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Abstract

In this thesis, the structure-properties relations in pnictides and chalcogenides of divalent
Eu were elaborated. Interest to its compounds was due to the high magnetic moment of
Eu?* cations, owing to a half-filled 4f shell. It was expected to induce unusual magnetic
states and to have a substantial impact on the physics of the matrixes, in which it is nested.
The highly-localized nature of the 4f electrons precludes substantial direct magnetic
exchange or superexchange, but interactions through the conducting frameworks can be
sizable and lead to non-trivial magnetic states. The crystallographic similarity of Eu* and
Sr* was a tool for predicting the new materials. The synthetic work resulted in the
preparation of more than ten new compounds, including rare fluorides belonging to the
1111 structure type and the first magnetic tetrel-free clathrate EuNiP,. Crystallographic and
synthetic work were accompanied by physical properties measurements — temperature-
dependent magnetization, heat capacity, and resistivity. Neutron powder diffraction was
instrumental for establishing the natures of the low-temperature magnetically ordered

phases despite the strong neutron absorption of natural Eu.

Abstrakt

In dieser Arbeit wurden die Struktur-Eigenschaften-Beziehungen in Pnictiden und
Chalkogeniden von zweiwertigem Eu ausgearbeitet. Das Interesse an seinen Verbindungen
wurde durch das hohe magnetische Moment der Eu?*-Kationen aufgrund der halbgefullten
4f-Schale vorgegeben. Es wird erwartet, dass es ungewohnliche magnetische Zustande
induziert und einen wesentlichen Einfluss auf die physikalischen Eigenschaften seiner
Umgebung hat. Die stark lokalisierte Natur der 4f-Elektronen schlief3t einen wesentlichen
direkten magnetischen Austausch oder Superaustausch aus, aber Wechselwirkungen durch
die leitenden Gerlste kdnnen betrachtlich sein und zu nicht trivialen magnetischen
Zustanden fuhren. Die kristallographische Ahnlichkeit von Eu* und Sr?* ist ein Werkzeug zur
Vorhersage der neuen Materialien. Die Synthesearbeit fuhrte zur Herstellung von mehr als
zehn neuen Verbindungen, darunter seltene Fluoride des 1111 Strukturtyps und das erste
magnetische tetrelfreie Clathrat EuNi,P,. Kristallographische und synthetische Arbeiten
werden von der Bestimmung physikalischer Eigenschaften begleitet - temperaturabhangige
Magnetisierung, Warmekapazitat und spezifischer Widerstand. Neutronenbeugung an
kristallinen Pulvern war maf3geblich fur die Ermittlung der Natur der magnetisch geordneten

Niedertemperaturphasen trotz der starken Neutronenabsorption von naturlichem Eu.
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1 Introduction and general overview

The growing electronic industry demands new highly-performing materials. Nowadays,
even a small enhancement of a single material's characteristic can significantly increase the
performance of the final product, which then increases profit. There are two approaches
for material design: search for new compounds and modification of known ones. The
advantage of the first approach is that one can yield breakthrough results, although this
method lacks tangible concepts on structure-properties relations. This is partly due to the
historical separation of classical inorganic chemistry and crystallography from solid-state
physics. Previously, it was conventional to report only the crystal structure of a new
compound, without mentioning at least some of its physical properties and prospects of
the compound as a potential material. Because of this reason, many well-known
compounds celebrate their re-discovery as “potential”, “promising”, “exciting,” and so on
materials. An illustrative example is probably LiCoO,, which made its re-investigator win the
Nobel Prize. Today solid-state chemistry and physics move towards their fusion. As the
number of known solid inorganic compounds gets extensive with almost 200 000 unique
entries in the Pearson's Crystal Database, the interest in the compounds and structures just
for the sake of their existence deteriorates. This trend is expressed in credos of some
journals (like JALCOM, Figure 1.1), which have been sheltering crystallography even 20

years ago, but now omit pure “synthesis & proves of existence” works.

liquids, catalysis and biochemistry; it will not consider
papers reporting only syntheses without any properties,
purely computational papers without sufficient
experimental validation, CALPHAD papers without regard

Figure 1.1 Quotation from the start page (“General Perspective”) of the Journal of Alloys

and Compounds.

