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1 Introduction

Even today, more than 100 years after its first discovery!, superconductivity is still a
fascinating and not yet fully understood phenomenon. In search of new superconductors,
empirical rules have always served as guidelines for researchers. For instance, magnetism
was considered to be detrimental to superconductivity for a long time. This belief originated
in a famous set of empirical guidelines in this field, based on experimental work of Bernd
Matthias®?, which can be summarized as follows: 1."A high symmetry is good; cubic
symmetry is the best." 2. "A high density of electronic states is good." 3. "Stay away from
oxygen." 4. "Stay away from magnetism." 5. "Stay away from insulators." 6. "Stay away from

theorists."™

Of course, such rules are only valid until they are proved wrong by the discovery of
exceptions. By now, all of the above-mentioned rules have been disconfirmed by newly
discovered superconducting systems and magnetism has even been found essential for

high-temperature superconductors.

A large contribution to this paradigm change has been made in 2008 by the report of
superconductivity in LaO4,F,FeAs with a maximum critical temperature (T.max) Of 26 K,
Only a few months later high-temperature superconductivity was discovered in the
isostructural samarium compound SmO;.,F,FeAs with T, max = 55 K. In this new class of
iron-based high-temperature superconductors the emergence of superconductivity takes
place in the proximity of magnetic ordering!”®.. Although the details of the mechanism are still
under debate, it is believed that the formation of Cooper pairs is decisively facilitated by

magnetic fluctuations!®"!.

Typically, parent compounds like LaOFeAs exhibit a stripe-type antiferromagnetic (AFM)
order of the iron moments!', which can be destabilized by doping or applying pressure

d[5,15,16]

whereby superconductivity is induce . By now it has even been proved that high-

temperature superconductivity in iron-based compounds is not only found in the proximity of

magnetism but does also coexist on a microscopic level with magnetic ordering!”".

Since 2008, several new structure types have been added to the class of iron-based
superconductors. All of them have one common structural element: layers of edge-sharing
FeX,4 (X = pnictogen or chalcogen atom) tetrahedra which are separated from each other by
different interlayers. Initially, it was assumed that larger interlayer distances correlate with

higher critical temperatures. However, this theory did not hold true.

For reasons of simplicity, the structures are abbreviated by their stoichiometry. Figure 1.1

shows three of these structure types, which are subject to the present thesis. First, the so-

1



1 Introduction

called 122 type (Figure 1.1, left). It crystallizes in the BaZn,P, structure!” and contains
FePn,4 (Pn = pnictogen atom) layers separated by single ions (alkaline, alkaline earth, or
rare earth elements). The first iron-based superconductor in this structure type was
Ba K Fe,As,, discovered in the year 2008 with a maximum critical temperature of 38 K!'%,

Here, the Fe-Fe interlayer distance is 665 pm.

32522

® Fe
® Pn

Figure 1.1: Crystal structures of the 122- (left), 32522- (middle), and 21311- (right) type iron-based

superconductors.

The second structure type presented here is the so-called 32522 type (Figure 1.1, middle),
which crystallizes in the SrsFe,0sCu,S, structure®®. Hereby, the tetrahedral layers are
separated by a perovskite-like oxide layer (A3B,05)** with a divalent metal A% and a trivalent
metal B¥. Thus, the distance between two FePng, layers is considerably bigger than in the
122 type. The first compound with iron-pnictide layers in this structure type, Sr3Sc,OsFeJAs,,
was discovered in 2009 but does not exhibit superconductivity?". It took two more years until
the first superconducting member of the 32522 family was reported: CasAl.OsFe,As, with
T, = 30 K and an Fe-Fe interlayer distance of 1304 pm'#.

The third structure type which will be studied in this thesis is the so-called 21311 type (Figure

1.1, right). It crystallizes in the Sr,GaO3;CusS structure!® and exhibits a Ruddlesden-Popper-

[24]

analog™" perovskite-like interlayer (A4B,0¢)** with even larger interlayer distances than the
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32522 type. In this structure type the first known superconductor, Sr,.ScOs;FeP, was reported
in 2009 with a T of 17 K and an Fe-Fe interlayer distance of 1554 pm/*°.

Based on the insights into high-temperature superconductivity obtained by this new class of
iron-based compounds, the initially quoted guidelines have become obsolete and a very
reasonable, revised set of guidelines was proposed by Mazin: 1. "Layered structures are
good". 2. "The carrier density should not be too high". 3. "Transition metals of the fourth
period (vanadium, chromium, manganese, iron, cobalt, nickel and copper) are good".
4. "Magnetism is essential". 5. "Proper Fermi surface geometry is essential". 6. "Enlist
theorists"."! Additionally, it was recommended that the physicists, which still dominate this
research field, work together with solid-state chemists because the compounds of interest

can be quite complex.

Not only the chemical structure, but also the physical properties of the corresponding
compounds have in some cases turned out to be rather intricate. However, in order to
understand the essential features of high-temperature superconductivity, it is necessary to
study the underlying fundamental properties. As magnetism has been proved to be a
prerequisite, it is one of the decisive factors worth analyzing in more detail. Systems
exhibiting magnetic fluctuations might reveal new insights into the complex physics of
superconductivity or even lead the way to new classes of high-temperature superconductors.
Such fluctuations are mainly found in compounds with small magnetic moments (~1 ug) and
low ordering temperatures. However, they can also occur in metals with larger moments due
to itinerant magnetism. Additionally, layered structures with a high degree of two-
dimensionality and therefore a high density of states (DOS) at the Fermi level (Eg) favor the

emergence of magnetic fluctuations.

The present thesis concentrates on compounds of the 122, 32522, and 21311 types,
described above, which exhibit itinerant magnetism, superconductivity, or which are
promising candidates for high-temperature superconductivity. Hereby, not only iron-based
systems are studied. Within the scope of this work, magnetic and superconducting properties

are investigated along with their influencing factors in known and newly synthesized systems.

In Chapter 3 the manganese-based 122 compound CsMn,P, is characterized in detail. Unlike
what has been reported in literature so far, CsMn,P, exhibits a complicated magnetism with
dynamic effects. An extensive study based on a wide range of experimental methods is

performed in order to clarify the unusual behavior.

Accompanying theoretical calculations are presented in Chapter 4. Here, the electronic
structure of the experimentally determined magnetic structure of CsMn,P; is evaluated and

possible indications for the origin of the observed dynamic effects are investigated.
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Concluding the studies of the 122 type in this thesis, Chapter 5 describes different
approaches to modifying the magnetic properties of CsMn,P,. Isoelectronic doping by partial
substitution of cesium by rubidium, electron doping by substitution of cesium by barium, and
annealing experiments under oxygen and hydrogen atmosphere are presented. The
corresponding effects upon the physical properties of the compounds, in particular the

magnetism, are thoroughly analyzed.

Chapter 6 introduces Eu;Sc,0OsFe,As, as a new member of the iron-based 32522 family and
the first europium compound of this structure type. Although the compound itself does not

exhibit superconductivity, it is a possible parent compound for future superconductors.

The following Chapters 7 to 10 are dedicated to compounds of the 21311 structure. Hereby,
Chapter 7 discusses the effects of chemical pressure upon the structural and magnetic
properties of Sro.ScO;FeAs by partial substitution of arsenic by phosphorus. This new solid

solution Sr,ScOsFeAs;_ P, exhibits superconductivity for x = 0.6.

Subsequently, the stoichiometry and magnetic state of superconducting Sr,VO3FeAs, which
have been a subject of numerous discussions, are studied in Chapter 8. The following
presentation of the new solid solution Sr,V,,Cr,O3FeAs (Chapter 9) allows a detailed study
of numerous influencing factors in order to examine which of them are decisive for the

superconducting properties of the system.

Finally, Chapter 10 investigates the alleged significance of oxygen vacancies within this
system. The effects of nominal oxygen deficiency in Sr,V,.,Cr,O3,FeAs upon the structural

and superconducting properties of the compounds are discussed in detail.

Altogether, the present thesis contributes to the fundamental research necessary for the
deeper understanding of magnetic and superconducting properties, which is an essential

prerequisite for the discovery of new superconducting systems.



2 Methods

2.1 Synthetic methods

This chapter describes the materials and equipment used for this thesis and the general
synthetic conditions. Additionally, the syntheses of precursors are described. Detailed
information on the individual synthesis processes of the compounds are given in the

experimental section of the corresponding chapters.

2.1.1 Starting materials

Table 2.1 lists the starting materials used in this work, including their molar weight, purity,

appearance, and source of supply.

Table 2.1: Starting materials used in this work.

material molar weight (g/mol) purity (%) appearance supplier
Al 26.9815 99.95 powder Sigma-Aldrich
As 74.9216 99.999 pieces Alfa Aesar
As,0; 197.8414 99.5 powder Acros
Ba 137.327 99.99 pieces Sigma-Aldrich
Ca 40.078 99.99 pieces Sigma-Aldrich
Cr 51.9961 99.8 powder Alfa Aesar
Cs 132.9055 99.98 ingot Smart Elements
Eu 151.964 99.90 pieces Alfa Aesar
Fe 55.845 99.90 powder Chempur
Fe, 03 159.6882 99.999 powder ABCR
FeO 71.8444 99.90 powder Sigma-Aldrich
Mg 24.305 99.8 pieces Alfa Aesar
Mn 54.938 99.9985 pieces Alfa Aesar
P (red) 30.9738 99.999 pieces Chempur
P,0s 141.9445 99 powder Sigma-Aldrich
Rb 85.4678 99.75 ingot Alfa Aesar
Sc 44.9559 99.99 pieces Smart Elements
Sc,04 137.91 99.9 powder Alfa Aesar
Sr 87.62 99.95 pieces Sigma-Aldrich
Ti 47.867 99.5 powder Alfa Aesar
\% 50.9415 99.70 powder ABCR
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2.1.2 Equipment and conditions

All materials were handled in a glove box (MBRAUN, MB150-GL with H,O and O, < 1 ppm
and UNIllab Plus with H,O and O, < 0.1 ppm) under an atmosphere of purified argon
(99.999 %, Air Liquide).

As reaction containers either alumina crucibles (Friatec) or niobium ampoules (Holdenrieder)
were used, whereby the latter were sealed by arc-melting. The containers were then
transferred into pre-dried silica ampoules (Vogelsberger, HSQ 300) and sealed under argon
atmosphere. The reactions were performed in tubular resistance furnaces with Pt/PtRh or

NiCr/Ni thermocouples and PID temperature controllers (Eurotherm, model 2408).

2.1.3 Precursor synthesis

For the syntheses described in Chapters 3 and 5, Cs4Ps, Rb4Ps, and BasP, were used as

precursors.

Cs4Pe (1 g) was obtained by heating stoichiometric mixtures of Cs and P up to 920 K,
enclosed in a niobium ampoule (5.9 cm in length), sealed in a silica ampoule, with a heating

rate of 50 K/h, holding this temperature for 48 h and then turning off the furnace.

RbsPs (1 g) was synthesized analogously but with a heating rate of only 25 K/h and a

reaction temperature of 870 K.

For the synthesis of BasP, (0.5 g), stoichiometric mixtures of Ba and P were heated up to
1373 K in an alumina crucible, sealed in a silica ampoule, and held at this temperature for

10 h. Thereby, rates of 20 and 50 K/h were chosen for heating and cooling, respectively.

2.2 Powder diffraction

2.2.1 X-ray powder diffraction

X-ray powder-diffraction (XRD) patterns were recorded using the following diffractometers:

— Huber G670 Guinier Imaging Plate diffractometer with Cu-Ka; radiation
(A =0.15406 nm), Ge (111) primary monochromator, silicon as external standard, and
an oscillating sample holder, whereby the samples were held between two foils
(BoPET).

— Huber G670 Guinier Imaging Plate diffractometer with Co-Ka; radiation
(A=0.17890 nm), Ge (111) primary monochromator, silicon as external standard, an

oscillating sample holder, and additionally equipped with the low-temperature device
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670.4 with a closed-cycle He cryostat (CTI-Cryogenics, model 22 CP) and a
temperature controller (Lakeshore, model 331) for temperature-dependent
measurements in the range of 300 to 10 K. The samples were held between two foils
(BoPET).

— STOE Stadi P diffractometer with Mo-Ka, radiation (A= 0.07093 nm), Ge (111)
primary monochromator, silicon as external standard, using rotating capillaries with

an outer diameter of 0.3 mm.

The Huber data were pre-processed with the program HConvert®®, STOE data were handled
with the STOE WinXPOW program package'?’\. For phase analyses the JCPDS?® database

was used.

2.2.2 Neutron powder diffraction

High-resolution neutron powder-diffraction measurements were performed at SPODI, FRM I,
Garching, in a temperature range of 3.5 to 300 K with an incident wavelength of 0.1548 nm in
cooperation with Dr. A. Senyshyn. Measurements with polarized neutrons were recorded at
the polarized-neutron spectrometer DNS, JCNS, Garching, between 2 and 298 K with an
incident wavelength of 0.42 nm in cooperation with Dr. Y. Su. Polarization analysis of this

data was performed via the xyz-method®?®.

The samples were filled into the sample containers (vanadium or aluminum) in a glove box

under argon atmosphere and sealed with indium wire.

2.2.3 Rietveld refinements

For Rietveld refinements of the X-ray and neutron data, the TOPAS package® was used
with the fundamental parameter approach as reflection profiles. March Dollase or spherical
harmonics functions describe the preferred orientation of the crystallites. If necessary, shape
anisotropy effects were described by the approach of Le Bail and Jouanneaux®'". The

diffractometer specific templates were created by Dr. M. Tegel and are explained in [32].

For magnetic refinements of the neutron data, version 5 of TOPAS* was used.

2.3 Magnetic measurements

Magnetic measurements were carried out at a SQUID magnetometer (MPMS-XL5, Quantum

Design, Inc.) in a temperature range of 1.8 to 300 K with applied fields of -50 to 50 kOe.
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Additionally, a differential dual-coil AC susceptometer was used in a temperature range of
3.5 to 300 K with an applied field of 3 Oe. A detailed description of the experimental setup

can be found in [32].

For the magnetic measurements, 5 to 50 mg of the samples were transferred into gelatine
capsules, fixed in plastic straws. The data were processed with fully automated processor

software®*3°!,

High-temperature susceptibility measurements in the temperature range of 300 to 800 K
were performed using a Physical Property Measurement System (PPMS, Quantum Design,
Inc.) with VSM-Oven option. The samples were fixed to a heater stick using an alumina-

based cement.

2.4 Resistivity measurements

Resistivity measurements were performed using a standard four-probe method. The setup
for the measurements is described in [32]. About 100 mg of the samples were pressed into a
pellet with a diameter of 4 mm and sintered for 20 h at a temperature 200 or 300 K lower
than the synthesis temperature. Afterwards, the pellets were mounted on the sample holder
and contacted with conductive paint. The data were processed with a fully automated

software®®,

2.5 Energy-dispersive X-ray analysis

Energy dispersive X-ray (EDX) experiments were performed on a Jeol JSM-6500 FE SEM
and a Carl Zeiss EVO-MA 10 with an SE, BSE, and a Bruker Nano EDX (X-Flash 410-M)
detector. The samples were measured using adhesive conducting carbon films to fix them on
brass sample holders. Therefore, the elements Cu, Zn, and C were not included in the
analyses. Depending on the purpose of the measurements, between 5 and 50 (usually about

20) different positions on one sample were chosen to collect the spectra.

2.6 Heat capacity

The heat capacity measurements were carried out with a PPMS (Quantum Design, Inc.) in a
temperature range of 2.2 to 80 K at the WWU Mdinster. The samples were fixed to the

platform of a pre-calibrated heat capacity puck using grease (Apiezon N).
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2.7 Mossbauer spectroscopy

Méssbauer spectroscopic characterizations were performed by B. Gerke, WWU Miinster,
using the 21.53 keV transition of "*'Eu with an activity of 130 MBq (2 % of the total activity of
a "'Sm: EuF; source) and a *’Co/Rh source. The measurements were conducted in
transmission geometry with a commercial nitrogen-bath (78 K) and helium-flow (4.8 K)
cryostat, while the sources were kept at room temperature. Samples of 100 mg (for "*'Eu
measurements) and 40 mg (for *’Fe measurements) were placed in thin-walled PVC
containers at optimized thicknesses of about 16.4 mg Eu / cm? and 1.6 mg Fe / cm?. Fitting of

the spectra was performed with the Normos-90 program system.®"!

2.8 Muon spin rotation

Muon spin rotation (USR) experiments were conducted at the GPS spectrometer at the Swiss
Muon Source (PSI, Switzerland) in cooperation with Dr. H. Luetkens. Zero field (ZF) data
(without externally applied magnetic field) were recorded at temperatures between 1.6 and
310 K. Additionally, a field scan with longitudinally applied magnetic fields (LF) of 30 to 400 G
was performed. The data were analyzed using the musrfit package®®. The ZF data were
fitted with a Bessel and a cosine function (both damped) and a longitudinal tail, while the LF
data were fitted with a static Lorentz Kubo-Toyabe function. For a detailed explanation of the

fitting functions see [39]. A short introduction into the fundamentals of uSR is given in [40].

2.9 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) measurements were performed by A.-K. Henf,
LMU Munich, with a VSW TA10 X-ray source, providing non-monochromated Mg-Ka
radiation, and a VSW HA100 hemispherical analyzer. The samples were cleaned before the
measurement by 30 minutes of Ar® sputtering (1 kV and ~7 pA). The recorded elemental
peaks were fitted with a Doniach-Sunjic line shape convoluted with a Gaussian and linear

background subtraction!*".

2.10 Density functional theory calculations

Electronic band structure calculations were performed with the WIEN2k program package!*?
using density functional theory (DFT) within the full-potential augmented plane-wave plus
local-orbital (APW+lo) method and the generalized gradient approximation (GGA). For

detailed descriptions see Refs. [43] and [44]. A separation energy for core and valence

9
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states of -6 Ry or -7 Ry was used. The energy and charge convergence criteria were chosen
to be 10”° Ry/cell and 10 e/cell, respectively, and between 56 and 828 irreducible k points
were used with a cutoff for plane waves Rytknax = 7.0. The muffin-tin sphere radii Ryr and

the exact calculation details are given in the corresponding chapters.

sesses
ooeids
sesies

Figure 2.1: Schematic illustration of the interatomic exchange coupling parameter J;.

Interatomic exchange coupling parameters J; were calculated by Dr. S. Mankovskyy, LMU
Munich, within the local spin density approximation (LSDA) for DFT using the Korringa-Kohn-
Rostoker (KKR) Green function formalism. The self-consistent electronic structure
calculations were performed by means of the spin-polarized relativistic KKR (SPR-KKR)
method**®! employing the atomic sphere approximation (ASA). Exchange and correlation
effects were treated within the framework of local spin DFT, using the parametrization of
Vosko et al™"\. In order to calculate the exchange coupling parameters, the DFT energy
change associated with small deviations of two magnetic moments from their equilibrium
directions (Figure 2.1) can be mapped onto the Heisenberg model represented by the

Hamiltonian:
Ho=— 29,66,
)
with the lattice sites i and j and the unit vectors é; and §&; along the directions of the

corresponding magnetic moments."*® A rigorous expression for the evaluation of this energy,

i.e. for J; calculations was derived by Lichtenstein™***” within the magnetic force theorem.
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3 Dynamic magnetism in CsMn,P,

3.1 Introduction

The proximity of magnetism and superconductivity is a typical feature of high-T. iron-pnictide
superconductors. By doping the parent compounds, antiferromagnetism can be suppressed
and superconductivity induced. In order to study the effect of hole doping upon
antiferromagnetism, CsMn,P, can serve as a model system. Analogously to 122-type iron-
pnictide superconductors, CsMn,P," crystallizes in the BaZn,P, type!'®. It is a mixed-valent
Mn?#/Mn* compound and can be considered as strongly hole-doped BaMn,P,, which only
contains Mn?*. While BaMn,P, is a semiconductor with a small band gap (0.073 eV) and
orders antiferromagnetically with G-type ordering at a Néel temperature above 750 K,
CsMn,P, was reported to show an antiferromagnetic order at a considerably lower
temperature (110 K, see Figure 3.1). The experimentally determined magnetic moment per
formula unit is 4.81 ug, leading to an average of 3.4 ug per manganese atom. Susceptibility
measurements also showed a discontinuity below 20 K, the origin of which could not be

clarified.

