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Abstract

The subject of this thesis is the synthesis and investigation of physical
properties of selected families of ternary pnictides.

The first investigated group of materials are the equiatomic ATPn com-
pounds, where A is a divalent alkaline earth or rare earth metal, T is a group
11 transition metal and Pn is a pnictogen. The main focus of this work was
to develop and optimize synthesis methods for obtaining high-quality single
crystals, which would allow for further study of their electronic structure and
potential non-trivial topological properties. Single crystals of 10 compounds
were obtained from liquid phase (flux) growth. Physical properties, such
as electrical resistivity, heat capacity and magnetization, were examined for
selected samples. The metal-like resistivity and the Sommerfeld coefficient
values y ~ 0 are consistent with the characteristics expected for topological
semimetals. The second family, for which single crystals growth was con-
ducted, are the AMg,Pn, materials, where A = Sr, Ba and Pn = Sb, Bi. For
the first time, the antimonides were grown in the form of bulk crystals. Mea-
surements oh heat capacity showed low values of -y for all of the investigated

compounds.

The last part of this thesis describes the synthesis and physical properties
of a new superconducting material Mg4Pd7Ase. Studies of electrical resistiv-
ity, heat capacity and magnetization show that it is a type-II superconductor
with a critical temperature T, = 5.5 K. The obtained electron-phonon coupling
parameter indicated moderate coupling (A = 0.72). Attempts to synthesize
other members of the 4-7-6 family are described. The obtained compounds
were tested for superconductivity, however, it was not observed in any of the
samples (above T = 1.9 K). Mg4Pd7Asg is the first superconductor in the 4-7-6
family and at this stage of the research remains the only one.

The materials described in this thesis are an example of the variety of
physical properties that can be encountered in the ternary systems containing

pnictogen atoms.






Streszczenie

Przedmiotem niniejszej rozprawy sa synteza i badania wtasciwosci fi-
zycznych wybranych grup tréjsktadnikowych pniktydkow.

Pierwsza badana grupa materiatéw to zwiazki ATPn, gdzie A to dwu-
wartoéciowy metal ziem alkalicznych lub rzadkich, T to metal przejSciowy
11. grupy, a Pn to pniktogen. Czes¢ badan poswiecona tej rodzinie skupita
sie gldwnie na opracowaniu i optymalizacji metod otrzymywania wysokiej
jakosci monokrysztaléw, co pozwolito na ich dalsze badania majace na celu
okreslenie ich struktury elektronowej i potencjalnych nietrywialnych wiasci-
wodci topologicznych. Krysztaly 10 zwiazkéw AT Pn otrzymano przy uzyciu
metody wzrostu z fazy ciektej (wzrost przy uzyciu topnika). Dla wybranych
probek zostaty przebadane wiasciwosci fizyczne, takie jak rezystywnosg, cie-
plo wiasciwe i magnetyzacja. Wykazywany przez materiaty metaliczny cha-
rakter przewodnictwa i bliskie zeru wartosci parametru Sommerfelda -y sa
zgodne z oczekiwanymi dla pétmetali topologicznych. Druga grupa mate-
riatéw, ktérych monokrysztaly otrzymano, sa zwiazki AMg>Pny, gdzie A =
Sr, Bai Pn = Sb, Bi. Krysztaly zawierajace antymon po raz pierwszy zostaly
otrzymane w formie objetoéciowej. Przeprowadzone pomiary ciepta witasci-
wego wykazaty niskie warto$ci parametru y dla wszystkich przebadanych

zwiazkow.

Ostatnia cze$¢ pracy opisuje synteze i wladciwosci fizyczne nowego ma-
terialu nadprzewodzacego MgsPd;Ase. Badania oporu elektrycznego, ciepta
wladciwego i magnetyzacji wykazaty, ze Mg4Pd7Ase jest nadprzewodnikiem
II-rodzaju o temperaturze krytycznej T, = 5,5 K. Wartos¢ sprzezenia elektron-
fonon wskazuje na umiarkowane sprzezenie (A = 0,72). Rozprawa zawiera
opis préb  syntezy = wybranych  zwiazkébw o  stechiometrii
4-7-6. Otrzymane materiaty zostaly przetestowane pod katem nadprzewod-
nictwa, jednak nie zostato ono wykryte w zadnej z prébek (powyzej tempe-
ratury 1,9 K). MgyPd7Ase jest pierwszym, i na tym etapie badarn jedynym,

nadprzewodnikiem w rodzinie zwiazkéw 4-7-6.

Materialy opisane w rozprawie sa przykladem réznorodnosci wiasciwo-
Sci wystepujacych w ukltadach tréjsktadnikowych zawierajacyh atomy pnik-

togenow.






Contents

Abstract

Streszczenie

1 Aim and scope of the work

2 Introduction

4

21 Quantummaterials . . . . ... ... ... ... .. ... ...

2.2 Topological materials . . . . .. ... ... ... ........

2.3 Superconductivity . . . .. ... L oo

2.4 Overview of the families of the investigated compounds
241 ATPn .. ... ... ..
24.2 AMgzPle ...........................
243 A4T7Png . . . ..o

Methodology

3.1 Sample preparation . . . ... ... ... Lo oL

3.2 Measurement techniques . . . . .. ... .......... ...
3.21 Crystal structure and composition . . . ... ... ...
3.2.2 Measurements of physical properties . ... ... ...

ATPn compounds

41 Crystal growth and crystal structure . . . ... ... ... ...
411 CaAgBi........ .. ... o oL
412 CaAgAs . .. ...
413 CaAgSbandCaCuSb. ... ... ... ... . ... ...
414 BaAgAs . .. ...
415 BaAgBi........... .. ... . 0.
416 SrAgAs. ... ...
417 SrAgBi .. ... ...
418 YbCuBiand YbAgBi . .. .................
419 Chemical doping attempts. . . . . ... ... ... ...

42 Physical properties . . . . ... ... Lo oL

vii

iii

N = W W

11
11
15
17

21
21
25
25
26



viii

5 AMg,Pn; compounds
51 Crystalgrowth. . ... ... ... ..
5.1.1 Bismuthides AMgyBi, . . . .
51.2 Antimonides AMgySb, . . . .

5.2 Crystal structure and physical properties . . . ... ... ...

6 A4T7Png compounds
6.1 Mg4Pd7AS6 ...............

6.1.1 Synthesis and crystal structure determination . . . . .

6.1.2 Physical properties . . . . . .
6.2 Mg4Ir7As6 ...............
6.3 Mg4Rh7AS6 ..............
6.4 Summary of other synthesis attempts
6.4.1 Mg4Pt7AS6 ...........
6.4.2 Mg4Rh7P6 ...........
643 MgsPd;Pg . .. ... ...
6.4.4 RE4Ir7Sb6 and T4I]T7Ge6 series

7 Summary

A Supplementary Material for Chapter 5
Bibliography

List of Figures

List of Tables

51
51
51
52
54

61
61
61
65
77
78
79
79
79
80
80

81

83

99

111

117



Chapter 1
Aim and scope of the work

As the development and advancement of current technologies heavily de-
pends on discovery of new materials, the search for novel, interesting com-
pounds is an on-going endeavor. After years of research, many binary com-
pounds are known and fully characterized, resulting in a need to focus on
more complicated systems. Ternary compounds, as the next simplest group,
offer much more variety without introducing excessive complexity. Thus,
the main aim of the conducted research was to investigate selected families
of ternary pnictide compounds containing alkaline earth metals or rare earth
metals. As the “ternary pnictide” classification encompasses a large vari-
ety of compounds, the specific families were chosen based on the interesting
physical properties they exhibit: the sought-after properties were supercon-

ductivity or potentially non-trivial topological character.

The discovery of topological materials in the recent years has opened up
a new frontier in the study of condensed-matter physics. Moreover, the the-
oretical predictions have brought on renewed interest in materials that, in
many cases, have been known for years. The experimental confirmations are,
however, hindered by the lack of high-quality single-crystal samples which
are necessary for detailed characterization. Hence, the first stage of the work
focused on developing or optimizing single crystal growth of two families of
materials: equiatomic ATPn compounds with valence electron count of 18,
where A = alkaline earth metal or Yb/Eu, T = group 11 transition metal, Pn
= As, Bi, Sb, and layered AMg,Pn; compounds where A = Ba, Sr and Pn =Sb
or Bi.

The second part of the work focused on the search for new superconduct-
ing compounds crystallizing in the cubic UsRe7Si¢ structure. It should be
noted that superconductivity has not previously been revealed in any of the

materials in this family.






Chapter 2

Introduction

2.1 Quantum materials

The advancement of new technologies has always been driven, to a large
degree, by development of new materials. The rapid progress and newly-
arising challenges require a constantly on-ongoing search for novel materi-

als, able to meet the requirements.

Many of the currently investigated, promising classes of materials can
be brought together under the umbrella term of "quantum materials". This
broad classification is generally taken to mean materials which exhibit novel
physical properties, which cannot be approximated by classical description.
These exotic properties can arise due to the collective nature of the elec-
trons in the system caused by unique electron correlations, often underlined
by magnetism and observed in systems with partially filled d- or f-electron
shells. Interesting properties can also often be observed in systems with re-
duced dimensionality, for example due to confinement of electrons to sheets

in 2-dimensional materials [1, 2].

This diverse category includes both the more well-know materials such
as graphene or superconductors, and the more recent additions such as spin
ices, quantum spin liquids and topologically non-trivial materials [3, 1]. These
materials find application in many fields, including electronics, information
and computational technologies, energy usage and storage. Figure 2.1 presents
a non-exhaustive list of some quantum phenomena exhibited by different
classes of materials, together with their potential technological applications.
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FIGURE 2.1: Correlations of select quantum phenomena with recently

developed materials that effectively illustrate quantum behaviors and

the technologies in which they can be applied. Reprinted from [4] under
CC-BY license (Copyright 2024 Harris and Andalib).

2.2 Topological materials

Study of topologically non-trivial materials is a thriving field in condensed
matter physics of the 215 century. These materials exhibit unique physical
properties, which can be understood using insights from the mathematical
field of topology (which is concerned with properties that are invariant un-
der continuous deformations). The foundation of the current research lies
in the studies dating back to the early 1980s, related to the integer quantum
Hall effect (QHE) in 2-dimensional systems in strong magnetic fields [5, 6].
Near the end of the decade, a new model for QHE in the absence of an exter-
nal magnetic field was developed [7], proposing how the effect could instead
arise from the movement of electrons through the crystal lattice. This model
turned out to be crucial for developing a new class of materials: topological

insulators.

A significant theoretical advancement came after the turn of the century
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[8, 9, 10], and soon after the first experimental realisations of topological in-
sulators followed [11, 12, 13, 14]. The main characteristic of these materials
is the presence of an energy gap, making the material insulating in the bulk,
coupled with the presence of conducting edge/surface states. The conduct-
ing states are topologically-protected, making them immune to defects or

surface imperfections.

In the following years, the field of topological materials expanded to new
classes of materials, such as topological superconductors and topological
semimetals. The latter are characterized by the presence of robust bulk band
crossing points. Depending on whether the bands are degenerate or not, the
materials can be divided into Dirac semimetals (DSM) or Weyl semimetals
(WSM), respectively. In case of a 1-dimensional crossing (as opposed to a
0D point crossing), the material is defined as a nodal-line semimetal [15]. A

comparison of the band crossings is presented in Figure 2.2.

Dirac Weyl Modal line

FIGURE 2.2: Schematic representation of band crossing in Dirac, Weyl,

and Nodal line semimetal. Positive and negative signs indicate the op-

posite chirality of the Weyl points. Adapted from [15] under CC-BY
license (Copyright 2020 American Chemical Society).

In 2019, the results of a high-throughput search for topological phases
among the ‘high-quality” materials (defined by the authors as those for which
the atomic positions and structure are precisely determined in the Inorganic
Crystal Structure Database) were reported [16], building on the previously
developed theory of topological quantum chemistry [17]. The investigation
indicated that topologically non-trivial materials are not just rare anomalies,

but that almost 30 % of the considered compounds are topological in some
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way (with roughly 12 % being topological insulators).

Even though many compounds have been predicted to host non-trivial
topological states, experimental confirmations are less common, as high-quality
single crystals are needed for the measurement techniques necessary to in-
vestigate the electronic structure of materials.

2.3 Superconductivity

The first discovery of superconductivity dates back to 1911 and was re-
ported by a Dutch physicist Heike Kamerlingh Onnes. It followed his first
successful attempt of liquefying helium three years prior, thus opening a new
chapter of low-temperature physics. The phenomenon was detected as an
unexpected sharp drop in the electrical resistance versus temperature mea-
surement of a mercury sample occurring at 4.2 K. The recorded data can be
seen in Figure 2.3(a). The same behaviour was shortly after observed for lead
and tin (near 7.2 Kand 3.7 K, respectively). The temperature of this transition
to a zero resistivity state, called the critical temperature T, is one of the main
characteristics of a superconducting material. In pure materials this transi-
tion should occur in a narrow range of temperature and broader transition

indicates poor quality of the sample.

Another fundamental property of superconducting materials was first
discovered over 20 years later by Meissner and Ochsenfeld. When an ex-
ternal magnetic field is applied to a superconductor, screening currents are
induced within a thin layer close to the surface, generating a field opposite in
direction and equal in strength. As this exactly cancels the external field, the
magnetic field is not simply prevented from entering (as would be the case
for a "perfect" conductor) but completely expelled from within the material
if the temperature is below T.. This is illustrated in Figure 2.3(b). In other
words, the magnetic flux density inside the bulk of a superconductor is equal
to zero (B = 0) and its magnetization can be described by the equation H =
- M, leading to a magnetic susceptibility x = -1. This perfectly diamagnetic
response of a superconductor is now commonly referred to as the Meissner
effect.
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FIGURE 2.3: (a) The first ever recorded superconducting transition, ob-

served for a sample of mercury [18](b) Illustration of the Meissner effect

for a sample in external magnetic field as the temperature is lowered
below T, [19].

This property, however, also has its limit. If the external magnetic field is
strong enough the superconductor will transition into the normal state, even
when the temperature is below T¢. The relation between this critical magnetic

tield H, and T, can be approximated using the equation:

H(T) = H.(0) (1 - (1)2) 2.1)

where H.(0) is the critical field at T = 0 K.

