal conditions, Lu et al.?* managed to intercalate FeSe with neutral Li
hydroxide layers. Remarkably, the 7, of FeSe was raised to 42 K, comparable to the
intercalation of Li* cations in liquid ammonia. Extensive high-resolution neutron and
synchrotron X-ray diffraction studies later revealed that the correct stoichiometry of the

hydroxide-intercalated superconductor is (Li;_,Fe,OH)FeSe. The hydrogen position was

6



also determined by the neutron studies, which support hydrogen bonding as the mecha-
nism holding these new phases together.?%32-5% Furthermore, the Fe?* cations substituting
for Li* in the hydroxide layer is crucial to the enhanced superconductivity as it charge
dopes the FeSe layer by approximately 15 to 18 % per formula unit, consistent with in-
tercalation of alkali cations in liquid ammonia and amines.

In addition to its high-T, superconductivity, (Li,_,Fe,OH)FeSe attracted significant
attention for its magnetic properties as well. Lu et al.>? reported coexistence of anti-
ferromagnetism and superconductivity from nuclear magnetic resonance (NMR) studies,
although no long-range magnetic ordering was observed in their neutron diffraction data.
Pachmayr et al.?® reported coexistence of ferromagnetic ordering and superconductivity
in (Li;_,Fe,OH)FeSe, alleging that this should lead to a spontaneous vortex lattice from
the proximity of the two types of layers. The vortex latice was observed later by small
angle neutron scattering (SANS) results by Lynn et al.,’* where a ferromagnetic order-
ing below 12.5 K was observed albeit for a small applied field. Although long-range
magnetic ordering in (Li;_,Fe, OH)FeSe has yet to be found, it is suggested that the mag-
netic anomalies arise from the Fe?* in LiOH layer, which may be tunable by synthetic
conditions, 26:33:33:56

Similar to FeSe, FeS can also act as a host for guest species such as alkali cations
with non-aqueous solvents. Guo et al.”’ recently intercalated FeS with K* in EDA. Unlike
its Se analogues, however, the EDA-intercalated sulfide is not superconducting. Rather
it is a semiconductor exhibiting weak ferrimagnetism below 50 K. For intercalation un-
der aqueous conditions, only LiOH intercalated FeS was reported prior to our work. %

(L1,_,Fe,OH)FeS can be prepared using a similar route for its Se analogue. However, un-
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like its selenide counterpart or pure FeS, it has been reported to be non-superconducting
by several groups.>*%° Notwithstanding these earlier works, it is possible that a supercon-
ducting phase diagram exists for the (Li;_,Fe,OH)FeS system, like its selenide analogue,
and optimal electron doping is required to induce superconductivity in this system.
Unfortunately, the intercalation chemistry for binary TTMCs ends with FeSe and
FeS, although the anti-PbO type Fe,,,Te can be another candidate. However, its ability for
chemical manipulation may be significantly hindered by excess Fe in the lattice, as they
cannot be completely removed. ®"-%> Hence, there is no report for successfully inserting an
adduct into the binary FeTe system. Outside the iron family, there was no reported binary

TTMC of other transition metal prior to our work.

1.3 Objectives and Outline

In order to provide more combinations for TTMC-based heterolayered structures,
it is necessary to explore other anti-PbO type layered chalcogenides in addition to FeSe.
The tetragonal structured FeS, a lighter analogue to the superconducting FeSe, has re-
cently been found to be a superconductor below 5 K.%* The new addition of FeS to the
FeCh based superconductors has brought great potentials to this superconducting family,
as the same intercalation chemistry that has been applied to FeSe are likely to be success-
ful with FeS, due to their structural similarities. Hence, the first objective was to optimize
the synthetic pathway for pristine FeS samples, especially in single crystal form, and
study its chemical stability and physical properties (Chapter 3). Furthermore, we hope

to use a similar modified synthetic route to explore the possibility of obtaining binary



TTMCs of other transition metals (Chapter 4). Any new addition to the TTMC family
will significantly broaden the types of heterolayered structures. We will then synthesize
new heterolayred structures and investigate their properties based on existing TTMC pre-
cursors (Chapter 5 and 6). This section provides an overview for each chapter.

In Chapter 2, we introduce the synthetic and characterization methods used through-
out the entire dissertation work.

In Chapter 3, we describe the novel synthesis of single crystals of tetragonal iron
sulfide (FeS) through hydrothermal de-intercalation of K Fe,_,S, single crystals. The sil-
ver, plate-like product is highly crystalline with a superconducting transition temperature
(T2 of 3.5 K found from electrical resistivity measurements. Further characterizations
of the physical properties of FeS are described therein.

In Chpater 4, we describe a general strategy to synthesize metastable layered mate-
rials via topochemical de-intercalation of thermodynamically stable phases. Through ki-
netic control of the de-intercalation reaction, we have prepared two hypothesized metastable
compounds, CoSe and CoS, with the anti-PbO type structure from the starting compounds
KCo,Se, and KCo,S,, respectively. Thermal stability, crystal structure from X-ray and
neutron diffraction, magnetic susceptibility, magnetization, and electrical resistivity are
studied for these new layered chalcogenides. Both CoSe and CoS are found to be weak
itinerant ferromagnets with Curie temperatures close to 10 K. Due to the weak van der
Waals forces between the layers, CoSe is found to be a suitable host for further inter-
calation of guest species such as Li-ethylenediamine. From first-principles calculations,
we explain why the Co chalcogenides are ferromagnets instead of superconductors as in

their iron analogues. Bonding analysis of the calculated electronic density of states both
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explains their phase stability and predicts the limits of our de-intercalation technique. Our
results have broad implications for the rational design of new two-dimensional building
blocks for functional materials.

In Chpater 5, We describe the phase diagram for the deuterated superconducting
system (’Li;_,Fe,OD)FeSe and contrast it with that of (Li,_,Fe,OH)FeSe both in single
crystal and powder forms. Samples were prepared via hydrothermal methods and charac-
terized with laboratory and synchrotron X-ray diffraction, high-resolution neutron powder
diffraction (NPD), and high intensity NPD. We find a correlation between the tetragonal-
ity of the unit cell parameters and the critical temperature, T, which is indicative of the
effects of charge doping on the lattice and formation of iron vacancies in the FeSe layer.
We observe no appreciable isotope effect on the maximum 7', in substituting H by by D.
The NPD measurements definitively rule out an antiferromagnetic ordering in the non-
superconducting (Li;_,Fe,OD)FeSe samples below 120 K, which has been reported in
non-superconducting (Li,_,Fe,OH)FeSe.! A likely explanation for the observed antifer-
romagnetic transition in (L1;_,Fe,OH)FeSe samples is the formation of impurities during
their preparation such as Fe;O,4 and Li,FeO,, which express a charge ordering transition
known as the Verwey transition near 120 K. The concentration of these oxide impurities is
found to be dependent on the concentration of the lithium hydroxide reagent and the use
of H,O vs. D,0 as the solvent during synthesis. We also describe the reaction conditions
that lead to some of our superconducting samples to exhibit ferromagnetism below 7.

In Chapter 6, we present a new family of iron-based superconductors. A metastable
form of FeS known as the mineral mackinawite forms two-dimensional sheets that can

be readily intercalated by various cationic guest species. Under hydrothermal conditions
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using alkali metal hydroxides, we prepare three different cation and metal hydroxide-
intercalated FeS phases including (Li,_,Fe,OH)FeS, [(Na,_.Fe,)(OH),]FeS, and K,Fe,_,S,.
Upon successful intercalation of the FeS layer, the superconducting critical tempera-
ture 7, of mackinawite is enhanced from 5 K to 8 K for the (Li,_,Fe,OH)°" interca-
late. Layered heterostructures of [(Na;_,Fe,)(OH),]FeS resemble the natural mineral
tochilinite, which contains an iron square lattice interleaved with a hexagonal hydrox-
ide lattice. While heterostructured [(Na;_,Fe,)(OH),]FeS displays long-range magnetic
ordering near 15 K, K,Fe,_,S, displays short range antiferromagnetism.

In Chapter 7, we summarize the overall work presented in this dissertation, and

introduce possible future directions based on the outcome of this work.
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Chapter 2: Methods

2.1 Synthetic Methods

Here we will only discuss generic approaches to tetragonal transition metal chalco-
genides (TTMCs), including both simple binaries and heterolayered structures. More

specific synthetic details are described in experimental sections of respective chapters.

2.1.1 Bottom-up Approach

Both simple binary and heterolayered iron chalcogenides can be prepared using
a hydrothermal based bottom-up approach with some variation of synthetic conditions.
For a typical reaction, Fe powder, a chalcogen source (e.g. selenourea, thiourea, Li,S),
and a base, such as LiOH-H,O and NaOH, will be mixed with water in a stainless steel
autoclave, and heated to 120-200 °C for 3-8 d. For the synthesis of LiOH intercalated
FeCh, usually a large amount of LiOH-H,O was used to form a saturated solution, which
ensures complete intercalation of LiOH. While for the synthesis of simple binary FeS,
only a small amount of NaOH was used to avoid the intercalation of NaOH.

Synthetic variables such as reaction time and temperature may have a more signifi-

cant impact on the LiOH intercalated FeCh, while they have much less effect on the prod-
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ucts of binary FeS. The reason is that there are two compositional variables, x and y, in the
LiOH intercalated systems, (Li;_.Fe,OH)Fe,_,Ch, while the composition of FeS can be
considered a constant. We have found that the variables x and y in (Li,_,Fe,OH)Fe,_,Ch
affected the lattice constants and 7. of the products and they were correlated to reaction
time and temperature. Therefore, we were able to obtain a superconducting phase dia-
gram of (Li,_Fe,OH)Fe,_,Ch by fine tuning these synthetic variables. Through such a
comprehensive study, we have gained better understanding for both the chemical process
and the physical properties of these systems.

Although a lot of efforts have been devoted to tuning the synthetic conditions, the
microscopic chemical mechanism remains unclear due to the black-box nature of the hy-
drothermal process. Notwithstanding great difficulties, we have found that the presence
of a strong base and Fe powders were critical. When an Fe?* salt was used, the precipi-
tation of Fe(OH), occurred immediately upon mixing, and the final product was mainly
iron oxides.

One of the crucial processes for the synthesis of TTMCs is the oxidation of Fe
powder to Fe?*. According to the Pourbaix diagram for Fe, under highly basic conditions,
neutral Fe is not stable and will be oxidized, which is also known as caustic corrosion.>'%*
Under highly basic conditions, the dominant form of S and Se in aqueous solutions are
HS~ and HSe™, respectively. Fig 2.1a and 2.1b illustrate two forms of Fe-HS™ clusters
in aqueous and nonaqueous solutions, respectively.® It is reasonable to assume similar
tetrahedrally coordinated Fe clusters are the building blocks of the extended FeCh layers
via a condensation process. This may be the reason that the as-recovered products via

such hydrothermal route always yield tetrahedrally coordinated Fe,Chy layers instead of
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Fe,S,(OH,), [Fe,S,(SH,),1*
(a) (b)

Figure 2.1: Molecules of (a) Fe4S4(OH,)4 and (b) [FesS4(SH4)4]; clusters

the more thermodynamically stable octahedrally coordinated FesChg network. Besides
this template effect, the hydrogen generated during the corrosion of Fe powder provides

a reducing atmosphere to prevent Fe?* from further oxidation to Fe**.

2.1.2 Top-down Approach

Although pure FeS and (Li;_,Fe,OH)Fe,_,Ch samples can be obtained using the
aforementioned bottom-up approach, the as-recovered products are in powder forms. In
order to obtain their simple crystal forms, we employ a top-down topochemical approach
using single crystal templates. The template crystals consisting of existing tetragonal
MCh layers, such as K,Fe,_,Ch,, are grown using high-temperature solid-state routes.

The crystal precursors are then reacted under hydrothermal conditions for topochemical
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deintercalation or ion-exchange. The high-temperature grown crystals usually consists of
high Fe vacancies. Therefore, Fe powders are always necessary for the crystal conversion
as Fe’* ions are formed under hydrothermal conditions and refill the Fe vacancies in the

FeCh layers of the single crystals.

2.2 Characterization Methods

2.2.1 Powder X-ray Diffraction

Room temperature powder X-ray diffraction (PXRD) data were collected on a Bruker
D8 X-ray diffractometer (Cu Ke radiation, 4 = 1.5418 A) at the University of Maryland
X-ray Crystallographic Center (XCC). For a routine measurement, data were collected
with a step size of 0.02° between 5° and 70°. Temperature dependent X-ray diffraction
measurements were performed using a Bruker C2 diffractometer with a Vantec500 2D
detector, 1 = 1.5418 A (step size = 0.05°, with 20 ranging from 11° - 80°). The sample
was heated using an Anton Paar DHS 1100 graphite-dome hot stage.

Mail-in high-resolution synchrotron X-ray diffraction were carried out at Beamline
11-BM at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL).
Diffraction data were collected between 0.5° and 46° with a step size of 0.0001° using a
constant wavelength with an energy of approximately 30 keV (exact wavelength depends
on the beamline cycle).

In order to find any possible crystallographic phase transitions that are coupled
to either the superconducting or magnetization order parameters, temperature dependent

(5-300 K) high-resolution synchrotron X-ray diffraction was carried out for powders of
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ground single crystals at Beamline 11-BM at the Advanced Photon Source (APS). An
Oxford helium cryostat (closed flow system) was used to reach a temperature that is close
to liquid helium (= 4 K). Ground powders of single crystals were packed in 0.4 mm
Kapton capillaries tubes and sealed with epoxy. Diffraction data were collected between
0.5° and 46° with a step size of 0.0001° using a constant wavelength.

All diffraction data were either fit with Pawley routine to extract lattice constants or

Rietveld refinement to obtain better structural parameters using TOPAS academic 4.2.%

2.2.2 Neutron Powder Diffraction

Neutron powder diffraction (NPD) diffraction data were collected on the BT-1 high-
resolution neutron powder diffractometer with either the Cu(311) monochromator (1 =
1.540 A) or the Ge(311) monochromator (1 = 2.0790 A) at the NIST (National Institute
of Standards and Technology) Center for Neutron Research (NCNR). The samples were
loaded into He-filled vanadium cans and subsequently into a closed cycle refrigerator for
low temperature measurements (3-300 K).

High-intensity and coarse-resolution diffraction measurements were carried out on
the BT-7 spectrometer (14 = 2.359 A) using the position sensitive detector (PSD) to search

for magnetic Bragg peaks from base temperature up to 150 K.®’

2.2.3 Magnetic Susceptibility

Most physical property measurements were carried out at the Center for Nanophysics

and Advanced Materials (CNAM). Magnetic susceptibility measurements were performed
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using a Quantum Design magnetic properties measurement System (MPMS), which is
also called superconducting quantum interference device (SQUID). Both field-cooled
(FC) and zero field-cooled (ZFC) measurements were taken from 2 K to 300 K in direct
current mode with an applied magnetic field of 10 Oe — 300 Oe. Hysteresis measurements
were carried out at different temperatures with applied magnetic field between H = =7 T.
Magnetic susceptibility measurements under hydrostatic pressure were performed
using a BeCu piston-cylinder clamp cell employing n-pentane:isoamyl alcohol as a pressure-
transmitting medium. Pressures produced on the single crystal sample at low temperatures
were calibrated by measuring the Meissner effect of a small piece of Pb, placed in the pres-
sure cell. The known pressure dependences of the superconducting transition temperature

of Pb% were used for this purpose.

2.2.4 Resistivity and Heat Capacity

Routine electrical transport measurements were performed using either 9 T or 14
T Quantum Design physical property measurement system (PPMS) provided by CNAM.
Single crystals were mounted on a Quantum Design DC resistivity puck. Thin gold wires
were attached to the crystal to form electrical contacts via silver paste. An applied current
of 0.1 mA with frequencies near 10 Hz was utilized.

Heat capacity measurements were performed in a 14 T Quantum Design Dynacool
PPMS System. Single crystal samples or pellets pressed using ground powders were mea-

sured using the relaxation method with field applied perpendicular to the basal plane.®"!
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2.2.5 Thermogravimetric Analysis

Differential scanning calorimetry (DSC) was conducted on a Mettler-Toledo TGA/DSC
3+ thermogravimetric analyzer with high temperature furnace. Samples were heated from

room temperature to 800 °C.

2.2.6 Electron Microscopy

Electron microscopy characterizations were carried out at the Advanced Imaging
and Microscopy Laboratory (AIM Lab) of the Maryland Nanocenter. Microscopic im-
ages were examined on a Hitachi SU-70 field emission scanning electron microscope
(SEM), and their elemental compositions were determined by energy dispersive X-ray
spectroscopy (EDS) using a BRUKER EDS detector. EDS analysis was carried out at
15 keV. Electron diffraction patterns were obtained using a JEM 2100 LaBg transmission

electron microscope (TEM) at an acceleration voltage of 200 KeV.

2.2.7 ICP-AES

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) data were
collected using a Shimadzu ICPE-9000 spectrometer. Standards with concentrations of
20, 10, 5, 2, 1, 0.5, 0.2 ppm used for ICP-AES were diluted from 1000 ppm of respective
elements purchased from FLUKA. Samples measured with ICP-AES were dissolved in
concentrated nitric acid and then diluted to concentrations between 1-10 ppm in a volu-

metric flask.
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2.2.8 Computational methods

All density functional theory (DFT)’>7? calculations were performed by using the
Vienna Ab-initio Simulation Package (VASP) 7”7 software package with potentials using

the projector augmented wave (PAW) 78

method. The exchange and correlation functional
were treated by the generalized gradient approximation (PBE-GGA).” The cut-off en-
ergy, 450 eV, was applied to the valance electronic wave functions expanded in a plane-
wave basis set for all chalcogenides. A Monkhorst-Pack® generated 23x23x17 k-point
grid was used for the Brillouin-zone integration to obtain accurate electronic structures.
Crystal orbital Hamilton populations (COHP) were extracted using the program Local-
Orbital Basis Suite Towards Electronic-Structure Reconstruction (LOBSTER) developed

by Dronskowski et al®!=*. COHP provides an intuitive chemical bonding analysis to the

calculated electronic structures.
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Chapter 3: Tetrahedral Superconducting FeS Single Crystals

The work described within this chapter was published in Physical Review B 2015,
93, pg. 094522. Christopher K. H. Borg, Christopher Eckberg, Daniel Campbell, Shanta
Saha, Johnpierre Paglione and Efrain Rodriguez were contributing authors of the manuscript.
X.Z. contributed to crystal growth, X.Z. and C.K.H.B. collected XRD and MPMS data,
C.K.H.B, C.E. and D.C. collected the resistivity data, S.S. collected MPMS measurements

using a pressure cell.

3.1 Introduction

While the field of iron-based superconductors has focused primarily on selenides,

tellurides, and arsenides, '8¢

recent developments show that sulfides are a possible new
avenue for high-7,. superconductors. The first iron-sulfide superconductor, BaFe,S3, has
been reported to have a superconducting critical temperature (7,.) = 14 K at a high pres-
sure of 11 GPa.®” An even simpler sulfide, H,S, under high pressure (90 GPa), has been
found to exhibit superconductivity as high as 203 K, which is the highest reported 7',
thus far.®® Sulfides in general therefore merit closer inspection for exploring high temper-

ature superconductivity, and iron sulfides in particular could point the way towards new

superconducting compounds.
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Recently, Lai ef al. found that the simple binary compound, FeS, in its tetrago-
nal polymorph known as mackinawite is a superconductor with a 7. = 5 K.%® Similar
to the superconducting S-form of iron selenide, mackinawite also adopts the anti-PbO
structure where FeS, tetrahedra edge-share to form two-dimensional (2D) layers (Fig-
ure 3.1b inset).?*°! Unlike its heavier analogues, FeSe and FeTe, however, mackinawite
is metastable and therefore cannot be synthesized from their respective elements using
solid state methods, unless it is alloyed with significant amounts of Co, Ni or Cu.”>
Due to the thermodynamic limitations in its preparation, single crystal growth of mack-
inawite is a challenge. Growing single crystals of FeS is imperative, however, towards
understanding its true physical properties.

Before the report by Lai ef al. on superconductivity, several studies had found
FeS to be a ferrimagnetic semiconductor. > The conflicting reports on the properties of
polycrystalline FeS by different groups may be due to impurities not observed through
powder X-ray diffraction, especially since iron provides a high background from fluores-
cence with Cu K-« radiation. Powder FeS samples prepared through aqueous methods
may form small crystallites as indicated by the broad Bragg reflections in the diffraction
patterns of past studies.’® The small particle size and polycrystalline nature of these sam-
ples impede accurate electrical resistivity and magnetization measurements due to grain

boundary effects and the facile oxidation of surfaces of small particles.?%%*

Despite their
ground-breaking work on polycrystalline FeS, Lai et al. also called for high quality single
crystal data for definitive determination of the physical properties of FeS.

We found a method for the preparation of high quality single crystals of macki-

97,98

nawite FeS. Since FeS is metastable, single crystal growth through slow cooling of
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Figure 3.1: Rietveld refinement with XRD powder diffraction on ground single crys-
tal samples. (a) Refinement of K Fe,_,S, template’s body-centered tetragonal structure
(I4/mmm). (b) Refinement of the FeS product’s structure with a primitive tetragonal
model (P4/nmm). Fe (orange) ions are tetrahedrally coordinated to S (yellow) anions,
and the K (purple) cations are located between two FeS layers. Tick marks corresponding
to their respective phase are shown below the difference curve.

a melt is not possible. In the case of FeSe;_,Te,” ' and Fey,,Te,'"*!% large single
crystals were grown through Bridgeman techniques allowing detailed transport and spec-
troscopic experiments. For FeSe, which has limited window of phase stability, chemical
vapor transport methods at elevated temperatures is the only technique that has been re-
ported. %1% We present a general technique for the de-intercalation of the ternary phase
K,Fe,_,S, Figure 3.1a inset), which melts congruently (uniform composition for both lig-
uid and solid phases) and can therefore be prepared in single crystal form. !°®!97 We link

how studying the materials chemistry of layered iron sulfides is key to discovering the
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underlying physics in new superconductors such as mackinawite FeS.

