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ABSTRACT

High temperature solid-state synthesis and electronic structure calculations were used
to characterize and analyze Ga containing polar intermetallic compounds, specifically systems
with late transition metals (Co, Pt, Pd) and cations of alkaline-earth (Mg, Ca, St,) or rare-earth
(Gd) metals. Total energy calculations, magnetic moment and structural optimizations were
performed with the Vienna Ab initio Simulation Package (VASP) and density of states and
crystal orbital Hamilton population curves as well as the integration of the COHP were
calculated using the Stuttgart Tight-Binding Linear Muffin-Tin Orbital with the Atomic Sphere
Approximation (TB-LMTO-ASA). These tools were used to provide insight into the structural
and bonding characteristics of these Ga containing polar intermetallics.

Two new fully ordered ternary Laves phases CaxPt3Ga and CaxPd;Ga were discovered
and analyzed to shed light on the driving force behind the structural distortion of the cubic
MgCuz-type CaPt; and CaPd> with the substitution of Ga. Nine symmetrically inequivalent
coloring models, substituting one Ga on each tetrahedra of the cubic structure, were proposed
and studied. Change in energy calculations for three theoretically proposed steps of this
substitution show that it is energetically favorable to substitute Ga for Pd however, Ga for Pt
is energetically unfavorable, demonstrating the effect of size differences and the differences in
Mulliken electronegativities in these systems.

An orthorhombic variant of the previously reported monoclinic CaxPd,Ga was
synthesized and characterized. Structure comparisons show similar coordination environments
for the atoms involved however, there is a change in the direction, stacking, and uniformity of
the Pd—Pd linear chains in the structures. All electronic structure calculations indicate that the

monoclinic structure is energetically more stable.
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Electronic structure calculations were performed on a series of GdCoz-xGax compounds
to shed light on any driving forces of the structural changes with increased Ga content. Results
indicate that the structure changes when the previous structure reaches a threshold of Ga—Ga
homoatomic interactions. These structure changes happen with increased Ga content to
optimize the Co—Ga heteroatomic interactions within the structures. The series of structures
adopted also resembles the series of GdX> binary (X = Co, Ni, Cu, Zn, Ga) compounds thus

indicating that the valence electron count plays a significant role in the structure changes as

well.
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CHAPTER 1. INTRODUCTION

1.1 Polar Intermetallics

The periodic table contains more than 80 metallic elements and the combination of
these elements, along with group III, IV, and V p elements, results in a very large number of
intermetallic compounds.' Intermetallic compounds are those that contain two or more metallic
or semi-metallic elements.? Intermetallic compounds can be divided into three very broad
groups depending on the degree of charge transfer from the electropositive to electronegative
components: (1) Hume-Rothery phases, (2) polar intermetallics, (3) Zintl phases. This is only
a single way to classify intermetallic compounds and there are many other systems for
example, another system is to classify compounds based on their coordination polyhedra and

3 Hume-Rothery compounds consist of elements with similar sizes and

orientation.
electronegativities which cause little charge transfer between the elements. Zintl phases consist
of elements with very different electronegativities and usually one element that lies along the
Zintl border, which is between groups 13 and 14.* Polar intermetallic compounds
simultaneously possess ionic and covalent interactions as in Zintl phases however, common
valence electron counting rules fail to rationalize the structures of polar intermetallic phases,
especially those involving transition metals.’ The significant difference in electronegativity in
Zintl phases creates a large formal charge transfer with the electropositive element essentially
donating its valence electrons to the electronegative element. This almost complete donation
creates a more polar interaction in the Zintl compounds compared to the Hume-Rothery and
polar intermetallics. Zintl phases can be described using conventional electron counting rules

such as the octet rule. Between the two extremes of Hume-Rothery phases and Zintl phases are

the polar intermetallics, in which there are still significant differences between
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electronegativities of components, although there is also significant covalent bonding, as seen
in Zintl phases, in the anionic sublattice of the structure.> Even though there is covalent
bonding in Zintl phases and Polar intermetallics, the latter cannot be easily described by any
of the conventional valence electron counting methods.’> The bonding in polar intermetallic
compounds often involves multicenter interactions in which electrons are delocalized. In
comparison, bonding in Zintl phases can be viewed as two-center two-electron bonds without
usual the degree of delocalization that is present in the polar intermetallic compounds.®

Structurally these different classifications have distinctive features. Hume-Rothery
phases contain condensed structures with covalent bonding and generally high coordination
numbers and are poor metals. Polar intermetallic compounds have varied bonding types and
often contain complex structures with no universal bonding rationale. Zintl phases contain
open frameworks with lower coordination numbers and significant ionic bonding while
following the octect/Wade’s rules.’

Another way to view this categorization of intermetallic compounds is by looking at
the valence electrons per atom (e/a) ratio. Figure 1.1.1 shows a spectrum from Hume-Rothery
phases to Zintl phases and the corresponding e/a values associated with each. CusZng has a
complex cubic structure with an e/a ratio of 1.62,” which indicates, from Figure 1.1.1, that it
is a Hume-Rothery phase. NaTl is the prototypical Zintl phase. Each Na donates the valence
3s electron to a T1 atom thus creating a TI" anion with 4 valence electrons. In the process of the
electron counting only the electronegative metal is considered giving NaTl an e/a of 4. This
causes the TI to create 4 bonds with other Tl atoms and thus creates the diamond network with

the Na" acting as a space filler.?
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Polar
Intermetall
[ ] 1 1 1 -
1 2 3 4

e/a = VEC/# atoms
Figure 1.1.1 e/a ratios for the three types of intermetallic compounds.’

1.2 Laves Phases

Laves phases are an important and vast family of AB> compounds, with more than 1400
binary and ternary phases reported.” They have been studied for possible applications, due to
their strength up to very high temperature; however, they have a major limitation in their
brittleness.’ There are three principle crystal structure types that the Laves phases adopt: the
cubic MgCu; (C15); the hexagonal MgZn, (C14); and hexagonal MgNi, (C36) structure
types.'® The majority component atoms create a 3D network which is made up of B4 tetrahedra.
In the MgCuz and MgZn: structures, these tetrahedra are arranged in the same manner as the
individual atoms in the cubic and hexagonal diamond, respectively. The Mg atoms in these
two structures also are arranged in the respective diamond networks so their crystal structures
can be described as two inter-penetrating diamond networks. The MgNi, structure is a 1:1
integration of the MgCu> and MgZn> crystal structures.

The lattices in the Laves phases can be described by the layers the majority component
form. The B atoms form layers which are referred to as a Kagomé nets, or (3636) nets.
Depending on the stacking of these Kagomé nets, the three different basic structures arise:” the
cubic stacking found in MgCu; is described as (ABC) stacking; the stacking found in
hexagonal MgZn; is (AB) stacking; and the MgNi> structure is a combination of these two

stacking variations and is described as (ABAC) stacking.!! These layers of Kagomé nets are
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separated by other B atom planes. The stacking sequences can be seen in Figure 1.2.1. More
complicated stacking sequences with 6-, 8-, 9-, 10-, and 21-layer structures have been found

in Mg-based Laves phase systems by Komura et. al.’

MgCu,

Figure 1.2.1. The stacking sequences as seen in MgZn> (left) MgCu, (middle) and MgNi»
(right).

The A atoms reside in the center of a 16-atom Frank-Kasper polyhedron while the B
atoms reside at the center of icosahedra. A atoms have a coordination number (CN) of 16
consisting of 4 A atoms and 12 B atoms while each B atom have a CN of 12: 6 A atoms and 6
B atoms.” The Laves phases cannot be easily rationalized by electron counting rules like the
Zintl phases and Hume-Rothery phases; however, there is a relationship between the valence
electron count (VEC) and which structure a system adopts.'?

To optimize physical properties additional elements have been incorporated into the

crystal structures of Laves phases. This can be done in one of two ways: (1) mixed site
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occupancy at one of the sites can be achieved; or (2) a fully ordered, ternary Laves phase can
be made, which crystallizes as some type of superstructure of the C15, C14, or C36 structures.'!
One of the first examples of a rhombohedrally distorted cubic MgCua-type unit cell was found
in another binary, TbFe;, which distorts the cubic structure due to magnetostriction under high
pressure. Fully ordered ternary Laves phases have been found with the general formulas of
A>B3B’ and AA’Bs with many different ordered variants being continuously reported.!® The
addition of a third or even fourth element into the lattice of the Laves phases raises the question
where will the element go?
1.3 Coloring Problem

To address this question of where the added elements go the coloring problem can be
examined. If a compound has a set stoichiometry and more than one element dispersed
throughout the crystal structure the question arises, what is the best way to distribute the atoms
throughout the crystal structure? This is the “coloring problem” that can be analyzed in a
couple of ways.!* One method is to take the formula unit and multiply it so all elements have
whole integers in the formula unit. This can be the starting point and models with different
numbers of homo- and hetero-atomic interactions can be amde.'> Examples of this type of
modeling can be found in Figure 1.3.1, which show four different models for the compound
GdCo133Gage7. The smallest supercell that contains fully stoichiometric ratios is GdsCogGas
however this unit cell would create unphysical Gd—Gd distances so the cell is expanded more
to Gdi2CogGas. The atoms with mixed occupancy are then dispersed in different ways which
affects the number of homo- and heteroatomic interactions in the structure. Calculating the
total energies of these different models can give information on the electronic significance of

homo-atomic and hetero-atomic interactions that influence structural stability. Crystal orbital
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Hamilton population (COHP) curves along with the integrated crystal orbital Hamilton
population (ICOHP) values, an indication of strength of the pairwise interaction, can also be
calculated for the models. The COHP curves and ICOHP values can shed light on how the
pairwise interactions are affected by the changes of coordination environment and numbers of

homo-atomic/hetero-atomic interactions.

Figure 1.3.1. Four coloring models created for GdCo1.33Gao.67.

Another method to address the coloring problem is doing a Mulliken population or Bader
charge analysis of the different sites using an overall isoelectronic homonuclear structure,
which will show differences in the number of valence electrons assigned to different atomic
sites. Generally, in moving to a respective heteronuclear structure the most electronegative
atom will reside in the position with the largest population.!® The site energy, energy
contribution from the valence electrons, and the bond energy are two energetic contributions
to the ordering of elements. In purely covalent compounds the site energy would be minimal
and the bond energy will dominate while the reverse is true for ionic compounds. The

population analysis gives an indication of the lowest energy decoration of the structure.!
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1.4 Elements

Previous work in the Miller group has focused on using Au as one of the elemental
components. This is because Au has a large versatility in the structures it can form. It can exist
in structures as condensed clusters, 3D networks, or as complex frameworks which can even
lead to quasicrystals and other phases. Au has the highest electronegativity of all the metals
and contains the largest contraction of the 6s subshell due to relativistic affects.!” The work
presented in the following chapters focuses on the element Pt. Pt has the second largest
contraction of the 6s subshell due to relativistic effects'® and thus experimental research was
performed to determine if the structural versatility that is found with Au can also be seen with
Pt.

Ga was chosen due to its room temperature melting point. The low melting point of Ga
creates a solution in the experimental vessel that helps dissolve Pt with its high (2041 K)
melting point. The Pt-Ga phase diagram shows several binary compounds with varying mole
percent (14-75%) of Pt. In general, the trend across the phase diagram is the larger mole percent
of Pt the higher the melting point. PtGas melts incongruently at 563 K while the more Pt rich
compound Pt2Ga melts incongruently at 1422 K.

The alkaline-earth metals are electropositive and thus would be expected to donate
valence electrons to the much more electronegative Pt. The choice of Mg, Ca, and Sr was made
to understand how structures might change due to the difference in sizes between the small
polarizing Mg compared to the larger and polarizable Sr. The experimental synthesis and
analysis work performed for this thesis consisted of AE-M-Ga (AE=Mg, Ca, Sr; M=Pt, Pd)

compounds.
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Another project, on a series of GdCoxxGax (X = 0, 0.33, 0.67, 1, 1.33, 1.67, 2)
compounds, involving only theoretical electronic structure calculations was performed in
collaboration with Fang Yuan and Yurij Mozharivskyj, who synthesized and characterized the
compounds. GdCo; crystallizes in the cubic MgCux-type Laves phase and has the highest
Curie temperature (400 K),?° the temperature at which the solid undergoes a spontaneous
change to ferromagnetism,?! of all of the RECoz (RE = Rare Earth) compounds. Compounds
with a Curie temperature near to room temperature can be used in commercially viable
magnetic refrigeration devices. Magnetic refrigeration works in a comparable way to
conventional gaseous refrigeration. However, instead of adiabatically compressing/expanding
a fluid, a solid sample is adiabatically magnetized/demagnetized to create the temperature
difference.?? The use of solid compounds with large magnetocaloric effects can be more
environmentally friendly than the gases that are currently required in refrigeration
techniques.?’

Electronic structure calculations were used to shed light on the driving forces behind
structural changes between X = 0.33—0.67 (cubic — hexagonal), 0.67—1 (hexagonal —
orthorhombic), 1-1.33 (Pnma — Imma), and finally 1.33—1.67 (orthorhombic — hexagonal)
with increasing Ga content. Electronic structure calculations were also used to investigate the
correct arrangement of atoms, in compounds with disordered sites, due to the similar scattering
factors of Co and Ga (Z= 27 and 31). These similar scattering factors can make it difficult to
distinctly assign Co and Ga to specific sites solely using X-ray crystallography and so
computations assisted with experimental characterization. Additionally, results from
optimization of the GdCoGa compound prompted added synthetic work and further analysis

due to large disagreements between the experimental and theoretical results.
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The series of GdCo2-xGax compounds change structure with increasing Ga content. The
system with no Ga added crystalizes the polar intermetallic cubic Laves phase consisting of a
condensed cluster-based structure. When Ga has replaced 50% of the Co (X =1, 1.33) the
structure changes to a 3D network polar intermetallic and finally when X = 1.67 changes to a
2D network Zintl-like structure. This trend of structure changes follows the trend found in
GdX;, (X = Co, Ni, Cu, Zn, Ga) binary compounds as the valence electron count is increased,
except for the MgZn,-type Laves phase structure that GdCo1.33Gao.67 adopts.

1.5 Organization of Dissertation

Chapter 2 describes the general experimental and theoretical methods used in performing
the research described in this thesis.
Chapter 3 addresses the coloring problem for the rhombohedral distortion of the cubic
MgCuz-type Laves phase of CaM, (M=Pt, Pd) by the substitution of 25 % of the M by Ga to
create the ternary compound CaxM3Ga (M=Pt, Pd).
Chapter 4 looks at the structure of the compound Ca,Pd>Ga and the theoretical study
performed to determine the actual structure. It had been previously reported as monoclinic
however; synthetic work performed for this thesis shows it is orthorhombic.
Chapter 5 is the result of a collaboration with Fang Yuan and Yurij Mozharivsky from
McMaster University in Canada. It is an overview of the experimental results of the GdCo,-
xGax system and initial calculations on the stoichiometric endpoints and middle GdCoGa
compounds.
Chapter 6 expands on the computational problem laid out in chapter 5 and does more
analysis of the mixed site ternary compounds involved in the GdCoxGax system.

Chapter 7 describes the general conclusions that have come from the research performed.
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CHAPTER 2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

This chapter describes, in a general way, the synthetic and analytic procedures used
for the research presented in this thesis. Further details for each method can be found in
subsequent chapters. Each technique is briefly described along with a few uses for and
limitations of the technique.

2.1 Synthesis
2.1.1 Starting Materials

High purity elements as listed in Table 2.1.1 were used for all syntheses. All elements
used were stored and weighed in a Nx-filled glovebox, moisture < 0.1 ppm, due to the air-
sensitivity of the alkaline-earth metals.

Table 2.1.1. Starting Materials used for synthetic preparations.

Element Source Melting Point (K) Purity Form

Mg Alfa Aesar 923 99.98% Turnings
Ca Sigma-Aldrich 1115 99.99% Chunks
Sr Alfa Aesar 1050 99.9% Chunks
Pt Ames Laboratory 2041 99.98% Spheres
Pd Ames Laboratory 1828 99.999% Chunks
Ga Alfa Aesar 303 99.99% Ingot

In Alfa Aesar 430 99.99% Teardrops
Ag Alfa Aesar 1235 99.9% Powder

2.1.2 Sample Containers

The vessel used to carry out experiments is an important choice in high-temperature
solid state chemistry experiments. The elements need to be protected from air and not react
with the container used. For all experiments reported in this thesis, samples were loaded into

Ta tubes in a N»-filled glovebox and these tubes were subsequently sealed by arc-welding
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under an argon atmosphere. The sealed Ta containers were then placed in fused silica tubes,
which were sealed under vacuum to protect the Ta containers from oxidation at elevated
temperatures. The alkaline-earth metals will react with fused silica at reaction temperatures,
thereby justifying the use of Ta containers inside of the fused silica jackets.
2.1.3 Tube Furnaces

Tube furnaces are invaluable tools to the solid-state chemist. The furnaces used for the
research presented in this thesis have an upper limit of ~1200 °C, due to the material used to
make the coil in the furnace. These furnaces, when controlled with a programmable
temperature controller, give a great degree of control over the heating scheme used. The rate
of heating and cooling can be controlled very carefully as well as how long the furnace holds
at each pre-set temperature. In general, two cooling schemes can be used with the tube
furnaces: quenching or slow cooling. Quenching is when the sample is removed from the
furnace and placed in water to return to room temperature very quickly. This can be
advantageous in isolating metastable compounds; however, crystal quality is generally not as
good as slowly cooling due to the crystals not growing over an extended period.
2.1.4 Arc Melting

Arc melting is another technique for synthesis, especially of intermetallic compounds.
Starting materials are placed on a water-cooled Cu hearth under an inert Ar atmosphere. An
arc is struck between the electrode and the hearth which can reach temperatures over 2500 K
very quickly. Samples are arc-melted 6-7 times, flipping the sample over after each arc-
melting. This creates the most homogeneous sample possible and prevents the least dense
liquid element from “floating” to the top of the button. Samples are generally annealed in a

tube furnace after arc-melting to ensure the buttons are homogeneous and at equilibrium.
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2.2 Characterization

2.2.1 Powder X-Ray Diffraction

The first characterization of all synthesized samples was by powder X-Ray diffraction.
Samples were tested on a Stoe Stadi P diffractometer equipped with a position-sensitive image-
plate detector and using Cu K, radiation with a wavelength of 1.54060 A. A portion of the
overall sample ~50 mg was ground in an agate mortar and pestle to a fine powder with particle
sizes no larger than 150 microns. The powder was placed between two lightly greased mylar
discs and placed in the sample holder. WinXPow' was used to do initial data analysis and
Powdercell?> was used for phase purity analysis. Experimental powder patterns were overlaid
on previously known compounds’ patterns to determine if a new compound had been made.
Simulated powder patterns from single crystal refinements were also overlaid onto the
experimental patterns to determine the purity of a newly discovered phase. An advantage of
powder X-Ray diffraction is that since a powder with multiple particles is examined, the results
are an average of the bulk. However, it can be more difficult to get accurate structural data
from powder X-Ray diffraction compared to single crystal X-Ray diffraction.
2.2.2 Single Crystal X-Ray Diffraction

After powder X-ray analysis showed that a new phase had been made, single crystals
were picked out and tested to determine their accurate crystal structure on two instruments: a
STOE-IPDS Il and a Bruker SMART APEX CCD. Both instruments used Mo K,; radiation with
a wavelength of 0.71073 A. The STOE instrument was used exclusively in the research
presented for testing crystals to then run on the Bruker instrument. The single crystals were

picked under a microscope and then affixed to a narrow fused-silica fiber using grease.
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Data acquisition schemes were either determined by the Apex data collection strategy
or a set of pre-determined scans. After the data were collected, analysis was performed using
the SAINT and SADABS programs.® Absorption correction was also handled during the analysis
using the SADABS program. After the initial data work-up, the crystal structures were refined
using the SHELXTL package.*> Refinements were performed using direct methods and refined
by the full-matrix least-squares on F2.

For each new compound discovered, crystals were tested and refined in this manner
until a minimum of three single crystals that agreed within standard deviations of each other
were found. After refinements were completed, the crystal structures were drawn using the
program Diamond.® Single crystal diffraction can give very accurate structural data, although
it does not necessarily accurately represent the bulk because during this analysis technique
only one individual crystal is being examined.

2.3 Electronic Structure Calculations
2.3.1 TB-LMTO-ASA

The tight-binding approach using the linear muffin-tin orbital with the atomic sphere
approximation”® (TB-LMTO-ASA) is the first of two computational methods used for the
research presented. This program was developed in Stuttgart. TB-LMTO-ASA uses Wigner-
Seitz (WS) spheres that surround each atom. This causes spherical basis functions, i.e. atomic
orbital-like wavefunctions to completely fill space in the unit cell. Overlap of these spheres is
generally restricted to ~16%. If all of space cannot be filled with this overlap restriction, empty
spheres, set to have zero nuclear charge, can be added. For all calculations presented in this

thesis no empty spheres were needed to achieve 100% space filling.
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TB-LMTO-ASA was used in this research to calculate density of states (DOS) curves,
crystal orbital Hamilton population (COHP) curves, and band structures. The COHP curves,
along with the integrated crystal orbital Hamilton population (ICOHP), can give useful
information about the nature and relative strengths of pairwise interactions within the crystal
structure.

