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Abstract

The chalcogens or the group sixteen elements excluding oxygen, are of interest due
to their wide variety of structures and compositions, which gives the potential for a plethora
of desired physical properties. This is due to their increased ability to catenate, forming
stable chalcogen-chalcogen bonds. When the chalcogens combine with certain main group
elements and transition metals they form anionic framework building blocks known as
chalcometallates. One such chalcometallate of interest is the thiosilicates, compounds
containing Si-S bonds as the anionic frameworks. These compounds are of interest due to
their potentials in both their optical and magnetic properties. However, traditional synthesis
of chalcogenide compounds has always been plagued by many difficulties. These
difficulties include long reaction times, the necessary use of glove boxes, the need for
oxygen free starting reagents, and oxide impurities in the product.

A new method for the synthesis of chalcogen containing compounds, The Boron
Chalcogen Mixture (BCM) method has also emerged in recent literature. The BCM method
tackles many of these longstanding issues in traditional thiosilicate synthesis. This has
allowed for a rapid increase in the synthesis and analyzation of these thiosilicate
compounds. This work proves the effectiveness of the BCM method in the synthesis of

novel thiosilicate compounds, all while analyzing the properties these compounds exhibit

v



for potential industrial use. By using the BCM method with traditional synthetic methods,
we have been able to synthesize over 30 novel thiosilicate compounds, solving their unique

crystal structures, and analyzing both their magnetic and optical properties.
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CHAPTER 1

Introduction

The world as we know it continues to evolve and grow every day. New and
innovative research is being performed in every aspect imaginable as human society
continues to advance at an exponential rate. In fact, there are so many interesting and
impressively advanced ideas circulating, that it can be very easy to forget about the basic
building blocks for this advancement. That basic building block being chemistry, without
which the understanding of what the world is today would not be possible. A specific
aspect of chemistry that can be underestimated in its importance is the synthesis of new
materials. All materials being used in everyday life were once undiscovered materials
with no knowledge of their potentials. So, even though it is not necessarily always
considered, the discovery of these new materials continues to be the backbone of human
research and advancement. The ability to create new materials is done through the
manipulations of chemical bonds, mainly achieved through thermodynamic and kinetic
parameters. As new materials are synthesized this also develops scientific understanding
of the manipulation of chemical bonds, thus making for the development of better
understood and more efficient synthetic routes to obtain these materials. For inorganic
materials, exploratory crystal growth is the frontier of novel materials development as it
is utilized to analyze both structural and compositional phases of novel compounds and
allows for precise atomic structure determination. Exploratory crystal growth uses a

variety of crystal growing methods and experimental parameters to obtain a target



product. The methods and parameters being chosen are based on the desired product. For
certain characterization techniques such as second harmonic generation (SHG)
measurements, bulk samples are necessary, while for others, such as single crystal X-ray
diffraction (SXRD), high quality, well-faceted single crystals are needed.
Solid State Synthesis

The solid-state synthetic technique involves the reaction of reagents in their solid
state. These reactions require the grinding of reagents as well as high reaction
temperatures to achieve the desired products. The grinding of reagents is performed to
achieve interatomic mixing, while the higher temperature causes thermal motion, that is
the diffusion of atoms. Solid-state synthesis is a very sensitive technique due to the many
parameters that can affect the product. Stoichiometry, the quality of grinding, and even
the purity of reagents used can have a major effect of the product formed. Due to the
higher temperatures needed for solid state reactions the products tend to be the most
thermodynamically stable form and, therefore, many lower temperature kinetically stable
products remain undiscovered. Solid-state reaction products are usually polycrystalline
powders as opposed to larger single crystals. These polycrystalline powders are not ideal
for structure determination; however, it is an approach that can yield phase pure samples
for property measurements. The molten flux synthetic technique improves on the
diffusion issues of solid-state syntheses, producing X-ray diffraction quality single
crystals more suitable for structural determination.
Molten Flux Crystal Growth

The molten flux synthetic technique improves on the diffusion of solid-state

synthesis by adding a “liquid” component to the reaction; this component is known as a



flux. A flux is a low melting point reagent, commonly an alkali halide salt or alkali
polychalcogenide compound that will melt below the desired reaction temperature,
dissolving all reagents upon heating, and crystallizing products when cooled. The process
begins with nucleation and finishes with the growth of crystals. As it is not possible to
routinely follow the events happening as the flux reaction is taking place, these concepts
are understood only conceptually. Traditionally the reaction temperature is chosen to be
around 100 °C higher than the flux’s known melting point, to ensure the entire flux has
melted completely. The reaction should then be slow cooled to 100 °C below the melting
point of the flux, as this often results in large, and well faceted single crystals. Once this
process is finished, the flux must be separated from the desired crystalline products. This
can be done via dissolution in common solvents, such as water or methanol. If there is
need for a flux with a very low melting point, a eutectic can be created. A eutectic is a
combination of fluxes with a lower melting point then either of the individual
components. There are a few significant advantages of the molten flux technique,
including access to lower temperature kinetic phases that can not be obtained via solid
state reactions. Another advantage being not having to grind reagents, as is necessary for
traditional solid-state syntheses. This thesis will describe the use of both the solid state
and molten flux synthetic techniques for the preparation of new chalcometallate
materials.
Chalcogenides and the Chalcometallates

The chalcogens are the group sixteen elements on the periodic table, excluding
oxygen. Differences in the chalcogen’s and oxygen’s chemical character and their

properties excludes oxygen from the chalcogen classification. Oxygen is small and highly



electronegative, and the chalcogens are larger and less electronegative when compared to
oxygen. However, they also have access to d-orbitals, something oxygen does not.
Oxygen is a gas at room temperature and abundant in the atmosphere, while the
chalcogens are all solids at room temperature. Therefore, when speaking about the
chalcogens, most scientist are referencing sulfur, selenium, and tellurium and often
denote the chalcogens in chemical formulas with the letter Q. While also classified as a
chalcogen, polonium is rare and extremely toxic and is not used in a classical laboratory
setting. Oxide synthesis uses commercially available reagents and can be done in air,
without the worry of non-oxygen anion impurities in the product. The synthesis of
chalcogenide containing compounds, however, faces many issues due to oxygen being
abundant in the atmosphere. Many traditional syntheses involve high temperatures which,
in the presence of even trace amounts of oxygen, will result in oxide or oxychalcogenide
impurities. Attempts to minimize the reagents contact with oxygen include the use of
glove boxes, and oxide free starting reagents; however, trace amounts of oxygen are
virtually inevitable in the reaction. This makes it very difficult to have consistently
repeatable syntheses with pure products. A search in the Inorganic Crystal Structure
Database (ICSD) shows 104,767 oxide containing compounds, but only 35,260
chalcogenide containing compounds. Even with these difficulties, the synthesis of new
chalcogenides is still heavily pursued and of great interest. This is mainly due to the
chalcogens increased ability to catenate, that is to form stable Q-Q bonds. These
catenated bonds increase the variety of structure motifs available. A known motif of
interests is the complex anionic frameworks known as the chalcometallates. A

chalcometallate is the combination of certain early transition metals and main group



elements with a chalcogen (e.g. [P2Ses]*, [P3Se7]*, [P2Ses]*, [PsSeis]®, [GeSa]*,

[GeSes]*, [Ge2Ses]*), see figure 1.1. !

et /"‘< }'\/X

[PsSe )™ [PsSe;)* [P.Seg>
[GeSe,]* [Ge,See]* [Ge,Se,]* [GeSes)*

Figure 1.1 Chalcogenide anions that have the ability to form complex frameworks

The chalcometallates were first investigated in the early 1970s when Krebs demonstrated
that hydrated orthometalates AsMQ4H2O (A= Alkali Metals; M=Ge, Sn; Q=S, Se) can be
isolated from their aqueous solution, consisting of corner or edge-bridged oligomeric
units such as M>Qs*", M2Q7° or M4Q10*". ? Current research on the chalcometallates is
motivated by potential technological applications, as they exhibit a variety of desirable
properties that have been reported in the literature. A few examples include MnP2Se
intercalated with an organic dye that possesses both strong nonlinear-optical (NLO)
properties and spontaneous magnetization up to a high temperature (Tc ~ 40 K), and
CulnP>Ss, which exhibits paraelectric—ferroelectric phase behavior near room
temperature and is also being investigated for applications in ultrasonic transducers. 34
While promising results have already been reported, the development of chalcometallate
chemistry continues in two main directions. The first being the continued investigation of
the known compounds that exhibit these unique properties mentioned above. The second

being the development of new synthetic routes and techniques for finding these new



materials. The materials presented in this thesis are the thiosilicates (e.g. [SiS4]*, [SiSs]*),
where the silicon is located in a tetrahedral environment; these tetrahedra connect to form
anionic frameworks for complex chemical compounds. Thiosilicates have shown promise
for their ionic conductivity, nonlinear optical (NLO) properties, optical properties, and
magnetic properties. >~ BaLa,Si,Ss:Ce** for example, is a cyan emitting phosphor that
has the potential to serve as a phosphor in solid-state lighting. ® Traditionally, thiosilicate
synthesis has to address all of the chalcogenide issues mentioned previously. In order to
improve the rate at which these compounds can be discovered and analyzed; new
synthetic routes have to be explored.
Utilization of Boron in Chalcogenide Synthesis

A synthetic method that was developed in the early 2000s, attempted to address
these outstanding problems with traditional chalcogenide synthesis. Wu and Seo took a
different approach to typical chalcogenide synthesis, using an oxyphilic reagent to extract
the oxygen from the reaction. !° They hypothesized that by using boron sulfides in their
reaction with sulfur, the boron would act as an “oxygen sponge” creating B>O3 in-situ
and allowing for the sulfur to react with the rest of the reagents, as is shown

schematically in figure 1.2.