240 |—
220 |—
5
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\g/zoo%
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= 1801
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g0l L 110 D~ ]
0 40 80 120 160 200 240 280

TIK

Figure 3.1: Inverse susceptibility of CsMn,P, as published in [51].

However, investigations within my master thesis surprisingly did not show any sign of a
magnetic ordering around 110 K but found an antiferromagnetic ordering at 11 K and Curie-
Weiss behavior above this temperature!®?. The magnetic transition at 110 K found in [51] can
probably be ascribed to a significant but undetected amount of Mn,P, an antiferromagnet

with a Néel temperature of 110 K®!. Mn,P is often obtained as impurity phase during the
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3 Dynamic magnetism in CsMn,P,

synthesis of CsMn,P, but has probably not been detected in [51] because the structure of
CsMn,P, was studied by single-crystal analysis, while susceptibility measurements were

performed on a powder sample without further analysis of the composition.

Thus, the difference in the Néel temperatures of BaMn,P, with Ty > 750 K and CsMn,P, with
Tn = 11 K is even bigger than assumed before. This means that a strong hole doping of
BaMn,P,, which conceptually leads to the electronic state in CsMn,P,, considerably weakens
the antiferromagnetism of the system. In contrast to this, in iron-based superconductors
already small amounts of hole doping often lead to a complete suppression of the
magnetism. This difference is ascribed to the significantly larger magnetic moment of Mn in
CsMn,P, (~3.4 ug) compared to the magnetic moment of Fe in typical iron-pnictide

superconductors (~1 ug)?.

Additionally, resistivity measurements of CsMn,P, revealed metallic behavior, an anomaly
around 50 K, and an abrupt increase at 17 K.*® It was assumed that the anomaly might
originate from an undetected impurity phase. The abrupt upturn at 17 K was ascribed to a
possible structural phase transition of CsMn,P, with a metal-to-insulator transition. However,
low temperature X-ray diffraction experiments in the temperature range from 300 to 10 K with
a minimum step size of 10 K were not detailed enough to prove such a structural transition
between 20 and 10 K.

In this chapter, a more detailed study of the structure at low temperatures is presented along
with neutron diffraction and muon spin rotation (uSR) experiments, which give further insights
into the magnetic behavior of CsMn,P, and shed some light onto the anomalies observed in

the resistivity measurement.

3.2 Experimental details

A polycrystalline sample (2 g) of CsMn,P, was synthesized by heating a mixture of Cs4Pe,
Mn, and P with a ratio of 21:160:34 (5 % excess of Cs), sealed in a niobium crucible in a
sealed silica ampoule. The sample was heated up to 1073 K for 14 h at rates of 50 K/h for

heating and cooling.

Room-temperature X-ray powder-diffraction patterns were recorded using the STOE
diffractometer with Mo-Ka, radiation. Temperature-dependent X-ray data between 300 K and
10 K were recorded using the Huber diffractometer (Co-Ka; radiation). For Rietveld
refinements of the data the TOPAS package®® was used with spherical harmonics functions
to describe the preferred orientation of the crystallites. Neutron powder-diffraction
measurements of CsMn,P, between 3.5 K and 300 K were performed at SPODI and, using

polarized neutrons, at DNS. Magnetic measurements were carried out at the SQUID
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3 Dynamic magnetism in CsMn,P,

magnetometer. Additionally, high-temperature susceptibility, resistivity, heat capacity, and

USR measurements were performed.

3.3 Results and discussion

3.3.1 X-ray experiments

By upscaling and further optimizing the synthesis of CsMn,P, described in [53], a 2-g sample
with only 1 % of Mn,P and 2 % of CsMnP (wt%) as impurity phases was obtained. A Rietveld
refinement of the X-ray data at 298 K is shown in Figure 3.2 (top). The corresponding
crystallographic data can be found in Table 3.1. Polycrystalline CsMn,P, was obtained as

black, air-sensitive sample.

16.000 F
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CsMnP 2.3%
8.000 |
4000}
2]
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Figure 3.2: X-ray powder-diffraction pattern (blue) at 298 K (top, Mo-Kay radiation) and 10 K (bottom,

Co-Ka, radiation) with Rietveld refinements (red) of CsMn,P».
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3 Dynamic magnetism in CsMn,P,

Table 3.1: Crystallographic data for CsMn,P, at 10 K and 298 K obtained by X-ray measurements.

CsMn,P,
temperature (K) 10 298
diffractometer Huber STOE
wavelength (nm) 0.17890 0.07093
space group 14/mmm (no. 139) 14/mmm (no. 139)
molar mass (g/mol) 304.7291 304.7291
lattice parameter a (pm) 407.41(1) 409.48(1)
lattice parameter ¢ (pm) 1411.97(2) 1420.41(2)
cell volume (nm3) 0.23436(1) 0.23816(1)
density (g/cm?) 4.32(1) 4.24(1)
V4 2 2
data points 19001 4500
reflections (all phases) 108 263
refined parameters 64 73
Rp, WwRp 0.004, 0.007 0.038, 0.054
Rorages X 0.011, 1.846 0.036, 1.333

atomic parameters
Cs 2a (0,0, 0)
Mn  4d (0, 0.5, 0.25)

Uso = 112(6) pm2
Uso = 114(7) pm?

Uso = 171(3) pm?
Uso = 101(4) pm?

P 4e (0,0,2) z=10.3429(2) z=0.3368(2)
Uiso = 38(8) pm2 Uiso = 109(5) pm2

tetrahedral angle a (°) 107.0(1) 105.4(1)

Mn-P distance (pm) 242.3(2) 239.0(1)

In order to analyze the structure at low temperatures and check for a possible structural
transition between 20 and 10 K suggested in [53], low-temperature XRD measurements were
performed. The obtained pattern at 10 K is shown in Figure 3.2 (bottom) and the

corresponding crystallographic data are listed in Table 3.1.

The refined lattice parameters and cell volume upon cooling (Figure 3.3) exhibit clear signs
of structural changes at low temperatures. While initially, as expected, both lattice
parameters decrease with decreasing temperature, a distinct increase is observed below
17 K with a second step below 11 K. In the first temperature range between 300 and 17 K
the lattice parameter a decreases by 0.5 %, ¢ by 0.7 % and thus the cell volume V decreases
by 1.7 %. Upon further cooling down to 10 K, V increases by 0.1 %, whereby the increase of
c is more than twice as big as the increase of a (0.07 % and 0.03 %, respectively). Thus, the
structural changes at 17 and 11 K lead to an enlargement of the unit cell, which is mainly

extended along c. Interestingly, the temperatures at which an increase in lattice parameters
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3 Dynamic magnetism in CsMn,P,

is found, coincide with the temperature at which the abrupt upturn in resistivity was observed

(17 K) as well as with the Néel temperature Ty = 11 K of CsMn,P,.
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Figure 3.3: Refined lattice parameters (top) and cell volume (bottom) of CsMn,P, as a function of

temperature with enlarged low-temperature sections (right).

The Mn-P distance within the MnP,, tetrahedra, the tetrahedral angle a, and the z coordinate
of phosphorus (Figure 3.4) do not show any significant changes in the temperature range
between 300 and 10 K. Thus, the structural transitions below 17 K do not affect the geometry

of the tetrahedral MnP layers but lead to an increased interlayer distance.
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Figure 3.4: Refined Mn-P distance d (blue, left), tetrahedral angle a (orange, left), and z coordinate of

phosphorus (right) in CsMn,P, as a function of temperature.
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3.3.2 Measurements of physical properties

In order to examine the magnetic purity of the sample, magnetic measurements were
performed (Figure 3.5). Similar to the data described in [53], they indicate a Néel
temperature of 11 K and Curie-Weiss behavior above this temperature. A Curie-Weiss fit
revealed an effective moment of 4.68 ug per formula unit, equivalent to 3.31 ug per Mn atom.
This is very close to the theoretically expected value of 3.35 ug for an average of 2.5
unpaired electrons. High-temperature susceptibility measurements revealed an almost linear
course of the inverse susceptibility and no signs of additional magnetic transitions up to
800 K. Magnetization isotherms at 1.8 and 300 K increase linearly with the applied field and
do not exhibit any hysteresis or other anomalies. Thus, no magnetic impurity was detected.

54 20 kOe 3 50 kOe
120 E A g 1500
5 £ 2
= g 2 o1 =
IR 5 150 2
T gol ~ 0 100 200 300 2300 550 800 k:
E Temperature (K) Temperature (K) AF 18K g
— N L
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) 0 =-57.7(5) K = 300K .
40} %, =0.0001(1) cm*mol! 047 .
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Figure 3.5: SQUID data of CsMn,P,. Left: 1.8 to 300 K. Inverse susceptibility at 20 kOe (red) and

Curie-Weiss fit (blue). Inset: Susceptibility at 20 kOe. Right: 300 to 800 K. Inverse susceptibility at

50 kOe. Insets: Susceptibility at 50 kOe (top left) and magnetization isotherms at 1.8 K and 300 K
(bottom right).

The sample of CsMn,P, was further characterized by heat capacity measurements (Figure
3.6, right). Three peaks are observed indicating transitions at 64, 17, and 11 K.

The temperatures of these transitions are consistent with the temperatures at which
anomalies occur in magnetic susceptibility and resistivity data, and in the course of the lattice
parameters. The first transition at 64 K coincides with the onset of the broad anomaly found
in the resistivity measurement (Figure 3.6, left), while the second one at 17 K matches the
abrupt increase in resistivity and the first increase of the lattice parameters. Finally, the third
transition at 11 K corresponds to the Néel temperature of CsMn,P, detected by the

susceptibility measurement and the temperature of the second lattice parameter step.
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3 Dynamic magnetism in CsMn,P,

As the area below all three heat capacity peaks is very similar in size, each of the three
transitions involves a similar change in the total enthalpy of the system. Therefore, it can be
concluded that all anomalies detected at these three transition temperatures originate from
the main phase. This includes the broad anomaly in resistivity emerging at 64 K, which was
originally ascribed to an undetected impurity phase.
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Figure 3.6: Resistivity (left) and heat capacity (right) measurement of CsMn,Ps.

3.3.3 Neutron experiments

Figure 3.7 (bottom) shows the neutron powder pattern recorded at 3.5 K. Additional magnetic
reflections (the strongest ones are marked with an asterisk) could be indexed without
enlargement of the original unit cell. However, the centering of the magnetic unit cell is
primitive instead of body-centered, as the additional reflections break the extinction rules of
body-centered lattices (h + k + | uneven). The body-centering is removed by a ferromagnetic
alignment of the magnetic moments along [001] and an antiferromagnetic alignment along
[110] (C-type ordering). This can be described best by two crystallographic Mn sites, one
with spin-up and one with spin-down configuration, within the magnetic space group

P4,/mm'c' (Figure 3.8). Hereby, the magnetic moments are oriented along [001] and the
origin of the cell is shifted by (0.5, 0, 0).
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Figure 3.7: SPODI neutron powder-diffraction pattern (blue) of CsMn,P, with Rietveld fit (red) at 3.5 K

(bottom) and 300 K (top). The strongest magnetic reflections are marked with an asterisk.

The corresponding magnetic refinement (Figure 3.7) revealed an average magnetic moment
of 2.94 ugz per Mn atom. Hereby, the magnetic structures of the impurity phases CsMnP
(Tn > 800 KP) and Mn,P (Ty =110 K) were also included. The resulting crystallographic
data of CsMn,P, can be found in Table 3.2.
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ﬂ,
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Figure 3.8: Crystal structure (left) and magnetic structure (right) of CsMn,P.
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Table 3.2: Crystallographic data for CsMn,P, at 3.5 and 300 K obtained by neutron measurements.

CsMn,P,
temperature (K) 3.5 300
diffractometer SPODI SPODI
wavelength (nm) 0.1548 0.1548

space group
molar mass (g/mol)

P4,/mm'c' (no. 131.441)
304.7291

P4,/mm'c' (no. 131.441)
304.7291

lattice parameter a (pm) 407.54(1) 409.45(1)
lattice parameter ¢ (pm) 1411.66(2) 1420.39(2)
cell volume (nm3) 0.23446(1) 0.23813(1)
density (g/cm?) 4.32(1) 4.25(1)

V4 2 2

data points 2939 2939
reflections (all phases) 522 532

refined parameters 55 61

Re, WwRp 0.041, 0.054 0.032, 0.043
Roraggs X° 0.022,2.25 0.013, 1.80

atomic parameters
Cs 2d (0.5, 0, 0)
Mn1 2e (0, 0,0.75)

Uiso = 38(3) pm2
Uiso = 38(3) pm2

Uso = 170(4) pm?
Uiso = 84(3) pm2

Mn2  2f(0.5, 0.5, 0.75) Uiso = Uiso(Mn1) Uiso = Uiso(Mn1)

P 4i(0.5, 0, 2) z=0.3378(1) z=0.3367(1)
Usso = 24(3) pm’ Uiso = 105(3) pm’

magnetic moment (Mn) 2.94(1) ug 2.29(1) ug

Surprisingly, the additional magnetic reflections of CsMn,P, are observed over the whole
measured temperature range, thus also at temperatures above the alleged Néel temperature
of 11 K. Even at 300 K the additional reflections are already present (Figure 3.7, top). While
the refined magnetic moment of 2.29 ug per Mn atom at 300 K is considerably smaller than
the one found for 3.5 K, the crystal and magnetic structure remain unchanged throughout all

measured temperatures.

In order to ensure that the observed additional reflections really originate from magnetic
ordering, experiments with polarized neutrons were performed. Hereby nuclear and magnetic
scattering contributions are separated via polarization analysis. Figure 3.9 (left) shows the
obtained powder pattern at 298 K divided into nuclear and magnetic scattering. It proves the
magnetic origin of the additional reflections. Thus, despite the Curie-Weiss behavior in the

susceptibility measurement, CsMn,P, is already antiferromagnetically ordered at 298 K.
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Figure 3.9: DNS polarized-neutron data of CsMn,P,. Left: Powder pattern at 298 K with separated
nuclear (blue) and magnetic (red) scattering contributions. Middle: Magnetic reflections at different

temperatures. Right: Intensity of magnetic reflections as a function of temperature.

Figure 3.9 also shows the course of the three strongest magnetic peaks with temperature
(middle) and their intensity as a function of temperature (right). All three peaks become
stronger upon cooling, while small discontinuities in the increase are observed. Still, the
neutron data (polarized and non-polarized) do not show any structural or magnetic phase
transition at 64, 17, or 11 K as indicated by susceptibility, resistivity, heat capacity, and XRD

measurements.

3.3.4 uySR experiments

Unlike neutron measurements, ySR experiments reveal transitions in CsMn,P, at 64, 17, and

11 K. They indicate changes in the system's dynamics at these temperatures.

At high temperatures (T > 64 K) the uSR signal of CsMn,P, is strongly damped (see
polarization at 150 K, Figure 3.10) due to electronic moments. If the damping was only
caused by nuclear moments, the effect would be much weaker. By applying longitudinal
fields of 0-400 G (inset of Figure 3.10), the value at which the polarization saturates is
increased, indicating that the system is static on the uSR time scale®®. This is the case for
truly static systems as well as for dynamic systems with fast dynamic rates beyond the MHz
range. Thus, at temperatures above 64 K we find ordered electronic moments in CsMn,P,

which are static on the uSR time scale.

Below 64 K, the observed oscillations in the muon polarization (see curve at 5 and 50 K in
Figure 3.10) arise from muon spin precession and are evidence of a long-range magnetic
order.
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Figure 3.10: uSR data of CsMn,P, at 5, 50, and 150 K. Inset: Field scan at 150 K.

A fast fourier transform (FFT) of the data (Figure 3.11, top) shows a broad distribution of the
internal field (0 - 200 G at 70 K; 0 - 600 G at 10 K). In order to describe this properly, the data
were fitted with a Bessel and a cosine function (both damped) and a longitudinal tail. The
resulting fields of the Bessel and cosine functions and the longitudinal relaxation rate are
shown in Figure 3.11 (bottom). Both fields (Bessel and cosine) start increasing strongly at

64 K, indicating a phase transition into the observed long-rage ordered state.

At low temperatures (17 K and 11 K) further changes occur in the ySR spectra. A low-field
part (0 - 200 G) of the internal field begins to disappear at 17 K and at about 11 K a new
contribution at ~550 G appears (see FFT, Figure 3.11, top, left). Also, at 17 K the Bessel
function field reaches a turning point and the field of the cosine function shows a sudden
jump before both fields start saturating close to 11 K (Figure 3.11, bottom, left). Additionally,
the fitted longitudinal relaxation rate (Figure 3.11, bottom, right) indicates that the long-range

order is quasi-static only (dynamic on a low MHz time scale) in the region below 64 K.

Taking into account the previously described physical properties and neutron measurements,
these results point to the following: CsMn,P, is already antiferromagnetically ordered at
300 K and exhibits a time-averaged magnetic component and, in addition, a fast dynamic
component. While the latter component is too fast to be observed by uSR in the high-
temperature regime above 64 K, it dramatically slows down to the low MHz range at
temperatures lower than 64 K and the system becomes truly static only at the lowest
measured temperatures. The low-temperature magnetic ground state is reached through a

sequence of three transitions at 64, 17, and 11 K. As uSR is a volume-sensitive local-probe
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technique it also provides information about the fraction of the sample which undergoes the

transition. Here, all three transitions are observable in essentially the full sample volume.
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Figure 3.11: Top: Fast fourier transform of the ySR data; color-coded contour plot (left) and individual
plots at different temperatures (right). Bottom: Fitted fields of the Bessel and cosine functions (left) and
longitudinal relaxation rate (right) as a function of temperature. The three temperatures at which

changes are detected are marked with blue lines.

3.4 Conclusion

The magnetic properties of CsMn,P, turn out to be far more complex than supposed earlier.
While the magnetic susceptibility shows a Néel temperature of 11 K and Curie-Weiss
behavior above this temperature, neutron measurements unambiguously detect a C-type
antiferromagnetic order within the magnetic space group P4, mm'c' already at room
temperature. First indications for understanding these seemingly contradictory results are
found by uSR measurements. These exhibit clear evidence of dynamics in the magnetism of
CsMn,P,. Accordingly, static magnetism in CsMn,P, only exists at low temperatures. The
system reaches this magnetic ground state through three transitions at 64, 17, and 11 K,
which are detected in SR, heat capacity, resistivity, susceptibility, and XRD measurements.
These transitions are very likely related to changes in the dynamics of the system, for
example due to spin-reorientation processes. As the time scales of the applied experimental
techniques strongly differ (~107 s for susceptibility, ~10™'? s for neutron, and ~10° s for ySR
measurements) a dynamic system like CsMn,P, can appear very differently when observed

by each of them.
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One possible approach to explain the unexpected magnetic behavior of CsMn,P, is based
upon differences in the inter- and intralayer ordering of the manganese moments. Possibly,
at room temperature the manganese moments are already antiferromagnetically ordered
within the tetrahedral layers but the interlayer correlation is not yet strong enough. Therefore,
the magnetic moments in neighboring layers still fluctuate with regard to each other. In the
comparably slow susceptibility measurement, averaging over the fluctuating orientations, the
compound doesn't appear to be magnetically ordered, while the comparably fast neutrons
already detect the ordered moments within the layers. Then, at low temperatures, the
moments of neighboring layers also align and a long-range magnetic order is detected in the
magnetic susceptibility. As the magnetic moments of neighboring layers, stacked along c,
align ferromagnetically to each other, this could lead to a small repulsion between the layers.
Therefore, this explanatory approach would also fit together with the low temperature XRD
data, where an enlargement of the cell is observed below 17 and 11 K, primarily along the ¢

axis. Theoretical calculations supporting these considerations will be discussed in Chapter 4.

Additionally, it is noticeable that the average effective magnetic moment per manganese
atom obtained from susceptibility data (n.s = 3.31) and the magnetic moment revealed by
neutron measurements (2.94 g per Mn atom at 3.5 K) are rather small for the average value
of 4.5 unpaired electrons per Mn*** atom (expected moment from spin-only formula:
5.41 ug). Thus, we either find a low-spin configuration for Mn with an average of only 2.5
unpaired electrons per Mn atom (expected moment from spin-only formula: 3.35 ug) or not all

manganese atoms are involved in the magnetic order.