3.2 Experimental

3.2.1 Hydrothermal synthesis of FeS single crystals

In this work, superconducting FeS single crystals were prepared by de-intercalation
of potassium cations from K Fe,_,S, (x ~ 0.8, y ~ 0.4) single crystals under hydrother-
mal condition. The growth of K Fe, S, single crystals was modified by the method
described by Lei et al.'® For a typical reaction, 1.00 g (11.4 mmol) of hexagonal FeS
powder (Alfa Aesar, 99.9%) was mixed with 0.18 g (4.5 mmol) of potassium metal (Alfa
Aesar, 99%) to match the nominal composition of KygFe,S,. The mixture was loaded
in a quartz ampoule inside an argon-filled glovebox, and the ampoule was flame sealed
under vacuum (1073 Torr). In order to avoid oxidation of the sample due to the potassium-
induced corrosion of quartz, the sample containing ampoule was sealed in a larger am-
poule under vacuum (10~ Torr).

For crystal growth of K,Fe,_,S,, the mixture was heated to 1000 °C over 10 hours
and held at 1000 °C for 3 hours to form a homogeneous melt. Subsequently, the melt
was slowly cooled at a rate of 6 °C/hour to 650 °C to allow crystal growth. After cooling
to room temperature, K, Fe,_,S, single crystals approximately 3 mm — 8 mm in diameter
and approximately 0.1 mm in thickness were recovered.

For the preparation of FeS single crystals, the K, Fe,_,S, precursor (0.2 g - 0.4 g),
0.28 g (5 mmol) Fe powder (Alfa Aesar, 99.9%), 0.84 g (5 mmol) Na,S - 5SH,O (dried

from Na,S - 9H,0, Sigma-Aldrich, 98%) and 0.20 g (5 mmol) NaOH (Sigma-Aldrich,
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98%) were added to 10 mL water. The mixture was placed in a Teflon-lined stainless
steel autoclave at 120 °C for 3-4 days. Silver colored FeS single crystals were recovered
by washing away excess powder with water and drying under vacuum overnight. The
FeS crystals retained the shapes of the K,Fe,_,S, crystals (up to 8 mm in diameter), and
the yield was generally above 80%. Samples prepared in the absence of excess iron
powder were not superconducting, which could be due to either oxidation of the iron
or vacancy formation in the FeS layer. All others were found to be superconducting.
In the crystallographic studies of layered iron selenide analogues such as FeSe!® and
(Li,Fe,_,OH)FeSe,? iron vacancy formation is implicated in the loss of superconducting

properties.

3.2.2 X-ray diffraction and thermal stability analysis

Initial powder X-ray diffraction (XRD) data were collected using a Bruker D8 X-ray
diffractometer with Cu Ke radiation, 1 = 1.5418 A (step size = 0.025°, with 26 ranging
from 7° - 90°). Temperature dependent X-ray diffraction on ground single crystals was
performed using a Bruker C2 diffractometer with a Vantec500 2D detector, 4 = 1.5418
A (step size = 0.05°, with 26 ranging from 11° - 80°). The sample was heated using an
Anton Paar DHS 1100 graphite-dome hot stage. Rietveld refinements were carried out
using TOPAS software.

Differential scanning calorimetry (DSC) was conducted on a Mettler-Toledo TGA/DSC
3+ thermogravimetric analyzer with high temperature furnace. Samples were heated from

room temperature to 800 °C.
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3.2.3 Magnetic susceptibility, electrical transport and heat capacity

Magnetic susceptibility measurements were performed using a Quantum Design
Magnetic Properties Measurement System (MPMS). Both field-cooled (FC) and zero
field-cooled (ZFC) measurements were taken from 2 K to 300 K in direct current mode
with an applied magnetic field of 10 Oe — 30 Oe. Hysteresis measurements were car-
ried out at 2 K with H = +7 T. Magnetic susceptibility measurements under hydro-
static pressure were performed using a BeCu piston-cylinder clamp cell employing n-
pentane:isoamyl alcohol as a pressure-transmitting medium. Pressures produced on the
single crystal sample at low temperatures were calibrated by measuring the Meissner ef-
fect of a small piece of Pb, placed in the pressure cell. The known pressure dependences
of the superconducting transition temperature of Pb% were used for this purpose.

Electrical transport measurements were performed on a 14 T Quantum Design Dy-
nacool Physical Properties Measurement System (PPMS). Single crystal samples were
mounted on a rotator AC transport sample board and measured using the electrical trans-
port option, applying currents between 0.1-0.5 mA and frequencies near 10 Hz.

Heat capacity measurements were performed in a 14 T Quantum Design Dynacool
PPMS System. The single-crystal sample of mass 2.9 mg was measured using the relax-

ation method with field applied perpendicular to the basal plane.
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3.3 Results: Synthesis, thermal stability and structural characteri-

zation

3.3.1 Single crystal preparation by reductive deintercalation

Our strategy for preparing single crystals of a metastable phase can be summa-
rized as crystal-to-crystal conversion from a thermodynamically stable phase. During
the preparation of our FeS samples, we found that maintaining a reducing and basic
hydrothermal environment was crucial to observing superconductivity in FeS. The de-
intercalation of potassium cations from K,Fe,_,S, resulted in the shift of alternating
planes of FeS along the a direction of the unit cell to form the primitive layered FeS
(Fig. 3.1). Note that Lei et al. had found K,Fe,_,S, to be non-superconducting,'® so our
reductive de-intercalation technique tunes this spin glassy material into a superconductor.

A similar structural transformation from a body-centered tetragonal structure to a
primitive tetragonal structure has also been previously observed in the selenide analogue,
KxFez_ySez.38 When exposed to air or moisture, oxidation of iron and formation of iron
vacancies was suggested to be the driving force for the structural transition. After the
structural change induced by oxidation in water, the superconducting K,Fe,_,Se, became
non-superconducting.® In contrast, our reductive de-intercalation was driven by prefer-
ence of potassium cations to solvate into solution under strongly basic conditions, which
consequently alters the non-superconducting K Fe,_,S,(Fig. 3.2) into superconducting
FeS. Also, the reducing environment in the autoclave maintained by the presence of Fe

metal as a reagent prevented oxidation of Fe?* to Fe** or the formation of iron vacancies.
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Figure 3.2: Magnetic susceptibility of K,Fe, S, starting material. Lack of diamagnetic
transition shows that sample is non-superconducting.

A more drastic structural change could be possible under stronger oxidizing condi-
tions. Neilson and McQueen ' reported that KNi,Se,, a Ni analogue of the K, Fe,_,Se,,
forms hexagonal NiAs-type, K,_,Fe,_.Se,, by oxidative de-intercalation of K* by Cul, in
acetonitrile. This caused a complete structural reconstruction from edge-sharing layered
NiSe, tetrahedra to corner-sharing NiSeq octahedra. Such a reconstruction was not seen
in our de-intercalation reaction of K,Fe, S, since we did not utilize strong oxidizing
environment but rather maintained reducing conditions. We similarly found this strat-
egy in achieving the highest T’s for the (Li,_,Fe,OH)FeSe and (Li,_,Fe,OD)FeSe single
crystals in their single crystal-to-single crystal conversion also utilizing K,Fe,_,Se, as the
template.>® A similar method was used for ion exchange in the single-crystal conversion

of the selenide analogues K,Fe,_,Se, to (Li,Fe;_,OH)FeSe,'"" which demonstrates how
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powerful this technique is for exploring new layered iron chalcogenides.
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Figure 3.3: (a) Normalized integrated intensity of the (001) peak (top) from temperature
dependent XRD. Under Argon (red curve), the loss of the (001) peak is gradual and is
absent above 250 °C. Under air (blue curve), the loss of (001) peak is more abrupt and
the peak is absent above 200 °C. (b) DSC results, plotted as heat flow as a function of

temperature, for single crystal FeS. The sudden change in heat flow at 300 °C is associated
with an endothermic reaction.

3.3.2 X-ray diffraction and crystal structure

The XRD powder pattern of ground single crystals of K,Fe,_,S,, presented in Fig-
ure 3.1a, shows pure crystalline product before the de-intercalation reactions. The pattern
for K,Fe,_,S, was fit with a body-centered tetragonal structural model with space group
14/mmm and lattice parameters a = 3.745(1) A and ¢ = 13.627(9) A (Table 3.1, Figure
3.1). Full structural parameters from the fits are presented in Table 3.1 and are in good
agreement with those presented in an earlier study.'®” Recently, Pachmayer et al. found
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that FeS powders prepared by hydrothermal methods remain tetragonal down to low tem-
peratures;>’ while the heavier congeners, FeSe !%1%5:112 and FeTe,*!!3 are known to have

a crystallographic phase transitions.

T calc
* Yobs
. calc-obs
.*g
3 P4/nmm
5 a=3.6841(4)A |
2 c=5.0334(9) A
% ! Rwp =2.557 % |
0] PR "
| ot et 1

20
Figure 3.4: Rietveld refinement of XRD pattern of powder FeS produced from the addi-
tion of Fe and Na,S - 9H,O during reductive de-intercalation of K,Fe,_,S, single crystals.
Powder produced from this method is produced concurrently with FeS single crystals but
is structurally distinct.

After hydrothermal de-intercalation of potassium cations, the XRD pattern of the
newly formed superconducting FeS crystals were fit to a primitive unit cell with space
group P4/nmm and lattice parameters a = 3.6826(5) Aand ¢ = 5.03440(9) A. These
values were consistent with values previously reported for tetragonal FeS. %24 Due to
the layered nature of the samples, the XRD powder patterns for K,Fe,_,S, and FeS were

refined with preferred orientation along the [002] and [001] directions, respectively. Table

3.1 presents the parameters of our structural refinements for ground single crystals of
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K,Fe;_,S, and FeS as well as the powder samples of FeS prepared as a side reaction
during the single-crystal-to-single-crystal conversion. This powder consisted primarily
of the product from the reaction of the iron powder in the presence of sodium sulfide
and NaOH during the hydrothermal preparation (Fig. 3.4). For comparison, we have
also prepared a phase pure powder sample of FeS with a T, of 4.5 K through a modified

method employed by Lai et al..®

3.3.3 Thermal stability of FeS single crystals

To test the thermal stability of our new FeS single crystals, samples were heated
under inert Argon atmosphere in steps ranging from 25 °C, 50 °C, and 100 °C. The 001
peak is visible up to 250 °C (Fig. 3.5), and its integrated intensity versus temperature
under an Argon atmosphere is presented in Figure 3.3a along with a plot of the DSC. The
decomposition of mackinawite FeS as determined by the integrated intensity of the (001)
peak begin above 100 °C and disappeared completely above 250 °C. Due to the geometry
of the XRD experiment, the (00/) reflections in the single crystal sample were observed
while other reflections were not. Therefore, it is likely that if greigite were to form above
T =100 °C, it would not have been detected in our experiment.

DSC measurements of FeS in Argon up to 600 °C, shown in Figure 3.3b, give some
clues on the thermal behavior during the decomposition of mackinawite. The dip in the
heat flow around 300 °C indicates an endothermic reaction that could be associated with
the crystallization of a phase such as pyrrhotite not seen in our temperature dependent

diffraction studies. The appearance of this transition in the DSC after the disappearance
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Table 3.1: Structural parameters for ground single crystals of K,Fe,_,S, and FeS along
with FeS obtained through powder methods. Rietveld refinements with XRD data are of
the room temperature structures. In the FeS samples, we found full occupancy for the
iron and sulfur sites. In the case of the K Fe,_,S single crystals we found x = 0.65(5)
while y was fixed to zero. Relevant bond distances and angles are also included for each

structural refinement.
FeS (298 K, ground single crystal), P4/nmm, R,,, = 3.042%

a = 3.6826(5), ¢ = 5.03440(9)

atom Site X y z Ui, (A?)
Fel 2a 0 0 0 0.016(3)
S1 2c 0 0.5 0.266(2) 0.029(5)

S-Fe-S (°) S-Fe-S (°) Fe-S(A) Fe-Fe (A) anion height (A)
108.1(2)  1102(2)  2.275(5) 2.6040(5) 1.34(1)

FeS (298 K, powder preparation) , P4/nmm, R,,, = 2.557%
a =3.6841(4), c = 5.0334(9)

atom Site X y z U,,, (A?)
Fel 2a 0 0 0 0.034(3)
S 2 0 0.5 0.253(2) 0.033(4)

S-Fe-S (°) S-Fe-S(°) Fe-S(A) Fe-Fe (A) anion height (A)
110.7(4)  108.9(2)  2.239(5) 2.6051(4) 1.27(1)

K Fe,_,S, (298 K, single crystal) , I4/mmm, R,,, = 3.873%
a=3.745(1), c = 13.627(9)

atom Site X y z U,,, A2

K1 2a 0 0 0 0.006(2)
Fel 4d 0 0.5 0.25 0.019(7)
s de 0 0 0.352(2) 0.006(8)

S-Fe-S (°) S-Fe-S (°) Fe-S (A) Fe-Fe (A) anion height (A)
110.8(3)  106.8(3) 2.33(2) 2.6481(6) 1.39(3)

of the (001) reflection in the XRD, indicates that the two are related. XRD analysis on the
residue from the DSC experiment indicated formation of hexagonal pyrrhotite (Fig. 3.6).
The higher than expected thermal stability of the mackinawite compared to past studies
could be due to the single crystalline nature of our samples, which have larger surface

areas and are therefore less reactive than a polycrystalline product with small particle
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Figure 3.5: Temperature-dependent XRD patterns of single crystal FeS orientated along
the 001 direction. (a) XRD under Argon, the 001 peak is visible up to 250 °C. (B) XRD
under air, the 001 peak is visible up to 200 °C.

sizes.

From their high-resolution X-ray diffraction study, Lennie et al. reported that mack-
inawite begins to decompose to greigite (Fe;S,) above 100 °C and that all FeS reflections
disappear above T = 200 °C under a He atmosphere.''* Above 260 °C, greigite decom-
poses and hexagonal pyrrhotite begins to emerge. !'*

Lennie et al. also reported that mackinawite-FeS rapidly oxidizes under air.?. To
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Figure 3.6: XRD patterns of ground FeS crystals before and after DSC measurement.
(a) Room-temperature XRD of FeS crystals as prepared from hydrothermal synthesis. *
indicates peaks due to tetragonal FeS (mackinawite). (b) Room-temperature XRD of FeS
powder post-DSC measurment. Powder was subjected to heating up to 600 °C under
Argon. ¢ indicates peaks due to hexagonal FeS (pyrrhotite).

Figure 3.7: Elemental analysis of surface of FeS single crystal using EDS mapping shows
up to 9 % alkali metal.
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test the air stability of our single crystals, we heated samples under ambient atmosphere
in steps ranging from 25 °C, 50 °C, and 100 °C. As presented in Fig 3.3b, the (001) peak
is visible up to 200 °C. As this level of air stability has not been reported for mackinaw-
ite before, it could imply that there may be some alkali metal incorporation that could
passivate the surface and prevent oxidation of FeS. EDS mapping on the surface of FeS
single crystals shows up to 9% total alkali (K and Na) on the surface of the FeS crystals
(Fig. 3.7). Due to the similarity of the c-parameter to those previously reported FeS, it is
unlikely that large cations such as sodium or potassium intercalate between layers since
we did not observe an increase in the (001) d-spacing. However, as indicated by the EDS
measurements, it is possible that some alkali metal is incorporated to other sites in the

crystals, and future studies will be pursued to find their location if indeed present.

3.4 Results: Physical properties

3.4.1 Magnetic susceptibility

The temperature-dependent FC and ZFC magnetic susceptibilities of FeS crystals
measured in a constant field of 1 mT are presented in Figure 3.8, for fields applied both
parallel and perpendicular to the crystallographic c-axis. The volume susceptibility 4my
under ZFC conditions exhibits an onset superconducting transition at 7. = 3.5 K and a
shielding fraction of 4y ~60-90% (without geometric factors taken into account). The
significant superconducting volume fractions indicate that FeS is a bulk superconductor.
In both cases of the field orientation, the ZFC and FC curves in the normal state above

T, are largely temperature independent, indicative of Pauli paramagnetism and therefore
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Figure 3.8: Magnetic susceptibility of an FeS single crystal. (a) Temperature-dependent
volume susceptibility 4y of an FeS crystal with a H|lab shows Pauli paramagnetic be-
havior in the normal state and transitions to the superconducting at 7, = 3.5 K. (b) Sus-
ceptibility for H'* with an increased diamagnetic response with a relative volume fraction
increase of 30% (c) Magnetization M as a function of applied field at 2 K. The diamag-
netic response weakens for fields greater than 4 mT (H'“”) and 5 mT (H'°).

metallicity in FeS.

Figure 3.8c presents magnetization (M) as a function of applied field (H) along two
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different directions for the applied field. The M(H) isotherms indicate the values of the
lower critical field H.; to be 4 mT and 5 mT at 1.8 K for Hl|lab and H||c, respectively.
One difference between our single crystal results and those of Lai et al. is the maximum
critical temperature observed. Lai et al. reported the superconducting powder samples of
FeS to have a T, = 4.5 K,% which is approximately 1 K greater than found for our single

crystals. Magnetic susceptibility of our own prepared powder samples show 77" = 4 K.

3.4.2 Heat capacity

Heat capacity was measured on a large single crystal in both the superconducting
(0 T) and normal (3 T) states. As shown in Figure 3.9, a 3 T field is large enough to
suppress the superconducting state in the crystal, making for a good comparison with the
0T curve.

In zero applied field, a clear signature of the superconducting transition develops at
T.=3.9 K, consistent with magnetic susceptibility and resistivity (below) measurements,
confirming bulk superconductivity in single crystal FeS. Fitting the 3 T data to a standard
electron and phonon contribution specific heat model, C = yT +8T?, yields a normal state
Sommerfield coefficient to be y=5.1 mJ/mol-K? and phonon term $=0.23 mJ/mol-K*, the
latter corresponding to a Debye temperature ®,= 257 K. Unlike reports for FeSe where
the specific heat was fit to C = yT + B3T° + 85T>,'6, for FeS a plot for C/T vs T? is
linear in the normal state. FeS does share some similarities with FeSe, however, as y was
estimated to be 5.4(3) mJ/mol-K?,'®, which is within error to the value we found for y in

FeS.
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Figure 3.9: Low temperature specific heat of single crystal FeS for O T and 3 T applied
magnetic fields. The arrow indicates the onset of a superconducting feature at 7 = 3.9 K.

3.4.3 Magnetoelectric transport

Temperature dependent electrical resistivity of single-crystal FeS is presented in
Figure 3.11a. The resistivity exhibits metallic character down to the superconducting
state with 72 = 3.5 K and T%"” = 2.4 K. The residual resistivity of FeS was determined
to be pp = 240 uQ-cm based on an average of the values measured for several samples
(Fig. 3.10), all of which exhibit a room temperature to residual resistivity ratio (RRR) of
approximately 10, indicative of the high quality of our crystalline samples and the low
uncertainty in geometric factors that may vary widely due to the micaceous nature of the
crystals.

Figure 3.11b presents the normalized magnetoresistance (MR) as a function of ap-

plied magnetic field at 1.8 K. As shown, a significant anisotropy appears in both the
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Figure 3.10: Electrical resistivity measurements of different crystals of FeS. R1, R4, RS,
R7 are labeled to indicated that the measurement was performed on different crystals from
the same synthetic method. Inset highlights low temperature transition to superconduc-
tivity.
normal state high-field MR as well as the H., transition, with the latter ranging from
0.16 T for H || c to 1.6 T for H || ab. The full angular dependence of these features are
presented in Figure 3.12. Panels (a) and (b) present the angular variation of MR for both
longitudinal (H(90°) || I) and transverse (H(#) L [I) orientations, respectively. Indeed,
as shown in Figure 3.12c, the MR angular variation is well represented by a cosine-like
dependence for both longitudinal and transverse orientation angles.

A very large anisotropy is also evident in the upper critical field H,, as the field

angle is rotated away from the c-axis. In both longitudinal and transverse orientations,

H, 1s observed to diminish strongly as the field rotates toward the basal plane, as shown
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Figure 3.11: Electrical resistivity of single crystalline FeS. (a) Temperature-dependent
resistivity with inset highlighting low temperature transition to the superconducting state
at T = 3.5 K. The geometry of the resistivity measurement for the single crystal also
shown as inset. (b) Resistivity as a function of applied magnetic field for both H'“ and
H' orientations (always transverse to current direction).

in the insets of Figure 3.12a-b. Taking the two extremes, one can define an H, anisotropy

I = Hl!gb /Hl!;', which is a value of 10 at 1.8 K. A more complete evaluation of the full
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H,(T) dependence allows for an extrapolation of I" to zero temperature. As shown in
Figure 3.13a-d, extracting the H.,(7T") values from the resistive transitions at several an-
gles (all transverse to current direction, with 7, values chosen at the 50% resistance
midpoint) leads to a full H,(T) plot given in Figure 3.13e. For all field directions,
H.(0) was estimated using the Werthamer-Helfand-Hohenberg (WHH) formula (H., =
0.69[—(dH,2/dT)]|r.T.).""® Fitting results give H'9"(0) = 2.75 T and H'S(0) = 0.275 T,
yielding nearly the same anisotropy value I'(0)=10 as for 1.8 K. The coherence lengths
calculated from the estimated H,,(0) values (£ = V®,/(2nH) where @ is the flux quan-
tum) are calculated to be &gy, = 343 A and Ene= 104 A.