B, S B,O,

ey

Mxoy MmSh

Figure 1.2 In-Situ synthesis of Metal sulfidies utilizing B,0s3 '



When heated, boron has a higher propensity to form stable boron oxide, i.e., B2O3 (-
1182.5 kJ/mol) than boron chalcogenide, i.e. B2S3 (-247.6kJ/mol), which helps with the
sulfidation of various metal oxides. They utilized the approach to synthesize binary metal
polysulfides from metal oxide starting materials, proving their hypothesis correct. '° This
method bypassed the traditional issues plaguing sulfide synthesis, as oxygen could now
not only be in the reaction vessel, but also be a part of the reagents, and pure sulfide
products could still be obtained. Wu continued the advancement of this method when he
used it to synthesize rare earth oxysulfides. He demonstrated that by varying the molar
ratio of the oxygen containing reagent with the amount of boron and sulfur present in the
reaction, the product can be controlled. By using a ratio of 6:2:6 and 6:2:3 of Ln(OH);, B,
and S he was able to synthesize oxysulfide products. However, by decreasing the amount
of Ln(OH)s to a molar ratio of 2, he obtained a pure sulfide product. !! This added the
ability to predict products from reactants using this method, creating a much more
effective synthesis of sulfides, that embedded into it a repeatability which had yet to be
seen in all of chalcogenide chemistry. However, these were only demonstrations of what
could be done utilizing boron in chalcogenide synthesis, the next step was to advance this
method through research showing the many possibilities it adds to chalcogenide
synthesis.
The Boron Chalcogen Mixture (BCM) Method

The next major breakthrough that tests the limitations of boron chalcogen
synthesis is the BCM method. Actinide chalcogenide research is of interest due to
chemical compositions and actinide oxidation states available in these compounds,

unique oxidation states allowing for the study of the 5f electron. However, actinide



oxides are extremely stable and thus actinide oxide impurities often occur and dominate
synthetic attempts to create actinide chalcogenides. The BCM method applies Wu and
Seo’s boron sulfide reaction with actinide oxide reagents and successfully synthesizes

phase pure actinide sulfides. This successful synthesis is illustrated in figure 1.3.

U,0,/U0,, Tho, > - — Us,Ths,
B+S B,O, .
R /

Generation of Flux crystal growth  Oxide to sulfide
US,/ThS, starting for exploratory  solid state synthesis
materials synthesis

Figure 1.3: BCM method reaction profile for an actinide oxide to actinide chalcogenide
reaction

The BCM method also improves on the utilization of boron in chalcogenide reagents in
several ways. '? The publication of the BCM method, was the first to analyze the
temperature at which sulfurization occurs, as can be seen in figure 1.4. This paper also
shows the use of boron as on oxyphilic reagent that in the presence of other
chalcogenides, selenium, and tellurium and uranium and thorium, creates uranium and
thorium selenid es and tellurides. The temperature dependence of sulfurization was also

analyzed using the BCM method which is shown for both uranium and thorium in figure

1.4.12
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Figure 1.4. Temperature dependence of sulfurization for uranium and thorium sulfides
The BCM method has been applied to the chalcometallates as well. In the literature,
lanthanide thioborates, LnBS; (Ln= La, Ce, Pr, Nd) were researched as a potential NLO
material and a recent paper demonstrated the potential of the BCM method in the realm

of chalcometallate materials as also being able to incorporate boron in the product while
still using oxide starting materials. !?

Reaction Set Up

Chalcometallate reactions using a combination of the BCM and flux method can

be weighed out in air and allow for the use of oxide starting reagents. '? This includes
commercially available Ln2O3 and SiOz, where in the past Ln,S; and elemental silicon
would have to be used. Ln»S3 is not commercially available and has to be made in-house
for each rare earth that is desired to be used. This can be done by the decomposition of
ammonium thiocyanate into CSz + H2S + NHaz. HbS is then passed over Ln20Os (s) using
argon as a carrier gas at 1050 “C resulting in pure products of Ln,Ss (s) and 3-H20 (g).
The reaction set up can be seen in figure 1.5. Once reagents are acquired, they are added

to a fused silica or quartz tube as the reaction vessel. For typical reactions using quartz



tubes they must be carbon coated to avoid the silicon oxide in the tube wall from reacting

with the reagents.

Figure 1.5. Reaction set up for synthesizing Ln»S3
Carbon coating is the process of decomposing acetone onto the tube wall to essential coat
it in carbon, creating a layer between the silicon oxide in the glass and the reagents, thus
keeping them from reacting with each other. An advantage of thiosilicates and the BCM
method is that regular quartz tubes can be used and do not have to be carbon coated, as
the silicon oxide is already a part of the reactants. These tubes are evacuated to 10
millitorr and flame sealed using a methane/oxygen flame torch. The sealed tube is then
placed in a programmable furnace and set to run at the selected reaction parameters.
Thiosilicate Properties

As shown previously the chalcometallates and, in particular thiosilicates, have
shown potential for their variety of desirable properties such as ionic conductivity, NLO
and magnetic properties. The zur Loye group, has mainly focused on the optical and
magnetic properties of chalcogenide containing compounds. >3 As with our previous
interest, we focused on analyzing these same properties of the thiosilicates as well. There

are numerous examples of thiosilicate publications in the literature that discuss the two
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main optical properties of interest, namely their nonlinear optical (NLO) behavior,
mainly their Second Harmonic Generation (SHG) abilities and their photoluminescence.
SHG is a NLO process that involves the frequency doubling of a photon by a
noncentrosymmetric structure. A noncentrosymmetric structure being a structure
featuring no inversion center. When two photons of frequency “X” and wavelength “Y”

interact with a structure that is SHG active, the photons generate a new photon with a
frequency of “2X” and wavelength of “%Y”. An important measurement of second

harmonic generation is phase matching, or a condition where the polarization wave
produced by two photons in a NLO medium has the same phase velocity as a free wave
of the same frequency. The process for achieving this is a technique called birefringent
phase matching, where the birefringence of a nonlinear crystal is exploited. Birefringence
is the property of some transparent materials where the refractive index depends on the
polarization direction. There are two common forms of birefringent phase matching. The
first being noncritical phase matching where the beam is propagated along an axis of an
index ellipsoid. The other form is critical phase matching. This is where the angular
dependence of the refractive index is exploited. Another difference in phase matching
comes from the polarized states. In Type I two photons with ordinary polarization will
combine to double the frequency and extraordinary polarization. In Type II, two photons
with orthogonal polarization will combine to double the frequency and ordinary
polarization. For a single crystal orientation there can only be one type of critical phase
matching. Trends in thiosilicate crystallization has shown that they tend to prefer
noncentrosymmetric space groups and as such can exhibit NLO properties, such as

second harmonic generation.
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Another optical property commonly sought after in new materials is
photoluminescence. Photoluminescence is the emission of visible light after the
absorption of photons, commonly UV light. Photoluminescence can occur in two ways,
the first being fluorescence and the second being phosphorescence. Both begin with the
excitation step, which is the excitation of a ground state electron to a singlet excited state
resulting from the absorption of a photon. Once in its excited state, the electron is
unstable and wants to return to its ground state. It will attempt to do this by first relaxing
through the excited states vibrational levels, a process known as vibrational relaxation.
Once at the lowest vibrational level of the first singlet excited state, the electron can
either undergo fluorescence or intersystem crossing. Fluorescence is the deexcitation
from the first singlet excited state back down to the ground state, an extremely fast
process, about 10" seconds long. The energy from this jump is emitted as visible light.
Intersystem crossing involves the change from the singlet excited state to the triplet
excited state. In the singlet state, an electron pair is spin up and spin down, however in
the triplet state they have the same spin direction. As the excited electron must be flipped
on deexcitation, this is considered a spin forbidden transition. This does not mean
intersystem crossing won’t happen, but that it occurs much more slowly than a spin
allowed transition. After intersystem crossing occurs, the electron goes through
vibrational relaxation until it gets to the lowest vibrational level of the first excited triplet
state. The jump from the first excited triplet state to singlet ground state is known as
phosphorescence. The difference between phosphorescence and fluorescence is the speed
at which they occur. Due to the electrons again having to flip from the same orientation

in the triplet state to opposite orientations in the singlet state, phosphorescence is a spin
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forbidden transition, unlike fluorescence which is spin allowed, making it much slower
process than fluorescence. Therefore, when both are analyzed under UV light it is
common for phosphorescent materials to emit a glow even after the light is turned off,
while fluorescent materials will immediately stop emitting when the UV light is turned
off.