As more superconducting elements (and compounds) were discovered,
a different reaction to external magnetic field started being observed. These
materials were then referred to as type-II superconductors. In low fields, the
material behaves as previously expected for type-I superconductor, exhibit-
ing perfect diamagnetism. When a certain value, called the lower critical field
H,1, is exceeded, the magnetic flux starts to penetrate the bulk of the mate-
rial. The superconductor is then said to be in a mixed state (also referred to
as a vortex state). The flux vortices can move throughout the material (unless
they get pinned in place by inhomogeneities) and tend to arrange in a regu-
lar pattern. Their density increases with the external magnetic field, until at
a certain point, corresponding to the upper critical field H.,, the material is
driven to the normal state. The comparison of magnetization of type-I and
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type-II superconductors is presented in Figure 2.4. Metals tend to be super-
conductors of type I (with the exception of Nb, V and Tc), while an over-
whelming majority of alloys show type II superconductivity.

TYPE I TYFE I
Mg M
M, IagH,, LA
* f— s
MEISSYE R HH .. MEISSNER MK et
STATE “ STATE STATE
=l g ==l

FIGURE 2.4: Comparison of magnetization for type I and type II super-
conductors.

The final critical parameter capable of destroying superconductivity is the
density of electric current J.. Thus, the material can only exist in the super-
conducting state when the values of all three of these parameters are within a
well-defined range. This connection can be seen in Figure 2.5, which presents

the boundary between the normal and superconducting state of the material.

The electrodynamics of superconductors are well-described by the phe-
nomenological theory, proposed by the London brothers in the 1930s [20].
Most notably, it correctly describes the Meissner effect and introduces the
concept of a characteristic penetration depth, which defines the distance up
to which the magnetic field is able to penetrate the sample. It is one of the
characteristic scales of a superconductor. The magnetic field within the ma-

terial diminishes exponentially according to:

B(x) = Byexp (;—ZC> (2.2)

where B(x) is the magnetic induction at a distance x from the surface and
Ar is the London penetration depth. Within this distance, the field is reduced
by a factor of ¢ and vanishes in the bulk of the material. The relation is pre-

sented in Figure 2.6.
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FIGURE 2.5: The relation between the critical parameters, forming the J-
H-T surface separating the superconducting state from the normal one.

A1 can be defined as:

me
S 2.
AL }40”562 ’ ( 3)

where m, - electron mass, y - vacuum permeability, 15 - superconducting
electron density and e - electron charge.

A second important, phenomenological theory was proposed in the 1950s
by V. L. Ginzburg and L. D. Landau [21], based on the theory of second-order
phase transitions. It introduced an order parameter ®(r), related to the lo-
cal density of superconducting electrons (1n;). The value of this parameter
can change only gradually over a certain characteristic distance ¢¢y, called
the coherence length, which is the second characteristic scale of a supercon-
ducting material. As this theory allows for the 7, to change, a temperature
dependence of A could now be defined as:

2b M,
MT) = \/yoa(Tc T 282 (2.4)

where a and b are positive coefficients.



10 Chapter 2. Introduction

B, SUPERCONDUCTING
e MATERIAL

Ay X

=

FIGURE 2.6: Penetration of magnetic flux into a superconductor.

The relation between these two characteristic scales can be expressed in

terms of the Ginzburg-Landau parameter x| defined as:

A
kg = =SL. (2.5)

The obtained value of k¢ is used to classify the type of the supercon-
ductor, with kg < \% corresponding to type-I superconductors and above
that for type-II. kg can also be used to relate the values of upper and lower

critical field for type-II superconductors, according to:

H.4Hp = H?Ink (2.6)

where H, is the thermodynamic critical field, which can be understood as
an approximate critical field of a given superconductor, if it were of a type-I

instead.

The 1950s also brought the first microscopic theory of superconductivity,
later known as BCS theory, proposed by John Bardeen, Leon Cooper, and
John R. Schrieffer [22, 23]. The foundation of the theory is the existence



2.4. Overview of the families of the investigated compounds 11

of a phonon-mediated attractive interaction between two electrons, result-
ing in a creation of Cooper pairs. In a simplified view, an electron moving
through a crystal lattice causes a disturbance in the charge distribution of the
positively-charged atom cores. This local increase of positive charge attracts
a second electron, with an opposite spin and momentum. Such interaction
between the two electrons leads to a decrease in energy of the system and

leads to an opening of a superconducting energy gap.
The BCS also lead to the following relation for the critical temperature T:
th 1
T. =113——= - 2.7
= eXp( N(EF)V> 27

where kg is the Boltzmann constant, wp is the Debye frequency, N(Er) is
the density of state at the Fermi level and V' is the Cooper pair interaction.

Another important contribution of the BCS theory is the derivation of the
relation between the critical temperature and the energy gap A(0):

2A(0) = 3.52kp T (2.8)

The discussed parameters are important for characterizing any new super-
conductor. They can generally be obtained from three basic measurements:

electrical resistivity, magnetization and heat capacity.

2.4 Overview of the families of the investigated

compounds

241 ATPn

According to a survey published by Fornasini and Merlo in 1995, close to
a 1000 ATX compounds have been reported, where A is a trivalent rare earth
metal, and almost 300 where A is a divalent alkaline earth metal or Eu/Yb,
with T and X being a d- and p-block element, respectively [24].

First reports of successful synthesis and crystal structures of equiatomic
ternary pnictide compounds (ATX, where X = Pn) come from 1970s [25,
26, 27, 28], with even more compounds reported throughout the next two

decades [29, 30]. A large series of 19 compounds where A = Ca, Sr, Ba, Eu,
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Yb; T = Cu, Ag, Au and Pn = Sb, Bi comes from a study published by Merlo
et al. in 1990. [30]. A majority of these compounds are charge balanced,
with a valence electron count VEC = 18, corresponding to a closed-shell con-
tiguration. Together with the previously reported compounds, all of them
were found to crystallize in one of the following five structure types: ZrBeSi
(hexagonal, s.g. P63/mmc, no. 194), LiGaGe (hexagonal, s.g. P63mc, no. 186),
ZrNiAl (hexagonal, s.g. P62m, no. 189), TiNiSi (orthorhombic, s.g. Pnma,
no. 62) or MgAgAs (half-Heusler-type structure, cubic, s.g. F43m, no. 216).
The given structures can be considered to be the ternary ordered variants
of NizIn, Calny, Fe,P, PbCl, and CaF, respectively, and with the exception
of the cubic structure, all the remaining ones can be easily derived from the
well-known layered AlB; aristotype, through a series of symmetry-reducing
distortions or ordering on B-sites. A simplified scheme of these relations is
presented in Figure 2.1, while comprehensive descriptions are given in [31,
32].

A phase diagram of crystal structures of compounds containing alkaline
earth metals in relation to the radii of the constituent elements can be found
in [34]. Structure types of several compounds are marked as "not known",
however, based on other reports, both SrAuP and SrAuAs were found to
crystallize in the ZrBeSi-type structure as well [29], while MgAgSb is tetrag-
onal at room temperature but adopts the cubic half-Heusler structure above
360 °C [35]. Examples of compounds crystallizing in different crystal struc-
tures are presented in Table 2.1.

In a later report by Merlo et al. electrical resistivity of selected Bi-bearing
compounds was investigated, however, the measurements were only con-
ducted down to 10 K [36]. Generally, all of the investigated compounds
showed metallic temperature dependence, with CaCuBi and YbCuBi show-
ing anomalous jumps in their resistivity curves, with non-linear behavior and
negative curvature below 150 K.

A more recent work by Xu et al. [37] presents a crystal growth protocol
for 9 ATPn compounds (A = Ca, Sr, Ba; T = Ag, Au; Pn = As, Bi). Electri-
cal resistivity measurements show them all to be metallic, with low residual
resistivity ratios (RRR < 5). Additionally, a resistivity drop signifying a pos-
sible superconducting transition is observed around 6 and 4 K, for SrAgBi

and BaAgBi respectively. Signs of "filamentary" superconductivity in SrAgBi
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TABLE 2.1: Examples of 111 pnictide compounds crystallizing in
ZrBeSi, LiGaGe, ZrNiAl and TiSiNi-type structures.

ZrBeSi LiGaGe ZrNiAl TiSiNi
P63/mmc (194) | P63mc (186) | P62m (189) | Pnma (62)
BaAgBi CaAgBi CaAgAs CaAgSb
BaAgAs YbAgBi CaAgP MgCuP
CaAuAs YbCuBi (RT) MgCuAs
CaCuSb
SrAgAs
SrAgBi
SrAuBi
SrAuAs
YbCuBi (HT)

were also reported in [38], however, the transition was observed at a lower
temperature of 2.9 K. Surface superconductivity at T, = 2.1 K was reported
for SrCuBi (increasing to 4.8 K under pressure) [39] and at T, = 2.4 K for
SrAuBi [40]. In all three mentioned compounds the transition was observed
in the electrical resistivity and magnetization measurements, with no jump

detected in the specific heat data.

Several of the members of the ATPn family containing alkaline earth met-
als have also been predicted to host various topological phases. BaTBi (T=Au,
Ag and Cu), BaAgAs, SrAgAs and SrAgBi have been proposed as 3D DSMs
[41, 42,43, 44, 45, 46]. SrAgBi has subsequently been confirmed to be a spin-
orbit coupling-induced type-II 3D DSM [47], while magnetoresistance mea-
surements of SrAgAs showed Shubnikov-de Haas oscillations [48]. The coex-
istence of three different Dirac points has been predicted in CaAgBi by Chen
et al. [49], which could provide a great opportunity to study the interplay be-
tween them, if it became verified experimentally. CaAgAs has been predicted
to be a nodal line semimetal (converting to topological insulator, upon con-
sidering spin-orbit coupling) [50], with experimental works reporting typical
metallic resistivity behavior, abundance of p-type carriers and bulk valence
band crossing the Fermi level at the I'-point [51, 52].
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2.4.2 AMgZPnz

AMg>Pny compounds belong to the larger family of layered AM;Pny phases.
While several compounds with this stoichiometry have been found to adopt
the I4/mmm, Pnma, R3m or P4/mmm space groups, a significant major-
ity (including all of the Mg-bearing compounds) crystallizes in the trigonal
CaAlLSip-type crystal structure (s.g. P3m1, no. 164). The bonding in these
compounds can be understood through Zintl formalism, with a charge trans-
fer from the electropositive A2 layer to the covalently bonded [Mg,Pn;]>~
layer, resulting in charge-balanced formulas. The crystal structure can also be
described in relation to the binary compound Mg3Sb, (which can be thought
of as MgMg»>Sb»), where 2 crystallographically distinct Mg sites are present.
Substitution of A atoms in place of the Mg(1) atoms, which constitute the
layer in-between the [MgZsz]z_ slabs, increases the c/a lattice parameter
ratio and lengthens the interlayer distances. This leads to the anisotropic
properties of the ternary compounds, as opposed to MgsSb,, which should
not be considered a layered compound as both Mg(1)-Sb and Mg(2)-Sb are
covalently bonded with similar bond strength [53]. The two structures are

presented in Figure 2.8.

A series of 9 Mg-bearing compounds AMg,Pn;, where A = Ca, Sr, Ba and
Pn = As, Sb, Bi, was reported by Deller and Eisenmann in 1977 [54]. Another
13 AM;Pny compounds, where M = Zn, Cd, Mg, were reported a few years
later by Kliifers et al., extending the family by several phosphides as well as
replacing the alkaline earth metals by rare earth metals (Eu, Yb, Lu, Y) [55].

In 2011, structure and physical properties of single crystals of three bis-
muthides, CaMg,Bi;, EuMg;Bi> and YbMg,Bij, were investigated by May
et al. [56]. EuMg>Bi> was found to order antiferromagnetically around 7 K,
while YbMg;Bi> showed only weak diamagnetic moment, suggesting a di-
valent (non-magnetic) state of Yb. All three of the compounds were found to
be p-type conductors.
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FIGURE 2.8: Comparison of the crystal structures of (a) Mg3zSb, and (b)
AMg,Sb,. Image created using VESTA [33].
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More recently, BaMg>Bi» was proposed to be a topological 3D DSM [57],
followed by experimental confirmation, through the combined results of angle-
resolved photoemission spectroscopy (ARPES) and first-principles calcula-
tions of band structure [58]. In the same study SrMg»Bi> was found to be an
ordinary insulator with a bulk band gap. Signs of surface superconductivity
have also been reported for BaMg,Bi, via resistivity measurements, with T,
in the range of 4.77 - 5.17 K and no transition observed in the specific heat
data [59].

24.3 A4 T7Pn6

The family of ternary intermetallic compounds with a stoichiometry of
4:7:6 dates back to 1978, where the crystal structure of its first member, UsRe7Sig,
was reported by Akselrud et al. [60]. It crystallizes in a cubic structure (space
group Im3m, no. 229) with the number of formula units per unit cell Z = 2
and a lattice parameter a = 8.224 A. It can be derived from a CuzAu-type
structure (s.g. Pm3m, no. 221), with U atoms located on the gold sites,
Cu-sites partially occupied by all of the Si atoms and some Re atoms, with
the remaining Re located on the interstitial octahedral sites according to the
formula Uy(ResSig)Re [61]. Full occupation of these sites would lead to a
CaTiOgs-type (perovskite) structure, where they would be filled by Ti atoms
(with Ca at Au sites and O at Cu sites). This way, the UsRe7Si¢ crystal struc-
ture can be considered an intermediate between the described structures,
where only one in four octahedral sites is occupied. The comparison of the
three structures is presented in Figure 2.9, where the atoms on the octahedral
sites are marked in green (Re(2) in Figure 2.9(d) and Ti in Figure 2.9(f)). This
partial insertion of interstitial Re causes a slight distortion, as it shifts the
Si atoms towards the unoccupied octahedral sites, as seen in Figure 2.9(d),

which shows the view of the UsRe7Si¢ structure along the c axis.

