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Abstract
Solids can display a variety of vastly different magnetic properties. Besides the generally well known ferromagnets,
antiferromagnets with their antiparallel arrangements of magnetic moments can exhibit a wide range of complex
magnetic behavior such as magnetic frustration or low-dimensional antiferromagnetism. Magnetic frustration emerges
from competing magnetic interactions and typically leads to unusual magnetic ground states such as incommensurate or
non-collinear magnetic structures or spin glasses. Low-dimensional magnetic behavior occurs if the magnetic interactions
within a solid become negligible in at least one dimension in space. These magnetic phenomena are not restricted to
certain compound classes but commonly linked to structural features such as the magnetic ion lattice geometry or the
topology of the crystal structure. Effects of magnetic frustration are most pronounced in materials with high crystal
symmetries and commonly observed in antiferromagnets with certain magnetic ion lattices such as triangular or square
nets. Low-dimensional magnetic interactions may arise from a spacial separation of the magnetic ions within the unit cell.
Furthermore, complex magnetic properties may also arise from intricate magnetic ion lattices with unusual topologies, as it
is often the case in open framework materials. This thesis focuses on the magnetic properties of a series of transition metal
(T) fluorophosphates (T = Fe, Co, Ni) that display a variety of crystal structure topologies, the cubic perovskite (NH4)CoF3
as well as the intermetallic phases LaMn2(Ge1-xSix)2 and LaMn2-xAu4+x in which the Mn atoms form square nets.

Ionothermal reactions, a soft-chemistry approach based on ionic liquids (ILs), was employed to synthesize the above
mentioned transition metal phosphates and fluoride. Ionic liquids are salts with melting points below 100 ◦C that typically
contain organic cations. Task-specific ILs may be designed to fulfill multiple purposes within an ionothermal synthesis.
Thus, an IL may be the solvent, mineralizer, fluorine source and structure directing agent all in one. Thanks to the unique
properties of ILs, ionothermal syntheses enable the formation of a wide range of crystal structure topologies from low-
dimensional motifs to open frameworks. Furthermore, kinetics plays an important role during the crystal structure formation
in an ionothermal reaction and may lead to metastable phases.

Nearly all presented compounds display some type of complex magnetic behavior including magnetic frustration on
the triangular and square lattices, incommensurate and/or non-collinear magnetic structures, spin glass behavior and low-
dimensional magnetism of a spin dimer or chain. The magnetic properties were studied using magnetization measurements
in combination with other techniques such as powder neutron and X-ray diffraction (PND, PXRD) and specific heat
measurements. Temperature dependent PND measurements were employed to determine the magnetic structures and phase
transitions in selected frustrated systems. A number of incommensurate and/or non-collinear arrangements of the magnetic
moments including the 120◦, canted ferromagnetic, helical, conical and the so-called hedgehog spin-vortex crystal (SVC)
state were observed. Density functional theory (DFT) calculations were performed to determine the total energies of
possible magnetic structure solutions that cannot be distinguished from PND. Furthermore, some magnetic phase diagrams
were established.

Keywords: magnetic frustration, low-dimensional magnetism, ionothermal synthesis, powder neutron diffraction,
fluorophosphates, intermetallics.
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1. Introduction

The magnetic properties of solids are fascinating and are used in many appli-
cations in our everyday life such as information storage,[1–3] energy technolo-
gies (e.g. in wind turbines),[4; 5] sensors[6; 7] and many more. In all these
applications, the magnetic behavior originates mainly from unpaired electrons
in d- or f-metals. Depending on their magnetic exchange, the spins of these
unpaired electrons may want to align parallel (ferromagnets) or antiparallel
(antiferromagnets). Typically, the interaction between the magnetic moments
is overcome by thermal fluctuations at high temperatures. At low tempera-
tures, however, these thermal motions are essentially quenched and the mag-
netic moments can order in periodic arrangements. While thermal fluctuations
do not play a significant role close to absolute zero, quantum fluctuations be-
come important. Quantum fluctuations exist as a consequence of the uncer-
tainty principle and are a very fundamental concept in quantum mechanics.
Especially in the fields of astronomy, particle physics and quantum electrody-
namics, quantum fluctuations are also referred to as vacuum fluctuations and
are often described as fluctuations of the zero-field energy. They are respon-
sible for the spawning of virtual particles in vacuum[8] and the Casimir ef-
fect - an attractive force between two electrically conducting mirrors in empty
space.[9] Surprisingly, quantum fluctuations can even make macroscopic ob-
jects such as the mirrors of the Laser Interferometer Gravitational-wave Ob-
servatory (LIGO) jiggle at room temperature.[10] In conventional magnetism,
quantum fluctuations play only a minor role and are therefore often omitted
for simplicity. However, quantum fluctuations become significant in magnetic
systems exhibiting magnetic frustration or low-dimensional magnetism and
may even become the driving force in the formation or stabilization of certain
magnetic states.

Magnetic frustration is a phenomenon that arises from competing mag-
netic interactions and can lead to a large variety of complex magnetic behavior
such as spin glasses, spin ices and spin liquids.[11–16] Magnetic order in such
systems is often suppressed down to very low temperatures or may be absent
altogether.[14–17] The formation of long-range magnetic order may be pro-
moted by the so-called order-by-disorder phenomenon which involves quan-
tum fluctuations.[16; 17] The disorder created by quantum fluctuations may
destabilize the equilibrium of competing magnetic interaction and, thus, in-
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duce magnetic order. Furthermore, non-collinear or incommensurate arrange-
ments of the magnetic moments are observed frequently as a consequence of
magnetic frustration.[13; 16; 17]

Magnetic frustration usually requires the presence of antiferromagnetic or
a combination of antiferromagnetic and ferromagnetic interactions. It com-
monly occurs in insulating or semiconducting transition metal compounds in
which the transition metal ions form triangular lattices.[13; 15; 16] Many tran-
sition metal ions have the preference to be coordinated octahedrally by an
electronegative species such as oxygen. Within the solid, these octahedra can
link directly by sharing corners, edges, or faces, or indirectly, e.g., via bridg-
ing polyhedra, such as the anions (PO4)

3−, (PO3F)2−, (SO4)
2− or (MoO4)

2−

with tetrahedral coordination of the central atom. Since octahedra exhibit a
three-fold rotation symmetry, certain modes of octahedra interconnections may
lead to triangular arrangements of the central metal atoms. The magnetic ex-
change in such insulators/semiconductors usually happens via superexchange,
an exchange mechanism in which two magnetic ions (M) interact via the or-
bitals of bridging atoms or atom groups (A).[18; 19] Superexchange strongly
depends on the degree of the orbital overlap and hence on the angle of the
M–A–M bond. Although ferromagnetic interactions are generally allowed for
bond angles close to 90◦ as described by the Kanamori-Goodenough-Anderson
rules, the large M–A–M angles approaching 180◦ observed in triangular lat-
tices make antiferromagnetic interactions more probable.[20–23] Therefore,
insulators/semiconductors featuring triangular lattices and superexchange of-
ten display not only antiferromagnetic couplings but also some type of mag-
netic frustration.

There are a number of magnetic ion lattices for which magnetic frustration
has been observed, many of them feature triangles (Chapter 4.1.2). One ex-
ample of a triangle-free lattice is the square net (Chapter 4.1.3).[17] However,
square lattices are not automatically frustrated and magnetic frustration may
only occur if there is a competition between the nearest-neighbor (NN) and
next-nearest neighbor (NNN) interactions. Although the geometry of magnetic
ion lattices plays a crucial role in the occurrence of magnetic frustration, other
aspects such as structural disorder may also be important. The latter is a com-
mon factor for the formation of a spin glass state (Chapter 4.1.4).[12; 13; 24]

Electrically conducting materials such as intermetallic compounds may
also feature phenomena of magnetic frustration but they are not as frequently
studied. The crystal structures of intermetallic materials are often derived from
close-packed atomic spheres and therefore can posses high crystal symmetries.
Consequently, the magnetic ions often form regular geometric arrangements
that can be favorable for magnetic frustration. Many metals exhibit itinerant
magnetism in which the magnetic moments are strongly delocalized. The de-
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localization of the magnetic moments is of course connected to the delocaliza-
tion of the conduction electrons in metals and introduces another magnetic ex-
change mechanism, the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange,
which does not exist in non-metals.[12] In contrast to direct- or superexchange,
RKKY exchange enables interactions between distant magnetic ions. Since the
sign of the exchange interaction oscillates as a function of distance, the spacing
between magnetic ions determines if magnetic interactions are of the antiferro-
magnetic or ferromagnetic type. Ultimately, electrically conducting materials
may experience conflicting long-range exchange interactions which can lead
to magnetic frustration.[12]

The combination of complex magnetic ordering and the ability to conduct
electrons makes intermetallic compounds specially interesting for applications
in the field of spintronics. The goal of this field is to build electronic devices
that use not only electric currents but also properties of the spin such as the po-
larizability. In more recent attempts, spintronic devices have been also based
on spin waves in insulators. Considering that Joule heating is a major en-
ergy loss factor in any device using electric currents, commercially available
computer chips using spin waves would be groundbreaking.[1; 2] Outside of
spintronics, there are many other possible fields for applications. The symme-
try breaking caused by long-range magnetic order might also introduce certain
additional physical properties which do not exist in the paramagnetic regime.
For example, the loss of the inversion symmetry due to a frustration-driven in-
commensurate magnetic structure can lead to ferroelectricity.[25] Ferroelectric
materials may be used as sensors.[26]

Materials featuring low-dimensional magnetism display certain similari-
ties to magnetically frustrated systems such as the suppression of magnetic
order down to very low temperatures and the importance of quantum fluc-
tuations. Low-dimensional magnetism and magnetic frustration are some-
times even found to co-exist in the same compounds. The physics behind
these two phenomena is, however, quite different. Whereas the suppression
of magnetic order arises from competing magnetic interactions in magneti-
cally frustrated systems, low-dimensional magnetic interactions – anywhere
from two-dimensional (2D) to zero-dimensional (0D) – cause the same ef-
fect in low-dimensional magnets.[12; 27; 28] As bulk materials generally dis-
play three-dimensional (3D) magnetic interaction, only quasi-low-dimensional
magnetic behavior can be observed in crystals. A separation of the magnetic
ions into chains, layers and other groupings may lead to quasi-low-dimensional
magnetism. Unfortunately, low-dimensional motifs within a crystal structure
do not automatically guarantee quasi-low-dimensional magnetic interactions,
which makes low-dimensional magnetic behavior in bulk materials hard to
predict.
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Magnetic properties can be studied with a wide range of techniques. As
a first step, magnetization measurements are a great tool to get an idea of the
macroscopic behavior. One can draw some conclusions on the couplings, de-
termine transition temperatures or fit the magnetic susceptibility to theoretical
models. Neutron diffraction on the other hand enables direct determination of
the magnetic moment arrangements. Therefore, neutron diffraction is not only
an immensely important technique in the research field of magnetism, but it
is also essential for the understanding of complex magnetic behavior such as
magnetic frustration and low-dimensional magnetism. Unfortunately, neutron
diffractometers are only available at special large-scale facilities which makes
neutron diffraction beamtimes very precious.[12; 29]

Magnetic frustration and low-dimensional magnetism can be found in a
large number of material groups. In this work, two large groups of compounds
have been studied: 1) insulating transition metal (T ) fluorides and phosphates
with T = Fe, Co and Ni, and 2) electrically conducting intermetallic materials
in the systems La–Mn–X (X = Si, Ge and Au). The crystal structures of the
compounds in the former group are characterized by octahedral coordination
of the transition metal ions, which often leads to formation of triangular ar-
rangements with potential geometric frustration (Chapter 4.1.2). The selected
compounds from the latter group display square nets of magnetic Mn species
in their crystal structures and can be subject to interaction frustration (Chap-
ter 4.1.3).

Transition metal phosphates and fluorides can be produced utilizing many
different techniques. Here, ionothermal reactions were employed, a soft-chem-
ical approach in which ionic liquids (ILs) are used as solvents (Chapter 2.1).
ILs are salts with low melting points that typically contain organic cations
and often exhibit low vapor pressures. Thus, ionothermal syntheses can be
performed under mild reaction conditions at comparably low temperatures and
pressures. ILs are very versatile and can be designed for specific purposes by
varying the cations or anions. Therefore, additionally to being the solvent, ILs
may fulfill other tasks within an ionothermal reaction such as templating agent,
mineralizer and fluorine source. The templating effect is of special interest
here as it enables the formation of open framework materials – compounds
with extended pores or channels within the crystal structure – additional to
phases with dense crystal structures. The crystal structures of open framework
materials can be quite complicated and may contain intricate arrangements of
the magnetic ions. Therefore, unusual magnetic behavior may arise from the
structural complexity of open framework compounds.

The following chapters will give a brief introduction into important meth-
ods and concepts within the scope of this thesis. Chapter 2 focuses on ILs and
ionothermal reactions as all compounds in Papers I–V – with crystal structures
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ranging from three-dimensional frameworks, open frameworks to quasi-low-
dimensional – were synthesized using this approach. Chapter 3 gives some ex-
perimental details on powder X-ray diffraction (PXRD), Raman spectroscopy,
magnetization and powder neutron diffraction (PND) measurements and ex-
plains what kind of information was gained from the data. PND is introduced
in more detail since this is a more unusual technique and magnetic structure
determination plays an important role in Papers I, VI and VII. Other synthetic
and characterization techniques, not mentioned in Chapters 2 and 3, were per-
formed by collaborators, as described in the respective papers. Chapter 4 gives
a brief introduction to magnetic frustration and low-dimensional magnetism.
The chapter starts with the general concept of magnetic frustration and how
to identify magnetic frustration from the magnetic susceptibility. Later on, the
focus moves to the origins of magnetic frustration on triangular and square
lattices as well as spin glasses as these concepts are of relevance for all pa-
pers. The chapter ends with a section on low-dimensional magnetism as com-
pounds in Papers III and IV exhibit behavior of magnetically isolated dimers
and chains, respectively. Finally, a summary of all papers and manuscripts can
be found in Chapter 5. Chapter 6 summarizes the whole thesis.
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2. Ionothermal synthesis

Ionothermal synthesis is a solution-based synthetic approach in which ionic
liquids (ILs) are used as the reaction media but the ILs may also fulfill ad-
ditional purposes within the reaction such as fluorine source, mineralizer or
templating agent. Ionothermal reactions were of special interest here as they
enable the formation of a wide range of different crystal structure topologies
from low-dimensional motifs to dense or even open frameworks. As the ILs
are the central aspect, where this synthetic method sets itself apart from more
conventional techniques such as hydrothermal reactions, the following sec-
tion will focus on ILs. This will be followed by a general description of the
synthetic route and how the transition metal fluorophosphates (Paper I – IV)
and (NH4)CoF3 (Paper V) were synthesized using ionothermal reactions. The
chapter will be concluded with the description of the sample purification.