A powerful tool for predicting new materials is crystallographic analysis, which is based on
crystal-chemical analogies. For example, it is well known that a series of isostructural
lanthanide-based compounds can be prepared by simple replacement of one lanthanide
with another. However, Eu-based compounds quite frequently fall out of such series.
Although Eu is located in the row of lanthanides, it often behaves structurally similar to

alkaline-earth metals, since the oxidation state +2 is relatively stable, especially in pnictide
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(P, As, Sb, Bi) or chalcogenide (S, Se, Te) environment. The Eu?* cation is of about the same
radius as Sr**. Each Eu?* (4f7) cation, bearing seven unpaired electrons, manifests a high
magnetic moment, but has a low tendency to establish a long-range magnetic order due
to the highly localized nature of 4f electrons. The situation can be changed drastically when
Eu?* is incorporated in metallic phases or adjoins with other magnetically active elements,
i.e., 3d metals. Many other practically important properties, driven by the crystal structure,
can be expected, among which thermoelectric and magnetocaloric properties are of great
importance for Eu. During my previous work, some patterns concerning the structure-
property relationship in Eu-pnictides have been elucidated. It is worth mentioning that along
with Eu, the oxidation state +2 is also stable but, to a lesser extent, for Yb. The size of the
Yb? cation is in between Ca?* and Sr?*. Still, the formation of any Yb compounds has not

been observed in the current study.

Previous work

The previous work at the Lomonosov Moscow State University has been majorly dedicated
to two structure types — layered 1111 (ZrCuSiAs or LaOAgS) and the 3D clathrate-like
compound Eu;CuasAszs. The 1111-type group of materials has been extended by more than
ten new fluorides, including those containing [Eu.F,]** layers. It has been shown that the
latter can be matched with [T>Pn.]* layers, where Pn — P, As or Sb, and T —Zn and Mn only,

but not any other transition metals.

The projection of the crystal structure of Eu;CuAs,s is provided in Figure 1.2. Besides the
prototype, only Sr;CussAs,s crystallizes in the same structure type, and the antimonide
EusCussSbos.q adopts a slightly disordered and non-stoichiometric variant. It has been shown
that in the predominantly ionic and hence insulating 1111 compounds, the magnetic
ordering of an antiferromagnetic type is dominant. Contrary to that, the metallic Cu — As
framework facilitates ferromagnetic-type RKKY interactions in Eu;CusAs,s. Different

variants of substitution can tune the strength of magnetic interactions.



Page |6

Figure 1.2 Projection of the crystal structure of Eu;CusASs.

Justifications of techniques used

In contrast to in the previous work, where the main focus was on the crystallographic aspect
of the investigated compounds, the current work is more focused on structure-properties
relations. Evidently, it led to a more diverse range of characterization techniques. The
classical solid-state synthesis is @ major approach, with such variables as starting materials,
temperature and time of annealing affecting the experiment. Yet, in some specific cases, it
had to be decorated, for example, with additional mechanochemical treatment. X-ray
crystallography is an essential part of the work, as it provides explicit information about
both the internal structure of the material and the samples’ quality, especially when
combined with scanning electron microscopy techniques. For example, when it is impossible
to produce a particular compound in a single-crystalline form, the structure factors can be
reliably extracted using a full-profile diffraction pattern analysis, and the further refinement
can be done with the Rietveld method especially when the starting model is available. The
described method is quite often used for 1111-type compounds, which combine ionic and
covalent fragments and thus makes difficult growth of single-crystal. Non-ambient
diffraction studies are necessary for the elucidation of the lattice dynamics and phase

transition behaviour. They were done in this work using both laboratory X-ray sources and
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synchrotron (ESRF). The bulk physical properties (magnetization and heat capacity) were
measured using conventional physical-properties measurement systems (PPMS) to perform
a screening for low-temperature effects. The valence state of Eu in our compounds was
also studied using "™>'Eu Mossbauer spectroscopy. On top of various experimental studies,
theoretical investigations of electronic structure and bonding were done, with the help of

DFT (Density Functional Theory).