The final property we in the zur Loye lab wanted to analyze in the thiosilicates is
their magnetic behavior. Magnetism stems from the presence of unpaired electrons,
whose spins at higher temperatures will be thermally randomized. In this condition they
are referred to as being paramagnetic. As these electrons are cooled down, they have the
potential to order magnetically in certain ways. Two common types of magnetic order are
ferromagnetism and antiferromagnetism. Ferromagnetism occurs when the electrons
align spin parallel, while antiferromagnetism occurs when the electrons align spin

antiparallel. The magnetic moment of a material can be extracted from the magnetic data

by using the Curie-Weiss law. The Curie-Weiss law is X = ﬁ , where X is the

magnetic susceptibility, C is the Curie constant, T is the absolute temperature and 0 is the
Weiss constant. Information is extracted from this data by plotting either the magnetic
susceptibility or the inverse susceptibility vs the temperature. In such plots the magnetic
transitions can readily be observed, and from the straight line portion of the inverse
susceptibility vs temperature plot, the effective magnetic moment can be calculated. The
antiferromagnetic transition temperature is known as the Neal Temperature (Tn) while
the ferromagnetic transition temperature is known as the Curie Temperature (Tc). These
are also the two types of magnetic behavior that we will investigate the thiosilicate

compounds for.
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Thiosilicate units by themselves however have no unpaired electrons and thus no
potential magnetic ordering. Due to their ability to create a variety of structural motifs
they are able to incorporate a number of different elements into their structures. This
includes the rare earths and transition metals, both of which can have unpaired electrons
depending on their oxidation states, and thus can give rise to potential magnetic order.

The research goal discussed in this thesis was to take advantage of the structural
abilities of thiosilicates and to incorporate additional elements to impart physical
properties of interest, such as optical and magnetic properties. To achieve these goals the
BCM method was utilized in this research project. The results of these efforts are
illustrated herein through a multitude of different structural and compositional variation
of thiosilicate compounds that were successfully synthesized using the BCM method and
analyzed for the desired properties. As can be seen from table 1.1, over 40 novel rare
earth containing thiosilicates have been successfully synthesized using the BCM method
in less than two years of exploring these compounds in the zur Loye group. This thesis
will focus on the process of this research by describing numerous compounds that, each
uniquely, presented different synthetic challenges. Furthermore, the structural and

physical property characterization of these materials will be discussed.
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Abstract
Nine new rare earth magnesium containing thiosilicates of the formula

RE3Mg sSiS7 (Ln= Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er) were synthesized in an alkali
halide flux using the Boron Chalcogenide Mixture (BCM) method. Crystals of high
quality were produced, and their structures determined by single crystal X-ray diffraction.
The compounds crystalize in the hexagonal crystal system in the P63 space group. Phase
pure powders of the compounds were used for magnetic Second Harmonic Generation
(SHG) measurements. Magnetic measurements indicate that CesMgo 5SiS,
Sm3Mgo sSiS7, and DysMgo sSiS7 exhibit paramagnetic behavior with a negative Weiss
temperature over the T=2-300 K temperature range. SHG measurements of LazsMgo sSiS7
demonstrated SHG-activity with an efficiency of 0.16 times the standard potassium
dihydrogen phosphate (KDP).
Introduction

Metal chalcogenides have become the foundation of many modern technologies due
to their structural and compositional diversity, which results in a plethora of desired
physical properties.! The chalcometallates, one class of chalcogenides, result from the
combination of the chalcogens with certain main group elements and that yield complex
anionic framework structures. The zur Loye group, utilizing the molten flux synthetic
method, has explored the synthesis of single crystals of a variety of chalcometallate
materials, including thiophosphates, thiogermanates and thiosilicates, to explore their
magnetic and optical properties.>* A major obstacle to the synthesis of these compounds
is the lack of commercially available rare earth sulfide starting materials, which

necessitates their preparation in the laboratory prior to exploring the syntheses of
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chalcometallate compounds. Recently, we have demonstrated the use of the Boron-
Chalcogen Mixture (BCM) method to synthesize single crystals of, LnBS3 (Ln= La, Ce,
Pr, Nd) and measured their non-linear optical properties.* The BCM method allows for
the in-situ sulfurization of lanthanide oxide starting reagents, thereby avoiding the need
for lanthanide sulfide reagents.® As this method has been previously used to synthesize a
number of lanthanide and transition metal sulfide compounds, we again chose to utilize
the BCM method to explore a family of chalcometallates, REsMgo 5sSiS7 (RE= rare earth)
compounds to investigate their magnetic and optical properties.®®

The REsMMQ7 (M= metal) family of compounds form an extensive family of
quaternary rare-earth chalcogenides due to the unique structural flexibility of the
LazMno.sGeS7 structure type that can accommodate a variety of elements that can impart
optical and magnetic properties to the material.!° The structural flexibility of this family
is a product of the metal atom’s ability to have full occupancy taking on a trigonal planar
coordination environment, an example being LazAgSiS7, or be half occupied taking on a
octahedral coordination environment such as RE3Cdo sGeS7.2% 2! The compositional
flexibility stemming from a variety of combinations of rare-earths, metals, tetrels and
chalcogenides. The metals in these compounds range from groups 1-15 resulting in a
staggering number of almost 2000 reported phases.?> However, a survey of this family of
compounds was recently published by Zhou et al. which highlighted the lack of certain
elemental compositions within this phase space.?’ One series with minimal reported
phases is the rare earth magnesium thiosilicates, REsMgo.sSiS7. The LazMgo sSiS7 and

Yo0.sMgo.5SiS7 analogs being the only ones reported.? 24
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Due to this, we decided to investigate this series in order to explore the optical
and magnetic properties of the rare earth metals in various structural environments.
Furthermore, Mg?" is diamagnetic and optically inactive, enabling us to study solely the
behavior of the rare earths in these compounds. Many of these compounds, including
those presented in this paper, crystallize in the non-centrosymmetric space group P63,
which makes these structures potentially SHG active and, thus, able to exhibit nonlinear
optical properties (NLO). To date, the synthesis of the known REsM,MQ7 (M= metal)
compounds has primarily been done by solid state synthesis, though a few examples of
other synthetic routes exist, such as the molten flux synthesis and arc melted
precursors.?> 26 As the molten flux synthetic technique has shown success, we chose to
utilize this combined with the BCM method to grow crystals of the title compounds for
structural characterization and, in some cases, also performed solid-state synthesis using
the BCM method to create bulk samples. Herein we present the synthesis of high-quality
single crystals of RE3sMgo 5SiS7 (RE=La-Nd, Sm-FEr) and the determination of their
crystal structures. Furthermore, the magnetic properties of REzMgo 5SiS7 (Ce, Dy, Sm)

are investigated and SHG properties of LazMgo.5SiS7 are reinvestigated.

Experimental

RE»O; (RE= La, Nd, Sm, Gd, Dy, Ho, Er) (99.9%, Alfa Aesar), CeO2(99.9%, Alfa
Aesar), PreO11 (99.9% Alfa Aesar), TbsO7 (99.9% Alfa Aesar), Sulfur (Fischer
Scientific), Boron (99.9%, Beantown Chemical) , S102(99.9%, Alfa Aesar), Nal (99.9%,
Beantown Chemical) NaCl (99.9%, Alfa Aesar) , CaCl: (Fischer Scientific), and MgCO3
(Allied Chemicals) reagents were used to synthesize the target compounds. MgO was

prepared by decomposing MgCO3 at 700 “C for 24hrs. Pr,03 and Tb,O3 were prepared by
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the reduction of PrsO11 and Tb4O7 at 1000 °C for 24 hours under a 4% hydrogen flow.
The resulting Tb,O3 and Pr,O3 were stored in a nitrogen glove bag. Nal, NaCl, CaCly,
and MgO were stored overnight in a drying oven set to 260 “C to remove moisture.

