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1. Introduction

“What could we do with layered structures with just the right layers?” asked Richard Feynman in his
famous 1959 lecture, “There’s plenty of room at the bottom.”™ With the advent of potent atomic
investigation and layered materials synthesis techniques, Nobel laureate Richard Feynman speculated
on the multitude of new materials and chemical processes that could now be revealed. Since then low
dimensional materials are an intensively researched class of the solid condensed matter research. This
class is growing steadily and is explored voraciously due to their material properties like high
conductivity and high mechanical strength.** An drastic increase in the number of compounds
occurred especially since the discovery of graphene!* and other two-dimensional (2D) materials, e.g.,
phosphorenel, silicene!®!, germanene!”, MXenes® and transition metal dichalcogenides (TMD)®..
These materials can be used for a wide range of applications including energy storage and

conversion"*'!, superconductors!**?, and catalysts!"**°.

Oxides are one of the most explored compound classes due to their availability and stability. In con-
trast, chalcogenides and pnictides have reached less attention in the search for new compounds due to
their natural lower abundance and their lower formation enthalpies. As an additional challenge, hy-
drolysis and oxidation must be avoided. In iron-based chalcogenides and oxyhalides van-der-Waals
(vdW) forces can occur between the layers resulting in compounds with interesting properties like
superconductivity.!"> !¢ The study of such magnetic and electronic phenomena covers a large area in
solid condensed matter research. The range of the effects includes superconductivity, magnetore-

sistance, metal-insulator transitions and ferromagnetism.

This thesis focuses on the synthesis and structural analysis of selected iron-based layered chalcogenide
and oxyhalide compounds in conjunction with the characterisation of their magnetic and electronic
properties. The main part of the thesis deals with the synthesis of FeSe-based structures by solid-state
reactions at low temperatures or electrochemical intercalation and the analysis of their superconduct-
ing behaviour (see Chapter 2 and 3). The second part covers additional studies on the magnetic and
electronic properties of the layered iron oxyhalide CaFeO,Cl (see Chapter 4) as the unique crystal

structure suggests promising magnetic properties.
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1.1 FeSe-based superconductors

Focusing on layered chalcogenides and pnictides, the interest in intercalation as a powerful tool for
the fabrication and processing of 2D structures has risen strongly. Intercalation usually comprises the
insertion of a guest molecule, a neutral or charged species, into a host lattice with weakly bonded lay-
ers.l'"1%I Tt has aroused great interest for its manifold applications in transparent conductive films,?"!
electrochromic materials?!! and inducing unconventional or topological superconductivity.?*%! In
neutral layered host materials, e.g., metal nitride halides (e.g., HINCI, ZrNCI)**2¢?], metal oxychlo-
rides (e.g., FeOCl)***! and metal chalcogenides (e.g., B-FeSe)™, the intercalation of positively charged
species is eased by developing interactions with the outmost anion layers. This is possible because the
negatively charged non-metal layers encapsulate the inner metal layers. The layered compounds are
often held together by vdW forces, which decrease steadily with 1/7. Over the years different interca-

lation methods have been established like liquid phase (e.g. hydrothermal reaction and solvent diffu-

sion), the vapour phase, and electrochemical method (see Figure 1-1).
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Figure 1-1. Various intercalation methods like a: hydrothermal intercalation, b: vapour phase intercalation, c:

electrochemical intercalation and d: intercalation by solvent diffusion.

The vapour phase uses heat with a temperature gradient to control the intercalation either using iso-

thermal or two-zone transport (see Figure 1-1b).*'? This method is known for the intercalation of
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alkaline metals in host materials such as graphene and TMD’s.*" For the liquid phase method the
source can either be a solution containing intercalants (see Figure 1-1a and 1-1d) or the molten state
of the intercalants itself. In particular, liquid ammonia, which dissolves alkaline and alkaline-earth
metals, is used here to intercalate them into MoS,* and black phosphorus®. The electrochemical
method is a current or voltage driven intercalation process (see Figure 1-1c). This intercalation
method is very beneficial, because the staging can be easily regulated by an external source (e.g., by
controlling the electrochemical potential of the electrons in the host material) and allows direct obser-
vation of the stoichiometry of the intercalating compounds by chronopotentiometry or chronoam-
perometry.” A more detailed description of the electrochemical method, its theoretical considera-

tions and synthesis parameters appears in Chapter 2.1.

Many intercalations processes intercalate lithium ions into layered materials due to the possibility to
use these materials in large scales for lithium ion battery technology.* The intercalation of anions,
such as sulfates or nitrates, play a minor role and examples are scarce.’”**! In contrast to the anion
intercalation, the intercalation of organic ions is quickly rising due to various advantages including
the lower charge density (than alkaline ions) and possible low dimensional structures (large organic
ion sizes).* Intercalation can also be successfully used for property tuning by effective and controlled
electrical charge doping. The controllability makes the electrochemical intercalation a prime candidate
for the tuning of superconducting properties of 2D materials. The superconducting research field is

very extensive. However, this thesis is focused on intercalated FeSe-based superconductors.

The era of iron-based superconductors began with LaFeOP as the first superconducting iron-based
material.*”! Kamihara discovered these fascinating characteristics in 2006 when studying its semicon-
ducting properties. Until this discovery superconductivity of iron-based materials was largely ruled
out because it was believed that the large magnetic moment of iron would be strong enough to disrupt
the pairing of electrons responsible for superconductivity and that magnetism and superconductivity
would be mutually exclusive. Following soon, a critical temperature of 26 K was observed in
La[O;-,F,]FeAs (x =0.05-0.12)" and an even higher T. was reached in Sm[O;_.F.]FeAs (x=0.1;
T. = 55 K). These findings marked the beginning of a new era establishing a second class of uncon-
ventional high-temperature superconductors besides the cuprates.'**! Iron-based superconductors
share some characteristics with the cuprate family including the layered crystal structure, the relatively

high T. and inducing superconductivity by tuning parameters (e.g. chemical doping and pressure).
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However, there are also significant differences. The doping of a Mott insulator induces the supercon-
ductivity in cuprates whereas the parent compound of the iron-based superconductors is a “poor
metal”. In the pnictide and chalcogenide tetrahedra the anions are above and below the iron plane
rather than in the plane like in copper oxide materials.*”! These differences indicate that our funda-
mental understanding of superconductivity still needs to be significantly revised. The discovery of new
iron-based superconductors and a detailed analysis of their structural features contribute to further
understanding of this phenomenon. The resulting intensive research has revealed two families: the
iron pnictides (FePn; Pn = As and P) and the iron chalcogenides (FeCh; Ch = S, Se and Te).!">*"! Edge-
sharing FeXy, (X = Pn or Ch) tetrahedra layers are the common structural feature in both families.
Various different interlayers separate the layers. Based on their crystal structure the compound classes
can be categorized into 11, 111, 1111, 122 type, and some more. They are abbreviated by their stoichi-

ometry (see Figure 1-2).

11 111 1111 122
FeSe NaFeAs LaFeAsO BaFe,As,

Figure 1-2. Crystal structures of some iron-based superconductors.

The 11 type (FeCh; Ch = S-Te) is the simplest representative because it only consists of tetrahedra lay-
ers without any interlayer species.’”*"1 In the 111 type (AFePn; A = alkaline metal) double layers of
alkaline metals are located between the sheets.!*® The 1111 compounds (REFePnO, RE = rare-earth)
adopt the ZrCuSiAs-type structure where edge-sharing tetrahedra layers (anti-PbO-type structure)
alternate with slabs of rare-earth oxides tetrahedra with PbO-type structure. The 122 type (AEFe;As,,
AFe;As; and A.Fe, ,Chy; A = Na, K, Rb, Cs; AE = Ca, Sr, Ba) consists of single layers of alkaline or
alkaline-earth cations between the tetrahedra layers.!*” This thesis focuses on the 11 type with its layers

in anti-PbO structure type and 122 type related compounds.
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In 2008 Hsu et al. discovered superconductivity in the layered structure f8-FeSe (T. =8 K).*” The
parent compound is superconducting without doping or substitution. Over the years it has become
clear that the superconducting properties of this structurally simple compound are not so easily
explained and reproduced because the properties also depend on the synthesis method, the
composition or reaction conditions.”**!! The critical temperature can be increased to 37 K by external
pressure®, to values higher than 40 K through intercalation®® and furthermore by ionic liquid
gating”® and potassium deposition®. The highest critical temperatures were reached by growing
monolayer FeSe on SrTiO; substrate (T. exceeding 65 K).*®! High superconducting transition
temperatures are also evident in alkaline intercalated FeSe-based superconductors by solid-state
reactions such as KosFe,Se,*”! and RbossFe; s:Se,*®. First reported by Guo et al. they show that a critical
temperature of 31 K can be reached by electron doping of FeSe.”” However, A,Fe,_,Se; (e.g. A = K, Rb,
Cs) compounds proved to be phase-separated and the nature of the actual superconducting fraction
is still unclear.”®**” Low temperature synthesis like the liquid ammonia method, hydrothermal,
sonochemical or electrochemical syntheses allow access to metastable phases that cannot be achieved
with high-temperature methods. Reactions in liquid ammonia have already proven successful. The
reactions yielded compounds such as A«(NH,),(NH;):-,Fe,Se)* %% or A(NH;),Fe,Se,* ! (A = Li-Cs,
Ca-Ba, Eu and Yb) with T. up to 46 K. Reactions using solvents like pyridine!*”), ethylenediamine!®®,
hydrazine!® or 1,3-propanediamine™ led to A«(CsHsN),Fe,.Se; (A =Li, Na, K, Rb),
Li.(C;HsN,),FesSe,, Li.(CsHi6N»),Fe,-.Se; and Li.(CsHjoN2)o.FeSe. The cointercalation of alkaline
metals and amines drastically increased the T. which was attributed to the enlargement of the c-axis
after intercalation e.g., in Li.(C;H;sN,),Fe,Sex (x =0~ 0.8; Tc =45 K)"!. For a long time, a direct
correlation between the layer distance and the critical temperature was assumed. However, it became
apparent that even at large layer spacing (55.7 A), the critical temperature saturates around 45-50 K.I”>
7 Electron doping, which occurs during the intercalation of cations, might be more crucial for higher

superconducting transition temperatures.

A promising, but up to now scarcely implemented approach for the preparation of new compounds
with FeSe layers is the electrochemical synthesis. In the last decade some headway was reached in the
study of new superconductors with critical temperatures around 40+5 K by intercalating alkaline
metals (Li, Na, and K) into -FeSe via electrochemical synthesis.”*7® Tuning the electric quantity
controls the precise content of the inserted metals, which is advantageous over other methods

(ammono-, hydro- and solvothermal). Challenges can arise by cointercalation of organic molecules,
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phase impurities and small superconducting volume fractions.” ¢! These challenges can partially
circumvented by utilizing quaternary ammonium cations in contrast to alkaline ions. These cations
usually have large diameters, as in the case of tetramethylammonium (TMA*, 0.56 nm) or in
tetraethylammonium (TEA*, 0.67 nm).” Furthermore, quaternary ammonium cations are inert
towards reduction at electrodes and have a wide electrochemical window."””®! The feasibility of
intercalation of quaternary ammonium ions (cetyl-trimethylammonium ions (CTA*)®#2 and
tetrabutylammonium ions (TBA*)®¥)) into layered -FeSe single crystals was demonstrated by Shi et
al. (T. up to 50 K). The interlayer distance of TBA* and CTA" intercalated materials were verified by
TEM measurements, but the exact crystal structures have yet not been elucidated. A determination of
the crystal structure may broaden the understanding of the chemistry behind these intercalated

materials.

The main part of the thesis focuses on FeSe-based structures and superconductors that are synthesized
by low temperature solid-state synthesis and electrochemical intercalation. With regard to electrolysis,
this thesis presents in Chapter 2.1 the constructional and experimental work that went into the design
and assembly of this fascinating method. The constructional and synthesis optimizations addressed
the apparatus requirements, electrode material, solvent (electrolyte), supporting electrolyte and reac-
tions conditions. We chose a galvanostatic electrolysis approach and the electrolysis chamber was
equipped with a tungsten anode and mercury cathode. The constructional and tuning efforts led to a
full functioning electrolysis setup in which new FeSe-based superconductors have been synthesized.
In addition, the design has been adapted to increase the sample amount, which opens up the possibility

to further analyse physical and magnetic properties.

Chapter 2.2 presents electrochemical synthesis of (TMA)osFe,Se; and the determination of the ordered
model of the intercalated compound validated by powder X-Ray diffraction and DFT calculations. It
forms a derivative of ThCr,Si, type structure, which is also known as the "122 type" in the family of
iron superconductors. The properties and the composition are determined among others by elemental
analysis, infrared spectroscopy and high temperature powder X-Ray diffractometry. The compound
is characterised by magnetization and electrical resistivity measurements showing superconductivity
with a critical temperature as high as 43 K. These results may pave the way to new intercalation prod-

ucts with potentially higher critical temperatures.
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Chapter 3 focuses on the low temperature solid-state synthesis of [(Li,Fe)OH]FeSe. Lu et al. reported
the hydrothermal synthesis of LiFeO,(FeSe), with alternating stacked layers of edge-sharing FeSes
tetrahedra and LiosFeos0.%! Later it was discovered that the compound is a hydroxide instead of an
oxide.™ After the successful hydrothermal route became known Hu et al. presented a low temperature
solid-state route to [(LiosFeo.s) OH]FeSe.® This low temperature route opened up the possibility to
new [(Li,Fe)OH]FeSe compounds as well as to similar layered compounds. In Chapter 3 the synthesis
and analysis of non-superconducting [(LiossFeo12)OH]FeSe and [LiOH](Fe).FeSe phases are
presented. The analysis of the lithium occupation might explain the absence of superconductivity in
[(LiossFeo12)OH]FeSe. The possible reasons for the elongation of the lattice parameter ¢ in
[LiOH](Fe).FeSe were analysed by structural investigation. The phases expand the [(Li,Fe)OH]FeSe

family and enlarge FeSe-based structure family.
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1.2 Layered alkaline-earth iron oxyhalides

The layered oxide-based material class represent an area of research in solid-state and materials chem-
istry as well as solid-state sciences. These inorganic materials find wide applications in batteries®**,
catalysts®®®), magnets®®”’ and superconductors®”, thus contributing to the world’s technological pro-
gress. An excellent example for fascinating oxide materials was the discovery of copper oxide super-
conductors, which led to a race to synthesize new inorganic materials as well as varying already known
compounds to become superconducting.** "2l However, the discovery of new inorganic materials is
becoming increasingly difficult because many combinations of elements have been nearly exhausted
for oxides. The exchange or combination of anions offers new possibilities, as the choice of anion can

also control structural and physical properties. This adds a completely new dimension to inorganic

materials and a great versatility to their synthesis.

One of the new material classes are the mixed-anion compounds. They are mostly based on the fact
that anions have specific characteristics such as ionic radius, electronegativity, valance state and po-
larizability and functional properties can be customized via insertion or exchange of a second anion."*”
Anion engineering focuses on combining the advantageous properties of individual anion species or
on creating new phenomena by incorporating multiple anions in ordered arrangements.® In the lit-
erature, they are also described as heteroanionic compounds. Consequently it has been explored, how
this technique can be applied to classes of compounds that are already of interest, especially as transi-
tion metal compounds.”! To date, the main approach to tuning properties has been to vary the chem-
ical composition or atomic structure of a known ternary oxide in bulk or thin film form by combining
chemical substitution, geometric modifications, or external influences such as pressure or external
fields.”** Anion engineering is less common in transition metal compounds. However, the incorpo-
ration of different anions in one compound enables researchers to synthesize compounds with physi-
cal and chemical properties and optical or electronic applications, which are not present in pure ox-
ides, resulting for example in superconductivity in the LaFeAsO family."”! Applications include energy
conversion and catalysis'®®), battery electrodes®, thermoelectrics"'® and superconducting materials.*"
101102 Nevertheless, difficulties in the synthesis and the control of the anion distribution still present
challenges and limit the studies of mixed anion compounds.” Among others oxyhydrides!*, oxy-
chalcogenides!*, oxynitrides®® and oxyhalides!"”'"”) emerge as new mixed anion compound classes

(see Figure 1-3).



