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Since the advent of automated diffractometers and area detectors, the work time required to collect
and produce a crystallographic model from a dataset of reflections and intensities has been reduced from
upwards of a few years to just a few hours. Yet despite this technological leap, both methods ultimately
yield a simple Fourier map, giving the magnitudes and locations of electron densities within a unit cell,
but offering no chemical insight into the forces underlying their arrangement. Intermetallics,
compounds formed form a mixture of metallic elements, show a particularly wide diversity of structural
features, suggesting that multiple complicated factors govern their formation. The equally impressive
variety of applications for intermetallics as superconductors, permanent magnets, thermoelectrics,
catalysts, and super-hard materials (among many others) drives the desire to develop new intermetallic
compounds, as well as a conceptual framework for understanding the origins of their assembly.

In this thesis, we discuss how chemical frustration can help us understand the forces controlling
intermetallic structure and guide the discovery of new structurally complex phases. Here, we consider
the chemical frustration of a ternary chemical system to be analogous to the geometrical frustration of
three antiferromagnetically paired spins at the corners of an equilateral triangle. This model suggests

that because each pair of elements has a preferred of bonding arrangement, space within a ternary crystal



ii
structure must be divided into immiscible domains based on different binary bonding schemes. The
fusion of these domains into a single structure is paramount to the intergrowth concept, which views
each domain as a fragment of a structurally-related parent phase. In such a system, the geometrical
arrangements necessary for both domains to cohabitate a single unit cell naturally lead to complicated
structural features.

Why, then, do domains choose to intergrow at all? Phase segregation into two separate binary
compounds would appear to solve the problems of merging incompatible bonding domains, and yet
many intergrowths are experimentally observed. We view the answer to the problem through the lens of
the Hume-Rothery rules for solids, which state that three factors can promote stability in intermetallics:
electron count, atomic size effects, and electronegativity effects.

In the following Chapters of this thesis, we will explore each of these effects, and how they act to
enable the formation of the elaborately structured phases presented in this work. First, we describe the
chemical frustration idea in detail, elaborating upon the three computational techniques we will use to
test our insight into the stabilizing effects born from the Hume-Rothery rules. In Chapter 2, we go on to
specifically explore how electron counts stabilize the structure of Fe 4Pd;7Ales, leading to the electron-
hole matching method for inducing complexity in intermetallics. Next, we see how the formation of the
intergrowth subnitride MnsSisN, detailed in Chapter 3 is facilitated by the favorable epitaxy between
intermetallic Mn-Si domains and N-centered octahedra. Finally, in Chapter 4 we present the synthesis
and structure of Ca;CursAls,, and investigate how a combination of electron count, atomic size, and

electronegativity effects combine to enable a reaction between the binary parent compounds CaAl, and

CllAlz.
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Chapter 1.

Introduction

1.1 Intergrowth Phases in Intermetallics

A foundational principle of chemistry states that, in the long term, all chemical systems tend towards
an energetic minimum.' This is especially true in the solid state, where most synthetic techniques tend to
yield thermodynamically stable products, and metastable phases are long-lived due to the physical
constraints of a crystal lattice.” It is then, perhaps, a surprise to see such a remarkable diversity of crystalline
structure as is exhibited by these compounds in such a way that cannot be simply explained by the classical
notions of hard sphere atomic packing. This variety of structure is a hallmark of intermetallics, those

compounds formed from a combination of transition metal elements, and defines their simultaneously

7 8-10 11-16

wide range of physical properties® such as thermoelectrics,*” superconductivity,*'* magnetism,

17,18 19,20

magnetocaloric effects,'”'® and superhardness,'*** while also supporting near infinite possibilities for
stoichiometry, crystal system, and atomic arrangements, making connections between structure and

properties uniquely challenging to draw.

The central research goal of the Fredrickson group is to bridge this gap by helping to develop

chemically intuitive conceptual frameworks that further our ability to understand the driving forces



underlying the formation of intermetallic compounds. One potential avenue to this end is seen through
an examination of some of the most complex intermetallic structures, which can be viewed as built from a
combination of multiple distinct bonding arrangements. For example, Figure 1.1 shows the structure of
Nb;ALC,* which contains tetrahedrally close-packed (tcp) regions of Al@Nby;, icosahedra (pink) joined
through shared triangular faces with domains of C-centered Nb octahedra. The ternary phase is entirely
constructed from these two motifs, with Nb-Al interactions spatially separated from the structure’s C

atoms, segregating the two domains even within the same structure.

Intergrowth of intermetallic and
carbide bonding domains

Carbide domain

Figure 1.1. The intergrowth concept, as observed in NbsAL,C, which has distinct separation of tetrahedrally close-

packed intermetallic domains (pink) and octahedral carbide domains (gray).

Perhaps more intriguingly, these two structural motifs are intimately connected to Nb,Al and Nb,C

binary structures found nearby on the phase diagram.”>** Nb,Al is built from analogous Al-centered Nb



icosahedra to those in Nb;ALC; in fact this tcp arrangement is often seen in T-E intermetallic phases (T =
transition metal, E = main group metal). Nb,C, on the other hand, is constructed of layered C@Nbs
octahedra (like those that decorate the tcp surface in Nb;ALC), in line with the preference of C atoms for
an octahedral coordination environment seen in other metal carbide phases.**** We can therefore consider
the structure of Nb;ALC to be an arrangement of tcp and octahedral structural fragments drawn from the
parent binaries Nb,Al and Nb,C, respectively. We can thus identify Nb;ALC as an intergrowth phase.?%?’
The intergrowth concept is a useful tool for analyzing the structure of ternary intermetallics, and begins to

hints at a reason behind their complexity.

1.2 The Chemical Frustration Model

The impetus to synthesize complex intermetallics is motivated not only by their structural intrigue,
but by the observation that desirable properties can sometimes be correlated to unit cell size and
disorder.”® As intergrowth phases are naturally more complex than their parent binaries, they are desirable
synthetic targets in this regard, and some have been shown to exhibit a combination of properties born
from their parent binaries, suggesting the potential for tunable and multifunctional materials.”**° Methods
for inducing intergrowth in crystalline structure are therefore at a premium, and the correlation between
complexity and the coexistence of competing bonding types is leveraged for materials design through the

chemical frustration model.

The concept of chemical frustration can be drawn analogous to the geometrical frustration within an
antiferromagnetically ordered triangle of atoms, as shown in Figure 1.2a.>’ When placed at the corners of

an equilateral triangle, only two of the three atomic contacts can favorably pair antiferromagnetically at



one time.* Extending this idea to an example ternary system, T-Ni-P, we can represent the phase diagram
by yet another triangular arrangement. Each edge of this phase diagram contains binary phases with a
preferred bonding scheme; for example, we might observe intermetallic bonding arrangements in a T-Ni
binary phase, whereas Ni-rich phosphide phases, such as Ni,P, are largely based on the tiling of tricapped
P-centered trigonal prisms.” In a hypothetical ternary phase combining all three elements in the middle
of the triangle then, the system is stuck trying to conjoin these incompatible bonding domains within the

same unit cell.

An overview of reported structures, however, does reveal two compounds which manage to beautifully
integrate metallic T-Ni and phosphide Ni-P domains into a single ternary structure, shown in Figure 1.2b.
The Mo,Ni¢P; structure contains the familiar tricapped trigonal prisms of Ni,P, while also building
columns of a MoNij-like face-centered cubic (fcc) domain that runs along b.** Zr,Ni;;P;, on the other
hand, merges columns of P-centered tricapped trigonal prisms with pseudo-hexagonal fragments of a
ZrNissP s motif evoking the CaCus structure,® one of the most common structure types for rare-earth
containing intermetallics.’**’ In this way, these structures illustrate how intergrowth structures are able to
blend two dissimilar bonding domains, while simultaneously maintaining the preferred coordination

environments from each binary parent structure.



(a) T

Magnetic Frustration I

(b) ) .
R A AN o
, Mo-Ni Face-Centered  Zr,Ni, P, /X * \
Cubic Structural ¢
¢ Fragment

CaCus-like
Fragment

Figure 1.2. The chemical frustration model, illustrated for the T-Ni-P system (T = transition metal). (a) The
similarities between the concepts of geometrical frustration in a magnetic system and chemical frustration in a
ternary phase diagram. (b) The ternary T-Ni-P phases Mo,NigP; and Zr,Niy;P7, which exhibit domains of the Ni,P

structure intergrown with domains of face-centered cubic MoNi, and CaCus-type ZrNis sPy s, respectively.

1.3 Methods to Induce Chemical Frustration

Just because a structure can increase complexity through intergrowth, it may not necessarily be
favorable. In fact, basic “like dissolves like” chemical intuition would tell us that, rather than mesh

incompatible bonding domains within a single structure, a compound should simply prefer to segregate



into distinct phases that can each occupy their desired arrangement unperturbed. Yet, again and again we
see ternary structures form in complicated intergrowth arrangements; what forces could be acting to
stabilize such a product? Understanding what such factors act to stabilize such structures could suggest

useful synthetic and theoretical tools for the creation and prediction of complex intermetallics.

To answer this question, we can draw some inspiration from the rules for solid solutions proposed by
William Hume-Rothery in 1931.% These state that the ability of solids to favorably mix with each other is
based on the compatibility of three key factors: atomic size, valence electron count, and electronegativity.
Though these rules were intended to apply to the mixing of elements within a solid solution, we can extend
them to intermetallic systems where they give us a chemically intuitive starting point evaluating the forces
stabilizing solid state structure. In particular, if these three factors govern the favorability of mixing two
elements together in a solid solution, the same could be true for two domains within an intergrowth

structure.

1.3.1 Chemical Pressure and Epitaxial Stabilization

Previous work in the Fredrickson group has, in fact, made great headway into analyzing the effects of

these factors on the structures of intermetallics.’**!

Starting with atomic size, we have developed a model
for the analysis of chemical pressure (CP), a calculation performed by finding the change in energy of a
structure relative to the change in volume, and dividing up the subsequent pressure map into pairwise

atomic interactions.3%**

This CP method is a powerful tool that can be used for the visualization of the
atomic packing strains between individual atoms in a crystal structure. An example CP scheme is shown

for Ni,P in Figure 1.3a, where the calculated chemical pressures have been plotted as atom-centered



spherical harmonics. In this plot, black lobes correspond to negative pressures, where contacts are overly
long and the structure would prefer to shorten the interatomic distance, such as those seen along Ni-Ni
contacts in the Ni,P CP scheme. The white lobes between Ni and P atoms, on the other hand, indicate
positive pressures, where distances are too short and lengthening of the contact is preferred. The size of
each lobe corresponds to the magnitude of the pressure along that direction, and we can see that the
opposing pressures of the Ni,P CP scheme hold the structure in balance against one another; the Ni-Ni

contacts cannot shorten without also contracting the already too short Ni-P distances.

(@) Ni,P (b)

add MoNi,

Ni-Ni CP <0 &
Chemical o o>
Pressure satisfied contacts d'
at interface

——— MoNi,

5

domains

Figure 1.3. Epitaxial stabilization as a mechanism for the stabilization of Mo,NisP;. The negative Ni-Ni chemical
pressures shown at the interfaces of the Ni,P and MoNi; domains (yellow contacts) in Mo, NisP; are relieved relative
to the Ni-Ni interactions in Ni,P, helping to stabilize the intergrowth of these domains. (adapted from Warden, H.
M. Proposal Narrative 2018)

Chemical pressure schemes are at their most useful, however, when used to compare the strain of
atomic packing between related structures. In Figure 1.3b, the CP scheme of Mo,NisPs, the intergrowth
structure formed through insertion of fcc-like domains of MoNiy into the Ni,P structure is shown. While

the pressures within the Ni,P-like domains of the ternary structure still show similar pressure features to



those of the binary, we can see in this scheme that the CPs of atoms at the interfaces between Ni,P and
MoNi, domains in the structure are very small, indicating that the strains in their atomic packing have been
satisfied through intergrowth. The relief of interfacial chemical pressure trough the intergrowth of bonding
domains with complementary chemical pressure schemes, dubbed epitaxial stabilization, is one method

for creating complex intermetallic structures that can be generalized through CP analysis.

1.3.2 Valence Electron Counting and the 18-nrule

The valence electron count of an intermetallic phase provides an additional Hume-Rothery inspired
factor for controlling structure, offering another factor to leverage for inducing chemical frustration and
intergrowth. This strategy applies especially well to T-E intermetallics, such as in the CaF,-type structure
of NiSi,, where the summation of 10 electrons from the Ni atom and 8 electrons from the two Si atoms
indicates a stable 18-electron configuration on the Ni atom.”* In most T-E compounds, however,
adherence to the 18-electron rule is not quite so straightforward; in CsCl-type CoAl, for example, there
are only a total of 12 electrons per Co atom, 6 electrons short of a full configuration. However, as Figure
1.4 shows, the Fermi level for the CoAl structure falls into a pseudogap in the density of states curve,

indicative of electronic stability.

To rationalize this inconsistency, we turn to the reversed approximation Molecular Orbital method,*
which uses linear combinations of filled delocalized crystal orbitals to reconstruct target atomic orbitals
within a crystal structure. Targeting the valence 4s, 4p, and 3d orbitals for CoAl, we can see on the right
side of Figure 1.4 that we are able to reproduce their characteristic shapes, although six of these orbitals

(highlighted in red), cannot be entirely localized to the central Co atom, and show significant density on



neighboring Co and Al atoms. This indicates that, while these orbitals are filled, they are supported
through bonding interactions with neighboring Co atoms that are bridged by Al squares, isolobal to a sp*d®
o-bond. From this, we can conclude that the Co atoms in CoAl are in fact reaching an 18-electron
configuration, but doing so by creating six shared isolobal Co-Co bonds, analogous to a C atom reaching
a filled octet in a molecular compound by making four covalent connections. This idea outlines the basis
for the 18—n rule, where main group metal-rich T-E compounds are expected to be electronically stable

when the structure contains 18—# electrons per T atom, with n equal to the number of isolobal T-T bonds

formed.*

raMO analysis of CoAl (CsCl type)
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Figure 1.4. raMO analysis of CoAl, showing that despite having only 12 electrons per Co atom, the Fermi level falls
into a pseudogap in the density of states curve. This is rationalized through the recreation of 6 isolobal Co-Co bonds,
allowing electron pairs to be shared between transition metal atoms and stabilizing the electronics of the structure

in accordance with the 18—n rule. (adapted from Yannello, V. J. Proposal Narrative 2014,)
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While the 18—n rule is often adhered to, however, many experimentally observed phases do not exactly
reach their expected electron counts. As one example, NiAl has the same structure and presence of six
isolobal bonds as CoAl, but the additional electron gained in replacing Co atoms with Ni gives NiAl an
electron count of 13, one larger than the 12 electrons per T atom predicted by the 18-n rule. This
deviation, called Svec, is measured as the ideal electron count predicted by the 18—n rule subtracted from
the actual electron count, in this case yielding a value of Svec = +1. In figure 1.5, we show an array of T-Al
binary compounds, including NiAl, arranged according to Svec. While many are electron precise (Svec =
0), there is a significant distribution on both sides of the 18—n expectation; this value gives us a useful
metric for determining if a structure is electron-rich (8vec > 0) or electron-poor (8vec < 0). A method for
the design of frustrated intermetallics suggested by this range of vec values could be to leverage the

stabilizing forces associated with a combination of electronically overstable and understable structures.

S for T-Al binaries

CoAl

IrAl

FeAl RhAI
OsAl RUAl,
RUAl ZrAl,

Ni,Al,  HfAL(rt)
PtAl NbA,
PdAl,  TaAl

CuAl, VA,
AuAl,  MosAl,
TiAl, ScAl, NiAl

Os,Al;  OsAl, PdAl (ht + rt)
WA,  RuAlj(ht) Co,Aly  PtAI(ht + rt)
PtAl,  HfAlj(ht)  Rh,Al NiAl AUAl
| | | |
~— 1 | 1 >
-2 -1 0 1 2

Figure 1.5. Binary T-Al phases (T = transition metal) arranged according to Svec deviation from an ideal 18-n
electron count. Two of these phases, FeAl and PdAl, served as inspiration for the synthesis of the Fe,4Pd;7Als phase
detailed in Chapter 2.
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The last of our Hume-Rothery inspired factors is the use of electronegativity as a driving force for
intergrowth of structural domains. In Chapter 4 of this work, we explore one potential mechanism by
which electronegativity can influence structure and induce complexity, and consider future synthetic
targets based on the similarly primed systems. Explicit analysis of the effects of electrostatic potentials in
solids are wrapped up in calculations of the Madelung energy and Madelung constant, and tools for the
calculation and assessment of these factors in intermetallics are in the preliminary stages of development,

but showing great promise for future studies.

1.3 Outline of Thesis

The remainder of this work focuses on the presentation of complex intermetallic structures that were
discovered and analyzed with the tools and methods described above. In each case, theory and chemical
intuition inspired and guided synthesis within a ternary system of interest, and through analysis of each

compound our methods were refined and our understanding of the forces at work were improved.

Chapter 2 describes the formulation of the electron-hole matching method, the idea that intergrowth
structure may be induced by the matching of binary parent structures with complementary vec values.
This idea is fleshed out through an investigation of the Ti-Ni-Al phase diagram; the binaries TiAl; and NiAl
are found to have Svec values of —1 and +1 respectively, aligning with expectations from the 18—# rule and
the placement of their Fermi levels below and above pseudogaps in their density of states curves,
respectively. The ternary phase TiNi, sAls is known to exist at an intermediate composition between these
two binaries and resembles a layered intergrowth of TiAli;- and NiAl-like bonding domains. The ternary,

in fact, is found to be electron precise (8vec = 0), suggesting that the combination of complementary
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electron-rich and electron-poor domains from the binaries has acted to electronically stabilize TiNi, sAls
in accordance with the 18— rule. Similar complementary 8vec values for FeAl and PdAl inspires an
investigation of the Fe-Pd-Al phase diagram, revealing the discovery of the ternary phase Fe14Pd7Al. The
structure of this compound is be understood as a supercell derivative of IrAl, 75, with disorder manifesting
in Fe-centered square antiprisms and mixed occupancy of transition metal sites. Reversed approximation
Molecular Orbital analysis shows that the electron-poor domain within this structure forms a network of

T-T isolobal bonds, allowing it to reach a fulfilled 18—n configuration.

In Chapter 3, we discuss the formation of the intermetallic subnitride MnsSisN.. This phase was
discovered through a synthetic exploration of the quasicrystal approximant v-Mns) sSiiss, and is found to
be stabilized through complementary Mn-Mn chemical pressures between domains of Cr;Si-type Mn;Si
and Mn,N, analogous to previous work on closely related carbide phases. The solved structure represents
an intergrowth between domains of tetrahedrally close-packed Mn-Si interactions, and domains of Mn
octahedra centered by N atoms. While its structure is quite intricate, containing 200 atomic positions per
unit cell, it can be completely described by the modular arrangement of two building blocks. The first
consists of a vertex-sharing triangle of icosahedra encrusted within a partial shell of octahedra, reminiscent
of clusters from Mackay-type quasicrystals. The second is a fusion of five interpenetrating icosahedra,
forming a single merged tcp cluster. These modules condense into one-dimensional chains along a, which
stack into layers to construct the full unit cell. This analysis of Mn;sSisN, suggests a more general
mechanism for the targeted synthesis nitrogen-containing intermetallics, where metals with high N
solubility can be combined with binary phases showing negative Mn-Mn chemical pressures to yield new

intergrowths.
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Finally, in Chapter 4 we present an analysis of the forces acting to stabilize the stuffed BaHg,-type
phase Ca;CussAlg,. A structural description of this compound shows that it can be viewed as a
construction of three distinct clusters: Ca-centered polyhedra reminiscent of the CaAl, structure, Cu@Als
cubes evoking a fluorite-type arrangement, and 13-atom fragments of the fcc-Al structure. We trace the
origin of these modules back the structurally related binary and elemental phases, starting by showing
through CaAl’s electron density distribution how it is primed for reaction with a smaller, more
electronegative atom. In the Ca-Cu-Al system, such an atom is available in the form of Cu atoms, which
are found to theoretically substitute more easily onto the dumbbell site of the CaAl, structure, forming a
hypothetical ThCr,Si,-type ternary phase. Once there, however, the structure overly strained by the
competing atomic packing effects between the desire to shrink Ca-Cu distances without also shortening
the contacts in the surrounding framework. Rearrangement of the structural unit from tetragonal to cubic
crystal symmetry results, while also allowing for the nucleation of fragments of a Cu-Al fluorite-type phase
at the vertices of the unit cell, and opening space to replace Ca atoms with clusters of fcc-Al. Relative to
the hypothetical CaCu,Al structure, the resulting Ca;CusAls, phase is less strained by chemical presure,
and electronic stability has is restored by the donation of electrons by Al atoms. In this structure, we
observe how the relatively electronegative Cu atoms act as anchor points for inclusions of fluorite-type
domains, implying the potential for the stabilization of more intergrowth phases based on

electronegativity-driven reactivity.
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Chapter 2.

Inducing Complexity in Intermetallics through Electron-Hole Matching: The

Structure of Fe4Pd;7Also

This chapter has been published: Peterson, G. G. C.; Yannello, V. J.; Fredrickson, D. C.; 2017 Angew.
Chem. Int. Ed., 56, 10145-10150. Synthesis, structural solution, and experimental analysis were done by
Peterson. Computational raMO and CP analyses were done by Yannello. Preparation of the manuscript
was done jointly by Peterson and Yannello.

2.1 Abstract

We illustrate how the crystal structure of Fe;4Pdi;Ales provides an example of an electron-hole
matching approach to inducing frustration in intermetallic systems. Its structure contains a framework
based on IrAl, s, a binary compound that closely adheres to the 18-n rule. Upon substituting the Ir with a
mixture of Fe and Pd, a competition arises between maintaining the overall ideal electron concentration
and accommodating the different structural preferences of the two elements. A 2x2x2 supercell results,
with Pd- and Fe-rich regions emerging. Just as in the original IrAl,7s phase, the electronic structure of
Fe4Pd;;Ale exhibits a pseudogap at the Fermi Energy arising from an 18-n bonding scheme. The electron-
hole matching approach’s ability to combine structural complexity with electronic pseudogaps offers an

avenue to new phonon glass-electron crystal materials.
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2.2 Introduction to the Electron-Hole Matching Method

The design of new materials requires both an understanding of structure-property relationships from
which promising synthetic targets can be devised, and the ability to experimentally realize those target
compounds. Both aspects of this process are challenging for intermetallic phases, the virtually limitless
family of solid state compounds formed between metallic elements. Their immense structural diversity
not only frustrates attempts to guide or control their crystal structures, but also hinders the creation of the
systematic structural series necessary for discerning structure-property relationships. One exception is the
area of thermoelectrics, in which materials design efforts are guided by the parameters of the phonon glass-
electron crystal model:' structures supporting moderate electrical conductivity should be combined with

phonon-scattering features.

Intermetallics offer great promise in terms of complex, phonon-scattering structures as some
crystallize with inexplicably large unit cells containing thousands of atoms.? Such complex arrangements
are often associated with a tension between incompatible interactions, much like the frustration
encountered in the interactions of amphiphilic molecules. Examples include the interpenetration of polar
and non-polar regions in NaCd,,** the coexistence of radially and periodically packed domains in
Tazo.1Cus4Alss.4,® the micelle-like segregation of Ca-Cd and Cu-Cd interactions in the quasicrystal
approximant Ca;0Cu,Cd,;,” and the intergrowth of intermetallic and carbide units in Mn;6SiCs.* Such
segregated structures have the added advantage that rattling atoms may emerge at the domain interfaces

for enhanced phonon scattering.’

Any attempt to induce this type of frustration, of course, needs a means of preventing simple phase

segregation of the incompatible domains (analogous to the covalent bond linking the head group and tail
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in a surfactant molecule). The desire for closed-shell electron counts can provide one such attractive force.
Intermetallic structures are becoming increasingly understandable in terms of bonding schemes, such as
the Zintl concept,'® Mott-Jones model,'! or the 18-n rule.’*'* Many compounds, however, show deviations
from these schemes, indicative of non-optimized bonding that could drive new structural chemistry.
Figure 2.1 shows two examples: TiAl;"* and NiAl'® whose Fermi Energies (Es’s) narrowly miss minima in
their electronic density of states (DOS) distributions (the intermetallic analogue of a large HOMO-

LUMO gap in molecules).