2.1 Ionic liquids

ILs are salts with melting points below 100 ◦C and often contain organic cations
such as derivatives of imidazolium, phosphonium or pyridinium to mention a
few. The physical properties of an IL are substantially influenced by the func-
tional groups linked to the ions.[30; 31] For example, the melting temperatures
of imidazolium based ILs can be tuned by changing the length of the alkyl
chain in 1-alkyl-3-methylimidazolium hexafluorophosphate. On increasing the
alkyl chain length, the melting point first decreases to a minimum temperature
before increasing again at longer alkyl chains.[32; 33] In ionothermal reac-
tions where ILs are used in combination with other reagents to synthesize e.g.
transition metal phosphates or fluorides, the ILs primarily function as a solvent
although they may also assume additional tasks. The cations of an IL can act
as a templating agent.[34] Thus, ILs with slightly different cations may lead to
different reaction products under similar reaction conditions.

The IL anions can span a wide range from simple ions such as Cl−, Br− or
I− to more complex ones like tetrafluoroborate [BF4]

−, hexafluorophosphate
[PF6]

− or bis(trifluoromethane)sulfonimide [Tf2N]−.[30] The fluorine contain-
ing anions [BF4]

− and [PF6]
− may hydrolyze or thermally decompose releas-

ing F− above a critical temperature, in the presence of small amounts of water,
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e.g. from other reagents or air, or in an acidic environment and can, there-
fore, act as a fluorine source.[35] Depending on the IL, however, the fluorine
atoms may be tightly bound in the pure IL at room temperature. Thus, fluorine
containing ILs can be used as a less hazardous and easier-to-handle alternative
to hydrofluoric acid (HF), which is often used in other synthetic techniques.
Especially ILs which are solid under ambient conditions are of advantage as
solids penetrate the skin not as easily as conventional liquids and the splashing
risk can be avoided altogether in the sample preparation stage.

The unique properties and the large variety of ILs are some of the main
reasons why ionothermal synthesis was used within the scope of this thesis.
Ionothermal reactions make it possible to synthesize a wide range of materials
from dense phases to open framework compounds. Whereas dense phases can
be produced with various approaches, the synthesis of open framework mate-
rials often requires the presence of a templating agent around which the frame-
work can be formed. In many cases, organic molecules are utilized for this pur-
pose. Contrary to expectations, large molecules often lead to the formation of
materials with dense crystal structures in conventional synthetic methods.[36]
This observation raises questions about the degree of interaction of the frame-
work precursors with the templating agents in comparison to the solvent. As
the IL may assume the tasks of both solvent and structure directing agent in
ionothermal synthesis, the interactions between the framework precursors and
the template may be increased and favor the formation of open-framework
compounds.[34; 37] Since ionothermal reactions are generally performed at
low temperatures (< 200 ◦C), the product formation is strongly influenced by
kinetics and may provide access to metastable phases.

Many ILs exhibit low vapor pressures. thus, ionothermal reactions can not
only be performed at low temperatures but also at low pressures.[31; 34] As
a result, it is even possible to run reactions in open vessels. This is a clear
advantage over hydrothermal reactions, where autoclaves must be used due to
the required pressures.

All compounds in Papers I – V were synthesized using a number of differ-
ent derivatives of pyridinium hexafluorophosphate [py][PF6], most commonly
1-butyl-4-methylpyridinium hexafluorophosphate [C4mpy][PF6] (Fig. 2.1).

2.2 General synthesis route

In a typical synthesis of transition metal fluorophosphates (Papers I – IV), an
IL, a transition metal source such as FeCl3, Co(CH3COO)2 ·4H2O or NiCl2·
6H2O, AH2PO4 (A = Li, Na, K, NH4, Rb, Cs) and H3BO3 were weighed into
polytetrafluoroethylene (PTFE) jars (15 mL, Fig. 2.2 a). As the ILs exhibit
low vapor pressures, the PTFE jars were simply closed with their screw caps
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Figure 2.1: Chemical structure of 1-butyl-4-methylpyridinium hexafluorophos-
phate [C4mpy][PF6].

and then placed in a programmable drying oven (Binder, Germany; Fig. 2.2 b)
at reaction temperatures of 160 ◦C to 190 ◦C for 7 days. In order to enhance
crystal growth, the samples were generally cooled slowly (≈ 0.03 ◦Cmin−1)
to room temperature.

Figure 2.2: a) A polytetrafluoroethylene (PTFE) jar with its screw cap and b) a
programmable Binder drying oven used during the syntheses.

Although the description above represents the general procedure, some de-
tails differ between systems:

• In syntheses using FeCl3, the reactants were always weighed under ar-
gon atmosphere as FeCl3 is highly hygroscopic. The PTFE jars were
closed within the glovebox and then heated in air. Reactions using any
other transition metal source were performed solely in air.

• H3BO3 appears to generally regulate the fluorine level during the reac-
tions but is not necessary for the synthesis of each compound. Inter-
estingly, H3BO3-"tuning" appears to play a key role in the formation of
polymorphs. The dimorphs AFe(PO3F)2 (A = Na, K; Papers I and III)
were synthesized under nearly identical reaction conditions. By chang-
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ing the H3BO3 concentration within the reaction, one can actively tune
the polymorphs ratio of the reaction product.

• The selection of ionic liquids with slightly different alkyl groups (num-
ber, length or position of the functional groups) in an otherwise identi-
cal synthetic procedure does not necessary change the reaction product.
In Paper I, we used this observation to our advantage. In order to get
a single-phase product of KFe(PO3F)2 (P3̄), the reaction temperature
must reach at least 190 ◦C compared to ≤ 180 ◦C for its triclinic poly-
morph (P1̄). However, [C4mpy][PF6] exhibits signs of partial decom-
position starting from 180 ◦C. By selecting 1-ethylpyridinium hexaflu-
orophosphate [C2py][PF6], an IL with a slightly higher decomposition
temperature, the desired compound could be synthesized without any IL
decomposition byproducts. Although different ILs may not influence the
type of reaction product, they may however influence the crystal growth
and the sample yield of said product.

• The samples were usually cooled slowly to promote crystal growth and
sample yield. In the case of RbFe(PO3F)(PO2(OH)F)(PO2(OH)2) (Pa-
per III), however, the cooling procedure influenced which compound
formed as the majority phase. Quenching led to RbFe(PO3F)-
(PO2(OH)F)(PO2(OH)2) being the dominating compound whereas slow
cooling promoted the growth of another rubidium iron phosphate.

(NH4)CoF3 (Paper V) was synthesized in the same fashion as the fluo-
rophosphates but with slightly different reactants: an IL, the transition metal
source Co(CH3COO)2 ·4H2O and (NH4)F.

2.3 Sample purification

After cooling, the samples were rinsed with solvents such as water, acetone,
ethanol and ethylene glycol using funnels and filter paper in order to remove
the IL and other impurities. As the ILs hydrolyze and release fluorine ions
during the reaction, the sample purification is an important step for safety rea-
sons. Moreover, crystalline side-products were observed for some reactions.
Therefore, the samples were also rinsed to dissolve unwanted impurities. The
selection of the most suitable solvents and using them in the correct order
to remove everything but the desired reaction products turned out to be quite
challenging. Although some solvents work very well for one system, they are
generally not applicable to other systems. Therefore, each time a new reaction
route was tested one also had to search for appropriate solvents to purify the
samples.
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An interesting example is water. It worked well for all the iron fluorophos-
phates (Papers I and III) and is, therefore, the most commonly used solvent
for sample purification within this thesis. For [Co24(NH4)14(PO(OH)2)6]·
[Co134(PO3(OH,F))96F120] in Paper II something curious was observed. Al-
though the desired product itself does not dissolve in water, the as-synthesized
sample does. Therefore, the IL or the water-soluble impurity within the as-
synthesized sample must somehow influence the solubility of the whole as-
synthesized sample. However, if the as-synthesized sample was rinsed by
ethanol followed by water, the water only dissolved the water-soluble impu-
rity.
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3. Characterization techniques

This chapter will give a short introduction to the four main sample character-
ization techniques used, i.e. powder X-ray diffraction (PXRD), Raman spec-
troscopy, magnetization measurements and powder neutron diffraction (PND).
PXRD and Raman spectroscopy measurements were used complementary to
single-crystal X-ray diffraction (XRD) to confirm the crystal structure models.
Magnetization and PND data allowed for the characterization of the magnetic
properties.

3.1 Powder X-ray diffraction (PXRD)

PXRD is a diffraction technique which uses X-rays to analyze the crystal struc-
tures of polycrystalline samples.[38] PXRD measurements were employed
within the scope of this thesis to identify the crystal structures of reaction prod-
ucts for which single-crystal X-ray diffraction (SXRD) measurements were not
possible and to confirm crystal structure models derived from SXRD data. Fur-
thermore, PXRD was used to determine the composition of solid solutions and
for phase analysis to identify impurities. The latter two points are of special
interest when studying magnetic properties: In solid solutions, partial substitu-
tion of an element with another will induce a change of the distances between
magnetic ions. Consequently, magnetic phase changes can be introduced. By
tracking the magnetic phase changes as a function of the composition and the
distances between magnetic ions, one can draw conclusions on the structural
origins of magnetic phase transitions. Phase analysis is a key method to be able
to correlate the physical properties of a sample to a specific compound. PXRD
is a commonly used technique to identify crystalline impurities and determine
the relative mass fractions within a sample.

The PXRD measurements were performed on two different instruments:
Panalytical X’Pert PRO (Panalytical, Netherlands) is equipped with a PIXCEL
detector and a Johansson Ge monochromator which produces Cu Kα1 radia-
tion (λ1 = 1.54059Å, Fig. 3.1 a). The second instrument, another Panalytical
X’Pert PRO, generates Cu Kα radiation (λ1 = 1.54059Å, λ2 = 1.54439Å)
and uses a PW3015/20 X’Celerator detector (Fig. 3.1 b). All measurements
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were performed at room temperature and using low-background Si sample
holders. The PXRD patterns were analyzed using the Rietveld method and
LeBail profile matching utilizing the FullProf Suite.[39]

Figure 3.1: Powder X-ray Diffraction (PXRD) instruments with a) Cu Kα1 and
b) Cu Kα radiation.

3.2 Raman spectroscopy

Raman spectroscopy is a technique to probe the vibrational modes of molecules
or solids. Here, it was used to prove the presence of ammonium and fluoride
ions and the absence of (OH)− groups within the crystal structures of a number
of transition metal phosphates and a fluoride. Distinguishing (PO3F)2− from
(PO4)

3− or (PO4H)2− groups is difficult using solely XRD. H atoms are chal-
lenging to observe at all, and O and F have nearly the same X-ray scattering
factors. Furthermore, the P–O, P–OH and P–F bond lengths are very similar.
These different groups can however be distinguished using Raman scattering
as the modes occur at different wavenumbers.

Figure 3.2: Raman spectrometer.
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Single-crystal Raman spectroscopy measurements were performed at room
temperature using a Horiba LabRAM HR system (Horiba Europe, Sweden)
equipped with a green laser (λ = 532 nm) and a CCD detector (Fig. 3.2). The
instrument was calibrated with a Si standard.

3.3 Magnetization measurements

Magnetization measurements are used to determine the bulk magnetic proper-
ties on a macroscopic level. Here, magnetization data were collected utilizing
a physical property measurement system (PPMS), a device that allows mea-
suring a wide range of physical properties.

The magnetization measurements were performed on a physical property
measurement system by Quantum Design (Quantum Design, USA) utilizing
different options (Fig. 3.3). The vibrating sample magnetometer (VSM) was
used to determine zero-field cooled (ZFC) and field cooled (FC) magnetization
in static fields (DC) between 2 K and 400 K and under applied fields up to 9 T.
The samples were loaded into polypropylene (PP) sample holders which were
then mounted in brass holders. In order to reach even higher temperatures, a
VSM oven was employed between 300 K and 600 K. In this setup, the sam-
ple was fixed with an alumina cement (AL-CEM, Zircar Ceramincs, Inc.) on
a ceramic sample holder. Frequency-dependent magnetization data were col-
lected utilizing an AC Measurement System (ACMS) at constant amplitudes
of 2 Oe to 3 Oe and at frequencies between 33 Hz and 9999 Hz. The sam-
ples were loaded together with quartz wool into gelatine capsules which were
subsequently fastened on a plastic drinking straw.

Figure 3.3: Physical Property Measurement System (PPMS).
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3.4 Powder neutron diffraction (PND)

PND is a diffraction technique using neutrons to probe the properties of poly-
crystalline samples. It is complementary to PXRD and allows studying mag-
netic long-range order. The most significant differences between these two
techniques arise from the fact that neutrons and electromagnetic radiation in-
teract with matter in different ways.

3.4.1 Interactions of neutrons with matter

Neutrons generally do not interact with charged particles such as electrons, as
neutrons themselves carry no electric charge. Instead, neutrons primarily scat-
ter on atomic nuclei. The interaction between neutrons and nuclei is specific
for each isotope. Contrary to what is observed for X-ray scattering, neutron
scattering amplitudes exhibit no correlations to the atomic number and can
change erratically for neighboring elements in the periodic table or different
isotopes of the same element. Therefore, one can design experiments using
isotopic contrast or use neutron scattering complementary to X-ray scatter-
ing. The erratically changing neutron scattering factors make it possible to
observe elements difficult to detect with X-ray scattering (e.g. H or Li) or to
differentiate between elements with similar X-ray scattering factors one cannot
unequivocally distinguish otherwise.[29; 38; 40–42]

The atomic nucleus takes up only a tiny volume fraction of an atom. If
one imagines a free neutron entering an atom, the probability of the neutron
coming close enough to the nucleus to be able to interact with it is rather low.
Thus, neutrons interact only weakly with matter in contrast to charged particles
or electromagnetic radiation and achieve generally high penetration depths.
This has both advantages and disadvantages. The biggest advantage is the use
of complex sample environments such as cryostats, furnaces or pressure cells,
which one can just place into the neutron beam path without major neutron flux
losses. The biggest disadvantages are the need for large samples, significantly
weaker sample signals compared to X-ray scattering and the resulting longer
measurement times and poorer statistics. [29; 42]

An important property of neutrons is their non-zero magnetic moment.
Consequently, neutrons are affected by magnetic fields! This property is sig-
nificant in the context of this thesis and hugely important for the study of mag-
netic materials. As mentioned above, neutrons generally do not interact with
charged particles, as neutrons cannot be influenced by electric fields. If said
charged particles are, however, able to create magnetic fields, then neutrons
can even scatter on charged particles. This is the case for magnetic ions of
d- and f-metals, with unpaired electrons. In filled orbitals, the spins of the

32



two electrons align anti-parallel and their magnetic moments cancel. In con-
trast, orbitals with unpaired electrons exhibit a non-zero spin and create a local
magnetic field.[29; 38; 40; 42]

3.4.2 Probing magnetic structures with neutrons

Certain magnetic properties originate from the magnetic moments of the above
mentioned, unpaired electrons and how they interact with each other. If these
magnetic moments form periodic arrangements, then the compound exhibits
long-range magnetic order. The magnetic structures of these long-range mag-
netic orders can be probed with neutrons using elastic neutron scattering tech-
niques such as single-crystal and powder neutron diffraction (SND, PND).[29;
40; 43]

If one measures a compound at a temperature where it is magnetically
ordered, the neutron diffraction pattern will consist of two overlapping sig-
nals: the nuclear contribution from the crystal structure (neutrons scatter on
nuclei) and the magnetic contribution from the magnetic structure (neutrons
scatter on electrons participating in the magnetic ordering). As the magnetic
signal does not occur above the magnetic ordering temperature (paramagnetic
regime), one can easily distinguish between the nuclear and magnetic scatter-
ing contributions. The magnetic peaks may either contribute to the intensity
of certain nuclear reflections in a diffraction pattern or they may appear as
separate peaks. Analysis of the positions and intensities of the magnetic peaks
allows determination of the relative orientations of the magnetic moments with
respect to the crystal structure and the magnetic moment magnitudes.[43; 44]

Magnetic unit cells are often larger than the crystalline ones, especially in
case of antiferromagnetic couplings (Fig. 3.4). The relative dimensions of the
crystal and magnetic unit cells are expressed by the propagation vector k. If
the size difference of the unit cells (magnetic with respect to crystalline) can
be expressed by integer multiples, then the magnetic structure is commensu-
rate. As a consequence, the components of the reciprocal k-vector are made up
of rational numbers. In contrast, incommensurate magnetic structures exhibit
irrational k-vectors.

