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1 Introduction    

"Since solids bring to mind the idea of volume it may seem paradoxical 

to speak about low-dimensional solids, at least from the stand point of 

chemistry." (Jean Rouxel, 1996, p. 1)1 

Existing in a three-dimensional world, the concept of lowered dimensio-

nality is scarcely tangible. The term alone is already vague, since real 

two-, one- or zero-dimensional solids cannot exist. Therefore it is prefer-

able to refer to this concept as anisotropy or quasi-dimensionality instead 

[Figure 1-1 turquoise box]. In addition, anisotropy of physical properties 

and anisotropy of the chemical structure must be considered separately, 

since they do not necessarily cohere.1,2 In terms of anisotropic physical 

properties, examples range from simple mechanical motion, over elec-

trical conductivity or optical response, to modern phenomena such as 

charge density waves or the quantum Hall effect.1-3 This leads to a variety 

of potential applications, for instance in micromechanical systems, shape 

memory devices, solar-cells or waste-heat-recovery technologies.4-10 The 

abundance of possibilities is steadily increased by new research fields 

concerned with design and fabrication of appropriate materials.4 Howev-

er, elaborating new approaches is not trivial, since the physical properties 

of a 3D bulk material are not mandatorily transferable to dimensionally 

reduced phases. In addition, completely unaccustomed physical proper-

ties can occur in low-dimensional systems.1 Conversely, there are also 

long-range ordered physical phenomena, like magnetic order, which do 

not exist below 2D space at all.11,12 
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Figure Figure Figure Figure 1111----1111 Schematic representation of dimensional reduction of a three-
dimensional solid to quasi-low-dimensional structures [turquoise box], intercala-
tion of neutral spacers into the van der Waals gaps [pink box], exfoliation to two-, 
one- and zero-dimensional solids [grey box] and heterostructures by juxtaposi-
tion of different low-dimensional structures [orange box]. 

When considering quasi-dimensionality from a chemical point of view, 

the presence of multiple types of chemical bonds in the crystal structure 

is decisive for its occurrence. Building blocks held together by strong 

chemical interaction, like covalent or metallic bonds, form extended 

motifs such as layers or chains. They are connected by weak van der 

Waals forces overcoming the Coulomb repulsion.13 For this reason the 

term van der Waals materials has become established, especially for quasi-

2D structures.14,15 Examples of such layered compounds are numerous, 

comprising unary systems like graphene or silicene, binary materials like 
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h-BN or transition metal chalcogenides, or ternary metal chalcogenides 

and halides.15 The richness of chemically and physically diverse quasi-

two-dimensional compounds opens the possibility of combining these 

van der Waals materials to novel heterostructures, which, in turn, can 

exhibit unexpected properties [orange box in Figure 1-1].14 

The construction of two-dimensional heterostructures, especially for 

application in electronic devices, has become the focus of current re-

search, since quasi-2D materials cover the full range of electronic prop-

erties, from insulators to metals or even superconductors.14,15 For design 

and fabrication, theoretical, physical and chemical methods complement 

each other to overcome difficulties arising in both manufacturing and 

characterization.16 Nowadays, the most common methods of production 

divide into direct synthesis by chemical vapor deposition and manual 

stacking after exfoliation of quasi-2D precursors.17 For the latter, the 

exfoliation technique depends on the corresponding compound and can 

be for instance mechanical, electrochemical or supported by solvent 

treatment or intercalation [pink box in Figure 1-1].18-23 The task of chem-

ists towards usable low-dimensional materials is therefore not only to 

synthesize new precursors, but also to find possibilities for weakening 

the van der Waals attraction with regard to exfoliation. 

One of the best studied groups of low-dimensional solids are transition 

metal chalcogenides, since they exhibit a great variety of structures and 

physical properties. Considering only binary compounds, the most 

common structures are layered, with stoichiometries MCh or MCh2.15,24 

The latter are composed of hexagonal layers of edge-sharing trigonal 

prismatic or octahedral MCh6 polyhedra and are found in trigonal, hex-

agonal and rhombohedral polymorphs and different stacking variants.25 

The best known example of this group is MoS2, which is a semiconduc-
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tor as bulk material, but whose properties dramatically change for ultra-

thin crystals.21,26 Through additional intercalation, heterostructuring or 

gating, a variety of properties, like photosensitivity, photo- and electroca-

talytic activity, luminescence or transport inhibition are accessible. This 

gives rise to applications in solar cells, water electrolysis or field effect 

tunneling transistors.26-32 

Stoichiometric transition metal chalcogenides, MCh, typically exhibit 

either a layered tetragonal or a three-dimensional hexagonal structure.24 

The tetragonal anti-PbO type is built up from layers of edge-sharing 

MCh4 tetrahedra and is mostly found for the iron chalcogenides.33-35 

β-FeSe definitely represents the most intensely studied among these, 

since in 2008 superconductivity below 8 K has been detected for this 

compound [Figure 1-2 left].36 It is the simplest compound within the 

family of iron based superconductors, since the structurally similar iron 

arsenides require intermediate layers to compensate the charge of the 

FeAs layers.37 In terms of its physical characteristics, however, β-FeSe is 

not simple at all.38 An iron based superconductor typically passes a tetra-

gonal-to-orthorhombic phase transition, a nematic region and the emer-

gence of an antiferromagnetic order upon cooling. Superconductivity is 

induced by suppression of this magnetic order through chemical doping 

or external pressure.37,39 This is not true for β-FeSe, since apparently 

undoped samples show superconductivity. Furthermore, no magnetic 

order is observed upon cooling, whereas a phase transition to 

orthorhombic symmetry at 90 K and a nematic phase have been re-

ported.40-43 This is unusual, because it is widely assumed that these prop-

erties cohere.38 An increase in the superconducting transition tempera-

ture of β-FeSe is achieved by intercalation of spacing layers into the 

van der Waals gap. These additional layers can consist of single cations 

to form AxFe2Se2 [A = K, Rb, Cs, Tl; Tc up to 32 K], cointercalates with 
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organic molecules like in Ax(NH3)yFe2Se2 [A = Li, K, Rb, Cs, Ba; Tc up 

to 44 K] or Ax(diamine)yFe2-zSe2 [A = Li, Na, Sr; Tc up to 46 K], or qua-

si-2D layers as in [(Li1-xFex)OH](Fe1-yLiy)Se [Tc = 43 K].44-60 The Tc of 

pure β-FeSe also increases under hydrostatic pressure with a maximum 

of 37 K at 7 GPa.61,62 The most remarkable findings, however, were 

transition temperatures above 100 K in single FeSe layers grown on 

SrTiO3 substrates.63,64 Although further investigations showed a strong 

dependence of Tc on the electronic doping by the substrate, the underly-

ing mechanism leading to high Tc still remains inexplicable.65,66 Due to 

this, β-FeSe still remains in the focus of research despite numerous stu-

dies published so far. With regard to exfoliation to thin films, solution-

based processes and intercalation with neutral spacer layers to weaken 

the van der Waals interactions have also gained increasing scientific at-

tention in recent years. 

 

Figure Figure Figure Figure 1111----2222 Crystal structures of the quasi-two-dimensional transition metal chal-
cogenides $-FeSe [left] and Fe3GeTe2 [right]. 



6 1  Introduction 

 

Looking at ternary transition metal chalcogenides, one group of quasi-

two-dimensional compounds with a particularly large number of repre-

sentatives stands out, the so called metal phosphorous trichalcogenides 

MPCh3. Their layers are composed of MCh6 octahedra and P2Ch6 units 

and stacked to either build a rhombohedral or a monoclinic lattice.67 The 

materials of this compound class cover a wide range of physical proper-

ties, with magnetic materials recently arousing increased interest. This is 

mainly caused by the fact that magnetism in 2D films has been realized 

despite the Mermin-Wagner theorem, which excludes magnetic ordering 

in low-dimensional solids.11,68 The effect was first shown for monolayers 

of FePS3 and the structurally similar compounds CrSiTe3 and Cr2Ge2Te6, 

which are all ferromagnetic in their bulk phases.69-72 Although the prop-

erties are not necessarily preserved upon transition to single layers, many 

ferromagnetic quasi-2D compounds have since been investigated in 

order to obtain further two-dimensional magnets.11 One of the most 

intensively studied compounds is the iron germanium chalcogenide 

Fe3GeTe2, with a Curie temperature of 230 K.73-77 Its structure is com-

posed of layered Fe-FeGe-Fe blocks separated by van der Waals gaps 

between the Te atoms [Figure 1-2 right]. The ferromagnetic order is 

retained when the structure is exfoliated, but associated with a lowering 

of TC, depending on the method.78-80 However, ionic gating raises the 

ordering temperature above room temperature, which demonstrates the 

great potential of Fe3GeTe2 thin films for application in magnetoelec-

tronic devices.80 The compound is even more interesting for future ap-

plications, since it has already been shown, that its properties can be 

further modified by substitution or intercalation. In Fe3-δ-xNixGeTe2 the 

magnetic ordering is continuously suppressed with increasing x due to 

dilution of the magnetic moments, while in Fe3-δGe1-xAsxTe2 the lowered 

transition temperature is attributed to structural changes.77,81,82 In con-
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trast to these substitutions, intercalation of Na atoms into the van der 

Waals gap only slightly changes TC.83 Altogether, through potential inter-

play of magnetic dilution, structural alteration and electronic doping via 

intercalation, numerous possibilities remain to further drive the system 

towards suitable 2D magnets. 

This thesis is divided into two parts, both of which are based on quasi-

two-dimensional transition metal chalcogenides, β-FeSe and Fe3GeTe2. 

In the first part solvothermal synthesis is presented as a method to ob-

tain β-FeSe and dimensionally reduced phases. This method offers the 

advantage of relatively mild conditions and, at the same time, provides a 

multitude of parameters potentially affecting the products.84 In chapter 2 

ethylenediamine [en] is used as a solvent, which is known to 

dimensionally reduce the FeSe layers to quasi-1D chains by incorpora-

tion into the structure to form Fe3Se4(en)2.85 In chapter 2.1 a gradual 

reduction of the β-FeSe structure is achieved by diluting en with glycerol 

and thereby gaining close control over the ligand-to-metal ratio during 

synthesis. In this context the quasi-2D compound Fe0.85Se(en)0.3 and the 

quasi-1D compounds Fe10Se12(en)7 and Fe3Se4(en)3 were synthesized and 

characterized for the first time. Fe3Se4(en)3 and Fe0.85Se(en)0.3 are ex-

amined in more detail in chapters 2.1.1 and 2.1.2, respectively. Since 

strong dependencies between the parameters in solvothermal synthesis 

are extant, chapter 2.2 concentrates on the influence of the dilution, 

especially on the reaction pressure. On this account, glycerol is replaced by 

methanol, which leads to incorporation into the double chain structure 

forming Fe20Se24(en)13(MeOH). In chapter 3 β-FeSe is synthesized under 

solvothermal conditions using a mixture of propane-1,3-diamine 

[1,3-dap] and glycerol. The product is superconducting, which is not self-

evident, as previous solvent-based attempts often led to non-
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superconducting phases.86,87 Furthermore, β-FeSe obtained by the solvo-

thermal route in 1,3-dap exhibits no tetragonal-to-orthorhombic phase 

transition, which has been considered to be crucial for superconductivity 

until today. The product is therefore carefully characterized and com-

pared to samples produced by vapor-transport and hydrothermal synthe-

sis.  

In the second part of the thesis two new compounds closely related to 

Fe3GeTe2 are synthesized via solid state reactions. Fe2.3GeTe [chap-

ter 4.1] and Fe5–δGeTe2 [chapter 4.2] are both quasi-two-dimensional 

with different numbers of atomic Fe and FeGe layers between the Te 

layers. Both compounds show stacking disorder and exhibit a ferromag-

netic order upon cooling. Furthermore, the influence of Ni substitution 

on the magnetic order is investigated for the solid solution 

Fe5-δ-xNixGeTe2. 
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Abstract 

Dimensional reduction of superconducting anti PbO-type iron selenide 

has been achieved by terminating the tetragonal square layers of FeSe4/4 

tetrahedra by ethylenediamine [en] ligands. We obtained three new struc-

tures in the Fe-Se-en system. Fe3Se4(en)3 contains FeSe2 single chains 

bridged via Fe(en)3 complexes. Fe10Se12(en)7 has Fe2Se3 double strands 

separated by Fe(en)3 complexes and free en molecules. Fe0.85Se(en)0.3 con-

serves the tetragonal layers of bulk FeSe which are now widely separated 

by en molecules. Through systematic dilution of the solvent we were able 

to introduce an additional parameter in solvothermal synthesis and thus 

have control over the connectivity of the tetrahedra. Additionally, a 

                                                           

a Supplementary Information in appendix A.1 
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phase diagram of the Fe-Se-en system is generated by variation of the 

reaction temperature. The magnetic properties of the FeSe derivatives 

range from superconductivity and antiferromagnetism to paramagnetism. 

Introduction 

The concept of dimensional reduction of solid state materials has recent-

ly attracted increased attention and new strategies have been developed 

to change the framework connectivity of inorganic lattices.1 The proper-

ties of the less tightly connected derivates, e.g. optical, electronic or mag-

netic behavior, differ from those of the parent structures, while the metal 

coordination geometry mode is still preserved.1-3 One approach to re-

duce the dimensionality is to terminate the framework along specific axes 

by organic ligands.1,2,4,5 These ligands often have the advantage of only 

weak coordination to the reduced fragments. As a result the properties 

of single building blocks of the inorganic lattice can be investigated.4 

Furthermore, organic ligands show a rich structural diversity, so tuning 

of the connectivity and properties is possible by changing the ligand 

structure or binding type.1,5 In addition, there is a wide range of parame-

ters, including starting materials, ligand-to-metal ratio, reaction type and 

reaction conditions, which affect the connectivity of the stabilized frag-

ments.1,2 

Ligands containing amino groups are versatile to terminate inorganic 

frameworks due to their behavior as uncharged Lewis bases. For exam-

ple, the dimensional reduction of II–VI binary chalcogenide compounds 

is realized in compounds with a general formula MnQnL0.5 [M = Zn, Cd; 

Q = S, Se; L = monoamine], where the 3D zinc-blende or wurtzite bulk 

structure (MQ) is confined to single atomic layers [n = 1] or double layers 

[n = 2].6 Further reduction of a layered metal chalcogenide structure 
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down to one-dimensional fragments has been achieved in the Ti-S-en 

system [en = ethylenediamine].2 The TiS2 structure can be either interca-

lated by en to form 2D hybrid frameworks, or terminated by the en li-

gands to form single chains.7,8 For thiogallate based structures even the 

reduction of a 3D network to a quasi-1D compound has been accom-

plished.9 GaS2 chains in Ga2S4Mn(en)2 are connected to a 3D network via 

Mn(en)2 complexes. GaS4 and GaS3N tetrahedra in Ga4S7(en)2(enH2) form 

a layered structure and in Ga2S4Mn(en)3 the GaS2 chains are separated by 

Mn(en)3 complexes. Comparable dimensional reduction of the quasi-2D 

PbO-type structure of the superconductor FeSe has been realized in 

Fe3Se4(en)2, where FeSe2 chains are connected via Fe(en)2 complexes.4 The 

chains are arranged parallel and are composed of FeSe tetrahedra sharing 

opposing edges. Superconductivity does not persist in Fe3Se4(en)2, but 

antiferromagnetism can be found within the chains. 

By changing the ligand-to-metal ratio in solvothermal synthesis we dem-

onstrate, how the condensation of the tetrahedra in the Fe-Se-en system 

can be tuned. The dilution of ethylenediamine with glycerol leads to reduc-

tion of the amine available for the reaction. On this account we were 

able to synthesize two new compounds. Fe10Se12(en)7 and Fe0.85Se(en)0.3 

show higher connectivity of the FeSe tetrahedra and dimensionality 

changes from Fe2Se3 chains to isolated FeSe layers, respectively. The 

degree of condensation increases with the amount of glycerol. Thus we 

have chemical control over the polyhedral connectivity in the Fe-Se-en 

system. Additionally, we were able to produce a phase diagram of the 

system by varying the reaction temperature. In this context, we detected 

the new compound Fe3Se4(en)3 with similar tetrahedra connectivity as in 

Fe3Se4(en)2 but different terminating ligands, so the 3D character is atte-

nuated. 
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Experimental 

Solvothermal syntheses were carried out in Teflon-lined steel autoclaves 

[50 mL]. Fe powder [Chempur, 99.9%] and Se powder [Chempur, 

99.999%] were weighted in 1 : 1 molar ratio for a total amount of 50 mg 

and 100 mg of NH4Cl [Kraft, purissimum] were added as a mineralizer. 

Ethane-1,2-diamine [en, Merck, ≥99%] and propane-1,2,3-triol [glycerol, 

Grüssing, 99%] were added in corresponding ratio to a filling fraction of 

the autoclave of 70% [35 mL]. The autoclaves were heated to 160-

220 °C for 5 days. For Fe3Se4(en)2, Fe3Se4(en)3 and Fe10Se12(en)7 black 

needle shaped crystals were obtained as a product while Fe0.85Se(en)0.3 

resulted in plate like metallic crystals. The products were washed with 

water, ethanol and acetone and treated by ultrasound and centrifugation 

at each step. Samples were dried under vacuum at room temperature. All 

products are stable at dry air for several days. 

X-ray diffraction patterns of the powdery samples were collected using 

either a Stoe Stadi P diffractometer [Mo-Kα1 radiation; Ge-111 monoch-

romator] with capillary sample holder or a Huber G670 diffractometer 

[Cu-Kα1 radiation; Ge-111 monochromator] with flat specimen holder. 

The former was also used for high temperature PXRD measurements 

between 293 and 1073 K. Low temperature measurements between 10 

and 290 K were done on a Huber G670 diffractometer [Co-Kα1 radia-

tion; Ge-111 monochromator] with Low Temperature Device 670.4 and 

closed cycle He cryostat. Rietveld refinements were done using TOPAS 

package.10 Single crystal analyses were performed on a Bruker D8-Quest 

diffractometer [Mo-Kα radiation; graphite monochromator] and structure 

refinements were done using Jana2006 program package.11 The composi-

tion of the compounds regarding the Fe : Se ratio were verified by ener-

gy-dispersive spectroscopy measurements on a Zeiss Evo-Ma10 micro-
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scope with Bruker X-Flash 410-M detector. For analysis of the C : N : H 

ratio CHNS elemental analysis was used. Magnetic measurements were 

carried out on a Quantum Design SQUID Magnetometer MPMS XL-5. 

Results and discussion 

Crystal structures. Fe3Se4(en)3 has a triclinic structure with space group 

P1̄ and the lattice parameters a = 9.104(4) Å, b = 10.398(4) Å, c = 

11.675(5) Å, α = 109.88(1)°, β = 96.37(2)° and γ = 114.09(1)°. The struc-

ture was solved from single crystal X-ray data [Mo-Kα radiation]. 

Hydrogen positions were not determined from the data, but added with 

C-H distances of 1.09 Å and N-H distances of 1.04 Å.12 The positions 

were then refined with constrained bond lengths, angles and ADPs [iso-

tropic, extension factor 1.2].  

 

Figure Figure Figure Figure 2222----1111 Schematic view of the Fe3Se4(en)3 structure along [001]: orange 
spheres represent Fe(en)3 complexes (A); (B) FeSe2 single chain of Fe3Se4(en)3 
with tilted tetrahedra compared to single chain of Fe3Se4(en)2. 

The structure of Fe3Se4(en)3 [Figure 2-1] is similar to the structure of the 

literature known compound Fe3Se4(en)2.4 Both contain parallel FeSe2 
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chains consisting of FeSe tetrahedra sharing opposing edges. In 

Fe3Se4(en)3 the chains are slightly distorted because the tetrahedra are 

alternately tilted towards each other [Figure 2-1 B]. The distortion of the 

tetrahedra itself with Fe-Se distances of 2.339(1)-2.423(1) Å and angles 

∢Se-Fe-Se of 100.0(1)-118.1(1)° is also stronger than in Fe3Se4(en)2 

[d(FeSe) = 2.353-2.397 Å, ∢Se-Fe-Se = 103.8-117.1°].4 The FeSe2 chains 

in the new structure are not connected via Fe(en)2 complexes as in 

Fe3Se4(en)2, but Fe(en)3 complexes are located between the chains [Fig-

ure 2-1 A]. The central Fe atom binds to six nitrogen atoms of the three 

en molecules in a distorted octahedral coordination with average Fe-N 

distance of 2.216(20) Å. While in Fe3Se4(en)2 Fe-Se bonds connect the 

chains, in Fe3Se4(en)3 they are only linked via hydrogen bonds. The short-

est Se⋯H-N distances of the H atoms of the coordinating en and the 

chains are 2.473(1)-2.944(1) Å. In comparison, the average Se-H distance 

in Fe3Se4(en)2 is 2.56 Å. So the chains in the new structure are less tightly 

connected due to missing Fe-Se bonds and weaker hydrogen bonds. A 

similar situation is realized in the compound Fe3Se4(dien)2 with the triden-

tate ligand diethylenetriamine [dien].5 Here also slightly tilted FeSe2 chains 

are separated by Fe(dien)2 complexes which are only connected to the 

chains by hydrogen bonds [d(Se⋯H-N) = 2.62-3.00 Å]. Other structures 

with comparable single chains are found in the system of the thiogallates 

solvothermally reacted with en.9 Ga2S4Mn(en)2 shows similar structural 

motifs as Fe3Se4(en)2 with GaS2 chains connected to a 3D network by 

Mn(en)2 complexes, while in Ga2S4Mn(en)3 the GaS2 chains are isolated 

by Mn(en)3 complexes like in Fe3Se4(en)3.  

The crystal structure of Fe10Se12(en)7 was determined by single crystal 

X-ray diffraction [Mo-Kα radiation] at 120 K due to the large movement 

of the en molecules in the structure. Positions of the H atoms of the en 

molecules were not resolved from the data but treated as described 
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above. Fe10Se12(en)7 exhibits an orthorhombic cell with monoclinic space 

group P21/n and the lattice parameters a = 9.323(2) Å, b = 12.273(2) Å 

and c = 20.821(4) Å [a = 9.416(5) Å, b = 12.345(7) Å, c = 20.993(11) Å at 

room temperature].  

 

Figure Figure Figure Figure 2222----2222 Schematic view of the Fe10Se12(en)7 structure along [010]: orange 
spheres represent Fe(en)3 complexes (A), yellow spheres represent en molecules 
(B); (C) Fe2Se3 double chain; (D) detail of the Fe2Se3 chain with longer [blue] and 
shorter [green] Fe-Se distances. 

The structure shows three different structural motifs [Figure 2-2]. 

Slightly distorted Fe2Se3 double chains composed of distorted FeSe te-

trahedra sharing three edges run along the b axis [Figure 2-2 C]. The 

linkage of the tetrahedra results in different bridging Se atoms [Fig-

ure 2-2 D]. Fe-Se distances of the µ3 and µ4 Se atoms in the backbone of 

the chains are slightly larger [2.380(1)-2.473(1) Å] than the Fe-Se dis-

tances of the µ2 Se atoms at the edges [2.322(1)-2.380(1) Å]. These dif-

fering bond lengths and the angles ∢Se-Fe-Se with 100.9(1)-123.5(1)° 

show the strong distortion of the tetrahedra compared to β-FeSe 
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[d(FeSe) = 2.393 Å, ∢Se-Fe-Se = 104.0-112.3°] and the structures con-

taining single FeSe2 chains [see above].13 Fe2Se3 double chains are known 

in the literature for example in the structure of BaFe2Se3, where the 

chains are separated by Ba atoms.14 Although all tetrahedra are con-

nected via three edges, as in Fe10Se12(en)7, the arrangement results only in 

µ2 and µ4 Se atoms due to the more regular structure of the chains. The 

tetrahedra show Fe-Se distances of 2.396-2.444 Å and angles ∢Se-Fe-Se 

of 107.8-112.6° and are therefore also less distorted.14 In Fe10Se12(en)7 

Fe(en)3 complexes with average Fe-N distance of 2.219(13) Å are located 

between the double chains [Figure 2-2 A]. These are similar to those 

found in Fe3Se4(en)3. The chains are also only linked by hydrogen bonds 

with shortest Se⋯H-N distances of 2.520(1)-2.712(1) Å of the H atoms 

of the coordinating en and the µ2 Se atoms. In addition to the Fe(en)3 

complexes non-coordinating en molecules are found between the chains 

[Figure 2-2 B]. These molecules are held in space by Se⋯H-N and 

Se⋯H-C bonds to Se atoms of the double chains [2.799(1)-3.182(1) Å] 

and are located between the chains along the a axis. Due to these large 

Se-H distances the non-coordinating en molecules are weakly bound in 

the framework and show large thermal displacements at higher tempera-

tures. The en molecules of the Fe(en)3 complexes show anisotropic ADPs 

as well [see Table A-2], even at 120 K. Anisotropy of all ellipsoids of the 

N and C atoms show the facilitated movement around the central Fe 

atom of the Fe(en)3 complex, while the Fe-C and Fe-N distances are 

affected little by the thermal movement. 

Fe0.85Se(en)0.3 exhibits a monoclinic structure with space group C2/c and 

lattice parameters a = 3.904(1) Å, b = 21.527(2) Å, c = 3.859(1) Å and 

β = 91.35(2)°. Single crystal X-ray diffraction [Mo-Kα radiation] yielded 

only low-resolution data [1.1 Å] due to the poor crystal quality. Addi-

tional twinning finally impeded a satisfactory refinement of the parame-
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ters, especially the site occupation factors. Only the C-centered cell and 

the positions of the Fe and Se atoms could be determined. Therefore the 

structure was subsequently refined from X-ray powder diffraction data. 

The atoms of the en molecules are not resolved, so the molecules were 

treated as rigid bodies with fixed geometry according to the literature.12 

The scattering contributions of the en molecules are very low, but even 

this very small additional scattering improves the Rietveld fit. 

Nevertheless, we point out that the en positions given here should be 

considered as a model consistent with but not strictly determined from 

powder diffraction data.  

 

Figure Figure Figure Figure 2222----3333 Fe0.85Se(en)0.3 structure along [001] [en partly omitted]. A), B) Projec-
tions of Fe0.85Se(en)0.3 and FeSe layers with shorter Fe-Fe distances marked by red 
and green lines. 

The structure consists of FeSe tetrahedral layers intercalated by en 

[Figure 2-3]. Refinement of the site occupation indicates an iron defi-

ciency of about 15-25%, but the strong correlations of the occupation 

with the displacement parameter at the iron site allowed no reliable de-

termination from diffraction data. The site occupation factors for Riet-

veld refinement were at last taken from chemical analysis [see Table A-8 
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and Table A-9] with a resulting stoichiometry of Fe0.85Se(en)0.3. The dis-

tance of the layers in the structure of Fe0.85Se(en)0.3 amounts to 10.78 Å 

and agrees with those of the superconducting compounds 

Ax(en)yFe2
-
zSe2 [A = Li, Na] [10.37-10.95 Å] which contain additional 

alkali ions.15-17 The stacking of the layers in Fe0.85Se(en)0.3 however differs 

from those in the alkaline-containing compounds as well as from the 

binary β-FeSe. In the latter iron and selenium atoms are stacked one 

above the other [Figure 2-3 B] while every second layer is shifted in the 

new compound, where iron and selenium are stacked alternatively 

[Figure 2-3 A]. Similar stacking of layers is known from LaMnSi2-type 

structures.18 The FeSe tetrahedra are weakly distorted with Fe-Se dis-

tances of 2.405 Å and 2.426 Å and angles ∢Se-Fe-Se between 106.7° and 

111.7°. The Fe-Fe distances in the distorted square Fe net are 2.712 Å 

and 2.776 Å and reveal the typical stripe-type motif of the shorter Fe-Fe 

bonds shown as red and green lines in Figure 2-3 A and B. Thus the 

structures of the respective iron selenide layers are very similar in 

Fe0.85Se(en)0.3 and orthorhombic FeSe [T < 90 K]. 

Rietveld refinement of powder patterns of Fe3Se4(en)3, Fe10Se12(en)7 and 

Fe0.85Se(en)0.3 yield good results [Figure 2-4], so the structure solutions 

are considered accurate. For Fe3Se4(en)3 Fe is detected as a side phase 

[<1 wt%] and additional reflexions of a so far unknown phase are visible 

in the diffractogram [d = 10.7 Å, 10.2 Å, 8.6 Å, 8.4 Å; see chapter 2.1.1]. 

The new structures are shown in Figure 2-5 together with β-FeSe and 

Fe3Se4(en)2.4,19 In Fe0.85Se(en)0.3 the FeSe layers are isolated by neutral 

spacer layers with almost doubled layer distance [10.78 Å] compared to 

PbO-type FeSe [5.52 Å].13 The degree of condensation of the FeSe tetra-

hedra is decreased from four to three shared edges in Fe10Se12(en)7 and 

two edges in Fe3Se4(en)2 and Fe3Se4(en)3. So stepwise dimensional reduc-

tion of the β-FeSe structure is realized in the Fe-Se-en system with iso-
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lated layers in Fe0.85Se(en)0.3, double chains in Fe10Se12(en)7 and single 

chains in Fe3Se4(en)2 and Fe3Se4(en)3. While the single chains in 

Fe3Se4(en)2 are connected via Fe-Se bonds the chains are almost not con-

nected in Fe3Se4(en)3. 

 

Figure Figure Figure Figure 2222----4444 Rietveld refinement of powder diffraction patterns [Mo-Kα1] of 
Fe3Se4(en)3 [top], Fe10Se12(en)7 [middle] and Fe0.85Se(en)0.3 [bottom]. 
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Figure Figure Figure Figure 2222----5555 Crystal structures of $-FeSe, Fe0.85Se(en)0.3, Fe10Se12(en)7, Fe3Se4(en)2 
and Fe3Se4(en)3. 
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Phase diagram. The new compounds in the Fe-Se-en system were ob-

tained by changing the ligand-to-metal ratio in solvothermal synthesis. 

This was achieved by diluting the solvent en by glycerol while the amount 

of Fe and Se was maintained. We investigated the stability ranges of the 

phases regarding the degree of dilution and the synthesis temperature. 

Figure 2-6 shows the resulting phase space diagram between 160 °C and 

220 °C and 0% and 50% glycerol content. The composition of the prod-

ucts was calculated from powder diffraction data by Rietveld refinement 

and phase ranges were estimated from the main phases of the obtained 

products [see Table A-10]. Higher ratios of en : glycerol than 50 : 50 

yielded mixed phases containing FeSe, FeSe2 and Fe3Se4 in various com-

positions. So if the ligand-to-metal ratio is too low no en is inserted into 

the structure. Below 170 °C and 30% glycerol just amorphous products 

containing traces of the educts were obtained. Fe3Se4(en)2 is stable from 

190 °C and between 0% and 10% of glycerol. Phase pure synthesis is poss-

ible for 0% glycerol between 200 °C and 220 °C. For lower temperatures 

and pure en Fe3Se4(en)3 is found as main phase. Small amounts of iron 

and an unknown component [see chapter 2.1.1] are found at 170 °C as 

side phases. For dilution between 10% and 40% and temperatures be-

tween 180 °C and 210 °C phase pure Fe10Se12(en)7 is synthesized. At 

higher degrees of dilution the intercalated structure Fe0.85Se(en)0.3 

represents the main phase. At 200 °C and 50% of glycerol phase pure 

synthesis with good crystallinity is achieved.  

Increasing crystallinity with synthesis temperature is found for all phases 

by analysis of the full width at half maximum [FWHM] of the corres-

ponding main reflex of the powder patterns [Cu-Kα1 radiation]. For 

Fe3Se4(en)2 the FWHM decreases from 0.163° at 190 °C to 0.130° at 

220 °C at 0% glycerol [2θ = 12.54°]. For Fe3Se4(en)3 at 0% glycerol FWHMs 
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of 0.182° at 170 °C and 0.156° at 180 °C are determined [2θ = 10.93°]. 

At 20% glycerol for Fe10Se12(en)7 a decrease from 0.220° to 0.204° is found 

at 180 °C and 210 °C, respectively [2θ = 10.23°]. The largest effect of the 

temperature is observed for Fe0.85Se(en)0.3 with a FWHM of 0.320° at 

160 °C and 0.211° at 220 °C at 50% dilution [2θ = 8.12°]. The phase 

diagram shows the dependence of the connectivity of the tetrahedra on 

the degree of dilution and therefore on the ligand-to-metal ratio. The 

degree of condensation of the FeSe tetrahedra is increased with the glyce-

rol content. Thus by this additional parameter in solvothermal synthesis 

we have chemical control over the connectivity of the polyhedra in the 

Fe-Se-en system. 