These mismatches can be readily understood from the 18-n bonding scheme, the electron counting
rule that governs transition metal-main group (T-E) intermetallic phases with E content greater than
50%.">'* Here, the electronic structure of the compound is envisioned as being based on filled 18 electron
configurations on the T atoms, with each T atom requiring 18-n valence electrons for a closed-shell
electron configuration, where n is the number of T-T bonds it participates in. The E atoms primarily
participate through bonding contributions to T-centered orbitals, though separate E-E bonding orbitals

may appear, requiring additional electrons.

For TiAl; and NiAl, the 18-n rule is almost obeyed. In TiAl;, the Ti atoms are arranged in square nets,
with each Ti atom having four Ti neighbors. This predicts that a pseudogap should appear in the phase’s
DOS distribution at around 18-4 = 14 electrons per Ti atom, and one does. However, the actual electron
count is only 13 (=4 electrons/Ti x 1 Ti + 3 electrons/Al x 3 Al), leading to the Er falling below the
pseudogap, such that the deviation from the ideal 18-n electron count, Svec, is -1. Similarly, the six Ni

neighbors surrounding each Ni atom in NiAl suggests that 18-6 = 12 would be the ideal electron count,
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while the phase in fact has 13 (8vec=+1). Its Er then falls above the 18-n pseudogap. In the language of

semiconductors, we could say that TiAl; and NiAl are respectively hole and electron rich.

Electron-hole matching strategy for intermetallic intergrowth

—

(e~ precise)
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=~—ideal (© ")

Energy (eV)

DOS DOS

(—'— Electron Poor—'— Electron Rich —|—)

-1 Svee=0 +1

Figure 2.1. The electron-hole matching strategy for creating complex intermetallics from the intergrowth of distinct
domains, illustrated with the Ti-Ni-Al system. TiAl; and NiAl are electron poor and rich relative to their ideal
electron counts. Svec: deviation from 18- electron count. The differing structural preferences of Ti and Ni prevent
them from simply substituting for each other to tune the electron count in either of the binary structures. Instead,

an intergrowth is formed: TiNi, sAl;.

The opposite signs of the dvec values exhibited by these two phases suggest that combining them
should provide a way for these mismatches to cancel out. For example, a small amount of exchange of Ni
and Ti atoms between the two compounds could allow for the electron counts of the TiAl;- and NiAl-

based phases to rise and fall, respectively, until the 18-n scheme is obeyed by both phases. This Ti/Ni
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substitution, however, would require that the Ti and Ni atoms share the same coordination environments,
which runs counter to the very different properties of these two elements (as illustrated by their

environments in the binary compounds in Figure 2.1).

The experimental Ti-Ni-Al system illustrates how this tension can be resolved. Near the mid-point
between the two compounds the phase TiNi sAls is encountered (Figure 2.1, center).'”'® Here, rather than
Ti and Ni sharing the same sites, they segregate into different layers derived from the binary compounds:
sheets of TiAl; one Ti@Al,, polyhedron thick are fused with one-unit-cell thick slabs of NiAl to create an
intergrowth structure. The result is a compound that closely follows the 18-n scheme (with the support of

some Ni vacancies).

This example can be generalized in a design principle for frustrated intermetallic phases, which we
term the electron-hole matching strategy. Such frustration should be encountered upon mixing crystal
structures deviating from the 18-n rule in opposite directions when their transition metal atoms are
distinct enough to prefer different coordination environments. Tension could alternatively be created by
replacing the T atoms in an electron precise phase with incompatible T-T” combinations that preserve the
18-n electron count. In either case, structural complexity would emerge as two transition metals attempt
to achieve distinct environments while simultaneously needing close proximity for effective electron

transfer.
2.3 Results and Discussion
2.3.1 Synthesis and Structural Solution

While searching for possible candidate systems for this effect, the Fe-Pd-Al system caught our

attention, as the Fe-Al edge contains an electron-poor phase (FeAl, CsCl-type, Svec = -1), while the Pd-Al
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edge contains an electron-rich one (PdAl, CsCl-type, Svec= +1). Of course, the two phases adopt the same
structure type, and an electron precise phase can be obtained by simply alloying Pd and Fe in a pseudo-
binary CsCl-type phase.'”?* However, less structurally trivial phases also appear in the system, including
Fe14Pdi;Ales, whose structure was previously solved,* but whose more detailed features related to potential
soft vibrational modes, such as anisotropic atomic displacement parameters, were not reported.
Fe14,Pdi;Alss’s T:E stoichiometry of 31:69 places Fe 4Pd;7Als within the realm of applicability of the 18-n
rule, while at the same time the structure would need to provide adequate environments for the Fe and Pd
(which differ in main group-rich contexts). We thus set out to reinvestigate this compound, with the
particular goal of interpreting its structural features in terms of the electron-hole matching scheme (as

opposed to its relationship to icosahedral quasicrystals).

After arc-melting and annealing mixtures of the pure elements in ratios lying in the homogeneity range
of Fe,4Pd,;Al, silvery gray ingots were obtained, which were easily crushed and ground to give specimens
for single crystal and powder X-ray diffraction analysis, respectively. Wavelength dispersive X-ray
spectrometry was used to confirm the composition of the obtained samples as lying within the Fe,4,Pd;7Ale

region. Further details regarding the experimental procedures are provided in Appendix A.2.

Single crystals of Fe,4Pd,7Algs exhibited diffraction patterns with cubic symmetry consistent with the
body-centered space group Im3 and ca. 15.4 A cubic unit cell previously assigned. The structure solution
and refinement (using Superflip?* and Jana2006,* respectively) proceeded smoothly, with the elemental
assignments of the mixed sites being judged by comparing the refinements for crystals from batches with

different compositions.
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Feq 4Pd 7/ -o: Hierarchical relationship to Cr3Si and
derivation through e~/h* matching from Ir

Figure 2.2. The emergence of Fe,Pdi;Ale from electron-hole matching, (a) The Cr;Si structure, from which
Fe4PdzAles and (b) its 18-n electron parent phase IrAl,7s can be derived by placing larger polyhedra at the Si
positions. Replacing Ir in the IrAl, ;s parent phase with a mixture of Fe and Pd can maintain the overall electron
concentration, but requires accommodation of the structural preferences of both elements. (c) The structure of
Fe,4Pd;;Alg, with a host framework similar to that of IrAl, s, but (d) different Fe- and Pd-containing clusters in the

icosahedral cages.
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As suggested by its rather large unit cell, the structure of Fe,,Pd;7Als is complex (Figure 2.2). However,
it can be readily understood once a few key features are noted. A subset of the Fe and Pd atoms traces out
a pseudo-BCC network of fused icosahedra analogous to the Cr sublattice of Cr;Si (Figure 2.2a). The
openings made by this Cr;Si-based framework are then occupied by a variety of Pd/Al and Fe/Al clusters

(Figure 2.2d).

In this sense, Fe 4Pd;;Ale is one of a number of supercell derivatives of another, more closely related
compound, IrAl s (Figure 2.2b). 2326 TrAl, ;s is thus a useful starting point for a discussion of
Fe14,Pd;Alss’s structure and bonding. In this parent structure, the Cr;Si-type icosahedral framework is built
from Ir atoms, while the icosahedral cages are occupied by two types of Ir-centered polyhedra: an Ir@Al,,

icosahedron at the cell center and a disordered CsCl-like fragment at the cell corners.

2.3.2 Electronic Structure and Theoretical Analysis of Fe;,Pd;,Als

The electronic structure of IrAl,7s can be easily interpreted using the 18-n bonding scheme. Its unit
cell contains eight Ir atoms, six from the icosahedral framework and two at the centers of the Al polyhedra.
Each atom in the Ir icosahedral framework has one Ir neighbor at 3.29 A (long for a classical bond, but
reasonable for the multicenter bonding functions isolobal to ¢ bonds generally found for 18-n phases),
suggesting that they would require 17 electrons for filled 18-electron configurations. The other two Ir
atoms are isolated from Ir neighbors, and would thus be expected to need the full 18 electrons to achieve
closed shells. The ideal electron count for the phase is then predicted to be (17x6 + 18x2)/8 = 17.25

electrons/Ir atom, which agrees with the 17.25 electrons per Ir atom given by the stoichiometry. Indeed,
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an electronic DOS curve calculated for an ordered model of IrAl, 7s shows a pronounced pseudogap at this

electron count (see the SI).

Given that IrAl, 75 is essentially electron-precise, moving from this phase to a Fe-Pd analogue sets up
an electron-hole matching situation. An approximate 1:1 mixture of Fe and Pd has a similar average
electron count as Ir, but with two rather distinct metals: a 3d transition metal and a 4d noble metal. How

would the IrAl ;5 structure accommodate both of these elements?

As is evident from Figures 2.2c-d, the answer to this question is in varying the clusters occupying the
structure’s icosahedral cages. A 2x2x2 supercell is formed, with the Ir@Al,, icosahedra at the subcell
centers being replaced simply by Pd@Al,, versions. Six of the eight remaining cavities are filled by
disordered Fe@Al,, polyhedra, while the remaining two—those at the supercell corners and center—are
home to a small fragment of the PdAl CsCl-type phase. The icosahedral cages themselves are built from a
mixture of Pd and Fe, with the curious feature that the Pd in this framework tends to concentrate around

the PdAl CsCl-type fragment, while the sites around the Fe-centered clusters are enriched with Fe.

Unlike the disorder in IrAl, 75, the partial occupancies in the Fe-centered polyhedra of Fe 4Pdi7Als have
a straightforward interpretation (Figure 2.3a). Each of these Fe sites is surrounded by an octagonal prism
of partially occupied Al atoms, with additional Al atoms capping the octagonal faces. The Al-Al distances
between neighbors within the octagonal prism range from unphysically to uncomfortably short (1.58-2.45
A), meaning that only every other atom should be present simultaneously. In this way, the disordered
polyhedron is resolved into two half-occupied Al,o bicapped square antiprisms, with the two possible
orientations being understandable from the pseudo-symmetry mismatch®® between the polyhedron and

its icosahedral cage.
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According to the electron-hole matching strategy, the main driving force for combining Fe and Pd
within the structure is to maintain a pseudogap at the Er. DFT calculations®' on an ordered model of the
structure (composition Fe;,Pd,;Alss) in fact show the expected coincidence of the Er and a DOS minimum
(Figure 2.4a). As with IrAl, s, this favorable electron configuration can be understood through 18-n

arguments, which are buttressed by full reversed approximation Molecular Orbital (raMO) analyses® in

the SI.

(a) Disorder in Fe@ square antiprisms

50% 50%
(b) CP Quadrupole on disordered /| sites

T soft motions
expected

<

l 500 GPa

:[500 GPa

Figure 2.3. Disorder and potential soft vibrational modes in the Fe@Al,, filled cavities of Fe14Pd;7Aleo. (a) The
resolution of the disordered Fe@Al, polyhedron into two differently oriented Fe@Al,, bicapped square antiprisms.
Thermal ellipsoids are shown at the 75% probability level. (b) DFT Chemical Pressure (CP) scheme for an Al atom
on the Fe@Aly, polyhedron in a simplified model (see SI) illustrating the presence of a CP quadrupole. The CP
distribution around the Al is presented with a radial surface, with black corresponding to negative CP (contraction

favorable), white to positive CP (expansion favorable).
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The Fe@Al, and Pd@Al,, polyhedra filling the majority of the icosahedral cavities are n=0 centers,
requiring 18 electrons each (Figure 2.4b). The remaining transition metal atoms are closely associated with
the PdAl CsCl-type fragments and the surrounding icosahedral framework (Figure 2.4c): the Pd3, Pd2
and Fel sites. The Fel and Pd2 sites have 1 and 3 transition metal neighbors, respectively, making them
n=1 and n=3 centers. The Pd3 site, on the other hand, traces out a Pd cube as part of the CsCl-type
fragment, whose edges are capped by Pd2 atoms. This arrangement gives the Pd3 site six Pd neighbors,
nominally. However, a raMO analysis of this site indicates that not all of these contacts are equal: whereas
each of three Pd3-Pd2 contacts are full bonds, the core-like nature of the Pd 4d orbitals means that a Pd3
atom does not have enough remaining orbitals to make individual bonds to each of its Pd3 neighbors in
the cube. Instead, the Pd3 site is better considered as sp*-hydridized, with three of the hybrids making
bonds with the Pd2 bridging atoms, and the fourth pointing toward the center of the Pd3 cube, where an

Al atom lies.

The bonding between the Pd atoms of the Pd3 cubes can then be interpreted in terms of the
interactions between the sp? hybrid orbitals, as is simply done with a raM O analysis. We start by calculating
a simple molecular orbital (MO) diagram for a cube of sp® hybrid orbitals, which yields the expected
pattern of 1+3 bonding MOs below 3+1 antibonding MOs (Figure 2.4d, left). We then use the raMO
analysis to create the best reconstructions of the MOs possible from the occupied crystal orbitals of the
system. The result is shown on the right side of Figure 2.4d, where the four bonding MOs are all well-
reproduced and augmented by bonding contributions from the nearby Al atoms, while the reconstructions
of the antibonding MOs bear little relationship to the original functions. The Pd cubes thus have closed

shells at 8 electrons, with each Pd3 atom then contributing 1 electron. When we recall that the Pd3 site
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also participates in three isolobal bonds to Pd2 neighbors, we see that the Pd3 atoms reach closed shells at

18-(3+1) = 14 electrons.

We are now in a position to make a final tabulation of the electrons in Fe;4Pd;;Al¢. Of the 78 transition
metal atoms in the unit cell, 14 are n = 0 centers, 24 are n = 1 centers, 24 are n = 3 centers, and 16 are n = 4
centers, leading to an average of 15.95 electrons/T atom needed for filled 18-electron configurations
throughout the structure. This count lies within the electron count range given by the compound’s phase
width of ca. 15.91-16.38/T atom, and accounts for the location of the Er in a DOS pseudogap for the
Fe1,Pd,;Alss model. These results are also consistent with the absence of any pronounced magnetic

ordering for the phase, as revealed by magnetization measurements (see Appendix A.2.5).

The position of the Er near a pseudogap with a small but non-zero DOS suggests that the compound
could exhibit a moderate conductivity suitable for thermoelectric applications. The appreciable phase-
width for this compound in the phase diagram also suggests the Er may be tunable to adjust the carrier

type and concentration.

Electrical properties are, of course, only one side of the PGEC model; the thermoelectric efficiency
for Fe,4Pd,7Alss would also depend on its ability to act as a phonon-glass for low thermal conductivity. The
relatively large unit cell of the phase already bodes well for such hopes, but the details of the structure are
particularly promising. The Al atoms in the disordered square antiprisms surrounding the Fe2 positions
exhibit disc-like thermal ellipsoids suggestive of vibrational freedom (Figure 2.3). A DFT-Chemical
Pressure (CP) analysis on an ordered model of the structure indicates that these Al atoms can have sizeable

33,34

CP quadrupoles from being squeezed between pairs of transition metal atoms. Such features are

associated with soft vibrational modes,* which may contribute to reduced lattice thermal conductivity.
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Figure 2.4. 18-n bonding scheme for Fe,4Pd;;Als, based on an ordered model with composition Fe;,Pd,7Alss. (a)
The electronic DOS distribution for Fe14Pd;;Alg. (b) The n=0 18-electron centers of the phase, defining electron-
rich regions. (c) The electron-poor region defined by transition metal sites with n > 0. (d) Symmetry-adapted linear
combinations (SALCs) of the Pd sp* hybrid orbitals pointing to the center of the Pd3 cube, and their reconstructions

from the occupied crystal orbitals using the reversed approximation Molecular Orbital (raMO) method.
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This example shows how the electron-hole matching approach can promote combinations of
structural and electrical features that are desirable for thermoelectric materials. The thermoelectric figure
of merit, however, involves a number of competing relationships among its contributing factors. Properties
measurements will be necessary to see exactly how effective this combination is in Fe;4Pdi7Als. We are
now working to synthesize phase pure samples of the compound in sufficient quantities for such

measurements to be feasible.

2.4 Conclusions

In this Chapter, we have presented the outline for an approach by which the rattling modes expected
for frustrated intermetallic structures can be combined with the electrical properties necessary for
thermoelectric applications: the electron-hole matching strategy. Here pairs of transition metals that
average to the correct electron count for an 18-n bonding scheme but have distinct structural preferences
are combined, leading to a conflict between the needs for electron transfer and geometrically differentiated
sites. The potential of this scheme is illustrated by the structure and bonding of Fe,Pd;;Als, whose
complex structure can be seen as the result of electron-hole matching within the framework of a parent
compound, IrAl;s. We are looking forward to exploring these expectations through detailed

measurements of the physical properties of Fe;4Pd;Ale and new syntheses guided by this concept.
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Chapter 3.

Mn3oSioN.: Epitaxial Stabilization as a Pathway to the Formation of

Intermetallic Nitrides

This chapter is currently under review for publication: Initial synthesis and preliminary identification of
composition was done by Berns. Synthetic replication, data collection, analysis, and interpretation,
computational procedures, and preparation of the manuscript were the work of Peterson.

3.1 Abstract

The realization of the full potential of nitrogen-containing solid state materials is limited by the inert
and gaseous nature of N,. In this Chapter, we describe the simple synthesis yet complex structure of the
new phase Mn3SisN, (x=0.84). The formation of this intermetallic subnitride appears to be facilitated by
the high solubility of nitrogen in manganese metal, while its structural features are guided by the
complementary internal packing strains of Mn-Si and Mn-N domains, an effect known as epitaxial
stabilization. These domains intergrow into a composite structure based on the interpenetration of
tetrahedrally close-packed (TCP) and Mackay cluster-like modules. We anticipate that other systems
combining nitrogen with the TCP packing of metals will be similarly driven toward intergrowth, opening

a path to a broader family of intermetallic nitrides.
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3.2 Introduction

Materials chemists have long sought a nitride crystal chemistry to parallel the rich diversity found in

solid state oxides."” Indeed, the known nitrides combine unique structural chemistry with applications in

10,11 12,13

catalysis,>* superconductivity,®*” solid-state lighting,*® ceramics,'®"" and permanent magnetism,'*'* making
this class of compounds a highly targeted space for material discovery.'*'¢ The fulfillment of this vision,
however, has been impeded by the inherent inertness and thermodynamic stability of gaseous N, which
makes nitride preparation with traditional solid state techniques especially challenging.'”'® And yet, in
some contexts nitrogen offers reaction pathways not accessible to oxygen, such as its relatively high

solubility in the mid 3d transition metals,'**

which can be leveraged in materials synthesis. In this Chapter,
we present the new and complex subnitride Mn3oSioN. (x=0.84), whose facile formation is correlated with

this solubility of N in Mn.

The Mn:Si ratio of this compound aligns closely with that of the tetrahedrally close-packed (TCP) v-
Mns, sSiiss phase,” suggestive of an intercalation of N atoms into a Mn-rich lattice. As illustrated by the
structural bedlam of the analogous carbide systems,**?’ this sets the stage for packing frustration. The
tetrahedral holes that dominate TCP structures do not provide sufficient space for the incorporation of
interstitial atoms, such as carbon or nitrogen.?® Such structures as Mn;SiC, and Mn;;Si,C4* reconcile this
incompatibility through the intergrowth of TCP domains with metal carbide regions based on C-centered
capped trigonal prisms. These structures merge seemingly immiscible domains into single compounds—
even as macroscopic phase segregation would seem to be a simpler alternative—making them particularly

interesting for materials design.
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We recently identified a driving force stabilizing the interface between these domains through the
chemical pressure (CP) schemes of the component intermetallic and carbide phases, as summarized in
Figures 3.1a-b.»>! The CP scheme of a TCP Mn-rich silicide (modeled here as a hypothetical Cr;Si-type
Mn;Si structure) shows large positive pressures (white lobes) along the shortest Mn-Mn contacts,
indicating that these atoms are closer to each other than ideal. However, this drive for the structural
expansion is counteracted by negative pressures (black lobes) between the remaining atoms. Here, we see
the internal strain caused by competition among atomic contacts: the drive for longer distances between

the closest Mn atoms is balanced against the costs of further stretching the other interactions.

a) Mns

c) MnsN
(Cr,Si-type)

A
2000 GP
Mn—Mn CP > 0 % 1 @ Mn-Mn CP < Q

Figure 3.1. Chemical pressure (CP) schemes for (a) hypothetical Cr;Si-type Mn;Si, (b) Mn;C, and (c) Mn,N. CP

surfaces around each atom represent the sums of the pressures experienced by the atom along each direction. White

lobes show positive pressures desiring expansion of structure, while black features represent negative pressures

calling for contraction.

Similarly, the CP scheme of the carbide Mn;C also reveals internal tension between competing
positive and negative pressures, as shown for the bicapped trigonal prismatic coordination environments
of the C atoms in Figure 3.1b. In this case, however, the pressure scheme is inverted relative to Mn;Si; the

shortest Mn-Mn contacts now show substantial negative CPs, which are opposed by Mn-C positive
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pressures. This complementary nature of the Mn-Mn CPs in Mn;Si (positive) and Mn;C (negative) thus
provides an opportunity for beneficial cancellation at the interfaces between Mn-Si and Mn-C domains.

We refer to this effect as epitaxial stabilization.*>*

Here, we explore how such driving forces can also shape the structures of intermetallic nitrides. In
Figure 3.1c, we present the CP scheme of Mn,;N. While the N atoms occupy octahedral holes, rather than
bicapped trigonal prisms as in the carbide (consistent with N’s smaller atomic radius),**** the structure
experiences an analogous balance of attractive Mn-Mn and repulsive Mn-N interactions. Mn,;N domains
should thus be similarly poised for complementary interactions with Mn;Si regions, suggesting the

potential for Mn-Si-N intergrowth structures.

3.3 Results and Discussion

We encountered an intriguing lead in this direction while synthetically investigating the reported
homogeneity range of the quasicrystal approximant v-Mns;sSiiss.”® In one such synthesis, we found
crystals which seemed to grow out of the AL, Os fibers used to cap the crucible. An X-ray dataset collected
for one of these crystals yielded a structure with refined composition of MnsoSi1oX, where X corresponded
to electron density peaks in octahedral interstices that were attributable to C, N, or O. The structure could
not be matched to any known unit cell, and subsequent attempts to create this phase using oxide precursors

were unsuccessful.

Several clues pointed to the X positions belonging to N. First, in the related carbide phases, the C atoms
exclusively occupy capped trigonal prisms, suggesting that the atoms of X are smaller than those of C. In

addition, manganese shows a high solubility of both carbon and nitrogen (~10 at%), whereas the solubility
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of oxygen is limited (~1 at%).!92°33 As these 2™ row elements are difficult to distinguish using X-ray

techniques, we set out to synthetically test this idea by including pure N, as a starting material.

We loaded ~81.5:18.5 mixtures of Mn and Si powders under 100 to 500 torr of N,. Annealing these
samples at 900 °C for ~300 hours generally resulted in metallic gray ingots, whose powder diffraction
patterns reproducibly showed indications of the MnsSiiX target phase (see Appendix B2 for
experimental details). Single crystals picked from these samples exhibited clean diffraction patterns
consistent with the space group Pnma, while the structure solution and refinement yielded a model

representing a new orthorhombic structure type with composition Mn3oSioN., (x=0.84,Z=4).

Consistent with our expectations of packing tensions in the Mn-Si-N system, the structure of
Mn36SisN; is remarkably complex (200 atomic positions per unit cell encoded by 33 symmetry-distinct
sites). However, as Figure 3.2 shows, all of these atoms can be captured by just two building block modules.
The first consists of a triangle of vertex-sharing Si@Mn, icosahedra (gray) embedded in a network of 23
face-sharing Mn/Si octahedra (yellow). Four of these octahedra are partially N-centered (N occupancies
of 58/26%). This arrangement of icosahedra within a shell of face-sharing octahedra is a motif familiar

3740 The other module is also built from

from Mackay-type quasicrystals and their approximants.
icosahedra: two Si-centered (gray) and three Mn-centered (lavender), arranged in a trigonal bipyramidal

geometry. This module is thus built entirely from face-sharing tetrahedra, making this a TCP domain.

We begin our description of the full Mn3oSioN, structure with the icosahedral units within these
modules (Figures 3.3a-b). Here, the Mackay modules are represented by their vertex-sharing triangles of
icosahedra, while the TCP modules are shown in full. In Figure 3.3¢c-d, we illustrate how these modules

coalesce by type into one-dimensional chains along a. For the Mackay modules, this results in a triangular
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tiling whose units are linked through shared polyhedral faces, whereas for the TCP modules, the clusters

share edges to create a zigzag chain in the ac plane.

TCP module

Figure 3.2. The crystal structure of Mn3sSisN,, with its two modular building blocks highlighted.