1.2 Layered alkaline-earth iron oxyhalides 9

Figure 1-3. Overview of the mixed anion oxyhalide, oxyhydride, oxychalcogenide and oxynitride classes with

examples for their typical structures, applications and special physical properties.[1%-111]

For each class there are fascinating examples with outstanding properties such as pure hydride anion
conductivity in Lay.,Sry,LiHi«,yOs, (0<x<1; 0<y<2)!'% Furthermore, more captivating
properties are evident as promising thermoelectric materials in Bi;.Sr,CuSeO (0 < x < 0.15)1"%, as
superior electrochemical energy storage performance materials in TMON (TM = Fe, Co, Ni, V)!'"2
and as superconducting materials in e.g., Bi;0,S,Cl"* and Ca,-,Na,CuO,Cl, (0 < x <0.2)!"". An
important feature of the transition metal oxyhalides is that these compounds exhibit anionically
ordered structures in which the different anions are sequestered in separate layers, due to the large

differences in size and polarizability between the oxide and halide anions.!""*

Considering the aforementioned properties, this thesis focuses also on oxyhalides, a layered new ma-

terial class showing promising representatives with widely studied properties. Examples for this are
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the halooxocuprates with the 02(n-1)#n structure AE,Ca,..1Cun(O,X)2(ni1)+5 (1 = 1-5) and the 0222 struc-
ture AELnCuO;Cl (AE = Ca, Sr, Ba; Ln = Nd, Sm, Gd, Er) (superconductors)'*”, (CuCl)LaNb,O;,
(frustrated magnet)!"**’ and Cu,OCl, (high-T. multiferroic)!"'”. Together with some recently reported
materials, such as FeTe,OsX (X = Cl, Br)!""¥], they show novel structures and special magnetic proper-
ties at low temperatures.'"*'**! The group of the transition metal oxyhalides includes among others the
following structural representatives: the TMOX phases (TM = Ti, V, Cr, Fe; X = Cl, Br)"?® 1133 and
oxyfluorides (e.g., (AEs AE)MO.F family (AE=Sr,Ca,Ba; M=Al,Ga; 0<x<1)) like
(Sr,Ba)1.075Ca002sAl0,F!'4, Furthermore, while concentrating on transition metal oxyhalides with al-
kaline-earth cations, the derivatives of the Ruddlesden-Popper phases or structural analogues to the

K>NiF,-type phases (e.g., AE;FeO;X (AE = Ca, Sr; X = F, Cl, Br)!"*'*! have been reported.

A part of the transition metal oxyhalide representatives is related to the Ruddlesden-Popper phases
which took their beginning in oxide compounds with the synthesis and the characterization of the
mixed metal oxide Sr;Ti,O; in 1958.1'%! Since then, the class of Ruddlesden-Popper phases and its
derivates has been growing steadily. The general formula is A,.1B,Xsx.1, where A and B stand for cati-
ons and X for anions. The structures often consist of # layers of BX; octahedra separated by layers of
AX assuming rock salt structure. The Ruddlesden-Popper phases derive from the parent perovskite

phase by adding the AX layer.

Phases with #n = e consist of an infinite number of corner sharing BXs octahedra layers and are anal-
ogous to the simple perovskite structure ABX;. Figure 1-4 shows the structural similarity of perovskite
and Ruddlesden-Popper phases by depicting structures A,.1B,Xs,.1 with n =1, 2, 3 and eo. Members
with n=1 are also referred to as K,NiF,-structure type, e.g., AE,CuO,X; (AE = Sr, Ca; X = Cl, Br)
where four oxide and two halide ions occupy the equatorial and apical sites of the octahedra, respec-

tively.!'#’!
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Figure 1-4. Ruddlesden-Popper phases showing structures A,.1B,X3..1 with n=1, 2, 3 and o with the A site in

violet, the B site in turquoise and the X site in dark blue.

In most phases alkaline, alkaline-earth or rare-earth elements occupy the A site, whereas the B site
consists usually of a transition metal. Ruddlesden-Popper phases are flexible not only regarding the
cation substation, but also anion-doped phases are gathering more attention. Partial substitution by
halogenides lead to the preparation of oxyhalides which initially has been successfully achieved for Cu
compounds,'? but later on as well for other transition metals.'*** In 1984 Leib and Miiller-Busch-

[131]

baum reported the first Ruddlesden-Popper alkaline-earth iron oxychloride, Sr;Fe,OsCl,.

The search for phases with first row transition metals expanded the oxyhalide chemistry, Ca,FeOsCl
and Sr;Fe,O;sBr, reported by Ackerman,'*? and cobalt(Il) phases Sr.CoO.X; (X = Cl, Br) as well as
manganese oxychlorides Sr,MnO;CL!"-1*"l These materials, especially iron oxyhalides with alkaline-
earth cations, often adopt Ruddlesden-Popper and K;NiF,-type related structures where one or both
of the apical oxygen of the perovskite block are exchanged for a halide. Changing the molar ratio (ox-
ide : halide) from 2:2 to 3:1, the compounds show a square pyramidal coordination instead, e.g.,
Sr,FeOsX (X =F, Cl, Br).'"”! The magnetic properties of some of the alkaline-earth iron oxyhalides
have been increasingly investigated since the discovery of the superconductivity in copper-based oxy-

halides.
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Structural and magnetic investigations showed that in many K,NiF,-type oxyhalides, e.g., Sr.FeO:X
(X =F, Cl, Br), the La,CuO,-type magnetic structure is favoured where the overall ferromagnetic mo-
ment is parallel to the planes.'*! The magnetic measurements of the oxyhalides showed antiferromag-
netically ordered phases where T is above 300 K. Only in the fluoride, the magnetic behaviour varies
below 100 K resulting in a new magnetic structure type with a four-layer stacking arrangement.!*"!
The Ruddlesden-Popper related compounds Sr;Fe,O:X (X = Cl, Br) show G-type antiferromagnetic
spin structure where each iron moment aligns antiparallel to its five nearest neighbours.**! A special
case of layered transition metal alkaline-earth oxyhalides is the monoclinic CaFeO,Cl. In contrast to
most of the transition metal oxyhalogenides including the Ruddlesden-Popper phases, CaFeO,Cl con-
tains corrugated layers of FeO,,,03/3 square pyramids which are separated by CaCl-sheets in a way that
no Fe-Cl contacts occur. The iron atoms build up a distorted honeycomb-lattice on the ab-plane (see

Figure 1-5).

Figure 1-5. Crystal structure of CaFeO,Cl with layers of FeO,,03; square pyramids (red polyhedra) and the

distorted honeycomb-lattice of the iron atoms.

Despite the extraordinary crystal structure of CaFeO,Cl the magnetic and physical properties of
CaFeO,Cl are unknown so far. Therefore, Chapter 4 focuses on the optical and magnetic properties.
There we report the successful synthesis and the validation of the crystal structure. Furthermore, mag-
netic measurements together with DFT calculations and Mdssbauer measurements elucidate the mag-
netic properties of this antiferromagnetic Mott insulator. Based on these results, we propose a mag-

netic ordering pattern.
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2. Electrochemical intercalation of iron selenide

2.1 Theoretical considerations and experimental procedure

In 1800 Alessando Volta invented the first electric battery capable of supplying current to a circuit,
initiating the era of electrochemistry.!" In the same year Nicholson reported the decomposition of
water into oxygen and hydrogen while applying a electric current, which is now considered the first
electrochemical reaction.”?’ Independent from each other Jéns Jacob Berzelius (1806) and Humphry
Davy (1807) published their first electrolytic results based on Volta’s achievements.**! During this
process they advanced Faraday’s work on electricity.”! Both utilized a liquid mercury pool on which
common salts were dispersed as cathode. In the late 19" century preparative electrolysis gained mo-
mentum as an industrial process for the production of bulk chemicals on a multi-ton scale. Typical
examples include the chlor-alkali’®*' and the Hall-Héroult®!”! process. Whereas the first encompasses
the electrolysis of aqueous sodium chloride to yield chlorine gas and sodium hydroxide, the second
process uses ALOs to produce elemental aluminium. Only in the last 30-40 years the number of pub-
lications and industrial applications have been increasing rapidly, as the sources for the electrical cur-
rent became more reliable and the analytical methods improved drastically."! The increase is not only
due to the enhancement of the equipment but also to the numerous advantages of the synthetic
method. Reactive intermediates can be obtained from neutral precursors and precise regulation of the
electric current allows an accurate control of the reaction. The method allows the avoidance of aggres-
sive and hazardous reagents, mild reaction conditions, and the driving force of the reaction is the elec-
trode potential instead of the thermodynamic control."?! The main disadvantages are partially occur-
ring inhomogeneities of the electrical field and limited lifetime of parts of the cell such as the elec-
trodes, before being replaced at high costs. The field of electrochemistry is growing quickly and has

(1517 chemistry. Especially regarding intercalation

applications in both organic!"*'* as well as inorganic
into layered materials, the electrochemical synthesis has generated a big interest."®?"! This intercala-
tion method extends the interlayer spacer thus expanding this materials class with interesting proper-
ties such as supercapacitors?, superconductors'**?*! and batteries*!. For FeSe-based superconductors

this synthetic approach has led to the successful intercalation of alkaline ions®*?*! like Li in Li,FeSe!?”

and organic ions**?! such as tetrabutylammonium (TBA") in (TBA)o;FeSe**..
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The following chapter introduces and discusses the prerequisites and limitations for the in this thesis
successfully applied electrolysis. The chapter consists of a step-by-step experimental procedure, the

apparative requirements, utilized electrodes, electrolyte composition, and reaction conditions.

Detailed synthesis procedure

The electrolysis chamber (see Figure 2-1) was assembled while still hot, coming directly from a 100 °C
drying oven, and was subsequently evacuated for 15 min (pressure < 1-10~° mbar) and flooded with
dry argon. These two steps were repeated three times. The argon was dried over molecular sieve
(three A) and P,O,. The continuously heated BTS catalyst (170 °C) removed traces of oxygen. An inert
gas condition can be ensured for the filling and operation of the device by means of a Schlenk attach-
ment to the chamber. The anode, a tungsten rod, as well as the cathode, an amalgamated copper spoon
attached to a platinum wire, are each sealed in a glass tube. To avoid cathodic side reactions, it is
essential that only the cathode material and not the connecting wires be in contact with the electrolyte.
The respective iodide was dissolved in the dry solvent, here N,N-dimethyl formamide (DMF), in a
Schlenk tube. DMF was purified and dried at elevated temperatures by distillation and degassing. De-
pending on the utilized alkylammonium iodide (R.N'I") different solubilities are apparent. For
R = CHs the solution was heated up to 150 °C to dissolve the corresponding salt in dry DMF. When R
represents a longer chain, like in tetrabutylammonium iodide (R = C4H,), the salt can easily be dis-
solved by stirring for 30 min under Schlenk conditions at room temperature. The copper spoon was
amalgamated with a solution of half-concentrated HNO; in which a drop of Hg was dissolved. After-
wards the amalgamated spoon was rinsed with ethanol and dried at room temperature. The for all
synthetic steps utilized mercury was purified by filtering over a pleated filter to remove major physical
impurities and treating it with half-concentrated HNO; to dissolve all less noble compounds. The so-
lution was strongly stirred until it appeared colourless and insoluble Hg>(NOs), was formed. All re-
maining impurities were removed by filtration and rinsed with distilled water. Subsequently it was
distilled twice in vacuum at 120 °C. Under argon counter flow the FeSe crystals which were slightly
ground in an agate mortar beforehand were dispersed on an Hg drop in the amalgamated spoon. The
electrolyte was filled into the electrolysis apparatus through the anode chamber under an argon coun-
ter flow and the electrodes were installed. A terminal voltage of three to fifteen Volt can be applied for
one to four days. In most syntheses, a voltage of three Volt and a duration of three to four days was

chosen. At the end of the reaction, the solvent was extracted from the electrolysis chamber via purging
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with argon pressure from the Schlenk line. Successively the cathode was rinsed with new dry solvent,
in this case dry DMF. The final product was subsequently loaded into an argon-filled Schlenk tube and
then dried from residual DMF at high vacuum. Further preparation for analyses were executed in an

argon-filled glovebox.

Setup requirements and further development of the electrolysis

In collaboration with the group around PD Constantin Hoch the electrolysis chamber as shown in
Figure 2-1 was constructed.!'” The electrolysis reaction depends on a variety of parameters which are
also co-dependent such as redox potential, electrode materials and reaction conditions (electrolyte

concentration, duration, current density).

anode cathode
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Figure 2-1. Schematic design of the electrolysis apparatus.
Apparative requirements

Two different electrolysis methods are known for preparative electrochemical reactions: the galvanos-
tatic method, i.e. applying a constant voltage, and the potentiostatic method, maintaining a constant

potential at the working electrode during the electrolysis.’**! During our electrolysis experiments, we
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applied a defined voltage, choosing the galvanostatic method. Hereby, the potential of the electrodes
fluctuates while the voltage is maintained at a constant value (three to fifteen Volt). Our setup consists
of a working electrode, a counter electrode and a power supply. This provides a simpler, more straight-
forward but less sophisticated approach compared to potential-controlled electrochemistry, as there
is no feedback from the reference electrode to the potentiostatic electrode.” If no reactive species
other than the desired one is present, more than 90% of the starting material converts.****/ Conse-
quently, we chose this method even though the selectivity is lower, but usually the full conversion rate
is faster. Additionally, the potentiostatic method requires a reference electrode and a more costly elec-
tronic periphery.”! For future applications, the apparatus can be extended with a reference electrode
and therefore enable the potentiostatic method. Thus, it would be possible to record both the terminal
voltages and the actual electrode potentials. This procedure would provide a better and quantitative

reaction control.*3%

In the next step, the cell design had to be chosen. Simple cell designs, such as undivided cells, are
strongly preferred to minimize laboratory efforts. However, anodic or cathodic transformations at
their respective counter electrode limit these setups.*® If the substrate, intermediates or the product
are not stable toward the reaction in the counter chamber, separators have to be installed, which in
turn leads to a significant voltage drop.*? While choosing the separator materials one has to keep in
mind that for a working cell a movement of the ions is essential and a passage of charge is a necessary
requirement (anions from cathode to anode and/or cations from anode to cathode).””” Materials can
be non-functionalized glass, ceramic or polymer materials and more. As depicted in Figure 2-1, a glass
frit was chosen as separator, which divides the cathode and anode compartments. It shows a good
chemical resistance, but demonstrates a limited scalability. It separates the chemical process of both
electrodes and suppresses non-desired diffusion to the counter electrode. For this electrolysis, the for-
mation of the I3 needs to be separated from the intercalation of TMA" into FeSe (shown in Fig-
ure 2-2).%>3 Since most FeSe-based superconductors are sensitive to hydrolysis and oxygen,®*! the
apparatus was designed to operate under Schlenk conditions. The small glass frit beneath the cathode
in the designed apparatus allows the separation of the product inside the chamber, the filtration of the
remaining electrolyte solution and a washing step with purified solvent (see Figure 2-1 and Fig-

ure 2-2).
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Figure 2-2. Electrolysis setup where the development of I3, visible in the anode chamber (left), is separated with

a glass frit during the electrolysis.

Most electrolysis reactions utilize room temperature and ambient pressure conditions.'*? However,
our setup may also be enhanced with an additional jacket for constant and controllable reaction tem-
peratures via an external thermostat. This would present future researchers broader varieties of reac-
tion temperatures and thereby widen the possible field for new high-temperature iron-based super-

conductors.