 

Figure Figure Figure Figure 2222----6666 Synthetic phase space diagram of the Fe-Se-en system in dependence 
of the composition of the solvent and the temperature. Markings show main 
phases of the obtained products. 

Thermal expansion. The dimensional reduction in the Fe-Se-en system 

can be illustrated by means of the thermal expansion of the lattice para-

meters. We measured temperature dependent powder diffraction pat-
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terns [Co-Kα1 radiation] of Fe3Se4(en)3, Fe3Se4(en)2, Fe10Se12(en)7 and 

Fe0.85Se(en)0.3 between 10 K and 290 K and determined the lattice para-

meters by Rietveld refinements. Figure 2-7 shows the relative lattice 

parameters in dependence of the temperature with a0, b0, and c0 from 

refinement at 10 K, respectively. For Fe3Se4(en)3 strong differences in the 

relative expansion are observed for the different directions. While c re-

mains almost constant in the measured temperature range [∆c < 0.1%], 

a and b axis show a significant increase with temperature [∆a = 2.0%, 

∆b = 0.5%]. That is expected since the single chains in the structure are 

arranged parallel to the c axis and strong Fe-Se bonds prevent the expan-

sion in this direction. In a and b direction only weak hydrogen bonds 

connect the chains so expansion in these directions is facilitated. The 

larger increase in the a parameter compared to b may be due to the posi-

tion of the Fe(en)3 complexes in the structure, which are stacked alter-

nately with the chains in b direction. So there are less hydrogen bonds of 

en molecules in a direction. For Fe3Se4(en)2 all three lattice parameters 

exhibit almost the same low relative expansion [∆a = 0.4%, ∆b = 0.8%, 

∆c = 0.6%]. This is because in contrast to Fe3Se4(en)3 the chains in this 

structure are connected via Fe-Se bonds to Fe(en)2 complexes, so expan-

sion is hindered in all three directions. For Fe10Se12(en)7, the situation is 

similar to that for Fe3Se4(en)3. While the b parameter is almost unchanged 

with temperature [∆b = 0.2%] due to the double chains running along 

this direction, a and c show an increase [∆a = 1.1%, ∆c = 0.7%]. The 

different expansion in these two directions may also be due to different 

hydrogen bonding. In a direction non-coordinating en molecules are 

located between the chains, while in c direction the Fe(en)3 complexes are 

found. The complexes show shorter Se-H distances to the Fe3Se4 chains 

than the molecules [see above]. The smaller relative increase in the lattice 

parameters compared to Fe3Se4(en)3 could also be an account of the 
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shorter hydrogen bonds of the complexes to the chains. In Fe3Se4(en)3 

the average Se⋯H-N distance is 2.70(20) Å compared to 2.64(7) Å in 

Fe10Se12(en)7. In Fe0.85Se(en)0.3 the thermal expansion in the ac plane is 

prevented by the Fe-Se bonds in the FeSe layer [∆a = 0.4%, ∆c = 0.1%]. 

Along the layer stacking in b direction the expansion is facilitated due to 

the weak hydrogen bonds between the en molecules and the FeSe layers 

[∆b = 1.2%].  

 

Figure Figure Figure Figure 2222----7777 Relative lattice parameters between 10 K and 290 K for Fe3Se4(en)3, 
Fe3Se4(en)2, Fe10Se12(en)7 and Fe0.85Se(en)0.3 from Rietveld refinement. 

Overall, the thermal expansion measurements of the compounds reflect 

the dimensional reduction. While the layered structure of Fe0.85Se(en)0.3 

exhibits facilitated expansion in one direction, the 1D structures of 

Fe3Se4(en)3 and Fe10Se12(en)7 with weakly connected chains show facili-

tated expansion in two directions. Although Fe3Se4(en)2 shows 1D struc-
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tural elements with the FeSe2 single chains, the prevented thermal expan-

sion in all directions reveals more a 3D network character of the com-

pound. In addition to the thermal expansion we measured the decompo-

sition of the compounds by high temperature powder diffraction be-

tween 30 °C and 300 °C. After a monoclinic to orthorhombic phase 

transition en is deintercalated from Fe0.85Se(en)0.3 above 200 °C and 

β-FeSe is formed [see chapter 2.1.2 for further details]. Fe3Se4(en)2 and 

Fe10Se12(en)7 decompose above 140 °C and 110 °C, respectively, to FeSe2 

and elemental Fe and Se. 

Magnetic properties. Fe3Se4(en)2 is reported to exhibit an antiferro-

magnetic transition below 150 K.4 The interactions within the chains are 

stronger than between the chains, so a complete 3D ordering is not 

accomplished even at 10 K. β-FeSe is superconducting below 8 K.19 

Figure 2-8 shows the temperature dependence of the magnetic suscepti-

bilities of Fe10Se12(en)7, Fe3Se4(en)3 and Fe0.85Se(en)0.3 between 1.8 K and 

300 K at 1 T. Fe10Se12(en)7 is paramagnetic above 10 K, while below a 

deviation from the linear behavior in the inverse susceptibility is ob-

served. Modified Curie-Weiss fitting of the paramagnetic region gives 

χ0 = 0.0058(2) cm3 mol-1, Θ = -1.7(4) K and C = 8.48(5) cm3 mol-1 K. 

This yields an effective paramagnetic moment µeff of 8.23(2) µB per for-

mula unit. If all Fe atoms contribute to the magnetization, this would 

lead to much smaller moments per Fe atom than expected for Fe2+ 

[4.90 µB, S = 2] or Fe3+ [1.73 µB, S = 1/2 or 5.92 µB, S = 5/2]. Assuming 

that only the Fe atoms in Fe(en)3 complexes contribute to the magnetiza-

tion, a moment of µeff(Fecomplex) = 5.82(2) µB is obtained, which is near to 

the value expected for high-spin Fe3+. However, in the literature several 

compounds with Fe(en)3 complexes are found, which mainly contain 

high spin Fe2+ or low spin Fe3+.20-24 Moreover, typical Fe-N distances for 
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high spin Fe3+ complexes are 2.0 Å, while the average distance of 

2.219(13) Å in Fe10Se12(en)7 indicates high spin Fe2+ ions (typical distance 

2.2 Å).25,26 Given the fact that we do not concretely know the contribu-

tion of the FeSe tetrahedral chains to the magnetic susceptibility, a Fe2+ 

high spin state for the en-coordinated Fe atoms in Fe10Se12(en)7 is more 

likely. Therefore the formula [Fe2+4Fe3+4Se2-12][Fe2+(en)3]2(en) is assumed 

which leads to different oxidation states of the Fe atoms in the double 

chains. This may be a consequence of the different environment of the 

Fe atoms due to different bridging Se atoms and the strong displacement 

of the chains. Both Fe2+ and Fe3+ oxidation states are found in the litera-

ture for edge-sharing FeSe tetrahedra.4,27 In Fe3Se4(en)2 the tetrahedral 

single chains show Fe3+ while β-FeSe and BaFe2Se3 contain Fe2+.4,28,29 

With AFe2Se3 [A = K, Rb, Cs] also mixed valence compounds are 

known which exhibit similar structures to BaFe2Se3.30,31 As already men-

tioned above, the structure of BaFe2Se3 contains more regular Fe2Se3 

double chains than Fe10Se12(en)7. The compound shows long range anti-

ferromagnetic order below ∼ 255 K.28,29 Whether the deviation from 

paramagnetism in Fe10Se12(en)7 can be attributed to a similar ordering 

remains to be clarified. 

The inverse susceptibility of Fe3Se4(en)3 shows no linear temperature 

dependence, whereby it must be noted that Fe [<1 wt%] is present in the 

sample. Modified Curie-Weiss fitting of the almost linear range between 

100 K and 300 K nevertheless yields satisfactory results with χ0 = 

0.0227(1) cm3 mol-1, Θ = -6.42(47) K and C = 4.39(2) cm3 mol-1 K. The 

small paramagnetic moment of 5.93(2) µB per formula unit again suggests 

the assumption that mainly the Fe atoms in Fe(en)3 complexes contribute 

to the magnetization. The moment µeff(Fecomplex) = 5.93(2) µB would give 

high spin Fe3+ for the Fe(en)3 complexes. Under consideration of the 

average Fe-N distance of 2.216(20) Å in Fe3Se4(en)3 and the similar struc-
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ture as Fe3Se4(en)2, however, a high spin Fe2+ state appears more likely 

here as well. Therefore the formula [Fe3+2Se2-4][Fe2+(en)3] is obtained. So 

Fe3Se4(en)3 like Fe3Se4(en)2 would contain only Fe3+ in the chains.4 The 

cause of the deviation from paramagnetism remains to be examined. 

Isothermal magnetization curves at 1.8 K indicate no ferromagnetism 

besides the Fe side phase [see Figure A-1].  

 

Figure Figure Figure Figure 2222----8888 Temperature dependence of the magnetic susceptibilities of 
Fe3Se4(en)3 [red], Fe10Se12(en)7 [blue] and Fe0.85Se(en)0.3 [green] at 1 T. Insert: 
Hondo-Owen corrected susceptibility of Fe0.85Se(en)0.3 [red] compared to suscep-
tibility of FeSe [orange] at 1 T. 

Fe0.85Se(en)0.3 is paramagnetic in the whole temperature range, but the 

inverse susceptibility is not linear and gives no suitable Curie-Weiss fit-

ting. Isothermal magnetization curves [see Figure A-1] and the field de-

pendency of the susceptibility indicate a ferromagnetic component, 

which may origin from traces of ferromagnetic impurities like Fe or 
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Fe3O4. In order to estimate the true paramagnetic susceptibility, the data 

were corrected by the Hondo-Owen method [insert in Figure 2-8], which 

is basically an extrapolation of the magnetization to infinite external field 

(1/B → 0).32 The correction yields 2 × 10-3 cm3 mol-1 at 295 K which is 

still one order of magnitude larger than in β-FeSe with 

6.6 × 10-4 cm3 mol-1 [see inset in Figure 2-8]. The reason for the absence 

of superconductivity in Fe0.85Se(en)0.3 is not clear. In the literature the 

composition of β-FeSe is discussed to play an important role and super-

conductivity only occurs near to 1 : 1 stoichiometry.33 This assessment is 

limited to iron rich phases though, because binary compounds Fe1
-
xSe 

with significant iron deficiency do not exist in PbO-type structure. In 

contrast to this, superconducting amine intercalated compounds 

Ax(en)yFe2
-
zSe2 [A = Li, Na, Sr] are Fe deficient with z up to 0.14.15-17,34 

At least in these compounds superconductivity is not suppressed by iron 

vacancies. Other reasons for the absence of superconductivity in 

Fe0.85Se(en)0.3 may be the different stacking of the FeSe layers compared 

with β-FeSe or the lack of electron doping due to the neutral amine mo-

lecules in the interlayers. The latter assumption is supported by the litera-

ture where Na0.39(en)0.77Fe2Se2 with Tc = 45 K is found to deintercalate 

Na by air exposure to form a dopant free phase.35 The deintercalation is 

accompanied by the disappearance of superconductivity in the com-

pound so electron doping seems to be a decisive factor for superconduc-

tivity in separated Fe1
-
xSe layers. 

Conclusions 

We achieved systematic dimensional reduction in the Fe-Se-en system by 

introducing dilution as a new control parameter in solvothermal synthe-

sis. By diluting the solvent en with glycerol, which does not participate in 

the reaction, we were able to stabilize different terminated fragments of 
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the β-FeSe layered structure. In Fe0.85Se(en)0.3 the layers are maintained 

but separated by uncharged molecular interlayers. Fe10Se12(en)7 shows 

double chains composed of tetrahedra sharing three edges. Further re-

duction to single chains is realized in Fe3Se4(en)3 and Fe3Se4(en)2 which 

exhibit comparable FeSe2 chains but different connections between the 

chains. A temperature dependent phase diagram shows the stability 

ranges of the compounds and the strong dependence of the structure 

dimensionality on dilution. Measurements of the thermal expansion of 

the lattice parameters illustrate the different dimensionalities of the com-

pounds. Additionally we investigated the impact of the dimensional re-

duction on the magnetic properties, which range from superconductivity 

and antiferromagnetism to paramagnetism. 
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2.1.1 Polymorphism of Fe3Se4(en)3   

Abstract 

The unknown side phase in samples of Fe3Se4(en)3 [described in chap-

ter 2.1] was successfully uncovered by single crystal X-ray diffraction 

measurements. Structure solution yielded the monoclinic space group 

P21 and lattice parameters a = 9.811(2) Å, b = 11.417(1) Å, c = 

16.639(3) Å and β = 92.18(1)°. The structural motifs, FeSe2 chains and 

Fe(en)3 complexes, are almost identical to those in Fe3Se4(en)3 and differ 

only in the distortion of the chains. Fe3Se4(en)3 thus occurs in two poly-

morphs, α- and β-phase, which cannot be separated via synthesis. 

Introduction 

Low-dimensional crystal structures are created by a high anisotropy of 

the chemical bonding. Within layers or chains there are strong ionic, 

covalent or metallic bonds, while between these motifs only weak inte-

ractions exist.36 Considering transition metal chalcogenides, low-

dimensional structures are more likely to occur for sulfides and selenides, 

since oxides preferentially exhibit ionic bonds, while tellurides tend to 

form metallic 3D networks.9,36 Beside the well-known group of 2D 

layered transition metal dichalcogenides MCh2, the interest in stoichi-

ometric MCh layered compounds built up by edge-sharing tetrahedra is 

growing.37 This is also due to the discovery of superconductivity in iron 

based chalcogenides.19 Corresponding one-dimensional structure motifs 

appear in AFeCh2 compounds [A = K, Rb, Cs; Ch = S, Se], for example, 

where the tetrahedral chains are separated by alkali ions.27,38 Through 

solution-based reactions the incorporation of organic ligands between 

the 1D chains succeeds, thereby reducing the strength of the ionic inte-
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ractions.4,5,39,40 In Fe3Se4(dien)2 and Fe3Se4(en)3 the chains are only con-

nected via hydrogen bonds from Se atoms of the FeSe4/2 tetrahedra to 

H atoms of Fe coordinating amine molecules.5,39 Depending on the 

strength of the bonding, the FeSe2 chains in all compounds show 

different distortion. 

In this chapter the structure of the β-polymorph of Fe3Se4(en)3, solved 

from single crystal X-ray diffraction, is shown. Despite similar structural 

motifs and interactions between FeSe2 chains and Fe(en)3 complexes the 

distortion of the 1D chains differs in comparison to the α-polymorph. 

Experimental 

Samples of Fe3Se4(en)3 were prepared via solvothermal synthesis in Tef-

lon-lined steel autoclaves [50 mL]. Fe powder [Chempur, 99.9%] and 

Se powder [Chempur, 99.999%] in 1 : 1 molar ratio for a total amount of 

50 mg, 100 mg of NH4Cl [Kraft, purissimum] and 35 mL 

Ethane-1,2-diamine [en, Merck, ≥99%] were filled in the autoclave and 

heated up to 170 °C or 180 °C for 5 days. The black, needle shaped 

products were washed with water, ethanol and acetone and subsequently 

dried under vacuum at room temperature. 

Single crystals were isolated using a light microscope and the unit cells 

were determined by X-ray diffraction on a Bruker D8-Quest diffracto-

meter [Mo-Kα radiation; graphite monochromator]. Entire data collec-

tion was done for a crystal with hitherto unknown cell parameters. Struc-

ture solution and refinement was carried out using Jana2006 program 

package.11 X-ray diffraction patterns at room temperature and tempera-

tures between 373 K and 473 K were collected on a Stoe Stadi P diffrac-
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tometer [Mo-Kα1 radiation; Ge-111 monochromator] with capillary sam-

ple holder, and Rietveld refinements were performed with TOPAS.10 

Results and Discussion 

All powder diffractograms of Fe3Se4(en)3 samples contain unknown 

reflections, as exemplary visible in Figure 2-4. Single crystals with lattice 

parameters deviating from Fe3Se4(en)3, isolated by X-ray diffraction tests, 

show a monoclinic cell with a = 9.811(2) Å, b = 11.417(1) Å, c = 

16.639(3) Å and β = 92.18(1)°. Final structure solution [Mo-Kα radiation] 

gives the space group P21 and a similar structure to Fe3Se4(en)3, shown in 

Figure 2-9 [hydrogen bond lengths, angles and ADP extension factors 

[1.2] were constrained according to the literature].12 

 

Figure Figure Figure Figure 2222----9999 Schematic view of the $-Fe3Se4(en)3 structure along [010]: orange 
spheres represent Fe(en)3 complexes (A); (B) One FeSe2 single chain of 
$-Fe3Se4(en)3 projected along two directions linked by a 90° rotation around the 
b axis. Tilting of the chains is defined by the angles φ1 to φ4 between adjacent 
faces of two edge sharing tetrahedra. 
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The new structure is built up by the same structural motifs as Fe3Se4(en)3, 

parallel FeSe2 single chains separated by Fe(en)3 complexes [Figure 2-9 B 

and A]. The compounds therefore exhibit the identical stoichiometry and 

are polymorphs. Hence, in the following the monoclinic structure, de-

scribed in this chapter, is referred to as β-Fe3Se4(en)3, while the triclinic 

structure, described in chapter 2.1, is referred to as α-Fe3Se4(en)3. 

Table Table Table Table 2222----1111 Average Fe-Se distances and angles ∢Se-Fe-Se, describing the distortion 

of the FeSe tetrahedra, and angles φ1-φ4, describing the distortion of the FeSe2 

chains, for the polymorphs of Fe3Se4(en)3 in comparison with Fe3Se4(en)2. 

 αααα----FeFeFeFe3333SeSeSeSe4444((((enenenen))))3333    $$$$----FeFeFeFe3333SeSeSeSe4444((((enenenen))))3333        FeFeFeFe3333SeSeSeSe4444((((enenenen))))2222    
4444    

     chain 1chain 1chain 1chain 1    chain 2chain 2chain 2chain 2        

d(Fe-Se) 
2.34(1)- 

2.42(1) Å 

2.35(1)- 

2.40(1) Å 

2.34(1)- 

2.40(1) Å 
2.35-2.40 Å 

∢(Se-Fe-Se) 
100.0(1)- 

118.1(1)° 

104.3(1)- 

115.8(1)° 

101.6(1)- 

114.7(1)° 
103.8-117.1° 

φ1, φ2 
88.51(2)°, 

145.83(3)° 

100.43(4)°, 

127.00(5)° 

85.71(5)°,      

144.87(6)° 
110.2°, 119.1° 

φ3, φ4 
117.34(2)°, 

117.38(2)° 

101.29(4)°, 

127.48(5)° 

115.65(5)°, 

116.54(5)° 
114.5°, 114.5° 

 

Despite the very similar arrangement of the structural motifs differences 

between the two polymorphs can be identified. The main reason for the 

approximate doubling of the unit cell volume in the monoclinic 

β-polymorph is the appearance of two crystallographic independent 

FeSe2 chains with different distortion. Thereby, the distortion of the 

tetrahedra themselves is not crucial with average Fe-Se distances of 

2.37(2) Å for both chains and angles ∢Se-Fe-Se of 104.3(1)-115.8(1)° 

and 101.6(1)-114.7(1)°, respectively. Rather, the tilting of the edge shar-
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ing tetrahedra towards each other is decisive, which is defined by the 

four angles φ1-φ4 between adjacent faces of neighboring tetrahedra [see 

Figure 2-9 B]. Table 2-1 gives φ1-φ4 for both chains in comparison to the 

α-polymorph and Fe3Se4(en)2, which also exhibits FeSe2 chains connected 

via Fe(en)2 complexes.4 Chain 1, located at the center of the unit cell [see 

Figure 2-9], is more distorted than the almost regular chains in 

Fe3Se4(en)2, but less than the chains in α-Fe3Se4(en)3. Chain 2, located at 

the cell edges, shows similar values as the significantly distorted chain in 

the α-compound. Nevertheless, the Fe-Se distances and angles 

∢Se-Fe-Se, which reflect the distortion of the tetrahedra, are in the same 

range for all structures. 

 

Figure Figure Figure Figure 2222----10101010 Rietveld refinement of a powder X-ray diffraction pattern [Mo-Kα1] 
with 80 mol% α-Fe3Se4(en)3 [blue], 8 mol% $-Fe3Se4(en)3 [green], 2 mol% 
Fe10Se12(en)7 [purple] and 10 mol% Fe [orange]. 

The distances of the parallel FeSe2 chains are slightly increased in the 

β-polymorph with 9.50(1) Å compared to the α-compound with 

9.10(1) Å. Average distances of the centers of the Fe(en)3 complexes are 



2.1.1  Polymorphism of Fe3Se4(en)3 45 

 

 

comparable with 8.01(7) Å and 8.17(2) Å perpendicular to the chain 

direction and 11.42(1) Å and 11.67(1) Å along chain direction, for the β- 

and α-polymorph, respectively. Fe-N distances within the complexes are 

davg(Fe-N) = 2.24(3) Å and shortest hydrogen bonds to the chains are 

davg(Se⋯H-N) = 2.72(15) Å. These values are also comparable to the 

known structures in the Fe-Se-en system containing Fe(en)3 complexes, 

α-Fe3Se4(en)3 [davg(Fe-N) = 2.22(2) Å, davg(Se⋯H-N) = 2.77(19) Å] and 

Fe10Se12(en)7 [davg(Fe-N) = 2.22(1) Å, davg(Se⋯H-N) = 2.75(16) Å]. 

For the powder X-ray diffraction data of all synthesized samples Rietveld 

refinements reveal α-Fe3Se4(en)3 as the main phase accompanied by 

around 10 mol% β-Fe3Se4(en)3. No samples containing pure α- or β-phase 

were produced. Figure 2-10 exemplary shows a Rietveld refinement of a 

sample additionally containing 2 mol% Fe10Se12(en)7 and 10 mol% ele-

mental Fe. In order to investigate a potential phase transition at high 

temperatures in-situ powder X-ray diffraction data was measured between 

100 °C and 200 °C [see Figure 2-11]. Decomposition of the sample starts 

at 140 °C, under formation of FeSe2 and little Fe3Se4 by release of en, and 

is complete above 180°C. Interestingly, a continuous decrease of the 

β-Fe3Se4(en)3 molar fraction is observed upon heating before the decom-

position starts [see insert in Figure 2-11]. Above 130 °C the β-phase 

vanishes completely, while the fraction of the α-phase increases till that 

temperature. This indicates a phase transition from β- to α-polymorph at 

elevated temperatures. However, due to the poor resolution of the mea-

surements, a decomposition of β-Fe3Se4(en)3 to amorphous products 

cannot be excluded. 
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Figure Figure Figure Figure 2222----11111111 Film plot of the in-situ high-temperature powder X-ray diffraction 
data [Mo-Kα1]. Insert: Molar fraction of $-Fe3Se4(en)3 [blue], α-Fe3Se4(en)3 [green] 
and FeSe2 [orange] in mol% from Rietveld refinement. Grey lines are guides to 
the eyes. 

Conclusions 

The presence of the unknown side phase in samples of Fe3Se4(en)3 can 

now be attributed to polymorphism revealed by structure solution of the 

β-phase through single crystal X-ray diffraction measurements. α- as well 

as β-Fe3Se4(en)3 are built up by parallel FeSe2 chains and Fe(en)3 complex-

es, and differ only in the distortion of the chains. Due to this pro-

nounced structural similarity, no synthetic separation of the polymorphs 

is possible. In-situ high temperatures powder X-ray diffraction measure-

ments are consistent with a phase transition from β- to α-polymorph 

before decomposition of the sample. 
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2.1.2 Fe0.85Se(en)0.3 – Separated FeSe layers with stripe-
type crystal structure by intercalation of neutral 
spacer molecules 

Juliane Stahl and Dirk Johrendt 

Parts published online: arXiv:1706.00314 [cond-mat.supr-con] 2017. 

Reproduced from Reference with permission from arXiv® (Cornell 

University). 

Abstract 

Solvothermal intercalation of ethylenediamine molecules into FeSe sepa-

rates the layers by 10.78 Å and creates a different stacking. Fe0.85Se(en)0.3 

is not superconducting although each layer exhibits the structure and 

Fermi surface of superconducting FeSe. Fe0.85Se(en)0.3 requires electron-

doping for high-Tc like monolayers FeSe@SrTiO3, whose much higher 

Tc may arise from the oxide surface proximity. 

Introduction 

The most exciting discovery in the field of iron based superconductors 

during the last five years is probably the observation of superconductivi-

ty as high as 65-100 K in iron selenide [β-FeSe] monolayers grown on 

SrTiO3 substrates with oxygen defects.41-43 This has demonstrated the 

general potential of iron selenide layers to achieve superconductivity near 

or even above liquid nitrogen temperature, however, reasons for the 

giant increase of the transition temperature from 8 K in bulk FeSe are 

still under debate.44 Calculations suggest an increased electron-phonon-

coupling through the proximity of the substrate, which remains never-
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theless too weak to explain a critical temperature of 65 K.45 Interestingly, 

FeSe monolayers grown on defect-free SrTiO3 or on graphene are not 

superconducting, while recent experiments with potassium-doped three-

layer films suggest that high-Tc superconductivity in FeSe requires elec-

tron doping of the layers.46,47 This is in line with the fact that the Tc of 

FeSe increases from 8 K to about 30 K through intercalation of alkaline 

metals.48 Unfortunately, these materials are phase separated into a 

strongly magnetic non-superconducting phase and a superconducting 

phase of still unclear structure.49 Relatively high transition temperatures 

up to 45 K occur in intercalation compounds of FeSe with organic mole-

cules as spacers and alkaline metals as electron donors.15-17,50,51 Conse-

quently, neutrally intercalated FeSe with a large interlayer distance and 

weak interactions would serve as a bulk analogue of the undoped non-

superconducting FeSe monolayers mentioned above without the proxim-

ity of the oxide surface. Given that the detailed structure of the mono-

layers are still lacking, the structure of such a 'free monolayer' between 

weak interacting neutral molecules is a new piece in the unresolved puz-

zle of superconductivity in iron selenide. 

Here, we report the synthesis of Fe0.85Se(en)0.3 through a solvothermal 

route from Fe and Se on the one hand and from β-FeSe on the other. 

While the determination of the monoclinic crystal structure is shown in 

chapter 2.1, this chapter focuses on the phase transition to orthorhombic 

symmetry and the deintercalation of en by thermal treatment. Further-

more, we show why the non-superconducting compound can be inter-

preted as a bulk analogue of undoped FeSe monolayers. 
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Experimental 

β-FeSe was prepared by vapor-transport growth.52 Fe powder [437.6 mg; 

Chempur, 99.9%] and Se powder [562.4 mg; Chempur, 99.999%] in a 

molar ratio of 1.1 : 1 and a mixture of KCl [2.25 g; Grüssing, 99.5%, 

dried] and AlCl3 [7.75 g; Alfa Aesar, 99.985%] were sealed in a glass am-

poule of 4 cm length and 5 cm diameter. The ampoule was heated to 

390 °C at the bottom and 260-280 °C at the top for 5-10 days. 

Fe0.85Se(en)0.3 was synthesized via a solvothermal route from Fe and Se or 

β-FeSe, respectively, in a Teflon-lined steel autoclave [50 ml]. 20.7 mg Fe 

[Chempur, 99.9%] and 29.3 mg Se [Chempur, 99.999%] or 50 mg β-FeSe 

together with 100 mg NH4Cl [Kraft, purissimum] as mineralizer were 

mixed with 17.5 mL ethylenediamine [en; Merck, > 99%] and 17.5 mL 

propane-1,2,3-triol [glycerol; Grüssing, 99%] and reacted at 220 °C for 5-

20 days. After washing with water, ethanol and acetone the products 

were dried under vacuum at room temperature. 

Room temperature and in-situ high temperature X-ray diffraction pat-

terns were collected using a Stoe Stadi P diffractometer [Mo-Kα1 radia-

tion; Ge-111 monochromator] with capillary sample holder. TOPAS was 

used for Rietveld refinements.10 Compositions of the samples were in-

vestigated by energy-dispersive spectroscopy measurements on a Zeiss 

Evo-Ma10 microscope with Bruker X-Flash 410-M detector.53,54 Since 

carbon containing pads were used the amount of en was determined 

solely by the nitrogen content. Magnetic measurements were carried out 

using a custom-made dual-coil AC-susceptometer [3 · 10-4 T, 1333 Hz]. 
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Results and Discussion 

Solution and refinement of the crystal structure and determination of the 

composition of Fe0.85Se(en)0.3 are shown in chapter 2.1 [detailed informa-

tion in Table A-6 to Table A-9]. The FeSe layers composed of FeSe4/4 

tetrahedra are separated by 10.78 Å in Fe0.85Se(en)0.3 and show different 

stacking than β-FeSe but comparable to LaMnSi2-type structures.18 Dein-

tercalation of en molecules by thermal treatment can be observed 

through thermogravimetric measurements. Heating to 230 °C in argon 

atmosphere completely removes en and β-FeSe is regained. High-

temperature PXRD data indicate an irreversible structural transition 

beginning at 180°C [Figure 2-12] with a continuous decrease of the mo-

noclinic angle till 200°C [insert in Figure 2-12], where the deintercalation 

of the en molecules starts. 

To further investigate the phase transition, samples of Fe0.85Se(en)0.3 were 

prepared by intercalation of en into transport grown β-FeSe crystals [blue 

curve in Figure 2-13]. Intercalation of en is not complete under these 

conditions and the products contain some unreacted FeSe [red curve in 

Figure 2-13]. Heating of the monoclinic product to 210 °C for 4.5 h 

under argon atmosphere yields only orthorhombic Fe0.85Se(en)0.3 [β = 

90°, space group Cmcm] with a slightly increased amount of FeSe [orange 

curve in Figure 2-13]. This indicates that the onset of the decomposition 

occurs simultaneously with the irreversible structural transition. We sug-

gest that the transition is driven by the beginning deintercalation of en, 

which impedes further studies of the high temperature phase. Further 

heating to 300 °C leads to completely deintercalated FeSe and Fe3Se4 

[back curve in Figure 2-13] which is consistent with the in-situ high-

temperature PXRD measurements. 
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Figure Figure Figure Figure 2222----12121212 Film plot of the in-situ high-temperature powder X-ray diffraction 
data [Mo-Kα1]. Insert: Trend of the monoclinic angle $ from Rietveld refinements. 
Additionally the angle $ of the orthorhombic sample heated to 210 °C is inclosed 
[orange]. 

Through AC susceptibility measurements down to 4 K we were able to 

examine the influence of the intercalation, the phase transition and the 

deintercalation on the magnetic properties. The transport grown FeSe 

sample is superconducting below 9 K [blue curve in Figure 2-14]. The 

intercalation of en reduces the superconducting volume fraction to about 

12 Vol%, which is consistent with Fe0.85Se(en)0.3 being paramagnetic over 

the whole temperature range [see chapter 2.1] and the superconducting 

FeSe impurity remaining after solvothermal reaction [red curve in Fig-

ure 2-14]. The critical temperature drops to about 5.5 K displaying the 

impact of the solvothermal conditions on the superconducting proper-

ties of the FeSe crystals. Heating to 210 °C under argon atmosphere 

accomplishes the complete phase transition and increases the FeSe im-

purity by incipient deintercalation of en. The superconducting volume 

fraction and transition temperature do not change considering the inac-
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curacy of the method [orange curve in Figure 2-14]. Disappearance of 

the superconducting transition is observed if en is fully deintercalated 

from the sample [black curve in Figure 2-14]. The slight increased values 

of the susceptibility compared to transport grown FeSe in paramagnetic 

state are due to the ferrimagnetic impurity phase Fe3Se4.55,56 

 

Figure Figure Figure Figure 2222----13131313 Powder X-ray diffraction patterns [Mo-Kα1] of transport grown $-FeSe 
[blue], after intercalation of en via solvothermal method [red], product heated to 
210 °C [orange] and 300 °C [black], respectively. Molar proportions given were 
determined by Rietveld refinements. 