3.4.3 Magnetic structure determination from powder neutron diffrac-
tion data

Magnetic structures are generally determined from PND data collected at mul-
tiple temperature points using the Rietveld method. First, one refines the crys-
tal structure model to a data set in the paramagnetic regime (nuclear reflec-
tions) before doing the same in the ordered temperature regime (nuclear +
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Figure 3.4: Sketch highlighting possible size differences between nuclear and
magnetic unit cells for a k-vector of (1/2, 0, 0).

magnetic reflections). All additional peaks or contributions to peak intensities
that cannot be refined with the crystal structure model can be considered as
magnetic reflections (assuming the crystal structure remains the same). The
positions of the most intense magnetic reflections are then used – in combina-
tion with some crystal structure information (space group, unit cell parameters,
sites of the magnetic ions) – to index the propagation vector k. The k-vector
and the crystal structure are the base ingredients for the determination of all
theoretically possible magnetic structure models which can be derived either
from representational theory (RT) or the theory of maximal magnetic space
groups (TMMSP). Consecutively, all potential models are refined until one
finds an arrangement of magnetic moments that fits the collected data. In cer-
tain cases, more than one magnetic structure model may fit the experimental
data.

The ordering of magnetic moments represents a symmetry breaking and
requires a reduction of the magnetic symmetry with respect to the crystal sym-
metry. Representation theory (RT)[45; 46] and the theory of maximal mag-
netic space groups (TMMSG)[47] are two complementary approaches using
the principle of symmetry reduction to determine magnetic structures. Al-
though both theories use different mathematical formalisms, one should in
theory be able to determine the same magnetic models.

In RT, symmetry operations of the parent crystal space group G0 become
symmetry operations of the magnetic subgroup Gk, the so-called little group, if
the k-vector remains invariant under these symmetry operations. The magnetic
representation Γmag describes how the magnetic moments change at the coor-
dinates of the magnetic ions. Mathematically, Γmag is expressed as the sum
over a number of possible irreducible representations Γi (irreps)
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Γmag = ∑
i

ciΓi (3.1)

where ci are coefficients. Subsequently, the irreps are used to calculate lin-
ear combinations of basis vectors which are adapted to the magnetic symme-
try. In combination with the k-vector this linear combination of basis vectors
constitute the actual magnetic structure models used in the Rietveld refine-
ments.[45; 46]

The TMMSP uses magnetic space groups (MSGs), sometimes also re-
ferred to as Shubnikov groups. MSGs are an extension of the conventional
space groups and include an antisymmetry operation which enables the break-
ing of the crystal symmetry. The TMMSP relies on the fact that the k-vector of
a magnetic structure restricts the number of possible magnetic subgroups with
respect to the parent space group. The allowed magnetic subgroups are sorted
according to their hierarchy so that one starts testing with direct subgroups first
and reduces the symmetry until a suitable solution is found.[47]

Both theories have their advantages and disadvantages. Therefore, it is
generally recommended to use them complementary. The biggest advantage
of RT is that the magnetic models are based on a linear combination of ba-
sis vectors. If one needs to build a complex magnetic model, one can simply
add the linear combinations of basis vectors from different irreducible repre-
sentations. As RT derives the magnetic symmetry from the parent group, the
magnetic models obtained from RT might display certain flexibilities such as
the direction of the magnetic moments within the crystal structure. In contrast,
TMMSG relies on the MSGs which even include an additional magnetic sym-
metry operation. Therefore, TMMSG tends to be more restrictive than RT and
the magnetic structure models derived from TMMSG are less flexible.

3.4.4 Neutron sources and powder neutron diffraction instruments

Neutrons are naturally generated as a byproduct of nuclear decay[29; 40; 42]
but using these neutrons for scattering experiments is very inefficient. Instead,
neutron scattering experiments are usually performed at large scale facilities
where neutrons are created either through fission or spallation. Neutron reac-
tors function similar to their counterparts used for power generation but are op-
timized for neutron output. Reactor sources usually create a continuous, white
beam. Spallation sources, in contrast, create white neutron pulses and have
an entirely different working principle. High-energy particles such as protons
impinge on a heavy metal target. The heavy metal nuclei hit by the accelerated
particles undergo a nuclear process called spallation and emit neutrons. The
number of neutrons created by the spallation process is significantly higher
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than through fission. Therefore, the most brilliant neutron sources found today
are all spallation sources.[29; 38; 48]

Neutron diffraction instruments can be designed using two different prin-
ciples: constant-wavelength (CW) or time-of-flight (TOF). CW-instruments
have a very similar working principle as synchrotron sources. A monochro-
mator is used to select a neutron wavelength from the white beam and the
detector collects the sample signal as a function of 2θ , θ being the Bragg an-
gle. A series of different neutron wavelengths can be accessed by rotating the
monochromator. Being able to select between different wavelengths is impor-
tant for magnetic structure determination as magnetic structures often exhibit
enlarged magnetic unit cells with respect to the nuclear cells. By collecting
multiple data sets with different wavelengths, one can increase the accessible
range of wave vectors q. Depending on the magnetic system and the instru-
ment, it may be desirable to collect data at two neutron wavelengths to guaran-
tee a good reference between the crystal and magnetic structure reflections.[29;
49]

TOF instruments use a pulsed, white beam. Therefore, the neutrons ex-
hibit a certain energy distribution. As the energy is correlated to the velocity,
one could also say the neutrons have different velocities. In time-of-flight ex-
periments, the time between the creation of a neutron pulse and the time at
which the neutrons impinge on the detector is measured and recorded as the
time-of-flight. Since the energy distribution of the neutrons as well as the
distance between the neutron source and the instrument are known, one can
determine the energy of a neutron impinging on the detector at a certain time.
Therefore, time-of-flight can be easily transferred into the distances between
atomic planes in real (d) or reciprocal (q) space (in units of Å and Å−1, re-
spectively). Since TOF instruments use neutrons of a wide energy range, the
created neutrons are used much more efficiently compared to CW instruments.
Furthermore, one can cover a significantly larger d-spacing with a single mea-
surement. [29; 38]

3.4.5 Neutron diffraction beamtimes

Due to the combination of the limited number of neutron beam days and the
high beamtime demand by the scientific community, the most important neu-
tron facilities implemented user programs. If one is interested in a neutron
beamtime, one has to submit a proposal explaining the scientific case and the
planned experiment via the user program. The proposals submitted within a
proposal cycle are then evaluated, rated and ranked with respect to each other
by a committee. As the overall beamtime is limited, only the best proposals
are accepted. Therefore, it is not that easy to get neutron beamtime access and
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makes it all the more special that the data of 15 PND beamdays are included
within this thesis.

PND measurements have been performed for Papers I, VI and VII in order
to determine magnetic structures. In Paper I, the PND data were also used to
locate the hydrogen atoms within the crystal structure of one compound. The
measurements were performed at four different neutron facilities: The data for
Paper I were collected at the ISIS Neutron and Muon Facility (Didcot, United
Kingdom) at the General Materials Diffractometer (GEM). Paper VI contains
data from the Canadian Neutron Beam Centre (Chalk River, Canada) collected
at the High Resolution Powder Diffractometer C2 and the NIST Center for
Neutron Research (Gaithersburg, USA) collected at the High Resolution Neu-
tron Powder Diffractometer BT-1. Finally, the PND patterns of Paper VII were
acquired at the Swiss neutron spallation source (SINQ; Villigen, Switzerland)
at the High-Resolution Powder Diffractometer for Thermal Neutrons (HRPT).

In order to measure the compounds at the required temperatures, sample
environments such as a closed-cycle refrigerator (CCR), cryostats, a cryofur-
nace and a furnace were used as sample environments. All samples were mea-
sured utilizing vanadium sample containers.
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4. Magnetic properties

Magnetic frustration and low-dimensional magnetism are two phenomena re-
sulting in unusual magnetic properties which do not exist in conventional mag-
nets. Although both phenomena are derived from fundamentally different con-
cepts, the emerging magnetic properties can have certain similarities. Further-
more, magnetic frustration and low-dimensional magnetism are often observed
in similar systems, sometimes they even co-exist. This chapter will present the
fundamental concepts of both magnetic frustration and low-dimensional mag-
netism and aims to introduce some selected effects and systems relevant within
the scope of this thesis.

4.1 Magnetic frustration

Magnetic frustration describes a phenomenon in which magnetic ions in a
material experience competing exchange interactions. The exchange between
spin pairs is described by the Heisenberg Hamiltonian

H =−∑
i̸= j

Ji j Si ·S j (4.1)

where Ji j denotes the exchange interaction between two spins Si and S j.
Depending on the sign of the exchange interaction, it is energetically favorable
to align two spins either parallel (J > 0) or antiparallel (J < 0). In frustrated
compounds not all exchange interactions can be satisfied simultaneously. Con-
sequently, frustrated systems commonly exhibit degenerate ground states and
demonstrate unusual magnetic properties which do not occur in conventional
magnets.[11–17] Generally, one can distinguish between two different types
of magnetic frustration:[17]

(i) Geometric frustration occurs (most commonly) in antiferromagnetic sys-
tems when the geometric constraints of a magnetic ion lattice impose
competing interactions. The term geometrically frustrated lattice refers
to lattices in which the geometric constraints prevent the fulfillment of
all exchange couplings simultaneously. A common example of a geo-
metrically frustrated lattice is the simple, edge-sharing triangular lattice
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but many more have been reported such as the kagome and pyrochlore
lattices.[13]

(ii) Magnetic frustration can also occur on non-frustrated lattices. In this
case, not the geometric constrictions of the lattice give rise to unusual
magnetic states but rather the strengths of the competing interactions.
Therefore, this type of magnetic frustration is also called interaction frus-
tration. In the end, it is the ratio of the nearest-neighbors (NN) and next-
nearest-neighbors (NNN) interactions which decides if a magnetic state
is frustrated or not. (In some cases even longer-range interactions may
be relevant.) The square lattice is a prime example of a non-frustrated
lattice where magnetic frustration can develop.[13; 17]

4.1.1 Indications of magnetic frustration

The temperature dependence of the inverse magnetic susceptibility χ−1(T )
can reveal whether a compound exhibits signs of magnetic frustration. In the
paramagnetic regime, χ−1(T ) ideally follows the inverse Curie-Weiss law

χ
−1(T ) =

T −Θ

C
(4.2)

where C is the material-specific Curie constant, T the temperature and Θ

the Weiss constant. The Curie-Weiss law is generally applicable only in the
limit of T ≫ |Θ|. A negative (positive) sign of Θ indicates that a material ex-
hibits antiferromagnetic (ferromagnetic) exchange interactions.[12] Its magni-
tude gives a glimpse at the strength of the magnetic interactions as Θ can be
derived from the sum of all exchange interactions Ji using mean-field theory
via

Θ =
2S(S+1)

3kB
∑

i
ziJi (4.3)

where S is the spin, kB the Boltzmann constant, z the number of neighbors
and i represents the ith neighbor.[12; 13] In non-frustrated antiferromagnets,
|Θ| is usually on the order of the Néel temperature TN , the temperature at which
the magnetic order sets in. Frustrated magnets, however, may exhibit a large
difference between |Θ| and TN . Their ratio, the frustration parameter f ,

f =
|Θ|
TN

(4.4)

is therefore an attempt to estimate the degree of magnetic frustration. Val-
ues of f > 10 are generally considered as a sign of strong magnetic frustration.
Non-frustrated magnets exhibit f ≈ 1.[13; 50] It is should be emphasized here
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that f indicates the suppression of magnetic order which is a phenomenon that
may also occur in non-frustrated systems with, e.g., low-dimensional mag-
netic interactions. The frustration parameter alone is therefore not a good tool
to distinguish between magnetic frustration and low-dimensional magnetism.

4.1.2 Triangular lattices

Triangular lattices are the classic example of geometrically frustrated lattices.
The geometric restrictions given by the lattice itself substantially influence the
magnetic properties. Therefore, one distinguishes between different types of
triangular lattices such as the simple edge-sharing lattice (Fig. 4.1 a) or more
complex arrangements such as the corner-sharing kagomé lattice (Fig. 4.1 b).
Although the latter two are examples of quasi-two-dimensional lattices, trian-
gular arrangements can also be found in three-dimensional frameworks as in
the gadolinium gallium garnet (Gd3Ga5O12).[13; 14] Only quasi-two-dimensional
systems of edge-sharing triangles will be considered from this point on.

Figure 4.1: Two examples of quasi-two-dimensional, geometrically frustrated
lattices: a) Simple, edge-sharing triangular lattice and b) corner-sharing kagome
lattice. Three different exchange interactions Ji between nearest-neighbors (NN)
are indicated in a).

The symmetry of the triangles within the triangular lattices plays another
important role for the magnetic properties as the distance between the NN in-
fluences the exchange interactions Ji (Fig. 4.1 a). In the simplest case, the
triangular layers are perfectly flat and the triangles are equilateral. Then, only
one exchange parameter J is necessary to describe the interactions with all NN.
The system becomes more complicated if one introduces distortions: Isosceles
triangles have two sides of equal length and the third deviates from the other
two. As a result, isosceles triangles also require two exchange parameters J1
and J2. This trend can be continued to any triangle with J1, J2 and J3. Further-
more, the triangular layers may be undulated and further Ji may be required to

41



describe the behavior of observed magnetic states. As the complexity of these
systems grows with the increasing number of Ji, it can be difficult to analyze
the magnetic properties for low-symmetry compounds in detail.[16]

High degrees of magnetic frustration are usually observed in compounds
for which the magnetic interactions can be described with a low number of Ji

– often not more than one or two. The competition of the few exchange pa-
rameters present is profound and the formation of magnetic long-range order
may be suppressed down to low temperatures.[13] Interestingly, the latter hap-
pens even if the interactions between the magnetic ions are strong. In the end,
magnetic order may set in when even small perturbations from quantum fluctu-
ations become sufficiently large to disturb the equilibrium of forces. The latter
describes a phenomenon called order-by-disorder which may be considered
counter-intuitive. In most cases, disorder prevents the formation of long-range
order (e.g. structural disorder, thermal fluctuations at high temperatures) but
for order-by-disorder the opposite is the case. [14; 16]

The magnetic ground states of triangular lattices may range from long-
range order to low-dimensional magnetic behavior to other exotic states. In
case of long-range order, the magnetic structures can exhibit non-collinear or
incommensurate arrangements of the magnetic moments. One such ground
state is the so-called 120◦ structure as the spins align in-plane and are rotated
by 120◦ with respect to their NN (Fig. 5.2 a). It plays a key role in Paper I and
will be discussed in Chapter 5.1 in more detail.