Over the next two decades, more silicides and germanides have been dis-
covered, constituting a majority of the more than 70 compounds reported to
date. The structure withstands various substitutions, even with differing va-
lence electron numbers and sizes of the comprising atoms. Uranium can be
replaced by magnesium, rare-earth metals or group 4 transition metals - tita-
nium, zirconium and hafnium (elements that are formally divalent, trivalent
and tetravalent, respectively) [62]. On the Re-site, other transition metals
such as Tc, Co, Rh, Ir, Ru, and Os can commonly be found. The VEC can
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FIGURE 2.9: Comparison of (a,b) CuzAu, (c,d) UsRe;Sig and (e,f)

CaTiOg3 crystal structures. Atoms occupying the interstitial octahedral

sites are marked in green (Re(2) atoms in UsRe;Sig and Ti atoms in
CaTiO3). Image created using VESTA [33].

range from 85 (5/atom) for UsTc;Geg [63] to 105 (6.18/atom) for LugRhySbe
[64]. According to a hypothesis formulated by Engel et al. [61] the occur-
rence of the UsRe;Sig structure type can be roughly predicted based on the
relative size of the A and T atoms, 4 /7T, where the investigated compounds
have a ratio of 1.28 or less and larger values are observed for BaAls-derived
structures.
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The first record of a 4:7:6 pnictide came from Noel et al. in 2000 [65].
Based on single-crystal X-ray diffraction data, the compound UsRuzAse was
found to be isostructural with UsRe7Sig, with a lattice parameter of a = 8.3048
A. More pnictides were reported only a year later by Wurth et al., for the
first time containing magnesium on the A-site. The list of new compounds
included three more arsenides: MgyRhyAsgs, Mgslr;Ase and YbsRh7Ase, as
well as one phosphide MgsRhyPs (which, incidentally, to this day remains
the only P-bearing compound in this family) [66]. The lattice parameters of
the reported compounds are presented in Table 2.2.

TABLE 2.2: Lattice parameters of the 4:7:6 pnictides reported by Wurth
et al. [66]

Mg4Rh7AS6 Mg4Il‘7AS6 Mg4Rh7P6 Yb4Rh7AS6
Lattice constant [A]  8.066 8.082 7.841 8.254

The crystal structure of the first antimonide, YbsRh7Sbe, was reported by
Leithe-Jasper et al. [67] in 2006, followed by the first attempt at characterizing
the physical properties of any pnictide 4:7:6 family member by Schellenberg
et al. [68]. The magnetization measurements give a reduced magnetic mo-
ment value of 3.16(1) up/Yb (compared to the expected value of 4.54 ug/Yb
for Yb3"), suggesting an intermidiate-valence character of the compound.
This was later followed by a series of antimonides RE4T7Sbs, where RE =
Gd - Lu and T = Ru or Rh [64], which included magnetic measurements of
the Ru-bearing members. The compounds containing Dy, Ho, Er or Tm were
found to exhibit Curie-Weiss paramagnetism, ordering antiferromagnetically
below 10 K, 5.1 K and 4 K, for Dy4Ru7Sbs, HosRu7Sbs and ErsRu;Sbg, re-
spectively. No ordering was observed for TmsRu7Sbs. Based on the reduced
value of magnetic moment of 3.71 ug/Yb, YbsRuySbe was found to be an
intermediate-valent compound, similarly to its Rh-analogue.

The final arsenide, YbsRuyAsg, was recently reported by Hirose et al. as
the first compound in the Yb-Ru-As system [69], bringing the total num-
ber of 4:7:6 pnictides to 22 (16 antimonides, 5 arsenides and 1 phosphide).
YbsRuyAse orders antiferromagnetically below Ty = 2.5 K, with the effective
magnetic moment (y,rr = 4.28-4.45 pup/Yb) close to that expected for Yb3+,
Additionally, based on the value of the electronic specific heat coefficient (y =
120 mJ/Yb-mol Kz) obtained from specific heat measurements, it was found
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to be a moderately heavy-fermion compound.

Reviewing the literature clearly shows that most of the reported 4:7:6
compounds contain rare earth metals or, slightly less commonly, actinides.
The three aforementioned magnesium-bearing compounds are, so far, the
only exceptions. In addition to that, as no physical properties of these com-
pounds were examined, the 4:7:6 intermetallics containing alkaline earth met-

als remain open to further investigations.
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Methodology

3.1 Sample preparation

Samples of investigated compounds were obtained mainly via two meth-
ods: solid-state reaction for polycrystalline samples and flux growth for sin-

gle crystals.

Solid-state reaction method is the most common technique for synthesiz-
ing inorganic solids. They involve heating the mixture of solid reactants at el-
evated temperatures for a given time. However simple it may sound, choos-
ing the right reaction parameters might not be that easy, as there are many
factors that need to be considered, including the choice of the reactants (pure
elements vs. pre-reacted precursors), the ratio in which they will be used
(stoichiometric or off-, in order to account for possible loss of easily evapo-
rating elements), selection of the crucible material, temperature and duration
of the heating, quenching method, and the atmosphere of the reaction. The
reactions are usually carried out in sealed tubes, which are either fully evacu-
ated or back-filled with argon, providing protective atmosphere and prevent-
ing oxidation at elevated temperatures. The most commonly used tubes are
quartz ones, which limit the maximum temperature of the reaction to 1200
°C. Higher temperatures can be reached when using, for example, sapphire

tubes.

Several attempts to obtain polycrystalline samples employed an arc-melting
technique, using an Edmund Biihler MAM-1 arc furnace. Once melted, the
buttons are turned over and re-melted to ensure homogeneity; when needed,

additional heat-treatment can be used.

For single crystal growth, the most frequently applied method is growth
with application of molten flux. There are several advantages to this method.
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FIGURE 3.1: A set of crucibles and a filter used for flux growth of single
crystals.

The main one is that it allows for a lowered temperature of the reaction,
compared to synthesis in a solid state. The molten flux, acting as a reaction
medium, increases the reaction rate by increasing the diffusion and mobility
of the reactants. Generally, pure elements or simple salts with low melting
temperatures are selected as flux. It is also common to, when possible, use
one of the constituents of the target compound as flux to avoid the introduc-
tion of additional elements/compounds and minimize the risk of inclusions
in the crystals or growth of undesired side phases during the reaction. If the
self-flux method is not possible, another choice can be selected by analyzing
binary phase diagrams of constituent elements and the potential flux.

The growth is usually carried out using a set of crucibles, a growth cru-
cible containing the reactants and a catch crucible, separated by a frit-disc,
as seen in Figure 3.1. Alternatively, the catch crucible can be replaced by a
wad of quartz wool. The material of the crucible has to be chosen on the
basis of the constituent elements, so that it does not undergo any reaction
with the melt. Some of the used materials include alumina (Al,O3), boron
nitride (BN), zirconium oxide (ZrO;), magnesium oxide (MgO) or graphite
(C). AlLO3 crucibles are the most frequently used ones, as they can be used
with most of the common flux elements and are relatively cheap, compared
to some more sophisticated materials. However, they are still not suitable for

all growths. If the starting mixture of elements contains a significant amount
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of rare earth metals, a BN crucible may be required.

The growth can be conducted in a standard chamber furnace. In the
most straightforward growths, after the temperature is raised high enough
to achieve a liquid phase (Tj;;), and enough time has passed to allow for
proper homogenization of the melt, the temperature is slowly lowered to al-
low for crystal growth. Finally, after the crucible is cooled down to a chosen
temperature (Tce;t), the still-liquid flux is removed, usually by centrifuga-
tion. Depending on the growth, additional steps may be added to achieve
satisfactory results. As an example, a beneficial effect of temperature fluc-
tuations at the liquid stage was described in [70] for MnBi crystals, where
the furnace door was repeatedly, briefly opened in order to agitate the melt,
which resulted in significantly larger crystals. A schematic of a heating pro-
tile is presented in Figure 3.2, including an additional stage that attempts to
recreate such fluctuations near Tj;, by rapidly (180 °C/h) cycling between
two temperatures Ty and T,.

RT

FIGURE 3.2: Schematic of a temperature profile used for flux growth of

single crystals, where HR - heating rate, Tj;; - temperature of the liquid

phase, CR - cooling rate, Teent - temperature of centrifugation and Ty
and Ty, - range of fluctuations introduced at high temperature

The obtained crystals can often be coated with a left-over layer of flux,
which can be removed by chemical etching or by mechanical means. Alter-
natively, depending on the chosen flux, the centrifuging step can be forgone
in favor of chemically etching all of the flux. This method can be particularly
helpful in case of very small crystals that would not be caught by the frit disc.
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Regardless of the employed technique, all easily oxidizing or toxic ele-
ments were handled in an argon-filled glovebox. As an additional precaution
in case of As-bearing compounds, the prepared ampoules were then sealed
in a second, larger tube, as can be seen in Figure 3.3, and the synthesis was
conducted in vented furnaces positioned under an exhaust system.

FIGURE 3.3: Photo of a double-sealed quartz tube, after heating. Dark
marks can be seen on the contained crucible set.

Further details and specific conditions of the syntheses are described in

appropriate chapters.

Information about the chemical elements used for synthesis is listed in
Table 3.1.
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TABLE 3.1: Information about the chemical elements used during syn-

thesis.
Chemical element Purity (%) Source
Mg 99.9 Onyxmet
Ca 99.9 Onyxmet
Sr 99.9 Onyxmet
Ba 99.9 Onyxmet
Rh 99.95 Mennica-Metale
Ir 99.95 Mennica-Metale
Pd 99.95 Mennica-Metale
Pt 99.95 Mennica-Metale
Cu 99.9 Onyxmet
Ag 99.9 Mennica-Metale
As 99.9 Onyxmet
Sb 99.9 Onyxmet
Bi 99.99 Onyxmet
Pb 99.9 Onyxmet
RE (Eu, Yb) 99.9 Onyxmet

3.2 Measurement techniques

3.2.1 Crystal structure and composition

The crystal structure and the phase purity of the samples were examined
by powder x-ray diffraction (pXRD), using a Bruker D2 Phaser 2"¢ generation
diffractometer with Cu-Ka radiation (A = 1.5404 A) and LYNXEYE XE-T de-
tector. The experimental data was analysed by means of LeBail (using Bruker
Topas software) or Rietveld method (using GSAS-II) [71].

Energy dispersive X-ray (EDX) spectroscopy was used as a non-destructive,
supplementary investigation method for single crystals, to estimate the chem-
ical composition Data were collected using FEI Quanta 250 FEG Scanning
Electron Microscope (SEM) and analysed in TEAM EDS software.
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3.2.2 Measurements of physical properties

All of the physical properties of the samples were investigated using the
Evercool IT Quantum Design Physical Property Measurement System (PPMS),
which allows for the measurements to be performed for the temperatures

down to 1.9 K and under applied magnetic field up to 9 T.

Electronic transport measurements were carried out using a four-probe
method, with electrical contacts made out of platinum wires with a 50 ym
diameter attached to the flat, polished surface of the sample with a silver
epoxy paste (Epo-Tek H20E).

Heat capacity at constant pressure was measured using a dual slope, re-
laxation method, in which the temperature response of the sample is recorded
during a heating period followed by a cooling period of the same length.
For the measurement to be accurate, one side of the sample needs to be pol-
ished and placed on the sample platform using grease (Apiezon N) to ensure

proper thermal contact with the platform.

Magnetization measurements were performed via vibrating sample mag-
netometer (VSM), in which the voltage created by oscillating the sample near
a detection coil is measured. The samples can be measured both in a pow-
dered form and as a solid piece, but the shape of the sample needs to be

considered during analysis as it affects the measurement results.

Selected compounds were tested for superconductivity down to 400 mK
using Quantum Design MPMS 3 SQUID magnetometer with Helium-3 re-
frigerator, courtesy of Prof. Tyrel M. McQueen from the Institute for Quan-
tum Matter, Johns Hopkins University in Baltimore, MD (USA).
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The work on the 111 compounds started with developing an improved
synthesis protocol for compounds that were already reported previously,
in order to obtain higher-quality samples that could be used for thorough
characterization of physical properties, including their non-trivial topologi-
cal character through ARPES measurements. The crystal growth method and
physical properties of selected compounds were presented as an oral presen-
tation during the Polish Conference on Crystal Growth 2022 (Konferencja
Polskiego Towarzystwa Wzrostu Krysztatow 2022) and as a poster during
48" Congress of Polish Physicists (48. Zjazd Fizykéw Polskich).

The obtained single crystals were a subject of investigation in the TOTEM
(engineering TOpological quantum phases in hexagonal TErnary coMpounds)
project (PRIN 2022 - PE3, Consiglio Nazionale delle Ricerche, SPIN), lead by
dr. Federico Bisti (University of L’Aquila) and dr. Paola Gentile (CNR-SPIN).
A manuscript containing the results of measurements conducted on BaAgAs
and SrAgBi is under preparation.
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4.1 Crystal growth and crystal structure

The first series of synthesis attempts was focused on six silver-bearing
compounds containing alkaline earth metals: CaAgBi, CaAgAs, BaAgBi,
BaAgAs, SrAgBi and SrAgAs. The growths were later extended to crys-
tals containing rare earth metals and/or copper. All of the crystal growth
experiments were conducted in standard sets of the alumina Canfield cru-
cibles, which were sealed in evacuated, and argon back-filled quartz tubes.
For bismuth-bearing compounds, self-flux method was always the preferred
route. Similarly, for the synthesis of the arsenides, bismuth was also the first
choice of the flux, as self-flux growth would not be possible in this case due to
several factors, among which are avoiding working with excessive amounts
of arsenic and the fact that arsenic undergoes sublimation if the pressure is

below 28 atm.

4.1.1 CaAgBi

In the case of CaAgBi crystal growth, following the assertion given by
Sasmal et al. [72] that “excess Ag was necessary to obtain single crystals”,
the first attempt was made using a 1:2:20 ratio of the elements (Ca:Ag:Bi).
A prepared sealed ampule was placed in a chamber furnace heated to 1050
°C and kept there for 8 h to allow for proper homogenization of the melt.
Halfway through, several temperature fluctuations were introduced between
950 °C (T1) and 1060 °C (T2). After that, the furnace was slowly cooled to
420 °C, where the ampule was taken out and placed in a centrifuge in order
to separate CaAgBi crystals from the molten flux. The growth resulted in
small crystals, in the shape of slightly distorted hexagons and dimensions of
1 - 2 mm - significantly smaller than in the referenced report [72]. As this
size was not satisfactory, further attempts were made, modifying the ratio of
the elements by lowering the amount of bismuth flux for all the samples and
changing the excess amount of silver that was used in each of them (all the
other synthesis parameters remained unchanged). The experiments showed
that changing the latter parameter strongly influences the size and shape of
the obtained crystals. However, this relation is not as simple as more silver
directly translating into better growth. This can be seen in Figure 4.1, where
examples of the obtained crystals are presented in order of increasing silver
content and it is clear that one of the middle compositions actually results in
the smallest crystals of the four.
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Excess Ag

FIGURE 4.1: Comparison of CaAgBi single crystals obtained from com-
positions with varying excess of silver and flux amount.
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FIGURE 4.2: pXRD pattern of CaAgBi obtained from the starting ra-
tio of 1:2:10 (black points), with a LeBail fit (red line) and vertical bars
marking the expected positions of the Bragg reflections of the target
compound (upper row, black), and of bismuth (lower row, blue). The
difference between the observed and calculated intensities is shown be-

low in green.

