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Abstract

This thesis focuses on the experimental and theoretical study of various rare-earth
transition-metal germanides that contain three or four components. Ternary and
quaternary germanides were synthesized through various methods, including direct
reaction of the elements, arc-melting, and flux growth. Several new series —
REM>InGes, REsMInGes, RE3M>Ges, RE>+ MnGe,+, — were identified which contain
characteristic structural motifs in common. These motifs can then be regarded as design
elements to derive new structures. The crystal structures of these compounds contain
many types of building units, leading to diverse physical properties (electrical and
thermal transport, magnetic properties) amenable to a broad array of materials
applications. For example, the complex structures of some germanides give rise to
surprisingly low thermal conductivity, suitable for thermoelectric materials, and the
interaction of f-electrons on rare-earth atoms with d-electrons on transition-metal atoms

generates interesting magnetic behaviour.

To guide experimental attempts to thinking “outside of the box,” data-driven
machine-learning tools have been applied to identify new germanides, and to predict their
likelihood to display favourable thermoelectric properties. A recommendation engine
was first tested on a previously known intermetallic compound, Gd;,CosBi, which was
suggested to be a counterintuitive candidate for thermoelectric materials. Property
measurements on this compound revealed promising performance and suggested that this
may be a member of a new class of thermoelectric materials. This approach was then

extended to find new germanides with low thermal conductivity (<10 mW/K), which is



highly unusual for intermetallic compounds. The total thermal conductivities vary from
~20 to <2 mW/K, which are unprecedentedly low for unoptimized and metallic

compounds (cf., typical values for thermal conductivity for metals are ~100 mW/K).

Prediction of crystal structures and physical properties is still an unsolved
problem. To address this challenge, the machine-learning strategies described above
have been complemented with statistical methods (principal component analysis, support
vector machines) and applied to simple binary intermetallics as well as more complex
ones (Heusler phases and equiatomic ternary phases). This approach may greatly

accelerate the search for new materials and minimizes the risks in exploratory synthesis.
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Angstchemistry [zn(k)st kem.1stri]: noun

1. The synthesis, analysis, and characterization of
chemical compounds at the Angstrom scale.

2. The branch of chemistry that evokes irrational
fear and anxiety, unlike 10 A-scale chemistry.
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Chapter 1

Introduction

1.1 Intermetallics and germanides

Compounds formed by metals or metalloids are called intermetallic compounds
(or colloquially, intermetallics). Typically a mixture of metallic phases or solid solution
of metals is called an alloy. But the term “intermetallics” is used to describe a compound
with definite crystal structure and stoichiometry. The history of mankind and the
development of our civilizations were highly dependent on metals, and even the latest
discoveries would not be possible without metals." It all started with gold used for
jewelry around 8000 years ago. Later, around 6000 years back, use of copper and silver
dominated over the use of polished stones and flint axes. It is not surprising that metal
tools were highly appreciated by people of the most developed empires, from Roman to
Chinese. Even some material design ages are now associated with the time when some
metals and their alloys were discovered, like Bronze Age (discovery of copper, 3300—
1200 BC, depending on region) or Iron Age (1200-200 BC, depending on region). Even
now, space shuttles, rocket science, synchrotrons, and everyday electronics could not
function without metals. Also, not so many of material classes are to be intuitively
trusted in our everyday life. Maybe, only ceramics and intermetallics are honoured to
have the “safest” reputation when we talk about chemicals. Intermetallics are familiar to
us from an early age: metal tools, electronics, medical equipment, musical instruments,

heaters, refrigerators, cellphones, and computers, and so on. The exciting properties of



metals and their compounds depend on their structures and the nature of the chemical
bonding within. Metallic bonding involves a delocalized sea of valence electrons to
which the positively charged incores are attracted. However, the actual bonding that
occurs within intermetallic compounds often contains a combination of ionic, covalent,

and metallic interactions.’

The definition of intermetallics is often extended to include not only metals, but
also metalloids, such as boron, silicon, germanium, arsenic, antimony, tellurium, and
polonium. This study will focus mostly on the solid-state chemistry of germanides.
Germanium, a critical and strategic metalloid, and its compounds have been used as the
first transistors in electronics and as optical glass in infrared night-vision systems.>
However, the full potential of germanides has not yet been reached. Recent studies
suggest that solid-state germanides could be used in: (1) thermoelectric materials (e.g.,
REsM,Ges), which convert a temperature difference into electric voltage, which can be
used for energy harvesting,”® (2) magnetocaloric materials (e.g., GdRu,Ge,), which are
used in fluid-free refrigerators that can attain extremely low (milliKelvin) temperatures,’
and (3) superconducting compounds (e.g., RE,Ir;Ges), allowing resistanceless flow of
electricity and magnetic levitation (e.g. Maglev trains).*” Despite this potential, there is
no clear understanding of how these properties can be improved by modifying the
structures and compositions of these germanides, largely because the chemistry of

germanides is not well developed.



1.2 Synthesis of intermetallic phases

A major problem in synthesizing intermetallics is that in order for the component
metals to react, the atoms have to overcome significant kinetic barriers for diffusion,
which requires quite high temperatures. To avoid reaction with oxygen, an inert
atmosphere is essential. Several methods are appropriate for the synthesis of germanides

(Figure 1-1).1°

The most straightforward method is to react the elements directly followed by
sintering to ensure sample homogeneity.!" Typically, the reactants are finely ground to
small pieces or powders in order to maximize surface area. The mixture can be pressed
into a pellet to promote better contact between reactant particles. The choice of an
appropriate container is crucial and depends on its reactivity with the components.
Except for certain rare-earth metals (Eu, Yb), fused silica tubes are compatible with a
mixture of rare-earth metals, transition metals, and germanium. When more active
metals are present (e.g., alkali and alkaline-earth metals), alumina crucibles or welded
niobium or tantalum tubing can be used. In either case, the tube must be evacuated. The
reactants are then heated to promote diffusion. A high temperature is desirable but this is
limited by the softening point of the container (~1200 °C for fused silica). Furthermore,
to avoid volatilization losses, the heating may need to be done gradually. To improve
phase purity, the heat treatment may be repeated several times. Sintering of solids
normally requires a long time (several days to as much as months), so increasing the

temperature to attain a melt can accelerate reactions.

Although melting can certainly be achieved in a standard furnace, an attractive

method is use of an electric arc furnace.'” Here, an electric arc is generated by a high



potential within an inert atmosphere and is directed toward the reactants to melt them
almost instantaneously (i.e., within a few seconds). To remove all traces of oxygen
within the chamber, a Ti ingot which is first melted acts as a getter. (The colour of the Ti
ingot changes due to the formation of suboxides.) The sample is flipped over and the
melting is repeated to ensure homogeneity. The arc-melted ingot is then placed within an
evacuated tube and annealed within a normal high temperature furnace to attain
equilibrium. The annealed ingot is removed from the furnace and quenched in cold
water. This method is the standard procedure for establishing phase equilibria at a
specified temperature to construct phase diagrams systematically and to rapidly identify
new phases. Arc melting works well for components that do not volatilize readily.
However, slightly volatile elements (like Mn or Bi) can still be used if a small excess is
added to compensate for the loss. Lastly, arc melting is generally not a good method for
obtaining single crystals, although in fortuitous cases, small crystals can sometimes be

found within an ingot.

Because all the components used are metals, an attractive method for melting is
induction heating, in which an electrically conducting sample can be rapidly heated by a
high frequency alternating current generated by electromagnetic induction.”” The major
advantage is that this is a non-contact method and does not require use of a crucible.
Although a very high temperature can be attained, it cannot be controlled directly. The
temperature can be measured optically through a pyrometer but the readings are not very

accurate and can deviate widely.

All these synthetic methods can yield single crystals if luck prevails but they are

not specifically designed to promote crystal growth. The most straightforward method to



obtain single crystals is simply to cool slowly from the melt. However, more specialized
methods can be applied to grow large single crystals, when these are needed. Use of a
flux (a high temperature solvent) involves addition of large quantities of a substance with
a low melting temperature."* A flux can be many types of chemical substances but for
intermetallic reactions, low melting metals (Al, Ga, In, Sn, Pb, Bi, or Hg) are often used.
Moreover, an excess of one reacting component can act as a self-flux. In the heat
treatment, the temperature is increased to above the melting point of the flux. Then, as
the sample is slowly cooled, crystals form through spontaneous nucleation and
precipitation. While the sample is molten any crystals that are formed can be separated
from the flux by centrifugation. Because the flux method operates under non-equilibrium
conditions, the disadvantages are that there is a high risk of non-reproducibility,
metastable phases are sometimes formed, and the composition of the final product cannot
be directly controlled. The surface of crystals obtained may need to be cleaned to remove
residual flux, usually by treatment with dilute acid (e.g., HCI or acetic acid) for sufficient

time to clean but not etch the crystals.

Chemical vapour transport is an interesting crystal growth method involving gas-
phase intermediates.”> A small amount of a vapour transport agent (e.g., few mg of L) is
added to the reaction mixture in the container. When a temperature gradient is applied in
the furnace, the transport agent participates in gas-phase reactions which are reversible
and eventually leads to deposition of crystals at the opposite side of the tube. The
important criterion is that the gas-phase reactions are close to equilibrium conditions, but
what the optimum temperatures are have to be determined by trial-and-error. Often the

natural temperature deviations in the furnace are sufficient to promote crystal growth.



This method is suitable for recrystallizing an already synthesized material and is probably

a better choice than flux growth.

Figure 1-1 Synthesis of intermetallic phases: (a) sintering, (b) arc-melting, (c¢) induction
heating, (d) flux growth, (¢) chemical vapour transport.

Depending on the purpose intended for the synthesized material, the means of
characterization, and the nature of the reactants, intermetallics can be prepared in various
ways. The two most commonly used methods in this thesis are sintering and arc-melting
because they are simple, reliable, reproducible, and fast; they satisfy the purpose of
investigating new germanides and systematically studying ternary and quaternary

intermetallics.



1.3 X-ray diffraction methods

Since the time when X-rays were first discovered, many techniques have now
been developed to exploit this wonderful radiation. The unique property of this radiation
is its wavelength, which is comparable to atomic length scales and can be used to explore
the Angstrom world (Figure 1-2). Only hard X-rays have practical application, whereas
soft X-rays are usually absorbed, even in air. Hard X-rays are widely used in medical
diagnostics and security screening, as well as in scientific investigations. The wavelength

from 2 to 0.3 A is typically used for diffraction methods.

Wavelength, A 1000 100 10 1 0.1 0.01
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Powder  Single crystal Synchrotron Medical Airport
diffraction diffraction diffraction CT security

Figure 1-2 X-ray wavelength and its application.

X-ray diffraction'®"”

is a non-destructive technique to extract information about
atomic arrangement and crystal structure within a material in a form of a single crystal or
polycrystalline sample (Figure 1-3). In contrast to spectroscopic techniques, which detect

absorbed or emitted radiation due to transitions between energy levels, diffraction

methods detect the direction and intensity of elastically scattered radiation. The



directions of scattered radiation are related to where the atoms are located and their

intensities to what kind of atoms are there.

(a) single crystal single crystal diffraction

diffraction.

A powder sample consists of many small crystallites, each of which could be used
for a single crystal experiment, except that they are oriented randomly. The X-ray
diffraction pattern of a powder is a one-dimensional projection of many scattered X-rays
which would normally be resolved in three-dimensional space for a single crystal.
Powder and single crystal X-ray diffraction can both be used to identify the structure of a

sample but the detailed atomic arrangement is easiest to deduce from single crystal data.

X-rays are a form of electromagnetic radiation with high energies and short
wavelengths. They are produced when electrons accelerated by an electric potential
strike a metal target (e.g., Cu, Ag, Mo, Fe). The X-ray spectrum consists of a continuum
of white radiation, caused by inelastic collisions, superimposed by a few highly intense
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characteristic lines, caused by elastic collisions (Figure 1-4). The characteristic lines are
generated when electrons from core levels are ejected and higher energy electrons
descend into the hole; this electronic transition is accompanied by emission of X-rays

with specific wavelengths.

(a) (b)

Intensity

——

Wavelength

Figure 1-4 Schematic representation of X-ray generation principle (a) and spectrum (b)

Highly monochromatic radiation is needed for the diffraction experiment. The
characteristic lines are actually split into doublets (Kg;, Ky2) arising from spin-orbit
coupling: electrons have slightly different energies on the same orbital (n, /, and s
quantum numbers are the same, but j numbers are different). For powder diffraction, it is

desirable to use only K, radiation obtained through monochromatization.

1.3.1 Single crystal diffraction

The best way to determine crystal structure is by single-crystal X-ray diffraction.
A crystal consists of a periodic arrangement of atoms whose translational and point
symmetry can be described in terms of a lattice (a set of points with the same
environment around each point) and basis (a set of atoms located with respect to each

lattice point). Lattice planes are a set of equally spaced parallel planes such that all



lattice points fall on some member plane. Every set of lattice planes is described by
Miller indices (k) with neighbouring planes separated by a constant spacing (d).'®"

Diffraction occurs when incident X-rays are scattered by these lattice planes and undergo

constructive interference as can be analyzed by two equivalent approaches.

In 1912, Laue proposed that each line of atoms within a three dimensional array
that is irradiated with an incident X-ray beam produces a cone of scattered X-rays
according to a specific mathematical condition so that constructive interference occurs
when these cones intercept.'® Solution of the Laue equations gives the angles at which

diffraction occurs for a given set of lattice planes (Figure 1-5a).

(a) Laue diffraction (b) Bragg diffraction

a-(cosa, —cosa,)=nA=hA
b-(cos B, —cos By)=n, A =kA nA =2dsin@
c-(cosy, —cosy,)=nA=I1

a, b, ¢ — distances between lattice points n — diffraction order, A -
in three directions, a, f, y — angles of wavelength, d — spacing, 6 —
incident beam and diffraction directions, diffraction angle

n — diffraction order, A1 — wavelength,
h.k,l — Miller indices

Figure 1-5 X-ray diffraction principle for (a) Laue diffraction and (b) Bragg diffraction.
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In 1913, the Braggs (pere and fils) proposed the diffraction phenomenon can be
represented equivalently by reflection of X-rays by the lattice planes (Figure 1-5b)."
Although physically dubious (because the X-rays are not really reflected, but rather
scattered), the mathematical analysis is simpler.

The procedure for an X-ray diffraction experiment requires, above all else, a
suitable crystal. The typical size of a crystal is between 0.1 to 0.01 mm, and depends on
a compromise to maximize scattering intensity while minimizing absorption. The crystal
is mounted on a glass fiber glued to a pin which is placed on a goniometer. A Bruker
PLATFORM diffractometer was used, which was equipped with a SMART APEX II
CCD area detector and a Mo Ka X-ray source. At different goniometer positions, frames
of reflections are collected (Figure 1-6), usually for 10-15 seconds each, resulting in a
dataset containing several thousand reflections indexed by #4k/, in the form of their
intensities I, and direction cosines.

The intensity of a reflection 4kl is the square of the structure factor Fjy, which is
function of the positions and scattering ability of atoms, as well as other parameters such
as thermal displacements and site occupancies. A Fourier transform of the Fj; gives the
electron density, which is interpreted as the crystal structure. Unfortunately, because the
phases of structure factors are experimentally unattainable (“the phase problem”), the
electron density function cannot simply be calculated directly to obtain the crystal
structure.'® In practice, models are proposed or guessed through probablilistic methods
for trial solutions and their calculated structure factors are compared with the observed
ones. The structural models are refined until the calculated structure factors best agree

with the observed structure factors. This is accomplished through a least-squares method,
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in which the sum of the deviations between the squares of the calculated and observed
intensities is minimized, as gauged by an agreement or residual factor (R-factor) and the

goodness of fit. Modern crystal structures are typically refined to R < 0.05.'°

Figure 1-6 Typical image of reflections in reciprocal space collected on single crystal

diffractometer.

1.3.2 Powder diffraction

X-ray diffraction on a powder sample proceeds from the same principles as above
except that symmetry equivalent reflections (or those that coincidentally give rise to the
same d-spacings) cannot be resolved and angular distribution is lost. The information
contained in a powder X-ray diffraction pattern consists of the Bragg angles (26) and
intensities of reflections (Figure 1-7).2°  The sample is ground finely into powder and
rotated on a sample stage to ensure a random distribution of crystallite orientations. The
experimental powder pattern is typically compared with a simulated one from a structural

model.
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Figure 1-7 Typical powder diffraction pattern compared with simulated pattern.

The normal applications of powder diffraction are identifying phases and refining
cell parameters. Other applications include checking crystallinity and determining
particle sizes but they are not used here. An advanced application is to perform a
structural refinement (Rietveld refinement).”!

Powder X-ray diffraction is essential for constructing a phase diagram, which
provides information about what phases are present under equilibrium conditions. Phase
diagrams are valuable in chemistry, metallurgy, and physics, giving guidance about the
best preparative conditions and the presence of possible secondary phases. A typical
sample may contain many phases, the number of which is dictated by the Gibbs
condensed phase rule (which applies when gases are not involved): F= C — P + 2, where
F is the number of degrees of freedom (composition, temperature, pressure), C is the
number of components, and P is the number of phases in thermodynamic equilibrium.*
The relative abundance of phases present in a sample can be estimated by the peak

intensities in the powder X-ray diffraction pattern. For example, in a three-component

system at constant temperature and pressure, the maximum number of phases that can be
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present in the sample is given by 2 =3 — P+ 2, or P = 3. To illustrate, a portion of the
Gd—Co-Bi phase diagram can be constructed by analyzing the powder X-ray diffraction
patterns of different samples; sample 3 contains two phases (Gd;;CosBi and Gd;Co)

which establishes a tie-line in the phase diagram (Figure 1-8).2

(@)

870 K @ - single phase
@ - two-phase sample

® - three-phase sample
Gd.Bi. IS phEsRcain

(b)

synchrotron

11 TR

_

Gd,,Co,Bi

I Gd,Co

Q=2n/d (A

Figure 1-8 (a) Part of the Gd—Co—Bi ternary phase diagram. (b) Powder X-ray diffraction
patterns for a two-phase sample, where experimental patterns are at the top, and

simulated powder patters is at the bottom.
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After phases are identified in a powder X-ray diffraction pattern, it is useful to
refine their unit cell parameters. The experimental powder pattern for a given phase is
fitted to a simulated one based on information about cell parameters, space group, and
atomic coordinates; each peak must be correctly matched with the appropriate hkl
indices, a procedure called indexing the powder pattern. However, because the unit cell
only affects the peak positions and not their intensities, only the Bragg angles 26 need to
be measured accurately. This can be done by estimating the centre of each peak, or more
systematically by fitting the peak profiles to well defined functions (e.g., pseudo-Voigt
profile, a weighted Lorentzian/Gaussian peak shape), possibly modified by asymmetry
effects. For example, a typical peak fitting routine in the WinCSD program suite is

shown (Figure 1-9).2
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Figure 1-9 (a) Peak indexing: dotted line is the data from experiment, red lines represent
individual peaks, solid black line shows a combined simulated diffraction pattern.
(b) Cell parameter refinement in WinCSD environment.
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From the peak profile fitting, the intensities of peaks can be determined by
integrating their areas, which can be used to refine the structure further. In Rietveld
refinement, various parameters such as background, peak profile, atomic positions,
displacement parameters, and possibly others, are adjusted until the difference between
calculated and experimental powder patterns is minimized.

Although powder diffraction is routinely performed with laboratory X-ray
sources, occasionally synchrotron-based X-ray sources are exploited to overcome
problems such as severe absorption or poor resolution. Synchrotron X-rays are highly
intense sources that can offer tunable and highly monochromatic wavelengths, resulting
in well resolved diffraction patterns with very low background. For example, the powder
pattern for the two-phase sample examined earlier is much sharper and well resolved with
synchrotron data (collected at 11BM-B at Argonne National Laboratory) than with

laboratory based Cu Ka radiation (Figure 1-8b).

1.4 Scanning electron microscopy

Electron microscopy is useful in solid state studies for imaging; if X-ray
spectroscopy is applied, chemical compositions can also be determined.”” High spatial
resolution down to tens of Angstroms is a big advantage over optical microscopy. The
image is produced by detecting backscattered or secondary electrons emitted as a result
of incident beam electrons interacting with a material (Figure 1-10). The instrument used

here was a JEOL JSM-6010LA scanning electron microscope (SEM), typically with
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accelerating voltage of 20 kV. The SEM images are examined to study surface
morphology of samples and to identify impurities.
Three possible mechanisms can be exploited to identify the composition of a

sample (Figure 1-10).

Secondary electrons Backscattered electrons Characteristic X-rays

Figure 1-10 Secondary, backscattered electron, and characteristic X-ray phenomenon
used for electron microscopy.

Secondary electrons are ejected when incident electrons undergo inelastic
scattering and collide with atoms of the material. Backscattered electrons are deflected
when elastic scattering occurs. Both depend on the type of atom but backscattered
electrons are used to detect different phases and morphology in a sample because of
better mass contrast (with phases containing heavier elements appearing lighter). This
information is important for systematic study of phase diagrams by revealing the number,
crystallinity, and composition of phases present, as illustrated by a three-phase Ce—Mn—

Ge sample (Figure 1-11).
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Characteristic X-rays are produced when the electron beam ejects core electrons
from an atom in the material and the filling of the hole by higher level electrons is
accompanied by emission of a wavelength of radiation specific to the element. A typical
EDX spectrum contains many characteristic peaks belonging to different elements, the
relative intensity of which is a measure of their amount in the sample (Figure 1-11).%
The accuracy of EDX analysis can vary depending on the sample and possible peak
overlaps, but is usually ~2 wt. % for a given element. For a complete phase analysis,

EDX must be combined with XRD.

BEC 20kV WD9mm SS70 x170 100pm  —
0001 5 Mar 15, 2015

Figure 1-11 Backscattered electron image of polished multiphase sample (left) and
crystal agglomeration (right). Energy dispersive spectrum for composition identification
is shown in the bottom.

19



1.5 Band structure calculations

The electronic structure of a crystalline solid can be calculated from first
principles (Schrodinger equation) to determine the total energy and to analyze the
bonding between atoms.”” In an extended solid, there are many energy levels so closely
spaced that it is more convenient to represent them as energy continua called bands. A
plot of the density of states shows the number of electronic states for a given energy
interval (Figure 1-12).® These states are filled with electrons up to the Fermi level,
which is often conveniently set to zero on the energy scale. There is no gap at Fermi
level for a metal, a small gap for a semiconductor, and a large gap for an insulator. The
density of states can be decomposed into orbital contributions of specified atoms to
understand bonding interactions further.

In contrast to molecules, extended solids consist of a very large number of atoms,
essentially infinite. However, because the atomic arrangement is periodic, it is sufficient
to know the contents of the smallest repeat unit, or the unit cell. Similarly, the potential
energy expressed in the Schrodinger equation is a periodic function. In a many-electron
system, electron-electron interactions are equally important as nuclear-electron
interactions. To overcome the difficult problem of specifying the numerous electron-
electron interactions in a solid, density functional theory (DFT) offers a simplification in
which one equation combines the Hartree potential, Coulomb potential of nuclei, and the
exchange-correlation potential.”’ In other words, the problem involves treating electrons
separately transforming into one-electron kind of system. As in molecular orbital

calculations, the Bloch functions appearing in the Schrodinger equation for a solid
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involve linear combinations of atomic orbitals. Symmetry operations are applied to

further simplify the problem.
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Figure 1-12 (a) Density of states and (b) Crystal Hamilton Population diagram for a
typical extended solid — Y;Ru,Ges.

The calculations were performed with the tight-binding linear muffin-tin orbital
(TB-LMTO) program package.”’ The potential energy function felt by the electrons,
which becomes infinitely negative at locations of the positively charged ion cores, is

truncated to a constant value within a sphere around the nuclei so that the shape of this
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function resembles “muffin tins.” To ensure that the potential energy function is
continuous over all space, empty spheres with zero potential may need to be introduced.
The atomic sphere approximation (ASA) and the local density approximation (LDA) are
applied to describe exchange correlation energy. In addition to generating the density of
states, the program can also be used to evaluate bonding interactions between specified
atoms through their crystal orbital Hamilton population (COHP).>* A plot of COHP
reveals the bonding or antibonding nature of states, and the strength of interactions. With
modern computational facilities, these calculations are now routine and subject to
limitations in the maximum number of atoms treated. These calculations are helpful for

rationalizing observed structures.

1.6 Physical properties

Measuring physical properties is essential to discovering potential applications of
a synthesized material and to developing a fundamental understanding of structure-
property relationships. Unusual behaviour can lead to design of new functional devices
or to improvement of the performance of existing materials. Germanides have been
implicated as potential magnetocaloric materials,”  superconductors,*’  and
thermoelectrics.”® Most of the properties reported here were measured on a Quantum

Design Physical Property Measuring System (PPMS).
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1.6.1 Electrical transport

The electrical resistivity (or its inverse, electrical conductivity) provides
information about the electronic structure of a solid. The absolute values of the
resistivity reflect how well charge carriers move within the solid, and the temperature
dependence of the resistivity reveals whether the sample is metallic or semiconducting
(Figure 1-13).** Other information, such as defect concentrations and phase transitions,

can also be inferred from the resistivity.
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Figure 1-13 Electrical resistivity behaviour for RE;Ru,Ges; series of intermetallic
germanide compounds. Left side shows a typical trend for metallic compounds, with
various magnetic transitions at low temperature. Right side reveals semiconductor-like
behaviour of Y3Ru,Ge; compared to metallic behaviour of Dy;Ru,Ges;.

A typical setup for a resistivity measurement involves four probes, two at the
extremeties to provide contacts for the flow of current (/-, /+) and two in the middle
across which a potential difference (V+, V-) is measured. The size of the sample, which
could be a single crystal or an ingot, can range from a few millimeters to 50 microns.

These measurements were performed with the ac transport controller (Model 7100) on
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the PPMS, with the current usually set at 100 pA and the frequency at 16 Hz, over a

temperature range from 2 to 300 K.

Current
Source Volt

Meter

O .

p — Resistivity (Q-cm)

VS [ — Volt meter probe spacing (cm)
p=-o [Qcm] , ,
1l S — Cross section area of a sample (cm”)

V' — Voltage between the inner probes (V)
1 — Current through the outer probes (A)

Figure 1-14 Correct probe placement on a sample for a four probe resistivity
measurements.

Three possible types of behaviour (metallic, semiconducting, and
superconducting) can be suggested by the temperature dependence of electrical
resistivity; in special cases, transitions can occur between these types.'” The electrical
resistivity is inversely proportional to the concentration and mobility of charge carriers.
In metals, the charge carriers are modeled as free electrons which experience zero
potential and move freely within the solid. The concentration of free electrons is very
high and their mobility is mainly affected by scattering with lattice vibrations (phonons).
At higher temperatures, the enhanced vibrations reduce the mobility and the resistivity is

higher. At lower temperatures, the resistivity is lower but reaches a limiting value
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determined by defects. In semiconductors, the charge carriers are created by promotion
through thermal activation from the valence to the conduction band, so that their
concentration increases at higher temperature. Thus, the temperature dependence of the
resistivity of a semiconductor is opposite that of a metal. In superconductors, the charge
carriers are correlated electron pairs that move through the solid with no energy
dissipation so that the resistance is zero (below the critical temperature, 7¢). Above T¢,

superconductors exhibit normal metallic behaviour."”

T T T
Metal Semiconductor Superconductor

Figure 1-15 Resistivity as a function of temperature for metals, semiconductors, and
superconductors.

1.6.2 Thermal conductivity

The thermal conductivity describes how well a material conducts heat. Heat sinks
contain materials with high thermal conductivity to effectively transfer heat away (e.g.,
computer cooling, frying pan), and thermal insulators contain materials with low thermal
conductivity to minimize heat conduction (e.g., clothing, spacecraft insultation). An
exciting application for materials with low thermal conductivity is in a thermoelectric

device, which converts a temperature gradient into an electrical potential. The low
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thermal conductivity is important for maintaining the temperature gradient, which would
otherwise be degraded during the operation of the device.

One way to determine thermal conductivity is through the relationship x = paC,,

where p is the density, a is the thermal diffusivity, and C, is the heat capacity at constant
pressure. Thermal diffusivity («) is a measure of thermal inertia and describes the ability
of material to conduct heat relative to the ability to store thermal energy. Thermal
diffusivity and thermal conductivity differ in their physical meaning. The former one
tells how fast heat can be transferred and the latter one determines how much of heat will
be transferred. Heat capacity measures the amount of heat needed to change the
temperature of a sample by one degree.

Thermal conductivity analysis is discussed in detail elsewhere;>' herein, only a
brief overview is given. In solids, heat is transferred mainly through electrons and
phonons. The temperature dependence is different for metals (where main heat carriers
are electrons) and nonmetals (where main carriers are phonons). According to the

Wiedemann-Franz law (x =oLT, where x is thermal conductivity, ¢ is electrical

conductivity, L is the Lorenz number, and 7 is temperature), the thermal conductivity of
metals is proportional to the temperature and electrical conductivity. In turn, the
electrical conductivity is a function of temperature, crystal defects, grain boundaries, and
phonon scattering, resulting in a complex dependence of thermal conductivity on

temperature.

Thermal diffusivity was measured on annealed arc-melted ingots. Samples were
first polished to be coplanar with a thickness of 1 to 2 mm and then cut into disc shapes

with either 8 or 12 mm diameters via electrical discharge machining. The thermal
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diffusivity of the discs was then measured using the laser flash method with a Netzsch
LFA 457 instrument with a Cape-Lehman®* pulse length and heat loss correction model.

Samples were coated with graphite on both sides to promote uniform absorption and

emission.
Sample
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Figure 1-16 Laser flash analysis for measuring thermal diffusivity

The sample is located in a vacuum chamber or inert atmosphere. Carbon coating
ensures high absorption and emission of radiation. A laser is used to give thermal energy
at the front side of a sample. The time needed to reach the maximum temperature on the
other side of the sample is registered. The ideal model (shown on the right side of
Figure 1-16) was proposed by Parker.”> However, some deviations may take place due to
non-uniform radiation on the front face, non-uniform heating, and distortion in the curve

due to two-dimensional heat flow.

Heat capacity was determined using a Netzsch Sirius 3500 temperature modulated
differential scanning calorimeter (TM-DSC) or on a Perkin Elmer Pyris 1 DSC. Thermal

conductivity, «, of the samples was calculated from the standard relationship x = paC, .

Figure 1-17°° shows the possible trends in the sample (e.g., TiRu,Ga sample), typical for
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metallic compounds. The thermal diffusivity increases with higher temperature, and the

thermal conductivity decreases, due to phonon and electron contributions.
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Figure 1-17 Heat capacity (Cp), thermal diffusivity (a), and thermal conductivity (x) data
from metallic TiRu,Ga sample.

1.6.3 Magnetic properties

Magnetism involves an interaction of magnetic moments of electrons within the
material with an applied external magnetic field.  Familiar behaviour includes
paramagnetism (attraction to a magnetic field) and diamagnetism (repulsion).
Paramagnetic substances contain unpaired valence electrons (e.g., isolated Cl atom),
whereas diamagnetic substances contain no unpaired electrons (e.g., isolated Zn atom).
Electron configurations and valence states can thus be inferred from magnetic
measurements. More complex behaviour is possible.*® Substances containing many f-
and d-electrons, such as the rare-earth transition-metal germanides studied here, often
exhibit interesting magnetic properties (e.g., magnetocaloric effect).

Magnetic measurements were typically made between 2 and 300 K under an
applied field of 0.5 T on a Quantum Design 9T-PPMS magnetometer. Magnetization (M)
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is the vector field of magnetic moments in a magnetic material that is a response of a
material to an external magnetic field. Magnetic susceptibility (y) indicates whether a
material is attracted to a magnetic field or is repelled out of it. Susceptibility values were
corrected for contributions from the holder and sample diamagnetism. Standard
measurements were the temperature dependence (y vs 7) and the field dependence (M vs

H) of a sample.

Weak diamagnetism, which is independent of temperature, is not particularly
interesting for applications. Other types of magnetic behaviour show more interesting
temperature dependence (Figure 1-18). Paramagnetism originates from a collection of
non-interacting spins of electrons, which become increasingly aligned with the external
field at lower temperatures (Curie law).’® Ferromagnetism involves cooperatively
interacting spins that are aligned in a parallel fashion and can remain aligned even when
external field is removed. Antiferromagnetism also features alignment of interacting

spins, but in an antiparallel fashion.
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Figure 1-18 Temperature dependence curves of magnetic susceptibility (y) in three main
types of magnetism and their electron spin alignment.
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Figure 1-19 Magnetic susceptibility vs Temperature plot (left) and Magnetization vs
Field dependence (right) for intermetallic germanide antiferromagnet Dy;Ru,Ges.

A typical analysis of antiferromagnetic substance is shown (Figure 1-19).%®
Antiferromagnetic ordering occurs below 3 K. The inverse susceptibility above this
temperature can be fit to the Curie-Weiss law, and the negative x-intercept is consistent
with antiferromagnetic exchange interactions. The magnetization curve at 4 K actually

suggests more complicated behaviour than simple antiferromagnetism.

1.7 Machine learning techniques
Most scientific work builds on existing literature to yield data-driven discoveries;
it is hard to find instances where a novel idea is proposed solely from intuition.
However, because extracting knowledge from the literature is performed by human
beings, this process may be biased, incomplete, and tedious. To overcome these
problems, machine-learning may be a promising tool. Within chemistry, machine
3842

learning has been used to identify jet fuels,”” classify gasoline components, or

discover biomarkers,** but they have not been widely applied to solid state materials.
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One of the fundamental goals in chemistry is be able to foresee (based on
fundamental rules) what kind of structure will form from any given combination of
elements. It also is one of the “great challenges” according to the U.S. Department of
Energy, where complex correlations of atomic components can determine the properties
of the compound formed by these atoms. The search for new materials requires
developing a detailed chemical understanding of the structures of solids. This can be
done either by development of structure-property relationships through the traditional
approach of systematic synthesis and property measurements, or by taking guidance
from a machine-learning algorithm. Both approaches require a judicious validation
by experimental confirmation, but machine-learning has the advantage of being
much faster and unbiased. The work described in this thesis may have significant
impact for both fundamental crystal chemistry and practical materials science.

Previous data mining machine-learning studies in solid state science include
engineering semiconductor band gaps,45 enhancing hardness of nitrides,*® designing
zeolite topologies,*” and implementing principal component analysis (PCA) for various

48,49

problems. For my part, I participated in the experimental validation of a

thermoelectric recommendation engine (http://thermoelectrics.citrination.com)50 and

combined novel approaches with a traditional structural study of germanides.”’ In this
thesis, machine learning was applied to predict the crystal structures of binary and ternary
intermetallics with experimental validation. The ultimate goal is to be able to predict a
structure based solely on composition for all possible binary and ternary
combinations of the elements, and to reveal the components important to design a

material with a predicted property performance.
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1.7.1 Random forest algorithm

A random forest algorithm is a method for classification based on many decision
trees, each of which is trained to learn highly complicated patterns.’> A decision tree is
first built based on a training set of variables used to describe each entry, and then
applied to make predictions about a new candidate. Because such a tree is specific to a
unique training set, its predictions tend to be unbiased and accurate, but with high
variance. To lower the variance, a “forest” is constructed from a random collection of a
large number of decision trees each trained on diverse sets of data and each giving a
classification answer.” The final decision is made through normalization by dividing by
the number of trees. This method is fast, works well with large databases, and can handle
thousands of variables used to describe data which may be noisy. There is no need for a
separate cross-validation test, because the algorithm is already self-validated. The
drawbacks include unreliable prediction for candidates lying beyond the range of a

training data and possible overfitting of noisy datasets.
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Figure 1-20 Schematic representation of random forest algorithm
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1.7.2 Principal component analysis

Although it is not a classification tool, principal component analysis (PCA) refers
to a statistical procedure for exploratory data analysis.”* The idea is to reduce the
dimensionality of a problem by transforming a large number of axes (each representing
an experimental variable) into a small number of principal component axes.” When
some variables convey similar information because they are correlated, they can be
combined. The principal component axes are constructed as a linear combination of the
original correlated variables such that the new axes lie orthogonal to each other and
maximize the variance exhibited by the data. The data are centred and normalized, with
component “scores” (transformed variable value) plotted along the axes. In this way, a
multidimensional space can be represented in fewer dimensions. PCA thus facilitates the
visualization of data, highlighting similarities and differences, and identifying hidden
patterns. However, PCA only assumes that correlations are linear, which may be
inapplicable for a complex problem, and that the principal component axis with the

largest variance is the most important, which may not be true.
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Figure 1-21 Schematic representation of principal component analysis.
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1.7.3 Support vector machine

A support vector machine (SVM) is a relatively modern machine-learning
algorithm that has been exceptionally successful for classification, in applications as
diverse as facial expression classification and personal recommendation system for news
websites.’® SVM has never been previously applied to problems in crystallography. In
SVM, data described by the large number of variables are represented in a higher-
dimensional space. The goal of SVM is to separate data belonging to different classes in
this space by a hyperplane which maximizes the gaps between these classes. Then, an
unknown sample is evaluated to determine which class it belongs to by seeing which side
of a hyperplane it falls on. A powerful advantage of SVM is that it can capture complex
non-linear relationships inherent in many phenomena, and is thus well suited for
classification problems. However, SVM requires that all relevant variables are included
in the representation and it is not easy to gain an intuitive understanding on the

relationship between parameters.
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Figure 1-22 Schematic representation of support vector machine approach.
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1.8 Structural chemistry of germanides

Germanides are intermetallic compounds of germanium with metals or metalloids.
They are generally synthesized by sintering or melting.  Although some are
semiconducting (alkali and alkaline-earth germanides), most are metallic (transition-
metal germanides). Germanides show many similarities to silicides, but show a tendency
for greater metallic character in their bonding because Ge is a metalloid with intermediate
behaviour between metals and non-metals. In fact, because the electronegativity of Ge is
close to those of many transition metals, germanides can contain a complex combination
of M-Ge, M—M, and Ge—Ge bonding.

Given that the focus of this thesis is on rare-earth transition-metal germanides, it
is helpful to survey the literature, which has been reviewed up to 1999 in the Handbook
on the Physics and Chemistry of Rare Earths,”’ supplemented by a search of more recent
work to date through 2014.>® Phase diagrams have been established for many RE-M-Ge
systems where M is a transition metal, showing the existence of many phases with
diverse compositions and crystal structures. (In contrast, ternary RE—(s-block or p-block
metals or metalloids)-Ge systems contain relatively few compounds.) The RE—(Fe
triad)-Ge systems are especially rich in phases, generally exhibiting limited solid
solubility and related by complex equilibria. The Ni-containing systems are the most
populated, with an average of about 11 compounds per system and the highest number
(20) in the Ce—Ni—Ge system.”” The systems containing precious metals, RE-( Ru, Rh,
Pd, Os, Ir, Pt)-Ge, have not been well studied, with only a few isolated compounds of

specific composition being identified.

35



Rare-earth metals can be classified into the lighter elements (La—Eu) and the
heavier ones (Gd—Lu), most of which are trivalent. The divalent state is more common
for Eu and Yb, and sometimes encountered for Sm. Exotic magnetic properties are
frequently encountered in compounds containing Ce, Eu, and Yb, so these are often the
most well studied. The most common structure types found in RE-M-Ge systems are
also shared by M —M-Ge systems where M" is Zr and Hf (Table 1-1). A generalized
phase diagram representing the compositions of these common structure types highlights
the absence of phases with high RE content and the existence of some interesting Ge-rich

phases (Figure 1-23).
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Table 1-1 Common structure types in the RE-M-Ge and M—M’—Ge ternary systems

Structure Space Number of Structure Space Number
type group reports type group of reports
CeAl,Ga, 14/mmm 129 Hf3Ni,S1; Cmcem 33
TiNiSi Pnma 121 Gd;NiSi, Pnma 30
Ce,CuGeg Amm?2 112 ZrFesSi, Pds/mnm 30
MgFe6Ge6 P6/mmm 111 Mg6CU.16Si7 Fm-3m 25
Gd;CusGey Immm 73 Lu,CosSis C2/c 20
ZrNiAl P-62m 67 LaPt,Ge; P2, 18
YIrGe, Immm 58 YNisSi; Pnma 17
MnCu,Al Fm-3m 52 TiFeSi Ima?2 16
SCsCO4Si1() P4/mbm 47 Tb3C02G€4 C2/m 10
Sc,CoSi, C2/m 40 Y,HfS; Prnma 10
U4Re;Sig Im-3m 37 Tb,PtoGes C2/c 8
ZrCrSi, Pbam 37

Many germanides contain recurring structural motifs that can be identified to help
systematize the structures. One such motif is a trigonal prism with Ge at the center and
RE and M atoms at the vertices, analogous to similar motifs frequently found in other
intermetallics, especially phosphides and silicides.” These Ge-centred trigonal prisms
can be connected by edge- and face-sharing in many different ways, limited only by
nature’s imagination (Figure 1-24). These motifs are helpful as a starting point for
visualization, but bonding interactions also have to be taken into account. Usually the
strongest bonds in RE-M-Ge structures are between M and Ge atoms.”’ To maximize
M-Ge bonding, these motifs can be combined into infinite MGe ladders, which in turn
can be further connected to form two-dimensional sheets (Figure 1-23). In Ge-rich
compounds, Ge-Ge bonding becomes important and the MGe ladders are found to be
connected by Ge, bridges. From these patterns, it becomes possible to propose structures

of hypothetical compounds to be targeted for synthesis.”'
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Figure 1-24 Two structural motifs (trigonal prisms and infinite ladders) summarize the
basic approaches towards new structures in germanide families.

Prior to this work, there were not a lot of quaternary germanides known (246),
most of which involve site disorder of metal components within a binary or ternary
germanide. Quaternary germanides with ordered structures have been found in only five

cases. Many more quaternary germanides can be anticipated with interesting structures.