Finally, a substantial part of this work was neutron diffraction. The purpose was to elucidate
the nature of magnetic transitions that take place in our materials. Neutron diffraction,
which is @ commonly used technique for characterization of the materials’ crystal and
magnetic structures, is somehow special when applied to Eu compounds. The major
problem is a strong absorption of Eu when conventional wavelengths are used. The idea to
perform the first neutron diffraction experiment came from the intention to understand the
bulk magnetic properties of the EuMnPnF (Pn = P, As, and Sb), prepared by me previously.
While trying to identify the facilities and instruments where such experiments are possible,
literature about this topic was analyzed, and specialists from respective instruments in
different neutron sources around Europe were contacted. The most straightforward way is
to use hot, ie., high-energetic, neutrons, to minimize absorption. The ILL facility in
Grenoble, France, offers a unique instrument, the D4 diffractometer, which operates at 0.35
— 0.7 A. Unfortunately, short wavelengths cause shrinking of conventional | vs. 26
diffraction pattern to lower angles, which decreases the 26-resolution and precludes
measuring the high-d-spacing reflections crucial for magnetic structures and complex
atomic superstructures. Another option is to use a conventional wavelength for neutron
powder diffractometers, but minimize the path of neutrons through the sample using
double-walled vanadium cylinders. The diffractometer setup provides the same resolution
independent from the size of a sample with the help of the long source-sample and sample-
detector distances, and hence allows for preserving the diffracting volume. In this manner,
we performed several experiments on the powder diffractometer SPODI at the Forschungs-
Neutronenquelle Heinz Maier-Leibnitz Forschungsreaktor Minchen 1l (FRM 1), the only
currently operating neutron source in Germany. As it is shown in the corresponding section,
it is indeed possible to obtain data of reasonable quality, but at the cost of increased
counting time. It was not the case for another highly-effective diffractometer WISH located
at ISIS Neutron and Muon Source, Rutherford Appleton Laboratory of the Science and
Technology Facilities Council, UK. A set of technological improvements, which included

optimization of flux and detecting system made this diffractometer, according to the
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opinion of the specialists in this field, the most effective in Europe. For example, in our
work, WISH has allowed to unambiguously confirm the intrinsic nature of three low-
temperature magnetic phase transitions in the newly-discovered clathrate EuNi.P4 as it is
described below. Finally, the concept of magnetic crystallography widely implemented in

JANA 2006 was of particular interest to me and was extensively used for refinements.

Summary of chapters

A chapter-by-chapter description of the primary motivation, results, and
difficulties/limitations of the current work that were not fully reflected in the text of the

chapters, is provided below.

The first group of compounds considered is Eu-analogs of the superconductors in the
ternary Sr — Pt — P system, SrPtsP, SrPtsP,, and SrPtioPs. The first compound of this group
induces intensive discussions in the literature due to the unconventional mechanism of
superconductivity observed therein. We succeeded in the preparation of two proposed
compounds, EuPtsP and EuPtsP,, while the third one, EuPtoPs cannot be prepared and
probably does not exist. It is suggested that the difference in structural complexity is a
reason for such behaviour. In contrast, the difference in magnetic properties is due to the
difference in the separation of magnetic cations. Attempts to prepare analogs with Pd
instead of Pt resulted in the preparation of single-crystals of new compound Eu,Pd;sP,, with
a crystal structure reminiscent to that of Y.PdBs and ferromagnetic ordering below 7 K.

Attempts to prepare Yb analogs — YbPtsP, YbPtsP, — were unsuccessful.

The second group of compounds is Eu containing clathrates, the analogs of SrNi,P., BaNi,P,,
and BaCu,P,, previously together with their transport properties reported by Prof. K. Kovnir.
The very first experiments have shown that EuCu.Ps most likely does not exist (EuCu.P, and
elemental P form instead), while EuNi.P. can be prepared by applying the same synthetic
procedure as it has been described for SrNiPs. Unfortunately, the Eu-samples always
contain a substantial amount of another ternary phase EuNiP, and phosphorus as
byproducts, contrary to the case of the Sr-compounds. In a personal discussion with Prof.
Kirill Kovnir, he confirmed that his research group also struggled with the same problem
without a successful solution. Several synthetic techniques have been attempted in the
current work, including high-pressure synthesis and flux growth. The existence of the other
more stable compounds in this ternary system has been proven to be a factor precluding

the formation of the target phase in thermodynamic mode. It has appeared that an
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additional mechanochemical input via ball-milling is necessary to prepare EuNi.Ps due to
the sizable mismatch between Eu?* cations and the Ni — P cages. This compound raised two
questions about its functional properties and underlying physical characteristics. The first
question concerns thermoelectric performance and the transport properties characteristics
(Seebeck coefficient, electrical and thermal conductivity) that comprise the thermoelectric
figure-of-merit. Though the material is metallic, it shows a relatively low thermal
conductivity due to the rattling of the Eu?* cations inside the oversized cages, which has
been proven independently through heat capacity, the temperature dependence of atomic

displacement parameters and Raman scattering.