An advantage of TB-LMTO-ASA is that it is very efficient and quick at calculating
band structures, or large unit cells, using a large number of k-points. However, a disadvantage
is the overlap requirement of the WS spheres used in the AS4 approximation. It is difficult to
maintain constant WS sphere sizes when performing calculations on multiple compounds with
different sizes and symmetries. For a valid comparison to be made between compounds, the
WS sphere size for corresponding elements must be the same thus providing the limitation of
comparing total energies calculated using TB-LMTO-ASA of multiple compounds or models
where these sizes cannot be identical. TB-LMTO-ASA also treats the valence and core
electrons separately and this can cause a few issues if valence f electrons are added into the
calculation, such as when trying to perform calculations on Gd compounds.

2.3.2 VASP

The second computational method employed in this research is that of the Vienna Ab
initio Simulation Package (VASP). VASP uses pseudopotentials or the projector-augmented
wave method with a plane-wave basis set.”!! A main advantage of this method is that the
electron densities are independent of the atomic positions. This gives relatively easy
convergence for structural optimizations and total energy calculations on many compounds
and theoretical models. A disadvantage of using VASP is that the chemistry is lost during the

calculation. There is no way solely using the VASP program to get bonding information from
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the calculation. Dronskowski and his group have developed a program that can be used with
VASP calculations to retain some of the chemistry of the calculations. The Local Orbital Basis
Suite Towards Electronic-Structure Reconstruction (LOBSTER) can use the output files from
VASP and create DOS, COHP, and pCOHP curves.!>!? For this research VASP was used to
calculate total energies, magnetic moments, structural optimizations, and energy vs. volume
curves. VASP can be used with the local-density approximation (LDA)'* or with the local spin-
density functional (LSDA)'> depending if a magnetic moment is desired or not.

Strongly correlated electrons, like the 4felectrons in Gd, sometimes need an additional
parameter to be handled more appropriately. This parameter is called a Hubbard U term and
calculations were then run with the exchange correlation of LSDA+U.'®!7 This is a term that
can be optimized but for the research presented here, a value of U = 6.70 and J = 0.70 was used
for all calculations.!® A Hubbard U term is needed for accurate calculations when there is a
strong on-site Coulomb interaction of localized electrons, such as localized d or f electrons.
This strong interaction is not appropriately described by either LDA or GGA. The U and J term
are independent terms that indicated the strength of the onsite Coulomb and on-site exchange,
respectively.!” The total energy of the system changes with the addition of and varying of the
U term and thus only those models calculated with identical U terms can be energetically
compared with any relevance.
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CHAPTER 3. RHOMBOHEDRAL DISTORTION OF THE CUBIC MgCu:-TYPE
STRUCTURE IN Ca:Pt3;Ga AND Ca:Pd3Ga

Modified from a publication in the journal Crystals
(Crystals 2018, 8(5), 186)

Asa Toombs 2 and Gordon J. Miller 1-2*

! Department of Chemistry, lowa State University, Ames, IA 50011-3111, USA;
2 Ames Laboratory, U.S. Department of Energy, Ames, IA 50011-3111, USA

3.1 Abstract

Two new fully ordered ternary Laves phase compounds, Ca;Pt3Ga and Ca;Pd3Ga, have
been synthesized and characterized by powder and single-crystal X-ray diffraction along with
electronic structure calculations. Ca;Pd3;Ga was synthesized as a pure phase whereas Ca,Pt:Ga
was found as a diphasic product with CarPt>Ga. Electronic structure calculations were
performed to try and understand why CaPt; and CaPd,, which crystalize in the cubic MgCus-
type Laves phase structure, distort to the ordered rhombohedral variant, first observed in the
magneto-restricted TbFe> compound, with the substitution of twenty-five percent of the Pt/Pd
with Ga. Electronic stability was investigated by changing the valence electron count from
22e /fu. in CaPd; and CaPt; (2x) to 37e /fu. in Ca;Pd3;Ga and CaxPt3Ga, which causes the
Fermi level to shift to a more energetically favorable location in the DOS. The coloring
problem was studied by placing a single Ga atom in each of four tetrahedra of the cubic unit
cell of the MgCu-type structure, with nine symmetrically inequivalent models being
investigated. Non-optimized and optimized total energy analyses of structural characteristics,
along with electronic properties, will be discussed.

3.2 Introduction
Platinum exhibits the second largest relativistic contraction of the 6s orbitals, second

only to Au [1], and has interesting catalytic properties, thus making it an interesting metal to
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study, especially in reduced environments. Exploration of the Ca-Pt-X (X = Ga, In) system
revealed a new ternary compound, Ca;Pt3Ga, which turned out to be an ordered rhombohedral
distortion of the MgCu,-type Laves phase CaPty. After Ca;Pt3Ga was synthesized, the Pd
analog was targeted and successfully prepared as an isostructural compound.

Laves phases are the largest class of intermetallic compounds with the general formula
AB>. Binary Laves phases primarily crystalize in one of three crystal structures: MgCu,,
MgZn,, or MgNi> [2]. These structure types, which appear in a vast number of intermetallic
systems, contain topologically closed-packed Frank—Kasper polyhedra and have been
intensely studied for magnetic and magnetocaloric properties, hydrogen storage, and catalytic
behavior [3-9]. The stability of Laves phases has been described by using geometrical and
electronic structure factors. Geometrical factors include packing densities and atomic size
ratios of A/B whereas electronic factors include valence electron count (vec) and difference in
electronegativities between A and B [10,11].

To tune the properties and structures of Laves phases, an addition via substitution of a
third element into the structure can be explored. The resulting ternary compounds can have
mixing on the A and B sites but retain the parent Laves phase structure or the structures can
change into a fully ordered ternary Laves phase that is a variant of the parent structure. The
first ordered ternary Laves phase with the direct rhombohedral distortion of the MgCux-type,
first evidenced in the binary TbFe, phase, which distorts via magnetostriction, was reported to
be Mg>Ni3Si [11,12]. Recently, many examples of this rhombohedral distortion, with varying
vec, have been reported: REoRh3Si (RE = Pr, Er), U;RusSi, Ce;Rh3+Si1x, RE2Rh3Ge,
CaxPd3Ge, SmoRh3Ge, UzRusGe, Mg>NisGe [2], MgoNisP, and the heretofore only known

gallides REoRh3Ga (RE =Y, La-Nd, Sm, Gd-Er).
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The maximal translationengleiche subgroup of the Fd-3m space group that allows for
the ordered 3:1 ratio of M:Ga atoms is R-3m [2,3,11]. Reported herein is the first extensive
computational study of the “coloring problem” [13] for this rhombohedral distortion of the
cubic cell. Formation energies and electronic structure calculations were performed on the
binary and ternary Laves phases CaM; and Ca;M3Ga (M = Pt, Pd) along with total energy
calculations of various “coloring models” with the same composition but different atomic
arrangements or “colorings”.

3.3 Materials and Methods
3.3.1 Electronic Structure Calculations

Electronic structure calculations to obtain DOS and COHP curves for bonding analysis
were performed on CaM; and Ca;M3Ga (M = Pd, Pt) using the Stuttgart Tight-Binding, Linear-
Muffin-Tin Orbital program with the Atomic Sphere Approximation (TB-LMTO-ASA) [14].
This approximation uses overlapping Wigner-Seitz (WS) spheres surrounding each atom so
that spherical basis functions, i.e., atomic orbital (AO)-like wavefunctions, are used to fill
space. The WS sphere radii used for the various atoms are: Ca 3.403-3.509 A, Pt 2.800-2.844
A, Pd 2.864-2.865 A, and Ga 2.800-2.951 A. The total overlap volume was 6.44% for the
cubic Laves phase structures and 7.25% and 7.11%, respectively, for Ca;Pt3Ga and Ca>Pd3Ga.
No empty spheres were required to attain 100% space filling of the unit cells. The exchange-
correlation potential was treated with the von Barth-Hedin formulation within the local density
approximation (LDA) [15]. All relativistic effects except spin-orbit coupling were taken into
account using a scalar relativistic approximation [16]. The basis sets included 4s/(4p)/3d for
Ca, 6s/6p/5d/(5%) for Pt, 5s/5p/4d/(4f) for Pd, and 4s/4p/(4d) for Ga (down-folded orbitals are

shown in parentheses). Reciprocal space integrations were performed using k-point meshes of
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1313 points for rhombohedral Ca>Pt3Ga and Ca;Pd;Ga and 145 points for cubic CaPt> and
CaPd> in the corresponding irreducible wedges of the first Brillouin zones.

Structure optimization and total energy calculations were performed using the Vienna
ab Initio Simulation Package (VASP) [17,18], which uses projector augmented-wave (PAW)
[19] pseudopotentials that were treated with the Perdew—Burke—Ernzerhof generalized
gradient approximation (PBE-GGA) [20]. Reciprocal space integrations were accomplished
over a 13 x 13 x 13 Monkhorst—Pack k-point mesh [21] by the linear tetrahedron method [22]
with the energy cutoff for the plane wave calculations set at 500.00 eV.

3.3.2 Synthesis

All ternary compounds were obtained by melting mixtures of Ca pieces (99.99%,
Sigma-Aldrich, St. Louis, MO, USA), Pt spheres (99.98%, Ames Laboratory, Ames, A, USA)
or Pd pieces (99.999%, Ames Laboratory), Ga ingots (99.99%, Alfa Aesar, Haverhill, MA,
USA), and, in some cases, including Ag powder (99.9% Alfa Aesar). Samples of total weight
ca. 300 mg were weighed out in a N»-filled glovebox with <0.1 ppm moisture and sealed in
tantalum tubes by arc-melting under an argon atmosphere. To prevent the tantalum tubes from
oxidizing during the heating process, they were enclosed in evacuated silica jackets. The silica
ampoules were placed in programmable furnaces and heated at a rate of 150 °C per hour to
1050 °C, held there for 3 h, then cooled at 50 °C per hour to 850 °C and annealed for 5 days.
The samples were then cooled at 50 °C per hour to room temperature. CaxPt3Ga crystals were
obtained from a loading of “CaPt3GaossAgo.15”, whereas Ca,PdsGa crystals were obtained

from stoichiometric mixtures of these elements.
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3.3.3 Powder X-Ray Diffraction

All samples were characterized by powder X-ray diffraction on a STOE WinXPOW
powder diffractometer using Cu Ko radiation (A= 1.540598 A). Each sample was ground using
an agate mortar and pestle and then sifted through a US standard sieve with hole sizes of 150
microns. All powder specimens were fixed on a transparent acetate film using a thin layer of
vacuum grease, covered by a second acetate film, placed in a holder and mounted in the X-ray
diffractometer. Scattered intensities were recorded using a scintillation detector with a step size
0f 0.03° in 20 using a step scan mode ranging from 0° to 130°. Phase analysis was performed
using the program PowderCell [23] by overlaying theoretical powder patterns determined from
single crystal X-ray diffraction over the powder patterns determined experimentally.
3.3.4 Single Crystal X-Ray Diffraction

Single crystals were extracted from samples and mounted on the tips of thin glass
fibers. Intensity data were collected at room temperature on a Bruker SMART APEX II
diffractometer with a CCD area detector, distance set at 6.0 cm, using graphite monochromated
Mo Ko radiation (A= 0.71073 A). The data collection strategies were obtained both by a pre-
saved set of runs as well as from an algorithm in the program COSMO in the APEX II software
package [24]. Indexing and integration of data were performed with the program SAINT in the
APEX II package [24,25]. SADABS was used to apply empirical absorption corrections [24].
Crystal structures were solved by direct methods and refined by full-matrix least squares on F2
using SHELXL [26]. The final refinements were performed using anisotropic displacement
parameters on all atoms. All crystal structure figures were produced using the program

Diamond [27].
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3.4 Results
3.4.1 Phase Analysis

CarPt3Ga has been synthesized, but not as a pure phase. Using high temperature
reactions, this compound can only be synthesized with the addition of a small quantity of silver
in the loaded reaction mixture. Without adding silver the binary cubic Laves phase CaPt, forms
as the major product as well as a small amount of some unidentified phase(s) according to X-
ray powder diffraction. At reaction and annealing temperatures, Ga, Ca, and Ag are molten
and their respective binary phase diagrams indicate miscibility. As Pt dissolves into the liquid,
we hypothesize that the presence of Ag slows the reaction rate between Ca and Pt to form
CaPt; and allows Pt and Ga to achieve sufficient mixing in the liquid before crystallizing into
CarPt3Ga. However, even when synthesized with the addition of silver and at 1050 °C,
CaxPt3Ga does coexists with Ca;PtyGa and the binary CaPty. Figure 3.4.1 shows the powder
pattern for the sample loaded as Ca;Pt3GaossAgo.15s” along with the theoretical patterns for the
CaxPt3Ga and CaxPt,Ga. Peak fitting analysis performed with Jana [28] can be found in Figure
S1 along with relative contributions of the three phases.

Three samples with varying silver content, viz., 2.50, 8.33, and 14.29 mole percent Ag,
were examined. According to the XPD patterns (see Figure S3 in Supporting Information), as
the silver content increased, the yield of CaPtoGa increased. The outcome was also
successfully reproducible for the loading “Ca;Pt3Gao.ssAgo.15” (see Figure S4).

On the other hand, Ca;Pd;Ga can be prepared without the addition of silver. Since Ag
and Pd have similar X-ray scattering factors, using Ag for the synthesis of Ca;Pd3;Ga would
present distinct challenges for subsequent characterization. Fortunately, a stoichiometric

loading yielded Ca>Pds3Ga essentially as a pure phase product, with two non-indexed peaks at
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20 values of 20.0° and 32.8° most likely coming from a slight impurity of CasPd>Ga, (see
Figure 3.4.2). Figure S2 shows the Rietveld refinement of CaPt3Ga. Both compounds

CaxPt3Ga and CayPd3;Ga degrade in air after approximately two weeks.
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Figure 3.4.1 Powder Patterns for Ca>Pt3Ga showing the existence of CaxPt2Ga in
the system.
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Figure 3.4.2. Powder pattern of sample loaded as Ca;Pd;Ga. * = non-indexed peaks
coming from slight CazPd>Gaz impurity.

3.4.2 Structure Determination

Several single crystals were selected from the loaded samples and tested on a Bruker
SMART APEX II single crystal diffractometer for quality. Among those, the best 3 samples
for CaxPt3Ga and Ca;Pd3Ga were examined. The results of single crystal X-ray diffraction on
these crystals are found in Tables 3.4.1 and S3. CaxM3Ga (M = Pt, Pd) crystallize in the
Y2Rh3Ge structure type [29], which is a rhombohedral distortion of the cubic Laves phase
MgCus-type structure, as discussed by Doverbratt et al. [3] and Siggelkow et al. [2]. The M
atoms occupy 9e¢ Wyckoff positions which buildup 3.6.3.6 Kagomé nets orthogonal to the c-
axis [2]. The Ga atoms cap alternate triangular faces of the Kagomé net and themselves form
hexagonal nets. The Ga and M atoms are each coordinated by 6 Ga or M atoms. Nine M and
three Ga atoms surround each Ca atom in a slightly distorted Frank-Kasper polyhedral
environment. The rhombohedral structure of Ca;M3;Ga has no Ga-Ga nearest neighbor

interactions, with distances (6x/6x) of 5.2361(9)/5.576(1) A and 5.2331(6)/5.6326(8) A for the
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Pt and Pd cases, respectively [3]. For the binary compounds CaM;, each type of nearest
neighbor interaction, i.e., Ca-Ca, Ca-M, and M-M, has a single length. When the structure
distorts rhombohedrally to incorporate Ga atoms, the Ca-Ca and Ca-M contacts each split into
two different distances: there are three shorter and one longer Ca-Ca interactions; whereas six
Ca-M interactions that are longer and three shorter. Atomic positions and anisotropic

displacement parameters for both compounds can be found in Tables S1 and S2.

Table 3.4.1. Crystallographic information for Ca;Pt3Ga and Ca;Pd;Ga.

Sample CazPt:Ga CaxPdsGa
Space Group R-3m R-3m
. . a=5.576(1) A a=5.6326(8) A
Unit Cell Dim. c=12388(3) A c=12.30002) A
Volume 333.6(2) A3 337.9(1) A3
Z 3 3
Theta range for data collection 4.530 to 28.922° 4.495 to0 49.319°
Index ranges —T<=h<=17, —T<=k<=7, —16<=I<=16 —11<=h<=11, —11<=k<=11, —26<=I<=26
Reflections Collected 1321 4878
Independent Reflections 126 [R(int) = 0.0485 460 [R(int) = 0.0585]
Data/restraints/parameters 126/0/11 460/0/11
Goodness-of-fit 1.078 1.091
Final R indices [I>2sigma(1)] R1=0.0179, wR2 = 0.0403 R1=0.0208, wR2 = 0.0403
R indices (all data) R1=0.0179, wR2 = 0.0403 R1=0.0251, wR2 =0.0414
Extinction Coefficient 0.0008(1) 0.0036(3)
Largest diff. peak and hole 3.366 and —2.052 e-A3 1.697 and —2.657 e- A3

3.4.3 Coloring Models and Electronic Structure Calculations

To elucidate the driving force that leads to the rhombohedral arrangement of Pt/Pd and
Ga atoms in the majority atom positions of the cubic Laves phase, Burnside’s lemma [30] was
used to construct nine distinct structural models for the unit cells formulated as Cag[M3Gal4
[31]. These models are illustrated in Figure S5 along with their respective space groups. The
total energy of each model, listed in Table 3.4.2, was calculated using VASP without
optimization. These results show that the rhombohedral model (a) is the lowest in energy.
There are three models that have no nearest neighbor Ga-Ga interactions, these include the

rhombohedral coloring, a cubic coloring (n), and an orthorhombic coloring (y). The

www.manaraa.com



27

rhombohedral and cubic models are the two lowest in energy before optimization, whereas the
orthorhombic coloring is the second highest in energy.

All models were then optimized using VASP by allowing all structural parameters,
including volume, cell shape, and atomic coordinates, to relax. The energies of the optimized
structures can also be found in Table 3.4.2. Details of the optimized structures can be found in
Tables S5-S13. After optimization, the rhombohedral model remains the lowest energy with
the orthorhombic and cubic models coming in second and third lowest energy. The
orthorhombic (y) model optimized to a unit cell with a # b # ¢ and only f =90°, while the other
two models retained their symmetry through the optimization. As the energies increase for the
various optimized structures, the number of nearest neighbor Ga-Ga interactions increases and
the corresponding Ga-Ga distances decrease. Table 3.4.2 lists the energies after optimization
as well as the resulting nearest Ga-Ga distance showing the correlation between total energy

and Ga-Ga interactions.

Table 3.4.2. Total energy of non-optimized and optimized coloring models showing
optimized Ga-Ga distances.

CaPt;Ga Ca:Pds;Ga

Ga-Ga v Non- meV # Ga-Ga meV meV Non- 0262
Model Distance .. .. . . . .. Distance

(A) Optimized Optimized Interactions Optimized Optimized (A)
Alpha 5.276 0 0 0 0 0 5.282
Beta 2.755 +38.5 +78.8 1 +68.1 +30.5 2.732
Delta 2.811 +62.1 +121.8 2 +121.8 +59.3 2.775
Epsilon 2.808 +50.8 +95.7 1 +73.0 +36.0 2.800
Gamma 4.738 +140.7 +56.0 0 +26.0 +92.0 4.791
Tota 2.931 +70.5 +113.4 2 +104.7 +61.2 2.922
Mu 4.709 +37.6 +71.0 0 +66.5 +13.3 4.653
Theta 2.950 +203.0 +289.4 6 +256.6 +155.5 2.909
Zeta 2.824 +97.6 +168.6 3 +150.0 +81.1 2.798

Calculations have shown that the rhombohedral model is the lowest energy both before
and after optimization. This leads to the question of how does the rhombohedral structure arise

from the “cubic” arranged starting point? The “cubic” starting point, for Ca>Pt3Ga, has a lattice
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parameter of 7.598 A and a body diagonal distance of 13.160 A. The primitive rhombohedral
unit cell, within the face-centered cubic cell, has angles equal to 60° before optimization. After
optimization these angles are 57.825° and 57.515° for CaxPt3Ga and CaxPds;Ga respectively.
This collapsing of the angles, comprising the primitive unit cell, causes the expansion of the
body diagonal. Optimization expands the lattice parameter by 1.43% to 7.708 A. However,
during optimization, the body diagonals do not expand congruently. Three body diagonals are
congruent with a length of 13.627 A while the fourth body diagonal shrinks to 12.482 A. In
the Pd case the three equivalent body diagonals are 13.754 A while the fourth body diagonal
shrinks to 12.412 A. The shorter body diagonal is parallel to the direction that the Ga atoms
are located in each of the four tetrahedra in the unit cell (see Figure 3.4.3). Calculated ICOHP
values for the “cubic” starting point indicate that the Pt-Ga bonds (ICOHP =—1.857 eV) would
become shorter as compared with the Pt-Pt bonds (ICOHP =—0.775 eV). These ICOHP values
shed light on the driving force behind the corresponding distortion of the cubic unit cell to the
rhombohedral structure by substituting Ga for Pd/Pt: shorter Pt-Ga contacts will contract one

body-diagonal of the cubic cell.
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13.627 A

13.160

Figure 3.4.3. “Cubic” arranged starting point with 4 congruent body diagonals (left)
optimized rhombohedral unit cell (right) with 3 body diagonals of 13. 627 A and 1 body
diagonal of 12.482 A. Red colored bonds shrink during optimization causing the reduction
in body diagonal length from 011 to 100. Blue, black, and red atoms are Ca, Pt, and Ga
respectively.