Electrode material

The outcome of the reaction strongly depends on the material utilized for the electrodes.!***! While
choosing the right material some aspects need to be considered such as physical and chemical stability
as well as electrical conductivity.®” Four different types of electrodes are often used in electrolysis:
inert, active, high surface and sacrificial electrodes.*>* The active ones are mostly used in conversions
in which electron transfer is catalysed by immobilized high valence metal species generated by the
electrodes. The species are regenerated by the electric current. Examples for these are nickel or molyb-
denum in fluorinated alcohols, NiOOH in alkaline media, or PbO; in acids."*! High surface electrodes
often consist of foams or mesh materials. Sacrificial electrodes are consumed during electrolysis. In
most common setups, the electrodes must be structurally strong and chemically inert to the electrolyte

as well as to reaction partners. These requirements are mostly met in noble metal anodes, such as
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platinum and gold.* Other anode materials are also described in literature such as carbon, lead oxide
and nickel.'”>**l When using platinum as anodic electrode in combination with an aprotic solvent,
the product forms a tarry material, which electrically insulates the electrode from the solution by cov-
ering it. Therefore, the electrode needs to be cleaned and maintained to achieve a reproducible and
clean electrode surface. Sometimes this might be avoided by using pulse electrolysis.*”! The corrosive
effects of the electrolysis are less prominent for cathodes, which give rise to a bigger variety of possible

materials such as lead, tin, platinum or mercury. The last was one is among the earliest in use."*"!

Under standard conditions mercury is a liquid and hence usable as electrode in various forms, such as
the hanging mercury drop electrode (HMDE)®'*?, the dropping mercury electrode (DME)?***, the
static mercury drop electrode (SMDE)*, and the mercury film electrode (MFE)**"), The advantages
are the clean reproducible surface of the electrode, the low capacitance compared to other metals and
its wide cathodic window."**! But its liquid state also provides some restrictions originating from the
difficulty of forming electrodes with the required geometry. However, this challenge can be circum-
vented with amalgamated copper electrodes. Furthermore, mercury electrodes have become less
prominent in research and industrial applications due to the potential risk of poisoning and environ-
mental contamination.®” In some countries the use of mercury has been completely banned.!*" Still
some of the benefits cannot be neglected and when the right safety measures have been taken, mercury

is still an advantageous electrode to use.**’!

Figure 2-3. Electrode material used in the electrolysis. a: the tungsten anode; b: the copper spoon on the left and
the amalgamated spoon on the right. ¢: the platinum electrode with a crocodile clip which connects the copper

spoon to the electrode.
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Having the aforementioned considerations in mind, we set our electrolysis up with a tungsten rod
anode and a mercury cathode, employing an amalgamated copper spoon with a drop of mercury (see
Figure 2-3). For other materials and reaction conditions, the anode can also consist of a platinum wire
or foil depending on the respective cathode material. The amalgamated copper spoon spatially hinders

the scalability of the intercalation reaction.

Solvent (Electrolyte)

Electrolysis is only feasible with the right electrolyte consisting of a solvent and a dissolved salt. A
prerequisite is that the solvent conducts the electric current since electrolysis only takes place at the
interface between the electrode and the medium. Therefore, the solvent plays a key role for the out-
come of the electrolysis.*>*! Big factors are potential range, dissolvability of salts, proton activity, di-
electric constant, toxicity, price, vapour pressure, usable temperature range, ion pair formation and
many more. When determining the right solvent, one can choose from the following groups: protic
solvents, aprotic solvents, salts, and supercritical fluids.*” Protic solvents are defined as those which
can dissociate protons or build intramolecular hydrogen bonds e.g., acids, alcohols, water and some
basic solvents. An example for an acidic protic solvent is sulphuric acid. It is widely used in electrolysis
reaction because it can dissolve many organic substrates, dissociates and thereby exhibits good elec-
trical conductivity thereby eliminating the need of a support electrolyte to carry the electrical charge.
An example for the use of sulfuric acid is the cation intercalation in MXenes like Ti:C, Ty (M1 X, T
with M = Ti, V, Nb, Mo, Ta, Hf; X =N, C; T = OH, O, F, Cl).1*! On the downside, the work up proce-
dure is more difficult due to the high boiling point, as well as a possible sulfonation and protonation
of substrates.®! Other possible acidic solvents are acetic acid and hydrogen fluoride.””**! Considering
neutral solvents water is the main utilized solvent, due to its high dielectric constant, high ability to
dissolve supporting electrolytes and lack of toxicity.*”) Water is the preferred solvent, but sometimes
its properties are undesirable or inadequate. Choosing aprotic solvents avoids adsorption phenomena
and complicated reaction mechanisms while at the same time simplifying the process. The lack of
protons guarantees longer life times of intermediates, as well as fewer side reactions. Furthermore, a
wider range of potentials is applicable for the reactions in contrast to aqueous solvents. The most com-
monly used aprotic solvents in electrochemical reactions are acetonitrile (MeCN), dimethyl forma-

mide (DMF), and dimethyl sulfoxide (DMSO)."*7! FeSe-based electrochemical intercalation reactions
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employed quite a variety of solvents such as N,N-dimethyl formamide (DMF),* N-methyl-2-pyrrol-
idone (NMP),"*! propylene carbonate (PC),*”! polyethylene glycol (PEG),”? mixtures of dimethyl car-
bonate (DMC), and ethylene carbonate (EC)"*»* 77 or jonic liquids like diethylmethyl(2-methoxy-
ethyl)lammonium bis(trifluoromethylsulfonyl)imide (DEME-TFSI)"* or 1-ethyl-3-methylimidazo-

lium tetrafluoroborate (EMIM-BE,).'®!

We chose DMF as solvent because it has a high polarity (4 = 3.8 D), a low melting and a high boiling
temperature. Therefore, it provides a wide operating range. The only slight disadvantage of DMF is
that it is susceptible to hydrolysis which yields dimethylamine and formic acid. Working under

Schlenk conditions and purifying the staring material avoids this process.?*!

Supporting electrolyte

One prerequisite for the supporting electrolyte is that it must be inert to electrode reactions in the
range of the working potential. Within a non-metallic liquid, the flow of the electric current depends
on the ions. Important factors are the dissociation constant, solubility, mobility of the ions and dis-
charge potential.'* Supporting electrolytes consist of two groups: anionic and cationic. ! Oxidizable
anions are chosen for indirect electrolytic oxidation. If the anionic supporting electrolytes should not
be easily oxidizable, anions such as perchloratel”, tetrafluoroborate”, hexafluorophosphate!® or ni-
trates®®! should be chosen due to their high discharge potential. Thus in anionic oxidation they will
not be oxidized before the substrate. When considering cathodic reactions the limiting factor for cat-
ionic and anionic electrolytes is the discharge potential. Discharge should not occur before the desired
reaction. Alkaline and alkaline-earth cations are favourable in inorganic salts.””>*! In organic electro-
chemistry, tetraalkylammonium salts (R,N*X", R = alkyl; X = anion) are prevalently used. Tetraethyl
(TEA)- and tetrabutylammonium (TBA) salts are most common whereas the anion can consist of
tetrafluoroborates, perchlorates or halides.®! Tetraalkylammonium ions are hydrophobic and build
hydration shells in aqueous solvents which can prevent the direct contact of cation with the electrode
surface.*) The jons are also soluble in non-aqueous solvents such as tetrahydrofuran (THF), DMF
or MeCN.*! Furthermore, quaternary ammonium cations are inert towards reduction at electrodes
and have a wide electrochemical window, which is due to the saturated alkyl substituents on the nitro-
gen atom."*” ! Contrary to lithium salts, these salts are safe to handle and not combustible in organic

solvents even when operating at high temperatures. Additionally, Cooper et al., Sirisaksoontron et al.
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and Shi et al. proved that these cations are effective for chemical expansion and intercalation.?* 2% 8%

89]

Considering all of the above mentioned points, we selected tetraalkylammonium salts as our support-
ing electrolyte. A salt deposit was placed under the anode if the solubility of the salt was lower than
1 mol L. During electrolysis, the deposit resupplied educt when it was consumed. Halides were cho-
sen due to their availability and high solubility in DMF. Iodides were preferably selected because the
formation of I3 is easily observable at the anode. Furthermore, complex fluoride (BF}, PF;), chloride
or bromide anions are reactive towards the glass container and the anode materials (tungsten, plati-

num).
Reaction conditions

The aforementioned considerations are the starting point for synthesis optimization. However, quite
a few additional parameters have to be kept in mind and modified depending on the desired result.
After choosing a galvanostatic approach and the required electrodes, a certain voltage has to be
choosen (three to fifteen Volt). Most experiments in this thesis were conducted at three Volt. In the
next step, the desired duration and temperature have to be selected to avoid side reactions and the
decomposition of the solvent together with the supporting electrolyte. The duration of the electrolysis
is dependent on the utilized electrolyte salt and the mobility of the ions. For the electrolysis with a FeSe
educt, the electrolysis took three to four days for a complete intercalation. Further parameters which
directly influence the electrolyses are educts, electrolyte concentration and mass transport through the

solution.

Since we found the right synthesis conditions for the intercalation reaction and the resulting com-
pound to be phase pure (see Chapter 2.2), the main objective was to scale up the reaction to achieve a
greater yield and thus being able to further analyse the properties. Thus, a modified electrolysis cham-
ber was constructed to scale up the synthesis. Therefore, the mercury was directly applied on top of
the frit in the cathode chamber, eliminating the need of the copper spoon. On the side of the chamber,
a new port is added where a platinum wire is melted into a glass rod. The platinum electrode needs to
be fully emerged in the mercury “lake” because electrical contacts between the electrode and the sol-

vent would lead to side reactions and the decomposition of the solvent (see Figure 2-4).
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Figure 2-4. Electrolysis chamber with changed cathode and mercury lake.

This modification of the chamber leads to an increase in yield of intercalated product, because the
surface of mercury drop, which serves as the electrical contact for the educt, is two to three times larger

compared to the amalgamated copper spoon.
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Abstract

Intercalation of organic cations in superconducting iron selenide can significantly increase the critical
temperature (T.). We present an electrochemical method using f3-FeSe crystals (T. = 8 K) floating on
a mercury cathode to intercalate tetramethylammonium ions (TMA"*) quantitatively to obtain bulk
samples of (TMA)osFe,Se; with T.=43 K. The layered crystal structure is closely related to the
ThCr,Si,-type with disordered TM A" ions between the FeSe layers. Although the organic ions are not
detectable by X-Ray diffraction, packing requirements as well as first principle DFT calculations con-
strain the specified structure. Our synthetic route enables electrochemical intercalations of other or-
ganic cations with high yields to greatly optimize the superconducting properties, and to expand this

class of high-T. materials.
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Introduction

In a superconductor electrons form pairs and electric currents flow dissipation-less below a critical
temperature (T.). Iron-based superconductors discovered in 2008*°! represent the second class of
high-temperature superconductors beyond the copper oxides, and attract tremendous interest equally
in the physics and chemistry communities.”” While superconducting wires based on copper oxides
begin to capture the market in energy technologies,*** iron-based superconductors are still in an
early stage of innovation.”>*” Their main drawback is the critical temperature below the boiling point
of liquid nitrogen (77 K),"”® but in spite of immense efforts no bulk iron-based superconductor has
reached the 77 K landmark so far. However, the finding of superconductivity up to 99 K®! in thin
B-FeSe films proved the potential for higher critical temperatures, once the right composition and
structure is found. The common structural trait of all iron-based superconductors are layers of edge-
sharing FeXy tetrahedra (Fe*', X = As, Se), separated by interstitial atoms of various kinds. An im-

pressive family of superconducting compounds® emerged by stacking of FeX layers with layers of

101] 102]

alkaline!"®", alkaline-earth!1%?), or rare-earth ions!"®, mixtures thereof!'"", or with thicker perovskite-
like oxide layers!'®.. A special case is the S-polymorph of iron selenide FeSe, which is a superconductor
below 8 K without doping."* High pressure raises T. of bulk 3-FeSe to 36.7 K at 8.9 GPa,""”! while
one unit cell thin FeSe layers exhibit superconductivity up to 99 K when doped with electrons.!'%1%}
Likewise the critical temperature of bulk 3-FeSe increases by electron transfer from cationic species in
the van-der-Waals gap. Solid-state reactions of 3-FeSe with potassium yielded superconducting sam-
ples with T. around 30 K, which are phase separated.""!! However, intercalation reactions with
B-FeSe as host compound can proceed at low temperatures via soft chemistry methods.!*" !l Exam-
ples are the intercalation of lithium ions with amine and amide species in liquid ammonia
(Lix(NH),(NH;)1,Fe:Se;, T.=43 K)'"', lithium hydroxide layers by hydrothermal methods
([(Lir<Fe,)OH]FeSe, T. = 42 K)!"'”), or alkaline ions with amine molecules by solvothermal reactions
(Nag39(C2N,Hs)o77FexSes, T. = 46 K)*l. Another promising approach is the electrochemical intercala-
tion of alkali metal ions. Several studies reported electrochemically intercalated FeSe compounds with
critical temperatures around 4015 K.[??77476] Almost all of these materials suffer from either inhomo-
geneity, small superconducting volume fractions, or incomplete conversion of the host 3-FeSe. Only
recently, Shi et al. reported the intercalation of large cetyl-trimethylammonium ions (CTA")!*> '8 and

tetrabutylammonium ions (TBA*)"?*) in individual f8-FeSe crystals with superconducting transitions

up to 50 K. A drawback of this method is the tiny sample amount, consisting of one tiny crystal on the
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tip of an indium wire. Furthermore, the knowledge about the structures of the CTA* and TBA" inter-
calates is still incomplete and limited to the distance between the FeSe layers so far,*> %! while the

detailed structure, even of the FeSe layers therein, remains unknown.

Here, we demonstrate the electrochemical intercalation of tetramethylammonium cations (TMAY)
into $-FeSe. A modified setup of the electrochemical cell yields single phase bulk samples of
(TMA)osFesSe; with a superconducting transition at 43 K. We deduce a crystal structure closely related

to the 122-type iron arsenide superconductors with ThCr,Si;-type structure.

Experimental

Single crystals of the host -FeSe were prepared by chemical vapour transport as described in the lit-
erature."12!1 562 4 mg selenium powder (Chempur, 99.9 %) and 437.8 mg iron powder (CHEMPUR,
99.9 %) in a molar ratio 1:1.1 were ground together with AICl;/KCl (ALFA AESAR, 99.985 % /
GRUSSING, 99.5 %, dried) (7.75 g: 2.25 g). The mixture was sealed under vacuum in a glass ampoule
(diameter 5 cm, length 4 cm) and placed in a vertical two-zone furnace and heated to 390 °C at the
bottom and 290 °C at the top. This temperature gradient was held for 5-10 days. After cooling the
ampoules were opened and the crystals collected from the inner top of the ampoules. The flux was
washed away with water and ethanol. An optimized setup allows to grow about 1 gram S-FeSe crystals
per batch within one week. The quality of the host material was checked by powder X-Ray diffraction
of the crushed crystals and by magnetic susceptibility measurements. A portion of -FeSe crystals was
distributed on a drop of mercury in an amalgamated copper spoon serving as the cathode.!'” The
apparatus was held under inert conditions using purified argon. The crystals float on the surface of the
mercury ensuring the electrical contact between the cathode and the electrolyte consisting of tetrame-
thylammonium iodide (TMAI, SIGMA-ALDRICH, 99 %, 0.1 molar) dissolved in 100 mL dried and
destilled DMF. A voltage of three Volt was applied for three to four days. For details, we refer to sup-
porting information in Chapter 2.1ffe and Chapter A.1. During the electrolysis, the I in the electrolyte
is oxidized to I3, while -FeSe is reduced electrochemically with the charge compensated by the inter-
calation of TMA" ions. After the reaction is completed, the black air-sensitive crystals were easy to
separate from the mercury drop, washed with dry DMF and dried under vaccuum. The yield scales

with the size of the mercury surface and is about 50 to 200 mg per process cycle.