Since the stoichiometry of Fe1
-
xSe phases is considered to be crucial for 

the magnetic properties, we examined the composition of the samples 

using EDS analysis. The transport grown β-FeSe crystals show a ratio of 

Fe : Se = 1.12(12) : 1. Contrary to previous findings in the literature, this 

deviation from the ideal stoichiometry does not prevent the supercon-

ducting transition.33,57,58 It should be noted, however, that EDS analyses 

show a large systematic error, which affects the absolute values but not 

the comparability of our samples. The intercalated monoclinic product 

exhibits a stoichiometry of Fe0.78(2)Se(en)0.28(9) which is in line with the 
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results for products synthesized from the elements [see chapter 2.1 and 

Table A-9]. The loss of Fe compared to the amount in the starting FeSe 

crystals is plausible for the applied solvothermal method. Fe can be ex-

tracted by the solvent and removed during washing. After the phase 

transition to orthorhombic symmetry the stoichiometry changes to 

Fe0.77(1)Se(en)0.19(8). While the Fe content does not change, the product 

contains significantly less en molecules. This in turn shows that the phase 

transition is accompanied by the starting deintercalation of en. The loss 

of en results in a shrinkage of the crystallographic axes from a = 

3.90(1) Å, b = 21.60(1) Å and c = 3.86(1) Å of the monoclinic product to 

a = 3.87(1) Å, b = 21.35(1) Å and c = 3.84(1) Å after structural transition 

[values taken from Rietveld refinement of PXRD data]. Nevertheless, it 

is noteworthy that at such low en content the compound still comprises 

widely separated FeSe layers [d = 10.7 Å].  

 

Figure Figure Figure Figure 2222----14141414    AC-susceptibility measurements at 3 ∙ 10-4 T of transport grown 
$-FeSe [blue], monoclinic Fe0.85Se(en)0.3 after intercalation of en [red], 
orthorhombic Fe0.85Se(en)0.3 after heating to 210 °C [orange] and deintercalated 
FeSe after heating to 300 °C [black]. 
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After complete deintercalation the recovered FeSe crystals are iron defi-

cient with a ratio of Fe : Se = 0.79(5) : 1. The stoichiometry of the layers 

therefore does not change on return to the stacking sequence of tetra-

gonal β-FeSe. Interestingly, the deintercalated product exhibits the same 

lattice parameters of a = 3.77(1) Å and c = 5.52(1) Å as the transport 

grown starting material according to Rietveld refinement of powder 

X-ray diffraction data. This is unexpected with regard to the different 

occupation of the Fe site. Similar iron deficient Fe1-xSe samples with x = 

0.2 can be produced by extracting K from K2Fe4Se5 crystals using 

iodine.59 These samples are not superconducting, like our deintercalated 

product. 

Iron deficiency may also account for the absence of superconductivity in 

the en intercalated samples. On the contrary, compounds with interca-

lated alkali metal A1-xFe2-ySe2 [A = K, Rb, Cs] or co-intercalated alkali 

metal and diamine A1-xFe2-ySe2(CnH2n+4N2)z [A = Li, Na; n = 0, 2, 3, 6] 

are superconducting in spite of significant Fe vacancies up to y = 0.2.15-

17,34,60-64 The layer stacking of these compounds is ThCr2Si2-type like and 

therefore differs from the stacking in Fe0.85Se(en)0.3, which also may be 

responsible for the absence of superconductivity in our samples. In or-

der to study the effect of layer stacking on the electronic structure, we 

have calculated the Fermi surfaces of orthorhombic β-FeSe, FeSe layers 

stacked as in Fe0.85Se(en)0.3 [en molecules were omitted in the calculation] 

and hypothetically electron-doped layers [Figure 2-15]. Fe0.85Se(en)0.3 

largely retains the typical Fermi surface topology of β-FeSe in spite of the 

different layer stacking, whereby the two-dimensional character becomes 

more pronounced due to the much larger layer separation. Adding about 

0.2 electrons per formula unit increases the Fermi energy and the hole-

like parts of the surface around the Γ-point vanish. This is exactly what 

has been observed in three-layer FeSe which becomes superconducting 
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only by doping with potassium.44,47 Since superconducting 

A1-xFe2-ySe2(en)z compounds show comparable iron deficiency and FeSe 

layer distances, and the layer stacking does not change the Fermi surface 

structure, we suggest the lack of electron doping to be the decisive rea-

son for the absence of superconductivity in Fe0.85Se(en)0.3.15-17 Therefore, 

it can be interpreted as a parent compound for the alkali metal and en co-

intercalated superconductors. This is supported by the possibility of Na 

deintercalation from Na0.39Fe2Se2(en)0.77 [Tc = 45 K] resulting in a non-

superconducting dopant free phase.35 In contrary, Gao et al. report on 

solvothermally produced samples of Fe1.04Se(en)0.3 exhibiting a Tc of 

about 10 K without doping by additional metal intercalation.65 However, 

the authors discuss the possibility of electron doping by excess Fe occu-

pying interstitial sites, which may account for the superconducting transi-

tion. 

 

Figure Figure Figure Figure 2222----15151515 Fermi surfaces of $-FeSe [Cmme; left], FeSe-layers stacked as in 
Fe0.85Se(en)0.3 [middle] and hypothetically electron-doped FeSe layers [right]. en 
molecules were omitted in the calculation. 
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Conclusions 

In conclusion, we have shown that the intercalation of a remarkably 

small amount of en molecules between FeSe layers increases the layer 

spacing to 10.87 Å in Fe0.85Se(en)0.3. Thus, we have realized very weakly 

interacting and charge neutral FeSe layers with a structure almost identic-

al to those of superconducting FeSe. We consider Fe0.85Se(en)0.3 as a bulk 

analogue to the monolayer materials grown on SrTiO3, albeit without the 

proximity of the rigid oxide surface. Our results support recent findings 

that monolayers require electron doping to become superconducting at 

high Tc and we show evidence that this is also the case for en-intercalated 

bulk materials. The latter have so far reached critical temperatures of 

45 K which is well below 65-100 K of the monolayers. One possible 

reason may be the additional increase of the electron-phonon coupling in 

the monolayers on the rigid oxide substrate in contrast to the rather soft 

bearing of the FeSe layers between en-molecules.45 
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2.2 Pressure and dilution dependency in the phase 
diagram of the Fe-Se-en system 

Abstract 

In solvothermal synthesis chemical control over the tetrahedra connec-

tivity in compounds of the Fe-Se-en system by dilution is attributed to 

the varied ligand-to-metal ratio. By changing the diluent of the solvent en 

from glycerol to methanol, the reaction pressure is excluded as decisive 

parameter. The phase space diagram with methanol confirms the re-

duced dimensionality upon dilution, even though the pressure shows the 

opposing trend. With it, the new compound Fe20Se24(en)13(MeOH) is 

obtained, which is structurally similar to Fe10Se12(en)7, but also contains 

novel motifs. 

Introduction 

Solvothermal synthesis is generally defined as a chemical reaction in a 

solvent under autogeneous pressure, whereby the pressure is induced by 

heating to a temperature above the boiling point of the solvent in a pres-

sure-tight vessel.66,67 If water is used as solvent, the method is referred to 

as hydrothermal synthesis, which was first mentioned in the literature 

already in the 19th century.68,69 Since then, the method became wide-

spread, as metastable compounds, unusual oxidation states or low-

temperature phases can be obtained under comparatively mild condi-

tions.69 Today, it is an established method for the preparation of new 

materials in addition to the synthesis of nanostructured particles or com-

pounds with uncommon morphology.66 In contrast to conventional solid 

state synthesis, a great number of parameters play a decisive role in sol-

vothermal synthesis. In addition, these parameters largely influence each 
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other. The chemical parameters, like oxidation and reduction potential, 

pH value and solubility or complexing properties, are mainly determined 

by the nature of the solvent. They can be varied by admixture of further 

solvents or additives to gain control of the mechanism or the type and 

shape of the obtained products.66 However, the choice of the composi-

tion and concentration of the solid precursors is also important for tar-

geted synthesis. In addition to the chemical parameters, thermodynamic 

parameters affect the reaction. Temperature and reaction time can easily 

be controlled, whereas the reaction pressure depends on many factors, 

like the physical properties of the solvent, dissolved salts, temperature 

and percentage fill.66,67 Effects of the individual parameters in solvo-

thermal synthesis should therefore be carefully examined to achieve the 

desired results. 

In chapter 2.1 [Figure 2-6] the phase space diagram of the Fe-Se-en sys-

tem is shown in dependence of the dilution of the solvent en with glycerol 

and the synthesis temperature.39 The degree of condensation of the 

FeSe4 tetrahedra in the products turns out to increase with the amount 

of glycerol. This is attributed to the reduced availability of en during syn-

thesis, as the ligand-to-metal ratio is lowered upon dilution. The dilution 

dependency of the reaction pressure should be taken into account, 

though, as the pressure might also affect the obtained products. Since 

the vapor pressure of glycerol [0.06 bar at 200 °C] is much lower com-

pared to en [7.85 bar at 200 °C], dilution will reduce the reaction pres-

sure.70,71 In this chapter, we examine the dependence of the Fe-Se-en 

system on the pressure. This is done by replacing the diluent glycerol by 

methanol, which exhibits a similar chemical behavior but a much higher 

vapor pressure [40.4 bar at 200 °C].72 It turns out, that methanol can be 

incorporated into the product structure, resulting in the compound 

Fe20Se24(en)13(MeOH). It contains double chains of FeSe4 tetrahedra, like 



2.2  Pressure and dilution dependency  59 

 

 

Fe10Se12(en)7, therefore still allowing a discussion of the dimensional 

reduction in dependency of the dilution. We create a similar phase dia-

gram to compare both diluents and measure the synthesis pressure to 

give an insight on the behavior upon dilution. 

Experimental 

The pressure dependence in the Fe-Se-en phase diagram was analyzed 

using a stainless steel high pressure reactor with 150 mL Teflon liner, 

which allows measurement of pressure and temperature within the reac-

tion zone. 62.1 mg Fe powder [Chempur, 99.9%], 87.9 mg Se powder 

[Chempur, 99.999%] and 300 mg NH4Cl [Kraft, purissimum] were 

weighed to correspond the solvent-to-metal ratio used for syntheses 

described in chapter 2.1. Ethane-1,2-diamine [en, Merck, ≥99%] diluted 

with 0%, 20%, 40%, and 60% either propane-1,2,3-triol [glycerol, 

Grüssing, 99%] or methanol [MeOH, Fisher Scientific, HPLC grade] 

with total amount of 105 mL [70% filling fraction] was added. For each 

mixture, temperatures between 150 °C and 190 °C were approached with 

steps of 5 °C and held for about 1 d. The pressure was measured before 

the next step. After cooling, the products were washed with water, etha-

nol and acetone and dried under vacuum at room temperature. The ob-

tained products corresponded to the expected ones according to the 

phase diagrams. 

The Fe-Se-en phase diagram in dependence of the dilution of en and the 

reaction temperature [180-220 °C] with methanol as diluent was created 

using the same procedure as described in chapter 2.1. 

Analysis of the crystal structure of Fe20Se24(en)13(MeOH) at 110 K was 

done via X-ray diffraction on a Bruker D8-Venture diffractometer 
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[Mo-Kα radiation]. For solution and refinement of the structure Jana2006 

program package was used.11 A Stoe Stadi P diffractometer [Mo-Kα1 

radiation; Ge-111 monochromator] with capillary sample holder and a 

Huber G670 diffractometer [Cu-Kα1 radiation; Ge-111 monochromator] 

with flat specimen holder were used to record the powder X-ray diffrac-

tion patterns. Rietveld refinements were performed with TOPAS pack-

age.10 The elemental composition of Fe20Se24(en)13(MeOH) was con-

firmed by energy-dispersive spectroscopy measurements on a Zeiss 

Evo-Ma10 microscope with Bruker X-Flash 410-M detector and CHNS 

elemental analysis. 

Results and Discussion 

Crystal structure. The crystal structure of Fe20Se24(en)13(MeOH) was 

solved from single crystal X-ray diffraction data [Mo-Kα radiation; for 

further details see Table A-15 to Table A-17]. During the measurement 

the crystal was cooled to 110 K, since the en and MeOH molecules 

showed large thermal displacement at room temperature. Nevertheless, 

the atomic displacement parameters had to be kept equal for bonded C 

and N atoms and set to isotropic for non-coordinated en molecules. De-

termination of the hydrogen positions was not possible from the ob-

tained data, so these atoms were added with constrained bond lengths 

[d(C-H) = 1.09 Å or 1.10 Å, d(N-H) = 1.04 Å, d(O-H) = 0.96 Å], tetra-

hedral angles and isotropic ADPs [extension factor 1.2].12,73 A triclinic 

cell with a = 9.23(2) Å, b = 22.23(5) Å, c = 24.35(6) Å, α = 102.18(7)°, 

β = 99.22(7)°, γ = 93.62(6)° and P1̄ symmetry is found at 110 K. The 

basic structural motifs are parallel Fe2Se3 double chains consisting of 

irregular FeSe tetrahedra linked via three edges [see Figure 2-16].  
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Figure Figure Figure Figure 2222----16161616 Schematic view of the Fe20Se24(en)13(MeOH) structure along [100] (A) 
and along the Fe2Se3 chains (B): orange spheres represent Fe(en)3Se complex-
es (C), purple and pink spheres Fe(en)3 complexes (D), yellow spheres en mole-
cules (E) and green spheres MeOH molecules (F). 

These chains are distorted resulting in µ4, µ3 and µ2 bridging Se atoms. 

The ratio µ4 : µ3 : µ2 = 3 : 3 : 6 compared to the compounds BaFe2Se3 
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[4 : 0 : 8], with regular Fe2Se3 chains, and Fe10Se12(en)7 [2 : 4 : 6; see Fig-

ure 2-2] shows, that the chains in Fe20Se24(en)13(MeOH) are less distorted 

than in Fe10Se12(en)7, since the ratio approaches the result for BaFe2Se3.14 

Comparable to Fe10Se12(en)7 the Fe-Se distances slightly differ for µ3 and 

µ4 Se atoms building the backbone [2.380(6)-2.492(6) Å] and µ2 Se atoms 

at the edges of the chains [2.331(6)-2.416(7) Å]. The distortion of the 

tetrahedra itself is also similar to Fe10Se12(en)7 giving angles ∢Se-Fe-Se of 

101.9(2)-122.5(3)°. 

The Fe2Se3 chains are enclosed by two types of Fe(en)3 complexes and 

non-coordinated en and MeOH molecules. The first type of complexes 

consists of Fe atoms octahedrally coordinated by three en molecules, like 

in Fe3Se4(en)3 and Fe10Se12(en)7. These complexes are present at three 

independent crystallographic sites [Figure 2-16 D]. They exhibit axial 

chirality, whereby due to the inversion symmetry ∆- and Λ-enantiomers 

occur in equal numbers, resulting in a racemic structure. For the Fe19 

site both enantiomers exist at one position concurrently [pink spheres in 

Figure 2-16], leading to Fe(en)3 and Fe(en')3 at these positions. These 

share the Fe and C sites and differ in the N and H or N' and H' sites, 

respectively. While the Fe and C sites are fully occupied, the positions 

and occupations of the N and N' atoms can be refined freely, constrain-

ing the total occupation to one. H and H' atoms were added as described 

above with occupations according to the corresponding N atoms. The 

refinement gives a ratio of Fe(en)3 : Fe(en')3 = 0.58(3) : 0.42(3). Fig-

ure 2-17 shows the complex at the Fe19 site separated into Fe(en)3 and 

Fe(en')3 together with site occupation factors of the N atoms. Fe(en)3 is 

shown in Λ-form and Fe(en')3 in ∆-form [position for this case is labeled 

grey in Figure 2-16], but it should be noted that both are also present in 

the opposite form within the structure due to inversion. The occurrence 

of both enantiomers at the Fe19 site might be explained by the environ-



2.2  Pressure and dilution dependency  63 

 

 

ment of the complexes. However, there are no significant differences for 

the shortest Se⋯H-N distances between the three crystallographic inde-

pendent Fe(en)3 positions. For all complexes, the distances are ranging 

between 2.160(5) Å and 3.453(7) Å with coordination to both µ2 and µ3 

bridging Se atoms. Overall, the Se⋯H-N distances span over a larger 

range than for the compounds containing Fe(en)3 complexes discussed 

previously, Fe3Se4(en)3 and Fe10Se12(en)7. The coordinate bonds at the 

Fe19 position also hardly differ with davg(Fe-N) = 2.24(4) Å and 

davg(Fe-N') = 2.27(4) Å. The slightly larger value for Fe(en')3 may, howev-

er, be responsible for the increased Fe(en)3 : Fe(en')3 ratio. The average 

Fe-N distances of the other two Fe(en)3 complexes are 2.24(3) Å and 

2.23(3) Å, respectively, so no differences to the Fe19 site are recogniza-

ble here, too. Overall, the distances are comparable to those of 

Fe10Se12(en)7 [davg(Fe-N) = 2.22(1) Å] and Fe3Se4(en)3 [davg(Fe-N) = 

2.22(2) Å] and indicate high spin Fe2+ ions in the complexes.25 

A second type of Fe(en)3 complexes is found in Fe20Se24(en)13(MeOH) in 

which the central atom is square-planar coordinated by two en molecules. 

The octahedral coordination is completed by one amine group of an 

additional en and a µ2 Se atom of the Fe2Se3 chains [Figure 2-16 C]. 

These complexes are referred to as Fe(en)3Se in the following. Complexes 

binding to tetrahedral chains via Fe-Se bonds are already known in the 

literature. For example, Fe3Se4(en)2 contains Fe(en)2 complexes coordi-

nated square-planar by en and connecting two parallel FeSe2 single chains 

by Fe-Se bonds.4 In Fe3Se4(tren) [tren = N,N-Bis(2-aminoethyl)-

1,2-ethanediamine] the Fe(tren) complexes exhibit four Fe-N bonds to 

the tetradendate tren ligand and two Fe-Se bonds to one FeSe2 chain.5 

Looking at Fe20Se24(en)13(MeOH) the Fe-Se bond length of the complex 

is 2.72(1) Å which is comparable to Fe3Se4(en)2 with 2.70 Å and slightly 
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larger than for Fe3Se4(tren) with 2.56 Å and 2.67 Å.4,5 The average Fe-N 

distance is 2.21(2) Å to the two double coordinated and 2.31(1) Å to the 

single coordinated ligands, so high spin Fe2+ is assumed for the Fe(en)3Se 

complexes, too.25 The en linked only through one amine group is in gauche 

conformation with a dihedral angle of 64(3)°. The Se⋯H-N distances of 

the Fe(en)3Se complexes range between 2.624(6) and 3.236(7) Å. The 

shortest and longest distances are for the coordinated and non-

coordinated amine group of the single coordinated en molecule, respec-

tively. 

 

Figure Figure Figure Figure 2222----17171717 Fe(en)3 complex of the Fe19 site separated into Λ-Fe(en)3 and 
Δ-Fe(en')3 for illustration. Refined site occupation factors of the N and N' atoms 
are given in blue. 

Beside the two complex types, non-coordinating en and methanol mole-

cules are located between the Fe2Se3 chains [Figure 2-16 E and F]. These 

are weakly bound to the chains by Se⋯H-N and Se⋯H-O hydrogen 

bonds of 2.535(5)-2.744(6) Å and 2.634(6) Å, respectively. Interestingly, 

the non-coordinating en is also in gauche conformation [dihedral angle = 

61(4)°], which does not coincide with the anti conformation of the non-
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coordinating en found in Fe10Se12(en)7. Altogether, under consideration of 

Fe2+ oxidation state for all complexes, the formula 

[Fe2+8Fe3+8Se2-24][Fe2+(en)3]4(en)(MeOH) is determined for the com-

pound. Therefore, Fe2+ and Fe3+ in a 1 : 1 ratio are assumed for the 

Fe2Se3 double chains, like for Fe10Se12(en)7. 

Figure 2-18 shows the refined powder X-ray diffraction pattern [Mo-Kα1 

radiation] of a sample of Fe20Se24(en)13(MeOH) synthesized at 200 °C 

with 20% methanol dilution. The sample contains 41 mol% Fe3Se4(en)2, 

which, under consideration of the significantly different number of 

atoms per formula unit, corresponds to only 10 wt%. Phase pure synthe-

sis of Fe20Se24(en)13(MeOH) could not be achieved. EDS and elemental 

analysis, after subtraction of the impurity phase, confirm the stoichiome-

try obtained by single crystal X-ray diffraction [see appendix A.3]. 

 

Figure Figure Figure Figure 2222----18181818 Rietveld refinement of the powder X-ray diffraction pattern [Mo-Kα1] 
of a sample of Fe20Se24(en)13(MeOH) [blue positions] containing Fe3Se4(en)2 as 
side phase [green positions]. 
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Phase diagram. As in chapter 2.1 a phase diagram was generated in 

dependence of the dilution [0-50% MeOH] and the synthesis tempera-

ture [180-220 °C]. Figure 2-19 shows the phase ranges based on the main 

phases of the products obtained from Rietveld refinement of powder 

X-ray diffraction data [see Table A-19]. Similar to the syntheses with 

glycerol dilution, at high ligand-to-metal ratios [0-10% MeOH] the forma-

tion of structures with low degree of condensation, Fe3Se4(en)3 and 

Fe3Se4(en)2, is preferred. Fe3Se4(en)3 is stable at low temperatures and 

occurs in both polymorphs with α-Fe3Se4(en)3 as majority phase. At 20% 

and 50% MeOH dilution and low temperatures Fe20Se24(en)13(MeOH) is 

the main product. Since the compound is built up by double chains, an 

increase in the connectivity of the tetrahedra is observed upon dilution, 

which is also the case for glycerol. In comparison with the phase diagram 

in Figure 2-6, this phase containing tetrahedra linked via three edges is 

extended over a larger range. Fe0.85Se(en)0.3 is obtained at 50% of dilution 

and for temperatures above 200 °C. Thus, this layered phase is limited to 

a smaller range for methanol dilution. Overall, despite the different 

phase ranges, dimensional reduction is observed with increasing ligand-

to-metal ratio for both diluents.  

In contrast to glycerol dilution, phase pure syntheses are hardly achieved 

by methanol dilution. Beside Fe3Se4(en)2 without dilution, a phase pure 

product is only received for Fe0.85Se(en)0.3 at 220 °C and 50% MeOH, 

whereas Fe20Se24(en)(MeOH) could not be obtained without impurity. 

Significant amounts of side phases [> 15 wt%] are found for almost all 

samples [indicated in Figure 2-19 as striped areas], which is not the case 

for glycerol dilution. Further, the products do not exclusively contain side 

phases of adjacent phase ranges. In some samples Fe20Se24(en)13(MeOH) 

and Fe10Se12(en)7 are present simultaneously, which both contain double 

chains.  
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Figure Figure Figure Figure 2222----19191919 Synthetic phase space diagram of the Fe-Se-en system in dependence 
of the dilution of the solvent en with methanol and the reaction temperature. 
Markings show main phases of the obtained products, filled areas indicate phase 
ranges according to the main product, striped areas indicate ranges with signifi-
cant side phase. 

In summary, the generated phase diagram with methanol shows the 

equivalent trend for the degree of condensation upon dilution as with 

glycerol. However, chemical control over the products is inferior, which 

may be attributed to the increased pressure or the changed stability 

ranges due to the occurrence of the additional phase 

Fe20Se24(en)13(MeOH). 

Pressure measurement. The pressure of mixtures with different de-

grees of dilution was measured in dependence of the temperature in a 

high pressure reactor. It must be noted that for this measurements the 

reaction temperature is determined within the reaction zone, whereas for 

syntheses in autoclaves used for the phase diagrams, the given values 

correspond to the set temperatures at the heat block. Since here mainly 

relative rather than absolute values should be studied, this is sufficient. 
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Moreover, the pressure measurement is subject to major errors up to 

∆p = 1 bar at low pressures, which however should not prevent the 

comparability of the results. Data was recorded for mixtures with 0%, 

20%, 40% and 60% dilution and for temperatures between 150 °C and 

190 °C every 5 °C [see Table A-20 and Table A-21]. By linear fitting, the 

experimental values were extrapolated to higher temperatures and subse-

quently interpolated to further degrees of dilution.  

Figure 2-20 shows the estimated reaction pressure based on the mea-

surements as contour plots for both diluents. As expected, the pressure 

increases with temperature and decreases with glycerol dilution or increas-

es with methanol dilution, respectively. Considering the phase ranges of 

the different compounds in the Fe-Se-en system [given in grey in Fig-

ure 2-20], the degree of condensation of the FeSe4 tetrahedra shows no 

dependence on the pressure. This confirms the dependence of the con-

nectivity on the ligand-to-metal ratio. This is also supported by the fact, 

that Fe1.04Se(en)0.3, with similar layered structure to Fe0.85Se(en)0.3, can be 

solvothermally synthesized without dilution. For this, the ligand-to-metal 

ratio is decreased by increasing the amount of FeSe and reducing the 

amount of solvent used.65 However, the degree of dilution yielding the 

layered structure still leads to an approximately ten times higher ratio 

than the approach used in the literature. In the pressure plot with glycerol 

dilution, areas with negligible increase of pressure compared to ambient 

conditions are observed. These are consistent with the range of amorph-

ous or less crystalline products. Thus, a certain pressure seems to be 

necessary to stabilize the compounds during solvothermal synthesis. 
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Figure Figure Figure Figure 2222----20202020 Contour plots of the reaction pressure in dependence of temperature 
and degree of dilution with glycerol [top] or methanol [bottom], respectively. 
Estimated phase ranges for the different connectivity of the FeSe4 tetrahedra are 
indicated in grey. 
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Conclusion 

Dimensional reduction of the β-FeSe layered structure is possible by 

solvothermal synthesis by means of dilution with glycerol as well as me-

thanol. The effect can be attributed to the reduced ligand-to-metal ratio, 

as both diluents change the reaction pressure in different ways. Compari-

son of the phase diagrams in dependence of the temperature of both 

diluents shows the same trend but different stabilities for the phase 

ranges of the different terminated fragments. Targeted synthesis of phase 

pure products is much more difficult for methanol dilution. The cause 

for this could be the increased pressure along with the potential incorpo-

ration of this additional solvent into the structure. The crystal structure 

of the double chain compound Fe20Se24(en)13(MeOH) shows a great simi-

larity to Fe10Se12(en)7, but contains unique Fe(en)3Se complexes, which 

were not found in such structures so far. The use of other diluents could 

therefore further increase the structural diversity of dimensionally re-

duced β-FeSe-related compounds. 
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3 $-FeSe by vapor-transport, solvothermal 
and hydrothermal synthesis – Structural, 
chemical and superconducting properties 
and their dependencies 

Abstract 

Samples of the iron based superconductor β-FeSe are prepared via vapor-

transport growth, solvothermal and hydrothermal synthesis. Despite 

equal room temperature structures and similar stoichiometries, all three 

exhibit different behavior at low temperatures. Identical measurements 

of the properties are conducted for the three samples to ensure the ex-

clusion of systematic errors. The dependencies between the structural 

transition, the composition and the occurrence of superconductivity are 

discussed based on the results. 

Introduction 

Since the discovery of iron based superconductors in 2008, the nature of 

the superconducting phase and especially the pairing mechanism have 

been controversially discussed. The superconducting state may be either 

induced by phonon interactions or mediated by charge or spin fluctua-

tions.1 At early stages a magnetically driven transition was postulated, 

since most iron based superconductors exhibit an antiferromagnetic 

order upon cooling.1,2 If this order is suppressed by electron- or hole-

doping or external pressure, the superconducting state emerges.3 How-

ever, β-FeSe can only be mentioned as one example where such ordering 

does not occur.4 With a nematic phase yet another ordered state is found 



80 3  $-FeSe 

 

for iron based superconductors, which is also present in β-FeSe.5,6 This 

ordering lowers the rotational symmetry as well, and can occur isolated, 

simultaneously or prior to the antiferromagnetic transition, depending on 

the material.1 The tetragonal-to-orthorhombic phase transition, common 

to most iron based superconductors, is associated with the nematic or-

dering.1,7,8 β-FeSe, as the simplest compound in structural terms, has 

been extensively studied to observe relations between the different or-

dering phenomena.8 Still, the understanding of the driving force of the 

structural and superconducting transition and the interplay of phonon, 

charge and spin fluctuations is lacking. 

β-FeSe represents an exceptional case among iron based superconduc-

tors, not only due to its structural simplicity, but also due to the emer-

gence of superconductivity below 8 K without additional doping.4 Ex-

ternal or chemical pressure enhances Tc without changing the layered 

structure of the superconducting phase. Thus, transition temperatures of 

37 K at a hydrostatic pressure of 7 GPa or 15 K for FeSe0.75Te0.25 and 

FeSe0.8S0.2 can be achieved.9,10 It is therefore conceivable that intrinsic 

electronic doping also causes the superconductivity in stoichiometric 

β-FeSe through iron atoms occupying interstitial positions between the 

layers. Interstitial iron and selenium vacancies have both been observed 

for the layered structure.11-13 Hence, so far several studies addressed the 

precise investigation of the superconducting transition in dependency on 

the stoichiometry.12-14 Such experiments are however impeded due to the 

narrow stability range of β-FeSe in the binary phase diagram.15 This 

largely prevents phase pure samples through solid state synthesis, which 

mostly contain elemental Fe, hexagonal δ-FeSe or Fe3O4 impurities.12,13 

Magnetic ordering of these side phases can interfere with the nematic 

and superconducting fluctuations in β-FeSe and hinder corresponding 

measurements. Multiple alternative synthesis methods have therefore 
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been developed to overcome these difficulties, including flux and trans-

port growth or solution-based syntheses, either from precursors or under 

solvothermal conditions.16-25 Especially the products from solution-based 

routes often lack the transition to a superconducting state, which mostly 

is attributed to oxygen contamination.24,25 Accordingly, for the determi-

nation of the interdependencies of structural, chemical and physical pa-

rameters of β-FeSe, samples must be thoroughly characterized with re-

spect to the overall properties. 

In this chapter, samples of β-FeSe are produced via three different 

routes, by vapor-transport growth, by solvothermal synthesis in a mix-

ture of 1,3-dap and glycerol and by hydrothermal synthesis.18,23 The sam-

ples are referred to as FeSetrans, FeSesolvo and FeSehydro in the following. 

The compounds are investigated with regard to their room temperature 

crystal structure and stoichiometry, whereby despite the different synthe-

sis methods only minor differences emerge. Measurements at low tem-

peratures, however, show distinctly different behavior of the samples, 

with respect to the structural phase transition and the magnetic proper-

ties. Thereby, FeSesolvo partially exhibits superconductivity while no 

tetragonal-to-orthorhombic phase transition is detected. 

Experimental 

For synthesis of FeSetrans 437.6 mg Fe powder [Chempur, 99.9%] and 

562.4 mg Se powder [Chempur, 99.999%] in 1.1 : 1 molar ratio were 

weighed together with 7.75 g AlCl3 [Alfa Aesar, 99.985%] and 2.25 g KCl 

[Grüssing, 99.5%, dried].18 The transport was carried out under vacuum 

in a glass ampoule [height 4 cm, diameter 5 cm] with 390 °C at the bot-

tom and about 280 °C at the top. After 12 days, the crystals grown at the 
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top were washed with water, ethanol and acetone and dried under va-

cuum at room temperature.  

FeSesolvo was synthesized in a Teflon-lined steel autoclave with total vo-

lume of 50 mL. 20.7 mg Fe powder [Chempur, 99.9%] and 29.3 mg Se 

powder [Chempur, 99.999%] in 1 : 1 molar ratio were used as starting 

material. To improve the crystallinity of the product 100 mg of NH4Cl 

[Kraft, purissimum] were added. The solvent was a mixture of 28 mL 

propane-1,3-diamine [1,3-dap, Merck, ≥ 99%] and 7 mL propane-

1,2,3-triol [glycerol, Grüssing, 99%], which corresponds to a ratio of 

80% : 20% and a filling fraction of the autoclave of 70%. The synthesis 

was carried out at 200 °C for 12 days. The product was washed with 

water, ethanol and acetone and dried under vacuum at room tempera-

ture. 

Based on hydrothermal synthesis described in the literature, FeSehydro was 

produced in a Teflon-lined steel autoclave [50 mL total volume].23 

55.9 mg Fe powder [Chempur, 99.9%] and 94.8 mg Se powder [Chem-

pur, 99.999%] corresponding a molar ratio of 1 : 1.2, together with 

500 mg KOH [ApliChem] as mineralizer and 300 mg NaBH4 [Acros, 

98%] as reducing agent, were mixed with 20 mL water. The reaction was 

conducted at 155 °C for 32 days. The product was washed with water 

and ethanol. After drying under vacuum at room temperature, magnetic 

impurities were removed with a magnet. 