The Si atom corners of these zigzag TCP chains provide docking points for condensation with strips

of the Mackay modules on both sides (Figure 3.3¢), doubling as the center of a M, icosahedron in these
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neighboring modules. The propagation of this pattern creates a layer centered at y = 0, where chains of

Mackay and TCP modules alternate along c.

These layers have corrugated surfaces, with the apical icosahedra of the TCP modules projecting above
and below. This offers a simple way for the layers to stack (Figure 3.3f): the outermost icosahedra of one
layer nests within the grooves of the Mackay modules in the layers above and below. The top and bottom
triangular faces of the TCP modules become shared with the triangle of vertices at the center of each
Mackay module (red triangles in Figures 3.3e-f). Each unit cell contains two such layers, centered at y = 0

and y = 15, which are related by a 2, screw axis.

As one may notice from Figures 3.3e-f, these layers of icosahedra leave behind open spaces. For
instance, the border between the triangular Mackay modules form diamond-shaped openings, which are
in fact octahedral holes accommodating N atoms (black spheres). This N@Mns octahedron appears to
serve as a nucleus for the larger network of face-sharing octahedra that complete the Mackay modules,
filling up most of the remaining volume of the structure. In Figure 3.4, we show this assembly in more
detail beginning with the now familiar triangular unit of vertex-sharing Si@Mn,; icosahedra (Figure 3.4a).
We gradually fill in the surrounding octahedra (Figures 3.4b-c) until the full module is formed. These
octahedra create a concave hole on the surface of the module, which acts as a docking point for the apical

icosahedron of the TCP module above and below along b (Figure 3.4d).
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Mackay module TCP module

Figure 3.3. The assembly of icosahedra in Mn3sSisN.. (a) The triangular core of the Mackay module and (b) the
TCP module are based on Si-centered (gray) and Mn-centered (lavender) icosahedra, respectively. (c-d) Both
modules form zigzag chains along a, which (e) interpenetrate to form layers that (f) nest through shared triangles of
Mn atoms between the Mackay modules of one layer and the TCP modules of the next (red triangles).
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Tracing out the topology of face-sharing octahedra further, we observe that the N-centered octahedra
act as bridges between Mackay modules along a and ¢, linking the y = 0 and y = 14 layers and creating a
continuous 3D framework that extends through the whole crystal. The continuity of this network suggests
a facile path for N diffusion (see Figure B.6 in Appendix B.S), potentially making this structure interesting

for catalytic applications.

3.4 Conclusions

Altogether, the Mn3sSisN, structure is based on the intergrowth of two different domain types: one
based on packing of Mn/Si tetrahedra (the TCP modules and the icosahedra of the Mackay modules), and
one built from face-sharing octahedra (the remainders of the Mackay modules) that accommodate N. The
individual coordination environments in these regions contain bonding based on either Mn-Si or Mn-N
interactions, with the majority of Mn atoms serving as a buffer between these silicide and nitride domains.
Zooming out slightly, however, it is clear that these two bonding types do not stray far from each other.
Every octahedron in the structure is face-sharing with a Si-centered icosahedron. This aligns with our
expectations for epitaxial stabilization between the negative and positive Mn-Mn CPs expected for
N@Mn¢ and Si@Mny;, units, respectively. While the structure strictly avoids direct contact between N and

Si, it maximizes the interfacial interactions of their coordination polyhedra.

The complex structural features of MnsSisN. also hint at the potential for complicated magnetic
behavior, as the antiferromagnetic correlations often exhibited by Mn-rich materials may be frustrated by
the prevalence of triangular and tetrahedral arrangements.** As detailed in the Appendix B.4, our

measurements show a gradual increase in magnetic moment as the temperature is lowered, down to ~20
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K. At this point, the zero-field- and field-cooled curves diverge, with the former turning downwards. These
features point to antiferromagnetic or potentially spin-glass character,** but given the presence of v-
MnsisSiiss (whose magnetic behavior remains unmeasured) in the samples, more definitive

characterization of Mn3sSisN,’s magnetic structure will require further investigation.

Figure 3.4. The Mackay modules of Mn3sSisN.. (a) The space within the triangular core of the Mackay module can
(b) be filled in with face-sharing octahedra. (c) Adding another layer of octahedra reproduces the full Mackay
module, which (d) docks to the apical icosahedra of the TCP module through concavities along b.

In this Chapter, we have explored the synthesis and structure of a new intermetallic nitride, in which
the solubility of nitrogen in elemental manganese likely facilitates its ability to enter the interstices of a

Mn-rich matrix. While the structure of Mn3sSisN., is complicated, it can be captured in its entirety through
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the assembly of TCP and Mackay cluster-like modules. An intergrowth of silicide and nitride domains
emerges, where Mn-Si and Mn-N interactions are separated into Si@Mn,, and N@Mns coordination
environments that nonetheless maximize their interfaces with each other. Such features are a hallmark of
the epitaxial stabilization anticipated by the CP schemes of the compound’s binary Mn-Si and Mn-N
precursors. Of course, they are not limited to the Mn-Si-N system. The generalization of this scenario
opens potential pathways to related nitride phases in other systems that combine nitrogen solubility with

complementary chemical pressure schemes pointing to the potential for epitaxial stabilization.
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Chapter 4.

Intermetallic Reactivity: Ca;CursAls. and the Role of Electronegativity in the

Stabilization of Modular Structures

This chapter has been accepted for publication in Inorganic Chemistry in Feb. 2020: Synthesis of the
Ca3CuzsAbs, samples and collection of the crystallographic, diffraction, and energy dispersive
spectroscopy data described in this chapter was performed by Geisler. Data analysis and interpretation,
computational procedures, and preparation of the manuscript were the work of Peterson.

4.1 Abstract

The structural chemistry of intermetallic phases is generally viewed in terms of what crystal structure
will be most stable for a given combination of metallic atoms. And yet, individual atoms don’t always make
the best reference points. As the numbers of elements involved in compounds increases, their structures
can often appear to be assembled from structural motifs derived from simpler compounds nearby in the
phase diagram rather than a fundamentally new arrangement of atoms. In this Chapter, we explore the
notion that complex multinary phases can be viewed productively in terms of motif-preserving reactions
between binary compounds, as opposed to as direct reactions of the component elements. We present the
targeted synthesis and structure solution of Ca;CuysAls,, an intermetallic phase whose placement in the
phase diagram is suggestive of a reaction between CaAl, and CuAL. Single crystal X-ray diffraction analysis

reveals that this compound crystallizes in the Y;TaNis.Als (or stuffed BaHgi;) structure type, and is
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constructed from three modules: Ca@(Cu/Al);s polyhedra derived from the BaAL type, Ca@Al;s cubes,
and Al;; cuboctahedra. To help understand this arrangement, we identify forces driving the reactivity of
one of the supposed starting materials, CaAl,, through visualization of its atomic charge distributions and
chemical pressure scheme, which suggest that the Al sites closest to the Ca atoms should show a high
affinity for substitution by Cu atoms. Such a process on its own, however, would lead to overly long Ca-Cu
distances and electron deficiencies. When Cu is made available to CaAl, in the Ca-Cu-Al ternary system,
its incorporation in the Ca coordination environments instead nucleates domains of a fluorite-like CuAl,
phase, which act as nodes in the primitive cubic framework of CaAl- and fluorite-like units. The cubic
holes created by this framework are occupied by Al;; fcc fragments that donate electrons while also
resolving negative CPs in the Ca environments. This structural chemistry illustrates how new elements
added to a binary compound at sites with conflicting electronic and atomic size preferences can serve as
anchor points for the growth of domains of a different bonding type, a notion that can be applied as a more

general design strategy for new intermetallic intergrowth structures.

4.2 Introduction

The synthesis of complex molecular compounds generally follows a retrosynthetic approach, in which
one works backwards from the target molecule to structurally related and readily available compounds.
This is in stark contrast to the approach taken for intermetallic compounds, which are typically viewed as
forming from their component elements. Indeed, the synthesis of intermetallics usually involves
combining stoichiometric ratios of elemental metals at high temperatures to yield thermodynamically

favorable products. However, such phases are often known to exhibit structural fragments or modules
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characteristic of simpler compounds,*"!

such as the nanoscale domains of the MgCu,-type inside the
NaCd, structure'>’ or the ordered clusters comprising the Al-Cu-Ta structures of unprecedented
complexity.'®"” This observation implies that the chemical and geometrical features of complex
intermetallics can be traced back to the structures of simpler compositionally related phases, not unlike
the relationship of a molecular precursor and product. In this Chapter, we present the crystal structure
determination and theoretical analysis of Ca;CussAls,, whose geometrical features point to a

generalizable strategy for harnessing the reactivity of intermetallic compounds to create complex

intergrowth phases.

The observation that complexity can emerge from the conglomeration of fragments of simple
structures raises the question of what attractive forces drive such assemblies and prevent simple phase
segregation. Electron transfer between electron-rich and electron-poor domains is one driving force that
has been proposed for the ternary aluminides TiNiysAls and Fei4Pdi7Ale.'® Likewise, the cancelation of
complementary atomic packing strains has been evoked to account for the biphasic morphologies of

1920 and the quasicrystal approximant Ca;0Cd,;Cu,.?' Still, it remains unclear how

intermetallic carbides
comprehensive these mechanisms are, and what other forces may be guiding the formation of complex

intergrowth structures.

To build on our understanding of these mechanisms and search for more, we can look to ternary
intermetallics that are compositionally positioned between two binary phases. An intriguing case for this
study was found in the Ca-Cu-Al ternary system, which contains 10 ternary and 11 binary compounds at

a variety of compositions.”” Perhaps most promising, the Al-rich region shown in Figure 4.1 contains a
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phase whose structure remains unknown, but whose composition of CaCu,Al; lies almost exactly on the

line representing intermetallic compositions between CaAl, and CuAL.

As we will see below, a structural determination of this phase reveals a Y;TaNisAbLs-type?
intermetallic of composition Ca3Cu7sAls, that unites geometrical motifs of CaAl, fcc-Al, and CuAL—
albeit in the fluorite type—into a single complex structure. Analysis of the chemical forces in CaAl, reveals
an electronegativity-driven reactivity towards a Cu-containing phase. Simple Cu/Al substitution, however,
is thwarted by destabilizing atomic packing and electron counting effects. Navigating these challenges
leads to structural rearrangements involving the emergence of Al;; fcc clusters and the growth of fluorite-
type CuAl, domains in the observed ternary structure. Analysis of this compound suggests a more general
model for the anticipation of structural complexity, in which the affinity of one binary intermetallic for a
third element offered by a second phase, in this case Cu from CuAl,, can anchor domains of different

bonding types to each other, promoting their intergrowth.

@ known structure CaCUQf‘ﬁJ?
X reported phase, unknown structure '

Figure 4.1. Binary and ternary phases in the Ca-Cu-Al system, showing the reported CaCu,Al; phase at a

composition close to the line between CaAl, and CuAl.
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4.3 Experimental
4.3.1 Synthetic Procedures

Samples were prepared by mixing of Ca (Alfa Aesar, 99.5%), Cu (Strem, 99.9%), and Al (Strem,
99.7%) powders under argon, and grinding them using an agate mortar and pestle. After mixing, samples
were pressed into pellets and melted with an arc welder three times on alternating sides under flowing Ar.
Due to the small grain size and vapor pressure of Al, a slight excess of Al powder was used (2% excess) to
account for lost mass during mixing, pellet pressing, and arc welding. After arc welding, samples were
transferred into fused silica ampoules and sealed under vacuum (<100 mtorr) for heat treatment.
Following the synthetic procedure reported in the literature, the samples were first heated to 800 °C and
held for 24 h, then cooled over 20 h to 500 °C, annealed for 336 h, and finally cooled to room temperature

over the course of 125 h.??

4.3.2 Single Crystal X-ray Diffraction

Single crystals were picked from the crushed bulk sample and mounted at the ends of pulled glass
fibers. The crystals chosen were metallic gray in color and often exhibited plate-like habits. Single crystal
X-ray diffraction data were collected using an Oxford Diffraction Xcalibur E diffractometer with graphite-
monochromatized Mo Ko radiation (1 = 0.71073 A) at room temperature. The CrysAlis Pro software
package (version 171.38.43) provided by the manufacturer was used for run list optimization and
processing of frame data. The structure was solved using the charge-flipping algorithm®*** in the

SUPERFLIP program,*® and refined on F* and modeled with JANA2006.>” The VESTA*® and Diamond
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3% programs were used to visualize and analyze the electron density and structural model. Selected
crystallographic data is provided in Table 1, while the refined coordinates are listed in Table 2. Further
details are provided in the Appendix C.1. A Crystallographic Information File (CIF) can also be obtained

from the Cambridge Crystallographic Data Centre upon citing the Deposition Number 1978515.

4.3.3 Powder X-ray Diffraction

The crushed sample was ground into a uniform powder with an agate mortar and pestle, and spread
onto a Si Zero-Diffraction plate. Powder X-ray diffraction data were collected under Cu Ko radiation (1 =
1.5419 A) on a Bruker D8 Advance diffractometer with Lynxeye detector from 260 = 15°-59.91° The

resulting pattern was analyzed using the Match! version 3.4.2 software.*

4.3.4 Energy Dispersive Spectroscopy

Fragments of the sample were fixed in epoxy inside hollow Al bullets, and polished with diamond
lapping film to a fineness of 0.5 wm finish to expose flat cross sections. The surface was then coated with
alayer of conductive carbon and mounted in a sample holder for analysis with a Hitachi S-3100N scanning
electron microscope. Energy dispersive spectroscopy data were collected at an accelerating voltage of 15
keV with an Oxford Instruments X-act detector and analyzed using the Oxford Instruments AZtec
software package version 3.2. This analysis showed a predominance of two phases that were determined
to be Cas00(3)Curs1(15)Absas(14) (majority) and Cai.oo2)Clsz021)Al7s7¢21) (minority). Back-scattered electron

images showing the phases present in the sample are given in Appendix C.2.



Table 1. Selected Crystallographic Data for Ca;Cu7.sAbLs2
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refined composition

EDS composition

Ca3cu7.82(5)A126.18(5)
Ca3.00(3)Cu7.61(15)A126‘48(14)

Pearson symbol cP37

space group Pm3m (No. 221)
a(A) 8.5152(1)

cell volume (A?) 617.43(1)

Z 1

crystal volume (mm?) 0.017 x 0.056 x 0.091
crystal color, shape grey, plate

data collection temp. 295K

radiation source, 4 (A) Mo K¢, 0.71073
absorption coefficient (mm™) 8.162
absorption correction analytical

Orminy Omax 3.38,28.890
refinement method F

Rint(I > 30’), Rmt(all) 8.66, 9.67

no. of reflections (I > 30, all) 5731, 14098
unique reflections (I > 30, all) 157,207

no. of parameters 17
R(I>30),R.(I>30) 1.92,3.57
R(all), R,(all) 4.10,4.34

S(I> 30, all) 1.06,1.11

APy Apuin (€7/A) 0.73,-0.99

4.3.5 Computational Procedures

DFT-Chemical Pressure (CP) schemes were calculated for CuAl,, CaAl,, CaCu,Al, anti-CaCu,Al,
and a Cu-rich ordered model of the Ca;CuysAlgs. structure (Ca;Cui3AL;). The unit cell parameters and
atomic positions of these structures, as well as of CuAl in its own type and the fluorite type, were
optimized with LDA-DFT using ABINIT?'** and Hartwigsen—-Goedecker—-Hutter norm-conserving
pseudopotentials (valence-only for Ca and Al, semicore for Cu).* The energy cutoff was set to 30 Ha for

CaAl,, 105 Ha for the Cu-containing ternaries, and 120 Ha for both CuAl, models. For the CP calculations,
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single point ABINIT calculations were done on structures with volumes contracted and expanded slightly
(1.5%) to generate the kinetic energy and electron densities, and potential maps used for the creation of

the 3D chemical pressure maps.

CPpackage2 was used to generate final chemical pressure maps using the core unwarping procedure®
and mapping of the nonlocal pseudopotential energies.’” The localized electron count for Cu was set to
5.50889 eletrons (see Appendix C.3.1 for the localized electron calibration procedure).’” CP maps were
divided into contact volumes using the Hirshfeld-inspired integration scheme,*® and the resulting
pressures between atomic pairs were projected onto atom-centered spherical harmonics (! < 4) and

visualized with the in-house Matlab program Figuretool2.

Table 2. Refined atomic coordinates for Ca;CuysAlysa

Site  Element Multiplicity «x y z ULquivalent Occupancy
Cul Cu 1 0 0 0 0.0152(2) 1
Ca2 Ca 3 0.5 0 0 0.0126(4) 1
All Al 12 0.5 0.26379(9)  0.26379(9) 0.0149(3) 1
A2 Al 1 0.5 0.5 0.5 0.0139(5) 1
Al3 Al 8 0.17035(9)  0.17035(9)  0.17035(9) 0.0118(2) 1
Al4a Cu 12 0.34102(10) 0.34102(10) © 0.0121(3)a 0.568(4)
Al4b Al 12 0.3689(4) 0.3689(4) 0 0.0121(3)a 0.432(4)

3841 was used to

To more accurately incorporate the ionic character of the atoms, the Bader program
calculate atomic charges on each atom, with the core electron density distributions being added to the
valence density maps for determination of the Bader volumes. Radial electron density profiles for the free
ions were then generated with the Atomic Pseudopotential Engine* for 0% and 15% of the Bader charge,

beyond which convergence issues were encountered for the free Cu ions. CP schemes presented in this

Chapter are shown using the profiles for 15% of the calculated Bader charge. Full chemical pressure
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schemes at 0% and 15% ionicity are shown for CaAl,, CaCu,Al, anti-CaCu,Al,, and Ca;CuzAly, in

Appendix C.3.

Density of states (DOS) curves were generated with the Vienna Ab initio Simulation Package
(VASP)* via single point calculations on the optimized geometries in high-precision mode. These
calculations used the projector augmented wave (PAW) potentials provided with the package** and the

generalized gradient approximation (GGA).*

4.4 Results and Discussion
4.4.1 Synthesis and Characterization

According to the reported Ca-Cu-Al phase diagram at 500 °C, the CaCu,Al; phase lies at a composition
almost directly between the CaAl, and CuAl, binaries,** but its crystal structure remains unknown. We
thus sought to synthesize this compound with the goal of tracing its structural features to bonding or
packing constraints apparent in these nearby binary phases. After pressing pellets of the combined
elements under argon, we arc-welded the samples and annealed them for 14 days at S00 °C. Silvery gray

ingots emerged from this procedure which were brittle and easily ground in an agate mortar and pestle.

Powder X-ray diffraction data collected on the products (Figure 4.2) exhibited a series of peaks
attributable to the ternary phase CaCu4Als, a neighbor in the composition space to the target phase, as well
as fcc-Al. The remaining peaks were initially assigned to the CusAl, binary phase (a = 8.7023 A), but on
closer inspection were found to correspond to an 8.52 A cubic unit cell that couldn’t be matched to any

known structure in the system. SEM-BSE imaging and EDS analysis (see Appendix C.2) indicated that the
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sample contains a majority phase with a composition of Ca.o0(1)Cuz.s4(s)Als.sa(s), which is qualitatively close
to the CaCu,Al; target phase, with the remainder attributed to the neighboring CaCu4Als phase with a

composition of Cay.o0(2)Cus02)Al7s7(7).

Single crystals picked from the bulk sample yielded clean diffraction patterns which could be indexed
to a cubic unit cell of a ~ 8.52 A, suggesting that they correspond to the structurally unknown CaCu,Al,
phase detected in the powder patterns and EDS data. Full data sets collected on these crystals showed

cubic point symmetry and no systematic absences, consistent with the space group Pm3m.
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Figure 4.2. Powder X-ray diffraction analysis of a sample with nominal composition of Ca;Cuz7sALees. Below the
intensity vs. 20 profile, film strip representations of the experimental powder data are compared to the simulated
patterns of Ca;CuysAls,, CaCusAls, and the fec-Al structure, where peak intensity is indicated by the darkness of

the lines.

4.4.2 The Crystal Structure of Ca;Cu;.sAls.»

The crystallographic model obtained from the data using the charge-flipping algorithm contained 37
atoms per unit cell at 7 crystallographically unique positions. This initial model, however, was quite Ca-
rich relative to determined EDS composition, and was substantially improved by reassigning one Ca site

with unrealistically short interatomic distances to its neighbors as a Cu/Al mixed site. Anisotropic residual
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electron densities and elongated thermal ellipsoids at this location were further indicative of a split atomic
position. When allowed to separate during refinement, the Cu and Al components on this site spread apart
from each other by 0.34 A. Attempts to model the other Al and Cu sites as mixed resulted in minority
occupancies within the standard uncertainty of zero. The refined model has a composition of

Ca;Cu.s2(6)Abs.15(6)—nearly within 20 of that determined from EDS (Caso0(3)Cur.61(15)Alasas(14))-

Figure 4.3 illustrates the refined model obtained from single crystal analysis. Its structure can be
understood in terms of three basic modules: Cu@Als cubes at the corners of the cell (blue), CaAl,-like
polyhedra on the cell edges (pink), and Al;; cuboctahedra at the cell centers (black). Here, the Cu- and
Ca- centered units share square Al faces, forming a continuous primitive cubic network. This framework
leaves large central vacancies, providing space for the Al cuboctahedra, a fragment derivable from the

structure of fcc-Al This depiction captures every atomic position in the structure.

Cu@Als

cube

CaAl,-like

43% Al
57% Cu

Figure 4.3. The structure of Ca;Cu;sAlLs, viewed as an assembly of three modules: Cu@Als cubes, CaAls-like
polyhedra, and Al;; cuboctahedra.
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The Ca coordination environment of Ca3Cuy;sAbs. is remarkably similar to that of the BaAl,-type high
temperature CaAl, binary structure.® Unlike the binary structure, however, the 8 equatorial dumbbell
atoms of the CaAl;-like polyhedron (gray/blue spheres around Ca in Figure 4.3) show positional and
occupational disorder. In the refined crystallographic model, this site is occupied 57% by Cu and 43% by
Al Intriguingly, the position of the atom varies depending on its identity: when occupied by Cu, it lies
substantially closer to the two nearest Ca atoms (3.20 A vs. 3.33 A). This shift is in line with the smaller
metallic radius of Cu (1.28 A) relative to that of Al (1.43 A), and has the net effect of shrinking the Ca

coordination environment in the presence of Cu.

With these geometrical features, Ca;CuysAbs. joins a family of R-T-Al phases (R = group II or III
metal, T = transition metal) that adopt the Y;TaNig.Als-type structure.?>s*S” This geometry has been
described as a stuffed derivative of the BaHgy, structure,® in which an atom occupies the interstitial
position at the centers of the cubes on the cell corners, in this case Cu atoms centering the Als cubes. One
difference from the other compounds of this type, however, is evident in the cuboctahedron in the cell
center. In the other Y3TaNis.xAbLs-type structures as well as the related BaHg,,-type phase CaAg,Al;,* this
polyhedron is occupied by a transition metal, creating a fragment of the AuCus type. For Ca;CursAlbs.,,

this central position is taken by Al, yielding a 13-atom cluster of fcc-AlL

In our synthetic foray into the Ca-Cu-Al system, we were motivated by an interest in how the structure
of the unknown compound is reflected in its position in the phase diagram almost directly on the line
between CaAl, and CuAl. The Ca3Cu;sAbs, structure indeed demonstrates a tendency for segregation
between Ca-Al and Cu-Al interactions, and contains structural modules that are clearly reminiscent of the

CaAl, binary structure. However, several elements of this structure are more unexpected: disordered
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Cu/Al occupation of dumbbell sites, cubic Cu coordination environments, inclusions of Al;; fcc fragments,
and an absence of the square antiprisms characteristic of the CuAl type. In the next section, we will see
how these features are rooted in bonding and packing issues in the CaAl, compound neighboring

Ca;3CuzsAle, in the phase diagram.

4.4.3 Driving Forces for Reactivity in CaAl,

The high temperature polymorph of CaAl, is one member of a large family of BaAl,-type binary
structures formed in many combinations of electropositive metals (alkali, alkaline earth, lanthanide) with
group 13 metals (Al, Ga, In).*"% This framework serves as a parent structure to a variety of superstructures,
distortions, and colored derivatives across an even broader array of elements.®®' The BaAl,-type
framework thus seems to be quite structurally responsive to perturbations in electron count, atomic size,
and composition.*> An analysis of how these factors underlie the structure of CaAl, can then help us
understand its evolution with the addition of another compositional dimension as we move into the

ternary space of the Ca-Cu-Al system.