These large changes in H,, with field angle and the concomitant coherence length
anisotropy are in line with the strong anisotropy observed in the normal state MR as
discussed above. To determine whether the large H,, anisotropy is indicative of a truly
two-dimensional and not a strongly anisotropic three-dimensional superconducting sys-
tem, we performed detailed measurements of the angular dependence of H., at 1.8 K.
Figure 3.14 presents the angle dependence of H (1.8 K) as determined from midpoints
of field sweep resistive transitions. (Using different criterion to define H, results in slight
variation in absolute anisotropy, but the shape of the H.(6) curve remains constant). The
shape of the H,(0) curve, especially near the H || ab (6 = 90°) orientation, is indicative
of the true dimensionality of the superconductor with respect to the coherence length.

Tinkham’s model for thin-film superconductors incorporates the effect of reduced dimen-
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sionality, ''® yielding an angular dependence given by

H »(6)sind
HZ

2
+(ch(9)cost9) -1, 3.1)

I
Hc2

7

whereas Ginzburg Landau (GL) theory'!” can be used to determine the effect of an

anisotropic effective mass m* on the angular dependence as

(3.2)

(ch(H)sin9)2 . (ch(e)cose]z _
Ha He, '
As shown in the inset of Figure 3.14, the H(0) data is much better represented by the
anisotropic GL theory, suggesting a highly anisotropic 3D environment for the supercon-
ductivity in FeS. This can be quantified by using the calculated anisotropy for this sample
I' ~ 12.8 to extract the effective mass ratio m, /m’, =I"?=164. This is believed to be the
largest upper critical field anisotropy observed in any Fe based superconductor reported

so far.

3.5 Discussion

3.5.1 Strongly anisotropic electronic properties

The previous report for powder samples of FeS found H,,(0) to be 0.4 T,% which
is much lower than that of FeSe and other iron-based superconductors. H., for FeSe
has been reported to be 16.3 T in powder samples.'® This difference between the upper

critical fields in FeSe and FeS has significant effects on their coherence lengths as well.
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3 and FeSe powders'? are

Coherence lengths calculated from H.,(0) for FeS powders
287 A and 45.0 A, respectively. We confirm Lai’s report of a much lower H,(0) and
higher coherence length in FeS compared to other iron-based superconductors, but also
demonstrate that these properties are highly anisotropic.

As important as the comparatively smaller critical fields in FeS, the anisotropy also
appears to be much larger in this system. We find an anisotropy ratio of I' ~ 10, and to
our knowledge this is the largest reported I' yet for an iron-based superconductor. For
FeTe,_,S, single crystals, the field dependence on T is mostly isotropic with a reported
r= H'J‘Z’b/ch!g =18T/19 T =0.95.''8, Recent studies on Fe(Se,_,S,) single crystals has
shown sulfur to increase 7. from 8.5 K for x = 0 to 10.7 K for x = 0.11, and the anisotropy
is also more pronounced in crystals with higher sulfur content as I' = Hﬂgb /Hﬂ; = 2 for
x=0and3.5forx=0.11.""

Surprisingly, in our studies of angular dependence of MR, both longitudinal and
transverse rotation studies show a diminishment of MR as the field is rotated toward the
crystallographic basal plane, irrespective of whether the field direction is rotated parallel
or perpendicular to the current direction (Figure 3.12a,b). This is consistent with either
a projection-like orbital MR of a very thin specimen (i.e., with a large MR when H is
perpendicular to the plane where orbital motion is allowed and zero MR when orbital
motion of charge carriers is prohibited by geometric confinement), or with a very strong
electronic anisotropy as found in other materials with reduced electronic dimensionality.

Given the micaceous nature of FeS single crystals, the anisotropic behavior of the
MR may arise due to a microscopic physical separation of crystalline layers resulting in

effectively two-dimensional layers that would act much as in a thin film. Such a descrip-
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tion of our sample’s behavior would imply that it contains a slab thickness that is less
than the characteristic magnetic length scale. Our studies of H,, anisotropy and its angu-
lar variation (Figure 3.14) suggest that the measured superconducting state of FeS is in
fact inhabiting a three-dimensional environment with strong anisotropy, given the lack of
a cusp in H,(0) near the 90° field alignment (Figure 3.14). The result for our case is in
good agreement with GL theory. Therefore, the appropriate length scale to consider is the
superconducting coherence length which is 104 A for Enjap- In other words, our single-
crystal samples must entail crystalline slabs of at least 104 A thickness in order to exhibit
the GL-type behavior of H,, that follows from Eq. 2. An estimate of the mean free path
of quasiparticles'? yields /g, ~ 30 A, which is much smaller than 104 A, suggesting the
scattering length is at least much smaller than the known slab thickness. At the very least,
the fact that the effective thickness must be at least ~20 unit cells suggests quasiparticles
are not artificially confined, and that the the observed two-dimensional behavior in MR

may be intrinsic to the electronic structure.

3.5.2 True ground and normal state properties of FeS

The tetragonal FeS system was originally predicted to be semiconductor in nature

L 90

by Bertaut et al.” This claim was recently supported by resistivity measurements per-

L 94

formed by Denholme ef al.””, which showed that their samples were non-superconducting

L 95

with ferrimagnetic-like behavior. Similarly, samples prepared by Sines et al.” were also

exhibited semiconducting and ferrimagnetic behavior. Contrary to experimental evidence

l.,63

published before the work of Lai ef a several other groups had predicted tetragonal
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FeS to be metallic. '*'~'?° Vaughan and Ridout'?! proposed that the bonding in the tetrag-
onal FeS was metallic in nature due to delocalized d electrons in iron sublattice. Re-
cent density functional theory (DFT) calculations also supported metallicity, in tetragonal
FeS. 122-124

Geochemists studying mackinawite have suggested that the ferrimagnetic-like be-
havior from earlier magnetization data might have risen from the well-known thiospinel
ferrimagnetic impurity, Fe;S,4, considering the ease of conversion of mackinawite FeS to
Fe;S4.7"% Several of our powder FeS samples prepared through the synthesis detailed
by Lennie et al.®” form with an Fe;S, impurity as revealed by combined magnetization
measurements and neutron powder diffraction. Even Denholme et al. acknowledged
that the semiconductor behavior of FeS could be attributed to the surface oxide layers of
FeS, as suggested by Bertaut et al.°>°* Indeed, similar oxidation has been observed in the

FeSe system, as Greenfield et al. '*°

reported that amorphous surface oxide layers of FeSe
particles suppressed the superconductivity in FeSe. Our single crystal results definitively

support a metallicity in the normal state properties and superconductivity in the ground

state.

3.5.3 Structural trends concerning 7',

Compared to tetragonal FeSe, mackinawite FeS contains more regular tetrahedral
Ch-Fe—Ch bond angles where Ch = chalcogenide. In FeSe, the Se—Fe—Se out-of-plane
bond angle is 112.32(6)° and the Se—Fe—Se in-plane bond angle is 103.91(7)°.'¢ The re-

spective bond angles for our FeS powder and single crystal samples were calculated to be
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close to 108.1(3)° and 110.2(2)° (Table 3.1). Several studies have suggested that higher
T, could be achieved from more regular bond angles,’* as is with iron pnictide super-
conductors. 27128 However, this structural parameter does not seem to be as important
an indicator in the iron chalcogenides since FeSe exhibits a higher 7. (8 K) than FeS
(T, = 4 K) even though it is comprised of more distorted tetrahedra. This suggests that
structural factors controlling 7. in iron pnictides may not be identical to those of the iron
chalcogenides.

Anion height has also been implicated as a reliable predictor for 7, in iron-based
superconductors. '?® For iron pnictides, T. increases with increasing anion height as FeP-
based superconductors have lower anion height and lower 7', than FeAs-based supercon-
ductors. However, T, begins to drop off for anion heights greater than 1.38 A, which
suggests there is an optimal anion height for maximizing 7. For FeSe with 7. = 8 K, the
Se height is 1.45 A, and upon application of physical pressure, the Se height decreases to
1.425 A, which leads to an increase in 7 up to 37 K (8 GPa). 282 For larger anions, i.e.
FeTe, the anion height is larger than that of FeSe and while FeTe is not superconducting
at ambient pressure isovalent anionic substitution as in FeTe(gS(, induces superconduc-
tivity (anion height = 1.75 A, 7. = 10 K)."**!3! From this anion height principle, we
should expect the smaller anionic radius of sulfide to lead to a larger 7.. However, the
anion height in FeS was found in the range from 1.27(1) to 1.34(1) A (Table 3.1), which
is below the optimal height of 1.38 A. This result for FeS could therefore explain why the
T, is remains low and between 3.5 and 5 K despite having more regular tetrahedra than
FeSe or FeTe.

As a preliminary study on modifying the anion height in FeS to affect 7., we have

45



performed magnetization measurements as a function applied pressure. As shown in Fig-
ure 3.15, measurements of magnetic susceptibility in a clamp-cell setup show that the
transition temperature decreases with increasing pressure, at least up to 10 kbar. While it
is known that 7. in the related superconductor FeSe undergoes a dramatic enhancement
under pressure, the increase in 7, for FeSe occurs at much higher pressures than currently
reached in the present experiment for FeS (on the order of 10 GPa). Further work to study
the relation between 7.(P) and the crystallographic parameters as a function of applied
pressure will shed more light on the relation between structure and superconductivity in

FeS.

3.6 Conclusions

In conclusion, we have synthesized superconducting single crystals of FeS and
characterized their thermal, magnetic, and electrical properties. The synthesis of FeS sin-
gle crystals was accomplished through the novel method of reductive de-intercalation of
K,Fe,_,S, single crystals under hydrothermal conditions. The FeS crystals are stable up to
250 °Cin argon and 200 °C in air. At4 K the FeS crystals transition from a metallic, Pauli
paramagnetic state to the superconducting state. In both the normal state and supercon-
ducting states, we observe a large anisotropy in the properties of FeS. The upper critical
field expresses a large anisotropy with a I' = Hﬂgb(O)/Hﬂg(O) =(2.75T7)/(0.275T) = 10,
the largest reported for any iron-based superconductor thus far. Magnetoresistance mea-

surements for the normal state performed as a function of applied field angle reveal a

remarkable two-dimensional behavior in FeS. Overall, the physical property results indi-
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cate that the Fermi surface of FeS may be highly two-dimensional, and perhaps even more
so than other closely-related iron-based superconductors. Nevertheless, FeS appears to be
a three-dimensional superconductor with highly anisotropic properties both in the super-
conducting and normal state. Since the metastable system, mackinawite-type FeS, is now
confirmed as a superconductor and not a magnetic semiconductor, this system could be
a template for the preparation of new sulfide-based superconductors that exhibit strong

anisotropic behavior.
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Figure 3.12: Constant temperature scans of magnetoresistance (MR) of FeS as a function

of field angle 6, defined as the deflection from c-axis direction. Angular dependence

of (a) longitudinal (H(90°) || I) and (b) transverse (H(f) L I) MR taken at 1.8 K are

presented. Insets in each figure display a zoom of the superconducting H,, transition. (c)

Comparison of angular dependence of transverse and longitudinal MR at 1.8 K and 14 T.
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Figure 3.13: Superconducting transition of FeS single crystal as a function of magnetic
field applied along different angles 6 with respect to the crystallographic c-axis (transverse
to current direction). Panel e) presents the compiled H,,(¢) temperature dependences for
all angles measured. 7. values were determined by the resistance transition midpoint.
Solid lines represent the WHH orbital pair-breaking expectation for H,(7') in each case

(see text for details).
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Figure 3.14: Angular dependence of the superconducting upper critical field H,, at 1.8 K.
Black diamonds represented measured transition fields (defined as the resistive transi-
tion midpoint), and lines represent fits to the theoretical expectation for the angular de-
pendence: solid line represents the Ginzburg Landau expectation for a 3D system with
anisotropic effective mass, and dashed line represents the Tinkham’s model expectation
for 2D superconductors. Inset displays zoomed data near 90° (H || ab). All data were
collected with magnetic field direction always transverse to the current direction.
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Figure 3.15: Applied pressure dependence of the superconducting transition temperature
of an FeS crystal as extracted from magnetic susceptibility measurements performed us-
ing a BeCu piston-cylinder clamp cell. Inset displays the measured susceptibility data

(presented with a vertical offset for clarity). Pressure values are determined at room tem-
perature.
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Chapter 4: Metastable Layered Cobalt Chalcogenides from Topochem-

ical Deintercalation

The work described within this chapter was published in Journal of the Ameri-
can Chemical Society 2016, 138, pg. 16432. Brandon Wilfong, Hector Vivanco, John-
pierre Paglione, Craig M. Brown, and Efrain Rodriguez were contributing authors of the
manuscript. X.Z., B.W. and H.V. prepared the samples, X.Z. performed MPMS mea-
surements and DFT calculations, B.W. collected resistivity data, X.Z., B.W., and C.M.B.

collected the neutron data.

4.1 Introduction

To advance the first-principles approach towards materials discovery 32133

, we must
also develop new synthetic strategies for finding functional materials. One outstanding
issue is that many predicted inorganic materials, especially extended solids, may not be
thermodynamically favored. A solution to this problem is to kinetically stabilize such
predicted compounds, i.e. to isolate the metastable phases. Inspired by recent work on

finding metastable and superconducting iron chalcogenides, '*%

we present topochemical
methods to find metastable phases of cobalt chalcogenides that have been theoretically

predicted but heretofore never synthesized. Through topochemical means, we preserve
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the underlying layered structure by the kinetic removal (or insertion) of structural motifs

from the thermodynamically stable phases.

K Co Ch CoCh
whay e o
LiOH (aq 2
© 0 —ﬁ

RT t = 24 hours m
“ 'd

(Lien)Co,Ch,

Figure 4.1: Reaction schemes for the manipulation of cobalt chalcogenides. From the
thermodynamically stable K,Co,Ch, phases, we prepare metastable tetragonal CoCh and
(Lien)CoCh where en=ethylenediamine. Upon applying heat to the mestable phases,
pentlandite (CoySeg) is prepared followed by the NiAs-derivative m-Co;_,Ch.

In this study, we target topochemical de-intercalation of extended solids with the
stoichiometry A,M,Ch, where A = alkali metal, M=transition metal, and C# is a chalco-
genide that crystallize with the ThCr,Si,-type structure. The Inorganic Crystallographic
Structural Database (ICSD) lists close to 1,865 compounds with the ThCr,Si,-type struc-
ture, of which approximately 40 are chalcogenides. Just as perovskite-derived metal ox-
ides have been utilized for topochemical conversion to metastable oxides, **~!37 ThCr,Si,-
derived chalcogenides (and pnictides) can be the basis for new metastable non-oxides.
Greenblatt ef al. have already developed effective and straight-forward methods to syn-

thesize a variety of ternary or quaternary chalcogenides with this structure type. 38140 Re-

cently, we have demonstrated that chemie douce methods can be applied to such structures
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to produce iron-based superconductors such as FeS, ! (Li,_,Fe,OH)FeSe, > [Na,_,Fe,(OH),|FeS,
and (Li,_,Fe, OH)FeS.'*

Until now, iron has been found to be the only transition metal to form stable binary
chalcogenides with the anti-PbO type structure. In compounds such as tetragonal mack-
inawite FeS and S-FeSe, the FeCh, tetrahedra edge-share to form two-dimensional (2D)
layers held by weak van der Waals interactions. Therefore, in addition to superconductiv-
ity, another appealing feature of the layered chalcogenides is their ability to act as hosts
for intercalation chemistry>". In the FeSe case, its T. can be increased from 8 K!° to ~ 43
K by intercalating either cationic species** or layers such as (Li;_Fe,OH)?**?° There-
fore, we have decided to test our topochemical method by focusing on cobalt in order to
also help answer the question of what makes iron so special for superconductivity in these
layered materials.

First, we highlight the de-intercalation reaction of Fig. 4.1 to synthesize the hy-
pothesized metastable tetragonal CoS and CoSe phases. Then, we will demonstrate how
these new tetragonal phases, much as in the layered FeCh compounds, can serve as hosts
for intercalation chemistry by using Li-ethylenediamine (Li-en) as a guest species (Fig.
4.1). We characterize the physical properties of these metastable phases and demonstrate
that changing the symmetry, metal oxidation state, and electronic configuration have a
profound effect on the physical properties of these materials. Similarly, Shatruk and co-
workers have reported drastic change of magnetic ordering of Co sublattice by electron
doping for the ThCr,Si,-type layered rare-earth (R) cobalt pnictides (Pn), RCo,Pn,. 43147
Finally, we use ab initio calculations to explain why the topochemical approach is neces-

sary and successful for the preparation of CoCh phases. We find that the application of
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bonding analysis %! to our solid state structures not only aids the interpretation of the
first principles calculations, but also improves our predictive capability for finding new

functional materials.

4.2 Experimental

4.2.1 Sample synthesis

Binary anti-PbO type CoSe and CoS single crystals and powders were prepared by
de-intercalation of interlayer potassium cations from KCo,Se, and KCo,S, by a topochem-
ical approach. For the synthesis of KCo,Se, (or KCo,S,), 1:1 stoichiometric ratios of
hexagonal CoSe (or CoS) were mixed with potassium metal (Sigma Aldrich 99.5%) and
loaded into a quartz ampoule inside an argon-filled glovebox. The mixture was sealed
using a double-ampoule technique, a bigger ampoule enclosing a smaller ampoule con-
taining the mixture, to avoid oxidation, and heated to 1050 °C at a rate of 10 °C/hour and
held at this temperature for five hours to form a congruent melt. Afterwards, the melt was
slowly cooled at a rate of 5 °C/hour to 450 °C to allow for crystal growth. Upon recov-
ery, KCo,Se, appeared as golden plate-like crystals and KCo,S, golden polycrystalline
material.

Two methods were employed to yield the tetragonal CoSe and CoS. First, KCo,Se,
or KCo,S,, crystals or powders respectively, were placed into ~ 10 mL of saturated LiOH
solution, made by dissolving LiOH - H,O (Alfa Aesar 98%) in water. The mixtures were
then placed in a vial for ultrasonication in a water bath for approximately one hour. Af-

ter one hour, the contents were centrifuged and washed thrice to yield black powders.
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Another method was employed for the KCo,Se, single crystals without the use of ul-
trasonication to avoid excessive break up of the crystallites. KCo,Se, single crystals
were added to ~ 20 mL of saturated LiOH or ammonia solution in a flask, placed on a
Schlenk line under argon gas and stirred for approximately one day. Shiny silver flaky
crystals were recovered, washed and dried under vacuum. The highly basic solutions dur-
ing the de-intercalation reactions stabilize Se?~ anions over the formation of H,Se and
HSe™ species in solution, and subsequently prevented dissolution of the selenide layers.
The de-intercalation reaction dynamics as a function of pH are discussed in more detail

in our earlier work>>.

4.2.2 Characterization methods

Powder X-ray diffraction (PXRD) data was collected using a Bruker D8 X-ray
diffractometer with Cu Ke radiation, 1 = 1.5406 A (step size = 0.020°). Low temperature
(3 K) diffraction data for CoSe were collected on the BT-1 high-resolution neutron powder
diffraction (NPD) with the Ge(311) monochromator (4 = 2.0790 A) at the NIST Center
for Neutron Research. Temperature dependent PXRD on ground crystals of CoSe was
performed using a Bruker C2 diffractometer with a Vantec500 2D detector, 4 = 1.5406
A (step size = 0.015°, 26 = 13.5° — 74°). The sample was heated using an Anton Paar
DHS 1100 graphite-dome stage with heating from 27 ° C to 600 °C under Ar flow to
determine stability of the tetragonal CoSe phase. Rietveld and Pawley refinements with
all the diffraction data were carried out using the TOPAS 4.2 software %°.

Elemental analysis was performed using scanning electron microscopy (SEM) on a
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Hitachi SU-70 Schottky field emission gun SEM with an equipped Bruker Quantax energy
dispersive X-ray detector. Energy dispersive X-ray spectroscopy (EDS) was carried out at
15 keV. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) data were
collected using an Shimadzu ICPE-9000 spectrometer. Standards used for ICP-AES were
diluted from 1000 ppm of respective elements purchased from FLUKA.

All magnetic susceptibility measurements were carried out using a Quantum Design
Magnetic Susceptibility Measurement System (MPMS)' on powder samples of KCo,Se,
KCo,S,, and tetragonal CoSe and CoS. Field-cooled (FC) and zero field-cooled mea-
surements (ZFC) were taken from 1.8 K to 300 K with various applied magnetic fields.
Magnetic hysteresis measurements were taken at a series of temperatures, (1.8 K, 60 K,
and 120 K) with applied magnetic field between H = +7 T.

Electrical transport measurements were performed using a 9 T Quantum Design
Physical Property Measurement System (PPMS-9). Single crystals of CoSe were mounted
on a Quantum Design DC resistivity puck. Thin gold wires were attached to the crystal to
form electrical contacts via silver paste. An applied current of 0.1 mA with frequencies

near 10 Hz was utilized.