4.1.3 Square lattice

As mentioned earlier, the square lattice is not geometrically frustrated per se.
However, it is possible to observe phenomena of magnetic frustration if the
NN and NNN exchange interactions within the square lattice J1 and J2, re-
spectively, exhibit certain ratios J2/J1 and the NNN exchange interaction J2
is antiferromagnetic.[13; 17] J1 describes the interaction along the side of the
square and J2 along the diagonal in this context (Fig. 4.2 a). There are two
values for J2/J1 around which magnetic frustration can be observed:

(i) In the first case, there are only antiferromagnetic interactions of the or-
der of J1 ≈ J2 within the square nets. In order to better illustrate why this
would lead to magnetic frustration, the square lattice can also be depicted
as a nested triangular lattice consisting of isosceles triangles (Fig. 4.2 a).
(The triangles are overlapping, however, as each square has two diago-
nals. Thus, the J1 − J2 model on the square lattice exhibits certain sim-
ilarities with the J1 − J2 model on the triangular lattice but they are not
identical.) If J1 ≈ J2, the isosceles triangles reach the limit of the equilat-

42



Figure 4.2: Schema of a square lattice. The exchange interactions to the NN
(J1) and NNN (J2) are indicated.

eral triangles. Therefore, J2/J1 ≈ 1 may lead to magnetic frustration on
the square lattice.[13; 17]

(ii) The second, strongly frustrated case occurs when ferromagnetic NN in-
teractions J1 meet antiferromagnetic NNN interactions J2 and their ratio
reaches values around J2/J1 ≈−1. However, if the NN interactions were
antiferromagnetic and the NNN ferromagnetic no magnetic frustration
would be observed.[17]

Both cases can result in a magnetic ground state called the columnar an-
tiferromagnetic (CAF) structure (Fig. 5.22) – sometimes also referred to as
stripe-order. The magnetic moments form ferromagnetically coupled columns
which are coupled antiferromagnetically with respect to each other. The CAF
state is two-fold degenerate, can be interpreted as the analogue solution to the
120◦ structure on the square lattice and will be further addressed in Chap-
ter VII.

4.1.4 Spin glass

Spin glasses are magnetically frustrated systems in which the spins freeze into
random configurations below a glass transition temperature Tg but nevertheless
exhibit cooperative, short-range spin interactions. As spin glasses are magnet-
ically disordered, their name is derived from the structural disorder in amor-
phous glasses. A key property of spin glasses is that they have a manifold of
ground states with nearly identical energies.[12; 13; 24; 51]
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The magnetic susceptibility of spin glasses exhibits characteristic features:
In static (DC) magnetic fields, a bifurcation of the zero-field-cooled (ZFC)
and field-cooled (FC) susceptibility can be observed below Tg. Additionally, a
frequency dependence of the real (χ ′) and imaginary (χ ′′) susceptibility com-
ponents occurs in dynamic (AC) fields.[12; 13; 24]

Spin glass behavior can be found in a variety of systems and may be intro-
duced through different effects:

(i) As one may suspect from the name spin glass, site-randomness is an ap-
proach to introduce spin glass behavior. Such structural disorder may,
for example, be established through doping of magnetic ions into a non-
magnetic matrix as in Cu1−xMnx, reducing the magnetic ion level of an
alloy like Au1−xFex below the so-called percolation limit to break the
long-range interactions which allow the formation of magnetic order, or
through quenching crystalline intermetallics like GdAl2 into an amor-
phous material.[12]

(ii) Another possibility is bond-randomness where the competing NN inter-
actions are both antiferromagnetic and ferromagnetic. In Rb2Co1−xCuxF4,
such a bond-randomness could be introduced by doping a second mag-
netic species, Cu, into the Co sites.[12]

In insulators exhibiting purely short-range antiferromagnetic interactions,
spin glass behavior is usually only observed in amorphous materials or in crys-
talline compounds where the magnetic sites are diluted by non-magnetic ele-
ments to levels below the percolation limit. Furthermore, it is generally ac-
cepted that both site-randomness and frustration are required.[13] However,
there are examples, such as the pyrochlore Y2Mo2O7, which display only small
degrees of positional disorder and still behave like a typical spin glass. In the
specific case of Y2Mo2O7, there are indications that magnetoelastic effects
[52] or an additional orbital degeneracy [53; 54] cause the spin glass behavior.

A spin-glass-like freezing of the magnetic moments on the surface of nano-
particles, sometimes also referred to as superspin-glass, has also been observed
in materials such as γ −Fe2O3[55–57] and MnFe2O4.[58; 59]

To conclude this chapter, it is worth mentioning that magnetic frustration
encompasses a wide variety of systems and associated phenomena, including
spin ices and spin liquids.[13; 15; 17; 60; 61] However, these cases do not
belong to the scope of the present thesis.
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4.2 Low-dimensional magnetism

In Heisenberg magnets, magnetic order is a three-dimensional (3D) magnetic
phenomenon as the formation of magnetic structures requires the presence of
3D magnetic exchange interactions.[27] The 120◦ and CAF structures dis-
cussed earlier are the minimum energy solutions of a frustrated magnet on
a quasi-two-dimensional (2D) triangular (Chapter 4.1.2) and square lattice
(Chapter 4.1.3), respectively. However, these structures can only be observed
in reality if interactions along the third dimension stabilize them against quan-
tum fluctuations.[13; 27]

Then, there are low-dimensional magnets which feature magnetic interac-
tions in fewer than 3D (Fig. 4.3). Magnetic nanomaterials such as thin films
or quantum dots belong to this group as these materials themselves are low-
dimensional. Low-dimensional magnetism can also be observed in macro-
scopic crystalline materials when the magnetic ions experience quasi-low-
dimensional magnetic interactions. It is important to emphasize that these
interactions are quasi-low-dimensional because the magnetic interactions in
a bulk crystal can never be truly low-dimensional. In some dimensions, the
magnetic couplings may become negligible but they will never be zero. In
order to observe low-dimensional magnetism in a bulk material, the magnetic

Figure 4.3: Sketch of the dimensionality of magnetic interactions from 3D to
0D: magnetic ions (blue), magnetic exchange interactions J (orange) and lattice
(gray).
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ions require a certain degree of isolation which may arise from quasi-low-
dimensional magnetic ion units such as planes (2D), chains (1D), isolated ions
or oligomers (0D).[12; 28] It is important to understand that the dimensionality
of the magnetic ions within the crystal structure is not necessarily correlated to
the dimensionality of the magnetic interactions.

The most characteristic property of low-dimensional magnets is their lack
of long-range magnetic order. The Mermin-Wagner theorem says that true
low-dimensional Heisenberg systems cannot form long-range magnetic or-
der at non-zero temperatures![27] Bulk crystalline materials with quasi-low-
dimensional magnetic exchange may also lack long-range ordering, instead
displaying short-range interactions, exotic spin dynamics, etc. The temperature-
dependent magnetic susceptibility often features very characteristic broad peaks
which can span over tens of degrees.[12; 28] Although many crystalline mate-
rials exhibit quasi-low-dimensional magnetic properties down to low temper-
atures, most of them still form long-range order if one lowers the temperature
just far enough, e.g. into the mK-regime. At such low temperatures, quantum
fluctuations and order-by-disorder effects play an important role. Since quasi-
low-dimensional magnets do experience strong magnetic interactions but gen-
erally order only at very low temperatures or not at all, the frustration factor f
mentioned above tends to be large for such systems.
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5. Summary of papers

5.1 Paper I: Ionothermal syntheses of six layered, triangu-
lar antiferromagnets AFe(PO3F)2 (A = K, (NH4)2Cl,
NH4, Rb and Cs) with realization of the magnetic 120◦

state

Six new compounds AFe(PO3F)2 with A = K, (NH4)2Cl, NH4, Rb and Cs
were synthesized using ionothermal reactions. The crystal structures are com-
posed of [Fe(PO3F)2]

− layers separated by their respective cation A+. Two
compounds with A = K and (NH4)2Cl represent new members of the yavapai-
ite family and crystallize in the trigonal space group P3̄. The Fe atoms form
planes of equilateral triangles. The other four compounds (A = K, NH4, Rb
and Cs) are isostructural, have triclinic symmetry (space group P1̄) and their
Fe atoms form undulated layers of irregular triangles. The two K compounds
are dimorphs but their crystal structures do not appear to be related by a simple
continuous distortion. In the yavapiite family, the transition metal and A atoms
lie along an axis (e.g. K–Fe–K). This is the case even for the triclinic members
reported in the literature where the crystal structure is distorted. In the triclinic
compounds presented here, the cations are significantly shifted perpendicular
to this axis so that A–Fe–A no longer lie on the same line.

The magnetic properties of all six compounds were studied using mag-
netization measurements: KFe(PO3F)2 (P3̄) remains paramagnetic down to
TN = 3.6 K where an antiferromagnetic transition can be observed (Fig 5.1).
Curie-Weiss fits of the inverse susceptibility χ−1(T ) yielded a Weiss constant
of Θ = −33 K and a magnetic moment of µe f f = 5.92 µB consistent with
Fe3+. The frustration parameter f = |Θ|/TN = 9.2 indicates the presence of
strong magnetic frustration. The isothermal magnetization M(H) at 2 K ex-
hibits anomalies at 4.6 T and 7.8 T. The field and temperature dependence of
dM/dH indicates that the anomalies are the edges of a magnetization plateau at
Msat/3 predicted for triangular S = 5/2 systems and observed in other related
compounds, including representatives of the yavapiite family. As the mea-
sured samples are polycrystalline, the shape of the plateau is not as distinct as
expected from single-crystal measurements.
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Figure 5.1: Magnetic susceptibility χ , inverse magnetic susceptibility χ−1 and
Curie-Weiss fit (top inset) and isothermal magnetization M (bottom inset) of
KFe(PO3F)2 (P3̄). Graph taken from manuscript.

Magnetization plateaus at Msat/3 have been reported for triangular antifer-
romagnets ordering in the so-called 120◦ structure – sometimes also referred
to as Y structure. The name is derived from the arrangement of the mag-
netic moments as the spins of the NN are rotated by 120◦ with respect to each
other. The 120◦ structure is two-fold degenerate since the 120◦ arrangement
of the spins can be achieved in two different ways but with opposite hand-
edness (Fig. 5.2 a).[11; 13; 16; 51] The magnetization plateau itself has been
associated with the up-up-down phase (UUD, Fig. 5.2 b), a magnetic structure
that occurs when the 120◦ collapses under magnetic fields applied parallel to
the triangular layers. The UUD phase exists only within the field range of the
magnetization plateau. The lower limit of the magnetization plateau indicates
the phase edge 120◦/UUD, the upper limit – the phase edge between the UUD
and the V phases (Fig. 5.2 c). The V state is a magnetic structure that requires
even higher magnetic fields parallel to the triangular layers. The UUD/V phase
border is very characteristic in H −T -phase diagrams as it is independent of
the temperature in this phase region.[16]

A number of field-dependent magnetization measurements M(H) at con-
stant temperatures and temperature-dependent magnetization M(T ) measure-
ments at constant fields were collected to determine the H −T phase diagram
of the trigonal KFe(PO3F)2 (Fig. 5.3 a). Indeed, the temperature and field de-
pendence of the various phase edges resembles those of compounds where the
120◦, UUD and V structures were observed. The structurally closely related
(NH4)2ClFe(PO3F)2 (Fig. 5.3 b) exhibits very similar magnetic properties in-
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Figure 5.2: Magnetic structures of the edge-sharing, equilateral triangular lat-
tice: A possible ground state is the a) 120◦ or Y structure. Under applied fields
parallel to the triangular lattice, phase transitions into the b) up-up-down (UUD)
and c) V structures can occur.

cluding a magnetization plateau at Msat/3 and a comparable H −T phase dia-
gram (Fig. 5.3 b). The magnetic phase transitions are shifted slightly towards
lower temperatures and lower fields however. The shifts of the phase edges
probably originate from a weaker interlayer coupling as (NH4)2ClFe(PO3F)2
displays a significantly larger lattice parameter c due to the much bulkier cation.

Figure 5.3: Magnetic H −T phase diagrams of the trigonal a) KFe(PO3F)2 and
b) (NH4)2ClFe(PO3F)2. Graphs taken from manuscript.

The triclinic AFe(PO3F)2 (A = K, NH4, Rb and Cs) exhibit somewhat dif-
ferent magnetic properties. Curie-Weiss fits of χ−1 hint at magnetic moments
agreeing with Fe3+ and antiferromagnetic couplings. However, the frustration
parameters are significantly lower than for the trigonal compounds. The mag-
netic susceptibilities show broad antiferromagnetic transitions between 8 K
and 10 K for all four compounds. Due to the broadness of the peaks, AC
magnetization measurements were performed for (NH4)Fe(PO3F)2 but no fre-
quency dependence could be observed. Therefore, the transitions indicate an
ordering of the magnetic moments instead of low-dimensional behavior.

PND measurements of the trigonal AFe(PO3F)2 (A = K and (NH4)2Cl)
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were performed to determine their magnetic ground states. The magnetic re-
flections of KFe(PO3F)2 were indexed with the propagation vector k = (1/3,
1/3, 1/4). As already suspected from the magnetization measurements, the
magnetic moments of KFe(PO3F)2 order in the 120◦ structure within the tri-
angular layers. Between adjacent layers, the spins are rotated by 90◦ which
is in line with kz = 1/4. The theoretical model that predicts the realization of
the 120◦ structure takes into account the in-plane exchange interactions only.
Since interplanar exchange may be of either ferro- or antiferromagnetic type,
and may itself be frustrated, a large number of different magnetic structures
accommodating layers with the 120◦ type order have been reported. Among
these structures, most are commensurate, although some incommensurate ones
have been identified as well. In KFe(PO3F)2, kz = 1/4 points towards a com-
mensurate magnetic structure. Attempts to consider an incommensurate model
(with kz ≈ 1/4) did not result in a better refinement. To our knowledge, this
is the first time the 120◦ structure has been observed with a rotation of the
magnetic moments by 90◦ between adjacent layers.