Results and discussion
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Figure 2-5 shows the powder X-Ray pattern with the Rietveld fit. No impurity phases or residual
B-FeSe are discernible within the limits of the method (= 1 wt. %). Some intensities slightly deviate,
which is caused by the preferred orientation of the plate-like crystallites. The crystal structure was
solved from the powder X-Ray diffraction data in the space group I4/mmm with lattice parameters

a=3.8585(2) A, ¢ =20.377(3) A.
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Figure 2-5. X-Ray diffraction pattern of (TMA),sFe,Se; (blue) with Rietveld fit (red) and difference curve (grey).
Only the iron and selenium atoms contribute significantly to the diffraction pattern, because CHN
atoms are weak scatterer and the orientations of the TMA"* ions are very likely disordered. However,
the nitrogen atom in the centre of the TMA" ion is not affected by the disorder and was included in

the refinement, though its contribution is expectedly weak. Relevant crystallographic data are com-

piled in Table 2-1 and Table 2-2.

Table 2-1. Crystallographic data of (TMA)osFez2Se.

Space group I4/mmm (no. 139)
Lattice parameters (A) a=38585(2)

¢ =20.377(3)
Volume (A3) V=303.4(1)
A 2
Density (g-cm3) 3.03(1)
Rexp/Rbragg 0.815/1.269
Rp/Rwp 1.940/2.789
GooF 3.423

Table 2-2. Atomic coordinates and displacement parameters.

Atom Wyckoff X y z SOF Biso
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Fe 4d 0 1, Y 1 2.0(1)
Se de 0 0 0.3160(4) 1 1.2(1)
N 2a 0 0 0 0.5 3.9(1)

Bond distances (A) and angles (°)
Fe-4Se 2.352(3) ¢ Se-Fe-Se  110.2(3)

This atom configuration in the space group I4/mmm corresponds to the ThCr.Si,-type structure,
known as the “122-type” structure of the iron arsenide superconductors.'® Even though the cavities
in the structure around the N-atom sites at (0,0,0) and (%,%,%) appear large (Figure 2-6a), they are

not large enough to be fully occupied by TMA* ions.
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Figure 2-6. Crystal structure of (TMA),sFe,Se; a: Structure determined from powder X-Ray diffraction in space
group I4/mmm. Large green spheres indicate the space required by a TMA® ion. b: Doubled unit cell with
a'=v2a, b'=V2 b with perfectly fitting TMA spheres. c: Complete structure of (TMA)ysFe;Se, in space group
I42m with hydrogen bridges shown as dashed bonds. d: Space filling model e: View perpendicular to the TMA*

layers.

The encasing sphere of a tetrahedrally shaped TMA* ion has a diameter of 5.5-5.6 A!'?>1%) and is
therefore incompatible with the lattice parameter a = 3.8585(2) A. Indeed the diagonal of the unit cell

V2a = 5.457 A has the suitable size to accommodate neighbouring TMA* ions (Figure 2-6b), thus we
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assume that the positions (0,0,0) and (%2,%,%) are statistically half occupied, resulting in the formula
(TMA),sFe;Se.. An ordered model of the structure in space group I42m is shown in Figure 2-6¢ as
ball-and-stick representation, and in Figure 2-6d with the van-der-Waals radii of the atoms.
Figure 2-6e shows how the TMA " ions almost perfectly fit in the V2a x v/2a supercell. The space filling
of this structure as calculated by PLATON!"! is as high as 77 %, similar to a typical compound with
ThCr.Si;-type structure like BaFe,As, which has a space filling of 82 %. Each two of the three hydrogen
atoms at the -CH, groups form C-H--Se hydrogen bridges with a H--Se distance of 2.72 A
(Figure 2-6¢), similar to the N-D--Se distance of 2.76 A measured by Burrard-Lucas et al. in
Lix(ND,),(ND3);,Fe,Se; using neutron diffraction.!'*) We do not expect more accurate structural data
from neutron diffraction because of the orientational disorder of the TMA* molecules. In comparable
compounds like Nag30(C,N2Hs)o77Fe,Se,, the molecules could not be localized by neutron diffraction

either.!

We have checked the validity of this model by first principle DFT calculations using the VASP code.'*
127l DFT reproduces experimental structures within a certain accuracy that depends on the functional
used. We have chosen the SCAN!"?! functional, which reproduces the experimental lattice parameters
of our compound within 0.1 %. The Fe-Se bond length and Se-Fe-Se bond angle deviate by only +2.2 %
and +0.4 % from the experimental values, respectively. Tables 2-3 and Table 2-4 show the calculated
structure data in the space group I42m with experimental values in square brackets. Table A-1 com-
pares the experimental parameters with calculated ones using different exchange-correlation func-

tionals. The excellent agreement with the experimental values clearly supports our structure model.

Table 2-3. Calculated structure parameters of (TMA)osFezSe2 with experimetal values in square

brackets.
Crystal system Tetragonal
Space group 142m (no. 121)

a = 5.454 [5.457]
¢=20.383 [20.377]

Volume (A3) 606.3 [606.7]

Lattice parameters (A)

Table 2-4. Atom positions of (TMA)osFezSez with experimetal values in square brackets.

Atom Wyckoff b'¢ y z

Se 8i 07570 [3%]  x 0.6797 [0.6840]

Fel 4e 0 0 % [%]
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Fe2 4d 0 1 Y[ %]
N 2a 0 [0] 0 [0] 0 [0]

C 8i 0.1595 X 0.9583
H1 8i 0.2706 X 0.9912
H2 16 0.0435 0.7270 0.0729

To get an idea of the thermodynamic stability, we have calculated the phonon dispersions and phonon
density-of-states. A crystal is stable if its potential energy increases against any combinations of atomic
displacements, which means that all phonons have real (positive) frequencies."” Calculations using

the space group I42m reveal only minor imaginary modes (Figure 2-7a).
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Figure 2-7. Phonon dispersion and DOS of (TMA)osFe;Se,. a: Structure in space group 142m. b: Triclinic struc-

ture in P1 after optimization without symmetry constraints.

This reflects the fact that our structure model is not perfect and neglects the disorder of the organic
cations, which is not treatable by DFT methods. The TMA" ions are possibly ordered over half the
sites in the layers due to space requirements, but order is lost along the ¢ axis. Interestingly, no imagi-
nary modes occur after structure optimizations without symmetry constraints (Figure 2-7b). Even
though this triclinic structure is chemically reasonable, its unit cell is incompatible with the X-Ray

diffraction pattern.

Chemical C-H-N analysis, EDS, and FT-IR spectroscopy confirm the composition (TMA),sFe:Se;
within the errors of these methods, respectively. The molar ratio of C:H:N was determined to 4.1:13.1:1

(see Chapter A.1, Table A-2) which is consistent with C;H,,N* and confirms the integrity of the TMA*
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ion. The CHN mass fraction with respect to FeSe was 12.02 %. This corresponds to a value of 0.24
TMA* molecules per FeSe and confirms the composition (TMA),sFe,Se,. The EDS analysis shows a

ratio of Fe:Se of 1.1(1):1(1) (see Chapter A.1, Table A-3).

Figure 2-8 shows the infrared spectra of tetramethylammonium iodide (TMAI) and (TMA),sFe:Se;
together with the spectrum calculated by DFPT. 3-FeSe is not infrared active. The TMA* ion has Ty
symmetry, and 7 of the 19 fundamental vibrations are infrared active.!"*”’ Raman measurements were
not possible due to the strong absorption of the product (black colour). The TMA" ions in
(TMA)osFesSe; are located between f-FeSe layers. Therefore, in comparison to TMAI the infrared
active species in our samples are strongly diluted by the strong IR absorber -FeSe. This may be the
main factor for the weak intensity of the bands in the spectra. The FT-IR spectra of TMAI and

(TMA)osFesSe; are nevertheless compatible with intercalation of TMA* into -FeSe.

(TMA)O.5 Fezsez(calc) T

Bas(CH3) vas(C4N)

;o
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TMAI

T T T T T T T T T T T T T T T T T T T
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Figure 2-8. FT-IR spectra of TMAI and (TMA)osFe,Se; and the spectrum calculated from DFPT.

This indicates the asymmetric deformation mode vibrations of the methyl group 8.,(CHs) at 1481 cm~
"and 1501 cm™ in both spectra (TMAI and (TMA )osFe:Se.), respectively. The bands are in accordance
with literature and only a slight shift to higher wavenumber is apparent (1483 cm™).!"*!! Furthermore,
around 958 cm™ a band is visible in both spectra, which could be assigned to the asymmetric stretching
mode of the skeletal CiN. The strong band at ~600 cm™ in the TMAI spectra might be assigned to

methyl iodide which could originate from a side reaction during the measurement process. This band
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is not visible in the product spectrum. Note that the DFPT calculated spectrum matches the measured

one well except for a slight zero point shift.

Furthermore, the intercalation is topotactic and reversible. High-temperature powder X-Ray diffrac-
tion reveals the complete recovery of tetragonal 3-FeSe after heating to 200 °C, and the transformation

to the hexagonal polymorph at 550 °C (Figure 2-9).

FeSe (hexagonal)
FeSe (tetragonal)
e (TMA)o.sFe2Se2
transport grown FeSe

heating 550 °C

phase conversion

heating 200 °C
deintercalation

Intensity (a. u.)

electrolysis
J || intercalation
l A l Ada L Al A

10 20 30 40
20(°)

Figure 2-9. Powder X-Ray diffraction patterns (Mo-K. radiation) of the host S-FeSe (black), (TMA)osFe;Se;
after electrochemical intercalation (red), recovered 3-FeSe after deintercalation (green) and after conversion to

hexagonal FeSe (orange).

The regained -FeSe has the same lattice parameters (a = 3.771(3) A, ¢ = 5.524(7) A) as the starting
material. The susceptibilities curves show that the regained f-FeSe is superconducting at 8 K, which is

consistent with the original properties of f-FeSe (see Chapter A.1, Figure A-2 and Figure A-3).

The magnetic susceptibility of (TMA)osFe,Se; shows a bulk superconducting transition at 43 K
(Figure 2-10). Field-cooled and zero-field cooled curves slightly split above T. due to traces of

ferromagnetic impurities not detectable by X-Ray diffraction.
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Figure 2-10. Magnetic susceptibility of (TMA),sFe,Se; at 15 Oe. Insert: DC resistivity of a cold pressed pellet.

The large shielding fraction above 100 % at low temperatures comes from the uncorrected
demagnetization of the plate-like crystallites oriented perpendicular to the magnetic field. No further
drop of the susceptibility near 8 K is visible, which confirms that the intercalation is complete and no
residual host f3-FeSe remains. Measuring the electrical resistivity turned out difficult due to
degradation of the sample during pressing, and furthermore the deintercalation temperature around

200 °C allowed no sintering of the pellet.

The result is shown in the insert of Figure 2-10, where the onset of the superconductivity is near 45 K
followed by a broad transition until an additional drop to zero resistivity occurs at 6 K. The latter is
caused by ~ 8 wt.-% deintercalated FeSe. Isothermal magnetization measurements (Figure 2-11) show
the “butterfly” pattern typical for a hard type-II superconductor. The ripples in the curve only occur

at increasing field, which indicates that they are flux jumps.
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Figure 2-11. Magnetization isotherms of (TMA)osFe,Se; at 2 K and at 300 K.
Conclusion

In conclusion, we demonstrate that the electrochemical intercalation of tetramethylammonium ions
(TMAY) into the van-der-Waals gap of 3-FeSe is feasible with high yields. Powder X-Ray diffraction
combined with DFT calculations reveal a reliable ordered model of the crystal structure.
(TMA)osFesSe; forms a variant of the ThCr,Si,-type structure, also known as the “122-type” in the
family of iron arsenide superconductors. The TMA* ions are closely packed between the FeSe layers
but disordered over two equivalent positions and in different orientations. Magnetization and electri-
cal resistivity measurements show bulk superconducting transitions at 43 K and identify
(TMA)osFesSe; as type-1I superconductor. Our results provide the first insights into the crystal struc-
ture of a superconducting FeSe-alkylammonium intercalate and pave the way to further exploit the

electrochemical route towards related compounds with potentially higher critical temperatures.
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3. Solid-state = synthesized  [(LiossFeo12)OH]FeSe and
[LiOH](Fe).FeSe

Introduction

The discovery of iron-based superconductors led to an intensive search for new high-temperature su-
perconducting materials, wide investigations of their superconducting mechanism and the develop-
ment of various applications.!*/ Among the iron-based 11-type superconductors 3-FeSe! is interest-
ing due to its fascinating properties like coexistence of superconductivity with nematic order or ab-
sence of antiferromagnetic (AFM) transition at ambient temperatures.”*! -FeSe is a structurally sim-
ple binary superconductor, consisting of layers of edge-sharing FeSey tetrahedra (anti-PbO type),
with a critical temperature (T¢) of 8 K at ambient pressure.” Furthermore, researchers also found that
chemical substitution of selenium by sulfur and tellurium enhanced the T. to 10-15 K.">'”) However,
doping fB-FeSe with small amounts (three wt. %) of copper or cobalt suppresses the superconductivity.
Williams et al. discovered that the superconductivity of 3-FeSe is extremely sensitive to the content

and disorder of iron and that a selenium deficiency might play a role.!'s**!

The T. is remarkably modifiable, e.g., increasing it up to 37 K by applying external pressure” or grow-
ing monolayers of -FeSe on SrTiO; and reaching critical temperatures as high as 65-100 K. Crit-
ical temperatures up to 50 K are possible by cointercalating organic molecules as spacer and alkaline
metals as electron donors into f8-FeSe.”***! Overall, in FeSe-based superconductors, the crystal struc-
ture directly influences its magnetism, nemacity and superconductivity.!®!® 3142353 Varjous mech-
anisms have been suggested as decisive parameters for superconducting properties, like the separation
of the FeSey layers,* the distortion of the FeSey unit and the deviation of the anion height from the
optimum value (1.38 A).*) A global understanding of FeSe-based superconductors is still missing.
Therefore, it is desirable to develop new compounds to enhance the understanding of the favourable

synthesis and superconducting conditions.

Lu et al. established in 2014 the synthesis of LiFeO,(FeSe), under hydrothermal conditions.* The
reported compound is superconducting below 43 K. Shortly after, researchers proved that the
structure consists of hydroxide instead of oxide layers between the FeSeys layers,
[(LiosFeo2) OH]FeSe.**! The FeSe-based superconductor [(Li,Fe)OH]FeSe crystalizes in the

tetragonal space group P4/nmm (no. 129 O1) witha =3.79 A and c = 9.22 A.
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Figure 3-1.Crystal structure of [(LiosFe,,)OH]FeSel*! with the mixed occupied site Fel/Lil, the Fe2 site in the

FeSeus layer. The Fe(int) site is a probable location site for interstitial iron.™*?!