All “coloring” calculations performed above were evaluated for the case of vec =
37e /f.u. Models were also created for the Ca;Pd3Ge to determine if there were any differences
by changing the vec to 38 e /f.u. The energies of the non-optimized and optimized colorings
can be found in Table S4, and the results show the same trends as those for Ca,M3Ga (M = Pd,
Pt): the lowest energy model shows rhombohedral coloring and the largest Ge-Ge nearest
neighbor distance.

To shed light on the nature of the distortion of the cubic Laves phase structure of CaM>
(M = Pd, Pt) upon the substitution of Ga for M and their stability, various total energies as well
as the density of states (DOS) and crystal orbital Hamilton population (COHP) curves were
determined for the binaries CaM> and ternaries CaxM3Ga (M = Pd,Pt). With respect to the
elemental solids, the binaries CaM> and ternaries CaxM3Ga are favored. For the experimental
structures, CaPt; has an especially high formation energy compared to CaPd,; the experimental

volume of CaPt, is ca. 10 A’/formula unit smaller than that of CaPd>, although Pt is slightly
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larger than Pd (the 12-coordinate metallic radii are 1.39 (Pt) and 1.37 (Pd) [32]. This outcome
may be an indication of relativistic effects on the valence orbitals of Pt, effects which can
enhance empty d-filled d Ca-Pt 3d-5d interactions as compared to Ca-Pd 3d-4d interactions.
Total energy calculations for the “reactions” 2CaPt, + Ga — CaPt3Ga + Pt and 2CaPd»
+ Ga — CaxPd3Ga + Pd illuminate significant aspects of the relative stability and formation of
the ternaries. Both “reactions” yield favorable AE values, respectively, of —0.297 and —0.599
eV, and they can be separated into the sum of three hypothetical but revealing steps: (1)
elemental substitution of Ga for M with no metric changes (volume, unit cell shape) in the
cubic Laves phase structure; (2) volume change for the ternary without change in unit cell
shape; and (3) distortion of the unit cell shape of the ternary at constant cell volume. Table
3.4.3 summarizes these results. The difference in overall total energies essentially arises from
the energetic difference for step (1) between Pt and Pd cases: replacing Pt with Ga is
energetically unfavorable whereas Pd for Ga is favorable. Since Ga (metallic radius of 1.50 A
[32]) is larger than either Pt or Pd, these energy differences reflect, in part, volume effects, but
also are influenced by the relative Mulliken electronegativities [33], which increase Ga (3.2
eV) to Pd (4.45 eV) to Pt (5.6 eV). In the second step, both structures favorably expand by
over 3% (based on unit cell volume) with slight energetic lowering. In the third step, both

lattice distortions provide similar energetic stabilizations.
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Table 3.4.3. Relative total energies (eV) for conversion of binary cubic Laves phases
CaM; into ternary rhombohedral derivatives CaxM3Ga (M = Pd, Pt). * = cubic unit
cell metric with volume matching the corresponding binary compound; ** = cubic
unit cell metric with volume matching the corresponding rhombohedral ternary
compound. Specific total energies (eV/formula unit) for each component are listed in
Supporting Information.

2CaPd2 +Ga — CaPdiGa +Pd AE=-0.599 eV
1) 2 CaPd, +Ga — CaPdsGa* +Pd AE=-0.258¢V
2) CaPdsGa* — CayPd;Ga ** AE =-0.042 eV
(3) CaPd;Ga** —  CaxPd;Ga AE =-0.299 eV

2 CaPt2 +Ga — CaPtsGa +Pt AE=-0.297 eV
1) 2 CaPt; +Ga — CaPtsGa* +Pt AE=+0.115eV
2) CaPt3Ga* — CaPt:Ga ** AE =-0.088 eV
(3) CaPtsGa** — CayPt3Ga AE =-0.324 eV

We now consider some specific aspects of the electronic structures of the binary CaM»
and ternary Ca;M3Ga. The DOS and COHP for CaPt; are shown in Figure 3.4.4; the DOS

shows a significant sharp peak at the Fermi level which suggests a potential electronic

instability.
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Figure 3.4.4. DOS (left) and -COHP (right) for CaPt; with +/— indicating bonding/antibonding
values of COHP curves. Ca-Ca and Ca-Pt interactions are magnified for comparison.
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The precise reason for this peak and the possible instability has not been forthcoming
to date and an electronic structure investigation was performed. Analysis of the band structure
at the Fermi level, specifically at the W point, because there are bands with nearly zero slope
near this point, shows that the Pt 5d atomic orbitals are major contributors to this peak. For
each Pt atom the orbital contribution is split approximately as 80 percent 54 and 20 percent 6p,
and the primary interatomic orbital interactions are 5d-5d ©* interactions. Spin-orbit coupling
was added to the Hamiltonian operator of CaPt> to see if the peak at the Fermi level would be
affected. Figure S6 shows the DOS curve and band structure for these calculations. The
degeneracies in the band structure at the high symmetry k-points are removed by the spin-orbit
coupling; however, the peak at Er is not affected. Furthermore, the application of spin-orbit
coupling would only converge with a unit cell expanded by ~1.1 A. A second hypothesis was
to consider that vacancies might be playing a role to stabilize the structure. DOS calculations
were subsequently performed using VASP on “CagPtis” and “CagPti2”” models to see the effect
of vacancies on the peak at Er; these results can be seen in Figure S7. The peak is no longer
present in the “CagPti2” model only when all 4 vacancies are adjacent to each other so that the
resulting defect Laves phase structure is missing an entire tetrahedron per unit cell. Lastly,
DOS curves calculated for AEM; (AE = Ca, Sr, Ba; M = Ni, Pd, Pt), shown in Figure S8,
indicate that as the size of the alkaline earth metal increases, the peak in the DOS moves away
from Er. These calculations have not identified the reason behind the potential electronic

instability in CaM; and now the possibility of superconductivity is being investigated.

The Pt 5d band dominates the overall occupied DOS of CaPt; and the majority
contribution to the overall polar covalent bonding via ICOHP values arises from Pt-Pt

interactions, which switch from bonding to antibonding at an energy value corresponding
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to 12.42 e /formula unit. At the Fermi level, the Pt-Pt COHP curve shows a small
antibonding peak, whereas the Ca-Pt and Ca-Ca COHPs show a small bonding peak. On
transitioning to Ca;Pt3Ga, the peak at the Fermi level in the DOS of CaPt; has all but
disappeared in the DOS curve of Ca,Pt3Ga (see Figure 3.4.5). There is a large range from
ca. —1.5 to +1 eV over which the DOS of Ca;Pt3Ga remains flat. The COHP curves have
also changed in that the Pt-Pt interactions still transition to antibonding at —2.60 eV,
although around the Fermi level they are mostly nonbonding rather than antibonding.
Overall, at the Fermi level there are now no small peaks but mostly constant intensities of
nonbonding or slightly bonding interactions with the Ca-Pt interactions still contributing

the most to overall bonding.
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Figure 3.4.5. DOS (left) and COHP (right) for CaPt3Ga with +/- indicating
bonding/antibonding values of COHP curves. Ca-Ca and Ca-Ga interactions magnified for
comparison.

The DOS and COHP curves for CaPd; (see Figure 3.4.6) and Ca,Pd;Ga (see Figure
3.4.7) look similar overall to those described above for the Pt counterparts, although there are

a few distinct differences. The peak at the Fermi level in the DOS for CaPd, as well as the
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antibonding Pd-Pd peak in the COHP are not as intense nor as sharp as those observed for
CaPty. The Pd-Pd interactions transition from bonding to antibonding at an energy which
corresponds to 15.36 eV/formula unit. There is a similar minimum in the Pd 4d states at —1.40
eV which corresponds to 7.5 4d electrons/Pd. The DOS and COHP for Ca;Pd;Ga are similar
to those for CayPt3Ga. There is again a large energy range from ca. —1.8—1.8 eV over which

the DOS remains flat.
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Figure 3.4.6. DOS (left) and COHP (right) calculated for CaPd, with +/— indicating
bonding/antibonding values of COHP curves. Ca-Pd and Ca-Ca interactions magnified for
comparison.
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Figure 3.4.7. DOS (left) and COHP (right) calculated for Ca,Pd3Ga with +/— indicating
bonding/antibonding values of COHP curves. Ca-Ca and Ca-Ga interactions magnified for
comparison.

Tables S14-S17 contain the percent contributions of each type of interaction to the
overall integrated COHP (ICOHP) values. These can be used as an indication to determine the
bond energy contribution to the stability of a structure. The cubic binary Laves phases are
dominated by the M-M (M = Pd, Pt) interactions at 62.95 and 58.41% for CaPt; and CaPd,,
respectively, whereas the Ca-Ca interactions lend little to the overall ICOHP at only 1.47%
and 2.12% for CaPt; and CaPd., respectively. The rest is made up by the Ca-M interactions.
For the ternary compounds, there is a significant drop in the contributions from M-M
interactions to the total polar-covalency because the majority of the total ICOHP comes from
Ca-M and M-Ga interactions. In CayPt3Ga, the Pt-Pt contribution is just 29.95%, and in
CayPd;Ga, the Pd-Pd contribution is 24.40%. The Ca-M and M-Ga interactions contribute

~30% each in both ternary compounds. Furthermore, in the ternary compounds, there are now
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Ca-Ga interactions that account for 5.81% and 7.89%, respectively, in Ca;Pt3Ga and Ca>Pd3Ga.
The Ca-Ca bond populations continue to contribute less than 2.5% in all cases.

The analysis of the integrated Hamilton population curves to study the interatomic
interactions is useful for mainly two-center interactions, and the use of crystal orbital overlap
population (COOP) analysis has been applied to examine cubic vs. hexagonal Laves phases
[34]. However, multi-center chemical bonding in Laves phases has also been described using
an electron localizability indicator [35]. Laves phases AB> with a small electronegativity
difference between the two components exhibit enhanced multi-center bonding because the
effective charge transfer between A and B is small. However, if the electronegativity difference
between A and B is large, the correspondingly greater effective charge transfer can lead to
polyanions [35]. CaPt; and CaPd, are cases with a large electronegativity difference between
the A and B atoms (3.2 eV for CaPt; and 2.25 eV for CaPd> [33]), but there most likely exists
some multi-center bonding in these compounds, especially between the faces of the transition
metal tetrahedra and the Ca atoms, bonding which would be affected by the substitution of one
of the Pt or Pd atoms by Ga. The electronegativity difference between Ga and Ca is not as large
(1.0 eV [33]), which creates less charge transfer between Ca and Ga and thereby shifts the
valence electron density as compared to the binary structures. Electron localizability indicators
were not evaluated during this study, but they would provide useful information regarding
specifics of multi-center interactions in the ternary derivatives.

3.5 Conclusions

Two new fully ordered ternary gallium-containing Laves phase compounds, Ca;Pt:Ga

and CayPd;Ga, were synthesized and characterized by X-ray diffraction and electronic

structure calculations. The compounds crystallize in a rhombohedrally distorted cubic MgCus-
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type structure. Ca;Pd3Ga was synthesized as a pure phase whereas Ca>Pt3Ga was only found
co-existing with CaxPt2Ga and CaPt; and required the addition of small amounts of Ag to form.
Total energy calculations performed on nine symmetrically inequivalent “coloring models”
indicated that the rhombohedral coloring gave the lowest energy by 78.8 meV and 68.1 meV
in the Pt and Pd cases respectively. ICOHP values from the “cubic” starting arrangement
indicate that the M-Ga bonds tend to become shorter vs. M-M contacts. These shorter bonds
cause a shrinking of the body diagonal from the corner of 011 to 100 which gives rise to the
rhombohedrally distorted unit cell.

This computational study supports the group—subgroup relationship that R-3m is the
highest maximal subgroup of Fd-3m and allows a fully ordered structure with the 3:1 ratio of
M:Ga atoms. The rhombohedral coloring is the lowest energy way to color the “B” network in
the Laves phase so that the Ga atoms avoid all homoatomic interactions and have the furthest
nearest neighbor distance.
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CHAPTER 4. AN ORTHORHOMBIC VARIANT OF Ca:Pd:Ga

Asa Toombs'? and Gordon J. Miller'>"

! Department of Chemistry, lowa State University, Ames, 14 50011-3111, USA.
2 Ames Laboratory, U.S. Department of Energy, Ames, 14 50011-3111, USA.
4.1 Abstract

The compound CaPd>Ga was synthesized and characterized from a stoichiometric
loading to crystallize in the orthorhombic space group Cmca. The previously reported structure
type for this compound was the monoclinic ProCo2Al-type structure, space group C2/c.
Structural and electronic analysis were performed on these competing structure types to
determine that the monoclinic structure is energetically favorable at room temperature.
Integrated COHP values, normalized to the overall % contribution, show no significant
difference between the two structure types. However, the DOS for the monoclinic structure
shows the Fermi level lies in a pseudogap but that for the orthorhombic form does not.

4.2 Introduction

Polar intermetallic compounds with the general formula A>T>X; (A= electropositive
metal, T= transition metal, X= post transition metal) have been studied due to their varying
structure types and bonding characteristics which can lead to different physical properties.'
There are several common structures types for compounds with this general formula including
the orthorhombic W2CoBs-type, with more than 60 representatives,>> and the (crystal class)
Mo,B:Fe-type structure, which has over 200 representatives.* A structure type that does not
contain as many representatives is the HT-ProCo2Al-type structure, evidenced initially by the

dimorphic Pr2Co2Al.°
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Throughout these structure types the polyanionic networks behave differently. In
CasPt,Cd the Pt and Cd atoms create infinite planar networks of [PtoCd]*", with the Ca atoms
between the planes, whereas in the Ca>Pt2In the Pt and In atoms create a complex three-
dimensional network.® Certain examples of A2T>X; compounds, for example Ca>T2Ge (T=Pt,
Pd), have shown differences in structure from Pd to Pt, although the structures are closely
related. CaPd>Ge crystallizes in an ordered (crystal class) Zr,Als-type, whereas CaxPt2Ge
crystallizes in the Pr.Co,Al-type.! A significant difference in these structures is that there is no
pairwise distortion of the linear chains of Pd atoms in Ca2Pd>Ge, but the corresponding chains
are pairwise distorted in Ca;Pt,Ge.?

CaxT>X (T = Pd, Pt; X = Ag, Mg, Ga) were studied in an effort to analyze the impact
of the electronegativity and valence electron count on the structure and bonding of A>T>X;
phases. In this study the compounds Ca;T>Ag and Ca;ToMg (T= Pd, Pt) crystalized in the
orthorhombic W>B,Co-type structure. The Ga containing phases could not be synthesized as a
pure product, but occurred alongside CazPd,Ga,, whereas CarPt>Ga crystals were only
obtained from a 6:3:1 loading of Ca:Pt:Ga.? In the current report CaxPd>Ga was first identified
as a byproduct in the synthesis of Ca,Pd3Ga, and then a stoichiometric sample was prepared
and crystallized in the orthorhombic space group Cmca. Electronic structure calculations were
performed to determine the electronic stabilities of these two competing structure types.

4.3 Experimental
4.3.1 Synthesis

Orthorhombic Ca;PdGa was obtained by combining mixtures of Ca pieces (99.99%,

Sigma-Alrich), Pd pieces (99.999%, Ames Laboratory), and Ga ingots (99.99%, Alfa Aesar).

Samples of total weight ca. 300 mg were weighed in a No-filled glovebox with < 0.1 ppm
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moisture and sealed in tantalum tubes by arc-melting under an argon atmosphere. The tantalum
tubes were placed in evacuated silica jackets to prevent oxidation during the heating process.
The silica jackets were then placed in a programmable tube furnace and heated to 1050 °C at
a rate of 150 °C/hour. The samples were held at this temperature for three hours and then
cooled to 850 °C at a rate of 50 °C/hour. Samples were then annealed for 5 days and then
cooled to room temperature at 50 °C/hour. The orthorhombic structure crystals were obtained
from stoichiometric loadings of Ca,Pd,Ga. A previous study, with the synthetic method of
heating to 1000 °C for two hours and then cooling to 870 °C at a rate of 6 °C/hr and annealing
at this temperature for 48 to 72 hours following which the furnace was turned off, yielded a
biphasic product of monoclinic Ca>Pd>Ga and Ca3Pd>Ga.?
4.3.2 Powder X-Ray Diffraction

Synthesized samples were characterized by powder X-Ray diffraction to determine the
phase purity. The samples were measured on a STOE WinXPOW instrument using Cu K,
radiation (A=1.540598 A). Samples were ground using an agate mortar and pestle and sifted
through a US standard sieve with hole sizes of 150 microns. The ground powders were placed
between two acetate films using a thin layer of vacuum grease and then placed in the holder.
Scattered intensities, ranging from 3° to 130° in 20, were measured using a scintillation
detector with a step size in 20 of 0.03° in step scan mode. Analysis of powder patterns was
performed using Powdercell’ by overlaying the theoretical powder patterns on the
experimental patterns to determine phase identity and purity.
4.3.3 Single Crystal X-Ray Diffraction

Single crystals were picked out of the bulk sample and mounted on the tips of thin glass

fibers. Intensity data were collected at room temperature on a Bruker SMART APEX II
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diffractometer using graphite monochromated Mo K, radiation (A=0.71073 A). Data collection
strategies were determined by an algorithm in the program COSMO in the APEX II software
package.® Additional crystals were measured with a pre-set of scans varying the phi angle from
0°-300° in 60° increments with a sweep of 180° in 0.5° steps and an exposure time of 20
seconds/frame. Indexing and integration of data was performed with the program SAINT in
the APEX II package.®® Empirical absorption corrections were applied using the SADABS
program.® Crystal structures were solved using SHELXL direct methods and refined by full-
matrix least squares on F2.!° Final structure solutions were refined using anisotropic
displacement parameters on all atoms. Crystal structure figures were produced using the
program Diamond.!!
4.3.4 Electronic Structure Calculations

The Stuttgart Tight-Binding, Linear-Muffin-Tin Orbital program with the Atomic
Sphere Approximation (TB-LMTO-ASA)'? was utilized to calculate density of states (DOS)
and crystal orbital Hamilton population (COHP) curves to analyze bonding and electronic
stability of the competing Ca,Pd>Ga structure types. This approximation uses overlapping
Wigner-Seitz (WS) spheres surrounding each atom so that spherical basis functions, i.e.,
atomic orbital (AO)-like wavefunctions, are used to fill space. The radii of the WS spheres for
each atom, in the orthorhombic and monoclinic structures respectively, are: Ca 3.8418 A;
3.8457 A, Pd 2.7189 A; 2.6833 A, and Ga 2.7757 A; 2.7393. The total amount of overlap was
7.69% and 7.57% respectively, for the orthorhombic and monoclinic structures. Empty spheres
were not required for either structure to attain 100% space filling of the unit cells. The von
Barth-Hedin formulation within the local density approximation (LDA) was used to treat the

exchange-correlation.'® A scalar relativistic approximation was used to take into account all
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relativistic effects except spin-orbit coupling.!* The basis sets included 4s/(4p)/3d for Ca,
5s/5p/4d/(4f) for Pd, and 4s/4p/(4d) for Ga (parentheses indicate down-folded orbitals).
Reciprocal space integrations were performed using k-point meshes of 657 for orthorhombic
CaxPd>Ga and 1098 for monoclinic CaxPd»Ga in the corresponding irreducible wedges of the
first Brillouin zones.
4.4 Results

4.4.1 Phase Analysis

The X-ray powder diffraction pattern measured for the product containing Ca,Pd>Ga
(see Figure 4.4.1) shows that the orthorhombic ternary compound is indeed a major phase.
However, there are two peaks at 20 = 19.2° and 41.3° that are not indexed, in the Cmca
structure and these peaks do not correlate with any diffraction peaks expected for any of the
known binary or ternary compounds in this system. The synthetic procedure yielding the
orthorhombic structure is reproducible, and a powder X-Ray pattern of another sample can be

seen in Figure S1.
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Figure 4.4.1. Powder X-Ray pattern of loaded Ca;Pd>Ga. * = non-indexed peaks. Red line is
the powder pattern for previously reported monoclinic structure indicating very little if any is
present in experimental sample.