1.9 Research Motivation

The main focus of this thesis is to attain a systematic understanding of the detailed
crystal structures of ternary and quaternary germanides, to evaluate their physical
properties for potential application as new materials, and to relate the structures to the
properties. Introducing additional elements increases structural complexity and brings
more control of properties. In particular, the combination of rare-earth and transition
metals allows interplay of f- and d-electrons, which can result in a complex magnetic
behaviour, and introducing large mass contrast influences phonon scattering, which can

reduce thermal conductivity for thermoelectric applications. From a fundamental point of
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view, germanides exhibit interesting structures (e.g., inorganic helices) with implications
for novel bonding, in which the similar electronegativities of the component elements
lead to a competition between homoatomic and heteroatomic bonding.

Systematization of crystal structures helps identify trends so that general
principles can be developed to rationalize and predict new structures. However, I am also
interested in applying machine-learning approaches to guide the search for new materials
with desired properties to replace the traditional, more intuitive approach, which may
have overlooked hidden or non-obvious patterns. With collaborators, I am specifically
using these methods to predict the thermoelectric performance of a large number of
compounds, including germanides. As an ambitious extension of this approach, I wish to
test the broader idea of predicting the structures of inorganic solids in general, which has
been called one of chemistry’s grandest challenges. This involves creating a database
containing variables that could potentially influence crystal structures, applying different
evaluative methods, and experimentally validating the predictions. This work may have
significant impact for both fundamental crystal chemistry as well as practical materials

science to build the next generation of the state-of-art technology.
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Chapter 2

Ternary rare-earth ruthenium and iridium germanides RE3M,Ge; (RE =Y, Gd-Tm,

Lu; M =Ru, Ir)

A version of this chapter has been published. Oliynyk, A. O.; Stoyko, S. S.; Mar, A. J.

Solid State Chem. 2013, 202, 241-249. Copyright (2013) by Elsevier.

2.1 Introduction

A rich variety of ternary rare-earth transition-metal germanides RE-M-Ge are
known. Among systems with M = 3d metals, the ones involving the later elements (M =
Mn, Fe, Co, Ni, Cu) give rise to numerous phases, in contrast to those containing the
earlier elements (M = V, Cr),' for which the new compounds REMGes and RECrGe;
have only been identified recently.z'4 The same pattern emerges for systems with M = 4d
and 5d metals, in which the ones containing the precious metals (M = Ru, Os, Rh, Ir, Pd,
Pt) promise to show many phases, whereas those containing the earlier elements have
barely been explored.! Much of the interest in these germanides relates to their diverse
physical properties which may prove useful in materials applications. Recent reports of
such germanides containing a precious metal have been motivated by the search for new
magnetocaloric  (e.g., GdRu,Ge,),” thermoelectric  (e.g., RE;M,Gey3),*”  and

superconducting materials (e.g., RE>Ir;Ges).*”

In this chapter the elucidation of the series RE3M,Ges (RE =Y, Gd-Tm, Lu; M =

Ru, Ir) is discussed. Only a few isolated members of these series have been identified
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previously: H03Ru2Ge3,10'12 HO3II‘2G€3,13 and Lu3Ir2Ge3.14 The crystal structures for all
remaining members for the RE;Ru,Ge; series have now been determined, as well as for
Tbslr,Ge;.  Electrical resistivity measurements for the RE;Ru,Ges series, as well as
magnetic susceptibility measurements on Dy;Ru,Ge;s is reported. The nature of bonding

in these compounds has been examined through band structure calculations.

2.2 Experimental
2.2.1. Synthesis

Stoichiometric mixtures (0.2-g total mass) of freshly filed RE pieces (RE =Y,
Gd-Tm, Lu, 99.9%, Hefa), Ru (99.95%, Cerac) or Ir powder (99.9%, Cerac), and Ge
powder (99.9999%, Alfa-Aesar) were pressed into pellets, which were arc-melted in a
Centorr 5TA tri-arc furnace on a water-cooled copper hearth under an argon atmosphere.
To ensure homogeneity, the samples were melted twice, after which the weight loss was
found to be less than 1%. The ingots were then sealed within fused-silica tubes and
annealed at 800 °C for 12 d, followed by quenching in cold water. No attempts were
made to extend the RE substitution to Yb, whose high volatility would pose problems in
arc-melting. The products were characterized by powder X-ray diffraction (XRD)
patterns, collected with Cu Ko, radiation on an Inel diffractometer equipped with a
curved position-sensitive detector (CPS 120). The Ru-containing samples generally
consisted of RE3;Ru,Ges as the major phase (55-100%), along with smaller amounts of
REzRuGez.15 The Ir-containing samples generally consisted of RE;Ir,Ges as the major
phase (45-55%), along with REIrGe,'*' and REIrGe.'™™ Cell parameters for the
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orthorhombic RE3M,Ge; (M = Ru, Ir) phases were refined from the powder XRD data

with use of the CSD suite of programs'® and are listed in Table 2-1.

Table 2-1 Cell parameters for RE3M>Ges (M = Ru, Ir). *

Compound  a(A) b(A) c(A) V(A% Reference
Y:RwGes  4270009)  10.754(2)  13.877(6)  6372(5)  This work
Gd:Ru,Ge;  4.267(1) 10.9623)  14.071(4)  6582(5)  This work
TbsRwGes  42551(7)  10861(2)  13.981(2)  646.1(3)  This work
Dy:RwGe;  42529(7)  10.8102)  13.898(2)  638.9(3)  This work
HosRwGe;  422638)  10.729(2)  13.828(2)  627.03)  This work
HosRu,Ges  4.242(2) 10.731(6)  13.84009)  630(1) [10]

ErRwGes  42263(6)  10701(1)  13.794(2)  623.8(2)  This work
TmRwGes  42271(7)  10.661(2)  13.774(3)  620.7(4)  This work
LusRwGe;  421308)  10.577(1)  13.676(3)  609.43)  This work
Y,InGes 42815(9)  10.448(2)  14.1903)  634.8(4)  This work
GdiInGes  4.321(1) 10.5942)  14.357(5)  657.2(5)  This work
TbsIr,Ges 4.2968(8) 10.521(3) 14.259(4) 644.6(5) This work
DysInGe;  4.290(1) 10.462(3)  14.281(3)  641.0(5)  This work
HosInGes  4.271(1) 10399(2)  14.1004)  6262(4)  This work
HosInGe;  42730(7)  10403(1)  14.128Q2)  628.03)  [I3]

ErsdnGe;  4.248(1) 10374(3)  14.179(4)  6249(5)  This work
TmslnGe;  4.246(1) 10324(4)  142194)  6233(6)  This work
LusinGes  42506(7)  10241(2)  13.945(2)  607.03)  This work
LusinGes  4.265(1) 10.1912)  13.9894)  608.0(4)  [14]

* Cell parameters reported in this work were refined from powder X-ray
diffraction data.
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RE>IrGe, were also identified as new phases, which adopt the monoclinic
Sc,CoSi,-type structure (space group C2/m) with refined cell parameters listed in Table
2-2. (Because HoIrGe; and Lu,IrGe, were detected only in trace quantities, their cell
parameters could not be refined; Tm,IrGe, did not apparently form.) Small single
crystals of RE3M,Ges (M = Ru, Ir) could be extracted manually from the products and
their chemical compositions were determined by energy-dispersive X-ray (EDX) analysis
on a JEOL JSM-6010LA scanning electron microscope. The experimental compositions
(35-38% RE, 24-28% M, 36-40% Ge) (Table Al-1) were in good agreement with

expectations (37.5% RE, 25.0% M, 37.5% Ge).

Table 2-2 Cell parameters for RE,IrGe;. *

Compound a (A) b(A) c(A) B (deg.) V(A% Reference

YoIrGe,  10.549(3) 4.223(1) 10.256(2) 117.30(1) 406.0(5)  This work
Nd)IrGe,  10.84(1)  4.352(1)  10.54(2)  117.23(2)  442(2) [16]

GdIrGe,  10.705(2) 4.342(1)  10.197(3) 118.01(2) 418.4(4)  This work
ThoIlrGe,  10.677(2) 4.269(1)  10.153(2) 118.19(1) 407.93)  This work
Dy,IrGe,  10.583(2) 4.268(1)  10.111(2) 118.07(1) 403.0(3)  This work
ErIrGe,  10.513(2) 4.230(1)  10.040(3) 118.10(1) 393.93)  This work
YboIrGe,  10.271(8) 4.228(2)  10.103(9) 116.64(9) 392(1) [14]

* Cell parameters reported in this work were refined from powder X-ray
diffraction data.
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2.2.2 Structure determination

Suitable crystals of the entire RE3;Ru,Ges (RE = Y, Gd-Tm, Lu) series were
available for single-crystal X-ray diffraction analysis. Crystals of the corresponding
RE;Ir,Ge; series were also tested but generally they were too small or diffracted poorly;
however, a suitable crystal of one member, Tbs;Ir,Ges, gave acceptable results. Intensity
data were collected at —100 °C on a Bruker PLATFORM diffractometer equipped with a
SMART APEX II CCD area detector and a graphite-monochromated Mo Ko radiation
source, using @ scans to generate at least 5 sets of frames at different ¢ angles with a
frame width of 0.3° and an exposure time of 12 s per frame. Face-indexed absorption
corrections were applied. Structure solution and refinement were carried out with use of
the SHELXTL (version 6.12) program package.”’ The centrosymmetric orthorhombic
space group Cmcm was chosen on the basis of Laue symmetry, systematic absences, and
intensity statistics. Direct methods led to a structural model consistent with the
Hf3Ni,Sis-type structure.  Atomic positions were standardized with the program
STRUCTURE TIDY.?! Refinements proceeded in a straightforward fashion, with all
atomic sites being fully occupied and having reasonable displacement parameters.
Agreement factors were excellent in all cases (conventional R(F) for observed reflections
less than 0.05). For two samples, there was some residual electron density in the
difference map ((AP)maxmin = 6.14, =2.05 e /A’ for Y3Ru,Ges and 6.63, —1.84 ¢ /A’ for
HosRu,Ges); however, the peaks were too close (~1.4 A) to RE atoms to be physically
meaningful and are likely an artefact of inadequate absorption corrections. Crystal data

and further details of the data collections are given in Table 2-3, final values of the
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positional and displacement parameters are given in Table 2-4, and selected interatomic

distances are given in Table 2-5.

Table 2-3 Crystallographic data for RE;Ru,Ges (RE =Y, Gd—Tm, Lu) and Tb;Ir,Ges.

Formula Y:Ru,Ges Gd3Ru,Ges Tbs;Ru,Ges DysRu,Ge; HosRu,Ges

Formula mass (amu) 686.64 891.66 896.67 907.41 914.70

a(A) 4.2477(6) 4.2610(3) 4.2491(4) 4.2439(5) 4.2303(3)

b(A) 10.7672(16) 10.9103(8) 10.8391(9) 10.7736(12) 10.7310(7)

c(A) 13.894(2) 14.0263(10) 13.9361(12) 13.8666(16) 13.8237(9)

V(A% 635.44(16) 652.07(8) 641.85(10) 634.01(13) 627.53(7)

z 4 4 4 4 4

Pealed (g €1 7) 7.177 9.083 9.279 9.506 9.682

T (K) 173 173 173 173 173

Crystal dimensions 0.06 x 0.03 x 0.16 x 0.03 x 0.11 x 0.03 x 0.10 x 0.04 x 0.06 x 0.04 x

(mm) 0.03 0.02 0.02 0.02 0.02

Radiation Graphite monochromated Mo Ko, 2 =0.71073 A

2#(Mo Kot) (mm™) 45.52 48.04 50.87 53.39 56.04

Transmission factors 0.113-0.350 0.041-0.440 0.061-0.467 0.064-0.508 0.061-0.318

260 limits 5.86-66.22° 5.80-66.44° 5.84-66.48° 5.88-66.44° 5.90-66.16°

Data collected —-6<h<6, —-6<h<6, —-6<h<6, —-6<h<6, —-6<h<6,
-16 <k<16, -16 <k<16, -16 <k<16, -16 <k<16, -16 <k<16,
-20<17<21 -21<1<21 —21<171<20 -21<1<21 -21<1<21

No. of data collected 4527 4616 4441 4467 4495

No. of unique data, 697 (Rine=0.046) 711 (Rin=0.018) 702 (Rine=0.033) 692 (Rine = 0.067) 687 (Rine =

including > <0 0.030)

No. of unique data, with 606 686 660 581 652

Fi>20(Fy)

No. of variables 27 28 28 28 28

R(F) for F* > 20(F)*  0.043 0.015 0.020 0.030 0.025

Ry(FH)" 0.120 0.035 0.051 0.070 0.064

Goodness of fit 1.26 1.12 1.22 1.08 1.29

(AP)max, (AP)min (€ A7) 6.14,-2.05 1.42,-1.56 4.30,-1.65 3.05,-2.20 6.63,-1.84
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Formula ErsRuxGe; Tms;Ru,Ges LusRuyGes Tbslr,Ges

Formula mass (amu) 921.69 926.70 944.82 1078.93

a(h) 4.2237(9) 4.2202(8) 4.2045(8) 4.2937(3)

b(A) 10.693(2) 10.631(2) 10.561(2) 10.4868(7)

c(A) 13.774(3) 13.715(3) 13.639(3) 14.2373(10)

V(A% 622.1(2) 615.3(2) 605.6(2) 641.07(8)

z 4 4 4 4

Peated (g Cm ) 9.841 10.00 10.36 11.18

T(K) 173 173 173 173

Crystal dimensions 0.09 x 0.02 x 0.09 x 0.02 x 0.09 x 0.02 x 0.11 x 0.03 x

(mm) 0.02 0.02 0.02 0.02

Radiation Graphite monochromated Mo Ka, 4=0.71073 A

2#(Mo Kot) (mm™) 58.84 61.84 67.78 87.69

Transmission factors 0.042-0.425 0.099-0.483 0.075-0.422 0.044-0.338

26 limits 5.92-66.34° 5.94-66.64° 5.98-66.30° 5.72-66.40°

Data collected —-6<h<6, —-6<h<6, —-6<h<6, —-6<h<6,
-16 <k<16, -16 <k<16, -16 <k <15, -16 <k<16,
-20<7<21 —-20<17<20 —-20<17<20 -21<1<21

No. of data collected 4433 4404 4239 4600

No. of unique data,
including F. <0

No. of unique data, with
Fi>20(F)

No. of variables

R(F) for F> > 20(F,) *
Ru(FS)"

Goodness of fit

(AP)maxs (AP)min (€ A 3)

683 (R = 0.038)

618

28

0.017
0.036

1.06
1.70,-1.68

680 (Rin = 0.037)

612

28

0.022
0.046

1.14
2.68,-2.23

664 (R = 0.113)

483

28

0.037
0.076

1.04
4.24,-3.73

708 (Rin = 0.029)

680

28

0.019
0.045

1.16
2.93,-3.65

“R(F) = YIFel ~ Il | YJF for i > 20(F).

® Ru(FD) = [XIwW(Fs: — F&Y1 1 SwF 1% w = [6%(F.) + (4p)* + Bp], where p = [max(F,’,0) + 2F.*] / 3.
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Table 2-4 Positional and equivalent isotropic displacement parameters (A% * for
RE3RU2G63 (RE = Y, Gd—Tm, Lu) and Tb3Ir2Ge3.

Y3RU2GC3 Gd3RU2G€3 Tb3Rll2G€3 DY3R112G63 H03RU2G€3
RE11in 81 (0, y, 2)
y 0.07810(11)  0.07811(2)  0.077783)  0.07771(4)  0.07767(3)
z 0.11301(9)  0.11353(1)  0.11350(2)  0.11343(4)  0.11343(2)
Usg 0.0051(2)  0.00533(7)  0.00478(10) 0.00781(14)  0.00375(12)
RE2 in 4c¢ (0, y, ¥4)
¥ 0.35575(17)  0.35671(3) 0.35575(4)  0.35487(7)  0.35472(5)
Use 0.00643)  0.00620(8)  0.00603(11)  0.00954(17)  0.00472(13)
Min 81 (0,y, z)
y 0.21333(9) 0.21422(3)  0.21386(5) 0.21357(8) 0.21326(6)
z 0.58249(7) 0.58173(2)  0.58209(4) 0.58238(6) 0.58261(5)
Ueq 0.0053(2) 0.00527(8)  0.00474(12) 0.00767(18)  0.00375(15)
Gel in 8/(0, y, 2)
y 0.38334(13) 0.38257(4)  0.38351(7) 0.38414(10)  0.38456(8)
z 0.04027(10)  0.04001(3)  0.03992(5)  0.04020(8)  0.04011(6)
Us 0.0056(3)  0.00563(10) 0.00528(15) 0.0076(2)  0.00417(17)
Ge2 in 4c (0, y, V)
y 0.66424(19)  0.66764(6)  0.66578(10)  0.66420(16)  0.66351(12)
Use 0.0062(4)  0.00620(12) 0.00595(19) 0.0093(3)  0.0047(2)
EI’3RU2GC3 Tm3Ru2Ge3 LU3RUZGC3 Tb}II’zGe3
RE1 in 8/(0, , 2)
y 0.07749(2) 0.07728(3)  0.07716(7) 0.08377(3)
z 0.11341(2)  0.11343(2)  0.11344(5)  0.11062(2)
Ueq 0.00561(7) 0.00586(9)  0.00964(18) 0.00472(9)
RE2 in4c (0, y, Va)
y 0.35418(3) 0.35354(4)  0.35368(9) 0.35971(4)
Ueq 0.00687(9) 0.00745(11) 0.0110(2) 0.00543(10)
Min 8f(0,y, 2)
¥ 021317(4)  021289(5) 0.21257(13) 0.20143(2)
z 0.58289(3)  0.58309(4)  0.58353(9)  0.60106(2)
Usg 0.00542(10)  0.00534(12) 0.0101(3)  0.00622(9)
Gel in 8/(0, , 2)
y 038521(6)  0.38548(7)  0.38602(17) 0.37589(7)
z 0.04025(4) 0.04034(6)  0.04054(12) 0.03538(5)
Ueq 0.00576(12)  0.00579(15) 0.0099(3) 0.00577(14)
Ge2 in4c (0, y, Y4)
y 0.66240(8) 0.66126(11) 0.6599(2) 0.65838(10)
Uegq 0.00642(16)  0.0069(2) 0.0107(5) 0.00521(17)

* U, is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table 2-5 Selected interatomic distances (A) in RE;Ru,Ges (RE = Y, Gd—Tm, Lu) and
Tb3ll‘zGe3.

Y;Ru,Ges Gd;Ru,Ge; Tb;Ru,Ge; Dy;Ru,Ge; Hos;Ru,Ge;
RE1-Ge2 (x2) 2.9990(11) 3.0261(3) 3.0070(4) 2.9929(7) 2.9810(5)
RE1-Gel (x2) 3.0361(13) 3.0596(4) 3.0431(6) 3.0348(9) 3.0238(7)
RE1-Gel (x2) 3.1511(14) 3.1865(4) 3.1622(6) 3.1437(9) 3.1297(7)
RE1-Gel 3.4384(19) 3.4782(6) 3.4688(8) 3.4540(13) 3.4457(9)
RE1-M 3.0818(16) 3.1155(4) 3.0992(6) 3.0846(10) 3.0758(7)
RE1-M (x2) 3.1199(12) 3.1419(3) 3.1314(5) 3.1216(7) 3.1127(5)
RE1-M 3.1664(16) 3.2204(4) 3.1913(7) 3.1675(10) 3.1508(7)
RE2-Gel (x2) 2.9290(15) 2.9589(5) 2.9432(8) 2.9262(12) 2.9190(9)
RE2-Ge2 (x2) 2.9601(19) 2.9656(5) 2.9587(8) 2.9534(13) 2.9469(9)
RE2-Ge2 3.322(3) 3.3923(8) 3.3604(12) 3.3326(18) 3.3136(14)
RE2-M (x4) 3.2373(9) 3.2724(3) 3.2494(5) 3.2325(7) 3.2188(5)
M-Gel (x2) 2.4368(9) 2.4488(3) 2.4440(5) 2.4399(7) 2.4333(5)
M-Gel 2.5020(17) 2.5078(6) 2.5045(9) 2.5033(14) 2.5015(11)
M-Ge2 2.6747(14) 2.6892(5) 2.6791(8) 2.6715(12) 2.6652(9)
Gel-Gel 2.750(3) 2.7974(10) 2.7595(15) 2.734(2) 2.7144(17)
Er;Ru,Ges Tm;Ru,Ge; LusRu,Ges Tbslr,Ges
RE1-Ge2 (x2) 2.9706(5) 2.9593(6) 2.9414(10) 3.0264(4)
RE1-Gel (x2) 3.0164(6) 3.0095(7) 2.9968(13) 3.0180(5)
RE1-Gel (x2) 3.1149(6) 3.1009(7) 3.0795(14) 3.2418(6)
RE1-Gel 3.5063(7) 3.4264(10) 3.410(2) 3.2453(8)
RE1-M 3.0686(7) 3.0566(8) 3.0434(15) 3.2566(4)
RE1-M (x2) 3.1061(6) 3.0987(6) 3.0850(12) 3.1147(3)
RE1-M 3.1363(8) 3.1129(9) 3.0869(16) 2.9939(4)
RE2-Gel (x2) 2.9082(9) 2.8953(10) 2.8772(18) 3.0604(7)
RE2-Ge2 (x2) 2.9437(8) 2.9379(10) 2.934(2) 3.0111(8)
RE2-Ge2 3.2958(12) 3.2714(14) 3.234(3) 3.1321(11)
RE2-M (x4) 3.2057(6) 3.1924(6) 3.1723(11) 3.0849(2)
M-Gel (x2) 2.4314(6) 2.4269(6) 2.4182(11) 2.4781(4)
M-Gel 2.5024(9) 2.4964(11) 2.494(2) 2.6684(8)
M-Ge2 2.6587(8) 2.6514(9) 2.6399(18) 2.5803(7)
Gel-Gel 2.6937(13) 2.6747(17) 2.649(4) 2.7912(14)
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Further data, in CIF format, have been sent to Fachinformationszentrum
Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldshafen, Germany, as supplementary
material No. CSD-425769 to -425777 and can be obtained by contacting FIZ (quoting the

article details and the corresponding CSD numbers).

2.2.3. Band structure calculations

Tight-binding linear muffin tin orbital band structure calculations were performed
on Y3;Ru,Ge; within the local density and atomic spheres approximation with use of the
Stuttgart TB-LMTO program.”* The basis set consisted of Y 5s/5p/4d, Ru 5s/5p/4d, and
Ge 4s/4p/4d orbitals, with the Y 5p and Ge 4d orbitals being downfolded. Integrations in
reciprocal space were carried out with an improved tetrahedron method over 129

irreducible k points within the first Brillouin zone.

2.2.4. Electrical resistivity and magnetic susceptibility measurements

The identities of selected single crystals or aggregates of crystals of RE;Ru,Ge;
(RE =Y, Gd-Tm, Lu) were confirmed by EDX analysis. Although these samples
sometimes exhibited striations that made them unsuitable for X-ray diffraction
experiments, they were sufficiently large to permit standard four-probe electrical
resistivity measurements to be made between 2 and 300 K on a Quantum Design Physical
Property Measurement System (PPMS) equipped with an ac transport controller (Model
7100). The current was 100 pA and the frequency was 16 Hz. Measurements were

repeated at least twice for each member.
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The powder sample of Dy;Ru,Ge; contained no other phases, so that its bulk
magnetic properties could be determined reliably. Measurements of dc magnetic
susceptibility were made between 2 and 300 K under an applied field of 0.5 T on a
Quantum Design 9T-PPMS magnetometer. Susceptibility values were corrected for

contributions from the holder and sample diamagnetism.

2.2.5. Thermal conductivity measurements
Thermal conductivity, x, of the samples was calculated from the standard

relationship x = paC, where p is the density, a is the thermal diffusivity and C, is the

heat capacity at constant pressure. Density values were taken from Pearson’s Crystal
Database estimated by single crystal diffraction report. Heat capacity was determined at
the University of Utah using a Netzsch Sirius 3500 temperature modulated differential
scanning calorimeter (TM-DSC) and additionally on a Perkin Elmer Pyris 1 DSC at the
University of Alberta. Small fragments were cut from the annealed arc-melted ingots and
calorimetry was performed from room temperature up to 600°C. Thermal diffusivity was
measured on annealed arc-melted ingots. Samples were first polished to be coplanar with
a thickness of 1 to 2 mm and then cut into disc shapes with either 8 or 12 mm diameters
via electrical discharge machining. Samples were coated with graphite on both sides to
promote uniform absorption and emission. Measurements were taken from room

temperature up to 600°C in 100°C increments.
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2.3. Results and discussion

The ternary germanides RE3M,Ges (RE =Y, Gd—Tm, Lu; M = Ru, Ir) have been
obtained by arc-melting reactions and determined by X-ray diffraction studies to adopt
the orthorhombic Hf3;Ni,Si;z-type structure.”> This structure type is a relative rare one
formed mostly by silicides Zr;M,Si3; (M = Fe, Co),23 Hf;M,Si; (M = Fe, Co, Ni),23
REsFe,Sis (RE = Gd-Tm, Lu, Y, Sc),*** RE;C0,Sis (RE = Tb-Tm, Lu, Y, Sc),**?*
SC3NiQSi3,27 and Y3M,Si; (M = Rh, Pd);28 and germanides GdganGe3,29 RE;Fe,Ges (RE
= Er, Tm),”* RE;C0,Ges (RE = Sm—Tm, Y, Sc),*'>* HosM>Ge; (M = Ru, Rh, Ir),'%3*
LusM>Ges (M = Ni, Ir),'**® and RE;Li>Ges (RE = Tm, Lu).”’” It may also be considered to
be an ordered variant of the binary phases Ca;Gas and Sr31n5,38 from which can be
derived ternary triel-containing representatives AsM'\M"s_,. (4 = Ca, Sr; M', M" = Al, Ga,
In) and Sr31n4Pb.39 Whereas the RE;Ru,Ge; series was relatively straightforward to
synthesize, the RE;Ir,Ge; samples were generally formed together with RE,IrGe, and
RETrGe phases. The RE>IrGe, series was previously limited to only two known members
(RE = Nd, Yb) but has now been considerably expanded (RE = Y, Gd-Dy, Er); these
compounds adopt the monoclinic Sc,CoSi,-type structure,”® which is closely related to
the Hf3Ni,Si3-type structure, as explained further below. The unit cell volumes decrease
regularly through the lanthanide members in RE;M,Ges (M = Ru, Ir) and RE,IrGe;
(Figure 2-1). The cell volumes are similar for RE3Ru,Ge; and RE;Ir,Ges, reflecting the

nearly identical metallic radii of Ru (1.25 A) and Ir (1.26 A).*
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Figure 2-1 Plot of cell volumes vs. RE in RE;Ru,Ges, RE5Ir,Ge;, and RE,IrGe,
phases obtained in this work.

The Hf3Ni,Sis-type structure has been described in several ways in the

10,14,23-28 Here, we make the assumption that the RE atoms in RE;M,Ge;

literature.
participate in more ionic bonding and focus on the covalent framework [M,Ges], which
consists of layers that are built up of MGe, tetrahedra and lie parallel to the ac-plane
(Figure 2-2). Double-chains of edge-sharing tetrahedra propagate along the a-direction;

in turn, these chains are connected by corner-sharing along the c-direction. The MGey

tetrahedra are highly distorted. Three of the M—Ge bonds are close to the sum of the
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metallic radii (Ru-Ge, 2.49 A; Ir-Ge, 2.51 A)* whereas the fourth is markedly longer;
for example, the RuGe, tetrahedra in Gd;Ru,Ge; have Ru—Ge distances of 2.4488(3)—
2.5078(6) A to three Gel atoms vs. 2.6892(5) A to the fourth Ge2 atom. Moreover, the
angles within these tetrahedra deviate significantly from the ideal values; for example,
the Ge—Ru—Ge angles lie in the range 98.81(2)-120.92(2)° for Gd;Ru,Ge;. The [M,Ges]
layers are separated from each other by intervening RE atoms, but there appear to be
weak Gel-Gel interactions that bridge these layers together. These Gel—Gel distances
become as short as 2.649(4) A in LusRu,Ges, which can be compared to distances found
in Ge, dimers in Gd;MgGe, (2.525(3) A)*' or Ges trimers in RECrGe; (2.604(1)-
2.575(3) A).> Whether the Gel-Gel distances correspond to true bonding interactions is
a question that can be addressed by evaluation of the band structure, presented later. The
occurrence of similar bridges or “dumbbells” that connect these covalent layers has also

been noted in other Hf3Ni,Si3-type compounds such as LU3IrzGe314 and Sr31n4Pb.3 ?
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Figurre 2-2  Structure of RE3;M,Ges (M = Ru, Ir) highlighting [M,Ges] layers separated
by RE atoms. The large shaded circles are RE atoms, the small solid circles are M atoms,
and the medium open circles are Ge atoms.

The more conventional way to describe Hf3Ni,Siz-type compounds draws
attention to the connectivity of trigonal prisms centred by the p-block element. This
approach has the advantage of revealing close relationships to other structures. In
particular, RE3M,Ge; (M = Ru, Ir) (Hf5Ni;Si3-type) and RE>IrGe, (ScyCoSi,-type) can
now be clearly seen to be members of a structural family (Figure 2-3). There are two
types of centred trigonal prisms: RE4sM, prisms centred by Gel atoms and REg prisms

centred by Ge2 atoms. The REs;M, prisms share a common quadrilateral RE, face
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straddled across by the Gel-Gel pairs. Both types of prisms extend as columns along
the short-axis direction (a-axis in RE3M,Ge; and b-axis in RE,IrGe;) by sharing opposite
triangular faces, and in turn, these columns extend as sheets by sharing common prism
edges. These sheets are displaced by half the short-axis parameter with respect to each
other. The Hf3Ni,Sis-type structure has also been described in terms of intergrown slabs
cut either from MgCuAl, and o-TII structures,23 or from CrB-, ThCr,Si,-, and W-type
structures,”’ depending on what structural evolution one wants to emphasize. In the
progression from RE3M,Ges (M = Ru, Ir) to RE,IrGe,, it is sufficient to identify the
presence of CrB- and ThCr,Si,-type slabs which alternate as they stack together. The
general formula RE,,M>Ge,+, then applies,27 with n indicating the thickness of the CrB-

type slabs in REsM>Ges (n = 1) and RE,IrGe; (n = 2).

Figure 2-3. Comparison of RE3;M,Ges (M = Ru, Ir) (Hf3Ni,Sis-type structure) and
RE>IrGe; (Sc,CoSi,-type structure), built up of Ge-centred trigonal prisms that are
arranged in CrB- and ThCr,Sir-type slabs. Thick and thin lines distinguish atoms
displaced by half the short-axis parameter.
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The band structure was calculated for Y;Ru,Ges, a member of the RE3Ru,Ges
series free of the complications introduced by f-electrons in the RE component.
Consistent with the high metal content, the density of states (DOS) curve features a wide
manifold extending from —5 eV upwards that is derived from substantial mixing of Y 4d,
Ru 4d, and Ge 4p states (Figure 2-4a). This mixing implies that despite the electron
transfer that would be expected to occur from Y to Ru and Ge atoms (cf. Pauling
electronegativities of 1.2 for Y, 2.2 for Ru, and 2.0 for Ge)," there is a significant
covalent component to the bonding of Y to these other atoms. Metallic behaviour is
predicted, although it should be noted that the Fermi level is close to a pseudogap. The
narrower bands lying much deeper in energy, from —11 to —8 eV, are primarily based on
Ge 4s states. The crystal orbital Hamilton population (COHP) curves reveal that the
major bonding interactions come from Y—Ge, Y—Ru, and Ru—Ge contacts (Figure 2-4b).
The electron count corresponds to a compromise between underfilling bonding levels still
available for Y-Ge and Y—Ru interactions and overfilling antibonding levels for Ru—Ge
interactions. Intrinsically, the Ru—Ge interactions are much stronger than the Y—Ge and
Y—Ru interactions (cf. integrated COHP, or -ICOHP values, of 1.8 eV/bond for Ru-Ge,
0.5 eV/bond for Y-Ge and 0.5 eV/bond for Y—Ru), supporting the picture of [M,Ges]
layers sandwiched by RE atoms, presented above. However, there are a greater number
of contacts to the Y atoms such that the Y-Ge and Y—Ru interactions together contribute
more (57%) than the Ru—Ge interactions (41%) to the overall covalent bonding stability
of the compound. Interestingly, the Gel-Gel bridge (2.7 A) provides only very weak

bonding (-ICOHP of 0.3 eV/bond), much less significant than the other contributions, as
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a result of ineffective orbital overlap and the nearly equal occupation of bonding and

antibonding levels, as seen in the COHP curve.
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Figure 2-4.  (a) Density of states (DOS) and its atomic projections for Y3;Ru,Ges. (b)
Crystal orbital Hamilton population (-COHP) curves for Y-Ge, Y—Ru, Ru—Ge, and Ge—
Ge contacts. The Fermi level is at 0 eV.
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From the electronic structure calculated for Y;Ru,Ges, it is anticipated that
RE3Ru,Ges; compounds should exhibit metallic behaviour. The temperature dependence
of the electrical resistivity does confirm this expectation for most members of RE3Ru,Ges
except for Y;Ru,Ges itself (Figure 2-5). For RE = Gd, Tb, Ho, Er, Tm, Lu, the low
absolute resistivities (px = 10-60 pQ-.cm), the relative resistivity ratios (RRR =
pook/ k. = 3—10), and the positive temperature coefficient are typical of many
intermetallic compounds. The Dy member behaves similarly but shows somewhat higher
resistivity, probably because of variations in grain boundary effects. Prominent
transitions take place at low temperature for Gd;Ru,Ges; and TbsRu,Ges;. There is a
sudden decrease in resistivity below 20 K in Gd;Ru,Ges, suggestive of a loss of spin-
disorder scattering, on the assumption that magnetic ordering takes place at this
temperature. On the other hand, Tb;Ru,Ge; undergoes an upturn in resistivity at 15 K,
followed quickly by a plateau. Although the changes in resistivity are smaller,
Dys;Ru,Ge; exhibits both an upturn at 12 K and a downturn at 8 K, possibly followed by a
leveling off near 3 K. Similar anomalies observed in other materials are typically
attributed to the Kondo effect or spin localization,”” but further measurements are
required to understand the origin of this upturn. Remarkably, the resistivity for
Y;Ru,Ges increases continuously as the temperature is lowered from 300 to 2 K,
reminiscent of a highly degenerate semiconductor (with a small energy gap) or a
semimetal (with a zero energy gap). The measurement is reproducible over several
specimens. As noted in the examination of the band structure above, there is a pseudogap

in the DOS curve that lies only 0.2 eV above the Fermi level. The phenomenon of a rare-
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earth intermetallic series exhibiting metallic or semiconducting behaviour depending on
the RE component is unusual, but has been observed in related germanide systems such
as RE3Ru4Gel36’42 and REZIr3Ge5.9 As well, YslrsGe;; has been shown to display

activated behaviour with a saturation regime in its resistivity.’
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Figure 2-5  Plots of electrical resistivity for RE;Ru,Ges: (a) RE = Gd, Tb, Ho, Er, Tm,
Lu. (b) RE=Y, Dy. The insets highlight the low-temperature behaviour.
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Six members of RE;Ru,Ges series (RE =Y, Gd—Tm) were synthesized in a form
of large ingots and shaped into cylinders with diameter 12.7 mm and thickness 2—4 mm
for thermal conductivity measurements. Thermal diffusivity values were collected at
room temperature, 50, 100, 150, 200 °C and every 100 degrees up to 600 °C. Thermal

conductivity, x, was calculated from the standard relationship x = paC, where p is the

density, a is the thermal diffusivity and C, is the heat. The thermal conductivity of the
samples varies from 26 to 12 W m ' K ' depending on the sample, however the values at
high temperatures tend to stay constant (Figure 2-6). For Y;Ru,Ge; compound thermal
conductivity has a decreasing trend (from 13 to 2 W m' K') with increasing

temperatures, which is typical for metallic compounds.
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Figure 2-6 Thermal conductivity of the RE;Ru,Ge; series (RE =Y, Gd—Tm) compounds.

The magnetic properties of Dy;Ru,Ges, which could be prepared free from other

phases, were examined. The temperature dependence of the magnetic susceptibility,
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measured under an applied field of 0.5 T, indicates paramagnetic behaviour above 50 K
but subtle kinks are evident at lower temperature, including a maximum suggesting
antiferromagnetic ordering below a Néel temperature of 3 K (Figure 2-6a). The inverse
magnetic susceptibility is linear at high temperature (50 to 300 K) and can be fit to the
Curie-Weiss law, y = C / (T — 6,). The resulting effective magnetic moment /isr is
18.4(1) us per formula unit, or 10.6(1) w per Dy atom, which agrees well with the
theoretical free-ion value of 10.64 1 for Dy’*. This agreement implies that the Ru atoms
do not contribute to the magnetic moment, a common situation for many f-d
intermetallics in which the d-orbitals of the transition-metal component are strongly
delocalized. The Weiss constant g, is —10(1) K, the negative value being consistent with
antiferromagnetic coupling of the Dy’ moments. Magnetic measurements made on most
members, but not the Dy one, of the corresponding cobalt-containing series RE;Co,Ges
generally also show antiferromagnetic ordering; a complex non-collinear spiral magnetic
structure that undergoes field-dependent transitions has been proposed from neutron
diffraction studies on Tb3C02Ge3.34 Similarly, the magnetization of Dy;Ru,Ge; at 4 K
reveals at least two transitions as the applied field is increased, a sharp one at 2 kOe and a
more subtle inflection near 25 kOe (Figure 2-6b). The magnetization is hysteretic as the
field is decreased but the loop closes below 15 kOe. The most interesting feature is a
sudden jump observed at 38 kOe (upon increasing field) when the isothermal
magnetization measurements are conducted at 2.0 and 2.5 K, below the Néel temperature
(Figure 2-6¢). These multiple metamagnetic transitions likely originate from spin

reorientation (spin flips) in the antiferromagnetic arrangement, if the magnetic structure is
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assumed to be similar to Tb3C02Ge3,34 but detailed interpretation will require further

measurements through neutron diffraction experiments.
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Ternary rare-earth germanides RE;M,Ges with the Hf5Ni,Sis-type structure have
been established for M = Ru, Ir, and it will be worthwhile to attempt the preparation of
the analogous series with M = Os, Rh. Although the conventional description in terms of
Ge-centred REsM, and RE trigonal prisms is helpful in clarifying relationships to other
structures, the alternative description that emphasizes the presence of [M>Ges] layers is
more accurate in portraying the strong covalent M—Ge bonding interactions that occur in
this structure, as confirmed by band structure calculations on Y3;Ru,Ge;. However, the
Gel-Gel bridges that appear to connect these layers are insignificant and, instead, there
are important contributions from Y—-Ge and Y—Ru covalent interactions. The electrical
resistivity for most members of RE;Ru,Ges reveals metallic behaviour but Y;Ru,Ges
itself is anomalous in displaying semiconductor-like behaviour, which may be related to
the presence of a pseudogap near the Fermi level. Y;Ru,Ge; exhibits low thermal
conductivity and further measurements of other physical properties are in progress to
evaluate the feasibility of this potential thermoelectric material. Dy;Ru,Ge; undergoes
antiferromagnetic ordering and complex field-dependent transitions that portend diverse

magnetic behaviour for the other RE;Ru,Ges members.
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Chapter 3

Ternary rare-earth manganese germanides RE;Mn,Ge; (RE = Ce-Nd) and a possible

oxygen-interstitial derivative NdsMn,GesOy 6

A version of this chapter has been published. Oliynyk, A. O.; Djama-Kayad, K.; Mar, A.

J. Alloys Compd. 2014, 602, 130—134. Copyright (2014) by Elsevier.

3.1. Introduction

Ternary rare-earth transition-metal germanium systems RE—M—Ge reveal many
phases with diverse structures;'” they often exhibit complicated electrical and magnetic
behaviour as a result of interactions between the localized f-electrons on the RE atoms
with the delocalized d-electrons on the M atoms. Among these, RE3M,Ge; phases with
the Hf3Ni,Si3-type structure were previously known mostly for later first-row transition-
metal components and a few isolated members containing precious metals, generally in
combination with smaller rare-earth components: RE;Fe,Ges (RE = Er, Tm),3
RE;C0,Ges (RE = Sm—-Tm, Y, Sc),*” HosM>Ges (M = Ru, Rh, Ir),*"? and LusM>Ges (M =
Ni, Ir).13’14 The Mn-containing compound Gd;Mn,Ge; has been reported at a conference
but no crystallographic details have been forthcoming."> Recently we have extended the
RE;Ru,Ges; and RE;Ir,Ges series considerably to RE = Y, Gd-Tm, Lu.'® Related Li-
containing members RE3;Li,Ge; (RE = Tm, Lu) have also been prepared.17

In the course of investigating the Ce-Mn—Ge system at 800 °C, it was noted that

the formation of a ternary phase with approximate composition “Ce40Mn25Ge35”,18 which
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does not appear in the phase diagram at 400 °C,' and suspected that it corresponds to a
Hf;Ni,Si3-type phase. Herein the existence of the series RE3Mn,Ge; (RE = Ce, Pr, Nd)
phases adopting the Hf3Ni,Si3-type structure has been confirmed and magnetic data on
these compounds has been reported. The structure of an oxygen-interstitial derivative
NdsMn,GesOp obtained as an unexpected minor oxidation product in the reaction

involving Nd has been described.