By assuming only one magnetic center per formula unit instead of two, susceptibility data
reveal an effective moment of 4.68 ug, which is close to the theoretically expected moment of
4.9 yg for Mn**. Analogously, neutron data would indicate a magnetic moment of 5.88 yg, if
only 50 % of the sample volume was magnetic. This is close to the 5.92 ug expected for
Mn?*. However, a phase separation of Mn?** areas with and Mn*®* areas without magnetic

ordering is not supported by the uSR results.

Despite the large number of experimental techniques applied, a definite and conclusive
explanation for the exceptional magnetic behavior of CsMn,P, cannot be given at this point.
So far, it appears to be a unique phenomenon, as no indications of a similar behavior are
found in literature. Additional experiments are necessary in order to solve the mystery about
the magnetic properties of CsMn,P.. For example, inelastic neutron scattering experiments

can contribute to this.

Very likely, the Mn*/Mn®* mixed valence plays a decisive role in the unusual magnetic
behavior of CsMn,P,. Therefore, it is also interesting to study the magnetic properties of

RbMn,P,* more closely. It is the only other known AMn,P, (A = alkali metal) compound of
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this structure type. Just like CsMn,P, it is an Mn?*/Mn** mixed-valent compound. The
magnetic susceptibility is very similar to the one obtained for CsMn,P, and reveals a Néel
temperature of 10 K. It is highly probable that RbMn,P, also exhibits interesting, possibly
dynamic magnetic properties due to the mixed valence of Mn and that neutron
measurements would also reveal a magnetic ordering already at higher temperatures than

expected from susceptibility data.

Returning to the initial gedanken experiment of CsMn,P, as strongly hole-doped BaMn,P,
and thus a model system for iron-based superconductors, no final conclusion can be drawn
about how hole doping affects the magnetism of this system as the dynamic magnetism of
CsMn,P, is still not fully understood. Probably, the manganese magnetism is weakened
compared to BaMn,P, but it is dominated by Mn**/Mn®* interactions and more complex than

expected.
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4 The electronic structure of CsMn,P-

4.1 Introduction

The dynamics of the magnetism in CsMn,P, are still not fully understood. However, the
structure of the magnetic ground state was successfully solved by neutron-diffraction
measurements: the manganese moments order antiferromagnetically (AFM) according to the
so-called C type (ferromagnetic order along [001], AFM order along [110]), whereby the
moments are oriented along [001]. It is therefore possible to study the electronic structure of
magnetically ordered CsMn,P,. One approach to this has already been presented in [53],
whereby the true magnetic order had not been known by that time. Therefore, three different,
hypothetical models were discussed and compared: a non-magnetic one, a ferromagnetically
ordered one, and a G-type like AFM ordered one (AFM order along [001] and [110]). This G-
type ordering was chosen as probable because it had been found for the isostructural barium

compound BaMn,P,"*Z.

For the non-magnetic model a high density of states (DOS) was found at the Fermi level (EF)
which, as expected, was strongly reduced by magnetic ordering. However, for the G-type
AFM ordered model, Er is positioned at a local maximum within the DOS. This unfavorable
situation was interpreted as a first indication that the assumed G type does not constitute the

actual magnetic ordering in CsMn,P,, which as we know now, is in fact true.

In this chapter, the electronic structure of CsMn,P;, in its experimentally determined magnetic
ground state will be presented and compared to the hypothetical non-magnetic and G-type
like ordered models. Additionally, the exchange coupling between one manganese atom and
its neighbors will be discussed based on spin-polarized relativistic Korringa-Kohn-Rostoker

(SPR-KKR) calculations which provide indications of possible dynamics within the system.

4.2 Calculation details

Electronic band structure calculations for a non-magnetic, a G-type AFM, and a C-type AFM
model were performed with the WIEN2k program package!*?. The separation energy for core
and valence states was -6 Ry (for both antiferromagnetic models) and -7 Ry (for the non-
magnetic model). For a primitive lattice, 680 irreducible k points, and for a body-centered
lattice, 828 irreducible k points were used. The experimentally obtained lattice parameters
(a =409.5 pm, c=1420.5 pm) were used, relaxing the structures by minimization of the

Hellman-Feynman forces with variation of the z parameter of phosphorus. The muffin-tin
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4 The electronic structure of CsMn,P,

sphere radii Ryr were 2.50 a.u. for Cs, 2.4 a.u. for Mn, and 1.87 a.u. for P. WIEN2k
performed the calculations of the non-magnetic and the G-type antiferromagnetic model
(body-centered lattices) for half a unit cell (5 atoms) and the calculation of the C-type AFM
order (primitive lattice) for a whole unit cell (10 atoms). All results presented here have been

adjusted to each other in order to be comparable.

Exchange coupling parameters for CsMn,P, were calculated with the SPR-KKR package!***°!

according to the method described in Chapter 2.10.

4.3 Results and discussion

The calculated DOS for the hypothetical non-magnetic and G-type AFM models, and for the
experimentally determined C-type AFM structure of CsMn,P, can be found in Figure 4.1
along with unit cells of the corresponding structures. The area around the Fermi level is
clearly dominated by manganese states, which are mainly Mn d states. Cesium and
phosphorus contributions are predominantly found at lower energies close to -10eV.
Consequently, the magnetic ordering of Mn d electrons affects the area around Eg. The total
density of states at the Fermi level is 10.9 states/eV for the non-magnetic model,
8.7 states/eV for the G-type AFM model, and only 4.8 states/eV for the C-type AFM model.
Thus, the C-type ordering reduces the DOS of a non-magnetic CsMn,P, by 55 % at Eg, while
a hypothetic G-type ordering leads to a reduction of only 20 %.

A closer look at the DOS around 0 eV (Figure 4.2) reveals that the Fermi level lies at the
slope of a maximum within the DOS for the non-magnetic model and at a local maximum for
the G-type model. This local maximum at Er has already been interpreted in [53] as
indication that this ordering does not reflect the actual magnetic structure in CsMn,P,. A
different situation is found for the C-type model where Er is positioned at a local minimum of
the density of states. Therefore, the DOS of the experimentally determined C-type
antiferromagnetic ordering is clearly more favorable than the DOS of the other two

hypothetical models.
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Figure 4.1: DOS of CsMn,P- calculated for a non-magnetic model in the space group /4/mmm (top), a

G-type AFM model in the space group /-4m'2' (middle), and the experimentally determined C-type

AFM order in the space group P4,/mm'c' (bottom) with corresponding unit cells (right).
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Figure 4.2: Enlarged DOS section of CsMn,P, for the non-magnetic (left), G-type (middle), and C-type

(right) antiferromagnetic model.

An overview of the total energy, the optimized z parameter of the phosphorus site, the
minimized Hellman-Feynman forces F, and the resulting magnetic moment per manganese
atom is given in Table 4.1. Just like the DOS, the total energy indicates that the C-type
ordering exhibits the energetically most favorable electronic structure. While the total energy
per unit cell of the G-type ordered model is 1.3029 eV lower than the total energy of the non-
magnetic model, E;; of the C-type structure is reduced by 1.3506 eV as compared to the
non-magnetic model. This corresponds to a difference of 65 kJ/mol between C-type and non-

magnetic model and 2 kJ/mol between C-type and G-type model.

The optimized z parameter of phosphorus is smaller than the experimentally obtained one for
all three calculated models. Hereby both antiferromagnetic models result in the same value,
which is closer to the experiment than the one found for the non-magnetic model. Also, the
resulting magnetic moments of 2.95 uys and 2.96 g for the G- and C-type model,
respectively, are very close to each other and to the magnetic moment revealed by neutron
measurements (2.94 ug). Hence, regarding only z(P) and p(Mn), both antiferromagnetic
models are equally probable. However, the density of states and the total energy clearly
point to the C-type ordering as the more favorable structure, which is in perfect agreement

with the experimentally obtained results.

Figure 4.3 shows the calculated band structures for the non-magnetic (left) and the C-type
antiferromagnetically ordered model (right). The corresponding Brillouin zones including the k
points chosen for the plotted band structures are also displayed. The direct comparison
shows how the bands are altered by the magnetic order: a gap in the band structure appears
between ~0.2 and ~0.3 eV. Raising the Fermi level into this gap by introducing more

electrons into the system should therefore lead to a semiconducting or isolating material.
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4 The electronic structure of CsMn,P,

Conceptually, such an electron doping would lead to an electronic structure similar to the one

of BaMn,P,, which, as discussed before, is in fact a semiconductor.

Table 4.1: Results of the DFT calculations for non-magnetic, G-type, and C-type AFM CsMn,P,.

non-magnetic G-type AFM C-type AFM
Eiot (€V) / unit cell -587322.8710 -587324.1739 -587324.2216
F (eV) 0.0071 0.0020 0.0003
optimized z(P) 0.3150 0.3298 0.3298
H(Mn) - 2.95 ug 2.96 ug
non-magnetic /4,,mm C-type AFM P4/ m'c’
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Figure 4.3: Band structure of CsMn,P, for the non-magnetic (left) and C-type antiferromagnetic (right)
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model. Bottom: Corresponding Brillouin zones with marked relevant points.
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4 The electronic structure of CsMn,P,

In order to obtain indications for possible dynamics within CsMn,P,, the exchange coupling
parameters J; between neighboring atoms have been calculated. Figure 4.4 shows the
resulting J; between one atom Mn; and its neighbors Mn; as a function of the distance
between both atoms. For an easier understanding of the data, the first five data points and

the corresponding pairs of atoms have been color coded.

The obtained results confirm a strong negative exchange coupling between closest
manganese neighbors (marked in red) which are aligned antiferromagnetically to each other
in the experimentally determined C-type structure. Mn atoms with a distance of one lattice
parameter a (marked in blue) exhibit a weak positive coupling and manganese atoms
separated by one length of the [110] diagonal (marked in green) show a strong positive

coupling. Both atom pairs are found to align ferromagnetically in the C-type ordering.
Manganese atoms separated by %\/ﬁ a (marked in orange) show a weak negative exchange

coupling and are also experimentally found to align antiferromagnetically to each other. The
coupling between two (001) planes of manganese atoms (marked in pink) is found to be
negative, therefore an antiferromagnetic alignment of these planes (G type) would be
expected. However, neutron diffraction measurements revealed a ferromagnetic alignment of
the planes (C type). This discrepancy between theory and experiment is not unusual, as it is
especially complicated to describe the correct electronic situation for manganese compounds
by theoretical calculations.
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Figure 4.4: Exchange coupling parameters J; calculated for the Mn atoms in CsMn,P;, (left) and

visualization of the corresponding coupling pairs (right).

Nevertheless, the calculations reveal a considerably weaker coupling between two planes

than within the plane, as the strongest intra-plane coupling is five times as big as the
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4 The electronic structure of CsMn,P,

strongest inter-plane coupling. The ordering temperatures can be estimated very roughly

according to
Tn = Jo1 * Nos,

where Jy, is the Mn-Mn AFM exchange coupling with the first-neighbor Mn atoms and ny is
the number of first-neighbor Mn atoms. This leads to intra-plane ordering at ~1400 K and
inter-plane ordering at ~100 K. Thus, the inter-plane ordering temperature is expected to be
approximately one order of magnitude smaller than the intra-plane ordering temperature.
This would be consistent with the idea that the experimentally observed dynamics are due to

weak inter-plane coupling, which was presented in Chapter 3.

For the sake of completeness, the exchange coupling parameters between manganese
atoms and neighboring phosphorus or cesium atoms are depicted in Figure 4.5. As
expected, only the nearest neighbors exhibit a very weak positive coupling, whereby the

coupling between Mn and Cs is clearly smaller than the coupling between Mn and P atoms.
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Figure 4.5: Exchange coupling parameters J; for CsMn,P, between Mn and neighboring P (left) or Cs

atoms (right).

4.4 Conclusion

The electronic structure of CsMn,P, was calculated for hypothetical non-magnetic and G-
type AFM models and for the experimentally detected C-type AFM ordered structure. In
agreement with the experimental data, the density of states around the Fermi level as well as
the total energy per unit cell indicate the C-type ordering as most favorable one of the three
models. Additionally, the resulting magnetic moment per manganese atom is very close to

the one obtained by neutron measurements.
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4 The electronic structure of CsMn,P,

Calculations of exchange coupling parameters between neighboring manganese atoms
within MnP tetrahedral planes predict the experimentally obtained alignment of manganese
moments. However, inter-plane alignment is predicted antiferromagnetically, while
experiments revealed ferromagnetic alignment. Still, the intra-plane coupling is considerably
stronger than the inter-plane coupling, which could be the origin of the experimentally
observed dynamics within the magnetism of CsMn,P,. For final conclusions this theory needs

to be verified by further experiments.
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5 Modifying the magnetism in CsMn,P,

5.1 Introduction

When studying a complicated system like CsMn,P, with an Mn?/Mn*" mixed valence and
unexpected dynamic magnetic properties as described in Chapter 3, it can be useful not to
concentrate only on the system as it is, but to examine slightly modified versions of it. The
physical properties of the original system CsMn,P, exhibit several anomalies, some of which
are detectable with different experimental methods. By partly changing the structure, for
example by substitution of one of the elements, some of the features might be less
pronounced or completely suppressed, thereby leading to a system which is easier to
interpret. Of course, the contrary, i.e. obtaining a more complicated system with additional

anomalies, can also be the case.

In this chapter four different attempts of modifying the magnetic properties of CsMn,P, will be
presented. First, isoelectronic doping by substitution of Cs by Rb. While the magnetic
susceptibilities of CsMn,P, and RbMn,P, are very similar to each other, resistivity
measurements revealed distinct differences between the two compounds®™. The
temperature-dependent resistivity of CsMn,P, exhibits anomalies which, as was shown by
USR measurements, are related to changes in the system's dynamics. Although up to now
no uSR experiments were performed on RbMn,P,, the absence of anomalies in the resistivity
might indicate weaker or different magnetic dynamics in this compound. A completely static
magnetism is also possible but less probable, as the alleged origin of the dynamic effects,
the manganese mixed valence, is also found in the rubidium compound. Therefore, the solid
solution Cs4,Rb,Mn,P, could be a means to tune the dynamic effects of the magnetism of

the cesium compound.

The second attempt presented here is an electron doping by substitution of Cs by Ba. The
resulting solid solution could be especially interesting as BaMn,P, is an Mn** compound with
a well-examined magnetic order where no indications for dynamic effects have been
reported. Additionally, the magnetic structure of BaMn,P, (G type) is different from the
cesium compound (C type). Thus, one would expect that within Cs,,Ba,Mn,P, the dynamics
of CsMn,P, are suppressed and the ordering should change from C to G type at a certain

barium content.

As third and fourth option, O»- and H.-annealing have been attempted. Modifying the
oxidation state of CsMn,P, seems to be a very promising approach to alter the magnetic

properties, which are probably dominated by the mixed valence of manganese.
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5 Modifying the magnetism in CsMn,P,

5.2 Experimental details

For the synthesis of Cs;,Rb,Mn,P, samples mixtures of CssPs, RbsPs, Mn, and P with 5 %
excess of Cs and Rb were sealed in niobium crucibles in sealed silica ampoules. The
samples were heated up to 1073 K for 14 h at rates of 50 K/h for heating and cooling.
Cs.,Ba,Mn,P, samples were synthesized by mixing Cs4Pe, BasPs, Mn, and P with 5%

excess of Cs and Ba. The mixtures were sealed and heated as described before.

The Os-annealing was realized by exposing a sample of CsMn,P,, synthesized by the
method described in Chapter 3.2, to an oxygen atmosphere for two hours. For H,-annealing

a CsMn,P, sample was heated up to 373 K under a constant hydrogen flow for one hour.

The samples were characterized by X-ray powder-diffraction measurements using the STOE
diffractometer (Mo-Ka; radiation). Temperature-dependent X-ray data between 300 K and
10 K were recorded using the Huber G670 diffractometer with Co-Ka, radiation. For Rietveld
refinements of the data the TOPAS package®® was used with spherical harmonics functions
to describe the preferred orientation of the crystallites. Shape anisotropy effects were
described by the approach of Le Bail and Jouanneaux®". Additionally, SQUID magnetic

measurements and resistivity measurements were performed.

5.3 Isoelectronic doping in Cs1.,Rb,Mn2P;

Samples of Csi,Rb/Mn,P, with nominal rubidium contents X,,m =0.2 and 0.8 were
successfully prepared with a main phase fraction of 87 % and 80 %, respectively (Figure
5.1). Mn,P and CsMnP or RbMnP occur as impurity phases. Rietveld refinements revealed
refined rubidium contents of x.=0.18(1) and 0.76(1), which deviate from the nominal
contents by 10 % and 5 %, respectively. The corresponding crystallographic data are

compiled in Table 5.1.
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Figure 5.1: X-ray powder-diffraction pattern (blue) of Csgg,Rbg 1sMn,P, (top) and Csg24Rbg 76Mn,P2

(bottom) with Rietveld refinements (red).

Table 5.1: Crystallographic data for Cs,_,Rb,Mn,P, obtained by Rietveld refinements.

Cs1.xRb,Mn,P,
refined Rb content x 0.18(1) 0.76(1)
space group 14/mmm (no. 139) 14/mmm (no. 139)
molar mass (g/mol) 296.1903 268.6765
lattice parameter a (pm) 409.14(2) 406.97(3)
lattice parameter ¢ (pm) 1410.2(1) 1368.0(1)
cell volume (nm?) 0.23606(3) 0.22657(4)
density (g/cm?) 4.17(1) 3.94(1)
4 2 2
data points 2760 2760
reflections (all phases) 210 199
refined parameters 71 92
Re, WwRp 0.031, 0.046 0.012,0.018
Rorage: X° 0.007, 2.598 0.004, 1.726

atomic parameters
Cs/Rb 2a (0, 0, 0)

Mn 4d (0, 0.5, 0.25)
P 4e (0,0,2)

Uso = 161(4) pm?
Uso = 127(6) pm?
z=0.3372(2)

Uso = 119(7) pm?

Uiso = 168(8) pm®
Uso = 90(8) pm?
z=0.3408(2)

Uso = 110(10) pm?
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5 Modifying the magnetism in CsMn,P,

The lattice parameters a and ¢ show a linear decrease with increasing rubidium content
together with the ones of CsMn,P, (a =409.48(1) pm, ¢ =1420.41(2) pm) and RbMn,P,
(a =406.24(1) pm, ¢ = 1349.19(3) pm)®®. This leads to a shortening of the Mn-P distance
(239.0(1) pm for x=0 and 238.0(1) pm for x=1%%), although the z parameter of the

phosphorus site increases and the MnP,, tetrahedra are elongated along c.

As the crystallographic data indicates that the partial substitution of Cs by Rb was
successful, it is interesting to study how this affects the properties of the compounds and if it
really modifies the complicated magnetic features found in CsMn,P,. Therefore, the
compound with x=0.18 was examined regarding possible structural transitions at low

temperatures, the magnetic susceptibility and resistivity.

Temperature-dependent XRD measurements revealed that both lattice parameters a and c,
and therefore also the cell volume, continuously decrease upon cooling over the whole
measured temperature range of 300 K to 10 K (Figure 5.2). Between 20 K and 15 K a small
plateau is found, where the values stay nearly constant but no re-increase, as in CsMn,P,
(Chapter 3), is observed. Thus, already at a rubidium content of 18 % the originally existent

structural changes of CsMn,P, are completely suppressed.
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Figure 5.2: Refined lattice parameters (top) and cell volume (bottom) of Cs( g.Rbg 1sMn,P, as a

function of temperature with enlarged low-temperature sections (right).

The magnetic susceptibility of Csgg,Rbg1sMn,P, (Figure 5.3) indicates an antiferromagnetic
transition at 10.6 K. Above this temperature, Curie-Weiss behavior is observed. This is very
similar to the results obtained for CsMn,P, (Ty=11K, Chapter 3) and RbMn,P,

(Tn = 10 KP%). A Curie-Weiss fit reveals an effective magnetic moment of 4.79(1) us per
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5 Modifying the magnetism in CsMn,P,

formula unit. This corresponds to an average effective magnetic moment of 3.39 ug per
manganese atom and is very close to the value found for CsMn,P, (3.31 ug). No additional

anomalies or indications of magnetic impurities are observed.
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Figure 5.3: Magnetic susceptibility (left) and inverse magnetic susceptibility (right) of Csg g,Rbg 1sMn,P,

with Curie-Weiss fit (blue). Insets: Enlarged low-temperature sections.