Figure 5.4: Magnetic model of the trigonal KFe(PO3F)2 solved from PND data
showing a) the whole magnetic unit cell and b) the arrangement of the mag-
netic moments within a layer of triangular lattice. Only the Fe atoms (green) are
shown. Graph taken from manuscript.

Unfortunately, no magnetic reflections could be observed in the PND mea-
surements of (NH4)2ClFe(PO3F)2. Since the sample was not deuterated, the
weak magnetic reflections remained hidden in the noticeable background orig-
inating from hydrogen.
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5.2 Paper II: An Unprecedented Class of Open-Framework
Materials Bridging between Zeolites and Polyoxomet-
alates

The term open framework materials encompasses a number of material classes
which are characterized by their low density due to the presence of cavities
or channels within their structures. The most prominent and well-studied of
these classes are zeolites. Zeolites and their derivatives are inorganic frame-
work materials comprised of EO4 (E = main group element) groups but may
also incorporate transition metal (M) atoms. In this paper, we report two com-
pounds [R24(NH4)14(PO(OH)2)6] · [M134(PO3(OH,F))96F120] (M = Co, R =
1-ethylpyridinium; and M = Ni, R = 1-butyl-3-methylpyridinium) of an un-
precedented class of open framework materials. The crystal structure of both
compounds contains a large central pore and a system of channels not directly
connected to this central cavity. In contrast to zeolites, however, the framework
of the central pore is comprised purely of MO6 octahedra. The PO4 tetrahedra
within the structure help stabilize the octahedral framework and contribute to
the charge balance but are not necessary to build the framework. The structure
has certain similarities to polyoxometalates instead. Thus, these two com-
pounds may be described as hybrides between zeolites and polyoxometalates.

Figure 5.5: a) Crystal structure of [R24(NH4)14(PO(OH)2)6]·
[M134(PO3(OH,F))96F120] highlighting the polyhedral packing around the
spherical pore: transition metal octahedra (green) and phosphate tetrahedra
(mauve). b) Structure of the transition metal network. Illustrations taken from
manuscript.

Interestingly, the transition metal framework is comprised of face-, side-
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and corner-sharing MO6 octahedra that make up a sphere-like cavity. Inside
the unit cell, the transition metal atoms are arranged in a network of hexagons,
pentagons and octagons with a diameter of about 25 Å, resembling a cropped
fullerene molecule (Fig. 5.5). At each unit cell face, the cavity exhibits a 12-
ring opening, allowing smaller molecules (e.g. gases, solvents) access into the
pore. Although this entrance hole is not very big, the available pore volume
is relatively large and makes up about 1/3 of the unit cell volume. Around the
central cavity, there is a separate framework of smaller pores and channels iso-
lated from the large cavity or not accessible through any other larger opening
(Fig. 5.6). Therefore, these may only be available for very small molecules
such as gases or water.

Figure 5.6: Representation of the cages and channels within the crystal struc-
ture. Illustration taken from manuscript.

The two compounds were synthesized using ionothermal reactions and the
IL takes up the roles of solvent, fluorine source and structure directing agent
all in one. Importantly, the IL cations are not only the template around which
the pores are formed during the synthesis but actively contribute to the charge
balance of the compounds. Therefore, the cations stabilize the crystal struc-
ture. Combined thermogravimetric and mass spectroscopic analysis (TG-MS)
as well as PXRD measurements show that both compounds remain stable up
to 320 ◦C and experience a reversible weight loss corresponding to the water
taken up by the pores. This is in line with the solvent accessible volume. At
higher temperatures, the compounds decompose and lose a number of different
building blocks including the IL cations before forming dense phosphates.

The magnetic properties of both compounds have been studied. The mag-
netic susceptibility of the Ni compound indicates that it remains paramagnetic
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down to 2 K. Curie-Weiss fits hint at antiferromagnetic interactions (Θ =
−16 K) and reveal a magnetic moment of 3.19 µB. This is slightly higher than
the spin-only value of 2.83 µB of Ni2+ and might indicate an orbital contribu-
tion. UV-Vis spectroscopy measurements confirm an oxidation state of Ni2+.
The magnetic properties of the Co compound are more interesting. In the para-
magnetic regime, Curie-Weiss fits yield a Weiss constant of Θ = −32 K and a
magnetic moment of 5.25 µB. Similar to the Ni compound, the moment indi-
cates an orbital contribution as the value is noticeably larger than the spin-only
value of 3.87 µB for Co2+. The oxidation state of Co2+ has been confirmed
using both UV-Vis and X-ray photoelectron spectroscopy. At low tempera-
tures, the magnetic susceptibility increases noticeably indicating some kind of
magnetic transition. However, it was not possible to detect e.g. a peak within
the temperature range of the instrument. Therefore, it is not entirely clear
from the temperature dependent magnetic susceptibility what kind of transi-
tion occurs. Interestingly, a frequency dependence of the real and imaginary
magnetic susceptibility could be observed which hints at a spin glass-like state
(Fig. 5.7). This is a somewhat surprising result, since spin glasses rarely oc-
cur in crystalline insulators without structural disorder at the magnetic sites
(e.g. through doping). Furthermore, this indicates the presence of magnetic
frustration between the Co atoms. The ratio of the imaginary χ ′′ and real χ ′

magnetic susceptibility is about 10 % for each frequency which indicates that
the spin domains are made up of a large number of spins, possibly all 134 Co
atoms surrounding the spherical cavity.

Figure 5.7: Frequency dependence of the a) real χ ′ and b) imaginary χ ′′ con-
tribution of the magnetic susceptibility of the Co compound. Graph taken from
manuscript.
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5.3 Paper III: From a dense structure to open frameworks:
The structural plethora of alkali metal iron fluorophos-
phates.

In this paper, the crystal structures of five new iron fluorophosphates are pre-
sented. All compounds were synthesized using ionothermal reactions.

The orthorhombic NaFe(PO3F)2 (space group Fdd2) forms a dense three-
dimensional framework. The crystal structure is made up of octahedrally co-
ordinated Fe atoms which are interconnected through the O atoms of (PO3F)
groups. The Na+ cations are located in small pockets within this [Fe(PO3F)2]

−

framework. Under nearly identical reaction conditions, it is also possible to
synthesize a monoclinic modification of NaFe(PO3F)2 (space group P21/c)
which was reported previously. In the monoclinic NaFe(PO3F)2, the frame-
work is also built up by isolated (FeO6) octahedra connected via (PO3F) but
the resulting network is very different. The cations have more space in their
cavities, although the [Fe(PO3F)2]

− is tightly wrapped around the Na+ cations
like for the orthorhombic modification. Furthermore, the space groups of these
Na dimorphs exhibit no group-subgroup relationship.

The crystal structure of RbFe(PO3F)(PO2(OH)F)(PO2(OH)2) (space group
P21/c) consists of quasi-1D iron fluorophosphate chains which are bound to-
gether by OH · · ·O hydrogen bonds. The Rb+ cations are located between
the chains. Similar to the previous two compounds, the (FeO6) octahedra are
connected via (PO3F), (PO2(OH)F) and (PO2(OH)2) groups.

(C2pyr)LiFe2(PO3F)3(PO2F2)F with C2pyr = 1-ethylpyridinium (space
group P21/c) crystallizes in layers of [LiFe2(PO3F)3(PO2F2)F]− separated by
the organic cation [C2pyr]+ (Fig. 5.8). The slabs contain dimers of (FeO5F) oc-
tahedra connected by the shared F atom. The dimers are separated by (PO3F),
(PO2F2) and (LiO4) tetrahedra within the layers.

The second Li containing compound, LiFe(PO3F)(PO2F2)F (space group
P212121) forms an open framework containing 12-ring channels parallel to the
a-axis which are filled with the Li atoms. Similar to the previous Li compound,
the framework is comprised of (FeO5F), (PO3F) and (PO2F2) groups.

Finally, Cs0.75Fe(PO2.75(OH)0.25F)(PO2F2)2 (space group I4/mcm) is an-
other open framework material. The structure contains three 8-ring channels,
two along the ab face diagonals and a third parallel to c-axis, which are filled
with the Cs atoms. Since the Cs cations are quite large, they appear to direct
the formation of the structure around them and create structural disorder. The
framework consists of (FeO6), (PO3F) and (PO2F2) building blocks.

The magnetic properties of the monoclinic modification of NaFe(PO3F)2,
RbFe(PO3F)(PO2(OH)F)(PO2(OH)2), (C2pyr)LiFe2(PO3F)3(PO2F2)F as well
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Figure 5.8: Crystal structure of (C2pyr)LiFe2(PO3F)3(PO2F2)F from the view-
ing direction a) [010] and b) [100]: iron octahedra (green), phosphate tetrahedra
(mauve), lithium tetrahedra (cyan). Illustration taken from manuscript.

as Cs0.75Fe(PO2.75(OH)0.25F)(PO2F2)2 were measured. Except for the layered
(C2pyr)LiFe2(PO3F)3(PO2F2)F, the compounds all display antiferromagnetic
transitions and the frustration parameter f indicates no to low degrees of mag-
netic frustration. Interestingly, (C2pyr)LiFe2(PO3F)3(PO2F2)F displays a very
broad peak in the magnetic susceptibility χ which hints at low-dimensional
behavior (Fig. 5.9). As the Fe atoms form dimers within the iron phosphate
layers, χ was fitted with a magnetic dimer model. The value of magnetic
exchange parameter J reveals the formation of antiferromagnetically coupled
dimers (J = −20.2 K). The Curie-Weiss fit of the inverse magnetic suscep-
tibility χ−1 hints at strong antiferromagnetic interactions (Θ = −160 K) and
yields a magnetic moment of 6.22 µB which is slightly higher than the spin-
only value of Fe3+.
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Figure 5.9: Magnetic susceptibility χ and the inverse magnetic suscepti-
bility χ−1 (inset) of (C2pyr)LiFe2(PO3F)3(PO2F2)F which displays the low-
dimensional behavior of magnetic dimers (green). Graph taken from manuscript.
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5.4 Paper IV: Ionothermal Synthesis, Structures, and Mag-
netism of Three New Open Framework Iron Halide-
Phosphates

The structures and magnetic properties of three new iron halide-phosphates
A2Fe2(HPO4)(PO4)Cl2F (A= NH4 and K) and KFe(PO3F)F2 were reported in
this paper. All three compounds were synthesized using ionothermal reactions.

The crystal structure of (NH4)2Fe2(HPO4)(PO4)Cl2F (space group Pma2)
is comprised of a three-dimensional [Fe2(HPO4)(PO4)Cl2F]− framework. The
(NH4)

+ cations sit in gaps within the structure. The framework is made up of
two different iron-containing quasi-low-dimensional structure units: Parallel
to the ab plane, layers of (FeO2Cl4) octahedra connected through the vertex
sharing Cl atoms and along a, chains of (FeO4F2) octahedra linked by the cor-
ner sharing F atoms. The planes and chains are interconnected via bridging
(HPO4) and (PO4) tetrahedra through shared O atoms. Within the (FeO2Cl4)
planes, the Fe atoms form square nets. Due to the interconnectivity of the
planes and chains via the phosphate groups, each (FeO2Cl4) octahedron is
connected to two (FeO4F2) octahedra and their Fe atoms form isosceles trian-
gles.

K2Fe2(HPO4)(PO4)Cl2F is structurally closely related to the NH4 com-
pound. It crystallizes in the space group Pba2 in a unit cell that is doubled
along b with respect to the NH4 compound due to some distortions. The latter
are most noticeable for the (FeO4F2) chains. In contrast to the NH4 compound
where the Fe-F-Fe lie on a straight line, the octahedra are tilted by 16.9◦ with
respect to each other so that the chains zigzag. Due to the distortion, the Fe
triangles are no longer isosceles but irregular.

The crystal structure of the third compound, KFe(PO3F)F2 (space group
P21/c), is comprised of [Fe(PO3F)F2]

− layers separated by K+ cations. The
layers consist of chains of alternating (FeO2F4) and (FeO4F2) octahedra con-
nected via corner-sharing F atoms. These chains are linked with each other
through (PO3F) tetrahedra by the vertex sharing O atoms.

The magnetic properties are very different for all three compounds: Spe-
cific heat data CP of (NH4)2Fe2(HPO4)(PO4)Cl2F exhibit two anomalies at
95 K and 3.6 K that indicate second-order phase transitions. Magnetization
measurements were performed on a single crystal with the applied field H par-
allel to the different crystal directions (Fig. 5.10). In the paramagnetic regime,
Curie-Weiss fits of χ−1 indicate strong antiferromagnetic interactions (Θ =
−176 K) and a magnetic moment of 5.31 µB. χ shows a number of anomalies
on cooling. Between 100 K and 95 K, just at the onset of the magnetic order-
ing, χ displays a peak in both the ZFC and FC data for H||b that could hint at
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the evolution of a possible ferromagnetic spin component along the b-axis. At
approximately 95 K, this ferromagnetic component vanishes but at the same
time χ begins to decrease for H||a. Throughout the discussed temperature
range, χ remains nearly constant for fields applied along c. On further cool-
ing, χ remains constant for H||b and H||c but continues to decrease for H||a.
Therefore, the spins appear to order antiferromagnetically along the a-axis. At
around 50 K, all ZFC curves deviate from the FC ones. As the CP data show
no feature in this temperature range, the origin of this anomaly is not clear.
A second magnetic transition occurs at 3.6 K which is in agreement with the
specific heat data. The isothermal magnetization measurements confirm the
antiferromagnetic order with an easy-axis along a.

inset in Figure 5); 5.3 of the theoretically 5.9 μB are observed
together with a relatively strong tendency toward antiferro-
magnetic alignment of the spins (θCW = −176 K). Due to the
classic spin (Heisenberg) of Fe3+ (d5, high-spin), as extracted
from the Curie−Weiss fit, an isotropic behavior is expected in
the paramagnetic range. Hence, small deviations (few percents
of absolute values) between the data sets (B||a, B||b, and B||c)
in the paramagnetic temperature region were scaled to
superimpose. The deviations are assumed to originate either
from changing demagnetization factors depending on the
irregular sample crystal shape or from differences in the g-
factors.
In the temperature range 100−95 K, a complex magnetic

behavior is observed. On cooling, a sudden increase in χ along
b indicates that a ferromagnetic spin component evolves in the
spin system, just above the observed phase transition, as
indicated by the specific heat measurement. Note that the
thermal hysteresis in the magnetic data of this anomaly could
mean that there is a part first order in this transition, i.e., a
minor magnetostrictive, atomic rearrangement is possible.
Close to 95 K, the ferromagnetic spin component vanishes,
which is visible in the rapid decrease of χ for the data with B||a.
Note that the B||c data is unaffected throughout this transition,
suggesting that the spins reside in the crystallographic ab-
plane. Just below 95 K, the spins are oriented purely along the
a-axis in an antiferromagnetic state, while the data with B||b
and B||c behave equally within measurement errors and stay
almost independent of temperature down to the next magnetic
event. In the temperature range close to 50 K, an anomaly is
seen in all data and represents the only difference between
zero-field cooled (ZFC) and field cooled (FC) data. The ZFC
data in all directions have anomalies in form of an upturn in χ,
where FC data lack this anomaly. At temperatures close to 50
K, no entropy is released (Figure 4), suggesting a disordered
spin domain effect. The high quality of the single crystal rules
out impurity effects. A possible presence of paramagnetic
oxygen, which can affect magnetic data in this temperature
region, is also improbable because the size of the effect is equal
for all three data sets although the sample was remounted on
the sample holder between measurements. Hence, the
isotropic magnetic anomaly close to 50 K remains unexplained.