4.4.2 Structure Determination

Several crystals were picked from the bulk sample and tested on a Bruker SMART
APEX-II instrument. The best four crystals were run for a full data collection and the results
can be seen in Table 4.4.1 and Table S1 along with atomic coordinates and anisotropic
displacement parameters found in Tale S2. The structure has linear chains of Pd atoms along
the a-direction. Each Pd atom has a coordination number (CN) of 10 with 2 Pd, 2Ga, and 6 Ca
nearest neighbors. The Ga atoms sit in an environment of CN 12 with 8 Ca and 4 Pd and no

Ga—QGa interactions, the shortest of which is is 4.791 A. Each Ga atom is bonded to 4 Pd atoms
and form Pd—Ga—Pd interactions that connect the linear chains of Pd. Ca atoms have a CN 15

with interactions with 4 Ga, 6 Pd, and 5 Ca atoms.
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Table 4.4.1. Crystallographic information for Ca;Pd>Ga. Peak residual electron density is 1.75
A from Ga and the hole is 0.48 A from Pd.

Sample CarPdrGa
Space Group Cmca
Unit Cell a=5.7893(4)
b=9.8162(8)
c=17.6183(7)
Volume 432.94(6)
Z 4
Absorption Coefficient 16.538 mm™!
Index Ranges -13<h<13,-22<k<23,-18<[<18
Reflections Collected 10381

Independent Reflections
Theta range for data collection
Refinement method
Data/restraints/parameters
Goodness-of-fit on F2
Final R indices [/ > 20(/)]

R indices (all data)
Largest diff. peak and hole

1651 [R(int) = 0.0446]
4.152 to 50.680°
Full-matrix least-squares on /2
1651/0/16
0.969
R1=0.0282, wR2 = 0.0581
R1=0.0455, wR2 =0.0638
1.581 and —2.259 eA?

4.4.3 Structure Comparison

The space group C/2c is a maximal non-isomorphic subgroup of Cmca, retaining eight

of the sixteen symmetry operations found in Cmca. The symmetry operations that are lost in
moving from Cmca to C2/c for the (0,0,0)" set are: the two-fold screw-axes, the b glide plane
X,Y,%, and the mirror plane (0,y,z). The symmetry operations lost for the (%4, ¥, 0)" set are: the
two-fold rotation about Y4,y,%, two-fold screw axis about x,%,0, the a glide plane x,y,%, and
the b glide plane %4,y,z.

Previously reported Ca;Pd>Ga crystallizes in the monoclinic space group C2/c in the
AlCoPr; structure type.? This monoclinic structure also contains Pd chains, although they are
stacked in staggered layers compared to the Cmca structure, where all Pd chains are parallel to
a single direction (see Figure 4.4.2). The orthorhombic structure contains puckered Pd,Ga

“sheets” that are separated by layers of 4 Ca atoms and stacked along the b direction (see Figure
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S2). The monoclinic structure does not contain this stacking however, looking down the ¢ axis
shows Pd—Pd dimers, connected by Ga atoms, creating Pd>Ga chains surrounded by 8 Ca atoms
along the ¢ direction (see Figure S3). The coordination environments around each atom are
similar in the two structures, although the Pd—Pd and Pd—Ga interactions are split into two
inequivalent distances in the monoclinic structure. The Pd—Pd distances along the chains in the
monoclinic structure are split into alternating shorter (2.790 A) and longer (2.939 A) distances
compared to the orthorhombic structure which contains only one Pd—Pd distance (2.895 A) in
the linear chains. On the other hand, both the Pd—Ga distances are longer in the monoclinic

phase (2.534 A, 2.572 A) than in the orthorhombic phase (2.525 A).

'0

Cmca C2/c

Figure 4.4.2. Unit cell drawings emphasizing the direction of the Pd—Pd chains in the Cmca,
doubled unit cell drawn (left) and C2/c (right) structures. Blue, grey, and red atoms are Ca, Pd,
and Ga respectively.

There are several different structures that many 221 compounds have been found to
crystalize in. These structure types include: a ternary ordered variant of the binary ZrAljs, the
orthorhombic W>CoB»-type, the MoxFeBa-type, the monoclinic ProCo2Al-type, and the
Mn,AlB»-type. The synthesized CaxPd»Ga, as presented in this work, crystalizes in the LaxNi3
structure type.!®!>1® A comparison of these structures shows that the most electronegative

element forms linear chains in some and dumbells in others. The Mo>FeB»-type structure has
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dumbells of B atoms that stack along the ¢ direction. There are chains in the cases of the ZrAls,
PryCozAl and W2CoBo-type structures however, these chains vary from structure to structure.
CaxPd»Ge, which crystallizes in the ternary ordered variant of Zr,Als, contains chains of Pd
atoms that stack in alternating directions and have the same bond distance in between all Pd
atoms, however, they are not truly linear with a bond angle of 178.33° instead of 180°.
Monoclinic Ca;Pd>Ga also contains stackings of alternating linear Pd chains but unlike the
ZrAlj structure type the bond angles are all 180° but there are two different bond distances
between the Pd atoms. The chains that are present in Ca;Pt2Cd, which crystalizes in the
W2CoBs-type structure, are linear and all aligned parallel to the b axis but the chains have two
different bond lengths between the Pt atoms (3.183 A and 2.659 A).® The chains of Pd atoms
in the orthorhombic Ca;Pd>Ga are all parallel to the same direction and all have equal Pd—Pd
bond distances. Figure 4.4.3 shows these different features. The layering in the W2CoB:
structure type can also be seen in Figure 4.4.3. The Pt—Cd interactions form 2 dimensional
sheets of Pd>Cd separated by a puckered layer of Ca atoms. This sheet is distorted in the La>Ni3

structure type that the Cmca CaxPd>Ga adopts.
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Figure 4.4.3. Unit cells displaying features of various 221 structure types.

4.4.4 Electronic Structure Calculations

To shed light on the bonding characteristics in both structure types, DOS and COHP
curves were calculated and analyzed. The DOS of the Cmca structure shows that the Ga 4s
electrons are dominant from ~ —8 to —6.75 eV. The Pd d states are the main contributors from
~—4 to =2 eV. The d band is split into two main regions at ~ —3 eV. The Ca virtual d states
dominate the DOS above the Fermi level. The calculated DOS (see Figure 4.4.4) shows a
significant number of states at the Fermi level, which, according to the COHP curves, show
nonbonding characteristics for the Pd—Pd, Pd—Ga, and Ca—Ca interactions and significant
bonding characteristics for the Pd—Ca and Ca—Ga contacts. These results are rather typical for
many polar intermetallics. In comparison, the DOS calculated for the monoclinic Ca;Pd>Ga
(see Figure 4.4.5) shows a pseudogap at the Fermi level. All pairwise interactions are

nonbonding at the Fermi level in the COHP curves. The two DOS curves also show that the
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Pd 4d band is wider in the monoclinic structure than in the orthorhombic structure. Moreover,
at ~ 6.5 and ~ 5 eV below the Fermi level, the states for the orthorhombic structure abruptly
disappear and then appear again compared to the more gradual disappearance and appearance
of states in the monoclinic structure. This sudden appearance and disappearance is due to the

distinct two-dimensional layering that is found in the orthorhombic compound and not present

||

in the monoclinic structure.
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Figure 4.4.4. DOS (left) and —COHP (right) for Cmca CaPd>Ga. —/+ indicate anti-
bonding/bonding values of —=COHP curves.
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bonding/bonding values of ~COHP curves.
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The COHP curve can be integrated (ICOHP) to get a sense of the overall contribution
of each pairwise interactions in the competing structures. The percent contributions to the total
ICOHP can been seen in Table 4.2.2. Each pairwise interaction contributes roughly the same
in both structure types. In the monoclinic structure, the Pd chains have alternating long (2.939
A) and short (2.790 A) bonds with the shorter contact having an ICOHP value twice as large
as the longer one, indicating much stronger interactions compared to the longer distance. Even
with the alternating distances the Pd-Pd interactions in the monoclinic structure contribute
comparably to the Pd—Pd interactions in the orthorhombic structure.

Table 4.4.2. Comparison of Cmca and C2/c COHP interactions in Ca;Pd>Ga.

Cmca C2/c
Bonds  #/fu. Distance -ICOHP % Distance —-ICOHP %
(eV) ICOHP (eV) ICOHP

Pd-Pd 2 2.899 1.039 9.44 2.790, 2.939 1.531, 0.745 10.25
Pd-Ga 4 2.531 2.053 37.34 2.534,2.572 2.017, 1.885 35.14
Pd—Ca 12 3.061-3.114 0.555-0.613 33.77 3.051-3.127 0.589-0.649 34.35
Ca—-Ga 8 3.382-3.477 0.488-0.386 15.62 3.384-3.403 0.354-0.439 16.49
Ca—Ca 5 3.539-3.731 0.001-0.013 3.83 3.617-3.675 0.166-0.171 3.78
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The band structures presented in Figure 4.4.6 also show some distinct differences
between the two structure types. The band structure of the orthorhombic structure shows that
the bands crossing Er have a steep slope. However, near the M point in the band structure of
the monoclinic structure, there is a doubly degenerate band that is very flat. Further analysis
of this doubly degenerate band indicates that the main contributions to these two bands are
30% Ca 3d followed by 25% Pd 4d. The remaining contributions are distributed evenly
between Pd 5s, 5p, Ca 4s, 4p, and Ga 4p. Ga 4s and 4d contribute less than 4% each to the

overall bands.

(A@) Afusuz

Cmca C2/c
Figure 4.4.6. Band structures for Cmca (left) and C2/c (right) structures of Ca,Pd>Ga.

4.5 Conclusions
The compound CaPd,Ga was reproducibly synthesized and analyzed by single crystal
and powder X-Ray diffraction in an orthorhombic crystal structure, but it had been reported
previously to crystallize as part of a diphasic mixture with Ca3Pd>Ga> in a monoclinic,

AlCoPr-type crystal structure. The Ca3Pd>Gax byproduct crystalizes in the orthorhombic
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Y3RhoSiz-structure type which contains similar linear chains of staggered Pd—Pd dumbells
connected by Ga atoms as the C2/c Ca,Pd>Ga structure. Electronic structure calculations
including DOS and COHP curves were performed to gain an understanding of the energetics
and bonding characteristics of the competing structure types. The electronic structure
calculations show a pseudogap at the DOS of the monoclinic structure as well as optimized
bonding at the Fermi level in the COHP.
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5.1 Abstract
Gd(Coi1Gax)2 (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) phases were synthesized by arc
melting the constituent elements and subsequent annealing. The samples were characterized
by powder and single crystal X-ray diffraction, magnetic measurements, and electronic

structure calculations. An interesting structural sequence was obtained: cubic MgCu,-type

structure for x = 0 and 1/6; MgZna-type structure for x = 1/3; orthorhombic SrMgSi-type
structure for x = '5; orthorhombic CeCuz-type structure for x = 2/3; hexagonal AlB;-type
structure for x = 5/6 and 1. Tight-binding linear-muffin-tin orbital (TB-LMTO) calculations
were performed on GdCoz, GdCoGa, and GdGa, to trace the origin of their structural
transformations, which appear to be driven by the changes in the valence electron count
(VEC). In addition, some conclusions of these fully stoichiometric compounds were obtained
from the rigid band model. GdGax (x = 1) is antiferromagnetic, while the other ones are either
ferrimagnetic or ferromagnetic. 7c of Gd(Coi..Gax)> decreases monotonically with the
increasing Ga content, suggesting that promising room temperature (R7) magnetocaloric

materials could be obtained between x = 1/6 and x = 1/3.
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5.2 Introduction

The environmental awareness, which matured in the past few decades, increased our
efforts towards development of energy-efficient and environment-friendly refrigeration
techniques. Discovery of giant magnetocaloric effect (GMCE) in GdsSi»Ge, showed that
magnetic refrigeration can be a potential alternative for the conventional vapor-cycle
refrigeration.[1] In the case of GMCE, there is a first-order magnetic transition; the total
entropy change, which is discontinuous at the transition points, contains both the structural and
magnetic entropy contributions, and thus is significantly enhanced when compared to a
conventional MCE. In this light, good candidates for magnetic refrigeration are materials with
a GMCE. Such compounds should contain magnetically active rare earth or transition metals
or both. For example, Laves phases with a general formula RECo, (RE = rare earth) adopt a
cubic MgCus-type structure,[2] but exhibit different magnetic properties depending on RE due
to the inherent instability of Co sublattice magnetism. For RE = Dy, Ho, and Er, a nonmagnetic
Co sublattice is turned into ferromagnetic by the RE molecular field upon cooling, i.e. a
metamagnetic transition is induced by the itinerant electrons.[3] The itinerant electron
metamagnetism (IEM) causes not only a first-order magnetic transition but also GMCE in
RECo> (RE = Dy, Ho, and Er).[4,5] On the other hand, a conventional MCE with a second-
order magnetic transition is observed in other RECo, compounds.

For practical applications, magnetocaloric materials with transitions around room
temperature are the most promising candidates in terms of wide-spread applications and
economic benefits. However, most of RECo> compounds have transitions at lower
temperatures. Curie temperature (7¢c) of GdCo, peaks at 400 K for RE = Gd and drops rapidly

when RE moves away from Gd on both sides of periodic table of elements.[3] Replacing Co
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with some nonmagnetic elements in GdCo> may allow adjusting 7c to room temperature. In
this work, nonmagnetic Ga was chosen to substitute for Co. Previously, a few structures have
been reported in Gd(Co1-<Gay)2 system: 1) cubic MgCus-type GdCox (Fd 3 m)[6]; 2) hexagonal
MgZns-type structure for GdCoi333Gaoes7 (P63s/mmc);[7] 3) orthorhombic SrMgSi-type
GdCoGa (Pnma)[8]; 4) orthorhombic CeCuz-type GdCoo.67Gai.33 (Imma)[9]; and 5) hexagonal
AlBs-type GdGa; (P6/mmm)[10], suggesting that the structural types change regularly with an
x interval of 1/6 or 1/3 for Gd(CoixGa,)2. To explore this system in greater details, Gd(Co;-
Gax)2 (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) alloys were prepared in this work.

Structural transitions can be driven by changes in the valence electron count (VEC)
and/or geometric parameters. In the case of the Gd(Coi..Gay), system, Ga has an atomic size
similar to that of Co (rco = 1.25 A, r6a = 1.26 A),[11] which minimizes the geometric effects.
Therefore, the VEC could be a key factor in controlling the structures of Gd(Co1-«Gax) system.
In it worth mentioning that the structural transformation in the GdCoz-GdAl: system were
rationalized in terms of the VEC and Fermi surface features.[12] Since Ga and Al are isovalent
and have similar atomic sizes (ra1 = 1.25 A, rca = 1.26 A),[11] some of the general rules
developed for GdCo>-GdAl> may be applicable to GdCo2-GdGao.

5.3 Experimental
5.3.1 Synthesis

The starting materials are Gd (99.99 wt.%, distilled grade, Metal Rare-earth Limited,
China), Co (99.98 wt.%, Alfa Aesar) and Ga (99.999 wt.%, Alfa Aesar) pieces. Alloys with
the Gd(Co1xGay2 (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) stoichiometries and a total mass of ~1 g
were arc-melted 3 times to ensure homogeneity. During remelting process, the samples were

turned over as fast as possible to prevent sample cracking during cooling. The cast alloy buttons
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were split, and then one-half of each button was wrapped in Ta foil, sealed in evacuated silica
tubes, heated to 850°C at 100°C/hour, annealed at this temperature for 7 days and subsequently
quenched in cold water.
5.3.2 X-Ray Analysis

Room-temperature phase analyses of the cast and annealed Gd(Co1..Gaxp (x = 0, 1/6,
1/3, 1/2, 2/3, 5/6, and 1) samples were performed on a PANalytical X'Pert Pro diffractometer
with a linear X'Celerator detector. The X-ray diffraction patterns were collected with CoKa
radiation to eliminate the Gd fluorescene associated with CuKa radiation. More than one
crystalline phase was observed in most of the cast Gd(Co1.xGa, (x =0, 1/6, 1/3, 1/2, 2/3, 5/6,
and 1) alloys. However, samples with high purity could be obtained by annealing at 850°C for
7 days. The annealed alloys with x = 0 and 1/6 yielded a cubic MgCux-type phase. X-ray
powder diffraction of the sample with x = 1/3 suggested a hexagonal MgZn,-type phase
(P63/mmc). The GdCoGa alloy contains an orthorhombic SrMgSi-type phase and some
MgZn,-type impurities. The annealed alloy with x = 2/3 adopted an orthorhombic CeCu-type
structure. A hexagonal AlB>-type phase (P6/mmm) was formed in the annealed alloys with x
= 5/6 and 1. The unit cell dimensions derived from the Rietveld refinement (Rietica
program)[13] for the annealed samples are summarized in Table 5.3.1. Standard deviation
(SD) for x = 1/2 and 2/3 are larger than others phases, which could be related to the impurities.
Impurities for x = 1/2 was confirmed to be MgZno-type phases, while no detectable impurities

were observed for x = 2/3 via powder X-ray diffraction.
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Table 5.3.1. Phase analyses from the Rietveld refinement of X-ray powder diffraction for
annealed Gd(Coi1.xGaxpz (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1)

Sample
GdCoz
GdCo1.67Gao .33
GdCoi.33Gag.67
GdCoGa
GdCoo.67Gai 33
GdCoo.33Gai.67
GdGa,

Str. type
MgCus-type
MgCu,-type
MgZno-type
SrMgSi-type
CeCus-type

AlB;-type
AlB;-type

Sp. group

P63/mmc
Pnma
Imma

P6/mmm

P6/mmm

a, A
7.25618(2)
7.33059(3)
5.26670(3)
7.1522(2)
4.3684(1)
4.37694(7)
4.22011(6)

b, A
7.25618(2)
7.33059(3)
5.26670(3)
4.4339(2)
7.0967(2)
4.37694(7)
4.22011(6)

c, A
7.25618(2)
7.33059(3)
8.50070(8)
7.0003(2)
7.4914(2)
3.65559(9)
4.13423(9)

v, A3
382.054(2)
393.928(3)
204.203(3)
222.00(1)
232.24(1)
60.650(2)
63.764(2)

Suitable single crystals were extracted from the annealed Gd(Co1.«Ga,2 (x =0, 1/6, 1/3,

1/2, 2/3, 5/6, and 1) alloys. Single crystal X-ray diffraction data were collected on a STOE

IPDS II diffractometer with MoKa radiation at room temperature. Numerical absorption

corrections were based on the crystal shapes that were originally derived from optical face

indexing but later optimized against equivalent reflections using the STOE X-shape software.

Crystal structures were refined using the SHELXL program.[14] Crystallographic data and

refinement results are summarized in Table 5.3.2 and 5.3.3. The structures obtained from

single crystal solutions agree well with the powder X-ray diffraction results.
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Table 5.3.2. Crystallographic data and refinement results for Gd (Coi«Ga,)2 (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) (MoK, radiation, 293 K).

Gd(Co1.Gaypn x=0 x=1/6 x=1/3 x=12 x=2/3 x=5/6 x=1
Scan mode Omega
Structure type MgCu,-type MgCu,-type MgZns-type SrMgSi -type CeCus-type AlB»-type AlB»-type
Space group Fd3m Fd3m P63/mmc Pnma Imma P6/mmm P6/mmm
a(A) 7.2518(8) 7.3174(8) 5.2593(7) 7.114(1) 4.3649(9) 4.3719(6) 4.2143(6)
b (A) - - - 4.4017(9) 7.090(1) - -
¢ (A) - - 8.490(2) 7.025(1) 7.482(2) 3.6441(7) 4.1319(8)
Volume (A% 381.36(7) 391.81(7) 203.37(6) 219.98(8) 231.54(8) 60.32(2) 63.55(2)
Peale (g/em®) 9.583 9.449 9.221 8.632 8.304 8.070 7.752
z 8 8 4 4 4 1 1
9<h<9 9<h<9 7<h<7 8<h<ll -S<h<S -S<h<S 6<h<S5
Index ranges 9<k<8 8<k=<9 1<k<7 -6<k<6 8<k<9 5<k<S -6<k<6
9<I<9 9<I<9 -11<i<11 -11<i<11 -10<1<10 4<1<4 6<1<6
26 range (°) 9.74 t0 57.38 9.66 to 59.80 8.94 to 58.18 8.16t072.48  7.92t058.08 10.78t057.52  9.88 to 57.62
Meas. Refl. 963 1007 2053 3661 1255 629 1127
o 39 (ij = 129 (Rim = 536 (ij = 189 (Rint = 49 (Rint = 77 (Rint =
Ind. Refl. 36 (Rin = 0.0819 0.1160) 0.0824) 0.1156) 0.0669) 0.0722) 0.0485)
Extinction coefficient 0.0003(2) 0.014(2) 0.015(1) 0.0023(7) 0.0050(7) 0.05(2) 0.062(2)
# of param. 5 6 12 20 13 7 6
Larges(tell’g’;')k /hole 0.452/-1.259 0.800/-0.432 1.824/-1.370 8.038/-10.606  1.479/-1.888  1.327/-1.403  0.738/-0.785
Goodness-of-fit on |F?| 1.384 1.252 1.263 1.165 1.191 1.529 1.591
Rindices 11> 26( 1 R =0.0238 R1=0.0110 R1=0.0280 R =0.0749 R =0.0244 R, =0.0293 Ri=0.0111
indices [[>20(D] \ » —0.0237 WR=0.0264 WR=0.0326 WRy=0.1321  wRy=0.0482  wR,=0.0727  wR:=0.0581
R indices [all data] R =0.0238 Ry =0.0135 R, =0.0430 R =0.1195 R, =0.0316 Ry =0.0293 Ry =0.0120
WRy = 0.0237 WR,=0.0274 WR,=0.0343 WRy=0.1530  wR,=0.0511  wR,=0.0727  wR,=0.0603
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Table 5.3.3. Atomic coordinates and isotropic temperature parameters (Ueq) for Gd (Coi-
«Gay) (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1).