4.2.3 Computational methods

All density functional theory (DFT)’>7? calculations were performed by using the

Vienna Ab-initio Simulation Package (VASP) 7”7 software package with potentials using

)78

the projector augmented wave (PAW) "® method. The exchange and correlation functional

!Certain commercial equipment, instruments, or materials are identified in this document. Such identi-
fication does not imply recommendation or endorsement by the National Institute of Standards and Tech-
nology nor does it imply that the products identified are necessarily the best available for the purpose
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were treated by the generalized gradient approximation (PBE-GGA).” The cut-off en-
ergy, 450 eV, was applied to the valance electronic wave functions expanded in a plane-
wave basis set for all chalcogenides. A Monkhorst-Pack® generated 23x23x17 k-point
grid was used for the Brillouin-zone integration to obtain accurate electronic structures.
Crystal orbital Hamilton populations (COHP) were extracted using the program Local-
Orbital Basis Suite Towards Electronic-Structure Reconstruction (LOBSTER) developed
by Dronskowski et al®'#*. COHP provides an intuitive chemical bonding analysis to the

calculated electronic structures.

4.3 Results

4.3.1 Topochemical De-intercalation

As illustrated in Fig. 4.1, the topochemical de-intercalation process leading to anti-
PbO type CoCh (2) is traced in the reaction from 1 to 2. In this process, KCo,Ch, reacts

with water to form H, gas and KOH, and this reaction is depicted below.

KCo,Ch,(s) + H,0(I) — 2 CoCh(s) + KOH(aq) + % H,(g) (4.1)

The reaction for the kinetic study was carried out in water without LiOH. During
the de-intercalation of the sample in water, we observed the evolution of gas bubbles,
which are more rigorous when ultrasonication is applied. When the de-intercalation was
complete, the pH of the filtered solution was highly basic, suggesting the formation of

KOH by the reduction of water.
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Figure 4.2: Diagram for experimental set-up of a hydrogen trap during the de-
intercalation reaction of K;_,Co,_,Se,. The amount of hydrogen generated during this
reaction will expel equal volume amount of water to the graduated cylinder. By mea-
suring the hydrogen generation as a function of time, a semi-quantitative analysis can be
achieved.

The evolution of the hydrogen gas allowed us to study the reaction rate for the
formation of the metastable CoCh phases. A semi-quantitative experiment measuring the
volume of hydrogen gas evolved was set up by connecting two Erlenmeyer flasks — one
as the reaction flask and the other as the H, measurement flask (Fig. 4.2). The two flasks
were tightly sealed, so that hydrogen generated in the reaction flask could only flow into
the capturing flask, which expelled an equal volume amount of water. The expelled water
was collected in a graduated cylinder via a cannula and measured as a function of time.

From Eqn. 4.1 we express the reaction rate as r = d[KOH]/dr =2[H,]/dt. Approxi-
mating the molar volume of H, gas with that of an ideal gas, we can then relate the value

of molar concentration [KOH] generated to the volume of expelled water.
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where Vy, and Vi are volumes of hydrogen gas generated and water expelled,
respectively, Vi, the volume of the de-intercalation solution, and ngog 1s the number
of moles of KOH. Since the reactants include an insoluble solid and the solvent (i.e.
water), then a plausible rate law could be written in terms of the molar concentration of
the products [H,] or [KOH]. The amount of water expelled was observed to have a ¢'/?
behavior as shown in Fig. 4.3, which would be consistent with a rate law that has the form
r = k/[KOH]. A derivation of this proposed rate law from the #'/?> dependence is described

below.

k

r = (4.4)
[KOH]
d[KOH] 'k
dt  [KOH] (4.5)
[KOH] t
f [KOH|d[KOH] = f kdt (4.6)
[KOH]y 0
%[KOH]Z = kt 4.7)
[KOH] = V2kt (4.8)

The results from the semi-quantitative analysis of the reaction kinetics confirm that

the de-intercalation of KCo,Se, involves the hydration of K* cations and the transfer of
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Figure 4.3: Volume of hydrogen generated during a de-intercalation reaction of KCo,Se,
vs. time ¢ and 2 leading to the preparation of pure CoSe. For this reaction, t = 0 is the
point when water flow was observed from H, generation. The lines drawn represent a

least square fit of the data.

1.5+

electrons between Co'~" centers and H,O molecules to evolve H, gas and OH™ groups.

We postulate that the de-intercalation reaction is in part driven by the oxidation of Co'~*,
and since the reaction conditions are mildly oxidative at room temperature, no major
structural reconstruction of the chalcogenides occurs. Therefore, the sheets of edge-
sharing CoCh, tetrahedra in KCo,Ch;, are retained, but the layers does undergo a rear-

rangement from the body-centered to the primitive setting. Overall, kinetically controlled

topochemical de-intercalation leads to the first isolation of anti-PbO type CoSe and CoS.
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Figure 4.4: Powder X-ray diffraction patterns with Cu Ke radiation of (a) KCo,Se, in the
body-centered tetragonal structure (/4/mmm) at room temperature and (b) CoSe with a
primitive tetragonal structure (P4/nmm) at room temperature. (c) Neutron powder diffrac-
tion (NPD) pattern of CoSe at 3 K (BT-1, NIST). (d) The NPD pattern but with the addi-
tion of the ferromagnetic phase with the moment on the Co site pointing in the c-direction
as shown in the inset. Tick marks representing the corresponding tetragonal phases are
shown below the calculated, observed, and differences curves from Rietveld analysis.
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Table 4.1: Structural parameters for ground single crystals of KCo,Se, and CoSe. Struc-
tures 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.
KCo,Se, (298 K, PXRD), I4/mmm, R,,, = 2.917%

a=383202) A, c = 13.848(3) A

atom Site X y z Occ. Ui, (A2)
K1 2a 0 0 0 0.94(6) 0.109(22)
Col 4d 0 05 0.25 0.96(6) 0.060(11)
Sel 4e 0 0 0.359(3) 1 0.019(4)

Co-Se (A) Se-Co-Se (°) Se-Co-Se (°) Co-Co (A) anion height (A)
2.442(6)  103.4(4) 112.6(2) 2.710(3)  1.509(3)
CoSe (298 K, PXRD) , P4/nmm , R,,,, = 2.102%
a=37173) A, ¢ = 5.330(3) A

atom Site X y z Occ. Ui, (A2)
Col 2a 0 0 0 1 0.012(3)
Sel 2 0 05 0.265(5) 1 0.010(3)

Co-Se (A) Se-Co-Se (°) Se-Co-Se(®) Co-Co (A) anion height (A)
2332(2)  111.382(63) 105.8(2) 2.6284(3)  1.412(3)
CoSe (3 K, NPD) , P4umm , R,,, = 5.318%
a=3.716(6) A, c=5275(1) A

atom Site X y z Occ. Ui, (A2)
Col 2a 0 0 0 1 0.0026(8)
Sel 2 0 0.5 0.269(2) 1 0.0020(5)

Co-Se (A) Se-Co-Se (°) Se-Co-Se(°) Co-Co (/0\) anion height (10\)
2.339(5) 111.632(36) 105.232(68) 2.6280 1.412(3)

4.3.2 Crystallography, chemical composition, and thermal stability

Comparisons of the PXRD patterns of ground single crystals of KCo,Se, and CoSe
are shown in Fig. 4.4, and the NPD results are shown in Fig. 4.4c. PXRD patterns of
the sulfide analogues are shown in Fig. 4.5. As seen from both the X-ray and neutron
data, the crystal structures of both de-intercalated CoSe and CoS can be fit well with the
anti-PbO type structure, which has the primitive space group P4/nmm. Detailed structural
information extracted by Rietveld refinements of PXRD and NPD for the selenides are

reported in Table 4.1.
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Elemental analysis from EDS gave a Co:Se ratio close to 0.94:1 (Table 4.2), but
the more accurate [CP-AES measurement gave a composition of Coggg..025€. Therefore,
while it is likely that the starting compositions of KCo,Se, could have some vacancies on
the cobalt site, our resulting CoSe products show little evidence for significant vacancies
on the Co site. Furthermore, for CoSe no residual potassium could be detected by EDS,
suggesting complete de-intercalation. For CoS, however, about 4.5 at% of potassium was
measured by EDS (Table 4.2). While the residual potassium in CoS could be further re-
duced by longer reaction time with ultrasound, this usually resulted in worse crystallinity

in the products.

Table 4.2: Elemental analysis of newly synthesized anti-PbO type CoSe and CoS using
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS).

EDS was carried out at 15 keV.
CoSe (298 K, ground single crystal) , 15eV EDS

Element Series Norm. Percent (wt. %) Norm. Percent (at. %) Error [30] (wt. %)
Cobalt L-series 41.30 48.53 4.00
Selenium  K-series 58.70 51.47 9.22

CoS (298 K, ground polycrystalline material) , 15eV EDS

Element Series Norm. Percent (wt. %) Norm. Percent (at. %) Error [30] (wt. %)
Cobalt K-series 64.41 50.11 6.16
Sulfur K-series 31.73 45.37 3.52
Potassium K-series 3.85 4.52 0.49

Although CoSe and CoS have been prepared for the first time in their tetragonal
form, the sulfide appears to be less stable than the selenide. In addition to its poor crys-
tallinity (Fig. 4.5), certain (hk0Q) reflections are missing for CoS, which indicates some
disorder within its ab plane. For longer de-intercalation reactions, up to 5 hours under ul-

trasonication, the as-recovered CoS sample was amorphous as no Bragg reflection could
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Figure 4.5: Powder X-ray diffraction patterns with Cu Ke radiation of (a) KCo,S, and (b)
CoS collected at room temperature. Tick marks representing the corresponding tetragonal
phases are shown below the calculated, observed, and differences curves from Rietveld
analysis for (a) and Pawley fit for (b).

be identified. Contrastingly, prolonged reactions for CoSe samples led to no noticeable
changes in its crystallinity. Our results suggest that anti-PbO type CoS can be stabilized
kinetically, but it is much less stable than the selenide analogue.

In order to exploit tetragonal CoSe as an intercalation host, temperature dependent
PXRD was carried out to examine its thermal stability. Powders of ground single crystals
of CoSe were heated from 27 °C to 600 °C, and the evolution of the PXRD patterns is
shown in Fig. 4.6. Upon heating to 200 °C, the tetragonal CoSe (P4/nmm) completely
transformed to cubic cobalt seleno-pentlandite (CooSes, Fm3m, Fig. 4.1). Around 400
°C, the cubic CogSeg phase started to convert to a monoclinic phase (CosSey, C2/m), a
distorted and vacancy-ordered NiAs-type (Fig. 4.1). This monoclinic phase persisted to

600 °C and remained the major phase when cooled back to room temperature.
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Figure 4.6: Temperature evolution of the x-ray powder diffraction of ground single crys-
tals of CoSe from 27 °C to 600 °C preformed using an Anton Paar DHS 1100 graphite-
dome stage. Two phase transitions are observed. CoSe (P4/nmm) starts to transform to
CooSeg, the cobalt pentlandite system (Fm3m), around 200 °C. Around 400 °C, CooSeg
begins to transition to the Cos;Sey4, the monoclinic distortion of the NiAs-type (C2/m).
Tick marks represent the corresponding phases as labeled. The (*) symbol shows peak
introduced by the Anton Paar DHS 1100 graphite-dome stage used to heat the sample.

The results between 200 °C and 600 °C are in good agreement with the phase di-
agram of the Co-Se system!*’. The transformation from tetragonal CoSe to the CooSeg
pentlandite structure between 150 °C and 200 °C suggests that any intercalation reactions
of the anti-PbO type CoSe need to be limited to below 200 °C in order to avoid structural
reconstruction of the selenide sublattice.

Although pentlandite-type CogSeg exists on the Co-Se phase diagram below 400
°C, it is unusual to prepare it by direct phase transformation as it has very limited win-

dow of phase stability '*°. For an approximately 1:1 Co/Se ratio, the NiAs type variant
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is favored thermodynamically from room temperature to about 1100 °C. In fact, octahe-
dral coordination of Co*" in selenides dominates most regions of the phase diagram as in
the NiAs and pyrite-type structures. Therefore, predominately tetrahedrally coordinated
cobalt in pentlandite can only be formed by annealing samples at 400 °C within a narrow
compositional window !, It is likely that the transformation from anti-PbO type CoSe
to pentlandite is kinetically favored since it does not require overcoming the high energy
barrier associated with changing coordination geometry of cobalt. Therefore, the mono-
clinic phase exists as a thermodynamic sink, and once formed, it does not revert back to

the pentlandite structure when cooling from 600 °C to room temperature.

4.3.3 Magnetic properties

Upon de-intercalation of potassium from KCo,Se, to form CoSe, a drastic change
was observed in their respective magnetic properties (Fig. 4.7). KCo,S, displays temper-
ature independent magnetic susceptibility above 85 K indicative of Pauli paramagnetism.
Below, 85 K, the magnetization diverges and appears to be ferromagnetic with a Curie
temperature (7¢) near 82 K. For completely de-intercalated CoSe, its T decreased to
about 10 K and its response to magnetic field became significantly weaker compared to
KCo,Se,. The previous report by Yang et al. showed KCo,Se, to have a T¢ = 74 K, !5
which might indicate that the amount of potassium in the lattice, and hence the electron
filling level, influences the magnetic properties.

To shed more light on this it is useful to briefly discuss the recent studies on RCo, P,

phases where R= rare earth. These isostructural cobalt phosphides are thought to display
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Figure 4.7: Magnetic susceptibility of (a) KCo,Se,; and (b) CoSe, vs. temperature mea-
sured in applied field of 10 Oe and 300 Oe respectively. (a) KCo,Se, displays a ferro-
magnetic transition at 7¢ = 82 K and (b) CoSe a T¢ = 10 K; the inset shows zoomed-in
region near Tc.

charge transfer from the rare-earth 4 f shell to the Co 3d level, which alters the magnetic
behavior of Co square sublattice.'**~'* In our selenide samples, the formal oxidation
state of Co changes from approximately +1.5 in KCo,Se; to +2 in CoSe. This indicates
that charge transfer from the K cations effectively enhances ferromagnetism in the Co
sublattice and raises its 7¢. Furthermore, an increase in 7 has also been observed when

the Co-Co distance in La,_,Pr,Co,P, is increased. '4>1>3 We observe the same trend in the
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cobalt selenides as the Co-Co distance increases from 2.6284(3) A in CoSe to 2.710(3)
A in KCo,Se,. Therefore, it seems plausible that the electronic structure responsible
for ferromagnetism is heavily influenced by both the metal-metal distances in the square

lattice and the transition metal’s electron configuration.
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Figure 4.8: Isothermal magnetization vs. applied field H for (a) KCo,Se, and (b) CoSe
at 1.8 K. Both KCo,Se, and CoSe show hysteretic behavior indicating ferromagnetic
ordering.

The differences between KCo,Se, and CoSe were further elaborated by their re-
spective isothermal magnetization measurements (Fig. 4.8). KCo,Se, demonstrates clear
hysteretic behavior indicative of the ferromagnetic ordering at low temperature. Similar
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to the work of Yang et. al'>?

, we observe a small coercive field and complete saturation
of the magnetization in KCo,Se,, approaching a value of 0.6 u5/Co, whereas for CoSe,
no saturation was observed for a field up to 7 T. In addition, CoSe seems to carry a much
smaller moment of ~ 0.1 ug/Co at H = 7 T. The lack of complete saturation to the ex-
pected 3 up for a tetrahedral Co** crystal field can be attributed to the itinerant character
of ferromagnetism in these materials'>*. In comparison to the more complex magnetic
phase diagram of the layered cobalt oxide system, Li,CoO,, the de-interclation of K*
from KCo,Se, mostly affects the T instead of the types of magnetic ordering (i.e. var-
ious antiferromagnetic phases). !> We attribute this difference in the physical properties
to the multiple structural transitions as a function of x in Li,CoO, whereas we do not
observe such transitions in the KCo,Se; system.

CoSe shows clear ferromagnetic hysteresis at 1.8 K (Fig. 4.8), and in order to
confirm the validity of this ferromagnetic signal, isothermal magnetization for CoSe was
performed at various temperatures: 2 K, 60 K, and 150 K (Fig. 4.9). With the increase
of temperature to 60 K, the hysteretic behavior for CoSe disappears and paramagnetic
behavior emerges. In addition, the paramagnetic behavior at 60 K indicates the absence
of any residual KCo,Se, in the sample since 60 K is well below its Curie temperature.

CoS shows similar magnetic behavior to CoSe (Fig. 4.10). A ferromagnetic tran-
sition around 10 K was observed for CoS, and hysteretic behavior at 1.8 K that does not
fully saturate at applied fields up to £7 T. A more thorough magnetic study may be re-
quired to elucidate the sublte differences between the selenides and sulfides. Such a study
would be useful in light of the fact that the iron analogues, FeSe and FeS, display a differet

superconducting critical temperatures, 8 K and 5 K, respectively.
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Figure 4.9: Isothermal magnetization vs. applied field H for CoSe at T = 2 K, 60 K, and
150 K. While the 2 K data displays hysteresis with some blocking, the 60 K and 150 K
data indicate paramagnetic behavior. The inset shows a zoomed region emphasizing the
disappearance of hysteresis at higher temperatures.

Neutron diffraction remains one of the most powerful tools for elucidating the long-
range magnetic ordering in materials, and our NPD data further elucidates the nature of
such ordering in CoSe. First, the NPD does not indicate any long-range antiferromagnetic
ordering in CoSe since the 3 K pattern (Fig. 4.4c) does not display any satellite reflec-
tions. We therefore rule out ferrimagnetic ordering as the cause of the hysteresis in the
magnetization data. Second, we fit a ferromagnetic phase to the NPD data (Fig. 4.4d)
and obtain a moment of 0.30(17) up pointing only in the c-direction. After considering
the magnetic contributions to the nuclear phase, the R,,, of the refinement decreased from
5.3 % to 4.7 %, indicating meaningful improvement of the statistics. The value for the
moment may not be conclusive, however, due to the limitations of unpolarized neutron

diffraction, where it is impossible to separate the nuclear from the magnetic contributions
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Figure 4.10: Magnetic susceptibility of CoS, measured in applied field of 1000 Oe.
Temperature-dependent magnetic susceptibility y(7) = M/H: KCo,Se; (a) shows a fer-
romagnetic transition at T¢ = 10 K comparable to CoSe and (b) CoS shows incomplete
saturation approaching 0.09 ug/Co at an applied field of 7 T, slightly less than CoSe.

to the Bragg reflections. It is important to note that our attempt to refine the magnetic
moment for the 15 K NPD data led to a divergence in the fit. Since the moment is ap-
parently small from the magnetization data, more careful temperature-dependent neutron
diffraction studies may be carried out on a single crystal to study the nature of the weak

itinerant ferromagnetism in CoSe.
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4.3.4 Electrical Resistivity

Temperature dependent electrical resistivity of CoSe single crystal is presented in
Fig. 4.11. The resistivity displays typical metallic behavior down to approximately 10
K, the proposed Curie temperature for CoSe. Due to the lack of single crystal KCo,S,, a

single crystal of CoS was not prepared and no transport data is presented for CoS.
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Figure 4.11: Temperature dependent electrical resistivity of CoSe measured on a single
crystal. CoSe displays metallic behavior at high temperature with a slight deviation in
slope around 10 K (inset), close to the ferromagnetic transition temperature.

The properties of CoSe can be summarized as a weak ferromagnetic metal. In the
region below 10 K, (Fig. 4.11 inset), the slope of the resistivity curve changes abruptly
from the high temperature region. This change is indicative of the ferromagnetic transi-
tion occurring at 10 K. It is known that ferromagnetic materials display clear T? behavior
at low temperature, below T¢, due to electron-electron scattering°® and typical Fermi
liquid behavior. This behavior is more profound in the ferromagnetic parent KCo,Se,
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Figure 4.12: Temperature dependent electrical resistivity of KCo,Se, measured on a sin-
gle crystal. KCo,Se, displays metallic behavior at high temperature with a slight devia-
tion in slope around 80 K (inset), close to the ferromagnetic transition temperature.

compound (Fig. 4.12). Its temperature-dependent resistivity clearly shows linear corre-
lation above 80 K close to its 7¢ (74 K), and T2 behavior below 80 K. With the addition
of spin fluctuations contributions, electrical resistivity of a weak ferromagnet is predicted
to have significant 7°/° behavior near the transition temperature '°’. The low temperature
resistivity of CoSe does not display clear 7°/* or T? behavior, and is likely a combination
of the two. This can be attributed to the very low Curie temperature of CoSe; there is no
distinct range for which different scattering processes will dominate, causing the overlap

in temperature dependencies.
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4.4 Discussion

4.4.1 De-intercalation chemistry of late transition metal chalcogenides

It is interesting to consider the crystallographic changes induced by our topochem-
ical method for de-intercalation of AM,Ch,-type phases, and compare it with others re-
cently published in the literature ''°. Depending on the synthetic conditions and the chem-
ical system, kinetically controlled de-intercalation can also induce structural reconfigura-
tion. In our topochemical de-intercalation, only a shift in the stacking of the alternat-
ing planes of CoCh along the c-direction occurs. As the de-intercalation proceeds, the
body-centered operation is lost while an n-glide plane is introduced to change the CoCh
stacking sequence (Fig. 4.1). Otherwise, no major reconstruction occurs within the CoCh
planes, and the transition metal, whether iron or cobalt, remains in tetrahedral geometry.