RE3Mgo 5S1S7 (RE=Nd-Er) were synthesized by the addition of RE2O3, boron, sulfur,
Si02, and MgO powders in a 3:20:30:2:1 molar ratio, respectively, into a fused silica tube
(10 x 12 mm inner and outer diameters, about 15 cm length) along with 250 mg of Nal
flux (75 mg in the case of Nd). The fused silica tube was evacuated to 10 torr and flame
sealed using a methane/oxygen torch. The sealed fused silica tube was placed into a
programmable furnace set to heat to 760°C in 20 hours, to dwell at this temperature for 20
hours, and to cool to 560°C in 20 h, at which point the furnace was shut off and allowed
to return to room temperature.

RE3Mgo 5SiS7 (RE=La, Pr) were synthesized using a similar procedure, except for the
use of 75 mg of a CaClz/NaCl eutectic instead of Nal and the reagent mixture was ground
using a mortar and pestle prior to the addition of the flux. The tube was heated to 950°C
in 20 hours, dwelled at this temperature for 20 hours, cooled to 750°C in 20 hours, at
which point the furnace was shut off and allowed to return to room temperature.

RE3Mgo5SiS7 (RE=Ce) was obtained using the same synthetic procedures as the RE
= La and Pr analogues but with the use of 75 mg of NaCl flux instead of the CaClo/NaCl
eutectic.

To prepare samples for property measurements of REsMgo 5SiS7, traditional solid-
state syntheses were preformed using the same materials and molar ratio mentioned
above. For these reactions, the reagents were intimately ground. The ground mixture was

added to a fused silica tube that was placed into a programmable furnace set to ramp to
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950°C, dwell for 12 hours, at which point the furnace was shut off and allowed to return
to room temperature. The powder X-ray diffraction patterns can be seen in Figures 2.1-
2.4.

CAUTION: Please note boron sulfides are moisture sensitive and produce H»S gas
on contact with moisture and water. All post reaction work was done in the properly
labeled fume hood. Reproduction of the synthesis should be done with the proper safety

procedures in place

Single-Crystal X-ray Diffraction (SXRD)

X-ray intensity data of yellowish-brown plate crystals of all title compositions
were collected at 300 K using a Bruker D8 QUEST diffractometer equipped with a
PHOTON-II area detector and an Incoatec microfocus source (Mo Ka radiation, 1 =
0.71073 A). Single crystals were mounted on a microloop with immersion oil. The raw
area detector data frames were reduced and corrected for absorption effects using the
SAINT+ and SADABS programs.?’ Final unit cell parameters were determined by the
least-squares refinement of a large array of reflections form each data set.?® An initial
structural model was obtained with SHELXT. Subsequent difference Fourier calculations
and full-matrix least-squares refinement against /2 were performed with SHELXL-2018
using the ShelXle interface.?” All compounds crystalize in the noncentrosymmetric,
hexagonal space group P63, which is uniquely confirmed by the pattern of systematic
absences in the intensity data. The asymmetric unit contains three sulfur atoms, one
lanthanide atom, one magnesium atom and one silicon atom. All atoms are all located on

positions of general crystallographic symmetry. All atoms were refined with anisotropic
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displacement parameters. The crystallographic data and diffraction results are listed in

table 2.1.

Powder X-ray Diffraction (PXRD)
Powder X-ray diffraction (PXRD) data were collected using a powder sample of

RE3Mgo 5S1S7 obtained by the solid-state synthesis. The samples used for property
measurements PXRD patterns can be seen below in figures 2.1-2.4. Data were
collected on a Bruker D2 PHASER diffractometer using Cu Ka radiation over a

20 range 10—65° with a step size of 0.02°.

Energy-Dispersive Spectroscopy (EDS)

EDS was performed on single crystal products using a Tescan Vega-3 SEM equipped
with a Thermo EDS attachment. The SEM was operated in low-vacuum mode. Crystals
were mounted on an SEM stub with carbon tape and analyzed using a 30 kV accelerating
voltage and a 100 s accumulation time. SEM images of the crystals can be found in figure

2.5. The obtained EDS spectra for each crystal can be found in table 2.2.
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Table 2.1 Crystallographic Data and diffraction results for all reported compounds

Chemical formula LasMgo5SiS7 CesMgo 5SiS7 PrsMgo sSiS; Nd3;Mgo 5SiSy Sm3zMgo.5SiS7
Formula weight 681.40 685.03 687.40 697.39 715.79
Crystal system Hexagonal
Space group, Z P6; Pé6; Pé6; Pé6; P63
a, A 10.35010(10) 10.23860(10) 10.18500(10) 10.1219(13) 10.03110(10)
b, A 10.35010(10) 10.23860(10) 10.18500(10) 10.1219(13) 10.03110(10)
c, A 5.74220(10) 5.72220(10) 5.69630(10) 5.6691(11) 5.64820(10)
B, deg. 90 90 90 90 90
vV, A3 532.719 519.487(14) 511.735(13) 503.00(16) 492.195(13)
Pealed, g/em® 4.248 4.379 4.461 4.605 4.829
Radiation (), A) Mo-Ka (0.710173 A)
u, mm! 13.259 14.405 15.561 16.786 19.227
T,K 399.12 299.09 298.89 298.53 300.2
Crystal dim., mm? 0.04 x 0.04x0.04 | 0.05x0.05x0.04 | 0.05x0.05x0.05 | 0.05x0.05x0.05 | 0.05x0.05 x 0.05
20 range, deg. 3.938-36.302 2.297-36.259 4.001-36.302 2.323-36.326 2.344-36.341
Reflections collected 22794 22771 22302 22801 21059
Data/parameters/restraints 1737/38/1 1683/38/1 1654/ 38 /1 1636/38/1 1589/38/1
Rint 0.0280 0.0280 0.0303 0.0356 0.0308
Goodness of fit 1.165 1.211 1.193 1.132 1.234
Ri(I>205(1)) 0.0077 0.0097 0.0089 0.0085 0.0103
wR (all data) 0.0179 0.0262 0.0206 0.0196 0.0236
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Chemical formula GdsMgo5SiS7 Tb3sMgo.5SiS7 Dy3Mgo.5SiS7 HosMgosSiS7 | ErsMgosSiSy
Formula weight 736.42 741.43 752.17 759.46 766.45
Crystal system Hexagonal
Space group, Z P6; P6; P6; P63 P63
a, A 9.9571(3) 9.8952(5) 9.84310(10) 9.7890(11) 9.75330(10)
b, A 9.9571(3) 9.8952(5) 9.84310(10) 9.7890(11) 9.75330(10)
c,A 5.6344(3) 5.6257(4) 5.62710(10) 5.6255(9) 5.63680(10)
B, deg. 90 90 90 90 90
VvV, A3 483.78(4) 477.04(6) 472.149(13) 466.84(13) 464.372(13)
Pealed, g/em® 5.055 5.162 5.291 5.403 5.481
Radiation (), A) Mo-Ka (0.710173 A)
u, mm! 21.918 23.611 25.126 26.826 28.519
T,K 303(2) 299.74 303(2) 297.69 299.32
Crystal dim., mm? 0.06 x .06 x .04 0.05x.05x.05 | 0.07x0.06x0.04 | 0.04x0.04x0.04 | 0.05x0.05x 0.04
260 range, deg. 2.362-40.290 2.377-36.315 2.389-40.265 2.402-36.287 2.411-36.325
Reflections collected 29133 19488 30408 20237 19302
Data/parameters/restraints 2028/38/1 1536/38/1 1998/37/1 1507/38/1 1498/38/1
Rint 0.0322 0.0316 0.0324 0.0335 0.0319
Goodness of fit 1.160 1.232 1.25 1.194 1.224
Ri(I>20(1)) 0.0101 0.095 0.0112 0.096 0.0118
wR (all data) 0.0214 0.0229 0.0227 0.0215 0.0270
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Figure 2.1 Powder X-ray diffraction pattern for LasMgo sSiS; used for SHG measurement. Data
are shown in black and peak positions calculated using the single crystal cif file are shown in red.
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Figure 2.2 Powder X-ray diffraction pattern for CesMgo.sSiS7 used for magnetic measurements.
Data are shown in black and peak positions calculated using the single crystal cif file are shown
in red.
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Figure 2.3 Powder X-ray diffraction pattern for SmsMgosSiS; used for magnetic measurements.
Data are shown in black and peak positions calculated using the single crystal cif file are shown
in red.
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Figure 2.4 Powder X-ray diffraction pattern for DysMgo sSiS; used for magnetic measurements.
Data are shown in black and peak positions calculated using the single crystal cif file are shown
in red.
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Figure 2.5 SEM images of representative crystals of the new thiosilicates synthesized.
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Table 2.2 Qualitative Elemental analysis results by EDS