Another point is that substitution of the non-magnetic Sr** cation with magnetic Eu?* caused
a substantial difference in the low-temperature behaviour of EuNi,P., which features three
magnetic phase transitionsat  2.5K, 6.1 Kand 11 Kin zero fields along with several
effects in isothermal magnetization sections. While only the first and the third effects are
visible in resistivity and heat capacity data, the second one has the strongest manifestation
in magnetic susceptibility data. Based on a set of constant-field and isothermal
magnetization measurements, a low-temperature field vs. temperature phase diagram of
EuNi.P, was proposed and the phase boundaries of the antiferromagnetic phases were
drawn. Altogether, these data have been published in Inorganic Chemistry Frontiers, while
still leaving several additional questions on the low-temperature magnetic behaviour and
lattice dynamics. As clarification using the dedicated local tools was necessary, a set of
neutron diffraction experiments on the WISH diffractometer was performed. The diffraction
patterns below 11 K featured additional magnetic reflections, which are different for
different phase fields (below 2.5 K, between 2.5 K and 6.1 K and between 6.1 Kand 11 K),

confirming the intrinsic nature of these transitions.

The next focus is the 1111 structure type, which is also quite often designated as ZrCuSiAs
or LaOAgS. One should comment here on discrepancies in the titles of this structure type.
Both prototypes ZrCuSiAs and LaOAgS feature similar cell dimensions, space group
(P4/nmm), and the Wyckoff sequence, but the bonding patterns are substantially different.
While the second compound is truly layered (short distances within LaO and AgS fragments,
and long between them), the first one is truly three-dimensional. The demarcation between
these two structures is quite common among crystallographers and even implemented in
the “Pearson's Crystal Data” database. Still, in the majority of publications, it is designated

as ZrCuSiAs as earlier discovered or also 1111, according to the overall stoichiometry, for
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the sake of simplicity among the physical community. Overall, this structure type hosts over
two hundred representatives, most of which, however, feature oxygen-containing [Ln,0,]*
layers (Ln — lanthanide). The possibility of placement of fluorine-containing layers [A,F.]**
(A — alkali-earth cations, Eu?* or Sr?) has been considered in my previous work and
expanded further on in the current study. The existence of the EuFTPn materials (T=Zn and
Mn, Pn =P, As, and Sb) suggested that EuUFMgPn materials could also be prepared. A more
general question was if any of the supposedly isostructural AFMgPn (A — not only Eu but
also Ca, Sr or Ba) compounds are feasible. Apparently, only BaFMgPn compounds were
realized for all pnictogens — from phosphorus to bismuth, while the absence of the others
has been corroborated computationally. The new compounds are a very rare case of

transition-metal-free phases adopting the title structure type.

The new compounds EuFAgSe and EuFAg:.sTe were synthesized from the elements and
EuFs. It has appeared that their relatively low thermal stability allows only for a narrow
temperature range of one-pot synthesis. As it has been shown by magnetic measurements
and is in line with ionic representation, these compounds contain the rare red-ox pair
Eu*/Ag*. While trying to shed light on valence fluctuations in the EuFAg:.sTe, Mdssbauer
spectroscopy has been implemented and provided evidence for a substantial Eu*/Ag* Z

Eu*/Ag interplay.

Finally, when dealing with this structure type, | returned to the previously discovered by me
compounds EuFTPn (T = Zn and Mn, Pn =P, As, and Sb) along with the EuFFeAs, which has
been reported before by other authors. From the bulk magnetization measurements, they
are very similar — antiferromagnets with Tys 3 K. Still, on a microscopic scale, metallic
EuFFeAs shows a very complex incommensurate ordering of Eu** magnetic moments, the
semiconducting EuFZnAs, and EuFMnAs both exhibit a commensurate stripe order with the
latter not depending on the magnetism of the transition metal cation (Zn** with 3d' or
Mn?* with 3d°).