The last tested composition, corresponding to the 1:2:10 ratio, was de-

cided to be the most promising one and was then used as a starting point for

the synthesis of several other compounds. The pXRD diffraction pattern of

the sample with the starting ratio of 1:2:10 is presented in Figure 4.2, together

with the results of the LeBail analysis. The crystal structure was confirmed

to be the hexagonal P63mc structure (s.g. no. 186). Additional presence of

metallic bismuth was detected, connected to the flux left over at the surface

of the crystal. The positions of the expected reflections of the P63mc phase

are marked by the upper line of ticks and those of bismuth by the bottom line.
The lattice parameters were calculated to be a = 4.8019(5) A and ¢ = 7.8260(7)
A, which is consistent with the previously reported values of a = 4.8113(4) A
and ¢ = 7.8273(9) A [73].
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4.1.2 CaAgAs

The first composition that was tried was a slightly modified version of the
one suggested by Xu et al. [37], with the only change being a slight increase
of the amount of silver, resulting in the ratio of 1:1.2:1:9, instead of 1:1:1:9
(Ca:Ag:As:Bi). The heating profile was identical to the one used for CaAgBi.
After centrifuging, a 5 mm x 4 mm x 3 mm cluster was obtained, which was
easily separable into thin, elongated single crystals. The individual crystals
had lengths up to 3 mm. Additional attempts were made to test the influence
of silver levels for this compound, however, in this case larger excess of silver
was detrimental to crystal growth. Increasing the relative amount of silver
to 1.5 resulted in just one small single crystal being obtained, and further
increase to 2 (as previously used in CaAgBi) resulted in no observable growth
at all. The pXRD pattern is presented in Figure 4.3. The obtained lattice
parameters are a = 7.2080(3) A and ¢ = 4.2703(4) A.Besides the target phase
and metallic bismuth, there is another unidentified impurity phase present

in the sample, which can be seen from many unindexed reflections.

4.1.3 CaAgSb and CaCuSb

The initial attempt followed a slightly modified version of the procedure
proposed for RE-doped compound Ca;_REyAg;,Sb [74] using Pb flux,
however, no crystal growth was observed. Both of the compounds were later
obtained successfully, albeit unintentionally, while attempting to grow sin-
gle crystals of CaCusSby and CaAgySb,. The ratio of elements used in the
growths was equal to 1:4:6 in case of CaAgySb, and 10:34:63 for CaCuySb;,
corresponding to the eutectic points on the Ag-Sb and Cu-Sb phase diagrams.
The sealed ampules were heated to 850 °C, held there for 12 h and cooled to
670 °C at a rate of 4 °C/h, at which point they were centrifuged. The col-
lected pXRD patterns are presented in Figure 4.4. CaAgSb crystallizes in
an orthorhombic crystal structure, with lattice parameters a = 7.7105(3) A,
b =4.5979(2) A and ¢ = 8.3795(4) A, while CaCuSb adopts a hexagonal struc-
ture with a = 4.4516(2) A and ¢ = 8.1326(4) A.

4.1.4 BaAgAs

According to Xu et al. [37], using a nominal composition of 1:1:1 of Ba:Ag:As
resulted in the growth of BaAgj g37As), in the form of plate-like crystals crys-
tallizing in a variant of the tetragonal ThCr;Sir-type structure, with only
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FIGURE 4.3: pXRD pattern of CaAgAs, with a LeBail fit (red line) and

vertical bars marking the expected positions of the Bragg reflections of

the target compound (upper row, black), and of bismuth (lower row,

blue). The difference between the observed and calculated intensities is
shown below in green.

very small needle-like crystals of BaAgAs found among them. For success-
ful growth of BaAgAs, an excess of Ba was used and the amount of bismuth
flux was significantly increased, resulting in a 2.5:1:1:20 (Ba:Ag:As:Bi) ratio.
The report also indicates that a far slower cooling rate of 1 K/h was neces-
sary. Even though those changes were found to result in a successful syn-
thesis, they are less than optimal for crystal growth. The increased amount
of bismuth flux is inherently connected to lowering the amount of the other
constituents, as we are restricted by the total volume of the crucible used in
the experiment — this limits the maximum size of the crystal that could be
obtained. The significantly slowed down cooling rate also extends the exper-
iment to close to a month (more than doubling the time needed for the typical
crystal growth experiment), which is especially impractical in the investiga-
tion stage, where the best route is still being established. For that reason, sev-
eral experiments were conducted to see whether both of these changes had
to be made at the same time, or whether one of them had a much stronger in-

fluence on the crystal growth and would be sufficient on its own. In the first
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FIGURE 4.4: pXRD patterns of CaCuSb and CaAgSb, with a LeBail fit

(red line) and vertical bars marking the expected positions of the Bragg

reflections of the target compound (upper row, black), and of antimony
(lower row, blue).
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experiment the reported ratio of 2.5:1:1:20 (Ba:Ag:As:Bi) was used, however,
the cooling rate was not changed and stayed at 3 K/h. This resulted in the
growth of elongated crystals of BaAgAs, with lengths up to 3 mm. The ob-
tained crystals are comparable in size to the ones presented in the referenced
report. The pXRD pattern is presented in Figure 4.5(a). The compound crys-
tallized in the hexagonal P63 /mmc crystal structure with the obtained lattice
parameters a = 4.607(4) A and ¢ =8.915(6) A, in agreement with the reported
values of 4.613 A and 8.896 A [28]. Metallic bismuth is detected in the sam-
ple from the surface of the ground crystals. Anallysis of the EDX spectrum,
seen in 4.5(b), collected from the crystal shows an element ratio of 34:30:34,
and a negligible presence of bismuth. A similar slight Ag deficiency was also
previously reported for SrAgBi crystals [47].
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FIGURE 4.5: pXRD pattern of BaAgAs, with a LeBalil fit (red line) and
vertical bars marking the expected positions of the Bragg reflections of
the target compound (upper row, black), and of bismuth (lower row,
blue). The difference between the observed and calculated intensities is
shown below in green. (b) EDX spectrum of the same crystal

The second attempt used the 1:1.2:1:9 ratio. This went against the recom-
mendation of increasing the relative amount of barium compared to silver,
nonetheless it was chosen, as it previously resulted in a successful growth
of the CaAgAs crystals. The extracted product was composed of very thin,
flat crystals, layered in a "scale-like" manner in the growth crucible. The in-
dividual layers were extremely fragile, and hard to separate while keeping
them intact, both from each other and from the walls of the crucible. The
crystals had an intense metallic luster. Their composition was investigated
using EDX. The atomic percentage ratio of Ba:Ag:As is close to 26:33:41, cor-
responding to a composition of BaAg; »5As; 5, which places it somewhere in-
between the target compound and the “plate-like” crystals obtained by Xu
et al. [37] in their initial attempt. The obtained spectrum is presented in Fig-
ure 4.6, together with the SEM images, clearly showing the layered character
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of the crystal. The bright white areas correspond to small bismuth droplets

leftover on the surface of the crystals.

FIGURE 4.6: SEM images and EDX spectrum of the BaAgj »5As; 5 single
crystal.

The final experiment again used the 1:1.2:1:9 ratio, but the cooling rate
was lowered to the recommended 1 K/h. The result was a mixture of the
two reaction products, composed mostly of the plate-like crystals similar to
those obtained in the previous attempt with some smaller, elongated crystals
of BaAgAs. The crystals obtained in these three attempts are compared in
Figure 4.7. These results seem to indicate that applying both of these changes
is not actually necessary. The targeted 111 crystals were obtained both when
only the nominal ratio of elements was changed, and when the cooling rate
was lowered without adjusting the ratio. In this case, changing the start-
ing ratio of elements is a more preferable solution, as it keeps the time of
the experiment relatively short and results in the 111 crystals being the only
product of the reaction.

2.51:1:20 ratio + 3 Kh 1:1.221:9ratio+ 3 K 1:1.2:1:9ratin + 1 Kh
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FIGURE 4.7: BaAgAs single crystals obtained from three different at-
tempts varying the ratio of the elements (Ba:Ag:As:Bi) and the cooling
rate of the crystal growth.

4.1.5 BaAgBi

As reported by Xu et al. [37] using bismuth self-flux results in plate-like
BaAg; g37Biy crystals, which can be avoided by using lead as flux instead. The
first attempt used the elements Ba:Ag:Bi:Pb in the 1:1:1:15 ratio. This resulted
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in a multitude of small crystals, the size of roughly 1 mm x 1 mm x 1 mm.
All the crystals were thoroughly covered in a layer of lead which could not
be removed during centrifuging. Removing it later also proved to be quite
problematic. The standard method of chemical etching using a mixture of
acetic acid and 30% solution of hydrogen peroxide did not work well, as the
etchant promptly attacks the crystals as well. A mixed method of alternating
a very brief chemical etching followed by carefully polishing the surface of
the sample proved successful at removing all the lead, however, some of the
actual sample was also lost in the process and due to the small starting size
of the crystals, the final result was quite poor.
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FIGURE 4.8: pXRD pattern of BaAgBi, with a LeBail fit (red line) and
vertical bars marking the expected positions of the Bragg reflections of
the target compound (upper row, black), and of lead (lower row, blue).
The difference between the observed and calculated intensities is shown
below in green. Inset: pXRD pattern collected on the same sample after
it has been exposed to air for 1 hour. Marked Bragg reflections corre-
spond to Bi (upper row, red) and Ag,O3 (lower row, green).

Figure 4.8 shows the pXRD pattern of a freshly-ground BaAgBi crystals
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obtained from Pb flux. The compound is confirmed to crystallize in the ex-
pected hexagonal crystal structure (space group P63/mmc), with the calcu-
lated lattice parameters a = 4.949(3) A and ¢ =9.132(5) A, in agreement with
the previously reported values of 4.953(1) A and 9.146(3) A [30]. Additional
reflections coming from the Pb flux are indicated by the lower line of the ver-
tical bars. Subsequent patterns collected from the same powdered sample
showed that BaAgBi is highly air-sensitive. After an hour, the 111 phase is
no longer detectable at all and, instead, metallic bismuth and silver oxide can
be identified in the collected pattern (see inset of Figure 4.8).

The later attempts focused on finding a feasible synthesis route employ-
ing bismuth flux. Based on the previous experiments with BaAgAs crystals,
which were plagued with the same problem of the 1:1.837:2 phase growth, a
similar approach was tested. The relative ratio of Ba:Ag was again changed
in order to make silver the limiting element of the reaction. BaAgBi crystals
were successfully grown using the 2.5:1:1:20 ratio of the elements, however,
the crystals were once again heavily coated with leftover flux. The compari-

son of the obtained crystals is presented in Figure 4.9.
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FIGURE 4.9: Comparison of BaAgBi crystals obtained from Pb flux (on
the left) and from Bi flux (on the right).

4.1.6 SrAgAs

For the synthesis of SrAgAs crystals, the previously tested ratio of 1:1.2:1:9
(Sr:Ag:As:Bi) employing a slight excess of silver was used. The pXRD pat-
tern is presented in Figure 4.10. The compound crystallizes in the hexago-
nal crystal structure P63/mmc with lattice parameters a = 4.5277(3) A and
c = 8.2941(9) A, very close to the reported values of 4.529(1) and 8.921(2) A
[28]. The compound is stable in air.
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FIGURE 4.10: pXRD pattern of SrAgAs, with a LeBalil fit (red line) and

vertical bars marking the expected positions of the Bragg reflections of

the target compound (upper row, black), and of metallic bismuth (lower

row, blue). The difference between the observed and calculated intensi-
ties is shown below in green.

4.1.7 SrAgBi

For Sr-bearing crystals, as was the case for Ca-based compounds, the level
of silver excess for the bismuthide had to be higher than for the arsenide
analogue. The same ratio of 1:2:10 (Sr:Ag:Bi) was employed. The obtained
crystals are presented in Figure 4.11 along with the pXRD pattern. As is the
case for all the other Ag-bearing compounds, the crystal structure is hexag-
onal (P63/mmc) with lattice parameters a = 4.5275(3) A and ¢ = 8.2938(9)
A, which is significantly smaller than the values found in literature, where
a = 4.876(1) and ¢ = 8.480(2) A [30]. The compound was found to be air-

sensitive, but significantly more stable than BaAgBi.

4.1.8 YbCuBi and YbAgBi

Single crystals of two bismuthides, where the alkaline earth metal was

replaced by ytterbium, were obtained from an element ratio of 1:2:10. The
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FIGURE 4.11: pXRD pattern of SrAgAs, with a LeBail fit (red line) and

vertical bars marking the expected positions of the Bragg reflections of

the target compound (upper row), and of metallic bismuth (lower row).

The difference between the observed and calculated intensities is shown
below in green.

pXRD patterns and the crystals are presented in Figure 4.12. The obtained
lattice parameters are a = 4.5811(4) A and ¢ = 7.857(1) A for YbCuBi and
a =4.8061(4) A and ¢ = 7.7762(9) A for YbAgBi, consistent with the values
reported in [30].

The corresponding arsenides, YbAgAs and YbCuAs, could not be ob-
tained following this method.
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FIGURE 4.12: pXRD pattern of YbCuBi and YbAgBi with a LeBail fit

(red line) and vertical bars marking the expected positions of the Bragg

reflections of the target compound (black), bismuth (blue) and Yb,O3
(green, in the YbCuBi pattern).
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4.1.9 Chemical doping attempts

Preliminary results of ARPES measurements performed at VUV Photoe-
mission beamline at Elettra Sincrotrone (Trieste) on selected samples (SrAgPn
and BaAgPn, where Pn - Bi, As) indicated that the Dirac point could not be
directly detected due to the p-doped character of the samples. Several ex-
periments focused on a partial substitution of the divalent A-element with
a rare earth metal (La/Eu) in SrAgBi, SrAgAs, BaAgBi and BaAgAs were
attempted, in order to shift the Fermi level. Various A:RE variations were
tested, however, EDX analysis showed that none of the obtained crystals con-
tained both of the elements.