In Figure 4.4, we highlight one simple factor that hints at the potential reactivity of CaAl,: the
distribution of valence electron density across its atoms. Figure 4.4a shows a slice of the density through
the (1 0 0) plane of the structure. The electron density appears to localize into the Al-Al bonding regions,
leaving relatively lower density around the Ca atoms. Such charge transfer conforms to our expectations

of the electropositive alkaline earth metal within a p-block atom framework.

In this layer of the structure, the number of electrons concentrated around each Al atom appears

correlated with the number of Al-Al bonds in which it participates. Indeed, integration of the electron
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density within the Bader volume of each atom (black outlines in Figure 4.4a) shows that the Al atoms with
three bonding interactions in the (1 0 0) layer are surrounded by significantly more electron density,
resulting in an overall negative charge of —0.59. Conversely, the Al atoms lacking the electron-rich bond

oriented along c are left having a net positive charge of +0.11.

We can visualize this overall effect in 3D by representing Bader charges as atom-centered spheres
(Figure 4.4b)."##3% In this scheme, the spheres are volumetrically proportional to the charge magnitudes,
while the sphere color corresponds to the sign of the charge: black for cationic, white for anionic. The
structure’s Ca atoms thus appear as relatively large black spheres corresponding to a large cationic charge
(+0.96), while their closest Al neighbors form anionic dumbbells. The rest of the Al atoms form square
nets further away from the Ca atoms (3.49 A vs. 3.18 A in the LDA optimized structure), and end up
slightly cationic overall. The net charge transfer in the structure is then from the Ca atoms to their nearest

dumbbell Al neighbors, which also gain electrons from the square net Al sites.

Notably, this plot of the Bader charges shows a clear distinction between the two Al sites in the CaAl,
structure. Despite occupation by the same element, the charges calculated for the dumbbell and square net
sites have opposite signs. Such cases often imply a preference for occupation by elements with different
electronegativities, a trend rationalized with the notion of topological charge stabilization (TCS).***” Here,
we would expect a less electronegative atom to prefer the square net position, while a more electronegative

atom should tend toward the dumbbell site. This is in line with earlier theoretical analyses of the BaAl,

76,87,88

type.
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(a) CaAl, valence e~ density (b) CaAls charges (c) CaCus (d) anti-CaCus

‘cationic O anienic

Figure 4.4. LDA-DFT atomic charge distributions in BaAl,-type CaAl, and two Cu-substituted derivatives. (a) (1
0 0) cross section of the valence electron density of CaAl,, with Bader volume surfaces overlaid in black and
integrated charges shown. Calculated Bader charges for (b) CaAl,, (c) CaCu,AlL, and (d) anti-CaCu,Al represented
as spheres whose volumes are proportional to charge magnitude and whose colors indicate the sign of the charge:

black for cationic, white for anionic.

A similar story emerges when we consider the atomic size effects in the CaAl, structure, as revealed by
its chemical pressure (CP) scheme (Figure 4.5a). Here, the pressures acting between atoms in the structure
are mapped onto spherical harmonics, and visualized with radial plots in which the distance of the surface
on each atom from the atomic center is proportional to the sum of the pressure contributions along that
direction. The signs of the pressures are given by a color code: white lobes represent positive pressures,
where the local arrangement would be stabilized by expansion of the structure, and blacklobes correspond
to negative pressures, where the atoms are too far apart and would benefit from contraction of the

structure.
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CaAl, CPs 2x scale 1000 GPa

Figure 4.5. Chemical pressure schemes of (a) CaAl, (shown at 2x scale), (b) CaCu,Al, and (c) anti-CaCu,Ab.

As was seen in our previous CP analysis of the BaAl, type,” there is uniformly negative pressure
surrounding the structure’s cationic atoms, indicating that their coordination environments are too
expansive. In the case of CaAl, the Ca atoms would prefer tighter coordination by their Al neighbors. This
shrinking of the structure around the Ca atoms, however, is prevented by the positive CPs along all of the
close Al-Al contacts in the surrounding framework. Relieving the Ca-Al negative CPs through the

contraction of the structure would require shortening these already overly-close Al-Al interactions.

Although their general features are similar, the overall pressures experienced by the two Al sites in the
structure differ greatly. The positive pressures of the square net atoms are only slightly overbalanced by the
negative Ca-Al contacts, resulting in a net CP of —7.66 GPa. On the other hand, dumbbell Al atoms, with

their large positive CPs directed toward their partner along c, experience positive pressure overall, with a
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net CP of +25.70 GPa. From a packing perspective, the two Al sites appear adapted for atoms of different
sizes: the square net would prefer a slightly larger atom than Al, while the dumbbell site favors replacement

by a smaller atom.

Combining our views of atomic charge and atomic packing, we can develop a picture for potentially
favorable atomic substitution patterns in the CaAl, structure. The square net site is mildly cationic with
negative net CP, and so an element that is somewhat larger and more electropositive than Al might
substitute favorably onto this position. On the dumbbell site we see the opposite—a smaller, more
electronegative atom would be best suited here. Substitution of either site with another atom type is in fact
common among BaAl;-type compounds, and at its limit results in the ThCr,Si, or anti-ThCr,Si, types.**
In our synthetic study of the ternary Ca-Cu-Al system, we have introduced a means to enact this change:
the addition of Cu to the system. In the next section, we will explore how the electronic structures of two
Cu-substituted models of CaAl, reflect these expectations, and how such substitution ultimately sets the

stage for larger-scale rearrangements to the Ca;CuysAls, structure.

4.4.4 Theoretical Analysis of Cu Substitution into CaAl,

To examine the effects of Cu incorporation into the CaAl, structure, let’s consider derivative structures
in which one of the two crystallographic Al sites is occupied by Cu. Because Cu has a smaller metallic
radius (1.28 A for Cu, 1.43 A for Al) and a higher electronegativity (1.90 for Cu, 1.61 for Al), we expect
that it would more favorably substitute onto the CaAl, dumbbell site, creating a ThCr,Si,-type derivative
which we will simply label “CaCu,AlL.” Alternatively, Cu atoms could substitute into the square net,

forming an anti-ThCr,Si, structure we will call “anti-CaCu,AL.” DFT total energy calculations show that



69

the optimized anti-CaCu,Al, arrangement is less energetically favorable by 0.07 eV/atom, aligning with

our expectations from the TCS and CP considerations above.

Furthermore, the synergy between the structural topology and atomic electronegativity suggested by
TCS analysis of CaAl, is evident in the charge distributions of the ternary structures (returning to Figure
4.4c). With Cu on the dumbbell sites in CaCu,Al, the overall Bader charge scheme qualitatively mirrors
that of CaAl, while showing a quantitative increase in strength of the charges. The electronegativity of the
added Cu has supported a large negative charge on the dumbbells, allowing for more stabilizing

electrostatic interactions between neighboring atoms.

For anti-CaCu,Al on the other hand, the sites of negative charge accumulation follow the Cu atoms
into the square net sites (Figure 4.4d). The charges are again increased, but this time the pattern of anionic
and cationic positions has changed to make the Ca atoms and their nearest neighbor Al atoms both
positively charged. This distribution runs counter to the arrangement of the Al charges in CaAl,, and places
like charges in close proximity to one another. As such, the dumbbell site appears to be a more favorable

position for substitution of Cu into the structure.

These trends in the atomic charges are also reflected in the differences in the DFT-optimized
geometries of CaAl, and the two substituted models. In CaCu,Al, the attraction between the opposite
charges of the Ca and Cu atoms is supported by a shortening of the interatomic contact from 3.18 A in
CaAL to 3.05 A. Conversely, in the anti-CaCu,Al structure, the distances between the dumbbell and Ca
atoms—now both cationic—have lengthened to 3.19 A. Meanwhile, closer Ca-Cu contacts have been

obtained through a shortening of the c-axis.
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The effect of these geometrical differences is also apparent in the CP schemes of our two models,
which can also be understood in terms of Cu-induced perturbations on the structure of CaAls. In both of
the model ternary structures, we see contraction of the optimized structure, as we would expect with
substitution of Al with smaller Cu atoms. The overall volume change is similar between models, but while
CaCu,Al contracts nearly isotropically (~3% shortening of ¢/a), the anti-CaCu,AL, model distorts by

shrinking disproportionately along ¢ (~12% shortening of ¢/a).

Figure 4.5b shows the CP scheme for the CaCu,Al structure, where we see qualitatively familiar
pressure features to those of CaAl; (shown at 2x scale in Figure 4.5a), but heavily exacerbated. The
negative pressure features in particular are intensified within the ab plane of the structure—between Ca
and dumbbell Cu atoms—which distorts the negative Ca CPs to a disc-like shape. This intensification of
negative pressure within the ab plane of CaCu,Al, indicates that, although this contact has already
shortened through contraction of the unit cell, there is still a strong desire for it to shorten further. This
movement, however, is impeded by the competing Cu-Cu and Cu-Al positive pressures in the surrounding
framework. From these results, the potential for the relief of positive dumbbell-site CP through
substitution of Al with smaller Cu atoms appears to be outweighed by the enhancement of the negative

CPs around the Ca atoms.

In contrast to CaCu,Al, the CP scheme of anti-CaCu,Al shown in Figure 4.5c is far less intense and
appears less strained by atomic packing constraints. The pressure distribution and the shapes of the CP
lobes closely mimic those of CaAly; in fact they are nearly identical. The Ca-Cu negative pressures of this
structure are especially dwarfed by comparison to CaCu,Al. Does this mean that we should regard the

anti-CaCu,Al, structure as more favorable? A comparison of the Bader charge distributions and total
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energies for the two models hints otherwise. In anti-CaCu,Al, the corresponding Ca-Cu distances are
actually significantly longer than in CaCwAl (3.21 A vs. 3.05 A), suggesting that the smaller CP

magnitudes reflect weaker interactions.”

The impact of Cu substitution on CaAl,’s bonding extends beyond the effects of atomic packing.
Figure 4.6 compares the density of states (DOS) distributions for CaAl,, CaCu,AL, and anti-CaCu,Al.
For CaAl,, we can see that the Fermi level (Er) lies near a local DOS minimum, and so we expect the
bonding in this structure to be optimized with regard to electron count. In fact, this pseudogap reflects the
optimal filling of Al-Al multi-center bonding states as elucidated by Zheng and Hoffmann.”> The
replacement of Al atoms with Cu naturally perturbs this electron-precise situation, as each Cu atom
contributes only a single valence electron to the electronic structure, compared to the three valence
electrons contributed per Al atom. As a result, in the substituted structures the Er falls far below this DOS
minimum, which is now substantially shallower. These two curves are dominated by peaks corresponding

to Cu d states, which have only slight mixing into the rest of the electronic structure, and correspond to

filled Cu 3d subshells.

Overall, the TCS advantages of Cu substitution onto the dumbbell site appears to be obstructed by
the atomic packing and electronic issues that result. This observation is supported by the phase diagram*
and an overview of reported structures in the Inorganic Crystal Structure Database (ICSD),”*** which
offer no known ThCr,Si,-type structures in the Ca-Cu-Al ternary system, and no homogeneity range for
CaAl into the ternary space. However, in the observed Ca;CussAlLs,, we do in fact see Cu substitution
onto the CaAls-like structural fragment at the dumbbell site as predicted by our TCS and CP analyses of

CaAl,. How has the complex ternary structure managed to find a way to simultaneously satisfy the
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electronegativity-driven incorporation of Cu without overly disrupting the atomic packing and electronic
stability? We will explore this question in the next section, and see how these frustrations are ultimately

resolved through structural rearrangement.

(a) CaAl, (b) CaCusAl, (c) anti-CaCu,Al,

Cud Cud

Energy (eV)

o

GGA-DOS

Figure 4.6. Electronic density of states distributions calculated for (a) CaAl, (b) CaCu,Al, and (c) anti-CaCu,Al.

4.4.5 Structural Rearrangement to Ca;Cu;sAly.

In our chemical pressure analysis of CaCu,Al, we identified intense attractive forces between Ca and
Cu atoms manifesting as negative CP in the structure’s ab plane. To better visualize the aggregation of this
stress, in Figure 4.7a-b we take larger slabs of the CaAl; and CaCu,Al, CP schemes along the (1 1 0)
direction, displayed such that the Ca and dumbbell Cu atoms are in the plane of the page. CP lobes for just
these atoms Ca and Cu atoms are drawn. A comparison of these two schemes shows how the negative

pressures aligned horizontally in CaCu,Al,’s ab plane is a defining feature of the structure. Along this
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direction, the structure is dominated by the desire to form shorter Ca-Cu distances, in tension with the

network of Cu-Al and Cu-Cu interactions already strained by positive pressure.

The vacuities of the CaCu,Al structure—as well as the repulsive interactions that grow in response—
cannot be resolved in the BaAl, type. The Ca atoms are simply not large enough for their coordination by
a mixture of Cu and Al atoms, hence the enlarged negative CP. One potential solution to this problem
would be to replace Ca with a larger atom. However, none is available in the Ca-Cu-Al system. Instead, the
structure finds another solution, using clusters of Al that can occupy larger volumes of space. In the
observed structure, one out of every four Ca atoms is replaced with a 13-atom cuboctahedron. The large
size and cubic symmetry of this unit is neatly accommodated by rearrangement of the CaAls-type

polyhedra into the primitive cubic framework characteristic of the BaHg, type.

In Figure 4.7¢c, we show the CP scheme for Ca;Cu,3AlL,;—a Cu-rich ordered model of CazCu;sAls. in
which the Cu/Al mixed sites are completely occupied with Cu—in a layer of polyhedra most closely
analogous to that shown for CaCu,AlL. A comparison of the CP schemes for these two structures reveals
the benefits of this rearrangement on the strains in atomic packing. The CPs on the dumbbell Cu atoms
have been dramatically relieved, and now show only small negative lobes toward Ca and small positive
pressures to their Al neighbors. The dominating Cu-Cu positive pressures of CaCu,Al, have completely
disappeared, signifying that while these distances have in fact shortened by 0.10 A relative to CaCu,AL,
they are well-optimized for their new electronic context. The Ca pressures, while similar in overall
magnitude, have changed to a more isotropic shape. This change be correlated with indentations in the Ca
CP surface that align with contacts to the atoms in the Al cluster, which at 2.92 A are dramatically closer

than the Ca neighbors at 3.97 A in the CaCu,Al structure. Overall, the replacement of a Ca atom with the
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Al,; fragment and subsequent rearrangement to the stuffed BaHg,-type has served to relieve the major
atomic packing strains induced through incorporation of Cu. As can be seen in Figure C.2 in Appendix C,

the CPs of the Cu@Als cube and Aly; cluster are also subdued.

(b) CaCu,Al, () CazCUyzAl,

N _

[1000GPa

CaAl, CPs 2x scale

Figure 4.7. Analysis of chemical pressure relief through rearrangement to the BaHg; structure type. (1 1 0) slabs
of the (a) CaAl; and (b) CaCw,Al, structures with CP lobes shown for atoms in the Ca-dumbbell plane. (c) An
analogous layer of the Ca;Cuy3AlL; ordered model of Ca;CuysAlys, with CP lobes shown for atoms in the Ca-Cu

plane.

In addition to atomic packing issues, we identified the removal of the Fermi level from an electronic
pseudogap as a force destabilizing a hypothetical CaCu,Al, structure. Figure 4.8a shows that the DOS
curve for Ca3;CusAly;—an ordered model most closely matching the ternary structure’s refined
composition—shows that the Fermi level has been restored to a DOS pseudogap. In Figure 4.8b, a possible
origin of this can be seen in the distribution of Bader charges for Ca;Cu,3Al; (see Table C.5 in Appendix
C). Here, all 13 Al atoms in the fcc-Al cluster are cationic, combining for a total loss of 6.53 electrons. In

this way, the added Al;; cuboctahedron acts as a source of electrons to the rest of the structure,
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compensating for the electrons removed through the substitution of Cu atoms and rectifying the

electronic stability of the structure.

4.4.6 Ca;Cu;.sAl.» Interpreted as a Reaction Product

In the previous sections, we have seen how chemical factors influence the reactivity and stability of
CaAl and its potential Cu-substituted derivatives as they ultimately lead to the structure of Ca;Cu7sALg..
Let’s now take a broader view of this compound in the context of the Ca-Cu-Al system, particularly its
placement almost directly between CaAl, and CuAl in the phase diagram. Is there a way that this structure
can be contextualized as the product of a reaction of these binary phases (even if it doesn’t necessarily

reflect the process by which Ca;Cu;sALg. crystals grow from the melt)?

Our initial assessment of the Ca-Cu-Al system and the reported CaCu,Al; phase showed that it existed
in close compositional proximity to the line between CaAl, and CuAl, within the Al-rich corner of the
phase diagram. In Ca;CuysAls,, we have identified CaAly-like and fcc-Al fragments that make sense with
regard to these simple nearby phases, but we have not found an obvious way in which the motifs of CuAl,

have manifested in the ternary structure.

Returning to Figure 4.1, we see that the structure of CuAl is based on the vertical stacking of square
antiprisms stuffed with 8 coordinate Cu atoms, with domains of tetrahedrally close-packed Al atoms in
between. Neither of these motifs are present in the Ca;CuysAls, structure, where instead we see that Cu
atoms have been added to cubic coordination environments. These Cu@Als cubes evoke another, more
common 1:2 structure type found for transition metal/p-block metal systems: the fluorite type.” From

DEFT calculations, the total energy of CuAl in the fluorite structure is in fact 2.3 meV/atom lower than
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CuAl in its own structure type, meaning there is very little thermodynamic barrier to the formation of

local fluorite-like configurations.

(a) CasCuzAly; (b) CasCuq3Alys
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Figure 48. Resolution of electronic stress through incorporation of excess Al. (a) Structural rearrangement to the
stuffed BaHgi-type structure returns the Fermi level to a pseudogap in the electronic DOS. (b) This electronic
stabilization is achieved through the cationic nature of the fcc-Al cluster, which donates a total of 6.53 electrons to

the rest of the structure, alleviating the electron shortage caused by substitution of Cu for Al in CaAl,.

Intriguingly, by starting at the center atom of the Cu@Al;s cubes, we can trace out a 21-atom fluorite-
type motif, as shown in Figure 4.9a. In this way, the Cu cube can be viewed as a fragment of the fluorite
structure intergrown with the familiar motif of CaAl. Of note is the ease with which these two structural
modules fit together: four-fold symmetric CaAl,-like polyhedra match perfectly into the concave holes of
the fluorite structure fragment. Such compatibility between the BaAl and fluorite types is well known

from their lamellar integrowth in BaMg,Siz- and Ce,NiGejo-type compounds, among others.”**
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(a) CazCuqsAlsy (b) Fluorite-type CuAl,

Favorable epitaxy

—

Fluorite-type fragment CaAl, polyhedra

Figure 4.9. The Ca;CuysAls., structure viewed as a reaction product of CaAl and CuAl. (a) Structural fragment
of the Ca3Cuy3AL; ordered model with the extended 21-atom fluorite-type arrangement highlighted. (b) Favorable
epitaxy between the atomic Bader charges present in fluorite-type CuAl, and CaAl,.

As illustrated in Figure 4.9b, the favorable epitaxy between these structural motifs extends to their
Bader charge schemes. Here, we can see that the alternation of anionic Cu and cationic Al atoms aligns
with the Bader charges in the Al framework atoms of CaAlL. The complementary match between these
two structures offers a facile way for CaAl, to join with CuAl, by nucleating domains of a fluorite-type

structure that place the electronegative Cu atoms in close proximity to the cationic Ca.

This interpretation of Ca;CussAly, as a product of CaAl, and CuAl, allows us to construct a
conceptual scheme for its formation from intermetallic precursors. In one formula unit, there are a total of
3 equivalents of CaAl, and 7.8 equivalents of fluorite-type CuAl. The conjunction of these two species

results in vertices of the CaAl, polyhedra becoming shared with the fluorite fragment, eliminating an
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average of 14.4 Al to form a primitive cubic framework with stoichiometry Ca;Cu;sAl 3,. The system then
uses the eliminated Al atoms to create the Al;; fcc cluster in the structure’s voids, with 1.4 Al atoms left
over. This hypothetical reaction, resembling the condensation of two distinct intermetallic phases, is

summarized as:

3 CaAl, + 7.8 CuAl, - CazCu,gAl,e, + 1.4 Al

The excess Al product is in line with the finer details of the phase diagram, which shows that the target

phase is slightly Al-poor relative to the line between CaAl, and CuAL.

4.5 Conclusions

In this Chapter, we have explored how complex structures can be viewed as emerging, at least
conceptually, from the reactions of simpler compounds. The unknown structure of CaCu,Al; was
identified as the product of a potential reaction between the nearby CaAl, and CuAl phases. Targeted
synthesis of this stoichiometry yielded the compound Ca;CusAlLs,, whose modular structure is built of
Cu-centered cubes, CaAls-like polyhedra, and fragments of fcc-Al. We analyzed the electronegativity,
atomic size, and electron count factors influencing the reactivity of CaAly, and determined that topological
charge stabilization was the primary driving force for Cu to occupy the dumbbell sites of CaAl,. However,
the incorporation of Cu creates atomic packing and electronic instabilities that are largely resolved through
rearrangement to the Y3TaNisAlys structure type. In the final stuffed BaHg-type structure, fragments of
fluorite-like CuAl, and fcc-Al stabilize the structure through relief of chemical pressure and the donation

of electrons.
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The story of Ca3CuysAle. illustrates how the features of a complex ternary intermetallic can be linked
to chemical bonding issues in simpler precursor phases. In this system, the distribution of atomic charges
and positive Al-Al CPs favors the substitution of Cu into the CaAl structure. However, simply replacing
Al atoms with Cu ones in the CaAl, structure leads to the emergence of negative Ca-Cu CPs and an
electron deficiency, demanding larger-scale structural rearrangements. The inserted Cu atoms nucleate the
new fluorite-type CuAl, domains, while Aly; fcc clusters replace a selection of Ca atoms to relieve negative

CPs in their surroundings.

These observations provide the outlines for a generalizable strategy for the development of new
ternary phases with intergrowth character. We hypothesize that binary structures containing minority
cations surrounded by negative CP should show the potential for similar structural chemistry. The
addition of smaller and more electronegative atoms of a third element are expected to gravitate toward the
most anionic and crowded sites in these structures, and serve as electronegativity anchor points for the
growth of dissimilar domains. Another example of this electronegativity anchor mechanism can be
perceived in the quasicrystal approximant Ca;oCdy;Cu,.*' Here, the incorporation of Cu into the CaCd,
Laves phase results in micelle-like Bergman clusters, following a scheme parallel to that of Ca;CuzsAls..
We are looking forward to exploring synthetically how this approach may guide the discovery of new

chemically frustrated intermetallic phases.
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Inducing Complexity in Intermetallics through Electron-Hole Matching: The

Structure of Fe1,Pd 7Also

Work shown in Section A.S was done by Yannello. Work presented in Sections A.1-A.4, A.6 was done by

Peterson.