Characterization of the samples was done via powder X-ray diffraction 

on a Stoe Stadi P diffractometer [Mo Kα1 radiation; Ge 111 monochro-

mator]. Low temperature powder patterns were recorded on a Huber 

G670 diffractometer [Co-Kα1 radiation; Ge-111 monochromator; Low 

Temperature Device 670.4; closed cycle He cryostat] between 20 K and 
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300 K. Rietveld refinements were done using TOPAS package.26 The 

Fe : Se ratio was determined via EDS measurements on a Zeiss 

Evo-Ma10 microscope with Bruker X-Flash 410-M detector and via ICP-

OES analysis on a Varian Vista RL spectrometer. Magnetic measure-

ments were carried out on a PPMS with a VSM option. 

Results and Discussion 

Crystal structure and phase transition. The Rietveld refinements of 

powder X-ray diffraction data [Mo-Kα1 radiation] at room temperature 

are shown in Figure 3-1 for FeSetrans, FeSesolvo and FeSehydro. The refine-

ments are in good agreement with the measured data and no impurity 

phases are observed within the limits of the method [≈ 1 wt%]. The 

powder pattern of FeSetrans shows a slightly increased noise pattern and a 

few deviating intensity ratios compared to the other two samples. This is 

attributed to the strong preferred orientation of the crystals, which exhi-

bit a pronounced plate-like shape due to the crystal growth by vapor-

transport. The resulting lattice parameters from Rietveld refinement are 

given in Table 3-1. The differences between the samples are very small, 

with ∆maxa = 0.19% and ∆maxc = 0.15%. The lattice parameters of 

FeSetrans are comparable to those found in the literature for similarly 

prepared samples with alit = 3.7707 Å and clit = 5.521 Å [∆a, ∆c ≤ 

0.05%].17 The synthesis of FeSehydro was slightly modified, but the lattice 

parameters nevertheless hardly differ from the literature values alit = 

3.7711 Å and clit = 5.5214 Å [∆a, ∆c = 0.1%].23 Moreover, compared to 

FeSe produced by conventional solid state synthesis [alit = 3.7734 Å, clit = 

5.5258 Å], the lattice parameters of all three samples show almost no 

deviation with ∆maxa = 0.14% and ∆maxc = 0.18%.12 
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Figure Figure Figure Figure 3333----1111 Rietveld refinement of powder X-ray diffraction patterns [Mo-Kα1] of 
FeSetrans [top], FeSesolvo [middle] and FeSehydro [bottom]. The 220 reflection is 
marked in blue. 

The z coordinates of the Se atom are also determined from the Rietveld 

refinements and are given in Table 3-1. The maximum deviation within 

the samples is 1.2% with the largest value for FeSetrans and smallest value 

for FeSesolvo. Compared to the literature ∆maxz is 1.0% with zlit = 0.2667 

for transport grown samples and zlit = 0.2672 for samples from hydro-

thermal and solid state synthesis, respectively.12,17,23 Refinement of the 

occupation of the Fe site yielded comparable results for all three samples 

as well [Fe : Se ratios given in Table 3-1], indicating 1 : 1 stoichiometry. 
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Overall, no significant differences in the room temperature structures of 

FeSetrans, FeSesolvo and FeSehydro are evident from powder X-ray diffrac-

tion analyses, even in comparison with the literature. 

 

Figure Figure Figure Figure 3333----2222 Lattice parameters between 20 K and 300  [left] and 220 reflection at 
300 K, 70 K and 20 K [right] for FeSetrans [red], FeSesolvo [green] and FeSehydro 
[blue]. a and b parameters of FeSetrans are divided by √2 below the phase transi-
tion. 

The structural changes upon cooling are investigated by powder X-ray 

diffraction [Co-Kα1 radiation] and subsequent Rietveld refinement. The 
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resulting lattice parameters are displayed in Figure 3-2 [left] between 

20 K and 300 K. FeSetrans exhibits a phase transition from tetragonal 

[space group P4/nmm] to orthorhombic symmetry [space group Cmme] 

below 90 K, which is in line with samples produced by vapor-transport 

or solid state synthesis in the literature.17,27 The transition can best be 

observed in the X-ray diffraction data based on the splitting of the 

220 reflection of the tetragonal structure [marked in Figure 3-1]. Fig-

ure 3-2 [right] shows the corresponding excerpts of the powder patterns 

for all three samples at different temperatures. Since FeSesolvo and 

FeSehydro indicate no splitting, the compounds are considered tetragonal 

down to 20 K. Similar findings exist for some FeSe samples from solid 

state synthesis.28 For these, the absence of the transition is ascribed to an 

increased iron content and the emergence of a structural modulation. 

For hydrothermally produced samples, a tetragonal-to-triclinic transition 

was observed based on the asymmetric splitting of the 220 reflection 

below 60 K.23 The synthesis conditions of the FeSehydro sample presented 

here only slightly differ in the Fe : Se molar ratio and the amount of 

mineralizer compared to the literature. However, the synthesis tempera-

ture is increased from 150 °C to 155 °C and the reaction time is almost 

tripled, which is considered more decisive for the deviant behavior. 

Overall, the differences show that even small changes in the hydrother-

mal synthesis can strongly influence the physical properties of the sam-

ples. FeSehydro additionally shows an anomaly at low temperatures, since 

the lattice parameters increase below 60 K. However, the variation is 

below 0.1%. It should also be noted, that samples without structural 

phase transition are non-superconducting according to the literature.28 

This does not apply to FeSesolvo presented here, which exhibits no struc-

tural transition, but is superconducting below 8 K [see below].  
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Composition. There is disagreement in the literature in which way the 

exact stoichiometry affects the superconductivity of β-FeSe.12,13,18 For 

samples from solid state synthesis a decrease of Tc was observed from 

8.5 K in Fe1.01Se to 5 K in Fe1.02Se, while in Fe1.03Se no superconducting 

transition was detected.12 Transport grown samples, however, exhibited 

identical stoichiometry of Fe1.03Se, but different transition temperatures 

of 8.7-8.8 K or < 5 K, depending on the synthesis conditions.18 In this 

case, the superconductivity was assumed to be strongly dependent on 

structural disorder. The compositions of the three samples FeSetrans, 

FeSesolvo and FeSehydro were determined by ICP-OES and EDS analyses. 

The Fe : Se ratios are given in Table 3-1. Both methods reveal the same 

trend with lowest ratio for FeSetrans and highest ratio for FeSehydro. Since 

EDS measurements exhibit a larger systematic error, the results from 

ICP analysis are considered more accurate. Therefore, FeSetrans and 

FeSesolvo are almost stoichiometric and barely distinguishable, while 

FeSehydro shows enhanced iron content. This coincides with the former 

being superconducting and FeSehydro being non-superconducting [see 

below]. It should be noted, that the analyses give no indication whether 

excess Fe on interstitial positions or Se vacancies are present. In the 

literature, the c/a ratio was therefore postulated as an indirect estimate of 

the stoichiometry.12 For samples from solid state reactions it is has been 

demonstrated that the ratio initially increases slightly with increasing Fe 

content [c/a ≈ 1.464-1.466], followed by a sharp drop [c/a ≈ 1.461]. This 

is associated with decreasing Se vacancies and increasing Fe interstitials, 

respectively. The ratio is also considered to be closely linked to Tc with 

highest temperatures at c/a = 1.464 and reduced temperatures at larger 

ratios. For c/a ≈ 1.461 and a high iron content, no superconductivity was 

detected. The c/a ratios of FeSetrans, FeSesolvo and FeSehydro are given in 

Table 3-1. The value for FeSetrans is in the range of a low Fe : Se ratio and 
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a high Tc. This is in line with the results from magnetic measurements 

[see below]. FeSesolvo and FeSehydro both exhibit very small c/a ratios, 

which would indicate an increased amount of interstitial Fe and a non-

superconducting behavior. This is consistent with the chemical analysis 

and magnetic measurements for FeSehydro, but contradicts the findings 

for FeSesolvo. 

Table Table Table Table 3333----1111 Lattice parameters, c/a ratios and Se positions from Rietveld refine-

ment of powder X-ray diffraction data [Mo-Kα1] at room temperature, composi-

tion from EDS and ICP analyses and superconducting transition temperatures for 

the FeSetrans, FeSesolvo and FeSehydro samples. 

 FeSeFeSeFeSeFeSetranstranstranstrans    FeSeFeSeFeSeFeSesolvosolvosolvosolvo    FeSeFeSeFeSeFeSehydrohydrohydrohydro    

a (Å) 3.7717(2) 3.7788(1) 3.7750(2) 

c (Å) 5.5239(5) 5.5182(3) 5.5156(3) 

c/a ratio 1.4646(1) 1.4603(1) 1.4611(1) 

z(Se) 0.2677(7) 0.2661(4) 0.2645(5) 

Fe : Se from PXRD 0.97(1) : 1 0.98(1) : 1 0.97(1) : 1 

Fe : Se from ICP 0.99(1) : 1 1.00(1) : 1 1.07(1) : 1 

Fe : Se from EDS 1.12(12) : 1 1.14(13) : 1 1.16(8) : 1 

Tc (K) 8.9 6.9 - 

 

Magnetic measurements. Figure 3-3 shows the isothermal magnetiza-

tion curves at 1.8 K and the zfc/fc susceptibilities at 50 Oe for FeSetrans, 

FeSesolvo and FeSehydro. FeSetrans exhibits a superconducting transition at 

8.9 K. The increased superconducting volume fraction of about 160% at 
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1.8 K is ascribed to the distinct plate-like crystal shape [demagnetization 

effect]. Overall, the results are in accordance with vapor-grown samples 

in the literature.17  

 

Figure Figure Figure Figure 3333----3333 Isothermal magnetizations per formula unit at 1.8 K [top] and zero-
field-cooled (zfc)/field-cooled (fc) measurements at 50 Oe [bottom] for FeSetrans 
[red], FeSesolvo [green] and FeSehydro [blue]. 

FeSesolvo is also superconducting, but with lowered Tc of 6.9 K and vo-

lume fraction of about 23% [see Figure 3-3 bottom]. Since the sample 
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contains only β-FeSe according to the X-ray diffraction data, the small 

volume fraction might suggest a separation into a superconducting and a 

non-superconducting phase. The shape of the isothermal magnetization 

curve also indicates a presumably paramagnetic impurity [Figure 3-3 top]. 

Taking into account the low-temperature X-ray diffraction data, the lack 

of the tetragonal-to-orthorhombic phase transition may apply only for 

the non-superconducting phase, which would be in accordance with the 

literature.28 The smaller, superconducting phase [ ≈ 25% considering the 

superconducting volume fraction] could still exhibit a structural phase 

transition, with the splitting of the reflections concealed by the larger 

tetragonal phase. This is conceivable, since the reflections of the FeSesolvo 

sample are broadened due to the small crystal size [see Figure 3-2 right]. 

A Rietveld refinement of the low-temperature data [10 K] with both 

phases, however, was not possible. An electronic phase separation with 

coexistence of magnetism and superconductivity could therefore be con-

sidered as well. Both scenarios are discussed for alkali metal intercalated 

FeSe, for example.29  

FeSehydro exhibits no magnetic ordering, but the small hysteresis of the 

isothermal magnetization curve indicates a ferromagnetic impurity. FeSe 

samples produced from precursors by solution-based reactions show 

similar results and a possible antiferromagnetic ordering of FeSe itself is 

discussed [TN = 50-60 K].20,21,24 Solvothermally synthesized samples in 

ethane-1,2-diol [ethylene glycol] with elemental Fe and Se used as starting 

materials reveal comparable features when exposed to air and water dur-

ing synthesis or postsynthetic.25 Exclusion of the exposition yields super-

conducting samples with Tc = 8 K. The suppression of the supercon-

ducting transition in solution-produced FeSe is therefore attributed to 

oxygen incorporated into the structure. A similar explanation may also 

apply for the lack of superconductivity in the hydrothermally produced 
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samples. However, the sample FeSehydro presented here and the compa-

rable sample in the literature deviate from the oxygen-containing samples 

in their lattice parameters. Moreover, no oxygen was detected by chemi-

cal analyses above the error limit.  

Conclusions 

In this chapter three β-FeSe samples were successfully synthesized using 

different alternatives to the conventional solid state method. Beside the 

literature known transport-growth technique [FeSetrans] and hydrothermal 

method [FeSehydro], a novel solvothermal approach with a mixture of 

1,3-dap and glycerol reliably yielded phase pure samples [FeSesolvo]. Deter-

mination of dependencies on various properties were therefore possible 

by using exactly the same analyses for all three samples. Comparison of 

the room temperature crystal structures showed only slight differences, 

while only for FeSetrans the tetragonal-to-orthorhombic phase transition 

was observed at low temperatures. The transition is assumed to indicate 

a nematic order, so it seems remarkable that FeSesolvo nevertheless exhi-

bits superconductivity. Further investigations should also address a 

possible phase separation in this sample. Measurements of the composi-

tion do not contradict the previous findings that 1 : 1 stoichiometry is 

decisive for superconductivity. The absence of superconductivity in 

FeSehydro may be attributed to oxygen incorporation. Compared to the 

literature, this sample especially demonstrates that minor changes of the 

synthesis route can develop great impact on individual properties of 

β-FeSe. 
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Abstract 

Fe2.3GeTe was obtained by solid state synthesis and the crystal structure 

was determined by single crystal X-ray diffraction. The telluride exhibits 

a new structure type [P3̄m1, a = 3.9891(6) Å and c = 10.766(3) Å] com-

posed of layers stacked along c. FeGe hexagons sandwiched by additional 

iron atoms are separated by Te double layers building a van der Waals 

gap. Similar structural motifs are found in Fe2-δGe and Fe3GeTe2.1,2 The 

Fe3 site in the FeGe hexagons has Fe vacancies [occ(Fe3) = 0.79], while 

additional electron density between the Te layers indicates iron in the van 

der Waals gap [occ(Fe4) = 0.13]. The total iron content of the structure is 

in accordance with EDS measurements. Diffuse intensity along [001]* 

was observed with electron diffraction indicating a non-periodic stacking 

of the Fe2.3GeTe layers. SAED patterns correspond to reciprocal lattice 

sections based on X-ray data. Magnetic susceptibility measurements indi-

cate ferromagnetic ordering below TC = 241 K. The Curie-Weiss fit gives 

an effective moment of µeff = 4.55 µB per iron atom and the 
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ferromagnetic Weiss temperature Θ = 238 K. Isothermal magnetization 

at 1.8 K shows a saturation moment µsat = 1.37 µB at 5 T. The magnetic 

properties are similar to those of Fe3GeTe2.2 

Introduction 

Despite the great variety of materials that show high temperature super-

conductivity, the underlying pairing mechanism is yet not definitely clari-

fied.3 Whether the suggestion of a common mechanism for unconven-

tional superconductivity is correct or not, indications for the search of 

new materials can be deduced. It is most likely that the exchange of spin 

fluctuations play an important role, suggesting a strong coupling of the 

magnetic and superconducting states.3,4 Therefore, synthesis of com-

pounds containing magnetic 3d ions in quasi two-dimensional substruc-

tures is believed to be a promising attempt in the search for new uncon-

ventional superconductors.3,5,6 For example, a pronounced layered cha-

racter is inherent in transition metal dichalcogenides, due to the van der 

Waals gap between the chalcogenide atoms.7 Beside numerous examples 

of semiconducting dichalcogenides, metallic compounds MCh2 [M = Ti, 

Zr, Hf, V, Nb, Ta, Mo, W, Ir, Pd, Pt; Ch = S, Se, Te] with a variety of 

physical and chemical properties are known. However, when it comes to 

magnetically ordered layered dichalcogenides, the experimentally con-

firmed compounds shrink to VCh2 [Ch = S, Se].7-9 This is credible since 

the Mermin-Wagner theorem predicts long-range order in 2D materials 

to be unstable.10 Extending the field of transition metal chalcogenides 

containing a van der Waals gap on ternary compounds gives the possibil-

ity of greater structural diversity and possibly magnetic properties. Re-

cently discovered Fe3GeTe2 and Ni3GeTe2 are examples for quasi two-

dimensional compounds containing magnetic 3d ions.2 The layered cha-

racter is also ascribed to the van der Waals gap between two Te layers. 
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Between these square nets of the transition metal and hexagonal rings 

composed of Fe/Ni and Ge ions are stacked alternately [see Figure 4-1 

bottom left]. While the Ni compound exhibits no ordering the Fe com-

pound is ferromagnetic below 230 K. This desired combination of 2D 

character and magnetic ordering has led to intensive research in the past 

few years to carefully characterize the properties of Fe3GeTe2.11-16 In 

contrast, no further compound has been found in the Fe-Ge-Te system, 

besides the orthorhombic Fe2GeTe4 with 3D structure.17,18 

Here, the synthesis and crystal structure determination of Fe2.3GeTe is 

presented. The compound exhibits similar structural motifs to Fe3GeTe2 

and is also ferromagnetically ordered below 241 K. Together with the 

pronounced layered character on the microscopic and macroscopic scale, 

these properties make Fe2.3GeTe a candidate for further investigation, 

including potential unconventional superconductivity. 

Experimental 

For preparation of polycrystalline samples of Fe2.3GeTe the elements Fe 

[Chempur, 99.9%], Ge [Aldrich, 99.999%], and Te [Aldrich, 99.999%] in 

molar ratio 2.3 : 1 : 1 were used. The mixtures were filled in alumina 

crucibles, sealed in silica ampoules under argon atmosphere and heated 

in two annealing steps, first at 973 K for 60 h and after cooling to room 

temperature to 1073 K for 60 h. All heating and cooling rates were 

100 K h-1. The metallic grey products consist of plate-like crystals and 

are stable at air. According to powder X-ray diffraction data the products 

contain small amounts of Fe1.67Ge and Fe3GeTe2 as impurity phases. 

Single crystal X-ray diffraction data was collected with APEX2 software 

on a Bruker D8-Quest diffractometer [Mo-Kα radiation; graphite mo-
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nochromator] and structure solution and refinement was carried out 

using Jana2006 program package. 19,20 Powder X-ray diffraction patterns 

were recorded on a Stoe Stadi P diffractometer [Mo-Kα1 radiation; 

Ge-111 monochromator; capillary sample holder] and Rietveld refine-

ment was done using TOPAS package.21 Energy-dispersive spectra were 

collected on a Carl Zeiss Evo-Ma10 microscope [SmartSEM software] 

with a Bruker Nano EDS X-Flash detector 410-M [QUANTAX 200 

software].22 23 Magnetic measurements were conducted with a Quantum 

Design SQUID Magnetometer MPMS XL-5. For transition electron 

microscopy of selected drop-casted or matrix embedded, thinned crystals 

a FEI Tecnai G20 microscope [Selected area electron diffraction SAED 

and EDS mapping] and a Titan Themis 300 microscope [scanning 

transmission electron microscope high-angle annular dark-field imaging 

STEM-HAADF] were used. The data was evaluated using Digital Micro-

graph, ProcessDiffraction7 and ES Vision software. SAED patterns 

were simulated using JEMS software. 

Results and Discussion 

Crystal structure. The crystal structure of Fe2.3GeTe was determined by 

single crystal X-ray diffraction. The compound exhibits a new structure 

type in the trigonal crystal system with the space group  P3̄m1 and the 

lattice parameters a = 3.9891(6) Å and c = 10.766(3) Å [Figure 4-1 mid-

dle; Table A-22 to Table A-24]. The structure shows similar motifs as 

Fe2-δGe, which is build up by planar hexagonal FeGe layers alternating 

with pure Fe layers [Figure 4-1 right]. In Fe2.3GeTe, the structure is cut 

by a van der Waals gap along the c axis resulting in separated blocks of 

two FeGe layers and three Fe layers. The van der Waals gap is composed 

of double layers of Te shifted to each other by the vector (1/3 2/3) in 

the ab plane. This structural motif is also known from Fe3GeTe2 which 
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contains blocks of one hexagonal FeGe layer sandwiched by two pure Fe 

layers separated by the van der Waals gap [Figure 4-1 left]. The FeGe 

layers are slightly corrugated in Fe2.3GeTe with hexagons in chair con-

formation and dihedral angles of ±15.9(1)°, while they are planar in the 

structures known in the literature. 

 

Figure Figure Figure Figure 4444----1111 Bottom: Crystal structure of Fe2.3GeTe along [110] [middle; Ge split 
position omitted for clarity] in comparison to Fe3GeTe2 [left] and Fe2-δGe 
[right].Top: Te [left], Fe [middle] and FeGe [right] atom layers of Fe2.3GeTe pro-
jected to the ab plane. 

Both, Fe2-δGe [occ(Fe2) = 0.55-0.95] and Fe3GeTe2 [occ(Fe2) = 0.71-0.92], 

exhibit an iron deficiency of the Fe site within the FeGe hexagons.1,24 

Similar results are observed for Fe2.3GeTe from single crystal X-ray dif-

fraction with occ(Fe3) = 0.79(1) [0.76(1) from powder X-ray diffraction]. 

In addition, the data shows significant electron density in the 

van der Waals gap which indicates an Fe4 site between the Te layers with 
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an occupation refined to occ(Fe4) = 0.13(1) [0.18(2) from powder X-ray 

diffraction]. A similar partially occupied site is found for the Fe3GeTe2 

isotypic compound Ni3GeTe2 with occ(Ni3) = 0.25.2 Altogether for the 

new compound a resulting stoichiometry of Fe2.36Ge0.99Te is refined 

from single crystal data, and Fe2.44Ge0.96Te from powder X-ray diffrac-

tion data. This is in accordance with the ratio of Fe : Ge : Te = 

2.21(11) : 0.87(5) : 1 obtained from EDS measurements. The deviation 

of the Ge content is observed for all compounds containing Fe, Ge and 

Te and is considered as an error of the method, with regard to the results 

of the X-ray diffraction data. 

Since the a axes of the three compounds shown in Figure 4-1 are nearly 

identical with a(Fe2-δGe) = 4.008 Å [δ = 0.33], a(Fe3GeTe2) = 3.991 Å 

and a(Fe2.3GeTe) = 3.989 Å they exhibit comparable atomic distances.1,2 

The Te-Te distances across the van der Waals gap are 3.70(1) Å in 

Fe2.3GeTe and 3.74 Å in Fe3GeTe2. This results in distances of the Te 

layers in c direction of 2.89 Å and 3.06 Å, respectively. The shorter layer 

distance in Fe2.3GeTe can be attributed to the presence of the additional 

Fe4 site in the van der Waals gap and therefore the weak ionic interac-

tions. In contrast, the distances of the pure Fe layers d(Fe1Fe2) = 

2.67(1) Å are slightly elongated compared to Fe3GeTe2 [d(Fe1Fe1) = 

2.55 Å] and Fe2-δGe [d(Fe1Fe1) = 2.50 Å; δ = 0.33]. However, even with 

this distance Fe-Fe bonding interactions across the FeGe rings can be 

assumed. Figure 4-2 shows the Rietveld refinement of powder X-ray 

diffraction data of one polycrystalline sample of Fe2.3GeTe. All samples 

contain small amounts of the impurity phases Fe2-δGe and Fe3GeTe2 

[< 5 mol%], probably due to the structural similarity of the compounds. 

Overall, the calculated pattern is in good agreement with the measured 

data, so the structure model is assumed to be reasonable. 
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Figure Figure Figure Figure 4444----2222 Rietveld refinement of a powder X-ray diffraction pattern [Mo-Kα1] of 
Fe2.3GeTe [blue positions], with impurity phases Fe2-δGe [green positions] and 
Fe3GeTe2 [orange positions]. 

Structural disorder. Refinement of the single crystal X-ray diffraction 

data with the structure model described above yielded poor R-values 

[R1 = 0.056, wR(F2) = 0.135] and significant residual electron density at 

the Ge site. A distinctly improved refinement was achieved by splitting 

the Ge position into three positions. Thereby the R-values drop to R1 = 

0.030 and wR(F2) = 0.067, so the model with Ge split position is consi-

dered to describe the data more accurate. This observation is attributed 

to the occurrence of structural disorder in the crystals as it is determined 

for Ni3GeTe2.2 TEM investigations revealed two different scattering 

phenomena for this compound displaying deviations from the average 

structure. Diffuse intensities along the stacking direction suggest in-plane 

ordering of the vacancies in the NiGe hexagonal layers and a non-

periodic stacking. Additionally, double diffraction is caused by moiré 

effects due to the plate-like crystals. 
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Figure Figure Figure Figure 4444----3333 Excerpts of the hexagonal FeGe layer projected to the ab plane with 
Ge split position from Rietveld refinement of single crystal X-ray diffraction data 
in different space groups, P3̄m1 [left] and P1̄ [middle], compared to the average 
structure with Ge on special position [right]. Refined occupations are given in 
green. 

Splitting of the Ge position in Fe2.3GeTe [P3̄m1] is achieved by shifting 

the atom from the special Wyckoff position 2d [1/3 2/3 0.609(1)] 

[Figure 4-3 right] to the general position 6i [Figure 4-3 left]. The frac-

tional coordinates refine to x = 0.3599(7), y = 0.6401(7) and z = 

0.6103(1) with the Ge atoms shifting towards the Fe3 atoms. Free re-

finement of the occupation yields 0.33(1) which coincides with full oc-

cupation of the Ge site. In order to verify that the splitting occurs statis-

tically the occupations of the three resulting positions have to be refined 

independently. For this, the symmetry was reduced to space group P1̄ 

and fractional coordinates and occupations were refined freely, keeping 

the distances of the Ge positions equal [Figure 4-3 middle]. Again a shift 

of the Ge atoms towards the Fe3 atoms is observed with occupations of 

almost 0.33 which indicates a statistical splitting as expected. Taking into 

account the occupational deficiency on the Fe3 site, the splitting may be 

caused by a tendency of the Ge atoms towards neighboring vacancies. 

An indication for this is the shortening of the Fe3-Ge1 distance upon 

splitting to 2.13(1) Å which is noticeably shorter than distances found in 
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Fe3GeTe2 [d(GeFe2) = 2.30 Å] and Fe2-δGe [d(GeFe2) = 2.31 Å; δ = 

0.33].1,2 The refined occupation of the Fe3 site is 0.79(1), though, which 

gives 0.21 vacancies deviating from the occupation of 0.33 for the Ge 

split positions. 

 

Figure Figure Figure Figure 4444----4444 STEM dark field image showing superposition of plate-like crystals [left] 
and SAED pattern along <103> compared with simulation based on structural 
model from X-ray diffraction data [right]. Diffuse scattering along [001]* is 
highlighted in the blue box. 

A closer analysis of the structural disorder of Fe2.3GeTe was done by 

transmission electron microscopy. Initially recorded SAED patterns 

could not be indexed with the structural model since additional reflec-

tions occurred. This is explained by the superposition of the plate-like 

crystals on a microscopic scale as can be seen in STEM images [Fig-

ure 4-4 left]. In order to exclude that the additional reflections are attri-

buted to impurity phases grown on the crystals, EDS mappings were 

conducted, showing identical composition over the whole crystal. For 

further measurements, the crystals were embedded in a matrix and 

thinned, to ensure that single domains are measured. SAED patterns of 

these domains along special projections are in good agreement with cor-

responding simulations and no superstructure reflections are observed 
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[see for instance zone axis <103> in Figure 4-4 right; further tilt series 

are given in Figure A-2]. However, diffuse scattering along [001]* indi-

cates a non-periodic stacking of the layers along c. Closer analysis of the 

streaks leads to an observation of 13 distinct reflections between the 

main reflections along [001]* [see blue box in Figure 4-4]. It should be 

noted that the diffuse intensities are very weak and therefore not notice-

able in the less sensitive X-ray diffraction. Diffraction images of the 

crystals along [001]* are shown in Figure 4-5 [top] from X-ray and elec-

tron diffraction. Both can be indexed with the structural model, but both 

also show weak additional reflections. This states that even in thin crys-

tals superposition of different domains occurs. Same is observed in 

HRTEM images [Figure 4-5 bottom], which leads to Moiré patterns and 

additional reflections in associated Fourier transforms. 

 

Figure Figure Figure Figure 4444----5555 Top: Reciprocal lattice section along [001]* from single crystal X-ray 
diffraction [left] and selected area electron diffraction [right]. Bottom: High reso-
lution TEM image [left] and associated Fourier transform [right] along [001]*. 
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TEM investigations of Ni3GeTe2 give similar results and are explained by 

in-plane ordering of the vacancies in the hexagonal NiGe layers with 

non-periodic stacking leading to diffuse intensities.2 Taking into account 

the Ge split position observed in single crystal X-ray diffraction the same 

is probable for Fe2.3GeTe. 

 

Figure Figure Figure Figure 4444----6666 Magnetic susceptibility of Fe2.3GeTe measured at 100 Oe between 
1.8 and 380 K [green]. Insert: isothermal magnetization per formula unit at 
1.8 K [blue] and 380 K [pink]. 

Magnetic properties. Magnetic susceptibility measurements were con-

ducted at 100 Oe and 20 kOe for a sample of Fe2.3GeTe containing 

2 mol% Fe2-δGe and 3 mol% Fe3GeTe2 [Figure 4-6]. Ferromagnetic or-

dering is observed with a Curie-temperature of 241(1) K taken from zero 

point of the second derivative of the measurement at 100 Oe. Curie-

Weiss fitting of the paramagnetic region above the ordering temperature 

for the measurement at 20 kOe gives χ0 = 0.0001(3) cm3 mol-1, Θ = 

238.3(3) K and C = 5.96(5) cm3 mol-1 K, yielding an effective paramag-
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netic moment of µeff = 4.55(2) µB per Fe atom. Isothermal magnetiza-

tions measured above and below TC are shown in the insert in Fig-

ure 4-6. While at 380 K paramagnetic behavior is observed, the mea-

surement at 1.8 K reveals a ferromagnetic hysteresis with small coercive 

field of about 260 Oe and saturation moment of 1.37(1) µB per Fe atom 

at 50 kOe. These values are comparable to those of Fe3GeTe2 

[Hc = 300 Oe, µsat =1.58 µB per Fe at 5 K].11 The additional inflection 

point in the 100 Oe measurement at about 225 K [see Figure 4-6] is as-

cribed to the impurity phase Fe3GeTe2 since for this compound Curie-

temperatures of 143-229 K depending on the Fe content are 

reported.24,25 

Conclusions 

Fe2.3GeTe was synthesized by solid state reaction and the trigonal crystal 

structure was determined by single crystal X-ray diffraction. The com-

pound exhibits similar structural motifs as Fe2-δGe and Fe3GeTe2 and is 

besides the latter and orthorhombic Fe2GeTe4 the third known com-

pound in the Fe-Ge-Te-system. The structure of Fe2.3GeTe is quasi two-

dimensional on the microscopic scale due to double layers of Te building 

a van der Waals gap. The layered character can easily be recognized on 

the macroscopic scale by intergrowth of the plate-like crystals. This su-

perposition is apparent by inexplicable reflections in electron diffraction 

patterns which are not observed when the sample is embedded and 

thinned. Additionally, structural disorder occurs in Fe2.3GeTe crystals, 

presumably due to in-plane ordering of Fe vacancies and Ge atoms in 

the hexagonal layers and non-periodic stacking. The magnetic properties 

of the new compound are comparable to Fe3GeTe2 with ferromagnetic 

ordering below 241 K. 
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Abstract 

Fe5–δGeTe2 was synthesized by heating the elements at 1050 K and cha-

racterized by single crystal and powder X-ray analysis. The structure 

[R3m, a = 4.0376(4) Å, c = 29.194(6) Å] consists of Fe5-δGe layers sepa-

rated by tellurium double layers forming a van der Waals gap. The pro-

nounced two-dimensional character of Fe5–δGeTe2 causes stacking faults 

along the c direction. Simulations of different stacking variants using the 

DIFFaX software reveal disorder occurring in domains. Magnetic mea-

surements of Fe5–δGeTe2 show ferromagnetism below 279 K with a satu-

ration moment of 1.80 µB at 1.8 K. Nickel substitution of the iron sites 

has little influence on the structure but changes the saturation moment, 

which passes through a maximum of 2.11 µB in Fe4.11Ni0.50GeTe2. This 

indicates that structural influences as well as the dilution of the magnetic 

iron atoms play a decisive role. 