Surprisingly, the addition of Eu to the starting elements strongly affected
the growth of BaAgAs. Using a 0.75(Eu):2.5(Ba):1:1:20 Pb ratio resulted in a
growth of just one, bulk crystal, which can be seen in Figure 4.13 (the original
BaAgAs crystals can be seen in Figure 4.7). As the EDX data showed no
presence of Eu in the crystal, this procedure seems to be a viable, improved
route to obtain pure, bulk BaAgAs crystals.

FIGURE 4.13: A single crystal of BaAgAs, obtained from a doping at-
tempt from a 0.75:2.5:1:1:20 (Eu:Ba:Ag:As:Pb) element ratio.
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4.2 Physical properties

Electrical resistivity of selected samples (CaAgBi, SrAgBi, YbCuBi and
YbAgBi), was measured in the temperature range of 1.9 K - 300 K. As can be
seen in Figure 4.14 all three samples exhibit typical metallic behavior, with
resistivity values decreasing as the temperature is lowered. The RRR val-
ues, RRR = p(300 K)/p(1.9 K), were determined to be 3.2, 4.2, 4.7 and 3.1, for
CaAgBi, SrAgBi, YbCuBi and YbAgBi, respectively. For single crystals, the
values are relatively small, but comparable to the ones previously reported
for other compounds in this family [38, 37, 75]. All three compounds have
very close values of residual resistivity (19 - 22 yQ)) and room temperature
resistivity (67 - 77 u(}).

Contrary to the results presented by Xu et al. [37], no superconducting
transition was found around 6.2 K for SrAgBi. In the referenced report, this
superconducting transition is ascribed to a presence of some kind of a sec-
ondary phase, which could lead to a conclusion that the crystal obtained
here is of better quality, as it does not contain this superconducting impurity
phase. A drop in resistivity appears below 2.7 K, however, the full transition
could not be observed as it was outside of the measuring range (below 1.9 K).
This data somewhat matches the previous report on SrAgBi [38], where the
onset of filamentary superconductivity appears between 2.85 and 3.3 K, for
various crystals. The authors of [38] suggested that the superconductivity of
the sample is extrinsic, due to a very low superconducting fraction (less than
1.5%) and no anomaly in the specific heat data. A superconducting SrBi3
impurity is suggested as a possible source, even though its transition tem-
perature is reported to be 5.6 K [76].

A similar transition can also be observed in YbAgBi data, where the drop
can be seen near 2.85 K (the onset of the transition could appear at any point
below 3.3 K, but cannot be estimated precisely due to too few data points).
An alternative explanation for the observed transition in both of the exam-
ined compounds could be related to a meta-stable compound AgBi,, pro-
posed by Matthias et al. in their overview of superconducting bismuth com-
pounds [77]. AgBiy, forming at the inter-face of the two elements, was found
to be superconducting with T, = 2.78 - 3 K, exhibiting "full Meissner signal

and heat capacity anomaly".
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FIGURE 4.14: Electrical resistivity of single crystals of CaAgBi, SrAgBi,

YbCuBi and YbAgBi.
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Figure 4.15 shows the magnetoresistance (MR) data, collected at a con-
stant temperature of 1.9 K, with the applied magnetic field in the range of
0 -9 T. MR was calculated according to the formula:

MR = W x 100% (4.1)

where p(0) and p(H) are the resistivity in the absence and in the presence
of the applied magnetic field. MR for all four compounds is positive. Both
CaCuSb and CaAgSb show linear, non-saturating MR, which at 9 T reaches
20 % for CaCuSb, and double that for CaAgSb. YbAgBi data shows a sharp
increase at low field (< 1 T), which is one of the signs of possible weak an-
tilocallization (WAL) and was previously reported for several other ternary
bismuthides, such as ScPtBi, SrAgBi and CaAgBi [38, 72, 78]. The highest MR
is exhibited by YbCuBi, nearing 110 %.
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FIGURE 4.15: Magnetoresistance of selected 111 compounds measured
at 1.9 K in the magnetic field range of 0-9 T.

For selected samples, the temperature-dependent heat capacity was mea-
sured in the range of 1.9 K — 260 K. The results are collected in Figure 4.16.

The measurements were conducted under zero applied magnetic field. No
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phase transitions are observed forr any of the samples. At higher tempera-
tures, heat capacity of all of the bismuthides reaches the value of ~ 75] mol !
K~! predicted by the Dulong-Petit limit:

C =3nR (4.2)

where R is the universal gas constant (R = 8.314 ] mol~! K~!) and 7 is the
number of atoms per formula unit (here, n = 3). For the two compounds con-
taining As, the highest achieved values remain slightly below the predicted

ones.
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FIGURE 4.16: Temperature dependence of specific heat of selected 111
samples.

The low temperature region is presented in Figure 4.17. In non-magnetic
materials, total heat capacity can usually be described by:

Cp = Cu(T) + Cpy(T) =T + BT° (4.3)

which, alternatively, can be written as:

C
Tp = +pT? (4.4)
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where 7 is the Sommerfeld coefficient. By presenting the data as C,/T
versus T2, a linear dependence should be observed. It is clear that the sam-
ples, with the exception of CaAgBi, do not show the expected behavior and
applying the two-term fitting function resulted in negative values of v and / or
B in all cases, including CaAgBi. A better fit was obtained by adding an ad-
ditional lattice heat-capacity term, according to the formula:

C
Tp = v+ BT? 4 6T (4.5)

where the § contribution is added to account for the deviation from the
linear behaviour of the C p /T curves. Initially, the fitting was performed with
all of the parameters unrestrained. In the case of bismuthides, this resulted
in error values that were quite high (for both the 7 and  parameters), and
7 values were equal to 0 within the obtained error values. Since the density
of states N(Er) is directly proportional to the Sommerfeld coefficient, this
indicates a lack of the electronic states at the Fermi level, in line with the pre-
dictions about the semi-metallic topological properties of these materials.

A final fit was performed with 7 value fixed to 0. The values of the p
parameter obtained during these two procedures, and the subsequently cal-
culated Debye temperatures, are very close, however, the standard errors are
decreased by one order of magnitude. The comparison of the obtained val-
ues is presented in Table 4.1. With the current set of data there seems to be
no clear trend of the Debye temperature changing depending on the alkaline
earth metal used in the compound.

TABLE 4.1: Comparison of the parameters obtained from the unre-
strained fit and by fixing the value of v = 0 for selected 111 compounds

Unrestrained fit Fit with fixed y = 0

v p op B )

(m] mol ! K*Z) <m] mol ! K74) (K) mJ] mol ' K™%) | (K)
CaAgBi 0.2(5) 0.9(2) 186(14) 0.92(5) 185(3)
SrAgBi 0(1) 0.5(3) 226(45) 0.55(4) 220(5)
BaAgBi 0.3(6) 1.1(1) 174(5) 1.12(4) 173(2)
CaAgAs 0.4(2) 0.18(5) 318(23) 0.27(2) 278(7)

SrAgAs 0.3(2) 0.38(5) 248(11) 0.55(6) 220(8)
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For Yb-bearing compounds, YbAgBi and YbCuBi, temperature-dependent
magnetization measurements were performed. The x vs T data is presented
in Figure 4.18. The maximum observed in YbCuBi, shown in the inset of
the figure, can be ascribed to the presence of an antiferromagnetic impurity
YboO3 with Ty = 2.3 K [79]. At the lowest temperatures x values are one or-
der of magnitude lower than previously reported for YbTBi compounds [80].

Data was fitted according to the modified Curie-Weiss law:

X + Xo (4.6)

T T—fcw

where x is the temperature-independent contribution to susceptibility,
C is the Curie constant and and 6cyy is the Curie-Weiss temperature. For
both of the compounds x( values are of the order of 107> emu mol~!, how-
ever the value is negative for YbCuBi and positive for YbAgBi. Both of the
fcw are negative (6cy = -4.23 K for YbCuBi and ¢y = -1.34 K for YbAgBi).
The obtained C values lead to effective magnetic moments that are an or-
der of magnitude lower than expected for Yb3" (4.54 up), u, 5 =0.177 pp for
YbAgBi and pi.¢r = 0.408 pp for YbCuBi. This indicates that Yb in the 111
compounds is in a non-magnetic 2+ state and the observed Curie tail is due
to the presence of paramagnetic impurities. There is no sign of the supercon-
ducting transition in YbAgBi, further pointing towards an extrinsic character

of the superconductivity observed in the resistivity measurement.
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Chapter 5
AMgrPn> compounds

Single crystals of four AMg>Pn, compounds, where A = Ba, Sr and Pn
= Bi, Sb were obtained through flux crystal growth. The compounds de-
scribed in this section have been investigated in collaboration with dr Chiara
Bigi (Synchrotron SOLEIL) and dr Federico Mazzola (CNR-SPIN), who per-
formed the ARPES measurements. A publication containing results pertain-
ing to BaMg»Bi, has been submitted to Physical Review B. The manuscript is
attached as Appendix A.

5.1 Crystal growth

5.1.1 Bismuthides AMg,Bi,

According to [59] the single crystals of BaMg,Bi, could be obtained through
self-flux growth by using constituent elements in a 1:5:9 ratio, while [58] uses
a 1:4:6 ratio for both the Ba- and Sr-bearing bismuthides.

Initially, following [59], the 1:5:9 ratio was used for both BaMg;Bi, and
SrMg,Bi,. The alumina crucible containing the mixed elements was placed
in an evacuated tube, heated to 900 °C, held there for 12 h and slowly cooled
to 650 °C at a rate of 1 °C/h. The Sr-bearing compound could not be cen-
trifuged at this temperature and the centrifuging had to be re-tried after rais-
ing the temperature to 700 °C in order to re-melt the flux, at which point it
was successful. The obtained single crystals of BaMg>Bi, typically had a size
of a few millimeters, had a smooth surface with an intense metallic luster, and

clear signs of hexagonal habit. An example of a crystal is presented in Fig 5.1.

The SrMg;Bi; crystals obtained from the first growth were significantly
smaller and more irregularly-shaped. Examples of crystals obtained from
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FIGURE 5.1: Example of a BaMg;Bi, single crystal.

several batches with varying elemental ratios are presented in Fig 5.2, with
the largest, most well-formed crystals obtained as a result of a 1:5:15 ratio.
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FIGURE 5.2: Comparison of SrMg,Bi, single crystals, obtained from
(from left to right) 1:5:9, 1.25:5:9 and 1:5:15 ratio of starting elements.

5.1.2 Antimonides AMg,Sb,

High quality, bulk crystals of BaMg,Sb, and SrMg>Sb, have not previ-
ously been reported. In the only experimental work related to these com-
pound, the crystals are described as "thin, silvery, platelets", which needed
to be extracted from a larger irregular chunk [54].
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A self-flux growth using a 1:5:9 ratio, following the heating profile used
for the bismuthides. Both of the growths resulted in a parallel growth of two
reaction products. All crystals were of a 2-3 m x 2 m x 1 mm size. The crys-
tals could not be distinguished visually, however, EDX analysis of individual
crystals revealed them to be the targeted compound and Mg3Sb,. The sur-
face of the obtained BaMg,Sb» crystals was not particularly smooth; an SEM
image showed that it was covered in thin, uneven layers with clear hexago-
nal forms. The obtained crystals can be seen in Fig 5.3(a) and Fig 5.3(b).

Further experiments focused on optimizing the growth, in order to elimi-
nate the secondary MgsSb, phase. Several growths containing a larger amount
of Ba/Sr were performed, in a range of 1-1.6:5:9. In case of BaMg,Sb, the
outcomes were unchanged, while in the case of SrMg,Sb,, the 1.25:5:9 ra-
tio resulted in an irregular, clumped growth. As can be seen in the optical
microscopy image in Fig 5.4(a), individual, small crystals of the target com-
pound could be distinguished in the mass, but could not be separated from it
unscathed. Over the course of the experiments, it was found that the growth
resulted in Sr/BaMg,Sb, as the only product as long as the Mg:Sb ratio was
equal to 1:3; both 1:3:9 and 1:5:15 growths yielded satisfactory results, which
can be seen in Figure 5.3(c) and Fig 5.4(b), for BaMg>Sb, and SrMg,Sb, re-
spectively. The additional uneven growths on the surface of BaMg>Sb, have
also been eliminated.

- Ry e

FIGURE 5.3: (a) Single crystal of BaMg>Sb; obtained from a 1:5:9 ratio,
(b) SEM image of the surface and (c) a single crystal obtained from an
optimized growth using a 1:3:9 ratio.

Based on all of the performed growths it can be concluded that the amount
of the alkaline metal has little influence over the outcome of the growth.
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(a)

FIGURE 5.4: (a) SrMg,Sb; crystals obtained from a 1.25:5:9 ratio and (b)
a single crystal obtained from an optimized growth using a 1:5:15 ratio.

5.2 Crystal structure and physical properties

The pXRD patterns collected from the powdered single crystals of AMg,Pn»
compounds are presented in Figure 5.5. All four compounds crystallize in
the same space group, P3m1. The lattice parameters of the AMg,Prn, com-
pounds, obtained from LeBail analysis, are collected in Table 5.1, alongside
the previously reported reference values. The lattice parameters change as
expected, according to the atomic radii of the constituent elements (result-
ing in the largest unit cell found for the BaMgyBi, compound). Both the
a and c parameters for all four of the investigated compounds are consis-
tently slightly smaller than the reference values.

TABLE 5.1: Lattice parameters of AMg,Pn, compounds obtained from
LeBail analysis of pXRD data compared with the previously reported
values from [54].

Lattice parameters obtained Reference
from LeBail analysis [A] lattice parameters [A]

—4, 4.
BaMgaBi a = 4.8505(3) 90
¢ = 8.2250(6) 8.33
= 4.7667(2 4.
BaMgsSb, a = 4.7667(2) 80
¢ = 8.1296(4) 8.21
= 4.7887(2 483
SrMg;Bi v @)
¢ = 7.9394(4) 7.98
= 4.7029(2 473
SrMg,Sh, ‘ @)

¢ =7.8201(4) 7.85
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FIGURE 5.5: pXRD patterns of the AMg,Pn; compounds (black points),

with a LeBalil fit (red line) and vertical bars marking the expected po-

sitions of the Bragg reflections of the targeted compound (upper row,

black), and of elemental bismuth/antimony (lower row, blue). The dif-

ference between the observed and calculated intensities is shown below
in green.

The measurement was repeated on the same powdered samples after 24
hours of air exposure in order to check the stability of the compounds. No
decomposition was observed for any of the samples.
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FIGURE 5.6: The results of EDX analysis of the BaMg,Bi; crystal shown
in Figure 5.1.