The resistivity measurement of Csgg:Rbg1sMn,P, (Figure 5.4, left) shows two anomalies,

which closely resemble the results obtained for CsMn,P, (Figure 5.4, bottom, right), while not

being completely similar. One broad anomaly, beginning at 64 K (just as found for the cesium

compound), and an increase in resistivity starting at 22 K are found. This increase is more

abrupt in CsMn,P,, where it starts at 17 K. For comparison, the resistivity of RoMn,P, (Figure

5.4, top, right), which exhibits no anomalies between 3.5 and 300 K, is also depicted. More
details about the synthesis and the properties of RbMn,P, can be found in [53].
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Figure 5.4: Resistivity measurements of Csg g2Rbg 1sMn,P, (left), CsMn,P, (bottom, right), and

RbMn,P; (top, right).
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Adding together the results obtained by temperature-dependent XRD, susceptibility, and
resistivity measurements, the physical properties of Csgg.Rbg1sMn,P, clearly differ from
those of CsMn,P,. While the structural changes at low temperatures are already suppressed,
the anomalies in the resistivity, which are probably related to dynamic effects in CsMn,P,
are slightly altered but still present. Thus, the compound with x = 0.18 can be expected to
exhibit at least some of the dynamic effects of the parent compound. However, higher
rubidium levels might suppress not only the structural transition but also the dynamics of the

magnetism.

5.4 Electron doping in Cs¢.,Ba,Mn2P;

Cs4.Ba,Mn,P, was synthesized for x = 0.1, 0.2, 0.3, 0.5. The samples contain large amounts
of impurity phases, mainly BaMn,P,, Mn,P, and CsMnP. Exemplarily, the X-ray diffraction
pattern of the sample with x = 0.1 is shown in Figure 5.5. Due to their very similar atomic
scattering factors, cesium and barium cannot be distinguished by X-ray diffraction. However,
Rietveld refinements of the data revealed that the lattice parameters are only reduced by a
maximum of 0.02 % and 0.3 % for a and c, respectively, while they are reduced by 1.4 % and
8.0 % in the pure barium compound®”. This indicates that no or only very little barium has

been incorporated into CsMn,P».
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Figure 5.5: X-ray powder-diffraction pattern of CsygBag 1Mn,P, (blue) with Rietveld refinement (red).
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Figure 5.6: Magnetic susceptibility (left) and inverse magnetic susceptibility (right) of CsggBag 1Mn,P5.

Nevertheless, the magnetic susceptibility of the nominal Csyg¢Bag1Mn,P, sample has been
measured in order to check for changes in the magnetic behavior (Figure 5.6). While it does
not show the drop in the susceptibility at 11 K, which is found for CsMn,P,, additional

anomalies appear between 75 and 20 K, which might be ascribed to impurity phases.

5.5 O,- and Hz-annealing

Both the oxygen annealing as well as the hydrogen annealing of CsMn,P; lead to structural
changes of the compound. The X-ray powder-diffraction data including Rietveld refinements
are plotted in Figure 5.7. The corresponding crystallographic data can be found in Table 5.2.
While only the O,-annealing led to a slight increase of the lattice parameter a (~0.08 %), both
annealing treatments resulted in a slight decrease (~0.02 %) of the lattice parameter c. This
and the slightly reduced z parameter of the phosphorus site leads to flattened MnP
tetrahedra with shortened MnP distances after both treatments. The refinements of both

samples indicate a small cesium deficiency of less than 1 %.
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Figure 5.7: X-ray powder-diffraction patterns (blue) of an O,- (top) and an H,- (bottom) annealed

sample of CsMn,P, with Rietveld refinements (red).

Table 5.2: Crystallographic data for the O,- and H,- annealed sample of CsMn,P,.

Oz-annealing

H.-annealing

space group
molar mass (g/mol)
lattice parameter a (pm)
lattice parameter ¢ (pm)
cell volume (nm3)
density (g/cm?)

Z

data points

reflections (all phases)
refined parameters

Rp, wRp

Roraga X

atomic parameters

Cs 2a (0,0, 0)
occupancy

4d (0, 0.5, 0.25)
4e (0,0,2)

Mn
P

14/mmm (no. 139)
304.7291
409.82(2)
1420.1(1)
0.23851(3)
4.24(1)

2

4500

148

88

0.027, 0.035
0.006, 1.136

Uso = 200(2) pm2
0.994(2)

Uso = 112(3) pm?
z=0.3363(1)
Usso = 126(4) pm®

14/mmm (no. 139)
304.7291
409.46(1)
1420.16(2)
0.23810(1)
4.25(1)

2

3015

267

44

0.040, 0.073
0.009, 3.567

Uso = 173(3) pm?
0.995(3)

Uiso = 96(4) pm’
z=0.3364(2)
Uso = 113(5) pm’
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5 Modifying the magnetism in CsMn,P,

The magnetic susceptibilities of both samples with enlarged sections of the low-temperature
region are shown in Figure 5.8. After oxygen annealing of the sample the drop in the
susceptibility at 11 K has disappeared, while hydrogen annealing led to an additional drop at
~17 K. A Curie-Weiss fit revealed effective magnetic moments per formula unit of 4.03 ug
and 3.71 ug for the O,- and Hy-annealed sample, respectively. These values correspond to
an average effective magnetic moment per manganese atom of 2.85 uys and 2.62 ys.
Compared to the initial values of 4.68 ug per formula unit or 3.31 yg per manganese atom,
which are found for CsMn,P, without further treatment, both annealing experiments have led

to a decrease of the effective magnetic moment.
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Figure 5.8: Magnetic susceptibility (left) and inverse magnetic susceptibility with Curie-Weiss fit (right)
of an O,- (top) and H,- (bottom) annealed sample of CsMn,P,. Insets: Enlarged low-temperature

sections.

While the original value was close to an average of 2.5 electrons (3.35 ug) per manganese
atom, oxygen annealing results in a moment close to the one expected for an average of 2
electrons (2.85 ug) and hydrogen annealing indicates an average of 1.8 electrons (2.62 ug)
per manganese atom. Thus, both treatments have led to a reduction of the number of
electrons participating in the magnetic ordering or maybe present in the system. Such an

oxidation would be expected for O,-annealing but not for the reductive H,-annealing.
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5 Modifying the magnetism in CsMn,P,

However, both methods have clearly modified the magnetic properties of CsMn,P.. In order

to examine if this is also true for the dynamic effects further experiments are needed.

For the oxygen-annealed sample preliminary uSR results were obtained which indicate the
presence of two magnetically different phases, whereby both show the same behavior as
non-treated CsMn,P, but one with a weaker magnetic moment. This magnetically weaker
phase constitutes ~30 % of the sample. Assuming the "original" magnetic moment of 3.31 ys
for 70 % of the sample leads to a moment of 1.23 yg for the remaining 30 % of the sample.
This corresponds to an average of 0.5 electrons per manganese atom. Thus, the preliminary
USR results indicate that the O,-annealed sample consists of a ~70 % phase with the same
properties as non-treated CsMn,P, and an average of 2.5 ordered electrons per manganese
atom and a ~30 % phase with an average of only 0.5 ordered electrons per manganese

atom.

5.6 Conclusion

The results for Cs4,Rb,Mn,P, are very promising and indicate that the whole range of the
solid solution is easily accessible via the chosen synthesis route in sufficient quality for
studying its properties. The magnetic susceptibility is in good agreement with the obtained
data for CsMn,P, and RbMn,P,. However, the structural changes observed at low
temperatures for CsMn,P, are already suppressed at rubidium contents of 18 %, while the
anomalies of the resistivity are still present, although slightly altered. Thus, the physical
properties have effectively been modified, but probably without a full suppression of the
dynamic effects. However, this might be achieved by higher rubidium levels and should be

examined in the future.

In order to analyze these properties for Cs,,Ba,Mn,P,, an optimization of the synthesis
process is required. The sample quality obtained by now does not suffice to conclusively

examine the physical properties of the samples.

The annealing experiments with oxygen and hydrogen have successfully modified the

magnetic properties of CsMn,P, and reduced the effective magnetic moment.

However, further neutron and ySR experiments are required in order to examine how or if the
modifications have influenced the complicated dynamic effects of the magnetism in CsMn,P,.
Additionally, substituting the manganese in CsMn,P, could be a promising way to modify the
magnetic properties. Hereby elements which do typically not exhibit magnetic ordering would

be especially interesting.
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6.1 Introduction

Since the discovery of superconductivity in LaO.,F,FeAs™ (so-called 1111 type) many other
structure types of iron-based superconductors have been discovered: apart from the three
structure types, which are investigated in the present thesis (12219, 32522[2" and 213111°)),
also the so-called 111°%%9 110 10-3-8, 10-4-8°" and the 112 type!®®. Despite the large
variety of compounds reported, only few europium compounds are known. Particularly
EuFe,As, has been intensively studied as its properties are strongly related to those of the
isostructural alkaline earth compounds. Similar to AEFe,As, (AE = Ca, Sr, Ba), the parent
compound undergoes a structural transition (at 190 K in the case of EuFe,As,®) and
superconductivity can be induced by suppressing the transition either by applying pressure®!
or by different methods of doping®”". However, EuFe,As, takes a special position among
the 122 parent compounds of iron-based superconductors due to the magnetism of
europium. In addition to the antiferromagnetic stripe-like ordering of the iron moments at
190 K, it exhibits a second magnetic transition at 19 K where the europium moments order

531 Although the ordering of the Eu®* moments is not

antiferromagnetically (A type)
suppressed when superconductivity is induced, it seems to influence the superconducting
properties negatively. In EuFe,As,"? under pressure and in Euy,Sr,Fe,,Co,As,", a small
but significant increase in resistivity has been observed at the ordering temperature of the

europium moments.

Here, the existence of an europium compound of the 32522-type iron pnictides is reported,
where the FeAs layers are widely separated by perovskite-like oxide layers. Up to now the
only known iron pnictides with this structure are Sr;Sc,0sFe,As,?", Ba;Sc,0sFe,As,", and
CazAl,05,FeyPn, (Pn = As, P)?. Unlike the 122-type compounds, none of these 32522
compounds undergoes a structural transition. Only the calcium compounds show
superconductivity and by doping the strontium compound with titanium, traces of

superconductivity have been observed in Sr;Sc,., Ti,OsFe,As,!"".
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6.2 Experimental details

A polycrystalline sample of EusSc,0OsFe,As, was synthesized by heating a stoichiometric
mixture of Eu, Sc, FeO, and As,O3;. The reaction mixture was transferred into an alumina
crucible and sealed in a silica ampoule. The sample was heated up to 1173 K for 20 h at
rates of 50 K/h and 200 K/h for heating and cooling, respectively. Afterwards, the sample
was homogenized, pressed into a pellet, and sintered for 60 h at 1373 K (heated at a rate of

100 K/h and cooled at 200 K/h). This sintering step was performed twice.

Temperature-dependent X-ray powder-diffraction patterns between 300 K and 10 K (10 K
step size) were recorded using the Huber diffractometer with Co-Ka, radiation. For Rietveld
refinements of the data the TOPAS package®® was used with spherical harmonics functions
to describe the preferred orientation of the crystallites. Shape anisotropy effects were
described by the approach of Le Bail and Jouanneaux®'". Magnetic measurements were
performed using both the SQUID magnetometer and the AC susceptometer. Additionally,

Mdssbauer experiments were conducted.

6.3 Crystal structure

Eu;Sc,0OsFesAs, was obtained as black polycrystalline air-stable sample. The crystal
structure and the sample composition were analyzed via Rietveld refinements of the X-ray
powder data at 300 K (Figure 6.1). The sample consists of 91 % Eus;Sc,OsFesAs,, 7 %
EuFesAs,, 1 % Sc,0;3, and 1 % FeO (wt%). The corresponding crystallographic data can be
found in Table 6.1. Further details of the structure determination may be obtained from:
Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany, by quoting
the Registry No. CSD-429704.

EusSc,0sFe,As, crystallizes in the SrzFe,0sCu,S,-type structure® with lattice parameters
a=406.40(1) pm and c=2646.9(1) pm. It consists of tetrahedral iron-arsenide layers
separated by a perovskite-like interlayer (Figure 6.1, right). Eu1 is coordinated by 8+4 oxide
ions similar to perovskites like EuTiO3"®, where all 12 Eu-O contacts are equal. Eu2 is
eightfold coordinated by four oxide- and four arsenide neighbors. Scandium is surrounded by
five oxide ions which form a square pyramid. The Fe-As bonds (243.76(6) pm) and As-Fe-As
angles (2x 112.9(1)°, 4x 107.8(1)°) in the FeAs,, tetrahedra are close to the values found in
related compounds like Sr;Sc,OsFe.As, (Fe-As bonds: 243.56(9) pm, As-Fe-As angles: 2x
113.3(1)°, 4x 107.6(1)°"). However, the tetrahedra are strongly compressed as compared to
those in EuFe,As, (Fe-As bonds: 256.45(5) pm, As-Fe-As angles: 2x 99.4(1)°, 4x

114.7(1)°""ly which becomes superconducting upon doping.
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Figure 6.1: X-ray powder-diffraction pattern at 300 K (blue), Rietveld refinement (red) and structure
(right) of Eu3Sc,0OsFesAs,.

A selection of X-ray powder-diffraction patterns at different temperatures is shown in Figure

6.2. No signs of a structural transition are observed down to 10 K. The reflections at 15, 25,

and 29 °26 appearing below 250 K are due to the sample environment and the reflection at

about 42 °26 belongs to the impurity phase EuFe,As,. This phase undergoes a structural

transition below 190 K (tetragonal /4/mmm to orthorhombic Fmmm!"®).
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Figure 6.2: X-ray powder-diffraction patterns of Eu;Sc,0sFe,As, at different temperatures.
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Table 6.1: Crystallographic data for Eu3Sc,05Fe,As, at 10 and 300 K.

EU3SCzO5FezA82

temperature (K)

space group

molar mass (g/mol)
lattice parameter a (pm)
lattice parameter ¢ (pm)
cell volume (nm3)
density (g/cm?)

Z

data points

reflections (all phases)
refined parameters

Rr, wRp

Roraga X

atomic parameters

Eu1l 2b(0,0,0.5)
Eu2 4e(0,0, 2

Sc  4e(0,0, 2
01 89 (0, 0.5, 2)
02 2a(0,0,0)

Fe  4d(0, 0.5, 0.25)
As  4e (0,0, 2)

10

14/mmm (no. 139)
887.334
405.69(1)
2630.11(2)
0.43288(1)
6.81(1)

2

19001

175

59

0.023, 0.033
0.012, 1.436

Uso = 101(8) pm?
z=0.3574(1)
Usso = 23(5) pm?
z=0.0721(1)
Usso = 38(9) pm?
z=0.0825(2)
Uiso = 230(20) pm?
Uiso = Uiso(O1)
Usso = 38(9) pm?
z=0.1988(1)
Uiso = 183(9) pm’

300
14/mmm (no. 139)
887.334
406.40(1)
2646.9(1)
0.43717(2)
6.74(1)

2

19001

161

88

0.017, 0.025
0.010, 1.094

Usso = 186(6) pm?
z=0.3583(1)
Usso = 62(5) pm*
z=0.0722(1)
Uso = 58(7) pm?
z=0.0838(2)
Uso = 290(10) pm?
Uiso = Uiso(O1)
Usso = 56(8) pm*
z=0.1991(1)
Uso = 253(6) pm?

The course of the lattice parameters, the Fe-As distance d, and the tetrahedral angle a as
obtained by Rietveld refinements of the low-temperature data is shown in Figure 6.3. The
crystallographic data of EuzSc,OsFesAs, at 10 K can be found in Table 6.1. While the lattice
parameter a is contracted by only 0.2 % upon cooling, ¢ decreases by 0.6 %. The course of
both lattice parameters as a function of temperature does not imply any anomaly which

would indicate a structural transition. The Fe-As distance d and the tetrahedral angle a do

not change significantly upon cooling.
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Figure 6.3: Refined lattice parameters (left), Fe-As distance d (right, blue), and tetrahedral angle a

(right, orange) of EusSc,0OsFe,As, as a function of temperature.

6.4 Magnetic properties

Magnetic susceptibility measurements show Curie-Weiss behavior between 5 and 300 K and
a drop in the susceptibility below 5 K (Figure 6.4, left). A Curie-Weiss fit revealed an effective
magnetic moment of s = 13.49(1) us per formula unit, equivalent to 7.79 ug per europium
atom. This is close to the theoretically expected value of 7.94 yg per Eu*"®. The negative
Weiss constant 6=-9.5(3) K together with the drop in x(T) suggests antiferromagnetic
ordering at 5 K. The magnetization isotherms at 300 and 100 K increase linearly with the

applied field, while the isotherm at 1.8 K can be fitted with a Brillouin function (Figure 6.4,
right).

s H= 100 Oe — 120
riflouin
M| ﬂ 112 function 1.8K 1.8K |
5 = {10
5 [ ] 3
£ ] %5 100K | o
§ * Curie-Weif fit E =" |, <
= 3 b= 13490k, | e 2 =—ﬁ
g : B .
~ 1 % 0 =-95(3)K 4 L
L 1° 120
0 50 100 150 200 250 300 T R e R T R—
Temperature (K) H(kOe)

Figure 6.4: SQUID data of Eu;Sc,0sFe,As,. Left: Magnetic susceptibility (black) and inverse magnetic
susceptibility (red) measured at 100 Oe with Curie-Weiss fit (blue). Right: Magnetization isotherms at

300 (black), 100 (red), and 1.8 K (blue). Inset: Brillouin function fitted to the isotherm at 1.8 K.
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Figure 6.5 (left) shows the obtained "'Eu Mdssbauer spectra of EusSc,0sFe,As, at 78 and
4.8 K. The parameters of the transmission integral fits are compiled in Table 6.2. In
accordance with the determined crystal structure, the *'Eu signal could be well reproduced
by a superposition of two resonances (light and dark green in Figure 6.5) with isomer shifts of
-13.26(3) and —10.84(2) mm s™" indicating Eu®*. The areas of both contributions were kept
fixed with the ideal values derived from the multiplicity of the atomic Eu1 and Eu2 sites. With
respect to its nearly ideal cuboctahedral coordination by 8+4 oxygen atoms, Eul was
assumed to be the nucleus of less electron density (more ionic) compared to Eu2 and
therefore the origin of the resonance at -13.26(3) mm s™". The isomer shifts of ionic Eu1
compare well with the values of the perovskites EuTiO; (-13.5mms™') and EuZrO;
(-14.1 mm s ¥ a5 well as for several borate glasses containing divalent europium®. The

Eu2 signal is close to the value observed for EuFe,As, (-11.3 mm s™"),
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Figure 6.5: Experimental and simulated "*'Eu (left) and °’Fe (right) Méssbauer spectra of
Eu;Sc,0sFesAs, at 298 K (top), 78 K (middle), and 4.8 K (bottom).
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Table 6.2: Fitting parameters of "'Eu and °’Fe Mossbauer spectroscopic measurements of
Eu;Sc,05Fe,As, at ambient temperature and at 78 K. & = isomer shift, AEq = electric quadrupole
splitting, I = experimental line width. Parameters marked with an asterisk were kept fixed during the

fitting procedure.

T (K) 5 (mms™) AEq (mms™) [ (mms™) ratio (%)
YEY 78 -13.26(3) 0* 3.11(6) 28*
-10.84(2) -3.3(2) 2.8(1) 57*
0.80(4) 0* 2.8(1) 15(1)
*Fe 298 0.35(1) 0.20(1) 0.31(1) 100
78 0.47(1) 0.20(1) 0.32(1) 100

Furthermore, a quadrupole splitting for Eu1l was excluded because of the symmetric
arrangement around the nucleus (almost cubic site symmetry). A small resonance at an
isomer shift of 0.80(4) mm s™' (dark blue in Figure 6.5) indicates trivalent europium possibly

due to extrinsic Eu** because of surface oxidation.