3.2. Experimental
3.2.1. Synthesis

Starting materials were RE pieces (RE = La—Nd, Sm, Gd-Tm, Lu, 99.9%, Hefa)
which were freshly filed to remove surface oxide layers, Mn powder (99.96%, Cerac),
and Ge powder (99.9999%, Alfa-Aesar). Mixtures in a total mass of 0.3 g and with
various loading compositions within 1% of “RE;Mn,Ge;” were pressed into pellets and
arc-melted twice in a Centorr 5STA tri-arc furnace on a water-cooled copper hearth under
an argon atmosphere. Weight losses after arc-melting never exceeded 1%. To improve
homogeneity, the ingots were sealed within fused-silica tubes and annealed at 800 °C for
1 week, followed by quenching in cold water. Powder X-ray diffraction (XRD) patterns,
collected with Cu Ko, radiation on an Inel diffractometer equipped with a curved
position-sensitive detector (CPS 120), were examined to detect the formation of the
desired ternary phase. The RE3;Mn,Ge; series was found to be limited to RE = Ce—Nd;
attempts to prepare analogous compounds with other RE metals were unsuccessful under
these conditions. Cell parameters for these orthorhombic phases were refined from the

powder XRD data with use of the CSD suite of programs' and are listed in Table 3-1.
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Energy-dispersive X-ray (EDX) analysis on a JEOL JSM-6010LA scanning electron
microscope confirmed the expected chemical composition (e.g., 39(3)% Nd, 27(2)% Mn,

34(3)% Ge for the Nd;Mn,Ges sample).

Table 3-1 Cell parameters for RE;Mn,Ges. *

Compound a (A) b (A) c(A) V(A%

CosMmGes 43255(3) 11.62102) 14.660(2) 736.9(4)
Pr;Mn,Ge; 4.3157(8) 11.525(2) 14.564(2) 724.4(4)
NdsMn,Ge; 4.2929(3) 11.524(3) 14.473(3) 716.0(5)

* Refined from powder X-ray diffraction data.

3.2.2. Structure determination

The samples of RE;Mn,Ge; (RE = Ce, Pr, Nd) were inspected to select single
crystals for X-ray diffraction analysis but suitably sized and well-diffracting crystals were
available only for CesMn,Ges. Intensity data were collected on a Bruker PLATFORM
diffractometer equipped with a SMART APEX II CCD area detector and a graphite-
monochromated Mo Ko radiation source, using @ scans to generate 8 sets of frames at
different ¢ angles with a frame width of 0.3° and an exposure time of 12 s per frame.
Face-indexed absorption corrections were applied. Structure solution and refinement
were carried out with use of the SHELXTL (version 6.12) program package.”” The
centrosymmetric orthorhombic space group Cmcm was chosen on the basis of Laue
symmetry, systematic absences, and intensity statistics. A model based on the Hf3Ni,Si;-
type structure was suggested by direct methods. Atomic positions were standardized
with the program STRUCTURE TIDY.?' Refinements proceeded without complications,

leading to good agreement factors and a featureless difference map.
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On close examination, the surface of the Nd;Mn,Ges ingot was found to contain
about a dozen very small crystals (~20 um in their longest dimension). It is evident that
these crystals are not representative of the bulk sample (for which powder X-ray
diffraction clearly indicates a Hf;Ni,Sis-type phase). Out of curiosity, one of these
crystals was selected and found to diffract surprisingly well. Data collection parameters
were the same as described above but now the centrosymmetric monoclinic space group
C2/m was chosen and an initial model “Nd4sMn,Ges” apparently based on the structure of
YbsMn,Sns (a ternary ordered derivative of the MgsSig-type structure)®® was suggested
by direct methods. Refinements led to good agreement factors (R(F) for Fy> > 20(F,") of
0.041) and all sites were fully occupied with reasonable displacement parameters.
However, the difference map revealed some residual electron density (~8 e /A%) located
at the centre of an octahedron at distances of 2.7 A to four Nd atoms and 2.2 A to two Ge
atoms. This is similar to the situation in Yb,Zn3Ge;; in which an interstitial Ge atom
partially fills an octahedral site at low occupancy (0.19). The distances in the case of
“Nd4Mn,Ges” preclude the occupation of this extra site with interstitial Ge atoms but
seem to be compatible with ranges of literature Nd—O (2.2-2.9 A) and Ge-O distances
(1.5-2.2 A).** The fact that this crystal was found in trace quantities on the surface of the
ingot suggests that it may have resulted from a minor surface oxidation reaction, perhaps
occuring during the arc-melting process. EDX analysis of the same crystal used for data
collection does reveal the presence of an O Ko peak at 0.52 eV, which overlaps slightly
with the Mn Lo peak at 0.64 eV (Figure A2-1), but we caution that adventitious oxygen
(and carbon) surface species are often present even in non-oxygen-containing samples

and that analysis of such light elements is unreliable. In the absence of more definitive
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evidence, we allowed the interstitial site to be partially occupied with oxygen atoms in
the structure refinement. This led to meaningfully improved agreement factors (R(F) for
F.2> 20(F02) of 0.030) and a now featureless difference map ((Ap)max> (AP)min = 2.70, —
2.48 e’/A3) for the structural model “NdsMn,GesOq 6.

Crystal data and further details of the data collections are given in Table 3-2, final
values of the positional and displacement parameters are given in Table 3-3, and selected
interatomic distances are given in Table 3-4. Further data, in CIF format, have been sent
to Fachinformationszentrum Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldshafen,
Germany, as supplementary material No. CSD-427218 and -427219 and can be obtained

by contacting FIZ (quoting the article details and the corresponding CSD numbers).

3.2.3. Magnetic susceptibility measurements

Magnetic susceptibility measurements on powder samples of RE;Mn,Ge; (RE =
Ce, Pr, Nd) were made from 2 to 300 K (zero-field-cooled) under an applied field of 0.5
T on a Quantum Design 9T-PPMS magnetometer. Susceptibility values were corrected

for contributions from the holder and sample diamagnetism.
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Table 3-2 Crystallographic data for Ce;Mn,Ge; and NdsMn,GesOy 6.

Formula

Formula mass (amu)
Space group

a(A)

b(A)

c(A)

B (deg)

V(A%

VA

Peatea (g cm )

T (K)

Crystal dimensions (mm)
Radiation

(Mo Koo) (mm™)
Transmission factors
26 limits

Data collected

No. of data collected

No. of unique data, including F2<0

No. of unique data, with F,> > 26(F,’)

No. of variables

R(F) for F)> > 20(Fy)
Ry(F)®

Goodness of fit
(APmaxs (AP)min (€ A7)

Ce;Mn,Ges
748.01

Cmcem (No. 63)
4.3340(3)
11.6069(9)
14.6717(12)
90

738.05(10)

4

6.732

296

0.04 x 0.03 x 0.02

Nd4MH2G9500A57(4)
1058.75

C2/m (No. 12)
16.275(3)
4.3779(8)
7.3783(14)
107.372(2)
501.73(16)

2

7.008

296

0.07 x 0.02 x 0.02

Graphite monochromated Mo Ka, 2 =0.71073 A

33.32
0.365-0.602
5.56-66.36°

—-6<h<6,-17<k<17,
-22<1<22

5302
813 (Riy = 0.070)
626

28

0.031

0.064

1.13

3.12,-1.79

37.37
0.238-0.624
5.24-66.40°

24<h<24,-6<k<6,
-11</<11

3662
1057 (Rip, = 0.044)
836

41

0.030

0.063

1.07

2.70,-2.48

*R(F) = Y||Fy| — |F.||/ YIF| for Fy* > 20(F,).
* RW(FY) = [SIWES — FY1 /1 SwFAY w' = [°(F)) + (4p)’ + Bp], where p =

[max(F,,0) + 2F2] / 3.
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Table 3-3 Positional and equivalent isotropic displacement parameters (A?) for
CesMn,Ges and NdsMn,GesOyg .

Atom Wyckoff  x y z U (A%)?
position
CesMn,Ges
Cel 8f 0 0.07077(4)  0.11522(3)  0.01049(13)
Ce2 4¢ 0 0.36059(6) Y 0.01186(16)
Mn 8f 0 0.22280(12) 0.58153(10) 0.0133(3)
Gel 8f 0 0.38722(8)  0.04217(6)  0.0120(2)
Ge2 4¢ 0 0.66482(13) Y 0.0140(3)
NdsMn,GesOgp 6
Ndl1 4i 0.34767(3) 0 0.07220(7)  0.01295(13)
Nd2 4i 0.58141(3) 0 0.37015(7)  0.01262(13)
Mn 4i 0.21878(9) 0 0.6216(2)  0.0125(3)
Gel 4i 0.06232(6) 0 0.65630(14)  0.0122(2)
Ge2 4i 0.19551(6) 0 0.24829(14) 0.0124(2)
Ge3 2a 0 0 0 0.0104(3)
o° 2b 0 Y 0 0.031(7)

* Ugq is defined as one-third of the trace of the orthogonalized Uj tensor. b

Occupancy of 0.57(4).
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Table 3-4 Selected interatomic distances (A) in CesMn,Ge; and NdsMn,GesOg 6.

CesMn,Ges

Cel-Ge2 (x2) 3.1301(6) Ce2-Ge2 (x2) 3.1399(12)
Cel-Gel (x2) 3.2042(8) Ce2-Ge2 3.5313(16)
Cel-Gel (x2) 3.2223(8) Ce2—Mn (x4) 3.4267(11)
Cel-Mn (x2) 3.2682(11) Mn-Gel (x2) 2.5807(9)
Cel-Mn 3.3833(15) Mn—Gel 2.6336(17)
Cel-Mn 3.4431(15) Mn—Ge2 2.7948(16)
Ce2-Gel (x2) 3.0648(10) Gel-Gel 2.8958(19)
NdsMn,GesOgp 6

Nd1-Gel (x2) 3.0328(8) Nd2-Mn 3.2344(16)
Nd1-Ge2 3.1212(12) Nd2—Mn (x2) 3.2796(12)
Nd1-Ge2 (x2) 3.144009) Nd2-O 2.6558(7)
Nd1-Ge3 (x2) 3.4656(6) Mn-Ge2 (x2) 2.6190(10)
Nd1-Mn 3.3598(16) Mn—Gel 2.6341(18)
Nd1-Mn (x2) 3.5389(12) Mn-Ge2 2.6661(18)
Nd1-O 2.6868(7) Gel-Gel 2.577(2)
Nd2-Gel (x2) 3.1205(9) Ge3-Gel (x2) 2.999(1)
Nd2-Gel (x2) 3.1669(9) Ge3-Ge2 (x2) 3.162(1)
Nd2-Ge2 (x2) 3.1695(8) Ge3-0 (x2) 2.1890(4)
Nd2-Ge3 (x2) 3.4416(6)
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3.3. Results and discussion

The compounds RE;Mn,Ges (RE = Ce—Nd) were obtained by arc-melting and
annealing at 800 °C. These phases do not occur in the isothermal sections of the ternary
phase diagrams previously elucidated for the Ce—Mn—Ge system at 400 °C and the Nd—
Mn—-Ge system at 600 °C,! so it can be assumed that they are stable only at higher
temperatures. An earlier report suggested the existence of Gd;Mn,Ges, prepared at 700
°C, but no structural details were awailable;15 it was not formed under our synthetic
conditions at 800 °C.

Structural analysis reveals that these compounds adopt the orthorhombic

Hf3Ni1,Si3-type structure,25 26

the first Mn-containing examples to be confirmed among
ternary germanides RE;M,Ges previously known for M = Fe, Co, Ni, Ru, Rh, Ir, and Li*
7 Interestingly, the REsMn,Gej series is limited to only larger RE components (Ce—Nd),
in contrast to the other series which are formed generally with smaller RE components
(Sm—Lu). It might be thought that size effects play a role, but in most scales of atomic
radii, Mn has nearly the same size as Fe (e.g., Pauling R, values of 1.18 A for Mn, 1.17 A
for Fe;27 Slater radii of 1.40 A for both Mn and Fezg) and the radius ratio ry/rrg 1S
unsuccessful in providing a clear segregation.

The Hf3;Ni,Sis-type structure of RE3;Mn,Ges consists of layers, lying parallel to
the ac-plane, that are built up of double-chains of edge-sharing MnGe;, tetrahedra and are
separated by RE atoms (Figure 3-1a). An alternative description based on Ge-centred
trigonal prisms can also be made.'® Relative to other RE3M,Ges series, the structure is

considerably expanded in RE;Mn,Ges. This results not only from the presence of larger

RE components, but also longer Mn—Ge distances within the tetrahedra (2.6-2.8 A in
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CesMn,Ges, compared to 2.4-2.6 A in most other RE;M,Ges compounds). The Gel-Gel
contacts straddling the layers also become very long (2.9 A in Ce;Mn,Ges) to the point

that they are probably nonbonding.

d

Figure 3-1 Structure of (a) RE;Mn,Ges (RE = Ce, Pr, Nd) and (b) NdsMn,GesOgg,
built up of double-chains of MnGes tetrahedra (highlighted by the yellow
parallelograms). The large blue circles are RE atoms, the small green circles are Mn
atoms, and the medium red circles are Ge atoms. The O atoms in (b) are shown as small
black circles.
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A minor oxidation product that was formed in conjunction with Nd;Mn,Ges; was
tentatively identified to be an oxygen-interstitial germanide NdsMn,GesOp¢. The host
monoclinic structure (space group C2/m) corresponds to that of the YbsMn,Sns-type, a
ternary ordered variant of Mg5Si6-‘[ype.22 Quaternary germanides RE4M,InGes (M = Mn,
Ni) adopt the Ho4Ni>InGey-type structure with a more complex site distribution.>° The
structure of Nd4sMn,GesOy ¢ consists of layers, lying parallel to the ab-plane, that are also
built up of double-chains of edge-sharing MnGe, tetrahedra but now they are connected
through Ge, dimers (2.58 A) (Figure 3-1b). Between the layers, there are not only Nd
atoms, but also isolated Ge3 atoms that are coordinated in a square planar geometry by
the surrounding Gel and Ge2 atoms at very long distances (3.00-3.16 A). There are
octahedral voids (Wyckoff position 2b) located between pairs of Ge3 atoms that are
suitable to be partially occupied with interstitial oxygen atoms. The only other example
of a compound crystallizing in this space group with Wyckoff sequence i°ba is La;PdO5,
which also has octahedral voids filled with oxygen atoms in 25, but the connectivity of
structural elements is otherwise quite different.’’ Test reactions with the composition
“Nd4Mn,GesO;_,” are in progress to determine if the interstitial oxygen atoms are
intrinsic to the stabilization of this structure. The occurrence of isolated Ge atoms in the
host structure is certainly unusual, and contrasts with other cases in which occupation of
larger atoms in the same site at similar distances of 3.0 A to surrounding atoms implies
weak bonding (SnSng square planes in Yb4Mn28n522 or InGes square planes in

REM>InGes (M = Mn, Ni).?*
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Figure 3-2  Plots of (a) magnetic susceptibility as a function of temperature at 0.5 T
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The magnetic properties of RE3Mn,Ge; (RE = Ce—Nd) are quite complex, with
multiple transitions seen in the temperature dependence of the magnetic susceptibility
(Figure 3-2a). The high-temperature regions of the magnetic susceptibility could not be
fit to the Curie-Weiss law. All eventually undergo downturns in the magnetic
susceptibility at low temperature (near 2 K for Ce;Mn,Ges, 25 K for Pr;Mn,Ges, and 20
K for Nd;Mn,Ges), suggesting antiferromagnetic ordering. Magnetization curves
measured at 2 K reveal several field-dependent transitions and significant hysteresis for
Pr;Mn;Ge; and Nd;Mn,Ge; (Figure 3-2b). The magnetizations at the highest field (50
kOe) are well below the theoretical saturation values expected for the trivalent RE species
alone (2.1 pp/Ce*", 3.2 pg/Pr'", 3.3 ug/Nd>"). Further interpretation is difficult at this
point but it is worthwhile noting that a neutron diffraction study on Tb;Co,Ges shows
various spiral antiferromagnetic orderings associated with field-dependent transitions.’
Similar spin-reorientation processes are likely occurring in RE;Mn,Ges.

3.4. Conclusions

The preparation of RE;Mn,Ge; suggests that ternary germanides RE3;M>Ges; with
the Hf3Ni,Si3-type structure containing other earlier transition-metal components M may
be worthwhile targeting. The very long interlayer Ge—Ge distance found in Ce;Mn,Ges
implies that this contact is probably not essential for the stability of this structure type.
The minor oxidation product NdsMn,GesOg ¢ identified in the course of this investigation
illustrates the potential for the YbsMn,Sns-type and related structures like HosMn;,InGey

to accommodate small interstitial atoms like oxygen.
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Chapter 4

Rare-earth manganese germanides RE,. MnGe,., (RE = La, Ce) built from four-

membered rings and stellae quadrangulae of Mn-centred tetrahedral

A version of this chapter has been published. Oliynyk, A. O.; Mar, A. J. Solid State Chem.

2013, 206, 60—65. Copyright (2014) by Elsevier.

4.1. Introduction

Among ternary rare-earth manganese germanides, the most commonly
encountered phases are REMngGes (HfFesGes-type and related structures),l’2 REMn,Ge,
(CeGazAlz-type),3'5 REMnGe (PbFCI- or TiNiSi-type)f'7 and REMn,Ge, (CeNiGe,-
‘[ype).8 The temperature and synthetic method can strongly influence the formation of
such ternary phases. For example, the equiatomic compound CeMnGe can be prepared
either by arc-melting and annealing at 400 °C’ or by induction-melting and annealing at
800 °C,° whereas NdMnGe fails to form by arc-melting and annealing at 600 °C'° but
does form by induction-melting and annealing at 800 °C.° Many of these compounds
exhibit interesting magnetic properties, such as ferromagnetic or ferrimagnetic ordering
at relatively high temperatures for REMn6Ge6,1’“'13 REanGez,M'16 and REMnGe.%’
Systematic investigations of phase equilibria have been conducted for only a few RE-
Mn—-Ge systems (RE = Ce, Nd, Gd, Tb, YD), typically at temperatures ranging from 400
to 900 °C;17 for example, the isothermal section of Ce—-Mn—Ge at 400 °C indicates the

occurrence of CeMn,Ge,, Ce;MnGeg, Ce;MnGes, and CeMnGe.’
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The close relationship of the quaternary germanides REsMn,InGes (HosNixInGey-
type) to the ternary indium-containing germanides RE>InGe, (Mo,FeB;-type) has been
highlighted."® In the course of this investigation, we wondered if the corresponding
ternary manganese-containing germanides “RE,MnGe,” could be prepared, given that
RE,MGe, (Sc,CoSip-type) is known for M = Co, Ru, Rh, Os, Ir.1-28 Targeting this
composition has led instead to the germanides RE»+MnGe,+, (RE = La, Ce) adopting a
new structure type. The crystal structure and physical properties of the La member are
presented here.

4.2. Experimental
4.2.1. Synthesis

Mixtures with various loading compositions within 1% of “RE4MnyyGesp” in the
RE-Mn—Ge phase diagram in a total mass of 0.3 g were prepared from freshly filed RE
pieces (RE = La—Nd, Sm, Gd—Tm, Lu, 99.9%, Hefa), Mn powder (99.96%, Alfa-Aesar),
and Ge powder (99.9999%, Alfa-Aesar). They were pressed into pellets, which were arc-
melted twice on a Centorr 5TA tri-arc furnace on a water-cooled copper hearth under an
argon atmosphere. The weight loss after arc-melting was less than 1%. The arc-melted
ingots were then sealed within fused-silica tubes and annealed at 800 °C for two weeks,
followed by quenching in cold water. Powder X-ray diffraction (XRD) patterns were
collected with Cu Ko, radiation on an Inel diffractometer equipped with a curved
position-sensitive detector (CPS 120) (Figure A3-1). Attempts were made to prepare the
title compounds for many RE components (from La to Lu), but the syntheses were
successful only for RE = La and Ce. The highest yield (99%) of the La-containing

ternary phase was obtained from the loading composition “LasoMnyyGes”, whereas small
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amounts of other phases (e.g., Ce—Ge binaries) were generally found in the Ce-containing
samples. The tetragonal cell parameters refined from the powder XRD patterns with use
of the CSD suite of programs® were a = 16.061(2) A, ¢ = 8.169(1) A, V = 2107.2(8) A°
for Lay,MnGe,.,, and a = 15.769(3) A, ¢ = 8.048(2) A, ¥V = 2001(1) A’ for
Cer+.MnGe;+,. The chemical compositions were determined from energy-dispersive X-
ray (EDX) analysis on a JEOL JSM-6010LA scanning electron microscope (Figure A3-
2). Small single crystals of Lay.MnGe,:, extracted from the La-containing sample
showed a composition (43(2)% La, 18(1)% Mn, 39(2)% Ge) close to the loading
composition (40% La, 20% Mn, 40% Ge). Polished surfaces of the Ce-containing
samples revealed the presence of up to three phases, including Ce,+.MnGes,, (43(2)% Ce,
18(1)% Mn, 39(2)% Ge), Ce;Ge, and another ternary phase with a different composition
(40(2)% Ce, 25(1)% Mn, 35(2)% Ge). Although the compounds RE»MnGe,:, only
form for RE = La and Ce, this other ternary phase with approximate composition
“RE4MnysGess” was observed for a wide range of rare-earth metals (RE = Ce-Nd, Sm,

Gd-Dy). Efforts are underway to further characterize “REsMn,sGess”.

4.2.2. Structure determination

Intensity data for two single crystals of La+MnGe,+, were collected at room
temperature on a Bruker PLATFORM diffractometer equipped with a SMART APEX II
CCD area detector and a graphite-monochromated Mo Ka radiation source, using @
scans at 7-8 different ¢ angles with a frame width of 0.3° and an exposure time of 12 s
per frame. Face-indexed absorption corrections were applied. Structure solution and

refinement were carried out with use of the SHELXTL (version 6.12) program package.30
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The centrosymmetric tetragonal space group P4/nmm was chosen on the basis of Laue
symmetry, systematic absences, and intensity statistics. Initial positions for most atoms
were revealed by direct methods. However, significant electron density remained at five
sites all lying on the line %, %, z located within large tunnels in the structural model.
These sites were assigned as La or Ge atoms (labeled La5, La6, Ge5, Ge6, and Ge7), with
consideration taken on the coordination environment provided by surrounding atoms in
the tunnels and reasonable interatomic distances. To avoid unphysically short distances
(La5-La6, 0.5 A; Ge5-Ge6, 0.9 A), these sites must be partially occupied. Constraints
were applied such that: (i) the occupancies sum to unity for La5 and La6, and similarly
for Ge5 and Ge6; (ii) the occupancies are equal for La5 and Ge6, and they are equal for
La6, Ge5, and Ge7; (iii) the displacement parameters are equal for La5 and La6, and they
are equal for Ge5, Ge6, and Ge7. The interpretation of this structural model is that there
are two possible local orderings (La5—-Ge6—La5... and La6—Ge5—Ge7-La6...) to account
for the disorder manifested as a string of five sites within the tunnels. When refinements
were performed subject to these constraints, the resulting compositions for the two
crystals examined were La, 12()MnGe; 16(1) and Lay 131)MnGe; 17¢1). These compositions
(40% La, 19% Mn, 41% Ge) are consistent with the loaded reaction composition as well
as the EDX analysis.  Atomic positions were standardized with the program
STRUCTURE TIDY.*' For brevity, the results for only one of these crystals are
tabulated. Table 4-1 lists crystal data and details of the data collection, Table 4-2 lists
positional and displacement parameters, and Table 4-3 lists selected interatomic
distances. Further data, in CIF format, have been sent to Fachinformationszentrum

Karlsruhe, Abt. PROKA, 76344 Eggenstein-Leopoldshafen, Germany, as supplementary

90



material No. CSD-426272 and can be obtained by contacting FIZ (quoting the article

details and the corresponding CSD numbers).

Table 4-1 Crystallographic data for La+,MnGe,.,.

Formula

Formula mass (amu)
Space group

a(A)

c(A)

V(A%

VA

Praled (g cm )

T'(K)

Crystal dimensions (mm)

Radiation

(Mo Ko)) (mm ™)

Transmission factors

26 limits

Data collected

No. of data collected

No. of unique data, including Fy> < 0
No. of unique data, with Fy* > 20(F,?)
No. of variables

R(F) for Fy* > 20(F,%) *

Ry(Fs) "

Goodness of fit

(AP)umax, (AP)min (e A7)

Las io(yMnGes 161y
507.10

P4/nmm (No. 129)
16.0491(4)
8.1587(2)
2101.47(9)

16

6.411

296

0.09 x 0.05 x 0.04

Graphite monochromated Mo Ka, A =
0.71073 A

31.28

0.233-0.463
3.58-66.36°
24<h<24,-24<k<24,-12<[<12
29480

2227 (Rin = 0.065)
1880

70

0.022

0.044

1.07

5.66,-5.73

" R(F) = XIF| ~ || / SIF,| for Fy > 20(Fy).

° RUFS) = [XIW(F, — FOY11 SwFN" w = [0°(F)) + (4p)’ + Bp), where p = [max(F,’,0) +

2F /3.
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Table 4-2 Positional and equivalent isotropic displacement parameters (A?) for

Lay+,MnGey-,.
Atom Wy.cl.<off Occupancy x y z Ue% N Uiso
position (A7)

Lal & 1 0.11027(2) 0.11027(2)  0.69469(4)  0.0103(1)
La2  8i | v, 0.06483(2)  0.34409(4)  0.0099(1)
La3 8k 1 037493(2) 0.625072) % 0.0091(1)
Lad 8¢ | 0.42052(1)  0.57948(1) 0 0.0090(1)
La5  2c 0.7294)° v, 0.00032)  0.0186(4)
La6 2c 0.279(3)° Ya Ya 0.0628(6) 0.0186(4)
Mnl  8i 1 v, 0.03398(6)  0.97817(11)  0.0120(2)
Mn2  8i | v, 0.66533(6)  0.86516(11)  0.0101(2)
Gel & 1 0.04218(3) 0.04218(3)  0.33255(8)  0.0102(1)
Ge2 8§ | 0.113133) 0.113133)  0.07537(8)  0.0090(1)
Ge3 8 1 v, 0.52695(4)  0.70039(8)  0.0105(1)
Ged 8 | v, 0.61051(4)  0.18301(8)  0.0090(1)
Ge5  2c¢ 02793)" % v, 0.4289(7)  0.0182(4)
Ge6  2¢ 0.7294)° v v, 0.54033)  0.0182(4)
Ge7l 2 02793)° % v, 0.7196(7)  0.0182(4)

oq 1 defined as one-third of the trace of the orthogonalized Uj tensor.

b

Occupancies were constrained to be equal for La5 and Ge6, and equal for La6, Ge5, and

Ge7.
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Table 4-3 Selected interatomic distances (A) in La MnGeos,.

Lal-Ge2 3.1065(7) La5-Ge2 (x4) 3.1664(7)
Lal-Ge3 (x2) 3.1435(5) La5-Ge5 3.498(6)
Lal-Ge7/Ge6 3.1780(5)/3.4126(9)  La5-Geb6 3.753(7)
Lal-Gel 3.3344(7) La6-Ge2 (x4) 3.1083(6)
Lal-Gel 3.4673(7) La6-Ge7 2.800(7)
La2-Ge5/Geb6 3.0513(14)/3.3754(11) La6-Ge5 2.987(8)
La2-Ge4 3.1057(7) Mn1-Ge3 2.4683(11)
La2-Ge2 (x2) 3.1988(5) Mn1-Ge2 (x2) 2.6585(6)
La2-Ge3 3.2590(7) Mn1-Ge4 2.8584(12)
La2-Gel (x2) 3.3564(5) Mn2-Ge3 2.5960(11)
La3-Ge3 (x2) 3.0286(5) Mn2-Ge4 (x2) 2.6482(7)
La3-Ge4 (x2) 3.2807(5) Mn2-Ge4 2.7385(11)
La3-Gel (x2) 3.2926(4) Mn2-Mn2 2.718(2)
La4-Ge4 (x2) 3.1570(4) Mn2-Mn2 (x2) 2.921(2)
Lad-Ge2 (x2) 3.1977(5) Gel-Ge2 2.6449(9)
Lad4-Gel (x2) 3.3959(6) Ge5-Ge7 2.372(8)

4.2.3. Electrical resistivity and magnetic susceptibility measurements

The sample prepared from the loading composition “LasoMnyoGesy” contained
suitable crystals and high purity (99%) of the ternary phase La;,MnGe,:,. Standard
four-probe electrical resistivity measurements between 2 and 300 K were made on single
crystals of Lay,MnGe,,, whose identities were confirmed by EDX analysis, on a
Quantum Design Physical Property Measurement System (PPMS) equipped with an ac
transport controller (Model 7100). The current was 100 pA and the frequency was 16

Hz. Measurements of dc magnetic susceptibility were made between 2 and 300 K under
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an applied field of 0.5 T on a Quantum Design 9T-PPMS magnetometer. Isothermal
magnetization curves were measured at various temperatures from 0 to 50 kOe.
Susceptibility values were corrected for contributions from the holder and sample

diamagnetism.

4.3. Results and discussion

The ternary germanides RE>..MnGe,+, (RE = La, Ce), prepared by arc-melting
and annealing at 800 °C, are new phases in the La-Mn—Ge and Ce-Mn—Ge systems. The
formula is close to “RE,MnGe,” but with a slight excess of RE and Ge, as suggested by
the composition obtained from crystal structure refinements on the La member,
~La; ;MnGe,,. This composition differs slightly from RE,MGe, (M = Co, Ru, Rh, Os,
Ir),19'28 but is close to RE}17Crs,Ge; and RE | 17FesyGeyn (or ~RE2.2MG62_2)10’32’33 as well
as the stannide Dy,7Cos7Sn;, (or ~Dy2_1COSn2.0).34 Notwithstanding the nearly identical
compositions, the tetragonal structure of La, MnGe,, is unrelated to the monoclinic
structure of RE,MGe; (Sc,CoSip-type), which is built up of Ge-centred trigonal prisms,
and bears only a remote resemblance to the cubic structures of RE;7Ms,Ge;rn
(Tb117Fe5zGem-type)32 and Dy;17Cos7Sn;12 (own type)34 to the extent that these also

contain densely packed atoms arranged in complex clusters within very large unit cells.
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Figure 4-1 Structure of RE,,,MnGe,,, (RE = La, Ce) viewed down the c-direction. The

large blue circles are RE atoms, the small green circles are Mn atoms, and the medium red circles
are Ge atoms.
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Figure 4-2 Polyhedral representation of Figure 4-3 Arrangements of  Mnl-
RE,,MnGe,., highlighting the Mn1- (yellow) centred tetrahedra in a four-membered 'ring
and Mn2-centred tetrahedra (orange), viewed (top) and of Mn2-centred tetrahedra in a
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down the c- (top) or b-direction (bottom). stella quadrangula (bottom).
The most straightforward way to describe the structure of La; ;MnGe;; 1s in terms

of a Mn—Ge framework, built up of Mn-centred tetrahedra, that outlines tunnels within
which are located La atoms and additional Ge atoms (Figure 4-1). The tetrahedra are
condensed to form layers parallel to the ab-plane (Figure 4-2) and are found in two types
of arrangements (Figure 4-3). The Mnl-centred tetrahedra share corners to form a four-
membered ring, an unusual arrangement analogous to cyclosilicates [SisO1,]* found in

BaCuSi,Og (renowned as an ancient pigment, “Han purple””

, as well as a model spin
system for Bose-Einstein condensation®®). These four-membered rings are decorated by
additional Gel atoms that bond with the bridging Ge2 atoms to form Ge, dimers (2.645
A). The Mn2-centred tetrahedra share edges to form a stella quadrangula, which can be
viewed as tetracapped tetrahedron, or four filled tetrahedra surrounding an empty one.
Both types of tetrahedra are distorted, with Mn—Ge distances (2.468—2.858 A around
Mnl, 2.596-2.738 A around Mn2) that are greater than the sum of the Pauling metallic
radii R; (Mn—Ge, 2.42 A)37 and comparable to those found in LasMn,InGe,; (2.611-2.654
A)."®  The edge-sharing of the Mn2-centred tetrahedra leads to shortened Mn—Mn
contacts (2.718-2.921 A). The four-membered rings and the stellae quadrangulae are
connected together through edge-sharing, four of one type around the other, and vice
versa.

The most complicated part of the structure arises from disorder of La and Ge
atoms occupying five closely spaced split sites located along Y4, %4, z (and %, %4, z) within

the tunnels centred within the interior of the four-membered rings of tetrahedra. These

sites are all in Wyckoff position 2¢ and are partially occupied, with one set (La5, Ge6) at
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roughly 70% and the other set (La6, Ge5, Ge7) at roughly 30%. (An earlier precedent for
split Ge sites within similar types of tunnels can be found in Li5C€26G€22+x.38) A local
ordering arrangement can be proposed in which the La atoms are octahedrally
coordinated by Ge atoms, while the Ge atoms are either isolated (Ge6) or form Ge;
dimers (Ge5-Ge7) (Figure 4-4). Two of the distances verge on being inappropriately
short (cf. La6-Ge7, 2.800 A and Ge5-Ge7, 2.372 A with the sums of Pauling metallic
radii, La—Ge, 2.93 A and Ge-Ge, 2.48 A),” but they may be an artefact of taking an
average of a more irregular site occupation than proposed in the simplified picture shown
in the figure.

Electrical resistivity measurements confirm the metallic behaviour expected for
La, ;MnGe,,, but the temperature dependence is rather weak, as shown for a
representative sample (Figure 4-5a). For four crystals tested, the absolute resistivity
values are high (px = 750-950 pQ-cm) and the relative resistivity ratios are small
(p300x/ ok = ~1.2), consistent with the disorder present in the crystal structure. The
appearance of the magnetic susceptibility vs. temperature curve, which does not follow
the Curie-Weiss law (Figure 4-5b), and the approach to saturation observed in the
magnetization vs. field curves at 2 and 300 K (Figure 4-5c) both suggest that
La, ;MnGe; ; undergoes ferro- or ferrimagnetic ordering with a Curie temperature above
300 K. In this compound containing a nonmagnetic RE component, it is assumed that
only the Mn moments contribute to the overall magnetization. As noted above, there are
close Mn—-Mn separations (2.7-2.9 A) found within the stellae quadrangulae that are
likely the source of magnetic coupling interactions. The ternary germanides REMnGe

and REMn,Ge, also exhibit similar Mn—Mn distances and undergo complex magnetic
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ordering with transition temperatures typically well above 300 K (e.g., LaMnGe, 420 K;

LaMn,Ge,, 310 and 410 K).° Detailed interpretation of the magnetic behaviour of

La, ;MnGe,, will require further measurements at higher temperature and neutron

diffraction experiments.
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Figure 4-4  Proposed local ordering arrangements within tunnels in RE>MnGe;:,,
consisting of strings of RE5—Ge6—RES... atoms (left) or of RE6-Ge5—Ge7—RE6... atoms

(right).
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4.4 Conclusions

Although the originally targeted compounds “RE>MnGe,” were not formed at 800
°C, new phases RE,+.MnGe,+, with nearly this composition and adopting a surprisingly
complex structure were found in the RE-Mn—Ge (RE = La, Ce) systems. The region near
the RE,MnGe,—RE3Mn,Ges line in the phase diagrams appears to be rich with additional
ternary compounds yet to be identified. In particular, the Ce-Mn—Ge system also
contains CesMn,Ge; (Hf3NiSiz-type) and ~CesoMnysGess (unknown structure), for

which characterization is in progress.
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Chapter 5

Investigation of the quaternary Ce—-Mn-In—Ge phase diagram and isothermal

sections of the boundary ternary systems at 800 °C

A version of this chapter has been published. Oliynyk, A. O.; Djama-Kayad, K.; Mar, A.

J. Alloys Compd. 2015, 622, 837-841. Copyright (2014) by Elsevier.

5.1. Introduction

In contrast to ternary rare-earth transition-metal germanides RE-M—Ge, which are
numerous and valued for their diverse physical properties, quaternary germanides
containing a p-block metalloid component are still relatively uncommon. For example,
despite the potentially large number of element permutations, quaternary phases within
the RE-M-In—-Ge systems have so far been limited to REsM,InGes (M = Mn,1 Niz),
RE7C041nGe:12,3 RE7Ni5,xIn6Ge3+x,4’5 and Yb3AuIn3Ge:2.6 The combination of In and Ge is
interesting because their similar electronegativities lead to a competition between
heteroatomic (In—-Ge) and homoatomic (Ge—Ge) bonding arrangements. Many of these
quaternary phases were discovered, probably serendipitously, in the course of flux-

growth reactions. >

To date, there has been no systematic study of the phase equilibria
within the quaternary phase diagrams to determine whether these are truly
thermodynamically stable phases. As a step towards greater understanding of these

quaternary systems, which are experimentally more difficult to investigate, we wish to

undertake a study of the boundary ternary systems. I would want to focus your attention
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on the Ce-Mn—-In—-Ge system, particularly on clarifying the existence of any missing
ternary phases because this is an essential prerequisite for characterization before the
formation of more complex quaternary phases can be examined.

Within the Ce—-Mn—In system, only one ternary compound, CeMny ¢7In; 33, has
been established.” Within the Mn—In—-Ge system, no ternary compounds are known.
Within the Ce—In—Ge system, previously studied at 600 °C, five ternary compounds have
been reported, but not all of them have been well characterized.® The Ce-Mn—Ge system
is perhaps the most noteworthy. Isothermal sections of phase diagrams for many rare-
earth manganese germanium systems RE-Mn—Ge have been previously investigated at
various temperatures for RE = Ce (400 °C),” Nd (600 °C),'’ Gd (700 °C),"" Tb (600 °C),"
Er (600 °)," and Yb (400 °C)," revealing the existence of many ternary phases. Ternary
Ce-Mn-Ge phases display a wide variety of magnetic behaviour (e.g.,
antiferromagnetism in CeMnGe;15 ferromagnetism in CeanGezl6'18 and CezMnGe619)
that depend sensitively on Mn—Mn distances. Moreover, recently reported two new
ternary phases prepared at 800 °C, Cez+anGez+y2° and Ce3anGeg,21 that do not appear
in the phase diagram at 400 °C.° To elucidate the phase equilibria and corroborate the
formation of ternary phases, we present here detailed determinations of the isothermal
sections of all four boundary ternary systems at 800 °C, a more challenging endeavour
given that melting and decomposition processes are more likely to take place near this

higher temperature. Reactions were also conducted to probe the existence of quaternary

Ce—Mn—In—Ge phases.

105



5.2. Experimental

Freshly filed Ce pieces (99.9%, Hefa), Mn powder (99.96%, Cerac), In shot
(99.999%, Cerac), and Ge powder (99.9999%, Alfa-Aesar) were combined in various
loading compositions, each with a total mass of 0.3 g. The mixtures were pressed into
pellets and arc-melted twice in a Centorr STA tri-arc furnace or an Edmund Biihler
MAM-1 arc-melter on a water-cooled copper hearth under an argon atmosphere. Weight
losses after arc-melting were negligible. The ingots were sealed in evacuated fused-silica
tubes and annealed at 800 °C for one week, after which they were quenched in cold
water. Calibration against the melting point of Ce (798 °C), which is close to the
annealing tempeature of 800 °C, indicated that the high-temperature furnaces used for
these annealing experiments typically have a precision of 2-3 degrees within the
temperature setpoint. This is particularly important to establish in this investigation
because literature data indicates that Ce;Ge decomposes at 790 °C, Mn,Ge begins to
form at 790 °C, and Mn;;Geg decomposes at ~796 °C.22 Ground samples were examined
by powder X-ray diffraction (XRD), performed with Cu Ko, radiation on an Inel
diffractometer equipped with a curved position-sensitive detector (CPS 120). Cell
parameters were refined from the powder XRD patterns with use of the CSD suite of
programs.*® Polished samples embedded in resin were examined by energy-dispersive X-

ray (EDX) analysis, performed on a JEOL JSM-6010LA scanning electron microscope.
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5.3. Results and discussion

About 20-30 samples within each of the ternary Ce-Mn—In, Ce—In—Ge, and Mn—
In—Ge systems and about 40 samples within the more complex Ce-Mn—Ge system were
prepared with various loading compositions. Over 80 four-component samples within the
quaternary Ce-Mn—In—Ge system were prepared in increments of 10 at.% for each
component, to an upper limit of 70% in the content of In because of its high solubility
with the other three components. The overall chemical composition of each sample
(quaternary and ternary) was confirmed through EDX analysis of a global SEM image
viewed at low magnification; in general, the observed compositions agree well with the
nominal loading compositions. Chemical compositions of individual phases were
obtained through EDX point analyses. The identity and number of phases present in each
sample were determined by XRD analysis and the corresponding points on the phase
diagrams were located at the observed compositions as determined by EDX analysis
(Tables A4-1-A4-2 and Figures A4-1-A4-2). Table 5-1 summarizes the binary, ternary,
and quaternary phases formed at 800 °C, including their refined cell parameters, and
Figures 5-1-5-4 show the isothermal sections of Ce—Mn—In, Mn—In—Ge, Ce—In—Ge, and

Ce—Mn—Ge phase diagrams.
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Table 5-1 Binary, ternary, and quaternary phases in the Ce-Mn—In—Ge system at 800 °C.