CesMgo.5SiSy PrsMgo.sSiSy NdsMgo 5SiS7 Sm3;Mg.5SiS7

Element Atom % Element Atom % Element Atom % Element Atom %

Ce 24.21 Pr 19.12 Nd 20.77 Sm 26.70

Mg 4.23 Mg 5.82 Mg 4.44 Mg 3.50

Si 8.41 Si 10.83 Si 10.63 Si 11.84

S 63.15 S 64.23 S 64.16 S 57.95

GdzMgo.5SiS7 TbsMgo.5S1S7 Dy3Mgo 5SiS7 HosMgo 5SiS7 ErsMgo.5SiS7
Element Atom % | Element | Atom % | Element | Atom % | Element | Atom % | Element Atom %
Gd 23.45 Tb 13.07 Dy 18.02 Ho 16.06 Er 15.29
Mg 5.18 Mg 5.15 Mg 5.04 Mg 5.29 Mg 5.21
Si 9.35 Si 12.02 Si 11.41 Si 10.85 Si 10.65
S 62.04 S 69.76 S 65.53 S 67.80 S 68.85




Magnetic Susceptibility

Magnetic property measurements for CesMgo sSiS7, SmzMgo.5SiS7, and Dy3Mgo 5SiS7
were performed using a Quantum Design magnetic property measurement system (QD
MPMS 3 SQUID Magnetometer). The magnetic susceptibility was measured under zero-
field-cooled (zfc) and field-cooled (fc) conditions from 2 to 300 K in an applied magnetic
field of 0.1 T. Magnetization as a function of applied field was measured from —5to 5 T
at 2 K. Data were corrected for the sample shape and radial offset effects as described

previously.?°

UV-Vis Diffuse Reflectance Spectroscopy

UV-vis diffuse reflectance spectroscopy data for LazMgo.sSiS7 was obtained using
a PerkinElmer Lambda 35 UV-vis scanning spectrophotometer equipped with an
integrating sphere in range 300-900 nm. The reflectance data was then converted to
absorbance data using the Kubelka-Munk function.!

Second Harmonic Generation (SHG)

The Kurtz—Perry method was adopted to assess the SHG performance of the sample.
Polycrystalline powder of the sample was placed in the tubes of quartz, and then were

irradiated with a pulsed infrared beam (1064 nm) produced by a Q-switched Nd: YAG

laser. The generated second harmonic signals (532 nm) were collected by the detector.

KDP (KH>POs) served as a standard during the SHG test procedure.* 3
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Results and Discussion
Synthesis

A review of REsMosMQ7 (M=Metal) compounds reveals that a significant number of
compositions that are structurally and compositionally related to REsMo.sMQ7 have not
been reported. To explore some of these compositions and to extend the use of our BCM
method to more diverse structural families, we decided to synthesize the REsMgo sSiS7
family both as powders and as single crystals using the BCM method. Table 2.3 list the
known compositions of the REsMgo 5SiS7 structure type, while table 2.4 lists the known
compositions of the REsMgo.sGeS7 structure type done prior to this work; clearly more
thiogermanates than thiosilicates have been reported.?’ We performed the synthesis of the
RE3Mgo5SiS7 RE = La, Ce, Pr, Nd, Sm-Er series, targeting both single crystals and
powders. Using Nal (Nd, Sm-Er) and CaCl,/NaCl (La, Ce, Pr) as fluxes and using boron
powder to remove the oxygen from our RE>O3 reagents, we successfully obtained high
quality single crystals for all the target compositions. Although the RE = Sm-Er target
phases were crystallized as the major product, Mg>(SiS4) was identified as a minor
impurity phase in these reactions and, even after numerous attempts to optimize the flux
crystal growth reaction conditions, could not be eliminated. For RE = La-Nd the target
phases would not form when using the same synthetic procedure used to obtain the
RE=Sm-Er compounds due to the formation of RE3(SiS4).I as the major reaction
product.’* It is important to note that while Sm3(SiS4)21I has been reported, the chlorine
analog has not.* This may be the reason the Nal flux was able to be used to successfully
synthesize the target samarium analog. To eliminate the RE3(SiS4).I phases entirely from

the product the Nal flux was changed to the NaCl/CaCl, eutectic. This led to the
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successful synthesis of the target phases, LasMgo5SiS7 and PrsMgo 5SiS7, which formed
as minor products along with a new rare earth calcium containing thiosilicate as the major
product. We will report on the latter materials in the near future. To eliminate the
formation of this calcium containing phase for the synthesis of the cerium and
neodymium phases, a NaCl flux was used. The target phase, Ce3sMgo 5SiS7, was
successfully synthesized using this method. The target phase, NdsMgo sSiS7, was
synthesized by decreasing the flux amount from 200 mg to 75 mg. Attempts at the
synthesis of RE = Tm-Lu using the synthetic routes described above failed. In all cases
only MgRE>S4 and Mg»(SiS4) were isolated. This is perhaps not unexpected as no other
RE-Mg-Si-S compositions belonging to this structure type have been reported, as
illustrated by table 2.3.

The post reaction workup of all targeted material was initially preformed using
methanol, however impurities remained. For that reason, water was used for the workup

after discovering the target compositions are reasonably air and water stable.

33



143

Table 2.3 Known thiosilicate compounds of the Ln3Mgo 5SiS7 structure type

5 n** | La Ce Pr Nd Sm Gd Tb Dy Ho Er Ref
M +
Mg . 23,24
Cr . 22,23
Mn . . . . . . . . 9,22,23
Fe . . 23, 18,
22
Co . 15,22
Ni . 15,22
Zn [ ] [ ] [ ] ] [ ] [ ] [ ] [ ] [ ] L[] 20
Cd [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] 20

*-Reported compound

Table 2.4 Known thiogermanate compounds of the Ln3Mgp sGeS7 structure type

\2L°§ La Ce Pr Nd | Sm | Gd Tb | Dy | Ho Er | Ref

MMg . . . . . . . . . . 24,13
Cr . -~
Mn . . . . . . . . . . 11,23
Fe . . . . . . . . . . 10
Co . . . . . . . . . . 12,14
Ni . . . . . . . . . . 12,14
7n . . . . . . . . . . 20
cd . N . o o o o o 20

*-Reported compounds



Structure Description

The RE3Mgo 5SiS7 structure is a member of the REzsMo sMQ7 family of compounds that
crystallizes in the hexagonal crystal system, adopting the noncentrosymmetric space group,
P6;. All of the title compositions are isostructural and crystallize in this space group. This
three-dimensional structure is made up of RESg bi-capped trigonal prisms that edge and
corner share to create a ring-like structure. Isolated SiS4 tetrahedra throughout the structure
are located between each ring-like structure of RESg bi-capped trigonal prisms. Face
sharing MgSe octahedra tunnel through the middle of the ring-like structure. Figure 2.6
illustrates the local coordination environments of the RE™, Si**, and Mg cations
respectively, along with the general structure of REsMgo 5SiS;. Figure 2.7 contains a plot
of the unit cell volume of RE3Mgo.5SiS7 as a function of the rare-earth ionic radius. The
decrease in volume when going from La to Er is expected due to the lanthanide contraction

in these compounds.

o

(d)

Figure 2.6 (a) 3D framework structure of Gd;Mgo.sSiS7 viewed down the c-direction (b)
(GdSs chains developing the framework (c) face-sharing MgSe octahedra and isolated SiS4
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tetrahedra (d) Gd coordination environment.
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Figure 2.7 Volume vs ionic radii of the RE*" elements in the RE3sMgo sSiS7 structure.

Magnetic Properties

The magnetic susceptibility data for Ce3sMgo 5SiS7, Dy:Mgo.5SiS7, and SmzMgo 5SiS7
are shown in figure . The data in these plots were analyzed and the magnetic moment
extracted from a fit to the Curie Weiss Law. The moments and Weiss constants are
summarized in table 2.5 and were found to be in excellent agreement with the calculated
moments. The negative Weiss temperatures suggest antiferromagnetic interactions, but as
seen in figure 2.8, no antiferromagnetic transitions are observed above 2 K, the lowest

temperature measured.