The *’Fe Méssbauer spectra of Eu;Sc,0OsFe,As,, recorded at 298, 78, and 4.8 K, are
presented in Figure 6.5 (right). At ambient temperature and at 78 K the spectrum shows a
single signal which can be attributed to an isomer shift of 0.35(1) mms™ at 298 K and
0.47(1) mm s™" at 78 K (intermetallic iron'"®%*%°l). Additionally, a small interaction is observed

between quadrupole and electric field gradient, resulting in a splitting of 0.20(1) mm s™".

With regard to the magnetic ordering indicated by susceptibility data, °'Eu and °*’Fe
Méssbauer spectroscopic measurements were repeated at 4.8 K (Figure 6.5, bottom), quite
close to the observed drop in the magnetic susceptibility data. Both the *'Eu and *’Fe
spectra clearly show broadened resonances confirming a cooperative magnetic
phenomenon. A fitting of the obtained spectra in order to determine the magnitude of the
hyperfine field was difficult as there are too many parameters that cannot be fitted
confidentially and the experimental setup is at its limit at 4.8 K. The temperature varies in the
range of about +0.3 K, which has an influence on the exact splitting, especially for
measurements close to the ordering temperature, leading to too many correlations within the

refinement procedures.

6.5 Substitution experiments on Eu3;Sc;0s5FezAs;

As europium and alkaline earth compounds show a strong similarity in the 122-type iron
pnictides, one could expect that EuszSc,OsFe,As, might become superconducting upon

doping just like the isostructural strontium compound Sr;Sc,.,Ti,OsFe.As, where traces of
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superconductivity were reported”™. Therefore, different substitution experiments on
EusSc,0sFe/ As, were performed. As the 32522 structure contains five different elements on
altogether seven crystallographic sites, there are numerous possibilities for such
substitutions. Here, substitutions were attempted on both Eu sites, the Sc, and the As site,
whereby hole, electron, or isostructural doping was intended. For reasons of simplicity, the
compounds are labeled as Eus,A,Sc,.,B,0sFe,As,.,C, with three substitution positions A, B,

and C. An overview of the tested substitutions presented here is given in Table 6.3.

Table 6.3: Overview of the substitution experiments on EuzSc,0sFe,As,.

EU3_XAXSC2_yB OsFGzASz_ZCZ

substituting substituted degree of substituting substituted degree of
element position substitution element position substitution
Ca A x=0.1 Mg B y=0.3
x=0.2 y=0.5
Ti B y=0.5 y=1.0
y=1.0 Ti/lMg B yri=1.5
y=2.0 Ymg = 0.5
Vv B y=0.2 Al B y=0.5
y=0.5 P C z=1.0
y=2.0 z=20

The compounds were synthesized according to the synthesis described in Chapter 6.2. Only
the sintering temperatures were varied in some cases. As impurity phases different amounts
of various oxides were obtained. In most samples, the desired 32522 compound constitutes
the main phase, while in some only small amounts of this phase were detected. Figure 6.6
exemplarily shows the X-ray powder-diffraction patterns of two samples with the nominal
compositions Eu;Sc,0sFe,AsP (top) and Eu,9Cag1Sc,0OsFesAs, (bottom) including their
Rietveld refinements. These revealed a refined composition of EuszSc,0OsFe,Asq,Pgg and
Eu,;Cag 3Sc,0sFesAs,, respectively. Hereby, calcium is mainly found on the second Eu site
(4e). Unfortunately, a reasonable refinement of the composition was not possible for all
samples, therefore the actual degree of substitution in some of them might differ strongly
from the nominal composition. Nevertheless, for the purpose intended here, i.e. checking for
signs of superconductivity, a more detailed analysis of the sample composition is not

essential.
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Figure 6.6: X-ray powder-diffraction pattern (blue) of Eu;Sc,0OsFe,AsP (top) and
Eu,4Cag 1Sc,0sFesAs, (bottom) with Rietveld refinement (red).

In order to check for superconductivity in all samples, magnetic measurements were
performed. The magnetic susceptibilities of all samples with the 32522 compound as main
phase are plotted in Figure 6.7. The antiferromagnetic transition of Eu3;Sc,OsFe.As, at
Tn =5 K is in some samples shifted towards slightly higher temperatures (6 or 7 K) and in
most samples a second transition is found at 20 K. The biggest change is observed upon
substitution of As with P. Here the original antiferromagnetic transition is completely
suppressed at z=2.0 and a new transition is found at 27 K. At higher temperatures, all
samples exhibit Curie-Weiss behavior. The origin of the observed transitions is unclear and
they could also be due to impurity phases. However, no superconductivity or traces thereof
were detected. This also applies to the remaining samples with only small amounts of the
32522 phase (not shown).
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Figure 6.7: Magnetic susceptibility measurements of Eus ,A,Sc,.,B,0sFe,As,.,C,. Samples with
substitution on position A (top, left), B (bottom), and C (top, right).

6.6 Conclusion

Eu;Sc,0sFesAs, is a new member of the 32522-type iron pnictides with the Sr;Fe;OsCu,S,-
type structure. Similar to the already known members of this group, no signs for a structural
phase transition down to 10 K were found. Magnetic measurements revealed an effective
magnetic moment of 7.79 ug per europium atom, which is in good agreement with the
theoretical value of 7.94 pg for Eu?*. Additionally, indications of an antiferromagnetic ordering
at Ty =5 K were found. ™'Eu and *’Fe Méssbauer spectroscopic experiments confirm the
magnetic data by showing resonances for Eu* and intermetallic iron. Low-temperature
measurements show a beginning magnetic ordering. As traces of superconductivity were
reported for Sr;Sc,,TiyOsFe,As,, one could expect similar results for the isostructural
europium compound. However, substitution experiments on Eu3;Sc,OsFe,As, revealed no
signs of superconductivity up to now. Hereby, three different substitution positions were
tested. Europium was substituted by calcium, scandium by titanium, vanadium, magnesium,

and aluminum, and arsenic by phosphorus.
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7 The effects of chemical pressure in the solid

solution Sr,ScOs;FeAs, . P,

7.1 Introduction

Superconductivity in iron-based superconductors can often be induced by applying physical
or chemical pressure. Additionally, if a system is already superconducting both types of
pressure are useful to tune its superconducting properties. Hereby, it depends on the
symmetry of the iron-pnictide layer how a system responds to the pressure applied, as the
symmetry of the FePny, tetrahedra has a big influence on the critical temperature of a
superconducting system. The tetrahedral angle or the so-called pnictogen height hp, (the
distance of the pnictogen atom from the Fe plane) are often chosen as parameters for
characterizing the tetrahedral symmetry®®®®”l. Consequently, a system's response to pressure

depends on how these structural parameters are altered by it.

For BaFe,As, the maximum T, under physical pressure (Tomax =31 K at p=5.5GPa) is
obtained when the tetrahedral angle is close to the ideal tetrahedral value of 109.5°%,
Chemical pressure can be applied to BaFe,As, by partially substituting arsenic by smaller
phosphorus atoms. This isoelectronic substitution leads to the emergence of
superconductivity with T, max = 30 K for a phosphorus content of 32 %®%. Unlike what was
initially expected, the decisive criterion for the superconducting properties in this chemically
compressed system isn't the cell volume but the Fe-Pn distance!®. This distance is closely
related to the pnictogen height hp, and constitutes a more comprehensible parameter from a

crystal chemical point of view.

In 2009 Sr,ScOz;FeP was discovered as the first representative of a new structure type of
iron-based superconductors: the 21311 typel®. Its structure is composed of the typical
(FeP,,) tetrahedral layers separated by perovskite-like layers of (Sr,ScOs)" with a large Fe-
Fe interlayer distance of 1554 pm. Sr,ScO;FeP is superconducting with T, =17 K. This
critical temperature is exceptionally high for an iron-phosphide system, which is why a lot of
attention was drawn towards Sr,ScO;FeP. However, the tetrahedral symmetry is not ideal
with a small fourfold tetrahedral angle of 105.2° and a short Fe-P distance of 233.8 pm. With
these structural features, applying pressure leads to a decreasing T. as the fourfold
tetrahedral angle and the Fe-P distance are only reduced further, away from the ideal

values®!,
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7 The effects of chemical pressure in the solid solution Sr,ScOsFeAs; P,

Shortly after Sr,ScOsFeP, the isostructural arsenic compound Sr,ScOs;FeAs was reported®?.
Due to the larger arsenic atoms its cell volume is bigger than the one of the phosphide
compound with an enlarged Fe-Fe interlayer distance of 1581 pm. The symmetry of the FeAs
layer is closer to ideal values with a fourfold tetrahedral angle of 107.9° and an Fe-As
distance of 243.4 pm. The compound exhibits a Curie-Weiss-like behavior and no signs of
superconductivity were detected. By applying pressure on Sr,ScO;FeAs the structure should
approach the structure of the phosphide compound, whereby the Fe-As distance would be
reduced and superconductivity might be induced. However, so far, no pressure experiments

on Sr,ScO3FeAs were reported.

In this chapter, the effects of chemical pressure through isoelectronic substitution of arsenic
by smaller phosphorus atoms in the solid solution Sr,ScO;FeAs;,P, with x=0-1 are
studied. Particularly, it is examined how this chemical pressure affects the FePn tetrahedral

structure and the magnetic properties of the system.

7.2 Experimental details

Polycrystalline samples of Sr,ScOs;FeAs P, with x=0-1 were synthesized by heating
stoichiometric mixtures of Sr, Sc,0;, Fe,O;, As, and P. The reaction mixtures were
transferred into alumina crucibles, sealed in silica ampoules, and heated up to 1373 K for
40 h at rates of 60 K/h and 200 K/h for heating and cooling, respectively. Hereby, all samples
containing arsenic were heated at a rate of only 25 K/h between 573 K and 873 K. Then, the
samples were homogenized, pressed into pellets, and sintered for 40 h at 1373 K with
heating rates of 100 K/h and cooling rates of 200 K/h. This sintering step was performed

twice.

X-ray powder-diffraction patterns were recorded using both Huber diffractometers with Cu-
Ka; and Co-Ka;, radiation. For Rietveld refinements of the data the TOPAS package®® was
used with March Dollase functions to describe the preferred orientation of the crystallites.
Energy dispersive X-ray (EDX) experiments were performed on the Jeol JSM-6500 FE SEM

and magnetic measurements on the AC susceptometer.
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7.3 Sample composition

Sr,ScO5FeAsq P, samples with nominal phosphorus contents between 0 and 100 % were
obtained with the desired 21311 compound as main phase. The actual phosphorus content
within this phase was determined via EDX measurements. As can be seen in Figure 7.1, the
experimentally determined P content is very close to the nominal one for all samples except

one, whereby this maximum deviation is found for x,,m = 0.70 and x = 0.52.

1.0

nom

06

0.4

0.2

Nominal phosphorus content x

0.0 0.2 0.4 0.6 0.8 1.0
Phosphorus content x determined by EDX

Figure 7.1: Relation between the nominal phosphorus content in Sr,ScOs;FeAs,_,P, and the one
determined by EDX.

As impurity phases SrFe,P,, SrSc,0,, Sr,As, and SrO occurred with differing amounts. In two
samples an additional impurity phase was detected which could not be identified. The
composition of all samples is listed in Table 7.1. The amount of impurity phases is increased
with increasing phosphorus content. While SrFe,P; is nearly always formed in samples with

x > 0.61, the analogous As compound is not found as impurity phase for lower P contents.
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7 The effects of chemical pressure in the solid solution Sr,ScOsFeAs; P,

Table 7.1: Composition of the Sr,ScO;FeAs,_,P, samples according to Rietveld refinements.

amount (wt%) of
X Sr,ScOsFeAs Py SrFe,P, SrSc,0, Sr,As SrO unidentified phase

0 100 - ; ; ] ]
0.21 99 - - ] 1 ]
0.22 95.7 - - 2.3 2 ;
0.34 94.1 - 2.8 18 1.3 ;
0.45 93 - 4 15 15 )
0.49 100 - ; ; ] ]
0.52 86.6 - 8.4 5 ; ]
0.61 >66 1 23 - ] <10
0.76 94.4 3.3 2.3 - ; ;

0.8 84.8 5.8 7.4 2 - -
0.82 89.6 7.2 3.2 - ; ]
0.82 82.5 11.2 - - 6.3 )
0.86 84.9 9.9 - - 5.2 -
0.89 58.4 17.4 13.2 29 8.1 -
0.89 92.7 7.3 - ; ] ]
0.89 89.6 6.6 2.8 - 1 ;
0.93 >74 - 16 - - <10
0.94 76.1 12.1 5.9 - 5.9 -

1 92.6 7.4 . ; ] ]

1 86.2 9.5 - - 4.3 ;

7.4 Crystal structure

The structural properties of Sr,ScOs;FeAs, P, are studied based on the crystallographic data
obtained from Rietveld refinements of the X-ray data. Exemplarily, the X-ray diffraction
patterns of samples with x = 0, 0.49, and 1 are displayed in Figure 7.2 and the corresponding

crystallographic data can be found in Table 7.2.
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Figure 7.2: X-ray powder-diffraction pattern (blue) of Sr,ScO;FeAs P, with x = 0 (top, Cu-Ka,
radiation), 0.49 (middle, Cu-Kay), and 1 (bottom, Co-Ka,) with Rietveld refinements (red).

Although the structural parameters for Sr,ScOs;FeAs and Sr,ScOsFeP differ slightly from the
ones given in literature®™! the same clear trend is found here: the arsenic compound
exhibits the larger unit cell with a longer Fe-Fe interlayer distance. Hereby, the FeAsy.
tetrahedra are closer to the symmetry of an ideal tetrahedron than the FeP,, tetrahedra. In
order to analyze the structural changes within the solid solution Sr.ScOj;FeAs P, in more
detail, the lattice parameters and the cell volume are plotted in Figure 7.3 as function of the

phosphorus content.
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7 The effects of chemical pressure in the solid solution Sr,ScOsFeAs; P,

Table 7.2: Crystallographic data for Sr,ScOsFeAs. P, with x =0, 0.49, and 1.

Sr,ScOsFeAs,.,P,

space group
phosphorus content x
wavelength (nm)

molar mass (g/mol)
lattice parameter a (pm)
lattice parameter ¢ (pm)
cell volume (nm3)
density (g/cm?)

Z

data points

reflections (all phases)
refined parameters

Rp, wRp

Rorage: X°

atomic parameters
Sr1 2c¢ (0, 0.5, 2)

Sr2  2c¢(0,0.5, 2)
Sc  2c(0,0.5, 2
O1 4f(0,0, 2

02 2c¢(0,0.5, 2)

Fe 2a(0,0,0)
Pn  2c(0,0.5, 2)

tetrahedral angle a (°)

Fe-Pn distance (pm)

0

0.15406
398.961
404.79(1)
1579.86(1)
0.25886(1)
5.20(1)

2

18901

114

87

0.007, 0.009
0.004, 1.942

z=0.8098(1)
Usso = 93(3) pm?
z=0.5820(1)
Uiso = Uiso(S11)
z=0.3115(2)
Uso = 200(6) pm?
z=0.2863(2)

Uso = 260(10) pm?

z=0.4316(3)
Usso = Uso(O1)
Usso = 69(4) me
z=0.0887(1)
Uso = 52(4) pm?

108.9(1)

246.2(1)

P4/nmm (no. 129, o1)

0.49
0.15406
377.426
403.14(1)
1565.93(2)
0.25449(1)
4.96(1)

2

18901

111

88

0.009, 0.012
0.002, 0.681

z=0.8163(1)
Uso = 38(4) pm?
z=0.5848(1)
Uiso = Uiso(ST1)
z=0.3045(2)
Uso = 167(8) pm?
z=0.2827(3)

Uso = 120(10) pm?

z=0.4322(4)
Usso = Uiso(O1)
Uso = 61(7) pm?
z=0.0831(2)
Uso = 40(10) pm?

107.1(1)

239.9(1)

1
0.17890
355.013
401.01(1)
1552.82(1)
0.24971(1)
4.72(1)

2

18901

108

73

0.008, 0.011
0.003, 0.762

z=0.8188(1)
Usso = 65(3) pm’
z=0.5861(1)
Uiso = Uiso(ST1)
z=0.3021(2)
Uso = 71(6) pm®
z=0.2801(2)
Uso = 115(8) pm?
z=0.4288(3)
Usso = Uiso(01)
Uso = 153(6) pm?
z=0.0772(2)
Uso = 40(10) pm?

105.3(1)

233.6(1)
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7 The effects of chemical pressure in the solid solution Sr,ScOs;FeAs P,

The chemical pressure applied by partially substituting arsenic by smaller phosphorus atoms
leads to a reduction of both lattice parameters and thus also the cell volume. Hereby, all
three parameters decrease linearly with increasing P content. While the lattice parameter a
only decreases by 0.9 %, c is reduced nearly twice as much by 1.7 %, which results in a
reduction of the cell volume by 3.5 %. In the 21311 structure type the lattice parameter ¢
corresponds to the Fe-Fe interlayer distance. Hence, this distance is also reduced by 1.7 %.
However, this is not achieved by a compression of the (SrScO;) interlayer but only by
compressing the FePn layer, as demonstrated in Figure 7.4. The total height of the FeP
tetrahedral layer in Sr,ScOsFeP is 14.4 % smaller than the FeAs layer in Sr,ScOs;FeAs
(highlighted in red in Figure 7.4), whereas the perovskite-like interlayer (highlighted in blue) is
even slightly expanded along ¢ by 1.1 %. It is not surprising that only the FePn layer is
compressed, as the perovskite-like interlayer is quite stiff in its structure. In Sro.CrO;FeAs (cf.
Chapter 9), where scandium has been replaced by chromium, the interlayer is only
compressed by 2 % as compared to Sr,ScO;FeAs, although the effective ionic radius of Cr*?
(61.5 pm) is ~17 % smaller than the one of Sc** (74.5 pm)**.. For comparison: P* (166 pm) is

only ~6 % smaller than As* (176 pm)®*.

1580} 10264

1560 10.258

aoal 10.252

Lattice parameters (pm)
Cell volume (nm?3)

4021 S 0.246

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Phosphorus content x

Figure 7.3: Refined lattice parameters (left) and cell volume (right) of Sro.ScOs;FeAs P, as a function

of the phosphorus content x.

The strong compression of the FePn layer within the solid solution Sr,ScO;FeAs P, leads to
a significant flattening of the tetrahedra. Figure 7.5 shows the Fe-Pn distance and the
tetrahedral angle a (marked in Figure 7.4) as a function of the phosphorus content x. The
symmetry of the FeAs tetrahedra in Sr,ScOs;FeAs is very close to the ideal tetrahedral

symmetry with a fourfold tetrahedral angle of 108.9°.
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7 The effects of chemical pressure in the solid solution Sr,ScOsFeAs; P,

Sr,5c0,FeAs Sr,ScO,FeP

Figure 7.4: Crystal structures of Sr,ScOsFeAs (left) and Sr,ScO3zFeP (right) in direct comparison.

By substitution of As by P, the tetrahedra are compressed along ¢, whereby a is reduced by
3.3 %. While this reduction proceeds linearly up to phosphorus contents of 61 %, a broader
distribution is found for higher contents. The same applies to the course of the Fe-Pn
distance. Starting with 246.2 pm at x = 0, d is reduced linearly up to x = 0.61, then exhibits a
broader distribution, and is overall reduced by 5.1 % at x = 1. This broad distribution might be
due to the higher amount of impurity phases at high P contents, impeding a reliable
refinement of the atomic positions.
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Figure 7.5: Refined Fe-Pn distance d (left) and tetrahedral angle a (right) of Sr,ScOz;FeAs,. P, as a

function of the phosphorus content x.
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7 The effects of chemical pressure in the solid solution Sr,ScOs;FeAs P,

7.5 Magnetic properties

As the pure phosphorus compound exhibits superconductivity while the pure arsenic
compound does nat, it is interesting to study at which phosphorus content superconductivity
is induced. Figure 7.6 shows the magnetic susceptibilities of several samples with x = 0.76 -
1.00. For samples with equal phosphorus contents, superconducting transitions with similar
T. but strongly differing superconducting volume fractions are found (see samples with
x =0.82 and x = 1.00).

0.00} ;- 1 0.00
x=0.76 X =0.86
e x=0.80 e x=0.94
3 0.05) o/e x=0.82 oox=100 1799 2
B B
< <
-0.10} 4 -0.10
015} {-0.15
5 ‘ 20 ‘ 35 5 ' 20 35

Temperature (K)

Figure 7.6: Magnetic susceptibilities of several Sr,ScO;FeAs. P, samples.