So far we have demonstrated success on preparing anti-PbO type Fe and Co chalco-
genides via our topochemical de-intercalation approach. Despite similar strategies, their
respective synthetic conditions are not mutually interchangeable. As reported in our
earlier work on single crystal tetragonal FeS obtained by de-intercalation of KFe,S,,'*!
highly basic hydrothermal conditions are oxidative and can lead to large concentrations
of Fe vacancies. Hydrothermally prepared FeSe can also lead to a large number of vacan-
cies, which are detrimental to superconductivity.'® To remedy this, extra Fe powder was
added in the autoclave to create a reducing environment and fill the Fe vacancies. The dif-
ferences between the preparations of FeCh and CoCh suggest that fine-tuning of synthetic

conditions will be required to obtain other anti-PbO type transition metal chalcogenides.
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In all, it must be said that the target of other anti-PbO type M Ch systems may be sig-
nificantly harder to achieve in comparison to the cobalt analogues. A recent comprehen-
sive study on the de-intercalation reaction conditions of KNi,Se, reported by Neilson and
McQueen '° sheds more light on this. Utilizing stronger oxidization conditions produced
by Cul, in acetonitrile, they reported formation of NiAs-type hexagonal NiSe from the
ThCr,Si,-type KNi,Se,. Accompanying the de-intercalation of K*, edge-sharing layered
NiSe, tetrahedra in KNi,Se, completely transform to corner-sharing NiSeq octahedra.
Although, this de-intercalation reaction is kinetically controlled, upon losing too much
K*, KNi,Se;, does not retain the original tetrahedral layered structure and transforms di-
rectly to the thermodynamically stable hexagonal NiSe. One of the major discoveries for
this de-intercalation process is that the increase of Ni vacancies and Ni oxidation are the

driving forces for structural reconstruction. '

4.4.2 Intercalation chemistry of late transition metal chalcogenides

Ever since Gamble et al. prepared a large new family of intercalated layered tran-

3435 inter-

sition metal dichalcogenides in the early 1970’s to explore superconductivity,
calation chemistry has remained a great tool for the manipulation of layered materials
held by van der Waals interactions. Intercalation chemistry via chimie douce methods in
iron-based superconductors has more recently been pioneered by Clarke e al. *? to over-
come the common impurity phases that form from solid-state reactions of alkali metals

with iron chalcogenides.??> Before now, one of the outstanding issues was that the thermo-

dynamically available tetragonal chalcogenides were limited to iron. With the discovery
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Figure 4.13: Powder X-ray diffraction patterns of ground polycrystalline
Li(C,HgN;)CoSe collected at room temperature. Refinement of the Li(C,HgN,)CoSe
structure in the body-centered tetragonal group (/4/mmm). Tick marks represent the
corresponding phase.

of the anti-PbO type CoC#h in the present study, we now have the opportunity to explore
intercalation chemistry in this new family.

First, we present the ion exchange reaction of KCo,Se, single crystals with LiOH
using a similar hydrothermal route for LiOH intercalated FeSe from our previous work.>?
Hydrothermal reactions using LiOH, selenourea, and H,O along with single crystals of
KCo,Se, reacted at 100-160 °C for 1-3 days. Reactions at 100-120 °C yielded a mixture
of the tetragonal CoSe and the pentlandite type CogSeg, while reactions at 140 °C and
above gave pure seleno-pentlandite in single crystal form (Fig. 4.14, Table 4.3). Although
attempts to synthesize (LiIOH)CoSe were not successful, our method provides a route to
high purity single crystal seleno-pentlandite, which was not available previously.

After the lack of success with LiOH intercalation, we present the direct intercala-
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Figure 4.14: Rietveld refinements with x-ray powder diffraction on ground polycrystalline
material of CogSeg collected at room temperature. Refinement of CoySeg in the pent-
landite structure (Fm3m). Tick marks represent the corresponding phase for pentlandite.

Table 4.3: Structural parameters for ground polycrystalline material of CogSeg. Rietveld
refinements for preformed for the room temperature structures. All relevant bond angles
and distances from the refinements are given.
CooSes (298 K, PXRD) , Fm3m , R,,, = 2.356%
a =10.4236(72) A

atom Site X y z
Col 4b 0.5 0.5 0.5
Col 32f 0.125 0.125 0.125
Sel 8c 0.25 0.25 0.25
Se2 24e 0.2713(6) 0 0

Co2-Sel (A) Co2-Se2 (A) Se-Co-Se (°) Se-Co-Se(°) Co-Co (A)
2.2567(8) 2.392(4) 105.1(1) 113.4(1) 2.6059(1)

tion with amine adducts of Li metal. The smaller layer spacing in the CoSe compared
to the iron analogue (5.33 A in CoSe vs. 5.52 A in FeSe) could be an impediment to
intercalation, so we used ethlyenediamine (en) instead of liquid ammonia as the solvent
to perform the reaction at an elevated temperature. Tetragonal CoSe was reacted with Li
metal dissolved in 15 mL en on a Schlenk line under Ar flow at 70-90 °C for 7 days.
The PXRD pattern of the as-recovered product (Fig. 4.13) closely matches the pattern of

L 45

Li-en intercalated FeSe (Li-en-FeSe) reported by Hatakedra et al.™ The new phase was
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fit to a body-centered tetragonal cell (/4/mmm) using the Pawley method, and its lattice
constant ¢ increased to 21.019 A, which is comparable to Li-en-FeSe (20.74 A% ).

Although it is not possible to solve the structure of the Li-en-CoSe phase using our
current PXRD data, a recent neutron diffraction study on Na-en-FeSe shed light on the
structure of such amine-intercalated phases.* Using the model by Jin et al., the proposed
structure for Li-en-CoSe is shown in Fig. 4.13. To confirm the intercalation of Li cations
into CoSe, the sample was heated to 800 °C in air to decompose it. The PXRD pattern
of the decomposition product was fit well with the layered LiCoO, structure (R3m), sug-
gesting the presence of Li in the intercalated compound. The exciting implication of this
result is that the intercalation chemistry for the Fe family can also be applied to the Co
system.

First-principles calculations of the electronic density of states, and bonding analysis
of such states may also provide answers as to the optimal electron filling level and the
possible limits of topochemical de-intercalation and intercalation. We discuss those in

the next section.

4.4.3 Relationship to FeSe and DFT Predicted Stability

Anti-PbO type FeSe and FeS with critical temperatures (7.’s) of 8 K'* and 4 K%
respectively, are of great interest to the superconductivity community. The synthesis of
the isostructural CoSe and CoS offers another point for investigation how the variation of
electronic structure leads to superconductivity. Some basic physical and chemical proper-

ties of CoSe and CoS can be understood when analyzing the density of states (DOS) and
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Figure 4.15: a) The spin-polarized electronic density of states (DOS) of FeSe and CoSe.
b) The partial crystal orbital Hamilton population (pCOHP) to describe the M-Se bonding
and antibonding intercations. c) The pCOHP for M — M interactions. In b) and c), positive
and negative states represent bonding and anti-bonding interactions, respectively.

their projected crystal orbital Hamilton population (pCOHP) of the cobalt system in com-
parison to the iron analogues. In particular, phase stability can be compared intuitively
by analyzing their bonding and anti-bonding interactions using COHP extracted by the
LOBSTER package provided by Dronskowski and co-workers®!'=**. The results of DFT
calculations on CoSe and FeSe are shown in Fig. 4.15.

In comparing the spin-polarized density of states (DOS) for CoSe with FeSe, the
former shows clear splitting of the DOS near the Fermi level. This splitting matches
Stoner’s criterion for ferromagnetism, whereby the spin-polarized DOS are lowered in
energy due to exchange interactions'°®. Similar exchange splitting is also observed for
CoS (Fig. 4.17). The predicted ground state magnetic moments on each Co atom in CoSe

and CoS are 0.32 up and 0.42 up, respectively. Our DFT calculations therefore suggest
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Figure 4.16: Band structure along three different directions and the corresponding partial
DOS of 3d states for FeSe and CoSe. Purple and green lines in the band structure indicate
bands crossing the Fermi-level close to the I and M points, respectively.

weak itinerant ferromagnetism in both tetragonal CoSe and CoS and well describe the
physical property and neutron diffraction measurements. A previous DFT study by Ding
et al.'> did not predict CoSe to be ferromagnetic as spin-polarized calculations were not
carried out.

To explore how the electronic structure affects phase stability, and hence the success
of topochemical de-intercalation, COHP analysis was performed for tetragonal Fe, Co
and Ni chalcogenides (Fig. 4.15, Fig. 4.17 and Fig. 4.18). Amongst this group, the

anti-PbO type FeSe is the only thermodynamically stable one. The so-called S—FeSe is
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Figure 4.17: Density functional theory (DFT) calculations of FeS and CoS for a) the total
density of states (DOS) and -pCOHP of b) M-S and ¢) M-M interactions. In b) and c¢),
positive and negative states represent bonding and anti-bonding interactions, respectively.

on the Fe-Se phase diagram and can be formed by direct reaction of the elements at high
temperatures. In contrast, FeS, CoSe and CoS can only be synthesized using kinetically
controlled and therefore low-temperature routes, and tetragonal NiSe and NiS remain
hypothesized compounds.

COHP plots show that for M — Ch interactions, there are nearly negligible anti-
bonding states at the Fermi-level for FeSe, whereas FeS, CoSe, and CoS (Fig. 4.15 and
Fig. 4.17) show population of anti-bonding states increasing in the order listed. The in-
creased anti-bonding character suggests that FeS, CoSe to CoS become less stable, which
matches the observations from our synthetic work. For NiSe and NiS, both COHP plots
(Fig. 4.18) show stronger anti-bonding characters for Ni-Ch interactions, which may also

explain why they have yet to be reported. In addition, NiSe shows significantly increased
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Figure 4.18: Density functional theory (DFT) calculations of NiSe and NiS for a) the total
density of states (DOS) and -pCOHP of b) Ni-Ch and c) Ni-Ni interactions. In b) and c¢),
positive and negative states represent bonding and anti-bonding interactions, respectively.

Ni-Ni anti-bonding interactions. By retaining the metal square sublattice, the stronger Ni-
Ni anti-bonding interactions will increase as the de-intercalation of K™ proceeds. Such
unfavorable interactions would then be countered by the formation of a large amount of
Ni vacancies or structural reconstruction altogether.

One of the most interesting features of the iron-based superconductors has been the
control of superconducting properties through the manipulation of the Fermi surface and
therefore the filling of the electronic bands. Given the very similar tetragonal structures,
the electronic dispersion curves along high-symmetry points of the CoCh phases are simi-
lar to those of the FeCh phases. As shown in the partial DOS diagram of Fig. 4.16, the ten

dispersion curves from —2 eV to +2 eV correspond to the predominately 10 d-orbitals of
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Figure 4.19: Fermi surface plots on the I'-M-X plane for a) FeSe, b) CoSe, c) FeS and d)
CoS.

the two transition metals per unit cell. Therefore, in the simple anti-PbO type structure for
transition metal chalcogenides, the physical properties are derived from the occupation of
the predominantly d-bands.

Since Co has one more electron than Fe, the Fermi level of CoSe moves to higher
energy levels with respect to the Fe analogues (Fig. 4.16 and Fig. 4.20). Consequently,
the hole pockets at the I'-point close to the Fermi level in FeCh superconductors are miss-

ing in the CoCh phases. The electron pockets at the M-point become much deeper for
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Figure 4.20: Band structure and partial DOS of 3d orbitals of a) FeS and b) CoS. Purple
and green lines in the band structure indicate bands crossing the Fermi-level close to the
I" and M points, respectively.

CoCh. Since nesting of the electron and hole pockets is considered to be key for the
superconducting mechanism, we did not anticipate the pure CoCh phases to be super-
conducting on this simple diagram. Recent ARPES studies on the FeSe/STO mono-layer
superconductors (T, ~ 100 K)?”-* have revealed the absence of hole pocket at the I'-point,
and it is suggested that the electron pocket at M-point could be more important. Hence,
it might be possible to tune CoCh towards superconductivity by reducing the electron
density near the M-point via Fe substitution on the Co site or As/P substitution on the

chalcogenide site.

85



The Fermi surfaces of FeCh are highly two-dimensional and manifest themselves as
isolated 2D cylindrical sheet that do not overlap. As shown in their band structures (Fig.
4.16a and Fig. 4.20a), there are three bands crossing the Fermi level of FeSe close to the
I'-point, while there are only two for FeS. This is reflected on their Fermi surface plots,
as three and two cylindrical sheets can be seen for FeSe and FeS, respectively. For CoCh,
because there is no hole pocket at the I'-point, their Fermi surfaces have moved farther
away from the I'-point compared to FeCh. More importantly, a complete reconstruction
of the Fermi surface occurs and in CoCh a flatly dispersing band approaching the X-point

is occupied.

4.5 Conclusions

We have demonstrated that through topochemical means, new binary phases can
be prepared and particularly that kinetic control is a means to prepare novel 2D layered
transition metal chalcogenides. These new phases can be stabilized if the topochemical
de-intercalation utilizes mild oxidative environment and replenishing metal vacancies in
the chalcogenide layer. With this strategy we prepared the hypothesized metastable CoSe
and CoS with the anti-PbO structure for the first time. These new CoCh phases will
now help answer some important questions regarding superconductivity in their iron ana-
logues FeSe and FeS. Furthermore, the topochemical de-intercalation of single crystalline
KCo,Se, lead the formation of single crystalline CoSe, which was key for more thor-
ough exploration of physical properties such as electrical resistivity. Finally, our physical

property and neutron diffraction measurements of CoSe reveals that it is a weak itinerant
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ferromagnet with a 7¢ near 10 K and a small moment near 0.1 up per Co cation. Similar
measurements for CoS reveal weak ferromagnetism as well, although the less crystalline
nature of CoS impedes a more accurate determination of its physical properties.

DFT calculations support our interpretation of both CoSe and CoS as weak ferro-
magnetic metals, and the manner in which the Fermi level fills the predominately d-states
helps explain why CoSe and CoS should not be expected to be superconductors. Further-
more, bonding analysis of the electronic DOS reveals that antibonding Co-Ch states are
more occupied than in the case of the iron analogues, thus justifying the higher thermo-
dynamic stability in the latter compounds.

Future work in this area includes further expansion of known layered M Ch phases
through intercalation chemistry. Our first attempts with bases such as Li-ethylenediamine
indicate that CoSe can indeed act as intercalation host. Given that guest species can read-
ily be inserted into these materials, we now have a tool to increase the two-dimensionality
of the electronic structures. Since the simple electronic structure of the metal square sub-
lattice does not seem to change much as a function of transition metal, we anticipate that

the physical properties of new MCh phases could be predicted.
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Chapter 5: The Preparation and Phase Diagrams of ("Li,_,Fe, OD)FeSe

and (Li,_,Fe,OH)FeSe Superconductors

The work described within this chapter was published in Journal of Materials
Chemistry C 2016, 4, pg. 3934. Christopher Borg, Jeffrey W. Lynn, Shanta Saha,
Johnpierre Paglione, Craig M Brown, and Efrain Rodriguez were contributing authors
of the manuscript. X.Z. and C.K.H.B prepared the samples and collected XRD data,
X.Z., C.K.H.B, and J.W.L. collected the neutron data, X.Z., C.K.H.B, and S.S. collected

MPMS data.

5.1 Introduction

In the iron-based pnictide and chalcogenide superconductors, chemical doping and
physical pressure are universal variables by which to tune the superconducting proper-

ties. !> For example, the critical temperature, T, of 8 K in FeSe under ambient condi-

13,16 19,129

tions can be raised to 38 K by externally applied pressure or 44 K by intercalation
of cationic species.?*?34%1%0 The tetragonal (P4/nmm) structure of FeSe (1.1) consists
of sheets of edge-sharing FeSe, tetrahedra held together by van der Waals interactions,

which makes it an ideal host for intercalation chemistry. Negative pressure, or strain, has

also been implicated as a parameter in the high 7. of 65 K - 100 K reported for single
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layered FeSe.?728161?

Given the propensity of the FeSe layered system for chemical and
physical manipulation, FeSe is an ideal platform for under-standing the superconductiv-
ity of the iron-based systems and for the preparation of new layered functional materials.
The recently discovered (Li;_,Fe, OH)FeSe system, 222652162163 which contains PbO-type
layers of LiOH alternating with the anti-PbO type layers of FeSe (Figure 1), offers such
an opportunity. Iron may occupy the lithium site and therefore effectively charge dope
the FeSe layer since the (Li;_,Fe,OH) layer would be positively charged. Sun ef al. have
also reported that increased lithiation of the (Li;_,Fe,OH) layer would force iron to oc-
cupy any vacancies in the FeSe layer, which can be detrimental to the superconducting
properties. 2

Three outstanding issues in the (Li;_Fe,OH)FeSe system and related phases are
whether 1) the parent phase is antiferromagnetic, 2) superconductivity coexists with fer-
romagnetism, and 3) any isotope effects on T, exist. Critical to answering all three ques-
tions is the preparation of the deuteroxide version of (Li;_,Fe,OH)FeSe and comparing
their phase diagrams. Furthermore, hydrothermal synthesis under either H,O or D,O
presents interesting differences in the purity of the resulting superconducting phases due
to differences in the reaction kinetics. Thus, this study will help workers in the field
understand the thermodynamic and kinetic factors in the preparation of phase pure and
superconducting FeSe-based materials.

Due to the large incoherent scattering of hydrogen and high neutron absorption
cross section of °Li, our compounds were prepared doubly isotopically pure, ("Li,_Fe , OD)FeSe,
which allowed for an opportunity to complete a phase diagram for the deuterated series.

Although some studies have found no evidence of ferromagnetism below 7. in their sam-
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ples, 162,163

under the right synthesis conditions, we have observed a ferromagnetic signal
in the superconducting regime as first reported by Pachmayr et al.?® Herein, we report the

phase diagram for (Li,_,Fe,OD)FeSe, compare it to that of (Li,_,Fe,OH)FeSe, and inves-

tigate the magnetic properties of the non-superconducting and superconducting samples.

5.2 Experimental

5.2.1 Sample preparation

The preparation of powder samples were modified from a hydrothermal route re-
ported in the literature.>*!'%* For the synthesis of deuterated samples we first prepared the
doubly isotopically pure “LiOD as a precursor. 'LiOD was prepared by mixing a stoichio-
metric amount of ’LiCO3 (Sigma Aldrich, 99% for "Li) and CaO (calcined from CaCOs,
Sigma Aldrich, 99%) in D,O. The CaCOs precipitate was filtered, and "LiOD crystallized
by evaporation of the solvent.

For a typical preparation of (Li;_,Fe,OD)FeSe, 5 mmol of Fe powder (Alfa Aesar,
99.9%), 6 mmol of selenourea (Sigma Aldrich, 98%) and 50 mmol of LiOD powder
were suspended in 5 mL of distilled D,O (Oxford Isotope, 99.9%). The mixture was
placed in a Teflon-lined stainless steel autoclave at 120-200 °C for 3-5 days. Afterwards,
the autoclave was opened in an argon-filled glove bag, and the shiny black precipitate
was washed with D,O. The product was washed and centrifuged several times until the
supernatant was clear. The remaining product was collected, vacuumed dried, and stored
in a nitrogen-filled glove box. The yield of the product was usually between 50% and

70%.
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Single crystal (Li;_Fe,OD)FeSe and (Li,_.Fe,OH)FeSe samples were prepared by
replacing potassium cations with LiOD or LiOH from K,Fe,_,Se, single crystals under
hydrothermal conditions similar to those reported by Dong et al.!'! For the growth of
the K.Fe,_,Se, single crystals, 1.8 g (13 mmol) of FeSe powder was mixed with 0.21 g
(5.4 mmol) of potassium metal (Alfa Aesar, 99%) to match the nominal composition of
Ko sFey_,Se,. 219 The FeSe precursor was prepared by heating Fe (Alfa Aesar, 99.9%)
and Se (Alfa Aesar, 99%) powders to 700 °C for 5 h followed by furnace cooling; the
resulting phase does not need to be of the tetragonal S-FeSe form for the crystal growth.
The FeSe/K mixtures were loaded in a quartz ampoule inside a nitrogen-filled glovebox,
and the ampoules flame sealed under vacuum. In order to avoid oxidation of the samples
from breaking of the ampoule due to potassium-induced corrosion of the quartz walls,
the sample container was sealed in a larger ampoule. For crystal growth of K,Fe,_,Se,,
the mixture was heated to 1030 °C over 10 h and held at 1030 °C for 3 hours to form a
homogeneous melt. Subsequently, the melt was slowly cooled at a rate of 6 °C/hour to
650 °C to allow crystal growth. After cooling to room temperature, K.Fe,_,Se, single
crystal approximately 8 mm in diameter was recovered.

In order to compare the effect of D,O to the reaction kinetics, single crystals of
both (Li;_,Fe,OH)FeSe and (Li,_,Fe,OD)FeSe were prepared under identical hydrother-
mal conditions. For the preparation of (Li;_Fe,OH)FeSe single crystals, the K,Fe,_,Se,
precursor (0.2 g - 0.4 g), 0.14 g (2.5 mmol) Fe powder, and 2 g (47 mmol) LiOH mono-
hydrate were added to 5 mL water. For (Li;_,Fe,OD)FeSe single crystals, to match the
concentration of LiOH in water, 1.2 g (47 mmol) LiOD and 6 mL D,0O were used for

reactions. The mixture was placed in a Teflon-lined stainless steel autoclave at 120-200
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°C for 4-5 days. Silver colored single crystals were recovered by washing away excess
powder with water and drying under vacuum overnight. The as-recovered single crystals
retained similar shape to the starting K, Fe,_,Se; single crystals.