801

Phase Structure type Space group a(A) b(A) c(A)
Binary phases

CesGes (up to 5%  MnsSis P63/mem 8.842(4)-8.937(2) 6.602(5)-6.668(2)
Mn solubility)

CesGes ThsP,4 143d 9.205(1)

CesGey SmsGey Pnma 7.954(4) 15.235(5) 8.044(3)
CeGe FeB Pnma 8.301(4) 4.082(1) 6.009(1)
S-CeGer, GdSi, 4 Imma 4.215(1) 4.271(1) 14.083(4)
Cesln CusAu Pm3m 4.978(1)

CezIn Coy75Ge P63/mmc 5.551(4) 6.884(3)
Ceslng (up to 5% No data

Mn solubility)

Ceslns PusPds Cmcem 10.220(3) 8.308(4) 10.529(4)
Celn, KHg, Imma 4.724(4) 7.606(3) 9.002(2)
Celn; CuzAu Pm3m 4.683(1)

Mn; 4Ge Mg;Cd P63/mmc 5.367(5) 4.139(3)
Mn;sGe, Mn;sGe, P3cl 7.188(2) 13.059(4)
Mn,Ge Co.75Ge P63/mmc 4.174(8) 5.272(6)
Mn;sGe; Mn;Si; P6s/mem 7.187(1) 5.058(2)
Mn;Geg Cr;1Geg Pnma 13.211(2) 5.0863(9) 15.875(4)



Mng 75In3 25 CuyAly P43m 9.428(2)

Ternary phases

Celn; 33Mng g7 AlB, P6/mmm 4.919(3) 3.768(4)

Ce;InGe; Mo,FeB, P4/mbm 7.565(2) 4.379(1)

Cei1lneGey Sm;IneGey 14/mmm 12.003(4) 16.609(3)

CeslIng soGey 11 Gd;Ga 14/mem 12.139(2) 15.905(2)

Ceslng 33Geg o7 Tl4PbTes 14/mcm 8.482(3) 11.515(2)
CeMn,Ge, CeAl,Ga, 14/mmm 4.126(1) 10.914(4)
Ce,MnGeg Ce,CuGeg Amm?2 4.302(2) 4.1616(8) 21.125(3)

CeMnGe PbCIF P4/nmm 4.190(1) 7.362(1)

CesMnyGe;s Hf;Ni1,Si; Cmcm 4.3255(8)-4.3149(5) 11.621(2)-11.587(5) 14.660(2)-14.632(3)
Ces3Mn 3Gesg Lay. . MnGes, P4/nmm 15.729(5) 7.978(4)

Quaternary phases

CesMnyInGey Ho4NiyInGey C2/m 16.468(5) 4.3722(4) 7.3903(5)
£ =106.728(5)°

CeoMn,InGe, No data

* This ternary phase has a small homogeneity range, CesslngGejs—CesglnsyGeyg, with cell parameters for this solid solution
deviating up to 0.01 A. ° This ternary phase has a small homogeneity range, Ces7 sMnysGes7 s—CesoMnysGess, with cell parameters for
the Ge-rich limit taken from the single-crystal structure [21].
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Figure 5-3 Isothermal section of the Ce—In—Ge system at 800 °C
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Figure 5-4 Isothermal section of the Ce—-Mn—Ge system at 800 °C
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Within the six boundary binary systems, no Ce—-Mn or Ge—In phases are known,
and the existence of all expected binary phases was confirmed:
(1) Ce—Ge. Among the five binary Ce—Ge phases, none exhibits any solubility of In, but
two of them undergo up to ~5% solubility of Mn. First, CesGes can accommodate Mn,
likely through a substitutional solid solution given that CesGe; and MnsGe; both adopt

225 even though Ce and Mn differ significantly in size.”®

the MnsSis-type structure,
Evidence for this solubility comes from variations in cell parameters and from the
presence of Mn within the CesGes phase through EDX analysis. Second, f-CeGe,_,
already exhibits deviations in composition in the form of Ge deficiencies within partially
occupied sites;”’ introduction of Mn adds one more compositional degree of freedom,
probably through Mn inclusions within voids in the parent structure. This proposal is
supported by the observation that the cell parameters remain nearly unchanged upon
solubilizing Mn within f-CeGe,.,.

(2) Ce—In. Among the six binary Ce—In phases, none exhibits any solubility of Ge, but
Ceslng undergoes up to ~5% solubility of Mn. Ceslng has an unknown structure but it
appears in all previously reported Ce—In phase diagrams.* Evidence for the formation of
Ceslng was provided only through EDX analysis. Our attempts to determine the structure
of Ceslns have been thwarted so far by the poor quality of all crystals examined on a
single-crystal X-ray diffractometer.

(3) Mn—Ge. All five binary Mn—Ge phases were confirmed, but two of them have been
reported to undergo transitions at temperatures close to 800 °C: Mn,Ge (forms above

790 °C) and Mn;;Ges (decomposes above ~796 °C).”* These two phases were observed

in the Ce-Mn—Ge system but not in the Mn—In—Ge system (where they are marked with
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dashed circles in Figure 5-2). This inconsistency is likely attributed to the use of
different furnaces for annealing samples within these systems, as well as to slight
temperature inhomogeneities within the furnaces. It is also possible that there may be
small inaccuracies in the reported transition temperatures. None of these binary
germanides show any significant solubility of the other components (Ce or In). MnsGes,
Mns;4Ge, and »-Mn show only rather small homogeneity ranges (<3%) of the binary
components.
(4) Mn—In. Only one binary phase, Mng 75Ins»5, was found, with no solubility of the
other components (Ce or Ge).

Within the four boundary ternary systems, no Mn—In—Ge phases are known but a
variety of ternary phases were found in the other systems:
(1) Ce—Mn—In. Only one ternary phase, Celn; 33Mny¢7, forms. It adopts the hexagonal
AlIB,-type structure in which In and Mn atoms are disordered within the same site.
(2) Ce-In—-Ge. Four ternary phases (Ce;InGe,, CeslnggoGer i1, CeplngGes, and
Ceslng 33Gepg7) were found at 800 °C; in contrast, a fifth ternary phase (Ces;ln;Ges)
previously found at 600 °C* does not form and is thus a low-temperature phase only.
Ceslng 33Geg g7 exhibits a slight solid solubility range of 5 at.% on the In—Ge section (at
constant Ce content), the same as at 600 °C;® the change in cell parameters is small,
within 0.01 A.
(3) Ce—Mn—Ge. Five ternary phases are formed at 800 °C: CeMn,Ge,, Ce;MnGe,
CeMnGe, CesMn,Ges, and CessMn; gGesg. In contrast, at 400 °C, the ternary phases
formed are CeMn,Ge,, CeoMnGeg, CeoMnGes, and CeMnGe.’ Thus, Ce,MnGes is a

low-temperature phase, whereas CesMn,Ges and Ces3Mn;3Gesg are confirmed to be new
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high-temperature phases. These two high-temperature phases are very close in
composition but can be distinguished in SEM micrographs (Figure A4-5). The first high-
temperature phase, Ce;Mn,Ges;, exhibits a small homogeneity range (~2%), from the
ideal composition Ces7sMnysGesrs to a slightly germanium-poorer composition
Ce4oMnysGess. The powder XRD patterns of these two limiting compositions are very
similar and give nearly identical cell parameters (deviating by 0.01-0.03 A)
corresponding to the orthorhombic Hf;Ni,Si3-type structure.”® Analogous to f-CeGe;_,,
we propose that slight Ge deficiencies in the structure may account for the compositional
deviation, CesMny(Ge;_,)s (x = 0-0.1). In fact, this Ge-deficient phase was probably
what was first observed when it was detected in a separate investigation.” It is certain
that RE;Mn,Ges; with the Hf3Ni,Si3-type structure forms for early RE components (Ce,
Pr, Nd).21 However, although the composition RE4MnysGess was also observed for later
RE components (Sm, Gd, Tb, Dy), it does not appear to correspond to a Hf3Ni,Sis-type
phase.zo The second high-temperature phase, CessMn;3Gesg, can also be reformulated
approximately as Ce;3MnGe,;, to better reflect the tetragonal Lar..MnGe,. -type
structure that it adopts.”’ Notwithstanding the formula of this structure type, the
homogeneity range is negligible. The nonstoichiometry originates from a complicated
disorder of RE atoms, Ge atoms, and Ge, dimers within tunnels in the structure.

Within the quaternary Ce—Mn—In—Ge system, the existence of CesMn,InGe, has
been confirmed. In RE;M>InGes (M = Mn,' Ni*) compounds for which crystal structures
have been refined, the In site is found to be slightly deficient (~90% occupancy), but it
has not been clear if a homogeneity range is possible. EDX analysis of all samples

containing CesMn,InGe, showed that the composition of this phase remains fixed with an
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In content of 92.5-93.4%. This observation indicates that the In substoichiometry is
intrinsic and does not arise from formation of a solid solution within the quaternary
system. A second quaternary phase with the nominal composition Ce;Mn,InGe, was also
discovered.  Despite many attempts to select single crystals for X-ray diffraction
experiments and to change synthetic conditions to obtain larger crystals, the structure
determination of this phase remains elusive. Efforts to improve crystal growth of this

phase are ongoing.
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Chapter 6

Quaternary germanides RE4sMn;InGe4 (RE = La-Nd, Sm, Gd-Tm, Lu)

A version of this chapter has been published. Oliynyk, A. O.; Stoyko, S. S.; Mar, A. Inorg.

Chem. 2013, 52, 8264-8271. Copyright (2013) by ACS Publications.

6.1. Introduction

Ternary rare-earth transition-metal germanides RE-M-Ge form a large class of
compounds that exhibit a rich variety of structures and physical properties; they have
been especially well investigated for systems containing a first-row or later d-block
element.'” Ternary germanides are also known in which the M component is extended to
include p-block metalloids from groups 13 and 14. Within the RE-In—Ge system, there

. 3-11
exist several ternary phases,

the most common being RE>InGe, which forms for many
RE members.”® The presence of two metalloids with similar electronegativities in these
compounds leads to interesting heteroatomic and homoatomic bonding networks in their
structures. Some of these compounds were initially discovered in the course of
experiments intended to promote the crystal growth of ternary rare-earth transition-metal
germanides. Through the use of a molten metal (such as Al, Ga, or In) behaving as a
reactive flux, however, ternary metalloid-containing germanides as well as quaternary
phases containing both a d-block and p-block component were obtained instead. In this

way, the series RE4Ni>InGes (RE = Dy, Ho, Er, Tm),"* RE;Co4InGe;, (RE = Dy, Ho,

Yb)," and YbsAuln;Ge, '* were identified as new quaternary phases in the RE-M-In—Ge
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system (where M = d-block element). On the other hand, a fourth series,
RE7Nis IngGes+, (RE = La—Nd, Sm), has been prepared simply through arc-melting of

1316 The combination of magnetically active species (from both the rare-

the elements.
earth and transition-metal components) and relatively complex crystal structures leads to
potentially diverse physical properties for these quaternary germanides. There has also
been some discussion in the literature on whether the flux-formed germanides represent
thermodynamically stable phases in their phase diagrams.

In this chapter the study describes synthesis of the quaternary germanides
REsMn;InGey, which are manganese-containing analogues of the REsNiInGey series,
and their structural characterization by powder and single-crystal X-ray diffraction. The
large range of RE substitution permits elucidation of structural trends within this series.
The close structural relationship between RE4M>InGes (M = Mn, Ni) and RE,InGe; is

highlighted, which apparently has not been explicitly described previously. Band

structure calculations were performed to evaluate the bonding in REsMn;,InGey.

6.2 Experimental
6.2.1 Synthesis

Starting materials were freshly filed RE pieces (RE = La-Nd, Sm, Gd—Tm, Lu;
99.9%, Hefa), Mn powder (99.96%, Alfa-Aesar), In shot (99.999%, Cerac), and Ge
pieces (99.9999%, Alfa-Aesar). Mixtures with the nominal composition “REsMn,InGe,”
were prepared from these elements, cold-pressed into pellets, and melted three times in a
Centorr 5TA tri-arc furnace on a water-cooled copper hearth under an argon atmosphere.

The weight loss after arc-melting was less than 1%. The arc-melted ingots were then
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sealed within evacuated fused-silica tubes and annealed at 800 °C for 12 d, followed by
quenching in cold water. The products were characterized by powder X-ray diffraction
(XRD) patterns, collected with Cu Ko, radiation on an Inel diffractometer equipped with
a curved position-sensitive detector (CPS 120). Qualitative analysis of the XRD patterns,
with use of the program Powder Cell to compare with theoretical patterns,'” revealed that
the title compounds were formed in conjunction with RE,;InGe,, REMn,Ge,, REMnGe,
and RE|Gejo as the most common accompanying phases (Table A5-1). Cell parameters
were refined with use of the CSD suite of programs '* and are listed in Table 1. Energy-
dispersive X-ray (EDX) analysis was performed on selected crystals on a JEOL JSM-
6010LA scanning electron microscope, operated with an accelerating voltage of 20 kV
and an acquisition time of 70 s. For four of the members of the REsMn,InGey series (RE
= La, Ce, Pr, Tm, Lu), these analyses gave experimental compositions (38-39% RE, 18—
19% Mn, 7-8% In, 35-36% Ge) that agree reasonably well with the fully stoichiometric
formula (36.4% RE, 18.2% Mn, 9.1% In, 36.4% Ge). As discussed below, there is
evidence for a slight substoichiometry in indium, corresponding to the formula
RE4Mn;Ing oGey, but the expected composition (36.7% RE, 18.3% Mn, 8.2% In, 36.7%
Ge) does not deviate sufficiently to permit the EDX analysis, which is typically precise to
only a few percent, to provide definitive support. For the remaining samples, overlap of

RE with Mn or Ge peaks in the EDX spectra precluded quantitative analysis.
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Table 6-1 Cell Parameters for RE;Mn,InGe4 (RE = La—Nd, Sm, Gd-Lu) *

compound a(A) b(A) c(A) B V(A%

LagMnInGe,  16.666(1)  4.4252(5)  7.5023(6)  106.958(4)  529.2(1)
CeMninGe,  16464(2)  43724(6)  7.3899(6)  106.743(4)  509.4(2)
Pr.MnInGes  16367(1)  43472(5)  7.3523(6)  106.876(5)  500.6(1)
NdMmInGe,  16299(4)  4333(1)  7.3352)  106.848(7)  495.8(4)
SmMnoInGe,  16.112(2)  427399)  7.229(1)  106.536(6)  477.2(2)
GdMnInGe,  16.018(2)  42427(7)  7.1732(6)  106.358(4)  467.8(5)
TbMmoInGes  15.921(4)  42032)  7.1202)  106.154(6)  457.6(5)
Dy:MnoInGes  15.857(2)  4.1900(6)  7.0938(5)  106.146(7) 452.7(2)
HoMmInGes  15.7732)  4.1661(5)  7.0549(6)  106.103(5)  445.4(2)
ErMnInGe,  15.7202)  4.1488(7)  7.0345(8)  106.027(4) 441.0(2)
TmMnoInGes  15.648(2)  4.1296(6)  6.9990(8)  105.996(6)  434.8(2)
LuMninGe,  155783)  4.101(1)  6959(1)  105.974(6) 427.4(3)

“ Refined from powder diffraction data.

6.2.2 Structure determination

Sufficiently large single crystals of REsMnyInGes, which were grey and
irregularly shaped, were available for RE = La—Nd, Sm, and Gd. Intensity data were
collected on a Bruker D8 diffractometer equipped with a SMART APEX II CCD area
detector and a Mo Ka radiation source, using @ scans at 6—8 different ¢ angles with a
frame width of 0.3° and an exposure time of 12 s per frame. Face-indexed numerical
absorption corrections were applied. Structure solution and refinement were carried out

with use of the SHELXTL (version 6.12) program package.'” The centrosymmetric
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monoclinic space group C2/m was chosen on the basis of Laue symmetry, systematic
absences, and intensity statistics. Direct methods revealed initial atomic positions
corresponding to the HosNi,InGestype structure.'>  Atomic coordinates were
standardized with use of the program STRUCTURE TIDY.*® Structure refinements were
straightforward except that the displacement parameters for the In site were consistently
elevated compared to the other sites. Successive refinements indicated partial occupancy
for the In site (ranging from 0.944(3) in the La member to 0.864(7) in the Gd member), in
contrast to full occupancies for all remaining sites (0.99(1)-1.02(1)). Similar
observations were previously made for the RE4Ni,InGe,4 series, for which the occupancy
of the In site was 0.96 or greater.12 For brevity, the idealized formula RE;Mn,InGey is
used in subsequent discussion but the nonstoichiometric formula REsMn;In; Gey is
retained in the crystallographic tables. Crystal data and further experimental details are
given in Table 6-2. Final values of the positional and displacement parameters are given
in Table 6-3 and selected interatomic distances are given in Table 6-4. Further data in the
form of crystallographic information files (CIFs) are available as Supporting Information
or may be obtained from Fachinformationszentrum Karlsruhe, Abt. PROKA, 76344

Eggenstein-Leopoldshafen, Germany (CSD-426119 to 426124).
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Table 6-2 Crystallographic Data for RE;Mn,InGe, (RE = La—Nd, Sm, Gd)

4!

formula

formula mass (amu)
space group

a(A)

b (A)

c(A)

Q)

V(A%

VA

Peatea (g cm™)

T(K)

crystal dimensions (mm)
radiation

(Mo Ka) (mm™)
transmission factors
20 limits

data collected

no. of data collected

no. of unique data,

LasMn,Ing g452)Gey
1064.38

C2/m (No. 12)
16.646(2)
4.4190(6)
7.4834(10)
106.893(2)
526.72(12)

2

6.711

173(2)

0.09 x 0.06 x 0.03

31.32
0.167-0.484
5.12-66.48°

—25<h<25,
—-6<k<6,
-11</<11

3733
1099 (Rip = 0.028)

CesMnyIng 9272)Ges
1066.93

C2/m (No. 12)
16.4357(6)
4.3652(2)
7.3742(3)
106.6390(10)
506.91(4)

2

6.990

173(2)

0.14 x 0.05 x 0.05

33.60
0.067-0.309
5.18-66.36°

24 <h<25,
—6<k<6,
-11<7<11

3628
1063 (Rin = 0.018)

PrsMnplng g9212)Ges
1068.94

C2/m (No. 12)
16.3401(11)
4.3470(3)
7.3425(5)
106.7210(10)
499.49(6)

2

7.107

173(2)

0.09 x 0.03 x 0.03

35.36
0.179-0.580
5.20-66.40°

24 <h<24,
—6<k<6,
-11<7<11

3612
1052 (R = 0.025)

NdsMn,Ing sg14Gey
1078.24

C2/m (No. 12)
16.249(3)
4.3313(7)
7.3185(12)
106.813(2)
493.05(14)

2

7.263

173(2)

0.11 x 0.04 x 0.03

37.04
0.123-0.454
5.24-66.40°

—24 <h <24,
—-6<k<6,
-10</<11

3642
1029 (Rip = 0.029)

SmyMn,Ing gp43)Ges
1104.98

C2/m (No. 12)
16.093(2)
4.2718(6)
7.2124(10)
106.458(2)
475.51(11)

2

7.717

173(2)

0.07 x 0.04 x 0.04

graphite monochromated Mo Ka,, 2= 0.71073 A

41.31
0.175-0.379
5.28-66.30°

—24 <h <24,
—-6<k<6,
-10</<10

3390
994 (R = 0.033)

GdsMn,Ing ge63)Ges
1128.56

C2/m (No. 12)
15.9808(9)
4.2363(2)
7.1590(4)
106.3040(10)
465.17(4)

2

8.057

173(2)

0.09 x 0.05 x 0.02

45.42
0.088-0.438
5.32-66.46°

—24 < h <24,
—-6<k<6,
-10</<11

3319
978 (Rin = 0.026)



including F,> <0

no. of unique data, with
F}>20(F,)

no. of variables

R(F) for F} > 20(F7)
Ry(F)’

goodness of fit

(Ap)maxa (Ap)min (e A3)

989

37

0.020
0.042

1.05
1.93,-1.12

1028

37

0.017
0.038

1.16
1.68,-1.25

942 912

37 37

0.020 0.026
0.047 0.066

1.07 1.07
2.62,-1.09 3.97,-1.40

896

37

0.022
0.052

1.07
3.34,-1.40

887

37

0.018
0.037

1.10
1.82,-1.11

9¢l

“RF) =Y\~ |Fll  SIFS). * RUFS) = [SIW(FS — FD 1 SwE, 1% w ! = [67(F,) + (dp)” + Bp], where p = [max(F,’,0) + 2F.’] / 3.



Table 6-3 Atomic Coordinates and Equivalent Isotropic Displacement Parameters for RE,;Mn,InGe, (RE = La—Nd, Sm, Gd)

La;Mn,Ing g4502)Gey4 CesMn,Ing 9572)Gey PrsMn;Ing 61 (2)Gey Nd4Mn2In0.881(4)Ge4 SmyMn,Ing g94(3)Ges Gd4Mn2In0.866(3)Ge4

RE1 in4i (x, 0, z2)

X 0.34869(2) 0.34856(1) 0.34779(2) 0.34837(2) 0.34697(2) 0.34642(2)

z 0.07052(4) 0.07032(3) 0.07133(4) 0.07190(5) 0.07277(4) 0.07408(4)

Ueq 0.0074(1) 0.0065(1) 0.0067(1) 0.0071(1) 0.0061(1) 0.0064(1)
RE2 in4i (x, 0, 2)

X 0.58252(2) 0.58211(1) 0.58169(2) 0.58085(2) 0.58089(2) 0.58057(2)

z 0.36528(4) 0.36473(3) 0.36612(4) 0.36504(5) 0.36627(4) 0.36699(4)

Ueq 0.0073(1) 0.0066(1) 0.0066(1) 0.0067(1) 0.0062(1) 0.0064(1)
Mn in 4i (x, 0, z)

x 0.21679(4) 0.21744(4) 0.21840(5) 0.21888(7) 0.21956(6) 0.22018(5)

z 0.62018(10) 0.61982(8) 0.61982(11) 0.61892(15) 0.61928(13) 0.61883(12)

Ueq 0.0083(1) 0.0071(1) 0.0074(2) 0.0069(2) 0.0067(2) 0.0069(2)
Inin 2a (0, 0, 0)

occupancy 0.945(2) 0.927(2) 0.921(2) 0.881(4) 0.904(3) 0.866(3)

Ueq 0.0107(2) 0.0092(1) 0.0099(2) 0.0103(2) 0.0087(2) 0.0092(2)
Gel in4i(x, 0, z)

X 0.06228(3) 0.06276(2) 0.06309(3) 0.06336(5) 0.06377(4) 0.06384(4)

z 0.64873(7) 0.65019(6) 0.65145(8) 0.65175(10) 0.65308(9) 0.65464(8)

Ueq 0.0079(1) 0.0067(1) 0.0069(1) 0.0068(2) 0.0064(1) 0.0068(1)
Ge2 in4i(x, 0, 2)

X 0.20235(3) 0.20111(3) 0.19878(4) 0.19749(5) 0.19588(4) 0.19381(4)

z 0.25755(8) 0.25494(6) 0.25157(8) 0.24909(11) 0.24653(9) 0.24366(8)

Ugq 0.0089(1) 0.0082(1) 0.0080(1) 0.0075(2) 0.0073(1) 0.0074(1)
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Table 6-4 Interatomic Distances (A) in RE;Mn,InGe, (RE = La-Nd, Sm, Gd)

La,Mn,Ing g45)Gey CesMn,Ing 9272)Gey PrysMnsIng 01 (2)Gey NdsMnylng gg14Ges SmyMn;Ing 9943 Ges GdsMn,Ing 3663 Ges
RE1-Gel (x2) 3.1117(5) 3.0685(3) 3.0467(4) 3.0265(6) 2.9876(5) 2.9582(4)
RE1-Ge2 3.1423(7) 3.1010(5) 3.0877(6) 3.0872(9) 3.0346(8) 3.0140(6)
RE1-Ge2 (x2) 3.2278(5) 3.1720(3) 3.1442(5) 3.1227(7) 3.0727(6) 3.0418(4)
RE1-Mn 3.4465(9) 3.4030(6) 3.3805(9) 3.3738(12) 3.3320(11) 3.3167(9)
RE1-In (x2) 3.5038(4) 3.4594(2) 3.4546(3) 3.4333(5) 3.4110(4) 3.3944(2)
RE1-Mn (x2) 3.5907(7) 3.5469(5) 3.5281(7) 3.5262(9) 3.4625(8) 3.4302(6)
RE2-Gel (x2) 3.1481(5) 3.1112(3) 3.0939(5) 3.0852(7) 3.0397(6) 3.0179(4)
RE2-Ge2 (x2) 3.2320(5) 3.1861(4) 3.1651(5) 3.1517(7) 3.1044(6) 3.0723(4)
RE2-Gel (x2) 3.2489(5) 3.2087(3) 3.1877(5) 3.1669(7) 3.1333(6) 3.1041(5)
RE2-Mn 3.3109(9) 3.2637(6) 3.2384(8) 3.2222(12) 3.1833(11) 3.1573(9)
RE2-Mn (x2) 3.3223(6) 3.2944(5) 3.2848(6) 3.2805(9) 3.2504(8) 3.2336(7)
RE2-In (x2) 3.4726(4) 3.4264(2) 3.4158(3) 3.3945(5) 3.3596(4) 3.3388(2)
Mn-Ge2 (x2) 2.6106(6) 2.5886(4) 2.5908(5) 2.5904(8) 2.5699(7) 2.5662(6)
Mn-Gel 2.6420(9) 2.6151(7) 2.6141(9) 2.6067(13) 2.5868(12) 2.5822(10)
Mn—Gel 2.6539(10) 2.6265(7) 2.6296(10) 2.6272(14) 2.6062(11) 2.5992(10)
In—Gel (x2) 3.0933(6) 3.0401(4) 3.0217(6) 3.0123(8) 2.9613(7) 2.9274(6)
In-Ge2 (x2) 3.3597(7) 3.3017(4) 3.2418(6) 3.1995(9) 3.1500(8) 3.0988(6)
Gel-Gel 2.5636(10) 2.5585(8) 2.5609(10) 2.5549(15) 2.5536(13) 2.5552(11)
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6.2.3 Band structure calculations

Tight-binding linear muffin tin orbital band structure calculations were performed
on a fully stoichiometric La;Mn;InGe4 model within the local density and atomic spheres
approximation with use of the Stuttgart TB-LMTO-ASA program (version 4.7).>' The
basis set consisted of La 6s/6p/5d/4f, Mn 4s/4p/3d, In 5s/5p/5d/4f, and Ge 4s/4p/4d
orbitals, with the La 6p, In 5d/4f, and Ge 4d orbitals being downfolded. Integrations in
reciprocal space were carried out with an improved tetrahedron method over 554

irreducible k points within the first Brillouin zone.

6.2.4 Electrical resistivity measurement.

A block-shaped crystal of PryMn,InGe4, whose identity was confirmed by EDX
analysis, was mounted for standard four-probe electrical resistivity measurements
between 2 and 300 K on a Quantum Design Physical Property Measurement System
(PPMS) equipped with an ac transport controller (Model 7100). The current was 100 pA

and the frequency was 16 Hz.

6.3 Results and discussion

Quaternary germanides RE4M>InGes were previously known only for M = Ni,'?
and have been extended here to include M = Mn. The RE substitution is limited to the
later members for RE4Ni;InGes (RE = Dy-Tm) but spans through all the typically
trivalent members in REsMn;InGes (RE = La—Nd, Sm, Gd—Tm, Lu), with the unit cell
volumes steadily decreasing as expected following the lanthanide contraction (Figure 6-

1). This contrast is probably attributable to the different synthetic conditions used. The
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Ni-containing compounds were prepared through off-stoichiometric reactions with
substantial excess of In at temperatures no higher than 1000 °C; they could not be
obtained in reactions with stoichiometric amounts of RE, Ni, and Ge in excess n.”” On
the other hand, the Mn-containing compounds were prepared by arc-melting
stoichiometric mixtures of the elements followed by annealing at 800 °C. The arc-
melting process assures that the melting points are exceeded and compound formation
takes place upon cooling. The presence of considerable amounts of secondary phases
after annealing implies that decomposition has probably occurred during equilibration,
although we cannot rule out experimental errors such as loss of small amounts of Mn
during the cold-pressing of pellets. It seems likely that the RE4Ni,InGe4 series can be
extended to more RE members, perhaps through use of arc-melting instead of a flux
technique, and that further RE4M,InGey series can be prepared for other transition metal
components M.

540
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Figure 6-1 Plot of unit cell volumes in RE,;Mn,InGe,4
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The germanides REsMnyInGes adopt the monoclinic Ho4NiInGes-type
structure.'” If the RE atoms are assumed to participate in ionic interactions only, the
remaining atoms form a covalent bonding network built from MnGey tetrahedra, InGey
square planes, and Ge, dimers (Figure 6-2). The Mn-centred tetrahedra share edges to
form double chains [Mn,Gey;] extending down the b-direction; in turn, these chains are
connected by the Ge, dimers along the a-direction to form [Mn,Ge4] layers that lie
parallel to the ab-plane. The In atoms in square planar coordination serve to bridge these
[Mn,Gey] layers together to form the three-dimensional network. The resulting
framework delimits tunnels extending along the b- and c-directions within which the RE
atoms are located. There are similarities to other germanides, such as YbZZn3Ge3,22
La4Mg7Ge6,23 and (Srl_xCax)51n3GeG,24 which are built from the same structural units but
connected in different ways.

It is helpful to examine the coordination polyhedra of each site (Figure 6-3) to
clarify the relationship of the quaternary Ho4NiInGes-type structure adopted by
RE4M,InGey (M = Mn, Ni) to the binary MgsSig-type structure 2526 from which it is
derived as well as to the ternary or pseudoternary variants YbsMn,Sns 2T and
(Eu;.«Ca,)sIn3Gey (Table 6-5).2° The ordered occupation of the six different sites within
the parent MgsSig-type structure can be rationalized to a first approximation by size
effects. The large electropositive components (alkaline-earth and rare-earth atoms) in
these structures enter the sites with the highest CN, at the centres of pentagonal prisms.
These prisms, which are augmented by additional capping atoms (not shown), figure
prominently in MgsSie and they are preserved in related binary Mg—Si and ternary Mg—

Si—Al alloys.zg_31 The transition-metal components (Mn atoms in YbsMn,Sns; Mn or Ni
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atoms in RE4M;InGe,) are generally the smallest and thus fill the tetrahedral sites, with
the lowest CN. A noteworthy feature is the square planar coordination of the metalloid
components (Sn atoms in YbsMn,Sns; In atoms in (Eu;Ca,)sIn;Ges and REsM,InGey).
The four surrounding atoms can be considered to cap the waists of a tetragonal prism
(nearly a cube), reminiscent of what is found within the more prevalent Mo,FeB,-type
structure.”>  The close relationship to these structures becomes apparent when the
coordination around the group-14 components is highlighted. As is common in many
intermetallic germanides, the Ge atoms in REsM,InGe, centre trigonal prisms. If the
RE4M,InGey structure is portrayed in terms of these trigonal prisms (REs around Gel and
RE4M, around Ge?2), it is clearly seen to contain fragments of the tetragonal Mo,FeB;-
type structure, adopted by ternary germanides RE,InGe,, for example (Figure 6-4).>° In
RE,InGe,, 3’434 nets of RE atoms are stacked along the c-direction, to form trigonal
prisms occupied by Ge atoms and tetragonal prisms occupied by In atoms. In
REM,InGey, the 32434 nets are severed and the RE atoms in one of the corners of the
trigonal prisms are replaced by M atoms, to generate alternating slabs that are displaced
by half the repeat parameter along the stacking direction, with the notches of each slab

fitting into the grooves of the adjacent slabs.

132



Figure 6-2 Structure of REsMn;InGe4 highlighting the [Mn,InGe4] covalent bonding
network, viewed down the b- (top) and c-directions (bottom). The large purple circles are
RE atoms, the small blue circles are Mn atoms, the medium green circles are In atoms,
and the medium red circles are Ge atoms
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Figure 6-3 Coordination polyhedra in REsMn;InGey

Table 6-5 Comparison of Unit Cell Contents in MgsSig-Derived Structures

sites MgsSis YbsMnySns  (Eu;.Cay)slnsGes  RE,M>InGey
pentagonal prisms (4, 4i)) 8 Mg 8 Yb 8 (Eu;..Cay) 8 RE
tetrahedra (4i) 4 Si 4 Mn 4 In 4 M
tetragonal prisms (2a) 2 Mg 2 Sn 21In 21In

trigonal prisms (4i, 4i) 8 Si 8 Sn 8 Ge 8 Ge
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Figure 6-4 Comparison of (a) REsMn;,InGe4 (HosNi,InGes-type) and (b) RE,InGe,
(Mo,FeB,-type) structures, represented in terms of Ge-centred square prisms and In-
centred tetragonal prisms. Dark and light lines distinguish between atoms displaced by
half the cell parameter along the viewing direction
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The availability of single-crystal diffraction data for REsMn,InGes (RE = La—Nd,
Sm, Gd) allows structural trends to be examined more closely (Table 6-4). For reference,
the sums of Pauling metallic radii (R,) are: La—Ge, 2.93 A; Gd-Ge, 2.86 A; Mn—-Ge, 2.42
A; In-Ge, 2.66 A; and Ge-Ge, 2.48 A.*> The observed RE-Ge distances are within 0.1—
0.2 A of expected values and decrease systematically with smaller RE. Concurrent with
this contraction, the average Mn—Ge distance within the MnGey tetrahedra does not vary
much (2.58-2.63 A) and the Gel-Gel distance within the Ge, dimers is practically
unchanged (2.56 A), while the In-Ge distances shorten dramatically (from 3.09-3.36 A
in the La member to 2.93-3.10 A in the Gd member) (Figure 6-5). The implication is
that the Mn and Ge atoms define a relatively rigid framework, supporting the picture
presented earlier of covalently bonded [Mn,Ge,] layers bridged together via weaker
bonds to In atoms. The bond length in the Ge, dimers in REsMn,InGey is similar as
found in other polygermanides (typically 2.5-2.6 A),>**" but the most relevant
comparison is with RE4NiInGes, where it is also invariant (2.49 A) with RE
substitution.'” The strengthening of the Ge—Ge bond as M is substituted with a later
transition metal in RE4M,InGe4 resembles the bond-making and bond-breaking effects

3839 The In-Ge distances,

seen in AB,X; compounds with the ThCr,Si,-type structure.
which separate into two inequivalent sets in REsMn;InGes, can be compared with those
in RE,;InGe,, where the In coordination is rigorously square planar; for a fixed RE, they

are always longer in REsMn,InGey (cf., 3.02-3.24 A in PruMnyInGes vs. 3.01 A in

PrzlnGez).3_6

136



34

R54Mn2]nGe4
334
<
T 324
3 In-Ge2
| =
8 3.1
B
g
L2 30
E In-Ge1
(1]
= A avg Mn-Ge
— 95 “‘*a———&———a___ﬂqqﬁ& A
t—p —0—¢ e
- Gel-Ge1
' Lla Cle F:'r N.d . Sm Gd

55 57T 58 59 60 61 62 63 64 865
Atomic number, 2

Figure 6-5 Plots of Mn—Ge, In—Ge, and Ge—Ge distances in REsMn;InGey4

To evaluate the bonding in REsMn;InGes in more detail, the electronic band
structure has been calculated for the La member (Figure 6-6). From considerations of
relative electronegativities (Pauling values of 1.1 for La, 1.6 for Mn, 1.8 for In, and 2.0
for Ge)*® and directions of electron transfer, we expect to find mostly empty La states,
partially filled Mn and In states, and mostly filled Ge states, as corroborated in the
density of states (DOS) curve and its atomic projections. The three narrow bands lying
lowest in energy (10 to —7 eV) correspond essentially to Ge 4s states, and another
narrow band at higher energy (centred at —5 eV) to In 5s states. The broad manifold from
—4 eV upwards results from strong mixing of La 5d, Mn 3d, and Ge 4p states, with small

contributions of In 5p states. Empty La 5d states are found well above the Fermi level (0
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eV). The DOS curve for LasMn,InGe4 resembles that for Eu,Ca,In;Ges except that Mn
3d states are much more dominant near the Fermi level.?® Consistent with the earlier
discussion of bond distances, the crystal orbital Hamilton population (COHP) curves
confirm the presence of La—Ge, Mn—Ge, and Ge—Ge bonding interactions resulting from
the filling most of the bonding states and few of the antibonding states up to the Fermi
level. The integrated COHP values (-ICOHP) are 0.9 eV/bond for La—Ge, 2.2 eV/bond
for Mn—Ge, and 2.2 eV/bond for Ge—Ge contacts. The profile of the Ge-Ge COHP
curve, which originates from the Ge, dimer in the crystal structure, captures the familiar
pattern of molecular orbitals for a diatomic molecule: oy and o* (9.5 and -7.5 eV,
respectively), o, and 7, (—4 to —1.5 V), and 7,* and o,* levels (—1.5 eV upwards). The
Fermi level cuts the merged m,*/0,* states, consistent with a (Ge,)* species that is
isoelectronic to a diatomic halogen molecule like Br, in which all but the &,* states are
occupied. The In—Ge interactions around the unusual In environment are found to be
weakly bonding, notwithstanding the long distances (-ICOHP values of 0.92 eV/bond for
the 3.09 A contacts and 0.58 eV/bond for the 3.36 A contacts), similar to the situation in
EUanQIn3G€4.28 There is some evidence for In substoichiometry from the crystal
structure determinations, but the decrease in electron count would be small (from 45 ¢
/fa. in LagMnyInGey to 44.7 e /fu. in LasMn;Ing 9Ges) and the Fermi level would only be

negligibly lowered by 0.02 eV.
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The prediction of metallic behaviour from the band structure of La;Mn;InGes,
which can be assumed to be similar for other members of REsMn;InGey, is verified by
electrical resistivity measurements on PrysMn,;InGes (Figure 6-7). The temperature
dependence exhibits distinct curvature, with two changes in slope near 130 and 15 K.
Similar kinks observed in the resistivity for RE;InGe, (RE = Ce-Nd, Sm, Gd) are related
to the development of long-range magnetic ordering, typically antiferromagnetism.*®
Given that the magnetic susceptibility of Pr,InGe, undergoes an upturn near 15 K,* we
speculate that the resistivity transition in PryMnyInGe, at this same temperature originates
from magnetic ordering of the Pr moments whereas the transition at 130 K involves
coupling with the Mn moments. Unfortunately the arc-melting process did not yield
single-phase samples required for magnetic measurements. It would be worthwhile
attempting use of a flux, as was done for RE4NiyInGey, even if it does not afford single-

phase samples, as magnetic measurements could still be made on selected large crystals

of the desired compound.
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Figure 6-7 Electrical resistivity of PryMn,InGey
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6.4 Conclusions

The REsM,InGey series, previously known only for M = Ni,12 has now been
extended to include M = Mn. It is probable that the isostructural series containing the
intervening transition-metals (M = Fe, Co) exist, and efforts are underway in our
laboratory to prepare them. Analysis of the bonding favours a structural description
involving [Mn,Gey] layers held weakly together by the In atoms, with RE atoms entering
tunnels. However, we demonstrate that the structure of RE4M>InGe,4 can also be derived
in a conceptually simple way from RE>InGe; in which introduction of M atoms into one
of the RE sites in RE,InGe, and cleavage of the 32434 nets results in segregated slabs that
are shifted with respect to each other. This alternative approach may prove helpful in the
eventual interpretation of physical properties for REsM>InGes compounds, which are

expected to be similar to those for RE>InGe;.
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Chapter 7

Many metals make the cut: quaternary rare-earth germanides REsM>InGey (M = Fe,

Co, Ni, Ru, Rh, Ir) and RE4RhInGe,4 derived from excision of slabs in RE>InGe,

A version of this chapter has been published. Oliynyk, A. O.; Stoyko, S. S.; Mar, A. Inorg.

Chem. 2015, 54, 2780-2792. Copyright (2015) by ACS Publications.

7.1. Introduction

Ternary rare-earth germanides RE-M—Ge are known for a wide variety of metal
or metalloid components M, encompassing representatives from the s-block (Li, Mg), d-
block (mostly first-row transition-metals from Mn to Cu, as well as some precious metals
Ru—Ag and Os—Au), and p-block (Al, Ga, In, Si).! These intermetallic compounds are of
interest for their rich structural chemistry and diverse physical properties, including
complex magnetic ordering (e.g., RECrGe;),” magnetocaloric effects (e.g., Gds(Si,Ge,
»a),” and superconductivity (e.g., RE,Pt;Ges)." Among the examples containing a p-
block metalloid, the RE,;InGe; phases are prevalent, forming for many RE components.s_8
They adopt the tetragonal Mo,FeB,-type structure (an ordered variant of the UsSi,-type),’
which exhibits some unusual features, the most remarkable of which are four-coordinate
In atoms in rare square-planar geometry and Ge, dimers with strong bonds that are little
affected by RE substitution. Some of the RE members can be prepared by stoichiometric
reactions of the elements at high ‘[emperatures,6’7 whereas others appear to require use of

excess In acting as a flux.® Indeed, among the few known quaternary rare-earth
g g q y
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germanides containing In, namely RE4Ni;InGe4 (RE = Dy, Ho, Er, Tm),10 RE;Co4InGey,
(RE = Dy, Ho, Yb),11 and Yb3AuIn3Gez,12 most were obtained, apparently
serendipitously, from In flux reactions. It is unclear whether use of a flux is essential for
the formation of these compounds, given that REsMn;,InGes (RE = La—Nd, Sm, Gd—Tm,
Lu), reported recently by us,13 and RE;Nis IngGes., (RE = La—Nd, Sm) can be obtained
by conventional methods.'*"?

There is a close structural relationship between RE>InGe, and REsM,InGey (M =
Mn, Ni): the substitution within one of the RE sites by a transition-metal atom M in the
structure of RE>InGe;, along with removal of some of the In atoms, leads to a cleavage of
the three-dimensional framework into two-dimensional slabs found in the structure of
RE4M,InGe,. In this study, three hypotheses were investigated. First, we assert that all
quaternary germanides RE4M>InGes are thermodynamically stable phases that can be
prepared through direct reactions of the elements. Second, we predict that new series of
germanides RE4M>InGe4 can be extended to many other transition-metal components M
besides Mn and Ni. Third, we propose that new structures of quaternary germanides can
be derived from cutting the framework of RE,InGe; in different ways. After systematic

synthetic experiments and structure determinations are carried out, we seek to understand

the bonding interactions in these series with the aid of band structure calculations.