For a detailed overview of the superconducting properties within this system, the critical
temperature T, and the superconducting volume fraction fs. are plotted in Figure 7.7 as a
function of the phosphorus content x. No superconductivity is observed up to x=0.45.
However, already in the phosphorus content range of 49 to 61 % traces of superconductivity
are detected with superconducting volume fractions of less than 2 %. By further increasing
the P content, the critical temperature quickly increases until it reaches its maximum at
x =0.86 with T, = 19.5 K. At higher phosphorus contents T, is reduced again. The samples
with x = 1 exhibit a T, of 15.5 K and 15.9 K, thus slightly lower than the critical temperature of

17 K reported in literature!®®!.

The small superconducting volume fractions within this system with a maximum of 27 % for
x = 0.89 might be due to grain boundary effects or so far unknown peculiarities concerning
the sample composition. However, as all samples with similar phosphorus contents have
similar T.s but some exhibit strongly differing fi.s, the small volume fractions cannot be
ascribed to inhomogeneities within the 21311 phase as this would also affect the critical
temperatures. Additionally, small superconducting volume fractions seem to be a general
characteristic of the 21311 type of iron-based superconductors, which is still not fully

understood, and have been reported before!®>!.
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7 The effects of chemical pressure in the solid solution Sr,ScOsFeAs; P,

Nevertheless, analyzing the magnetic properties of Sr,ScOz;FeAs P, has revealed a range
of chemical pressure within this solid solution where the superconducting properties are
enhanced as compared to the pure phosphorus compound. All samples with a phosphorus
content of 67-94 % clearly and reproducibly become superconducting at higher
temperatures than Sr,ScOs;FeP. Therefore, the optimal structural conditions for
superconductivity in this system occur in compounds with less compressed FePn layers than

found for x = 1.
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Figure 7.7: Critical temperature (left) and superconducting volume fraction (right) of Sr,ScOszFeAs, Py

as a function of the phosphorus content x.

7.6 Conclusion

Applying chemical pressure to Sr,ScO3FeAs by substituting arsenic by phosphorus within the
solid solution Sr,ScO3;FeAs P, leads to a compression of the FePny, layer, while the
perovskite-like interlayer is slightly decompressed. Hereby, the nearly ideal tetrahedral
symmetry within the pure arsenic compound is lost and the FePn tetrahedra are flattened. As
iron-based superconductors often exhibit the highest critical temperatures when the
tetrahedra are close to an ideal symmetry, it is surprising that the pure phosphorus
compound with flat tetrahedra is superconducting while the pure arsenic compound with
nearly ideal tetrahedra isn't. This indicates that other, still unknown parameters are decisive

for the occurrence of superconductivity in this system.

In Sr,ScO;FeAs. P, superconductivity emerges at phosphorus contents of more than 61 %,
while traces of superconductivity are already detected at x = 0.49. Within this solid solution
the maximum T, of 19.5 K was found for x = 0.86 and therefore in a compound with slightly

less compressed tetrahedra than in Sr,ScO;FeP.
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It would be interesting to compare the effects of chemical pressure upon Sr,ScOz;FeAs
studied here with the effects of physical pressure as the results might be different. On the
one hand, physical pressure might lead to a more uniform compression of the unit cell,
whereby not only the FePn layer might be flattened. On the other hand, as mentioned above,
the emergence of superconductivity in this system does not seem to depend mainly on
structural parameters. Thus, applying physical pressure to Sr,ScOz;FeAs without introducing

phosphorus into the structure might not induce superconductivity at all.

For the isostructural vanadium compound Sr,VOs;FeAs, which is superconducting with a
critical temperature of up to 37 KI®! and will be discussed in detail in Chapter 8, experiments
under physical pressure have been reported in literature and led to an enhancement of the
critical temperature up to 45 K. The corresponding phosphorus compound is not known
until now. Nevertheless, first experiments on phosphor substitution in Sr,VO3;FeAs have been
performed and revealed promising results. Indications of an enhanced critical temperature at
a phosphorus content of 30 % were found. However, in contrast to scandium compounds the
reproducibility of T, for vanadium compounds of the 21311 type is problematic, as will be

discussed in Chapter 9.
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8.1 Introduction

High critical temperatures above 30 K in iron-based superconductors are obviously confined
to the scenario of parent compounds exhibiting an antiferromagnetic order of the iron
moments, which must be destabilized in order to induce superconductivity. Other iron-
pnictide superconductors like LaFePO,”® KFe,As,,®™ and LiFeAs®® without magnetic
ordering of the stoichiometric parent compound only exhibit critical temperatures well below
20 K. An exception seems to be the iron-arsenide Sr,VO3;FeAs which is superconducting up
to 37 K and even 45 K under pressure’® in its stoichiometric phase. No magnetic ordering
in the FeAs layer or structural phase transitions have been found up to now. However, the
true stoichiometry of this compound remained a subject of discussion."™"°" |t was debated
whether intrinsic electron doping through oxygen deficiency or V**/V** mixed valence might
play a role.l'"*'% The latter may explain the absence of magnetic ordering; however, oxygen

deficiency has never been detected experimentally.

Shortly after the discovery of Sr,VO3;FeAs it was suspected that this material may constitute
a new paradigm, as its electronic structure did not seem to fulfill the Fermi surface (FS)
quasinesting condition, which is believed to be essential for high critical temperatures.
Hereby, the FS consists of cylinders, which are separated by a so-called nesting vector g
(Figure 8.1). These cylinders originate from bands crossing the Fermi level, which are
electron like (with the shape of an upwardly open parabola) and hole like (with the shape of a

downwardly open parabola).!'”
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8 Weak magnetism and the Mott state of vanadium in superconducting Sr,VO3FeAs

r M

Figure 8.1: Left - Schematic band structure with a hole-like band around I and an electron-like band
around M. Right - Corresponding schematic Brillouin zone with Fermi surface cylinders and the

nesting vector q.

Indeed, first generalized gradient approximation (GGA) calculations predicted half-metallic V
3d bands and magnetic properties inconsistent with experimental data.'"® Weak
hybridization between the V 3d and Fe 3d bands near Er changes the FS topology
significantly and destroys the quasinesting."**'%! However, by weighting the electronic states
of this more complex FS with their Fe character, an FS was obtained that again supports the
quasinesting model.'® The latter was also confirmed by angle-resolved photoemission
experiments with Sr,VOs;FeAs crystals."””! It was suggested that magnetic ordering of the V
sublattice could remove the V 3d states from the Fermi level by magnetic exchange splitting,
so as to maintain the characteristic quasinested FS topology. First evidence for such
magnetic ordering was found by neutron scattering,'® but the magnetic structure remained
unclear. Antiferromagnetic ordering of the V sublattice was also indicated by muon spin
rotation (uSR) and NMR-spectroscopy.!'®®'%! | ocal-density approximation calculations with
the Hubbard U correction (LDA+U) revealed an antiferromagnetic ground state with a gap in
the V 3d bands and a magnetic moment of ~ 1.8 ug per vanadium.'® In this case, the
magnetic exchange splitting would be large enough to open a significant gap in the V 3d
bands, but on the other hand, a magnetic moment of such magnitude has not been observed

by any experiment so far.

In this chapter neutron powder-diffraction data of polycrystalline Sr,VO;FeAs are presented
along with density functional theory (DFT) calculations to understand the results. By using
polarized neutrons it is shown that antiferromagnetic ordering evolves around 45 K with a
magnetic moment of ~ 0.1 g per vanadium, thus more than one order of magnitude smaller
than the LDA+U prediction. GGA plus exact exchange of correlated electrons (EECE)

calculations reveal that the V 3d orbitals are in a Mott state and subject to strong on-site
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repulsion correlations which remove the V states from the Fermi level without significant

magnetic moment, leading to a consistent picture of this superconducting material.

8.2 Experimental details

A polycrystalline sample of Sr,VO3;FeAs (4 g) was synthesized in four separate 1-g batches.
Stoichiometric mixtures of Sr, V, Fe,O3;, and As,O; were transferred into alumina crucibles
and sealed in silica ampoules. The samples were heated up to 1323 K for 60 h at rates of
60 K/h and 200 K/h for heating and cooling, respectively. Afterwards, the samples were
homogenized, pressed into pellets, and sintered for 60 h at 1323 K. The batches were then
united, homogenized, pressed into two pellets (both pellets being placed in the same alumina
crucible), and sintered again for 60 h at 1323 K. The product was obtained as a black,

polycrystalline air-stable sample.

Room-temperature X-ray powder-diffraction patterns were recorded using the STOE
diffractometer (Mo-K,1 radiation). Room-temperature high-resolution neutron diffraction data
were measured at SPODI. Measurements with polarized neutrons were recorded at the
polarized neutron spectrometer DNS. For Rietveld refinements of the data the TOPAS
package® was used with March Dollase or spherical harmonics functions to describe the
preferred orientation of the crystallites. Magnetic measurements were performed using the

SQUID magnetometer.

Electronic band structure calculations were performed with the WIEN2k program package!*?
with a separation energy for core and valence states of -6 Ry, whereby 56 irreducible k
points were used. The muffin-tin sphere radii Ry (in a.u.) were 2.30 for Sr, 1.92 for V, 2.30
for Fe, 2.21 for As, and 1.73 for O. In order to reproduce the Mott insulating state of the
vanadium-oxide layer in Sr,VO3FeAs, the EECE approach implemented in the package was
used.""" The functional is obtained by removing the local exchange-correlation energy of the
V 3d orbitals and replacing it with the exact Hartree-Fock exchange energy. Thus the
exchange term is corrected by an exact expression instead of approximations, as in LDA+U
or GGA+U schemes.
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8.3 Crystal structure

Rietveld refinements of the X-ray and SPODI neutron data (Figure 8.2 and Table 8.1)
Sr2VO3FeAS with 3.2 % Sr3V207.x, 2.2 %

orthorhombic Sr,VO,, and 3.3 % FeAs as impurity phases (wt %). No oxygen deficiency was

revealed the sample composition 91.3 %

detected in the Sr,VO5;FeAs phase, since both oxygen sites remained fully occupied within
the experimental errors during the refinement. Also, no vanadium was detected on the iron

site; hence, the Sr,VOsFeAs phase in the sample turns out to be stoichiometric.

Compared to the isostructural scandium compound which has been discussed in the
previous chapter, the lattice parameters of Sr,VOs;FeAs are decreased by 3 % (a) and 0.7 %

(c).
Sr,ScO3FeAs. The Fe-As distance of ~242 pm is about 2 % longer in the vanadium

Thus, the cell volume of this compound is 6 % smaller than the one found for

compound and the FeAs tetrahedra are nearly ideal with a fourfold tetrahedral angle of
109.7°. While the total height of the FeAs layer is ~281 pm and bigger than the one in
Sr,ScO;FeAs, the interlayer height in Sr,VO3FeAs is smaller with only ~972 pm.
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Figure 8.2: X-ray (bottom) and SPODI neutron (top) powder-diffraction pattern (blue) of Sro,VO3;FeAs

with Rietveld refinements (red).
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8 Weak magnetism and the Mott state of vanadium in superconducting Sro,VO3;FeAs

Table 8.1: Crystallographic data for Sr,VO;FeAs.

Sr,VOsFeAs

diffractometer
wavelength (nm)

space group

molar mass (g/mol)
lattice parameter a (pm)
lattice parameter ¢ (pm)
cell volume (nm3)
density (g/cm?)

Z

data points

reflections (all phases)
refined parameters

Rp, wRp

Roraga X

atomic parameters

Sr1 2¢ (0, 0.5, 2)

Sr2 2¢(0,0.5, 2)
Vv 2¢ (0, 0.5, 2)
O1  4f(0,0,2)

02  2c(0,0.5,2)

Fe 2a (0, 0, 0)
As 2¢ (0, 0.5, 2)

tetrahedral angle a (°)

Fe-As distance (pm)

STOE (X-ray)
0.07093

P4/nmm (no. 129, o1)

404.9463
393.67(1)
1569.18(4)
0. 24318 (1)
5.53(1)

2

4800

1209

73

0.010, 0.013
0.002, 0.977

z=0.8097(2)
Uiso = 74(9) pm2
z=0.5861(3)

Usso = 130(10) pm?

z=0.3092(3)
Uso = 70(20) pm®
z=0.2955(6)
Uso =40(30) pm2
z=10.4293(7)
Uiso = Uiso(O1)

Uiso = 100(10) pm?

z=0.0896(3)
Uso = 80(10) pm?

109.8(1)

241.9(2)

SPODI (neutron)
0.1548

P4/nmm (no. 129, o1)

404.9463
393.47(1)
1569.01(1)
0.24292(1)
5.53(1)

2

2939

1369

76

0.021, 0.028
0.009, 3.005

z=0.8099(1)
Uso = 43(3) pm?
z = 0.5860(1)
Uso = 89(3) pm?
z=0.3020(20)
Usso = 40(40) pm?
z=0.2934(1)
Uso = 52(3) pm?
z = 0.4299(1)
Uso = 80(4) pm?
Uso = 38(2) pm?
z=0.0894(1)
Usso = 38(3) pm?

109.7(1)

241.6(1)
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8 Weak magnetism and the Mott state of vanadium in superconducting Sr,VO3FeAs

8.4 Magnetic properties

Magnetic susceptibility measurements (Figure 8.3) revealed that the sample is
superconducting with T, = 25 K. Thus, this stoichiometric Sr,VOs;FeAs has a comparably low
T., which contradicts to the work of Han et al. where nominally stoichiometric samples exhibit
the highest critical temperatures and decreasing values were attributed to oxygen
deficiencies.l"” The superconducting volume fraction of the sample presented here is
roughly estimated to be about 26 %. Although most experimental works about Sr,VO3;FeAs
do not mention the superconducting volume fractions achieved, such small values have been
reported before®® and seem to be another general peculiarity in this system besides the

strongly differing superconducting transition temperatures.
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Figure 8.3: Zero-field-cooled/field-cooled susceptibility of Sr,VO3;FeAs at 15 Oe.

Earlier neutron-diffraction experiments revealed weak additional reflections at low
temperatures which indicate possible magnetic ordering of vanadium."®® In order to clarify the
origin of these reflections, low-temperature diffraction experiments with polarized neutrons
were performed. Hereby, nuclear and magnetic reflections can be separated from each other
and from the spin incoherent scattering. Figure 8.4 shows the intensity relation between all
three contributions. All intensities have been normalized to the total spin incoherent
scattering cross section of vanadium. It is evident that the magnetic scattering is very small
compared to the nuclear part. Nevertheless, significant magnetic peaks are visible (see the

inset of Figure 8.4).
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Figure 8.4: DNS neutron scattering pattern of Sr,VO;FeAs at 2 K divided into nuclear (black),
magnetic (purple) and spin incoherent (green) contributions. Inset: Enlarged image of the magnetic

contribution.

These reflections differ from those observed earlier® because of the spin incoherent
scattering contribution. Due to the large incoherent scattering length of *'V this contribution
causes a strong scattering background. As can be seen in Figure 8.5, the overall scattering
intensities obtained at DNS at 2 K before polarization analysis (Figure 8.5, top) would have
led to very similar results as published by Tegel et al.® (Figure 8.5, bottom, assumed
magnetic reflections marked by black arrows). However, the polarization analysis allows to

filter out the true magnetic reflections shown in the inset of Figure 8.4. These reflections can

be indexed as % % I and thus point to a magnetic ordering of the vanadium moments with a

1] 0). Due to different intensities of the reflections, it is assumed

propagation vector q = (g' 3

that the magnetic moments are aligned along [001].
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Figure 8.5: Overall DNS neutron scattering pattern of Sr,VO3FeAs at 2 K (top) and SPODI neutron
scattering patterns at 4 K and 300 K as published by Tegel! et al.* (bottom).

The temperature dependency of the magnetic ordering parameter is shown in Figure 8.6.
The magnetic transition at about 45K is consistent with magnetic susceptibility
measurements.®'%! These showed anomalies around 50 K, which are related to the
magnetic transition reported here. However, the neutron experiments showed no significant

change of the diffraction pattern in the temperature range of the further reported susceptibility

anomalies around 70 K and 150 K.
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Figure 8.6: Temperature dependency of the magnetic ordering parameter of the V sublattice in
Sr,VO;FeAs measured at Q =0.29 A™.

From the magnetic scattering intensity an ordered magnetic moment of ~0.1 w/V is
estimated in agreement with the pySR experiments,''® but in stark contrast to LDA+U
calculations, which predicted much higher values around 1.8 pg/V.""® However, the magnetic
exchange splitting of a 0.1-ug magnetic moment is certainly too small to remove the V 3d
states from the Fermi energy. This suggests that the V atoms in Sr,VO;FeAs are in a Mott
state where the electronic correlation is dominated by the on-site Coulomb repulsion, but

without magnetic ordering.

8.5 DFT calculations

In order to check this idea, GGA+EECE calculations were performed with an exact (Hartree-
Fock) exchange correction applied to the V 3d orbitals without magnetic moment. Figure 8.7
shows the band structures and Fermi surfaces of non-magnetic Sr,VO;FeAs calculated with
standard GGA and with GGA+EECE, respectively. The standard GGA calculation produces
metallic V 3d bands and consequently an FS which is more complex due to the hybridization
of V 3d with Fe 3d bands. By applying the EECE functional, the V 3d bands are shifted to
much lower energies, and the vicinity of the Fermi energy is now dominated by the Fe 3d
states as known from other iron-arsenide materials. Even without magnetic moment, the FS
shows the quasinesting between hole-like and electron-like cylinders, which is the typical FS

topology of iron-arsenide superconductors.
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Figure 8.7: Band structure of Sr,VO3;FeAs with iron (top) and vanadium (middle) contributions
emphasized and Fermi surface (bottom) calculated with GGA (left) and GGA+EECE (right).
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8 Weak magnetism and the Mott state of vanadium in superconducting Sro,VO3;FeAs

LDA plus dynamical mean-field theory (DMFT) calculations provide similar results.['"?
However, the absence of magnetic ordering in the Fe sublattice and the emergence of
superconductivity in the stoichiometric phase indicates that Sr,VOj;FeAs is intrinsically

doped, probably by a certain degree of V**/V** mixed valence.

8.6 Conclusion

These results consistently show that Sr,VO;FeAs is a typical iron-arsenide superconductor
with quasinested FS topology. No deviations from the ideal composition were found by
Rietveld refinements of neutron powder patterns, ruling out oxygen deficiency as well as V

doping at the Fe site. Magnetic ordering in the V sublattice was detected by polarized-

11

neutron scattering with a probable propagation vector q = (5, 3’ 0). The estimated ordered

moment of 0.1 ug/V is much smaller than recently predicted by LDA+U calculations, and
certainly too small to produce a significant gap in the V 3d bands by magnetic exchange
splitting. However, DFT calculations using a GGA+EECE functional revealed the typical
quasinested FS even without magnetic moment. The V atoms are in a Mott state where the
electronic correlations are dominated by on-site Coulomb repulsion, which shifts the V 3d
states away from the Fermi energy. Given the ideal stoichiometry of Sr,VO3;FeAs, intrinsic
electron doping through V**/V* mixed valence may be responsible for the absence of spin-

density wave ordering and thus for superconductivity.
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9 Superconductivity in Sr,V,.,Cr,Os;FeAs

9.1 Introduction

In iron-based superconductors it is still not fully understood which factors are decisive for the
emergence of superconductivity. Typically, superconductivity can be induced in parent
compounds by electron, hole, or isoelectronic doping or by applying pressure. Through these
methods it is also possible to vary the critical temperature of a system. As all of these
modifications always affect more than only one property of the system, it is often hard to find
out which feature is the most decisive one. For example, hole doping of BaFe,As, by partial
substitution of Ba by K!'"®! which leads to superconductivity, does not only result in a
reduction of the total number of electrons but also structural changes due to the smaller size

of potassium compared to barium.