Table 2.5 Magnetic data for CesMgo 5SiS7, DyzsMgo 5SiS;

Compound Observed calculated Ow (K)
Lefr (us/Ln’") from Hefr (us/Ln’")
Curie—Weiss fit (200—
300 K)
CesMgo.5SiSy 2.33 2.54 -43.7
Dy3Mgo.5S1S7 10.67 10.65 -5.4

The samarium analog, as expected, exhibits Van Vleck Paramagnetism in the 2-300 K

temperature range measured.*® Due to the lack of Curie-Weiss behavior the effective
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moment of Sm** at room temperature was determined to be 1.45 ug/Sm**. This is in

agreement with other Sm chalcogenides such as the reported BaSm»S4, which has an

experimentally reported moment of 1.47 ug/Sm3*.37
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Figure 2.8 MAc‘)lar and Inverse Susceptibilit}ll3 vs Temperature for CesMgo_5(S:i87 (A),
Dy3Mgo.5SiS7 (B), and Sm3Mg 5SiS7 (C)
Optical Properties

UV-vis diffuse reflectance spectroscopy was performed on LazMgo sSiS7and it
was determined that the compound is a direct band gap semiconductor with a band gap of
2.77 eV (Fig. 2.9). Materials that crystallize in a noncentrosymmetric crystal class may
exhibit SHG behavior.*® A multitude of reported REsMoxMQ7 have had their SHG
properties analyzed.’® 3% La;LiMS7 (M= Ge, Sn) exhibits a strong NLO effect and high
laser damage threshold (LDT). Likely caused by a mixed contribution of LnSg and MS4
ligands.*® Due to this, we decided to investigate the SHG properties of one of the title
compounds LazMgo.sSiS7. LasMgo.sSiS7 was determined to be SHG-active with an
efficiency of ~0.16 times the standard potassium dihydrogen phosphate (KDP). Figure 4
shows the SHG intensity vs time of LasMgo sSiS7 and the KDP standard. Due to the

coloration of the crystals of the other compositions that interferes with SHG

measurements, no other samples were tested for SHG activity.
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Figure 2.9 Tauc plot for select compositions for LazMgo sSiS7 plotted as direct band gap
materials.

Conclusion

In this paper, we report the successfully preparation of nine new members of the
RE3Mgo.5SiS7 series, REsMgo5sSiS7 (RE=La-Nd, Sm-Er), representing an addition to the
larger REsM1.xMxQ7 family of compounds. By combining the BCM method and molten
flux growth, we succeeded in preparing high-quality single crystals of RE3:MgosSiS7
(RE=La-Nd, Sm-Er) using binary oxides as starting reagents. In addition, we combined the
BCM method with solid state synthesis to prepare phase pure polycrystalline powders for

property measurements. Due to the non-centrosymmetry of the crystal structure, SHG
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behavior of LazMgosSiS; compound was measured showing that this compound is SHG
active with an intensity of 0.16 x KDP. CesMgo.5sSiS7, Dy3:Mgo.5SiS7, and Sm3zMgo 5SiS7,
exhibit paramagnetic behavior with no obvious magnetic ordering down to 2 K.

The BCM method is a valuable tool in metal chalcogenide synthesis as it provided
more facile access to compounds due to the use of commercially readily available oxide
reagents and can be used to synthesize a wide variety of new compositions in single crystal
form. As the BCM method is still relatively new, we are in the process of expanding the
BCM method to related thiosilicate compositions in order to explore their physical

properties.
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CHAPTER 3:
Magnetic Property Analysis of an Extensive Family of Quaternary Novel Rare Earth
Transition Metal Thiosilicates Obtained Via Molten Alkali Halide Flux Growth

Combined with the Boron Chalcogen Mixture Method
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Abstract:

RE3TM5SiS7 (RE= Gd-Yb, TM= Fe, Co, Ni) a series of transition metal
containing thiosilicates exhibiting unique magnetic properties are reported on. The target
compounds have been synthesized using a combination of molten alkali halide flux
growth and the BCM method. The compounds crystalize in the hexagonal crystal system
in the P63 space group. Herein, we discuss the use of the Boron Chalcogen Mixture
(BCM) method to synthesize phase pure samples of the title compounds for magnetic
measurements without the difficulties that plague typical chalcogenide synthesize. The
compounds are antiferromagnetic featuring a transition between 2-20 K. This is also the
first reported Ytterbium containing compounds of this structure type as all other reported
series only report on Thulium as the latest rare earth.

Introduction:

The search for new chalcogenide materials continues to be a worthy endeavor as
many have shown to have desirable physical properties.!>? One particular class of
chalcogens recently shown to have potentials in many of these properties are the
chalcometallates.>* Because of this these metal chalcogenides are starting to be found in

multiple areas of cutting-edge research such as fast ion conductors, ¢ radiation

10-12 13, 14

detectors,” nonlinear optics, and novel magnetic materials, to name a few.
Recently, we have reported on the thiosilicates, a class of chalcometallates, of chemical
formula RE3Mgo.5SiS7 to form readily using a combination of the BCM and molten flux
methods.?” In this paper, we emphasize the lack of thiosilicates in this REsMMS5 family,

showing a large compositional phase space still empty.!® Recent research has shown the

ability to incorporate transition metals into this phase.!”?> Specifically, Akopov et al
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show the synthesis and characterization of La3TMxSiS7 (TM= Transition Metals). To
continue our research on these compounds and build upon theirs, we wanted to analyze
the later rare earth elements in this phase focusing on having two magnetic sublattices as
Lanthanum is nonmagnetic.

With the inclusion of transition metals, these REsMxMS7 phases have shown
unique magnetism and potentials in optical properties. For example, LasCu2Si2S14
exhibits not only phase match ability but also second harmonic generation (SHG) values
comparable to the standard AgGaS,, while RE3FeosGeS; (Re=Gd, Tb, Dy, Ho, Er and
Tm) show antiferromagnetic ordering at low temperatures.!”- 2> However, the thiosilicate
phases have only had magnetic properties reported on for the non-magnetic rare earth
Lanthanum. As previously stated, with the addition of a magnetic rare earth such as
terbium, the magnetic properties become much more unique, due to the presence of two
magnetic sublattices. Herein, we report on the synthesis of high-quality single crystals, of
RE3TMy.5SiS7 (RE=Gd-Yb) TM=(Fe, Co, Ni) for their structural determination and
magnetic property measurements.

Experimental

RE:O3 (RE= Gd, Dy, Ho, Er, Tm, Yb) (99.9%, Alfa Aesar), TbsO7 (99.9% Alfa
Aesar), Sulfur (Fischer Scientific), Boron (99.9%, Beantown Chemical) , Si02 (99.9%,
Alfa Aesar), Nal (99.9%, Beantown Chemical) Fe>O3, Nickel, and Cobalt powder
reagents were used to synthesize the target compounds. Nal was stored in a drying oven
set to 260°C due to its hydroscopic nature. RE3TM 5SiS title compounds were
synthesized by the RE2O3 , Boron, Sulfur, SiO2 , and TM/Fe>O3 powders in a 3:20:30:2:1

molar ratio (0.5 for Fe203) , respectively, into a fused silica tube (10 x 12 mm inner and
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outer diameters, about 150 mm length) along with 250 mg of Nal flux. The fused silica
tube was evacuated to 10 torr and flame sealed using a methane/oxygen torch. The
sealed fused silica tube was placed into a programmable furnace set to heat to 850°C in
20 hours, to dwell at this temperature for 20 hours, and to cool to 550°C in 20 hours, at
which point the furnace was shut off and allowed to return to room temperature. After
reactions finished, methanol and water were used for the dissolution of the flux and
impurities in the product.

Single-Crystal X-ray Diffraction (SXRD):

X-ray intensity data of black plate crystals of all title compositions were collected
at 300 K using a Bruker D8 QUEST diffractometer equipped with a PHOTON-II area
detector and an Incoatec microfocus source (Mo Ka radiation, A = 0.71073 A). Single
crystals were mounted on a microloop with immersion oil. The raw area detector data
frames were reduced and corrected for absorption effects using the SAINT+ and
SADABS programs.?¢ Final unit cell parameters were determined by the least-squares
refinement of a large array of reflections form each data set.?” An initial structural model
was obtained with SHELXT. Subsequent difference Fourier calculations and full-matrix
least-squares refinement against F2 were performed with SHELXL-2018 using the
ShelXle interface.?® All compounds crystalize in the noncentrosymmetric, hexagonal
space group P63 , which is uniquely confirmed by the pattern of systematic absences in
the intensity data. The asymmetric unit contains one rare earth atom, one transition metal
atom, one silicon atom, and three sulfur atoms. All atoms are all located on positions of
general crystallographic symmetry. All atoms were refined with anisotropic displacement

parameters. The crystallographic data and diffraction results are listed in table 3.1.
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Table 3.1 Crystallographic Data and diffraction results for all reported compounds