7.1 Experimental
7.1.1 Synthesis
Starting materials were freshly filed pieces of all the normally trivalent rare-earth

metals (RE = La—Nd, Sm, Gd-Tm, Lu; 99.9%, Hefa), powders of various transition
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metals from groups 6 to 10 (M = Cr, Mo, W; Mn, Re; Fe, Ru, Os; Co, Rh, Ir; Ni, Pd, Pt;
all greater than 99.9% purity, from Alfa-Aesar, Cerac, Spex, or Terochem), In shot
(99.999%, Cerac), and Ge pieces (99.9999%, Alfa-Aesar). Mixtures of the elements with
the nominal composition “REsM>InGes” were prepared with a total mass of 3.0 g for
samples containing the cheaper transition metals or 2.0 g for those containing the
precious metals. In initial experiments, only a few representative RE members (RE = La,
Nd, Tb, Ho) were selected, and if the syntheses were successful for a given series, they
were extended to other RE members. The samples were cold-pressed into pellets and arc-
melted twice in a Centorr STA tri-arc furnace or an Edmund Biihler MAM-1 arc-melter
on a water-cooled copper hearth under an argon atmosphere. Weight losses after arc-
melting were less than 1%. The ingots were sealed in evacuated fused-silica tubes and
annealed at 800 °C for one week, after which they were quenched in cold water. The
products were ground and analyzed by powder X-ray diffraction (XRD), carried out with
Cu Ka, radiation on an Inel diffractometer equipped with a curved position-sensitive
detector (CPS 120). Table 7-1 summarizes the results of the reactions, indicating
whether or not the synthesis of a given REsM,InGes member was successful. In the
course of these reactions, a different Rh-containing series RE4RhInGe, was found for
some later RE members. Cell parameters for the quaternary phases were refined with use
of the CSD suite of programs16 and are listed in Table 7-2. Chemical compositions of
selected crystals were determined by energy-dispersive X-ray (EDX) analysis on a JEOL
JSM-6010LA InTouchScope scanning electron microscope, operated with an accelerating
voltage of 20 kV and acquisition times of 70 s. All samples had compositions within 2%

of values expected from the chemical formulas.
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Table 7-1 Formation of Quaternary Germanides RE4M>InGey *

compound La Ce Pr Nd Sm Gd Tb Dy Ho Er Tm Lu

RE4CrInGey — — _ _
REMo,InGey - — — _

RE/W5InGey — — _ _

REMn;,InGe, + + + + + + + + + + + +
RE4RexInGey — — _ _

REFeInGey —

RERuInGey - + +
RE,Os,InGey — - _ _
RE4CoyInGey - + +
RE4Rh;InGey4 -

RE4IrInGey + + +
RE4Ni;InGe4 - - — — + + + + + + + _
RE,Pd,InGey — — — _ _ _ _ _
REPt,InGey — _ _

+
+
+
+
+

+ o+ o+
*
*
*
*

“ Legend: known (+), unknown (), alternative phase RE4MInGe, forms (*), reaction not performed (blank entries), single-crystal
structures determined (shaded in yellow). Except for REsMnyInGe, (all members)® and RE4Ni>InGes (RE = Dy-Tm),'® all results
presented are from this work.
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Table 7-2 Cell Parameters for RE4M,InGe4 (M = Fe, Co, Ru, Rh, Ir) and RE;RhInGe, “

compound

RE4Fe21nGe4
CesFerInGey
PrsFe InGey
Nd4Fe21nGe4
SmyFe;InGey
GdsFe;InGey
Tb4FCzIHGe4
DY4F62111G64
HosFe,InGey

ErsFerInGey
Tl’l’l4F €2 IHGC4
LusFerInGey
RE 4C 021HG€4
CesCo0rInGey
PI‘4C021I1G€4
Nd4sCorInGes
Sm4Co,InGey
Gd4sCoyInGey
Tb4C021nGe4
Dy4CO 2111664
Ho4Co,InGey
ErsCorInGey
Tm4CozlnGe4
LusCorInGey
RE 4NiZInGe4
SmyNirInGey
Gd4N1 2111G64
Tb4Ni2h’lGe4
Dy4Ni21nGe4
HO4Ni211’1GC4
EI‘4Ni 2111664
Tl’l’l4Ni2h’lGe4
RE 4Rllz In Ge4
Ce4Ru21nGe4
Pr4Ru21nGe4
Nd4RU.2h’lGe4
Sm4Ru21nGe4
Gd4RU.211’1G€4
Tb4Ru21nGe4
DY4RL12 IHG€4
HO4RUZIHGG4
EI‘4RU.211’1G€4

a(A)

16.078(1)
16.0469(6)
15.967(2)
15.781(1)
15.706(2)

15.623(1)
15.538(2)
15.519(2)

15.449(2)
15.406(2)
15.342(3)

15.990(1)
15.847(4)
15.8443(6)
15.692(1)
15.563(2)
15.4676(7)
15.406(3)
15.364(2)
15.321(2)
15.256(2)
15.193(1)

15.685(3)
15.532(1)
15.4471(9)
15.410(1)
15.388(2)
15.346(1)
15.316(3)

16.194(1)
16.1110(9)
16.029(2)
15.900(1)
15.794(1)
15.676(1)
15.638(1)
15.581(1)
15.552(2)

b(A)

4.376(1)
4.3386(6)
4.3176(8)
4.2725(7)
4.250(2)

4.2311(8)
4.2125(6)
4.200(1)

4.1783(9)
4.1734(6)
4.150(1)

4.3504(6)
4.3415(9)
4.3167(4)
4.2823(7)
4.241(1)
4.2350(9)
4213(1)
4.1979(7)
4.1834(6)
4.181(1)
4.154(1)

4.281(1)
4.2662(8)
4.232(1)

4.2177(9)
4.2074(9)
4.1936(7)
4.1730(9)

4.3821(9)
4.3678(7)
4351(1)

4.3175(4)
4.291(1)

4.2681(9)
4.2600(8)
4.2385(7)
4.2286(7)

c(A)

7.305(1)
7.2495(4)
7.2351(8)
7.1240(6)
7.081(4)

7.0412(5)
6.9956(9)
6.9785(6)

6.945(1)
6.9220(8)
6.8868(7)

7.288(1)

7.2376(8)
7.2065(4)
7.1341(7)
7.061(1)

7.0240(5)
6.9904(4)
6.9698(4)
6.9491(4)
6.9215(7)
6.8851(8)

7.133(1)
7.111(2)

7.069(1)

7.0170(4)
6.9976(9)
6.9786(5)
6.9618(9)

7.2449(3)
7.2024(4)
7.1691(4)
7.1022(4)
7.0447(5)
6.9902(5)
6.9732(5)
6.9472(4)
6.9205(5)

B ()

107.151(8)
106.954(7)
107.17(1)
107.050(8)
106.97(3)

107.129(8)
106.976(8)
107.13(1)

107.02(1)
107.146(8)
107.233(6)

107.66(1)
107.425(8)
107.603(8)
107.714(5)
107.74(1)
107.66(2)
107.653(9)
107.663(5)
107.67(1)
107.694(7)
107.712(7)

107.68(2)
107.73(1)
107.75(3)
108.62(1)
108.542(4)
108.511(8)
108.51(1)

106.239(9)
106.286(8)
106.366(9)
106.546(5)
106.608(7)
106.666(5)
106.765(9)
106.766(5)
106.843(6)

V(A%

491.2(2)
482.8(1)
476.6(2)
459.2(2)
452.1(4)

444.8(2)
437.9(2)
434.7(2)

428.7(2)
425.3(2)
418.8(2)

483.1(2)
475.13)
469.8(1)
456.7(2)
443.9(2)
438.4(2)
432.4(2)
428.3(2)
424.4(2)
420.6(2)
413.9(2)

456.3(3)
448.8(3)
440.1(3)
432.2(2)
429.5(2)
425.9(1)
421.93)

493.6(2)
486.5(2)
479.7(2)
467.4(1)
457.5(2)
448.0(2)
444.8(2)
439.3(1)
435.6(2)
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Tm4Ru21nGe4
Lu4Ru21nGe4
RERh,In Ge4
Ce4Rh21nGe4
Pr4Rh21nGe4
Nd4Rh2hlGe4
Sm4Rh,InGey
Gd4Rh21nGe4
RE 411’2111Ge4
LasIrInGey
C€4II'QIHG€4
PrslrInGey
Nd4II'211’1GC4
RERhInGey
TbsRhInGey
Dy4RhInGe4
HosRhInGe,
ErsRhInGes

15.492(1)
15.458(1)

16.192(1)
16.146(1)
16.0389(8)
15.910(1)
15.793(2)

16.548(2)
16.269(2)
16.166(1)
16.156(2)

20.221(3)
20.181(2)
20.110(2)
20.029(2)

4.2257(8)
4.2033(7)

4.3897(7)
4.378(1)

4.3549(9)
4.3226(8)
4.3167(8)

4.4152(8)
4.3643(7)
4.3464(6)
4.3428(6)

4.251(1)
4.238(2)

4.2162(7)
4.2109(9)

6.9053(6)
6.8721(4)

7.2480(6)
7.2236(5)
7.1800(6)
7.1131(3)
7.0665(4)

7.3445(6)
7.2217(8)
7.195(2)

7.1839(7)

10.227(2)
10.225(1)
10.220(1)
10.161(1)

106.890(8)
107.01(1)

106.829(7)
106.856(9)
106.91(1)
107.000(8)
107.10(1)

106.798(8)
106.953(8)
106.92(2)

107.034(8)

105.01(2)
105.11(1)
105.21(1)
105.29(1)

432.6(2)
427.0(1)

493.1(2)
488.7(2)
479.8(2)
467.8(2)
460.5(2)

513.7(2)
490.5(2)
483.7(3)
481.9(2)

849.1(6)
844.3(6)
836.2(3)
826.6(4)

“ Refined from powder diffraction data.
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7.2.2 Structure determination

Suitable single crystals, which were grey and irregularly shaped, were found for
many members of the RE4M>InGes (M = Fe, Co, Ru, Rh) series. Intensity data were
collected on a Bruker PLATFORM diffractometer equipped with a SMART APEX II
CCD detector and a graphite-monochromated Mo Ko radiation source, using @ scans at
6-8 different ¢ angles with a frame width of 0.3° and an exposure time of 12-30 s per
frame. Face-indexed numerical absorption corrections were applied. Structure solution
and refinement were carried out with use of the SHELXTL (version 6.12) program
package.!” The Laue symmetry, systematic absences, and intensity statistics established
the centrosymmetric monoclinic space group C2/m; direct methods suggested models
consistent with the HosNi,InGes-type structure. Atomic coordinates were standardized
with use of the program STRUCTURE TIDY."® Given previous reports of a small In

substoichiometry in related compounds,'®"

the occupancies of all sites were successively
freed in later stages of refinement. The occupancy of the In site ranged from 0.93(2) to
0.99(2), whereas the occupancies for all other sites did not deviate significantly from
unity, 1.00(2). In most cases, the occupancy of the In site is quite close to unity and it is
difficult to judge whether the slight substoichiometry is physically meaningful or an
artefact (e.g., from inadequate absorption correction). The displacement parameters for
the In site are always slightly greater than those of the other atoms, but this feature
probably reflects the unusually low coordination of this site. Nevertheless, to ensure

consistency among all structure determinations, the In occupancy was treated as a

variable parameter.
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Within the different RE4RhInGe, series, a suitable crystal could be found for the
Tb member for data collection. TbsRhInGe4 also crystallizes in the monoclinic space
group C2/my; its cell parameters a and c are different from those in RE4M,InGey but b is
similar (~4 A), suggesting that their structures are related. Direct methods revealed
locations of all atoms and refinements proceeded in a straightforward manner. Here there
was no evidence of an In substoichiometry and the ideal formula TbsRhInGes was
retained.

Table 7-3 lists abbreviated crystal data and experimental details and Table 7-4
lists ranges of interatomic distances. Full crystallographic data for all structures,
including all atomic coordinates and individual interatomic distances, are provided in

Tables A6-1-A6-12 as Supporting Information.

7.2.3 Band structure calculations

Tight-binding linear muffin tin orbital band structure calculations were performed
within the local density and atomic spheres approximation with use of the Stuttgart TB-
LMTO-ASA program (version 4.7)." To avoid computational difficulties associated
with 4f orbitals of RE atoms, the model compounds LasM,InGes (M = Mn, Fe, Co, Ru)
and Y4RhInGes containing nonmagnetic RE components were considered. Cell
parameters and atomic positions for LasM>InGes were taken from the corresponding Ce
members because the La members are unknown except for the Mn-containing series;
similarly, structural parameters for YsRhInGes were taken from those of the
crystallographically characterized Tb member. For LasM>InGey, the basis sets consisted

of La 6s/6p/5d/4f, M 4s/4p/3d (for Mn, Fe, Co) or 5s/5p/4d/4f (for Ru), In 5s/5p/5d/4f,
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and Ge 4s/4p/4d orbitals, with the La 6p/4f, In 5d/4f, and Ge 4d orbitals being
downfolded; for Y4RhInGe,, the basis set consisted of Y 5s/5p/4d/4f, Rh 5s/5p/4d/4f, In
5s/5p/5d/4f, and Ge 4s/4p/4d orbitals, with the Y 5p/4f, Rh 4f, In 5d/4f, and Ge 4d
orbitals being downfolded. Integrations in reciprocal space were carried out with an
improved tetrahedron method over 554 irreducible k£ points (from a 16 x 16 x 8§ mesh)
within the first Brillouin zone. To understand the effect of distortion on the InGe4 square
plane, hypothetical structures were examined for LasFe;InGes in which the atomic
coordinates of Gel and Ge2 were adjusted such that the In-Gel distances contract while
the In-Ge2 distances expand in increments (Ax) of 0.05 A from an idealized square plane
with equal In—Ge distances, while the bond angles around the In atom were fixed (close

t0 90°).

7.2.4 Magnetic susceptibility measurement

The Sm-containing samples, Sm4M;InGe4 (M = Fe, Co, Ru, Rh) were found to be
free of impurity phases and were suitable for magnetic susceptibility measurements. The
dc magnetic susceptibility was measured under an applied field of 0.5 T between 2 and
300 K on a Quantum Design 9T-PPMS magnetometer. Susceptibility values were

corrected for contributions from the holder and sample diamagnetism.
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Table 7-3 Crystallographic Data for RE,M>InGe, (M = Fe, Co, Ru, Rh) and Tb,RhInGe, *

formula
Ce4FezlnoA969(2)Ge4
PT4F921110A974(3)G94
Nd,F e21110987(2)G¢4
SH14F€21H0.964(3)G34
Gd,F e21110983(5)G¢4
Ce4COZIn0.986(3)Ge4
PT4C021n0.985(2)Ge4
Nd4C021n04965(2)Ge4
Sm4C021n0A973(2)G94
Gd4C021n0970(4)Ge4
CC4RU21n0A962(3)Ge4
PI”4RU21H0A959(5)GC4
Nd4Ru21n0A954(3)Ge4
Sm4R1121n0A965(3)G94

Gd4Ru21n04962(3)Ge4

fw (amu)

1077.36

1080.52

1093.84

1118.28

1145.88

1083.52

1086.68

1100.00

1124.44

1152.04

1167.80

1170.96

1184.28

1208.72

1236.32

a (A)

16.071(4)
16.0089(12)
15.9354(10)
15.770(4)
15.672(3)
15.9351(14)
15.8705(6)
15.7845(9)
15.6336(12)
15.548(6)
16.174(4)
16.083(5)
16.014(6)
15.877(3)

15.773(4)

b (A)
4.3480(10)
43242(3)
43102(3)
42745(11)
4.2436(8)
43361(4)
4.3247(2)
4.3028(3)
42723(3)
4.2483(16)
4.3794(10)
4.3605(13)
4.3463(16)
43178(7)

4.2875(11)

¢ (A)
7.2757(17)
7.2282(5)
7.2004(5)
7.1211(17)
7.0643(13)
7.2602(6)
7.2264(3)
7.1824(4)
7.1131(6)
7.058(3)
7.2321(17)
7.190(2)
7.160(3)
7.0936(12)

7.0393(18)

BC)
106.945(3)
106.8770(10)
107.0650(9)
107.011(3)
107.068(3)
107.5309(12)
107.5111(5)
107.5115(8)
107.6415(10)
107.618(5)
106.144(3)
106.254(4)
106.353(5)
106.517(2)

106.635(4)

V(A%
486.34(19)
478.83(6)
472.78(6)
459.0(2)
449.12(14)
478.35(7)
473.00(3)
465.20(5)
452.75(6)
444 3(5)
492.1(2)
484.1(2)
478.2(3)
466.23(13)

456.1(2)

p. (gem”)

7.357
7.494
7.684
8.091
8.473
7.523
7.630
7.853
8.248
8.610
7.882
8.033
8.225
8.610

9.002

p(mm')
35.58
37.48
39.31
43.45
47.80
36.61
38.38
40.40
44.52
48.78
35.29
37.20
38.99
42.91

47.20

R(F)*
0.017
0.020
0.017
0.020
0.031
0.022
0.016
0.018
0.016
0.026
0.022
0.035
0.024
0.022

0.024

Ry(FS)
0.039
0.039
0.037
0.041
0.069
0.045
0.034
0.037
0.033
0.054
0.051
0.081
0.053
0.044

0.044



TbiRuIngosGes  1243.00  15.6651(9)  4.2639(2)  6.9895(4)  106.672(1)  447.23(4)  9.230 50.10 0.019 0.043

Dy,RuyIngesiGes 125732 15.612(3)  4.2519(9)  6.9641(15) 106.728(3)  442.73(16) 9.432 52.42 0.024 0.051
HoRuyInposGes  1267.04  15.550(4)  4.2349(12) 6.9425(19) 106.842(4)  437.6Q2)  9.617 55.05 0.023 0.054
EnRudngesosGes 127636 15.526(5)  4.2254(14) 6.916(2)  106.850(4)  4342(2)  9.762 57.68 0.030 0.069
SmRhylngerssGes 121240 15.857(3)  43147(8)  7.0971(14) 106.878(3)  464.65(16)  8.666 43.36 0.020 0.039
Tb,RhInGe, 114377 20.2575(12)  4.2641(3)  10.2434(6) 104.9984(9)  854.68(9)  8.889 50.89 0.024 0.058

“ For all structures, A =0.71073 A, space group C2/m (No. 12). For RE,M,InGe4 (M = Fe, Co, Ru, Rh), 7= 173(2) K and Z = 2; for Tb4,RhInGe,, 7= 296(2) K
and Z=4. " R(F) = Y||F,| - |F.||/ YIF,| for F > 20(F,%). < RY(F,) = [XIw(F, — F21/ YwF 1" w! = [*(F)) + (Ap)’ + Bp], where p = [max(F,’,0) + 2F.’] /
3.
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Table 7-4 Ranges of Interatomic Distances (A) for RE,M>InGe, (M = Fe, Co, Ru, Rh) and Tb,RhInGe,

compound
CegFeslng g602)Gey
PryFe;Ing g743)Gey
Nd4Fezlno,9s7(2)Ge4
SmyF e21110.964(3)(}64
Gd4F ezlno.983(5)Ge4
CC4C021T10.986(3)GG4
P r4C021T10.985(2)Ge4
Nd4C021n0,965(2)Ge4
SmyCo,Ing 9732)Gey
Gd4C021n0,970(4)Ge4
CegRu,lng o623y Gey
P r4RU21T10.959(5)Ge4
Nd4Ruzln0_954(3)Ge4
SH14R1121T10.965(3)G64
Gd4Ru21n0_962(3)Ge4

TbyRusIng 9333)Gey

RE-Ge
3.0543(6)-3.4490(8)
3.0311(5)-3.4545(7)
3.0108(4)-3.4511(6)
2.9742(7)-3.4470(9)
2.9445(9)-3.4429(14)
3.0399(6)-3.3859(8)
3.0258(4)-3.3858(5)
3.0017(4)-3.3852(6)
2.9680(4)-3.3785(6)
2.9400(10)-3.3814(14)
3.0495(7)-3.4922(10)
3.0319(12)-3.4880(16)
3.0178(9)-3.4890(13)
2.9849(6)-3.4890(9)
2.9536(8)-3.4947(12)

2.9289(4)-3.5055(6)

RE-M
3.1351(11)-3.5205(8)
3.1244(9)-3.4933(7)
3.1068(7)-3.4749(6)
3.0692(11)-3.4409(9)
3.0479(18)-3.4076(13)
3.0855(10)-3.5304(8)
3.0701(6)-3.5153(5)
3.0536(8)-3.4955(6)
3.0168(7)-3.4674(5)
2.9995(17)-3.4338(12)
3.1433(9)-3.5311(7)
3.1249(14)-3.5054(11)
3.1141(13)-3.4863(10)
3.0846(8)-3.4472(6)
3.0685(11)-3.4113(8)

3.0494(6)-3.3829(4)

RE-In

3.3951(6)-3.4591(6)
3.3810(3)-3.4413(3)
3.3742(3)-3.4349(3)
3.3404(6)-3.4048(6)
3.3257(6)-3.3849(6)
3.3957(3)-3.4571(3)
3.3822(2)-3.4499(2)
3.3608(3)-3.4317(3)
3.3360(2)-3.4075(3)
3.3209(9)-3.3924(9)
3.3929(6)-3.4867(6)
3.3800(8)-3.4736(8)
3.3686(9)-3.4614(9)
3.3533(5)-3.4389(5)
3.3370(7)-3.4123(7)

3.3192(2)-3.3874(2)

M-Ge
2.4612(6)-2.4996(10)
2.4529(5)-2.4944(10)
2.4524(4)-2.4980(9)
2.4392(7)-2.4924(12)
2.4312(11)-2.484(2)
2.4439(5)-2.4800(11)
2.4405(3)-2.4790(7)
2.4338(4)-2.4699(9)
2.4262(4)-2.4656(8)
2.4234(10)-2.4683(17)
2.4792(6)-2.5273(10)
2.4740(9)-2.5243(16)
2.4728(9)-2.5184(13)
2.4685(5)-2.5112(9)
2.4626(7)-2.5078(13)

2.4582(4)-2.5100(8)

In-Ge
3.0088(8)-3.4185(9)
2.9854(6)-3.3887(7)
2.9726(5)-3.3412(6)
2.9333(8)-3.2790(9)
2.9099(12)-3.2302(13)
3.0056(7)-3.3725(8)
2.9870(5)-3.3425(6)
2.9657(6)-3.3075(7)
2.9335(5)-3.2372(6)
2.9044(13)-3.1907(14)
2.9789(9)-3.4512(10)
2.9552(14)-3.4039(15)
2.9401(12)-3.3660(13)
2.9051(8)-3.2896(9)
2.8757(10)-3.2324(11)

2.8429(6)-3.1781(7)

Ge-Ge
2.5834(10)
2.5803(12)
2.5701(10)
2.5615(13)
2.547(2)
2.5884(13)
2.5810(9)
2.5731(10)
2.5570(9)
2.5493(19)
2.6063(14)
2.594(2)
2.5796(17)
2.5609(15)
2.5463(18)

2.5380(12)



Dy, RusIng g614/Ge4
Ho4RusIng o624/ Gey
ErsRusIng 30(5)Ge4

Sm4haln0_g73(3)Ge4

Tb4RhlnGe4

2.9182(8)-3.4955(9)
2.9011(8)-3.5013(11)
2.8931(11)-3.5009(14)
2.9777(6)-3.5543(9)

2.9166(9)-3.4498(9)

3.0343(9)-3.3687(7)
3.0263(11)-3.3514(8)
3.0196(14)-3.3355(10)
3.0788(8)-3.4434(6)

3.0761(7)-3.3288(5)

3.3138(6)-3.3828(6)
3.3044(7)-3.3654(7)
3.3025(8)-3.3612(8)
3.3891(5)-3.4219(5)

3.3673(3)-3.4358(3)

2.4545(7)-2.5107(13)
2.4520(8)-2.5123(13)
2.4518(10)-2.5120(17)
2.4964(5)-2.5342(9)

2.4703(5)-2.5524(10)

2.8341(10)-3.1540(11)
2.8187(10)-3.1202(11)
2.8076(14)-3.1001(15)
2.9013(8)-3.2141(8)

2.8177(9)-3.0700(9)

2.5284(18)
2.5245(17)
2.513(3)

2.5569(13)

2.5958(12)-2.6192(12)
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Table 7-5 Integrated Crystal Orbital Hamilton Populations for LasM;InGes (M = Mn, Fe, Co, Ru) and Y4RhInGe, Models

LasMnyInGey
Mn—-Ge
In—Ge
Ge—-Ge
LasFe InGey
Fe—Ge
In—Ge
Ge-Ge
LasCo,InGey
Co—Ge
In—-Ge
Ge-Ge
La4Ru21nGe4
Ru-Ge
In—Ge
Ge-Ge
Y4RhInGe4
Rh-Ge
In—Ge

Ge-Ge

distances (A)

2.589 (x2), 2.615, 2.626
3.040 (x2), 3.302 (x2)
2.558

2.461 (x2), 2.490, 2.500
3.009 (x2), 3.418 (x2)
2.583

2.444 (x2), 2.480, 2.473
3.006 (x2), 3.372 (x2)
2.588

2.479 (x2), 2.527, 2.504
2.979(x2), 3.451 (x2)
2.606

2.470 (x2), 2.542, 2.552
2.870 (x2), 3.070 (x2),
2.818 (x2), 2.870 (x2)
2.596,2.619

—ICOHP (eV/bond)

2.32 (x2), 2.34, 2.05
0.98 (x2), 0.61 (x2)
2.12

2.58 (x2), 2.48,2.27
1.04 (x2), 0.47 (x2)
1.99

2.46 (x2),2.33,2.20
1.05 (x2), 0.52 (x2)
1.97

2.77 (x2), 2.55, 2.52
1.09 (x2), 0.42 (x2)
1.87

1.69 (x2), 1.59, 1.95
1.12 (x2), 0.37 (x2)
1.00 (x2), 0.58 (x2)
1.95, 1.68

—ICOHP (eV/cell)

9.04
3.18
2.12

9.91
3.02
1.99

9.46
3.14
1.97

10.61
3.02
1.87

6.92
6.14

3.63

contribution (%)

63.0
22.2
14.8

66.5
20.2
13.3

64.9
21.6
13.5

68.4
19.5
12.1

41.5
36.8

21.7




7.3 Results and discussion

To investigate the formation of quaternary germanides RE4M,InGe,, a total of 115
samples were prepared by arc-melting mixtures of the elements followed by annealing at
800 °C for one week. Given that the previously known series were limited to M = Mn
and Ni,'™" attempts were made to substitute all other transition-metal elements from
groups 6 to 10 (except Tc). For a fixed M, the RE components were initially restricted to
La, Nd, Tb, and Ho, and then extended to other trivalent RE metals if the syntheses were
successful. The existence of REsM;,InGes phases was confirmed for a wide variety of
metals from groups 7 (Mn), 8 (Fe, Ru), 9 (Co, Rh, Ir), and 10 (Ni) (Table 7-1). The
extent of RE substitution varies depending on the identity of M. The Mn-containing
series is the most extensive, forming for all lanthanides from La to Lu (except Eu and Yb,
which are too volatile to be suitable for arc-melting reactions, and Pm, which is
radioactive). The Fe-, Ru-, and Co-containing series are almost as extensive except that
the La members do not form. In the progression down the Co-triad metals, the extent of
RE substitution gradually becomes narrower until only the largest members (La—Nd) are
found for RE4Ir;InGes. An unexpected result of these synthetic experiments is that
although RE4Rh;InGe, forms for RE = La—Nd, Sm, Gd, a different series RE4RhInGe,4
was discovered for RE = Tb—Er. The Ni-containing series was previously known for RE
= Dy-Tm,; it was suggested that this series could only be prepared through use of an In
flux but not through arc-melting or induction-melting reactions.'” However, the present
investigation indicates that not only can this series be formed through arc-melting and

annealing, it can also be extended to include RE = Sm, Gd, and Tb.
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Cell parameters determined from powder XRD data (Table 7-2) generally follow
expected trends. Within any series of fixed M, the cell volume decreases in accordance
with the lanthanide contraction (Figure 7-1). Among the series containing the 3d-metals
Mn, Fe, Co, and Ni, the cell volume curves shift downwards, reflecting the trend in
decreasing metallic radii of these elements on proceeding across the periodic table. The
cell volume curves for RE4Ni;InGe4 and RE4Co,InGey are nearly coincident, suggesting
that perhaps with appropriate changes in synthetic conditions, it may be possible to
extend the Ni-containing series to further RE members. Among the series containing the
4d- and 5d-metals Ru, Rh, and Ir, the cell volume curves almost overlap; the trend in
increasing metallic radii in this progression is reflected instead in the compatibility with
larger RE components. These observations suggest that both size factors involving well-
matched combinations of RE and M components and electronic factors restricting the M
component to groups 7—10 are important in the stability of these compounds. If group 6
metals are excluded from consideration (given that none were found to form RE4M,InGey
phases in the synthetic experiments, presumably because the electron count is too low),
then a structure map created by plotting the Pauling metallic radii®® of RE and M is
reasonably effective in delimiting the regions in which RE4M;InGe4 forms (Figure 7-2).
At the boundary defining the upper limit of the radius of M (near 1.25 A), the alternative
phase RE4;RhInGe; forms within only a very narrow region. Substitution of the M
component in structurally related ternary rare-earth germanides such as RE>MGe,
(Sc,CoSip-type) and REM,Ge, (CeAl,Ga,-type) also appear to be restricted to later
transition metals;*' it would be interesting to develop a more generalized structure map

applicable to a broader set of such phases.
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Figure 7-1 Plots of unit cell volumes for (a) REsM,InGes (M = Mn, Fe, Co, Ni), (b)
REM>InGey (M = Ru, Rh, Ir), and (c) REsRhInGe4. Data for REsMn;InGe, are taken

from Ref. 13
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Figure 7-2 Structure map defined by Pauling metallic radii of RE and M components

To the best of our ability, we evaluated as many single crystals as possible for
their suitability for further X-ray diffraction experiments. Within the four RE4M,InGey
series containing M = Fe, Co, Ni, and Ru, 20 structure determinations were carried out;
unfortunately, suitable crystals could not be found for any of the Ir-containing members.
Within the new REsRhInGey series, the crystal structure was determined solely for the Tb
member. Both RE:M;InGes (HosNirInGes-type) and RE4RhInGes (new type) adopt
monoclinic structures with similar values of the short-axis parameter (b = ~4.3 A). In
terms of a conventional description focused on the covalent framework, both structures
contain the same building blocks of MGe, tetrahedra, InGes square planes, and Ge;

dimers (Figure 7-3). The MGe, tetrahedra are connected through edges and corners to
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form infinite double chains extending along the b-direction. (These double chains could
also be described as ladders made up of M—Ge rungs or ribbons made up of M,Ge;
rhombi.) In REsM,InGe,s, one of the four Ge atoms surrounding each tetrahedrally
coordinated M atom belongs to a Ge, dimer, which acts to connect adjacent double chains
along the a-direction to generate [M>Gey4] layers parallel to the ab-plane. In atoms in
square planar coordination then connect these layers together, delimiting two types of
tunnels: a smaller pentagonal one filled by RE2 atoms and a larger oblique one (outlined
by an 8-membered ring) filled by RE1 atoms. In RE RhInGes, all four Ge atoms
surrounding each Rh atom belong to Ge, dimers, which are not connected directly to
adjacent double chains but rather through the intermediary of the In atoms. Two types of
pentagonal tunnels are separately filled by the RE2 and RE4 atoms, and a large irregular-
shaped (12-membered ring) one is filled by the RE1 and RE3 atoms. The double chains
of tetrahedra appear to be a common motif in other germanide structures, such as
RE3M2Ge3,22 szZl’l3Ge3,23 La4Mg7G66,24 and (Srl_xCax)slngGe@25 The complete
coordination environment around the In atoms includes eight RE atoms at the vertices of
a tetragonal prism, augmented by four Ge atoms capping the waist. This twelve-
coordinate geometry is reduced in symmetry from an ideal cuboctahedron; while unusual,
it is also encountered around the metalloid atoms in other structures (e.g., In in
REQIHGCQ;S_S Sn in Yb4MnZSn5).26

Many intermetallic structures are often usefully described in terms of stackings of
nets.”” Although this approach may seem less appealing because it neglects consideration
of bonding interactions, it provides other advantages in systematizing a large number of

structures and drawing out the relationships between them. Previously we had shown
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that RE4M>InGes can be derived from REQInG62.13 The tetragonal (Mo,FeB,-type)
structure of RE,InGe, consists of a stacking of 32434 nets of RE atoms interleaved with
5° + 5% (3:2) nets of In and Ge atoms.® (The Schlifli symbols indicate the types and
numbers of polygons surrounding the nodes in a net of atoms.”’) The In atoms lie over
the squares and the Ge atoms over the triangles of the RE nets, so that the structure of
RE>InGe; may be equally well described in terms of In-centred tetragonal prisms and Ge-
centred trigonal prisms. The structures of RE4M;InGes and REsRhInGes can now be
generated through the identical procedure of excising slabs from RE>InGe,, separating
these slabs and replacing the terminal RE atoms by M atoms, removing the intervening In
atoms over cut squares, and translating these slabs parallel and perpendicular to the
stacking direction so that the M atoms protruding from one slab rest in the notches of
adjacent slabs to attain tetrahedral coordination by Ge atoms (Figure 7-4). The difference
is that RE4M,InGey is derived by cutting slabs parallel to (100), whereas RE4sRhInGey is
derived by cutting slabs parallel to (110). The derivation of complex structures through
repetition by symmetry operations of parts of a simpler structure is, of course, a powerful
systematizing principle in crystal chemistry.28 The procedure of excising RE,InGe;-type
slabs appears to have broader generality. For example, the structure of (Eu;_Ca,)3;In,Ge;
%% can be derived by cutting slabs parallel to (100) that are thicker than in RE4M,InGe,
(Figure A6-1). It is also possible to imagine new target structures of hypothetical
compounds that can be obtained by this procedure. This is not the only way to cut slabs

and other approaches are possible.
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Figure 7-3 Structures of (a) REsM,InGe, and (b) RE4RhInGey in terms of covalent frameworks built from (¢) double chains of MGey
tetrahedra decorated with Ge, pairs, and In square planes embedded within tetragonal prisms of RE atoms. The large purple circles
are RE atoms, the small blue circles are M atoms, the medium green circles are In atoms, and the medium red circles are Ge atoms
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Analysis of bonding interactions suggests that the structure of RE4M>InGe, is
dominated by strong covalent M—Ge and Ge-Ge bonds, which build up rigid [M>Ge;]
layers held together by weaker covalent bonds to In atoms and mostly ionic interactions
to RE atoms. Inspection of interatomic distances (Table 7-4) confirms that A/—Ge bonds
change little upon substitution with smaller RE components (Fe-Ge, 2.431-2.500 A; Co—
Ge, 2.423-2.480 A; Ru-Ge, 2.452-2.527 A; Rh-Ge, 2.496-2.534) and are close to the
sums of Pauling metallic radii (Fe-Ge, 2.41 A; Co-Ge, 2.40 A; Ru-Ge, 2.49 A; Rh-Ge,
2.49 A).* The significant distinction between the nearly constant Gel-Gel distances
within the Ge, dimers and the highly variable In-Ge distances within the InGe4 squares is
highlighted graphically (Figure 7-5). The Ge, dimers are only modestly affected by RE
or M substitution, containing 2.5-2.6 A distances that are close to the sum of metallic
radii (2.48 A) and similar to those found in many polygermanides. In contrast, the InGe,
squares are actually highly distorted, with a pair of shorter In-Gel distances (2.9-3.1 A)
and a pair of longer In-Ge2 distances (3.2-3.4 A). As M is substituted with Mn, Fe, Co,
and Ru in this progression, the distances within these In—Ge pairs become more disparate
such that the geometry around the In atoms could perhaps be better described as linear
(CN2), as in the extreme case of CesRurInGes (In-Gel, 2.979 A; In-Ge2, 3.451 A).
These distances are much longer than the sum of metallic radii (2.66 A); relative to other
situations of four-coordinate In atoms bonded to Ge atoms, they are longer than in those
in tetrahedral geometry (e.g., 2.672-2.877 Ain (Srl,xCax)5In3Ge6)25 but typical of those in
square planar (e.g., 2.967-3.211 A in (Eul,xCax)41n3Ge4)29 or seesaw geometry (e.g.,

2.823-2.942 A in CasInGe,).*”
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Figure 7-5 Plots of In-Gel, In-Ge2, and Gel-Gel distances in RE4M>InGes (M = Mn,
Fe, Co, Ru). Data for RE;Mn,InGe, are taken from Ref. 13

It is tempting to account for the electronic structures of these quaternary
germanides by applying a rudimentary Zintl formalism, as has been done for RE>InGe,
previously.® To a good approximation, the electropositive RE atoms transfer their
valence electrons entirely to form RE®" cations. For RE>InGe,, the assumption of fully
ionic character within the In-Ge bonds results in the oxidation state assignment of +3 for
the In atoms within the square planes and —3 for the Ge atoms within the Ge, pairs,
giving the formulation (RE>"),(In*")(Ge>)a(e)s, in which three excess electrons per

formula unit enter the conduction band. Given the similar electronegativities of In (1.8)
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and Ge (2.0),”' the more realistic assumption of fully covalent character within the In-Ge
bonds results in the formal charge assignment of 1— for the four-bonded In atoms and 1-
for the three-bonded Ge atoms, giving the alternative formulation (RE3+)2(In1_)(Gel_)2(e_
); with the same conclusion of an electron excess. For RE;M>InGe,, the extension of
these arguments leads to the formulations (RE3+)4(M2+)2(In3+)(Ge3_)2(Ge4_)2(e_)5 or
(RE* (M )o(In')(Ge* )o(Ge™ )a(e)s, if divalent M atoms are assumed.  For
RERhInGey, these formulations are (RE)4(Rh*")(In*")(Ge* )a(e)s or (RE*)4(RH*")(In'"
)(Ge")(Ge? )a(Ge*)(e ), if trivalent Rh atoms are assumed.

The electronic structure of LasFe;InGes (a hypothetical model based on the
structure of CesFe,InGe, but containing a nonmagnetic RE component) serves as a useful
point of reference to examine the effects of substitution with a transition metal on
progressing across a period (M = Mn, Fe, Co) or down a group (M = Fe, Ru). The Fermi
level cuts through a substantial density of states (DOS) at the Fermi level and there is no
energy gap or deep pseudogap nearby that would be indicative of a Zintl phase (Figure 7-
6a). Nevertheless, the formal charge assignments presented above are generally
confirmed by the atomic projections, which show that the DOS is dominated by partly
filled Fe, In, and Ge states up to the Fermi level, and mostly empty La states above the
Fermi level. The Fe 3d band extends from —4 to +2 eV; it is more than half-filled up to
the Fermi level, consistent with a simple assignment of Fe*". The In 5s states are largely
localized in a narrow band near —5 eV and the In 5p states are dispersed widely from —4
eV upwards. The distinction between Ge states belonging to the Gel—Gel pair and the
isolated Ge2 atoms can be clearly seen. The Gel states follow the recognizable energy

ordering for the MOs of a diatomic molecule, with the oy and oy* levels found near —9
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and -7 eV, the o, and 7, levels from —5 to —1 eV, and the 7,* and o,* levels from —1 eV
upwards. In contrast, the Ge2 states do not show any splitting of the 4s states, being
localized near —8.5 eV, while the 4p states are found in the manifold at higher energy (—4
eV upwards).

A more detailed analysis of the bonding can be evaluated from the crystal orbital
Hamilton population curves (Figure 7-6b). In agreement with the description of the
crystal structure in terms of rigid [M,Ge;] layers, Fe—Ge and Ge—Ge contacts constitute
the strongest type of bonding interactions. The Fe—Ge interactions are nearly optimized,
with only weakly antibonding levels being present at the Fermi level; roughly, this
situation corresponds to occupation of the e and some of the #, levels in an isolated FeGey
tetrahedral complex. The Ge—Ge interactions (originating from the Gel—Gel pair) are
net bonding, resulting from the occupation of the oy and o;* levels (which cancel each
other out), the o}, and 7, levels, and some of the 7,* levels. Given the relatively poor -
overlap of Ge 4p orbitals, it is not surprising that the 7, and 7,* levels represent weak
(but nonneglible) interactions. In fact, the 7,* levels, which continue to extend well
above the Fermi level (up to +10 eV), are barely occupied. In an isolated (Ge* ), dimer,
the 7,* levels would be completely filled, similar to the isoelectronic Br, molecule. It is
worthwhile to understand why these 7,* levels have been depopulated within the solid.
The reasons are related to the formation of the weak In—Ge bonds within the InGe4 square

planes.
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Figure 7-6 (a) Density of states (DOS) and its atomic projections for LasFe;InGes. The
Fermi level is at 0 eV for 47 e /f.u. The yellow shaded region in the third panel
highlights the contribution of the In 5s states; the magenta shaded region in the last panel
highlights the contribution of the Gel states involved in Gel-Gel bonding. (b) Crystal

orbital Hamilton population (COHP) curves for Fe—Ge, In-Ge, and Ge—Ge contacts.
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In RE4M>InGey, the In—Ge distances are highly sensitive to substitution of the M
component, and to a lesser extent, the RE component. All members of RE4M;InGey
exhibit distortion of this InGes square plane, with the distance to the Gel atoms
(belonging to the Gel—Gel pair) being shorter than to the isolated Ge2 atoms (Figure 7-
7a). The stabilizing orbital interactions responsible for these In-Ge bonds can be traced
to c-overlap of In s with Ge s orbitals (-9 to —7 eV) and of In s/p with Ge s/p orbitals (—5
to —1 eV), as seen in the COHP curves. For example, the bonding peak in the In—Gel
COHP curve at -2 eV can be attributed to Bloch functions in which the lobes of one set
of the Gel-Gel 7, orbitals (lying parallel to the InGe, plane) are directed towards the p-
orbitals on In atom in a o-fashion. At higher energies, weak m-overlap of In p with Ge p
orbitals becomes operative; these interactions are nearly nonbonding just below the Fermi
level (-2 to 0 eV) and become antibonding above. Similarly, the Ge—Ge interactions are
nearly nonbonding in this region. Thus, LasFe;InGey attains a structure in which both In—
Ge and Ge—Ge distances are adjusted to avoid the occupation of the antibonding levels,
including the Ge-Ge m,* levels mentioned above. To understand the origin of the
distortion in the InGe4 square plane, calculations were performed on models in which the
In—Gel distances are contracted while the In—-Ge2 distances are expanded by the same
increment of Ax relative to an idealized square plane with equal distances. The total
energy decreases when these distortions are introduced and is minimized when Ax is 0.2
A (Figure 7-8a), consistent with observations for the RE4Fe;InGey series (Figure 7-5). A
plot of the integrated COHP values (-ICOHP) for the different interactions is instructive
(Figure 7-8b). The distortion of the InGe4 square plane also affects the distances of the

Gel and Ge2 atoms to the Fe atoms to which they are bonded. A key driving force is the
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need to satisfy good Fe—Ge contacts, which strengthen upon distortion of the InGey
square plane. Each Ge2 atom is bonded to three Fe atoms, whereas the Gel atom is only
bonded to one Fe atom. Thus it is favourable for the Ge2 atoms to sacrifice what little
weak bonding they have to the In atoms to optimize their stronger bonding to the Fe
atoms. Put another way, because the Ge2 atoms have already saturated their bonding

capacity through their contacts with the Fe atoms, they have little incentive to bond to the
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Figure 7-7 Connection of InGe4 square planes in (a) REsM,InGe, through Gel—
Gel pairs and Ge2 atoms and (b) REsRhInGe, through Gel-Ge4 and Ge2—Ge3 pairs.
The distances shown (in A) refer to those found in the crystal structures of CesFe;InGey
and Tb4RhInGe,, respectively.