For Sr,VO3FeAs superconductivity has been reported with strongly differing T.s, varying from
13 to 37 K"%_ |t is still unclear, by which factors this critical temperature can be controlled.
As possible influencing factors the lattice parameters, a mixed valence of vanadium, or a
hypothetical oxygen deficiency are discussed.®”'°""% What is known with certainty from
muon spin rotation (USR), NMR, and neutron experiments is that the compound exhibits a

weak magnetic ordering of the vanadium moments.[?¢1%8.1%]

In contrast to this, the isostructural compound Sr,CrOs;FeAs is not superconducting, but
shows robust antiferromagnetic ordering of the Cr** moments (2.75 ug/Cr, Ty = 36 K)!'"™.
From this, one might infer that the strong magnetic moments at the Cr sites interfere with
superconductivity, while the weak moments at the V sites do not. However, neutron
diffraction studies suggest that the absence of superconductivity in Sr,CrO;FeAs is not
inevitably ascribed to magnetic ordering. A slight substitution of chromium for iron atoms in
the superconducting FeAs layer (~7%) was detected, which may also be a reason for the

absence of superconductivity.

Here, the solid solution Sr,V4,Cr,OsFeAs is reported. This system comprises a large amount
of possible control factors for the emergence and the critical temperature of
superconductivity. Firstly, there are the factors discussed above for both Sr,VO3;FeAs and
Sr,CrOsFeAs, like the mixed valence of vanadium, the strong magnetism of chromium and a
mixed occupancy of the iron site. Secondly, there are additional factors due to the mixing of
V and Cr, such as the structural change by partially substituting vanadium by chromium and
a possible electronic doping. Therefore, the solid solution Sr,V,,Cr,OsFeAs opens an

opportunity to study the effects of these factors upon the physical properties of the
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9 Superconductivity in Sr,V4.,Cr,OsFeAs

compounds. By a combined X-ray, EDX, SQUID, neutron scattering, and XPS analysis it is
investigated at which point superconductivity is suppressed and whether oxidation states,
structural features, magnetism, or the composition of the FeAs layer are crucial to the

superconducting properties of the system.

9.2 Experimental details

Polycrystalline samples (0.3 g) of Sr,V41.,Cr,OsFeAs (nominal values for x =0 - 1 with a step
size of 0.1) were synthesized by heating stoichiometric mixtures of Sr, V, Cr, Fe,O3;, and
As,O3 in alumina crucibles which were sealed in silica ampoules. The reaction mixtures were
heated up to 1323 K for 60 h at rates of 60 and 200 K/h for heating and cooling, respectively.
After this, the samples were homogenized, pressed into pellets, and sintered for 60 h at
1323 K (with rates of 100 and 200 K/h for heating and cooling, respectively). This sintering
step was performed twice. For neutron experiments larger samples (2 - 4 g; with x =0, 0.1,
0.3, 0.4, 0.5, 0.8) were synthesized likewise but using two to four separate 1- or 1.1-g
batches for each sample. The separate batches were united after the first sintering step,
homogenized together, then pressed into pellets, and sintered for the second time. If the
sample quality, verified by X-ray powder-diffraction and susceptibility measurements, was

insufficient, a third sintering step was performed.

Room-temperature X-ray powder-diffraction patterns were recorded using the Huber
diffractometer with Cu-Ka; radiation. High-resolution neutron diffraction patterns at 4 K and
297 K were measured at SPODI. For Rietveld refinements of the diffraction data the TOPAS
package®® was used with March Dollase or spherical harmonics functions to describe the
preferred orientation of the crystallites. Shape anisotropy effects were described by the
approach of Le Bail and Jouanneaux®®'". Energy dispersive X-ray (EDX) experiments were
performed on the Jeol JSM-6500 FE SEM. For magnetic measurements the SQUID
magnetometer and the AC susceptometer were used. X-ray photoelectron spectroscopy
(XPS) measurements were performed as described in Chapter 2.9. For the fitting of the data,
the FWHM of the V°* signal was held at 0.95 eV according to [115]. Because of broad
variations in literature!>""® the FWHM of the V** signal was freely refined at first, then
averaged, and held at this value (1.9 eV) for the final fitting of the data. To neglect charging
effects, a fixed energy spacing between V°* and V** was set (Es(V°*) - Eg(V**) = 1.0 eV),

while the absolute energy values were refined freely in the fitting routine.
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9 Superconductivity in Sr,V4,Cr,OsFeAs

9.3 Results and discussion

The solid solution Sr,V4,Cr,OsFeAs was successfully synthesized with nominal values for x
of 0 to 1 with a step size of 0.1 and the products were obtained as black polycrystalline air-
stable samples. The effective chromium content of each sample was determined via EDX
measurements. Only a small discrepancy between nominal and actual chromium content
was observed (Figure 9.1). Hereafter only the experimentally determined values for x will be

used.
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Figure 9.1: Relation between the nominal Cr content and the one determined by EDX.

Rietveld refinements of the X-ray and SPODI neutron data revealed that samples with higher
chromium contents contain less impurity phases. Figure 9.2 exemplarily shows an X-ray
powder-diffraction pattern of two of the 0.3-g samples and the neutron data of one of the 2-
to 4-g samples, each including the respective Rietveld refinement. The corresponding
crystallographic data are compiled in Table 9.1. As impurity phases orthorhombic Sr,VO,,
tetragonal Sr,VO,, SrO, and FeAs were detected. The 0.3-g samples exhibit a main phase
fraction of 97 to 100 wt% and of 91 wt% in only one sample, while the larger samples have a

main phase fraction of 81 to 95 wt% and of only 65 wt% in one sample.
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Table 9.1: Crystallographic data for Sr,V4.,Cr,Os;FeAs with x = 0.45, 0.67, and 1.

Sr2V1 _XC rxo;;FeAS

space group
chromium content x
diffractometer
wavelength (nm)

molar mass (g/mol)
lattice parameter a (pm)
lattice parameter ¢ (pm)
cell volume (nm3)
density (g/cm?)

Z

data points

reflections (all phases)
refined parameters

Rp, wRp

Roragg: X

atomic parameters
Sr1 2c¢(0,0.5, 2)

Sr2  2c¢(0,0.5, 2)
V/Cr 2c¢(0,0.5, 2)
O1 4f(0,0, 2

02 2c¢(0,0.5, 2)

Fe 2a(0,0,0)
As 2c¢(0,0.5, 2)

0.45

SPODI (neutron)
0.1548
405.421
392.32(1)
1570.02(3)
0.24164(1)
5.28(1)

2

2939

425

75

0.033, 0.044
0.013, 2.429

z=0.8081(2)
Usso = 38(6) pm?
z=0.5859(2)
Usso = 57(7) pm?
z=0.3073(7)
Usso = 40(30) pm?
z=0.2933(1)
Usso = 38(5) pm*
z=0.4298(2)
Usso = 64(8) pm’
Uso = 38(5) pm?
z=0.0896(2)
Usso = 38(6) pm?

P4/nmm (no. 129, o1)

0.67

Huber (X-ray)
0.15406
405.653
391.23(1)
15.6893(3)
0.24013(1)
5.61(1)

2

18901

108

81

0.013, 0.019
0.006, 1.353

z=0.8061(1)
Usso = 84(3) pm’
z=0.5848(1)
Uso = 157(4) pm?
z=0.3126(1)
Usso = 98(6) pm?
z=0.2976(3)
Uso = 137(9) pm?
z=0.4284(3)
Uiso = Uiso(O1)
Uso = 135(5) pm?
z=10.0920(1)
Uso = 41(4) pm?

1

Huber (X-ray)
0.15406
406.001
390.65(1)
1575.52(3)
0.24044(1)
5.61(1)

2

18901

107

81
0.012,0.016
0.006, 1.156

z=0.8044(1)
Uiso = 68(3) pm2
z=0.5845(1)
Usso = 100(3) pm?
z=0.3124(1)
Uso = 94(5) pm?
z=0.2951(2)
Uiso = 43(8) pm2
z=0.4295(3)
Uiso = Uiso(O1)
Uso = 121(4) pm?
z=0.0907(1)
Uso = 79(4) pm?
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Figure 9.2: X-ray powder-diffraction pattern (blue) for Sr,V,.,Cr,OszFeAs with x = 1 (top), x = 0.67

(middle) and neutron powder-diffraction pattern (blue) with x = 0.45 (bottom) with Rietveld

refinements (red).

Magnetic susceptibility measurements revealed superconductivity in samples with a

chromium content of up to 63 % and show traces of superconductivity even up to x = 0.85.

Figure 9.3 shows the susceptibility data of all superconducting samples.

To get a better overview of the superconducting properties of the samples, Figure 9.4 shows

the critical temperature and superconducting volume fraction (fy) as a function of the

chromium content x.
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Figure 9.3: AC susceptibility of 0.3-g samples (top left) and zero-field-cooled/field-cooled susceptibility
of larger samples (top right and bottom) of Sr,V,_,Cr,O3FeAs.
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Figure 9.4: Critical temperature (left) and superconducting volume fraction (right) of Sr,V4,Cr,Os;FeAs

as a function of the chromium content x.

As expected, the substitution of vanadium by chromium leads to a weakening of the

superconducting properties. The superconducting volume fraction strongly decreases with
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increasing Cr content and we observe the same tendency for T.. However, samples with a
nearly equal chromium content but strongly differing T.s and f,;s were obtained. The best
example for this are the two 2-g samples around x =0.3 (top right in Figure 9.3 and
highlighted in light blue in Figure 9.4). One of them has a chromium content of x = 0.32 and
22 vol% of the sample become superconducting with a T. of 30 K. The other one contains
only slightly more Cr with x = 0.33 but merely 12 vol/% of the sample are superconducting
with considerably lower T, =19 K. These strongly differing superconducting properties are
very similar to what was reported for the pure vanadium compound Sr,VO3;FeAs, where the
controlling factor is still unclear. In case of the solid solution Sr,V,.,Cr,OsFeAs, possible
reasons for different superconducting properties in samples with very similar Cr contents are
differences in: 1. the structure (lattice parameters, As-Fe-As tetrahedral angle, Fe-As
distance); 2. the amount of possible oxygen deficiency; 3. the mixed occupancy of the Fe

site; 4. the strength of the Cr magnetism; 5. the mixing of the vanadium valence.
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Figure 9.5: Lattice parameters of Sr,V,_,Cr,OsFeAs as a function of the chromium content x. Filled

symbols: 0.3-g samples; open symbols: 2- to 4-g samples (lighter color: example compounds).

By analyzing the X-ray and neutron powder-diffraction data, structural details were examined
in order to test the first possible explanation. As can be seen in Figure 9.5, with increasing Cr
content the lattice parameter a decreases and c increases (both by ~0.7 %). However,
regarding the two example compounds (depicted in a lighter color), there is no significant
difference in their lattice parameters. The tetrahedral angle and Fe-As distance within the
FeAs layers (not shown) do not exhibit any relevant changes within the solid solution. As the

effective ionic radius of Cr** (61.5 pm) is ~4 % smaller than the one of V** (64.0 pm)®*, the
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total height of the interlayer is decreased with increasing Cr content, while the height of the
FeAs layer is slightly increased. Nevertheless, no structural differences are detected for the
two example compounds. Thus, this cannot be the reason for the observed strongly differing

superconducting properties at similar x.

From the neutron data of the 2- to 4-g samples the stoichiometry of the compounds could
also be verified. No oxygen deficiency was detected over the whole range of the solid
solution (both oxygen sites remained fully occupied during the refinement), therefore
possibility no. 2 can be excluded. Furthermore, no chromium or vanadium was found on the
iron site, i.e. up to x = 0.85 there is still no mixing of Cr and Fe in the iron-arsenide layers,

which rules out the third possible explanation.

By evaluating the low-temperature neutron data, the magnetism of the Cr** moments was
studied. As we know from earlier experiments with polarized neutrons!"'* the moments order
C-type-like at Ty = 36 K and the strongest magnetic reflections appear close to the nuclear
0 0 3 reflection. Figure 9.6 shows the 0 0 3 reflection at 297 and 4 K. At x = 0.49 and 0.85 we
clearly see the additional magnetic 2 72 0 and V2 % 2 reflections that unambiguously indicate
the ordering of the chromium moments. The sample with x = 0.45 already shows a weak
onset of this magnetic order. However, none of the two example compounds shows any sign
of magnetically ordered chromium. Hence, also the fourth possible explanation for their

different superconducting properties is disproved.
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Figure 9.6: SPODI neutron data of Sr,V,,Cr,OsFeAs at 297 K (blue) and 4 K (orange) - nuclear 0 0 3

reflection and developing magnetic reflections.

Consequently, only explanation no. 5 remains to be analyzed: a difference in the valence
state of vanadium as the crucial factor for superconductivity. In fact, XPS measurements

reveal significantly differing V oxidation states in the two example compounds.
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9 Superconductivity in Sr,V4,Cr,OsFeAs

For comparison, XPS measurements were performed on two more samples with equal
chromium content x =0 and differing T,s of 30 K and 25 K, respectively. The structural
parameters of both samples differ only slightly and can therefore not explain the differing
superconducting properties. As these two compounds are free of chromium, no Cr
magnetism or mixed Cr/Fe occupancy can influence the T.. Only the hypothetical oxygen
deficiency cannot be ruled out experimentally for the sample with T, =30 K as it was not
studied via neutron diffraction. However, in earlier studies a sample with similar T, was
analyzed where fully occupied oxygen sites were verified® so there is no reason to expect
oxygen deficiency in the sample presented here. Therefore, analogously to the two example
compounds discussed before, differing vanadium valence states are a reasonable
explanation for the differing superconducting properties and are indeed detected by XPS

measurements.

The obtained XPS spectra of all four samples including the theoretical fits are shown in
Figure 9.7. While we know from earlier XAS measurements that the pure vanadium
compound Sr,VOs;FeAs contains V** with a minor contribution of V*1'%! fitting the XPS data
of Sr,V,.,Cr,0sFeAs reveals V** and V°*, which is probably due to surface oxidation effects.
In order to make sure that these results are not influenced by surface oxidation due to
measurement artifacts, one sample was measured twice. Once after sample preparation in
the glove box (~ 2 seconds of air contact before the measurement) and once after sample
preparation at air (~ 1 minute of air contact). The other three samples were measured after

preparation in the glove box. The results of all five measurements are listed in Table 9.2.
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Figure 9.7: XPS spectra of Sr,V4,,Cr,OsFeAs with x = 0.3 (left) and x = 0 (right) after preparation in the

glove box.
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9 Superconductivity in Sr,V4.,Cr,OsFeAs

For the sample with x=0.32, T, = 30K, and f;. = 22 vol/% we find an oxidation state ratio
(V*:V®) of 1.006 after sample preparation in the glove box and 0.940 after 1 minute of air
contact. Thus, we get a difference of 6.6 % due to this drastically different handling. The
second sample with x = 0.33, T, = 19K, and f,, = 12 vol% exhibits a V*":V** ratio of 0.712.
Therefore, the V oxidation state ratios of both samples (prepared in the glove box) differ by
41.3 %. This difference is significantly bigger than the one obtained by different handling of a

sample.

The samples with x =0 and T, = 30 K and 25 K exhibit an oxidation state ratio of 0.629 and
0.526, respectively, differing by 19.6 %. Hence, the XPS measurements consistently find
larger V**:V°* ratios in the samples with higher critical temperatures. Also, the extent of the
differences might be associated to each other. While in the system with x = 0 an increase of
the oxidation-state ratio by 19.6 % goes along with an increase of the T, by 19.4 %, the
samples with x = 0.3 exhibit V**:V°" ratios differing by 41.3 % and T.s differing by 57.9 %.

Table 9.2: XPS data for Sr,V4.,Cr,O3FeAs.

X T, preparation ratio V**: V°*
Sample 1 0.32 30 K at air 0.940
glove box 1.006
Sample 2 0.33 19K glove box 0.712
Sample 3 0.00 30 K glove box 0.629
Sample 4 0.00 25K glove box 0.526

While the measured values of the oxidation states do not reflect the actual situation within
the bulk samples due to probable surface oxidation, the drastic difference in the oxidation-
state ratio cannot be ascribed to different handling of the samples during the measurement
as they were all prepared under argon atmosphere and even one minute of air contact before

the measurement led to a deviation of only 6.6 %.

Therefore, these results reveal a sample-intrinsic difference in the surface area, which must
originate from significant valence-state differences in the bulk samples. As no differences
regarding any of the other four factors discussed above for influencing the superconducting
properties were detected either in the two compounds with x = 0.3 or in both compounds with
x =0, this proves the key role of the vanadium oxidation state for superconductivity in
SV 1.Cr,OsFeAs.
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9 Superconductivity in Sr,V4,Cr,OsFeAs

9.4 Conclusion

The solid solution Sr,V1,Cr,Os3FeAs is superconducting up to x = 0.63 and shows traces of
superconductivity even up to a chromium content of 85 %. The influences which the
substitution of vanadium by chromium has upon the superconducting properties were
systematically studied: the structure, the occupancy of the different crystallographic sites, the
magnetism of Cr, and the valence state of V within the different samples. Finally, all results
indicate the key role of the valence state of vanadium for the superconducting properties of
Sr,V.,CrOsFeAs. As XPS measurements are restricted to the surface area of the measured
samples, the actual oxidation state within the bulk samples could not be determined but only
relative changes therein. Further XAS experiments on Sr,V4_,Cr,O3FeAs could help to reveal
actual values and assign them to the corresponding superconducting properties.
Nevertheless, identifying the vanadium valence state as important factor for the
superconducting properties of Sr,V4,Cr,OsFeAs contributes to the understanding of this

system of iron-based superconductors.
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10The influence of oxygen deficiency in the solid

solution Sr,V4,Cr,0;,FeAs

10.1 Introduction

In superconducting Sr,VO3;FeAs a possible oxygen deficiency has been a subject of
discussions ever since its discovery in 20097 Originally, it was suspected that oxygen
deficiency was the reason and thus a necessary prerequisite for the emergence of
superconductivity in this system. By now, it is believed by many researchers in this field that
oxygen deficiency is the reason for the strongly differing T.s found for Sr,VO3;FeAs. Mostly,
high T.s close to the maximum value of 37 K are ascribed to nearly fully occupied oxygen
sites and lower T,s are said to correlate with increasing oxygen deficiency.['®#"19121]
However, in none of these reports the actual oxygen content is ever determined
experimentally. Either the nominal oxygen deficiency is treated as the actual value or the true
oxygen deficiency is estimated by the compound's weight or lattice parameters. In one case
even the mere presence of impurity phases (without further analysis of their composition)

was taken as proof for oxygen deficiency in the main phase.!'*?
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Figure 10.1: Critical temperature of Sr,VO3;FeAs samples as a function of their lattice parameter c,
compiled from [97,100-102,109,120,122].

Figure 10.1 shows the critical temperature of Sr,VOzFeAs samples with nominal oxygen
deficiencies of y.om =0, 0.1, and 0.5 as a function of their lattice parameter ¢, compiled from

S[97,1 00-102,109,120,122]

different publication . Here, no correlation between the nominal oxygen

deficiency y.om, the lattice parameter ¢, and the critical temperature of a compound can be
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10 The influence of oxygen deficiency in the solid solution Sr,V4.,Cr,O5. FeAs

found, as ¢ and T, vary for samples with equal values of y,.m. Nevertheless, many

statements in literature are based upon these unconfirmed correlations.

In the very few reports in which the actual oxygen content has been determined
experimentally, samples with the nominal composition of Sr,VO3;FeAs and a T, of 33 K and

25 K, respectively, did not exhibit any oxygen deficiency.*>%!

Although oxygen deficiency in Sr,VO3FeAs is intensely discussed and its significance for the
superconducting properties of the compound is broadly accepted, its actual influence is still
unclear and has not been systematically analyzed up to now. It is only assumed that differing
T.s are caused by a change of the oxygen content. However, as discussed in Chapter 9, the
strongly varying T.s found for samples of Sr,V,,Cr,OsFeAs with similar chromium contents
were not caused by differences regarding the oxygen contents but the vanadium valence
states. These samples were synthesized without nominal oxygen deficiency and neutron

experiments confirmed the full occupancy of all oxygen sites.

To analyze the influence of nominal oxygen deficiency, the solid solution Sr,V4.,Cr,Os.,FeAs
was synthesized with x and y = 0 - 0.5. The effects on the structural and magnetic properties
of the compounds are studied and the alleged correlations between oxygen deficiency,

structural parameters, and superconducting properties are put to the test.