A.1 Crystallographic Tables

Table A.1. Selected crystallographic data for Pd-rich and Fe-rich crystals of Fe,4sPd,;Ale

Pd-rich Composition

Fe-rich Composition

refined composition
WDS composition
Pearson symbol

space group

a(A)

cell volume (A%),Z
cryst volume (mm?)
cryst color, shape

data collection temp.
radiation source, A (A)

abs coeff (mm™)

Feyr715Pdag 413Al170.872
Fei1.1(1.6)Pdi9.0(9)Alsss(3)
c1248

Im3

15.3982(2)
3650.98(8)

0.068 x 0.031 x 0.024
grey, block

293

Mo Ka (0.71073)
9.622

Fe34.672Pd42.754A1170.574

1248

Im3

15.3479(3)
3615.32(12)

0.145 x 0.052 0.018
grey, block

293

Mo Ka (0.71073)
9.584



abs corr

Omin, fmax

refinement method
Rin[I>30(I)], Rine(all)

no. of reflections [I > 30(I), all]
unique reflections [I > 30(I), all]
no. of parameters

R[I> 30(D)], R[I> 30(])]
R(all), R, (all)

S[I>30(I)], S(all)

APrasy Apmin (€7/A%)

multi-scan

3.24,28.81

P

6.11,7.19
5306, 11415
585, 864

73

2.69,4.95
5.86,6.33
1.04,1.07
1.28,-1.15

multi-scan
35,2891
F*
6.93,8.13

11375,29673

611,864

73

2.78,5.64
6.09,7.02
1.31,1.35

2.12,-1.08

Table A.2. Refined atomic coordinates for the Pd-rich crystal of Fe14sPd;;Ale

90

Pd-rich Composition

Site Element  Multiplicity «x y z Ulquivalent Occupancy
Pd1 Pd 8 0.25 0.25 0.25 0.01088(17) 1

Pd2a  Pd 24 0.14842(4) 0.26076(4) O 0.0100(2) 0.920(7)
Pd2b  Fe 24 0.14842(4)  0.26076(4) 0 0.0100(2)  0.080(7)
Pd3a  Pd 16 0.09679(3)  0.09679(3)  0.09679(3)  0.00964(14) 0.940(5)
Pd3b Al 16 0.09679(3)  0.09679(3)  0.09679(3)  0.00964(14) 0.060(5)
Fela Fe 24 0.34958(6)  0.24596(7) 0 0.0144(3) 0.821(6)
Felb Pd 24 0.34958(6)  0.24596(7) 0 0.0144(3) 0.179(6)
Fe2 Fe 6 0.5 0 0 0.0078(6) 1

Alla Al 2 0 0 0 0.0083(13)  0.96(2)
Allb Fe 2 0 0 0 0.0083(13)  0.04(2)
A2 Al 12 0.5 0.1950(2) 0 0.0182(11) 1

Al3 Al 48 0.24929(10) 0.16257(11) 0.09875(10) 0.0112(5) 1

Al4 Al 12 0 0.1923(2) 0 0.0113(10) 1

AlS Al 48 0.25641(11) 0.34486(11) 0.09761(11) 0.0132(5) 1

Al6 Al 48 0.4056(2) -0.0795(2)  0.0954(2) 0.0223(11) 0.5
Al7 Al 24 0.3625(3) -0.0733(3) 0 0.0218(17) 0.5
Al8 Al 24 0.5 -0.0732(3)  0.1357(3) 0.0280(19) 0.5
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Table A.3. Refined harmonic atomic displacement parameters for the Pd-rich crystal of Fe,,Pd;7Also

Pd-rich Composition

Site Un Uy Uss U Uis Uas
Pdl  0.0109(3) 0.0109(3) 0.0109(3) 0.0000(2) 0.0000(2) 0.0000(2)
Pd2a 0.0094(3) 0.0114(3) 0.0091(3) -0.0014(3) 0 0
Pd2b  0.0094(3) 0.0114(3) 0.0091(3) -0.0014(3) 0 0
Pd3a  0.0096(2) 0.0096(2) 0.0096(2) -0.00048(17) -0.00048(17) -0.00048(17)
Pd3b  0.0096(2) 0.0096(2) 0.0096(2) -0.00048(17) -0.00048(17) -0.00048(17)
Fela 0.0096(6) 0.0249(7) 0.0087(6) 0.0010(4) 0 0
Felb 0.0096(6) 0.0249(7) 0.0087(6) 0.0010(4) 0 0
Fe2  0.0075(11) 0.0088(11) 0.0070(11) 0 0 0
Alla  0.008(2) 0.008(2) 0.008(2) 0 0 0
Allb  0.008(2) 0.008(2) 0.008(2) 0 0 0
A2 0.0115(18) 0.029(2) 0.0143(18) 0 0 0
Al3  0.0097(9) 0.0133(9) 0.0106(8) -0.0014(7) 0.0005(7) 0.0021(7)
Al4  0.0076(16) 0.0086(16) 0.0178(18) 0 0 0
AlS  0.0162(9) 0.0117(9) 0.0118(8) -0.0018(7) -0.0011(7) 0.0002(7)
Al6  0.0197(19) 0.0165(19) 0.031(2) 0.0042(16) 0.0172(17) 0.0091(17)
Al7  0.013(3) 0.017(3) 0.035(3) -0.004(2) 0 0
Al8  0.046(4) 0.021(3) 0.017(3) 0 0 0.009(2)
Table A.4. Refined atomic coordinates for the Fe-rich crystal of Fe14sPd;7Ale

Fe-rich Composition
Site Element  Multiplicity «x y z Ulquivalent Occupancy
Pd1 Pd 8 0.25 0.25 0.25 0.01376(17) 1
Pd2a  Pd 24 0.14910(4) 0.25955(4) 0 0.0121(2) 0.707(6)
Pd2b  Fe 24 0.14910(4) 0.25955(4) 0O 0.0121(2) 0.293(6)
Pd3a  Pd 16 0.09624(3)  0.09624(3)  0.09624(3)  0.01207(13) 0.955(5)
Pd3b Al 16 0.09624(3)  0.09624(3)  0.09624(3)  0.01207(13) 0.045(5)
Fela Fe 24 0.34955(6)  0.24479(7) 0 0.0154(4) 0.896(6)
Felb Pd 24 0.34955(6)  0.24479(7) 0 0.0154(4) 0.104(6)
Fe2 Fe 6 0.5 0 0 0.0090(6) 1
Alla Al 2 0 0 0 0.0121(13)  0.93(2)
Allb Fe 2 0 0 0 0.0121(13)  0.07(2)
A2 Al 12 0.5 0.1927(2) 0 0.0190(11) 1
Al3 Al 48 0.24965(10) 0.16193(10) 0.09800(10) 0.0131(S) 1
Al4 Al 12 0 0.1955(2) 0 0.0133(10) 1
AlS Al 48 0.25629(11) 0.34479(11) 0.09604(11) 0.0151(5) 1
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Al6 Al 48 0.4049(3)  -0.0789(2)  0.0954(3)  0.0326(13) 0.5
Al7 Al 24 0.3629(3) -0.0730(3) 0 0.033(2) 0.5
Al8 Al 24 0.5 -0.0711(4)  0.1366(3) 0.041(2) 0.5

Table A.S. Refined harmonic atmoic displacement parameters for the Fe-rich crystal of Fe,4Pd;-Alg

Fe-rich Composition

Site U Us, Us; U Uis Uas

Pd1  0.0138(3) 0.0138(3) 0.0138(3) -0.0001(2) -0.0001(2) -0.0001(2)
Pd2a 0.0111(4) 0.0137(4) 0.0117(4) -0.0016(3) 0 0

Pd2b 0.0111(4) 0.0137(4) 0.0117(4) -0.0016(3) 0

Pd3a 0.0121(2) 0.0121(2) 0.0121(2) -0.00050(16)  -0.00050(16)  -0.00050(16)
Pd3b 0.0121(2) 0.0121(2) 0.0121(2) -0.00050(16)  -0.00050(16)  -0.00050(16)
Fela 0.0103(6) 0.0238(7) 0.0120(6) 0.0010(4) 0 0

Felb 0.0103(6) 0.0238(7) 0.0120(6) 0.0010(4) 0 0

Fe2  0.0071(10) 0.0111(11) 0.0088(10) 0 0 0

Alla  0.012(2) 0.012(2) 0.012(2) 0 0 0

Allb  0.012(2) 0.012(2) 0.012(2) 0 0 0

A2  0.0164(18) 0.027(2) 0.0137(17) 0 0 0

Al3  0.0126(9) 0.0135(8) 0.0133(8) -0.0021(6) 0.0002(6) 0.0011(6)
Al4  0.0115(16) 0.0139(17) 0.0143(17) 0 0 0

AlS  0.0186(9) 0.0127(8) 0.0140(8) -0.0025(6) -0.0001(7) -0.0019(7)
Al6  0.033(2) 0.021(2) 0.044(2) 0.0022(17) 0.027(2) 0.0086(18)
Al7  0.013(3) 0.019(3) 0.069(4) -0.006(2) 0 0

Al8  0.085(5) 0.025(3) 0.013(3) 0 0 0.007(2)




Table A.6. Table of selected interatomic distances

Pd-rich Composition Fe-rich Composition

Site Neighbor Distance (A) Distance (A)
Pd1 Al3(x6) 2.6901(16) 2.6961(16)
AlS(x6) 2.7657(16) 2.7765(16)
Pd2 Al3(x2) 2.6477(17) 2.6246(16)
Al3(x2) 2.6235(16) 2.6105(16)
Al4 2.5169(15) 2.4907(14)
AlS(x2) 2.5887(17) 2.5671(17)
Al6(x2) 2.672(4) 2.669(4)
Pd3 All1(x2) 2.5815(4) 2.5584(4)
Al3(x3) 2.5575(16) 2.5614(15)
Al4(x3) 2.5700(19) 2.585(2)
Pd3(x3) 2.9809(6) 2.9542(6)
Fel A2 2.4457(15) 2.4434(195)
Al3(x2) 2.5190(18) 2.4961(17)
AlS(x2) 2.5238(17) 2.5245(16)
AlS(x2) 2.5761(18) 2.5645(18)
Al7 2.667(5) 2.645(5)
Al8 2.177(S) 2.190(6)
Fe2 Al6(x8) 2.402(4) 2.397(4)
Al7(x4) 2.399(5) 2.384(5)
Al8(x4) 2.373(5) 2.364(5)
All Al4(x6) 2.961(3) 3.000(3)
A2 AlS(x4) 2.9201(19) 2.9086(19)
Al6(x4) 2.726(4) 2.707(4)
Al7(x2) 2.827(6) 2.794(6)
Al8(x2) 2.807(6) 2.807(6)
Al8(x2) 2.841(6) 2.838(6)
Al3 Al3(x2) 2.850(2) 2.862(2)
AlS 2.809(2) 2.808(2)
AlS 2.805(2) 2.821(2)
Al6 2.726(4) 2.702(4)
Al7 2.691(4) 2.674(4)
Al4 Al7(x2) 2.853(6) 2.803(6)
AlS AlS(x2) 2.876(2) 2.893(2)



Al6
Al6
Al6 Al6
Al6
Al6
Al7
Al7
Al8
Al8
Al7 Al7
Al8(x2)
Al8 Al8

2.690(4)
2.665(4)
2.938(5)
2.448(5)
2.907(5)
1.615(4)
2.851(5)
1.583(4)
2.832(6)
2.256(7)
2.974(5)
2.253(8)

2.690(4)
2.649(4)
2.929(5)
2.423(5)
2.920(5)
1.603(4)
2.828(6)
1.595(4)
2.799(6)
2.241(7)
2.970(5)
2.184(8)

A.2 Experimental Procedures

A.2.1 Synthetic Procedures
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Samples of Fe14,Pd;;Ale were prepared by mixing Fe powder (Strem, 99.9%), Pd powder (filed from a

Pd coin), and Al powder (Alfa Aesar, 99.97%) in stoichiometric ratios under an Ar atmosphere with an

agate mortar and pestle. In a typical experiment, approximately .38 g of the mixture was pressed (~ 10,000

psi) into a cylindrical pellet 8mm in diameter. This pellet was arc melted under Ar, sealed in an evacuated

fused silica tube (~10°Pa), and placed into a muffle furnace for annealing. The sample was annealed at

950°C for 2 hrs, then cooled and held at 750°C for 504 hrs, and finally cooled at 5°C/hr to room

temperature. The tube was broken and the sample was retrieved and crushed into small pieces (~100pum)

suitable for single crystal X-ray diffraction studies. The measurements described here were taken on a

sample with nominal composition Fei020Pd19.60Al70.20 (aiming to the Al-rich side of the homogeneity range

of the Fe4Pd;;Alss phase to account for possible vaporization of the Al during the arc-melting step), with
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the exception of the data-collection on the Fe-rich crystal, which was taken from a sample with nominal

Composition Fe14‘19Pd16,01A169,31.

A.2.2 Single Crystal X-ray Diffraction

Single crystals were picked from the bulk sample and mounted on pulled glass fibers attached to
goniometer pins. Single-crystal X-ray diffraction data were collected using an Oxford Diffraction Xcalibur
E diffractometer with graphite-monochromatized Mo Ka radiation (2 = 0.71069 A) at room temperature.
The software package CrysAlis Pro version 171.38.43 was used for run list optimization and processing of
frame data. The structure was solved using the SUPERFLIP program' via the charge-flipping algorithm,>*
and the structure was refined on F* with JANA2006.* The programs Diamond 3 and VESTA® were used
to analyze the solved structural model and experimental electron density, respectively. Crystal data for Pd-
and Fe-rich crystals of FesPd;;Al¢ are provided in Table A.1, while refined atomic coordinates and

selected interatomic distances are listed in Table A.2 — A.6.

A.2.3 Powder X-ray Diffraction Data Collection and Analysis

To obtain samples for powder x-ray diffraction, a portion of the bulk sample from synthesis was ground
in an agate mortar and pestle, and the resulting powder was placed on a zero-diffraction plate. X-ray
diffraction data were collected using a Rigaku D/Max Rapid II diffractometer with Mo Ka radiation (1 =

0.710806 A) at room temperature using a curved two-dimensional imaging plate with peaks integrated



96

from 2° to 45°. The software Match! version 3.2.1 was used to analyze the measured diffraction data. An

example of a powder pattern obtained for Fe,4Pd;7Alg is given in Figure A.1.
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Figure A.1. Powder X-ray Diffraction (PXRD) pattern for the Pd-rich sample of Fe,sPd;7Als (nominal
composition: Feio20Pdi960Al7020) compared with the pattern calculated from the structure model. Red
asterisks are placed over peaks that are unable to be assigned to Fe;4Pdi7Alss. The unindexed peaks are
consistent with a Feg41Al250-type phase, which can be tentatively assigned to the Fe;Pd0Alss compound

(structure unknown) detected in the WDS measurements with composition Fes4Pd,s4Alss..
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A.2.4 Elemental Analysis via Wavelength Dispersive Spectroscopy

Polycrystalline fragments of the samples were suspended in epoxy inside hollow aluminum bullets.
These bullets were polished with diamond grit solution down to a 1ym finish and coated in a conductive
layer of carbon. The polished samples were examined with a Hitachi S-3100N scanning electron
microscope, and backscattered electron (BSE) images showing the phases present were taken at 15kV
accelerating voltage (shown in Figure A.2). Electron probe micro analysis (EPMA) was done with a
CAMECA SX-Five FE electron probe in the UW-Madison Geoscience department. Wavelength dispersive
spectrometry (WDS) was performed on the sample using Al Ka (LTAP), Pd La (LPET), and Fe Ka
(LLIF) crystals. Elemental Fe, elemental Pd, and a 60:40 wt. % Al/Fe alloy were used as standards. From
this analysis, the composition of the darker major phase seen in Figure A.2 was determined to be
Fei11(16)Pd1oo)Alsosz). The composition of the lighter minor phase was determined to be Feg
(2)Pdas.a(s)Alssa(3), and the presence of this Al-poor phase implies that substantial Al was lost during the arc

welding step of sample preparation.
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WDS Analysis of Fe,,Pd;;Alsq
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Figure A.2. Backscattered image of a polycrystalline Fe-Pd-Al sample. The majority grey phase is the
Fei4sPdi;Aley compound, while the minority white phase with composition of Fes4Pdas4Alss2 can be
assigned to the Fe;PdAlg phase (structure unknown).

A.2.5 Magnetic Susceptibility and Hysteresis Measurements

Magnetic properties measurements on Fe;4Pd;7Alsy were taken using a Quantum Design Physical
Properties Measurement System (PPMS-9T). 0.0989g of finely ground polycrystalline Fe;,Pd;;Als were
loaded into a Teflon bucket stuffed with glass wool to resist shifting of the sample when attached to the
equipped Vibrating Sample Magnetometer. Zero field-cooled (Figure A.3) and 1000 Oe field-cooled
(Figure A.4) magnetization scans were run on this sample from 400K to 6K as well as back from 6K to
400K. Additionally, magnetization measurements as a function of field strength were taken at 315K and
100K under an applied magnetic field over the 10000 Oe range (Figure A.S). An antiferromagnetic

transition is evident at around 300 K; however, due to the small magnetic moments involved (maximum
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obtained magnetization under applied field = 5x107 ys/Fe atom, with sample diamagnetism beginning to

dominate above ~7500 Oe), we attribute this to an impurity, most likely Fe;Pd,sAlss,

Magnetic Susceptibilty of Fe 4Pd 7Als at Zero Applied Field
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Figure A.3. Magnetic susceptibility plot for Fe,4Pd7Als with no applied external field from 6 K to 400 K
in steps of S K between 6 K and 350 K, and steps of 10 K between 350 K and 400 K.
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Magnetic Susceptibilty of Fe 4Pd 7Alge at 1000 Oe Applied Field
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Figure A.4. Magnetic susceptibility plot for Fe;4,Pd;;Als with a 1000 Oe applied external field from 6 K to
400 K in steps of 5 K between 5 K and 350 K, and steps of 10 K between 350 K and 400 K.
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Hysteresis Magnetic Susceptibilty of Fe 4,Pd 7Alge
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Figure A.S. Hysteresis curves for Fe ,Pd;7Als at 315 K and 100 K from -10000 Oe to +10000 Oe using a

500 Oe step size. No significant hysteresis is observed at either temperature.

A.3 Determination of Mixed Site Occupancies

The integrated intensities of the single crystal data collected as described in Section S1 were used in
the program SUPERFLIP to determine the initial structural solution Fe3Pd4sAli7. Immediately, it was
clear that the Al6, Al7, and Al8 sites could not all be fully occupied in a reasonable model as the distance
between the Al6 and Al7 site (1.615 A) and the Al6 and AlS8 site (1.583 A) are incompatible with Al—Al
distances found in the literature. Additionally, the interatomic distances between neighboring Al6 atoms

(2.448 A), neighboring Al7 atoms (2.256 A), and neighboring Al8 atoms (2.253 A), were also significantly
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shorter than Al—Al distances previously reported. Thus, we concluded that the central Fe2 atom of these
fragments must have a coordination of eight Al atoms in a square antiprismatic arrangement, with two half-
occupied antiprisms offset from each other by 90° forming the averaged structure seen in the initial
solution (See Figure 2.3 in the Chapter 2). Under this arrangement, all bond distances are in accordance
with previously reported Al—Al contact distances. Therefore, Al6, Al7, and Al8 atoms were all assigned
to half occupancy to account for only one of the two antiprism arrangements existing around each

particular Fe2 atom in the structure.

Upon further refinement of the structure, the behavior of the atomic displacement parameters (ADPs)
and deviations from the WDS composition indicated that there were likely several sites in the structure
with mixed occupancies. Very small isotropic ADP parameters on the Fel and All sites in particular
indicated that there was substantial mixing with a heavier atom at these sites. Multiple combinations of Fe,
Pd, and Al can give similar average form factors because of their similar atomic radii (1.26 A, 1.37 A, and
1.43 A for Fe, Pd, and Al respectively). Thus, some ambiguity arises in the assignments of the mixed sites.
To address this problem, an additional sample of the same Fe 4PdisAleo structure type was prepared with
an Fe-rich loading composition (see Table A.7) with an otherwise identical synthetic method to the
original sample. By comparatively refining occupancy models of these two samples against each other, the

mixing occupancies of each site were determined to be as shown in Table A.8.

From Table A.8, it can be seen that only the two sites that comprise the icosahedral framework of the
structure, Pd2 and Fel, show minor atom mixing percentages over 10%. At the Pd2 site, the minor atom
occupancy percentage is significantly higher in the Fe-rich sample, and so this is expected to be a Pd/Fe

mixed site. By the same logic, the Fel site can be expected to be a Fe/Pd mixed site because of increased
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minority site occupancy percentage in the Pd-rich sample. For Pd3 site, because the minority atom
occupancy percentage decreases in the Fe-rich sample, it is expected that the Pd3 site is a Pd/Al mixed site.
Finally, the All shows an increase in minority atom occupancy percentage in the Fe-rich sample, and so it

is expected that the Al1 site is a mixed site between Al/Fe.

Table A.7. Loading Compositions of Pd-rich and Fe-rich Samples for Mixed Site Determination

Element Pd-rich Loading Composition Fe-rich Loading Composition
Fe 10.20% 14.19%
Pd 19.60% 16.01%
Al 70.20% 69.81%

Table A.8. Refined Compositions of Crystallographic Sites for Pd-rich and Fe-rich Samples

Site Pd-rich Refined Compositions Fe-rich Loading Compositions
Major Atom Occ.  Minor Atom Occ. Major Atom Occ.  Minor Atom Occ.
Pd2(Pd/Fe) 0.920(7) 0.080(7) 0.707(6) 0.293(6)
Pd3(Pd/Al) 0.940(5) 0.060(5) 0.955(5) 0.045(5)
Fel(Fe/Pd) 0.821(6) 0.179(6) 0.896(6) 0.104(6)
Al1(Al/Fe) 0.96(2) 0.04(2) 0.93(2) 0.07(2)

A.4 Theoretical and Computational Details

All systems studied theoretically in this work were first structurally optimized with GGA-DFT using
the Vienna Ab initio Simulation Package (VASP) in the high-precision mode with the GGA-projector
augmented wave potentials provided with the package.®® Further details regarding the VASP calculations

are shown in Table A.9, while the optimized cell parameters obtained are given in Table A.10.
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Table A.11 — Table A.16 list the optimized atomic positions and total energies for each phase. During
the structure optimization of each compound, first the atomic positions were relaxed with a fixed unit cell,

then all parameters were released. The DFT DOS curves were then printed for NiAl, TiAls;, and TiNi, sAls.

For Fe(,Pd,;Alss and IrsAly;, best-fit Hiickel models were refined using the eHtuner program, ' yielding
the parameters listed in Table A.17. The procedure for generating Hiickel parameters was consistent
between all compounds, using, as a starting point, the optimized parameters for the elemental structure of
each element. As needed, the transition metal {, values were constrained to match the { value to prevent
the unrealistic situation where { < {,. Reversed approximation Molecular Orbital (raMO) calculations
were performed on all symmetry-distinct T sites in Fe,Pd;Alss. Briefly, a raMO calculation involves
generating a supercell of the conventional cell (2x2x2 in this case) in order to fold multiple high-symmetry
k-points onto the I' point. The Hamiltonian matrix is then generated using YAeHMOP," and analyzed
using in-house Matlab programs. The raMO results, as well as any necessary Linear Combination of
raMOs (LCraMOs) to illustrate the bonding on each site, are shown in Figure A.6 — Figure A.44. The
DOS curve calculated for Ir4Al;; (an ordered model of IrAl, 75) is presented in Figure A.45, with the Fermi

Energy adjusted to match the number of electrons in IrAl, 7s.

For the Chemical Pressure (CP) calculations, an ordered version of Fe;4Pd;-Als (structure shown in
Figure A.46), was geometrical optimized in VASP (using LDA and the ultrasoft pseudopotentials provided
with the package'?), single point calculations were then carried out with ABINIT'*'* at three different
volumes (equilibrium, and slightly expanded and contracted volumes). ABINIT calculations used the
LDA  exchange correlation functional of Goedecker, Teter, and Hutter,) and

Hartswigen—Goedecker—Hutter norm-conserving pseudopotentials.’® CP analysis was then performed
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with in-house programs. The core undistorting procedure and Hirshfeld-inspired integration schemes

were employed '7 using electron density profiles for free ions modeled after the structure’s Hirshfeld

charges. The Hirshfeld charges were obtained by first running a calculation with neutral atomic profiles

obtained from the ABINIT homepage, with the charges as output of this calculation. These Hirshfeld

charges were then input into the Atomic Pseudopotentials Engine (APE)'® to generate ionic profiles. The

ABINIT calculation used a 6x6x6 k-point grid shifted by Y2xV2x%3, an energy cutoff of 90 Ha, and a

125x125x125 FFT grid (0.0607 A voxel spacing), yielding a total energy of -253.6440 Ha/cell.

Table A.9. Details of the VASP-DFT calculations on structures serving as bases for the parameterization

of Hiickel models.

Structure Geo Optimized Pseudopotentials ~ Energy Cut-off k-point mesh®

Fe,Pdy Algs® Yes PAW GGA 334.9eV 3x3x3, I'-centered
NiAl Yes PAW GGA 337.0eV 12x12x12, I'-centered
TiAl; Yes PAW GGA 300.5 eV 16x16x12, I'-centered
TiNi, sAls Yes PAW GGA 337.0eV 16x16x4, I'-centered
Ir,Alis Yes PAW GGA 300.5 eV 6x6%6, I'-centered
Fe;PdsAl,¢ Yes LDA Ultrasoft 297.0 eV 6x6x6, I'-centered

*All k-point grids were converged to a total energy of <1meV/atom
*Ordered model of Fe1,Pd;,Als used for the raMO analysis.
‘Ordered model of Fe4Pd;;Ale used for the CP analysis.