An additional magnetic transition, as indicated by the
specific heat data, at 3.6 K is accompanied by only a minor
increase in χ for B||a and a corresponding decrease for B||c.
Hence, the spin ground state of (NH4)2Fe2(HPO4)(PO4)Cl2F
(1) can be described as a classic antiferromagnet with the
crystallographic a-axis as the easy axis, to which the spins are
oriented either parallel or antiparallel.
The magnetization at 2 K (Figure 6a) agrees with the

antiferromagnetic state: low but measurable moments are

observed with the field perpendicular to the spin orientation.
The magnetization data along a are close to zero for fields up
to 7 T, an expected behavior for an antiferromagnet with
strong spin−spin coupling. At higher temperatures, the
magnetization becomes significant due to the synergic effect
between temperature and the field to break the spin−spin
coupling (inset Figure 6a) conforming presumably to the AFM
state. Even at 100 K, above TN, the size of the magnetization is
only double that observed at 50 K.
By examining the crystal structure of 1 and its magnetic

properties, it is possible to find a tentative spin structure. The
sublattice of magnetic ions can be described by corner-sharing
[FeO4F2] octahedra chains along a that are sandwiched
between squared layers of corner-sharing [FeO2Cl4] octahedra
(Figure 7). There is an equal abundance of the two different
Fe(III) ions, as the Wyckoff symbols contain the same
multiplicity. The combination of temperature and field
dependent susceptibility and magnetization data, respectively,
suggest that the spins are aligned along the a-axis, which puts a
very strong restriction on the antiferromagnetic ground state.
Following the Goodenough−Kanamori rule, bridging angles

between the octahedra in the chains (∠Fe−F−Fe = 132°) and
layers (∠Fe−Cl−Fe = 164−168°) significantly larger than 90°
usually would point toward antiferromagnetic order in both
substructures. However, there is a geometrical frustration due
to a crystallographic mirror plane affecting the magnetic
superexchange between chains and layers over the phosphate
molecule (dashed lines in Figure 7). This frustration does not
correlate well with the potential three-dimensional order where
both the chains and the layers are ordered antiferromagneti-
cally. A possible solution may come from a distortion of the
crystal structure at lower temperatures similar to that observed
in 2 already at room temperature. Hence, it is also likely that

Figure 5. Magnetic susceptibility of 1 as a function of temperature
and crystallographic direction. The lower middle inset is a
magnification of the temperature range close to the phase transition.
The upper right inset shows the inverse susceptibility and a Curie−
Weiss fit to the high-temperature data.

Figure 6. (a) Direction dependent magnetization data of 1 as a
function of applied magnetic field at 2 K. The lower right inset shows
the temperature dependence of the magnetization for B||a.
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Figure 5.10: ZFC and FC magnetic susceptibility χ of
(NH4)2Fe2(HPO4)(PO4)Cl2F. The lower inset displays a zoom-in of the
temperature region from 90 K to 105 K. The upper inset shows the inverse
susceptibility χ−1 and a Curie-Weiss fit. (Reprinted with permission from [62].
Copyright 2022 American Chemical Society.)

Two possible magnetic structure models were derived from the magnetiza-
tion data (Fig. 5.11): From the geometric arrangement of the [FeO2Cl4] planes
and [FeO4F2] chains, the Goodenough-Kanamori-Anderson rules hint at an
antiferromagnetic arrangement of the spins within both substructures. This
creates a geometric frustration as the Fe atoms of the planes and chains form
isosceles triangles. The frustation might be overcome by a small distortion of
the crystal structure however. Another possibility is that the magnetic moments
align ferromagnetically within the planes and chains but couple antiferromag-
netically between them. This would nullify the frustration but contradict the
behavior expected from the Goodenough-Kanamori-Anderson rules.

The structurally related K2Fe2(HPO4)(PO4)Cl2F displays surprisingly dif-
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the chains are coupled ferromagnetically via the bridging
fluorine atom (∠Fe−F−Fe = 132°) and that the spins in the
layers are internally, ferromagnetically coupled but antiparallel
to the chain spins, as shown in Figure 7b. This would nullify
the geometrical frustration and correspond to an antiferro-
magnetic state, due to the equal abundance of the two Fe sites.
The question, whether a ferromagnetic coupling in the layers
via chlorine at a bonding angle of Fe−Cl−Fe = 164−168° is
possible, has to be proven by neutron diffraction experiments
in the near future. The magnetic k-vector in this suggested spin
structure is [000], increasing the complexity in the neutron
experiment due to overlap of nuclear and magnetic Bragg
intensities. However, the large spin 5/2 has to result in large
magnetic scattering contributions.
Only powders, or microcrystalline samples, of 2 were

obtained from the syntheses, thus, the magnetic investigations
could not deliver the same details on the magnetic properties.
Despite the structural similarities with 1, a somewhat different
magnetic behavior was observed (Figure 8). The geometric

frustration created between the octahedra chains and layers via
the phosphate molecule in 1 is lifted here due to distortions
slightly affecting Fe−Fe distances and significantly Fe−Cl−Fe
angles range (155−173°). Astonishingly, even at 350 K, 2 does
not exhibit typical paramagnetic behavior. Hence, the
estimated 4.7 μB per Fe3+ and the Weiss constant (θCW=

−20 K) are partly misleading. From the composition Fe3+

(3d5) is expected, corresponding to 5.9 μB per magnetic ion.
Obviously, higher temperatures are needed to fully decouple
the spins, suggesting relatively strong spin−spin coupling. This
complies with the slightly negative Weiss constant only if the
system contains both ferro- and antiferromagnetic couplings, of
which the latter dominates. On cooling through 90 K, a phase
transition into a canted antiferromagnet (CAF) occurs. The
obvious difference between FC and ZFC data indicates ground
state degeneracy (Figure 8) that is canceled out above 4 T
(inset in Figure 8). The degeneracy would agree with the CAF,
as domains with two opposing canting of spins can be present
in the ZFC state. Even the size of the magnetization at 7 T
field is close to the expectations for a CAF with dominating
antiferromagnetic couplings, i.e., far from 5 μB.
In the closely related 3, yet another magnetic behavior is

seen, confirming the complexity of the magnetic sublattices in
the investigated compounds. At the highest measured
temperature, 3 seems to be paramagnetic and the Curie−
Weiss fit delivers reasonable values for the magnetic moment
with a value of 5.71 μB/Fe

3+ (Figure 9), which is close to the

theoretical 5.91 μB. Strong antiferromagnetic couplings are
indicated by the negative Weiss constant, but there is a broad
maximum in χ just below 100 K instead of a clear phase
transition, in contrast to the other compounds above. This
maximum is an indication of low dimensional spin correlations,
also possible with only short-range spin order. The 1D scenario
with coupled spin chains was investigated by fitting the

Figure 7. Selected part of the (NH4)2Fe2(HPO4)(PO4)Cl2F crystal structure showing the magnetic sublattice and the suggested magnetic
structures (a) in-chain AFM and (b) in-chain FM as discussed in the text. The two crystallographically distinct Fe(III) cations are denoted by their
Wyckoff symbols. The dashed line displays the possible geometrical frustration via superexchange through a phosphate group.

Figure 8. Magnetic susceptibility of K2Fe2(HPO4)(PO4)Cl2F (2) as a
function of temperature. The Curie−Weiss fit is marked with a dashed
line and the upper right inset displays the magnetization as a function
of the field at 2 K.

Figure 9. Magnetic susceptibility of KFe(PO3F)F2 (3) as a function
of temperature at two different fields. The Curie−Weiss fit is marked
with a dashed line, and the lower left inset displays the magnetization
as a function of the field at 2 K.
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Figure 5.11: Two possible arrangements of the magnetic moments for
(NH4)2Fe2(HPO4)(PO4)Cl2F with a) antiferromagnetic or b) ferromagnetic or-
dering within the planes/chains. (Reprinted with permission from [62]. Copy-
right 2022 American Chemical Society.)

ferent magnetic properties. It does not reach the paramagnetic regime as some
short-range interactions are retained even up to 350 K. On cooling, a magnetic
ordering occurs at about 90 K. The bifurcation of the ZFC and FC χ indicates a
canted antiferromagnetic state. The isothermal magnetization does not saturate
up to 7 T and shows a small hysteresis loop which supports spin canting. As
the hysteresis loop vanishes at around 4 T, the canted antiferromagnetic state
appears to transition into a purely antiferromagnetic state at elevated fields.

the chains are coupled ferromagnetically via the bridging
fluorine atom (∠Fe−F−Fe = 132°) and that the spins in the
layers are internally, ferromagnetically coupled but antiparallel
to the chain spins, as shown in Figure 7b. This would nullify
the geometrical frustration and correspond to an antiferro-
magnetic state, due to the equal abundance of the two Fe sites.
The question, whether a ferromagnetic coupling in the layers
via chlorine at a bonding angle of Fe−Cl−Fe = 164−168° is
possible, has to be proven by neutron diffraction experiments
in the near future. The magnetic k-vector in this suggested spin
structure is [000], increasing the complexity in the neutron
experiment due to overlap of nuclear and magnetic Bragg
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which the latter dominates. On cooling through 90 K, a phase
transition into a canted antiferromagnet (CAF) occurs. The
obvious difference between FC and ZFC data indicates ground
state degeneracy (Figure 8) that is canceled out above 4 T
(inset in Figure 8). The degeneracy would agree with the CAF,
as domains with two opposing canting of spins can be present
in the ZFC state. Even the size of the magnetization at 7 T
field is close to the expectations for a CAF with dominating
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maximum in χ just below 100 K instead of a clear phase
transition, in contrast to the other compounds above. This
maximum is an indication of low dimensional spin correlations,
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Figure 7. Selected part of the (NH4)2Fe2(HPO4)(PO4)Cl2F crystal structure showing the magnetic sublattice and the suggested magnetic
structures (a) in-chain AFM and (b) in-chain FM as discussed in the text. The two crystallographically distinct Fe(III) cations are denoted by their
Wyckoff symbols. The dashed line displays the possible geometrical frustration via superexchange through a phosphate group.

Figure 8. Magnetic susceptibility of K2Fe2(HPO4)(PO4)Cl2F (2) as a
function of temperature. The Curie−Weiss fit is marked with a dashed
line and the upper right inset displays the magnetization as a function
of the field at 2 K.

Figure 9. Magnetic susceptibility of KFe(PO3F)F2 (3) as a function
of temperature at two different fields. The Curie−Weiss fit is marked
with a dashed line, and the lower left inset displays the magnetization
as a function of the field at 2 K.
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Figure 5.12: ZFC and FC magnetic susceptibility χ and the isothermal mag-
netization (inset) of K2Fe2(HPO4)(PO4)Cl2F. (Reprinted with permission from
[62]. Copyright 2022 American Chemical Society.)

KFe(PO3F)F2 exhibits very different magnetic behavior compared to the
previous two compounds. Curie-Weiss fits in the paramagnetic regime of χ

yield a magnetic moment of 5.71 µB in line with Fe3+ and a Weiss constant of
Θ = −156 K which indicates strong antiferromagnetic interactions. χ features
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a broad peak on cooling which hints at quasi-one-dimensional magnetism. To
confirm this behavior, χ was fitted with the Bonner-Fisher model of a spin
chain with spin 5/2. Below approximately 40 K the behavior of χ changes and
it is possible that KFe(PO3F)F2 forms a long-range order at low temperatures.

Figure 5.13: a) ZFC and FC magnetic susceptibility χ and the isothermal
magnetization (inset) of KFe(PO3F)F2. b) Bonner-Fisher fit of a quasi-one-
dimensional spin chain. (Reprinted with permission from [62]. Copyright 2022
American Chemical Society.)
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5.5 Paper V: A Soft Chemistry Approach to the Synthesis
of Single Crystalline and Highly Pure (NH4)CoF3 for
Optical and Magnetic Investigations

In this paper, the structural, magnetic and optical properties of the perovskite
(NH4)CoF3 were investigated over a large temperature range. We decided to
revisit (NH4)CoF3 as some details remained unresolved in the literature.

Highly pure (NH4)CoF3 was synthesized by ionothermal reactions. At
room temperature, (NH4)CoF3 crystallizes in the cubic perovskite structure.
Additionally, a Jahn-Teller distortion into a tetragonal low-temperature modi-
fication was reported to occur at approximately 124 K. This low-temperature
structure was observed in SXRD measurements at 100 K and refined in the
space group P4/mmm.

The ZFC and FC magnetic susceptibility χ collected between 2 K and
400 K hints at complex magnetic properties. In the paramagnetic regime,
χ−1(T ) exhibits slightly non-linear behavior even above 300 K. (NH4)CoF3
appears to retain some short-range interactions even above room tempera-
ture and the parameters extracted from the Curie-Weiss fit (Θ = −192.37 K,
µ = 5.39 µB/Co) have to be considered with caution. Nevertheless, the Weiss
constant clearly points towards strong antiferromagnetic coupling. The large
magnetic moment indicates an orbital contribution to the magnetic moment
(spin-only value for Co2+ is 3.87 µB). At lower temperatures, the magnetic
susceptibility exhibits three distinct features at 127.7 K, 116.9 K and 2.5 K
(Fig 5.14 a): The peak at 127.7 K is small and at a temperature close to the
anomalies observed in the specific heat CP (124.5 K) and differential scanning
calorimetry (DSC) data (123.7 K on cooling, 129.8 K on heating). Therefore,
our data indicate that the Jahn-Teller distortion occurs at 127.7 K.