The structure is composed of edge-sharing FeSey tetrahedra layers that alternate with edge-sharing
(LiosFeo2) OH tetrahedra layers (see Figure 3-1). The (LiosFeo.)OH layer is structurally very similar to
LiOH, which like 3-FeSe also crystallizes in the anti-PbO type.*! The structure consists of two differ-
ent iron sites (see Figure 3-1), i.e. Fel ions in the (Li,Fe)OH layer and Fe2 ions in the FeSey layer.
Furthermore, iron vacancies can be found in the FeSeys layers and mixed occupation Li/Fe sites
(Fel/Lil, see Figure 3-1) in the (Li,Fe)OH layer. The vacancies **! and the mixed occupation have
an influence on the magnetic and superconducting properties of [(LiosFeo.) OH]FeSe.***”) This com-
pound demonstrates the coexistence of superconductivity and antiferromagnetism (AFM)!“**! or fer-
romagnetism (FM)™"*!, Post-synthetic lithiation increases the lithium occupation on the Lil site and
the expelled iron fills iron vacancies in the FeSeys layers. This can induce high-temperature supercon-
ductivity at 43 K in samples with lower T. (0-25 K).*!l Furthermore, post-synthetic lithiation has
shown that these superconducting samples consist of near stoichiometric FeSeys layers (y < 0.05 in
[(LiosFeo2) OH]Fey.,Se) and the iron in the layers is reduced below the oxidation state +2.1***! Accord-
ing to Chen et al. higher T. are reachable through the amount of iron in the hydroxide layer e.g.,
through a charge transfer of electrons into the FeSes layer.”**!) Chemical control over the supercon-
ducting properties is gained through optimizations steps (synthesis and post-synthetic modifica-
tions).”>*”! Some years later (2019) Hu et al. reported a new synthesis route to [(LiosFeos) OH]FeSe

with a solid-state reaction of LiOH and p-FeSe.*® They induced superconductivity in their samples
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via post-synthetic modifications by iron vacancy tuning. This opened a new synthetic pathway to

[(Li,Fe)OH]FeSe and similar intercalated layered compounds.

This chapter reports the low temperature solid-state synthesis of [(LiossFeo.12) OH]FeSe from -FeSe
and excess LiOH. Hereby, two different phases have been discovered, [(LiossFeo12)OH]FeSe and
[LiOH](Fe).FeSe, where [LiOH](Fe).FeSe has a significantly elongated c-axis. They extend the
[(Li,Fe)OH]FeSe structure family. The dependence of the superconductivity in [(LiossFeo.1.)OH]FeSe
on the occupation of the (LiFe)OH layer and vacancies in the FeSey layer is presented. Furthermore,

a possible explanation for the elongation of the c-axis in [LiOH](Fe).FeSe is given.

Experimental

[(Li,Fe)OH]FeSe phases were synthesized via solid-state reaction. The ratio of the educts was varied,
but the ratio of 1:3 of -FeSe (0.05 g, 0.371 mmol, 1 eq.) to LiOH (0.026 g, 1.113 mmol, 3 eq., ALFA
AESAR, 99.995 %) was most successful. First, the polycrystalline starting material f-FeSe was prepared
by mixing iron (437.8 mg, CHEMPUR, 99.9 %) und selenium (562.4 mg, CHEMPUR, 99.999 %) in an
atomic ratio of 1.1:1 and sealing it in an evacuated glass ampoule together with a eutectic mixture of
AlCl; (7.75 g, GRUSSING, 99.5 %) and KCI (2.25 g, ALFA AESAR, 99.985 %). While heating the ampoule
to 390 °C at the one end, the other end was kept at 280 °C for 5-10 days. The flux was removed by
washing with water and ethanol. The obtained polycrystalline powder was dried over vacuum. After-
wards f3-FeSe and excess LIOH were ground together and then sealed in an evacuated quartz ampoule.
The solid-state reaction proceeded at 450 °C for 60 h. Heating rates were either 20 °C/h or higher than

100 °C/h. Depending on various factors of the synthesis different products resulted.

The powder X-Ray patterns were measured either by a STOE Stadi-P diffractometer (Mo-Ka:) equipped
with a STOE Mythen 1k detector or a HUBER G670 diffractometer (Cu-Ka) at room temperature.
Rietveld refinements were done with TOPAS.*) Magnetization isotherms and susceptibility measure-
ments were performed on a Physical Property Measurement System (PPMS-9, Quantum Design) with
a vibrating sample magnetometer (VSM). Zero-field cooled and field-cooled measurements were con-
ducted between 2 K and 100 K and an applied field of 15 Oe. The isothermal magnetization was meas-
ured at 2 Kand 300 K (H = £ 50 kOe). M. Doblinger, LMU Munich, performed transmission electron
microscopy measurements (TEM) on a Cs-corrected transmission electron microscope FEI TITAN

THEMIS with field emission cathode and CMOS camera FEI CETA. With a windowless four-quadrant
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SUPERX detector EDS measurements were carried out. Results were analysed with the program ESVI-

SON. 6"
Results and Discussion

According to the literature [(LiFe)OH]FeSe can be prepared either hydrothermally, via ion exchange
or via solid-state synthesis.*" * % ¢!l Focusing on the solid-state route Hu et al. synthesized
[(LiosFeos)OH]FeoSe at 250-300 °C for five to ten days with a stoichiometric amount of 3-FeSe and
LiOH.®® Attempts to reproduce [(LiosFeos) OH]Fey;Se using the literature protocol by Hu et al. did
not result in the desired product. Apparently, the synthesis is very sensitive to various parameters like
heating rate, ratio of the educts, holding temperature and holding time. However, a solid-state
synthesis route to [(LiossFeo12)OH]FeSe and [LiOH](Fe).FeSe could be established starting from
B-FeSe and excess LIOH. One important aspect in this synthesis is the crucible material or the lack
thereof. Standard solid-state reactions often take place in some sort of crucibles, e.g., AL,Os, niobium
or glassy carbon. However, reactions in any kind of crucible produced several other products like
Li,FeSeO,!*” but not the desired product. Therefore, all reactions took directly place in quartz
ampoules. Furthermore, the synthesis is prone to side phases. Impurities like LiFeO,, Fe;Ses and

hexagonal 8-FeSe (NiAs-type) ¢4 can occur.

On the one hand, the binary phase diagram of iron-selenium!®*! shows that the tetragonal -FeSe
phase has a narrow phase width and has only a very small range of stability (300 K < T < 450 K).[" It
also converts easily to §-FeSe at 500 °C.1”) Therefore, the compounds contained iron selenide side
phases after annealing. On the other hand, most of the other impurities were lithium-containing side
phases due to the excess of LIOH. These side phases are likely the thermodynamically favoured
products formed between 300-500 °C. Below 300 °C side phases diminish, but also the yields of
[(LiossFeo12)OH]FeSe are low. However, through solid-state synthesis, yields up to 81 wt. % for
[(LiossFeo.12)OH]FeSe could be achieved. The ratio of FeSe to LiOH was 1:3 and the optimal
temperature was 450 °C. During the optimization of the synthesis two [(LiFe)OH]FeSe phases arose,
[(LiossFeo12)OH]FeSe and [LiOH](Fe).FeSe. The optimization process clearly depicts that
[LiOH](Fe).FeSe only occurs with an excess of LIOH and a heating rate greater or equal to 100 °C/h.
Separating the second phase via synthesis from [(LiossFeo12)OH]FeSe was not possible. In some

samples both phases are evident. Others contained just [(LiossFeo12)OH]FeSe and other side phases
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(see Figure 3-2). The coexistence of both [(Li,Fe)OH]FeSe phases could be attributed to an excess of

lithium ions, which leads to phases with higher lithium content.
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Figure 3-2. Powder X-Ray pattern of [(LiossFeo.12) OH]FeSe (Mo-Ka1) sample (green ticks) with Rietveld-fit (red

line) and difference curve (grey line) with impurities of LiFeO, (purple ticks), hexagonal FeSe (red ticks) and

Lip1FepsSe (magenta ticks). An unassignable reflection is marked with an asterisk.

To determine the crystal structure of the two [(Li,Fe)OH]FeSe phases, powder X-Ray diffraction ex-

periments were conducted. The powder X-Ray diffractogram in Figure 3-3 depicts the

[(LiossFeo12)OH]FeSe and [LiOH](Fe).FeSe besides LiOH.
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Figure 3-3. Powder X-Ray pattern containing both phases [(LiossFeo.12)OH]FeSe (Cu-K.:) (green ticks) and

[LiOH](Fe).FeSe (blue ticks) with a Rietveld-fit (red line) and difference curve (grey line) with the impurity of

LiOH (orange ticks). The inset shows the enlargement of the [001] reflection at 9.34° 26.
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Rietveld refinements showed that both phases could be indexed with tetragonal symmetry and
subsequently refined in the space group P4/mmm. Additional TEM measurements (Chapter A.2,
Figure A-4) confirmed the tetragonal symmetry. Furthermore, Rietveld refinement confirmed the
structure model of [(Li,Fe)OH]FeSe for both phases. However, they vary in lattice parameters and
composition (see Table 3-1). The lattice parameters for [(LiossFeo1)OH]FeSe are a =3.81 A and
¢ =9.31 A. Additional peaks were indexed with a different unit cell and refined to the composition of

[LiOH](Fe).FeSe. Further details are listed in Table A-4 to Table A-8.

Table 3-1. Crystallographic parameters, occupation, volume and superconductivity of the

[(Li,Fe)OH]FeSe samples in comparison with literature data.[*1.58]

[(LiossFeo1:)OH]FeSe  [LiOH](Fe).FeSe [(LiosFeoz)OH]FeSe ELiMFeM)OH}FeS
a (A) 3.80548(5) 3.7774(4) 3.8038(1) 3.82856(2)
c (&) 9.3077(5) 9.945(3) 9.2210(6) 9.16239(9)
Occ. Lit 0.879(5) 1.000(4) 0.795(5) 0.585(0)
Occ.Fels 0121 0 0.205 0.415
Occ.Fe2a  1.000(2) 1.000(3) 0.922(3) 0.703(0)
c/a 2.46 2.62 243 2.39
v (A% 134.9(1) 141.8(1) 133.1(1) 1303(1)

T. (K)° - - 43 -

The phase compositions of [(LisssFeo.12)OH]FeioSe and [LiicOH](Fe).FeicSe were extracted from
refined powder X-Ray diffraction data. The energy dispersive X-Ray spectroscopy (EDS)
measurements confirmed the composition of iron, selenium and oxygen (see Chapter A.2, Table A-9
and Figure A-5). Iron occupations at the Fel site (see Figure 3-1) in [(LiossFeo.12)OH]FeSe, revealed
less iron (0.121 vs 0.205 and 0.415) in comparison to literature data. No iron vacancies are evident in
the FeSey, layer. For [LiOH](Fe).FeSe the powder X-Ray refinement shows no iron in the hydroxide
layer and no vacancies in the FeSey layer. The value for z could not be determined with these analysis
methods.  Comparing  [(LiossFeo12)OH]FeSe  with ~ the  hydrothermally  synthesized
[(LiosFeo2) OH]FeSe*! (a = 3.80 and ¢ = 9.22 A) the a-axis displays almost no change, but the c-axis

(9.3077(5) A) slightly expands. Furthermore, the LiOy; tetrahedra show no significant expansion

* Lattice parameters and compositions taken from Rietveld refinement of powder diffraction data.
® T, taken at 100 Oe from zero points of the second derivative of susceptibility measurements.
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compared with hydrothermally synthesized [(LiosFeo.) OH]FeSe*! (Li-O: 1.9228(8) A,2.1820(9) A vs.
1.920(7) A, 2.18(2) A). The difference in the tetrahedra height is approximately 1.03 %. The second
phase, [LiOH](Fe).FeSe, shows similar values (3.78 A) for the a-axis compared with samples
synthesized hydrothermally (3.80 A)* and through solid-state reactions by Hu et al. (3.82 A)"¥,
However, the c-axis is significantly elongated to 9.95 A (A~7.34 %). This elongation is also prominent
in the powder X-Ray pattern where all reflections with [ # 0 shift. The greatest shift is noticeable in the
[001] diffraction peak (from 9.35°260 to 8.72°20) (see inset Figure3-3). In contrast to
[(LiossFeo.12) OH]FeSe there is a greater distortion of the LiO,/4 tetrahedra. The height of the layer differs
around 20 % (Li-O: 1.8934(1) A, 2.30(1) A vs. 1.920(7) A, 2.18(2) A).

Regarding the [LiOH](Fe).FeSe phase, the elongation is significant (9.945(3) A, A~7.34 %). Similar
phases have been already reported for some hydrothermally synthesized products (9.7649(6) A) and
for some electric field tuned samples (10.179 A).[>*! However, the crystal structure is not yet solved
nor its properties determined. Theses phases mostly arise if the lithium content is significantly in-
creased. There are several different approaches to achieve this such as using excess of LiOH or using
an electric field via solid ion conductor field-effect transistors (SIC-FET).[#> 4445381 The consensual
opinion in the literature is that the excess lithium is preferentially located in the hydroxide layer (equa-

tion 1). The occupation refinements validate this scenario (see Table 3-1).
[(Li;.Fe,)OH]Fe,_,Se + y Li > [(Lil_X+yFex_y)OH]FeSe Equation 1

As a consequence of equation 1 iron is dislocated from the (Li,Fe)OH layer. A probable scenario is
that the dislocated iron fills up the vacancies in the FeSey layer. Then once filled up, it is expelled as

atomic iron (equation 2).1*4

[(Liy.yiyFe,.,)OH|FeSe + z Li > [(Liy.yiys.Fe,.,.,)OH|FeSe + z Fe Equation 2

However, the utilized starting material -FeSe already contains no vacancies and there is no elemental
iron evident in the powder patterns. Therefore, this scenario does not fit the results. Alternatively, the
iron could migrate to interstitial sites near the FeSess layer (see Figure 3-1, Fe(int)), as proposed by

equation 3.
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[(Li} 4, Fe,.,)OH]|FeSe + z Li > Fe,(Li OH)FeSe Equation 3

1-x+y+z

Ma et al. described the scenario of equation 3 with the support of DFT calculations. They assumed the
existence of Fe.(LiOH)FeSe (z = 0.2) as an insulator (equation 3).*” Furthermore, the proposed mi-
grations to interstitial sites is probable because in Fe,..(Te,Se) a similar location of iron at the intersti-

tial sites has been observed by STM.[!516.68]

In [LiOH](Fe).FeSe the elongation is due to the strong distortion of the LiOy tetrahedra. However,
the distortion is not sufficient to completely explain the elongation, because the ¢ axis is still longer
(9.6043 vs. 9.945(3) A) than in post-synthetically modified hydrothermal Li(OH)FeSe. Even though
the literature compound has also full-occupied LiOH layers and no vacancies.*” This could indicate
that [LiOH](Fe).FeSe contains - like in the proposal of Ma et al. — an additional interstitial site.*” This
site could contain iron, possibly lithium or a mixed occupation of both. The lithium would stem from
the excess LiOH (1:3) and it is more available than iron. Some -FeSe needs to decompose to gain iron,
which than migrates to the interstitial sites or builds up side phases such as LiFeO,. The value of z in
[LiOH](Fe).FeSe would be smaller than the 0.2, because here the c lattice (9.945(3) A vs. 10.1792 A) is
shorter and less iron is available in the synthesis. For a validation of this proposal, single crystal X-Ray
analysis is necessary, but due to the low crystallinity of the samples and the very small sizes of the single

crystals it was not possible.

Magnetism

Magnetic measurements of samples containing only the main phase [(LiossFeo12)OH]FeSe and side
phases as well as for samples with both phases were performed (see Chapter A.2, Figure A-7 and
Figure A-8). The measured samples differ from the above-plotted ones as they both contain LiFeO, as
magnetic active side phase. The magnetic measurements for samples containing both phases show
hardly any differences to phases with only [(LiossFeo12)OH]FeSe and the side phases (see Chapter A.2,
Figure A-9). Therefore, the focus lies on the measurements with [(LiossFeo12)OH]FeSe and
[LiOH](Fe).FeSe because fewer side phases are apparent. Isothermal magnetization plots at 300 and
1.9 K follow a linear trend and appear to be paramagnetic. Furthermore, they display small values of

p/usand show no hysteresis (see Figure 3-4).