From EDX analysis of the bismuthides, the elemental ratios across multi-
ple tested crystals are in the range of 19-22:44-46:34-37 (A:Mg:Bi), indicating a
consistent excess of Mg in relation to Bi for both of the compounds (an exam-
ple of the results is presented in Fig 5.6). The issue of hole-doping due to off-
stoichiometry was also encountered in [58]. In contrast to the bismuthides,
the elemental ratio odbtained from EDX for BaMg>Sb; is equal to 20:39:41,
very close to the exact expected stoichiometry, for both the main body of the
crystal and the uneven surface layers present on the crystal in the initial crys-
tal growths.

The temperature dependence of heat capacity of all four samples was
measured in the temperature range of 1.8 K to 200 K and is presented in Fig-
ure 5.7. The values of heat capacity are slightly higher for the bismuthides,
in the whole temperature range, with the exception of the data points col-
lected at the highest temperature. No phase transitions were observed down
to the lowest measured temperature, including the BaMg,Bi, compound, for
which surface superconductivity was previously reported (no specific heat
jump was reported in [59] either).
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FIGURE 5.7: Heat capacity of the AMg,Pn; compounds in the tempera-
ture range of 1.8 - 200 K.

Low temperature specific heat of the four compounds is presented in
Figure 5.8, plotted as C,/T versus T?. The data shows a quadratic cur-
vature, which is more pronounced in case of the two bismuthides. As at-
tempting a linear fit in this region resulted in negative intercept values, the
data was again fitted by including the additional 6T* term (according to Eq.
4.5). A similar procedure, involving two additional terms, was performed by
Pakhira et al. for EuMg»Bi; [81], which is also considered to be a topological

semimetal candidate.

The parameters obtained from the low temperature fit are collected in
Table 5.2. Within the obtained error, the y value for SrMg>Sb; is equal to
zero. For the other three compounds the values are also quite low, consistent
with the previously reported o ~ 0 for the related compounds CaMg;Bi»,
EuMg;Bi> and YbMgBi; [56], which was attributed to low carrier concen-
trations. The 6p values obtained for antimonides are higher than for the cor-

responding bismuthides.
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FIGURE 5.8: C,/T versus T? heat capacity data of the AMg,Pn, com-
pounds in the low-temperature region, where the red lines represent
the fit to Equation 4.5.

TABLE 5.2: Parameters obtained from the low temperature specific heat
data of the AMg;,Pn> compounds.

BaMg;Bi, BaMgySby  SrMgyBi,  SrMg)Sbo
y(mJmol "1 K=2) 0.59(7) 0.44(2) 0.63(4) 0.06(3)
B(mJmol =1 K=%) 1.08(1) 0.599(3) 0.846(6)  0.432(4)
S(mJmol~1 K=¢) 0.0133(3) 0.0027(1)  0.0138(2) 0.0021(1)
0p(K) 208.0(6)  253.2(4)  225.6(5)  282.3(9)
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Electrical resistivity measurements were attempted for all four compounds
but were ultimately unsuccessful, due to degradation of the samples. Con-
trary to the previously reported stability of at least a week in [58] and the
pXRD data collected from powdered crystals after showing no decomposi-
tion over 24 hours, the crystals used for the measurements were found to
physically disintegrate over the course of the measurement. Crumbling of
the samples was particularly noticeable on the edges, but the top surface was
also affected, disturbing the electrical contacts and making data collection
impossible.
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Chapter 6
A4T7Png compounds

The investigation of this family of compounds ensued after the previously
unreported compound, Mg4Pd;Ase, was detected incidentally as one of the
reaction products of a synthesis targeting another compound. Motivated by
a recent report of a new compound, MgPd,Sb, found to be the first Mg-
based full Heusler superconductor (T, = 2.2 K [82]), an attempt was made to
obtain its As-bearing analogue MgPd,;As. The initially targeted compound
MgPd,As was never obtained, however Mg4Pd;Ass was synthesized and
found to be a superconductor.

The characterisation of Mgy Pd7Asg, including the synthesis, physical prop-
erties and theoretical calculations, was published in Advanced Electronic Mate-
rials [83], in collaboration with dr hab. Bartlomiej Wiendlocha and dr Sylwia
Gutowska (AGH University of Science and Technology, Krakéw).

6.1 Mg4Pd7A56

6.1.1 Synthesis and crystal structure determination

The synthesis procedure used for MgPd,Sb consisted of a two-step solid
state reaction using a PdSb precursor and an excess of magnesium. Follow-
ing the exact procedure using an equivalent Pd-As precursor did not yield
the desired phase; the originally targeted MgPd,As was never synthesized.
Instead, the main phase of the sample appeared to crystallize in a body-
centered cubic structure with a large unit cell (~ 8.2 A). This previously un-
reported compound was found to belong to the UsRe;Sig family.

The first several intentional synthesis attempts targeting Mg4Pd7Asg, us-
ing a pre-reacted Pd-As precursor or pure elements, did not yield a single-

phase sample and the presence of large amounts of Pd;As was detected in
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the pXRD patterns in both approaches.

For further attempts, an alternative precursor MgsAs, was employed.
Magnesium flakes and arsenic pieces were taken in an approximately 3:2 ra-
tio, with a slight excess of Mg (5 %) to account for its evaporation during
heating. The elements were sealed in an evacuated quartz tube and heated
to 580 °C in a chamber furnace. After 48 h, the obtained reddish material was
thoroughly ground into powder in a glovebox, due to its possible toxicity
and instability in air. The precursor was then mixed with palladium powder
and freshly-ground arsenic in a 4:21:10 (Mg3As,:Pd:As), effectively resulting
in an element ratio of 4:7:6. After thorough mixing, the powder was pressed
into a pellet, placed in an alumina crucible and sealed. It was then heated to
570 °C at a rate of 25 °C/h, held there for 50 h and finally air-quenched to
room temperature. After re-grounding and re-pressing the powder, the heat-
ing was repeated at a higher temperature of 590 °C, in hopes of improving
the crystallization of the sample. The pXRD pattern is shown in Figure 6.1.
The crystal structure was refined by Rietveld method, the details of which
are presented in Table 6.1. The analysis leads to the calculated lattice pa-
rameter of a = 8.2572(1) A which, despite similar values of the atomic radii
of the included transition metals, is noticeably larger than for the analogue
Mg4T7Ase compounds (see Table 2.2).
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FIGURE 6.1: pXRD pattern of Mg4Pd;Ase (black points) with a Rietveld
fit (red line). Vertical bars mark the position of the expected Bragg re-
flections of the Im3m structure. The difference between the observed

and calculated intensities is shown below in green.

TABLE 6.1: Crystallographic data of MgsPd;Asg obtained from the Ri-
etveld refinement. Numbers in parentheses are uncertainties of the least

significant digits.

Mg4Pd7AS6, T=300K

Space group Im-3m (no. 229)
Unit cell parameter a 8.2570(1) A
Cell volume 562.94(3) A3
Z 2
Formula weight 1291.55 g/mol
Density 7.620 g/cm?®
Structure parameters:
X y Z Uiso (AZ)
Mg(8c) 1/4 1/4 1/4 0.018(2)
Pd(12d) 0 1/4 1/2 0.040(1)
Pd(2a) 0 0 0 0.030(1)
As(12e) 0 0 0.3094(2) 0.031(1)
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Various experiments focused on varying the temperature of the reaction
in the 540 — 590 °C range showed that the side phases present in the sample
are quite sensitive to temperature changes, even as slight as 5 °C. The ad-
ditional pXRD reflections, corresponding to Pd2As and another unidentified
compound, appeared interchangeably, seemingly depending more heavily
on whether the temperature was lowered or raised in relation to the previ-

ous heating step and less on the temperature of the reaction itself.

An attempt was made to obtain single crystals of the compound follow-
ing the route previously described by Wurth et al. [66] for the analogue com-
pounds, Mgylr;Asg and MgyRh7Asg, where single crystals were grown from
constituent elements in a lead melt, with the Mg:M:As:Pb element ratio of
1:2:2:20 for M=Rh and 4:7:6:~30 for M=Ir. The growths were carried out in
alumina crucibles placed in evacuated tubes, partially back-filled with argon.
The ampules were heated for approximately 48 h at 1000 °C, after which
the solid lead matrix was dissolved using a mixture of glacial acetic acid
(CH3COOH) and 30% solution of hydrogen peroxide. Small metallic-gray
cube- and octahedron-shaped crystals of the target compounds were found
among other reaction products [66].

The crystal growth was recreated using 4:7:6:30 (Mg:Pd:As:Pb) ratio, with
a total mass of ~ 3 g. The material was placed in an alumina crucible, with a
second crucible placed on top of it to minimize possible evaporation. In or-
der to minimize the risks associated with working with arsenic, the elements
were weighted in a glove box and the crucible containing the material was
double sealed in two quartz tubes. The sealed ampule was placed in a cham-
ber furnace at 400 °C, heated to 1000 °C at a rate of 40 °C/h and held there
for 48 hours. Upon taking it out and cooling down to room temperature,
noticeable, brown markings could be seen on the crucible and light signs of
damage to the inner quartz tube could be observed, in a form of "spider-
web" fractions near the bottom. The lead flux was etched away using the
aforementioned 1:1 hydrogen peroxide and acetic acid mixture. While still
submerged in the etching liquid, the obtained precipitate consisted of a light
gray powder with no visible crystals of any significant size. Once the mixture
was filtered, flushed with deionized water and left to dry in air the precip-
itate quite quickly changed color to milky-white. The pXRD pattern of the
dried powder shows the presence of an apatite compound Pbs(AsO4)30H,
and triclinic PbpAs;O7 or possibly monoclinic PbHAsOy4. Due to this issue,
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crystal growth using lead as flux was determined to not be a viable method
for Mg4Pd7Ase.

6.1.2 Physical properties

Characterization of MgyPd;Ase started with measuring the zero-field-
cooled (ZFC) and field-cooled (FC) dc magnetization as a function of temper-
ature below 6 K. The measurement was conducted in the applied magnetic
tield poH = 1 mT. Figure 6.2 presents the volume magnetic susceptibility xo,
where a transition to a superconducting state can be clearly seen in the ZFC
data. A much weaker diamagnetic response can also be seen in the FC data,
which is typical for polycrystalline materials and is associated with flux pen-
etration and pinning at the grain boundaries of the sample. The supercon-
ducting transition temperature T, was determined from the intersection of a
horizontal line following the extrapolated normal state data and a line lying
along the steepest slope of the ZFC curve (the two lines are marked in blue

in the figure). The obtained value was T, = 5.5 K.

The presented data has been corrected for the demagnetization effects,
with a demagnetization factor (N) determined from the volume magneti-
zation vs. magnetic field measurement, according to a method which will
be described in the subsequent section. After the correction the ZFC curve
reaches the value of -1 at the lowest temperatures, indicating that the sample
is fully in a superconducting (Meissner) state and exhibiting full shielding.
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FIGURE 6.2: Zero-field-cooled (ZFC) and field-cooled (FC) magnetic
susceptibility curves of MgyPd;Asg corrected for the demagnetizing fac-
tor.

The results of a sequence of isothermal magnetization measurements con-
ducted under low applied magnetic field is presented in Figure 6.3. The data
was collected at several temperatures below the T, ranging from 1.9 to 5 K.
The shape of the curves indicates that MgyPd7Asg is a type II superconduc-
tor (the characteristic behaviour is visible clearly only for the higher temper-
atures). The 1.9 K data was used to determine the demagnetization factor.
Assuming a perfectly diamagnetic response, the collected M,(H) data can
be fitted with a linear function My;; = aH + b. The obtained slope can then

be used to calculate N from the formula:

L (4—7T(11_ N)) 6.1)

This resulted in N = 0.58, a value which is in the range expected for the

general shape of the sample used in the measurement.

From this series of measurements, the lower critical field H.1(0) could
be determined by evaluating the points at which the curves deviate from
the expected linear behavior. The linear fit Ms; = aH + b was also applied
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FIGURE 6.3: Isothermal M,(H) measurements measured for tempera-
tures below the T..

to the remaining curves. A plot illustrating the difference between the ex-
perimental data points and the obtained fit, M, - My;;, was constructed for
each temperature. HY (T) values were taken as the point at which the line
following the original deviation from the linear behaviour crossed the hori-
zontal My - Mgy = 0 line. Due to the noisiness present in the low-field region
of the measurements, this crossing point could not always be determined
in a straightforward manner. In order to estimate the resultant uncertainty
of HY(T), the data points scattered around the 0 line were surrounded by
an "envelope". The uncertainty was then defined as the span between the
points at which the M, - My;; curve crosses the upper and the lower level of
the threshold lines. Example of the curves for two selected temperatures are

presented in Figure 6.4.
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FIGURE 6.4: Examples of the M, - My;; curves used to determine H (T)
for selected temperatures.

Figure 6.5 shows the points obtained via this method plotted as a function
of temperature. One additional data point corresponding to the lower criti-
cal field estimated from a subsequent zero-field electrical resistivity measure-

ment is marked with a blue triangle. The data were fitted with an equation:

T2
2(T)=H50)(1— (= 6.2
A =H10(1- (7)) (62)
resulting in a value of H} (0) equal to 95(1) Oe. Correcting this result for

the previously established demagnetization factor according to the H (0) =
H%(0)/(1 — N) relation gave the final value of H.(0) = 226(3) Oe.

The temperature-dependent electrical resistivity p(T) of MgsPd7Ase is pre-
sented in the main panel of Figure 6.6. The measurement was conducted
in the temperature range of 1.9 — 314 K, in applied magnetic field ranging
from 0 to 1.6 T. The resistivity of the sample decreases in the full temperature
range (g—? < 0), showing typical metallic behaviour. The RRR of the sample,
defined as RRR = p(300 K)/pg, where pg is the resistivity value taken right
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above T, is close to 4. This relatively low value is expected for a polycrys-
talline material. The inset of Figure 6.6 shows the magnetic field dependence

of resistivity p(H) at the lowest measured T = 1.9 K. For this temperature the

upper critical field H can be estimated to be 1.66 T (taken as the mid-point

of the superconducting transition).
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Mg4Pd;Ase in the absence of external magnetic field. Inset: magnetic
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A close-up of the resistivity drop in the low temperature region is pre-
sented in Figure 6.7. T, can be defined as the temperature corresponding to
the 50% drop of the resistivity value and is equal to 5.51 K, in agreement with
the value obtained from the magnetization measurement. In the zero-field
measurement the transition into the superconducting state is sharp, with a
width close to 0.05 K. The transition starts to broaden for increasing values
of the applied magnetic field and shifts to lower values, until it falls outside

of the measurement temperature range for fields > 1.6 T.