Samples prepared in the absence of excess iron powder were not superconduct-
ing, which could be due to either oxidation of the iron or vacancy formation in the FeSe
layer. To study the role of metal powders during the cation exchange reactions, exper-
iments using Sn metal (Alfa Aesar, 99.9%) instead of Fe powder for the preparation of
((Li,_,Fe,OH)FeSe and ((Li;_,Fe,OD)FeSe single crystals at 120 °C were carried out. Sn
can react with hot concentrated bases to form soluble [Sn(OH)s]>* species while evolving
H, gas,'® thus providing a stronger reducing environment than the hydrothermal reac-

tions without the presence of metal powders.

5.2.2 Laboratory and synchrotron X-ray diffraction measurements

Room temperature powder X-ray diffraction (PXRD) data were collected on a Bruker
D8 X-ray diffractometer (1 = 1.5418 A). Data were collected with a step size of 0.02° be-
tween 7° and 70° for Pawley fits to extract lattice constants and 7° and 120° for Rietveld
fits to obtain better structural parameters. In order to find any possible crystallographic
phase transitions that are coupled to either the superconducting or magnetization order pa-
rameters, temperature dependent (5-300 K) high-resolution synchrotron X-ray diffraction
was carried out for powders of ground single crystals at Beamline

11-BM at the Advanced Photon Source (APS). In addition to finding subtle changes

in symmetry due to peak splitting, the synchrotron measurements provide high-Q data
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and therefore more accurate structural parameters. Analysis of the high-Q reflections
help determine any small changes in the iron occupancies in both the FeSe and LiOH
layers, which could affect T.’s of the sample as suggested by Sun et al.'® An Oxford
helium cryostat (closed flow system) was used to reach a temperature that is close to
liquid helium (= 4 K). Ground powders of single crystals were packed in 0.4 mm Kapton
capillaries tubes and sealed with epoxy. Diffraction data were collected between 0.5° and

46° with a step size of 0.0001° using a constant wavelength 1z = 0.413964 A (30 keV).

5.2.3 Magnetization measurements

Magnetic susceptibility measurements were carried out using a magnetic property
measurement system (Quantum Design MPMS). Both field-cooled (FC) and zero-field-
cooled (ZFC) magnetic susceptibility measurements were taken from 2 K - 300 K in direct

current mode with an applied magnetic field of 1 or 3 mT.

5.2.4 Neutron powder diffraction measurements

All the neutron work was carried out with doubly isotopically pure samples ("Li;_,Fe, OD)FeSe
at the NIST Center for Neutron Research (NCNR). The samples were loaded into He-
filled vanadium cans and subsequently into a closed cycle refrigerator for low tempera-
ture measurements. Low temperature (4 K) diffraction data were collected on the BT-1
high-resolution NPD with the Cu(311) monochromator (1 = 1.540 A). In addition to base
temperature measurements, we performed NPD measurements at various temperatures

25 K, 75 K, 150 K, and room temperature to search for any crystallographic phase transi-
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tions. High-intensity and coarse-resolution diffraction measurements were carried out on
the BT-7 spectrometer (1 = 2.359 A) using the position sensitive detector (PSD) to search

for magnetic Bragg peaks from base temperature up to 150 K.®’

5.3 Results

5.3.1 Crystallography and phase diagram

XRD (\=1.54 A) |

calc

obs P4/nmm

calc-obs
a(A) 3.788
c(A)9.302

1 Rwp = 2.258
T=298K
*
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NPD A=1544) |
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Figure 5.1: (a) X-ray and (b) neutron powder diffraction for non-superconducting
("Li,_Fe,OD)FeSe with x = 0.166. No magnetic phase could be indexed in the NPD,
indicating lack of antiferromagnetic ordering. Weight percent fractions from structural
refinements are as follows: 98% (Li,_,Fe,OD)FeSe (gold ticks) and 2% Li,COs (green
ticks). A few broad peaks corresponding to FeSe were fit by a Pawley routine (asterisk).

Rietveld refinements with both XRD and NPD data were carried out with the TOPAS

4.2 software.®® Representative fits to one of the deuteroxide samples are presented in 5.1
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for both laboratory X-rays and neutrons. Although the samples are mostly phase pure,
some starting reagent Li,CO3 was found as an impurity in the neutron data, which is more
of a bulk technique than X-ray diffraction. Furthermore, two very broad peaks could be
indexed as close to the lattice parameters of the parent phase 5-FeSe. Indeed, these peaks
have also been observed in previous work.?>>? The much broader peak width for the FeSe
impurity is indicative of very small crystallite size and quantitatively fitting this phase is

not possible given its nearly amorphous nature.

Table 5.1: Rietveld refinement of synchrotron PXRD data collected at 7 K for a super-
conducting sample of (’Li;_,Fe,OD)FeSe shown in Fig. 5.2 and a non-superconducting
sample. Both samples are fitted to a P4/nmm space group with origin choice 1. The
tetrahedral angles @, and a, represent the Se-Fe-Se angles in and out of the basal plane,
respectively.

a=3.7725(1) A, ¢ =9.1330Q2) A ,R,, = 12.83%, T. = 37K

Atom Wyckoff x y z Occ. Ui, (A2)
site

Li/Fel 2b 0 0 0.5 0.827/0.173(2) 0.0134

Fe2 2a 0.5 0.5 0 0.979(2) 0.0057

0 2 05 0 0.4266(3) 1 0.0037(7)

Se 2c 0 0.5 0.1603(1) 1 0.0028(2)

a; (°) ar (°) Fe-Fe (A) Fe-Se (A)
104.38(2) 112.07(1) 2.6675(1) 2.3875(4)
a=23.7820(1) A, ¢ = 9.0992(1) A , R,,, = 10.66%, non-superconducting

Atom Wyckoff x y b4 Occ. Ui, (A2)
site

Li/Fel 2b 0 0 0.5 0.809/0.191(2) 0.0156

Fe2 2a 0.5 0.5 0 0.919(2) 0.0036

(0] 2c 0.5 0 0.425233) 1 0.0038(1)

Se 2c 0 0.5 0.1609(1) 1 0.0019(6)

a; (°) a; (°) Fe-Fe (A) Fe-Se (A)
104.51(2) 112.01(1) 2.6743(1) 2.3914(3)

The temperature-dependent synchrotron diffraction data did not reveal any major
crystallographic changes in the structure (5.2). Therefore, unlike the parent FeSe phase,
which undergoes a tetragonal to orthorhombic phase transition near 75 K, ' (Li,_,Fe,OH)FeSe

and (Li,_,Fe,OD)FeSe remain tetragonal down to base temperature (10 K). Rietveld re-
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Figure 5.2: Synchrotron powder X-ray diffraction pattern at (a) 7 K and (b) 150 K for a
single crystal sample of (Li;_,Fe,OD)FeSe prepared at 120 °C for 5 days (7. = 37 K).
Rietveld refinement of data collected at both temperatures did not reveal any lowering
of symmetry from tetragonal P4/nmm. Tick marks representing the tetragonal phase are
shown below the calculated, observed, and differences curves. The insets shown are a
zoom in of the high-angle synchrotron data.

finements of one of the deuteroxide patterns at 7 K and 150 K are presented in 5.2, and rel-
evant structural parameters are in 5.1 for both superconducting and non-superconducting

deuteroxide phases. Relevant bond distances and bond angles are also shown in 5.1. Only
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results from the synchrotron X-ray dataset are presented in 5.1, and structural parameters

from the Rietveld refinements, including the neutron data, for the rest of the samples used

to construct the full phase diagrams can be found in the ESI (Tables S1-S5).
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Figure 5.3: Magnetic susceptibility of samples prepared by (a) powder routes and (b)
single crystal routes of deuteroxide series (Li;_,Fe,OD)FeSe. For 7. = 32 K, a ferromag-
netic transition can be noted at 7y = 10 K. ZFC data of powder samples and single crystal
samples collected with applied fields of 1 mT and 3 mT, respectively, are shown.

5.3.2 Magnetization results and the phase diagrams

The SQUID magnetic susceptibility measurements for the series of hydroxide sam-

ples prepared through the powder routes are presented in 5.3a. The deuteroxide samples,
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which were all derived from the single crystal route, are shown in 5.3b. Only one sample
within the hydroxide series expressed a ferromagnetic signal within the superconducting
regime. A similar plot (Figure S1) for the hydroxide system prepared via the single crystal

route can be found in the ESI.
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Figure 5.4: Superconducting phase diagrams of (a) (Li;_,Fe,OH)FeSe as compari-
son for that of (b) single crystal ("Li;_,Fe,OD)FeSe and (c) powder samples and

(Li,_ Fe,OD)FeSe. The critical temperatures Tc are related to the tetragonality parame-
ter, which is the simple ratio of the lattice parameters c/a.

We have constructed superconducting phase diagrams in 5.4 that relate the critical
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temperatures 7. to the lattice constants compiled from the SQUID data and diffraction
results from all the samples. The lattice parameters of the tetragonal unit cell found at
room temperature were used as the x-axis versus 7 in the phase diagrams. More specif-
ically, we found the best correlation to T, is that of the tetragonality parameter, which is
the simple c/a ratio. The corresponding superconducting volume fractions (4ry) were
also established by SQUID magnetometry (5.3). We found that 7, and its volume frac-
tion increased with the lattice constant ¢ and decreased with lattice constant a. Therefore,
those with the highest tetragonality gave the maximum 7. and superconducting volume
fractions. For samples to exhibit significant superconducting volume fractions (4ry >
10 %), the lattice constant ¢ must be larger than about 9.20 A and a smaller than about
3.80 A. These trends in the lattice parameters are consistent with the findings of Sun ez
al. on their hydroxide analogues,?® where they attribute a large a lattice constant to iron
vacancies in the FeSe layers and therefore iron slightly oxidized above 2+.

Our combined diffraction experiments did indeed find variations on the iron occu-
pancies, whether superconducting or non-superconducting. In general, the smaller the
tetragonality parameter, the lower the 7. As 5.1 shows, when the occupancy of the Fe2
site falls from near full to 91.9(2) %, superconductivity is lost. The differences overall be-
tween the hydroxide samples prepared by powder routes and the single crystal ones could
be due the accommodation of iron vacancies during the syntheses. As Sun et al. found in
their samples,?® when FeSe in its tetragonal S-phase is used as the host for intercalation
via hydrothermal synthesis, iron powder is necessary in order to fill in the resulting vacan-
cies. When we start with Fe powder and selenourea as the Se source, this leads to more

variability in the amount of iron vacancies and therefore a larger spread in the tetrago-
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nality parameter that can express superconductivity (5.4). Our powder method therefore
would lead to the in-situ growth of alternating FeSe and Li;_,Fe,OD layers rather than
post-synthetic modification (also known as soft chemistry) of FeSe layers as done in our

single crystal method.
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Figure 5.5: (a) The NPD pattern of non-superconducting phase of ("Li;_,FexOD)FeSe at
150 K and (b) 4 K. The difference between the two patterns in (c) reveals no antiferro-
magnetic peaks.

5.3.3 Neutron results

To verify whether any of the samples exhibit antiferromagnetism, we searched for
any superlattice peaks in the NPD patterns that could arise below 120 K, the AFM transi-
tion in the parent phase of (Li,_,Fe,OD)FeSe reported by Dong et al.'® No superlattice
reflections were observed in the BT-1 high-resolution NPD patterns, and our deuterated
samples allowed for a low background in case of a small Fe signal. Indeed, in the ar-
senide systems the iron moment can be small in the parent phases such as 0.36(5) up/Fe

in LaOFeAs ' and 0.25(7) up/Fe in NdOFeAs, '’ Any hydrogen incoherent background
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would easily overwhelm such a small signal from long-range magnetic ordering in the
NPD. The samples were measured up to 50 K on BT-1, and no long range magnetic or-
dering was observed. NPD patterns measured with a PSD on BT-7, which has a much
higher flux than BT-1 at low angles, also revealed no antiferromagnetic peaks in the non-
superconducting samples (5.5). Difference patterns between 150 K and 4 K are shown in
Figure 6, revealing no residual intensity and only differences arising from thermal expan-

sion and thus peak positions.

5.4 Discussion

5.4.1 Relation between structural parameters and superconductivity

In preparing our deuteroxide samples, we found the reaction temperature to influ-
ence the lattice constants. Mild hydrothermal reaction temperatures (120 °C) led to sam-
ples expressing a higher 7., while the reaction temperature above 180 °C led exclusively
to either non-superconducting samples or ones with very low volume fractions (4my<1%).
Reaction times also affected the lattice constants. Longer reaction times (>3 days) yielded
samples with slightly larger a and smaller ¢ (i.e. smaller tetragonality parameters). While
all the deuterated samples followed the trend shown in the phase diagram (5.4), similarly
prepared hydrated samples deviated in their behaviour. Indeed, some hydroxide samples
with lattice parameters matching those in the phase diagram from earlier literaturel did
not exhibit superconductivity (5.3a). Interestingly, samples prepared at lower tempera-
tures with the described mixing ratio and longer reaction times expressed coexistence

between superconductivity and ferromagnetism (Figure 3). Thus, while longer reaction
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times above 180 °C led to lower 7,.’s or non-superconducting samples, longer reaction
times at lower temperatures (120 °C) produced the ferromagnetic signal in superconduct-
ing (Li;_,Fe,OD)FeSe. As described in the next section, this might be a kinetic effect

from the increasing amount of oxidized iron in water from longer reaction times.

5.4.2 Relation between magnetism and superconductivity

In several of our non-superconducting samples, we have observed an antiferromag-
netic transition close to 120 K. Dong et al.'®® have claimed that the hydroxide samples in
the non-superconducting dome were antiferromagnetic parent phases with a 7T close to
120 K, and therefore that the selenides and arsenides have the same underlying physics
with respect to the superconducting mechanism. This is a very important claim that could
have large implications in the field of iron-based superconductors. None of our non-
superconducting deuteroxide samples, however, exhibited this antiferromagnetic signal
in the SQUID measurements, which led us to believe that the antiferromagnetism may
not be intrinsic to this system.

Our findings in the preparation of hydroxide and deuteroxide samples revealed the
strong possibility that the 120 K transition observed in the SQUID magnetization mea-
surements arise from iron oxide impurities. The so-called Verwey transition, which cor-
responds to a Fe?*/Fe** charge ordering transition in Fe;O, also occurs near 120 K. 168169
Furthermore, structurally related Li,FeO, phases can express Ty from 100 K to 300 K
170,171

according to amount of intercalated lithium cations.

In order to study the formation of iron oxide impurities, a sample was prepared
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under similar hydrothermal conditions but without the addition of selenourea. As pointed
out by Sun et al. in their extensive study of the formation of (Li;_,Fe,OH)FeSe, the
strongly basic conditions (pH > 14) of the synthesis strongly favors the formation of Fe**
species according the electrochemical-pH phase equilibrium diagram (i.e. Pourbaix) of
iron.>! Therefore, without the selenourea reagant to stabilize divalent iron, a large amount
of mixed valent iron oxides are produced from hydrothermal synthesis containing large

amounts of LiOH (or LiOD).
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Figure 5.6: (a) Powder XRD and Rietveld analysis of phase pure Fe;O,4 prepared un-
der similar hydrothermal conditions to that of (Li;_,Fe,OH)FeSe in the absence of se-
lenourea. (b) The corresponding magnetization data of the Fe;O4 sample indicating the
Verwey transition near 125 K. (c) The powder XRD of (Li,_,Fe,OH)FeSe with the Fe;O,
impurity marked along its strongest reflection. (d) The corresponding magnetization data
of this non-superconducting (Li;_,Fe,OH)FeSe sample, exhibiting the 125 K transition
similar to that of Fe?*/Fe®* charge ordering seen in Fe;O, (inset).
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The XRD pattern of the as-recovered sample from hydrothermal synthesis without
selenourea was fitted to the Fe; Oy structure, and its magnetic susceptibility measurement
was in very good agreement with typical Verwey transition at 120 K (5.6). As shown
in 5.6b, a hydroxide sample with lattice constants in the supposed superconducting re-
gion showed no superconductivity, but a transition similar to charge ordering in Fe;Oy,.
Peaks in the XRD pattern (indicated by * in Figure 5.6b) that cannot be matched with the
(Li,_,Fe,OH)FeSe phase was indexed well with the strongest peaks of Fe;O,. In addition,
our synchrotron XRD data for a non-superconducting (Li,_,Fe,OH)FeSe single crystal
sample revealed small amounts of Fe;O, impurity (Figure S2), which was not observed
by laboratory X-ray measurements. Therefore, it is likely that the 120 K transition in non-
superconducting (Li;_,Fe, OH)FeSe samples is extrinsic and due to magnetic impurities
Fe;0, or structurally related Li,FeO,, which would modulate the ordering temperature.

Hydrothermal synthesis of samples with D,O under similar conditions as those with
H,O0 did not lead to appreciable oxide impurity. We therefore conclude that the observed
differences in the acid-base chemistry of H,O and D, O lead to different products for sim-
ilar reaction conditions. Indeed, a hydrothermal treatment of iron powder with D,O and
with LiOD did not lead to complete conversion to Fe;O,4 but left unreacted iron pow-
der (approximately 50%). Since under highly basic conditions, Fe** should be favoured
thermodynamically, we believe the kinetics for the oxidation of iron with D,O is slower
than in H,O. The autoionization constant of D,O is smaller than that of H,O due to the
stronger DAASO bond than the HAASO bond.

All deuteroxide single crystal samples prepared in D,O showed noticeable higher

T.’s than their hydroxide counterparts prepared at identical conditions (Table S2). The T
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of hydroxide samples can be improved by reducing the reaction time (i.e. 37 K vs. 32 K
for 2 d and 4 d, respectively at 120 °C). It is likely that a shorter reaction time reduced
the extent of Fe oxidation. Interestingly, both (Li;_,Fe,OH)FeSe and (Li;_,Fe,OD)FeSe
single crystals prepared using Sn metal instead of Fe powder at 120 °C showed the same
T, at 42 K, higher than other samples without using Sn. The advantage of Sn metal was
to create a reducing environment without introducing iron oxide impurities, due to lack
of Fe powder.

Although we have established here that the (Li;_,Fe,OH)FeSe system likely does
not have a parent antiferromagnetic phase, we do not suggest that the chalcogenide-based
superconductors are not linked to the arsenide-based superconductors from the present
results. The Fey,,Te,Ch;_, for Ch = Se and S phases in particular exhibit a rich magnetic
phase diagram®>'3! before superconductivity sets in with chemical substitution.'”> The
ordered vacancy phase of Ko gFe; ¢Se,.!?®!1%* has also shown an antiferromagnetic transi-

tion at large temperatures (about 559 K)!73

while the disordered vacancy phase exhibits
a T. close to 30 K.2!:107174-176 What distinguishes those two systems, however, from the
present compound and FeSe, is the lack of a large magnetic moment on iron in the latter
compounds. 31777181 Tn Fe,,,Te it can be as large as 2 uz®° and in K, sFe ¢Se, as large
as 3.3(1) up.'” Not surprisingly, when in the superconducting regime, both compounds
exhibit a spin resonance energy in the inelastic neutron spectra, which corresponds to spin
fluctuations. A large magnetic moment is clearly not the case in the present system.

As to the ferromagnetic transition observed at about 10 K in the sample with a T, of
34 K, several authors have also observed it in in the hydroxide analogues. Pachmeyer e?

al. attribute the long range magnetic order at 18 K to the iron cations partially substituted
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on the Li site,?* while Lu et al. assign this transition as being antiferromagnetic (about 12
K) according to their NMR studies.>?> Our recent small angle neutron scattering study il-
lustrates the formation of long-range magnetic order below 12.5 K, but with a moment too
small to see with diffraction.> No doubt this observation arises from the crystallographic

site where the moment is located is too dilute with iron occupancy.

5.5 Conclusions

In conclusion, we have successfully mapped out a phase diagram for (Li;_,Fe,OD)FeSe
and have found that the highest 7. for deuterated samples is 42 K, and the 7, for both
deuterated and hydroxide samples correlate with lattice constants. Since the highest 7',
observed for the hydroxide sample was also approximately 42 K, we conclude that there
is no isotope effect on the superconducting properties in substituting H by D. Mild hy-
drothermal preparation for long reaction times can lead to the coexistence of ferromag-
netism and superconductivity. Finally, any claims of anti-ferromagnetism in the parent
phase of this system should be re-evaluated in light of the easy preparation of oxide im-

purities with transition temperatures near the vicinity of 120 K in H,O.
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Chapter 6: Superconductivity and Magnetism in Iron Sulfides Inter-

calated by Metal Hydroxides

The work described within this chapter was published in Chemical Science 2017,
8, pg. 3781. Christopher Eckberg, Brandon Wilfong, Sz-Chian Liou, Hector Vivanco,
Johnpierre Paglione and Efrain Rodriguez were contributing authors of the manuscript.
X.Z. prepared the samples, collected MPMS data and performed elemental analysis, B.W.
and H.V. assisted with synthesis, C.E. and B.W. collected resistivity and heat capacity

data, S.C.L. and X.Z. collected the TEM data.

6.1 Introduction

The chemistry of iron-based superconductors has been dominated by the arsenide, 3166-167.182.183

13,14,17,18 62,131,184

selenide, and telluride compounds since their discovery nearly a decade
ago. Many high-temperature superconductors exhibit layered structures, and rich chem-
istry can be applied to modify their structures that may result in the increase of their crit-
ical temperatures (7.).'3>!8 We demonstrate that iron sulfides prepared by hydrothermal
routes provide a new series of superconductors that could further elucidate the structure-

property relationships across closely related phases. Mainly, we isolate FeS layers to

enhance their two-dimensional (2D) electronic character by inserting metal hydroxide
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spacers that also act as electron donating layers.