Table A.10. Cell parameters for all VASP-DFT optimized structures

a(A) b(A) c(A) a(°) B () ()
FePdyAls  13.3358 133358 133358 109.47 109.47 109.47
NiAl 2.8915 2.8915 2.8915 90.00 90.00 90.00
TiAl, 3.8446 3.8446 5.0931 112.18 112.18 90.00
TiNiisAls  3.9556 3.9556 141016  90.00 90.00 90.00
IryAls; 8.0501 8.0501 8.0501 90.00 90.00 90.00
Fe;PdsAL,  7.6716 7.5072 7.6018 90.00 90.00 90.00
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Table A.11. Atomic coordinates and total energy for the GGA-DFT optimized structure of Fe,,Pd,7Alss

Element x y z
Pd 0.650480 0.896480 0.246000
Pd 0.896480 0.246000 0.650480
Pd 0.595520 0.246000 0.349520
Pd 0.500000 0.500000 0.500000
Pd 0.000000 0.000000 0.500000
Pd 0.000000 0.500000 0.000000
Pd 0.500000 0.000000 0.000000
Pd 0.260790 0.148440 0.409230
Pd 0.739210 0.851560 0.590770
Pd 0.260790 0.851560 0.112350
Pd 0.739210 0.148440 0.887650
Pd 0.409230 0.260790 0.148440
Pd 0.590770 0.739210 0.851560
Pd 0.112350 0.260790 0.851560
Pd 0.887650 0.739210 0.148440
Pd 0.148440 0.409230 0.260790
Pd 0.851560 0.590770 0.739210
Pd 0.851560 0.112350 0.260790
Pd 0.148440 0.887650 0.739210
Pd 0.193600 0.193600 0.193600
Pd 0.806400 0.806400 0.806400
Pd 0.000000 0.000000 0.806400
Pd 0.000000 0.000000 0.193600
Pd 0.000000 0.806400 0.000000
Pd 0.000000 0.193600 0.000000
Pd 0.806400 0.000000 0.000000
Pd 0.193600 0.000000 0.000000
Al 0.000000 0.000000 0.000000
Al 0.194700 0.500000 0.694700
Al 0.805300 0.500000 0.305300
Al 0.694700 0.194700 0.500000
Al 0.305300 0.805300 0.500000
Al 0.500000 0.694700 0.194700
Al 0.500000 0.305300 0.805300
Al 0.261050 0.347840 0.411710
Al 0.738950 0.652160 0.588290
Al 0.936130 0.849340 0.588290
Al 0.063870 0.150660 0.411710
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0.063870
0.936130
0.738950
0.261050
0411710
0.588290
0.588290
0.411710
0.913210
0.086790
0.086790
0.913210
0.347840
0.652160
0.849340
0.150660
0.652160
0.347840
0.150660
0.849340
0.192300
0.807700
0.192300
0.807700
0.000000
0.000000
0.442550
0.557450
0.752730
0.247270
0.247270
0.752730
0.557450
0.442550
0.601180
0.398820
0.398820
0.601180
0.088640
0.911360

0.652160
0.347840
0.150660
0.849340
0.261050
0.738950
0.936130
0.063870
0.063870
0.936130
0.738950
0.261050
0.411710
0.588290
0.588290
0.411710
0.913210
0.086790
0.086790
0913210
0.000000
0.000000
0.192300
0.807700
0.192300
0.807700
0.353910
0.646090
0.841370
0.158630
0.646090
0.353910
0.158630
0.841370
0.442550
0.557450
0.752730
0.247270
0.247270
0.752730

0.913210
0.086790
0.086790
0.913210
0.347840
0.652160
0.849340
0.150660
0.652160
0.347840
0.150660
0.849340
0.261050
0.738950
0.936130
0.063870
0.063870
0.936130
0.738950
0.261050
0.192300
0.807700
0.000000
0.000000
0.192300
0.807700
0.601180
0.398820
0.398820
0.601180
0.088640
0.911360
0.911360
0.088640
0.353910
0.646090
0.841370
0.158630
0.646090
0.353910
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0.911360
0.088640
0.353910
0.646090
0.841370
0.158630
0.646090
0.353910
0.158630
0.841370
0.174800
0.984000
0.984000
0.174800
0.673900
0.673900
0.484900
0.484900
0.689900
0.499100
0.310100
0.500900
0.926600
0.926600
0.289100
0.564100
0.362500
0.637500
0.790900
0.062700
0.426800
0.426800
0.364100
0.635900
0.246000
0.754000
0.246000
0.754000
0.404480
0.103520

0.557450
0.442550
0.601180
0.398820
0.398820
0.601180
0.088640
0.911360
0.911360
0.088640
0.689900
0.499100
0.310100
0.500900
0.174800
0.984000
0.984000
0.174800
0.673900
0.673900
0.484900
0.484900
0.362500
0.637500
0.926600
0.926600
0.289100
0.564100
0.364100
0.635900
0.790900
0.062700
0.426800
0.426800
0.349520
0.650480
0.650480
0.349520
0.754000
0.754000

0.158630
0.841370
0.442550
0.557450
0.752730
0.247270
0.247270
0.752730
0.557450
0.442550
0.673900
0.673900
0.484900
0.484900
0.689900
0.499100
0.310100
0.500900
0.174800
0.984000
0.984000
0.174800
0.289100
0.564100
0.362500
0.637500
0.926600
0.926600
0.426800
0.426800
0.364100
0.635900
0.790900
0.062700
0.595520
0.404480
0.896480
0.103520
0.650480
0.349520
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Fe 0.349520 0.595520 0.246000

Fe 0.650480 0.404480 0.754000

Fe 0.349520 0.103520 0.754000

Fe 0.000000 0.500000 0.500000

Fe 0.500000 0.000000 0.500000

Fe 0.500000 0.500000 0.000000
Total Energy: -621.229833 eV /cell

Table A.12. Atomic coordinates and total energy for the GGA-DFT optimized structure of NiAl

Element x y z
Ni 0.500000 0.500000 0.500000
Al 0.000000 0.000000 0.000000
Total Energy: -10.509074¢eV /cell

Table A.13. Atomic coordinates and total energy for the GGA-DFT optimized structure of TiAl;

Element x y z
Al 0.000000 0.500000 0.000000
Al 0.250000 0.250000 0.500000
Al 0.750000 0.750000 0.500000
Ti 0.500000 0.000000 0.000000

Total Energy: -20.412511 eV/cell




Table A.14. Atomic coordinates and total energy for the GGA-DFT optimized structure of TiNi, sAls
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Element x y z
Ti 0.000000 0.000000 0.005695
Ti 0.500000 0.500000 0.498689
Ni 0.000000 0.000000 0.240041
Ni 0.000000 0.000000 0.760155
Ni 0.500000 0.500000 0.741276
Al 0.000000 0.500000 0.147954
Al 0.000000 0.500000 0.859141
Al 0.500000 0.000000 0.147954
Al 0.500000 0.000000 0.859141
Al 0.500000 0.000000 0.641992
Al 0.500000 0.000000 0.347946
Al 0.000000 0.500000 0.641992
Al 0.000000 0.500000 0.347946
Al 0.000000 0.000000 0.493975
Al 0.500000 0.500000 0.005084
Total Energy: -76.394839 eV/cell

Table A.15. Atomic coordinates and total energy for the GGA-DFT optimized structure of Ir,Al,3

Element x y z
Ir 0.500000 0.500000 0.500000
Ir 0.000000 0.000000 0.000000
Ir 0.500000 0.000000 0.721354
Ir 0.500000 0.000000 0.278646
Ir 0.721354 0.500000 0.000000
Ir 0.278646 0.500000 0.000000
Ir 0.000000 0.721354 0.500000
Ir 0.000000 0.278646 0.500000
Al 0.202568 0.499999 0.666707
Al 0.797432 0.500001 0.666707
Al 0.797432 0.499999 0.333293
Al 0.202568 0.500001 0.333293
Al 0.666707 0.202568 0.499999
Al 0.666707 0.797432 0.500001
Al 0.333293 0.797432 0.499999
Al 0.333293 0.202568 0.500001
Al 0.499999 0.667074 0.202568
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Al 0.500001 0.666707 0.797432
Al 0.499999 0.333293 0.797432
Al 0.500001 0.333293 0.202568
Al 0.801635 0.801635 0.801635
Al 0.198365 0.198365 0.801635
Al 0.198365 0.801635 0.198365
Al 0.801635 0.198365 0.198365
Al 0.348272 0.000000 0.000000
Al 0.651728 0.000000 0.000000
Al 0.000000 0.348272 0.000000
Al 0.000000 0.651728 0.000000
Al 0.000000 0.000000 0.348272
Al 0.000000 0.000000 0.651728
Al 0.801634 0.198366 0.801634
Al 0.198366 0.801634 0.801634
Al 0.198366 0.198366 0.198366
Al 0.801634 0.801634 0.198366
Total Energy: -176.809468 eV/cell

Table A.16. Atomic coordinates and total energy for the LDA-DFT optimized structure of Fe;PdsAl;

Element x y z
Fe 0.000000 0.000000 0.000190
Fe 0.500000 0.000000 0.660103
Fe 0.500000 0.000000 0.272860
Pd 0.000000 0.291980 0.507221
Pd 0.720371 0.500000 0.995154
Pd 0.500000 0.500000 0.493885
Pd 0.279629 0.500000 0.995154
Pd 0.000000 0.708020 0.507221
Al 0.214597 0.499999 0.672314
Al 0.785403 0.500001 0.672314
Al 0.804899 0.499999 0.318156
Al 0.195101 0.500001 0.318156
Al 0.679814 0.185274 0.490607
Al 0.679814 0.814726 0.490610
Al 0.320186 0.814726 0.490607
Al 0.320186 0.185274 0.490610
Al 0.499999 0.679621 0.197240
Al 0.500001 0.698794 0.797247
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Al 0.499999 0.301206 0.797247
Al 0.500001 0.320380 0.197240
Al 0.298944 0.000000 0.871553
Al 0.000000 0.305535 0.884071
Al 0.701056 0.000000 0.871553
Al 0.000000 0.694465 0.884071
Al 0.000000 0.000000 0.347025
Al 0.000000 0.000000 0.685259
Al 0.208839 0.81750S 0.148083
Al 0.791161 0.182495 0.148083
Al 0.208840 0.18249S5 0.148084
Al 0.791160 0.817505 0.148084
Total Energy: -166.287897 eV/cell
Table A.17. DFT-calibrated Hiickel parameters used in this Chapter
(I:{(I)\I/InSPz:\rflij;ion“ Element  Orbital H; (eV) c 0@ o G (a0h)
Fe,Pdy;Algs, 0.060795 eV Fe Fe 4s -4.525 2.3972
Fe 4p -3.000 2.1930
Fe 3d -7.467 0.5680 6.4187 0.9887 2.2290
Pd° Pd Ss -5.201 2.5984
PdSp  -2.840 2.5984
Pd4d  -10.413 1.0000 4.9663 3.2730 2.6747
Al Al 3s -7.830 1.9836
Al3p  -4.502 1.8103
Al 3d -1.405 0.5000 6.1077 2.197S5 1.6113
Ir,Al;;, 0.086633 eV Irb Ir 6s -4.197 2.6575
Irép  -1.901 2.6575
Ir 5d -8.668 1.0000 6.2954 S5.6145 2.9429
Al Al 3s -6.499 1.8782
Al3p 4473 1.7731
Al 3d -0.981 0.5000 7.0814 2.2701 1.4209

* Root-mean-squared deviations between Hiickel and GGA-DFT band energies for bands up to 1 eV above

Ek.

"This element’s { and {, values were constrained to be equal.



113

A.5 raMO Analyses of the Symmetry-Distinct T sites in Fe;,Pd,;Alss

raMO analysis of Pd1 (n=1)

“"~ 5 £ —1—,, _‘__ ‘
\ WX ,- 7

Vo

)

Is. >

W‘"“f\ N/
‘;s Wigr = + 07Ty, + 041y, w o, = - 071y, + 041y,

Vs \V i L CraMOs - 0.58y, - 0.58y;
P I
L\ L)
v
@\ .\ A\ Yics = +0.82y, +0.58y;
7 'JN/ - ‘/’9

Figure A.6. raMO reconstructions of the spd valence orbitals of Pd1 (from the list of atoms in Table A.11),
along with linear combinations of raMOs (LCraMOs) showing the Pd-Pd isolobal bond it participates in.
This Pd is an example of the Fel site (mixed Fe/Pd) in the experimental structure, modeled here as Pd

atom.



114

raMO analysis of Pd2 (n=1)

w§’ Vo™ _+0£8w$5_ 041y, W= +071y, =041y,
LCraMOs
’_L ’__
ﬂ € ~
'Jf§ IVG\

\

_L_ _l__ _|__ .
"’& WSJ w§ Vics

Figure A.7. raMOs and LCramos for Pd2. This atom lies on the Fel site (mixed Fe/Pd) from the
experimental structure.

raMO analysis of Pd3 (n=1)

) _E) 5 =q\
._ —* I (/ . R
v \/ 2] \:’> V3 i{\} D‘ ‘—r\.
=4 / = |/
'_E"‘? Wiep = - 0.35y, - 0.61y,
v, S LCraMOs - 0.41y, - 058y
&) %)
V5 ——V Vg —=/

—F{MIR _i?}\ _F;?il\ - 082y, 2058 o
v @D v /> ve @? Vics B2y, +0.98s  y ., = + 087y, - 0.50y,

Figure A.8. raMOs and LCramos for Pd3. This atom is lies on the Fel site (mixed Fe/Pd) from the
experimental structure.
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raMO analysis of Pd4 (n=0)
N (N S
AN
By B
8 ey
S
NS N G

Figure A.9. raMOs for Pd4. The atom lies on a Pd1 site from the experimental structure.

N\

-

raMO analysis of Pd5 (n=0)

pass 7N

G

Figure A.10. raMOs for PdS. This atom lies on a Pd1 site from the experimental structure.
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raMO analysis of Pd6 (n=0)

S N N N
e e e
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S
N
@ sl
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7SN\

Figure A.11. raMOs for Pd6. This atom lies on a Pd1 site from the experimental structure.

raMO analysis of Pd7 (n=0)

2
= NP
& &

Figure A.12. raMOs for Pd7. This atom lies on a Pd1 site from the experimental structure.
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" raMO analysis of Pd8 (n=3)
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Figure A.13. raMOs and LCramos for Pd8. This atom lies on a Pd2 site from the experimental structure.

VoY

|§ vz |

LCraMOs

Figure A.14. raMOs and LCramos for Pd9. This atom lies on Pd2 site from the experimental structure.

+0.50y,

Wiy = ~0.85y, - 018y o, = - 0.03y, +0.30y,

+0.61y, +0.73y,

Vics= *0.74y, +0.30y, y ., = -067y,+0.32y,
- 050y, + 0.32y,

- 0.59y, +0.33y,



raMO analysis of Pd10 (n=3)
/} l\\v\ “\ '
,,f__%/ 5/ & /

L

'_\/ Vigy = + 084y, - 021y, ., = +0.03y, - 0.28y,
RN LCraMOs - 0.50y, +0.62y, - 0.73y,

Wies = + 069!{]1 - 033W2 Vics™
- 056y, - 0.32y,

-0.73y, - 0.32y,
- 051y, - 0.33y,

raMO ’anaIyS|s of Pd11 (n=3)
4

| €

- 0.84y, +0.21y,
+0.501,

Wic = +0.03y, +0.28y,

\q Yier =
- 0.62y, + 0.73y,

LCraMOs

| ;| 7
o \w."
{ A 0 =1 "\ Vg Vet T 0.9y, +0.33y, ., = - 073y, +0.32y,
\ \ -0.56y, +0.32 +0.51y, +0.33
Y\ N\ AN\ D6y, +0.32y, 51y, +0.33y,
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Figure A.16.raMOs and LCramos for Pd11. This atom lies on a Pd2 site from the experimental structure.
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Yicy = —0.76y, + 046y,

4 LCraMOs Toaev

Vics= +0.73y, + 044y, y, ., = -0.68y, +0.48y,
+0.40y5 - 0.33y, +0.43y, - 0.35y,

Figure A.17.raMOs and LCramos for Pd12. This atom lies on a Pd2 site from the experimental structure.

raMO analysis of Pd13 (n=3)

A\ \ \
\ & e @
e N v
¥4 ~d Yo Ya \\J/ ‘-——k \\ ,
- \27'- ] d’
l, >I Wiy = +0851, + 017y, gy = - 031y, 081y,
50y,
Ve LCraMOs *

Ly sl \\/& |
i N
e

—‘\\({\// —’\\’//\\7 ——I\\“{/\<7 = +0.71y, - 0.30 = - 0.70y, - 0.31
WTL%J '*’sl'\‘ w;‘%j e *01553;*0.-32% e +0-56?z!/13+0:33uu2

Figure A.18.raMOs and LCramos for Pd13. This atom lies on a Pd2 site from the experimental structure.
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raMO analysis of Pd14 (n=3)

| \//
1> <} Yigr = +0.70y, +0.50y; o, = —0.09y, - 0.64y,
) ) - 0.50y, =077y,
\’ LCraMOs

T ‘
; ‘\533 ; Vios™ L otz -oomy 1ot :S:Z;?,’,;I%:i‘;i’;

Figure A.19.raMOs and LCramos for Pd14. This atom lies on a Pd2 site from the experimental structure.

raMO analysis of Pd15 (n=3)

g
<\ 5 \\ d
N
\;_-I_" Vict = +0.85y, = 017y; y o, = - 024y, +0.72y,

®
A ’ - 0.50y, - 0.65y,

S U
g@ ﬂ' g]‘_ Wics = *+0.76y, — 031y, = - 065y, -0.36
e N ) N =7 N Lc3 1 2 Vics |78 v,
WT\ A vg\’] ‘l/g\ > =044y, - 037y, - 0.51y, - 043y,

Figure A.20. raMOs and LCramos for Pd1S. This atom lies on an Pd2 site from the experimental

structure.
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raMO anaIyS|s of Pd16 (n=3)
+ .4
Wﬁ , *‘*' B
i
. 2N
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N N -

+0.46y, + 0.38y, +0.50y, + 041y,

12

Figure A.21.raMOs and LCramos for Pd16. This atom lies on a Pd2 site from the experimental structure.

raMO analysis of Pd17 (n=3)
A AN *

V4 l
—
!
a0 9
AN Wi = +0.85u,+ 018y, y = +0.07y, - 0.24y,
v +0.50y, =0.71y, + 0.66y,
| LCraMOs
ﬁ
\V v
AN

AR NTE
SR A

VAT 1R |
EA AT & \o4
Vics = :-(())Z,?llj]; ;gigll:/f Vs = +0.66y, - 0.35y,
I A1y +0.40v,

+0.54y, +0.39y,

Figure A.22. raMOs and LCramos for Pd17. This atom lies on an Pd2 site from the experimental

structure.
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- raMO analysis of Pd18 (n=3)
N (N \/ " /N VY,

(
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- 0.50y, = 0.74y, - 0.66y,

va LCraMOs
.,
S & - T

7 Yics= +0.67y, - 042y, y ., = -0, 741;/1 0.38y,
+0.46y, - 0.40y, - 0.39y, + 0.39y,

Figure A.23.raMOs and LCramos for Pd18. This atom lies on a Pd2 site from the experimental structure.

raMO analysis of Pd19 (n=3)
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};\‘ ﬁ‘ ﬁ‘ Yics= * 067y =034y, y g, = 074y, - 0.32y,
Y7 /N Yg yanY 'l/g +0.52y, + 040y, +0.44y, +0.39y,

Figure A.24.raMOs and LCramos for Pd19. This atom lies on a Pd2 site from the experimental structure.



123

raMO analysis of Pd20 (n=4)
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Figure A.25.raMOs and LCramos for Pd20. This atom lies on a Pd3 site from the experimental structure.
The fourth bonding state contributes to the Pds cube states shown in Figure 2.4 in Chapter 2.
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raMO analysis of Pd21 (n=4)

1\1|>|\ I\> 4\'/}\ 15
e e e h - _/\/ ¢ 7 = g t‘ =
2 VARVARAVSAYER A v) ‘. _‘(;wxfi @NEZ;
\,/ \/ \7 s
AN /"N \(;;\‘ 0.50 e
T = + (. + 0. = -0. .
N?FL e " Y e +00.259(;i;1/4+ R

B, [ o> >
\WavalVrar IV (4 N AN /4N
N ‘117" \Yava

\l NG \ i Z N\
(\.Q_‘ "( =~ %%Q Vigs= ~ 029y, - 041y, y ., = -0.29y, - 0.41y,
), Ve / \\/ v “4\\4/ +0.71y, + 0.50y, - 0.71y, + 0.50y,

Figure A.26.raMOs and LCramos for Pd21. This atom lies on a Pd3 site from the experimental structure.
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raMO analysis of Pd22 (n=4)
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Figure A.27. raMOs and LCramos for Pd22. This atom is derived from a Pd3 site in the experimental

structure.

y 4 raMC}analysis of Pd23 (n=4)
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Figure A.28. raMOs and LCramos for Pd23. This atom is derived from a Pd3 site in the experimental

structure.
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raMO analysis of Pd24 (n=4)
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Figure A.29.raMOs and LCramos for Pd24. This atom lies on a Pd3 site from the experimental structure.
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Figure A.30.raMOs and LCramos for Pd25. This atom lies on a Pd3 site from the experimental structure.
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Figure A.31. raMOs and LCramos for Pd26. This atom is derived from a Pd3 site in the experimental

structure.

raMO analysis of Pd27 (n=4)
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Figure A.32. raMOs and LCramos for Pd27. This atom corresponds to a Pd3 site in the experimental

structure.
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raMO analysis of Fe1 (n=1)

/@ o O .
A WY R /ﬁ\\ﬂ A%/
V1 v, 4 vy | |

-\;'ii\‘/ Vi = ~ 068y, +0.20y; y ., = +0.68y,-0.20y,

~ 041y, +0.58y; - 0.41y, +0.58v,

) A_‘-‘ r/\ LCraMOs
VG R
ve 1 8 v _/\‘7 Q

%\ %\ /\> | |
‘&/ / %} Yics =~ 082y, = 058y5 v, = +0.29y, +0.96y,

Figure A.33. raMOs and LCramos for Fel. This atom is derived from an Fel site in the experimental

Vg ‘ L)

structure.
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Figure A.34. raMOs and LCramos for Fe2. This atom is derived from an Fel site in the experimental

structure.
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raMO analysis of Fe3 (n=1)
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Figure A.35. raMOs and LCramos for Fe3. This atom is derived from an Fel site in the experimental

structure.
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Figure A.36. raMOs and LCramos for Fe4. This atom is derived from an Fel site in the experimental

structure.
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raMO analysis of Fe5 (n=1)
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Figure A.37. raMOs and LCramos for FeS. This atom is derived from an Fel site in the experimental
structure.

raMO analysis of Fe6 (n=1)
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Figure A.38. raMOs and LCramos for Fe6. This atom is derived from an Fel site in the experimental
structure.
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raMO anaIyS|s of Fe7 (n=1
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Figure A.39. raMOs and LCramos for Fe7. This atom is derived from an Fel site in the experimental

structure.
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Figure A.40. raMOs and LCramos for Fe8. This atom is derived from an Fel site in the experimental

structure.
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raMO analysis of Fe9 (n=1)
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Figure A.41. raMOs and LCramos for Fe9. This atom is derived from an Fel site in the experimental

structure.

Figure A.42. raMOs for Fel0. This atom is derived from an Fe2 site in the experimental structure.



raMO analysis of Fe11 (n=0)
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Figure A.43. raMOs for Fell. This atom is derived from an Fe2 site in the experimental structure.

raMO anaIyS|s of Fe12 (n=0)

>
B &

Figure A.44. raMOs for Fel2. This atom is derived from an Fe2 site in the experimental structure.
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A.6 Additional Theoretical Figures

Ir,Al43 Density of States Curve at VEC of IrAl, ;5
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@ 12
L
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20 Huckel-DOS

Figure A.4S. Density of States(DOS) curve for IryAl s, one ordered variant of IrAl, s, with the Fermi
Energy being placed at the valence electron concentration of IrAl, 7s. An extremely deep pseudogap is seen

at the Fermi Energy, indicating the stability and strong preference for this electron count (17.25 e'/Ir).
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Structure of Fe;Pds used
for the CP Calculation

Figure A.46. Structural picture for the model system Fe;PdsAly, the basis of the CP calculation shown in Figure 2.3
in Chapter 2, with structural parameters in Table A.16.
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Work in this Appendix was done by Peterson

B.1 Tables of Crystallographic Data for Mn3,SisN.