Studies showing success in neutron diffraction experiments were used as a basis to suggest
that this technique can also be applied to other Eu-materials that have already been
reported. EuCusPs similar to EuNi.Ps, shows a set of three magnetic phase transitions.
Unfortunately, similar to the previous experiment, neutrons were unable to distinguish
between the nature of the magnetically ordered phases, and some additional

measurements will be necessary.
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The crystallographic background might seem relatively straightforward since analogies
between Eu?* and Sr** have been available for a long time now. Still, we should consider
that solid-state studies are done both by scientists with a chemical and physical background.
This study contains one inspiring example of a compound that has been overlooked both
by chemists and physicists — the antiperovskite EuPtsP. For the chemists, this compound
does not spark interest, as its existence is so obvious given the SrPtsP phase, which adopts
a straightforward antiperovskite crystal structure. On the other hand, other compounds
from this series — MPt:sP (M = Ca, Sr, La, and Ce), as well as similar borides, induced such
active discussions in the literature, but still did not result in the preparation of EuPtsP. Results
from this study have been reported in Dalton Transactions and have already attracted

attention (in private communication) from the physicists working on the SrPtsP compound.
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2  Synthesis, crystal and electronic structure of the Pt-rich
phosphides EuPtsP and EuPtsP:

Abstract

Two new ternary Pt-rich phosphides, EuPtsP, and EuPtsP, have been prepared via two-step
solid state reaction. Their crystal structures have been determined from powder XRD data.
EuPtsP, is isostructural to SrPtsP, (cubic, Pa-3, a = 8.4603(1) A); its crystal structure
comprises corner-shared PtsP trigonal prisms hosting Eu?* cations in the cuboctahedral voids
of the framework. EuPtsP is isostructural to the SrPtsP anti-perovskite (P4/nmm, a =
5.7452(1) A, ¢ = 5.4212(1) A). Magnetization measurements reveal magnetic response
caused by the Eu?* (4f’)-cations. EuPtsP, is paramagnetic exhibiting no phase transitions
down to 1.8 K, whereas EuPtsP orders ferromagnetically below 19 K. Similar to SrPtsP.and
SrPtsP, the new compounds are metallic with states near the Fermi level predominantly

formed by 5d orbitals of Pt.

Introduction

Since the discovery of superconductivity at the beginning of the previous century, several
large groups of superconducting materials were investigated extensively in order to
elucidate the physical mechanism of this exciting phenomenon. In course of time, smaller
groups of structurally or chemically related superconducting compounds arise
unexpectedly, thus positioning new questions about the origin of superconductivity therein.
A small family of Pt-rich compounds found in the Sr—Pt—P system is an illustrative example.
It includes three compounds, SrPtsP, SrPtsP, and SrPtioP4, which were reported to become
superconducting below 8.4 K, 0.6 K and 1.4 K, respectively [1 — 4]. Moreover, an
unconventional mechanism of superconductivity in SrPtsP was highlighted by detailed
physical studies [4]. Besides these phosphides, superconductivity was also reported for some
other platinum compounds including SrPtAs [5], SrPt.Ge, [6], CaPtSis [7], SrPtGe; [8],
CayPtsSis [9], and Li:PtsB [10], while structural diversity can be illustrated by many
representatives, particularly the incommensurate phase Sr.Pts,As [11]. Extensive studies of
the SrPtsP phosphide [12 — 14] revealed that the compound is a likely multi-band
superconductor similar to PrPtsGes, [15]. Upon Ca substitution, the Tc of SrPtsP does not
scale with the density of states at the Fermi level, thus further suggesting an unconventional
mechanism of superconductivity in this compound [4]. The centrosymmetric crystal