57

0.2
\ 1000
Heff =1.79 (1) uB
= 19K 0.015 —~ 800[6=-489 (1)K
01F = 300K = £ C=0.40 (1) cm3 K mol1
S5 o) % 600
= £ 5
o T 00101\ 3 40
\g: 001 ) § 200}
g
0.005 |+ . .
-0.1F R 200 300
- 2 1 1 1 1 L 0000 1 1 1 1 L L
-50000 -25000 0 25000 50000 0 50 100 150 200 250 300
H (Oe) T (K)

Figure 3-4. Isothermal magnetization of [(LisssFeo12)OH]FeSe, [LIOH](Fe).FeSe and side phases at 300 and
1.9 K (left) and magnetic susceptibilities (black) and inverse susceptibilities (inset) (right). B = 3 T. Curie-Weiss

fit in red. Parameters obtained from the fit are given in the inset.

A plot of the inverse susceptibility versus temperature permits a Curie-Weiss fit from 150-300 K. The
measurement range below 150 K is excluded because the graph significantly diverges here from linear
behaviour and thus an ideal paramagnetic one. The resulting effective magnetic moment p.s is
1.74(1) ys per formula unit. The side phase LiFeO,*’ also shows paramagnetic properties.
[(LiossFeo.12) OH]FeSe and [LiOH](Fe).FeSe might have a paramagnetic magnetic contribution but the
paramagnetic behaviour can also be attributed to the 10 % side phase LiFeO,. Additionally, ZFC/FC

measurements show no superconductivity in [(LiossFeo.12) OH]FeSe as well as in [LIOH](Fe).FeSe.

For hydrothermally synthesized samples of [(Li,Fe)OH]FeSe, there are numerous studies on its super-
conductivity. In the literature there are reports about non-superconducting as well as superconducting
[(Li,Fe)OH]FeSe samples with T in a range of 15-43 K.[#45525456. 70711 According to Sun et al. an iron-
rich synthesis is necessary for superconducting samples (V < 133.2 A’ and c/a > 2.43). Whereas iron-
poor synthesis yield non-superconducting samples with a bigger unit cell volume and a smaller c/a
ratio.”! The values of [(LiossFeo..) OH]FeSe only meet one of the two criteria (134.9 A and 2.46). This
might already indicate an issue for the superconductivity. With regard to the samples containing
[LiOH](Fe).FeSe, the values for both parameters increase (volume and c/a, 141.8 Aland 2.62) and

therefore do not fit these criteria.

Furthermore, in hydrothermally synthesized [(Li;«Fe.)OH]Fe;.,Se superconductivity only occurs with

x ~ 0.2 and with iron vacancies (y < 5 %) in the FeSey, layer.1*>*>72 Essentially, for a sample to become
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superconducting, it must have sufficient electron doping (x) and only a few vacancies in the FeSey
layer. In Figure 3-4 [(LiossFeo.12) OH]FeSe and [LiOH](Fe).FeSe are classified according to literature

compounds with respect to the lattice parameter ¢ and occupation in the (Li;.. Fe,)OH layer.

10.2 @® [(Li,Fe)OHFeSe - superconducting
M | m [(Li,Fe)OHFeSe - non superconducting
I - post-synthetic modified (SC)
10.0 | | * [(LiogsFeo.12)OHIFeSe)
ko % [LiOH](Fe),FeSe
9.8 Iy
< N
94+
* ©
L
9.2+
o!. .
90 1 L 1 ) 1 L 1 L 1
0.0 0.1 0.2 0.3 0.4

x in (Li1-xFex)OH

Figure 3-4. [(LiossFeo.12)OH]FeSe (brown asterisk) and [LiOH](Fe).FeSe (pink asterisk) in comparison with
[(Li,Fe)OH]FeSe compounds regarding their ¢ lattice parameter and the iron (x) occupation in the (Li;.«Fe,)OH
layer. [(Li,Fe)OH]FeSe can be superconducting (red dot), superconducting after post-synthetic modification

(green triangle) and non-superconducting (blue square).

The figure shows [(LiossFeo12)OH]FeSe besides a clustering of [(Li,Fe)OH]FeSe compounds with
x ~0.2. Looking at the occupancy in the (LiossFeo12)OH layer there is a slightly higher lithium
occupation (Li: Fe, 0.879:0.121) compared to superconducting [(LiosFeo2)OH]FeSe (0.795:0.205).
This lower iron occupancy (x = 0.121) in the hydroxide layer diminishes the charge doping effect to
the FeSeys layer. Furthermore, no iron vacancies (site Fe2) are detected in the FeSey layer. The full
occupancy of the iron site in the FeSey layer as well as the lower electron doping from the (Li;..Fe.)OH
layer is not sufficient to support superconductivity. As depicted in Figure 3-4 [LiOH](Fe).FeSe can be
clustered together with other [(Li,Fe) OH]FeSe compounds with long c-axis (9.6-10.18 A) and low iron
occupancies (x =0-0.04). All these compounds show no superconducting transition. For the
[LiOH](Fe).FeSe, no iron can be refined in the hydroxide layer (x = 0). Based on the available data, the

reasons for the lack of superconductivity of [LiOH](Fe).FeSe cannot be determined yet.
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Conclusions

In summary, [(LiossFeo12) OH]FeSe and [LIOH](Fe).FeSe were successfully synthesized via a solid-state
reaction at low temperatures with yields up to 85wt. % or 30 wt. %, respectively. Hereby the
[(Li,Fe)OH]FeSe structure family was extended. They exhibit different properties than the known
[(Li,Fe)OH]FeSe compounds. This is particularly evident in crystal structure parameters, occupancies,
distortion of the layers, magnetic properties and absence of superconductivity. In
[(LiossFeo.12) OH]FeSe, the absence of superconductivity might be due to a higher lithium occupation
in the (LiossFeo2)OH layer and therefore a lower charge doping of the FeSess layer. In
[LiOH](Fe).FeSe, the elongation of the lattice parameter ¢ is due to the strong distortion of the LiO44
tetrahedra. Additionally, a possible incorporation of interstitial iron/lithium might further explain this

increase, but this needs to be further investigated e.g. by single crystal diffractometry experiments.
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Abstract

CaFeO,Cl is a unique exception in the family of the iron oxyhalides. Its crystal structure is not related
to the Ruddlesden-Popper phases as known for the other members, but contains layers of edge-sharing
FeO,,033 pyramids without Fe-Cl contacts. The iron atoms form a distorted honeycomb lattice. Mag-
netization measurements on single crystals show an unexpected weak anisotropy and indicate antifer-
romagnetic ordering of the iron moments already at room temperature. ’Fe Mossbauer spectra con-
firm the trivalent oxidation state of iron and the presence of magnetic order. DFT calculations using
the LDA+U approach support a Mott-insulating antiferromagnetic ground state and indicate a Néel-
type ordered antiferromagnetic state in the honeycomb-layer. The band gap from optical measure-

ments is 1.3 eV and agrees with the red-brown colour as well as with the theoretical calculations.

Introduction

The search for new layered materials developed various mixed anion compounds,? such as oxide
carbonates®, oxide borates'* and oxide halides”” . Especially layered oxyhalides represent a promising

field for studies of new materials with various properties,”’ such as superconductors™®, frustrated mag-
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nets', or possible two-dimensional magnetism challenging the Mermin-Wagner theorem!"’!. The re-

(11]

search also led to an awaking interest in the oxyhalides as high Tc-multiferroics''”, and especially in

high-T:. materials, resulting in several copper oxide halide superconductors.!*!*!

Iron oxyhalides with alkaline-earth cations have been reported with different structure types, among
them A,FeO;X (A=Ca, Sr, X=F, Cl, Br) or Sr;Fe;OsCl,. These derivatives of the tetragonal
K>NiF,-type or Ruddlesden-Popper phases''®!” contain layers or double layers of Fe(O,X)s octahedra
with the halides X at the apical positions. Neutron scattering experiments revealed antiferromagnetic
ordering with magnetic moments oriented parallel to the layers, e.g. G-type antiferromagnetism in
Sr;Fe,0sCL."* Belonging to this class of layered transition metal halides, monoclinic CaFeO,CI"?" is
exceptional because the structure contains no octahedra but consists of layers of edge-sharing
Fe0,,033 square pyramids separated by CaCl-sheets; no Fe-Cl contacts occur (Figure 4-1). The iron

atoms form a distorted honeycomb-lattice on the ab-plane.

Figure 4-1. Crystal structure of monoclinic CaFeO,Cl. The layers of FeO,,03/3 square pyramids (red polyhedra)

are emphasized and distorted honeycomb lattice of the iron atoms.

In spite of the exceptional crystal structure, the physical properties of CaFeO,Cl are currently un-
known. We have optimized the synthesis procedure given in the literature!”® and achieved samples
with purities above 90 %. In this paper, we report results of magnetic and optical measurements, along
with quantum chemical calculations. We show that CaFeO,Cl is an antiferromagnetic Mott insulator

and propose a probable magnetic ordering pattern.
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Experimental

CaFeO,Cl was synthesized by a modified procedure of the protocol reported one by J. Ackermann!”..
The starting materials Fe;Os (ALFA AESAR, 99.99 %,) and CaCl, (ABCR, 99.99 %,) were mixed in a ratio
1:100 and ground in an agate mortar in air. The samples were prepared in alumina crucibles under air
by heating to 850 °C for 12 h, then cooled to 350 °C for 5 h, and finally cooled to room temperature
(step 1). After grounding the samples obtained in step one, the procedure from step one was repeated
with a slower cooling rate of 20 K/h (step 2). Washing the product several times with distilled water
removed all excess CaCl,. The resulting samples were dried under vacuum and stored under argon.
This approach yielded a polycrystalline red-brown powder with brown plate-like single-crystals. The
samples contained the desired product CaFeO,Cl and Fe,Os. Through this optimized synthesis, yields
up to 92 % were achieved. The powder X-Ray patterns were obtained with a Stoe Stadi-P diffractom-
eter (Mo-K.1) equipped with a Stoe Mythen 1k detector. Rietveld refinement were done with TOpAs.?
Single-crystal diffraction data were recorded with a Stoe IPDS-I diffractometer at room temperature
using Mo-K.,, radiation (A = 0.71069 A). Reflection intensity integration, data reductions, and multi-
scan absorption corrections were done with APEX2??) and SADABS!**!. The structure was solved with
JANA2006** and refined with SHELXL crystallographic software package®. CCDC 1957141 contains
the supplementary crystallographic data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Magnetic
measurements with CaFeO,Cl single crystals were carried out with a vibrating sample magnetometer
(VSM) option in a Quantum Design Physical-Property-Measurement-System (PPMS-9). Crystals
were selected manually from the samples, aligned parallel to the ab crystal plane of CaFeO,Cl in a
parquet-like pattern and glued with low temperature varnish. Magnetization measurements were car-
ried out with the ab crystal plane parallel and perpendicular to the magnetic field. Electronic structure
calculations were performed using the Vienna ab initio simulation package (VASP)?*?”) which is based
on density functional theory (DFT) and plane wave basis sets. Projector-augmented waves (PAW)!?*!
were used and contributions of correlation and exchange were treated in the generalized-gradient ap-
proximation (GGA)®\. The strongly correlated iron 3d-states were corrected using the LDA+U
method in the rotationally invariant approach by Dudarev et al.’".. Diffuse reflectance spectra were
measured with powder samples on a UV/Vis Jasco V-650 spectrophotometer (200-800 nm). The spec-

tra were converted to absorption spectra based on the Kubelka-Munk®'! theory to determine the op-
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tical bandgap. A ’Co source in an Rh matrix was used for the *’Fe Mdssbauer spectroscopic investiga-
tion of CaFeO,Cl. The measurement was performed in a continuous flow cryostat system (Janis Re-
search Co LLC). The usual transmission geometry was used. The source was kept at room temperature
while the sample was cooled to T = 6 K. The optimal absorber thickness was calculated according to
the work of Long et al ¥ The sample was placed in a thin-walled PMMA container and diluted with
potassium chloride for a complete distribution of the sample within the container volume. Fitting of

the experimental data was performed with the WINNORMOS for IGOR6 program package.™!
Results and discussion

CaFeO,Cl was synthesized in a CaCl,-flux in an open system from Fe,O; as a red-brown, moisture and
air stable product. Single-crystal X-Ray diffraction confirmed the structure in the monoclinic centro-
symmetric space group C2/m (No. 12) with the lattice parameters a = 9.969(2) A, b=3.811(8) A,
¢ =8.735(17) A and B = 103.62(3)°. The single-crystal X-Ray data was used to refine the powder X-Ray
pattern (Figure 4-2). The Rietveld-fit yielded CaFeO,Cl as the main component (ca. 92 wt. %) with

Fe,Os as impurity.
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Figure 4-2. Powder X-Ray pattern of CaFeO,Cl (Mo-K,) sample (blue line) with Rietveld-fit (red line) and dif-

ference (grey line).

Figure 4-1 shows the crystal structure of CaFeO,Cl. Layers of edge-sharing FeO,,05; polyhedra alter-
nate with regions of CaCl. The FeOs-pyramid is slightly distorted with four different Fe-O distances

ranging from 1.89 to 2.00 A. The Addison 7-parameter (7 = (8-)/60; a, 8 = largest bond angles)™* of
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0.1 confirms the square pyramidal coordination. Calcium has three oxygen and four chlorine neigh-
bours. The iron sublattice is a planar but slightly elongated honeycomb-net with Fe-Fe distances of

2.743 and 2.959 A.
Optical properties

Figure 4-3 shows results of the optical reflection measurements of the CaFeO,Cl powder
(A =500-800 nm). Because weak signals in absorbance spectra are enhanced in reflected spectra, re-
flectance spectra in absorbance units cannot be compared directly. Analysing reflection spectra using
the Kubelka-Munk function makes them similar to absorbance spectra and allows the determination

of the bandgap energy E,.1*"

(1-Ro)? K@)  (hw—E,)
2R,  s(D) xa= hv

F(Roo) =

R.. is the diffuse reflectance of an infinitely thick sample, K(A) is the absorption coefficient and s(A) is

the scattering coefficient.
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Figure 4-3. Bandgap calculation using the Kubleka-Munk function.

The direct bandgap is determined by the extrapolation from the linear portion of the plot of [F(R.)hv]?
against hv (Tauc plot for direct bandgap). The estimated bandgap is 1.3 eV (Figure 4-3), which is con-

sistent with the red-brown colour of CaFeO,Cl.
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Magnetism

Selected plate-like single crystals of CaFeO,Cl were arranged parallel on the sample holder in order to
measure the magnetization in fields applied either perpendicular (L) or parallel (/) to the layers. Note
that the crystals were not aligned along the directions perpendicular to the layers. Figure 4-4 shows

magnetization isotherms at temperatures between 5 K and 305 K.
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Figure 4-4. Magnetization isotherms of CaFeO,Cl between 5 and 305 K with fields aligned perpendicular (left)
and parallel to the FeO, layers (right).

The magnetization increases linearly with the field but remains below 0.05 s per formula unit
CaFeO,Cl, which indicates that the magnetic moments of the Fe’" ions (S = 5/2) are antiferromagneti-
cally ordered in the considered temperature range (5-300 K). The magnetization increases at lower
temperatures, which is contrary to the expected either constant values if the field is perpendicular or
decrease if it is parallel to the magnetization direction (easy axis) of an antiferromagnet**. Given that
the magnetization remains very small even at low temperatures, the increase may be the result of traces
of paramagnetic impurities. The anisotropy of the magnetization is relatively small with respect to the
layered crystal structure. Assuming that the paramagnetic contributions (from impurities) are iso-
tropic, we find that the magnetization at T=5 K is about 25 % higher if the field is parallel to the
Fe0,,035 layers. This indicates that the alignment of the magnetic moments, or easy axis, should be

perpendicular to the layers.
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Maossbauer spectroscopy

The *’Fe spectrum of polycrystalline CaFeO,Cl at T = 6 K is shown in Figure 4-5. The corresponding

fitting parameters for the most reliable fit are listed in Table 4-1.