173



-3
{a) 2.0
G
LagFesInGey F e
1.5 1 - / ’{M
- Ge (‘“ﬂ--..___q_ln.-"l
S~ e
sl | ..-" "'\--)GE
= 1.04 / —
S std ¥
@ :3‘;\
L_!'J,.l - Ge
R [
l\ "
0.0 - --..__..
-0.5 - , - I
0.0 0.1 0.2 0.3
Ax (A)
(b) *°
LagFeslnGey
Fe-Ge
> 5 _'_____._—-—-.'--..,_____
Fa &"--.._,_‘H&
S 2.0 ——a
e i
s Ge-Ge ‘3\\&
- | |
o 1.5 4
5 R
(L.} 1.04 |||--.'.i’l.d___._,~—~""
o—®
974 —
In-GeZ 0
D'D T T T T
0.0 0.1 0.2 0.3
AX(A)

Figure 7-8 (a) Relative energy and (b) integrated COHP values (-ICOHP) for
various contacts in LasFe;InGe4 models as the InGe4 square plane is distorted from

idealized equal In—Ge distances.

174



From Figure 7-5, we recall that the general trend in the progression of M = Mn,
Fe, Co in RE4M,InGe, is that the distortion of the InGes square plane tends to become
more pronounced. If a rigid band approximation is applied, starting from the band
structure of LasFe;InGey, increasing the electron count would lead to greater occupation
of antibonding levels for all types of bonds (Figure 7-6b). At the same time, the d-band
of the transition metal would drop down in energy and become more filled, as confirmed
in the actual DOS curves for LasM;InGey (M = Mn, Fe, Co), compared in Figure 7-9. In
reality, what happens is that the M—Ge interactions are always optimized, because they
are the most important. To counteract the population of antibonding levels if the electron
count is increased, the effect of distorting the InGe4 square plane further is to stabilize In—
Ge bonding levels and raise In—Ge antibonding ones, such that the states near the Fermi
level are always close to being nonbonding. Note, for example, that the In 5s peak is
located at —5.0 eV in LasMn,InGe4 and is lowered slightly to —5.2 eV in LasCoyInGey.
Comparing LasFe;InGes and LasRu,InGey illustrates the replacement of the transition-
metal component going down a group. The d-band in LasRu,InGey is more disperse than
in LasFe;InGey; the net effect is equivalent to a greater filling of the d-band, which would
also lead to more distortion of the InGe4 square plane.

With the insight gained by analyzing the electronic structure of the LasM>InGey
models above, we can proceed to examine Y4RhInGe4 (as a model for Tb4RhInGe4 but
containing a nonmagnetic RE component) and see if the same conclusions hold. The
DOS and COHP curves (Figure 7-10) show the same general features found for
LasM>InGe, except that there are now two types of Ge, pairs, reflected by the appearance

of two sets of oy and o* levels (located near —9.5 ¢V and —7.9 eV for Ge2—Ge3, or -9.9
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eV and —8.2 eV for Gel-Ge4). The InGe, square planes are linked via these Ge, pairs
acting as bridging ligands between the Inl and In2 atoms to form a chain (Figure 7-7b).
Both atoms in the Ge2—Ge3 pairs, which are aligned parallel to the chain, are bonded to
the In atom, but only the Gel atom in the Gel-Ge4 pairs, which are oriented
perpendicular to the chain, is bonded to the In atom. Among the Ge atoms bonded
directly to the In atom, only Ge2 is also bonded to one Rh atom. In contrast to
LasM,InGey, the orbitals on all these Ge atoms are little or not used for Rh—Ge bonding
and instead can interact strongly with the In atoms. Thus the In-Ge distances are much

less disparate within the InGe, square planes.
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Figure 7-9 DOS and atomic projections for LasM,InGe, (M = Mn, Fe, Co, Ru).

176



@ °
] YyRhinGe,
0
e 4 J J
R ]
S __4_ d d 4
>
(5]
T
=
T | | |
——Rh Ge
} Total —_— I =
=ins Gel, Gal
R N
s
ol L ?
0 . 1IU I 2'1] I 300 1 100 ' 100 I 10
DOS (states eV-! celr)
(b) -ICOHP (eV cell')  -ICOHP (eVcell')  -ICOHP (eV cell’')
=10 o 10 =10 0 10 =4 o 4
2 I i - I 1 i é = 1 I i -i] i - I
-2 : o] Pl
>
i
— = .
&
(¥
e [
W : 1 : 1 56.G
——FRh-Ga| & —ln-Ge | ; ol
54 H i -: | ;.'i
10~ ? i ?— | )?

=5 1] 5 =5 1] 5 =5 ] 5
-COHP (cell") -COHP (cell™" -COHP (cell')

Figure 7-10 (a) DOS and atomic projections for Y4RhInGe,. In the last panel, the
magenta shaded region highlights the contribution of states involved in Ge2—Ge3
bonding; what remains belongs to states involved in Gel-Ge4 bonding. (b) COHP
curves for Rh—Ge, In—-Ge, and Ge—Ge bonding.
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Inspection of -ICOHP values in LasM,InGe4 and Y4RhInGey structures confirms
that the strongest types of covalent bonds are M—Ge, followed by Ge—-Ge and then In-Ge
interactions (Table 7-5). However, when multiplied by the number of contacts present in
the structure, In-Ge interactions contribute a greater proportion than Ge—Ge interactions
to the bonding stability per unit cell. Moreover, in Y4RhInGey, there are more InGey
squares and Ge, pairs than in LasM,InGes; correspondingly, In—-Ge and Ge-Ge
interactions contribute significantly more to the bonding stability relative to LasM;InGey.
Within the distorted InGes square plane in LasM;InGey, the shorter In-Ge contacts (3.0
A; —ICOHP of 1.0 eV/bond) are nearly twice as strong as the longer In—Ge contacts (3.3—
3.4 A; -ICOHP of 0.5-0.6 eV/bond). Interestingly, within the much less distorted InGey4
square plane in Y4RhInGey, this difference in -ICOHP values is still retained even though
the two sets of In-Ge contacts differ by only 0.1-0.2 A. In fact, even though they have
the same length of 2.870 A, the shorter set of contacts within the Inl-centred square is
twice as strong (Inl-Gel; -ICOHP of 1.12 eV/bond) than the longer set of contacts
within the In2-centred square (In2—Ge2; -ICOHP of 0.58 eV/bond). As noted above, the
Ge2 atom also participates in orbital interactions to the Rh atom; the weakness of the
In2—-Ge2 bond despite its “short” distance reflects a matrix effect rather than robust
bonding.

Relatively little is known about the magnetic properties of RE4M;InGey
compounds; only a few members of the Ni-containing series have been previously
analyzed (RE = Dy, Ho, Er, Tm) and these were found to undergo antiferromagnetic
ordering at low temperatures.' To examine the effect of substitution of the M

component, magnetic susceptibility measurements were made for several Sm-containing
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members SmyM>InGes (M = Fe, Co, Ru, Rh), which were also the only samples that
could be prepared free of other phases (Figure 7-11). The magnetic susceptibility curves
obtained under zero-field-cooled and field-cooled conditions are superimposable.
Typical of many Sm-containing intermetallic compounds, the magnetic susceptibility is
low and cannot be fit to the Curie-Weiss law (as indicated by strong curvature in the
inverse susceptibility curves, not shown); the effective magnetic moment can deviate
significantly from the expected value for a free Sm®" ion because of the occupation of
low-lying excited states above the ground state (J = 5/2) multiplet and the influence of
crystal field effects. There are two peaks in the magnetic susceptibility curves near 30 K
and 10 K for M = Fe, Ru, and Rh, and possibly more complicated transitions for M = Co.
Similar peaks are observed in the low-temperature behaviour for DysNi;InGe4 (30 K and
11 K) and Ho4Ni;InGes (10 K and 4 K), for which spin reorientation processes are the
most likely origin.'® The magnetic behaviour of all these compounds is dominated by the
RE component but little influenced by the M component, implying strong delocalization
of the d-electrons of the transition-metal atoms. This is consistent with the relatively low
contribution of d-states to the DOS at the Fermi level in the band structures for
LasM,InGey (M = Fe, Co, Ru) seen earlier (Figure 7-9). RKKY interactions in which the
magnetic moments of the RE atoms are coupled through the mediation of conduction
electrons are the likely mechanism for the magnetic behaviour. In contrast, the
contribution of d-states to the DOS at the Fermi level for LasMn,InGe, is markedly
greater, so spin polarization of the d-band can potentially take place. It would thus be
interesting to examine the magnetic properties of the Mn-containing series in future

investigations.
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Figure 7-11 Magnetic susceptibility for SmyM,InGes (M = Fe, Co, Ru, Rh).

7.4 Conclusions

A large number of quaternary germanides RE4M>InGes can be prepared through
arc-melting and annealing reactions at 800 °C, without requiring the use of an In flux,
indicating that these are thermodynamically stable phases. Their diversity has been
considerably expanded through the substitution of the M component, which can range
from the mid-to-late transition metals (M = Mn, Fe, Co, Ni, Ru, Rh, Ir). A related series

RE4RhInGe, was identified in the course of this investigation. The monoclinic structures
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of both REsM,InGes and RE,;RhInGes can be elegantly derived from the more
symmetrical tetragonal RE>InGe, structure by excision of slabs in different directions and
translating these slabs. New target structures may be envisioned from this approach by
cutting slabs in other directions. Size effects contribute to the range of RE substitution
possible in a given RE4M>InGey series, through appropriate matching of RE and M radii,
and narrowly restrict the limits of formation of RE4RhInGe4. Electronic effects account
for trends seen in the characteristic InGe4 square planes in RE4M,InGe4, which undergo
distortions to balance the competition between the strong M—Ge bonds within MGey
tetrahedra and the weaker but more responsive In-Ge bonds within the square planes.
The Ge—Ge bonds within the Ge, dimers are little affected by substitutions in M because
their interactions are largely nonbonding near the Fermi level, a consequence of poor 7
overlap between p orbitals on the Ge atoms. To probe the interplay between M-Ge, In—
Ge, and Ge—Ge bonding, it will be interesting to attempt replacement of the In atoms by
other atoms (perhaps Cd) in the square planar sites or Ge atoms by other p-block
elements (perhaps Si) that may be prone to form dimers. The physical properties of these

series are deserve further investigation.
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Chapter 8

A recommendation for suggesting potential thermoelectric materials

A version of this chapter has been published. Sparks, T. D.; Gaultois, M. W.; Oliynyk,
A. O.; Brgoch, J.; Meredig, B. Scr. Mater. 2016, 111, 10-15. Copyright (2015) by ACS
Publications.

A part of this chapter has been uploaded to open e-print archive: arXiv.org. Gaultois,
M. W.; Oliynyk, A. O; Mulholland, G. J.; Mar, A.; Sparks, T. D.; Meredig, B.

arXiv:1502.07635v1. The manuscript has been accepted to APL Materials.

7.1. Introduction

Predicting thermoelectric properties from first principles (such as DFT
calculations) remains a challenging endeavor' and experimental researchers generally do
not directly use computation to drive their own synthesis efforts. To bridge this practical
gap between experimental needs and computational tools, an open machine learning-

based recommendation engine (http://thermoelectrics.citrination.com) for materials

researchers has been reported. The recommendation engine can suggest promising new
thermoelectric compositions based on pre-screening about 25,000 known materials, and
also evaluate the feasibility of user-designed compounds.  Suggested by the
recommendation engine, a set of compounds RE;,CosBi has been tested experimentally

to confirm the prediction. The RE;,CosBi series have an unusual chemical composition
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for thermoelectric materials (Figure 8-1, 8-2) and are counter-intuitive candidates which

in fact make a machine suggestion a guide towards unexpected chemistries.
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Figure 8-1 Composition-weighted diagram, where most of known thermoelectric
materials lie in a tight cluster in composition space.
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Figure 8-2 RE|>CosBi series represent the highest content of rare-earth and transition
metals among thermoelectric materials reported making these intermetallic candidates an
unusual suggestion.
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8.2 A materials recommendation engine

The recommendation engine is a machine learning-based approach™ for
efficiently driving synthetic efforts toward promising new chemistries. A machine
learning model has been trained to make a confidence level prediction of whether the (1)
Seebeck coefficient, (2) electrical resistivity, (3) thermal conductivity, and (4) band gap
of input materials are within acceptable ranges for thermoelectric applications. We
define these ranges as follows: (1) S| > 100 pV K-1; 2) p< 102 Q cm; 3) k<10 W
m—1 K—1; and (4) Eg > 0 eV, all at room temperature. For each range of thermoelectric
property, the engine gives a confidence score between 0% and 100% that a given
material’s measured value for that property at room temperature will fall within the
targeted range. The recommendation engine does not make a quantitative prediction, the
main purpose of thermoelectric recommendations is to augment the chemical intuition
and guide researchers towards unexpected discoveries. Machine learning models
described in this differ considerably from atomistic simulation approaches as density
functional theory calculations (DFT). The present machine learning-based
recommendation engine looks for empirical, chemically meaningful patterns in
experimentally reported data on known thermoelectric compounds to make statistical

predictions for the performance of new materials. The work is available as a web

application (http://thermoelectrics.citrination.com) that contains ~25,000 known
compounds with thermoelectric performance predicted, and requests for real-time

predictions of thermoelectric candidates are available.
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8.3 Experimental

To confirm the predictions RE;CosBi (RE = Gd, Er) compounds were
synthesized. The samples were made by arc-melting freshly filed Er or Gd pieces
(99.9%, Hefa), Co powder (99.8%, Cerac), and Bi powder (99.999%, Alfa Aesar).
Stoichiometric mixtures (0.5g total mass) with 5 to 7% excess Bi were pressed into
pellets and melted twice in an arc-melter (Edmund Biihler Compact Arc Melter MAM-1)
under argon atmosphere sealed in silica tubes and annealed at 1070 K for one week, then
quenched in cold water. Pure samples were combined by melting into a single ingot and
sanded to yield the appropriate geometry (either a rectangular bar, or a cylinder).

Powder X-ray diffraction patterns were collected using an INEL CPS 120
diffractometer with Cu Kal radiation at room temperature. Backscatter electron
microscopy and elemental analysis via energy dispersive X-ray spectroscopy (EDX) were
performed with a JEOL JSM-6010LA In-TouchScope scanning electron microscope.
Backscatter micrographs reveal the samples are largely compositionally homogeneous.
Quantitative elemental analysis on several polished pieces found an atomic composition
of Gdgo)Cor62)Bisy which is in a good agreement with expected RE;CosBi
composition. Er;CosBi samples were not appropriate for quantitative analysis because of
overlapping Co Ka (6.924 keV) and Er La (6.947 keV) lines.

High-temperature thermoelectric properties (electrical resistivity and Seebeck
coefficient) were measured with an ULVAC Technologies ZEM-3. Sample bars had
approximate dimensions of 9 mmx 4 mmx 4 mm. Measurements were performed with a
helium under-pressure, and data was collected from 300 K to 800 K through three heating

and cooling cycles over 18 hours to ensure sample stability and reproducibility.
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8.4 New RE,CosBi materials and their properties

Thermoelectic property measurements were performed to demonstrate that the
recommendation engine can indeed guide researchers toward interesting experimental
discoveries. RE|,CosBi series is a chemically distinct family of compounds (Figure 8-1
and 8-2), the crystal structure, low-temperature electric and magnetic properties have
been reported previously.! Interestingly, the crystal structure of our candidate
thermoelectric exhibits notable similarity to the structures of known thermoelectrics, in
spite of the fact that crystal structure was not an input feature for our recommendation

engine.
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Figure 8-3 Thermoelectric characterization of RE,CosBi (RE = Gd, Er). (a)
Electrical resistivity, (b) Seebeck coefficient, (c) thermal conductivity, and (d)
thermoelectric figure of merit z7 as a function of temperature. Recommendation engine’s
confidence is indicated at the bottom of the figure with the confidence bars.

188



A full thermoelectic characterization of Gd;,CosBi and Er;,CosBi is presented on
Figure 8-3. This class of materials remains completely unoptimized pure bulk material
and thus lends itself to further study. Notably, the material falls far outside the usual
search space for thermoelectrics and was neither the result of simple interpolation between

known compounds nor obvious from a strict chemical intuition standpoint.

8.5 Directing the exploration of intermetallic phase space

In this section I will propose some ideas how we can use the thermoelectric
recommendation engine described above, to focused on the exploration of new
compounds with (1) known structures with good performance (based on isostructural
series), (2) predicted high thermoelectric performance without regard for structural
preference, and (3) both expected structures and potential high performance. The most
promising intermetallics for thermoelectric performance are Heusler and half-Heusler
compounds.” First, we searched through the recommendation engine’s output for the
most promising candidates among a large set of known crystalline compounds. From top
of this list, six gallide and indide Heusler phases that have never been tested as
thermoelectric materials previously were selected for further experiments (see Figure8-4).
Although they are predicted to have excellent Seebeck coefficient, electrical resistivity,
and thermal conductivity, their band gap is not ideal (in fact, they are predicted to very
likely have no gap). Fortunately, not all Heusler gallides and indides have been
discovered. We hypothesized that three compounds — TiRu,Ga, TiRu,In, MnRuyIn —
should form as Heusler phases since isostructural analogs exist for other representatives

of group 8, 9, 10 elements; the recommendation engine predicted that they should not
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only score high on the Seebeck, resistivity, and thermal conductivity dimensions, but also
improve on the band gap. Reassuringly, the Heusler stability conjecture was confirmed
by the successful preparation of these phases. Measurements of their physical properties

are in progress, but thus far, the thermal diffusivity data look promising.

Seebeck Electrical Thermal Band gap
coefficient resistivity conductivity

MnCo,Ga
MnCu,In
MnNi,Ga
MnNi.In
TiNi,Ga
VCo,Ga
TiRu,Ga
TiRuIn

MnRu,In

Figure 8-4 Visualization of properties for nine Heusler compounds predicted by
recommendation engine.’ The prediction represents the model’s confidence that a given

material will exhibit high Seebeck coefficient, low resistivity, low thermal conductivity,
and finite band gap.

Another way to search for new compounds can be used to quickly evaluate given
composition even if no compound with such a stoichiometry exists. The

recommendation engine was used, in a brute force manner, to identify possible
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compositions (with a 10 at.% increment) among all binary and ternary combinations of
elements (excluding noble gas and high-Z elements) among 105,653 ternary systems.
These compositions can then be evaluated for any property (or combination thereof). In
our case, we ranked the compositions in terms of low thermal conductivity.
Unexpectedly, transition-metal germanides were found near the top of this list of low
thermal conductivity predictions. This is an interesting prediction because germanides
are normally metallic and would not have been intuitively chosen to be potentially good
thermoelectric materials.

A visualization tool is used to quickly skim through ternary phase diagrams to
pinpoint the most promising composition regions that score high on the prediction of low
thermal conductivity. Since our goal is to search for entirely new phases, we also applied
the criteria that: (a) the system has not been previously investigated systematically and no
ternary compounds have yet been reported, (b) the solubility of a second component is
small in the phase diagrams of binary metal-metal and metal-germanium systems (to
avoid simply forming binary solid solutions of the third component), and (c) the
promising compositions should lie in the region of nearly equiatomic ratios. As a test of
these ideas, the Mn—Ru—Ge system was selected. Figure 8-5 shows a map of
compositions where it is most likely to find phases with low thermal conductivity.

We attempted synthesis corresponding to the composition (MnssRu;sGesp)
marked by the small black star in Figure 8-5, located in a region where the probability of
low thermal conductivity is > 90%. A new compound, Mn(Ru4Gey¢), was formed. It
adopts the CsCl-type structure but it is not a solid solution of the known binary phases in

the Mn—Ru, Ru—Ge, or Mn—Ru systems.
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Figure 8-5 Probability of low thermal conductivity (x < 10Wm'1K'1) as a function of
theoretical composition.

The calculations within the recommendation engine are not costly and can be
performed quickly — within fractions of a second for each composition — making it
easy to perform numerous predictions. However, the accompanying synthetic
experiments are time-consuming. By combining the two approaches of predicting
properties and making use of crystal chemical ideas to identify potential new structures,
we can accelerate the discovery process. Within a ternary composition diagram, certain
phases with common structure types recur. For example, within germanide systems
containing a rare-earth and a transition metal (RE-M-Ge), many ternary phases occur

with the same compositions. In Figure 8-6, the most common compositions are marked.
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Figure 8-6 RE-M-Ge composition diagram with common ternary structure types and
predicted thermal conductivity mapped on the Dy—Ru—Ge diagram.

A frequent motif found in these structures is an infinite ladder [MGe] built up of a
zigzag double chain of alternating M and Ge atoms.”'® The bonds within this ladder are
very strong and dominate the electronic structure.” These ladders can be connected to
each other through polyatomic Ge, bridges containing homoatomic Ge—Ge bonds,
forming a three-dimensional network whose voids are filled with RE atoms. Within
different structures, the ladders are slightly tilted to maximize orbital overlap. The
degree of tilting of the [MGe] ladders and the number of atoms n in the Ge, bridges

determine the symmetry: if the ladders are tilted in the same direction and #» is odd, the

193



structure is monoclinic (e.g., ternary LaPt,Ga,, YbFeGe, Sc,CoSi,, and even quaternary
HouNi,- InGey structure types); if the ladders are related by mirror symmetry and » is
even, the structure is orthorhombic (e.g., ternary Gd;CusGes, Hf5N1,Si3, YIrGe, structure
types). By extrapolation, we can target new structures containing an [MGe] ladder and a
Ge, bridge, which should result in the formula RE.MGe; (where x is unknown at this
stage, since we cannot know how the RE atoms will be situated).

The existing compounds REMGe, RE3M,Ge;, and RE,MGe; fall in a straight line
in the diagram (Figure 8-6), so we might expect that the predicted structure will follow
this trend and attain a composition of RE3;MGes;. Synthesis at this composition con-
firmed that RE3MGe; exists (for RE = Er, Dy, Tm; M = Ru). At this stage, regions of low
thermal conductivity can be mapped on the same diagram (Figure 8-6), for the Dy—Ru—
Ge system as an example. By itself, the thermal conductivity map cannot guarantee if
any phase exists in reality, but by combining it with the structure map, we can pick the
best compounds that are likely to be good thermoelectric materials. This combined map
shows that RE;RuGes is a good candidate, and physical properties are currently under
investigation. Though RE-Ru—Ge phases are not practical for thermoelectric applications
due to resource considerations, our goal here is to show how we can combine the concept
of a recommendation engine and well understood structural chemistry.

Intermetallic compounds typically have large Seebeck coefficients and low
electrical resistivities, which are good for thermo- electric materials; however, they tend
to have high thermal conductivities as well as no band gap, which limits z7. ! Thus, for
an intermetallic compound to be a good thermoelectric material, the challenge is

primarily to find a candidate that has a low thermal conductivity. Surprisingly, the
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germanides presented here may be good candidates because they exhibit complex crystal
structures and they are amenable to doping with introduction of one or more elements.
Introducing semiconductor-like behavior in these germanides appears to be a greater
problem, but with careful selection of the RE component, it is possible to obtain good
candidates. For example, although RE3;Ru,Ges generally shows metallic behavior, the Y-
containing member has a semiconductor-like electrical resistivity behavior.’

8.6 Conclusions

The recommendation engine can take into account variations in compositions and
estimate thermoelectric performance at different compositions. Our goal in these
investigations is not necessarily to obtain materials with high z7 but to explore new
phase-space with the aid of machine learning. The examples presented above suggest
that this approach shows promise in identifying new candidates and future work will
determine the thermoelectric performance of these materials. An example of hybrid
machine—human approach to search for new compounds with a potential application such
as thermoelectric materials combines chemical intuition with machine learning. Brute
force calculations can provide a guide to search for new compounds and we need not be
limited to existing compounds found in databases. Given the experimental challenges in
investigating quaternary and other multicomponent systems, these calculations serve as a
good starting point for explorations. The great advantage of the recommendation engine
is that it does not require knowledge of a crystal structure a priori since recommendation
probability is based on composition. Experimental measurements of the physical
properties show promise for the predicted thermoelectric materials. These properties are

not just limited to thermal conductivity.
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Chapter 9

Deceptively simple and endlessly complicated: machine learning prediction and

experimental confirmation of novel Heusler compounds

A version of this chapter has been submitted to Chemistry of Materials.

9.1. Introduction

Heusler compounds form a large class of intermetallics that exhibit versatile
properties. The first compound, Cu,MnAl, was discovered in 1898 by Friedrich (“Fritz”)
Heusler, a German mining engineer, and attracted attention — before its structure or
composition was understood — because it is ferromagnetic even though it is formed from
metals that are non’ferromagnetic.l’2 There seem to be simple rules for relating the
electron count to the physical properties,3 permitting the prediction of half-metallic
ferrornagnets,4 ferrimagnets,5 serniconductors,6 and superconductors.7’8 Given their
tunable semiconducting properties (made possible by adjusting the chemical composition
to attain a desired electron count so that the band gap varies from 0 to a few eV),’ these
compounds are currently being heavily investigated for sustainable technologies such as
solar energy and thermoelectric conversion.”'” Exciting new applications for Heusler

11,12 .78 .13
12 superconductivity,”® magnetocalorics,”> and

compounds include spintronics,
topological insulators."* Thus, these compounds are advancing the frontiers of science

and providing solutions to materials engineering challenges in the future.
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To gauge interest in this area, a plot of Heusler compounds reported structurally
(culled from Pearson’s Database'”) shows a peak in the 1980’s, when magnetic properties
were examined, followed by a recent renaissance, when exotic properties were

discovered (Figure 9-1).
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Figure 9-1 Number of structural reports of Heusler compounds found in Pearson’s
Database (Release 2015/2016) per year."

In Friedrich Heusler’s time, these compounds were thought to be solid solutions
adopting the structure of one of the metal components.2 More than 20 years passed
before the first crystal structure was elucidated,'® and many years still before an
appreciation of the subtleties was attained. There are two families of Heusler
compounds: half-Heusler compounds ABC, and (full-)Heusler compounds AB,C. The
components are metals, where typically 4 is a large electropositive metal, B is a transition

metal, and C is an electronegative metal (usually a p-block metalloid). We focus our
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attention on the latter, referred to simply as Heusler compounds. The Heusler structure

(also called Cu,MnAl-type) is a superstructure of the CsCl-type (Figure 9-2).
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Figure 9-2 Simulated powder XRD patterns for LiAg,Al in (a) CsCl-type, (b) Heusler

(CuyMnAl-type), and (c) inverse Heusler (Hg,CuTi- or Li,AgSb-type) structures. The

difference plot between the XRD patterns for CsCl-type and Heusler structures is shown

in blue at the bottom. Note that the patterns for Heusler and inverse Heusler structures
have the same sets of peaks differing only slightly in intensities.
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In AB,C, the B atoms form a primitive cubic sublattice; the 4 and C atoms are
arranged in a disordered fashion within body centres in the CsCl-type but in an ordered
fashion in the Heusler structure. The CsCl-type structure contains two sites within a
primitive cubic lattice (space group Pm 3m) whereas the Heusler structure contains three
sites within a face-centered cubic lattice (space group Fm 3m). There is a complication:
inverse Heusler compounds 4,BC are formed with the content of 4 doubled and that of B
halved relative to the normal Heusler compounds AB,C. The inverse Heusler structure
(called Hg,CuTi- or Li,AgSb-type) consists of four sites within a face-centered cubic
lattice and has lower symmetry (space group F 43m). Many other variants of these basic
structures are possible, involving distortions, split positions, and more complex ordering,

which entice chemists and physicists to frolic in this rich playground of compounds.

Like golf, these structures are deceptively simple and endlessly complicated."’
Indeed, their simplicity makes it difficult to detect the subtle differences. For example,
LiAg,Al was reported as an inverse Heusler compound,'® but the simulated powder X-ray
diffraction (XRD) patterns for LiAg,Al in CsCl-type, Heusler, and inverse Heusler
structures are nearly identical (Figure 9-2). The presence of weak superstructure peaks
(111, 311, 331), barely observable except perhaps with synchrotron radiation XRD,
distinguishes CsCl-type from Heusler or inverse Heusler structures. In turn, Heusler and
inverse Heusler structures have identical sets of peaks differing almost imperceptibly in
intensities, or for LiAg,Al, these intensities are numerically identical. It is difficult to
measure powder XRD patterns accurately, given that uncertainties in the intensities (e.g.,

arising from preferred orientation, severe absorption, or detector noise) can exceed the
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difference needed to distinguish these structures. Sometimes, assumptions are made
about the structure but they may not be correct (as is the case for LiAg,Al, discussed
later). A more accurate method is single-crystal XRD, but out of 1415 reports of Heusler
compounds, only 31 (or 2%) have been characterized this way. Even single-crystal XRD
is not infallible, because very weak intensities may still be hard to detect. Determining
the correct structures of these compounds is vitally important to improving their
performance in materials applications, because subtle structural differences can greatly

influence their physical properties.

Given this difficulty in structure determination, prior work has exploited first-
principles quantum chemical calculations, in which the structural preference is dictated
by small energetic differences;'? this could be viewed as a “brute force” approach to
addressing the problem. For some categories of Heusler compounds, simple and
chemically intuitive rules have been developed that relate electron count to their
structures and properties,® but these rules are not necessarily applicable to the whole set
of compounds. Here, we propose to apply data-mining and machine-learning techniques
with these aims: (1) assign the correct structure of Heusler vs. inverse Heusler
compounds for some arbitrary combination of elements, (2) predict the existence of new
Heusler compounds, and (3) evaluate the reliability of structure assignments for the entire
set of compounds AB,C reported in crystallographic databases (“data sanitizing”).
Importantly, we also test these predictions through experimental methods (synthesis,
structure determination, and physical properties). In general, predicting what structure
will form for a given combination of elements is one of the “grand challenges” of

chemistry."” This goal has broader implications for advancing materials science, because
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compounds with specific properties can be discovered more quickly without having to

explore vast reaches of chemical space.

9.2 Experimental

9.2.1 Structure prediction

The Heusler prediction engine was built using a materials informatics approach
from three integral components: training data, chemical descriptors, and a machine-
learning algorithm. The key idea behind materials informatics is that, given enough
examples (training data) and informative numerical representation of the materials
(descriptors), a machine-learning algorithm can determine patterns to predict how unseen
examples will behave. Careful development and selection of all three parts are necessary
to create a useful predictive engine. Training data can be characterized by their quality
and quantity. A sufficient quantity is required to be able to statistically detect a pattern:
more complex patterns demand more examples. High quality data are also crucial,
because errors create extra noise that can obscure patterns. The training data used in this
engine are a compilation of experimentally confirmed structures for compounds with a
formula of 4B,C. Crystallographic data for all such compounds were extracted from
Pearson’s Crystal Data'’ and the ASM Alloy Phase Diagram Database,’ with the
following criteria imposed for the input set of compounds used in the structure predictor:
(i) the phases do not contain hydrogen, noble gases, and elements with Z > 83
(radioactive and actinide elements), and (ii) the phases exhibit exact 1:2:1 stoichiometry,
contain 3 components, and are thermodynamically stable. A total of 1948 compounds

crystallizing in 208 unique structure types were found to satisfy these criteria and were
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confirmed to exist experimentally under ambient temperatures and pressures. The input
file contained information about the composition and structure type of these compounds.
Out of these, the most populous are Heusler compounds (341 entries, or 18%) and the
second most populous are NaFeO,-type compounds (255 entries, or 13%). There are 94
compounds each having only one reported entry, meaning that they crystallize in their

own unique structure types.

Once a training set is compiled, the next challenge is to represent these examples
in a machine-understandable way. Typically, descriptors are properties of a material that
can be used to compare one compound to another, such as crystal structure or average
atomic mass. Choosing a good set of descriptors is an essential part of materials
informatics.  The relationship between descriptor choice and model quality,”!
compounded with the lack of a standard representation, has led to a growing body of

literature emphasizing the importance of descriptors.*?

Moreover, materials datasets
tend to be much smaller than traditional machine-learning datasets, which makes
complex patterns harder to detect with a suboptimal collection of descriptors.
Descriptors allow for integration of chemical knowledge to help the model by describing
materials in dimensions where patterns are likely to be found, so that the patterns can be
detected with fewer data. Careful choice of a descriptor set takes advantage of prior
knowledge to identify where the pattern is, allowing the algorithm to then determine what
the pattern is. For example, because atomic size is known to be an important factor in
determining chemical structure, descriptors such as the difference in atomic radii are

included to capture this information for the model in the structure predictor. Finally

comes the choice of machine-learning algorithm. We used the random forest algorithm,**
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a technique that has been successfully applied to materials informatics.”>*®  This
algorithm is an example of an ensemble method, which trains multiple predictors and
combines their results to make a single final prediction. In the case of random forest,
each of these sub-predictors is a decision tree trained on a fraction of the training data.
The decision tree structure is able to capture complex interactions between descriptors.
By averaging over the predictions of an ensemble of these decision trees, the random
forest algorithm incorporates the different trends found by each tree, resulting in a
complex and robust model. We use the standard k-fold cross-validation technique to
characterize the performance of the models. This technique evaluates the model on
examples that were unseen during training in order to accurately gauge model
performance. To perform A-fold cross-validation, the data are split into k£ equal segments,
called folds. For each of these folds, a model is trained on all data except the selected
fold. Predictions are made for the data in the fold that were not included in the model

training. The predictions are then compared to the known values for those examples.
9.2.2 Synthesis and structural characterization

From the recommendations offered above, the most promising Heusler
compositions were identified for experimental validation. However, candidates involving
substitution of similar elements were excluded to apply a fair test of the model (e.g., if
FeB,C and NiB,C are known Heusler compounds, the unknown but chemically obvious
compound CoB,C containing the intervening transition metal was not considered). The
ternary gallides MRu,Ga and RuM,Ga (where M is a first-row transition metal) were

targeted for synthesis because their probability of forming Heusler compounds is
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predicted to be high, their existence cannot be extrapolated simply through periodic
trends from previously known compounds, and they are dissimilar to previous M—M'-Ga
phases which mostly contain first-row transition metals for both M and M’ components.
Conversely, to test for false negative predictions, the series LaM,Ga (where M is again a
first-row transition metal) was also targeted for synthesis because their probability of
forming Heusler compounds is predicted to be low. TiRu,Ga sample was synthesized to
test thermoelectric recommendation engine®’ in large quantities for thermal conductivity
measurements. Full Heusler structures were not previously considered to be low thermal
conductors however according to recommendations made by machine learning approach
(with a similar algorithm presented in the current work) TiRu,Ga phase has a high

potential to demonstrate thermal conductivity value x < 10 Wm ™' K.

Mixtures of Ru powder (99.95%, Alfa-Aesar) or La pieces (99.9%, Hefa),
powders of various first-row transition metals M (T1 to Ni, >99.5%, Alfa-Aesar or Cerac),
and Ga pieces (99.95%, Alfa-Aesar) were combined in ratios according to the formulas
indicated above with a total mass of 0.2 g, pressed into pellets, and melted on a copper
hearth under argon atmosphere in an Edmund Biihler MAM-1 arc melter. The ingots
were placed in fused-silica tubes, which were evacuated and sealed. Annealing was done
in one step at 800 °C, followed by quenching in cold water. The samples were ground to
powders and examined by powder XRD on an Inel diffractometer equipped with a Cu

Ko, radiation source and a curved position-sensitive detector.

Single crystals of TiRu,Ga were selected and confirmed by energy-dispersive X-

ray (EDX) analysis, performed on a JEOL JSM-6010LA scanning electron microscope,
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to have a composition (Tix42)Rus93)Gazy3)) in good agreement with the formula of a
Heusler compound. Single-crystal diffraction data were collected at room temperature on
a Bruker PLATFORM diffractometer equipped with a SMART APEX II CCD area
detector and a graphite-monochromated Mo Ko radiation source, using @ scans at 8
different ¢ angles with a frame width of 0.3° and an exposure time of 15 s per frame. The
structure was solved and refined with use of the SHELXTL (version 6.12) program
package.”® Face-indexed absorption corrections were applied. The cubic space group Fm
3m was chosen on the basis of Laue symmetry, intensity statistics, and systematic

absences.
9.2.3 Thermal properties

Thermal conductivity, x, of the samples was calculated from the standard

relationship K= paC

»where p 1s the density, a is the thermal diffusivity and C, is the
heat capacity at constant pressure. Density values were taken from Pearson’s Crystal
Database estimated by single crystal diffraction report. Heat capacity was determined at
the University of Utah using a Netzsch Sirius 3500 temperature modulated differential
scanning calorimeter (TM-DSC) and additionally on a Perkin Elmer Pyris 1 DSC at the
University of Alberta. Small fragments were cut from the annealed arc-melted ingots and
calorimetry was performed from room temperature up to 600°C. Thermal diffusivity was
measured on annealed arc-melted ingots. Samples were first polished to be coplanar with
a thickness of 1 to 2 mm and then cut into disc shapes with either 8 or 12 mm diameters

via electrical discharge machining. The thermal diffusivity of the discs was then

measured using the laser flash method with a Netzsch LFA 457 instrument with a Cape-
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Lehman® pulse length and heat loss correction model. Samples were coated with
graphite on both sides to promote uniform absorption and emission. Measurements were

taken from room temperature up to 600°C in 100°C increments.
9.3 Results and Discussion

Predicting the existence and structure of unknown compounds is an ongoing
challenge in chemistry. On one extreme, semiclassical approaches assume that the
structure depends on chemical concepts like atomic size and electron count which are

used to create structure maps;’*>>

although intuitively appealing, there is a risk that the
choice of parameters is biased or too simple. At another extreme, first-principles
quantum mechanical calculations are performed to determine the total energies of
alternative structures;>>~' however, the gain in accuracy is offset by a loss in easy
understanding through general chemical concepts and by a need for powerful
computational resources. Intermediate approaches such as principal component analysis

and machine-learning methods are now being applied to this general problem.**°

9.3.1 Assignment of Heusler, Inverse Heusler, and Non-Heusler Compounds

We have constructed a prediction engine that suggests the structure of compounds
AB,C by exploiting a random forest algorithm. The distinguishing feature of our
approach is that the prediction is made from the descriptors based on the composition
alone. The model required less than 1 minute to train the dataset, and about 45 minutes
to make the full set of predictions, viz. <0.01 s per compound. We performed 20-fold

cross-validations for this model, and the distribution of probability values (color-coded
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by the actual class) is shown in Figure 9-3. The model is exceptionally successful in
making correct predictions, giving high probabilities for candidates observed to be
Heusler compounds experimentally, low probabilities for those that are not; it is even

able to correctly predict inverse Heusler compounds to be non-Heusler compounds.
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Figure 9-3 Distribution of probabilities for forming Heusler compounds evaluated in the
validation process of the Heusler prediction engine for (a) Heusler vs. non-Heusler
structures and (b) inverse Heusler structures, as assigned in crystallographic databases
and literature.
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Analyzing the descriptors (variables) that were most effective in separating
Heusler structures from others in the prediction engine gives interesting insight. The
most important such descriptors are the position of element B (in the formula 4B8,C) in
the periodic table, the total number of electrons (especially number of p-electrons), and
the ratio of atomic sizes for the 4 and B components (and secondarily the ratio of atomic
sizes for A and C). Since the electron configuration of element B is given by its group
number or position in the periodic table, the first two descriptors essentially correspond to
electron count, which is known to influence the energetic preference for Heusler
compounds'’ and their various physical properties (magnetism,"” superconductivity,”*
topological insulator behaviour'), depending on the combination of elements. A size
factor, given by the third descriptor, dictates formation of Heusler vs inverse Heusler
structures, in which the occupations of 4 and B atoms are partly interchanged. (As noted
earlier, Heusler and inverse Heusler structures are not easy to distinguish experimentally
from their powder XRD patterns.) However, it would be misleading to conclude that
these are the only important factors. The whole point of the machine-learning algorithm
is to capture complex, nonlinear relationships that cannot be reduced to a small number
of factors influencing the formation of Heusler compounds (inherent in semiclassical
approaches), while not having to expend costly computational effort (inherent in first-
principles quantum calculations). Specifically, Heusler compounds often contain d- and
f-block elements that can be tricky to model with density functional theory. The Heusler
prediction engine offers several key advantages compared to the previous approaches:
(1) it is fast, giving predictions with fractions of a second; (2) it requires no structural

information, the very thing that needs to be predicted; (3) it uses only descriptors based
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on elemental properties (or combinations thereof), which are well tabulated in the
literature; and (4) it evaluates quantitative probabilities for the formation of a
hypothetical compound. With this tool, experimentalists can exploit machine-learning
guidance to complement their chemical intuition in designing compounds. In this way,
they can accelerate the search for new materials, they can reduce the risks when the
syntheses are difficult, costly, or dangerous to perform, and they can get new ideas to

“think outside the box.”
9.3.2 Prediction of new heusler compounds

For experimental validation, several compounds were selected belonging to two
series of unknown gallides MRu,Ga and RuM,Ga (M = Ti—Ni), which have probabilities
of >50% of being Heusler compounds, including both positive and some non-obvious
positive predictions (Figure 9-4). Arc-melting and annealing reactions (at 800 °C) led to
the successful preparation of all members of MRu,Ga and RuM,Ga (except for M = Ni)
with Heusler structures, as confirmed by powder X-ray diffraction (Figure 9-5) on all
samples and single-crystal X-ray diffraction on TiRu,Ga as a representative member
(Figure 9-6). The phase analysis is complicated by severe X-ray absorption caused by
the presence of the large proportion of heavy elements. The two Ni-containing members
(NiRu,Ga, RuNi,Ga) were not confirmed experimentally, but neither could the powder
XRD patterns of these samples be assigned to any existing phase. In fact, Ni-containing
intermetallic systems are often anomalous in that they exhibit a much richer variety of
phases with diverse compositions,’”® not captured within the purview of this prediction

engine. It is possible that under the synthetic conditions used, which were not optimized,
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equilibria were at play involving formation of neighbouring phases with close

composition to the Heusler structure.
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Figure 9-4 Probability of forming Heusler compounds for three series of gallides, and
experimental confirmation through arc-melting and annealing at 800 °C (check marks
indicate successful preparation of Heusler compound, and crosses indicate absence of

Heusler compound).
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Figure 9-5 Powder XRD patterns for (a) MRu,Ga and (b) RuM,Ga (M = Ti—Co) series
with Heusler structures. Red asterisks indicate small amounts of secondary phases
(typically Ru and RuGay).
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Figure 9-6 CCD frames from single-crystal diffraction data collection of TiRu,Ga. The
observation of weak superstructure reflections 311 (enclosed in squares) provides
evidence for a Heusler structure instead of a CsCl-type structure. The relative intensities
in the simulated powder XRD pattern cannot be directly compared with those on these
images which also depend on the diffractometer angles.