The tetragonal form of FeS known as mackinawite is a metastable mineral recently
shown to be superconducting with a T, near 4 K.%*!*! Mackinawite FeS adopts the anti-
PbO structure where FeS, tetrahedra edge-share to form 2D layers held by weak van
der Waals interactions. Consequently, these layered chalcogenides are excellent hosts
for intercalation chemistry.>® In the selenide case, the T, can be increased from 8 K'° to
42-44 K by intercalation of alkali metal in liquid ammonia®**° or (Li;_,Fe,OH)’" under
hydrothermal conditions.?** Therefore, our goal was to extend this type of chemistry to
the sulfides.

We have found the intercalation chemistry of layered FeS to be quite versatile, and
we illustrate in Fig. 6.1 the various guest-host phases that can be prepared via hydrother-
mal routes. Inspired by recent studies on the hydrothermally prepared 42 K supercon-
ductor, (Li;_Fe OH)FeSe,?*232? 5% we applied similar intercalation chemistry for FeS
using different alkali metal hydroxides. Herein, we report newfound superconductivity in
the Li-intercalated FeS phases, and magnetic ordering in the Na-intercalated FeS phases.
We find that the superconducting properties depend on preserving an iron square lattice

and in electron doping the metallic FeS layer.

6.2 Experimental

6.2.1 Synthesis

For a typical preparation of (Li;_,Fe,OH)FeS via the route from 2 to 3 in Fig. 1,

5 mmol Fe powder, 8 mmol of Li,S (or thiourea/Na,S - 9H,0), 1 mmol Sn metal plate
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Figure 6.1: Synthetic scheme for the intercalation chemistry of FeS with metal hydroxides
and K™ cations via hydrothermal preparations.

Fez*

and 72 mmol LiOH-H,O were mixed with 10 mL de-ionized (DI) water in a Teflon-
lined stainless steel autoclave at 120-200 °C for 3 days. Mainly Li,S was used as the
sulfur source to avoid possible contamination from other alkali cations such as sodium.
Afterwards, the content in the autoclave was washed and centrifuged several times until
the supernatant was clear. The remaining product was collected, vacuumed dried, and
stored in a nitrogen-filled glove box.

For (Li;_Fe,OH)FeS prepared via the cation exchange route from 1 to 3 in Fig.
6.1, K,Fe,_,S; single crystals grown from high temperature reactions were mixed with
3 mmol Fe powder, 3 mmol of sulfur source (Li,S, thiourea or Na,S - 9H,0), 1 mmol
Sn metal plate and 72 mmol LiOH-H,0. The K,Fe,_,S, precursors and reagents were
reacted under hydrothermal conditions at 120 °C for 1-3 days. For the growth of the

K,Fe,_,S, single crystals, 1.2 g of FeS powder was mixed with 0.266 g of potassium
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metal to match the nominal composition of KFe,S,. The FeS/K mixtures were loaded in
a quartz ampoule inside a nitrogen-filled glovebox, and the ampoules flame sealed under
vacuum. In order to avoid oxidation of the samples from breaking of the ampoule due
to potassium-induced corrosion of the quartz walls, the sample container was sealed in
a larger ampoule. For crystal growth of K,Fe,_,Se,, the mixture was heated to 1030 °C
over 10 h and held at 1030 °C for 3 hours to form a homogeneous melt. Subsequently, the
melt was slowly cooled at a rate of 6 °C/hour to 650 °C to allow crystal growth.

For the preparation of Na-intercalated phases, we combined 10 mmol of Fe pow-
der, 10-12 mmol of Na,S - 9H,0, and 5-10 mmol of NaOH in an autoclave with 10 mL
of DI water and heated the mixture for 7 days at 120 °C. As described later in the Results
section, these samples labeled inc-Na-tochilinite are compound 4 in Fig. 6.1. A differ-
ent series of Na-intercalated samples (S in Fig. 6.1) were prepared by utilizing a larger
amount of base. The series labeled Na-tochilinite was prepared by combining 10 mmol
of Fe powder, 15-20 mmol of Na,S - 9H,0, 50-80 mmol of NaOH, and 2 mmol of Sn
metal plate in an autoclave with 10 mL DI water and heated to 120 °C for 3-7 days.

We also utilized hydrothermal synthesis for the preparation of K-intercalated phases
labeled 1 in Fig. 6.1. Phase pure polycrystalline material was prepared by combining 10
mmol of Fe powder, 15 mmol of thiourea, 50-100 mmol of KOH, and 2mmol of Sn metal

plate with 10 mL DI water in an autoclave and heated to 160 °C for 5-7 days.
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6.2.2 Characterizations

Powder X-ray diffraction (XRD) data were collected using a Bruker D8 X-ray
diffractometer with Cu K radiation, 1 = 1.5418 A. High-resolution synchrotron X-ray
diffraction were carried out at Beamline 11-BM at the Advanced Photon Source (APS).
Diffraction data were collected between 0.5° and 46° with a step size of 0.0001° using
a constant wavelength 1 = 0.414164 A (30 keV). Rietveld and Pawley refinements were
carried out using TOPAS software.% 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
LaBg transmission electron microscope (TEM) at an acceleration voltage of 200 KeV.

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) data were
collected using an Shimadzu ICPE-9000 spectrometer. Standards used for ICP-AES were
diluted from 1000 ppm of respective elements purchased from Sigma-Aldrich.

Magnetic susceptibility measurements were performed using a Quantum Design
Magnetic Properties Measurement System (MPMS). The volume fractions of supercon-
ducting phases were calculated based on the density obtained from Reitveld refinement.
Electrical resistivity and heat capacity measurements were performed on a 14 T Quantum

Design Physical Properties Measurement System (PPMS).
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6.3 Results and discussions

6.3.1 Li-intercalated phases

We first describe our results utilizing LiOH to intercalate the FeS host. Our start-
ing point is to utilize K,Fe, S, (1) crystals grown from congruently melting the con-
stituent elements. Under hydrothermal and basic conditions, these crystals can either
de-intercalate the potassium cations to form mackinawite FeS (2), or cation exchange the
potassium for cationic layers of (Li;_Fe,OH)°* as traced in the reaction from 1 to 3.
Alternatively, we can isolate (Li,_,Fe, OH)FeS (3) via the method used by previous work-

ers, 59,60,162

whereby polycrystalline material is prepared by the oxidation of iron metal
in the presence of a sulfide source and excess amounts of LiOH base. In this reaction
(2 to 3 in Fig. 6.1), mackinawite FeS forms in-situ with the hydroxide layers to yield
(Li,_Fe,OH)FeS. We note that Lu et al.'®> and Pachmayr et al.>® had previously ob-
served superconductivity in some of their mixed solid-solutions, (Li,_,Fe, OH)FeS,_,Se,,
but both studies had concluded that their pure sulfide samples (z = 0) were nonsupercon-
ducting.

We found that superconductivity can be established in the intercalated sulfides for
both our cation exchange and polycrystalline routes if two conditions are met: 1) the
reaction temperature must be less than 160 °C, i.e. mild hydrothermal conditions, and
2) the environment must remain reducing. The latter condition was maintained by the

inclusion of tin metal plate as a way to dynamically change the hydrothermal conditions

from oxidizing to more reducing.>* No tin was found in the products as determined from
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Figure 6.2: (a) Temperature dependent electrical resistivity of superconducting
(Li;_.Fe,OH)FeS samples prepared via the cation exchange route with thiourea (b) Low
temperature resistivity curves for a variety of samples prepared by either thiourea (in
green) or Na,S - 9H,0 (in red). For (a), the T, is lower and most of the normal state
resistivity (up to 250 K) can be fit with 72-squared type behavior.

energy dispersive X-ray spectroscopy (EDS).
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Figure 6.3: Magnetic susceptibility measurements of superconducting (Li;_,Fe,OH)FeS
at (a) constant field and (b) constant temperature. The H.; and H,., of this sample are
about 40 and 180 Oe, respectively. The XRD pattern of this sample is shown in Fig. 6.7a.

Magnetization and electrical resistivity measurements revealed that the 7, of the

(Li;_,Fe,OH)FeS phases can vary from 3 K to 8 K (Fig. 6.2), with some samples showing
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superconducting volume fractions up to 40%, indicative of bulk superconductivity (Fig.
6.3). We must note, however, that due to the proximity of 7, to the base temperature of
our magnetometer (1.8 K) we could not reach full saturation of the diamagnetic signal.

Therefore, it is possible that the volume fraction is even higher than 40%.
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Figure 6.4: Specific heat measurements of (a) LiOH-intercalate FeS and (b) inc-Na-
tochilinite.

Heat capacity measurements were also carried out in a sample with a 7, near 3
K, but a large signal peaked near 4.5 K whose intensity is independent of applied mag-
netic field seems to mask any superconducting signal (Fig. 6.4a). In the similar selenides
(Li,_Fe,OH)FeSe, which have a T, near 42 K, magnetic ordering in the superconduct-
ing state takes place near 10 K due to the iron substituted for lithium in the hydroxide
layer.?>°%%* Seemingly, a magnetic signal proximate to the T, of the (Li,_,Fe, OH)FeS
makes it difficult to evaluate the superconducting properties from heat capacity measure-
ments.

Remarkably, for (Li;_.Fe,OH)FeS samples prepared via the cation exchange route,
we observed T.’s both above and below that of bulk FeS (Fig. 6.2). This result in-
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Figure 6.5: Field dependence of electrical resistance for a superconducting
(Li;_Fe,OH)FeS sample (7. = 3.5 K) at 1.8 K. The anisotropy of H//c and H//ab are
shown in (a) and (b), respectively. Its temperature dependent electrical resistivity is shown
in Fig. 2a.

dicates that charge doping into the FeS layer is controlling the critical temperatures in
(Li;_,Fe, OH)FeS. From our various samples, intercalation by (Li,_Fe,OH)’* could in-
crease the T, of FeS up to 8 K. Figure 6.2b shows the low temperature data near 7, for
various samples and the sample with the lowest residual resistivity ratio also led to the
highest T, in the series. From M vs. H hysteresis loops, the upper critical field (H,,) of
the sample at 2 K is 180 Oe whilst H,; was found to be approximately 40 Oe (Fig. 6.3b).
Magnetotransport measurements find a slightly higher H,., near 220 Oe for H||c at 1.8 K
(Fig. 6.5). Therefore, the intercalated compound was found to have an even smaller H,,
than pure FeS where it is approximately 1600 Oe along the c-direction and 16000 along
the ab-plane. '*!

It is also interesting to note the normal state properties of the intercalated samples.
Unlike pristine FeS,'*! (Li;_,Fe,OH)FeS samples with the lower T, (~ 3.5 K) displayed

nonlinear temperature dependence in the electrical resistivity above 7. up to approxi-
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Figure 6.6: Temperature dependence of electrical resistivity for superconducting
(Li;_ Fe,OH)FeS samples. Green and red colors indicate samples prepared using thiourea
and Na,S - 9H, 0, respectively.

mately 250 K, as shown by the T2-fit in Fig. 6.2a. Typically, 7> dependence is associated
with Fermi liquid behavior, and linear temperature dependence takes over at higher tem-
peratures (approximately above the Debye temperature) due to electron-phonon scatter-
ing.'%” The samples with the lower T exhibit this quadratic behaviour more pronouncedly
(Fig. 6.2a and Fig. 6.6). Similar Fermi liquid behaviour has been observed for the normal
state in select cuprate superconductors that were overdoped in either electron and hole
carriers. %10 Another superconductor that exhibits such quadratic dependence of its re-
sistivity near room temperature is AgsPb,0Og, which is a three-dimensional electron-gas

191

system.!'®! Yonezawa and Maeno ascribe the 7% behaviour to enhanced electron-electron

scattering that arises in superconductors with low electron carrier densities with respect to

191

elements such as alkali and noble metals."”" Therefore, it is possible that both the lower 7'
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and T2-behaviour for the sample presented in Fig. 6.2a and Fig. 6.6 are related to having

non-optimal charge doping in the FeS layers, and indeed lower carrier concentrations.
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Figure 6.7: Synchrotron XRD patterns of (a) superconducting and (b) non-
superconducting (Li;_,Fe,OH)FeS prepared under hydrothermal conditions at 160 °C and
200 °C, respectively.

To determine the structure of our superconducting (Li,_,Fe,OH)FeS samples, we
performed high-resolution synchrotron X-ray powder diffraction (sXRD) as shown in Fig.
6.7. From quantitative analysis of the data, we have provided detailed crystallographic
information for two samples in Table 6.2. Upon intercalation, the Fe—Fe bond distances
increased from 2.604 Ain bulk FeS'*! to 2.619 A in (Li;_,Fe,OH)FeS, but the FeS,
tetrahedron remains virtually unchanged both in bond distances and bond angles. There
is also an increase in the distance between the iron square sublattices. In mackinawite,
that interlayer distance is ~ 5.03 A,'*! whereas in the (Li,_,Fe,OH)-intercalated phase
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itis 8.89 A—8.93 A, further enhancing the two-dimensionality of its electronic structure.
Due to the subtle changes in the (Li;_,Fe,OH)°* layer, Rietveld refinements for the su-
perconducting and non-superconducting samples did not show significant differences in

their stoichiometries (both close to (LiygsFeq1sOH)FeS).

Table 6.1: List of Li;_,Fe,OH)FeS samples.

T

Temperature (°C) Sulfur source Sn (Y/N) 7. (K) a(;&) c (A)

No.
1 130 Li,S N N/A 3.706 8.862
2 160 Li,S N N/A 3.704 8.942
3 160 thiourea N N/A 3.696 8.979
4 180 thiourea N N/A 3.702 8.943
Powder 5 200 thiourea N N/A 3.702 8.970
6 120 thiourea Y 2-3 3.700 8.919
7 120 Li,S Y 2-3 3.704 8.900
8 140 Li,S Y 2-3 3.706 8.900
9 160 Li,S Y 2-3 3.704 8.888
10 200 Li,S Y N/A 3.701 8.926
11 120 thiourea Y 2-8 3.703 8.935
SC 12 120 Na,S-9H, 0O Y 2-6 3712 8.877
13 120 Li,S Y 2-4 3.703 8.960

For a more accurate analysis of chemical composition of the (Li;_,Fe,OH)FeS
phases, we performed inductively coupled plasma atomic emission spectroscopy (ICP-
AES). For superconducting and non-superconducting samples, ICP-AES afforded Fe/Li
ratios of 1.132 and 1.093, respectively. Since Rietveld refinements for their high-resolution
synchrotron data suggested no Fe vacancy in the FeS layers (Table 6.2), the excess amounts
of Fe likely resided in the LiOH layers. Therefore, the superconducting samples contains
more Fe in the hydroxide layer and consequently more electron doping (0.13 e~ vs 0.09
e”) into the FeS layer. Similarly, Zhou et al.> have reported that for the selenide ana-
logues, higher T.’s were achieved with lower reaction temperatures so that more iron
cations could incorporate into the lithium hydroxide layer. Studies on the same system
by Clarke et al. demonstrated that the iron in the hydroxide layer is Fe?*and that iron va-
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cancies in the FeSe layer degraded the superconducting properties.?® Through the cation
exchange method demonstrated here, vacancy formation in the FeS layer is less of a factor
and achieving sufficient electron doping from the hydroxide layer is the bigger challenge.
We detail the synthesis conditions for various superconducting and non-superconducting
samples in Table 6.1. Detailed synthetic conditions are described in the above text, and
only temperature, the most important factor, is shown in the table. Lattice constants of
only representative samples are shown for duplicate samples. Because Na-tochilinite can
be produced with the presence of NaOH, Na,S - 9H,0 was not used as a precursor for
powder samples due to its hydrolysis to NaOH and NaSH in solution. Li,S was the main
sulfur source used for powder samples, and every sample prepared with Li,S has been
reproduced at least once. Single crystal samples are not very homogeneous, and their 7,.’s
vary from crystal to crystal, but their superconductivity is highly reproducible. Multiple
single crystal batches have been reproduced at 120 °C suing different sulfur sources with

the presence of Sn.

6.3.2 Na-intercalated phases

Our next objective was to explore larger alkali metal hydroxides as intercalates. Un-
like LiOH, which favors a square lattice commensurate with that of mackinawite FeS, a
similar structure for NaOH was not reproduced. Instead, we found a new phase with very
few reflections in the XRD powder pattern and its first peak corresponded to a d-spacing
of 5.38 A. This phase is reminiscent of a natural mineral known as tochilinite, which

consists of brucite-type Mg(OH), layers between mackinawite-like FeS sheets. Natural
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Table 6.2: Lattice and structural parameters obtained from Rietveld refinement with syn-
chrotron PXRD data collected at room temperature for a superconducting sample of
(Li;_Fe,OH)FeS shown in Fig. 6.7a and a non-superconducting sample shown in Fig.
6.7b. Both samples are fitted to a P4/nmm space group with 2 formula units in each unit
cell (Z = 2). Relevant bond distances and bond angles are also presented for each com-
pound. The tetrahedral angles a; and a, represent the S-Fe-S angles in and out of the
basal plane, respectively. i i
a=3.7041(1) A, c = 8.8877(1) A,R,,, = 1427 %, T. =3 K

Atom Wyckoff x y Z Occ. Ui, (A2)
site

Li 2b 0 0 0.5 0.848(1) 0.0398(11)

Fel 2b 0 0 0.5 0.152(1) 0.0398(11)

Fe2 2a 0.5 0.5 0 1 0.0091(2)

(0] 2c 0.5 0 0.4184(3) 1 0.0174(7)

S 2c 0 0.5 0.1444(2) 1 0.0104(3)

a; (%) s (°) Fe-Fe (A) Fe-S(A) FU.
110.55(5) 108.93(3) 2.6192(1) 2.2534(7) (LipgsFey1sOH)FeS

a=23.7011(1) A, ¢ = 8.9257(1) A, R,,, = 10.91 %, non-superconducting

Atom Wyckoff x y z Occ. Ui, (A2)
site

Li 2b 0 0 0.5 0.846(1) 0.0380(7)

Fel 2b 0 0 0.5 0.154(1) 0.0380(7)

Fe2 2a 0.5 0.5 0 1 0.0092(1)

(0] 2c 0.5 0 0.4182(2) 1 0.0141(5)

S 2c 0 0.5 0.1439(1) 1 0.0102(2)

a; (%) s (°) Fe-Fe (A) Fe-S(A) FU.
110.47(3 108.98(2) 2.6171(1) 2.2527(4) (LipgsFey;sOH)FeS

tochilinite is quasi-commensurate and its (001) reflection has a d-spacing of 10.72 A,
which is close to twice our first reflection. Therefore, if the first peak of our new phase is
the (002) reflection, it would indicate that the FeS layers are stacked in a body-centered
fashion. Since we only observe (00/) reflections in our new phase, the square and hexago-
nal sheets are completely incommensurate to each other in the ab-plane. Henceforth, we
refer to this phase as inc-Na-tochilinite (4 in Fig 6.1).

We found the new inc-Na-tochilinite to always coexist with some residual mack-
inawite FeS (Fig. 6.8). The ratio between inc-Na-tochilinite and mackinawite FeS was

increased by using less Na,S - 9H,0 and decreased with prolonged ultrasonication, indi-
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Figure 6.8: XRD patterns of mixtures of disordered NaOH intercalated FeS (indicated by
*) and tetragonal FeS (indicated by tick marks) with significantly more tetragonal FeS in
(a) than (b). The magnetic susceptibility of (a) and (b) are shown in Fig. 6.10 and Fig.
6.9, respectively.

cating conversion of inc-Na-tochilinite to FeS by de-intercalation and dissolution of the
metal hydroxide layer. The equilibrium between the two phases is indicated in the steps
between 2 and 4 in Fig. 6.1.

At low fields, we observed two transitions at 5 K and 15 K (Fig. 6.9a). The 5 K
transition was more pronounced for a sample that contained less inc-Na-tochilinite and
more mackinawite FeS impurity (Figs. 6.9 and Fig. 6.10). Therefore, the 5 K anomaly
likely corresponds to the superconducting transition of FeS (7, = 4.5 K). Although the

transition at ~15 K in the zero-field cooled (ZFC) curve (Fig. 6.9a) appears to indicate
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Figure 6.9: F
eS]Magnetic susceptibility of inc-Na-tochilinite, [(Na,_,Fe,)(OH),]FeS, as a function of
temperature with an applied external fields of (a) 5 Oe and (b) 10 Oe.

Meissner screening due to superconductivity, the negative signal may actually correspond
to long-range ordering such as ferro- or ferrimagnetism. If the internal moment of a fer-
romagnetic material is of sufficient strength and aligned opposite to a weak external field,
then the ZFC curve will display negative susceptibility below the Curie temperature. To
resolve this ambiguity, we increased the external field of the magnetization measurements
from 5 Oe to 10 Oe (Fig. 6.9). The field cooled (FC) curves better indicate a clear fer-
romagnetic transition in inc-Na-tochilinite near 15 K. Therefore, inc-Na-tochilinite does
not appear to be a superconductor based on the current magnetization data.

We also performed temperature-dependent resistivity measurement down to 2 K
on a pressed pellet of inc-Na-tochilinite. We did not observe a superconducting transi-
tion, but instead semiconducting behaviour (Fig. 6.12). We note, however, that simi-
lar temperature-dependent behaviour was observed for pressed pellets of FeS powders, **

even though our recent studies of of single crystal FeS samples demonstrated that it is
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Figure 6.10: Temperature dependent magnetic susceptibility measurement of inc-Na-
tochinilite with tetragonal FeS as a major phase. Its XRD pattern is shown in Fig. 6.8a

indeed metallic in the normal state.'*! We attribute this disparity between polycrystalline
and single crystal transport measurements of FeS to effects from grain boundaries and sur-
face oxidations, typical for pressed pellets of micaceous materials. Therefore, although
the current resistivity data of polycrystalline inc-Na-tochilinite displays semiconducting
behaviour, its true state could be metallic, similar to the Li-intercalated FeS phases in the
current study.