The transition at 116.9 K is clearly magnetic and takes place just below the
structural transition at 127.7 K. In the literature, the magnetic ordering and the
structural distortion were reported to occur simultaneously. A slight difference
between the magnetic and structural transition temperature were noted but at-
tributed to a field-dependence of TN. Our magnetization and specific heat data
indicate that the magnetic ordering happens only about 10 K below the struc-
tural transition on cooling. Not only does the magnetic susceptibility show two
distinct features, the specific heat measurements exhibit no field dependence.
The CP data between 100 K and 145 K may be dominated by the anomaly of the
structural transition (Fig. 5.14 b), at around 115 K, however, one can identify
a small shoulder which is more clearly visible in the first derivative dCP/dT .
Thus, we conclude that the structural distortion is followed by the magnetic
ordering on cooling. The bifurcation of the ZFC and FC susceptibility indi-
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Figure 5.14: a) ZFC and FC magnetic susceptibility χ of (NH4)CoF3. The
insets show zoom-ins of the transitions at 2.5 K (left) and 116.9 K (bottom right)
as well as a Curie-Weiss fit of χ−1 (top right). b) Temperature dependence of
the specific heat CP and dCP/dT . The arrow indicates a shoulder at ≈ 115 K.
(Reprinted from [63], with the permission of AIP Publishing.)

cates that (NH4)CoF3 orders into a canted antiferromagnetic structure. No
definite conclusions on the arrangements of the magnetic moments could be
drawn without the aid of PND. It is not entirely clear why (NH4)CoF3 orders
in a non-collinear magnetic structure. The frustration parameter of f ≈ 1.7
would suggest a non-frustrated system. However, since (NH4)CoF3 retains
short-range interactions up to well above room temperature, the value of Θ

and therefore also f have to be considered carefully. Another possible origin
of canting may be Dzyaloshinskii-Moriya (DM) interactions that can force per-
pendicular alignment of magnetic moments. For DM interactions to appear, the
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magnetic species must not be related by inversion symmetry. Although in the
low-temperature, P4/mmm structure, the Co2+ ions are related by inversion,
the real crystal symmetry may be different due to the hydrogen atoms. The
latter cannot be directly located from the SXRD data. Since certain rotations
of the (NH4)

+ ions in the structure may break the said inversion symmetry, the
DM exchange cannot be completely ruled out.

The final feature at 2.5 K was attributed to an impurity in the past but ap-
pears to be intrinsic to (NH4)CoF3.

63



5.6 Paper VI: Magnetic Phase Diagram of the Solid So-
lution LaMn2(Ge1-xSix)2 (0 ≤ x ≤ 1) Unraveled by
Powder Neutron Diffraction

The ThCr2Si2-type intermetallic compounds LaMn2Si2 and LaMn2Ge2 both
order in non-collinear magnetic structures with non-zero net magnetization.
Interestingly, the arrangements of the magnetic moments share some similar-
ities between both ternaries but also exhibit significant differences. Further-
more, multiple magnetic phase transitions have been observed for both com-
pounds. Most notably, the magnetic structures in LaMn2Ge2 are purely incom-
mensurate while LaMn2Si2 is dominated by commensurate ones. Surprisingly,
a co-existence of commensurate and incommensurate magnetic phases can be
observed in LaMn2Si2 at low temperatures. In order to draw conclusions on the
origins of the incommensurability of the magnetic structures in these materials,
the magnetic properties of the solid solution LaMn2(Ge1−xSix)2 (0 ≤ x ≤ 1)
were studied as a function of composition x and temperature T . For this pur-
pose, samples with the compositions x = 0, 0.05, 0.18, 0.33, 0.47, 0.58, 0.78,
1 were synthesized and characterized using PXRD, magnetization and PND
measurements.

The lattice parameters of all samples were refined from PXRD patterns
collected at room temperature. The partial substitution of Ge with Si results in
a compression of the unit cell. The lattice parameter a decreases linearly for
increasing x following Vegard’s law. In contrast, the lattice parameter c and the
cell ratio c/a deviate from this linear trend and one can observe a kink in the
composition dependence on the Ge-rich side of the solid solution (Fig. 5.15).

The magnetic properties fo all eight samples were studied using magne-
tization and PND measurements: On cooling, LaMn2Ge2 orders in an anti-
ferromagnetic flat spiral state (AFfs, Fig. 5.16 a) with the propagation vector
(0, 0, kz) at ≈ 420 K. In this magnetic structure, the spins align antiferro-
magnetically within the Mn square nets in the ab-plane. The Mn planes are
stacked along c and each Mn layer displays the same relative spin arrange-
ments. However, each plane is rotated slightly with respect to the adjacent one
along [001], therefore, creating a flat spiral. On further cooling, LaMn2Ge2
undergoes a second transition at the Curie temperature TC = 326.22(3) K into
the ferromagnetic mixed incommensurate (Fmi) phase in which LaMn2Ge2 re-
mains down to low temperatures. Fmi can be understood as a two-component
structure: Additionally to the AFfs spiral, it exhibits a ferromagnetic compo-
nent with the moments pointing along c (Fig. 5.16 c). Combined, they make a
conical structure with the cone axis aligning parallel to c (Fig. 5.16 d).

Above TC = 308.53(3)K, the magnetic moments in LaMn2Si2 order in
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Figure 5.15: Composition dependence of the lattice parameters a and c (top),
the cell ratio c/a and the unit cell volume V (bottom) of LaMn2(Ge1−xSix)2 (x =
0, 0.05, 0.18, 0.33, 0.47, 0.58, 0.78, 1). The data points have been fitted (lines).
The lattice parameter a follows Vegard’s law whereas c and c/a deviate from the
linear trend. In order to compensate possible errors from the different sample
preparation techniques, the c and c/a data point from the two sample batches
were fitted separately. The dashed red lines emphasize the deviation from Veg-
ard’s law. Graph taken from manuscript.

Figure 5.16: Illustration of the elemental magnetic components a–c) and the
composite structures d–e) found in LaMn2(Ge1−xSix)2: a) antiferromagnetic
flat spiral (AFfs), b) antiferromagnetic layers (AFl), c) ferromagnetic compo-
nent (FM), d) ferromagnetic mixed incommensurate (Fmi) and e) ferromagnetic
mixed commensurate (Fmc). The circles illustrate the rotation of the magnetic
moments between adjacent layers. AFfs and AFl also occur as magnetic phases.
FM is a magnetic contribution to Fmi and Fmc, and does not exist independently.
Illustration taken from manuscript.
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antiferromagnetic layers (AFl, Fig. 5.16 b). This magnetic structure features
the same spin arrangement within the ab planes as AFfs but neighboring lay-
ers are coupled antiferromagnetically, i.e. the adjacent moments are rotated
by 180◦. The phase transition into the paramagnetic (PM) regime could not
be determined but it is suspected to lie above 500 K. Below TC, a ferromag-
netic component along c (FM, Fig. 5.16 c) co-exists together with AFl, there-
fore, forming the two-component structure called ferromagntic mixed com-
mensurate (Fmc, Fig. 5.16 e). Due to the additional FM contribution, the
magnetic moments are being canted out of the ab plane which makes Fmc
a non-collinear magnetic arrangement. A co-existence of the Fmc and Fmi
phases could be observed below 50 K.

The magnetic x− T phase diagram in Fig. 5.17 highlights the magnetic
phase changes occurring in the quaternary samples. At temperatures above TC,
the AFl structure can be observed for most compositions. AFfs occurs only in
LaMn2Ge2. A co-existence of AFfs and AFl is observed for LaMn2Ge1.95Si0.05.
Below TC, the Ge-rich side of the phase diagram at lower temperatures is dom-
inated by Fmi and the Ge-poor side at higher temperatures – by Fmc. In-
between, the Fmi and Fmc phases are separated by a region where Fmi and
Fmc co-exist. Therefore, co-existing magnetic phases – either Fmi and Fmc or
AFfs and AFl – were observed in all samples but LaMn2Ge2.

At this point, the magnetic x−T phase diagram and the composition de-
pendence of the lattice parameters (Fig. 5.15) have to be evaluated together:
The lattice parameter c starts deviating from Vegard’s law for those x for which
the incommensurate magnetic phases reach temperatures above room temper-
ature. This indicates that the incommensurability in the magnetic phases of
LaMn2Ge2 is introduced through the expansion of lattice parameter c with re-
spect to LaMn2Si2.

In order to put our result into the wider context, the inter-planar Mn–Mn
distances dinter of all phases were plotted as a function of T . The co-existing
phases were omitted for clarity and data points from related solid solutions
exhibiting the same magnetic phases were added (Fig. 5.18). Interestingly,
the dinter −T relation of the data points of the other solid solutions perfectly
matches to what we observe for LaMn2(Ge1−xSix)2. Therefore, Fig. 5.18 rep-
resents a universal magnetic phase diagram for the system REMn2X2 (RE =
rare-earth, X = Si, Ge), which can be used to target magnetic incommensura-
bility in such materials.
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Figure 5.17: Magnetic x − T phase diagram of the solid solution
LaMn2(Ge1−xSix)2: Antiferromagnetic flat spiral (AFfs), antiferromagnetic lay-
ers (AFl), ferromagnetic component (FM), ferromagnetic mixed incommensu-
rate (Fmi) and ferromagnetic mixed commensurate (Fmc). Graph taken from
manuscript.

Figure 5.18: Universal magnetic dinter −T phase diagram of REMn2X2 (RE =
rare-earth, X = Si, Ge): The shaded regions correspond to LaMn2(Ge1−xSix)2.
The data points were taken from the literature on other related solid solutions
and represent AFl (•), Fmc (⋆) and Fmi (■). Graph taken from manuscript.
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5.7 Paper VII: Geometric Frustration on a Square Lat-
tice and a Possible Hedgehog Spin-Vortex State in the
Gold-Containing Intermetallic Phase LaMn2-xAu4+x

On our search for new compounds with non-collinear magnetic structures, we
discovered the phase LaMn2−xAu4+x which exhibits an extended composition
range −0.7 ≤ x ≤ 1.2 due to Mn/Au occupational disorder.

The ternary LaMn2Au4 crystallizes in the YbMo2Al4 structure-type (space
group I4/mmm) and is free of disorder. Within this structure, the Mn atoms
form square nets in the ab plane which are stacked on top of each other. In
the range −0.7 ≤ x < 0, Mn statistically replaces Au and the crystal symmetry
remains the same. On increasing the Au ratio (0 < x ≤ 1.2), a symmetry low-
ering to the space group P4/nmm occurs due to Mn/Au ordering along c. In
the disorder-free LaMnAu5, Au effectively replaces Mn in every second layer
in the direction of c, therefore, doubling the inter-planar distance between ad-
jacent Mn layers. The magnetic properties of the disorder-free LaMn2Au4 and
LaMnAu5 were studied using experimental and computational methods.

Figure 5.19: Crystal structures of the compounds a) LaMn2Au4 (I4/mmm) and
b) LaMnAu5 (P4/nmm): La (green), Mn (red) and Au (gold). Illustration taken
from manuscript.

Magnetization measurements of LaMn2Au4 revealed an antiferromagnetic
transition at TN ≈ 460 K. No Curie-Weiss fits were possible up to 600 K due
to the non-linear behavior of the inverse magnetic susceptibility. LaMnAu5
orders at TN ≈ 160 K which agrees with the larger Mn–Mn distances in the
structure. Additionally, a bifurcation of the ZFC and FC magnetic susceptibil-
ities was observed below 30 K. Curie-Weiss fits revealed a Weiss constant of
−326 K and a magnetic moment of 6.04 µB/Mn. The former indicates strong
magnetic correlations, the latter is close to the theoretical value of 5.92 µB for
high-spin Mn2+.
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The non-linear behavior of the magnetic susceptibility at high tempera-
tures and the high values for the Weiss constant hint at magnetic frustration
in both compounds. To study this, total energy calculations of nine possible
collinear magnetic structures were performed using density functional theory
(DFT, Fig. 5.20 a–i). The lowest energy solution for LaMn2Au4 is AFM1
in which the ferromagnetic Mn square nets couple antiferromagnetically with
each other. Surprisingly, the most stable solution for LaMnAu5 is AFM5, re-
ferred to as the columnar antiferromagnetic (CAF) state, and is a solution of
a frustrated magnet on the square lattice. Interestingly, AFM5 is also the sec-
ond best solution for LaMn2Au4. The calculated, ordered magnetic moments

Figure 5.20: a–i) Calculated magnetic structures for LaMn2Au4 and LaMnAu5
and the corresponding energies (in meV/atom) with respect to the ferromagnetic
state (FM). The full and empty circles represent spin-up and spin-down config-
urations of Mn, respectively. The La and Au atoms were omitted for clarity. j)
Sketch of exchange interactions used in the Heisenberg Hamiltonian: NN (JNN)
and NNN (JNNN) interactions within the square nets as well as inter-planar NN
(Ji) and NNN (Jid) interactions. Illustration taken from manuscript.
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reached values between 3.87−4.03 µB/Mn which is lower than the 5 µB ex-
pected for Mn2+, due to delocalization.

Additionally, fits of the magnetic exchange parameters J in the Heisenberg
Hamiltonian were performed for the nine magnetic structure models proposed
above. The number of J was increased consecutively until the total energies
relative to the ferromagnetic (FM) state reached values comparable to the DFT
calculations. Four exchange parameters are required to reproduce the relative
total energies of the DFT calculations with the Heisenberg Hamiltonians for
both LaMn2Au4 and LaMnAu5: The NN (JNN) and NNN (JNNN) interactions
within the square sublattice and the inter-planar NN (Ji) and NNN (Jid) in-
teractions between layers (Fig. 5.20 j). In LaMn2Au4, the relative exchange
interactions JNN = 2.4 meV and JNNN = −2.1 meV reveal competing ferro-
magnetic and antiferromagnetic interactions within the square lattice and in-
dicate the presence of magnetic frustration as described in Chapter 4.1.3. The
pronounced inter-planar diagonal interaction Jid = −2.9 meV appears to re-
solve the magnetic frustration however. Similarly, the ratio of JNN = 1.4 meV
and JNNN = −2.0 meV hints at magnetic frustration in LaMnAu5. Jid, how-
ever, becomes negligible due to the larger distance between adjacent Mn lay-
ers. Therefore, the frustration-driven CAF state becomes energetically more
favorable in LaMnAu5.

Powder neutron diffraction (PND) measurements were performed to study
the magnetic ground states in more detail. In LaMn2Au4, magnetic reflections
with a propagation vector of k = (1,0,0) could be refined using two models
with comparable goodness-of-fit. Both solutions correspond to the structure
AFM1 presented earlier. The magnetic moments align within the square nets
but in different crystallographic directions, corresponding to different mag-
netic space groups. In CAmcm (#63.468), the magnetic moments lie parallel to
a, in PImmn (#59.416), they align along the square’s diagonal (Fig. 5.21).

Figure 5.21: Magnetic models for LaMn2Au4 derived from PND: (a) CAmcm
(#63.468) and (b) PImmn (#59.416). La (green), Mn (red) and Au (gold). Ac-
cording to first-principle calculations, the structure in CAmcm is the magnetic
ground state. Illustration taken from manuscript.
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As it is impossible to distinguish these two magnetic solutions from PND,
fully relativistic first-principle calculations were run for both models. The
magnetic structure in the magnetic space group CAmcm (#63.468) exhibits a
slightly lower total energy than PImmn (#59.416) and is therefore assumed to
be the true magnetic structure of LaMn2Au4.