                                                           

b Supplementary information in appendix A.5 
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Introduction 

The interest in van der Waals materials has been rising for many years as 

the methods of producing and investigating 2D materials are steadily 

improving.26-28 These materials are candidates for applications in spin-

tronic and other technologies. Considering ternary van der Waals com-

pounds, one expects an even wider range of properties.26 However, 

magnetic phenomena in 2D materials are difficult to obtain since long-

range order cannot persist according to the Mermin-Wagner 

theorem.10,29 Nevertheless, thin films of Cr2Ge2Te6, Fe3GeTe2, and 

FePS3 for example show intrinsic ferromagnetism or antiferromagnet-

ism, which leads to good prospects in spintronic device applications.29-31 

The high Curie temperature of 220 K and strong anisotropy of the mag-

netic state favors Fe3GeTe2 over other ferromagnetic van der Waals 

materials.32,33 The hexagonal structure of Fe3GeTe2 contains metal atom 

substructures sandwiched by tellurium layers building the van der Waals 

gap.2 The magnetic and structural properties of the bulk phase have been 

intensively studied over the last few years, characterizing the material as 

quasi-2D itinerant ferromagnet with easy axis parallel to c.11-16,34 Theoret-

ical calculations support these findings.35,36 A decisive advantage is the 

possibility of tuning the magnetic parameters through chemical modifica-

tion. On the one hand, this is due to the dependence of the magnetic 

ordering on the iron content. The content can be reduced by introducing 

vacancies, but also by substitution of the iron atoms with nickel, since 

the isotypic compound Ni3GeTe2 exhibits no ordering.24,25 Thereby, the 

substitution corresponds to a dilution of the magnetic centers. Addition-

ally, a structural influence is possible by substitution of the non-magnetic 

Ge atoms. Thus, suppression of the magnetic ordering was achieved in 

the solid solution Fe3-δGe1-xAsxTe2 and attributed to the elongation of 

the Fe-Fe distances of the pure Fe layers.37 Since the other isotypic com-
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pounds Ni3ETe2 [E = Ga, In, Sn] and Ni2SbTe2 exist, beside Ni3GeTe2 

and Fe3AsTe2, there is room for further investigations in this field.2,38-43 

Fe2.3GeTe is a further compound in the Fe-Ge-Te system showing com-

parable structure motifs to Fe3GeTe2 and is ferromagnetic below 

239 K.44 Stacking disorder in Fe2.3GeTe was resolved by TEM investiga-

tions and suggests a similar anisotropic character as in Fe3GeTe2. Anoth-

er compound in the Fe-Ge-Te system is mentioned in the literature as 

side phase, but so far only the composition Fe5GeTe2 has been deter-

mined.45 Both compounds, Fe2.3GeTe and Fe5GeTe2, should be given a 

closer look, as they show similar characteristics to Fe3GeTe2 and there-

fore may be promising van der Waals ferromagnets. 

In this work we report on the compound Fe5–δGeTe2, which has already 

been mentioned in the past, but not characterized.45 We show the crystal 

structure solved from single crystal diffraction data and find that the 

solution has been impeded so far by stacking disorder. By examining this 

disorder more precisely using DIFFaX simulations, it turns out that 

faultless and faulted domains occur concurrently. Fe5–δGeTe2 shows 

ferromagnetic order below 279 K with a low coercive field and satura-

tion moment comparable to Fe3GeTe2. This, together with the layered 

structure, suggests a strongly anisotropic magnetic character. We ma-

naged to adjust the magnetic properties by substitution of the iron sites 

by  nickel, showing that both structural influences and dilution of mag-

netic centers affect the ordering. 

Experimental 

Polycrystalline samples of Fe5–δGeTe2 and Fe5-δ-xNixGeTe2 were prepared 

via solid state reaction from pure elements. Therefore Fe [Chempur, 

99.9%], Ni [Chempur, 99.99%], Ge [Aldrich, 99.999%] and Te [Aldrich, 
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99.999%] powder were mixed in molar ratio 4.5-x : x : 1 : 2 with x = 0, 

0.1, 0.25, 0.5, 0.75, 1.0, 1.1, 1.25, 1.5. The mixtures were filled in alumina 

crucibles and sealed in silica ampoules in an argon atmosphere. The 

samples were heated to 1023 K for 100 to 120 h [heating and cooling 

rate: 100 K h–1]. The products are metallic grey and stable at air. Single 

crystals show a hexagonal plate-like shape and a pronounced layer cha-

racter. All samples contain Fe3-xNixGeTe2 as a side phase with 

9-18 mol%. 

Single crystal X-ray diffraction analysis was done with a Bruker 

D8-Quest diffractometer [Mo-Kα radiation; graphite monochromator]. 

Data was collected and processed using APEX2 software and structure 

solution and refinement was done using Jana2006 program package.19,20 

Powder X-ray diffraction analysis of the polycrystalline samples was 

conducted with a Stoe Stadi P diffractometer [Mo-Kα1 radiation: Ge-111 

monochromator] with capillary sample holder. Rietveld refinement of 

the recorded patterns was done using TOPAS package.21 Simulations of 

powder patterns based on structure models with varying proportions of 

stacking faults were realized using DIFFaX program.46 Instrumental 

broadening was described by pseudo-Voigt functions. Analysis of the 

composition was carried out via energy-dispersive spectroscopy with a 

Carl Zeiss Evo-Ma10 controlled by SmartSEM software.23 Data was 

collected with a Bruker Nano EDS X-Flash detector 410-M and the 

QUANTAX 200 software.22 Magnetic measurements were conducted 

either with a Quantum Design SQUID Magnetometer MPMS XL-5 or a 

PPMS with VSM option. 
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Results and Discussion 

Crystal structure. The crystal structure of Fe5–δGeTe2 was solved from 

single crystal X-ray data [Mo-Kα radiation] in the non-centrosymmetric 

space group R3m with a = 4.0376(4) Å and c = 29.194(6) Å [Figure 4-7; 

for further detail see Table A-25 to Table A-27].  

 

Figure Figure Figure Figure 4444----7777 Crystal structure of Fe5-δGeTe2 projected along [110] [Ge1' position is 
omitted for clarity]. The structure consists of building blocks stacked along [001] 
direction, which are composed of atomic layers A-D and A' [projection of the 
individual layers along [001] on the right]. 

The structure is composed of repetitive building blocks stacked along c 

direction and shifted to each other according to the R-centered space 

group. The blocks consist of atomic layers A-D and A' [see Figure 4-7]. 

The outer layers [A and A'] are build from Te atoms, which results in van 
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der Waals gaps between the blocks. In the ac plane layer A' [Te1 atoms] 

is shifted to layer A [Te2 atoms] by the vector (1/3 2/3). Neighboring 

Te atoms show a distance of d(Te1Te2) = 3.85(3) Å which gives a dis-

tance of the Te layers of d(A-A') = 3.06 Å. This is consistent with values 

found for the structurally similar compounds Fe3GeTe2 [d(TeTe) = 

3.74 Å] and Fe2.3GeTe [d(TeTe) = 3.69 Å].2,44 The sections between the 

Te layers within the building blocks consist of Fe layers (B) stacked al-

ternately with layers built up by FeGe (C) and FeFe hexagons (D), result-

ing in a stacking sequence of ABCBDA' for each block. Since the Ge 

atom showed a strongly elongated anisotropic displacement parameter 

along c, the Ge site was refined with a split position, which resulted in 

significantly lower R factors. Free refinement of the occupations resulted 

in occ = 0.5 for both positions. FeGe hexagons (C) sandwiched by 

Fe atoms (B) also occur in Fe3GeTe2, Fe2.3GeTe and binary Fe2-δGe with 

3D instead of layer character.1,2,44 While the FeGe layers in Fe3GeTe2 and 

Fe2-δGe are planar [dihedral angles = 0°], they are corrugated in 

Fe2.3GeTe [dihedral angles = ±17.2°] and Fe5–δGeTe2 [dihedral angles = 

±24.5°, ±40.1°, ±51.9°, ±65.3°] in chair conformation. In Fe5-δGeTe2 

the distance between the B layers of d(Fe1Fe2) = 2.52(1) Å is compara-

ble with the shortest distance in α-Fe [d(FeFe) = 2.47 Å], which suggests 

Fe-Fe bonds.47 In addition, FeFe hexagons (D) with even shorter Fe-Fe 

distances [d(Fe4Fe5) = 2.34(1) Å] occur in the new compound, which 

have not been observed in the Fe-Ge-Te-system so far. These layers are 

also slightly corrugated with dihedral angles of ±20.3°. Honeycomb lay-

ers built up solely of Fe atoms are known from the structurally related 

compounds Gd2XFe2 [X = Br, I] and Y2Br2Fe2+x, for example, which 

show comparable short Fe-Fe distances [d(FeFe) = 2.33 Å, 2.27 Å].48,49 

The splitting of the Ge position in Fe5–δGeTe2 causes one very short 

Fe-Ge distance d(Fe5Ge1') = 1.88(1) Å. Given the occ(Fe5) of 0.73, this 
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indicates that the sof of the Ge split position should deviate from 0.5, 

which is however not supported by the data. We suggest that this is a 

consequence of the inaccuracy caused by the stacking disorder.  

 

Figure Figure Figure Figure 4444----8888 Excerpts of the Rietveld refinement of a powder diffraction pattern 
[Mo-Kα1 radiation] of Fe5-δGeTe2 [blue positions], with Fe3GeTe2 [green positions] 
as side phase. Indices of selected reflections showing broadening due to stacking 
disorder are given in blue. 

Additionally, the Fe3 site in the FeGe hexagons is iron deficient with 

occ(Fe3) = 0.89. Rietveld refinements of X-ray powder diffraction data 

reveal similar occupations. Overall, for various samples, δ is 

approximately 0.4, which is confirmed by EDS analyses. Iron deficiency 

of the Fe site within the FeGe rings is also found for Fe2-δGe [occ(Fe2) = 

0.55-0.95], Fe3GeTe2 [occ(Fe2) = 0.71-0.92] and Fe2.3GeTe [occ(Fe3) = 

0.79].1,24,44 An additional site within the van der Waals gap is partially 

occupied with iron [occ(Fe4) = 0.13] in Fe2.3GeTe and with nickel in 

Ni3GeTe2 verified by TEM investigations.2,44 In contrast to this, 



116 4  Fe3GeTe2-related structures 

 

significant residual electron density is smeared along [001] in Fe5–δGeTe2. 

Diffuse streaks along 00l in the single crystal diffraction patterns indicate 

stacking disorder of the layers [see Figure A-3]. The powder diffraction 

patterns even more display disorder by significant shoulders of corres-

ponding peaks. Figure 4-8 shows excerpts of the Rietveld refinement 

containing 82 mol% Fe5–δGeTe2 and 18 mol% Fe3GeTe2 as impurity 

phase [for complete Rietveld refinement see Figure A-4]. Pronounced 

intensity misfits due to broadening of the 10l and 01l reflections are visi-

ble, which confirms the presumed disorder along the [001] direction. 

Other reflections, for example the main reflection 110 [at 2θ = 20.23° in 

Figure 4-8], show no good agreement of the intensity as well. This is 

because the total Rietveld refinement is impeded by the broadening and 

thus lowered intensity of the 10l and 01l reflections. 

Stacking faults. To further investigate the disorder, powder patterns of 

different stacking models were simulated using the DIFFaX software 

and compared with experimental data.46 Taking the strong bonds within 

the building blocks of Fe5–δGeTe2 into account, a shift of the layers is 

more likely to occur at the van der Waals gap, as interactions there are 

weak. Therefore, one block [ABCBDA', 1/3 of the original unit cell, see 

Figure 4-7] of the structure was used as a base layer for the generation of 

different stacking variants [Table A-29]. In order to obtain the ordered 

structure solved from single crystal refinement, this base layer has to be 

stacked two times with the vector S1 = (2/3 1/3 1), referred to as original 

stacking in the following [Figure 4-9, left]. For further variants it was as-

sumed that the distances of the Te atoms forming the van der Waals gap 

are maintained upon shifting of the layers. This leads to only one other 

probable stacking with the vector S2 = (0 0 1) [Figure 4-9, right], re-

ferred to as stacking fault.  
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Figure Figure Figure Figure 4444----9999 Probable stacking patterns of one building block [base layer] of 
Fe5-δGeTe2 depicted for three layers, respectively [Ge split position omitted for 
clarity]. Vector S1 describes the stacking of the original structure [left] solved 
from single crystal data. Vector S2 describes the only other probable stacking 
variant preserving the Te-Te distances [right]. 

We used the DIFFaX routine to simulate a statistical ensemble of crystal-

lites with infinite number of unit cells in all directions. Figure 4-10 shows 

a measured powder pattern of Fe5–δGeTe2 [impurity phase Fe3GeTe2 

highlighted in orange] in comparison with the simulated patterns. The 

blue line depicts the simulated pattern of the ordered structure without 

stacking faults. Distinct differences to the experimental data are visible in 
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the intensity ratios and the peak width of specific reflections. As already 

observed in the Rietveld refinement, the 10l and 01l reflections exhibit 

too small intensities and pronounced shoulders in the measured pattern. 

An increasing broadening of these reflections occurs with more stacking 

faults, which is exemplified by a simulated pattern with a probability of 

20% S2 stacking in Figure 4-10 [green line; for further simulations with 

other probabilities see Figure A-7]. However, this type of stacking does 

not adequately describe the experimental data, since the measured dif-

fractogram contains peaks with shoulders. This indicates the presence of 

domains with different probabilities for faults within the crystals. In case 

of Fe5–δGeTe2, a mixture of faultless domains [blue line in Figure 4-10] 

and domains with 20% stacking faults [green line in Figure 4-10] gives a 

good description of the peak shape.  

 

Figure Figure Figure Figure 4444----10101010 Excerpts of a powder diffraction pattern [Mo-Kα1 radiation] of 
Fe5-δGeTe2 [black line], with impurity phase Fe3GeTe2 [orange dashed line] and 
indices of selected reflections. Simulated patterns without stacking faults [blue 
line], with 20% stacking faults [green line] and with 20% faults in domains [pink 
line]. 
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To determine the ratios of the domains, powder patterns with different 

probabilities of occurrence of the domains were simulated [Figure A-7]. 

The best fitting of the experimental data is obtained at a ratio of faultless 

domains : 20% faulted domains = 1 : 2, shown as pink line in Fig-

ure 4-10. We note that the DIFFaX simulation only allows an estimation 

of disorder. In addition, idealized vectors were used for the generation of 

stacking models, assuming that the Te-Te distances are preserved. Nev-

ertheless, the resulting model is in good agreement with the experimental 

data, such as the residual electron density smeared along [001] observed 

in single crystal diffraction, and the peak profiles observed in powder 

diffraction. We therefore suggest that the S2 stacking is the main fault in 

Fe5–δGeTe2 and that both, faultless and faulted domains, arise in the 

samples. 

Magnetic properties. Magnetic susceptibility measurements of a 

Fe5-δGeTe2 sample with δ = 0.37(14) reveal ferromagnetic ordering be-

low TC = 279(1) K, with TC taken from zero point of the second deriva-

tive of a measurement at 100 Oe [Figure A-8]. Figure 4-11 shows the 

inverse magnetic susceptibility between 1.8 K and 380 K at 20 kOe. A 

Curie Weiss fit of the paramagnetic region was not possible since too 

few data were measured above the ordering temperature. The isothermal 

magnetization curve of Fe5–δGeTe2 at 1.8 K [insert Figure 4-11] gives a 

saturation moment µsat = 1.80 µB at 50 kOe and a coercive field of Hc = 

325 Oe. The small Hc corresponds to the one of Fe3GeTe2 

[Hc = 300 Oe] and indicates a soft magnetic material.11 The small µsat is 

in the range of values for ferromagnetic Fe3GeTe2 [µsat = 1.0-1.6 µB].15,24 

The saturation moment as well as the Curie temperature of Fe3GeTe2 

strongly depends on the Fe content.24,25 The observed suppression of the 

magnetic ordering was ascribed to a dilution of the central magnetic iron 



120 4  Fe3GeTe2-related structures 

 

atoms by vacancies, which is further confirmed by the solid solution 

Fe3-xNixGeTe2, where the iron atoms are additionally diluted by non 

magnetic nickel atoms.24 However, a structural influence is also possible, 

since it has recently been shown that substitution of the germanium site 

by arsenic also triggers the suppression of the magnetic ordering without 

changing the iron content.37 This is attributed to the increase of the 

Fe-Fe distances of the Fe atoms sandwiching the FeGe hexagons.  

 

Figure Figure Figure Figure 4444----11111111 Inverse magnetic susceptibility of Fe5-δGeTe2 measured at 20 kOe 
between 1.9 and 380 K [green]. Insert: isothermal magnetization per formula unit 
at 1.8 K [blue] and 300 K [pink]. 

The possible suppression of the magnetic ordering in Fe5–δGeTe2 with 

decreasing iron content was examined by substitution with nickel, as 

targeted syntheses of samples with varying iron deficiency were unsuc-

cessful. Fe5-δ-xNixGeTe2 samples are stable up to x = 1.3, beyond which 

the proportion of Fe3-xNixGeTe2 increases significantly and binary phas-

es occur in the samples. 
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Table Table Table Table 4444----1111 Compositions, lattice parameters, cell volume, ordering temperatures 

and saturation moments per Fe atom for samples of Fe5-δ-xNixGeTe2. 

xxxx    
cccc    δδδδ    

cccc    aaaa    (Å)(Å)(Å)(Å)dddd    
cccc    (Å)(Å)(Å)(Å)dddd        

VVVV    (Å(Å(Å(Å
3333))))    TTTTCCCC    (K)(K)(K)(K)eeee    

µµµµsatsatsatsat    ((((µµµµBBBB))))
ffff    

0 0.37(14) 4.0388(3) 29.171(3) 412.08(8) 279(1) 1.80(5) 

0.08(1) 0.38(17) 4.0385(1) 29.163(2) 411.91(4) 278(1) 1.90(6) 

0.21(2) 0.49(15) 4.0360(1) 29.135(1) 411.00(3) 281(1) 1.97(6) 

0.50(4) 0.39(17) 4.0333(1) 29.133(1) 410.43(3) 282(1) 2.11(7) 

0.70(5) 0.50(25) 4.0320(1) 29.154(1) 410.45(3) 287(1) 1.73(7) 

0.95(5) 0.39(18) 4.0322(2) 29.177(2) 410.81(5) 286(1) 1.58(11) 

1.09(13) 0.32(25) 4.0307(1) 29.187(1) 410.65(2) 282(1) 1.53(10) 

1.10(9) 0.59(30) 4.0308(1) 29.207(1) 410.96(2) > 400 1.42(8) 

1.29(9) 0.75(29) 4.0294(1) 29.232(2) 411.03(4) > 400 1.09(12) 

 

Table 4-1 shows the compositions of Fe5-δ-xNixGeTe2 samples from EDS 

measurements and lattice parameters from Rietveld refinements [further 

details are given in Figure A-4 to Figure A-6 and Table A-28]. It is par-

                                                           

c Composition taken from EDS measurement. 

d Lattice parameters taken from Rietveld refinement of powder diffraction 

data. 

e TC taken from zero points of second derivative of susceptibility measurement 

at 100 Oe. 
f µsat at 50 kOe taken from isothermal magnetization curve at 1.8 K. 
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ticularly noticeable that no stacking disorder is observed in the powder 

patterns already above a nickel substitution of x = 0.2. It can be argued 

that this is a consequence of the occupation of an additional nickel site 

within the van der Waals gap, as in Ni3GeTe2.2 This may affect the crys-

tal growth and direct the stacking of the layers. However, no significant 

electron density is observed at this position in single crystal measure-

ments of Fe5-δ-xNixGeTe2. Overall, there is little impact of the substitu-

tion on the structure. While the a axis decreases continuously with x, the 

c axis exhibits a minimum at x = 0.50 [Table 4-1]. The maximum differ-

ence in the whole range of x is small with ∆a = 0.2% and ∆c = 0.3%, and 

an order of magnitude smaller than the changes found for 

Fe3-xNixGeTe2.24 In addition, c shows an increase with x > 0.5, while for 

Fe3-xNixGeTe2 the c axis decreases with x. Here the differences of the 

structures seem to become evident, since the structure motifs are mainly 

equal, but Fe3GeTe2 does not possess FeFe hexagons. Moreover, no 

information about the iron sites affected by nickel substitution is obtain-

able from X-ray diffraction data and therefore a discussion of the influ-

ence on the structure is prevented. The trend of the lattice parameters 

with substitution cannot be compared with structure data of the pure Ni 

compound as well, since syntheses with corresponding stoichiometry 

lead to the tetragonal compound Ni5+δGeTe2.50,51 Regarding the compo-

sition, it is noticeable, that δ is about 0.4 up to x = 1.1 as for the 

unsubstituted compound. Above that, the number of vacancies increases 

rapidly. This might be a reason why the structure is not stable for a high-

er degree of substitution. 

Figure 4-12 shows isothermal magnetization curves of the solid solutions 

Fe5-δ-xNixGeTe2 at 1.8 K. The saturation moments per Fe atom at 

50 kOe are given in Table 4-1 together with TC from susceptibility mea-

surement at 100 Oe [Figure A-8]. All samples contain Fe3-xNixGeTe2 as 



4.2  Fe5-δGeTe2 and Fe5-δ-xNixGeTe2 123 

 

 

impurity phase, which also contributes to the magnetization. This is in-

cluded in the error of µsat in Table 4-1.  

 

Figure Figure Figure Figure 4444----12121212 Isothermal magnetization per Fe atom at 1.8 K of Fe5-δ-xNixGeTe2. 

In contrast to Fe3-xNixGeTe2 TC is not reduced with x but remains al-

most constant up to x = 1.1. Samples with x > 1.1 and increased δ show 

no ordering in the measured range, but are already magnetically ordered 

above 400 K, which is evident from isothermal magnetization curves at 

this temperature [Figure A-8]. The saturation moments at 1.8 K do not 

decrease with the Fe content and therefore the dilution of the magnetic 

centers, but show a maximum at x = 0.5 with µsat = 2.11 µB. This coin-

cides with the minimum of the c parameter, as can be seen from Fig-

ure 4-13.The initial increase of µsat with x and the dependency of c could 

be explained by the shortening of the Fe1-Fe2 bonds across the hex-

agonal FeGe rings with decreasing c. As found for the solid solution 

Fe3-δGe1-xAsxTe2 this bond length is crucial for the magnetic properties 

and elongation leads to suppression of the ordering.37 Thus, for the 
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magnetic state of Fe5-δ-xNixGeTe2, the decrease of c and the associated 

reduction of the Fe1-Fe2 distance dominate up to x = 0.5, before the 

incipient increase of c and the dilution of the magnetic centers prevail. 

 

Figure Figure Figure Figure 4444----13131313    Saturation moment μsat per Fe atom [1.8 K, 50 kOe] and c axis length 
in dependence of the Fe content for the solid solution Fe5-δ-xNixGeTe2 [x for each 
data point is given in grey]. 

Conclusions 

Fe5–δGeTe2 is a new van der Waals ferromagnet with a highly anisotropic 

crystal structure, which is similar to Fe3GeTe2 but contains an additional 

honeycomb layer of iron atoms. Earlier structure determinations were 

inconclusive because the layer structure tends to form stacking faults. 

DIFFaX simulations of the disorder are in good agreement with powder 

diffraction data and suggest the occurrence of both faultless and faulted 

domains in the crystals. The solid solution Fe5-δ-xNixGeTe2 was success-

fully synthesized up to x = 1.3, which showed that nickel substitution 

has little influence on the structure. Ferromagnetic ordering of 

Fe5-δGeTe2 with TC = 279 K and µsat = 1.80 µB changes with x in 
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Fe5-δ-xNixGeTe2. While the Curie temperature is hardly affected, the satu-

ration moment exhibits a maximum at 2.11 µB in Fe4.11Ni0.50GeTe2. This 

reflects the interplay of structural effects and dilution of the magnetic 

centers. Overall, Fe5–δGeTe2 exhibits similar promising properties as 

Fe3GeTe2 in terms of application in spintronic devices. The adjustment 

of µsat without lowering of TC through nickel substitution may prove to 

be an advantage over Fe3GeTe2. 
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5 Summary   

In this thesis two different classes of quasi-two-dimensional transition 

metal chalcogenides were investigated. In the first part β-FeSe and re-

lated structures were synthesized via a solvothermal method. This me-

thod provides on the one hand a unique tool to incorporate organic 

molecules into the product structures. On the other hand it represents an 

alternative synthesis method for inorganic compounds difficult to access 

by solid state reactions. This thesis focused on both, the targeted control 

of the parameter-rich solvothermal method, as well as the increase in 

structural range of dimensionally reduced phases. β-FeSe represents an 

intriguing compound, since the nature of the superconducting state is 

not yet fully understood. In the second part of the thesis Fe3GeTe2-

related materials were successfully prepared with the main focus on ex-

panding the substance group, since Fe3GeTe2 has recently attracted a lot 

of research interest due to its promising magnetic properties for device 

application. 

β-FeSe-related structures 

In chapter 2 of this thesis the field of dimensionally reduced β-FeSe-

related structures was successfully extended by four compounds with 

differently terminated fragments. Solvothermal synthesis was used for 

this purpose, with the solvent en being incorporated into the product 

structures. This yields organic-inorganic hybrid compounds, in which the 

quasi-low-dimensional character is more pronounced since the 

van der Waals interactions between the FeSe-related structure motifs are 

weakened. In order to achieve a systematic stepwise dimensional reduc-

tion a novel control parameter was established, using an additional sol-
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vent as diluent. Thus, depending on the degree of dilution, various one- 

and two-dimensional products were prepared. 

Dilution with glycerol yields Fe3Se4(en)3 in addition to the previously dis-

covered compound Fe3Se4(en)2 with both containing quasi-1D single 

chains of edge-sharing FeSe4 tetrahedra.1 The new compound crystallizes 

in two polymorphs, which mainly differ in the distortion of the FeSe2 

chains. In contrast to Fe3Se4(en)2 no Fe-Se interactions, but only hydro-

gen bonds connect the chains resulting in a more pronounced one-

dimensional character. Fe10Se12(en)7 is also built up from chains, but the 

connection of the tetrahedra via three edges results in Fe2Se3 double 

chains. Fe3Se4(en)3 and Fe10Se12(en)7 both contain Fe(en)3 complexes ar-

ranged between the chains. With Fe0.85Se(en)0.3 a quasi-two-dimensional 

compound with neutral spacer layers was synthesized. Despite the small 

quantity of intercalated en, the FeSe layers are widely separated in the 

new structure. Differences to β-FeSe are mainly evident in the stacking 

sequence and stoichiometry of the layers. 

In addition to determination of the crystallographic structures, the stabil-

ity ranges of the β-FeSe-related compounds as a function of dilution and 

synthesis temperature were investigated. The generated phase diagram 

demonstrates a strong dependence of the product dimensionality on the 

dilution. Further characterization of the products regarding their thermal 

stability showed decomposition of Fe3Se4(en)2, Fe3Se4(en)3 and 

Fe10Se12(en)7 between 100 °C and 150 °C into elements or various iron 

selenides. The measurements additionally suggest a phase transition of 

β-Fe3Se4(en)3 to the α-polymorph prior to decomposition. Fe0.85Se(en)0.3 

also undergoes a phase transition above 180 °C, in which the crystal 

system changes from monoclinic to orthorhombic. This resembles the 

tetragonal-to-orthorhombic transition of β-FeSe upon cooling.2 The 
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transition in Fe0.85Se(en)0.3 is accompanied by deintercalation of en, which 

is completed above 200 °C, resulting in β-FeSe. Investigation of the 

magnetic properties showed paramagnetic behavior for Fe3Se4(en)3 and 

Fe10Se12(en)7 with potential indication of antiferromagnetic ordering. In 

contrast to similar compounds additionally intercalated by alkali metals, 

Fe0.85Se(en)0.3 is also paramagnetic and non-superconducting.3-6 More 

detailed characterization implied that this is due to the lack of electron 

doping. A similar scenario is assumed for β-FeSe monolayers grown on 

SrTiO3.7 Thus, with Fe0.85Se(en)0.3 a bulk analogue of the monolayer ma-

terial and a parent compound of the metal co-intercalated structures was 

successfully prepared. 

Since solvothermal synthesis provides multiple additional parameters in 

comparison to conventional solid state synthesis, careful investigations 

of their dependencies are mandatory.8 In order to confirm the capability 

of the new control parameter to gradually generate dimensionally re-

duced phases, further syntheses with an alternative diluent were con-

ducted. Methanol was chosen, since the influence on the reaction pres-

sure is reversed compared to glycerol. As a consequence, the new com-

pound Fe20Se24(en)13(MeOH) was found, exhibiting an unusual crystal 

structure with Fe2Se3 double chains. Itemized studies of the reaction 

pressure for both diluents, glycerol and methanol, overall corroborated the 

dependence of the tetrahedra connectivity upon the degree of dilution. 

Thus, in this chapter, the structural diversity of low-dimensional β-FeSe-

related structures was expanded and at the same time additional control 

was gained over the solvothermal method. 
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β-FeSe 

In addition to dimensionally reduced structures, β-FeSe itself was pro-

duced by a solvothermal method in 1,3-dap and glycerol. This combination 

of solvent and diluent yields a superconducting product, which is re-

markable considering previously discussed problems with solvent-based 

syntheses of β-FeSe.9-14 Mainly, a differing iron environment and conta-

mination with oxygen atoms are mentioned as possible reasons for the 

absent transition to the superconducting state in these materials.12-14 

Therefore, the synthesized product was examined in detail in chapter 3 

with regard to its chemical and physical properties at ambient and low 

temperatures. In order to improve the assessment of the correlations, 

β-FeSe was supplementarily prepared by a hydrothermal route as well as 

vapor-transport, and equally investigated. All samples exhibited almost 

identical crystal structures and stoichiometries at room temperature. 

Nevertheless, at low temperatures their behavior differs significantly. 

While the transport grown sample showed usual superconductivity and a 

tetragonal-to-orthorhombic phase transition, the hydrothermally pro-

duced sample is neither superconducting nor exhibits a structural transi-

tion. The product synthesized in 1,3-dap and glycerol, on the other hand, 

shows no phase transition either, but is superconducting. As both prop-

erties are associated with nematic fluctuations, a separate occurrence is 

astonishing. Even a phase separation on the macroscopic or microscopic 

scale in the solvothermally synthesized material is conceivable. Overall, 

the chapter describes a simple synthesis route for superconducting 

β-FeSe by a solvothermal method. The almost contradictory properties 

of the product furthermore provide a basis for further investigations of 

the actual nature of the superconducting state. 
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Fe3GeTe2-related structures 

The last part of this thesis is concerned with another quasi-two-

dimensional transition metal chalcogenide, Fe3GeTe2. The compound 

has been intensively studied since it was first mentioned in 2006 until 

today.15 The most important finding was presumably the fabrication of 

two-dimensional magnets by isolation of monolayers from the ferro-

magnetic bulk material.16 Additional gate-tuning raises the transition 

temperature even above room temperature, making application in mag-

netoelectronic devices a very promising possibility. Nevertheless, no 

other quasi-2D compounds in the Fe-Ge-Te system have been found 

until that point. In chapter 4 of this thesis, the two new materials 

Fe2.3GeTe and Fe5-δGeTe2 were synthesized by solid state reaction. Crys-

tal structure solution revealed similar structural motifs to Fe3GeTe2. All 

three compounds can be described as variants of the Fe2Ge structure cut 

by a van der Waals gap built of Te atoms. While in Fe3GeTe2 a total of 

three atomic Fe or FeGe layers are located between the gap, there are 

four in Fe5–δGeTe2 and five in Fe2.3GeTe. Fe5-δGeTe2 furthermore con-

tains rare layers of FeFe hexagons comprising very short Fe-Fe distances. 

Both new compounds exhibit stacking disorder due to their pronounced 

quasi-two-dimensional character. With transmission electron microscopy 

and X-ray data simulation via DIFFaX, two different methods were used 

in this thesis to investigate the stacking. SAED and HRTEM measure-

ments attributed the disorder in Fe2.3GeTe to in-plane ordering of Fe 

vacancies and non-periodic stacking of the single crystals. For 

Fe5-δGeTe2 the stacking faults were located in domains through mea-

surement and simulation of powder X-ray diffraction patterns. Fe2.3GeTe 

and Fe5-δGeTe2 are ferromagnetic below 241 K and 279 K, respectively. 