Experimental validation for negative predictions is also important, to ensure that
the predictor engine does not give false-negative results. To test for these, compounds
belonging to a third series LaM,Ga (M = Ti—Ni) were selected, which have probabilities
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of <20% of being Heusler compounds (Figure 9-4). The reactions attempted did not lead
to formation of any ternary compounds, but rather to binary phases (LaGa, LasGas,
LaGa,, and elemental M). Indeed, as post hoc rationalization, inspection of the few phase
diagrams experimentally investigated here (La—V-Ga,* La-Mn-Ga,* La—Fe-Ga'')

reveals no ternary phases in these systems.
9.3.3 Data sanitizing

Structural confirmation of Heusler compounds is exceedingly tricky, as illustrated
earlier by the nearly identical powder XRD patterns of the CsCl-type, Heusler, and
inverse Heusler structures (Figure 9-2), and rarely performed by single-crystal
diffraction. Thus, there are often uncertain or even incorrect assignments when structural
investigation is deficient or absent. This could pose problems if conclusions about
materials properties are made based on erroneous assumptions. The Heusler prediction
engine can be applied to identify suggest correct structural assignments of existing

compounds reported in the literature and in databases.

CsCl-type vs. Heusler. Heusler compounds AB,C (where A and C atoms are
ordered) can be misidentified as CsCl-type (where 4 and C atoms are disordered), or vice
versa. Sometimes, it is possible to apply the rule that if two binary alloys 4B and BC
exist with CsCl-type structures, then they can form an ordered Heusler compound 4B,C.
These uncertainties can be rectified by the prediction engine. For example, Mng sRhGay s
(or MnRh,Ga) was reported in the literature as a Heusler compound* but was entered,
perhaps accidentally, as CsCl-type in Pearson’s Crystal Data'”. In a list of combinations

AB,C sorted by probability in the prediction engine, MnRh,Ga is 95% probable to adopt
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a Heusler structure. Thus, this prediction engine serves a valuable function to flag

questionable entries in crystallographic databases.

Heusler vs. inverse Heusler. Heusler AB,C and inverse Heusler compounds 4,BC
have the same overall composition (1:2:1). In databases,”> LiAg,Al was listed as an
inverse Heusler compound on the basis of powder XRD,'® but this assignment is suspect
because the prediction engine suggests that it should be a Heusler compound at an 85%
probability (the anomalous high entry in Fig. 3b). The experimental ambiguity is
understandable because, as discussed earlier, the simulated powder XRD patterns for
LiAg,Al are fortuitously identical for Heusler and inverse Heusler structures (Figure 9-2).
There is also a generalization that Heusler structures 4B,C tend to contain a transition
metal as the B component, whereas inverse Heusler structures 4,BC tend to contain a
large electropositive metal as the 4 component. Given that Ag is a transition metal and
Li is not a large or strongly electropositive metal atom, the assignment of LiAg,Al as a

Heusler compound is more chemically sensible.
9.3.4 Thermal conductivity of TiRu,Ga

Heusler compounds are promising thermoelectric materials but the challenge is to
reduce their thermal conductivities. For the novel Heusler compound TiRu,Ga, which
was also predicted to be a good thermoelectric by a separate recommendation engine,”’
the thermal conductivity varies from 13 W m' K at room temperature to as low as
4 Wm'K™" at 600 °C (Figure 9-7). This is a remarkable achievement, given that the
lowest thermal conductivity previously observed in full Heusler compounds (according to

thermoelectric database™) was 8.12 Wm 'K™' at room temperature for NbCo,Sn.**
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Unusually, the heat capacity for TiRu,Ga decreases with temperature and the thermal
diffusivity increases with temperature, though the thermal conductivity itself has the
expected general trend of decreasing with temperature. Further measurements of other
physical properties are in progress to evaluate the feasibility of this potential

thermoelectric material.
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Figure 9-7 Thermal conductivity of the novel Heusler compound TiRu,Ga.
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9.4 Conclusions

A machine-learning prediction engine exploiting a random forest algorithm was
applied to evaluate the probabilities at which compounds with the formula AB,C will
adopt Heusler structures, from descriptors based on the composition alone. This
approach was exceptionally successful in distinguishing between Heusler and non-
Heusler compounds, including the prediction of heretofore unknown compounds and
flagging erroneously assigned entries in the literature and in crystallographic databases.
Compared to approaches which were limited in scope (semiclassical) or computationally
demanding (quantum calculations), the Heusler predictor is fast, requires no structural
input, uses descriptors based on elemental properties, and evaluates quantitative
probabilities. Novel predicted candidates MRu,Ga and RuM,Ga (M = Ti-Ni) were
synthesized and confirmed to be Heusler compounds; one member, TiRu,Ga, exhibited
remarkably low thermal conductivities comparable to the best performance of existing
Heusler compounds. The results have significant broader impact in accelerating the
search for not only Heusler compounds (which have diverse applications for sustainable
energy, among many), but also materials candidates for other applications, by offering

1deas “outside the box.”
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Chapter 10

Classifying crystal structures of binary compounds AB through cluster resolution

feature selection and support vector machine analysis

A version of this chapter has been submitted to Chemistry of Materials.

10.1. Introduction

A fundamental goal in chemistry is identifying what compounds form given an
arbitrary combination of elements and what structure they adopt. Even for the simplest
case — binary compounds AB, where A and B are any elements — the problem is complex
because many factors influence structures. In the early days of crystallography, when
structure determination was difficult, it was hoped that by correlating atomic properties
and systematizing empirical information, “perhaps we had come to a time when we could
predict what the structures are without X-ray diffraction patterns.”* Size factors were
first invoked through radius ratio rules to rationalize structures of ionic solids AB,” but
they fail to account for the greater prevalence of NaCl-type structures than predicted.
Later, other atomic and physical properties were included, such as electronegativities and
valence electron numbers, giving a more nuanced picture and generating structure maps
(e.g., Mooser-Pearson, Phillips-van Vechten, Pettifor, Zunger, Villars)3'5 that succeeded
in segregating structure types. For example, focusing on intermetallic compounds AB,
Villars considered 182 variables and tested combinations thereof to identify three

expressions — difference in Zunger pseudopotential radii sums, difference in Martynov-
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Batsanov electronegativity, and sum of valence electrons — that separated 988 compounds
into 20 structure types with <3% violations, an impressive achievement.” The elucidation
of these maps is a semiclassical or semiempirical approach. At the other extreme, first-
principles electronic structure calculations can be performed to evaluate the stability of
compounds;®”’ this approach is feasible if powerful computational facilities are available
but can provide guidance to discovering new compounds. Because predictions are only
valuable if they are tested experimentally, it is important to coordinate these activities

together.

An intermediate approach that could be valuable in structure prediction is
chemometrics, in information is extracted from databases to predict optimal experimental

conditions,* in applications such as identifying jet fuels,'’ classifying gasoline

11-15 16,17

components, and discovering biomarkers. In materials science, the wealth of

information in databases'®"

offers opportunities for data mining, to address problems
such as engineering semiconductor band gaps,”® enhancing hardness of nitrides,”' and
designing zeolite topologies.”” Cluster analysis and principal component analysis
(PCA)?** have been widely used to identify inherent patterns in chemical data.
Arguably the most popular data exploratory technique, PCA has the advantage of
dimensionality reduction for large datasets. Supervised pattern recognition approaches

such as linear discriminant analysis and partial least squares discriminant analysis (PLS-

DA)* have also been applied to chemical data.

A relatively modern supervised learning technique is support vector machines

(SVM), which is well-suited for classification. SVM is a boundary-based method that
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aims to maximize the gap (a hyperplane in higher dimensional space) separating samples
within two classes;? it does not model the entire class but selects a subset of samples
(called support vectors) within a class marking its boundary. SVM has been rarely
applied to chemical problems and to our knowledge, never before to crystallography.
Compared to linear discriminant analysis methods, SVM is more flexible because the
kernel function (used to build the model through a radial or linear basis) can be changed
to optimize the performance. Automatic tuning of the kernel function to maximize the

separation boundaries between classes improves classification.

Prior to chemometric analysis, it is important to eliminate noise and irrelevant
variables when selecting variables,”” commonly through use of Fisher (F-ratio) scores,
the ratio of between-group variability (explained variance) to within-group variability
(unexplained variance),'° or selectivity (S-ratio) scores, which evaluates the usefulness of
each variable in a regression model.”® Variables with higher scores contribute more to
distinguishing classes. However, the score only estimates potential importance. Another
parameter measuring model quality is cluster resolution, which is the product of non-
colliding confidence ellipses generated around samples clustered by class assignments in
any reduced dimensionality score space (e.g., PCA space). Through an algorithm called
cluster resolution feature selection (CR-FS),”’ the effect of each variable on class
separation is evaluated automatically and objectively by a hybrid backward
elimination/forward selection of variables. In the backward elimination step, a subset of
the top-ranked variables is selected, from which an initial cluster resolution is calculated
to evaluate the model quality. The lowest ranked variables among this subset are

successively eliminated and the cluster resolution is re-calculated. If the model quality
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improves, the variable is discarded; otherwise it is retained. In the forward selection step,
those variables whose inclusion improves the model quality are added, while those that
do not are discarded. Through this process, the contribution of all variables to model

quality can be evaluated.

Here we revisit the longstanding problem of predicting the structures of binary
AB compounds, with several goals. First, CR-FS algorithm applied in PCA space was
used to determine what combinations of variables (atomic and physical properties) best
optimize the discrimination of structure types, and thereby evaluate the reliability of
previous structure maps’ and gain insight on factors influencing structural preference.
Second, predictors retained after feature selection were used to build PLS-DA and SVM
models, with the superior one chosen to predict the structure of a new compound. Third,
we confirm the existence of a heretofore unknown AB compound through experiment.
Although more than half of the possible AB compounds (out of all combinations of
elements) remain uninvestigated, the latest report of a newly synthesized binary CsCI-
type structure AB compound was that of RhZn, over 15 years ago.”” Guidance in
accelerating the investigation of missing AB compounds would then be extremely

valuable.
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10.2 Experimental

10.2.1 Chemometric analysis of AB compounds

Crystallographic data of AB compounds were extracted from Pearson’s Crystal Data'®
and ASM Alloy Phase Diagram Database;'’ additional data (up to September 2015) were
obtained from searches on SciFinder.”! All combinations AB were considered provided
that: (i) they did not contain hydrogen, noble gases, and elements with Z > 83
(radioactive elements and actinides) and (i1) they exhibit exact 1:1 stoichiometry. Out of
2926 AB compounds satisfying these conditions, 974 exist experimentally under ambient

temperatures and pressures, crystallizing in 107 unique structure types.

Variables used to describe atomic properties were chosen from those which have
well-defined values for all or most elements (or which can be interpolated, such as for the
lanthanide series). They generally fall into a small number of categories: (i)

3236 (3i) various types of radii,? and (iii) properties

electronegativities in different scales,
derived from position in the periodic table’” (e.g. number of valence electrons, group
number, and others). Mathematical expressions (such as sums or differences for two

elements A and B) derived from these properties were also treated as variables. In total,

56 variables were considered.

The data for these AB combinations and variables were represented in a 974 x 56
matrix. To ensure good statistical reliability, only those compounds (706) crystallizing in
structure types containing more than 30 representatives were retained in this analysis:
257 in CsCl, 205 in NaCl, 102 in TII, 42 in B-FeB, 36 in NiAs, 33 in ZnS, and 31 in

CuAu structure types. The data were normalized, mean-centred, and scaled to unit
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variances. The pre-processed data were split into two parts: two-thirds (470) for training
(i.e., variable selection and model building), and one-third (236) for external validation.
Within a third of the training data, variables were ranked according to their F-ratio. The
entire training set data were subjected to the CR-FS algorithm implemented in PCA score
space. The 20 most highly ranked were used for backward elimination and the remained
were tested during forward selection. PLS-DA and SVM models were generated within
the training set data using only those variables retained by CR-FS. The SVM
classification was performed with radial basis function and a venetian blind cross-
validation with 10-fold data split to optimize the model. The ability of SVM vs. PLS-DA
models to predict new compounds was compared using the validation set data. Then,
using only variables that passed feature selection, a prediction was made on an unknown

compound (RhCd).

Data handling and feature selection were performed using in-house written
algorithms in Matlab 2015a (The Mathworks, Natick, MA). SVM models were
generated using PLS Toolbox Version 8.0.1 (Eigenvector Research Inc., Wenatchee,
WA). Results for objective comparison were class predicted probabilities of the SVM
models.”® All computations were performed on a Windows PC, running on an Intel®

Core™ i7-4790K CPU and 32 GB RAM.
10.2.2 Synthesis and Characterization of RhCd

From the chemometric analysis above, RhCd is predicted to adopt a CsCl-type
structure. A pressed pellet of Rh powder (99.95%, Alfa-Aesar) and filed Cd pieces

(99.95%, Alfa-Aesar) mixed in a 1:1 molar ratio (total mass of 0.2 g) was placed in a
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fused-silica tube, which was evacuated and sealed. The tube was heated to 800 °C, kept
there for one week, and quenched in cold water. The product was examined by powder
X-ray diffraction (XRD) performed on an Inel diffractometer and by energy-dispersive

X-ray (EDX) analysis on a JEOL JSM-6010LA scanning electron microscope.

Small single crystals, confirmed by EDX to have composition RhCd, were
selected. Intensity data were collected on a Bruker PLATFORM diffractometer equipped
with a SMART APEX II CCD area detector an a graphite-monochromated Mo Ko
radiation source, using @ scans at 8 different ¢ angles with a frame width of 0.3° and an
exposure time of 15 s per frame. The structure was solved and refined with use of the
SHELXTL (version 6.12) program package.” Face-indexed absorption corrections were
applied. The cubic space group Pm 3m was chosen on the basis of Laue symmetry,

intensity statistics, and systematic absences.

10.3 Results and discussion

10.3.1 Cluster resolution feature selection

The CR-FS algorithm is well-suited to simultaneously optimize the classification

294042 45 is the case here, where there are seven common structure

of multiple classes,
types (identified by numbered labels: CsCl (1), NaCl (2), ZnS (3), CuAu (10), TII (14),
B-FeB (15), NiAs (17)). Before objectively evaluating each descriptor, the 56 variables
used to describe atomic properties are first ranked according to Fisher (F-ratio) or

selectivity ratio (S-ratio) scores (Figure 10-1). The choice of which ratio to use was not

extremely critical because both tended to arrive at the same results.
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Figure 10-1 Fisher (blue solid line) and selectivity (red dashed line) ratio scores for 56
descriptors.

The variables selected according to F-ratio scores consist of those retained in the
backward elimination step (red stars) and those added in the forward selection step (blue
circles) (Figure 10-2). Some high-ranked variables were eliminated while some low-
ranked ones were added, indicating that high F-ratios only suggest but do not guarantee
their potential importance to the intended classification model. After backward
elimination and forward selection, 31 out of 56 variables were retained. These variables
were selected on a training set of data. The initially high-ranked variables that were
removed through backward elimination were average Martynov-Bastanov or Mulliken
electronegativities, Pauling electronegativities (and expressions derived from them),
interatomic distances, and differences of Zunger radii sums (rst7p). Conversely, the
initially low-ranked variables that were included through forward selection were average

numbers of valence electrons and Zunger radii sums (and some expressions derived from

them).
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Figure 10-2 Fisher ratio scores for all variables (listed in the table) selected during
backward elimination (red stars) and forward selection (blue circles).
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10.3.2 PLS-DA prediction

To predict the structure type that a compound is likely to adopt, PLS-DA is
applied as a classification technique. Plots of the scores of PLS-DA, namely the latent
values, provide information about the underlying patterns in the data; that is, they serve
as structure maps in which compounds with similar properties are projected close to each
other in latent values score spaces. This guidance can be very valuable in cases where
the experimental synthesis is high-risk (e.g. with radioactive elements like Tc) or
expensive (e.g. with precious metals like Rh). As a test, we arbitrarily chose a
hypothetical compound RhCd, which has not been previously reported and for which no
phase diagram investigations (in the Rh—Cd system) have been conducted. This
compound is located (at the point marked by the black hexagram in Figure 10-3a) within
the prediction probability of the PLS-DA model for the CsCl-type structure. Samples
lying within the confidence ellipse of the model indicate that they can be predicted with a
higher degree of confidence. However, this point also falls at the peripheries of the
predicted probabilities of CuAu- and NiAs-type structures, which overlap slightly with
CsCl-type structures. Note that the CuAu-type structure is essentially a tetragonally
distorted version of the cubic CsCl-type structure with the inequivalent a- and c-
parameters being only slightly different. It is not surprising that these two structure
types are difficult to distinguish experimentally (as they have similar X-ray diffraction

patterns) and theoretically.
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Figure 10-3 (a) Latent value scores for AB compounds and (b) predicted probability for
CsCl-type structures for PLS-DA models using 31 selected features.
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The results can also be visualized as plots of the sample number on the abscissa
and the prediction probability on the ordinate, as shown for the CsCl-type structure using
the variables selected (Figure 10-3b). The probability should be close to unity for
samples predicted to belong to a given class and close to zero for all other samples. The
PLS-DA model predicted the training set data with sensitivity of 95.91% and specificity
of 66.56%. Although the model predicts the CsCl-type structure largely correctly, the
false positive rate is very high and the overall model accuracy was 77.23%. When the
model was applied to the validation set (containing 236 data), the sensitivity was 96.51%,
the specificity was 66.00%, and the accuracy was 77.12%. Even though there seemed to
be some improvement in predicting the validation set data, the prediction probability for

the test compound RhCd is 0.669. This prediction could be better.

10.3.3 SVM Prediction

We present here for the first time an application of SVM to crystal structure
prediction. Using the same training and validation set data as in the PLS-DA model, the
SVM classification model was also generated to predict various structure types. The
prediction probabilities for the CsCl-type structure were much starker (Figure 10-4). For
the training set data, the sensitivity was 100.0%, the specificity was 99.33%, and the
accuracy was 99.57%; for the validation set data, the sensitivity was 94.19%, the
specificity was 92.67%, and the accuracy was 93.22%. Thus, the model performance was
significantly better with SVM than with PLS-DA methods. Prior to feature selection,
SVM models generated with all 56 variables gave prediction sensitivity, specificity, and

accuracy of 42.69%, 100%, and 79.15%, respectively. When this model was applied to
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the validation set, prediction sensitivity, specificity, and accuracy were 44.19%, 98.00%,

and 78.39%, respectively. That is, this excellent performance was only possible with

judicious feature selection.
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Figure 10-4 Predicted probability for CsCl-type structures for SVM using 31 selected
features.

10.3.4 Prediction and experimental verification of RhCd

From the analysis above, 31 out of 56 variables were important for separating

CsCl-type structures from others (Figure 10-3a). As has been emphasized in the past, the

CsCl-type structure is, notwithstanding the ionic character of the prototype compound

CsCl itself, essentially a metallic one adopted by hundreds of intermetallics, exhibiting

the highest coordination geometries (cubic, CN8) among AB-type structures. Bond

character (as gauged by electronegativity differences) and radius ratios are thus key

233



factors. Although PCA/PLS-DA has been used elsewhere to classify structures over
limited types of compounds,* its application to the broader set of data here was not as
successful. For hypothetical RhCd, the prediction that it adopts the CsCl-type structure
was only 0.669 and the overall quality of the PLS-DA model was not great (Figure 10-
3b). The SVM model yielded significant improvement in sensitivity, specificity, and
accuracy (>92%) after feature selection, and gave a much higher probability of 0.918 of a
CsCl-type structure for RhCd (Figure 10-4). Thus, SVM achieves a clearer separation

between structure types and gives more definitive predictions.

The synthesis of RhCd was attempted by reaction of the elements at 800 °C. The
products were examined by SEM, EDX, and powder XRD (Figure 10-5). Small single
crystals, <50 um in their longest dimension, were obtained. Their average composition is
47(2)% Rh and 53(2)% Cd, in excellent agreement with the formula RhCd. The powder
XRD pattern confirms that RhCd adopts the CsCl-type structure. Small amounts of Rh
metal (<9%) were found as a byproduct; this is understandable given that Cd metal is
volatile and a small amount was found sublimed on the walls of the fused-silica tube.
The structure was refined from single-crystal diffraction data. With an assignment of
fully occupied Rh at 0, 0, 0 and Cd at '4, '4, 2 in space group Pm 3m, an excellent
agreement factor (R; = 0.008) was obtained. (Note that because there are only 13 unique

reflections and 4 refinable parameters, the data-to-parameter ratio is low.)
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Figure 10-5 New binary compound RhCd. (a) SEM image of crystals, (b) EDX
spectrum indicating presence of equal ratios of Rh and Cd in crystals, and (c¢) powder
XRD pattern confirming CsCl-type structure.
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10.3.5 Factors Influencing Structures of AB Compounds

It is instructive to compare the variables selected by CR-FS with those used in
earlier schemes to derive structure maps of AB compounds. Previously, Villars noted
that the most common variables used in such structure maps can be grouped according to
pattern of behaviour with position in the periodic table and represented by five
prototypical properties: (A) radius, (B) atomic number, (C) atomization energy, (D)
electronegativity, and (E) number of valence electrons.” Of these, excellent separation of
structure types was achieved using expressions involving radius, electronegativity, and
number of valence electrons. Because these earlier structure maps were deduced by trial-
and-error and chemical intuition, it was not certain if other combinations of properties
could give better separation; however, inclusion of additional variables from classes B
and C (atomic number, atomization energy) could be ruled out. Our results confirm that
cluster resolution is optimized by properties related to radius and electronegativity, which
were high-ranked variables, and by number of valence electrons, which was, surprisingly,
a low-ranked variable.

2,32-37 and

Of course, there are many scales of radii and electronegativities,
different ways of expressing number of valence electrons. In structure maps, an arbitrary
decision had to be made in selecting one of these scales, based on the subset of AB
compounds being examined. In CR-FS, the selection of these scales is performed in an
unbiased manner. It may appear that introducing too many different scales conveying

similar information worsens the model because many low-ranked variables could be

retained. However, as in all statistical methods, some redundancy is desirable to provide
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stability in the iterative selection of variables; thus variables are eliminated not because
they are low-ranked but because they contribute to model quality.

Among the ~20 different scales that have been developed for electronegativity, 5
were chosen that are appropriate for intermetallics (which constitute the majority of AB
compounds, given that the periodic table consists of mostly metals): Pauling,*
Martynov-Batsanov,33 Gordy,34 Mulliken,35 and Allred-Rochow.* Only two -
Martynov-Batsanov and Allred-Rochow — survived the model used to optimize cluster

resolution, in the form of electronegativity differences (Ay) or ionic character (

1
77(XA7XB)2
—1_ 4 . .
f=l-e , where X, and Xp electronegativities of A and B atoms). It is

interesting that the Pauling scale, which is the most familiar and widely used among
chemists, is simply not as effective. The Allred-Rochow scale relates the attraction of
valence electrons in an atom to electrostatic force, evaluated from effective nuclear
charge (estimated using Slater’s rules) and covalent radius (obtained experimentally); it
differs from the Pauling scale largely with respect to the precious metals, which have
corrected values that are not the same as in sulfur and phosphorus. The Martynov-
Batsanov scale is evaluated from average ionization energies of valence electrons;
because it was specifically developed for crystalline inorganic substances, it is reassuring
that it works well to separate structure types of AB compounds, as was also concluded
by Villars.

The size variables selected by CR-FS were a combination of atomic, covalent, and
ionic radii, reflecting a compromise to capture the diversity of bonding in AB

compounds. However, we also considered Zunger pseudopotential radii.** In this scale,
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orbital radii are obtained by quantum calculations within a pseudopotential (Simons-
Bloch) in which core electrons are frozen. For an atom A, the radii sum (r5 + rp)" is
defined. Although the difference of Zunger radii sums, (rs + rp)" — (rs + rp)B, was chosen
by Villars as a coordinate in his structure map,’ it did not survive in the model
optimization. Instead, the sum of Zunger radii sums, (rs + r,)" + (s + rp)B, was a high-
ranked variable that was effective for cluster resolution.

Electron count is an important factor for normal valence compounds following the

45

octet rule.” Thus, the total number of valence electrons, XVEg, was a third coordinate

in Villars® structure map.” In our study, the average number of valence electrons, V_EAB,
was an initially low-ranked variable selected in model optimization. These two
expressions convey similar information originating from position of elements in the
periodic table, but the average is more effective in separating structure types for
compounds formed from disparate vs closely related elements. To expand on this idea,
we introduced a family number that classifies elements into: (1) alkali metals, (2)
alkaline-earth metals, (3) f-block metals, (4) d-block metals, (5) p-block metals, (6) p-
block metalloids, (7) p-block nonmetals, (8) chalcogens, and (9) noble gases. This
classification is not the same as group number (1-18 or IA-VIIIA/IB-VIIIB), but it
reflects better the drastic differences in chemical behaviour in the p-block in which
elements in the same group can form quite different compounds and structures. (The
concept is comparable to that of Mendeleev numbers, which are sequential integers
assigned to each element so that those of similar chemical properties are grouped close
together.) As expected, variables based on this family number make a significant

contribution to separating structure types.
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10.4 Conclusions

Crystallographic prediction models were built from partial least-squares
discriminant analysis (PLS-DA) and, for the first time, support vector machine (SVM)
techniques for the seven most populated structures of AB compounds: CsCl, NaCl, ZnS,
CuAu, TII, B-FeB, NiAs. Cluster resolution feature selection was applied in which
variables were chosen in an unbiased manner by a forward selection/backward
elimination algorithm; previously identified important variables in earlier structure maps
(a semiclassical approach) were confirmed, and previously overlooked variables were
found to improve model quality. For the validation set data, PLS-DA gave sensitivity of
96.51%, specificity of 66.00%, and accuracy of 77.12%, whereas SVM gave sensitivity
of 94.19%, specificity of 92.67%, and accuracy of 93.22%, which is a significant
improvement. An unknown compound, RhCd, was synthesized and correctly confirmed
to adopt a CsCl-type structure, as predicted by PLS-DA (0.669) and more confidently by
SVM (0.918). SVM shows promise as a powerful crystallographic predictor, with
broader impact to solve the problem of determining what compounds form for an

arbitrary combination of elements.
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Chapter 11

Conclusions

11.1 Ternary germanides

Prior to this work, the most well studied RE—M—Ge systems were mainly focused
on M = first-row transition metals, especially Fe, Co, Ni; systems containing M = early
transition metal or 2nd and 3rd row transition metals were believed to contain not very
many phases or to exhibit interesting properties. (Perhaps the prohibitive costs of
elements like the precious metals may have also deterred research in these systems.)
New results have now been obtained on RE—(Mn, Ru, Ir)-Ge systems, where previously
only a few isolated phases were known and phase diagrams were incomplete, as
described in chapters 2 and 3, in which RE3M,Ges; compounds were characterized. These
compounds adopt the Hf3Ni,Sis-type structure, in which Ge-centred trigonal prisms
continue to serve as a common structural motif in germanides. Band structure
calculations confirm that A/—Ge interactions are the strongest in the structure. The
relative complexity of the Hf3Ni,Sis-type structure, which contains a combination of
CrB- and ThCr;,Si,-type building blocks, gives rise to many possible magnetic exchange
interactions which may explain the unusual magnetic properties (field dependent and spin
reorientation transitions) exhibited by some members of RE3;M,Ge;. These compounds
show metallic behaviour for most RE members but interestingly Y3;Ru,Ge; shows
semiconducting behaviour. In fact, Y;Ru,Ges; shows quite low thermal conductivity
(from 13 to 2 W m ' K in the range from 20 to 600 °C), unusual for an intermetallic

compound, and may be a promising thermoelectric material to be further characterized.
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Chapter 4 illustrates a rewarding outcome of exploratory synthesis, in which a
phase with hypothetical composition RE,MnGe, was proposed as a simple substitutional
target given the existence of RE,CoGe,. Instead, a phase with slightly different
composition RE, iMnGe,, was obtained with an entirely new structure type. It exhibits
static disorder in which single Ge atoms and Ge—-Ge dumbbells are randomly distributed
within a tunnel. Furthermore, La, MnGe,, appears to be a ferromagnetic with a
transition temperature above 300 K; this is an unexpected finding given that none of the
component elements are ferromagnetic themselves, but may result from complex
interactions between d and f orbitals which need to be investigated in more detail.

The results up to this stage suggest that RE-Mn—Ge systems cannot be
extrapolated simply from other RE-M—Ge systems, where M = Fe, Co, Ni. Therefore, a
systematic study of their phase diagrams is warranted. Although sometimes pooh-poohed
as old-fashioned and unsophisticated, phase diagram investigations are extremely
thorough in establishing the existence of all possible thermodynamically stable
compounds under specified conditions; if done carefully, no compounds will be missed
except possibly for metastable ones. Unfortunately, few have the stamina, patience, and
fortitude to carry out these studies these days. The Ce-Mn—Ge phase diagram was
constructed at 800 °C and confirmed the existence of CesMn,Ge; and Ce, 1MnGe,, as
new ternary phases (in addition to the three previously known ones, CeMn,Ge,,
CeMnGe, and Ce,MnGeg) and no other ones at this temperature. Probably other RE—-M—
Ge systems where M is an early transition metal (Ti, V, Cr) will show differences and

deserved to be investigated.
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11.2 Quaternary germanides

More complex structures can be expected if an additional element is introduced to
form quaternary germanides, allowing greater control of properties. The p-block
metalloid In was chosen as a fourth component because it is not likely to be disordered
with Ge atoms and can be easily distinguished by different X-ray scattering factors. As a
prelude to this study, the Ce-Mn—In—Ge phase diagram was surveyed for potential new
compounds through the phase investigations described above. Two new quaternary

phases, CesMn,InGe4 and Ce,Mn,InGe,, were identified in chapter 5.

The further development of the substitutional chemistry of CesMn,InGe, led to
extension of many RE4M,InGe, series, as described in chapters 6 and 7. The M
component is extremely diverse, encompassing not only Mn, but also all Fe triad
elements, resulating in almost a hundred new compounds when RE substitutions are also
considered. Again, the Ge-centred trigonal prisms figure as a prominent and recurring
structural motif. These trigonal prisms can be used as an organizing principle to derive
new structures or to relate to existing ones (e.g., TbsRhInGe,), but no bonding
information is implied in this approach. Alternatively, it is possible to focus on the M—
Ge bonds, which are the strongest in the network and can be combined in various ways.
The structural motif is now an infinite MGe ladder; adjacent ladders are then connected
by a Ge, bridge (Figure 11-1). The number of Ge atoms, #n, in the Ge, bridge determines
the symmetry of the structure. If n is odd, the MGe ladders are related by reflection and
the space group is orthorhombic; if n is even, they are related by twofold rotation and the
space group is monoclinic. Thus there is a relationship between composition and

structure, which evolves in two directions within the diagram. Proceeding along the line
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towards M-poor compositions corresponds to longer Ge, bridges, whereas proceeding
along the line towards RE-poor compositions corresponds to condensing the MGe ladders
into wider sheets. Chapter 8 illustrates this idea to target and successfully prepare
Dys;RuGes, which adopts the Sc3NiSis-type structure containing MGe ladders connected

by Ge, bridges, as a material with predicted low thermal conductivity.

O - common RE-M-Ge phascs
® - common RE-M-Ge phases ® - Ge
that follow [MGe]+Ge, trend e-M
@ - expected germanide
with Sc,NiSi, -type structure

Gd,CuGe, (Ge) CeAl,Ga, (MGe sheets)

YbFeGe (Ge,)

HENi,Si, (Ge,) w
Sc,CoSi, (Ge,) v"&

Figure 11-1 RE-M-Ge compostition diagram with common phases that follow MGe +
Ge, trend.

246



11.3 Machine-learning approaches

Intermetallics, and germanides in particular, have not been generally identified in
the past as good thermoelectric materials because their metallic nature results in low
Seebeck coefficient, high thermal conductivity and zero band gap, which are undesirable
features for this application. However, through a machine-learning algorithm, some
germanides including many of the ones discovered here, were identified as
counterintuitive candidates for thermoelectric materials. After four key thermoelectric
properties (Seebeck coefficient, electrical conductivity, thermal conductivity, and band
gap) were predicted, the RE3;Ru,Ge; series was evaluated experimentally. Although most
members of this series showed metallic behaviour and inadequately low thermal
conductivity, Y3;Ru,Ge; appeared to be promising because it showed semiconducting
behaviour and remarkably low thermal conductivity. Thus, with no structural
information, this machine-learning tool was helpful in identifying potential new

thermoelectric materials designed in a non-intuitive way.

Chapters 9 and 10 extend the application of machine learning to other classes of
materials beyond germanides, to test the generality of this approach and to evaluate novel
algorithms (random forest algorithm, principal component analysis, support vector
machine) rarely or never previously applied in materials science. First, the longstanding
problem of predicting the structures of simple binary compounds 4B is one that appears
frequently in textbooks, which give the wrong impression of being solved. SVM was
applied for the first time in crystallography to search for new 4B compounds and to
predict their structures. A key data preparation step is judicial selection of variables (by

cluster resolution feature selection) which improves the accuracy of structure prediction
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to an impressive level (93%) (Figure 11-2). Second, predicting the structures of a well
known class of compounds — Heusler and inverse-Heusler phases — would have important
and practical impact given their many applications. A random forest algorithm was
successful in distinguishing between these two closely related structures, identifying
questionable entries in databases, and predicting structures of new candidates. In both

problems, these predictions were experimentally validated.

Table 11-1 SVM prediction model for AB compounds

Model Sensitivity Specificity Accuracy
SVM (no CR-FS) 44.19% 98.00% 78.39%
SVM (with CR-FS) 94.19% 92.67% 93.22%

11.5 Future work

Although some of incomplete knowledge of germanide chemistry has now been
rectified by the work in this thesis, more remains to be done. First, some RE-M-Ge
ternary phase diagrams remain uninvestigated, especially those with M = precious metals;
and even if the composition is reported, the structure could be undetermined (9 phases in
Ce—Ru—Ge). Second, because some phases such as RE3;Ru,Ges exhibit low thermal
conductivity and Y3;Ru,Ge; shows semiconducting behaviour, it is worthwhile to measure
properties of these and related compounds in more detail. Third, quaternary RE—M—In—
Ge systems, and REsM,InGey series in particular, are compostitionally diverse, forming
compounds with various RE and M metals. Because introduction of In metal led to
formation of complex bonding networks, further substitution (e.g., with Cd or Ag) may
result in equally interesting coordination by Ges square units and likely a change in

physical properties.
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A really exciting direction of my research is further development of crystal
structure predictors based on elemental properties and a priori data, which must be
complemented by experimental validation. The ultimate goal is a prediction and
visualization tool for all binary and ternary intermetallic systems. This tool could also be
used to identify missing entries in crystallographic databases and to carry out data
sanitizing (to weed out unreliable data). Such a prediction engine can offer
recommendations to support a risky project or lead to truly revolutionary discoveries.
Despite the fact that the structural study is my main goal, I would also want to implement
the machine-learning approach to predict properties; for example, I am interested in

discovering novel superhard materials via machine recommendations.

During my PhD program, I had a chance to study many areas in solid state science
which include traditional structural approach towards new promising germanides and the
cutting edge machine-learning techniques, the methods that determine how novel
materials search will look like in a coming decade. Significant contributions in chemistry
described in this thesis include the discovery of over three hundred new compounds,
developing structural understanding of a promising class of germanide phases, measuring

diverse physical properties, and proposing novel methods for material search.
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Apendix 1

Supplementary Data for Chapter 2

Table A1-1 EDX analyses of RE3M>Ge; crystals. *

Compound at. % RE at. %o M at. % Ge
Y3RuxGes 35(1) 27(1) 38(1)
Gd;RuxGes 36(1) 25(1) 39(1)
TbsRu2Ge; 36(1) 24(1) 40(1)
Dy3RuxGes 36(1) 25(1) 39(1)
HozRuxGes 35(1) 28(1) 37(1)
ErsRu.Ges 37(1) 25(1) 38(1)
Tms;RuxGes 36(1) 24(1) 40(1)
LusRu2Ges 37(1) 25(1) 38(1)
Y;IrGes 36(1) 26(1) 38(1)
GdsIrGes 36(1) 24(1) 39(1)
TbsIrGes 37(1) 24(1) 38(1)
DysIrnGes 35(1) 27(1) 38(1)
HozIrGe; 37(1) 25(1) 38(1)
Er;IrnGes 35(1) 28(1) 37(1)
TmsIrGes 38(1) 26(1) 36(1)

* Expected composition is 37.5% RE, 25.0% M, and 37.5% As.



Apendix 2

Supplementary Data for Chapter 3
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Figure A2-1 (a) SEM image and (b) EDX spectrum (point 009) with inset at low
energies for single crystal of Nd4sMn,GesOy .
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Apendix 3

Supplementary Data for Chapter 4

(a)
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Figure A3-1 Powder XRD patterns for (a) Lar+,MnGe,+, and (b) Cer..MnGeos,.
Unidentified peaks in (b) are marked with asterisks.
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Figure A3-2 SEM images and EDX spectra for (a) single crystal of La..MnGe,+, and
(b) polished sample of an arc-melted “CesoMn;Geqo” ingot after annealing.
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Apendix 4

Supplementary Data for Chapter 5

Table A4-1 Loading compositions and phase compositions from XRD and EDX analyses
in Ce—Mn—In system at 800 °C.

Loading Overall EDX Phases

composition composition

CeloMn3OIn60 C624Mn6ln70 In, CeIn3, Mn9.751n3,25
Cezoan()In60 C624Mn201n56 CeIn3, CeInz, Mn9.75ln3,25
Ce3pMnjglngg CesoMnjglngg Ceslny, Ceslns, Celn; 33Mng 47
CeoMnjzplnsg CernMnyglns, Celny, Mny 75In3 25, f-Mn
Ce30Mnyolnsg CesxMnyglnsg Celn; 33Mny 47, Celny, S-Mn
CessMnjglnss CesxMnsIng; Celn; 33Mng 67, Celn,, Ceslns
Ce4oMnyglnsg Ces3Mnglnsg Celn; 33Mng 67, Ceslns
CesoMnjolnso CessMnyoIng, Celn; 33Mng 67, Ceslng, f-Mn
Ce55Mn101n35 Ce54Mn14In32 Ce5In4, CGQIH, ,B-Mn
CesoMngInzg CessMny1Iny CeyIn, Cesln, S-Mn
Ce65Mn101n25 Ce65Mn41n31 Cezln, CG3II’1, ,B-Mn
CesoMnpgInyg Cesln, f-Mn, Ce
CessMnyglnss CessMny Inys Ce;In, Ce;ln, /-Mn
CeqoMnysin; s Cesln, /-Mn, Ce
CegoMnszgln;g CeqoMnyIngg CesIn, f-Mn

Ce30Mn6OIn10 CelgMn75In7 C€3In, ﬂ-Ml’l

CeioMngolnjo S-Mn, Ceslny, Cesln
CeloMnmInzo ,B-Ml’l, Celn1_33MIl0_67
CeyoMnsolnsg CeyoMnyszIng; CezIn, f-Mn

Ce1oMnsolngg Cei1Mnsglns, Celny, Mng 75In3 55, SMn
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Table A4-2 Loading compositions and phase compositions from XRD and EDX analyses
in Mn—In—Ge system at 800 °C.