Atom Site (point ~ Occupancy x/a y/b z/c Ueq (A?)
GdCo; (MgCus-type)
Gd1 8a 1 1/8 1/8 1/8 0.012(1)
Col 16d(3 m) 1 12 12 12 0.012(1)
GdCoi.67 Gaozs (MgCux-type)

Gdl 8a(43m) 1 1/8 1/8 1/8 0.010(1)
Col/Gall  16d(3m) 0.83/0.17 1/2 1/2 1/2 0.009(1)
GdCo1.33Gag.e7 (MgZn-type)

Gd1 4f(3m) 1 2/3 1/3 0.0617(1)  0.009(1)
Col/Gall 2a(3m) 0.67/0.33* 0 0 0 0.003(1)
Co2/Ga22 6h(mm) 0.67/0.33* 0.1674(2) 0.3348(5) 1/4 0.009(1)

GdCoGa (SrMgSi-type)

Gdl 4c (m) 1 0.0110(2) 1/4 0.7025(2)  0.013(1)

Col 4c (m) 1 0.1978(4) 1/4 0.0924(5)  0.013(1)

Gal 4c (m) 1 0.3232(7) 1/4 0.4233(6)  0.020(1)

GdCoy.67Gai1.33 (CeCur-type)

Gd1 4e(mm) 1 0 3/4 0.4541(1)  0.015(1)
Col/Gall 8h(m) 0.33/0.67 0 0.4443(2) 0.1648(1)  0.019(1)
GdCoy.33Gaie7 (AlBa-type)

Gdl la(6/mmm) 1 0 0 0 0.017(2)
Col/Gall  24(6m2) 0.17/0.83 1/3 2/3 1/2 0.037(3)
GdGa; (AlB,-type)

Gdl la(6/mmm) 1 0 0 0 0.008(1)

Gal 2d(6m2) 1 1/3 2/3 172 0.012(1)

*Co/Ga occupancy was not refined

5.3.3 Magnetometry

Temperature-dependent magnetization was measured in a 100 Oe field from 300 (or
350) to 5 K, or 550 to 300 K, in a field-cooled (FC) mode using a Superconducting Quantum

Interference Device (SQUID) on the Magnetic Property Measurement System (MPMS). The
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maxima in the derivatives of the magnetization with respect to temperature were taken as Curie
(Tc) temperatures. Temperatures of the cusps on the temperature-dependent magnetizations
were treated as Neel temperatures (7).
5.3.4 Electronic Structure Calculations

Electronic structure calculations were performed using the Stuttgart Tight-Binding,
Linear-Muffin-Tin Orbital program with Atomic Sphere Approximation (TB-LMTO-
ASA).[15] The atomic sphere approximation uses overlapping Wigner-Seitz (WS) spheres to
fill space. The WS sphere for Gd ranges from 3.3273 a.u. for GdCo» to 4.1208 a.u. for GdGay,
Co ranges from 2.7167 a.u. in GdCo» to 2.7561 a.u. in GdCoGa, and Ga ranges from 2.7783
a.u. in GdCoGa to 2.5393 a.u. in GdGax. The symmetry of the potential is considered spherical
in each WS sphere and a combined correction is used to account for the overlapped spheres.
The overall overlapped volume for GdCo; was 6.444%, GdCoGa was 9.531%, and GdGa; was
6.315% and no empty spheres were necessary for any of the calculations. The exchange and
correlation were treated both with the von Barth-Hedin local-density approximation
(LDA)[16] and the local spin-density approximation (LSDA).[17] All relativistic effects
except spin-orbit coupling were taken into account using a scalar relativistic
approximation.[ 18] The basis sets included Gd (6s, 6p, 5d), Co (4s, 4p, 3d), and Ga (4s, 4p).
The Gd 4f wavefunctions were considered as pseudo-core orbitals with 7 electrons, and were
not included into the electronic density of states (DOS) and crystal orbital Hamilton population
(COHP) analyses.[19] Reciprocal space integrations were performed with k-point meshes of
145 for the cubic GdCoy, 1053 for the orthorhombic GdCoGa, and 793 for the hexagonal

GdGas,.
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Optimization of atomic structures were performed using the Vienna Ab initio
Simulation package (VASP),[20,21] which uses projector augmented-wave (PAW)[22]
pseudopotentials that were adopted with the Perdew-Burke-Ernzerhof generalized gradient
approximation (PBE-GGA), where scalar relativistic effects are included.[23] The conjugate
gradient algorithm was used with an energy cut-off of 500 eV and 13 x 13 x 13 Monkhorst-
Pack[24] k-points meshes. The linear tetrahedron method[25] was used for integrations
involving the irreducible wedge of the Brillouin Zone. Total energies, magnetic moments
(calculated as the difference of majority and minority spins), and electronic structure plots were
evaluated. See the Supporting Information for further details of the results obtained from
VASP calculations.

5.4 Results and Discussion

5.4.1 Structural Features and Transformation

GdCo,, MgCu,type  GdCo, 5;Gag 33, MgCu,-type  GdCo, 33,Ga 47, MgZn,-type GdCoGa, SrMgSi-type

GdCop 6,Ga, 53, CeCu type

GdCoy 43Ga, g7, AlB,-type ?.ﬁ w

&P
Fig. 5.4.1. Crystal structures of Gd(Co1.«Gaxp (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1).

X-ray diffraction results can be summarized as follows: 1) five structures are present in
the Gd(Co1xGax)2 (x =0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) system, suggesting a close relationship
between Co/Ga ratio and crystal structures (Fig. 5.4.1) ; ii) impurities in the cast samples

decrease with Ga content increasing, which indicates that Gd(Coi-.Gax)2 phases are more easily
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formed at a higher Ga content; iii) samples become pure after annealing except for GACoGa,
which contains significant MgZn,-type impurities (13 wt. %).

Both annealed GdCo» (x = 0) and GdCo1.67Gao33 (x = 1/6) adopt the cubic MgCuo-type
structure. Diffraction peaks on the powder XRD pattern of GdCo1.67Gaos3 shifted to lower
scattering angles compared with that of GdCo,, suggesting an increase in the unit cell
parameters of GdCoi.67Gao33. (Table 5.3.1) This is expected because the atomic size of Ga is
slightly larger than that of Co. Indexing of the Bragg peaks for GdCo; indicated a cubic lattice,
isostructural with the Laves MgCu-type one. There are two independent crystallographic sites
in the unit cell: Gd atoms occupy the 8a site while Co atoms are on the 16d site. For
GdCo1.67Gao33, Gd atoms are still on the 8a site, while Ga atoms share the 164 site with Co.

Annealed GdCo1.33Gaos7 (x = 1/3) adopts a hexagonal MgZn,-type structure, which has
three crystallographic sites: 2a, 4/ and 64. Gd atoms fully occupy the 4f site, while Co and Ga
are on the 2a and/or 64 site. However, the Co/Ga occupancy could not be refined due to their
similar scattering factors. A statistical Co/Ga distribution with the 0.67/0.33 ratio was assumed
both on the 2a and 64 sites.

GdCoGa (x = 1/2) and GdCoo.67Gai1 .33 (x = 2/3) adopt orthorhombic structures with the
Pnma and Imma space groups, respectively. As seen in Fig. 5.4.1, the orthorhombic structures
are very similar; in fact the GdCoGa structure is an ordered variant of the GdCoo.67Gai .33 one.
There are three 4c sites, occupied separately by Gd, Co, and Ga, in the orthorhombic GdCoGa
phase. On the other hand, there are two crystallographic sites in the orthorhombic
GdCoo.67Gai 33 phase: Gd atoms occupy the 4e site, and Co and Ga atoms share the 84 site. It

is worth mentioning that it was more difficult to obtain a pure GdCoGa phase then a pure
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GdCoo.67Gai 33 phase. An impurity in GdCoGa could not be eliminated even after annealing at
850°C for 1 week or longer time.

GdCoo33Gaie7 (x = 5/6) and GdGax (x = 1) adopt the hexagonal AlBa-type structure.
There are two crystallographic sites in the structure: Gd atoms fully occupy the 1a site whereas
Co and Ga atoms are on the 2d site. Gd atoms form two triangular prisms in one unit cell, and
Co or Ga atoms are located in the center of these triangular prisms. Increased c lattice
parameter and volume were observed for GdGaz, which is due to the larger atomic size of Ga.
On the other hand, the a lattice parameter decreased slightly. Therefore, the a/c ratio for
GdCoo33Gaie7 and GdGaz is 1.20 and 1.02, respectively. The abnormal lattice parameter
change in GdCoo.33Gai.¢7 and GdGa; is probably related to the structural changes.

As the Ga content increases, the structures change from a “condensed cluster-based”
— “3D Network” — “2D Network™. The cubic Laves phase has the Co atoms in vertex-sharing
tetrahedral clusters. In the hexagonal Laves phase, the Co tetrahedra are still present, but now
they are stacked along the ¢ axis via alternating vertex- and face-sharing motifs. On moving to
GdCoGa and GdCoo67Gas 33, the tetrahedral clusters are lost, but the Co and Ga atoms sit in
distorted tetrahedral coordination environments. These structures have extended networks of
6- and 8-membered rings along with ladders of 4-membered rings. By increasing the Ga
content even more, the 3D network is converted into the 2D network of the graphene-like
sheets of Ga. Coordination numbers (CN) of Co/Ga also change for the different types of
networks. In the cubic Laves phases, Co/Ga has a CN of 6, then changes to the CN of 4 in the
3D network, and finally to a CN of 3 in the 2D network. Electronic structure calculations were
employed to gain some insights about the chemical bonding features and structural variation

of the Gd(Co1..Gay)2 system.
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5.4.2 Magnetic Properties

Temperature-dependent magnetization of Gd(Coi-.Gax)2 (x =0, 1/6, 1/3, 1/2, 2/3, 5/6,
and 1) were measured (Fig. 5.4.2). For the Co-free phase, i.e. GdGa,, the magnetic transition
becomes antiferromagnetic, with a Neel temperature of 20 K, in accordance with the previous
reported results.[26] For other samples, 7c decreases with the increasing Ga content, which
indicates that Ga substitution weakens the magnetic interactions controlled via the RKKY[27—
29] mechanism. GdCoGa and GdCoo67Gai33 resemble each other with respect to magnetic
trnasition: both of them has a sharp magnetic transition at ~55 K, but the former has a second
transition at 148 K, while the latter at 204 K. The apperance of two magnetic transitions
indicates the presence of impurities in the two samples, which is in accordance with the powder
X-ray diffraction results. Magnetic transitions of Gd(Coi1xGax)> (x =0, 1/6, 1/3, 1/2, and 2/3)

are very sharp at Tc, suggesting that these samples may have interesting magnetocaloric

properties.
5 -
4-jﬁ ——
D 34
2 | ] Gd(Co, Ga)),
\"P/ —_X= 0
= 2 ——x=1/6
—x=1/3
—x=1/2
14 —x=2/3
—x=1
0 : : : —
0 100 200 300 400 500

7(K)
Fig. 5.4.2. Temperature dependence of magnetization for Gd(Coi1-.Gax)2 (x =0, 1/6, 1/3, 1/2,
2/3, 5/6, and 1) under a magnetic field of 100 Oe. Magnetization for x = 1 is magnified by 20.
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5.4.3 Electronic Structure Calculations

The structures described above change significantly from densely packed to network-
type as the Ga content increases in this system. Given the variation in the valence electron
count, a computational approach was undertaken to shed light on chemical bonding features
that could be underpinning these changes. At first, just the stoichiometric compounds GdCos,
GdCoGa, and GdGa; were studied, with a more in-depth analysis of various nonstoichiometric
cases coming in a subsequent report. For these three compounds, the properties studied include
DOS, pairwise orbital interactions via COHP curves, formation energies, and magnetic
moments. An initial comparison was made by calculating the total energies per formula unit
(eV/f.u.) for each binary compound in each of the three observed structure types, with the

results listed in Table 5.4.1, and in agreement with the observed structures.

Table 5.4.1. Total energies per Gd, calculated using VASP, of GdCo, and GdGa; in different
structure types observed for GdCoz, GdCoGa, and GdGay.

MgCus-type . AlBa-type
Alloys (meV/Gd) SrMgSi-type (meV/Gd) (meV/Gd)
GdCoz 0 +652.4 +902.1
GdGa +720.4 +145.1 0

In general, the total energies of these models increase as the number of nearest-
neighbor Co-Co interactions decreases or as the number of nearest-neighbor Ga-Ga
interactions increases. The largest total energy difference occurs between the cubic Laves
phase and the orthorhombic SrMgSi-type for GdCo> because this structural change is
accompanied by a coordination change around each Co atom from coordination number (CN)

of 6 to 4, with inequivalent Co-Co bond lengths. Moreover, GdCo: in the AlB»-structure type
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gives the highest total energy, most likely due to the Co atoms being just three-coordinate with
other Co atoms.

To determine the relative stabilities of the binary and ternary compounds, estimated
formation energies from the elements or the binary endpoints were calculated for GdCoo,
GdCoGa, and GdGa,. According to total energies calculated using VASP, GdCo» is favored
over the individual elements by 0.3782 eV/Gd. and GdGa> is favored over its constituents by
1.9401 eV/Gd. With respect to Gd, Co, and Ga, GdCoGa is energetically favored by 1.4132
eV/Gd, and is also favored over the binary endpoints GdCo, and GdGa; by 0.2540 eV/Gd.

To gain an understanding of the chemical bonding features and structural variation in
Gd(Co1-+Gax)2, the electronic density of states (DOS) and crystal orbital Hamilton population
curves (COHP) were calculated using both the local-density approximation (LDA) and the
local spin-density approximation (LSDA). DOS and COHP curves were calculated with both
TB-LMTO-ASA and the Local Orbital Basis Suite Towards Electronic-Structure
Reconstruction (LOBSTER)[19,30], the latter using the output files of VASP. The TB-LMTO-
ASA code was used to treat the Gd 4f orbitals as core orbitals occupied by 7 electrons,so that
the overlap population analysis considers just the valence s, p, and d wavefunctions of the
constituent elements. Overall, the DOS and COHP curves near the Fermi levels calculated with
both methods are qualitatively similar, but the integrated COHP (ICOHP) values differ, and
are most significant for GdCo». The results calculated using VASP/LOBSTER are included in
the Supporting Information.

5.4.3.1 Electronic structure of MgCu:-type GdCo2

Including spin-polarization into the calculation of the total energy of MgCux-type

GdCo, is important because, without it, optimization produces a unit cell that is significantly
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smaller than the experimentally determined unit cell. With spin-polarization the corresponding
optimization yields lattice parameters and bond lengths that are close to the experimental ones
(see Table S1 in Supporting Information).

Previous experimental and theoretical studies of MgCux-type GdX> (X = Fe, Co, Ni)
compounds have shown that the individual Gd magnetic moments are ferromagnetically
coupled, so Gd was treated in the same way in these calculations.[31-33] The magnetic
moment on each Gd in GdCo: is calculated by LSDA+U (for Gd: U = 6.70 eV and J = 0.70
eV[34]) as 7.405us compared to 7.433 ug, which was calculated by B. Zegaou et al. using all-
electron full-potential linear muffin-tin orbital method with GGA+U.[31] The magnetic
moment for Co is calculated as 1.286s, compared with the value of 1.175p reported by B.
Zegaou et al.,[31] and oriented oppositely to that of Gd. Therefore, GdCox is calculated to be

ferrimagnetic with a net saturated magnetic moment of 4.861 1.
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Fig. 5.4.3. (left) DOS and (right) COHP curves calculated with LSDA for GdCoa.
The DOS and COHP curves for GdCo, are juxtaposed in Fig.5.4.3. In the DOS, Co

orbitals dominate the lower energy regions up to ca. 1.5 eV above Er, and Gd states contribute
significantly above these energies. In addition, although there are a lot of states around the
Fermi level, the Co—Co and Gd—Co COHP curve shows overall weak orbital interactions from
~0.8 eV below to ~0.8 eV above Er for GdCo». This result suggests that the valence electron
count can be either increased or decreased without a large structural effect, so that MgCun-type
GdCo> can be readily doped, a chemical effect frequently observed for densely packed
intermetallics.

Analysis of the COHP curves, presented in Table 5.4.2, shows that the Co—Co and
Gd-Co interactions contribute essentially equally to cohesion when the coordination numbers

are included. Co—Co interactions are approximately twice as strong as Gd—Co interactions.
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The Co—Co COHP curve shows optimized bonding, i.e., only bonding orbitals filled, at ~0.5
eV below Er for GdCo», an energy value corresponding to 19.09 valence electrons per formula
unit (e /f.u.), which is close to GdFe,. GdFe; (19 e¢/f.u.), GdCoz (21 e/fu.), and GdNiy (23
e /fu.) all crystallize in the cubic Laves phase structure type. In the Co—Co COHP curve for
GdCoz, 21 and 23 e /f.u. reside, respectively, in nonbonding and slightly antibonding regions.
Thus, for RE(TM), Laves phases, as the valence electron count increases the overall TM-TM
bonding is sacrificed for RE-TM bonding. (TM = transition metal).

Table 5.4.2. COHP analysis of GdCos.
Compound Bonds Distance (A) #/fu. —ICOHP (eV) % ICOHP

Co-Co 2.551 6 1.514 49.39
GdCoz Gd-Co 2.992 12 0.702 45.78
Gd-Gd 3.125 2 0.444 4.83

Since GdCo2 and GdCo1.67Gao33 have the same cubic crystal structure, a rigid band
model applied to the DOS of GdCo2 may give some insights of the electronic structure of the
mixed-site, ternary compound. For GdCo1.67Gao 33, the VEC = 22.32 e/f.u. would place the
Fermi level in a pseudogap in the DOS curve, suggesting a great electronic stability and the
reasonability of rigid band model. In the COHP curves, this Er resides at a local point of
nonbonding states in the antibonding region of Co—Co states and weakly bonding Gd—Co
states. Therefore, according to the rigid band model, GdCo1.67Gao 33 is electronically stable in
the cubic MgCu,-Laves phase structure.

Also, these calculations suggest that 23 e/f.u. is probably the highest VEC that the
cubic Laves phase structure can sustain in this system before structural transitions occur. This
argument is supported experimentally as the first transition is observed for the VEC = 23.68 ¢
/fa. (GdCo133Gags7). The experimental data show that GdCoi.33Gag.s7 adopts the hexagonal

MgZn;-type Laves phase. The Fermi level corresponding to 23.67 e /f.u. is just below the
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region in the DOS where Gd states start to dominate, and the COHP curves show no significant
antibonding states. Therefore, GdCo133Gaos7 remains densely packed, but there are other
factors contributing to its structure that will be addressed in a subsequent paper.

5.4.3.2 Orthorhombic SrMgSi-type GdCoGa

The SrMgSi-type structure adopted by GdCoGa is quite prevalent with numerous
ternary compounds, such as MgPtGa, CaPtGa, GdPtGa, CaPtGe, and GdPtGe. Fig. 5.4.4 shows
the DOS and the COHP curves, calculated for the experimentally refined structure. One major
structural difference between GdCoGa and GdCo:; is there are no nearest-neighbor Co—Co
contacts so that the Co 3d band is significantly narrower in the DOS of GdCoGa than in the
GdCoz DOS. The Fermi level for GdCoGa lies on the upper shoulder of predominantly Co 3d
states. Within the various COHP curves, all near-neighbor interactions have weakly bonding
interactions at Er; in particular, the Co—Ga interaction is nearly nonbonding. From the COHP
analysis summarized in Table 5.4.3, Co—Ga interactions dominate the contribution to the total
integrated COHP, followed by nearly equal contributions from Gd-Co and Gd-Ga
interactions. Gd—Gd interactions contribute only ~4% to the total ICOHP, as seen also for

GdCos.
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Fig. 5.4.4. DOS (left) and COHP (right) calculated with LSDA for GdCoGa.

Table 5.4.3. COHP analysis of experimental determined and VASP optimized GdCoGa.