Due to their highly anisotropic structures they are, like Fe3GeTe2, prom-

ising materials for exfoliation to 2D magnets and corresponding applica-
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tion in electronic devices. This potential has recently been demonstrated 

for Fe5-δGeTe2.17 It may therefore provide a benefit that the magnetic 

saturation moment can be tuned by Ni substitution without significant 

impact on TC, as additionally presented in chapter 4 for the solid solution 

Fe5-δ-xNixGeTe2. 
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A Appendix   

A.1 Systematic dimensional reduction of the 
layered $-FeSe structure by solvothermal 
synthesis 

Crystal structures 

Table A-1 to Table A-5 show the data for the crystal structure solutions 

of Fe10Se12(en)7 and Fe3Se4(en)3. 

Table Table Table Table AAAA----1111 Crystal data, data collection parameters and refinement parameters for 

Fe10Se12(en)7 and Fe3Se4(en)3. 

    FeFeFeFe10101010SeSeSeSe12121212((((enenenen))))7777    FeFeFeFe3333SeSeSeSe4444((((enenenen))))3333    

Crystal dataCrystal dataCrystal dataCrystal data            

Chemical formula  Fe10Se12C14H56N14 Fe3Se4C6H24N6 

M (g∙mol-1) 1926.7 663.7 

Crystal system, 

Space group (No.) 
Monoclinic, P21/n (14) Triclinic; P1̄ (2) 

a, b, c (Å) 
9.323(2), 12.273(2), 

20.821(4) 

9.104(4), 10.398(4), 

11.675(5) 

α, $, γ (°) 90, 90, 90 
109.880(13), 96.370(15), 

114.093(14) 

V (Å3), ρcalc (g∙cm-3) 2382.4(8), 2.686 907.8(7), 2.428 

T (K), μ (mm-1) 120, 12.15 293, 10.38 

Z 2 2 

Radiation type Mo-Kα (λ = 0.71073 Å) Mo-Kα (λ = 0.71073 Å) 

2 range (°) 4.8-53.2 4.7-35.5 
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Table Table Table Table AAAA----1111 Continued. 

    FeFeFeFe10101010SeSeSeSe12121212((((enenenen))))7777    FeFeFeFe3333SeSeSeSe4444((((enenenen))))3333    

Data collectionData collectionData collectionData collection            

Diffractometer, 

Monochromator 

Bruker CCD diffractometer, 

graphite 

Bruker CCD diffractometer, 

graphite 

Absorption correction multi-scan SADABS 2014/5 multi-scan SADABS 2014/5 

No. of reflections 

(measured, independent, 

with I>3σ(I)) 

42237, 4294, 3334 37683, 3280, 2424 

Rint 0.058 0.100 

Index range 
-12 ≤ h ≤ 12, -14 ≤ k ≤ 16, 

-27 ≤ l ≤ 27 

-12 ≤ h ≤ 12, -13 ≤ k ≤ 13, 

-15 ≤ l ≤ 15 

2 range (°) 2.4-28.6 2.3-28.5 

RefinementRefinementRefinementRefinement      

Refinement on F
2 F

2 

Data, Restraints, 

Parameters, Constraints 
4294, 0, 226, 119 3280, 0, 172, 102 

R1 (I>2σ(I)), 

wR(F2) (I>2σ(I)) 
0.033, 0.071 0.038, 0.072 

Goodness of fit on F2 1.69 1.56 

Δρ (max; min) (e∙Å-3) 0.98; -1.08 0.84; -0.84 

 

Table Table Table Table AAAA----2222 Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters (Å2) for Fe10Se12(en)7. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

Se1 0.77140(6) 0.93036(5) 0.12391(3) 0.02419(19) 

Se2 0.85492(6) 0.40006(5) 0.03729(3) 0.02412(19) 

Se3 0.11796(6) 0.88151(4) 0.03094(3) 0.01944(18) 

Se4 0.76490(6) 0.69621(5) 0.99923(3) 0.02219(18) 
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Table Table Table Table AAAA----2222 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

Se5 0.99674(7) 0.64847(5) 0.14486(3) 0.0288(2) 

Se6 0.93985(7) 0.85096(5) 0.86411(3) 0.0260(2) 

Fe1 0.90711(9) 0.79092(6) 0.07937(4) 0.0198(3) 

Fe2 0.94844(9) 0.58040(6) 0.04005(4) 0.0199(3) 

Fe3 0.95131(9) 0.02130(6) 0.06705(4) 0.0197(3) 

Fe4 0.99098(9) 0.75666(6) 0.95840(4) 0.0193(3) 

Fe5 0.45243(9) 0.42641(7) 0.18158(4) 0.0261(3) 

N1 0.4521(6) 0.60599(9) 0.19970(17) 0.043(2) 

N2 0.4758(3) 0.4916(2) 0.08256(9) 0.0344(19) 

N3 0.3853(2) 0.3987(3) 0.28151(6) 0.0311(18) 

N4 0.21578(13) 0.4177(3) 0.16990(10) 0.0306(18) 

N5 0.4870(3) 0.24995(11) 0.1676(2) 0.051(2) 

N6 0.68602(15) 0.4163(2) 0.20335(19) 0.041(2) 

N7 0.4303(6) 0.06143(16) 0.0768(2) 0.069(3) 

C1 0.5133(7) 0.6590(5) 0.1416(3) 0.043(3) 

C2 0.4422(6) 0.6097(5) 0.08454(19) 0.039(2) 

C3 0.2348(8) 0.3792(9) 0.2812(2) 0.150(7) 

C4 0.1513(4) 0.4124(6) 0.2330(3) 0.061(3) 

C5 0.6462(7) 0.2344(4) 0.1631(3) 0.045(3) 

C6 0.7244(5) 0.3022(6) 0.2091(3) 0.050(3) 

C7 0.4977(7) 0.0560(5) 0.0156(3) 0.049(3) 

H1n1 0.510766 0.629146 0.23993 0.0512* 

H2n1 0.345824 0.629951 0.205316 0.0512* 

H1n2 0.415562 0.454569 0.046631 0.0413* 

H2n2 0.58438 0.481009 0.073014 0.0413* 

H1n3 0.436756 0.33644 0.306372 0.0374* 

H2n3 0.406264 0.472794 0.30385 0.0374* 

H1n4 0.172051 0.482695 0.144506 0.0368* 

H2n4 0.195726 0.345503 0.14536 0.0368* 

H1n5 0.440502 0.235022 0.123091 0.0612* 

H2n5 0.445073 0.196092 0.201339 0.0612* 
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Table Table Table Table AAAA----2222 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

H1n6 0.702192 0.455067 0.247175 0.049* 

H2n6 0.74966 0.452857 0.168435 0.049* 

H1n7 0.503517 0.089391 0.110717 0.0833* 

H2n7 0.343562 0.114577 0.074623 0.0833* 

H1c1 0.628282 0.643295 0.139485 0.0519* 

H2c1 0.490702 0.746111 0.143017 0.0519* 

H1c2 0.326484 0.620857 0.088239 0.0472* 

H2c2 0.482091 0.648682 0.041016 0.0472* 

H1c3 0.21437 0.293373 0.290961 0.1795* 

H2c3 0.188844 0.405985 0.326726 0.1795* 

H1c4 0.104481 0.491252 0.244894 0.0737* 

H2c4 0.055269 0.361928 0.231049 0.0737* 

H1c5 0.672258 0.148938 0.171287 0.0546* 

H2c5 0.681859 0.253446 0.114514 0.0546* 

H1c6 0.701903 0.274205 0.257757 0.06* 

H2c6 0.839392 0.292721 0.201409 0.06* 

H1c7 0.606155 0.088585 0.019117 0.0585* 

H2c7 0.44655 0.113715 0.983101 0.0585* 

 

Table Table Table Table AAAA----3333 Atomic displacement parameters (Å2) for Fe10Se12(en)7. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Se1 0.0283(3) 0.0210(3) 0.0233(3) 0.0008(3) 0.0074(3) -0.0006(3) 

Se2 0.0257(3) 0.0165(3) 0.0301(3) -0.0007(3) 0.0094(3) 0.0005(3) 

Se3 0.0222(3) 0.0180(3) 0.0181(3) -0.0002(3) 0.0005(2) 0.0004(2) 

Se4 0.0236(3) 0.0212(3) 0.0218(3) -0.0019(3) 0.0022(3) -0.0015(3) 

Se5 0.0463(4) 0.0210(3) 0.0190(3) 0.0041(3) -0.0014(3) 0.0014(3) 

Se6 0.0387(4) 0.0232(3) 0.0160(3) -0.0045(3) -0.0016(3) 0.0008(3) 

Fe1 0.0259(5) 0.0163(4) 0.0172(4) 0.0006(4) 0.0032(4) 0.0003(3) 

Fe2 0.0256(5) 0.0160(4) 0.0181(4) -0.0003(4) 0.0048(4) 0.0001(3) 
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Table Table Table Table AAAA----3333 Continued. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Fe3 0.0262(5) 0.0156(4) 0.0174(4) -0.0003(4) 0.0014(4) 0.0003(3) 

Fe4 0.0252(5) 0.0164(4) 0.0164(4) -0.0015(4) 0.0025(4) 0.0002(3) 

Fe5 0.0274(5) 0.0284(5) 0.0226(5) 0.0026(4) -0.0021(4) -0.0033(4) 

N1 0.070(4) 0.032(3) 0.026(3) -0.010(3) 0.010(3) 0.000(3) 

N2 0.031(3) 0.049(4) 0.023(3) -0.004(3) -0.002(2) -0.007(3) 

N3 0.032(3) 0.031(3) 0.030(3) -0.006(2) -0.002(2) 0.006(2) 

N4 0.029(3) 0.038(3) 0.025(3) 0.002(2) -0.009(2) -0.001(2) 

N5 0.056(4) 0.039(4) 0.059(4) 0.001(3) 0.016(3) -0.013(3) 

N6 0.030(3) 0.062(4) 0.030(3) 0.007(3) 0.006(3) 0.012(3) 

N7 0.043(4) 0.083(5) 0.082(5) 0.003(4) -0.002(4) -0.031(4) 

C1 0.052(5) 0.043(4) 0.035(4) -0.006(4) 0.013(3) 0.006(3) 

C2 0.029(4) 0.062(5) 0.027(4) -0.011(4) -0.002(3) 0.010(3) 

C3 0.041(6) 0.37(2) 0.035(5) -0.069(9) -0.008(4) 0.051(8) 

C4 0.034(4) 0.111(8) 0.040(4) 0.008(5) 0.006(4) 0.027(5) 

C5 0.044(4) 0.037(4) 0.056(5) 0.010(4) 0.024(4) -0.003(4) 

C6 0.052(5) 0.055(5) 0.042(4) 0.013(4) 0.004(4) 0.000(4) 

C7 0.031(4) 0.066(5) 0.049(5) 0.010(4) -0.007(3) -0.018(4) 

 

Table Table Table Table AAAA----4444 Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters (Å2) for Fe3Se4(en)3. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

Se1 0.13526(8) 0.74158(7) 0.33777(6) 0.0249(3) 

Se2 0.76829(8) 0.35087(7) 0.18216(6) 0.0284(3) 

Se3 0.87130(8) 0.59483(7) 0.98113(6) 0.0257(3) 

Se4 0.85343(8) 0.57306(8) 0.54767(6) 0.0282(3) 

Fe1 0.98106(10) 0.52543(9) 0.12988(8) 0.0198(4) 

Fe2 0.97611(11) 0.52367(9) 0.38322(8) 0.0209(4) 

Fe3 0.66239(11) 0.88136(10) 0.24881(8) 0.0267(4) 
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Table Table Table Table AAAA----4444 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

N1 0.6610(3) 0.10858(14) 0.3256(3) 0.030(3) 

N2 0.41219(18) 0.8168(2) 0.1413(3) 0.033(3) 

N3 0.5870(5) 0.8456(2) 0.4131(2) 0.030(3) 

N4 0.6037(6) 0.63463(13) 0.19656(14) 0.049(4) 

N5 0.7703(4) 0.9194(2) 0.09406(15) 0.040(3) 

N6 0.93694(14) 0.9979(4) 0.34486(15) 0.038(3) 

C1 0.4897(9) 0.0816(5) 0.2853(6) 0.038(4) 

C2 0.4062(5) 0.9597(7) 0.1500(6) 0.035(4) 

C3 0.6015(8) 0.7120(8) 0.4181(6) 0.043(4) 

C4 0.5258(9) 0.5829(5) 0.2884(6) 0.043(4) 

C5 0.9439(9) 0.0506(8) 0.1552(5) 0.044(4) 

C6 0.0332(5) 0.0185(8) 0.2511(6) 0.043(4) 

H1n1 0.711662 0.176956 0.423205 0.0363* 

H2n1 0.733733 0.165473 0.278053 0.0363* 

H1n2 0.367751 0.736909 0.046421 0.04* 

H2n2 0.337443 0.768982 0.192376 0.04* 

H1n3 0.655531 0.941941 0.500158 0.036* 

H2n3 0.461276 0.819483 0.394196 0.036* 

H1n4 0.512961 0.580973 0.109347 0.0593* 

H2n4 0.698706 0.604534 0.185081 0.0593* 

H1n5 0.69875 0.948888 0.042567 0.0476* 

H2n5 0.773238 0.82126 0.033008 0.0476* 

H1n6 0.965726 0.933208 0.385647 0.0453* 

H2n6 0.96936 0.106329 0.415612 0.0453* 

H1c1 0.492512 0.189555 0.291245 0.0451* 

H2c1 0.419493 0.041444 0.346932 0.0451* 

H1c2 0.275584 0.933932 0.121519 0.0416* 

H2c2 0.472478 0.00239 0.08776 0.0416* 

H1c3 0.534642 0.674665 0.482229 0.0515* 

H2c3 0.73376 0.745087 0.451608 0.0515* 
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Table Table Table Table AAAA----4444 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

H1c4 0.544052 0.486078 0.289816 0.0512* 

H2c4 0.391059 0.542488 0.258467 0.0512* 

H1c5 0.939579 0.158306 0.20412 0.053* 

H2c5 0.009513 0.058085 0.083134 0.053* 

H1c6 0.041162 0.912857 0.201805 0.0522* 

H2c6 0.159459 0.116181 0.30098 0.0522* 

 

Table Table Table Table AAAA----5555 Atomic displacement parameters (Å2) for Fe3Se4(en)3. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Se1 0.0269(4) 0.0177(3) 0.0177(3) 0.0017(3) 0.0026(3) 0.0062(3) 

Se2 0.0261(4) 0.0251(4) 0.0179(3) -0.0011(3) 0.0010(3) 0.0098(3) 

Se3 0.0318(4) 0.0275(4) 0.0211(3) 0.0172(3) 0.0071(3) 0.0105(3) 

Se4 0.0342(4) 0.0347(4) 0.0235(4) 0.0210(3) 0.0113(3) 0.0142(3) 

Fe1 0.0207(5) 0.0179(5) 0.0144(4) 0.0049(4) 0.0028(4) 0.0060(4) 

Fe2 0.0232(5) 0.0188(5) 0.0154(4) 0.0058(4) 0.0034(4) 0.0072(4) 

Fe3 0.0285(5) 0.0260(5) 0.0208(5) 0.0095(4) 0.0062(4) 0.0094(4) 

N1 0.034(3) 0.022(3) 0.019(3) 0.003(3) -0.001(2) 0.006(2) 

N2 0.031(3) 0.027(3) 0.021(3) 0.000(3) -0.002(2) 0.007(2) 

N3 0.035(3) 0.033(3) 0.019(3) 0.013(3) 0.008(2) 0.012(2) 

N4 0.070(5) 0.043(4) 0.049(4) 0.034(4) 0.028(4) 0.021(3) 

N5 0.048(4) 0.044(4) 0.028(3) 0.024(3) 0.013(3) 0.012(3) 

N6 0.032(3) 0.040(4) 0.041(4) 0.016(3) 0.008(3) 0.019(3) 

C1 0.046(5) 0.035(4) 0.032(4) 0.018(4) 0.018(3) 0.013(3) 

C2 0.025(4) 0.043(4) 0.036(4) 0.013(3) 0.010(3) 0.021(3) 

C3 0.055(5) 0.046(5) 0.041(4) 0.025(4) 0.020(4) 0.030(4) 

C4 0.054(5) 0.030(4) 0.045(5) 0.021(4) 0.013(4) 0.017(4) 

C5 0.058(5) 0.044(5) 0.036(4) 0.022(4) 0.033(4) 0.020(4) 

C6 0.034(4) 0.038(4) 0.052(5) 0.016(4) 0.013(4) 0.013(4) 
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Table A-6 and Table A-7 show the data for the Rietveld refinement of 

the powder diffraction data of FeSe(en)0.3. Positions of the C, N, and H 

atoms [en molecules] were taken from rigid body refinement, isotropic 

displacement factors were set to 3 and 5, respectively, and site occupa-

tion factors were set to one third in accordance with the chemical 

analysis. 

Table Table Table Table AAAA----6666 Crystal data, data collection parameters and refinement parameters for 

FeSe(en)0.3. 

Crystal dataCrystal dataCrystal dataCrystal data        

Chemical formula  Fe0.85SeC0.6H2.4N0.6 

M (g∙mol-1) 144.46 

Crystal system, Space group (No.) Monoclinic, C2/c (15) 

a, b, c (Å) 3.9037(5), 21.528(2), 3.8585(6) 

α, $, γ (°) 90, 91.34(2), 90 

V (Å3) 324.17(8) 

Z 4 

Radiation type Mo-Kα1 (λ = 0.71073 Å) 

Data collectionData collectionData collectionData collection        

Diffractometer, Monochromator STOE STADI P diffractometer, Ge111 

RefinementRefinementRefinementRefinement        

Rp, Rwp 3.239, 4.294 

Goodness of fit on F2 1.219 
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Table Table Table Table AAAA----7777 Fractional atomic coordinates, isotropic displacement parameters (Å2) 

and site occupation factors for FeSe(en)0.3. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    BBBBisoisoisoiso    occoccoccocc    

Se1 0 0.1832(3) 0.25 0.96(19) 1 

Fe1 0 0.2499(6) 0.75 0.96(19) 0.85 

C1 0.19533 0.0035 0.0236 3 0.3333333 

N1 0.3404 0.02628 0.69974 3 0.3333333 

H1 0.25169 0.03627 0.23167 5 0.3333333 

H2 0.30791 0.95879 0.0891 5 0.3333333 

H5 0.47118 0.06683 0.76133 5 0.3333333 

H6 0.52387 0.99422 0.62774 5 0.3333333 

 

Chemical analysis 

The chemical composition of the new compounds was verified by CHN 

elemental analysis [Table A-8] and energy-dispersive spectroscopy mea-

surements EDS [Table A-9]. The small deviation in C : H : N ratio com-

pared to the formula of en C2H8N2 is attributed to contamination with 

residues of acetone C3H6O from washing process which could not be 

fully removed. 

Table Table Table Table AAAA----8888 C : N : H ratio from elemental analysis normalized to N = 2. 

    CCCC    HHHH    NNNN    

Fe3Se4(en)3 2.1 7.9 2 

Fe10Se12(en)7 2.1 8.5 2 

FeSe(en)0.3 2.2 8.8 2 
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Table Table Table Table AAAA----9999 Fe : Se ratio from EDS analysis normalized to Se. 

    FeFeFeFe    SeSeSeSe    

Fe3Se4(en)3 3.30(43) 4 

Fe10Se12(en)7 10.60(56) 12 

FeSe(en)0.3 0.95(7) 1 

 

FeSe(en)0.3 was further investigated by Thermogravimetric and ICP-OES 

analysis. The former showed that deintercalation of en starts near 200 °C 

and is completed at 230 °C under recovery of β-FeSe. The liquid section 

of the decomposed product was subsequently investigated by 1H and 13C 

NMR which showed pure en, thus no other molecular species had been 

intercalated. A molar ratio of FeSe : en = 3 : 1 was observed. ICP-OES 

analysis yielded a Fe : Se ratio of 0.84(5) : 1 and a FeSe : en ratio of 3 : 1. 

Due to the surface sensitivity of the EDS analysis we consider the ICP-

OES results as most reliable and assume a total composition 

Fe0.85(5)Se(en)0.3. 
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Phase diagram 

Table A-10 shows the composition of the products from solvothermal 

synthesis between 160 °C and 220°C and 0% and 50% glycerol content 

calculated from powder diffraction data by Rietveld refinement. 

TablTablTablTable e e e AAAA----10101010 Composition of the products [in wt%] from solvothermal synthesis at 

different temperatures and different degrees of dilution with glycerol. Weight 

percentages were determined by Rietveld refinement from powder diffraction 

data [Cu-Kα1 radiation]. 
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220 0 - 100 - - - - - - 

220 20 - - 26 74 - - - - 

220 50 - - - 99 - - 1 - 

210 0 - 100 - - - - - - 

210 20 - - 100 - - - - - 

210 50 - - - 89 9 - 2 - 

200 0 - 100 - - - - - - 

200 5 - 57 43 - - - - - 

200 20 - - 100 - - - - - 

200 30 - - 100 - - - - - 

200 50 - - - 100 - - - - 

190 0 14 57 29 - - - - - 

190 20 - - 97 - - - 3 - 

190 50 - - 13 68 - 17 3 - 

190 50 - - 13 68 - 17 3 - 
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TablTablTablTable e e e AAAA----10101010 Continued. 
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180 0 60 g 6 g 34 g - - - - - 

180 20 - - 100 - - - - - 

180 50 - - 8 83  9 - - 

170 0 99 g - - - - - - 1 g 

170 20 - - (100) - - - - - 

170 50 - - - 94 - - 6  

160 0 (83) g - - - - - (6) g (11) g 

160 20 - - (94) - - - (6) - 

160 50 - - - 74 21 - 4 - 

 

  

                                                           

g These samples contain a so far unknown phase [see chapter 2.1.1]. 
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Properties 

Table A-11 shows the lattice parameters of Fe3Se4(en)3, Fe3Se4(en)2, 

Fe10Se12(en)7 and FeSe(en)0.3 between 10 K and 290 K from temperature 

dependent powder diffraction data determined by Rietveld refinement. 

Table Table Table Table AAAA----11111111 Lattice parameters of Fe3Se4(en)3, Fe3Se4(en)2, Fe10Se12(en)7 and 

FeSe(en)0.3 determined by Rietveld refinement from low temperature powder 

diffraction data [Co-Kα1 radiation] between 10 K and 290 K. 

    FeFeFeFe3333SeSeSeSe4444((((enenenen))))3333    

T (K)T (K)T (K)T (K)    aaaa    (Å)(Å)(Å)(Å)    bbbb    (Å)(Å)(Å)(Å)    cccc    (Å)(Å)(Å)(Å)    αααα    (°)(°)(°)(°)    $$$$    (°)(°)(°)(°)    γγγγ    (°)(°)(°)(°)    

290 9.1246(5) 10.3659(8) 11.6972(13) 109.841(8) 96.443(8) 114.025(5) 

270 9.1050(5) 10.3611(7) 11.6974(12) 109.908(7) 96.412(7) 113.962(5) 

250 9.0772(5) 10.3621(7) 11.7027(12) 110.001(7) 96.344(7) 113.927(5) 

230 9.0728(6) 10.3571(8) 11.6927(11) 110.038(7) 96.302(7) 113.897(5) 

210 9.0665(6) 10.3455(9) 11.6885(12) 110.073(8) 96.280(8) 113.813(6) 

190 9.0488(6) 10.3413(8) 11.6873(12) 110.118(7) 96.265(7) 113.766(5) 

170 9.0292(5) 10.3424(7) 11.6867(10) 110.178(6) 96.230(7) 113.735(5) 

150 9.0162(5) 10.3368(7) 11.6861(10) 110.246(7) 96.201(7) 113.681(4) 

130 9.0011(5) 10.3287(7) 11.6875(11) 110.304(7) 96.182(8) 113.624(5) 

110 8.9875(5) 10.3243(7) 11.6875(10) 110.359(7) 96.176(7) 113.577(5) 

90 8.9750(5) 10.3187(7) 11.6888(10) 110.405(7) 96.172(7) 113.534(5) 

70 8.9637(5) 10.3153(7) 11.6875(10) 110.463(6) 96.145(7) 113.492(5) 

50 8.9532(5) 10.3102(7) 11.6881(11) 110.515(7) 96.130(7) 113.450(5) 

30 8.9438(5) 10.3087(7) 11.6932(11) 110.581(7) 96.105(7) 113.412(5) 

10 8.9429(5) 10.3126(7) 11.6953(10) 110.599(7) 96.085(7) 113.401(5) 
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Table Table Table Table AAAA----11111111 Continued. 

    FeFeFeFe3333SeSeSeSe4444((((enenenen))))2222    

T (K)T (K)T (K)T (K)    aaaa    (Å)(Å)(Å)(Å)    bbbb    (Å)(Å)(Å)(Å)    cccc    (Å)(Å)(Å)(Å)    αααα    (°)(°)(°)(°)    $$$$    (°)(°)(°)(°)    γγγγ    (°)(°)(°)(°)    

290 17.2758(4) 7.9768(2) 11.6789(4) 90 120.938(2) 90 

270 17.2742(4) 7.9708(3) 11.6743(5) 90 120.959(3) 90 

250 17.2695(4) 7.9652(2) 11.6670(5) 90 120.964(2) 90 

230 17.2656(4) 7.9586(2) 11.6590(4) 90 120.976(2) 90 

210 17.2653(3) 7.9530(2) 11.6549(4) 90 121.001(2) 90 

190 17.2606(3) 7.9493(2) 11.6463(3) 90 121.001(2) 90 

170 17.2540(3) 7.9417(2) 11.6398(4) 90 121.011(2) 90 

150 17.2451(4) 7.9361(2) 11.6348(4) 90 121.034(2) 90 

130 17.2361(4) 7.9292(2) 11.6282(4) 90 121.030(2) 90 

110 17.2290(4) 7.9245(2) 11.6240(4) 90 121.046(2) 90 

90 17.2231(4) 7.9212(2) 11.6212(4) 90 121.053(2) 90 

70 17.2167(4) 7.9174(2) 11.6185(4) 90 121.057(2) 90 

50 17.2084(4) 7.9136(2) 11.6127(4) 90 121.058(2) 90 

30 17.2060(4) 7.9124(2) 11.6106(4) 90 121.053(2) 90 

10 17.2084(4) 7.9131(2) 11.6121(4) 90 121.058(2) 90 

 FeFeFeFe10101010SeSeSeSe12121212((((enenenen))))7777    

T (K)T (K)T (K)T (K)    aaaa    (Å)(Å)(Å)(Å)    bbbb    (Å)(Å)(Å)(Å)    cccc    (Å)(Å)(Å)(Å)    αααα    (°)(°)(°)(°)    $$$$    (°)(°)(°)(°)    γγγγ    (°)(°)(°)(°)    

290 9.4176(6) 12.3271(20) 20.9802(20) 90 90 90 

270 9.4076(6) 12.3207(23) 20.9684(22) 90 90 90 

250 9.3968(6) 12.3125(22) 20.9508(21) 90 90 90 

230 9.3847(6) 12.3077(22) 20.9356(22) 90 90 90 

210 9.3739(6) 12.3055(22) 20.9176(22) 90 90 90 

190 9.3661(6) 12.2986(22) 20.9071(22) 90 90 90 

170 9.3597(6) 12.2950(23) 20.8892(22) 90 90 90 
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Table Table Table Table AAAA----11111111 Continued. 

 FeFeFeFe10101010SeSeSeSe12121212((((enenenen))))7777    

T (K)T (K)T (K)T (K)    aaaa    (Å)(Å)(Å)(Å)    bbbb    (Å)(Å)(Å)(Å)    cccc    (Å)(Å)(Å)(Å)    αααα    (°)(°)(°)(°)    $$$$    (°)(°)(°)(°)    γγγγ    (°)(°)(°)(°)    

150 9.3509(7) 12.2902(24) 20.8730(23) 90 90 90 

130 9.3456(7) 12.2978(32) 20.8580(24) 90 90 90 

110 9.3407(7) 12.3057(38) 20.8506(24) 90 90 90 

90 9.3327(7) 12.3124(43) 20.8430(24) 90 90 90 

70 9.3248(7) 12.3128(44) 20.8346(24) 90 90 90 

50 9.3186(7) 12.3064(43) 20.8291(24) 90 90 90 

30 9.3083(7) 12.3062(41) 20.8231(24) 90 90 90 

10 9.3131(7) 12.3074(42) 20.8311(23) 90 90 90 

 FeSe(FeSe(FeSe(FeSe(enenenen))))0.30.30.30.3    

T (K)T (K)T (K)T (K)    aaaa    (Å)(Å)(Å)(Å)    bbbb    (Å)(Å)(Å)(Å)    cccc    (Å)(Å)(Å)(Å)    αααα    (°)(°)(°)(°)    $$$$    (°)(°)(°)(°)    γγγγ    (°)(°)(°)(°)    

290 3.9153(3) 21.5280(17) 3.8603(3) 90 91.354(12) 90 

270 3.9133(3) 21.4964(17) 3.8630(3) 90 91.644(13) 90 

250 3.9123(3) 21.4632(17) 3.8643(3) 90 91.776(12) 90 

230 3.9108(3) 21.4396(16) 3.8652(3) 90 91.795(12) 90 

210 3.9095(3) 21.4139(16) 3.8639(3) 90 91.826(12) 90 

190 3.9082(3) 21.3886(16) 3.8643(3) 90 91.821(12) 90 

170 3.9063(3) 21.3764(16) 3.8634(3) 90 91.808(11) 90 

150 3.9044(3) 21.3566(17) 3.8625(3) 90 91.816(12) 90 

130 3.9035(3) 21.3374(16) 3.8615(3) 90 91.808(11) 90 

110 3.9018(3) 21.3244(16) 3.8597(3) 90 91.820(11) 90 

90 3.9002(3) 21.3128(16) 3.8595(3) 90 91.820(11) 90 

70 3.8991(3) 21.2995(16) 3.8576(3) 90 91.800(10) 90 

50 3.8986(3) 21.2889(16) 3.8578(3) 90 91.807(10) 90 

30 3.8982(3) 21.2833(16) 3.8564(3) 90 91.806(10) 90 

10 3.8985(3) 21.2727(16) 3.8569(3) 90 91.823(11) 90 
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Figure A-1 shows the isothermal magnetization curves of Fe3Se4(en)3, 

Fe10Se12(en)7 and FeSe(en)0.3 at 1.8 K and between 1 and 5 T with µ in µB 

per formula unit. 

 

FigureFigureFigureFigure    AAAA----1111 Isothermal magnetization curves of Fe3Se4(en)3, Fe10Se12(en)7 and 
FeSe(en)0.3 at 1.8 K. 
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A.2 Polymorphism of Fe3Se4(en)3   

Table A-12 to Table A-14 show the data for the crystal structure solution 

of β-Fe3Se4(en)3. 

Table Table Table Table AAAA----12121212 Crystal data, data collection parameters and refinement parameters 

for $-Fe3Se4(en)3. 

Crystal dataCrystal dataCrystal dataCrystal data        

Chemical formula  Fe3Se4C6H24N6 

M (g∙mol-1) 663.7 

Crystal system, Space group (No.) Monoclinic, P21 (4) 

a, b, c (Å) 9.8109(16), 11.4174(14), 16.639(3) 

α, $, γ (°) 90, 92.177(8), 90 

V (Å3), ρcalc (g∙cm-3) 1862.5(5), 2.367 

T (K), μ (mm-1) 293, 10.12 

Z 4 

Radiation type Mo-Kα (λ = 0.71073 Å) 

2 range (°) 4.9–29.3 

Data collectionData collectionData collectionData collection        

Diffractometer, Monochromator Bruker CCD diffractometer, graphite 

Absorption correction multi-scan SADABS 2014/5 

No. of reflections 

(measured, independent, with I>3σ(I)) 
53100, 5205, 4400 

Rint 0.134 

Index range -12 ≤ h ≤ 12, -14 ≤ k ≤ 14, 20 ≤ l ≤ 20 

2 range (°) 2.4-26.4 
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Table Table Table Table AAAA----12121212 Continued. 