Table B.1. Selected Crystallographic Data for Mn;oSisN.,

refined composition
EDS composition
Pearson symbol

space group

a(A)

b(A)

c(A)

cell volume (A%),Z
crystal volume (mm?)
crystal color, shape

data collection temp. (K)
radiation source, A (A)
absorption coefficient (mm™)

absorption correction

Gmin) 9max (o)

Mn38.869(12)Si9.131(12)N0.84(3)
Mn39.oo(14)Si9.14(4)
0P195.36(12)

Pnma (62)
12.0826(2)
11.9195(2)
16.5709(3)
2386.52(7), 4

0.098 x 0.048 x 0.015
gray, plate

295

Mo K¢, 0.71069
20.152

analytical

2.98,28.92
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refinement method F*

Rini(I> 30), Rine(all) 7.90, 10.06
no. of reflections (I > 30, all) 12048, 40425
unique reflections (I > 30, all) 1858,3173
no. of parameters 245
R(I>30), R,(I>30) 3.11, 5.69
R(all), R, (all) 8.39,7.98
S(I> 30, all) 0.96, 1.00
APrasy Apmin (€7/A%) 1.59,-1.88

Table B.2. Refined atomic coordinates for Mn3oSioN,

Site Element Wyckoft « y z Uequiv Occupancy
Mnl Mn 4c 0.04420(13) 0.75 0.19320(9)  0.0053(5) 1

Mn2  Mn 4c 0.55753(12) 0.75 0.05630(9)  0.0039(5) 1

Mn3 Mn 4c 0.65641(13) 0.75 -0.32874(9)  0.0051(4) 1

Mn4  Mn 4c 0.84512(13) 0.75 -0.05708(9)  0.0042(4) 1

Mn$ Mn 8d 0.46322(9)  0.63311(10) 0.17762(6)  0.0061(3) 1

Mn6 Mn 8d 0.34255(10)  0.13692(10)  0.05655(6)  0.0058(3) 1

Mn7  Mn 4c 0.54621(13) 0.75 -0.18931(9)  0.0056(5) 1

Mn8 Mn 4c 0.15211(14) 0.75 0.05517(9)  0.0067(5) 1

Mn9  Mn 4c 0.26525(13)  0.75 0.19420(9)  0.0055(5) 1

Mnl0 Mn 4c 0.45020(13) 0.75 -0.07008(9)  0.0050(5) 1

Mnll Mn 8d 0.32756(9)  0.43910(10) 0.20913(6)  0.0057(3) 1

Mnl2 Mn 4c 0.75162(13)  0.75 0.06114(9)  0.0035(5) 1

Mnl3 Mn 8d 0.65572(10)  0.56417(10) 0.09682(6)  0.0057(3) 1

Mnl4 Mn 8d 0.65887(9)  0.56759(10) 0.25772(6)  0.0068(3) 1

MnlS Mn 8d 0.45191(9)  0.57646(10) 0.02041(6)  0.0052(3) 1

Mnl6 Mn 8d 0.26736(9)  0.57217(10)  0.09950(6)  0.0067(3) 1

Mnl7 Mn 8d 0.84375(9)  0.85675(9)  -0.29576(6) 0.0049(3) 1

Mnl8 Mn 8d 0.84828(10) 0.64303(10) 0.17783(6)  0.0072(3) 1

Mnl9 Mn 8d 0.53845(9)  0.57025(10) 0.40140(6)  0.0071(3) 1

Mn20 Mn 8d 0.84654(9)  0.55521(10) 0.01544(6)  0.0061(3) 1

Mn21  Mn 8d 0.48992(9)  0.44111(10) 0.28106(6)  0.0059(3) 1

Mn22 Mn 8d 0.96523(9)  0.13782(10) 0.06015(6)  0.0055(3) 1

Mn23 Mn 8d 0.27249(9)  0.64284(10) -0.04701(6)  0.0065(3) 1

Mn24 Mn 4c 0.74405(13)  0.75 -0.18429(9)  0.0057(5) 1

Mn25a Mn 4c 0.44996(13)  0.75 -0.31588(9)  0.0041(S)  0.869(12)
Mn2Sb  Si 4c 0.44996(13) 0.75 -0.31588(9)  0.0041(S)  0.131(12)
Sil Si 4c 0.3587(2) 0.75 0.06592(16) 0.0032(8) 1
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Si2 Si 8d 0.15506(17) 0.08607(16) 0.13681(11) 0.0031(5) 1
Si3 Si 4c 0.9502(2) 0.75 0.06184(17) 0.0053(9) 1
Si4 Si 4c 0.6526(3) 0.75 0.18371(15) 0.0054(8) 1
SiS Si 8d 0.81818(17) 0.04441(18) 0.14664(12) 0.0067(6) 1
Si6 Si 8d 0.50319(17) 0.06037(19) 0.12958(12) 0.0054(6) 1
N1 N 4c -0.0953(13)  0.75 0.2516(9) 0.010(5)*  0.58(3)
N2 N 4a 0.5 0.5 0.5 0.013(12)* 0.26(3)
*modeled with isotropic atomic displacement parameters

Table B.3. Refined harmonic displacement parameters for MnsoSisN.

Site Un Uy Uss Ui Ui Uas

Mnl 0.0049(8) 0.0070(9) 0.0042(8) 0 -0.0006(6) 0

Mn2 0.0023(8) 0.0041(9) 0.0053(8) 0 -0.0005(6) 0

Mn3 0.0049(8) 0.0051(8) 0.0055(7) 0 -0.0014(7) 0

Mn4 0.0042(7) 0.0048(8) 0.0036(7) 0 -0.0007(6) 0

Mn$S 0.0059(6) 0.0052(6) 0.0072(6)  0.0001(S) -0.0001(S)  0.0002(5)
Mné6 0.0043(5) 0.0071(6) 0.0062(5)  0.0003(S)  -0.0003(5)  0.0011(4)
Mn7 0.0047(8) 0.0067(9) 0.0054(8) 0 0.0011(6) 0

Mn$ 0.0037(8) 0.0095(9) 0.0068(8) 0 -0.0003(7) 0

Mn9 0.0049(8) 0.0083(9)  0.0034(7) 0 0.0016(6) 0

Mnl0 0.0067(8) 0.0044(9) 0.0039(8) 0 0.0014(6) 0

Mnll 0.0045(6) 0.0072(6)  0.0053(S)  -0.0006(5)  0.0005(4) -0.0007(5)
Mnl2 0.0038(8) 0.0037(9) 0.0032(8) 0 0.0003(6) 0

Mnl3 0.0048(5) 0.0055(6)  0.0068(5) -0.0006(5)  -0.0009(5)  0.0009(4)
Mnl4 0.0079(6) 0.0062(6) 0.0062(5) 0.0007(5) 0.0000(S) 0.0010(4)
Mnl5 0.0055(6) 0.0057(6)  0.0043(S) -0.0001(5)  -0.0003(4)  0.0003(5)
Mnl6 0.0071(6) 0.0051(6) 0.0077(6) -0.0021(5)  0.0002(4) 0.0015(5)
Mn17 0.0038(5) 0.0049(6)  0.0062(S)  -0.0005(5)  0.0002(S) 0.0006(4)
Mn18 0.0080(6) 0.0049(6) 0.0088(6) -0.0009(S)  0.0017(5) -0.0002(4)
Mn19 0.0083(6) 0.0058(6) 0.0072(6) 0.0018(5) 0.0006(5) -0.0010(S)
Mn20 0.0057(S) 0.0069(6) 0.0057(5) 0.0010(5) 0.0000(S) 0.0007(4)
Mn21 0.0041(6) 0.0087(6) 0.0049(6) 0.0005(5) -0.0006(4)  -0.0002(5)
Mn22 0.0064(6) 0.0048(6) 0.0052(6) -0.0004(S)  0.0010(5) -0.0003(4)
Mn23 0.0058(6) 0.0078(6) 0.0059(6) -0.0008(S)  -0.0012(4)  -0.0012(S)
Mn24 0.0040(8) 0.0069(9) 0.0062(8) 0 -0.0004(6) 0
Mn25a 0.0042(9) 0.0054(10)  0.0027(9) 0 -0.0006(6) 0
Mn25b 0.0042(9) 0.0054(10)  0.0027(9) 0 -0.0006(6) 0

Sil 0.0015(14)  0.0041(14) 0.0042(13) 0 0.0008(11) 0

Si2 0.0041(9) 0.0016(10)  0.0036(9) -0.0003(9)  0.0015(8) 0.0008(7)
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Si3 0.0039(15)  0.0061(16)  0.0059(15) 0 -0.0007(11) 0
Si4 0.0067(14)  0.0067(15)  0.0026(13) 0 -0.0018(12) 0
Sis 0.0081(11)  0.0065(11)  0.0056(10)  -0.0007(8)  -0.0022(8)  0.0002(8)
Si6 0.0066(10)  0.0038(11)  0.0059(10)  -0.0005(8)  0.0000(8) -0.0019(9)
Table B.4. Selected interatomic distances
Site Neighbor Distance (A) Site Neighbor Distance (A)
Mnl  MnS (x2) 2.7351(17) Si2 (x2) 2.359(2)
Mn8 2.633(2) Si3 2.344(3)
Mn9 2.671(2) MnS  Mnl 2.7351(17)
Mnl4 (x2)  2.7034(14) Mn2 2.6984(17)
Mnl8 (x2)  2.7008(18) Mn$S 2.7866(17)
Mnl19 (x2)  2.6557(15) Mn9 2.7818(17)
Si3 2.455(3) Mn13 2.8067(16)
Si4 2.424(3) Mnl4 2.8214(16)
N1 1.944(15) Mnl5 2.6947(15)
Mn2  MnS (x2) 2.6984(17) Mnl16 2.7935(16)
Mné6 (x2) 2.6021(17) Mni8 2.7713(15)
Mn10 2.463(2) Mn21 2.8774(16)
Mn12 2.346(2) Sil 2.638(3)
Mnl3 (x2)  2.6009(14) Si4 2.6809(33)
MnlS (x2)  2.5022(14) Si6 2.487(2)
Sil 2.407(3) N1 1.953(11)
Si4 2.403(3) Mn6  Mn2 2.6021(17)
Mn3  Mn7 2.667(2) Mn4 2.6379(18)
Mnl7 (x2)  2.6535(18) Mn6 2.6958(16)
Mn22 (x2)  2.7089(17) Mnl10 2.8526(18)
Mn23 (x2)  2.7996(17) Mnl1 2.6920(15)
Mn24 2.617(2) Mnl2 2.6296(17)
Mn25a 2.504(2) Mn13 2.6854(15)
Mn25b 2.504(2) Mn16 2.7465(16)
SiS (x2) 2.503(2) Mn20 2.7552(16)
Mn4  Mné6 (x2) 2.6379(18) Mn24 2.7189(17)
Mn12 2.261(2) Si2 2.6959(23)
Mn20 (x2)  2.6144(13) Si6 2.463(2)
Mn22 (x2)  2.6536(18) Mn7  Mn3 2.667(2)
Mn24 2.436(2) Mn10 2.291(2)
Mn25a 2.457(2) Mnll (x2)  2.7412(14)
Mn25b 2.457(2) Mnl7 (x2)  2.7685(18)




Site Neighbor Distance (A)
Mn2l (x2)  2.7733(14)
Mn24 2.392(2)
Mn25a 2.398(2)
Mn2Sb 2.398(2)
Si6 (x2) 2.539(2)
Mn8  Mnl 2.633(2)
Mn9 2.679(2)
Mnl6 (x2)  2.6404(15)
Mnl9 (x2)  2.6446(15)
Mn22 (x2)  2.7295(17)
Mn23 (x2)  2.5717(17)
Sil 2.503(3)
Si3 2.442(3)
Mn9  Mnl 2.671(2)
MnS (x2) 2.7818(17)
Mn$ 2.679(2)
Mnl4 (x2)  2.6485(14)
Mnl6 (x2)  2.6375(14)
Mnl8 (x2)  2.6701(17)
Sil 2.407(3)
Si4 2.439(3)
N1 1.909(15)
Mnl0 Mn2 2.463(2)
Mn6 (x2) 2.8526(18)
Mn?7 2.291(2)
Mnl5 (x2)  2.5549(14)
Mnl7 (x2)  2.8664(17)
Mn23 (x2)  2.5275(17)
Sil 2.510(3)
Si6 (x2) 2.529(2)
Mnll Mné 2.6920(15)
Mn?7 2.7412(14)
Mnl4 2.6080(16)
Mn16 2.5190(16)
Mn17 2.7034(15)
Mn21 2.2956(15)
Mn24 2.4492(13)
Si2 2.423(2)
SiS 2.401(2)

Site Neighbor Distance (A)
Si6 2.498(2)
Mnl2 Mn2 2.346(2)
Mn4 2.261(2)
Mn6 (x2) 2.6296(17)
Mnl3 (x2)  2.5688(14)
Mnl8 (x2)  2.5939(17)
Mn20 (x2)  2.6980(14)
Si3 2.399(3)
Si4 2.357(3)
Mnl3 Mn2 2.6009(14)
Mn$S 2.8067(16)
Mn6 2.6854(15)
Mn12 2.5688(14)
Mnl4 2.6668(14)
Mnls 2.7729(15)
Mnl$ 2.8766(15)
Mnl8 2.8459(16)
Mn20 2.6732(16)
Mn23 2.7427(17)
Si4 2.6421(18)
Sis 2.492(2)
Si6 2.428(2)
Mnl4 Mnl 2.7034(14)
MnS$ 2.8214(16)
Mn9 2.6485(14)
Mnll 2.6080(16)
Mn13 2.6668(14)
Mnl6 2.7055(15)
Mnl7 2.6650(16)
Mn18 2.7927(16)
Mnl9 2.7904(15)
Mn21 2.5670(16)
Si2 2.532(2)
Si4 2.4975(17)
MnlS Mn2 2.5022(14)
Mn$ 2.6947(15)
Mn10 2.5549(14)
Mn13 2.7729(15)
Mnl3 2.8766(15)
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Site Neighbor Distance (A)
Mnl5 2.2651(16)
Mnl6 2.5870(15)
Mn23 2.5639(15)
Sil 2.4729(19)
Si6 2.551(2)
Si6 2.513(2)

Mnl6 MnS 2.7935(16)
Mn6 2.7465(16)
Mn8 2.6404(15)
Mn9 2.6375(14)
Mnll 2.5190(16)
Mnl4 2.7055(15)
Mnl$S 2.5870(15)
Mn19 2.7659(16)
Mn20 2.7976(15)
Mn23 2.5704(15)
Sil 2.4538(18)
Si2 2.404(2)

Mnl7 Mn3 2.6535(18)
Mn7 2.7685(18)
Mn10 2.8664(17)
Mnll 2.7034(15)
Mnl4 2.6650(16)
Mn17 2.5448(16)
Mn21 2.5828(15)
Mn23 2.7441(15)
Mn24 2.5460(17)
Mn25a 2.5862(17)
Mn25b 2.5862(17)
Si2 2.7207(21)
SiS 2.475(2)
Si6 2.435(2)

Mnl8 Mnl 2.7008(18)
MnS5 2.7713(15)
Mn9 2.6701(17)
Mnl2 2.5939(17)
Mn1l3 2.8459(16)
Mnl4 2.7927(16)
Mn18 2.5500(16)

Site Neighbor Distance (A)
Mn19 2.7849(16)
Si3 2.614(3)
Si4 2.6880(34)
Sis 2.322(2)
N1 1.894(11)
Mnl9 Mnl 2.6557(15)
Mn8 2.6446(15)
Mnl4 2.7904(15)
Mnl6 2.7659(16)
Mn18 2.7849(16)
Mn20 2.7818(16)
Mn20 2.7033(16)
Mn21 2.5865(16)
Mn22 2.7091(17)
Mn22 2.7516(15)
Si2 2.420(2)
Si3 2.4697(18)
N2 1.8938(11)
Mn20 Mn4 2.6144(13)
Mné6 2.7552(16)
Mn12 2.6980(14)
Mn13 2.6732(16)
Mnl6 2.7976(15)
Mnl19 2.7818(16)
Mn19 2.7033(16)
Mn22 2.7769(16)
Mn22 2.8106(16)
Mn23 2.8133(17)
Si2 2.550(2)
Si3 2.7478(18)
Sis 2.501(2)
N2 1.9841(11)
Mn21 MnS 2.8774(16)
Mn7 2.7733(14)
Mnll 2.2956(15)
Mn14 2.5670(16)
Mnl17 2.5828(15)
Mn19 2.5865(16)
Mn22 2.8101(15)
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Site Neighbor Distance (A)
Mn25a 2.4595(13)
Mn25b 2.4595(13)
Si2 2.437(2)
SiS 2.402(2)
Si6 2.515(2)

Mn22 Mn3 2.7089(17)
Mn4 2.6536(18)
Mn8 2.7295(17)
Mn19 2.7091(17)
Mn19 2.7516(15)
Mn20 2.7769(16)
Mn20 2.8106(16)
Mn21 2.8101(15)
Mn22 2.6743(17)
Mn25a 2.6566(17)
Mn25b 2.6566(17)
Si2 2.6935(23)
Si3 2.630(3)
SiS 2.540(2)
N2 1.9669(11)

Mn23 Mn3 2.7996(17)
Mn8 2.5717(17)
Mn10 2.5275(17)
Mnl3 2.7427(17)
Mnl5 2.5639(15)
Mnl6 2.5704(15)
Mnl7 2.7441(15)
Mn20 2.8133(17)
Mn23 2.5545(18)
Sil 2.494(3)
SiS 2.303(2)

Mn24 Mn3 2.617(2)
Mn4 2.436(2)
Mn6 (x2) 2.7189(17)
Mn7 2.392(2)
Mnll (x2)  2.4492(13)
Mnl7 (x2)  2.5460(17)
Mn25a 2.488(2)
Mn25b 2.488(2)

Site Neighbor Distance (A)
Si2 (x2) 2.434(2)

Mn25

a Mn3 2.504(2)
Mn4 2.457(2)
Mn?7 2.398(2)
Mnl7 (x2)  2.5862(17)
Mn21 (x2)  2.4595(13)
Mn22 (x2)  2.6566(17)
Mn24 2.488(2)
Mn25b 0
Si2 (x2) 2.458(2)

Mn25

b Mn3 2.504(2)
Mn4 2.457(2)
Mn?7 2.398(2)
Mnl7 (x2)  2.5862(17)
Mn21 (x2)  2.4595(13)
Mn22 (x2)  2.6566(17)
Mn24 2.488(2)
Mn25a 0
Si2 (x2) 2.458(2)

Sil Mn2 2.407(3)
MnS (x2) 2.638(3)
Mn8 2.503(3)
Mn9 2.407(3)
Mn10 2.510(3)
Mnl5 (x2)  2.4729(19)
Mnl6 (x2)  2.4538(18)
Mn23 (x2)  2.494(3)

Si2 Mn4 2.359(2)
Mn6 2.6959(23)
Mnll 2.423(2)
Mn14 2.532(2)
Mnl6 2.404(2)
Mnl7 2.7207(21)
Mn19 2.420(2)
Mn20 2.550(2)
Mn21 2.437(2)
Mn22 2.6935(23)
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Site Neighbor Distance (A)
Mn24 2.434(2)
Mn25a 2.4582(22)
Mn25b 2.4582(22)
Si3 Mnl 2.455(3)
Mn4 2.344(3)
Mn8 2.442(3)
Mnl2 2.399(3)
Mnl8 (x2)  2.614(3)
Mnl9 (x2)  2.4697(18)
Mn20 (x2)  2.7478(18)
Mn22 (x2)  2.630(3)
Si4 Mnl 2.424(3)
Mn2 2.403(3)
MnS (x2) 2.6809(33)
Mn9 2.439(3)
Mnl2 2.357(3)
Mnl13 (x2)  2.6421(18)
Mnl4 (x2)  2.4975(17)
Mnl8 (x2)  2.6880(34)
Sis Mn3 2.503(2)
Mnl1 2.401(2)
Mn13 2.492(2)
Mnl7 2.475(2)
Mn18 2.322(2)
Mn20 2.501(2)
Mn21 2.402(2)
Mn22 2.540(2)
Mn23 2.303(2)
Si6 MnS$ 2.487(2)
Mn6 2.463(2)
Mn7 2.539(2)
Mnl10 2.529(2)
Mnl1 2.498(2)
Mn13 2.428(2)
Mnl5 2.551(2)
Mnl$S 2.513(2)
Mnl17 2.435(2)
Mn21 2.515(2)
N1 Mnl 1.944(15)

Neighbor Distance (A)
MnS (x2) 1.953(11)
Mn9 1.909(15)
Mnl8 (x2)  1.894(11)
Mnl9 (x2)  1.8938(11)
Mn20 (x2)  1.9841(11)
Mn22 (x2)  1.9669(11)
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B.2 Experimental Procedures
B.2.1 Synthetic Procedures

Samples were made by the stoichiometric mixing of Mn (Alfa Aesar, 99.95%) and Si (Alfa Aesar,
99.99%) powders under argon atmosphere, and grinding them together with an agate mortar and pestle.
The powder mixtures were transferred to crucibles cut from alumina tubes, and capped with a cement
base. These crucibles were placed within Y4 inch diameter capped quartz tubes. Outside the box, the 2
inch tubes were placed within a larger quartz tube (sealed at the top with a Teflon stopper) for annealing

(~100 mL volume), and immediately placed under active vacuum.

The line and samples were then flushed with ultra-high purity N, gas three times for 30 seconds each,
and then left under vacuum for several hours (<200 mtorr). Next, while still under vacuum, the line and
tube were flushed three more times with N gas, then N, levels were adjusted to the desired level (100 —

500 torr for various samples), and the large tube containing the samples was sealed at this pressure.

The large quartz tube was placed inside a tube furnace for annealing, with the Teflon stopper sticking
out. Samples yielding the desired Mn3ySisN, product were generally heated to 1100 °C for 24 hours,
followed by annealing at 900 °C for 336 hours. Some samples deviating from this heating profile were still
confirmed to produce the target phase (see Table B.S). After annealing, the samples tended to appear as

solid metallic gray chunks, which were crushed to release single crystals.
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Table B.S. Synthetic conditions and results for selected samples

N, pressure (torr) 1100 °C treatment (hr) 900 °C treatment (hr) Major phase Minor phase
433 24 270 Mn3oSioN, Mn;Si

173 24 272 Mn3oSisN,, v-Mnsg, sSiiss
176 24 272 Mn;Si Mn30SioN,
101 24 336 Mn3,SigN, Mn;Si

180 24 240 Mn;Si Mn3,SigN,
422 3 300 Mn;sSioN, -

322 3 300 Mn;sSioN, -

0? 20 336 Mn;Si Mn;Si;

*Sample was run under vacuum as a control for possible air exposure during annealing. Only Mn-Si phases
were observed in the product.

B.2.2 Single Crystal X-ray Diffraction

Single crystals were picked from the crushed bulk sample and mounted on the end of glass fibers for
single crystal X-ray diffraction analysis. These crystals were metallic gray in color, and usually exhibited
block- or plate-like habits. Data were collected using an Oxford Diffraction Xcalibur E diffractometer with
graphite monochromatized Mo Ka radiation (1 = 0.71073 A) at ambient temperature (295 K). The
CrysAlis Pro version 171.38.43 software package was used for run list optimization and processing of
frame data. The integrated data was exported to JANA2006,' where the structure was solved using the
charge-flipping algorithm®?* with SUPERFLIP program.* This structural model was refined in JANA2006
on F~. A Crystallographic Information File (CIF) has been deposited to the Cambridge Crystallographic

Data Centre (Deposition Number: 1982735).
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B.2.3 Backscattered Electron Imaging and Energy Dispersive Spectroscopy

Polycrystalline fragments of the samples were suspended inside hollow aluminum bullets in epoxy,
polished with a diamond grit, and coated in a conductive layer of carbon. These samples were examined
with a Hitachi S-3100N scanning electron microscope (SEM) with an energy dispersive spectroscopy
(EDS) detector. Backscattered-electron (BSE) images were taken at an accelerating voltage of 15 keV. The
EDS compostion was assigned based on an averaging of data for the most phase pure sample (sample BSE
image and EDS spectrum for this phase are shown in Figure B.la below), and was found to be
Mns9.00(11)Sisos(9). Some samples, such as that shown in Figure B.1b, showed the presence of a minority
phase within the matrix of the target phase. In this case the inclusion’s stoichiometry (Mn79.34(20)Si18.32(16))
is compositionally well-matched to the quasicrystal approximant Mns; sSiiss (v-phase). Mn;Si was also
found as a minority phase in some samples. Nitrogen X-ray emission lines were not able to be quantified
by the AZtec program; this is not surprising given its low abundance in the sample and the obfuscation of
the N Ko, emission line at 392.4 €V by the large Mn Lo, emission at 637.4 eV, which causes it to appear

as a small shoulder in EDS spectra (Figure B.1c).
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MIn5sl00(4)19101(8)
(darkerdmajernitylphase))

VIN79%34/29)Sll8132(16),
(lightedminonitylphase))

Figure B.1. Two samples used for SEM and EDS analysis. (a) The sample from which the single crystal used for
refinement of the structural model was picked. This sample showed little or no presence of a minority phase in the
SEM images. (b) The sample for which powder X-ray diffraction data is presented in Figure B.2a, showing the

presence of a minority phase compositionally matched to v-Mng; sSisss.