10.2 Experimental details

Polycrystalline samples of Sr,V.,CrO3.,FeAs with nominal values for x and y = 0 - 0.5 (with a
step size of 0.1) were synthesized by heating stoichiometric mixtures of Sr, V, Cr, Fe,03;, Fe,
and As,O; in alumina crucibles which were sealed in silica ampoules. The reaction mixtures

were then treated according to the synthesis described for 0.3-g samples in Chapter 9.2.

Room-temperature X-ray powder-diffraction patterns were recorded using the Huber
diffractometer with Cu-Ka, radiation. For Rietveld refinements of the diffraction data the
TOPAS package® was used with March Dollase functions to describe the preferred
orientation of the crystallites. Shape anisotropy effects were described by the approach of Le
Bail and Jouanneaux®®'". Energy dispersive X-ray (EDX) experiments were performed on the

Carl Zeiss EVO-MA 10. For magnetic measurements the AC susceptometer was used.
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10 The influence of oxygen deficiency in the solid solution Sr,V4.,,Cr,O5. FeAs

10.3 Sample composition

Compounds with the nominal composition Sr,V.,Cr,O3,FeAs were obtained as black
polycrystalline samples. Figure 10.2 exemplarily shows the X-ray powder-diffraction pattern

of a sample with x = 0.3 and y = 0.1 including its Rietveld refinement.
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Figure 10.2: X-ray powder-diffraction data of Sr,V,7Crq 30, 9FeAs (blue) and Rietveld refinement (red).

Orthorhombic and tetragonal Sr,VO,, FeAs, Fe;O4, and one unidentified phase were
detected as impurity phases (Table 10.1). Surprisingly, samples with higher nominal oxygen
deficiencies y,.m exhibit less impurity phases, whereby the smallest amount appears around

Vnom = 0.3. This trend is observed for all examined chromium contents.

The chromium content within the 21311 phase of each sample was determined via EDX
measurements. In Figure 10.3, the correlation between nominal chromium content and the
one found experimentally is depicted. The experimental values of x tend to be slightly larger
than x,.m, which can be explained by the fact that no chromium was detected in the impurity
phases. Therefore, the ratio of V and Cr within the main phase is shifted towards a higher
chromium content by the impurity phases which contain vanadium. Unfortunately, the
effective oxygen deficiency could not be determined via EDX measurements with the
required accuracy. Thus, all results in this chapter will be referred to the nominal oxygen

deficiency.
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10 The influence of oxygen deficiency in the solid solution Sr,V4.,Cr,O5. FeAs

Table 10.1: Composition of the Sr,V.,Cr,O3,FeAs samples according to Rietveld refinements.

amount (wt%) of
Xnom  Ynom SrVi,CrOz,FeAs 0-Sr,VO, t-Sr,VO, FeAs Fe3O, unidentified phase

00 0.0 63 6 20 7 4 -
0.1 70 5 16 6 3 -
0.2 > 93 2 1 3 - <1
0.3 89 5 3 - 3 -
0.4 > 92 - 2 - 3 <3
0.5 > 86 - 4 - 5 <5
01 0.0 49 16 19 13 3 -
0.1 79 5 9 6 1 -
0.2 > 93 2 - 4 ; <1
0.3 98 1 - 1 - -
0.4 >93 3 - 2 - <2
0.5 85 - 11 - 4 -
02 00 64 5 17 11 3 -
0.1 89 4 3 4 - -
0.2 93 4 - 3 - -
0.3 > 94 4 - 1 - <1
0.5 > 78 4 6 3 4 <5
03 00 63 4 19 11 3 -
0.1 98 2 - - - -
0.2 > 94 3 - 2 - <1
0.3 > 94 3 - - - <3
0.5 > 80 4 5 3 3 <5
04 0.0 71 8 10 7 4 -
0.1 > 91 2 2 3 - <2
0.2 > 92 3 - 3 - <2
05 0.0 70 - 16 9 5 -
0.1 >93 - 2 3 - <2
0.2 > 94 - - 3 ; <3
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Figure 10.3: Relation between the nominal Cr content in Sr,V,.,Cr,O5.,FeAs and the one determined
by EDX.

10.4 Crystal structure

Figure 10.4 shows the lattice parameters a and ¢ as a function of the nominal oxygen
deficiency for the different chromium contents. Here, only nominal chromium contents are
given for reasons of clarity. With increasing y,.m the lattice parameter ¢ increases by an
average of 0.1 % per 10 % oxygen deficiency no matter how much Cr the samples contain.
However, a is not influenced significantly by the nominal oxygen deficiency at Cr contents of

0 to 30 % but increases by 0.1 % per 10 % increase of y,.m for Cr contents of 40 and 50 %.

As discussed in Chapter 9, without nominal oxygen deficiency the lattice parameter a
decreases and c increases with rising Cr content x (both by ~0.07 % per 10 % increase of x).
Here, this tendency is also observed in samples with nominal oxygen deficiencies of 10 to

30 %. At higher levels of y,om, this relation is reversed.

The geometry of the iron-pnictide or iron-chalcogenide tetrahedral layers has often been
found to be crucial for the superconducting properties of a system. For the solid solution
SrV44CrOszFeAs no such correlation was observed. In order to examine whether this
situation changes by introducing a nominal oxygen deficiency, the twofold tetrahedral angle a
and the Fe-As distance within the tetrahedra of Sr,V..,Cr.O;,FeAs are both depicted in

Figure 10.5 as a function of the nominal oxygen deficiency.
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Figure 10.4: Lattice parameters a (green) and c¢ (purple) of Sr,V4.,Cr,O3 FeAs as a function of ynom.
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10 The influence of oxygen deficiency in the solid solution Sr,V4.,,Cr,O5. FeAs

The values of the tetrahedral angle are allocated around an average value of 110.4 ° with a
mean deviation of 0.4 %, while the Fe-As distance exhibits an average of 243.2 pm and a
mean deviation of 0.6 %. However, both structural parameters do not show a significant

correlation with neither the nominal oxygen deficiency nor the chromium content.

10.5 Magnetic properties

AC susceptibility measurements revealed superconductivity with strongly differing critical
temperatures and superconducting volume fractions in 18 of the 28 samples (Figure 10.6).
Table 10.2 gives an overview of the emergence of superconductivity within the solid solution
SrV4.CrOs. FeAs.
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Figure 10.6: AC susceptibility data of the superconducting samples within the solid solution
SrV.,Cr0s. FeAs.

Clearly, superconductivity in Sr,V4.,Cr,Os,FeAs is suppressed by reducing the amount of
oxygen provided during the synthesis. The critical amount of nominal oxygen vacancies at
which superconductivity still emerges becomes smaller with increasing chromium content.
Thus, both the substitution of vanadium by chromium and minimizing the oxygen content
weaken the superconducting properties of the system. In order to examine this correlation in
more detail, Figure 10.7 shows the behavior of the critical temperature and the
superconducting volume fraction as a function of the nominal oxygen deficiency. Here, the
superconducting volume fraction f;. has been adjusted to the main phase fraction of the

sample. Again, for clarity only the nominal Cr content is given.
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Table 10.2: Occurrence of superconductivity in Sr,V4,CrOz,FeAs. Superconducting samples are

marked with "sc", non-superconducting ones with "non-sc".

Xnom

0.0 0.1 0.2 0.3 0.4 0.5

0.0 sc sc sc sc sC sC
0.1 sc sc sc sc sC sC
e 02 sc sc sc SC  NON-sC non-sc
> 0.3 sc sc Nnon-sc Non-sc - -

0.4 non-sc Non-sc - - - -
0.5 Nnon-sC NON-SC NON-SC NON-SC - -
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Figure 10.7: Critical temperature T (left) and superconducting volume fraction f, (right) of

Sr,V41.Cr05. FeAs as a function of the nominal oxygen deficiency ynom.

At a certain amount of nominal oxygen deficiency the superconductivity in Sr,V4.,CrOs ,FeAs
is suppressed. The higher the chromium content x, the smaller this critical amount of oxygen
deficiency ynom is. Also, the superconducting volume fraction is reduced with increasing x and
Yaom- The weakening effect, which the substitution of V by Cr in Sr,V4,Cr,OsFeAs has upon
the superconducting properties of the system, has already been shown in Chapter 9. Here, it
is found that this effect is strengthened by additionally introducing oxygen vacancies. For the
pure vanadium compound, superconductivity is preserved with high critical temperatures of
31 to 33 K up to nominal oxygen deficiencies of 30 %. In this series, the superconducting
volume fraction diminishes from 73 % without oxygen deficiency to 51 % with y,om = 0.3.
However, in samples with a chromium content of 50 % a nominal oxygen deficiency of 0.2 is

already sufficient to fully suppress superconductivity.
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While a clear tendency towards lower T;s and fss with increasing y.om is observed, a linear
correlation cannot be verified. Especially for Sr,VO3.,FeAs, for which such a correlation has

often been referred to in literature, T, stays nearly constant up to y,om = 0.3.

Figure 10.8 shows color-coded 3D plots, where the behavior of critical temperature and
superconducting volume fraction within the solid solution Sr,V4.,Cr,O3.,FeAs are depicted as
functions of both the nominal oxygen deficiency and the experimentally determined

chromium content.

i

f.. (%)

SC

Figure 10.8: Critical temperature T, (left) and superconducting volume fraction f, (right) of

SrpV4,CrO5. FeAs as functions of nominal oxygen deficiency y,om and chromium content x.

Finally, the alleged correlations between structural parameters, superconducting properties,
and the nominal oxygen deficiency in Sr,V4.,CrOs.,FeAs are put to the test. Therefore, the
critical temperatures found in this system are displayed as a function of the corresponding
lattice parameter c¢ for different values of y.om (Figure 10.9). While there is a general
tendency of higher T.s at smaller values of ¢ and y,.m, NO strict correlation can be observed.
Neither does the critical temperature depend proportionally on the lattice parameter ¢ or ynom,
nor is the lattice parameter c¢ directly proportional to y.,,m. However, we find no

superconductivity in samples with ¢ larger than ~1568 pm.
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Figure 10.9: Critical temperature of Sr,V,.,Cr,O5.,FeAs as a function of the lattice parameter c.

10.6 Conclusion

Nominal oxygen deficiency leads to a weakening of the superconducting properties in
SrV4.Cr O3 FeAs. However, superconductivity is found up to an oxygen deficiency of
Ynom = 0.3 for a Cr content of 0 and 10 %, up to ymom = 0.2 for 20 and 30 % of Cr, and only up
to ynom = 0.1 for 40 and 50 % of Cr. The best superconducting properties within this system
are found for the stoichiometric, pure vanadium compound Sr,VO3;FeAs, while substituting
vanadium by chromium as well as reducing the amount of oxygen provided during the
synthesis weakens superconductivity. Nevertheless, the critical temperature does not
decrease directly proportionally to the amount of nominal oxygen deficiency in Sr,VO;. FeAs

but stays nearly constant until superconductivity is fully suppressed at y,,om = 0.3.

Additionally, no strict correlation between structural and superconducting properties is found.
The geometry of the iron-arsenide tetrahedra (tetrahedral angle and Fe-As distance) does
not show any significant dependence on the nominal oxygen deficiency. While the lattice
parameter c¢ increases by an average of 0.1 % per 10 % nominal oxygen deficiency, this is
not directly correlated to a change in the critical temperature or superconducting volume
fraction. Therefore, this correlation, which is often used in literature for estimating the actual

oxygen deficiency within a sample, is disconfirmed.

As already discussed in Chapter 9, controlling the T in this system is very complicated as it
strongly depends on the valence state of vanadium which leads to an internal electron
doping of the iron-arsenide layer. Nevertheless, it would be interesting to compare the
nominally introduced oxygen deficiency in Sr,V4.,Cr,O5.,FeAs with the actual oxygen content

in the samples, which could be determined by neutron experiments.
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11 Summary

The focus of the present thesis lay on the analysis of magnetic and superconducting
properties of layered manganese and iron pnictides. The studies were performed using a
broad range of experimental methods like XRD, EDX, susceptibility, resistivity, Mossbauer,
heat capacity, XPS, polarized and non-polarized neutron diffraction, and uSR
measurements. If useful, these experiments were complemented by theoretical calculations.
The thoughtful combination of adequate methods allowed a detailed analysis of the relevant

physical properties of each system.

Dynamic magnetism in CsMn,P;

Via neutron measurements the magnetic structure of CsMn,P, has successfully been solved.
The compound exhibits a C-type antiferromagnetic order within the magnetic space group
P4,/mm'c'. Hereby, the manganese moments are oriented along [001], order
antiferromagnetically along [110], and ferromagnetically along [001]. While this ordering is
already detected at room temperature, the magnetic susceptibility indicates a Néel

temperature of 11 K and Curie-Weiss behavior above this temperature.

USR measurements exhibit clear evidence of dynamic effects in the magnetism of CsMn,P..
A static magnetic ground state is reached through transitions at 64, 17, and 11 K, which are

detectable via uSR, specific heat, resistivity, susceptibility, and XRD measurements.

In spite of the broad spectrum of experimental methods applied, a conclusive explanation for
the exceptional magnetic behavior of this compound cannot be given at this point. It appears
to be a unique phenomenon which has not been reported in literature so far. Additional
experiments like inelastic neutron scattering might help to solve the mystery about the
magnetic properties of CsMn,P,. As the observed dynamic effects are probably due to the
Mn#/Mn* mixed valence, it is also interesting to analyze the magnetic properties of the
isoelectronic and isostructural RbMn,P, in detail in the future and compare the obtained

results.

The electronic structure of CsMn,P,

The electronic structure of CsMn,P, was calculated for the experimentally detected C-type
structure and compared to two hypothetical models: one non-magnetic and the other one
with G-type antiferromagnetic ordering as found in the isostructural BaMn,P,*2. In

agreement with the experimental data, the C-type ordering appeared as most favorable one
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of the three models. The calculated effective moment per manganese atom is very close to

the one determined experimentally.

Additionally, possible indications for the origin of the observed dynamic effects were
investigated based on spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR)
calculations. The obtained exchange coupling parameters between neighboring manganese
atoms predict that the coupling within the layers is considerably stronger than between them.
While the moments within one layer are expected to align to each other already at high

temperatures, the ordering between the layers probably occurs well below room temperature.

Modifying the magnetism in CsMn,P,

Cs4xRb,Mn,P, samples with x =0.18 and 0.76 were obtained in good quality. While the
structural changes, which are found in CsMn,P, at low temperatures, are already suppressed
at x = 0.18, the resistivity measurement shows anomalies which indicate that the dynamic
effects are probably not yet fully suppressed. This should be examined for the whole range of

the solid solution.

The synthesis of Cs;_,Ba,Mn,P, turned out to be more complicated than Cs,.,Rb,Mn,P, and a
further optimization of the process is required in order to conclusively examine the physical

properties of this solid solution.

Annealing CsMn,P, under oxygen and hydrogen atmospheres did successfully modify its
magnetic properties, reduce the effective manganese moment, and slightly change the

structural parameters.

Further neutron and uSR experiments are required in order to examine how or if the
modifications have influenced the complicated dynamic effects of the magnetism in CsMn,P.
Additionally, a substitution of the manganese in CsMn,P, is a promising way to modify its
magnetic properties, whereby elements which do typically not exhibit magnetic ordering are

especially interesting.

EU3SC205F92A52

With EusSc,0sFe.As,, a new member of the iron-based 32522 family is introduced. It does
not undergo a structural transition between 300 and 10 K. Magnetic measurements revealed
an effective moment of 7.79 ug per europium atom, in good agreement with the theoretical

value of 7.94 g for Eu®*1,
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Antiferromagnetic ordering at 5 K is indicated by a drop in the magnetic susceptibility. "*'Eu
and °’Fe Mdssbauer measurements confirm the susceptibility results, showing a resonance

for Eu?* and the beginning of a cooperative magnetic phenomenon below 5 K.

Although the compound itself does not exhibit superconductivity, it is a possible parent
compound for future superconductors. Different substitution sites and methods were tested

but no signs of superconductivity were detected.

The effects of chemical pressure in the solid solution
Sr,ScO;FeAs P,

Sr,ScOsFeAs contains FeAsy, tetrahedra with nearly ideal tetrahedral symmetry (fourfold
angle of 108.9°) but does not show any signs of superconductivity. However, the tetrahedra
in Sr,ScOzFeP are compressed (fourfold angle of 105.3°) but the compound is

superconducting with T, = 16 K.

The chemical pressure in Sr,ScOsFeAsq,P, causes a compression of the FePny, tetrahedral
layer, while the perovskite-like interlayer is slightly decompressed. Thereby, the FePn
tetrahedra are flattened. Superconductivity emerges at phosphorus contents of x = 0.61,
while traces of superconductivity are already detected at x = 0.49. The maximum T, of 19.5 K
is found for x = 0.86.

It is interesting to compare the effects of chemical pressure upon Sr,ScO;FeAs studied here

with the results of future experiments on Sr,ScO;FeAs under physical pressure.

Weak magnetism and the Mott state of vanadium in

superconducting Sr,VO;FeAs

Neutron diffraction experiments unambiguously prove the stoichiometry of Sr,VOsFeAs,
without oxygen deficiency or V doping on the Fe site. Eliminating these factors as possible
origin for the superconductivity in this compound leaves intrinsic electron doping due to a

V**IV** mixed valence as probable explanation.

Experiments using polarized neutrons give evidence of a magnetic ordering of the vanadium

11 O). The experimentally

moments around 45 K with a probable propagation vector g = (g' 3’

determined magnetic moment of ~ 0.1 g per vanadium is more than one order of magnitude
smaller than earlier LDA+U calculations predicted in order to obtain the typical quasinested

Fermi surface topology of iron-based superconductors. Theoretical calculations revealed a
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11 Summary

Mott state of the vanadium 3d orbitals, which removes these states from the Fermi level even

without a significant magnetic moment.

The results consistently show that Sr,VO3;FeAs is a typical iron-arsenide superconductor
without deviations from the nominal composition, thereby giving conclusive answers to long-

discussed topics.

Superconductivity in Sr,V,.,Cr,O;FeAs

The up to now unknown solid solution Sr,V.,Cr,OsFeAs displays superconductivity up to
x =0.63 and shows traces of superconductivity even up to a chromium content of 85 %.
Strongly differing T.s are found for similar values of x. The system comprises a large amount
of possible control factors, like structural features, the occupancy of the different

crystallographic sites, the magnetism of Cr, or the valence state of V.

A systematical analysis of two compounds with similar Cr content (x = 0.32 and 0.33) but
strongly differing critical temperatures (7. =30 K and 19 K) and superconducting volume
fractions (22 and 12 vol%) indicates the key role of the vanadium valence state for the

superconducting properties.

The influence of oxygen deficiency in the solid solution
Sr;V4CrO;.  FeAs

Nominal oxygen deficiency in Sr,V,CrO;,FeAs (with x and y=0-0.5) weakens the
superconducting properties. The highest T. and superconducting volume fraction within this
system are found for Sr,VOj;FeAs, while substituting vanadium by chromium, as well as
reducing the amount of oxygen provided during the synthesis, reduces both parameters.
Nevertheless, T, does not decrease directly proportionally to the amount of nominal oxygen
deficiency in Sr,VOs;, FeAs but stays nearly constant until superconductivity is fully

suppressed at y,om = 0.3.

The correlation between structural parameters, O-deficiency, and T, which is often used in
literature, was proved wrong. Although per 10 % nominal oxygen deficiency the lattice
parameter c increases by an average of 0.1 %, this is not directly correlated to a change in
the critical temperature or superconducting volume fraction. The significance of these results
can be increased further by determination of the actual oxygen deficiencies via neutron

experiments as compared to the nominal values.
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11 Summary

The present thesis has revealed new features about known compounds and has clarified
topics, which had been subject to numerous discussions. Additionally, new compounds have
successfully been synthesized, including new superconductors and possible candidates for

superconducting parent compounds.

The exceptional magnetic properties of CsMn,P, demonstrate that a system which may
appear quite conventional at its first appearance is often more complex. Unraveling the

mystery about this unique phenomenon will be a challenge for future work.

In the field of iron-based superconductors several factors have been identified or ruled out as
significant for the superconducting properties of the studied systems. Hereby, the foundation
has been laid for the next step: after detecting the most important influencing factors and
understanding their interplay with superconductivity it remains to be learned how to use this

knowledge to actively control the properties of a system.
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