RefinementRefinementRefinementRefinement        

Refinement on F
2 

Data, Restraints, Parameters, Constraints 5205, 0, 343, 205 

R1 (I>2σ(I)), wR(F2) (I>2σ(I)) 0.052, 0.095 

Goodness of fit on F2 1.54 

Δρ (max; min) (e∙Å-3) 1.02; -0.82 

 

Table Table Table Table AAAA----13131313 Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters (Å2) for $-Fe3Se4(en)3. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

Se1 0.41912(16) 0.96520(12) 0.40207(9) 0.0270(5) 

Se2 0.32152(15) 0.71503(12) 0.54960(9) 0.0256(5) 

Se3 0.65030(15) 0.92638(12) 0.58369(9) 0.0242(5) 

Se4 0.62974(16) 0.68050(12) 0.42196(10) 0.0306(5) 

Se5 0.17564(16) 0.86940(13) 0.05274(10) 0.0283(5) 

Se6 0.98770(16) 0.57591(15) 0.12108(8) 0.0343(5) 

Se7 0.15021(16) 0.57744(15) 0.92492(9) 0.0360(5) 

Se8 0.8398(2) 0.78833(15) 0.95325(14) 0.0536(7) 

Fe1 0.53314(19) 0.0710(2) 0.50582(11) 0.0219(6) 

Fe2 0.5045(2) 0.82139(19) 0.49147(13) 0.0210(7) 

Fe3 0.9724(2) 0.95137(19) 0.99036(12) 0.0242(7) 

Fe4 0.0389(2) 0.70518(19) 0.01407(12) 0.0237(7) 

Fe5 0.5725(2) 0.37162(18) 0.18599(12) 0.0261(7) 

Fe6 0.9965(2) 0.90505(18) 0.32072(13) 0.0303(8) 

N1 0.5165(8) 0.2517(3) 0.0853(3) 0.033(5) 

N2 0.4910(6) 0.2185(5) 0.2521(4) 0.032(5) 

N3 0.6487(4) 0.4413(8) 0.3013(2) 0.033(5) 

N4 0.7943(4) 0.3281(5) 0.1830(5) 0.025(4) 

N5 0.6118(4) 0.5261(9) 0.1061(3) 0.047(5) 
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Table Table Table Table AAAA----13131313 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

N6 0.3742(4) 0.4676(4) 0.1908(6) 0.043(5) 

N7 0.0531(8) 0.0773(3) 0.2614(3) 0.041(5) 

N8 0.0725(10) 0.0126(4) 0.4268(2) 0.058(7) 

N9 0.7801(6) 0.9462(3) 0.3453(5) 0.037(5) 

N10 0.8869(6) 0.8416(8) 0.21021(16) 0.032(5) 

N11 0.0009(10) 0.7375(4) 0.3944(2) 0.042(5) 

N12 0.1828(4) 0.8179(2) 0.2770(5) 0.033(5) 

C1 0.4784(15) 0.1371(12) 0.1167(7) 0.039(6) 

C2 0.4049(14) 0.1484(9) 0.1933(7) 0.033(6) 

C3 0.7994(13) 0.4528(15) 0.3012(5) 0.036(6) 

C4 0.8565(9) 0.3519(13) 0.2617(9) 0.040(6) 

C5 0.4901(17) 0.5916(16) 0.0979(9) 0.103(11) 

C6 0.4025(14) 0.5836(18) 0.1591(12) 0.095(10) 

C7 0.1342(13) 0.1470(9) 0.3196(9) 0.033(6) 

C8 0.0716(15) 0.1369(13) 0.4008(8) 0.042(7) 

C9 0.7007(15) 0.9496(8) 0.2665(9) 0.047(7) 

C10 0.7417(16) 0.8387(13) 0.2198(7) 0.047(7) 

C11 0.0777(17) 0.6528(10) 0.3497(8) 0.046(7) 

C12 0.2088(13) 0.7044(10) 0.3199(8) 0.038(6) 

H1n1 0.585212 0.240704 0.039839 0.0396* 

H2n1 0.429843 0.294412 0.062421 0.0396* 

H1n2 0.434397 0.238778 0.301847 0.0379* 

H2n2 0.576276 0.169914 0.270431 0.0379* 

H1n3 0.606035 0.521035 0.317121 0.0399* 

H2n3 0.62254 0.377543 0.342564 0.0399* 

H1n4 0.780635 0.238328 0.176092 0.03* 

H2n4 0.857353 0.359032 0.138892 0.03* 

H1n5 0.588316 0.437615 0.111215 0.0566* 

H2n5 0.6698 0.539024 0.055849 0.0566* 

H1n6 0.317707 0.475598 0.242152 0.0515* 

H2n6 0.31904 0.419354 0.147695 0.0515* 
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Table Table Table Table AAAA----13131313 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

H1n7 0.055824 0.116041 0.204964 0.0487* 

H2n7 0.952668 0.073167 0.279193 0.0487* 

H1n8 0.986492 0.995902 0.459671 0.0699* 

H2n8 0.159713 0.996395 0.462548 0.0699* 

H1n9 0.737117 0.884647 0.382792 0.0445* 

H2n9 0.880698 0.923338 0.335449 0.0445* 

H1n10 0.92252 0.756968 0.201436 0.0378* 

H2n10 0.908487 0.893006 0.160675 0.0378* 

H1n11 0.926957 0.694443 0.426382 0.0505* 

H2n11 0.066583 0.782222 0.434183 0.0505* 

H1n12 0.188856 0.805042 0.215343 0.0393* 

H2n12 0.086032 0.848299 0.289633 0.0393* 

H1c1 0.569717 0.084088 0.127 0.047* 

H2c1 0.413438 0.091785 0.072091 0.047* 

H1c2 0.387184 0.061552 0.218082 0.039* 

H2c2 0.307945 0.192988 0.181621 0.039* 

H1c3 0.826285 0.532171 0.268988 0.0436* 

H2c3 0.840178 0.457636 0.362965 0.0436* 

H1c4 0.965935 0.364175 0.256432 0.0484* 

H2c4 0.846959 0.275012 0.299917 0.0484* 

H1c5 0.436758 0.56877 0.041406 0.1231* 

H2c5 0.514649 0.683332 0.087497 0.1231* 

H1c6 0.306803 0.626793 0.141668 0.1139* 

H2c6 0.43692 0.641014 0.208095 0.1139* 

H1c7 0.133541 0.238465 0.300718 0.0401* 

H2c7 0.238313 0.11372 0.323444 0.0401* 

H1c8 0.130182 0.189404 0.444535 0.0506* 

H2c8 0.966819 0.168861 0.396693 0.0506* 

H1c9 0.72921 1.027291 0.232956 0.0561* 

H2c9 0.591915 0.946675 0.277331 0.0561* 
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Table Table Table Table AAAA----13131313 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUisoisoisoiso*/*/*/*/UUUUeqeqeqeq    

H1c10 0.715178 0.76102 0.253962 0.0564* 

H2c10 0.689431 0.838286 0.160848 0.0564* 

H1c11 0.015147 0.621129 0.298658 0.0547* 

H2c11 0.101312 0.577246 0.387774 0.0547* 

H1c12 0.280282 0.718661 0.370668 0.0459* 

H2c12 0.255512 0.642564 0.279262 0.0459* 

 

Table Table Table Table AAAA----14141414 Atomic displacement parameters (Å2) for $-Fe3Se4(en)3. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Se1 0.0323(9) 0.0185(9) 0.0301(9) 0.0019(7) -0.0035(7) 0.0025(7) 

Se2 0.0300(9) 0.0174(9) 0.0301(9) -0.0015(7) 0.0111(7) -0.0033(7) 

Se3 0.0285(9) 0.0159(9) 0.0279(9) -0.0009(7) -0.0044(7) 0.0012(7) 

Se4 0.0379(10) 0.0146(8) 0.0410(10) -0.0032(7) 0.0235(8) -0.0050(7) 

Se5 0.0268(9) 0.0256(9) 0.0322(9) -0.0026(8) -0.0031(7) 0.0001(8) 

Se6 0.0571(10) 0.0225(8) 0.0245(8) -0.0084(9) 0.0175(7) -0.0026(8) 

Se7 0.0517(10) 0.0236(8) 0.0341(9) -0.0069(10) 0.0212(8) -0.0033(9) 

Se8 0.0433(12) 0.0231(10) 0.0914(16) -0.0057(9) -0.0345(11) -0.0004(11) 

Fe1 0.0276(11) 0.0133(11) 0.0251(11) -0.0007(11) 0.0053(9) -0.0007(11) 

Fe2 0.0263(12) 0.0138(11) 0.0233(12) -0.0008(8) 0.0065(9) -0.0016(9) 

Fe3 0.0330(13) 0.0165(13) 0.0232(13) -0.0002(10) 0.0045(10) 0.0015(10) 

Fe4 0.0306(14) 0.0173(12) 0.0237(11) -0.0007(10) 0.0056(10) -0.0009(10) 

Fe5 0.0325(13) 0.0220(13) 0.0241(12) -0.0009(11) 0.0047(10) -0.0019(10) 

Fe6 0.0324(14) 0.0267(14) 0.0324(13) 0.0051(10) 0.0082(10) 0.0021(10) 

N1 0.024(8) 0.037(9) 0.038(8) -0.012(6) 0.000(6) -0.013(6) 

N2 0.036(8) 0.025(8) 0.033(8) 0.008(6) -0.004(6) -0.013(6) 

N3 0.039(8) 0.034(9) 0.029(7) -0.009(7) 0.020(6) -0.018(7) 

N4 0.029(7) 0.010(7) 0.036(8) 0.006(5) 0.000(6) -0.008(6) 

N5 0.022(8) 0.043(9) 0.077(11) 0.006(6) 0.007(7) 0.040(8) 

N6 0.038(9) 0.053(10) 0.038(8) 0.008(7) 0.003(7) -0.013(8) 



160 A  Appendix 

 

Table Table Table Table AAAA----14141414 Continued. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

N7 0.052(9) 0.030(8) 0.040(8) -0.012(8) 0.005(7) 0.015(8) 

N8 0.029(9) 0.107(15) 0.038(9) -0.003(9) -0.004(7) 0.009(9) 

N9 0.026(8) 0.051(9) 0.035(8) 0.009(7) 0.016(6) 0.015(7) 

N10 0.049(9) 0.027(8) 0.018(7) 0.006(7) -0.001(6) -0.001(6) 

N11 0.042(9) 0.038(9) 0.046(9) 0.010(7) 0.008(7) 0.024(7) 

N12 0.043(8) 0.024(7) 0.032(8) 0.019(6) 0.012(7) 0.000(6) 

C1 0.032(10) 0.031(10) 0.054(11) -0.007(8) -0.012(8) -0.023(9) 

C2 0.039(10) 0.026(10) 0.034(9) -0.022(8) 0.013(8) -0.013(8) 

C3 0.036(10) 0.057(12) 0.017(9) -0.014(9) 0.008(7) -0.019(9) 

C4 0.038(10) 0.038(11) 0.045(11) 0.004(8) -0.003(8) -0.006(9) 

C5 0.103(19) 0.076(18) 0.13(2) 0.035(17) 0.054(17) 0.068(17) 

C6 0.097(18) 0.063(16) 0.13(2) 0.067(15) 0.048(16) 0.047(17) 

C7 0.020(9) 0.023(9) 0.055(11) -0.006(7) -0.015(8) 0.008(8) 

C8 0.031(11) 0.046(12) 0.048(12) 0.011(9) -0.012(9) -0.020(9) 

C9 0.033(10) 0.066(14) 0.042(11) -0.020(10) 0.012(8) 0.011(10) 

C10 0.045(11) 0.043(12) 0.052(12) -0.030(9) -0.005(9) 0.011(9) 

C11 0.075(14) 0.007(9) 0.053(12) 0.000(9) -0.013(10) 0.000(8) 

C12 0.038(11) 0.031(10) 0.045(10) 0.009(8) -0.009(8) 0.002(9) 
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A.3 Pressure and dilution dependency in the phase 
diagram of the Fe-Se-en system 

Fe20Se24(en)13(MeOH) 

Table A-15 to Table A-17 show the data for the crystal structure solution 

of Fe20Se24(en)13(MeOH).  

Table Table Table Table AAAA----15151515 Crystal data, data collection parameters and refinement parameters 

for Fe20Se24(en)13(MeOH). 

Crystal dataCrystal dataCrystal dataCrystal data        

Chemical formula  Fe20Se24C27H108N26O 

M (g∙mol-1) 3825.3 

Crystal system, Space group (No.) Triclinic; P1̄ (2) 

a, b, c (Å) 9.23(2), 22.23(5), 24.35(6) 

α, $, γ (°) 102.18(7), 99.22(7), 93.62(6) 

V (Å3), ρcalc (g∙cm-3) 4795(19), 2.650 

T (K), μ (mm-1) 110, 12.07 

Z 2 

Radiation type Mo-Kα (λ = 0.71073 Å) 

2 range (°) 4.7–20.3 

Data collectionData collectionData collectionData collection        

Diffractometer, Monochromator Bruker CCD diffractometer, graphite 

Absorption correction multi-scan SADABS 2014/5 

No. of reflections 

(measured, independent, with I>3σ(I)) 
77337, 9861, 6287 

Rint 0.151 

Index range -9 ≤ h ≤ 9, -22 ≤ k ≤ 22, 24 ≤ l ≤ 24 

2 range (°) 2.3-20.7 
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Table Table Table Table AAAA----15151515 Continued. 

RefinementRefinementRefinementRefinement        

Refinement on F
2 

Data, Restraints, Parameters, Constraints 9861, 0, 743, 756 

R1 (I>2σ(I)), wR(F2) (I>2σ(I)) 0.078, 0.151 

Goodness of fit on F2 1.91 

Δρ (max; min) (e∙Å-3) 2.46; -1.90 

 

Table Table Table Table AAAA----16161616 Fractional atomic coordinates and isotropic or equivalent isotropic 

displacement parameters for Fe20Se24(en)13(MeOH). 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

Se1 0.8362(3) 0.49504(12) 0.43439(11) 0.0301(11)  

Se2 0.9799(3) 0.33878(12) 0.47980(11) 0.0324(11)  

Se3 0.2022(3) 0.43589(12) 0.40773(11) 0.0293(10)  

Se4 0.9647(3) 0.49353(12) 0.28206(11) 0.0326(11)  

Se5 0.8229(3) 0.34452(11) 0.32002(11) 0.0268(10)  

Se6 0.1543(3) 0.25419(12) 0.34644(12) 0.0328(11)  

Se7 0.7114(3) 0.35537(12) 0.16416(11) 0.0302(11)  

Se8 0.1201(3) 0.33806(11) 0.21595(11) 0.0274(10)  

Se9 0.8630(3) 0.19504(12) 0.20091(11) 0.0331(11)  

Se10 0.7594(3) 0.40187(12) 0.01739(11) 0.0303(11)  

Se11 0.5275(3) 0.25438(12) 0.01774(11) 0.0294(10)  

Se12 0.9440(3) 0.25204(12) 0.06194(11) 0.0334(11)  

Se13 0.4417(3) 0.32030(12) 0.88021(11) 0.0345(11)  

Se14 0.8162(3) 0.25657(11) 0.90619(11) 0.0309(11)  

Se15 0.6792(3) 0.10550(12) 0.94513(12) 0.0413(12)  

Se16 0.6464(4) 0.28997(12) 0.75479(12) 0.0427(12)  

Se17 0.4993(3) 0.14243(12) 0.79636(11) 0.0336(11)  

Se18 0.8941(3) 0.09799(13) 0.81655(12) 0.0399(12)  

Se19 0.3251(3) 0.16902(15) 0.64965(13) 0.0532(13)  
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Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

Se20 0.7299(3) 0.13473(12) 0.66662(11) 0.0305(11)  

Se21 0.6057(3) 0.98288(12) 0.70827(11) 0.0404(12)  

Se22 0.5104(4) 0.15147(12) 0.51029(12) 0.0456(13)  

Se23 0.4080(3) 0.01035(12) 0.56934(11) 0.0295(11)  

Se24 0.8183(3) 0.98339(12) 0.57433(11) 0.0324(11)  

Fe1 0.0409(4) 0.44323(16) 0.47580(15) 0.0257(14)  

Fe2 0.9583(4) 0.44766(16) 0.35974(15) 0.0259(14)  

Fe3 0.0429(4) 0.33925(16) 0.38998(15) 0.0271(15)  

Fe4 0.9066(4) 0.38669(15) 0.24405(15) 0.0264(14)  

Fe5 0.9921(4) 0.27875(16) 0.27127(15) 0.0279(15)  

Fe6 0.9007(4) 0.28060(16) 0.15790(15) 0.0282(15)  

Fe7 0.7451(4) 0.31982(16) 0.06803(15) 0.0270(15)  

Fe8 0.6276(4) 0.31085(16) 0.95453(15) 0.0302(15)  

Fe9 0.7404(4) 0.21202(16) 0.98383(15) 0.0299(15)  

Fe10 0.5964(4) 0.25321(16) 0.83378(15) 0.0311(15)  

Fe11 0.7250(4) 0.14781(16) 0.86706(15) 0.0331(15)  

Fe12 0.5457(4) 0.18651(16) 0.71598(16) 0.0327(16)  

Fe13 0.6831(4) 0.08845(16) 0.74695(15) 0.0328(15)  

Fe14 0.4945(4) 0.12030(17) 0.59789(16) 0.0324(15)  

Fe15 0.6476(4) 0.02537(16) 0.63092(15) 0.0283(15)  

Fe16 0.5803(4) 0.95426(16) 0.51699(15) 0.0283(15)  

Fe17 0.3647(4) 0.11031(16) 0.13866(16) 0.0302(15)  

Fe18 0.2812(4) 0.46870(17) 0.10167(16) 0.0319(15)  

Fe19 0.4271(4) 0.64680(16) 0.41904(16) 0.0335(15)  

Fe20 0.9515(5) 0.08274(19) 0.40133(17) 0.0510(19)  

N1 0.2147(8) 0.0525(8) 0.0634(5) 0.083(11)  

N2 0.1723(8) 0.0913(7) 0.1815(3) 0.048(9)  

N3 0.4775(12) 0.0297(5) 0.1584(4) 0.029(6)  

N4 0.5519(9) 0.1135(5) 0.0891(6) 0.037(7)  

N5 0.4864(14) 0.1733(2) 0.2161(5) 0.040(7)  

N6 0.2909(8) 0.2004(8) 0.12118(18) 0.045(8)  
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Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

N7 0.2355(8) 0.56682(8) 0.1266(7) 0.030(7)  

N8 0.0763(6) 0.4542(3) 0.1352(6) 0.030(7)  

N9 0.1526(10) 0.4564(6) 0.01312(8) 0.035(7)  

N10 0.2913(11) 0.36754(9) 0.0654(5) 0.042(8)  

N11 0.4950(11) 0.5059(5) 0.0796(2) 0.028(7)  

N12 0.4384(3) 0.4727(7) 0.1805(5) 0.039(8)  

N13 0.1925(12) 0.6019(3) 0.3920(6) 0.036(5) 0.60(2) 

N13' 0.2408(9) 0.6164(6) 0.3426(6) 0.036(5) 0.40(2) 

N14 0.3146(8) 0.7227(2) 0.3888(9) 0.033(5) 0.56(2) 

N14' 0.2710(7) 0.72083(18) 0.44220(16) 0.033(5) 0.44(2) 

N15 0.5907(15) 0.3123(10) 0.49356(10) 0.048(6) 0.60(3) 

N15' 0.4178(5) 0.31330(10) 0.49429(6) 0.048(6) 0.40(3) 

N16 0.5010(5) 0.4314(7) 0.5399(6) 0.042(6) 0.55(2) 

N16' 0.664(2) 0.4169(4) 0.5303(4) 0.042(6) 0.45(2) 

N17 0.6601(19) 0.6940(15) 0.4303(7) 0.067(8) 0.58(3) 

N17' 0.5779(8) 0.7078(13) 0.38704(7) 0.067(8) 0.42(3) 

N18 0.4944(15) 0.60277(18) 0.3367(12) 0.072(7) 0.59(3) 

N18' 0.574(6) 0.5774(9) 0.3857(12) 0.072(7) 0.41(3) 

N19 0.8952(8) 0.0851(7) 0.4856(3) 0.036(7)  

N20 0.0928(10) 0.1673(4) 0.4539(5) 0.051(8)  

N21 0.0236(17) 0.0876(4) 0.3202(3) 0.047(8)  

N22 0.8358(18) 0.9950(2) 0.3462(2) 0.047(8)  

N23 0.7280(7) 0.1231(8) 0.3847(5) 0.073(11)  

N24 0.4618(5) 0.1762(6) 0.3372(8) 0.070(11)  

N25 0.854(3) 0.6717(5) 0.2330(4) 0.133(13)*  

N26 0.896(2) 0.7624(4) 0.1675(8) 0.169(16)*  

O1 0.3682(5) 0.46861(14) 0.29634(9) 0.067(10)  

C1 0.076(2) 0.0432(14) 0.0832(10) 0.083(11)  

C2 0.0542(19) 0.0617(10) 0.1369(11) 0.048(9)  

C3 0.624(2) 0.0304(7) 0.1418(9) 0.029(6)  
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Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

C4 0.6113(17) 0.0508(11) 0.0856(10) 0.037(7)  

C5 0.437(2) 0.2353(11) 0.2169(7) 0.040(7)  

C6 0.401(3) 0.2467(12) 0.1589(7) 0.045(8)  

C7 0.119(2) 0.5696(6) 0.1631(10) 0.030(7)  

C8 0.0083(17) 0.5124(10) 0.1395(9) 0.030(7)  

C9 0.207(2) 0.4025(10) 0.9781(6) 0.035(7)  

C10 0.203(3) 0.3475(7) 0.0072(11) 0.042(8)  

C11 0.614(2) 0.5138(8) 0.1273(9) 0.028(7)  

C12 0.5578(18) 0.5215(11) 0.1843(10) 0.039(8)  

C13 0.116(2) 0.6430(10) 0.3587(10) 0.036(5)  

C14 0.160(2) 0.7131(9) 0.3887(10) 0.033(5)  

C15 0.516(3) 0.3492(11) 0.4542(8) 0.048(6)  

C16 0.550(2) 0.4184(10) 0.4848(11) 0.042(6)  

C17 0.713(3) 0.6710(12) 0.3786(10) 0.067(8)  

C18 0.654(3) 0.6101(12) 0.3469(12) 0.072(7)  

C19 0.012(2) 0.1263(10) 0.5301(7) 0.036(7)  

C20 0.048(3) 0.1831(8) 0.5103(10) 0.051(8)  

C21 0.927(3) 0.0438(11) 0.2739(8) 0.047(8)  

C22 0.899(2) 0.9853(9) 0.2942(9) 0.047(8)  

C23 0.7402(19) 0.1717(12) 0.3581(13) 0.073(11)  

C24 0.610(3) 0.2106(12) 0.3657(13) 0.070(11)  

C25 0.932(6) 0.732(2) 0.254(2) 0.19(2)*  

C26 0.883(4) 0.7860(11) 0.2331(15) 0.104(14)*  

C27 0.472(3) 0.4250(6) 0.3075(5) 0.076(17)  

H1n1 0.218997 0.017533 0.027991 0.0999*  

H2n1 0.221995 0.095126 0.052232 0.0999*  

H1n2 0.149681 0.084432 0.220353 0.0577*  

H2n2 0.183823 0.138416 0.182784 0.0577*  

H1n3 0.489514 0.038035 0.20262 0.0351*  

H2n3 0.418736 0.986677 0.1404 0.0351*  
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Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

H1n4 0.527755 0.121813 0.048279 0.0443*  

H2n4 0.63073 0.147796 0.11452 0.0443*  

H1n5 0.394976 0.140652 0.206479 0.048*  

H2n5 0.546476 0.1728 0.255885 0.048*  

H1n6 0.187564 0.20763 0.131792 0.0544*  

H2n6 0.316605 0.156585 0.125524 0.0544*  

H1n7 0.332071 0.592379 0.150262 0.0365*  

H2n7 0.199798 0.585071 0.091431 0.0365*  

H1n8 0.016738 0.421154 0.100946 0.0359*  

H2n8 0.075886 0.438814 0.172727 0.0359*  

H1n9 0.191463 0.496762 0.002691 0.0423*  

H2n9 0.03786 0.451811 0.005137 0.0423*  

H1n10 0.231065 0.355354 0.094742 0.0499*  

H2n10 0.38834 0.346086 0.06731 0.0499*  

H1n11 0.535172 0.492145 0.041848 0.0334*  

H2n11 0.449356 0.547584 0.079992 0.0334*  

H1n12 0.421069 0.470953 0.221293 0.0471*  

H2n12 0.467981 0.430235 0.16054 0.0471*  

H1n13 0.116216 0.576494 0.406777 0.0427* 0.60(2) 

H2n13 0.248283 0.572432 0.36623 0.0427* 0.60(2) 

H1n13' 0.226789 0.603902 0.29825 0.0427* 0.4023 

H2n13' 0.255053 0.577288 0.359173 0.0427* 0.4023 

H1n14 0.331212 0.730813 0.349666 0.0395* 0.56(2) 

H2n14 0.361016 0.760592 0.421199 0.0395* 0.56(2) 

H1n14' 0.213943 0.758789 0.454748 0.0395* 0.4412 

H2n14' 0.364237 0.722045 0.47289 0.0395* 0.4412 

H1n15 0.545269 0.266502 0.4808 0.0579* 0.60(3) 

H2n15 0.702858 0.314574 0.492048 0.0579* 0.60(3) 

H1n15' 0.370373 0.268492 0.490052 0.0579* 0.4032 

H2n15' 0.368466 0.33127 0.460593 0.0579* 0.4032 
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Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

H1n16 0.520404 0.478548 0.557889 0.0509* 0.55(2) 

H2n16 0.558902 0.40721 0.566961 0.0509* 0.55(2) 

H1n16' 0.765434 0.419789 0.516897 0.0509* 0.4458 

H2n16' 0.662147 0.454 0.56416 0.0509* 0.4458 

H1n17 0.569574 0.718323 0.42166 0.0807* 0.58(3) 

H2n17 0.62878 0.657216 0.447503 0.0807* 0.58(3) 

H1n17' 0.589547 0.748124 0.372271 0.0807* 0.423 

H2n17' 0.482196 0.680855 0.364284 0.0807* 0.423 

H1n18 0.457963 0.567922 0.355279 0.0864* 0.59(3) 

H2n18 0.454683 0.591064 0.292963 0.0864* 0.59(3) 

H1n18' 0.646916 0.577569 0.423029 0.0864* 0.4126 

H2n18' 0.484252 0.600796 0.395716 0.0864* 0.4126 

H1n19 0.919174 0.039471 0.481187 0.0429*  

H2n19 0.792844 0.089438 0.497986 0.0429*  

H1n20 0.072974 0.202917 0.43285 0.0609*  

H2n20 0.204608 0.161289 0.459147 0.0609*  

H1n21 0.130642 0.074881 0.323304 0.0564*  

H2n21 0.022423 0.131649 0.311939 0.0564*  

H1n22 0.866642 0.961589 0.368736 0.0565*  

H2n22 0.721366 0.991552 0.335601 0.0565*  

H1n23 0.798589 0.090681 0.371001 0.0882*  

H2n23 0.756237 0.139402 0.42866 0.0882*  

H1n24 0.476929 0.135753 0.30915 0.0844*  

H2n24 0.405605 0.165163 0.368142 0.0844*  

H1n25 0.899514 0.648151 0.199161 0.1595*  

H2n25 0.743569 0.675794 0.218794 0.1595*  

H1n26 0.842345 0.790609 0.143457 0.2028*  

H2n26 0.006855 0.764236 0.163654 0.2028*  

H1o1 0.30388 0.472759 0.323952 0.08*  

H1c1 0.986116 0.055999 0.054174 0.0999*  

H2c1 0.028105 0.99541 0.066213 0.0999*  
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Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

H1c2 0.998151 0.023543 0.149558 0.0577*  

H2c2 0.960847 0.089389 0.137564 0.0577*  

H1c3 0.6601 0.984027 0.136184 0.0351*  

H2c3 0.702393 0.063245 0.174489 0.0351*  

H1c4 0.719048 0.052557 0.072717 0.0443*  

H2c4 0.539515 0.016281 0.052258 0.0443*  

H1c5 0.340008 0.240015 0.237332 0.048*  

H2c5 0.522773 0.270439 0.242668 0.048*  

H1c6 0.362181 0.292324 0.16146 0.0544*  

H2c6 0.501172 0.248124 0.140648 0.0544*  

H1c7 0.062981 0.611072 0.16163 0.0365*  

H2c7 0.169777 0.569914 0.20677 0.0365*  

H1c8 0.92434 0.512967 0.166408 0.0359*  

H2c8 0.948973 0.514699 0.097658 0.0359*  

H1c9 0.136956 0.389678 0.935993 0.0423*  

H2c9 0.319694 0.414624 0.973282 0.0423*  

H1c10 0.089068 0.333854 0.01003 0.0499*  

H2c10 0.250522 0.309178 0.982974 0.0499*  

H1c11 0.688536 0.55413 0.128469 0.0334*  

H2c11 0.677473 0.474037 0.121709 0.0334*  

H1c12 0.648574 0.51872 0.218084 0.0471*  

H2c12 0.516774 0.566652 0.194774 0.0471*  

H1c13 0.996585 0.632653 0.3541 0.0427* 0.60(2) 

H2c13 0.142995 0.634045 0.315977 0.0427* 0.60(2) 

H1c13' 0.072959 0.618998 0.388357 0.0427* 0.4023 

H2c13' 0.031502 0.639399 0.320858 0.0427* 0.4023 

H1c14 0.101837 0.742007 0.363325 0.0395* 0.56(2) 

H2c14 0.140908 0.721304 0.432495 0.0395* 0.56(2) 

H1c14' 0.062327 0.735022 0.398496 0.0395* 0.4412 

H2c14' 0.205582 0.736874 0.359351 0.0395* 0.4412 
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Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

H1c15 0.39682 0.336622 0.446329 0.0579* 0.60(3) 

H2c15 0.559888 0.34092 0.414657 0.0579* 0.60(3) 

H1c15' 0.449386 0.345153 0.41206 0.0579* 0.4032 

H2c15' 0.61861 0.3283 0.450952 0.0579* 0.4032 

H1c16 0.496584 0.446725 0.457691 0.0509* 0.55(2) 

H2c16 0.668652 0.43139 0.491173 0.0509* 0.55(2) 

H1c16' 0.592092 0.444167 0.456229 0.0509* 0.4458 

H2c16' 0.454031 0.434983 0.501718 0.0509* 0.4458 

H1c17 0.833394 0.673235 0.387667 0.0807* 0.58(3) 

H2c17 0.69767 0.70367 0.351038 0.0807* 0.58(3) 

H1c17' 0.780875 0.692482 0.353774 0.0807* 0.423 

H2c17' 0.773905 0.668186 0.420159 0.0807* 0.423 

H1c18 0.692412 0.600485 0.306154 0.0864* 0.59(3) 

H2c18 0.695793 0.57593 0.369889 0.0864* 0.59(3) 

H1c18' 0.743192 0.583777 0.333907 0.0864* 0.4126 

H2c18' 0.574989 0.613558 0.309466 0.0864* 0.4126 

H1c19 0.969899 0.138733 0.570024 0.0429*  

H2c19 0.110037 0.102238 0.536475 0.0429*  

H1c20 0.138093 0.211934 0.541035 0.0609*  

H2c20 0.952368 0.209313 0.507535 0.0609*  

H1c21 0.823316 0.062943 0.263473 0.0564*  

H2c21 0.98201 0.033673 0.236971 0.0564*  

H1c22 0.825916 0.951683 0.260446 0.0565*  

H2c22 0.001504 0.963964 0.301023 0.0565*  

H1c23 0.738856 0.153803 0.31273 0.0882*  

H2c23 0.843507 0.200489 0.377124 0.0882*  

H1c24 0.610225 0.227834 0.411029 0.0844*  

H2c24 0.626487 0.252015 0.349146 0.0844*  

H1c25 0.048774 0.72924 0.253204 0.2332*  

H2c25 0.948704 0.742806 0.301004 0.2332*  



170 A  Appendix 

 

Table Table Table Table AAAA----16161616 Continued. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

H1c26 0.962353 0.826076 0.252539 0.1246*  

H2c26 0.76704 0.789947 0.236491 0.1246*  

H1c27 0.565281 0.448602 0.340634 0.0913*  

H2c27 0.417006 0.387573 0.322362 0.0913*  

H3c27 0.51254 0.405378 0.268128 0.0913*  

 

Table Table Table Table AAAA----17171717 Atomic displacement parameters (Å2) for Fe20Se24(en)13(MeOH). 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Se1 0.0266(17) 0.0342(17) 0.0300(17) 0.0055(13) 0.0072(14) 0.0061(13) 

Se2 0.0381(18) 0.0286(17) 0.0340(18) -0.0001(14) 0.0131(14) 0.0107(14) 

Se3 0.0250(16) 0.0300(17) 0.0316(17) -0.0051(13) 0.0075(13) 0.0046(13) 