Magnetization (M) versus applied field (H) measurements further clarify the true
ground state of inc-Na-tochilinite (Fig. 6.11). The M vs. H curves suggest ferromagnetic

behavior as the isotherm of the field sweep at 5 K (Fig. 6.11b) displayed the typical hys-
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Figure 6.11:  Magnetization versus field measurements of inc-Na-tochilinite,

[(Na;_,Fe,)(OH),]FeS, at 2 K. Inset shows the small diamagnetic region from the small
amount of superconducting FeS present as an impurity phase. (b) M vs. H measurement
for the same sample at 5 K. Inset indicates that the diamagnetic signal is lost above 5 K,
which is above the T, of FeS.

teresis loop of ferro- and ferrimagnets. The diamagnetic signal observed for the isotherm
at 2 K (Fig. 6.11ainset) was therefore likely due to the superconducting FeS phase present
as an impurity, which has a T, near 4.5 K.'*! At 5 K, this diamagnetic signal is lost (Fig.
6.11b inset). Although the new inc-Na-tochilinite phase is likely to be either ferro- or fer-
rimagnetic below 15 K, it does exhibit other interesting anomalies. The low temperature
transition likely due to long-range magnetic ordering did not appear as a well defined tran-
sition in the heat capacity measurements (Fig. 6.4b). Instead, a broad anomaly occurred
below 15 K, which was suppressed with a field of 3 T.

By changing the synthesis conditions of the hydrothermal reactions, the NaOH-
intercalated FeS system can be stabilized into a quasi-commensurate tochilinite phase
(Fig. 6.13a), which we refer to as Na-tochilinite. This quasi-commensurate phase was

prepared by utilizing more concentrated solutions of NaOH (5 to 8 M) in the hydrother-
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Figure 6.12: Electrical resistance of inc-Na-tochilinite as a function of temperature. The
measurement was carried out on a pressed pellet from powders.

mal reactions. Significantly less tetragonal FeS was recovered (Fig. 6.13a) with Na-
tochilinite, and this phase did not easily revert to FeS by ultrasonication, indicating its
stability with respect to inc-Na-tochilinite. Using the crystal structure of the naturally oc-

), 192 with lattice

curring mineral known as ferrotochilinite (2(Fe;_,S)-1.8[(Mg, Fe)(OH);]
parameters, a = 5.37 A, b=15.65 A, c=10.72 A, we extracted by Pawley fits the lattice
parameters of our Na-tochilinite (Fig. 6.13a) The lattice parameters after convergence
were found to be @ = 5.18(1) A b = 15.62(4) A, ¢ = 11.14(4) A and B = 95.07(10)° at
room temperature.

Given the difficulty in elucidating the structure of these heterolayered materials
by powder XRD, we have also performed electron diffraction (ED). We present two ED
patterns with the (#k0) reflections that were difficult to resolve from powder XRD—one

for mackinawite FeS and the other for Na-tochilinite. Along the [001] zone axis, the

ED pattern of FeS (Fig. 6.14a) clearly demonstrates a square lattice corresponding to its
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Figure 6.13: (a) Pawley fit to the XRD pattern of hydrothermally prepared Na-tochilinite
and (b) Rietveld fit to the XRD data of K,Fe,_,S.

simple primitive tetragonal structure. For Na-tochilinite, additional satellite reflections
emerge in addition to the square lattice of FeS (Fig. 6.14b). Upon closer inspection the
seemingly 4-fold symmetry of the brighter reflections in Na-tochilinite is actually a 2-
fold axis. The angle between the cross-sections connecting the (200) to (200) and (060)
to (060) reflections is about 93°, which is close to the monoclinic angle found from XRD
(B = 95.07(10)°). Therefore, the monoclinic distortion of the FeS square lattice in Na-

tochilinite is clearly reproduced in the ED along with the satellite reflections indicating
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the intercalation of the FeS layers. The lattice constants a and b extracted from ED are

52(2) A and 15.92) A, respectively—in good agreement with the XRD analysis.
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Figure 6.14: Electron diffraction patterns along the zone axis [001] of (a) FeS and (b) Na-
tochilinite, respectively. Some weak diffraction spots of Na-Tochilinite are highlighted
by blue circles. Projections of tetragonal and hexagonal lattices are shown in yellow and
blue, respectively.

Next, we discuss the nature of the chemical composition of Na-tochilinite. As in

some natural minerals, '3

we can formulate the stoichiometry as [(Na;_,Fe,)-(OH),]FeS,
and ICP-AES analysis provided an Fe/Na ratio of 2.99. Therefore, [(NajsFeq5)(OH),]FeS
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Figure 6.15: Magnetic susceptibility measurements of (a) Na-tochilinite and (b)
K,Fe,_,S,, respectively. The lattice constant ¢ for Phase 1 and Phase 2 in (b) is 13.627
and 13.470 A, respectively.

is the proposed chemical formula since the ratio of Fe to Na in the tochilinite is (1 + x)/(1
- x) = 2.99. We can modify the formula by considering the number of iron vacancies in
the FeS layers, y, and the phase fraction of mackinawite FeS impurity, f. The formula
is therefore re-written as (1 + x — y)/(1 - x) = 2.99x(1 - f). If we estimate the limits
based on diffraction data as y < 0.2 and 0.1 < f < 0.2, then x can vary between 0.41 <
x < 0.52. This result suggests that approximately half of the cations in the hydroxide
layers are filled by iron cations, and in order to charge balance the two OH™ groups
of the hexagonal brucite layer, the nature of that iron site must be in the form of Fe’*.
Whilst ICP-AES could not determine the number of hydroxide groups, crystal chemistry
arguments support M(OH), for the spacer layer since this is how the hexagonal brucite
is formulated. Furthermore, the highly reactive and pyrophoric mineral known as “white
rust” consists of Fe(OH), layers that crystallize in the CdI,-type structure. '** By oxidizing

to Fe®*, such a layer would be stabilized by the presence of either Na* or vacancies, and
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indeed natural tochilinites exhibit significant amounts of Fe vacancies (up to 20%).'%>?

Rather than displaying superconductivity as in the LiOH-intercalated systems or
long-range ferro- or ferrimagnetism as in inc-Na-tochilinite, Na-tochilinite displays broad
features in the magnetization reminiscent of short-range antiferromagnetic behavior (Fig.
6.15a). The splitting of the ZFC and FC curves likely indicate some degree of spin glassi-
ness. The presence of iron vacancies and distortion of the iron square sublattice are some
the likely reasons that Na-tochilinite does not produce a well-defined transition in the
magnetization data. Interestingly, Parise et al. found through neutron diffraction that
Fe(OH), exhibits long-range magnetic ordering with each sheet consisting of ferromag-
netically coupled iron centers, and each sheet anti-aligned to each other. '** Future neutron
diffraction experiments on both incommensurate and quasi-commensurate Na-tochilinites
would reveal the nature of the interesting evolution of long-range magnetic ordering aris-

ing from the hydroxide layer.

6.3.3 K-intercalated phases

Efforts to incorporate KOH layers into FeS hosts resulted in cationic K™ intercala-
tion instead. When hydrothermal reactions of Fe powder with KOH and a sulfide source
were undertaken, the XRD pattern revealed a phase pure sample similar to the K,Fe,_,S,
prepared using solid-state routes (Fig. 6.13b). In addition, its pattern could be well fit
by Rietveld refinement using the crystal structure of K,Fe,_,S, with the space group
14/mmm. lts layer spacing (lattice constant c¢) is 13.47 A, which is comparable to the

reported 245-type (I4/m, 13.599 A)'% and 122-type (I4/mmm, 13.546 A) compounds. >
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EDS analysis gave a composition of K; ;Fe; ¢S, and its magnetic susceptibility displayed
broad antiferromagnetic features around 45 K (¢ = 13.470 A) and 96 K (¢ = 13.627 A) for
samples with different layer spacings (Fig. 6.15b). The ZFC and FC curves do not trace
each other as well, which raises the possibility that these materials may display some
spin glassiness as well. Since the transitions are fairly broad, it is likely that long-range
antiferromagnetic ordering is never observed but rather some form of low-dimensional or
short-range antiferromagnetic order. Although not superconducting, it is remarkable that
we could prepare via hydrothermal routes such ternary phases since these have previously
been prepared only by high temperature solid state techniques.

While we did not find superconducting phases containing potassium, we did demon-
strate that the synthetic temperature for the preparation of K,Fe,_,S, can be lowered from
about 1000 °C to 160 °C through hydrothermal methods. Without KOH, single crystals
of K,Fe,_,S, can be completely converted to mackinawite FeS. Therefore, the conversion
between K,Fe,_,S, and tetragonal FeS is fully reversible, as traced by the equilibrium
reaction between 1 and 2 in Fig. 6.1. With further work on reducing the iron vacancies,
the potassium intercalated phases could be made superconducting. To confirm this, we
started to apply this route to the selenide system without optimization, and K,Fe,_,Se,
was prepared despite the presence of tetragonal FeSe. The implication of these results are
that this hydrothermal route can lead to pure 122 type of layered compounds or the cor-
responding deintercalated tetragonal system. In addition, this hydrothermal route can be
advantageous over solid-state route to avoid high temperature impurity phases or targeting

compounds not thermodynamically stable at low temperature.
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6.4 Conclusions

In conclusion, we have demonstrated that metal hydroxides can be intercalated into
tetragonal mackinawite-type FeS via hydrothermal routes, and that new superconductors
can be prepared in this manner. Given that FeS is a metastable phase, it is of paramount
importance that we continue to explore novel low temperature routes towards mineral-
inspired superconductors. Whilst we have enhanced 7, to 8 K through these charge-
doping hydroxide layers, we have also demonstrated that FeS can serve as a suitable host
for various guests species acting as bases. The differences in going from Li* to Na*
to K* are remarkable in the vastly different structure types that were stabilized and the
physical properties that are manifested. These results point to the exciting possibility
of utilizing both size and charge parameters of other guests species, such as amines, to
ultimately enhance the superconductivity of sulfide-based materials. Furthermore, the
fact that heterostructures could be stabilized points to mackinawite-type FeS as a possible
new 2D chalcogenide to be incorporated into other functional 2D materials. The field
of vertical 2D heterostructures has exciting possibilities for constructing entirely new
functional materials, and mackinawite-type FeS could be a new building block in such

structures.
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Chapter 7: Conclusions and Future Work

7.1 Conclusions

To summarize the entire dissertation, we have made significant breakthroughs at
two fronts: 1) developing a generic synthetic paradigm for metastable TTMCs and 2)
fabricating heterolayered iron-chalcogenides using hydrothermal methods.

We demonstrated that metastable layered tetragonal FeS single crystals could be
synthesized by topochemical deintercalation of a thermodynamically stable template pre-
cursor, such as K,Fe, ,S,. The FeS samples prepared using this method is free of Fe
vacancy and showed superconductivity below 4.5 K and strong anisotropy. To further
demonstrate that our synthetic scheme is not limited to iron chalcogenides, we extended
it to other transition metal chalcogenides. We have prepared tetragonal layered CoSe sin-
gle crystal and CoS powders by topochemical deintercalation of K,Co,Ch, (Ch = Se and
S). This was the first time that the tetragonal FeSe analogue was discovered for other tran-
sition metals. By carrying out the reactions at room temperature, the amount of thermal
energy was too low for a major structural reconfiguration from the tetragonal structure to
the more common hexagonal phase with the NiAs-type structure. Hence, metastable and
tetragonal forms of the binary CoCh phases were stabilized kinetically for the first time.

Being analogues to the FeSe and FeS superconductors, the properties of CoSe and CoS
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are quite different as they displayed weak itinerant ferromagnetism below about 10 K.
Instead of using a deintercalation approach, heterolayered FeChs can be prepared
by intercalation or ion-exchange. (Li;_,Fe,OH)FeCh, can be prepared by ion-exchange
of K* with LiOH, or more precisely (Li;_Fe,OH)", using the K,Fe,_,Ch, precursor
or topochemical intercalation of LiOH into in sifu formed FeCh formed in situ under
hydrothermal conditions. Using this method, we discovered a superconducting phase
diagram in the (Li,_,Fe,OH)FeCh systems. By carrying out the hydrothermal synthe-
ses with NaOH instead of LiOH as the base, we managed to synthesize a new NaOH-
intercalated FeS. Compared to (Li;_Fe,OH)FeS, [(Na;_.Fe,)(OH),]FeS is quite remark-
able in that it is truly a layered heterostructure whereas the former contains two compat-
ible square lattices to form an overall tetragonal structure. Furthermore, heterolayers of
[(Na;_ Fe,)(OH),]FeS can be incommensurate or commensurate, and they result in ferro-
magnetism below 16 K. These results demonstrate that upon intercalation new properties
can emerge, and by carefully selecting these adducts, such properties can be controlled.
Throughout this work, the ThCr,Si,-type compounds, such as KCo,Se; and K,Fe,_,S,,
proved to be very effective templates for post-synthetic modifications. The typical AM,Ch,
compounds held by ionic forces and tend to be thermodynamically stable. Thus, they can
be prepared by high temperature solid-state methods. Subsequently, these stable ternary
phases can be utilized as template precursors to new metastable phases via deintercalation
of or ion-exchange with the A cations under basic aqueous conditions. Our method may
provide a generic pathway for metastable tetragonal layered chalcogenides, as there are

hundreds of the ThCr,Si,-type transition metal chalcogenides reported in literature. '%°
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7.2 Future Work

As the story is about to conclude here, I would like to quote a saying from the film
the Matrix: "Everything that has a beginning has an end". Indeed all stories need endings,
like the Matrix trilogy ending with Neo saving the world. I was so fascinated with the
movie that I have been curious about what would happen next, as the ending also revealed
a new dawn upon both the machine world and the city of Zion. Like a good film, I hope

that the findings of this work will provides inspirations for beginnings of new stories.

7.2.1 Mechanisms of the Hydrothermal Process

We proposed a self-assembled template hypothesis in Chapter 2 for the mechanism
of the hydrothermal process. It is of great interest to a broader chemistry community to
follow up this investigation, as such a method can provide a universal framework for a
variety of layered materials, especially heterolayered structures.

To test this hypothesis, the first step is to test if these hydrothermal reactions un-
der non-basic conditions would lead to tetragonal TTMCs, as the SH™ ions crucial for
forming the cluster shown in Fig. 2.1a are only stable under basic conditions. However,
without strong base, Fe will not be dissolved to form Fe**. Therefore we will choose a
chalcogenide source with stable Fe>* complexes, which slowly gives out Fe?* to allow
template-forming and crystal growth instead of immediate precipitation of amorphous
FeS. Without a base, there will be no Fe-HS™ clusters to form the template, and we ex-
pect that octahedrally coordinated FeCh compounds will be obtained. For initial tests,

ferrocene can be used as the Fe?* source due to its high stability.
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Figure 7.1: XRD pattern of a crystalline tetragonal FeS sample hydrothermally prepared
under basic conditions using ferrocene as the Fe source.

A preliminary test with ferrocene was successful. Powder tetragonal FeS (Fig. 7.1)
samples have been prepared by reaction of ferrocene and thiourea (or sodium sulfide)
in a NaOH aqueous solution (PH = 14 at RT) in an autoclave at 150 °C for 5 d. Inter-
estingly, a similar reaction without the presence of base reported by Luo et al. resulted
in the thermodynamically stable hexagonal FeS phase.'®” This may indicate that without
SH™ to form tetrahedrally coordinated Fe?* clusters, more stable octahedrally coordinated
network will form.

This is merely a first step to test this template hypothesis. Further work needs
to be carried out on identifying these clusters and condensed Fe,S4 chains or slabs. A
possible characterization means to test this is to carry out the reactions under air-free con-
ditions, and aliquots of the supernatant in controlled time intervals. Each of the extracted

solutions will be tested on NMR and MS to search for possible clusters and templates.
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Another study for the precipitates will require the experiments being carried out in situ at

a synchrotron XRD source to probe the gradual formation of TTMCs.

7.2.2 From the Bulk to Nanosheets

For TMDs the concept of nanosheets is not new, and almost all bulk TMDs can
be broken down to the nanoscale by either mechanical or solution-mediated exfolia-
tion. %829 However, this synthetic strategy remains rather untapped for TTMCs. Con-
sidering both TMDs and binary TTMCs consist of 2D layers held by weak van der
Waals forces, fabrication of TTMC nanosheets may be quite feasible utilizing similar
techniques. When bulk materials are dimensionally confined, interesting quantum effects
can emerge. For example, bulk MoS; is an indirect band gap semiconductor, whereas
monolayer MoS, exhibits a direct band gap and displays orders of magnitude higher pho-
toluminesce.?’* Therefore, it is reasonable to assume that new properties may emerge
from TTMC nanosheets. Indeed monolayered FeSe deposited on STO substrate has been
reported to show a staggering high 7. varying from 55 K to 110 K depending on the

study. 22204 Its

T, is increased 10-fold from bulk FeSe and higher than any known bulk
Fe-based superconductors. Therefore, TTMC nanosheets are promising new materials yet
to be explored. Since other binary TTMCs such as FeS, CoSe and CoS are metastable,
synthetic strategies other than those used for FeSe will be required. For example, chem-
ical vapor deposition may be unfeasible due to the requisite higher temperatures. Instead

of bottom-up syntheses, a top-down approach such as exfoliation of bulk materials could

provide a more practical means to fabricate nanosheets of TTMCs such as CoSe.
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Figure 7.2: Atomic force microscopy image of a thinlayered CoSe sheet deposited on a
mica substrate. The height-elevation of about 1 nm suggests a bilayer CoSe sheet.

We have carried out the first step to fabricate ultra-thin layered TTMCs. We applied
a generic exfoliation technique to CoSe single crystals. Those crystals were exfoliated
with the assistance of ultrasonication in isopropanol. We were able to deposit a two-layer
thick CoSe sheet on a mica substrate as shown in Fig. 7.2. We will carry out more tests
on CoSe with different conditions and solvents, and once we have an optimal condition

we will apply it to other TTMCs.

7.2.3 Heterolayered Structures by Design

Another interesting direction for 2D materials, is the building of new heterostruc-
tures by stacking them in particular sequences, as has been explored for TMDs.?% These
heterostructures could offer unique functionalities on account of mixing different mate-
rials properties from their respective layers on an atomic scale. For example, Coronado

L 30

et al.”” synthesized heterostructures whereby superconductivity coexists with ferromag-

netism. To achieve this unique blend of properties, exfoliated TMDs such as TaS, and
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exfoliated layered double hydroxides such as Nig Al 33(OH),, were re-stacked and co-
precipitated in solution. By applying similar techniques to exfoliated TTMC nanosheets,
a great number of new heterolayered TTMCs could be fabricated. Because TTMCs are
more robust superconductors compared to TMDs, by stacking them with insulating or
magnetic layers, enhanced or magnetic superconductivity could be fabricated by design.

Can the techniques used for TMD heterolayers be applied to TTMCs? Indeed,
as discussed in the previous section, bulk heterolayered TTMCs such as Na-tochilinite,
[(Na;_,Fe,)(OH),]FeS, have already been prepared. This Na-tochilinite is metastable
and can only be synthesized using a lower temperature route such as hydrothermal syn-
thesis. '*? Finding which specific heterostructures can be synthesized and the conditions
under which one achieves either a commensurate or incommensurate structure would be
a worthwhile endeavor for materials chemists.

To promote TTMC materials by design, more binary hosts such as FeSe need to be
synthesized. The recent discovery of two new anti-PbO type compounds, CoSe and CoS,
expands the possibility for new families of intercalated TTMCs.?% For example, Zhou et
al. reported a Li-EDA intercalated CoSe, the first new TTMC using CoSe as a host, which
was prepared from KCo,Se,, a weak itinerant ferromagnet. Even though metastable,
CoSe and CoS could be hosts for further intercalation chemistry. This multi-step process
in synthesizing Li-EDA-CoSe shows that novel TTMCs with targeted properties could be

designed on account of their available chemistry.
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7.2.4 Pressure Studies

High-pressure techniques may also be applied to TTMCs in two directions: 1) new
emergent properties of metastable compounds under pressure and 2) synthesis of novel
structures with assistance of pressure.

Pressure has long been used to improve the 7, of superconductors. For FeSe, its
T, can be enhanced to 37 K from 8 K by applying a high external pressure.'® I have
been curious about how the physical properties and crystal structures would evolve if
pressure is applied to the novel metastable layered chalcogenides. A more intriguing
question is how would a heterolayered structure, such as [(Na;_,Fe,)(OH),]FeS, behave
under pressure. An earlier work reported that FeS started to irreversibly transform to a
hexagonal structure at 0.4 GPa, and then to an orthorhombic structure at 4.6 GPa.?*” Such
structural reconfiguration requires interactions between two adjacent FeS layers. Will the
hydroxide layers prevent such transition, or interact with the FeS layers to form a new
structure, or both types of layers undergo separate transitions to form a new heterolayered
structure?

In addition to observing changes of known compounds under pressure, I have been
fascinated with a hypothesized idea to synthesize heterolayered compounds by design.
The basic principle is to mix a precursor, which transforms to a layered structure under
pressure, with an adduct together. The pressure will then be increased until the precursor
compound undergoes a phase transition to the targeted structure. Subsequently, the mix-
ture will be heated so that the adduct can intercalate into the layered structure. Thus, a

new metastable layered compound is synthesized by design under pressure. Although the
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idea is simple, in reality the synthetic challenge is enormous.
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