Taking the temperature values corresponding to the half-heights of each
of the p(T) curves, a plot of H., vs. temperature can be constructed and the
value of H(0) can be calculated. The data points shown in Figure 6.8 were
titted using the Ginzburg-Landau function:
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FIGURE 6.7: Low-temperature region of the electrical resistivity curves
in the vicinity of the superconducting transition, under applied mag-
netic fields between 0 and 1.6 T.

2
()
Hp(T) = ch(o)ﬁ (6.3)
1+ (Tc)
The fit yielded puoH(0) = 2.09(1) T. The previously estimated point of
H(1.9) =1.66 T is added to the plot and marked with a blue star. Although

it was not part of the fitted data its value is consistent with the obtained fit

line, falling only marginally above it.

Having obtained both the upper and lower critical field values the next
two important parameters related to the fundamental length scales of a su-
perconductor can be determined. The coherence length ¢, defined as the
distance within which the superconducting electron concentration cannot
significantly change in an applied magnetic field, can be obtained from the

Ginzburg-Landau formula:

Dy

=0 (6.4)
2mg%,

Hc2
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FIGURE 6.8: Temperature dependence of the upper critical field He(T)

determined from resistivity measurements (marked with black circles)

and the point estimated from p(H) measurement (marked with a blue
star).

where ®( = hc/(2e) is the quantum flux. Using the ugH(0) = 2.09 T
value gives ¢y (0) = 125 A.
From the relation:

Dy 1 AGL
= 5 1’1(
4rtAs, GoL

Hcl (6-5)

the superconducting penetration depth A can be calculated, related to
the depth up to which the magnetic field can penetrate a superconductor.
Using uoH:1(0) = 22.6 mT results in Agp = 1346 A.

These two parameters can be connected to each other via the Ginzburg-
Landau parameter kg according to the relation:

KGL = =—- (66)

Using the obtained 1 (0) and Agp parameters, kg is estimated to be
10.7, which according to the Ginzburg-Landau theory firmly classifies it as a
type-II superconductor (as 10.7 > \/LE)
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Finally, this parameter together with the upper and lower critical field

values can be used to obtain the thermodynamic critical field from:

H.aHy = H?Ink 6.7)

giving poH.(0) = 136 mT.

To complete the characterization of the superconducting properties and
confirm the bulk character of superconductivity in MgsPdyAse the specific
heat was measured in the temperature range of 1.9 — 210 K, with an applied
magnetic field ranging from 0 to 3.5 T. The zero-field temperature depen-
dence of specific heat is presented in Figure 6.9. At higher temperatures
(near room temperature) the values are expected to approach the value of
424 T mol 1 K71, according to the Dulong-Petit limit C = 3nR (here n = 17).

The blue line shows the fit using the combined Debye-Einstein heat capac-
ity model, consisting of electronic and phonon (Cpepye and Cgjpstein, marked
in Figure 6.9 in red and green, respectively) contributions, where k deter-
mines the weight of the Debye component:

Cp =9T+ (1 - k)CEinstein + kCDebye (6.8)

The Criustein and Cpepy, are defined as:

o= e8(% o0 (%) (o (2) ) e
Chebye = 3”DR<®_1;)>3 /0 ’ (ei;?;f(_xi)zdx (6.10)

The fit resulted in the Debye temperature equal to p = 351(4) K, the
Einstein temperature 0p = 104(3) K and k = 0.72(2).

Figure 6.10(a) shows the close-up of the low temperature specific heat
data in the absence of applied magnetic field, presented as C,/T versus T.
The characteristic lambda-shaped anomaly, associated with the transition to
the superconducting state, can be seen at the temperature of 5.45 K, deter-
mined through the equal entropy construction marked in the Figure by blue
lines. The T, obtained from this method is very slightly lower than the values

obtained from the magnetization and resistivity measurements.
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FIGURE 6.9: The temperature dependence of specific heat of
Mg,Pd;Ase in zero magnetic field with a fit to a combined model
Cp=T+ (1 — k) CEinstein + kCDebye‘

The normal-state data, collected under the applied magnetic field of yoH =
3.5 T, is presented in Figure 6.10(b) as C,/T versus T?. In this way, the ex-
pected linear behaviour can be clearly seen. The data below 20 K? was fitted

using the relation:

Cp _ 2
L =7+pT (6.11)

resulting in the following values: ¢ = 48(1) mJ mol~! K=2 and B =2.80(6)
mJ mol~! K—4.

Knowing the value of 7 the normalized superconducting specific heat

jump can be determined according to i—%’. The obtained value of 1.27 is
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slightly lower than the 1.43 predicted by the BCS theory for a weakly-coupled
superconductor, but this phenomenon is commonly observed for many su-
perconductors i.e. OsB; [84]. Using this value of B, the Debye temperature
can be calculated according to:

12714nR
0p = ¢ 12
D=1/ 55 (6.12)

The obtained value of p = 228(2) K is in a similar range to that of
YbsRuyAsg, where 0p = 250 K [69], but significantly lower than the other
isostructural materials YbsT7;Geg (0p ~ 330 K) and UsRu;Geg (6p = 330 K)
[85, 86].

The electron-phonon coupling parameter A was calculated by inserting

0p and T, into the inverted McMillan’s relation:

1.04 4 p* In(92~
1= wIn(1z8r) (6.13)

(1—0.62p*) In(158) — 1.04

where px is the Coulomb pseudopotential parameter, typically ranging
between 0.10 - 0.15. Taking T, = 5.45 K and 0p = 228 K together with
;’l*

in A = 0.72. This value indicates moderate coupling.

= 0.13, commonly assumed for conventional superconductors, results

All of the calculated parameters characterizing Mg4Pd;Asg are collected
in the Table 6.2.

TABLE 6.2: Superconducting parameters of MgsPd7Asg

Parameter Unit Value

T, K 5.45
uoHa(0)  mT 226
1oHe(0) T 2.09
1oH:(0) mT 136
A - 0.72
¢cr(0) A 125
Acr(0) A 1346

KGL - 10.7
Y m(r)rll.l 2 48
B _m§K4 2.8

0p K 228

AC

’YTf - 1.27

RRR - 4
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6.2 Mgylr;Asg

A synthesis route for single crystals of MgylryAsg as outlined by Wurth et
al. [66] was described in a previous section. The same report briefly mentions
the attempts at obtaining single-phase polycrystalline samples of Ir- and Rh-
bearing compounds via solid-state synthesis using pure elements, with lim-
ited success.

An attempt to grow single crystals following the described route proved
unsuccessful with no observed crystal growth, either of the 4-7-6 or any other
compound.

A polycrystalline sample of Mgylr;Ase was prepared, once again using
the 4:21:10 ratio of the previously synthesized Mgz As), iridium powder and
arsenic. Initially, the temperature of the first heat treatment was the same
as for MgyPd7Asg, but it turned out to be too low for iridium to react. The
temperature was gradually increased, with recurrent re-grinding, until first
traces of the 4-7-6 phase were found in the pXRD pattern after reaching 610
°C. As the pattern still indicated predominantly unreacted iridium, the tem-
perature was further increased. This resulted in some part of Ir reacting di-
rectly with arsenic resulting in the appearance of IrAs;; this issue was also
encountered in [66]. At this point, further temperature treatment focused on
exploring the balance of secondary phases, Ir and IrAs;. The temperature
could be raised to 810°C without noticeably increasing the amount of IrAs,
however, its levels rose significantly above 900°C. Thus, the sample annealed
at 810 °C was selected for further characterization, on the basis of having the
best balance of the main phase and the side phases. The pXRD pattern is pre-
sented in Figure 6.11. The lattice parameter obtained from the LeBail anal-
ysis was a = 8.0852(3) A, consistent with the value of 8.082(2) Awhich was
reported previously [66].

Preliminary magnetic measurements of the Mgylr;Ass sample showed a
possible onset of superconductivity at temperatures close to 2 K. The same
sample was later tested on a Dynacool Helium-3 system down to 0.4 K, how-

ever, no transition was observed.
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FIGURE 6.11: pXRD pattern of Mgylr;Ase (black points), with a LeBail
fit (red line) and vertical bars marking the expected positions of the
Bragg reflections of the target compound (upper row, black), metallic
iridium (middle row, blue) andIrAs, (lower row, red). The difference be-
tween the observed and calculated intensities is shown below in green.

6.3 Mg4Rh7AS6

MgsRhyAseg was successfully obtained using Pb flux, Mg flakes, Rh pow-
der and As pieces taken in a 1:2:2:20 Pb ratio. Due to unsatisfactory results of
the previous attempts, which closely followed the previously reported proce-
dure, the temperature profile of the growth was slightly altered. The sealed
ampule was placed in a chamber furnace at 400 °C, heated to 1000 °C at a rate
of 40 °C/h and held there for 2 hours. After that time, to improve homoge-
nization, the temperature was rapidly cycled between 960 °C (Tf;) and 1040
°C (Typ) several times, and subsequently held at the higher end for another
8 hours. Finally, the furnace was slowly cooled down to 1000 °C at a rate
of 1 °C/h, at which point the sample was taken out to finish cooling to RT
naturally. The markings on the crucibles were still present (as was the case
for Mg4Pd7Ase), however, no damage to the quartz tubes was observed this
time. After etching, small, irregularly shaped crystals could be found in the

collected precipitate, with no visible changes observed once exposed to air
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and dried.

Several of the crystals were collected for a magnetic measurement. A
beginning of a superconducting transition could be observed around 7.2 K
which can be ascribed to un-etched Pb left on the sample. Since the dia-
magnetic signal was weak and no other transition could be seen as the tem-
perature was lowered, it can be concluded that MgsRhyAss does not show

superconductivity down to 1.9 K.

6.4 Summary of other synthesis attempts

6.4.1 Mg4Pt7AS6

The first solid-state synthesis attempt of Mg4PtyAse, using the previously
prepared MgszAs;, platinum powder and arsenic at the temperatures used
for the other 4-7-6 compounds resulted in a mixture of PtAs, and another
unidentified phase, with no MgyPt;Ase detected in the sample. Lowering
the reaction temperatures to 520 °C followed by a second heating at 530 °C
quite unexpectedly produced a single-phase sample of MgPt;. None of the
subsequent attempts of varying the temperature profiles or element ratios
were successful.

6.4.2 Mg;Rh,Pg

Repeating the procedure used for MgsRhyAse (element ratio of 1:2:2:20
Pb) resulted in a dark grey powder, with two distinct types of small crystals
mixed in it - small cubes and larger, elongated rectangles. The pXRD pat-
tern revealed the obtained material to be a mixture of MgsRhgP4 and RhPs.
The former compound also appeared as a side phase during solid-state reac-
tions in [66]; nothing other than the structural information has been reported
(hexagonal crystal structure, space group Pém?2) [87].

The target compound MgsRh;P¢ was not obtained, even when following
the reported procedure exactly. Despite the unintended results, the obtained
compounds were still tested for superconductivity (via magnetization mea-

surement) but it was not observed down to 1.9 K.
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6.4.3 Mg4Pd7P6

When the steps of the MgyRhyAsq growth were once again repeated for
Mg4Pd;Pe, the pXRD pattern of the obtained powder matched PdP;. As be-
fore, the sample was tested for superconductivity but it was not observed.
For the second growth, the ratio of Pd:P was adjusted according to the phase
diagram [88] to 65:35, resulting in a final element ratio of 1:2.6:1.4:20 Pb. The
temperature of the reaction was also raised to 1060 °C and no slow cool-
ing was used, in order to avoid the conditions promoting the growth of
PdP,. Nevertheless, even after incorporating these changes PdP, remained
the main phase in the reaction products and no signs of Mg4Pd;Ps were de-
tected.

6.4.4 RE.r,;Sbg and T4Ir,Geg series

An attempt to obtain a series of pollycrystalline RE4Ir;Sbg was under-
taken following the synthesis method described for Rh and Ru analogs, as
reported in [64]. Pieces of the rare earth metals (Sc, Y, Lu, Sc), iridium and
antimony were taken in a near-stoichiometric ratio, with a 2 % excess of Sb,
to account for its possible evaporation, and arc-melted under slight under-
pressure of argon. In later attempts, Sb was also re-added after significant

mass loss was noticed following the first melting.

Deviating from the pnictides, arc-melting was also employed to briefly
investigate a series of T4lr;Ges germanides, where T = group 4 transition
metal, since Ge- and Si-based compounds constitute the majority of the 4-7-6
family. The constituent elements were taken in a stoichiometric ratio and no

significant losses were observed.

The obtained samples were subjected to additional heat treatment in a
range of temperatures (500 - 1000 °C) for several days. All of the pXRD mea-
surements, of both the as-cast and heat-treated samples, showed a mixture
of binary or equiatomic ternary phases (e.g. ZrlrGe, HfIrGe); no 4-7-6 phase
was observed in any of the attempts.
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Chapter 7
Summary

In this work selected families of ternary pnictide compounds were inves-

tigated.

The work on the 111 pnictides focused on improving or developing sin-
gle crystal flux growth procedures, in order to obtain high-quality samples
which would facilitate further measurements. Altogether, single crystals of
ten different compounds were obtained and the influence of various growth
parameters on the crystals were investigated. Chemical doping of selected
samples was attempted, but ultimately proved not possible. It did, how-
ever, lead to an improvement in the growth of BaAgAs crystals. Adding
small amounts of Eu to the starting element mixture affected the growing
conditions and resulted in larger crystals with well-defined shape, despite
not actually incorporating Eu into the crystal structure.

Physical properties of selected compounds were investigated, including
electrical resistivity, heat capacity and magnetization. The signs of supercon-
ductivity in SrAgBi and YbAgBi could be seen in p(T) measurements, but no
transition was observed in the heat capacity (in case of SrAgBi) or magneti-
zation data (in case of YbAgBi), putting into doubt the intrinsic character of
this phenomenon. For selected samples (CaCuSb, CaAgSb, YbCuBi, YbAgBi)
magentoresistance was measured and was found to be positive in all cases,
with the highest value of ~ 110 % obtained for YbCuBi (for T =1.9 Kand yoH
=9T). The Ba- and Sr-bearing compounds were a subject of further study via

ARPES measurements, in order to investigate their electronic structures.