Chemical GdsFep5SiSy GdzCo05SiS7 Gd3Nip5SiSy TbsFep5SiSy Tb3C00.5S1S7
formula

Formula 753.72 753.60 757.20 788.77
weight

Crystal system | Hexagonal

Space group, Z | P63 P63 P6; P6; P63

a, A 10.35010(10) 9.8937(3) 9.9231(6) 9.8539(11) 9.6400(3)

c, A 5.74220(10) 5.6521(3) 5.6470(5) 5.6456(9) 5.6838(2)

V, A3 532.719 479.13(4) 481.55(7) 474.74(13) 457.43(3)
Pealed, glem’ 4.248 2.612 5.197 5.297 5.727
Radiation (A,

) Mo-Ka (0.710173 A)

W, mm-! 13.259 11.466 22.934 24.426 31.366

T.K 399.12 298.64 297.69 297.09 29934
Crystal dim.,

oS 0.04x0.04x0.04 0.05x0.03x003 0.04x004x004 0.05x0.05x0.05 |0.05x0.05x0.05
20 range, deg. | 3.938-36.302 2.377-36.298 42.370-36.331 2.387-36.303 2.344-36.341
Reflections 22794 20451 20689 20320 19190
collected

Data/parameter | 737,36/ 1546/38/1 1564/38/1 1529/38/1 1478/39/1
s/restraints

Rini 0.0280 0.0313 0.0320 0.0325 0.0314
Goodness of fit | 1.165 1.221 1.188 1.252 1.297
Ri(1>20(I)) | 0.0077 0.0112 0.0097 0.0093 0.0159

wR, (all data) | 0.0179 0.0260 0.0204 0.0215 0.0408




1%

Chemical

TbsNio 5SiS7 DysFeo.sSiS7 Dy3Co0.5S1S7 Dy3Nio sSiS7 HosFeosSiS7
formula
Formula weight | 758.70 767.93 769.48 769.44 775.22
Crystal system | Hexagonal
Space group, Z | P63 P6; P63 P6; P6;
a, A 9.82720(10) 9.7645(2) 9.8120(5) 9.77530(10) 9.7556(6)
c, A 5.63800(10) 5.6837(2) 5.6930(4) 5.63770(10) 5.6445(5)
v, A 471.536(13) 469.31(3) 474.70(6) 466.544(13) 465.23(7)
Pealed, g/em’ 5.343 5.434 5.383 5.477 2.767
Radiation (A,
) Mo-Ka (0.710173 A)
W, mm! 24.821 25.987 25.799 26.372 13.817
T,K 297.05 297.38 297.43 297.69 298.11
Slrnylital dim., 4 06 x 0.05 x 0.05 0.05x0.05x0.05  0.05x0.05x0.05  0.05x0.05x0.05 0.04x 0.04 x 0.04
20 range, deg. | 2.393-36.310 2.408-36.357 2.397-36.152 2.406-36.319 2.411-36.315
Reflections 19617 19831 9087 20130 19819
collected
Data/parameter |, 5134 1516/39/1 1461/38/1 1513/38/1 1507/38/1
s/restraints
Rin 0.0372 0.0312 0.0369 0.0314 0.0319
Goodness of fit | 1.366 1.183 1.112 1.184 1.225
Ri(I>20(I) | 0.0135 0.0218 0.0223 0.094 0.0097
wR, (all data) | 0.0320 0.0521 0.0426 0.0194 0.0229
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Chemical

Ho3Co005S1S7 HosNig 5SiS7 Er;FeosSiS7 Er3Co05SiSy Er3;NigsSiS~7
formula
Formula weight | 776.84 776.66 782.21 783.76 783.72
Crystal system | Hexagonal
Space group, Z | P63 P6; P6; P6; P63
a, A 9.73990(10) 9.73310(10) 9.7107010) 9.6948(3) 9.68260(10)
c, A 5.65100(10) 5.64320(10) 5.65080(10) 5.6667(3) 5.65190(10)
V, A3 464.264(13) 462.976(6) 461.468(13) 461.25(4) 458.890 (12)
Pealed, g/om’ 5.557 2.786 2.815 5.643 5671
Radiation (A, A) | Mo-Ka (0.710173 A)
W, mm’! 27.803 14.001 214.709 29.545 29819
T,.K 299.19 298.96 297.67 297.73 297.93
Slrnylital dim., 1) 04 x 0.04 x 0.04 0.05x0.05x0.04  0.05x0.04x0.04  0.05x0.05x0.05 [0.05x 0.04 x 0.04
20range, deg. | 2.415-36.273 2.416-36.314 2.389-40.265 2.426-36.252 2.429-36.306
Reflections 19667 20122 30408 19360 19418
collected
Data/parameters | | ¢ 3¢/ 1491/38/1 1493/38/1 1491/38/1 1489/38/1
/restraints
Rint 0.0294 0.0369 0.0322 0.0348 0.0316
Goodness of fit | 1.259 1.206 1.217 1.311 1.229
Ri(1> 26(1)) 0.0110 0.0098 0.0095 0.0136 0.0102
wR» (all data) | 0.0260 0.0221 0.0209 0.0329 0.0242
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Chemical

formula Tm;3FeosSiS7 Tm3Co.5SiS7 Tms3Nig 5SiS7 YbsFeosSiSy Yb3Co00.5S1S7 YbsNig 5SiS,
Formula weight | 787.30 788.77 800.06 801.09 800.58
Crystal system Hexagonal

Space group, Z P63 P6; P6; P6; P63 P63

a, A 9.6497(2) 9.6400(3) 9.7107010) 9.5946(2) 9.5543(2) 9.8256(3)

c, A 5.6801(2) 5.6838(3) 5.65080(10) 5.7211(2) 5.7902(2) 5.6484(2)
V, A3 458.05(2) 457.43(3) 461.468(13) 456.10(2) 457.74(2) 472.25(3)
Dealed, g/cm’ 5.708 5.929 2.815 5.825 5.812 5.633
Radiation (A, A) | Mo-Ka (0.710173 A)

W, mm’! 31.210 31.366 214.709 32.924 32.918 32.035

T.K 297.7 299.34 297.67 297.38 298.20 298

Crystal dim.,— 0.05x0.05x s 55 0,05 x 0.05 0.05 x 0.04 x 0.04 02X 005X 6 54+ 0.04 x 0.04 0.07 x 0.06 x 0.05
mm 0.05 0.05

20 range, deg. 2.437-36.337 | 2.440-36.335 2.389-40265 | 2.426-36.252 | 2.462-36.305 2.394-36.313
Reflections 21187 19190 30408 19426 19448 20262
collected

Data/parameters/ | | 0336/ 1478/39/1 1493/38/1 1472/39/1 1474/39/1 1518/39/1
restraints

Rin 0.0456 0.0314 0.0322 0.0385 0.0336 0.0339
Goodness of fit 1.203 1.297 1.217 1.245 1.178 1.189

Ri(I> 20(1)) 0.0129 0.0159 0.0095 0.0129 0.0162 0.0149

wR; (all data) 0.0275 0.0409 0.0209 0.0292 0.0389 0.0385




Powder X-ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) data were collected using a powder sample of
RE;TMo5SiS7 obtained by the solid-state synthesis. These patterns can be seen in figures
3.1-3.17 Data were collected on a Bruker D2 PHASER diffractometer using Cu Ka.

radiation over a 26 range 10—65° with a step size of 0.02°.

[AK1053A24H20_ 8909 row] AK1053A2120
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Figure 3.1 Powder X-ray diffraction pattern for GdsFeo.5SiS7 used for SHG measurement.
Data are shown in black and peak positions calculated using the single crystal cif file are
shown in red.
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Flgure 3.2 Powder X-ray dlffractlon pattern for Gd3Coo.5Si1S7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red
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Figure 3.3 Powder X-ray diffraction pattern for Gd3NiosSiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.

Figure 3.4 Powder X-ray diffraction pattern for Tb3Feo.5SiS7 used for SHG measurement.
Data are shown in black and peak positions calculated using the single crystal cif file are
shown in red.
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Figure 3.5 Powder X-ray diffraction pattern for Tb3Coo.5SiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.
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Figure 3.6 Powder X-ray diffraction pattern for Tb3Nio sSiS7 used for SHG measurement.
Data are shown in black and peak positions calculated using the single crystal cif file are
shown in red.
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Figure 3.7 Powder X-ray diffraction pattern for DysFeo 5SiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red

JAK1060C_8297 raw] AK1060C

Th

Figure 3.8 Powder X-ray diffraction pattern for Dy3Coo.5SiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.
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Figure 3.9 Powder X-ray diffraction pattern for Dy3NiosSiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.
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Figure 3.10 Powder X-ray diffraction pattern for HosFeo sSiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.
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Figure 3.11 Powder X-ray diffraction pattern for Ho3Co0.5S1S7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red
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Figure 3.12 Powder X-ray diffraction pattern for Ho3Nio sSiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.