Table 4-1. Fitting parameters of the 6 K 57Fe Mdssbauer spectroscopic measurements of CaFeO2Cl.
6 = isomer shift, AEq = quadrupole splitting, I' = experimental line width, Bxf = magnetic hyperfine
field, 6 = tensor between the principle axis of the electrical field gradient and the direction of the

magnetic hyperfine field.

6/ mm-s-! AEq/mm-s-1 I'/mm-s-! Bne/T a/° area/%
CaFe02Cl 0.30(1) -0.97(1) 0.337(3) 42.6(1) 39.9(2) 82(1)
Fe20s3 0.37(1) 0.37(1) 0.287(12) 52.6(1) - 18(1)

Figure 4-5 shows two different fitting approaches. Two overlapping sextet signals are visible in the
recorded spectrum. The less intense one corresponds to the by-product Fe,Os and the other one to
CaFeO,Cl. The top spectrum of Figure 4-5 shows a fit with two regular sextets, the bottom one a fitting

with a full Hamiltonian.

relative transmission

relative transmission

velocity / mm-s~1

Figure 4-5. Experimental (black dots) and simulated (coloured lines) *Fe Mdssbauer spectra of CaFeO,Cl at
6 K. Top: CaFeO,Cl signal fitted with a sextet model; bottom: CaFeO-Cl fitted with a complete Hamiltonian.
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No impurity phases other than Fe;O; can be observed in the experimental spectrum, in accordance
with the PXRD data. It is clearly apparent that the fit for the top spectrum is slightly off-centred from
the normal sextet splitting. The full Hamiltonian fit with the inclusion of the parameter 6, which de-
scribes the angle between the direction of the magnetic hyperfine field and the tensor of the electrical
field gradient, gives a more satisfactory fitting. Similar results have recently been reported for the
brownmillerite phase Sr,Fe;Os.**! The obtained isomer shift of 0.30 mm s indicates iron in the oxi-
dation state +3 as can be expected from the empirical formula. This is in agreement with a large sum-
mary of ¥Fe data of iron oxides compiled by Menil®”\. The square pyramidal coordination of Fe(III)
is rare; however, our *Fe M0ssbauer spectroscopic data is in good agreement with the series of iron
substituted chromates RETiCr,«Fe,Os."® The slightly negative quadrupole splitting of —0.97 mm s*
results from the asymmetric coordination environment of the iron site (distorted square pyramid).
Full magnetic hyperfine field splitting is observed with a field of 42.6 T. The parameter 6 mentioned
above leads to the conclusion that the magnetic moments are aligned along a preferred crystallo-

graphic direction.

DFT calculations

The electronic band structure was calculated using the VASP package. Due to the actually unknown
magnetic structure, the total energies of different trial magnetic ordering patterns were compared in
order to identify a probable magnetic state. The primitive unit cell of CaFeO,Cl contains four iron
positions. The trial magnetic structures were either ferromagnetic (FM TTTT), or antiferromagnetic
(AF1 TITL AR2 TUUT; AF3 TTJ«l«). The calculations reveal that AF1 is the most stable configuration,
followed by AF2 (+0.1 eV), AF3 (+0.36 eV) and FM (+0.4 eV). AF1 correspond to a Néel-type mag-
netic structure where all moments of the iron atoms within the honeycomb-layer are alternating spin

up and down as shown in Figure 4-6.
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Figure 4-6. Most stable trial AF magnetic structure in the honeycomb Fe-layer of CaFeO,Cl. Filled and open

circles mark spin up and down, respectively.

The spin polarized band structure shown in Figure 4-7 was calculated using this model of the antifer-
romagnetic ordering and the LDA+U approach with a Ues (= U=J; = 0) of 4 eV in order to account

for the strongly correlated Fe-3d states.
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Figure 4-7. Spin polarized LDA+U band structure of the antiferromagnetic CaFeO,Cl.

The calculated band gap E, occurs between the O-2p valence- and Fe-3d conduction bands. E, corre-
lates linearly with the effective U parameter and results in 1.96 eV for U=4¢eV and 1.59 ¢V for
U=3eV. The calculated ordered magnetic moment of 4.2-4.3 ys/Fe is smaller than the expected
5 up/Fe for the S = 5/2 state. This may have its origin in the special magnetic properties of the honey-
comb-lattice with only three neighbours. It has been shown that the magnetization in a threefold con-

nected S = ¥ system is reduced by a factor of 0.87 compared to the square lattice™. A reduced ordered
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magnetic moment of 2.3 g has also been found in the S = 3/2 antiferromagnetic honeycomb-lattice of

Lile’lO3.[4O]
Conclusion

CaFeO,Cl was obtained in an open system synthesis from Fe,O; in a CaCl-flux. The single-crystal
X-Ray and powder data confirm the layered crystal structure with fivefold coordinated iron described
earlier. Magnetic measurements with oriented single crystals indicate that the magnetic moments at
the iron atoms are antiferromagnetically ordered at room temperature and suggest that the magnetic
easy axis is perpendicular to the layers. *Fe Mdssbauer spectra confirm the 3+ state of iron and the
magnetic ordering showing full magnetic hyperfine splitting with a field of 42.6 T at 6 K. CaFeO,Cl is
a Mott insulator with an optical band gap of ~1.3 eV. DFT electronic band structure calculations using
the LDA+U approach confirm the measured properties and suggest that the magnetic ordering pattern

is Néel-type within a honeycomb-like layer of iron atoms.

References

[1] M. T. Weller, C. S. Knee, J. Mater. Chem. 2001, 11, 701-712.
[2]  G.M. Veith, M. Greenblatt, M. Croft, J. B. Goodenough, Mater. Res. Bull. 2001, 36, 1521-1530.

[3] K. Yamaura, Q. Huang, J]. W. Lynn, R. W. Erwin, R. J. Cava, J. Solid State Chem. 2000, 152,
374-380.

[4] D. Pelloquin, M. Hervieu, C. Michel, N. Nguyen, B. Raveau, J. Solid State Chem. 1997, 134,
395-408.

[5]  W. Leib, H. Miiller-Buschbaum, Z. Anorg. Allg. Chem. 1984, 518, 115-119.

[6] J. Huang, R. D. Hoffmann, A. W. Sleight, Mater. Res. Bull. 1990, 25, 1085-1090.

[7] M. Al-Mamouri, P. P. Edwards, C. Greaves, M. Slaski, Nature 1994, 369, 382-384.

[8] S. Adachi, T. Tatsuki, T. Tamura, K. Tanabe, Chem. Mater. 1998, 10, 2860-2869.

[9] A. A. Tsirlin, H. Rosner, Phys. Rev. B 2009, 79, 214416.

[10] N.D. Mermin, H. Wagner, Phys. Rev. Lett. 1966, 17, 1133-1136.

[11] L. Zhao, M. T. Fernandez-Diaz, L. H. Tjeng, A. C. Komarek, Sci. Adv. 2016, 2, e1600353.

[12] S. M. Loureiro, C. Felser, Q. Huang, R. J. Cava, Chem. Mater. 2000, 12, 3181-3185.



75

N. D. Zhigadlo, J. Karpinski, S. Weyeneth, R. Khasanov, S. Katrych, P. Wagli, H. Keller, J. Phys.
Conf. Ser. 2008, 97,012121.

X.J. Wu, C. Q. Jin, P. Laffez, T. Tatsuki, T. Tamura, S. Adachi, H. Yamauchi, N. Koshizuka,
Physica C Supercond. 1996, 258, 143-152.

Q. Q. Liu, X. M. Qin, Y. Yu, F. Y. Li, C. Dong, C. Q. Jin, Physica C Supercond. 2005, 420, 23—
29.

S. N. Ruddlesden, P. Popper, Acta Crystallogr. 1957, 10, 538-539.

S. N. Ruddlesden, P. Popper, Acta Crystallogr. 1958, 11, 54-55.

C.S.Knee, M. A. L. Field, M. T. Weller, Solid State Sci. 2004, 6, 443-450.

J. F. Ackerman, J. Solid State Chem. 1991, 92, 496-513.

E. Parthé, S. Hu, J. Solid State Chem. 2003, 174, 165-166.

A. Coelho, TOPAS-Academic, Version 4.1, Coelho Software, Brisbane, Australia, 2007.
APEX2 (Version 2012.12-0) ed., Bruker AXS Inc., Madison, WI, USA, 2007.

G. M. Sheldrick, SADABS (Version 2012/1), Bruker AXS Inc., Madison, WI, USA, 2001.

V. Petricek, M. Dusek, L. Palatinus, Jana2006 (Version 26/09/2012), Institute of Physics, Praha,
Czech Republic, 2006.

G. Sheldrick, Acta Crystallogr. Sec. A 2008, 64, 112-122.

G. Kresse, ]. Furthmiiller, Comput. Mater. Sci. 1996, 6, 15-50.

G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758-1775.

P. E. Blochl, Phys. Rev. B 1994, 50, 17953-17979.

J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865-3868.

S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys, A. P. Sutton, Phys. Rev. B 1998,
57,1505-1509

P. Kubelka, F. Munk, Z. Tech. Phys. 1931, 12, 593-601.
G.J. Long, T. E. Cranshaw, G. Longworth, Moessbauer Eff. Ref. Data J. 1983 6, 42.

R. A. Brand, WINNORMOS for IGORG (version for IGOR 6.2 or above: 22/02/2017), Universitit
Duisburg, Duisburg (Germany) 2017.

A. W. Addison, T. N. Rao, J. Reedijk, J. van Rijn, G. C. Verschoor, J. Chem. Soc. Dalton Trans.
1984, 1349-1356.



76 4. Magnetic and electronic properties of CaFeO,Cl

[35] T.Nagamiya, K. Yosida, R. Kubo, Adv. Phys. 1955, 4, 1-112.

[36] J.C. Waerenborgh, E. V. Tsipis, J. E. Auckett, C. D. Ling, V. V. Kharton, J. Solid State Chem.
2013, 205, 5-9.

[37] F.Menil, J. Phys. Chem. Solids 1985, 46, 763-789.
[38] P.J.Schurer, A. H. Morrish, Phys. Rev. B 1977, 16, 951-959.
[39] R.F.Bishop, P. H. Y. Li, O. Gétze, J. Richter, C. E. Campbell, Phys. Rev. B 2015, 92, 224434.

[40] S. Lee, S. Choi, J. Kim, H. Sim, C. Won, S. Lee, S. A. Kim, N. Hur, J.-G. Park, J. Phys. Condens.
Matter 2012, 24, 456004.



77

5. Summary

The emphasis of this thesis is on the synthesis of layered iron chalcogenides and iron oxyhalides. It
includes electrochemical intercalation, low temperature solid-state synthesis, and flux-mediated solid-
state synthesis. The first part concentrates on the electrochemical intercalation approach for the syn-
thesis of layered iron-chalcogenide superconductors. Constructional and experimental work for the
setup, optimization and scalability of the electrolysis were successfully implemented. The insights into
the critical parameters were acquired and for the first time a phase pure bulk superconductor
(TMA)osFesSe; (T = 43 K) was synthesized by electrochemical synthesis. The next part consists of a
detailed analysis of the compound concerning its structural, magnetic and electronic properties. Fur-
ther iron chalcogenide compounds, [(Li,Fe)OH]FeSe, were discovered by low temperature solid-state
synthesis and analysed by means of changes in the crystal structure and physical properties. The last
part includes additional studies on the magnetic and electronic properties of the layered iron oxyhalide
CaFeO,Cl and determines the properties of this structurally unique oxyhalide. The compounds syn-
thesized in this thesis were appropriately analysed by a broad range of analytical methods like powder
and single crystal XRD, high temperature PXRD, elemental analysis (EDS, CHNS), infrared spectros-
copy, UV/Vis spectroscopy, magnetic, resistivity and Mossbauer measurements. DFT calculations

supported structure models and magnetic properties. A summary of each chapter is given below.
Electrolysis - theoretical considerations and experimental procedure

The design and setup of this method is established with a galvanostatic electrolysis apparatus consist-
ing of a tungsten anode and an amalgamated copper spoon connected to a platinum wire as cathode.
The apparative and reaction parameters are considered and discussed under theoretical and experi-
mental aspects. The following aspects are addressed: apparative requirements, electrode materials,
electrolytes, supporting electrolytes and reaction conditions. Furthermore, an extensive experimental
description of the electrolysis and the preparative steps is given. The modification by adding a new
electrode port and using a mercury lake proved the scalability of the reaction and a higher amount of

desired bulk product has been achieved.

Electrochemical synthesis and crystal structure of the organic ion intercalated superconductor

(TMA)o,sFezsez With Tc =43 K
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(TMA)osFe.Se, was prepared through electrochemical intercalation of tetramethylammonium
(TMA") ions into 3-FeSe. The application of the established electrochemical method led to the new
phase pure bulk superconductor with a critical temperature as high as 43 K. Powder X-Ray diffraction
coupled with DFT calculations revealed a highly credible model of the crystal structure. The layered
crystal structure represents a variant of the ThCr,Si,-type structure, where the TMA* ions are densely
packed between the FeSe layers. The TMA* jons are disordered over two equivalent positions and in
different orientations. The structure is closely related to “122-type” of the iron arsenide family of su-
perconductors. Elemental analysis and infrared spectroscopy measurements confirmed the composi-
tion of (TMA)osFe;Sex. The intercalation of TMA® ions is topotactic and reversible by heating the
compound up to 200 °C. Superconducting tetragonal FeSe is recovered after deintercalation. Magnetic
and electrical resistivity measurements determine bulk superconductivity at 43 K. Typical for a hard

type-1I superconductor the isothermal magnetization measurements depict a “butterfly” pattern.
Solid-state synthesized [(Lio.ssFeo.12) OH]FeSe and [LiOH](Fe).FeSe

Two new phases of the [(Li,Fe)OH]FeSe family were prepared by low temperature solid-state synthesis
starting from vapour-grown, superconducting 3-FeSe and excess LiOH. [(LiossFeo12) OH]FeSe was ob-
tained with minor side phases. [LiOH](Fe).FeSe only forms with a huge excess of LiOH and faster
heating rates. Both phases, [(LiossFeo12)OH]FeSe and [LiOH](Fe).FeSe, crystalize in the space group
P4/mmm (no. 129) according to powder X-Ray diffraction data. The c-axis is strongly elongated in the
[LiOH](Fe).FeSe phase. This elongation is due to the distortion of the LiOy4 tetrahedra and maybe
due to additional iron/lithium at interstitial sites. The higher lithium occupation in the (LiossFeo.21) OH
layer of [(LiossFeo12) OH]FeSe probably explains the absence of superconductivity due to a lower charge

doping of the FeSey layer.

Magnetic and electronic properties of CaFeO,Cl
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Monoclinic CaFeO,Cl was prepared with a flux-mediated open system solid-state synthesis from Fe,Os
in a CaCl,-flux. It crystallizes in the space group C2/m (no. 12) with a layered crystal structure con-
taining layers of edge-sharing FeO,,,05/ pyramids without Fe-Cl contacts. Iron atoms form a distorted
honeycomb lattice. The magnetic moments of the iron atoms are antiferromagnetically ordered at
room temperature. Magnetic measurements with oriented single crystals indicated a magnetic easy
axis perpendicular to the honeycomb layers. *’Fe Mdssbauer spectroscopy revealed a trivalent oxida-
tion state of the iron and a magnetic ordering with full magnetic hyperfine splitting (42.6 T and 6 K).
The compound is a Mott insulator with a band gap of ~1.3 eV determined from the Kubelka-Munk
function. Additional DFT calculations using the LDA+U approach determined the measured proper-
ties and indicate Néel-type magnetic ordering pattern within the distorted honeycomb layer of iron

atoms.
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5. Summary
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6. Conclusion

The main part of the thesis presents a synthesis approach for iron chalcogenide-based superconduc-
tors and reveals the potential of the electrochemical method for expanding the accessibility of iron-
chalcogenide based superconductors. The electrochemical approach is thoroughly investigated re-
garding theoretical as well as experimental aspects. The feasibility is demonstrated by the successful
synthesis of (TMA),sFe.Se, with a critical temperature of 43 K. Furthermore, the synthesis strategy
shows fascinating and promising results for a structural diversity and high yield bulk compounds with
superconducting properties. The crystal structure insights combined with even higher yields, due to
the modification of the electrolysis chamber, might lead to a deeper understanding of the mechanisms

in FeSe-based superconductors and potentially higher critical temperatures in related compounds.