The magnetic reflections of LaMnAu5 were indexed with the propagation
vector k = (1/2,1/2,1/2). As for LaMn2Au4, the magnetic peaks could be
refined with two magnetic models with a similar goodness-of-fit: The so-
called hedgehog spin-vortex crystal (SVC) in the magnetic space group IC4cm
(#108.238) is an unexpected possible structure as it features a non-collinear
arrangements of the magnetic moments where neighboring spins are rotated
by 90◦ (Fig. 5.22 a and c). Furthermore, the hedgehog SVC is a solution of a
disordered frustrated magnet on the square lattice and has not been observed

Figure 5.22: Magnetic models for LaMnAu5 derived from PND: (a) Hedge-
hog spin-vortex crystal (SVC) in IC4cm (#108.238) and (b) CAF state in ICbca
(#73.553). (c) and (d) show a single Mn layer of (a) and (b), respectively. La
(green), Mn (red) and Au (gold). According to first-principle calculations, the
hedgehog SVC (IC4cm) is the magnetic ground state. Illustration taken from
manuscript.
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experimentally until recently. The second possible solution is the CAF state in
ICbca (#73.553) as predicted by the calculations presented above (Fig. 5.22 b
and d). It should be noted that the hedgehog SVC can be regarded as a canted
version of the CAF state. Thus, it was not considered as a possible collinear
solution in the DFT calculations.

Fully relativistic DFT calculations of LaMnAu5 suggest that the hedgehog
SVC is the actual magnetic ground state. In order to test the stability of the
hedgehog SVC with respect to distortions, the total energy of an intermedi-
ate state between hedgehog SVC and CAF was calculated as well. Still, the
hedgehog SVC holds up as the energetically most favorable. This has some
interesting consequences as this magnetic structure was previously only ob-
served in doped iron-based superconductors. LaMnAu5, however, is free of
disorder and it is not entirely clear why the hedgehog SVC is the more stable
solution here although magnetic frustation and spin-orbit coupling surely play
an important role.
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6. Summary and conclusion

Solids can feature a large variety of complex magnetic properties, resulting
from phenomena such as magnetic frustration and low-dimensional magnetism.
Magnetic frustration originates from competing magnetic interactions, low-
dimensional behavior from negligible interactions along at least one space
dimension. Both phenomena may lead to a suppression of long-range or-
der down to low temperatures or even a complete absence thereof. Magnet-
ically frustrated systems typically order in complex magnetic structures that
often display incommensurate or non-collinear arrangements of the spins. The
determination of these magnetic structures is a crucial step if one desires to
understand the underlying physics. Since the arrangements of the magnetic
moments can be identified with neutron diffraction, it is a key method in the
research field of magnetism as a whole.

Within the scope of this thesis, the properties of transition metal fluoro-
phosphates (T = Fe, Co, Ni), the cubic perovskite (NH4)CoF3 and the inter-
metallic phases LaMn2(Ge1-xSix)2 and LaMn2-xAu4+x were studied. Transition
metal phosphates often form triangular lattices, which favors geometric frus-
tration. Furthermore, phosphates are able to form crystal structures with many
different topologies. Thus, they are also prone to display other magnetic phe-
nomena such as low-dimensional magnetism. High crystal symmetries, as it is
the case in cubic perovskites or many intermetallics, often introduces complex
magnetic behavior such as magnetic frustration. Whereas the frustration in in-
sulators typically arises from competing interactions between close neighbors
(e.g. NN and/or NNN), in intermetallic compounds more distant neighbors
may also be involved.

Ionothermal reactions were employed to synthesize the transition metal
phosphates and (NH4)CoF3. The intermetallic compounds were prepared by
collaborators. The ILs play an important role within an ionothermal synthesis
and can take up the roles of the solvent, fluorine source as well as structure
directing agent. The majority of the presented compounds have not been re-
ported previously and feature a wide range of topologies. Their crystal struc-
tures reach from quasi-1D and quasi-2D, to dense and even open frameworks.
Interestingly, the two open framework compounds [R24(NH4)14(PO(OH)2)6]·
[M134(PO3(OH,F))96F120] (M = Co, R= 1-ethylpyridinium; and M = Ni, R=
1-butyl-3-methylpyridinium) crystallize in structures which can be considered
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as hybrids between zeolites and polyoxometalates. Therefore, one may even
regard them as a new open framework material class. Twice, the occurrence of
polymorphism under very similar synthesis parameters was observed. Thus,
ionothermal reactions enable the synthesis of metastable phases.

A lot of different, complex magnetic behavior originating either from mag-
netic frustration or low-dimensional magnetism was observed:

The triangular antiferromagnets AFe(PO3F)2 (A = K, (NH4)2Cl, NH4, Rb
and Cs) display noticeable signs of geometric frustration, especially the two
trigonal members with K and (NH4)2Cl. Both trigonal compounds order in
the 120◦ spin structure, a non-collinear solution of an antiferromagnet on a
triangular lattice. At elevated fields, magnetization plateaus at Msat/3 indicate
that both materials undergo two consecutive magnetic phase transitions into
the UUD and V states.

[Co24(NH4)14(PO(OH)2)6] · [Co134(PO3(OH,F))96F120] with R= 1-ethyl-
pyridinium displays spin glass-like behavior. Thus, the large, spherical net-
work of the Co atoms appears to introduce geometric frustration.

Low-dimensional magnetism was observed in two compounds with lay-
ered crystal structures. In (C2pyr)LiFe2(PO3F)3(PO2F2)F, the Fe atoms dis-
play the behavior of antiferromagnetically coupled magnetic dimers. Quasi-1D
magnetism of Fe spin-chains was observed in KFe(PO3F)F2.

Non-collinear arrangements of the magnetic moments such as spin cant-
ing is a complex magnetic behavior and commonly occurs in magnetically
frustrated systems. However, canting may also arise from anisotropic interac-
tions such as Dzyaloshinskii-Moriya exchange. Spin canting was observed in
K2Fe2(HPO4)(PO4)Cl2F and (NH4)CoF3 but the origin of the canting could
not be determined.

The solid solution LaMn2(Ge1-xSix)2 displays a number of collinear, non-
collinear and incommensurate magnetic structures which are structurally re-
lated to each other. Furthermore, multiple phase transitions were observed on
cooling for each composition. The incommensurability appears to be corre-
lated to the deviation of the lattice parameter c from Vegard’s law. This obser-
vation led to a universal phase diagram which also holds for related compounds
and solid solutions.

Finally, the intermetallic materials LaMn2Au4 and LaMnAu5 exhibit com-
peting ferromagnetic and antiferromagnetic interactions within the square lat-
tices of Mn atoms in their crystal structures. In LaMn2Au4, the frustration is
lifted by the interplanar exchange and LaMn2Au4 orders in a non-frustrated
magnetic structure. However, the frustration within the plane remains intact in
LaMnAu5 and two very different arrangements of the magnetic moments were
determined from the PND data: the collinear CAF state and the non-collinear
hedgehog SVC. The SVC state was proposed to be the actual ground state by
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our complementary first-principle calculations. This unusual magnetic struc-
ture has been previously observed only in doped iron pnictides, which makes
an interesting link between that class of superconducting materials and our
gold-containing intermetallic compounds.

In summary it can be said that competing and low-dimensional magnetic
interactions may lead to a large variety of magnetic states which may be found
in all kinds of material classes. Looking back in time, it is astonishing that the
research field of magnetism – such as we know it today – only really started
in 1932 when Louis Néel first described the principles of antiferromagnetism
and ferrimagnetism. The development of neutron scattering techniques shortly
afterwards and the experimental proof of antiferromagnetism in 1949 were
groundbreaking in many ways. Suddenly, many unknown magnetic phenom-
ena were discovered or experimentally proven. Towards the end of the century,
the fields of spintronics started to emerge and culminated in the first major ap-
plication of giant magnetoresistance-based magnetic read-heads in hard drives
in the 1990s. From today’s standpoint, the future of research on solids with
complex magnetic properties is brighter than ever with many applications such
as spintronic devices being in reach of commercialization.
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Sammanfattning

Fasta ämnen kan ha en mängd olika komplexa magnetiska egenskaper, som
resultat av fenomen såsom magnetisk frustration och lågdimensionell magne-
tism. Magnetisk frustration härör från konkurrerande magnetiska interaktioner
medan ett lågdimensionellt beteende beror på försumbara interaktioner längs
åtminstone en rymddimension. Bägge fenomenen kan leda till att magnetisk
ordning undertrycks över längre avstånd ner till låga temperaturer och till och
med att de fullständigt uteblir. I magnetiskt frustrerade system ordnas vanli-
gen spinnen till komplexa magnetiska strukturer som ofta visar icke-periodiska
eller icke-linjära arrangemang. Att bestämma dessa magnetiska strukturer är
avgörande om man vill förstå den underliggande fysiken. Eftersom arrange-
mangen av de magnetiska momenten kan identifieras med neutrondiffraktion
är det en nyckelmetod inom forskningsområdet magnetism.

Inom ramen fp̈r denna avhandling har de magnetiska egenskaperna stude-
rats hos övergångsmetallfluorofosfater baserade på Fe, Co och Ni, den kubiska
perovskiten (NH4)CoF3 och de intermetalliska faserna LaMn2(Ge1−xSix)2 och
LaMn2−xAu4+x. Övergångsmetallfosfater bildar ofta triangulära gitter, vilket
gynnar geometrisk frustration. Dessutom kan fosfater bilda kristallstrukturer
med många olika topologier och de är således benägna att visa magnetiska
fenomen såsom lågdimensionell magnetism. Höga kristallsymmetrier, vilket
återfinns hos tex kubiska perovskiter samt många intermetalliska faser, leder
ofta till ett komplext magnetiskt beteende som magnetisk frustration. Typiskt
beror frustrationen hos isolatorer på konkurrerande interaktioner mellan mag-
netiskt aktiva atomer som är nära grannar i kristallstrukturen medan hos in-
termetalliska föreningar kan också mer avlägsna grannar vara inblandade.

Jonotermiska reaktioner användes för att syntetisera övergångsmetallfos-
faterna och (NH4)CoF3. Jonvätskor spelar flera viktiga roller vid jonotermisk
syntes; som lösningsmedel, fluorkälla samt även som templat för att styra kri-
stallstrukturen. Majoriteten av föreningarna som presenteras har inte rappor-
terats tidigare och visar ett brett spektrum av topologier. Deras kristallstruk-
turer sträcker sig från kvasi-1D och kvasi-2D, till täta och till och med öppna
ramverksstrukturer. Intressant nog kristalliserar de bägge öppna ramverksföre-
ningarna [R24(NH4)14(PO(OH)2)6] · [M134(PO3(OH,F))96F120] (M = Co, R=
1-ethylpyridinium; and M = Ni, R = 1-butyl-3-methylpyridinium) i strukturer
som kan betraktas som hybrider mellan zeoliter och polyoxometallater. Där-



för kan man till och med betrakta dem som en ny klass av öppna ramverks-
strukturer. Två gånger observerades förekomsten av polymorfism vid likartade
syntesförhållanden och således möjliggör jonotermiska reaktioner syntes av
metastabila faser.

Många olika, komplexa magnetiska beteenden har observerats som här-
stammar antingen från magnetisk frustration eller från lågdimensionell mag-
netism:

De triangulära antiferromagneterna AFe(PO3F)2 (A = K, (NH4)2Cl, NH4,
Rb och Cs) visar märkbara tecken på geometrisk frustration, särskilt de två tri-
gonala faserna innehållande K respektive (NH4)2Cl. Bägge dessa föreningar
ordnar de magnetiska momenten i en 120◦ spinnstruktur vilket är en icke-
kolinjär lösning av en antiferromagnet på en triangulärt gitter. Vid ökande
magnetiskt fält uppträder platåer i magnetiseringen vilket indikerar att bägge
materialen genomgår två på varandra följande magnetiska fasövergångar.

[Co24(NH4)14(PO(OH)2)6]· [Co134(PO3(OH,F))96F120] med R = 1-etyl-
pyridin visar spinnglasliknande beteende. Alltså verkar det stora sfäriska nät-
verket av Co-atomer introducera geometrisk frustration.

Lågdimensionell magnetism observerades i två färeningar med skiktade
kristallstrukturer. Hos fluorofosfaten (C2pyr)LiFe2(PO3F)3(PO2F2)F uppvisar
Fe-atomerna antiferromagnetiskt beteende av kopplade magnetiska dimerer.
Hos KFe(PO3F)F2 observeras kvasi-1D magnetism av Fe-spinnkedjor.

Icke-kolinjära arrangemang av magnetiska moment, såsom spinnkantning,
är ett komplext fenomen och förekommer vanligtvis i magnetiskt frustrerade
system. Men kantning kan också uppstå från anisotropa interaktioner såsom
så kallad Dzyaloshinskii-Moriya interaktion. Spinnkantning observerades i fa-
serna K2Fe2(HPO4)(PO4)Cl2F och (NH4)CoF3 men orsakerna kunde inte be-
stämmas.

Den fasta lösningen LaMn2(Ge1−xSix)2 visar ett antal kolinjära och icke-
kolinjära magnetiska strukturer som är strukturellt relaterade till varandra. Dess-
utom observerades flera fasövergångar vid kylning för varje sammansättning.
Inkommensurabiliteten verkar vara korrelerad till hur gitterparametern c avvi-
ker från Vegards lag. Denna observation ledde till att ett magnetiskt fasdiagram
kunde bestämmas för den fasta lösningen och det gäller även för relaterade för-
eningar och fasta lösningar.

Slutligen uppvisar de intermetalliska materialen LaMn2Au4 and LaMnAu5
konkurrerande ferromagnetiska och antiferromagnetiska interaktioner inom de
kvadratiska gittren av Mn-atomer i kristallstrukturerna. I LaMn2Au4 är frustra-
tionen inte så stor på utbyte mellan skikten och hos LaMn2Au4 ordnas spin-
nen till en icke-frustrerad magnetisk struktur. Emellertid är frustrationen inom
skikten intakt hos LaMnAu5 och två mycket olika arrangemang av de mag-
netiska momenten bestämdes med hjälp av pulverneutrondiffraktionsdata och



de verkliga grundtillstånden baseras på kompletterande teoretiska beräkningar.
Denna ovanliga magnetiska struktur har tidigare endast observerats hos dopade
järnpniktider, vilket ger en intressant länk mellan den familjen av supraledande
material och våra guldinnehållande intermetalliska föreningar.

Sammanfattningsvis kan man säga att konkurrerande och lågdimensionella
magnetiska interaktioner kan leda till en stor mängd magnetiska tillstånd som
kan hittas i alla slags materialtyper. När man ser tillbaka är det häpnadsväckan-
de att forskningsfältet magnetism – som vi känner det idag – började på riktigt
först 1932 när Louis Néel beskrev principerna för antiferromagnetism och fer-
rimagnetism. Utvecklingen av neutronspridningstekniker strax därpå och det
experimentella beviset för antiferromagnetism 1949 var banbrytande på många
sätt. Plötsligt upptäcktes många tidigare okända magnetiska fenomen experi-
mentellt. Mot slutet av 1900-talet började fältet spintronik utvecklas och kul-
minerade i den första stora tillämpningen magnetiska läshuvuden i hårddis-
kar baserade på jättemagnetoresistans (eng. giant magneto resistance). Sett ur
dagens perspektiv är framtiden för forskning om fasta ämnen med komplexa
magnetiska egenskaper ljusare än någonsin och det finns många tillämpningar;
t.ex flera är spintroniska tillämpningar inom räckhåll för kommersialisering.
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