B.2.4 Powder X-ray Diffraction Analysis

Samples were crushed and ground into a uniform powder with an agate mortar and pestle. Powder X-
ray diffraction patterns were collected using synchrotron radiation (A = 0.412682 A) at ambient
temperature using the 11-BM beamline at the Advanced Photon Source. The data were analyzed using
the Match! Version 3.4.2 software.’ From these patterns, Mn3SisN, was found to be present by
comparison to a calculated pattern based on the refined crystallographic model, as illustrated in Figure
B.2a. This sample among others was found via EDS to contain a minority phase compositionally matched

to v-Mng;.sSiiss (Figure B.1b), which shares a great deal of peak overlap with Mn3SioN.. However, the
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locations of the strongest reflections are closely aligned with those calculated from the refined structural
model, and slightly offset from those of Mns, sSiiss. Several samples also contained Mn;Si, either as a very

small minority (Figure B.2a), or as the majority phase (Figure B.2b).

(a) Experimental Powder Diffraction (b) Experimental Powder Diffraction
1=0412682 A 1=0412682 A
=
2
L
=
(3
>
k]
* ik
- oa, s _. = L. L,A.LL.J B LBV I S
| MnagSigN, Calculated H MnagSigNs Calculated
Il Mng Siss 5 Calculated I Mng; 5Sirg 5 Calculated
| Mn3Si Calculated Mn3Si Calculated
5 10 15 ) 2 3 3% 40 ds 5 § 10 15 2 % 3 % 1) 4 s
26(°) 20(°)

Figure B.2. Experimental powder X-ray diffraction patterns collected for two Mn3sSisN,-containing samples
compared to the calculated patterns for Mn3oSisN., Mns sSiiss, and Mn;Si. (a) A sample containing a majority of the
target phase, MnssSisN,, with small minorities of v-Mns;sSiiss and Mn;Si. (b) A sample containing a majority of

Mn;Si, with Mn3eSisN, present as a minority.

B.3 Chemical Pressure Computational Procedure

DFT-Chemical Pressure (CP) schemes were produced for Mn;Si, Mn;C, and MnyN based on LDA-
DFT calculations performed with ABINIT®® using Hartwigsen-Goedecker—Hutter norm-conserving
pseudopotentials.’ Valence-only profiles were used for all atoms. Energy cutoff values of 75 Ha were used
for Min;Si and Mn;C, while 110 Ha was used for MnyN. First, atomic positions were optimized holding the
unit cell constant, then atomic positions and the unit cell were optimized simultaneously. Next, single
point ABINIT calculations were done on expanded and contracted (1.5%) structure to generate the

kinetic energy and electron densities, as well as potential maps used for the creation of 3D chemical

pressure maps. The nonlocal pseudopotential energies as well as the localized components of Egaa and E,
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were mapped and core unwarping was performed with the CPpackage2 program to generate chemical

10,11
pressure maps,

which were divided into contact volumes following the Hirschfeld-inspired integration
scheme.® The resulting pressures were projected onto atom-centered spherical harmonics (I < 4), and

visualized using the in-house Matlab program Figuretool2.

The localized electron counts of each atom in each structure were independently calibrated by creating
contracted (0.8x scale) and expanded (1.2x scale) structural models of the DFT-optimized Mn;Si, Mn;C,
and MnyN structures. Single-point ABINIT calculations were run, and chemical pressure maps were
generated as detailed above for each model, and net CPs were obtained by integrating the CP maps within
each Bader volume, as determined with the Bader program.'*"* The number of localized electrons on each
atom for each model was adjusted until pressures were balanced across atoms, with the assumption that at
these extreme volumes the macroscopic internal pressures should overwhelm local forces (see Table B.6-
B.8). The expanded and contracted values for each atomic position were averaged, and were used for CP

calculations done on the 1x scale unit cell.

To account for the ionic character of the atoms, the Bader charge program was used to calculate atomic
charges on each atom. Radial electron density profiles accounting for 0%, 25%, and 50% of the Bader
charges were created using the Atomic Pseudopotential Engine.'® As the ionicity changes, as shown in
Figure B.3 below, there are few if any differences between CP schemes, except for small increases in the
magnitudes of pressure features as the ionicity is increased. Qualitatively, however, the schemes do not
change in response to changes in ionicity. The schemes presented in the Chapter 3 are shown for 25%

ionicity.
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% |2000 cPa 0% 259, 50%

Mnssi

Mn3C

Figure B.3. Comparison of chemical pressure schemes at 0%, 25%, and 50% ionicity for Mn;Si, Mn;C, and Mn,N.
As the ionicity used in the calculations is increased, there is a very mild increase in the overall magnitude of pressure

features, but the qualitative aspects of each scheme do not change.

Table B.6. Localized electron calibration for Mn;Si

0.8 x scale average 1.2 x scale
Mnl localized e™ # 0.82676 1.59048 2.3542
Sil localized e™ # 0 0 0
Mnl1 net CPs 741.03 - -46.54

Sil net CPs 741.03 - -46.54




Table B.7. Localized electron calibration for Mn;C

0.8 x scale average 1.2 x scale
Mnl localized e™ # 0.855699 1.33471 1.81372
Mn2 localized e™ # 0.82788 1.314465 1.80105
Cllocalized e™ # 0 0 0
Mnl net CPs 947.54 - -59.35
Mnl1 net CPs 947.54 - -59.3§
C1 net CPs 947.54 - -59.35

Table B.8. Localized electron calibration for Mn,N

0.8 x scale average 1.2 x scale
Mnl localized e™ # 0.3531 0.865595 1.37809
Mn2 localized e™ # 0.4344 0.92614 1.41788
N1 localized e™ # 0 0 0
Mnl net CPs 861.27 - -51.59
Mnl1 net CPs 861.27 - -51.59
N1 net CPs 861.32 - -51.59
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Table B.9. k-point meshes used for chemical pressure calculations (LDA-DFT, ABINIT)

Structure k-point vectors® k-point shift
Mn;Si 8 0 0

0 8 0

0 0 8 0.50.50.5
Mn;C 6 0 0

0 5 0

0 0 7 0.50.50.5
Mn,N 8 0 0

0 8 0

0 0 8 0.50.50.5

*Three vectors that define a real-space super-lattice whose reciprocal lattice defines the k-point grid

Table B.10. DFT-calculated total energies (LDA-DFT, ABINIT)

Structure Total energy (Ha) Total energy (eV) Energy per atom (eV/at)
Mn;Si -95.8189 -2607.36 -325.92

Mn,C -198.5273 -5402.21 -337.638

MnsN -68.5055 -1864.13 -372.826
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Table B.11. Unit cell parameters for the LDA-DFT optimized geometries of Mn;Si, Mn;C, and Mn,N

Mn;Si (A) Mn;C (A) MnyN (A)
a 4.3491 4.8475 3.6223
b 4.3491 6.5495 3.6223
c 4.3491 4.3529 3.6223

Table B.12. Atomic coordinates for the LDA-DFT optimized geometry of Mn;Si

Site Wyckoff Pos. X y z
Mnl 6¢ 0 0.5 0.25
Sil 2a 0 0 0

Table B.13. Atomic coordinates for the LDA-DFT optimized geometry of Mn;C

Site Wryckoff Pos. x y z

Mnl 8d 0.18582 0.06528 0.15661
Mn2 4c 0.03097 0.25 0.65900
Cl 4c 0.37803 0.25 0.43502

Table B.14. Atomic coordinates for the LDA-DFT optimized geometry of Mn,N

Site Wyckoft Pos. x y z
Mnl la 0 0 0
Mn2 3c 0 0.5 0.5
N1 1b 0.5 0.5 0.5

B.4 Magnetic Properties Measurements

Magnetic properties of a sample known to contain a majority of Mn3eSiosN, as well as a small amount
of v-Mns: sSiiss (corresponding to Figure B.1b and Figure B.2a) were measured using a Quantum Design
Magnetic Properties Measurment System (MPMS) 3 EverCool Superconducting QUantum Interference
Device (SQUID). Magnetic moment versus temperature measurements were gathered at 0.01 T, 0.1 T, 1

T,and 7 T applied fields (Figure B.4), and magnetic moment versus applied field isotherms were measured
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at S K, 150 K, 300K, and 400K (Figure B.S). The divergence of the field-cooled and zero-field-cooled

below ~20 K is potentially indicative of antiferromagnetic or spin-glass character, however the

identification of the source of this transition, or the one noticeable at 200 K in the low-field curves, is

muddled by the presence of v-Mng;sSiiss in these samples, whose magnetic properties have not been

reported. Further investigation of the magnetic structure of Mn3oSisN, is needed.

Y (a) Mn3gSigN, Magnetic Moment v. Temperature 0.01 Tesla
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Figure B.4. Magnetic moment (10’3 Us/Mn atom) vs. Temperature (K) curves of Mn3eSisN, samples. Curves for

(a) 0.01 Tesla, (b) 0.1 Tesla, (c) 1 Tesla, and (d) 7 Tesla.
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Mn3agSigNy Magnetic Moment v. Field Isotherms

7
O5K £
150 K £
300 K c g8
5| = &¢
O 400K ?f
‘,‘] \_.O
o 08
S— (=]
3 g 83,
5
=
1
go?
T
2 15 1 -05 Qg&'l,' 0 2
&5’@@)?:-1
858 - -
®f L
088%5%° o
2882507 o
oOCP& LY @
@C?Oooi__' 3

]
<]

Figure B.S. Magnetic moment vs. field isotherms, showing relatively little hysteresis or saturation of the sample

with increasing field.



B.5 Additional Figures
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Figure B.6. N-containing octahedra as bridges in a continuous octahedral network throughout the Mn;,SisN,

structure. (a) Face-sharing zigzag chains of octahedra along a (yellow) are joined through N-centered octahedra

58% occupancy) between Mackay clusters. The other N containing octahedra in the structure (26% occupancy,
pancy. y g pancy,

red) joins neighboring chains to each other, creating a network of face-sharing octahedra. This connectivity suggests

the potential for a path for N diffusion throughout the structure.
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Intermetallic Reactivity: CasCursAls. and the Role of Electronegativity in the

Stabilization of Modular Structures

Work in this Appendix was done by Peterson.

C.1 Tables of Crystallographic Data for Ca;Cu;.sAl..

Table C.1. Refined harmonic atomic displacement parameters for Ca;Cu7sAls2

Site Un U Uss Un Ui Uss
Cul 0.0152(4) 0.0152(4) 0.0152(4) © 0 0
Ca2 0.0174(8)  0.0102(5) 0.0102(S) 0 0 0
All 0.0173(7) 0.0136(4) 0.0136(4) © 0 -0.0008(5)
A2 0.0139(9)  0.0139(9) 0.0139(9) © 0 0
Al3 0.0118(4) 0.0118(4) 0.0118(4) 0.0003(3) 0.0003(3) 0.0003(3)




Table C.2. Selected interatomic distance

Site Neighbor Distance (A)
Cul Al3 (x8) 2.5125(8)
Ca2 All (x4) 3.1766(8)
Al3 (x8) 3.4767(8)
Al4a (x8)  3.2039(9)
Al4b (x8)  3.334(3)
All Ca2 (x1) 3.1766(8)
All (x4) 2.8445(8)
Al2 (x1) 2.8445(8)
Al3 (x2) 3.0242(11)
Al4a (x4)  2.7038(8)
Al4b (x4)  2.6632(18)
Al3 Cul (x1)  2.5125(8)
Ca2 (x3)  3.4767(8)
All (x3) 3.0242(11)
Al3 (x3) 2.9011(11)
Al4a (x3)  2.5156(10)
Al4b (x3)  2.797(3)
Al4a Ca2 (x2)  3.2039(9)
All (x4) 2.7038(8)
Al3 (x2) 2.5156(10)
Al4a (x2)  2.7075(12)
Al4b (x1)  0.336(3)
Al4b (x2)  2.481(3)
Al4b Ca2 (x2)  3.334(3)
All (x4) 2.6632(18)
Al3 (x2) 2.797(3)
Al4a (x1)  0.336(3)
Alda (x2)  2.481(3)
Al4b (x2)  2.232(4)
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C.2 Backscattered Electron Imaging and Energy Dispersive Spectroscopy

Polycrystalline fragments of the samples were suspended in epoxy inside hollow aluminum bullets.
These bullets were polished with diamond grit solution down to a 1ym finish and coated in a conductive
layer of carbon. The polished samples were examined with a Hitachi S-3100N scanning electron
microscope with an EDS attachment, and backscattered electron (BSE) images showing the phases
present were taken at 15 keV accelerating voltage. From this analysis the composition of the darker
majority phase was determined to be Caso03)Curei(15)Alsas(i4) and was attributed to the structurally
unknown CaCu,Al; phase and eventually the Ca3Cu;sAbs, ternary. The composition of the lighter

minority phase was determined to be Cay00(2)Cus.20(21)Al7.87(21), and was assigned to the neighboring ternary

phase CaCu,Als.

BSE-SEM

CaCuy ,0Al7 7

CasCu; s1Al26i8

Al 71.38% £ 0.37
Cu 20.52% +0.39
Ca 8.08% + 0.07

Figure C.1. Elemental Analysis via Energy Dispersive Spectroscopy. BSE image of polished surface of a fragment of

the reaction product, with the compositions determined from EDS for the two phases given.
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C.3 Additional Computational Details and Results

Table C.3. k-point meshes (LDA-DFT, ABINIT)

Structure k-point vectors® k-point shift
CaAly 0 -10 -10
-10 0 -10
4 4 0 0.50.50.5
CuAlL (own type) 0 10 10
-10 0 -10
-12 -12 0 0.50.50.5
CuAl, (fluorite type) 8 8 -8
-8 8 -8
-8 8 8 0.50.50.5
CaCuAlL 0 -10 -10
-10 0 -10
4 4 0 0.50.50.5
anti-CaCuw,Al 0 -10 -10
-10 0 -10
S S 0 0.50.50.5
Ca;CuiAly 8 0 0
0 8 0
0 0 8 0.50.50.5

*Three vectors that define a real-space super-lattice whose reciprocal lattice defines the k-point grid.

Table C.4. DFT-calculated total energies (LDA-DFT, ABINIT)

Structure Total energy (Ha) Total energy (eV) Energy per atom (eV/at)
CaAL -9.1859 -249.9600 -49.9920

CuAl (own type) -104.6227 -2846.9301 -474.4883

CuAL (fluorite type) -104.6292 -2847.1077 -474.5180

CaCuAl -101.1931 -2753.6050 -550.7210
anti-CaCu,AlL -101.1802 -2753.2546 -550.6509

Ca;CuysAly, -671.9498 -18284.6956 -494.1810
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Table C.S. Calculated Bader charges for Ca;Cui3Al; (LDA-DFT, ABINIT)

Site Bader charge
Cul -2.37

Cu2 -1.85

Cal 0.90

All -0.17

Al2 1.15

Al3 0.77

Table C.6. Unit cell parameters for LDA-DFT optimized CaAl,, CuAl, (own and fluorite type), CaCu,Al,
anti-CaCu,Al,, and Ca;CujzAly,;

CaAl, (A) CuAl (own) (A) CuAl (fluorite) (A) CaCwAl (A) anti-CaCuw,AlL (A)  Ca;CuiAl, (A)

a 4.1464 5.9398 5.67011 3.9714 4.1266 8.1419
b 4.1464 5.9398 5.67011 3.9714 4.1266 8.1419
c 11.2147 4.7890 5.67011 10.3916 9.8556 8.1419

Table C.7. Atomic coordinates for LDA-DFT optimized CaAl,

Site Wyckoff Pos. x y z

Cal 2a 0 0 0

All 4d 0 0.5 0.25
Al2 4e 0 0 0.38988

Table C.8. Atomic coordinates for LDA-DFT optimized CuAl, (own type)

Site Wryckoft Pos. x y z
Cul 4a 0 0 0.25
All 8h 0.15910 0.65910 0

Table C.9. Atomic coordinates for LDA-DFT optimized CuAl (fluorite type)
Site Wyckoff Pos. x y z
Cul 4a 0 0 0
All 8c 0.25 0.25 0.25
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Table C.10. Atomic coordinates for LDA-DFT optimized CaCu,Al

Site Wyckoff Pos. x y z

Cal 2a 0 0 0

All 4d 0 0.5 0.25
Cul 4e 0 0 0.38578

Table C.11. Atomic coordinates for LDA-DFT optimized anti-CaCu,Al

Site Wyckoff Pos. x y z

Cal 2a 0 0 0

Cul 4d 0 0.5 0.25
All 4e 0 0 0.36965

Table C.12. Atomic coordinates for LDA-DFT optimized Ca;Cuy3Aly,

Site Wyckoff Pos. x y z

Cul la 0 0 0

Cu2 12i 0 0.65182 0.65182
Cal 3d 0 0 0.5

All 1b 0.5 0.5 0.5

Al2 8g 0.82627 0.82627 0.82627
Al3 12j 0.74617 0.74617 0.5
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0% ionicity 15% ionicity

anti-CaCusAls

Figure C.2. Chemical pressure schemes of CaAl,, CaCu,Al, anti-CaCu,Al, and Ca;Cu;3Al,; calculated using
CPpackage2 with free ion electron densities of both 0% and 15% of total Bader charge used for the construction of

the contact volumes.

Table C.13. k-point meshes (GGA-DFT)
CaAl, CaCuAl, anti-CaCu,Al,  CazCuizAl; Cas;CusAly,
center r r r r r
grid 20x20x8 10x10x10 10x10x10 8x8x8 8x8x8
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Table C.14. Atomic coordinates and unit cell parameters for GGA-DFT optimized CaAl,

cell vectors a b C

6.4126 0.0143 0.0000

3.4398 5.4120 0.0000

-4.9262 -2.7132 3.0811
element x y z
Ca 0.0000 0.0000 0.0000
Al 0.7500 0.2500 0.5000
Al 0.2500 0.7500 0.5000
Al 0.3863 0.3863 1.0000
Al 0.6137 0.6137 0.0000

Table C.15. Atomic coordinates and unit cell parameters for GGA-DFT optimized CaCu,Al

cell vectors a b C

4.0990 0.0000 0.0000

0.0000 4.0990 0.0000

0.0000 0.0000 4.0990
element x y z
Ca 0.0000 0.0000 0.0000
Ca 0.5000 0.5000 0.5000
Cu 0.0000 0.0000 0.3839
Cu 0.0000 0.0000 0.6161
Cu 0.5000 0.5000 0.8839
Cu 0.5000 0.5000 0.1161
Al 0.0000 0.5000 0.2500
Al 0.0000 0.5000 0.7500
Al 0.5000 0.0000 0.2500
Al 0.5000 0.0000 0.7500




Table C.16. Atomic coordinates and unit cell parameters for GGA-DFT optimized anti-CaCu,Al

cell vectors a b c
4.3654 0.0000 0.0000
0.0000 4.3654 0.0000
0.0000 0.0000 9.7954
element x y z
Ca 0.0000 0.0000 0.0000
Ca 0.5000 0.5000 0.5000
Al 0.0000 0.0000 0.3647
Al 0.0000 0.0000 0.6353
Al 0.5000 0.5000 0.8647
Al 0.5000 0.5000 0.1353
Cu 0.0000 0.5000 0.2500
Cu 0.0000 0.5000 0.7500
Cu 0.5000 0.0000 0.2500
Cu 0.5000 0.0000 0.7500

Table C.17. Atomic coordinates and unit cell parameters for GGA-DFT optimized Ca;Cui3Aly,

cell vectors a b c
8.3680 0.0000 0.0000
0.0000 8.3680 0.0000
0.0000 0.0000 8.3680
element x y z
Cu 0.5000 0.5000 0.5000
Cu 0.5000 0.1519 0.1519
Cu 0.5000 0.8481 0.8481
Cu 0.5000 0.8481 0.1519
Cu 0.5000 0.1519 0.8481
Cu 0.1519 0.5000 0.1519
Cu 0.8481 0.5000 0.8481
Cu 0.1519 0.5000 0.8481
Cu 0.8481 0.5000 0.1519
Cu 0.1519 0.1519 0.5000
Cu 0.8481 0.8481 0.5000
Cu 0.8481 0.1519 0.5000
Cu 0.1519 0.8481 0.5000
Ca 0.5000 0.5000 0.0000
Ca 0.0000 0.5000 0.5000
Ca 0.5000 0.0000 0.5000
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Al 0.0000 0.0000 0.0000
Al 0.3256 0.3256 0.3256
Al 0.6744 0.6744 0.6744
Al 0.6744 0.6744 0.3256
Al 0.3256 0.3256 0.6744
Al 0.6744 0.3256 0.6744
Al 0.3256 0.6744 0.3256
Al 0.3256 0.6744 0.6744
Al 0.6744 0.3256 0.3256
Al 0.2431 0.2431 0.0000
Al 0.7569 0.7569 0.0000
Al 0.7569 0.2431 0.0000
Al 0.2431 0.7569 0.0000
Al 0.0000 0.2431 0.2431
Al 0.0000 0.7569 0.7569
Al 0.0000 0.7569 0.2431
Al 0.0000 0.2431 0.7569
Al 0.2431 0.0000 0.2431
Al 0.7569 0.0000 0.7569
Al 0.2431 0.0000 0.7569
Al 0.7569 0.0000 0.2431

Table C.18. Atomic coordinates and unit cell parameters for GGA-DFT optimized Ca;Cu;Al;

cell vectors a b C

8.5501 -0.0411 -0.0411

-0.0411 8.5501 0.0411

-0.0411 0.0411 8.5501
element x y z
Cu 0.5000 0.5000 0.5000
Cu 0.8403 0.5060 0.1597
Cu 0.8403 0.1597 0.5060
Cu 0.4940 0.1597 0.1597
Cu 0.1597 0.4940 0.8403
Cu 0.5060 0.8403 0.8403
Cu 0.1597 0.8403 0.4940
Al 0.5000 0.1331 0.8669
Al 0.5000 0.8669 0.1331
Al 0.8669 0.5000 0.8669
Al 0.1331 0.5000 0.1331



PEEEERRERRERERRERREERERE R R R R R R R

0.8669
0.1331
0.0110
0.9890
0.0000
0.0000
0.2372
0.7628
0.7674
0.2326
0.7674
0.2326
0.2372
0.7628
0.0000
0.6710
0.3290
0.3293
0.6707
0.3313
0.6687
0.6707
0.3293
0.0000
0.5000
0.5000

0.8669
0.1331
0.7628
0.2372
0.2326
0.7674
0.9890
0.0110
0.0000
0.0000
0.7674
0.2326
0.7628
0.2372
0.0000
0.6707
0.3293
0.3290
0.6710
0.6687
0.3313
0.3293
0.6707
0.5000
0.0000
0.5000

0.5000
0.5000
0.7628
0.2372
0.7674
0.2326
0.7628
0.2372
0.7674
0.2326
0.0000
0.0000
0.9890
0.0110
0.0000
0.6707
0.3293
0.6707
0.3293
0.6687
0.3313
0.6710
0.3290
0.5000
0.5000
0.0000
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C.3.1 Localized Electron Calibration Procedure

The number oflocalized electrons used when calculating chemical pressure schemes with CPpackage2
was calibrated for Cu atoms used in the calculations. For this calibration, ABINIT chemical pressure
calculations were done on the structures of both a contracted (0.8 x scale) and expanded (1.2 x scale) unit
cell of CuAl, (own type). Calculations of the Ewald, E, and nonlocal components of the energy were done
on each of the cells, and the atomic Bader volumes were determined. Next, CP calculations were
performed integrating the CP maps within the Bader volumes to obtain net atomic CPs, with the idea that
when properly calibrated at these extreme volumes, the macroscopic internal pressures should overwhelm
the local differences in coordination. The number oflocalized Cu electrons was adjusted for the contracted
and expanded unit cells until the pressures across all atoms were balanced (see Table C.17). The values for
which these pressures were balanced were found to be 4.35678 electrons for the contracted CuAl, cell
(pressures of +307.28 GPa), and 6.66100 electrons for the expanded cell (—16.47 GPa). Averaging these
two values gives 5.50889 localized Cu electrons, which was the value used for all further CP calculations.

The localized electron counts for other elements were all left to be 0.

Table C.19. Localized electron calibration for Cu in CuAl,

CuAl, 0.8 x scale 1.2 x scale
Culocalizede~  4.356780 6.661000
Allocalized e~ 0.000000 0.000000
Cunet CPs +307.28 GPa -16.47 GPa

Al net CPs +307.28 GPa -16.47 GPa