Compound Bonds Distance (A)  #/Gd  —ICOHP (eV) % ICOHP
Gd-Gd 3.600-3.619 2 0.401-0.294 3.91
Experimental ~ Gd-Co 2.94-3.358 6 0.901-0.587 27.39
GdCoGa Gd-Ga 3.021-3.120 6 0.767-0.728 26.54
Co-Ga 2.490-2.667 4 2.145-1.387 42.16
Gd-Gd 3.470-3.671 2 0.463-0.272 4.26
VASP Gd-Co 2.813-3.643 6 1.076-0.325 25.47
optimized Gd-Ga 3.047-3.184 6 0.770-0.648 25.00
GdCoGa Co-Ga 2.463-2.551 4 2.177-1.724 43.11
Co-Co 3.198 1 0.372 2.16

A complete structural optimization using VASP converged at a structure that is

distorted, compared to the experimentally determined one, for which the optimized a and b

parameters are 0.32% and 0.89% larger respectively and the ¢ parameter is 2.81% smaller than

experimental values. (Fig.5.4.5) Various starting models were constructed (see Table S2 of

Supporting Information), including one using data from Sichevich et al.[§], all of these
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converged to the same GdCoGa structure. Other compounds that crystallize in the StMgSi-
type structure, e.g., isoelectronic DyCoGa[35] and CaPtGa[36] were analyzed to see if this
outcome is specific to GdCoGa. Optimization of DyCoGa also created a unit cell with a
significantly smaller ¢ parameter, whereas CaPtGa converged to a slight shrinkage in the a

direction along with a small expansion in ¢ (from 7.595 A to 7.685 A).

‘Gd @ca Cco
Fig. 5.4.5. Unit cell and zig-zag chains of “4 member rings” for experimental determined ((a)
and (b)) and VASP optimized ((¢) and (d)) GdCoGa structures.

Total energy calculations were also performed to examine the site preference of Co and
Ga for their respective Wyckoff 4¢ sites in GdCoGa. The most energetically favorable
configuration yields zig-zag ribbons of distorted 4-membered rings with Co and Ga atoms on
opposite corners of the rings, with Ga atoms on the opposite corners that are farther apart ~3.9
A than the other corners (~3.2 A). In the experimental structure, these “squares” have two bond
angles of ~86° and two bond angles of ~94°. The VASP optimized structure has two bond
angles of ~79° and two bond angles of ~101°. This canting of the “squares” has caused the Co

atoms on opposite corners to come closer so that some weak Co-Co interactions developed.
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(Fig. 5.4.5) Therefore, when calculating the COHP for the optimized structure, faint Co-Co
interactions are observed in the structure, which may have some contributions to the decrease
of the c lattice parameter in the VASP optimized structure. (Table 5.4.3)

However, the weak Co-Co interaction must not be the only reason for such significant
decrease of the c lattice parameter. The many structural optimizations on both experimental
and theoretical models lead us to one of two conclusions: either GdCoGa is not fully
stoichiometric or there is a degree of disorder on the Co and Ga sites. If the compound is not
stoichiometric and slightly Ga-rich, this would introduce Ga—Ga homoatomic interactions
which can shorten the ¢ parameter. Having a degree of disorder on the Co and Ga sites can also
introduce Co—Co and Ga—Ga homoatomic interactions. Further details of these assessments
will be reported in a subsequent paper.

5.4.3.3 Hexagonal AlB:-type GdGa:

The electronic DOS and COHP curves for AlB»-type GdGa: calculated using LSDA
are shown in Fig. 5.4.6. The optimized lattice parameters are very close to the experimental
ones (see Table S3 of Supporting Information). The Fermi level of GdGa> with 9 e¢7/f.u.
resides on the shoulder of a peak, which is the lower energy limit of a weakly bonding (nearly
nonbonding) set of states. The COHP analysis presented in Table 5.4.4 indicates that the
Gd—QGa interactions have the largest contribution, due in part to their frequency, followed by
the Ga—Ga bonds, and then by the Gd-Gd interactions. The Ga atoms form the graphene-like
sheets, and each Ga has 3 bonds to other Ga in these sheets. There is a pseudogap in the DOS
corresponding to 9.9 e /f.u., and the center of this pseudogap coincides with transitions from
bonding to antibonding interactions in the COHP plots for all (Ga—Ga, Gd—Ga, and Gd—Gd)

interactions. Above 9.9 electrons, the Ga-Ga anti-bonding states are being filled, as a result,
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the graphene-like sheets should become disrupted and be no longer planar as they distort to

handle a higher electron count. Even though the overall bonding contribution of these sheets

is less than the contribution of the Gd-Ga bonding, the graphene-like sheets will be disrupted

first at the VEC above 9.9 e/f.u.

Table 5.4.4. COHP Analysis of GdGa»

Compound  Bonds Distance #/Gd —ICOHP (eV) % ICOHP
Ga-Ga 2.452 3 2.508 38.40
GdGa; Gd-Ga 3.210 12 0.919 56.28
Gd-Gd  4.142-4.248 4 0.225-0.296 5.32
4
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Fig. 5.4.6. DOS and COHP calculated with LSDA for GdGao.

Ternary GdCoo.33Gai 67 is isostructural to GdGao, but replacing Ga with Co will lower

the Fermi level of the DOS according to the rigid band model. To count valence electrons in

GdCoo33Gai 67 and estimate its Fermi level in the DOS of GdGay, Co is given a —1 valence

electron because Ga sites were not assigned valence 3d orbitals for the calculation. As a result,

the valence electron count for GdCoo33Gai 7 is 7.68 e /f.u., and its Fermi level falls at ca. —1
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eV in the DOS. As the COHP curves show, reducing the valence electron count of GdGa; by
Co substitution depletes significant interatomic bonding states. The Fermi level estimated for
GdCoo33Gai 67 by the rigid band model falls on a large peak in the DOS, which would suggest
an electronic instability. Since Co atoms will introduce valence 3d orbitals to energy regions

near the Fermi level, a rigid bond model applied to the DOS of GdGa> is inappropriate.

5.5 Conclusions

Gd(Coi1.Gax) (x = 0, 1/6, 1/3, 1/2, 2/3, 5/6, and 1) phases adopt five structures as a
function of x value. The structures change from a “condensed cluster-based” — “3D Network”
— “2D Network” with an increasing Ga content. In terms of coordination numbers (CN), the
CN of Co or Ga is 6 in the cubic GdCoz, then reduces to 4 in the 3D network, and finally to 3
in the 2D network. Electronic factors appear to be the reason for the structural transformations
in the Gd(Coi.xGay)2 system. Spin polarization appears necessary for the TB-LMTO-ASA
calculations in this work, therefore, DOS and COHP were calculated using the LSDA. GdCo»
adopts a cubic MgCu-type structure, which could be sustained to the VEC = 23 e’/fu.
Therefore, GdCoi.67Gaos3 (22.32 e/fu.) adopts the same MgCux-type structure, while a
structural transition occurs for GdCo1.33Gao.¢7 with VEC = 23.68 e7/f.u. Although Co-Ga bonds
are fewer compared with Gd-Co and Gd-Ga ones, they dominate the total bonding in the unit
cell of orthorhombic GACoGa. The VASP optimization of the GdCoGa structure generates a
unit cell with a smaller ¢ lattice parameter, suggesting that GdCoGa may not fully
stoichiometric or has disorder on the Co and Ga sites. The total energy calculation suggests
that the optimized structure is favored by 0.08352 eV/Gd. GdGaz has a VEC of 9 e/f.u. and a
pseudogap at 9.9 e/f.u. Although COHP data indicates that Gd-Ga bonds contribute the most

to the overall bonding, Ga-Ga bonds, which form graphene-like sheets, are fist to break above
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the VEC of 9.9 e/fu. Ga substitution reduces the strength of the long-range magnetic
interactions, which causes Tc to decrease with an increasing Ga content. The observed sharp

magnetic transitions suggest that Gd(Coi..Gax). are potential magnetocaloric materials.
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CHAPTER 6. FROM LAVES TO ZINTL: BONDING ISSUES INFLUENCING THE
STRUCTURAL VARIATION IN GdCoz2xGax

Asa Toombs?, Fang Yuan®, Yurij Mozharivskyj®, Gordon J. Miller**

2Department of Chemistry, lowa State Unviersity, Ames lowa 50011-311 and Ames Laboratory, U.S.
Department of Energy, Ames, IA 50011-311, USA.

*Department of Chemistry and Chemical Biology, Brockhouse Institute of Materials Research, McMaster
University, 1280 Main Street West, Hamilton, Ontario L8S 4M1, Canada

6.1 Abstract

Electronic structure calculations on GdCox«Gax (x =0, 0.33, 0.67, 1.0, 1.33, 1.67 and
2) compounds were performed and analyzed to shed light on the driving force behind the
structure changes between x = 0.33-0.67 (cubic to hexagonal), 0.67-1.0 (hexagonal to
orthorhombic), 1.0-1.33 (Imma to Pnma), and finally 1.33-1.67 (orthorhombic to hexagonal).
Multiple coloring models were created for the mixed site ternary compounds and total energies,
density of states (DOS) and crystal orbital Hamilton population (COHP) curves were
calculated for the different models. Integrated COHP values, which can give insights into the
strength of individual interactions, were studied in each model to determine the effect of
different geometric colorings on the overall contribution of individual types of interactions to
the total COHP. Results indicate that the number of Ga—Ga homoatomic interactions has a
large impact on the crystal structures and is a main driving force in causing the structures to
change.

6.2 Introduction

A series of compounds with varying structures were found in the series of GdCoxGax
(x=0, 0.33, 0.67, 1.33, 1.67 and 2). This series of compounds is similar to those that Liu et.al
found in the DyCo,xGax.! The RECo2 (RE = rare earth) compounds have been well studied,

especially in regard to magnetic properties for possible applications such as magnetic
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refrigeration.”” The addition of Ga has been shown to increase the Curie temperature, which
is beneficial for magnetic refrigeration applications, of RECo, compounds®® and the Curie
temperature of RECo, compounds peaks at 400 K for RE = Gd. This makes GdCo» a promising
compound to substitute varying amounts of Ga into the structure to determine the effect on the
Curie temperature.’

The volume of the GdX> (X=Mn, Fe, Co, Ni) binary compounds follows the trend of
getting smaller with increased atomic number; GdMn; a=7.758 A®, GdFe, a=7.390 A!°, GdCo»
a=7.252 A, and GdNiz a= 7.205 A.!! The change in lattice parameter in moving from GdMn;
to GdFe; is over twice as large as the changes going from GdFe> to GdCo> and GdCo; to
GdNi,. There are also many Gd-3d transition metal ternary compounds that form this same
MgCur-type structure including: GdFeooMnis'?, GdFei;sMno4'®, GdFeCo, GdNiCo'*,
GdFe.15Ni; 35>, GdCoMn'®, and GdFeCu!’. GdFeCu is the only ternary that includes a 3d-
transition metal, Cu, that does not form the cubic Laves phase with Gd. The lattice parameters
for these ternary compounds follow the trend of smaller unit cell volume when substituting a
later transition metal into the binary compounds except with GANiCo, a= 7.286, which is larger
than the lattice parameter for either GdCo» or GdNi». This trend is not observed in the GdCo»-
xGax system: as the Ga content increases the volume/Gd atom increases even when there is no
structure change, as in moving from GdCox (a=7.256 A) to GdCo1.67Gao33(a=7.331 A).

The crystal structures and preliminary electronic structure calculations, focusing on the
fully stoichiometric compounds, were presented in a previous paper.'® This work takes a deeper
look into the mixed site ternary compounds to shed light on the driving force behind the
structure changes and to supplement the X-Ray diffraction studies in determining the correct

coloring of the atoms in the structure. This is addressed by creating supercells of each
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compound that take into consideration the mixed site occupancies and creates a large unit cell
that is fully stoichiometric. Calculating the total energy, density of states (DOS), and crystal
orbital Hamilton population (COHP) curves can give insights into which geometric coloring
is the most electronically stable.!” The scattering intensity of Co and Ga are similar (Z=27 and
7Z=31) and this can lead to difficulty in experimentally determining the correct site
occupancies. Total energy, DOS and COHP curves are presented for several coloring models
for each mixed site ternary to address these questions.
6.3 Electronic Structure Calculations

Electronic structure calculations to obtain total energies were performed using the Vienna ab
Initio Simulation Package (VASP)**?! VASP uses projector augmented- wave (PAW)?*?
pseudopotentials treated by the Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE-GGA).? Integrations of reciprocal space were performed over a 13x13x13 Monkhorst-
Pack k-point mesh?* using the linear tetrahedron method.?® The energy cutoff was set at 500.00
eV for the plane-wave calculations.

Due to the size of the supercells and the length of wall time it would have required to
run VASP in order to use the Local Orbital Basis Suite Towards Electronic-Structure
Reconstruction (LOBSTER)*?7 the Stuttgart Tight-Binding, Linear-Muffin-Tin Orbital
program using the Atomic Sphere Approximation (TB-LMTO-ASA)*® was used to calculate
DOS and COHP curves as well as to calculate integrated crystal orbital Hamilton population
(ICOHP) values. The Atomic Sphere Approximation uses overlapping Wigner-Seitz (WS)
spheres around each atom so that the atomic orbital (AO)-like wavefunctions, used as spherical
basis functions fill all space. The WS sphere radii used for the various atoms are: Gd 3.259-

4.124 A, Co02.543-2.717 A, Ga 2.539-2.725 A. No empty spheres needed to be added to attain
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100% space filling of the unit cells. The exchange-correlation potential was treated with the
von Barth-Hedin formulation within the local density approximation (LDA) and the local spin
density approximation (LSDA).?° The basis sets included 6s/(6p)/5d/[5f] for Gd, 4s/4p/4d for
Co, and 4s/4p/(4d) for Ga (down-folded orbitals are shown in parentheses and orbitals thrown
out of the calculation are shown in brackets). Reciprocal space integrations were performed
using k-point meshes ranging from 145-793 points, depending on the structure, in the
corresponding irreducible wedges of the Brillouin zones.
6.4 Results

The different structures found in the series GdCoz2xGax resemble the structures that are
found in the GdX> binary compounds (X = Co, Ni, Cu, Zn, Ga). The exceptions are: the
hexagonal MgZno-type Laves phase GdCoi33Gager crystallizes in and the Pnma structure
GdCoGa crystallizes in. As the amount of Ga increases the volume/Gd atom in each structure
also increases (see Figure 6.4.1). This trend again resembles that of the GdX> binary
compounds, with an increase in vec the structures have an increase in volume/Gd atom, except
for the slight decrease in volume/Gd atom moving from the cubic GdCo; to the cubic GdNi»
compound. These two trends show that the vec is playing an essential role in the structure
changes as the Ga content increases. Table 6.4.1 shows the structure type that each value of x

crystallizes in along with the interatomic distances seen in each structure.
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Table 6.4.1. Structure types and interatomic distances in the series of GdCoxGax.

Compound GdCo» GdCoi.67Gaos;  GdCoi33Gag.e7 GdCoGa GdCoo.67Gaiz;  GdCoos3Gaier GdGa,
Structure Type Cubic Cubic Hexagonal Orthorhombic ~ Orthorhombic Hexagonal Hexagonal
MgCusr-type  MgCus-type MgZn>-type SrMgSi-type CeCus-type AlB>-type AlB>-type
Ga—Ga - - - - - - 2.440
Co—Ga - - - 2.459-2.549 - - -
Co—Co 2.552 - - 3.201 - - -
Bond Co/Ga—Co/Ga - 2.592 2.548 - 2.530-2.758 2.524 -
Distances  Co/Ga—Co - - 2.501 - - -
(A) Co—Gd 2.992 - 2.997 2.807-3.641 - - -
Ga—Gd - - - 3.047-3.179 - - 3.198
Co/Ga—Gd - 3.039 2.910-2.975 - 3.027-3.205 3.113 -
Gd—Gd 3.125 3.174 3.033-3.118 3.464-3.666 3.614 3.644-4.372  4.134-4.226
Volume vs. Ga content
65
A
A
61 'y
2 .
%:“ 57 * . GdN12
< -
5 .
Es * GdCu,
= °
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|
45
0.00 033 0.67 1.00 133 167 2.00
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Figure 6.4.1. Volume vs Ga content in the series GdCo2xGax and the volume of the binary GdX> compounds (X = Ni, Cu, Zn). Squares,

circle, rectangle, diamonds, and triangles represent the MgCuz, MgZn,, StMgSi, CeCu, and AlB> structures types, respectively.
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6.4.1 GdCo1.67Gao.33

GdCo1.67Gao 33 crystalizes in the MgCuz-type structure. The 16d site is mixed between
Co and Ga with Co occupying the site 83.3% of the time. The DOS for calculated for GdCo»
can be informative when trying to understand the electronic stability of this mixed site ternary
compound. The spin polarized DOS indicates that GdCo: crystallizing in the cubic MgCuz-
type structure is electronically stable. The Fermi level falls in a pseudogap opened by spin
polarization in the DOS and also falls in an area of optimized non-bonding Co—Co interactions
in the COHP curve. The Co—Co interactions dominate the total percent of the integrated COHP
with 49.39% with only 6 bonds/f.u. compared with the Gd—Co interactions at 45.78% and 12
bonds/f.u. and Gd—Gd interactions at 4.83% and 2 bonds/f.u. Zegaou et. al>* have previously
shown that the magnetic moments of Co are oriented oppositely to that of the Gd magnetic
moments therefore all calculations were performed in a ferrimagnetic ordering.

Since both compounds crystalize in the same structure and are close in valence electron
count (VEC), the rigid band approximation can be used to shed light on the electronic stability
of the mixed site ternary. The electron count for GdCo1.67Gao 33 is calculated as 22.32 eV/f.u.
and resides in a pseudogap of the DOS for GdCo, and a pseudogap of Co-Co anti-bond
interactions found in the COHP for GdCo». This indicates that the mixed site ternary compound
is stable in the MgCuz-type structure. While using the rigid band model Ga is counted as 13
electrons as Ga is replacing Co. In the calculation Co brings 3d electrons and to be consistent
with the basis functions Ga is counted including the filled 3d electrons thus counting as 13.
The VEC for the Compound GdCo1.67Gao 33 is also shown on the DOS and is at an energy of ~

1 eV. This falls on a large population of states and is an indicator that this VEC is not
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electronically stable in the cubic Laves phase structure. However, there are limits to the rigid
band approximation and moving 1 €V in energy is a large comparison to be made.

The electron count of GdCo1.33Gag.s7 1s 23.68 eV/f.u. which is above the electron count
of GdNi» at 23. Binary compounds with Gd and late 3d transition metals change structures
from the cubic Laves phase to orthorhombic in GdCu,. This structure change happens between
the VEC of 23 and 25 which gives an indication that the cubic Laves phase structure might not
be stable above 23 VEC. This is evidenced by the structure change between GdCoi.67Gao 33
and GdCoi133Gag.e7. The DOS and COHP for GdCo» are shown in Figure 6.4.2. In the MgCus-
type structure all T sites are equivalent and any Ga—Ga contacts can be avoided for x less than
0.50. When moving to higher Ga content than x = 0.50 there is no way to avoid Ga—Ga
interactions in the cubic structure which can be another electronic factor driving the structure

change between x = 0.33 and x = 0.67.
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e VEC of GdCo) 1iGay 5 —— Co-Co Total — Gd-Gd

Figure 6.4.2. DOS for GdCo, showing electron counts of GdCo1.67Gao.33 and GdCo1.33Gao.67.
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6.4.2. GdCo1.33Gao.e7

GdCo133Gape7 crystalizes in the MgZn,-type structure. Gd sits in the 4f Wycoff
position and Co sits in the 2a position. The 6h position is mixed between Co and Ga with 55.5
and 44.4% occupancies respectively. Experimentally the structure was refined by only letting
the 6h site mix. This was done do to the similar scattering factors of Co and Ga and because
mixing only on the 6h site has been reported for the GdCoAl system.>! The Gd coordination
environment is a distorted Frank-Kasper sphere as seen in many of the Laves phases.** The Co
in the 2a site have a coordination environment of 6 to the mixed Co/Ga atoms while the Co/Ga
mixed site also has a coordination of 6, 4 to other mixed site atoms and two to Co. To determine
if the assumption that mixing only occurs at the 6h site is valid, four different “coloring”
models were made by tripling the unit cell in the ¢ direction. Two of these models only have
mixing on the 6h site while two of them have mixing on both the 2a and 6h positions. The

models are shown in Figure 6.4.3.

Alpha Beta Gamma Delta
4 Ga-Ga bonds 4 Ga-Gabonds 4 Ga-Gabonds 12 Ga-Ga bonds

Figure 6.4.3. Coloring models for GdCo1.33Gao.67.
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Three of the models have the same number of Ga-Ga interactions however, the last
model, named delta, contains three times as many as the other models. The model delta is made
by placing the Ga atoms in the Kagomé nets that are present in the Laves phases in a way that
retains the vertical mirror plane. Table 6.4.2 shows the total energies calculated for each
model. The highest energy model contains the Ga in the Kagomé nets while retaining the
vertical mirror plane. The first three models are very close in energy while the last model is
~10 meV/f.u. higher in energy compared to the other three.

Table 6.4.2. Total energy for GdCoi33Gag.e7 coloring models.
Model Energy meV/fu.