structure of SrPtsP, as well as those of the related non-centrosymmetric CePtsSi [16] and
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CePt:B [17], were found to be rather flexible towards substitution on the alkali-/rare-earth
position. For instance, all APtsP compounds (A = Sr, Ca, La [1] and Ce [18]) adopt a similar
anti-perovskite tetragonal structure. However, while the representatives containing non-
magnetic A = Sr¥, Ca?* and La®* are superconductors, their magnetic Ce3* (4f") containing
analog CePtsP exhibits antiferromagnetic ordering and a Kondo effect without showing
any traces of superconductivity [18]. The second compound in the Sr — Pt — P system,
SrPtsP,, adopts a yet unique structure and, according to [2], does not tolerate substitution
of Sr2* by Ca?* or Ba**. It is known that Eu?** commonly behaves as a crystal chemical analog
of Sr?*, particularly in pnictides and chalcogenides, where Eu®* is relatively stable against
oxidation to Eu3*. The very similar ionic radii of Eu?* (1.25 A for coordination number 8) and
Sr* (1.26 A) allow formation of isostructural compounds in cases requiring precise
geometrical matching [19], as illustrated by many couples of pnictide and chalcogenide
compounds [20 — 23]. This allows proposing the existence of the Eu?-based analogs,
namely EuPtsP, EuPtsP, and EuPtioP, of the respective Sr-derivatives, which, to the best of

our knowledge, were not reported yet.

Besides crystal-chemical interest, the proposed compounds can be attractive from the
physical point of view due to effects originating from size and magnetism of Eu. First of all,
one might expect, since the Eu?* cations bear a high magnetic moment (4f’), a possibility of
unusual magnetic phenomena originating from the coupling between the Eu?* magnetic
system and the metallic or even superconducting Pt-rich framework. Another point is that
due to the slightly smaller atomic radius of Eu** compared to Sr?* one could also expect
that the substitution of Sr?* by Eu?* would apply chemical pressure on the Pt—P framework,
which is known to enhance superconductivity, for instance, in iron-based pnictide
superconductors [24]. Finally, europium phosphides are also known to tolerate considerable
amounts of Eu®*, and some mixed-valence Eu?*/Eu** compounds are known to exhibit rather
complex magnetic behaviour [25], associated also with an abrupt valence change [26]. For
example, it is worth noting that the Eu—Pt—P system contains the mixed-valent EuPtP where
only a half of the Eu atoms (probably Eu?*) can be substituted by Sr, so that SrPtP most likely
does not exist [27]. It is also thinkable that the Eu—Pt—P ternary system can host compounds
exhibiting coexistence of superconductivity and ferromagnetism, a phenomenon claimed

for doped EuFe,As; [28].

Herein, we report on the synthesis, crystal and electronic structures as well as magnetic

properties of two new compounds in the Eu-Pt-P system. EuPtsP and EuPtsP, are
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isostructural to their strontium-based archetypes. Our attempts to prepare EuPtioPs were so

far unsuccessful.

Experimental section

Synthesis and primary characterization. Polycrystalline EuPtsP, and EuPtsP were prepared
via similar solid-state routes. The starting materials were granules of Eu (ChemPur, 99.9%),
Pt pieces (99.99%), and PtP, powder obtained by annealing Pt and P (Sigma Aldrich, 99.9%)
at 1073 K for 4 days. All operations were performed in an argon-filled glove-box (MBraun).
Eu was chopped prior to the reaction. The mixtures (~0.5 g total) of the starting materials
(50% excess of Eu-metal) were placed in silica-jacketed graphite crucibles, evacuated, and
sealed. First, the samples were annealed at 1273 K for 2 days (heating rate 5 K/min). The
brittle intermediate products were milled, pressed into pellets (6 mm diameter, 40 bar
external pressure), sealed in graphite-lined silica tubes and annealed at 1173 K for 4 days.

These operations were repeated until homogenous crystalline materials were produced.

The samples are stable in air for weeks. Their phase composition was checked using a STOE
STADI P diffractometer (STOE & Cie, Darmstadt, Germany) equipped with a Dectris Mythen
1K detector with the Cu-Ka, radiation (A = 1.5406 A). EuPtsP, and EuPtsP were found as the
major phases. Elemental composition was confirmed using a Zeiss EVO MA 15 scanning
electron microscope equipped with a Bruker Quantax EDX system with an X Flash Detector
630 M. According to DTA measurements, performed on a SETARAM TG-DTA 92 (silica
container sealed in vacuum, 10 K/min heating rate), both compounds melt congruently at