56



woTheta (deg)

Figure 3.13 Powder X-ray diffraction pattern for ErsFeo.sSiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.

s00/AKI0638 8532 raw] AK10636

Figure 3.14 Powder X-ray diffraction pattern for Er3Co.5SiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.
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Figure 3.15 Powder X-ray diffraction pattern for ErsNio.sSiS7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.

“ ) »J\ ,M Ll }‘&

Two-Theta (deg)

Figure 3.16 Powder X-ray diffraction pattern for TmsFeo.5S1S7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.
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Figure 3.17 Powder X-ray diffraction pattern for Tm3Co.5S1S7 used for SHG
measurement. Data are shown in black and peak positions calculated using the single
crystal cif file are shown in red.
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Magnetic Susceptibility

Magnetic property measurements for RE3TMy 5SiS7 (RE= Gd-Tm, T= Fe, Co, Ni)
were performed using a Quantum Design magnetic property measurement system (QD
MPMS 3 SQUID Magnetometer). The magnetic susceptibility was measured under zero-
field-cooled (zfc) and field-cooled (fc) conditions from 2 to 300 K in an applied magnetic
field of 0.1 T. Magnetization as a function of applied field was measured from —5to 5 T
at 2 K. Data were corrected for the sample shape and radial offset effects as described

previously.?’

Synthesis
Much interest has been shown in the REzsMo sMQ7 phase due to its structural and

compositional diversity. First discovered by Michelet and Flahaut in 1969 and expanded
on by Collin and Laruelle in the early 1970s.%32 This phase has seen a dramatic increase

in research and development since the beginning of the 21 century. This includes our
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previous contribution of the REsMgo 5SiS7 analogs. Throughout our synthesis of these
structures, we noticed the ease at which this structure forms and its resiliency to form
with very little impurity phases due to the use of the BCM method. We decided to
attempt to expand this research to a greater degree, with the inclusion of transition metals
for an interest in their magnetic properties. As well as expand the phase space of these
compositions by showing Ytterbium could be added to the series. The synthesis of the
RE3TMy.5SiS7 (RE= Gd-Yb; TM=Fe, Co, Ni) series was performed using Nal as a flux
and using boron powder to remove the oxygen from our RE>O3 reagents, we successfully
obtained high quality single crystals for all the target compositions.

Minor impurities that could not be indexed were found in the samples after workup with
methanol. Samples were then quickly washed with water, removing the impurities,

resulting in phase pure samples.

Crystal Structure

The crystal structure of the RE3TM5SiS7 (RE= Gd-Yb; TM= Fe, Co, Ni) are all
isostructural with our previously reported REsMgo.5SiS7 compounds. These compounds
crystallize in the hexagonal crystal system taking on the space group P6;. In this structure
the rare earth coordination environment consists of RESg bi-capped trigonal prisms that
edge and corner share to create a ring-like assembly. These columns form a ring like
structure, spiraling around the TMSg face-sharing octahedra. Six isolated SiS4 tetrahedra
sit around the ring like structures of RESg bi-capped trigonal prisms. These isolated SiS4
tetrahedra another ring around the RESg bi-capped trigonal prism. Figure 3.18 shows the

3D framework structure of the reported compounds.
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Figure 3.18 (a) 3D framework structure of Dy3Nio.sS1S7 viewed down the c-direction (b)
Dy, Si, and Ni coordination environments (c) DySg chains developing the framework (d)
isolated SiS4 tetrahedra in ring like formation and face-sharing MgSes octahedra.
Magnetic Properties

The results from the magnetic property measurements for all title compounds are
shown in figures 3.19-3.21. Using the high temperature region of the inverse
susceptibility vs temperature plot the data were fit to the Curie Weiss (CW) Law to
obtain the molar magnetic susceptibility and the Weiss constant, the results are
summarized in table 3.2. Good agreement was found between the calculated and
measured magnetic moments for all the compounds. All the Weiss constants are slightly
negative, indicating the presence of weak antiferromagnetic (AF) interactions, consistent
with the low AF transition temperatures. 10 of the new compositions display a clear
antiferromagnetic transition in the temperature range of 2-14 K in the molar magnetic
susceptibility vs. temperature plots, while for 7 compositions no AF transitions are

evident in the susceptibility plot. Several compositions exhibit an upturn in the
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susceptibility plot below the AF transition. This could be due to a curie tail or possibly a
2nd magnetic transition. In table 3.2, the larger number refers to the AF transition while
the smaller number (if present) refers to the temperature at which the susceptibility
increases again.

There is no clear trend as to which compositions exhibit an AF transition in the
susceptibility data and which do not. In all cases both the rare earth cation and the
transition metal cation have unpaired electrons that could, in principle, result in an AF
transition. It is, however, most likely that the compositions that do not exhibit an obvious
AF transition down to 2 K simple undergo an AF transition at temperatures that fall

below the lowest temperature measured.
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Figure 3.19 Magnetic and Inverse Susceptibility vs Temperature Plots for RE3FeosSiS7
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Table 3.2 Magnetic data for all target compounds

Compound Observed pesr (ue/Ln®") | calculated pefr (us/Ln’") Ow (K) Ta (K)
from Curie—Weiss fit
(200-300 K)
GdsFeo5SiSy 14.18 13.80 -9 N/A
Gd3Co0.5S1S7 13.60 13.78 -7 N/A
Gd3Nip5SiS7 13.45 13.76 -14 N/A
TbsFeo.5SiSy 16.75 16.83 -15 2.7;13.5
Tb3Co0.5S1S7 16.03 16.82 -6 4.5;8.5
Tb3Nig 5SiS7 16.24 16.81 -13 3.5;83
DysFeo5SiS7 17.61 18.48 -7 2.9
Dy3Co0.5S1S7 17.64 18.42 -4 6.9
Dy3Nio5SiS7 17.05 18.41 -6 2.5;13.3
HosFe.5SiS7 17.21 18.41 -7 N/A
Ho3Co0.5S1S7 16.90 18.39 -6 N/A
HosNip 5SiS7 17.00 18.38 -8 6.7; 8.1
ErsFeosSiS7 17.54 16.50 -7 6.7
Er3Co5SiS7 16.14 16.48 -6 N/A
Er3Nio5SiS7 15.71 16.47 -9 6.9
Tm3Feo,5SiS7 12.94 13.23 -14 6.5
Tm3Co05S1S7 12.75 13.21 -16 N/A




It is of interest to compare the magnetic behavior of the RE;TMo.5SiS7 phases
with their RE3TM 5SiS7 analogs that have been reported. However, in the latter cases,
magnetic properties were reported for only a few compositions, specifically,
RE3;TM5SiS7 (RE = Gd, Dy, Er, Tm), RE3TM,5SiS7 (RE = Gd, Tb, Dy, Er, Tm) and
Gd3Co05SiS7, all published by Daszkiewicz et al.!”> ¥ For these germanate analogs, also,
the AF transition temperatures are very low and generally in line with those observed for
the silicates. No magnetic structures were reported for the germanates, and hence, it
would be of interest to determine the magnetic structures of both silicates and germanates
using neutron diffraction to compare their magnetic structures. This is planned for the
future. The versatility of this extended family of chalcometallates is due to the ease with
which a wide range of transition and rare earth metal cations can be incorporated,
coupled with the ability to change from thiosilicates to thiogermanates, which impacts the
lattice parameters of the structure. This enables the modification of their physical
properties, both magnetic and optical, by the judicious choice of elemental constituents. It
is expected that further compositions can be prepared by expanding this series to VS4,
PS4, and SnS4 compositions in the future.

Conclusion

Through the combination of the BCM method and molten flux crystal growth,
high quality single crystals of RE3TMy.5SiS7 (RE= Gd-Yb, TM= Fe, Co, Ni) were
prepared for single crystal X-ray analysis. Phase pure products of the target phases were
obtained by washing samples in water to dissolve impurities. This allowed for magnetic
property measurements of the target phases. As we have two magnetic elements in the

crystal lattice, unique magnetism is reported on stemming from the rare earths and
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transition metals magnetic sublattices. Magnetic susceptibility measurements showed the
target compounds exhibit antiferromagnetic behavior down to 2 K.

The continued synthesis of novel of chalcogenide compounds is of upmost
importance as they continue to show potentials in all aspects of desired physical
properties. Novel synthetic methods to reach these compounds must be utilized and
improved upon. Overall, we have again demonstrated the effectiveness and tested the
limitations of the novel BCM method for the synthesis of the RExMxMS7 family.
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