Alpha 0

Beta +1.00
Gamma +11.0

Delta +108

Experimentally the two higher energy models are favored if there is no mixing on the
2a site. However, in a neutron diffraction study performed on HoCo1 33Gag.67 indicated that the
Ga mixes on both the 2a and 6h sites. The Ga and Co prefer the 2a and 6h sites, respectively.
In the Ho and isostructural Er compound the occupancies were refined as 0.46/0.54(2) Co/Ga
for the 2a site and 0.74/0.26(2) Co/Ga for the 6h site.? This might be explained by looking at
the DOS for the alpha and delta models which are shown in Figure 6.4.4. The Fermi level for
the lowest energy model resides on the base of a large sharp peak in the DOS while the Fermi
level for the highest model still occurs on an area of the DOS that has a lot of states however,
now it falls in between two larger peaks. However, no models created thus far have the same
mixing as that found in the Ho and Er compounds thus more calculations should be performed

in order to achieve the most accurate coloring model.
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Figure 6.4.4. DOS of the lowest (left) and highest (right) energy coloring model for
GdCo1.33Gao.er.

6.4.3. GdCoGa

GdCoGa crystalizes in the STMgSi-type structure in space group Pnma that contains no
nearest neighbor Co—Co or Ga—QGa interactions. The Co—Ga interactions dominate the % total
ICOHP at 42.16% with Gd—Co and Gd—Ga contributing essentially equally at 27.39% and
26.54% respectively. The VASP optimization, letting all parameters relax, of the GdCoGa
experimental compound resulted in a shorter by ~3.7% c lattice parameter compared to
experimental results. This could indicate disorder at the Co and Ga sites or a slight Ga rich
non-stoichiometric experimental compound with Ga—Ga homoatomic interactions that are

increasing the c lattice parameter compared to the computationally optimized value.
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6.4.4. GdCoo0.67Ga1.33

GdCoo.67Gai 33 crystalizes in the CeCuz-type structure in space group Imma. Gd sits in the 4e
Wycoff position with the 8h position being mixed between Co and Ga, Ga occupying the site
2/3 of the time while Co occupies it 1/3 of the time. In this structure, there are zig-zag chains
of 4 membered mixed Co/Ga rings along the a direction. The Co/Ga mixed site has a
coordination of 4 to other Co/Ga atoms and a coordination of 6 to Gd.

Pnma is a maximal klassengleiche subgroup of the Imma space group that takes the 8-
fold (h) Wycoff site and splits it into 2 4(c) sites. To change from the 8(h) site to 2 4(c) sites
the lattice parameters a and b and the positional parameters x and y must be interchanged along
with a shift of the origin. Specifically the SrMgSi-type structure that GdCoGa crystallizes in
is considered an ordered ternary variant of the CeCuz-type structure that GdCoo.7Gai.33
crystallizes in.** The four-connected Gd—Co net has lower symmetry in Pnma due to the
splitting of the 8(h) site and there are two different CoGas and CosGa distorted tetrahedra in
the SrMgSi structure type compared to only one type of tetrahedra present in the CeCuz-type
structure.®® The restraint that two of the bond angles present in the tetrahedra must be 90° is
also lost due to the lowering in symmetry moving from /mma to Pnma.

To account for the mixed position a supercell was created by expanding the unit cell to
3 x c. Three different “coloring” models were made by switching the Ga and Co positions and

are shown in Figure 6.4.5 along with the arbitrary names of the Greek alphabet given to them.
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Alpha

Beta

Gamma

Figure 6.4.5. Three coloring models made to account for mixed site occupancy in
GdCoo67Gai 33.

The alpha model also has two rows of chains made up of only Ga however, the way
that the alternating Co/Ga chains are laid out introduces more Co-Co interactions into the
structure. Beta, has only chains that are made up of all Ga or all Co. The last model, gamma,
has two “rows” of zig-zag chains that are entirely made of Ga and four chains that are
alternating Ga and Co. Table 6.4.3 show the total energy for each model and the number of
each type of bond present. The contribution of each type of interaction to the overall COHP
for each model can be seen in Table 6.4.4. Gamma, the lowest energy model, has the lowest
contribution of Co-Co and Ga-Ga interactions while maximizing the Co-Ga interactions.

Table 6.4.3. Total energy and number of interactions in each of the three supercell models.

Model Total Energy # Co-Co # Co-Ga # Ga-Ga
meV/fu. Interactions  Interactions  Interactions
Alpha +142 8 16 24
Beta +250 12 8 28
Gamma 0 4 24 20
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Table 6.4.4. Contributions of individual interactions to the overall ICOHP for the
GdCoo.67Gai 33 coloring models.

% Total ICOHP
Alpha Beta Gamma
Gd-Gd 4.17 431 3.93
Gd-Ga 36.62 37.26 36.00
Gd-Co 17.67 16.87 18.58
Co-Co 5.60 8.49 2.34
Co-Ga 14.69 7.12 22.44
Ga-Ga 21.25 25.95 16.71

The model Gamma, which contains the fewest homoatomic interactions has the lowest
energy. A comparison of the total energy of all three models shows the energy goes down as
the number of homoatomic interactions goes down. The DOS for the models are shown in
Figure 6.4.6. In the DOS for gamma the Fermi level resides on the side of a large peak
consisting mostly of Co d states. The DOS for the beta model shows a deep pseudogap at ~ -
0.5 eV, seeming to split the Co d band into two sections with 2/3 below the pseudogap and 1/3
above. The Fermi level falls on a large peak of Co d states for the beta model, which is the

highest in energy.
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Alpha Beta Gamma
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Figure 6.4.6. DOS curves for the coloring models labeled as alpha (left), beta (middle), and
gamma (right).

The COHP curves for each model are displayed in Figure 6.4.7 and give some insights
into why the beta model is the highest in energy. There is a large peak of anti-bonding states
coming from the Co-Co interactions near the Fermi level in the curve. The COHP curves for
the alpha and gamma model differ mainly in the Gd-Gd interactions. In the gamma model the
Gd-Gd inactions are optimized as almost nonbonding at the Fermi level whereas the Gd-Gd

interactions in the alpha model show strong bonding character at the Fermi level.
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Figure 6.4.7. —COHP curves for the three coloring models of GdCoo.¢7Gai33. +/- indicate
bonding/anti-bonding values of COHP curves.

6.4.5. GdCoo.33Gai.67

GdCoo33Gaie7 adopts the AlB; structure type and is isostructural to GdGa,. GdGas
crystallizes in the AlB>-type structure with graphene-like sheets of Ga. The DOS of GdGa»
shows a local minimum at ~ 9.9 e /f.u. which also corresponds to the electron count that all
interactions in GdGay switch from bonding to anti-bonding, especially the Ga—Ga interactions,
thus indicating that above this electron count the sheets of Ga are no longer stable. The Gd—Ga
interactions dominate the total contribution from the ICOHP at 56.28%, partially due to having
12 bonds/f.u. The Ga—Ga interactions contribute 38.40% however, there are only 3 bonds/f.u
and lastly the Gd—Gd only contribute 5.32% with 4 bonds/f.u. As discussed previously using
a rigid band model for this compound is not appropriate due to the Co atoms introducing

valence 3d orbitals to the energy region near the Fermi level.'®
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A better approach to performing electronic structure calculations on GdCoo33Gai61s to
create a supercell with the approximate formula Gd3CoGas. The AIB; structure type has
graphene-like sheets of Ga atoms and with this formula one in every six Ga atoms are being
substituted by Co. By replacing one in every six Ga an ordered model of each layer of Ga/Co
atoms can be made. A new expanded unit cell can be made from these layers. There are two
possible models that can be made using these new Ga/Co sheets. The sheets can be stacked so
that the Co atoms are directly on top of each other, thus requiring only two sheets to make a
unit cell. The second option is to have the sheets be offset, which is achieved by having three
sheets with the top and bottom layers directly on top of each other but the middle shifted.
Figure 6.4.8 shows the making of these two new unit cells and Figure 6.4.9 shows the DOS
and COHP curves calculated for the two models. The stacking to decrease Co—Co interactions
was motivated by the results seen in GdCoo.s7Gai 33 calculations that indicated the structure
with the most heteo-atomic interactions had the lowest energy. The model with only 4 Co—Co
interactions was lower in energy by 142 meV/f.u. compared to the model with 8§ Co—Co
interactions and lower in energy by 250 meV/f.u. compared to the model with 12 Co—Co

interactions.
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Figure 6.4.8. Creation of two GdsCo2Gaio models with stacking sequence aba (top) and aaa

(bottom).
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Figure 6.4.9. DOS and COHP for Shifted (left) and Stacked (right) coloring models.
Total energy calculations show the model with aba stacking is lower in energy by 598

meV/f.u. compared to the model with aaa stacking. The aba stacking has the nearest neighbor

Co-Co distance of 4.801A while the aaa stacking has a shorter distance of 4.134 A. The DOS
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for the shifted model shows the Fermi level resides at the very edge of a sharp peak whereas
the Fermi level for the stacked model resides on the tip of a broad peak. The DOS for the
shifted model has a deep pseudogap, almost going to 0 states, at -1.226 eV which corresponds
to 22 e/fu., two-thirds of the total number of electrons at Er. States arising from Co in the
stacked model do not have this deep pseudogap but instead are “split,” into three different
sections by smaller pseudogaps at -0.902 and -0.328 eV. DOS curves for both models show
the wide local minimum in the anti-bonding states that is present in the DOS for GdGa '® At
the same energy as this local minimum the Ga-Ga interactions transition from non-bonding to
significantly anti-bonding, with the interactions from the shifted model having a larger anti-
bonding peak compared to the Ga-Ga interaction in the stacked model. The Ga-Co interactions
in the stacked model however move from positive to negative at -0.501 eV while those
interactions in the shifted model remain positive until above the Fermi level.
Table 6.4.5. ICOHP percentages for GdGay, shifted and stacked coloring models.
GdGa; Shifted Stacked

Ga-Ga Gd-Ga Gd-Gd | Ga-M Gd-M Gd-Gd | Ga-M  Gd-M  Gd-Gd
38.18% 56.09% 5.73% | 37.815 56.72% 5.47% |37.76% 56.89% 5.34%

Calculated integrated crystal orbital Hamilton population values show that the overall
percent of each type of interaction does not change significantly between GdGa,, and the two
different coloring models for Gd2CoGas. The Ga-M (M=Ga, Co) interactions contribute a
similar total percentage of the overall ICOHP and the Ga-Ga interactions do in GdGas. The
total percentages of each type of bond for the models can be found in Table 6.4.5.

6.5 Conclusions

With increased Ga added into the GdCo2-GdGa; system the structures change from

cubic to hexagonal to orthorhombic and finally back to the hexagonal AlB; structure type. The

compounds transition from cluster-based structures to 3D networks and finally to 2D networks
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with increasing Ga content. A major driving force causing these structural changes is the
increase of valence electron count. Adding increased amounts of Ga is a way to titrant more
electrons into the system and due to this increase the structures change and shift from the closer
packed Laves phase type GdCo> to the more open Zintl phase like GdGa,. This driving force
is evidenced by comparing the structure changes seen in the GdCox.xGax series with those of
the GdX, (X= Co, Ni, Cu, Zn, Ga) binary compounds. As the valence electron count is
increased in the GdCo,.xGax system the structural procession resembles the same structural
changes found in the binary compounds as the valence electron count is increased. Another
subtle driving force for these structural changes is the avoidance of Ga—Ga near neighbor
contacts for Co-rich compounds and possibly the avoidance of Co—Co near neighbor contacts
for Ga-rich cases. The coloring models employed in this study indicate in all cases that the
lowest calculated energy models contain the fewest Ga-Ga and Co-Co homoatomic
interactions while optimizing the Co—Ga interactions. This series of compounds follow the
same structural trend as evidenced in the DyCoz.xGax system however, in the Dy system the
compounds are all reported with phase widths.
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CHAPTER 7. CONCLUSIONS

The work presented in this thesis focuses on the synthesis, characterization, and
electronic structure calculations of Ga containing polar intermetallic compounds. Initial work
focused on compounds containing the transition metal Pt, which has the second most
relativistic contraction of the 6s orbital, second only to Au. Pt also has a large electronegativity
compared to other transition metals second again only to Au. Previous work in the Miller group
has focused on Au containing compounds and the goal of this work was to investigate if the
structure versatility seen previously with Au is present with Pt. Ga has a larger metallic radius
than Pt but a lower Mulliken electronegativity, which can affect the amount of charge transfer
in Pt polar intermetallics. Different alkaline earth (Mg, Ca, Sr) cations were used to determine
the effect of cation size on crystal structures of Pt—Ga compounds.

Substitution of Ga for Pt into the cubic Laves phase CaPt; shows that with the addition
of Ga the cubic structure is thombohedrally distorted by expansion along a single body
diagonal. Comparable results had been previously reported in the Ca—Pd system with the
substitution of Ge into the structure. To investigate the versatility in vec of this rhombohedral
structure the compound Ca;Pd3Ga was targeted and successfully synthesized. Powder patterns
showed that the Pd compound formed as a pure phase while the Pt compound formed only as
a triphasic mixture. Energy calculations showed that the substitution of Ga for Pt, with no
structure distortion, was energetically unfavorable whereas the same substitution of Ga for Pd
was energetically favorable. This difference is a major contributor to the difference in
stabilities between these two compounds. Electronic structure calculations showed that the
cubic structure distorts rhombohedrally to optimize the number of hetero-atomic interactions

present. The rhombohedral structure, compared to other coloring models proposed, contains
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no Ga—Ga nearest neighbor interactions and has the largest second nearest neighbor distance
between Ga atoms.

During the process to synthesize the CaxPd3Ga compound an additional compound
CaxPd,Ga was discovered. Previously reported as a monoclinic structure the as synthesized
CaxPd»Ga crystallized in an orthorhombic space group (Cmca) that contains the monoclinic
space group (C2/c) as a subgroup. Electronic structure calculations show that the monoclinic
structure is favored thus indicating that the orthorhombic variant might be a metastable
structure obtained via faster cooling compared to previous methods use to obtain the
monoclinic CaxPd,Ga compound.

A theoretical investigation of the GdCox«Gax (x =0, 0.33, 0.67, 1, 1.33, 1.67, 2) was
undertaken as a collaboration with Fang Yuan and Yurij Mozharivsky; at McMaster
University. Fang synthesized and characterized the compounds and wanted an in-depth
computational analysis of the driving forces causing the structure changes. Initial calculations
on the fully stoichiometric beginning, middle, and end points (x = 0, 1, 2) showed the relative
stability of the ternary compound compared with the constituent elements and binary
compounds. However, the computationally optimized GdCoGa structure showed a significant
shrinkage of the c lattice parameter compared to the experimental results. This shrinking of the
theoretical model compared to the experimentally determined structure can be an indicator that
the experimentally synthesized compound possibly has disorder on the Co and Ga sites or is a
non-stoichiometric compound that is slightly Ga rich. Disorder or being Ga rich would
introduce Ga—Ga homoatomic interactions in the experimental structure that could lengthen
the ¢ parameter compared to the calculated value. Analysis by way of the rigid-band model

was successful for the x=0.33 compound but failed in the case of x=1.67. If the rigid-band
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approximation is used the basis set for the original calculation must be considered, which can
lead to counting valence electrons in an unconventional way. In the case of x=1.67 the
calculation to provide the DOS and COHP curves for GdGa, do not include the Ga 3d orbitals
and thus to be consistent Co is counted as —1 ¢ in the rigid-band approximation. Co is counted
as —1 as the nearly filled 3d band in Co will want to take one electron to be filled. Thus, a more
in-depth approach of creating super-cells with different atomic colorings that contain no mixed
sites must be taken for the other mixed site ternary compounds.

Total energy, DOS, and COHP for several coloring models proposed for the mixed site
ternaries were analyzed and yielded comparable results in each case. The lowest energy models
generally had the fewest Ga—Ga interactions and optimized the hetero-atomic Co—Ga
interactions. The structure changes coincide very closely with the structures observed in the
series of GdX> (X = Co, Ni, Cu, Zn, Ga) binary compounds. The only exception is the
hexagonal MgZna-type structure that GdCo1.33Gao.e7 crystallizes in is not found in the binary
series. This demonstrates the large effect the valence electron count plays in this series of
structures.

A major driving force for any structural changes with Ga containing polar
intermetallics is the number and distances of Ga—Ga homoatomic interactions. Structures
containing Ga are optimized when the number of hetero-atomic interactions are optimized and
when the Ga atoms have the largest distance between them within the crystal structure. If Ga
is being substituted into another structure, as in the case of CaPt3Ga or GdCoz.«Gax, the
structures can maintain shape and connectivities until the number of Ga—Ga interactions
becomes too high and then the structure will distort or change in order to lower the number of

Ga—Ga homoatomic interactions. The cubic Laves phases Ca;Pt;Ga and Ca;Pd;Ga distort
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rhombohedrally in an effort to spread the Ga atoms further apart. The series of compounds
found in GdCoz.xGax shift from the cluster based structure when x=0 to the 3D network based
structure of x=1 and finally to the 2D network in the Zintl-like x=2 compound. These structure
transitions are driven both by the change in valence electron count and the number of Ga—Ga
homoatomic interactions, an effect frequently observed in intermetallic compounds.

The work presented in this thesis focused on the effects of substituting Ga in Pt, Pd,
and Co containing polar intermetallics. This substitution was performed to study how
structures react to the change in valence electron count and the changing electronegativities of
the anionic lattice. Future work can study the effect of changing the size of the cations involved
without changing the valence electron counts. This work could focus on studying the effects
that substituting the smaller more electronegative and polarizing Mg with the larger less
electronegative polarizable Sr can have on structures. This substitution would shed light on
any subtle structural effects that changing the size of the cation within a structure can have and
a way to tune the charge transfer within the polar intermetallic compound due to the differences

in Mulliken electronegativities of Mg, Ca, and Sr.
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APPENDIX A. SUPPORTING INFROMATION FOR CHAPTER 3

Rhombohedral Distortion of the Cubic MgCuz-Type Structure in Ca2Pt3Ga and
Ca:PdsGa
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Figure S1. Peak fitting performed with Jana. Relative percentages of compounds are CaPt;
(50%), CaxPt2Ga (30%), CazPt:Ga (15%), and Si (5%).
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Figure S2. Rietveld refinement of Ca;Pd;Ga.
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Figure S3. Powder patterns with loadings of CaxPt:GaosAgos (upper) and Ca;PtzGaAg
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Figure S4. Powder pattern of another loaded sample of Ca;Pt3Gao.ssAgo.15.

www.manharaa.com




111

Table S1. Atomic coordinates and anisotropic displacement parameters (A%x10) for Ca;Pd;Ga.

X y 7 Ull U22 U33
Ca 0 0 03722(1) 0.012(1) 0.012(1) 0.012(1)
Pd % 0 v 0.010(1)  0.007(1) 0.010(1)
Ga 0 0 0 0.009(1)  0.009(1) 0.008(1)
Table S2. Atomic coordinates and anisotropic displacement parameters (A%x10) for Ca,Pt;Ga.
X y 7z Ull U22 U33
Ca 0 0 0.3750(2)  0.007(1) 0.007(1) 0.008(1)
Pt e 0 e 0.008(1)  0.006(1) 0.006(1)
Ga 0 0 0 0.007(1)  0.007(1) 0.005(1)

Table S3. X-ray diffraction data on additions crystals for Ca;Pt3Ga and Ca,Pd;Ga.

Sample CayPt;Ga CarPt;Ga CayPd;Ga CayPd;Ga
Space Group R-3m R-3m R-3m R-3m
Unit Cell Dim. a=5571(71) A a=5.5654) A a=75.666(8) A a=5.622) A
c=12382)A c=12367(8) A c=1239(2) A c=1227(4)A
Volume 332.7(9) A3 331.7(1) A3 344.3(1) A3 336.(3) A3
Z 3 3 3 3
Theta range for data 4.534 to 28.837° 4.539 to 31.202° 4.495 to 28.878° 4.505 to 31.033°
collection
Index ranges —T<=h<=7, —8<=h<=7, —T<=h<=7, —8<=h<=8,
—7<=k<=17, ~7<=k<=17, —7<=k<=17, —8<=k<=8,
—16<=I<=16 —17<=I<=17 —17<=I<=17 —17<=I<=17
Reflections Collected 1548 1305 2654 1741
Independent Reflections ~ 125[R(int)=0.0348] 153[R(int)=0.0322] 147[R(int)=0.0224] 154[R(int)=0.0585]
Data/restraints/parameters 125/0/11 153/0/11 147/0/1 154/0/11
Goodness-of-fit 1.204 1.179 1.282 1.236
Final R indices R1=10.0138, R1=10.0196, R1=10.0171, R1=10.0157,
[[>2sigma(l)] wR2 =0.0318 wR2 =0.0463 wR2 =0.0416 wR2 =0.0320
R indices (all data) R1=0.0138, R1=0.0200, R1=0.0173, R1=0.0174,
wR2 =0.0318 wR2 =0.0466 wR2 =0.0417 wR2 =0.0331
Extinction Coefficient 0.0037(2) n/a n/a 0.0030(3)
Largest diff. peak and hole 1.617 and 1.942 and 1.582 and 2.348 and
~1.288 A3 —4.014 A3 -3.261 e:A°3 -1.470 e-A-3
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Figure S5. Coloring Models and respective symmetries.