High-quality single crystals of AMg,Pn; compounds, where A = Ba, Sr
and Pn = Sb or Bi were also obtained from flux growth. It is the first time
that the antimonides, BaMg>Sb, and SrMg»Sb,, have been grown in a form
of bulk crystals. The electronic structure of these compounds was also inves-
tigated via ARPES.
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Finally, a new superconductor MgsPd;Ase was found. The previously
unreported material is the first Pd-bearing compound crystallizing in the
UsResSig structure and the first one in the ternary Mg-Pd—-As system. As
it is also the only 4-7-6 compound that contains both a group 10 element and
a pnictogen, it makes it the new member with the highest electron valence
count (overtaking LusRh7Sbe, VEC = 105). For Mg4Pd7Ase VEC =108, which
gives 6.35/atom. The measurements of physical properties of MgsPd;Ase
confirm it to be a bulk type-II superconductor, with the superconducting
transition taking place at T, = 5.5 K. The lower critical field, obtained from
the isothermal field-dependent magnetization measurements, was found to
be yoH1(0) = 22.6 mT, while the upper critical field was determined to be
1oH(0) = 2.09 T, based on the electrical resistivity measurements. The cal-
culated electron—-phonon coupling constant indicates moderate-coupling (A
=0.72).

The search for other superconducting compounds in the 4-7-6 family was
conducted, first by replacing Pd with other transition metals (i.e. Ir, Pt)
and later extending the scope beyond Mg-bearing arsenides (RE4Ir7Sbe and
T4Ir;Geg series). As of the writing of this thesis, Mg4Pd7Ase remains the only

superconducting member of this family.



83

Appendix A

Supplementary Material for
Chapter 5

Attached is the manuscript titled "Uncovering surface states of the Dirac
semimetal BaMg,Bi," which has been submitted to Physical Review B, includ-
ing the Supplementary Information.
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Abstract

BaMgsBisy is a Dirac semimetal characterized by a simple Dirac cone crossing the Fermi level
at the center of the Brillouin zone, protected by Cs rotational symmetry. Together with its Sr-
based analogue SrMgyBis, it has been proposed as a promising candidate for a chemically driven
topological switch: while StMgsBis is an insulator, BaMgsBis exhibits non-trivial topological fea-
tures. A detailed understanding of its electronic structure is essential to elucidate its electronic
and transport properties. Previous photoemission studies confirmed the Dirac nature of BaMgyBio,
but were limited to high photon energies, which compromised the resolution and hindered direct
comparison with theoretical predictions. In this work, we employ high-resolution angle-resolved
photoemission spectroscopy (ARPES) to overcome this limitation, providing a comprehensive pic-
ture of the low-energy electronic structure. Our measurements reveal the presence of previously
unobserved surface states, which, however, remain topologically trivial and elucidate more compre-
hensively the electronic structure of this semimetal filling previous discrepancies between theory

and experiment.

** These authors contributed equally.

The interplay between crystalline symmetry and band inversion — often facilitated by
spin-orbit coupling — plays a central role in the emergence of novel topological phases of
matter [1-4]. Among these, topological Dirac semimetals (TDS) represent a distinct class,
differing fundamentally from conventional topological insulators. TDS materials have gar-
nered significant interest due to their exceptionally high carrier mobility [5, 6], the presence
of surface Fermi arcs that give rise to unconventional transport phenomena [7-9], and their
typically large, non-saturating magnetoresistance [10, 11]. From a band structure perspec-
tive, a TDS is characterized by massless Dirac fermions, manifested as linear band crossings
(Dirac nodes) at or near the Fermi level. Importantly, under external perturbations such as
strain or applied magnetic fields, Dirac nodes can split into Weyl nodes, thereby inducing
non-trivial topological transitions. These tunable responses make TDSs highly promising

for applications in next-generation electronic and spintronic devices.

* Corresponding author: tomasz.klimczuk@pg.edu.pl
t Corresponding author: chiara.bigi@synchrotron-soleil.fr
¥ Corresponding author: mazzola@iom.cnr.it
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(a) Side View (b)

TopView

E-E_(eV)

FIG. 1. (a) Side and top view of the structure and unit cell of BaMgsBiy crystal, showing the
typical CaAlySis structure. (b) Resulting Brilluoin zone with high symmetry directions indicated.
The surface Brillouin zone is also indicated. (¢) Bulk electronic structure along the in-plane high

symmetry directions. (d) Same of (c¢) but along the out of plane.

BaMgyBiy crystallizes in the CaAlySio-type structure, corresponding to space group
P3m1 (No. 164). This crystallographic configuration enforces a Cj rotational symmetry,
which plays a pivotal role in stabilizing the system’s only Dirac cone—located at the center
of the Brillouin zone and linearly dispersing across the Fermi level (See Fig.1.) [12]. Cru-
cially, despite hosting a symmetry-protected Dirac node, BaMg,Bi, is topologically trivial,
thus providing a clean, model platform for investigating textbook Dirac fermions in the ab-
sence of additional topological features [13]. Moreover, this structure exhibits considerable
chemical flexibility; for instance, substituting Ba with other alkaline earth or rare-earth
elements [14, 15] can effectively modulate the spin-orbit coupling strength by altering the
local atomic environment. Such tunability is particularly valuable for exploring topological

phase transitions in this material family.

Previous experimental studies have explored the electronic structure of BaMgyBiy us-

3



FIG. 2. (a) Electronic structure of BaMgsBis along the I-K (top) M (bottom) directions for

both light polarizations indicated in the figure. (b) Same but with photon centered at the A point
and (c¢) Next bulk T

ing angle-resolved photoemission spectroscopy (ARPES), confirming the Dirac nature of
this compound through the observation of dispersing massless fermions [13]. However,
measurements conducted at relatively high photon energies suffer from limited resolution,
which hinders a clear visualization of other electronic states. Furthermore, the absence of
polarization-dependent measurements and systematic photon energy scans in the low-energy
regime motivates further investigation to shed light on additional features important for
transport. Here, by combining high-resolution angle-resolved photoemission spectroscopy
(ARPES) with variable light polarization and photon energy [16, 17], together with density
functional theory (DFT) calculations, we address this shortcoming. Our study reveals the
presence of additional states—some arising from k, broadening artifacts, and others which
we attribute to the surface state manifold of BaMg,Bis.

High-quality single crystals of BaMgsBi, were grown via a self-flux method using the
constituent elements in a 1.5:5:9 molar ratio (Ba:Mg:Bi). The mixture was loaded into an
alumina crucible, sealed in an evacuated quartz tube, and heated to 900°C for 12 h. It
was then slowly cooled to 650°C at a rate of 1°C/h. The crystals were separated from the
flux by centrifugation. The resulting crystals exhibited smooth surfaces and a pronounced

metallic lustre. ARPES measurements were carried out at the CASSIOPEE beamline of the
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FIG. 3. (a) Electronic structure of BaMgyBi; along the I'-K and (b) I'-M (bottom) directions for
both light polarizations indicated in the figure. DFT calculations have been overlaid and the gray

colour indicates the projected bulk continuum.

synchrotron radiation facility SOLEIL (Paris), using both linear vertical (LV, s-polarized)
and linear horizontal (LH, p-polarized) polarizations. In the geometry of this experimental
setup, LV-polarized photons have their electric field vector entirely confined within the sam-
ple plane, while LH polarization introduces both in-plane and out-of-plane components of
equal magnitude. ARPES was performed under ultrahigh vacuum conditions (UHV) at the
base temperature of circa 20 K. The samples were prepared in a glovebox environment by
affixing them to the sample plate using silver epoxy. They were subsequently top-posted and
cleaved under UHV conditions at 20 K. This procedure ensures that the surface properties
are not destroyed by low vacuum and adsorption of impurities, a situation that can often

occur if samples are cleaved at higher temperature then cooled down.



In addition, first-principles calculations were performed using the QuantumESPRESSO
DFT package. The self-consistent calculations were carried out on a 6 x 6 x 6 k-point grid
with a 60 Ry energy cutoff, employing fully relativistic projector augmented wave (PAW)
pseudopotentials. It is important to note that, due to the lack of six-fold rotational symme-
try in the crystal, there are two inequivalent M-points and two inequivalent K-points, which
are related by a 60° rotation of M and K around the (001)-axis. For the (001)-slab model,
where the (001)-surface is truncated by vacuum, the system retains only one symmetry, as
the truncation breaks inversion symmetry. The remaining symmetry operation is a 180°
rotation about the (110)-axis combined with inversion. This breaking of inversion symmetry
could permit the existence of spin-split surface states. Time-reversal symmetry is preserved

in both the bulk and slab geometries.

Leading from our combined experimental and theoretical data, we present the bulk-
calculated electronic structure alongside ARPES spectra acquired at variable photon ener-
gies—hence variable k,—and polarizations, as displayed in Fig.2. Overall, and consistent
with previous literature [13], there is broad agreement between the ARPES data and the
DFT calculations. Nevertheless, as indicated by the red and blue arrows in Fig.2, several
bands at each k, value are neither captured by DFT nor reported in earlier experiments.
The measurements span a photon-energy range that covers multiple Brillouin zones; for
brevity, we show one repetition in the main text, while additional energies are provided in
the Supplementary Information (Supplementary Figs. 1 and 2). Because the unidentified
features persist across the entire k, range and for both light polarizations, they cannot
be attributed to photoemission matrix-element effects; instead, they point to an intrinsic
characteristic of the electronic structure. These discrepancies are evident along both the

'K and I'-M high-symmetry directions.

Mapped in Fig. 2, the calculated dispersions along I'-K and the symmetry-inequivalent
I'-K’ directions are shown in red and green, respectively.. Given the photon beam’s lateral
size of approximately 100 pum, domains rotated by 180° are likely probed simultaneously.
The resulting superposition of I'-K and I'"K’ contributions renders the experimental spectra
more symmetric and partially broadens the linewidths. To account for this, we overlay both

inequivalent cuts in the theoretical plot. However, domain averaging alone cannot reproduce

6
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FIG. 4. (a) Electronic structure of BaMgyBiy along the I'-K and (b) I'-M (bottom) directions
for both light polarizations indicated in the figure. DFT calculations have been overlaid and the
gray colour indicates the projected bulk continuum. The green colour indicate the surface states,

calculated as described in the text.

the additional spectral weight highlighted above, indicating that further mechanisms must

be considered.

Examining the data presented in Fig.2, we note that the photon energy spans a full k,
period, covering the path from I' to the next I' point. The bands reach their maximum
binding energy at the center of the Brillouin zone and their minimum at the A point. This
implies that no spectral weight should appear above the calculated bands shown in Fig.2a
and Fig. 2c¢; in particular, the features indicated by the red arrows are not expected to be
present. In contrast, additional features appearing at lower binding energies—still previ-
ously unobserved—could be more straightforwardly explained. We now focus on these latter

bands, highlighted by the blue arrows.

Remarkably, despite an overall modulation and redistribution of intensity, all bands re-

7



main visible across the entire photon energy range. Although this may initially seem incon-
sistent with previous studies, the observed phenomenology can be reconciled by considering
the strong k. broadening in both the ARPES spectra and the bulk-projected simulations.
Experimentally, k., broadening manifests as a general filling of spectral intensity over the
entire k.-dependent dispersion range. This effect arises because, despite tuning to a specific
photon energy, multiple k. values are effectively probed simultaneously. Such a condition is
common in materials with strongly three-dimensional electronic structures [18, 19], and it

is therefore not surprising that it occurs in BaMgyBis,.

Driven by this interpretation, our bulk-projected DF'T calculations successfully reproduce
the spectral broadening observed in the ARPES data. This comparison is shown in Fig.3 for
the bulk I" point, along both the '-K and I'-M directions. As clearly illustrated, the filling
of the electronic states seen in the ARPES measurements finds a simple yet compelling ex-
planation: several of the states that appeared experimentally—previously unreported—are
now accounted for. However, other features in the electronic structure, highlighted with red
arrows in both Fig.2 and Fig. 3, remain unexplained within the framework of bulk-projected

DFT, suggesting a non-bulk origin.

As a means of verification, we performed surface-state calculations using a slab geometry
that is infinite in the z- and y-directions but truncated along z (the (001)-axis). The slab
consisted of 24 atomic layers with a 12 A vacuum separating the two surfaces. In Fig. 4, the
projected bulk continuum is shown in gray (obtained by projecting the bulk band structure
onto the (001)-plane), while the surface states extracted from the slab calculation are high-

lighted in green (identified based on their probability density).

Since the I and M points are time-reversal invariant momenta, the surface states remain
degenerate at these points, meaning that their spin splitting vanishes. However, this does
not hold at K, as time-reversal symmetry alone does not enforce degeneracy there due to
the crystal symmetry. Examining the number of Fermi-level crossings of the surface states
between high-symmetry points, we find that it is always even. This indicates that the
surface states are topologically trivial. If they were nontrivial, we would expect them to

exhibit an odd number of Fermi-level crossings and ultimately connect the bulk conduction
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and valence bands.

In summary, we have conducted a comprehensive investigation of the electronic struc-
ture of BaMgsBi, using high-resolution angle-resolved photoemission spectroscopy, combined
with polarization- and photon-energy-dependent measurements, and supported by both bulk
and slab-based density functional theory calculations. Our results confirm that BaMgyBi,
hosts a symmetry-protected Dirac node at the center of the Brillouin zone, stabilized by the
underlying threefold rotational symmetry of the CaAl,Sis-type structure. While the Dirac
dispersion has been previously reported, our experiments reveal additional features in the
spectral function—some attributable to strong out-of-plane momentum (k,) broadening and

others not accounted for by calculations of the bulk electronic structure.

Through bulk-projected simulations, we demonstrate that the observed intensity filling
in the photoemission spectra is a natural consequence of momentum broadening along the
out-of-plane direction in a material with significant three-dimensional electronic character.
However, distinct features that remain unexplained within the bulk framework are success-
fully captured by calculations performed on a finite slab geometry. These slab-derived bands,
while not topologically nontrivial, constitute an essential part of the low-energy electronic

structure and are likely to contribute to the transport properties of BaMgsBis.

Altogether, our work not only reinforces BaMgsyBis as a model Dirac semimetal with topo-
logically trivial character, but also uncovers additional electronic states—originating from
both bulk and surface effects—that have gone undetected in previous studies. These find-
ings highlight the importance of combining energy-, momentum-, and polarization-resolved
spectroscopy with carefully constructed theoretical models in order to fully capture the

complexity of the electronic landscape in candidate Dirac materials.
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