Se4 0.0437(19) 0.0222(16) 0.0314(17) -0.0055(14) 0.0096(14) 0.0049(13) 

Se5 0.0244(16) 0.0237(15) 0.0315(17) -0.0047(13) 0.0078(13) 0.0048(13) 

Se6 0.0357(18) 0.0284(16) 0.0369(18) 0.0055(14) 0.0117(14) 0.0088(14) 

Se7 0.0312(17) 0.0316(17) 0.0267(17) 0.0008(13) 0.0061(14) 0.0038(13) 

Se8 0.0254(16) 0.0246(16) 0.0322(17) -0.0024(13) 0.0080(13) 0.0057(13) 

Se9 0.0362(18) 0.0228(16) 0.0380(18) -0.0050(13) 0.0052(14) 0.0054(13) 

Se10 0.0391(18) 0.0234(16) 0.0275(17) -0.0039(13) 0.0072(14) 0.0051(13) 

Se11 0.0314(17) 0.0269(16) 0.0276(17) -0.0082(13) 0.0030(14) 0.0057(13) 

Se12 0.0321(18) 0.0378(18) 0.0287(17) 0.0002(14) 0.0057(14) 0.0049(14) 

Se13 0.0421(19) 0.0317(17) 0.0290(17) 0.0053(14) 0.0047(14) 0.0064(13) 

Se14 0.0384(18) 0.0246(16) 0.0292(17) -0.0014(14) 0.0066(14) 0.0056(13) 

Se15 0.067(2) 0.0213(16) 0.0331(18) -0.0079(15) 0.0087(16) 0.0038(14) 

Se16 0.074(2) 0.0248(17) 0.0287(18) -0.0024(16) 0.0136(16) 0.0048(14) 

Se17 0.0413(19) 0.0259(16) 0.0317(17) -0.0035(14) 0.0073(15) 0.0038(13) 

Se18 0.042(2) 0.0411(19) 0.0334(18) 0.0121(15) 0.0032(15) 0.0025(14) 

Se19 0.047(2) 0.064(2) 0.039(2) 0.0222(17) -0.0011(16) -0.0076(17) 

Se20 0.0315(17) 0.0254(16) 0.0317(17) -0.0047(13) 0.0033(14) 0.0037(13) 

Se21 0.068(2) 0.0245(16) 0.0275(18) -0.0045(15) 0.0120(16) 0.0042(13) 
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Table Table Table Table AAAA----17171717 Continued. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Se22 0.074(2) 0.0214(17) 0.0364(19) -0.0048(16) -0.0009(17) 0.0064(14) 

Se23 0.0301(17) 0.0288(16) 0.0278(17) -0.0071(13) 0.0070(13) 0.0039(13) 

Se24 0.0308(18) 0.0320(17) 0.0322(17) 0.0021(14) 0.0057(14) 0.0025(14) 

Fe1 0.023(2) 0.027(2) 0.028(2) -0.0030(18) 0.0101(18) 0.0064(18) 

Fe2 0.027(2) 0.024(2) 0.028(2) 0.0009(18) 0.0077(19) 0.0057(18) 

Fe3 0.028(2) 0.027(2) 0.029(2) 0.0018(18) 0.0107(19) 0.0065(18) 

Fe4 0.030(2) 0.019(2) 0.028(2) -0.0028(18) 0.0060(19) 0.0024(18) 

Fe5 0.027(2) 0.023(2) 0.033(2) -0.0041(18) 0.0093(19) 0.0042(19) 

Fe6 0.034(2) 0.022(2) 0.026(2) -0.0034(18) 0.0060(19) 0.0002(18) 

Fe7 0.031(2) 0.025(2) 0.025(2) -0.0035(18) 0.0065(19) 0.0049(18) 

Fe8 0.042(3) 0.020(2) 0.028(2) -0.0051(19) 0.008(2) 0.0049(18) 

Fe9 0.039(3) 0.022(2) 0.027(2) -0.0012(19) 0.004(2) 0.0051(18) 

Fe10 0.042(3) 0.023(2) 0.028(2) -0.0027(19) 0.009(2) 0.0036(18) 

Fe11 0.044(3) 0.024(2) 0.029(2) -0.0001(19) 0.005(2) 0.0030(19) 

Fe12 0.038(3) 0.027(2) 0.031(2) 0.003(2) 0.004(2) 0.0041(19) 

Fe13 0.044(3) 0.025(2) 0.028(2) 0.001(2) 0.006(2) 0.0036(19) 

Fe14 0.034(3) 0.029(2) 0.031(2) -0.0014(19) 0.005(2) 0.0014(19) 

Fe15 0.032(2) 0.022(2) 0.030(2) -0.0031(18) 0.0084(19) 0.0022(18) 

Fe16 0.029(2) 0.024(2) 0.031(2) -0.0022(18) 0.0044(19) 0.0043(18) 

Fe17 0.028(2) 0.027(2) 0.036(3) -0.0009(19) 0.0060(19) 0.0086(19) 

Fe18 0.028(2) 0.030(2) 0.041(3) -0.0006(19) 0.014(2) 0.0115(19) 

Fe19 0.028(2) 0.027(2) 0.045(3) -0.0068(19) 0.007(2) 0.008(2) 

Fe20 0.071(3) 0.050(3) 0.030(3) 0.024(3) 0.001(2) 0.004(2) 

N1 0.036(13) 0.15(2) 0.052(15) -0.038(14) 0.004(11) 0.005(14) 

N2 0.018(11) 0.055(14) 0.075(15) -0.011(9) 0.019(10) 0.018(12) 

N3 0.032(10) 0.021(10) 0.034(11) -0.006(9) 0.004(9) 0.008(8) 

N4 0.028(11) 0.037(10) 0.052(12) -0.006(9) 0.003(9) 0.028(10) 

N5 0.041(12) 0.038(11) 0.035(11) 0.011(9) -0.015(9) 0.010(10) 

N6 0.025(11) 0.049(13) 0.066(14) 0.008(9) 0.001(10) 0.026(11) 

N7 0.009(9) 0.036(11) 0.047(12) -0.004(8) 0.003(8) 0.014(9) 

N8 0.040(11) 0.036(11) 0.016(10) 0.007(9) 0.003(8) 0.011(9) 
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Table Table Table Table AAAA----17171717 Continued. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

N9 0.032(11) 0.026(10) 0.049(12) -0.007(9) 0.010(9) 0.011(8) 

N10 0.049(13) 0.038(11) 0.050(12) 0.022(10) 0.028(10) 0.019(10) 

N11 0.034(11) 0.025(10) 0.025(10) 0.001(8) -0.006(8) 0.016(9) 

N12 0.041(12) 0.052(13) 0.032(11) 0.018(9) 0.015(10) 0.015(10) 

N13 0.011(7) 0.041(9) 0.056(9) -0.009(6) 0.001(6) 0.019(7) 

N13' 0.011(7) 0.041(9) 0.056(9) -0.009(6) 0.001(6) 0.019(7) 

N14 0.033(8) 0.033(8) 0.029(7) -0.007(7) 0.005(6) 0.003(6) 

N14' 0.033(8) 0.033(8) 0.029(7) -0.007(7) 0.005(6) 0.003(6) 

N15 0.058(10) 0.057(10) 0.032(9) 0.006(8) 0.005(7) 0.016(7) 

N15' 0.058(10) 0.057(10) 0.032(9) 0.006(8) 0.005(7) 0.016(7) 

N16 0.014(8) 0.031(8) 0.081(11) -0.005(6) 0.002(7) 0.016(8) 

N16' 0.014(8) 0.031(8) 0.081(11) -0.005(6) 0.002(7) 0.016(8) 

N17 0.067(12) 0.046(10) 0.097(14) -0.006(8) 0.050(10) 0.011(9) 

N17' 0.067(12) 0.046(10) 0.097(14) -0.006(8) 0.050(10) 0.011(9) 

N18 0.048(10) 0.096(13) 0.064(12) -0.025(10) 0.021(9) 0.000(9) 

N18' 0.048(10) 0.096(13) 0.064(12) -0.025(10) 0.021(9) 0.000(9) 

N19 0.024(11) 0.041(12) 0.042(12) 0.004(8) 0.003(8) 0.010(9) 

N20 0.086(16) 0.028(11) 0.046(12) 0.008(10) 0.026(12) 0.015(10) 

N21 0.072(15) 0.034(12) 0.029(11) 0.004(10) 0.005(10) -0.002(8) 

N22 0.020(11) 0.078(15) 0.036(12) -0.005(10) 0.003(9) -0.001(11) 

N23 0.090(17) 0.048(15) 0.097(19) 0.019(13) 0.048(14) 0.022(12) 

N24 0.043(13) 0.067(16) 0.11(2) 0.006(11) 0.025(13) 0.023(14) 

O1 0.072(16) 0.041(13) 0.087(17) -0.014(12) 0.033(13) 0.005(12) 

C1 0.036(13) 0.15(2) 0.052(15) -0.038(14) 0.004(11) 0.005(14) 

C2 0.018(11) 0.055(14) 0.075(15) -0.011(9) 0.019(10) 0.018(12) 

C3 0.032(10) 0.021(10) 0.034(11) -0.006(9) 0.004(9) 0.008(8) 

C4 0.028(11) 0.037(10) 0.052(12) -0.006(9) 0.003(9) 0.028(10) 

C5 0.041(12) 0.038(11) 0.035(11) 0.011(9) -0.015(9) 0.010(10) 

C6 0.025(11) 0.049(13) 0.066(14) 0.008(9) 0.001(10) 0.026(11) 

C7 0.009(9) 0.036(11) 0.047(12) -0.004(8) 0.003(8) 0.014(9) 
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Table Table Table Table AAAA----17171717 Continued. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

C8 0.040(11) 0.036(11) 0.016(10) 0.007(9) 0.003(8) 0.011(9) 

C9 0.032(11) 0.026(10) 0.049(12) -0.007(9) 0.010(9) 0.011(8) 

C10 0.049(13) 0.038(11) 0.050(12) 0.022(10) 0.028(10) 0.019(10) 

C11 0.034(11) 0.025(10) 0.025(10) 0.001(8) -0.006(8) 0.016(9) 

C12 0.041(12) 0.052(13) 0.032(11) 0.018(9) 0.015(10) 0.015(10) 

C13 0.011(7) 0.041(9) 0.056(9) -0.009(6) 0.001(6) 0.019(7) 

C14 0.033(8) 0.033(8) 0.029(7) -0.007(7) 0.005(6) 0.003(6) 

C15 0.058(10) 0.057(10) 0.032(9) 0.006(8) 0.005(7) 0.016(7) 

C16 0.014(8) 0.031(8) 0.081(11) -0.005(6) 0.002(7) 0.016(8) 

C17 0.067(12) 0.046(10) 0.097(14) -0.006(8) 0.050(10) 0.011(9) 

C18 0.048(10) 0.096(13) 0.064(12) -0.025(10) 0.021(9) 0.000(9) 

C19 0.024(11) 0.041(12) 0.042(12) 0.004(8) 0.003(8) 0.010(9) 

C20 0.086(16) 0.028(11) 0.046(12) 0.008(10) 0.026(12) 0.015(10) 

C21 0.072(15) 0.034(12) 0.029(11) 0.004(10) 0.005(10) -0.002(8) 

C22 0.020(11) 0.078(15) 0.036(12) -0.005(10) 0.003(9) -0.001(11) 

C23 0.090(17) 0.048(15) 0.097(19) 0.019(13) 0.048(14) 0.022(12) 

C24 0.043(13) 0.067(16) 0.11(2) 0.006(11) 0.025(13) 0.023(14) 

C27 0.04(2) 0.09(3) 0.09(3) 0.03(2) 0.01(2) 0.01(2) 
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Chemical analysis 

The chemical composition of Fe20Se24(en)13(MeOH) was examined by 

CHN elemental analysis and energy-dispersive spectroscopy measure-

ments [EDS]. Since no phase pure sample was obtained, the measured 

CHN values were corrected by the amount of side phase 

[10 wt% Fe3Se4(en)3] determined by Rietveld refinement of powder X-ray 

diffraction data [see Figure 2-18]. Table A-18 shows the measured and 

corrected mass fractions compared to the nominal values for 

Fe20Se24(en)13(MeOH). 

Table Table Table Table AAAA----18181818 Measured and corrected mass fractions [in wt%] from CHN elemental 

analysis compared to nominal values for Fe20Se24(en)13(MeOH). 

    CCCC    HHHH    NNNN    

measured 9.15 2.90 10.33 

corrected  8.35 2.63 9.40 

nominal  8.48 2.85 9.52 

 

For EDS measurements 20 crystals of Fe20Se24(en)13(MeOH) were se-

lected which gave a ratio Fe : Se : N = 22(1) : 24 : 26(12). Due to ab-

sorbed oxygen from the atmosphere on the surface of the crystals, the O 

content could not be determined. 
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Phase diagram 

Solvothermal syntheses with methanol as diluent were carried out be-

tween 180 °C and 220°C and 0% and 50% methanol content. Ta-

ble A-19 shows the composition of the products calculated from powder 

X-ray diffraction data by Rietveld refinement. 

Table Table Table Table AAAA----19191919 Composition of the products [in wt%] from solvothermal synthesis at 

different temperatures and different degrees of dilution with methanol. Weight 

percentages were determined by Rietveld refinement from powder X-ray diffrac-

tion data [Cu-Kα1 or Mo-Kα1 radiation]. 
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220 0 - 100 - - - - - 

220 10 - - 43 29 28 - - 

220 20 - - 4 8 88 - - 

220 50 - - - - - 100 - 

210 0 - 100 - - - - - 

210 10 - - 86 - 14 - - 

210 20 - - 28 15 57 - - 

210 50 - - 12 - 5 78 5 

200 0 - 100 - - - - - 

200 10 - - 87 - 13 - - 

200 20 - - 19 - 81 - - 

200 30 - - 44 - 56 - - 

200 50 - - 30 - 15 55 - 
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Table Table Table Table AAAA----19191919 Continued. 
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190 0 10 - 59 31 - - - 

190 10 - - 74 - 26 - - 

190 20 - - 48 - 52 - - 

190 50 - - 20 - 41 39 - 

180 0 52 5 - 43 - - - 

180 10 33 - 51 - 16 - - 

180 20 - - 37 - 63 - - 

180 50 - - 38 - 47 15 - 

 

Pressure measurement 

Table A-20 and Table A-21 show the results of the temperature depen-

dent pressure measurement for 0%, 20%, 40% and 60% of glycerol or 

methanol dilution, respectively. The given values for temperature and 

pressure were taken within the reaction zone of the high pressure reac-

tor. Recorded pressures were corrected by 0.61 bar, since the setup 

showed this offset at each measurement. Systematic errors for the abso-

lute values of ∆p = 1 bar up to 2 bar and ∆p = 0.3 bar above 2 bar are 

assumed. 
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Table Table Table Table AAAA----20202020 Corrected pressure values for glycerol dilution measured in a high 

pressure reactor. The en : glycerol ratio [in %] is given at the head of each 

column. 

TTTT    (°C)(°C)(°C)(°C)    pppp    (bar)(bar)(bar)(bar)    

    100100100100    ::::    0000    80808080    ::::    20202020    60606060    ::::    40404040    40404040    ::::    60606060    

150 2.14 1.22 1.22 0.92 

155 2.44 1.83 1.22 1.22 

160 2.44 2.14 1.53 1.53 

165 3.36 2.44 1.83 1.53 

170 3.36 2.75 2.14 1.53 

175 4.27 3.97 2.75 1.83 

180 4.58 4.58 3.05 2.14 

185 5.19 5.80 3.66 2.44 

190 6.62 6.72 6.10 2.75 

 

Table Table Table Table AAAA----21212121 Corrected pressure values for methanol dilution measured in a high 

pressure reactor. The en : methanol ratio [in %] is given at the head of each 

column. 

TTTT    (°C)(°C)(°C)(°C)    pppp    (bar)(bar)(bar)(bar)    

    100100100100    ::::    0000    80808080    ::::    20202020    60606060    ::::    40404040    40404040    ::::    60606060    

150 2.14 1.83 3.36 3.97 

155 2.44 2.14 3.66 4.88 

160 2.44 2.75 4.58 5.49 

165 3.36 3.36 4.88 6.41 

170 3.36 3.66 6.1 7.63 

175 4.27 4.27 6.72 8.85 

180 4.58 4.88 7.94 9.77 

185 5.19 5.8 9.16 11.29 

190 6.62 7.02 - 13.13 
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A.4 Fe2.3GeTe – a new layered ferromagnetic 
telluride 

Data from single crystal structure determination of Fe2.3GeTe are given 

in Table A-22 to Table A-24. 

Table Table Table Table AAAA----22222222 Crystal data, data collection parameters and refinement parameters 

for Fe2.3GeTe. 

Crystal dataCrystal dataCrystal dataCrystal data        

Chemical formula  Fe2.355Ge0.992Te 

M (g∙mol-1) 331.1 

Crystal system, Space group (No.) Trigonal, P3̄m1 (164) 

a, c (Å) 3.9891(6), 10.766(3) 

V (Å3), ρcalc (g∙cm-3) 148.37(6), 7.412  

T (K), μ (mm-1) 293, 30.60 

Z 2 

Radiation type Mo-Kα (λ = 0.71073 Å) 

2 range (°) 12.4-47.9 

Data collectionData collectionData collectionData collection        

Diffractometer, Monochromator Bruker CCD diffractometer, graphite 

Absorption correction multi-scan SADABS 2014/5 

No. of reflections 

(measured, independent, with I>3σ(I)) 
6185, 400, 347 

Rint 0.029 

Index range -7 ≤ h ≤ 7, -7 ≤ k ≤ 6, -19 ≤ l ≤ 18 

2 range (°) 3.8-39.8 
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Table Table Table Table AAAA----22222222 Continued. 

RefinementRefinementRefinementRefinement        

Refinement on F
2 

Data, Restraints, Parameters, Constraints 400, 0, 23, 0 

R1 (I>2σ(I)), wR(F2) (I>2σ(I)) 0.030, 0.069 

Goodness of fit on F2 2.21 

Δρ (max; min) (e∙Å-3) 2.29; -3.41 

 

Table Table Table Table AAAA----23232323 Fractional atomic coordinates, equivalent isotropic displacement 

parameters (Å2) and site occupation for Fe2.3GeTe. 

AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

Te1 2/3 1/3 0.86543(4) 0.01215(12)  

Ge1 0.3599(7) 0.6401(7) 0.61034(10) 0.0150(7) 0.3307(18) 

Fe1 0 0 0.73872(9) 0.0118(2)  

Fe2 0 0 0.5 0.0106(3)  

Fe3 2/3 1/3 0.62759(11) 0.0116(3) 0.792(6) 

Fe4 0 0 0 0.010(3) 0.125(7) 

 

Table Table Table Table AAAA----24242424 Atomic displacement parameters (Å2) for Fe2.3GeTe. 

AtomAtomAtomAtom    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Te1 0.01266(15) 0.01266(15) 0.01112(19) 0.00633(8) 0 0 

Ge1 0.0109(9) 0.0109(9) 0.0135(4) -0.0018(6) 0.0020(3) -0.0020(3) 

Fe1 0.0115(3) 0.0115(3) 0.0125(4) 0.00575(14) 0 0 

Fe2 0.0098(3) 0.0098(3) 0.0123(5) 0.00489(17) 0 0 

Fe3 0.0114(4) 0.0114(4) 0.0118(5) 0.0057(2) 0 0 

Fe4 0.013(4) 0.013(4) 0.005(4) 0.0066(18) 0 0 
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Figure A-2 shows SAED images of two tilt series of an embedded crystal 

of Fe2.3GeTe in comparison with simulated ED images for the corres-

ponding zone axis. Very weak diffuse intensities along [001]* and occa-

sional additional reflections are observed. 

 

Figure Figure Figure Figure AAAA----2222 Experimental SAED patterns [top] along different zone axis compared 
with simulated ED patterns [bottom] of an embedded crystal of Fe2.3GeTe with 
experimental tilt angles given in blue and tilt angles based on the structure model 
given in red. 
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A.5 The van der Waals Ferromagnets Fe5-δGeTe2 
and Fe5-δ-xNixGeTe2 – Crystal Structure, 
Stacking Faults, and Magnetic Properties 

Crystal structure 

Data from single crystal structure determination of Fe5-δGeTe2 are given 

in Table A-25 to Table A-27. 

Table Table Table Table AAAA----25252525 Crystal data, data collection parameters and refinement parameters 

for Fe5-δGeTe2. 

Crystal dataCrystal dataCrystal dataCrystal data        

Chemical formula  Fe4.623GeTe2 

M (g∙mol-1) 586 

Crystal system, Space group (No.) Trigonal, R3m (160) 

a, c (Å) 4.0376(4), 29.194(6) 

V (Å3), ρcalc (g∙cm-3) 412.16(10), 7.082 

T (K), μ (mm-1) 293, 27.54 

Z 3 

Radiation type Mo-Kα (λ = 0.71073 Å) 

2 range (°) 8.4-55.5 

Data collectionData collectionData collectionData collection        

Diffractometer, Monochromator Bruker CCD diffractometer, graphite 

Absorption correction multi-scan SADABS 2014/5 

No. of reflections 

(measured, independent, with I>3σ(I)) 
3184, 579, 512 

Rint 0.038 

Index range -6 ≤ h ≤ 5, -6 ≤ k ≤ 6, -47 ≤ l ≤ 47 

2 range (°) 4.2-35.6 
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Table Table Table Table AAAA----25252525 Continued. 

RefinementRefinementRefinementRefinement        

Refinement on F
2 

Data, Restraints, Parameters, Constraints 579, 0, 28, 3 

R1 (I>2σ(I)), wR(F2) (I>2σ(I)) 0.036, 0.080 

Goodness of fit on F2 2.06 

Δρ (max; min) (e∙Å-3) 3.76; -1.90 

 

Table Table Table Table AAAA----26262626 Fractional atomic coordinates, equivalent isotropic displacement 

parameters (Å2) and site occupation for Fe5-δGeTe2. 

Atom (layer)Atom (layer)Atom (layer)Atom (layer)    xxxx    yyyy    zzzz    UUUUeqeqeqeq    occoccoccocc    

Te1 (A') 0 0 0.2795(1) 0.016(1) 1 

Te2 (A) 2/3 1/3 0.0509(1) 0.016(1) 1 

Ge1 (C) 1/3 2/3 0.1516(2) 0.011(1) 0.5 

Ge1' (C) 1/3 2/3 0.1733(2) 0.011(1) 0.5 

Fe1 (B) 0 0 0.1031(1) 0.024(1) 1 

Fe2 (B) 0 0 0.1895(1) 0.015(1) 1 

Fe3 (C) 2/3 1/3 0.1415(1) 0.017(1) 0.898(14) 

Fe4 (D) 2/3 1/3 0.2294(2) 0.026(1) 1 

Fe5 (D) 1/3 2/3 0.2377(1) 0.008(1) 0.725(7) 

 

 

 

 

 



A.5  Fe5-δGeTe2 and Fe5-δ-xNixGeTe2 183 

 

 

Table Table Table Table AAAA----27272727 Atomic displacement parameters (Å2) for Fe5-δGeTe2. 

Atom (layer)Atom (layer)Atom (layer)Atom (layer)    UUUU11111111    UUUU22222222    UUUU33333333    UUUU12121212    UUUU13131313    UUUU23232323    

Te1 (A') 0.0153(4) 0.0153(4) 0.0169(6) 0.0077(2) 0 0 

Te2 (A) 0.0156(4) 0.0156(4) 0.0167(6) 0.0078(2) 0 0 

Ge1 (C) 0.0080(3) 0.0080(3) 0.0163(15) 0.0040(2) 0 0 

Ge1' (C) 0.0080(3) 0.0080(3) 0.0163(15) 0.0040(2) 0 0 

Fe1 (B) 0.0290(12) 0.0290(12) 0.0145(15) 0.0145(6) 0 0 

Fe2 (B) 0.0191(11) 0.0191(11) 0.0067(13) 0.0096(6) 0 0 

Fe3 (C) 0.0167(14) 0.0167(14) 0.0159(19) 0.0084(7) 0 0 

Fe4 (D) 0.0296(11) 0.0296(11) 0.0187(15) 0.0148(6) 0 0 

Fe5 (D) 0.0056(7) 0.0056(7) 0.0127(14) 0.0028(4) 0 0 

 

The 0kl and h0l plane single crystal diffraction patterns in Figure A-3 

show distinct streaks along [001] due to stacking disorder. 

 

Figure Figure Figure Figure AAAA----3333 0kl and h0l plane diffraction patterns. 
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Figure A-4 to Figure A-6 show the Rietveld refinement plots of the 

powder diffraction patterns [Mo-Kα1 radiation] for all samples of the 

solid solution Fe5-δ-xNixGeTe2. The given stoichiometry corresponds to 

the result of the EDS analysis [see Table A-28]. The amount of Ni subs-

titution for the side phases Fe3-yNiyGeTe2 is not determined. 

 

Figure Figure Figure Figure AAAA----4444 Rietveld refinement of a powder diffraction pattern [Mo-Kα1 radiation] 
of Fe4.63GeTe2 [blue positions], with Fe3GeTe2 [green positions] as side phase. 
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Figure Figure Figure Figure AAAA----5555 Rietveld refinements of powder diffraction patterns [Mo-Kα1 radiation] 
of Fe5-δ-xNixGeTe2 with x = 0.08, 0.21, 0.50 and 0.70 [from bottom to top; blue 
positions], with Fe3-yNiyGeTe2 [green positions] as side phase. 
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Figure Figure Figure Figure AAAA----6666 Rietveld refinements of powder diffraction patterns [Mo-Kα1 radiation] 
of Fe5-δ-xNixGeTe2 with x = 0.95, 1.09, 1.10 and 1.29 [from bottom to top; blue 
positions], with Fe3-yNiyGeTe2 [green positions] as side phase. 

 

 

 

 



A.5  Fe5-δGeTe2 and Fe5-δ-xNixGeTe2 187 

 

 

The compositions of the Fe5-δ-xNixGeTe2 samples from EDS measure-

ment are given in Table A-28 in comparison to the nominal values. For 

Ge a deviation of about 0.1 is observed, however, this phenomenon is 

known for similar compounds of the Fe-Ge-Te system. No occupational 

deficiency of the Ge site is found in powder or single crystal diffraction 

for various samples. 

Table Table Table Table AAAA----28282828 Composition of the samples Fe5-δ-xNixGeTe2 from EDS measurement 

[20-25 data points] normalized to Te = 2. 

FeFeFeFe    

nominalnominalnominalnominal    

    

EDSEDSEDSEDS    

Ni Ni Ni Ni     

nominalnominalnominalnominal    

    

EDSEDSEDSEDS    

Ge Ge Ge Ge     

nominalnominalnominalnominal    

    

EDSEDSEDSEDS    

Te Te Te Te     

nominalnominalnominalnominal    

    

EDSEDSEDSEDS    

4.5 4.63(14) 0 0 1 0.93(5) 2 2 

4.4 4.54(16) 0.1 0.08(1) 1 0.93(5) 2 2 

4.25 4.30(13) 0.25 0.21(2) 1 0.92(4) 2 2 

4.0 4.11(13) 0.5 0.50(4) 1 0.90(4) 2 2 

3.75 3.80(20) 0.75 0.70(5) 1 0.90(4) 2 2 

3.5 3.66(13) 1.0 0.95(5) 1 0.93(6) 2 2 

3.4 3.59(12) 1.1 1.09(13) 1 0.96(5) 2 2 

3.25 3.31(21) 1.25 1.10(9) 1 0.90(5) 2 2 

3.0 2.96(20) 1.5 1.29(9) 1 0.87(5) 2 2 
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Stacking disorder 

One block ABCBDA' of the Fe5-δGeTe2 structure was used as base layer 

for construction of different stacking variants. Lattice parameters and 

occupation of the base layer were extracted from Rietveld refinement of 

the measured powder pattern and atom coordinates and equivalent iso-

tropic displacement were taken from single crystal refinement [Ta-

ble A-29]. 

Table Table Table Table AAAA----29292929 Structure data for the base layer used for stacking variants. 

Crystal dataCrystal dataCrystal dataCrystal data        AtomAtomAtomAtom    xxxx    yyyy    zzzz    UUUUeqeqeqeq    ((((ÅÅÅÅ
2222))))    occoccoccocc    

Crystal system Trigonal Te1 0 0 0.8384 0.016(1) 1 

a (Å) 4.0387 Te2 2/3 1/3 0.1528 0.016(1) 1 

c (Å) 9.7234 Ge1 1/3 2/3 0.4547 0.011(1) 0.5 

Unit cell volume (Å3) 137.35 Ge1' 1/3 2/3 0.5199 0.011(1) 0.5 

Space group P1 Fe1 0 0 0.3094 0.024(1) 1 

Z 1 Fe2 0 0 0.5686 0.015(1) 1 

  Fe3 2/3 1/3 0.4244 0.017(1) 0.95 

  Fe4 2/3 1/3 0.6882 0.026(1) 1 

  Fe5 1/3 2/3 0.7132 0.008(1) 0.71 

 

To determine the stacking disorder, powder patterns were first simulated 

with increasing S2 stacking up to 40%, which are shown left in Fig-

ure A-7 in comparison to a measured pattern. Thereby, the blue line 

depicts the simulation of the ordered [faultless] structure with only S1 

stacking. Based on the shoulders of the 10l and 01l reflections in the 

measured pattern together with the broadening of these reflections with 

increasing number of stacking faults, an occurrence of domains with dif-

ferent probabilities is assumed for Fe5-δGeTe2. Due to the broadness of 
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the shoulders, a combination of faultless domains and domains with 

20% S2 stacking is considered. To determine the ratio of the domains, 

simulations with different ratios were compared to the measured diffrac-

tion pattern [Figure A-7 right]. For this, the transition probabilities be-

tween the domains used for DIFFaX were chosen such that the domain 

sizes correspond at least to the coherence length of the X-ray radiation 

[> 1µm]. Otherwise domains would not be visible in the powder diffrac-

tograms. As can be seen from Figure A-7, the most fitting description of 

the experimental data is obtained at a ratio of faultless 

domains : 20% faulted domains = 1 : 2. 

 

Figure Figure Figure Figure AAAA----7777 Excerpts of simulated powder patterns with differing percentage of 
S2 stacking [left] and differing ratio of faultless : 20% faulted domains [right] in 
comparison to a measured powder pattern [Mo-Kα1 radiation] with side phase 
Fe3GeTe2 given in orange dashed line. 
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Magnetic properties 

The Curie temperatures TC of the solid solutions Fe5-δ-xNixGeTe2 were 

taken from the points of inflection of susceptibility measurements at 

100 Oe [Figure A-8 left]. For this, the data was derived twice and the 

zero points were determined. Fe5-δ-xNixGeTe2 with increased δ [x = 1.1 

and 1.3] are already ordered above the measured temperature range (1.8-

400 K). Isothermal magnetization curves at 400 K [Figure A-8 right] 

show ferromagnetic hysteresis with µ = 0.35 µB for x = 1.1 and µ = 

0.71 µB for x = 1.3 per Fe atom at 50 kOe. Saturation of the magnetic 

moment is not achieved up to 50 kOe and additionally a splitting of the 

curves is observed, which settles at repeated measurements. This indi-

cates that the curves were measured close to the magnetic ordering tem-

perature. 

 

Figure Figure Figure Figure AAAA----8888 Left: Magnetic susceptibility of Fe5-δ-xNixGeTe2 [x = 0-1.1] measured at 
100 Oe. Right: Isothermal magnetization per formula unit of Fe5-δ-xNixGeTe2 
[x = 1.1-1.3] measured at 400 K. 
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A.6 CCDC Numbers   

Crystallographic information files [CIF] of the investigated structures in 

this thesis have been deposited with the Cambridge Crystallographic 

Data Centre [CCDC]. Copies of the data can be obtained on quoting the 

depository numbers in Table A-30. 

Table Table Table Table AAAA----30303030 Deposition numbers for the Cambridge Crystallographic Data Centre. 

CompoundCompoundCompoundCompound    DepositionDepositionDepositionDeposition    NumberNumberNumberNumber    

α-Fe3Se4(en)3 1813199 

$-Fe3Se4(en)3 1953047 

Fe10Se12(en)7 1813200 

FeSe(en)0.3 1553156 

Fe20Se24(en)13(MeOH) 1953049 

Fe2.3GeTe 1953048 

Fe4.6GeTe2    1874246 
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