Table S4. Total energies and nearest Ge-Ge contact for theoretical models of Ca,Pd;Ge.

CaPd;Ge
Model Ge-Ge meV meV
distance (A) non- optimized
optimized

Alpha 5.280 0 +0.0
Beta 2.810 +29.8 +66.6
Delta 2.846 +55.1 +110.1
Epsilon 2.881 +36.7 +74.1
Gamma 4.785 +84.2 +31.7
Iota 3.137 +66.9 +102.0
Mu 4.723 +21.6 +43.9
Theta 3.091 +180.9 +217.4
Zeta 2.937 +88.8 +137.1
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Figure S6. DOS and Band structures for CaPt, without (left) and with (right) spin-orbit
coupling. Degeneracies in the band structure at Gamma are lifted at -4.5, -3, -2.5, and -1 eV
along with degeneracies at L at -5.5 and 4.5 eV by spin-orbit coupling
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Figure S8. DOS calculated for AEM> (AE=Ca, Sr, Ba M=Pt, Pd). As the alkaline-earth metal
gets larger and heavier the DOS starts to shift away from the Fermi level.

Table SS. Optimized Alpha structure with lattice constants and interatomic distances.

Bond Distance #/unit Unit Cell
cell Parameters
Ca,Pd;Ga Ca,Pt;Ga CaPd;Ga CaPt;:Ga
M-M 2.837 2.810 24 a (A) 7.7511 7.7077
M-Ga 2.641 2.638 24 b (A) 7.7511 7.7077
Ga-Ga n/a n/a 0 c(A) 77511 7.7077
3.175 3.119 4 o
Ca-Ca 3415 3407 D a(® 94.0958 93.6062
Ca-Ga 3311 3.286 24 B© 85.9042 86.3938
3.035 3.066 24 o
Ca-M 3951 3913 43 v (©) 85.9042 86.3938
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Table S6. Optimized Beta structure with lattice constants and interatomic distances.

Bond Distance #/unit Unit Cell
cell Parameters
Ca,Pd;Ga Ca,Pt;Ga Ca,PdsGa Ca,Pt;Ga

M-M 2.757-2.905 2.736-2.876 25 a (A) 7.7657 7.7411
M-Ga  2.572-2.717 2.569-2.695 22 b (A) 7.7657 7.7411
Ga-Ga 2.731 2.755 1 c (A) 7.7031 7.6391
Ca-Ca  3.140-3.542 3.091-3.419 16 a () 92.1501 91.956
Ca-Ga  3.173-3.368 3.160-3.357 24 B (®) 87.8499 88.044
Ca-M  2.983-3.340 3.020-3.319 72 v (©) 86.5066 87.097

Table S7. Optimized Delta structure with lattice constants and interatomic distances.

Bond Distance #/unit Unit Cell
cell Parameters

CayPd;Ga CayPt;Ga CaPd;Ga Ca,Pt;:Ga
M-M  2.728-2.866  2.710-2.852 26 a (A) 7.8794 7.8819
M-Ga  2.582-2.787 2.579-2.777 20 b (A) 7.6739 7.6101
Ga-Ga 2.775 2.811 2 c (A) 7.6959 7.6526
Ca-Ca 3.285-3.545 3.262-3.285 16 a (9 90 90
Ca-Ga  3.223-3.375 3.205-3.397 24 B (®) 86.9465 87.5532
Ca-M  3.079-3.336  3.086-3.337 72 v (©) 90 90

Table S8. Optimized Epsilon structure with lattice constants and interatomic distances.

Bond Distance #/unit Unit Cell
cell Parameters

CaPd;Ga CayPt;Ga CayPd;Ga CaPt:Ga
M-M 2.761-2.910 2.734-2.869 25 a (A) 7.6727 7.6312
M-Ga  2.578-2.722  2.589-2.705 22 b (A) 7.7939 7.7799
Ga-Ga 2.800 2.808 1 c (A) 7.7508 7.6972
Ca-Ca 3.161-3.584 3.134-3.431 16 a(©® 91.5298 91.3602
Ca-Ga  3.209-3.369 3.194-3.361 24 B (®) 89.9967 89.8574
Ca-M  3.054-3.340 3.050-3.313 72 v (©) 87.9109 88.3982
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Table S9. Optimized Gamma structure with lattice constants and interatomic distances.

Bond Distance #/unit Unit Cell
cell Parameters
Ca,PdsGa Ca,Pt;Ga CaPdsGa Ca,Pt;Ga
M-M  2.823-2.840 2.802-2.816 24 a(A) 7.7343 7.7243
M-Ga  2.639-2.643 2.625-2.658 24 b(A) 7.7343 7.7243
Ga-Ga n/a n/a 0 c(A)  7.7343 7.6371
Ca-Ca  3.150-3.455 3.119-3.427 16 a(® 90 89.9998
Ca-Ga  3.205-3.314 3.196-3.287 24 B(©) 90 90.0002
Ca-M  3.046-3.264 3.069-3.238 72 v (©) 86.1127 86.9369
Table S10 Optimized Iota structure with lattice constants and interatomic distances.
Bond Distance #/unit Unit Cell
cell Parameters
Ca,PdsGa Ca,Pt;Ga CaPdsGa Ca,Pt;Ga
M-M 2.765-2.884  2.750-2.883 26 a(A) 7.5721 7.5281
M-Ga 2.596-2.650 2.604-2.630 20 b(A) 7.8370 7.8003
Ga-Ga 2.922 2.931 2 c(A) 7.8370 7.8003
Ca-Ca 3.186-3.431 3.156-3.408 16 a () 90 90
Ca-Ga  3.211-3.330 3.185-3.337 24 B (®) 90 90
Ca-M 3.054-3.365 3.028-3.341 72 v (©) 90 90
Table S11. Optimized Mu structure with lattice constants and interatomic distances.
Bond Distance #/unit Unit Cell
cell Parameters
Ca,Pd;Ga CayPt:Ga CayPd;Ga CaPt:Ga
M-M 2.793 2.8154 24 a(A)  7.7740 7.6900
M-Ga 2.591 2.632 24 b(A)  7.7740 7.6900
Ga-Ga n/a n/a 0 c(A)  7.7740 7.6900
Ca-Ca 3.199-3.572 3.246-3.590 16 a (9 90 90
Ca-Ga 3.226 3.258 24 B (®) 90 90
Ca-M  3.059-3.202 3.106-3.234 72 v (©) 90 90
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Table S12. Optimized Theta structure with lattice constants and interatomic distances.

Bond Distance #/unit Unit Cell
cell Parameters
Ca,Pd;Ga CaPt;Ga Cazz‘hG CaPt;Ga

M-M 2.727-2.832  2.707-2.809 30 a (A) 7.5980 7.7532
M-Ga 2.633 2.606 12 b (A) 7.5980 7.7532
Ga-Ga 2.909 2.950 6 c (A) 7.5980 7.7532
Ca-Ca 3.254-3.405 3.224-3.404 16 a(® 90 90
Ca-Ga  3.207-3.338  3.195-3.353 24 B () 90 90
Ca-M  3.190-3.277 3.179-3.274 72 v (©) 90 90

Table S13. Optimized Zeta structure with lattice constants and interatomic distances.

Bond Distance #/unit Unit Cell
cell Parameters
Ca,Pd;Ga Ca,Pt;Ga Ca,PdsGa CaPtGa

M-M  2.722-2.931 2.706-2.929 27 a(A) 7.7868 7.7557
M-Ga  2.588-2.786  2.583-2.782 18 b(A) 7.7868 7.7557

Ga-Ga  2.798-2.913  2.824-2.922 3 c(A) 7.6855 7.6535
Ca-Ca  3.211-3.537  3.180-3.538 16 a®)  91.7224 91.3708
Ca-Ga  3.177-3.353  3.182-3.369 24 B (® 88.2776 88.6292

Ca-M  3.052-3.311 3.075-3.281 72 y (%) 89.5669 89.6874

Table S14. COHP interactions in CaPt,

Bond Distance #/formulaunit ICOHP Ry ICOHP eV Total %

Ca-Ca 3.29 2 -0.01003 -0.13646  -0.27292  1.468672
Ca-Pt 3.15 12 -0.0405 -0.551 -6.61203  35.58198
Pt-Pt 2.686 6 -0.1433 -1.9496 -11.6976  62.94935

Table S15. COHP interactions in CaPd;

Bond Distance #/formulaunit ICOHP Ry ICOHP eV Total %

Ca-Ca 3.313 2 -0.01089 -0.14816  -0.29632  2.121318
Ca-Pd 3.172 12 -0.03377 -0.45944  -5.51329  39.46938
Pd-Pd 2.705 6 -0.09995 -1.35982  -8.15892  58.4093
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Table S16. COHP interactions in Ca;Pt3Ga

Bond Distance  #/formula unit ICOHP ICOHP  ICOHP/fu. % % by Type
Ry eV
Ca-Ca 3.092 1 -0.01265 -0.1721 -0.1721 0.504105 1.82
3.374 3 -0.01103  -0.15006 -0.45019 1.318642
Ca-Ga 3.254 6 -0.0243 -0.3306 -1.98361 5.810154 5.81
Ca-Pt 3.036 6 -0.04967  -0.67576 -4.05456 11.87615 30.68
3.183 12 -0.03933  -0.53508 -6.42102 18.80768
Pt-Ga 2.613 6 -0.1327 -1.80538 -10.8323 31.7287 31.73
Pt-Pt 2.782 6 -0.12528  -1.70443 -10.2266  29.95457 29.95
Table S17. COHP interactions in CaxPd3Ga
Bond Distance  #/formula unit ICOHP ICOHP  ICOHP/fu. % % by Type
Ry eV
Ca-Ca 3.145 1 -0.01444  -0.19646  -0.196456 0.68512 2.42
3.389 3 -0.01216  -0.16544  -0.496310  1.730829
Ca-Ga 3.287 6 -0.02772  -0.37713  -2.262783  7.891216 7.89
Ca-Pd 3.005 6 -0.04405 -0.5993 -3.595801  12.53997 31.56
3.225 12 -0.03341 -0.45454  -5.454516  19.02204
Pd-Pd 2.816 6 -0.08572  -1.16622  -6.997323  24.40242 24.40
Pd-Ga 2.617 6 -0.11848  -1.61192  -9.671522 33.7284 33.73

Table S18. Specific total energies (eV/formula unit) for each component used to calculate AEs
presented in Table 4.

CaPty
Pt
CayPt3Ga*
CayPt3Ga**
CaxPt;Ga
CaPd»
CayPd;Ga*
CaPdsGa**
CayPds;Ga
Pd
Ga

—16.8947 eV
—-6.0954 eV
-30.4912 eV
-30.5797 eV
-30.9045 eV
—-14.4409 eV
—-26.8363 eV
—-26.8787 eV
=27.1779 eV
-5.2156 eV
-2.9122 eV
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APPENDIX B. SUPPORTNG INFORMATION FOR CHAPTER 4

An orthorhombic variant of Ca:Pd2Ga

5000
- — Ca,Pd,Ga_Experimental
— CadezGa_Cmca_structure
4000 —
3000 —

1000 —

ﬁ_JJ_LJLwJ i
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2¢

Figure S1. Powder X-Ray pattern of a second synthesized sample of orthorhombic Ca;Pd>Ga.
The non-indexed peaks are not as prevalent in this pattern however, the relative intensities do
not match exactly, again showing that the Cmca Ca;Pd>Ga is a major phase but not pure.
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Table S1. X-ray diffraction data on additional crystals for Ca;Pd>Ga.

Sample Ca,Pd>Ga CaPdrGa CaPd>Ga
Space Group Cmca Cmca Cmca
a=5.803(4) a=5.794(3) a=5.7984(9)
Unit Cell b=9.834(6) b=9.824(5) b=9.829(2)
¢=7.638(5) c=7.638(4) ¢=7.637(1)
Volume 434.7(4) 435.3(1)

V4 4 4 4
Absorption 1 1
Coefficient 16.470 mm 8.225 mm

-8<=h<=8, -8<=h<=8§, -7<=h<=7,
Index Ranges -14<=k<=13, -14<=k<=13, -13<=k<=13,
-10<=I<=10 -11<=1<=10 -9<=I<=10
Reflection
Collected 3039 2291 3455
Independent Do S o
Reflections 365 [R(int) = 0.0199] 368 [R(int) = 0.0173] 305 [R(int) = 0.0180]

Theta range
for data collection
Refinement
method

Data/restraints/parameters
Goodness-of-fit on F?

Final R indices
[[>2sigma(])]

R indices (all data)
Largest diff. peak and hole

4.144 to 31.165°

Full-matrix
least-squares on F?
365/0/16
1.349
R1=0.0207
wR2 =0.0473
R1=0.0217
wR2 =0.0478
0.436 and -0.960 e.A

4.149 to 31.1130]

Full-matrix
least-squares on F2
368/0/16
1.188
R1=0.0180
wR2 =0.0408
R1=0.0200
wR2 =0.0426
0.691 and -0.982 e. A

4.146 to 28.883°

Full-matrix
least-squares on F2
305/0/16
1.294
R1=0.0164
wR2 =0.0385
R1=0.0173
wR2 =0.0391
0.409 and -0.699 e.A

Table S2. Atomic coordinates and anisotropic displacement parameters (A2x10) for Ca;Pd>Ga.

Atom X y z ull U* U3
Pd Vs 0.0822(1) Vs 0.009(1)  0.012(1)  0.012(1)
Ga 0 0 0 0.010(1)  0.018(1)  0.010(1)
Ca 0 0.3354(1)  0.0958(1)  0.012(1)  0.011(1)  0.013(1)
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Cmca C2/c

Figure S2. Cross section of 4x4 unit cells of Cmca (left) and C2/c (right) structures looking
down the a direction. Distinct “layering” can be observed in the Cmca structure. Blue, grey,
and red atoms are Ca, Pd, and Ga respectively.

C2/c

Figure S3. Cross section of 4x4 unit cells of Cmca (left) and C2/c (right) structures looking
down the c direction. Layering can be seen in the Cmca structure whereas linear chains
surrounded by Ca can be seen in the C2/c structure. Blue, grey, and red atoms are Ca, Pd, and
Ga respectively.
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APPENDIX C. SUPPORTING INFORMATION FOR CHAPTER 5

Gd(Co1xGay)2: Synthesis, Crystal Structures, and Investigation of Structural
Transformations and Magnetic Properties

Table S1. Comparison of experimental and optimized lattice parameters and bond lengths of
GdCoa.

Sample a (A) Co-Co Bond Length (A)  Gd-Co Bond Length (A)
GdCos_single crystal  7.2518(8) 2.5639(3) 3.0064(3)
LDA Optimized 6.9781 2.4671 2.8930
LSDA Optimized 7.2167 2.5515 2.9919

Table S2. Experimental and optimized results for GdCoGa, DyCoGa, and CaPtGa.

GdCoGa GdCoGa GdCoGa
(Powder) (Single crystal) Sichevich et al DyCoGa  CaPtGa
a 7.1522 7.1139 7.1506 7.052 7.184
4.4339 4.4017 44312 4.393 4.429
Exp ¢ 7.0003 7.0252 7.0030 6.958 7.595
a/b 1.613 1.616 1.614 1.605 1.622
a/c 1.022 1.013 1.021 1.014 0.946
eV/Gd —25.2205 -25.3951 —25.4399 -17.8170  —13.6993
4 7.1737 7.1708 7.1711 7.069 7.143
(+0.023) (+0.057) (+0.0205) (+0.017)  (-0.041)
b 4.4725 4.4806 4.4737 4.396 4.430
(+0.039) (+0.079) (+0.0425) (+0.003)  (+0.001)
6.8086 6.7720 6.8053 6.702 7.685
Opt ¢ (-0.191) (-0.2532) (-0.1977) (-0.256)  (+0.090)
Wb 1.604 1.600 1.603 1.608 1.612
(-0.009) (-0.016) (-0.011) (+0.003)  (-0.010)
e 1.048 1.059 1.054 1.055 0.929
(+0.026) (+0.046) (+0.033) (+0.041)  (-=0.017)
eV/Gd —25.2423 —25.4754 —25.2422 —-17.8605 —13.7067

Table S3. Comparison of experimental and optimized lattice parameters of GdGa,.

Sample a(A) b (A)
GdGa,_powder refined 4.22011(6) 4.13423(9)
LSDA optimized 4.2477 4.1420
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Figures S1-3 are the DOS and COHP curves calculated using LOBSTER and the output
files from VASP. The DOS curves of the two methods are similar between except for the
presence of the Gd 4f orbitals that occur as a very narrow band ~8 eV below Er and a
dominating wider band starting around 3 eV above Er. These 4f orbitals, other than the spike
at ~ -8 eV, contribute less than 1% to the overall occupied DOS. The pseudopotential for Gd
uses a Xe core. Evaluation of COHP curves for all three compounds reveals some
unanticipated and counterintuitive impacts from the explicit inclusion of 4f orbitals of Gd.
Tables S4-6 show the ICOHP values calculated using TB-LMTO-ASA and LOBSTER. The
numerical results yield significantly different outcomes for the differing methods. To the best
of our knowledge, COHP analyses of rare-earth intermetallics using VASP/LOBSTER have
been limited to La- and Y-containing compounds; one such analysis of Tb-doped BiFeOs did
include Tb [Iyyappa, R.P.; Mahalakshmi, S.; Sharat, C. The structural, electronic, magnetic
and optical properties of the new promising spintronic material Big.92Tbo.ogFeOs: A first-
principles approach. Computational Materials Science, 2018, 145, 244-251]. Nevertheless,
for completeness, the results from VASP/LOBSTER calculations for GdCoz, GdCoGa, and
GdGa; are presented in this section.

Tables S7-8 show the ICOHP values calculated with TB-LMTO-ASA for the
experimental and VASP optimized structures. The difference of the values for the optimized
and experimental structures for each compound is shown to be minimal. Thus, for various
reasons discussed herein, the TB-LMTO-ASA approach was employed to calculate the DOS

and COHP curves for the optimized structures of GdCoz, GdCoGa, and GdGao.
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Figure S1. LOBSTER calculated DOS (left) and —COHP (right). The DOS is similar to that
calculated by TB-LMTO-ASA except for the pseudogap opening at ~1 eV above Er. The
Co—Co interactions cross from bonding to antibonding at a lower energy relative to Er
compared to the results of TB-LMTO-ASA. The intensity of the Gd—Gd interactions, as
indicated by the percentage of the total [ICOHP value, is increased in the VASP/LOBSTER
result than in TB-LMTO-ASA.

Table S4. Comparison of LOBSTER and TB-LMTO-ASA %ICOHP for GdCos.

% ICOHP % ICOHP
Bonds in GdCoz LOBSTER TB-LMTO-ASA
Co-Co 22.08 49.39
Gd-Co 59.71 45.78
Gd-Gd 18.21 4.83
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Figure S2. LOBSTER calculated DOS (left) and —COHP (right) for GdCoGa. LOBSTER
calculates all interactions to be nonbonding at Er except for the antibonding Co—Ga and the
bonding Gd—Ga interaction.

Table S5. Comparison of LOBSTER and TB-LMTO-ASA %ICOHP for GdCoGa.

Bonds in % ICOHP % ICOHP

GdCoGa LOBSTER  TB-LMTO-ASA
Gd-Gd 7.97 4.26
Gd-Co 18.47 25.47
Gd-Ga 38.65 25.00
Co-Ga 34.00 43.11
Co-Co 0.91 2.16
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Figure S3. LOBSTER calculated DOS (left) and —COHP (right) for GdGa>. The Gd—-Ga
interactions as calculated by LOBSTER cross from bonding to antibonding above Er at ~ 2.5
eV. The Ga—Ga interactions are antibonding at Er which differs from the TB-LMTO-ASA
COHP as all interactions cross from bonding to antibonding at ~ 1Ev relative to Er.

Table S6. Comparison of LOBSTER and TB-LMTO-ASA %ICOHP for GdGas,.

Bondsin % ICOHP % ICOHP
GdGa; LOBSTER  TB-LMTO-ASA
Ga-Ga 57.93 38.40
Gd-Ga 40.84 56.28
Gd-Gd 1.23 5.32
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Table S7. Comparing %ICOHP for experimental and optimized structures of GdCo>
calculated with TB-LMTO-ASA.

Bonds % ICOHP % ICOHP %
Experimental VASP Difference
Structure Optimized Structure
Gd-Gd 4.81 4.83 +0.41
Gd-Co 46.42 45.78 -1.39
Co-Co 48.77 49.39 +1.26

Table S8. Comparing %ICOHP for experimental and optimized structures of GdGax
calculated with TB-LMTO-ASA.

Bonds % ICOHP % ICOHP % Difference
Experimental VASP
Structure Optimized Structure
Ga-Ga 38.43 38.40 —-0.08
Gd-Ga 56.22 56.28 +0.11
Gd-Gd 5.34 532 -0.38
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