124045 K (EuPtsP2) and 1225+5 K (EuPtsP).

Crystal structure determination. Single crystals suitable for structure determination could
not be produced during the synthesis. Therefore, crystal structures were refined from high-
quality powder X-ray diffraction data, acquired at 293 K on a STOE STADI P diffractometer
(STOE & Cie, Darmstadt, Germany) equipped with a Dectris Mythen 1K detector. MoKa,
radiation (A = 0.709300 A) was utilized in order to increase the g-range of the data
(dmin = 0.6 A). A Rietveld refinement was performed in the JANA2006 [29] software using
the crystal structures of SrPtsP and SrPtsP, as starting models. The refinements proceeded
in a straight-forward manner using standard mathematical apparatus (Pseudo-Voigt profile
function; Legendre polynomials of up to 15" degree for background treatment)
implemented in JANA2006. Only traces of impurities were found in the EuPtsP, sample,

while EuPtsP was found to contain ~ 4 mass % PtP,. At the final stage, occupancies of all
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atoms were checked and appeared to be equal to unity within 30, confirming the
composition. Experimental details are collected in Table 2.1; the refined structural data are
given in Table 2.2 and selected interatomic distances in Table 2.3; final Rietveld

refinement plots are presented in Figure 2.1.

Magnetic and heat capacity measurements. Magnetization was measured on pellets of
polycrystalline EuPtsP, and EuPtsP using a MPMS 3 SQUID from Quantum Design. The
measurements were performed in the temperature range 1.8-380 K in applied fields up to
7 T. Heat capacity was measured with the relaxation method using Quantum Design PPMS

in the temperature range 1.8-50 K in applied fields up to 10 T.

Table 2.1 Details of powder diffraction experiments for EuPtsP, and EuPtsP

EuPteP> EuPtsP
Space group Pa-3 (No. 205) P4/nmm (No. 129)
Z 4 2
Pearson symbol cP36 tP10
Cell parameters
ainA 8.4603(1) 5.7452(1)
cinA =a 5.4212(1)
Vin A3 605.56(1) 178.94(1)
dealc. in g/cm? 15.19 14.26
20 range in deg for MoKq, 7-71 7-71
Data points/overall 4262/28 4329/38
parameters
Reflections/structural 465/8 261/11
parameters
R values (%):
Rr 2.84 3.95
Re 1.93 2.06
Rwp 2.59 2.92

% 1.43 2.15
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Table 2.2 Atomic coordinates and displacement parameters in the structures of EuPtsP;

and EuPtsP.

Atom Position x/a y/b z/c Usso in A
EuPtsP2

Pt 24d (x; y; 2) 0.6560(1) 0.34235(8) 0.07815(8) 0.0055(2)

Eu 4b (¥2; 0; 0) 12 0 0 0.0072(5)

P 8¢ (x; x; x) 0.1956(6) X X 0.005(1)
EuPtsP

Pt1 2¢ (0; V2; 2) 0 /5 0.1436(3) 0.0035(4)

Pt2 de (Va; Va; V2) Va Va 12 0.0055(2)

Eu 2a (0; 0; 0) 0 0 0 0.0045(5)

P 2¢ (0; 2; 2) 0 Y2 0.262(2) 0.025(4)

Table 2.3 Selected interatomic distances d (in A) for EuPtsP and EuPtsP..

EuPteP, EuPt:P
d(Pt - Pt) 2.812(1)3 2 d(Pt1 — Pt2) 2.804(1) x 4
2.827(1)2 2
2.816(1)3 2 d(Pt2 — Pt2) 2.8726(1) x 4
3.337(1)2 2
d(Pt - P) 2.306(5) x3 d(Pt1 - P) 2.20(1)
2.362(5) x 3 d(Pt2 — P) 2.408(6)
d(Pt — Eu) 3.2510(7) d(Pt1 — Eu) 2.9761(5) x 4
3.2687(8) d(Pt2 — Eu) 3.3872(1) x 8
d(Eu — P) 3.480(5) x 6 d(Eu - P) 3.203(5) x 4

Electronic structure calculations were performed on the Density Functional Theory (DFT)
level using the pseudopotential projector augmented wave method (PAW) as implemented
in the Vienna ab initio Simulation Package (VASP) [30, 31]. A Monckhorst-Pack k-point mesh
of 12x12x12 was employed, and the energy cutoff was set at 500 eV [32]. The PBE
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