These results are only the starting point for the electrochemical synthesis method for bulk supercon-
ductors because the presented synthesis approach and compound family are extendable through some
technical and chemical variations. With regard to the technical aspects, an additional water-cooling
jacket could be added to the electrolysis chamber to reach constant and controllable reaction temper-
atures. Furthermore, a reference electrode could be inserted to record terminal voltages and actual
electrode potentials to gain an even better reaction control. Additionally the starting material 3-FeSe
can be doped with other chalcogenides as well as longer chained alkylammonium salts can be utilized

as supporting electrolyte.

The remaining part is about [(Li,Fe)OH]FeSe phases and the oxyhalide CaFeO,Cl. They show that the
recapture of known compound types is still a promising research field. Applying a low temperature
solid-state synthesis to [(Li,Fe)OH]FeSe in contrast to the usually hydrothermal method led to the
discovery of two new phases. These are [(LiossFeo.1.)OH]FeSe and [LiOH](Fe).FeSe. They expand the
FeSe-based structure family. A possible explanation for elongation of the lattice parameter ¢ in
[LiOH](Fe).FeSe is given, but further structure investigations are necessary to validate the proposal.
Regarding CaFeO,Cl the revisit of the know structure led to a thorough investigation of this Mott
insulator with a proposed Néel-type magnetic ordering pattern. The outcome of this thesis demon-
strates that there are still compounds left with yet unknown promising properties which only need to

be (re)discovered.
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A.1 Supporting Information of (TMA)osFe2Se>

Powder X-Ray diffraction

Glass capillaries (0.3 mm in diameter, Hilgenberg GmbH) were filled with the samples and sealed. A
Stoe Stadi-P diffracometer (Moxa, Ge(111)-monochromator, Mythen 1k detector) was used to
measure the patterns which were analysed and fitted using the Topas package.!'? After indexing the
data with the SVD-algorithm, the space group I4/mmm was chosen.” Intensities were gathered using
the Pawley method, and the structure was solved by charge-flipping.!"** The trial structures were used
in subsequent Rietveld refinements and visualized by the program Diamond.!’ Measurements at high
temperatures performed on samples in silicia capillaries (diameter 0.5 mm, Hilgenberg GmbH, sealed
with grease) on a Stoe Stadi-P diffractometer (Mok,, Ge(111)-monochromator, IP-PSD detector)

equipped with a graphite furnace. Data were visualized with WinXPOW.""!

DFT calculations

First-principles electronic structure calculations were performed using the Vienna ab initio simulation
package (VASP 5.4.4)!* based on density functional theory (DFT) and plane wave basis sets. Projec-
tor-augmented waves (PAW)!"" were used and contributions of correlation and exchange were treated
using the strongly constrained and appropriately normed semi-local density functional (SCAN).!"!
The k-space was sampled with the Monkhorst-Pack!" scheme using an 11 X 11 X 11 grid based on the
primitive unit cell. The AFLOW!™! utilities were used to transform between primitive and conven-
tional unit cells, and FINDSYM!" to determine the space group symmetry. Convergence criteria were
10 eV for the total energy and 10 eV/A for the structural relaxations regarding ion positions, respec-

tively, using a plane wave cut-off energy of 600 eV. The parameters of the fully relaxed structure of

(TMA)osFesSe; in the space group I42m are compiled in Table A-1.



86 A Appendix

Table A-1. Structure parameters of (TMA)osFe;Se, (SG I42m) calculated with different functionals

ad) A% c(d) A% V(@A) A%  zs A% Fe-Se A% Se-Fe-Se A%

Exptl. 5.457 20.377 606.75 0.3160 2.352 110.24

SCAN 5.454 -0.05 20.383 0.03 606.32 -0.07 0.3203 1.36 2.403 2.18 110.62 0.35
PBE 5393 -1.16 20.7151 1.66 602.62 -0.67 0.3175 0.47 2.365 0.55 105.04 -4.71
PBEsol 5.260 -3.60 20.0346 -1.68 554.36 -8.63 0.3180 0.62 2.306 -1.97 110.55 0.28

LDA 5.189 -491 19.3535 -5.02 521.07 -14.12 0.3178 0.58 2.256 -4.06 111.88 1.48

The phonon dispersions and phonon DOS shown in Figure 2-7 were calculated from forces acting on
displaced atoms in 2x2x2 supercells using PHONOPY!"! and plotted with the SUMO tools."® The
structural parameters were previously optimized until all forces were smaller than 10~ eV/A and en-
ergy changes are below 10~ eV. This fully relaxed structure was used to calculate the infrared absorp-

tions using density functional perturbation theory (DFPT, Figure 2-7).

Chemical analysis: EDS, CHN and infrared spectroscopy

CHN elemental analysis and energy-dispersive spectroscopy measurements (EDS) confirm the chem-
ical composition (TMA),sFe,Se; (see Tables A-2 and Table A-3). Figure A-1 shows the morphology of

a crystallite after intercalation.

Figure A-1. SEM image of (TMA),sFeSe;.

EDS measurments were performed on a Carl Zeiss Evo-Mal0 microscope with a Bruker Nano EDX
detector (X-Flash detector 410 M). The controlling software is SmartSem for the detectors (SE and

BSE)!"" and for the collections and evaluation of the spectra the program QUANTAX 200 was used.!"®
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Any elements from the sample holder and the adhesive carbon pads were discounted. The CHN
elemental analysis was single determined and therfore no standard deviations are given. FT-IR spectra

were measured on a Bruker Vertex-80V FT-IR spectrometer (V = 350 - 4000 cm™).

Table A-2. C:N:H ratios from elemental analysis normalized to N = 1.

C H N

(TMA)osFezSez 4.1 13.1 1

Table A-3. Fe:Se ratio from EDS normalized to Se.

Fe Se

(TMA)osFez:Sez  1.1(1) 1.0(1)

Magnetic susceptibility and dc resistivity measurements

Magnetic measurements of -FeSe and (TMA)qsFe,Se; were carried out on a Physical Property Meas-
urement System (PPMS-9, Quantum Design) with a vibrating sample magnetometer (VSM). Zero-
field cooled and field-cooled measurements were conducted between 2 K and 100 K and an applied
field of 15 Oe. The isothermal magnetization was measured at 2 K and 300 K (H = + 50 kOe). For the
resistivity measurements, the samples were ground and pressed into pellets (diameter 5 mm, thickness
~ 0.8 mm). The pellets were contacted with the Wimbush press contact assembly for van der Pauw

measurements.!'1°)

Deintercalation of (TMA).sFe:Se;

A (TMA)osFe,Se; sample was heated to 200 °C for 4 h under argon atmosphere. The residual black
powder was analysed by powder diffraction and magnetic measurements. The powder pattern revealed
single phase -FeSe (see Figure A-2), thus (TMA)osFe,Se, has been quantitatively deintercalated. Fig-

ure A-3 shows the ZFC/FC magnetic measurements the deintercalted sample.
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Figure A-2. PXRD pattern of the residue after heating at 200 °C with Rietveld fit (red) and difference curve
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Figure A-3. Magnetic susceptibility of the residue after heating. FC is field cooled and ZFC is zero-field cooled.
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A.2 Supporting information of  [(LiossFeo12)OH]FeSe and
[LiOH](Fe).FeSe

Crystallographic Data

Table A-4. Crystallographic data of [(LiossFeo.12) OH]FeSe and [LiOH](Fe).FeSe determined from PXRD

data using Rietveld refinement.

Chemical Formula [(Lio.ssFeo.12) OH]FeSe [LiOH](Fe)-FeSe
Crystal system, Tetragonal, P4/nmm 01 (no. 129) Tetragonal, P4/nmm 01 (no. 129)
Space group

T (K) 293 293

a(h), c(A) 3.80548(5), 9.3077(5) 3.7774(4), c = 9.945(3)
V(A% 134.833(1) 141.928(1)

z 2 2

Radiation type Mo-Ka1, A = 0.7093 & Cu-Ka1, A = 1.54056 A
Diffractometer Stoe Stadi P Huber G670
Monochromator Ge-111 Ge-111

R, 1.541 1.435

Ry 2.102 1.997

GooF 1.480 1.615

Table A-5. Atomic positions and displacement parameter Ui, for [(LiossFeo12) OH]FeSe

Atom b'¢ y z Uiso occ

Li 0 0 0.043 0.050(15) 0.879(5)
Fel 0 0 0 0.05(11) 0.121

0 0 1/2 0.076(12) 0.022(9) 1

H 0 1/2 0.18(3) 0.05(9) 1

Fe2 0 0 1/2 0.056(2 1.000(2)

Se 1/2 0 0.3405(5) 0.0172(15) 1
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Table A-6. Selected bond distances (A) and angles (°)for [(LiossFeq.12) OH]FeSe

Li-0

Fel-0
Fe2-Se

¢ 0-Li-0

¢ O-Fel-0
¢ Se-Fe2-Se

1.9228(8)  2.1820(9)

2.0173(9)

2.4235(3)

164.1(8) 121.6 (5) 93.9(7)
139.2(4) 96.96(5)

112.1(1) 104.2(3)

Table A-7. Atomic positions and displacement parameter Ui, for [LiOH](Fe).FeSe

Atom b'¢ y z Uiso occ

Li 0 0 0.03(4) 0.1(1) 1.000(4)
Fel 0 0 0 0.09(11) 0

0 0 1/2 0.074(4) 0.05(19) 1

H 0 1/2 0.21(8) 0.09(11) 1

Fe2 0 0 1/2 0.063(7) 1.000(2)
Se 1/2 0 0.3327(9) 0.063(7) 1

Table A-8. Selected bond distances (A) and angles (°)for [LiOH](Fe).FeSe

Li-0

Fe2-Se

¢ 0-Li-O

¢ Se-Fe2-Se

1.893(1) 2.30(1)

2.4851(1)

169.9(2) 109.6 (1) 98.9(3)
115.1(1) 98.7(1)

Transmission electron microscopy (TEM) measurements

The transmission electron microscopy (TEM) measurements would be the ideal way to identify the

crystal structure of both phases. TEM measurements were executed on a sample containing both main

phases. The differences in the c-axis can only be determined via a different sample preparation. Due

to the air instability, no distinction between the two phases could be accomplished and a complete

high-resolution TEM was not possible, only the tetragonal structure could be validated (Figure A-4).
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Figure A-4. Selected area diffraction pattern along [001].

Figure A-5. Crystals chosen for EDS measurements Left: Oxidized crystal by air. Right: Still intact crystal.

EDS measurements were done on the various crystals but here it was also visible that some of the
crystals were already oxidized (Figure A-5, left side). This was also noted in the values of the EDS

measurements.

Table A-9. Fe : Se ratio from EDS analysis normalized to Se.

Fe Se
[(LiossFeo12) OH]FeSe 1.09(4) 1.0(1)
[LiOH](Fe).FeSe 1.01(2) 1.0(1)

Magnetic Properties

Figure A-7 and Figure A-8 shows the PXRD patterns of the magnetic measured samples. The samples

contain the following impurities LiOH and LiFeO..
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Figure A-7. PXRD pattern sample containing only [(LiossFeo12) OH]FeSe and LiOH and LiFeO, as side phases
with Rietveld fit (red) and difference curve (grey).
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Figure A-8. PXRD pattern sample containing [LipssFeo1.) OH]FeSe, [LIOH](Fe).FeSe and LiFeO, as side phase
with Rietveld fit (red) and difference curve (grey).

Magnetic measurements for samples containing only the main phase [(LiossFeo12)OH]FeSe
(Figure A-9) as well as measurements containing both phases were done (Figure 3-4). Isothermal
magnetization curves at 300 and 1.9 K display small values of y/us and show no hysteresis for both
samples. The linearity of the inverse susceptibility in the sample with [(LiossFeo12)OH]FeSe and
[LiOH](Fe).FeSe makes a paramagnetic ordered state probable. For the sample containing
[(LiossFeo12)OH]FeSe and side phases, the inverse magnetic susceptibility curve is not linear.

Therefore, no Curie-Weiss fit was done.
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Figure A-9. Isothermal magnetization of [(LiossFeo12) OH]FeSe and side phases at 300 and 1.9 K (right) and in-

verse magnetic susceptibilities of [(LiossFeo.12)OH]FeSe and side phases. B=3 T.
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A.3 Crystallographic Data of CaFeO,Cl

Table A-10, Table A-11 and Table A-12 show the data for the crystal structure solution of CaFeO,CL

Table A-10. Crystal data, data collection parameters and refinement parameters for CaFeO,Cl.

CaFeO:Cl
Crystal Data
Chemical formula CaFe02(l
M (g'mol1) 163.37

Crystal system, Space group (No.)

Monoclinic, €2/m (no. 12)

a, b, c(A) 9.969(2), 3.8105(8), 8.7350(17)
5 103.62(3)

V (83), peatc (g-cm3) 322.48(12), 3.365

T (K), u (mm1) 293,6.851

Z 4

Radiation type Mo-Ka (A = 0.71073 A)

6 range (°) 8.35-60.58

Data collection

Diffractometer, Monochromator IPDS STOE

Absorption correction

No. of reflections (measured, independent, with

>30(D))
Rint

Index range

Multi-scan SADABS 2014/5
1531, 507,467

0.0777

-13<h=<13,-5<k<5,-12<1<12

6 range (°) 4.207-29.746
Refinement

Refinement on F?

Data, restraints, parameters, constraints 507,0,31,0

R1 (I>20(0)), wR(F2) (I>20(I))

Goodness of fit on F?

0.0321, 0.0960

1.224

Ap (max; min)(e- A3)

0.92; -1.48
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Table A-11. Fractional atomic coordinates, equivalent isotropic displacement parameters (A?) and site

occupation for CaFeO,Cl

Atom b'¢ y z Ueq occ
Fel 0.13715(4) 0 0.00029(6) 0.0078(2) 1
Cal 0.60820(7) 0 0.29357(8) 0.0104(3) 1
cl1 0.33587(9) 0 0.37571(11) 0.0146(3) 1
01 0.0239(2) 0 0.1623(3) 0.0087(5) 1
02 0.6833(2) 0 0.0542(3) 0.0085(5) 1

Table A-12. Atomic displacement parameters (A?) for CaFeO,Cl.

Atom Ut U2z Uss U2 U 23
Fel 0.0031(3)  0.0066(3)  0.0141(3) O 0.0029(2) O
Cal 0.0103(4)  0.0078(4)  0.0135(4) O 0.0032(3) O
cl1 0.0095(4)  0.0171(5)  0.0174(5) O 0.0033(3) 0O
01 0.0040(10)  0.0100(14) 0.0125(11) O 0.0026(9) 0
02 0.0053(11)  0.0048(13) 0.0165(11) 0 0.0049(9) 0

A.4 CCDC numbers

Crystallographic information files [CIF] of the investigated structures in this thesis have been depos-
ited with the Cambridge Crystallographic Data Centre [CCDC]. Copies of the data can be obtained on

quoting the depository numbers in Table A-13.

Table A-13. Deposition numbers for the Cambridge Crystallographic Data Centre.

Compound Deposition Number

CaFeO,Cl 1957141

(TMA )osFesSe, 2052684
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