Loading Overall EDX Phases

composition composition

Ml’lz()Il’l]()Gem Ml’l2611’11()G€64 Ge, Mn5G63, In
MnloInzoGem Mn14In18Ge6g Ge, MH5GC3, In
Mn3oIn2()Ge50 Mn411ngGe51 Ge, MH5GC3, In
Mnsoln;¢Gesg MnssIn,Gesg Mn;sGes, In
Mn3oIn3oGe40 Mn5olngGe42 MH5GC3, In
Mn55In10Ge35 Ml’l6()Il’l7G€33 MH5GG3, In
Ml’l6()Il’11()Ge3() Ml’l6gll’l3G€29 MH5G62, In
Ml’l65II’110G625 Ml’l7()Il’l6G€24 MH5G62, In
Ml’l7()Il’11()G€2() Ml’l74II’I6G€20 Mn3.4Ge, In
Mn75In10Gel5 Mn73In7G620 Mn3.4Ge, Mn9,75In3.25, In
MngOIn106610 Mngoln5Ge15 Mn3.4Ge, Mn9,75In3.25
MIhoIHzoGelo Mnglln5Gel4 Mn3.4Ge, 7—Mn
Ml’l6()Il’l3()G61() Ml’l5211’132G€16 MH5G62, In
Ml’l6()Il’12()G62() Ml’l67In13G€20 MH5G62, In
Ml’l5()Il’12()Ge3() MII47II’12()G€33 MH5GG3, In
Mn4oIn3oGe30 Mn47In13Ge4o Ge, MH5GC3, In
Mn4OIn406620 Mn611n9Ge30 MH5GC3, Mn5G62, In
Mn3OIn506620 Mn5gIn11Ge31 MH5GC3, In
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Table A4-3 Loading compositions and phase compositions from XRD and EDX analyses
in Ce—In—Ge system at 800 °C.

Loading Overall EDX Phases

composition composition

CezolnioGero Cei2Ini3Gero B-CeGe, ,, Ge, In
CeaolnzoGeso Ceasln;3Gess S-CeGe, ,, Ge, In
C€4011’110G650 Ce411n13Ge46 ﬂ-CeGez,x, CGQIHGGQ
CessInyoGeys CesslnysGeyo CesInGe,, S-CeGe,
CesolnzoGeso CeysInzaGeyy B-CeGey , In

CesslnzoGess CesplnzoGesg CeyInGe,, S-CeGes ,, In
Ce47,5In7,5Ge45 Ce491ngGe43 CCQIHGGQ, CeGe
Ce5OIn10Ge4O Ce54In10Ge36 CezlnGez, Ce5Ge4
C€55II’110G635 C657In1 1G€32 C65G64, Ce| |IH6G64
Ce5oIn2()Ge3() Ce4gIn26Gez6 CezlnGez, C€111H6G64
Cegoln1oGeso CegsIni,Gess Ceslng g0Gey 11, CesGes
CeysInzoGess CeyslnzaGeg Ce11InsGey, Ceslng 33Geo 67
C€7011’110G620 Ce691n6Gez5 CC3IH(),89GG| 11 C65G63, CG3II’1
Ce65In15G620 C664In17G619 Ceglno_ngel_l 1 Cegln, Cezln
CessInzoGes CessInzpGes CeslIng 30Gey 11, Ceq1IngGey
Ce7oIn2()G61() Ce761n19Ge5 Ceglno_ngel_l 1 Cegln
C€65IHQ5G610 Ce66ln26Geg CC3IH(),89G6| 11 Ce3In, Cezln
CesolnzoGeio Ces1Inz1Ges Ceslng goGey 11, Ceslng
CesolnaoGeio CesslngzGeyy CeslIng 33Geg 67, Cep1IngGey, Ceslng
Ce4OIn55Ge5 Ce411n53Ge6 C631H4_33GC()_()7, Ce5In4, CG3IH5
Cegoll’lmGelo _— Ce, C€3In, C65G63
Ce4oIn4()G62() Ce311n52G617 CezlnGez, In

Ce;30InsoGero Ceis5IngsGeag S-CeGe, ,, In, CerInGe,
C6201n50Ge30 Ce3()IIl41G629 CezlnGez, In

CeiolngpGesg Ce7In37Geys ﬂ-CeGez,x, In, Ge
CezlngoGero Cei4lng3Gens S-CeGe, ,, In, CerInGe,
Ce3oIn6()G61() Ce431n51Ge6 C631H4_33GC()_()7, CeInz
C€35In60G65 Cezgln6gG€4 CGIH3, In, CCQIHGGQ
Ce3OIn65Ge5 Ce311n65G64 C631H4_33GC()_()7, CeInz, CGIH3
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Table A4-4 Loading compositions and phase compositions from XRD and EDX analyses
in Ce—-Mn—Ge system at 800 °C.

Loading Overall EDX Phases

composition composition

CeﬁoMl’lzoGego C€5G€5, Ce, Mn

Ce3oMn50G620 Ce35Mn43G622 Mn, CG5GG3

CeroMn;s0Gesg CeysMnysGesg CGMHQGGQ, CeMnGe, ﬂ-Mn
C€10M1’120Ge70 C€9M1’127G€64 CGQMI’IGC(,, Ge, Mn11Geg
C€25M1’15G€70 Cengn5Ge67 ,B—CeGez_x, Ge, CezMnGe(,
Cez0MnyGeso Cez3Mn;7Gesgo CerMnGeg, SCeGes ., CeMnyGe, (trace)
C€25M1’110Ge65 C€26M1’110Ge64 ,B—CeGez_x, CezMnGe(,

CessMnsGegg CeszsMnsGes; P-CeGe,_,, CeMn,Ge,, CeGe (trace)
C€15MII40GG45 C€19M1’135Ge46 CGQMI’IGC(,, CGMHQGCQ

C€30M1’130Ge40 C€33M1’128Ge39 C€43M1’118Ge39, CGMHQGCQ, CeGe (trace)
C€5M1’155G€40 C€6M1’155G€39 CGMHQGGQ, Mn11Geg

C€5M1’160G€35 C€6M1’158G€36 CGMHQGGQ, Mn5G€3

Ce5Mn65Ge30 Ce7Mn61Ge32 Mn5G62, CeanGez

C65Mn7oG625 C66Mn65G629 CeanGez, Mn3.4Ge

CG5M1’175G620 CG5M1’175G€20 CGMHQGGQ, Ml’l3.4G€, }/-Ml’l
C€5M1’180G€15 C€5M1’180G€15 CeanGez, ﬂ-Mn, ;/—Mn
CesMngsGeyg CesMng,Geyg CeMnGe, -Mn

C€10M1’150Ge40 C€11MH47GG42 CGMHQGGQ, Mn11Geg, CQMI’IGGﬁ
C€10M1’155Ge35 C€11M1’154Ge34 CGMHQGGQ, anGe

C€10M1’160Ge30 C€11M1’158Ge31 Mn3‘4Ge, CCMHQGGQ

C€10M1’165G625 C€10M1’166G624 7/—Mn, CeMn2G62

CeloManezo Celen64Gez4 ;/-Mn, CGMHQGGQ

C€15M1’150Ge35 C€17MH46GG36 CGMHQGGQ, Mn5G€3

C€15M1’155Ge30 Ce17Mn52Ge31 CeanGez, }/—Mn

Ce3oMn30Ge40 Ce36Mn25Gegg Ce43Mn18Ge39, CeanGez
CesoMn;9Geyg CessMngGes; CeMnGe, CesGes, CesMn,Ge; (trace)
C€35M1’130Ge35 C€38M1’126Ge36 C€5G€3, C€3MHQGC3 (C€40M1’125G635), Ce
Ce40Mn25Ge35 Ce44Mn23Ge33 C€5G€3, CeMnGe

Ce45Mn20Ge35 Ce49Mn16Ge35 C€5G€3, CeMnGe

Ce55Mn10Ge35 C€60M1’15G€35 C€5G€3, Ce4Ge3

Ce3oMn40Ge30 Ce45Mn26G629 CGMHGC, Ce5Ge3

Ce4oMn30Ge30 Ce46an4Ge30 CGMHGC, Ce5Ge3

Ce32.5Mn3oGeg7_5 Ce32Mn31Geg7 C€3MH2G63, CeanGez
Ce5oMn10Ge4o Ce4gMn12Ge4o Ce43Mn18Ge39, CG5GG4, CG5GG3 (trace)
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Ce5oMn5Ge45
Ces2sMnsGeq s
Ce37.5MnpsGesr s
Ces7.sMnpsGesr s

Ce37.sMnysGesr s

Ce47MngGe45
Ce 3 1MH6G643
Ces2Mny3Gess
Ce4Mny 1 Gesg

Ce4oMnyoGeyo

CessMn 3Gesg, CeGe, CesGey (trace)
Ce43Mn18Ge39, CG4GG3, CG5GG4

CesMn,Ge; (CesoMnysGess), CeMnGe, CesGes
CessMnigGesg, CesMnyGes  (CeqoMnysGess),
C€5G€3

C€43M1’118Ge39, C€3Mn2G€3 (CC40MH25G€35)
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Figure A4-1 Analysis of samples in Ce—-Mn—In phase diagram
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Figure A4-5 Solubility of Mn in CesGej is indicated by powder XRD patterns of (a) a
three-phase sample containing CesGe; with maximum 5% Mn content (confirmed by
EDX analysis) and (b) a two-phase sample containing CesGe; without Mn. Different cell
parameters are evident in (c) comparison of XRD patterns for limiting compositions of
CesGe; (with 0-5% Mn).
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Figure A4-6 (a) SEM image of a three-phase sample consisting of Ce4oMnysGess
(Hf3Ni,Si3-type) in darkest grey regions, CessMnisGesg (Lar MnGesy-type) in slightly
less dark grey regions, and CesGes (MnsSis-type) in light regions. (b) Representative
EDX spectrum (point 009) of darkest grey regions, corresponding to an average
composition of CesoyMnasiyGess).
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Figure A4-7 Homogeneity range in Ce3sMn,Ge; is indicated by powder XRD patterns of
two-phase samples containing CesMn,Ge; in equilbrium with (a) CeMn,Ge; or (b)

CessMn 3Gesg. Different cell parameters of CesMn,Ge; are evident in (c) comparison of
XRD patterns for the limiting compositions of this phase (Ces7 sMnysGes; s (smaller) and

CesoMnys5Gess (bigger)).
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Figure A4-8 (a) SEM image of an annealed arc-melted ingot with overall composition
“CeyoMn30In;¢Gesp” containing four phases: Ge (darkest; point 002)), Mn;;Geg (dark;
point 001), Ce;MnGeg (grey; point 003), and new quaternary phase Ce;Mn,InGe; (light;
point 004). (b) EDX spectrum of Ce;Mn;InGe, (point 004).
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Figure A4-9 Powder XRD pattern for sample with overall composition
“CeyoMn3In;oGesp”, containing Ge (red), Mn;;Geg (dark yellow), Ce;MnGeg (blue), and

Ce,Mn,InGe; (green asterisks).
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Apendix 5

Supplementary Data for Chapter 6

Table A5-1 Estimated fractional percentages (mol. %) of phases in arc-melted “RE;Mn,InGe,”

samples.

Sample REMn,InGe;  RE,InGe, REMn,Ge, REMnGe RE|1Ge;y REsGey
(nominal

composition)

La;Mn,InGe, 54 28 18

CesMn,InGey 51 37 12

PrsMn,InGe, 60 40

NdsMn,InGe, 31 48 21

SmyMn,InGe, 35 31 18 16

GdsMn,InGe, 28 31 16 25
TbsMn,InGe, 23 42 35
DysMn,InGe, 40 22 38
Hos;Mn,InGe, 45 16 39
Er,Mn,InGe, 40 20 20 20
TmyMn,InGe, 32 22 25 21
LusMn,InGe, 34 30 23 13
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Table A6-1 Crystallographic Data for RE,Fe,InGey (RE = Ce—Nd, Sm, Gd)

formula

formula mass (amu)
space group

a(h)

b (A)

c(A)

B

V(A%

Z

T (K)

Pealed (8 em™)
crystal dimensions (mm)
(Mo Ko (mm™)
transmission factors
20 limits

data collected

no. of data collected

no. of unique data,
including F,> < 0

no. of unique data, with
Fy'>20(F,)

no. of variables

R(F) for F,> > 20(F,%) “
Ry(F,)"

goodness of fit

(AP (AP (¢ A”)

CeyFe;Ing 9502 Gey
1077.36

C2/m (No. 12)
16.071(4)
4.3480(10)
7.2757(17)
106.945(3)
486.34(19)

2

173(2)

7.357

0.10 x 0.05 x 0.03
35.58
0.144-0.431
5.30-66.44°
—24<h<24,
—-6<k<6,
-10</<11

3484

1016 (Riy = 0.028)

908

37

0.017
0.039

1.10
1.59,-1.38

PryFe;Ing g743Gey
1080.52

C2/m (No. 12)
16.0089(12)
4.3242(3)
7.2282(5)
106.8770(10)
478.83(6)

2

173(2)

7.494

0.06 x 0.03 x 0.03
37.48
0.264-0.434
5.32-66.48°

24 < h <24,
—-6<k<6,
-10</<10

3440

1000 (Ryy, = 0.034)

847

37

0.020
0.039

1.01
2.19,-1.70

NdyFe;Ing gg72)Gey
1093.84

C2/m (No. 12)
15.9354(10)
4.3102(3)
7.2004(5)
107.0650(9)
472.78(6)

2

173(2)

7.684

0.07 x 0.05 x 0.03
39.31
0.133-0.495
5.35-66.36°

24 <h<24,
—-6<k<6,
-10</<11

3336

982 (Rin = 0.026)

879

37

0.017
0.037

1.07
1.68,—-0.99

SmyFe;Ing g64(3yGe4
1118.28

C2/m (No. 12)
15.770(4)
4.2745(11)
7.1211(17)
107.011(3)
459.0(2)

2

173(2)

8.091

0.11 x 0.03 x 0.02
43.45
0.150-0.521
5.40-66.53°

24 < h<23,
-6<k<6,
-10<7<10

3275

959 (R;,y = 0.032)

842

37

0.020
0.041

1.07
1.54,-2.16

GdyFeylng og35/Gey
1145.88

C2/m (No. 12)
15.672(3)
4.2436(8)
7.0643(13)
107.068(3)
449.12(14)

2

173(2)

8.473

0.07 x 0.04 x 0.02
47.80
0.109-0.469
5.44-66.02°

23 <h<23,
-6<k<6,
-10</<10

3133

929 (Riy = 0.053)

738

37

0.031
0.069

1.02
3.25,-2.95

I8¢

“RF) =Y\~ IFll  SIFS). * RUFS) = [XIW(FS — FD1 1 SwE, 1% w ! = [67(F)) + (dp)” + Bp], where p = [max(F,’,0) + 2F.’] / 3.



Table A6-2 Crystallographic Data for RE,Co,InGe, (RE = Ce—Nd, Sm, Gd)

formula

formula mass (amu)
space group

a(h)

b (A)

c(A)

B

V(A%

Z

T (K)

Pealed (8 em™)
crystal dimensions (mm)
(Mo Ko (mm™)
transmission factors
20 limits

data collected

no. of data collected

no. of unique data,
including F,> < 0

no. of unique data, with
Fy'>20(F,)

no. of variables

R(F) for F,> > 20(F,%) “
Ry(F,)"

goodness of fit

(AP (AP (¢ A”)

Ce4Co,lng og6(3Gey
1083.52

C2/m (No. 12)
15.9351(14)
4.3361(4)
7.2602(6)
107.5309(12)
478.35(7)

2

173(2)

7.523

0.06 x 0.04 x 0.03
36.61
0.245-0.454
5.36-66.20°

24 <h<24,
-6<k<0,
-10</<11

3360

988 (Rin = 0.035)

841

37

0.022
0.045

1.06
2.38,-1.58

PryCoslIng g852)Gey
1086.68

C2/m (No. 12)
15.8705(6)
4.3247(2)
7.2264(3)
107.5111(5)
473.00(3)

2

173(2)

7.630

0.10 x 0.03 x 0.03
38.38
0.100-0.498
5.38-66.42°

24 <h<24,
-6<k<o,
-11</<10

3390

992 (Rin = 0.022)

905

37

0.016
0.034

1.11
1.38,-1.22

Nd,Co,Ing g652)Ges
1100.00

C2/m (No. 12)
15.7845(9)
4.3028(3)
7.1824(4)
107.5115(8)
465.20(5)

2

173(2)

7.853

0.08 x 0.04 x 0.03
40.40
0.168-0.440
5.41-66.15°
—23<h<23,
-6<k<o6,
-10</7<10

3306

968 (Rin = 0.030)

851

37

0.018
0.037

1.05
1.42,-1.47

SmyCoslng 9732)Ge4
1124.44

C2/m (No. 12)
15.6336(12)
4.2723(3)
7.1131(6)
107.6415(10)
452.75(6)

2

173(2)

8.248

0.13 x 0.04 x 0.03
44.52
0.050-0.477
5.47-66.50°

24 < h<24,
-6<k<6,
-10<7<10

3307

959 (R, = 0.021)

897

37

0.016
0.033

1.10
1.76,-1.36

Gd4CosIng 9704/Gey
1152.04

C2/m (No. 12)
15.548(6)
4.2483(16)
7.058(3)
107.618(5)
444.3(5)

2

173(2)

8.610

0.07 x 0.02 x 0.02
48.78
0.136-0.532
5.49-66.51°

23 <h<23,
-6<k<6,
-10<7<10

3157

934 (R, = 0.046)

771

37

0.026
0.054

1.01
2.04,-2.22

8¢

“RF) =Y\~ IFll  SIFS). * RUFS) = [XIW(FS — FD1 1 SwE, 1% w ! = [67(F)) + (dp)” + Bp], where p = [max(F,’,0) + 2F.’] / 3.



Table A6-3 Crystallographic Data for RE,Ru,InGe, (RE = Ce—Nd, Sm, Gd—Er)

formula

formula mass (amu)
space group

a(h)

b (A)

c(A)

B

V(A%

Z

T (K)

Pealed (8 em™)
crystal dimensions (mm)
(Mo Ko (mm™)
transmission factors
20 limits

data collected

no. of data collected
no. of unique data,

CesRu,Ing g62(3)Gey
1167.80

C2/m (No. 12)
16.174(4)
4.3794(10)
7.2321(17)
106.144(3)
492.1(2)

2

173(2)

7.882

0.19 x 0.04 x 0.02
35.29

0.138-0.652
5.24-66.57°

24 <h<24,
—-6<k<6,
-11</<11

3534

1025 (Ryy = 0.030)

PrsRu,Ing gs9(5)Gey
1170.96

C2/m (No. 12)
16.083(5)
4.3605(13)
7.190(2)
106.254(4)
484.1(2)

2

173(2)

8.033

0.12 x 0.03 x 0.02
37.20
0.059-0.633
5.28-66.15°

24 <h<24,
-6<k<o,
-11</<10

3430

996 (Rin; = 0.061)

Nd4RuylIng gs4¢3Gey
1184.28

C2/m (No. 12)
16.014(6)
4.3463(16)
7.160(3)
106.353(5)
478.2(3)

2

173(2)

8.225

0.09 x 0.02 x 0.02
38.99
0.109-0.583
5.30-66.45°

24 < h<24,
-6<k<6,
-10<17<10

3457

994 (R, = 0.038)

SmyRu,Ing 9653)Ge4
1208.72

C2/m (No. 12)
15.877(3)
4.3178(7)
7.0936(12)
106.517(2)
466.23(13)

2

173(2)

8.610

0.09 x 0.02 x 0.02
4291
0.110-0.573
5.35-66.45°

24 < h<24,
-6<k<6,
-10<7<10

3389

988 (R;,y = 0.034)

GdRuylng g623)Gey
1236.32

C2/m (No. 12)
15.773(4)
4.2875(11)
7.0393(18)
106.635(4)
456.1(2)

2

173(2)

9.002

0.13 x 0.02 x 0.02
47.20
0.064-0.553
5.39-66.61°

24 <h<24,
-6<k<o,
-10</<10

3346

972 (Rin = 0.044)

€8¢

including F,> < 0

no. of unique data, with 878 783 833 849 800
Fy'>20(F,)

no. of variables 37 36 37 37 37

R(F) for F,> > 20(F,%) “ 0.022 0.035 0.024 0.022 0.024
Ry(F,D)" 0.051 0.081 0.053 0.044 0.044
goodness of fit 1.06 1.02 1.04 1.05 1.05
(AP)mas (AP)min (€ A7) 1.60, -1.69 3.72,-2.32 2.30,-2.26 2.11,-2.11 2.76,-2.50
formula Tb,Ru,Ing g323)Gey Dy RusIng o614/Ge4 Ho,Ru,Ing g624)Gey EryRuplng gg0c5/Gey



formula mass (amu)
space group

a(A)

b (A)

c(A)

B

v (A%

VA

T (K)

Pealed (8 em”)
crystal dimensions (mm)
(Mo Ko (mm™)
transmission factors
20 limits

data collected

no. of data collected

no. of unique data,
including F,> < 0

no. of unique data, with
Fi’>20(F,?)

no. of variables

R(F) for F,2>20(F,}) ¢
RUF)”

goodness of fit

(AP)usse (AP)uin (¢ A

1243.00

C2/m (No. 12)
15.6651(9)
4.2639(2)
6.9895(4)
106.672(1)
447.23(4)

2

173(2)

9.230

0.14 x 0.05 x 0.03
50.10
0.035-0.337
5.43-66.35°
—23<h <23,
—-6<k<6,
-10<7<10
3193

944 (R, = 0.026)

894

37

0.019
0.043

1.10
1.84,-1.66

1257.32
C2/m (No. 12)
15.612(3)
4.2519(9)
6.9641(15)
106.728(3)
442.73(16)

2

173(2)

9.432

0.07 x 0.03 x 0.03
52.42
0.084-0.430
5.45-66.18°
23<h<23,
—6<k<6,
~10<7<10

3134

928 (R = 0.041)

815

37

0.024
0.051

1.06

1.99, -2.68

1267.04
C2/m (No. 12)
15.550(4)
4.2349(12)
6.9425(19)
106.842(4)
437.6(2)

2

173(2)

9.617

0.10 x 0.03 x 0.02
55.05
0.040-0.410
5.47-66.33°
23<h<23,
6<k<6,
~10<7<10

3120

930 (Ryy = 0.034)

842

37

0.023
0.054

1.07
2.16,-2.42

1276.36
C2/m (No. 12)
15.526(5)
4.2254(14)
6.916(2)
106.850(4)
434.2(2)

2

173(2)

9.762

0.13 x 0.02 x 0.02
57.68
0.098-0.559
5.48-66.34°
23<h<23,
—6<k<6,
~10<7<10

3164

923 (R = 0.050)

758

37

0.030
0.069

1.04

3.02, -2.68

“RF) =Y\~ |Fll  SIFS). * RUFS) = [SIW(FS — FD1 1 SwE, 1% w ! = [67(F,)) + (dp)” + Bp], where p = [max(F,’,0) + 2F.’] / 3.

¥8¢



Table A6-4 Crystallographic Data for SmyRh,InGe, and Tb,RhInGe,

formula

formula mass (amu)
space group

a(h)

b (A)

c(A)

B

V(A%

Z

T (K)

Pealed (8 em™)
crystal dimensions (mm)
(Mo Ko (mm™)
transmission factors
20 limits

data collected

no. of data collected

no. of unique data, including F,> < 0
no. of unique data, with F2>20(F,2)
no. of variables

R(F) for F,> > 20(F,%) “

RU(F)"

goodness of fit

(AD)maxs (APImin (¢ A”)

SmyRh;Ing 9733)Gey
1212.40

C2/m (No. 12)
15.857(3)
43147(8)
7.0971(14)
106.878(3)
464.65(16)

2

1732)

8.666

0.10 x 0.02 x 0.01
43.36
0.095-0.677
5.37-66.47°
24<h<23,
-6<k<6,
-10<7<10
3381

977 (Ry, = 0.032)
852

37

0.020

0.039

1.02

1.66,-1.75

Tb,4RhInGe,
1143.77

C2/m (No. 12)
20.2575(12)
4.2641(3)
10.2434(6)
104.9984(9)
854.68(9)

4

296(2)

8.889

0.08 x 0.06 x 0.04
50.89
0.115-0.262
4.12-66.23°
-30<h <30,
—-6<k<6,
-15<1I<15
6268

1802 (Ry = 0.035)
1539

64

0.024

0.058

1.04
3.03,-1.81

G8¢

“RF) =Y\~ IFll  SIFS). * RUFS) = [XIW(FS — FD1 1 SwE, 1% w ' = [67(F,)) + (dp)” + Bp], where p = [max(F,’,0) + 2F.’] / 3.



Table A6-5 Atomic Coordinates and Equivalent Isotropic Displacement Parameters (A%) ¢ for RE4Fe,InGes (RE = Ce-Nd, Sm, Gd)

CesFerInGes PrsFe InGey NdsFe,InGes SmyFe InGey Gd4Fe)InGey

RE1 in4i (x, 0, 2)

X 0.34776(2) 0.34777(2) 0.34754(2) 0.34772(2) 0.34742(4)

z 0.06007(4) 0.06093(4) 0.06215(4) 0.06255(4) 0.06412(8)

Ueq 0.00763(7) 0.00669(8) 0.00712(7) 0.00629(8) 0.00805(14)
RE2 in4i (x, 0, 2)

X 0.58847(2) 0.58812(2) 0.58823(2) 0.58798(2) 0.58795(4)

z 0.37604(4) 0.37653(4) 0.37846(4) 0.37920(4) 0.38067(8)

Ueq 0.00721(7) 0.00636(8) 0.00687(7) 0.00596(8) 0.00781(14)
Fein4i(x, 0, z)

X 0.21673(4) 0.21719(5) 0.21763(4) 0.21844(6) 0.21885(11)

z 0.62609(10) 0.62709(11) 0.62762(10) 0.62850(13) 0.6287(2)

Ueq 0.00811(13) 0.00670(16) 0.00743(14) 0.00617(16) 0.0086(3)
In in 24 (0, 0, 0)

occupancy 0.969(2) 0.974(3) 0.987(2) 0.964(3) 0.983(5)

Ueq 0.00945(15) 0.00862(17) 0.00872(15) 0.00754(18) 0.0095(3)
Gel in4i (x, 0, 2)

X 0.06576(3) 0.06585(4) 0.06590(3) 0.06620(4) 0.06630(8)

z 0.65284(7) 0.65361(8) 0.65421(7) 0.65557(9) 0.65600(17)

Ueq 0.00759(10) 0.00653(12) 0.00701(11) 0.00613(13) 0.0078(2)
Ge2 in4i(x, 0, z)

X 0.21179(3) 0.21072(4) 0.20913(3) 0.20748(4) 0.20590(8)

z 0.27952(7) 0.27811(9) 0.27565(7) 0.27217(10) 0.26973(18)

Ueq 0.00833(11) 0.00749(13) 0.00746(11) 0.00672(13) 0.0086(2)

98¢

“ Ugq is defined as one-third of the trace of the orthogonalized Uy tensor.
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Table A6-6 Atomic Coordinates and Equivalent Isotropic Displacement Parameters (Az) “ for RE4C0,InGey (RE = Ce-Nd, Sm, Gd)

CesCoyInGey PrsCo,InGey Nd4sCorInGey Sm;Co,InGey GdsCorInGey

RE1 in4i (x, 0, 2)

X 0.34577(2) 0.34602(2) 0.34651(2) 0.34636(2) 0.34635(3)

z 0.05737(5) 0.05798(3) 0.05893(4) 0.05959(3) 0.06106(6)

Ueq 0.00826(9) 0.00622(6) 0.00722(7) 0.00607(6) 0.00665(11)
RE2 in 4i (x, 0, 2)

X 0.58910(2) 0.58903(2) 0.58883(2) 0.58881(2) 0.58893(3)

z 0.37952(5) 0.38071(3) 0.38109(4) 0.38273(3) 0.38421(6)

Ueq 0.00767(9) 0.00559(6) 0.00647(7) 0.00549(6) 0.00631(11)
Coin4i(x,0,z)

X 0.21787(6) 0.21840(4) 0.21867(5) 0.21945(4) 0.21972(8)

z 0.62480(12) 0.62559(9) 0.62575(10) 0.62585(9) 0.62681(16)

Ueq 0.00931(17) 0.00706(11) 0.00773(14) 0.00655(12) 0.0070(2)
In in 2a (0, 0, 0)

occupancy 0.986(3) 0.985(2) 0.965(2) 0.973(2) 0.970(4)

Ueq 0.01026(19) 0.00807(13) 0.00910(16) 0.00742(14) 0.0078(2)
Gel in4i (x, 0, 2)

X 0.06687(4) 0.06678(13) 0.06685(4) 0.06703(3) 0.06698(6)

z 0.65461(9) 0.65517(6) 0.65580(8) 0.65687(7) 0.65795(13)

Ueq 0.00836(14) 0.00621(9) 0.00696(11) 0.00595(10) 0.00688(18)
Ge2 in4i(x, 0, z)

X 0.21158(4) 0.21054(3) 0.20966(4) 0.20766(3) 0.20596(6)

z 0.28021(9) 0.27877(7) 0.27642(8) 0.27226(7) 0.26912(13)

Ueq 0.00867(14) 0.00636(9) 0.00715(11) 0.00609(10) 0.00716(18)

 Ugq is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Table A6-7 Atomic Coordinates and Equivalent Isotropic Displacement Parameters (A?) * for RE,Ru,InGe, (RE = Ce-Nd, Sm, Gd—Er)

Ce4Ru21nGe4 PI‘4RU.211’1G€4 Nd4Ru21nGe4 Sm4RU.211’1G€4 Gd4Ru21nGe4

RE1in 4i (x, 0, 2)

X 0.34953(2) 0.34947(4) 0.34959(3) 0.34901(2) 0.34881(3)

z 0.06118(5) 0.06241(9) 0.06348(6) 0.06477(5) 0.06621(6)

Usq 0.00783(9) 0.00806(15) 0.00763(10) 0.00638(9) 0.00692(10)
RE2 in4i (x, 0, 2)

X 0.58842(2) 0.58830(4) 0.58818(3) 0.58809(2) 0.58772(3)

z 0.37852(5) 0.38007(9) 0.38076(6) 0.38265(5) 0.38302(6)

Usg 0.00739(9) 0.00748(15) 0.00719(10) 0.00604(9) 0.00642(10)
Ruin4i(x, 0, 2)

X 0.21781(3) 0.21833(5) 0.21848(4) 0.21920(3) 0.21954(4)

z 0.62602(7) 0.62714(13) 0.62778(9) 0.62921(8) 0.63040(9)

Usq 0.00745(11) 0.00719(19) 0.00664(13) 0.00540(11) 0.00622(13)
In in 24 (0, 0, 0)

occupancy 0.962(3) 0.959(5) 0.954(3) 0.965(3) 0.962(3)

Usq 0.00931(19) 0.0095(3) 0.0088(2) 0.0082(2) 0.0089(2)
Gel in4i (x, 0, 2)

X 0.06541(4) 0.06523(7) 0.06505(5) 0.06489(5) 0.06471(6)

z 0.65348(10) 0.65444(18) 0.65481(12) 0.65616(11) 0.65732(13)

Ueg 0.00776(14) 0.0079(2) 0.00723(16) 0.00613(14) 0.00703(17)
Ge2 in4i(x, 0, z)

X 0.21169(4) 0.21014(8) 0.20896(5) 0.20642(5) 0.20446(6)

z 0.27628(10) 0.27471(18) 0.27264(12) 0.26868(11) 0.26595(13)

Usg 0.00821(14) 0.0087(2) 0.00785(16) 0.00675(14) 0.00734(17)




68¢

Tb4Ru21nGe4 Dy4Ru21nGe4 HO4RL1211’1G€4 EI‘4RL1211’1G€4

RE1 in4i (x, 0, 2)

X 0.34865(2) 0.34834(2) 0.34818(2) 0.34794(4)

z 0.06664(4) 0.06710(6) 0.06760(5) 0.06828(8)

Ueq 0.00661(8) 0.00655(10) 0.00653(10) 0.00911(14)
RE2 in4i (x, 0, 2)

X 0.58726(2) 0.58756(2) 0.58723(2) 0.58744(3)

z 0.38282(4) 0.38425(6) 0.38370(5) 0.38492(8)

Ueq 0.00629(8) 0.00610(10) 0.00611(10) 0.00865(14)
Ruin 4i (x, 0, z)

X 0.22007(3) 0.22032(4) 0.22041(4) 0.22059(6)

z 0.63194(6) 0.63215(10) 0.63283(9) 0.63335(13)

Ueq 0.00579(10) 0.00572(13) 0.00762(14) 0.00852(19)
In in 2a (0, 0, 0)

occupancy 0.932(3) 0.961(4) 0.962(4) 0.980(5)

Ueq 0.00938(19) 0.0081(2) 0.0080(2) 0.0106(3)
Gel in4i (x, 0, 2)

X 0.06446(4) 0.06451(5) 0.06444(5) 0.06421(8)

z 0.65897(9) 0.65897(14) 0.66003(13) 0.65998(19)

Ueq 0.00688(12) 0.00663(17) 0.00689(17) 0.0095(2)
Ge2 in4i(x, 0, z)

X 0.20247(4) 0.20184(6) 0.20063(6) 0.19976(9)

z 0.26350(9) 0.26189(14) 0.26062(13) 0.25934(19)

Ueq 0.00729(12) 0.00730(17) 0.00796(17) 0.0100(2)

a4 Ueq is defined as one-third of the trace of the orthogonalized Uj tensor.



Table A6-8 Atomic Coordinates and Equivalent Isotropic Displacement Parameters (A%) “ for
SmyRh,InGe, and Tb4,RhInGey

atom Wyckoff  x % z Uy (A% “
position
SmuRh,InGey
Sml 4i 0.34640(2) 0 0.06704(4) 0.00599(8)
Sm2 4i 0.58692(2) 0 0.38125(4) 0.00557(8)
Rh 4i 0.21977(3) 0 0.62518(7) 0.00583(10)
In’® 2a 0 0 0 0.00730(18)
Gel 4i 0.06472(4) 0 0.65732(9) 0.00574(13)
Ge2 4i 0.20301(4) 0 0.26094(9) 0.00617(13)
Tb,4RhInGe,
Tbl 4i 0.27830(2) 0 0.65591(4) 0.00787(9)
Tb2 4i 0.37132(2) 0 0.00695(3) 0.00703(9)
Tb3 4i 0.372792) 0 0.35947(4) 0.00842(9)
Tb4 4i 0.54120(2) 0 0.27206(4) 0.00884(9)
Rh 4i 0.24058(33) 0 0.10680(6) 0.00787(12)
Inl 2c 0 0 Y 0.01127(15)
In2 2a 0 0 0 0.01258(16)
Gel 4i 0.06320(4) 0 0.78519(9) 0.00996(16)
Ge2 4i 0.13207(5) 0 0.18953(8) 0.00944(16)
Ge3 4i 0.14302(4) 0 0.44998(8) 0.00876(16)
Ge4 4i 0.80414(4) 0 0.14907(8) 0.00778(16)

* Ugq 1s defined as one-third of the trace of the orthogonalized Uj; tensor. ” Occupancy of

0.973(3).
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Table A6-9 Interatomic Distances (A) in RE4Fe;InGes (RE = Ce-Nd, Sm, Gd)

CesFerInGey PrsFerInGey Nd4Fe;InGey SmyFe,InGey GdsFe;InGey

RE1-Gel (x2) 3.0543(6) 3.0311(5) 3.0108(4) 2.9742(7) 2.9445(9)
RE1-Ge2 3.0591(8) 3.0459(7) 3.0362(6) 3.0084(9) 2.9867(13)
RE1-Ge2 (x2) 3.2200(7) 3.1976(5) 3.1760(4) 3.1294(7) 3.0093(10)
RE1-Fe 3.2248(9) 3.2245(9) 3.2053(7) 3.1659(11) 3.1435(18)
RE1-In (x2) 3.3951(6) 3.3810(3) 3.3742(3) 3.3404(6) 3.3257(6)
RE1-Fe (x2) 3.5205(8) 3.4933(7) 3.4749(6) 3.4409(9) 3.4076(13)
RE2-Gel (x2) 3.0568(6) 3.0377(5) 3.0213(4) 2.9924(7) 2.9644(9)
RE2-Fe 3.1351(11) 3.1244(9) 3.1068(7) 3.0692(11) 3.0479(18)
RE2-Ge2 (x2) 3.1558(6) 3.1374(5) 3.1211(4) 3.0887(7) 3.0633(10)
RE2-Fe (x2) 3.1780(7) 3.1703(7) 3.1534(5) 3.1329(8) 3.1099(13)
RE2-Gel (x2) 3.2574(7) 3.2383(5) 3.2238(4) 3.1920(8) 3.1694(10)
RE2-Ge2 3.4490(8) 3.4545(7) 3.4511(6) 3.4470(9) 3.4429(14)
RE2-1In (x2) 3.4591(6) 3.4413(3) 3.4349(3) 3.4048(6) 3.3849(06)
Fe-Ge2 (x2) 2.4612(6) 2.4529(5) 2.4524(4) 2.4392(7) 2.4312(11)
Fe-Gel 2.4900(10) 2.4852(10) 2.4809(8) 2.4640(12) 2.454(2)
Fe-Ge2 2.4996(10) 2.4944(10) 2.4980(9) 2.4924(12) 2.484(2)
In—Gel (x2) 3.0088(8) 2.9854(6) 2.9726(5) 2.9333(8) 2.9099(12)
In-Ge2 (x2) 3.4185(9) 3.3887(7) 3.3412(6) 3.2790(9) 3.2302(13)
Gel-Gel 2.5834(10) 2.5803(12) 2.5701(10) 2.5615(13) 2.547(2)
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Table A6-10 Interatomic Distances (A) in RE4CoInGey (RE = Ce—Nd, Sm, Gd)

CesCoyInGey Pr4sCo,InGey Nd4sCorInGey Sm4Co,InGey GdsCorInGey

RE1-Gel (x2) 3.0426(5) 3.0268(4) 3.0017(4) 2.9680(4) 2.9400(10)
RE1-Ge2 3.0454(8) 3.0387(5) 3.0226(6) 2.9965(6) 2.9769(13)
RE1-Ge2 (x2) 3.1927(6) 3.1763(4) 3.1514(5) 3.1048(4) 3.0753(11)
RE1-Co 3.1876(9) 3.1712(6) 3.1581(8) 3.1217(7) 3.1012(15)
RE1-In (x2) 3.3957(3) 3.3822(2) 3.3608(3) 3.3360(2) 3.3209(9)

RE1-Co (x2) 3.5304(8) 3.5153(5) 3.4955(6) 3.4674(5) 3.4338(12)
RE2-Gel (x2) 3.0399(6) 3.0258(4) 3.0090(4) 2.9806(4) 2.9598(10)
RE2—Co 3.0855(10) 3.0701(6) 3.0536(8) 3.0168(7) 2.9995(17)
RE2-Ge2 (x2) 3.1428(6) 3.1293(4) 3.1136(5) 3.0851(4) 3.0622(10)
RE2—Co (x2) 3.1434(7) 3.1364(5) 3.1225(6) 3.0958(5) 3.0776(11)
RE2-Gel (x2) 3.2508(6) 3.2360(4) 3.2165(5) 3.1878(4) 3.1687(11)
RE2-Ge2 3.3859(8) 3.3858(5) 3.3852(6) 3.3785(6) 3.3814(14)
RE2-In (x2) 3.4571(3) 3.4499(2) 3.4317(3) 3.4075(3) 3.3924(9)

Co—Ge2 (x2) 2.4439(5) 2.4405(3) 2.4338(4) 2.4262(4) 2.4234(10)
Co—Gel 2.4800(11) 2.4790(7) 2.4699(9) 2.4586(8) 2.4503(17)
Co—Ge2 2.4734(11) 2.4715(8) 2.4699(9) 2.4656(8) 2.4683(17)
In—Gel (x2) 3.0056(7) 2.9870(5) 2.9657(6) 2.9335(5) 2.9044(13)
In-Ge2 (x2) 3.3725(8) 3.3425(6) 3.3075(7) 3.2372(6) 3.1907(14)
Gel-Gel 2.5884(13) 2.5810(9) 2.5731(10) 2.5570(9) 2.5493(19)
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Table A6-11 Interatomic Distances (A) in RE;Ru,InGe, (RE = Ce-Nd, Sm, Gd—Er)

CesRuyInGey PrsRuInGey NdsRuyInGey Sm4Ru,InGey Gd4sRuyInGey
RE1-Gel (x2) 3.0605(7) 3.0360(11) 3.0178(9) 2.9849(6) 2.9536(8)
RE1-Ge2 3.0527(10) 3.0441(15) 3.0355(12) 3.0133(9) 2.9990(11)
RE1-Ge2 (x2) 3.2230(8) 3.2011(12) 3.1817(10) 3.1380(7) 3.1055(9)
RE1-Ru 3.2734(9) 3.2477(13) 3.2331(12) 3.1896(8) 3.1603(10)
RE1-In (x2) 3.3929(6) 3.3800(8) 3.3686(9) 3.3533(5) 3.3370(7)
RE1-Ru (x2) 3.5311(7) 3.5054(11) 3.4863(10) 3.4472(6) 3.4113(8)
RE2-Gel (x2) 3.0495(7) 3.0319(12) 3.0198(10) 2.9945(7) 2.9761(8)
RE2-Ru 3.1433(9) 3.1249(14) 3.1141(13) 3.0846(8) 3.0685(11)
RE2-Ge2 (x2) 3.1838(7) 3.1620(11) 3.1474(10) 3.1158(6) 3.0878(8)
RE2-Ru (x2) 3.2085(6) 3.1942(10) 3.1822(9) 3.1596(5) 3.1429(7)
RE2-Gel (x2) 3.2739(8) 3.2511(11) 3.2336(11) 3.2025(7) 3.1725(9)
RE2-Ge2 3.4922(10) 3.4880(16) 3.4890(13) 3.4890(9) 3.4947(12)
RE2-In (x2) 3.4867(6) 3.4736(8) 3.4614(9) 3.4389(5) 3.4123(7)
Ru-Ge2 (x2) 2.4792(6) 2.474009) 2.4728(9) 2.4685(5) 2.4626(7)
Ru—-Gel 2.5273(10) 2.5243(16) 2.5184(13) 2.5112(9) 2.5029(12)
Ru-Ge2 2.5037(11) 2.5004(17) 2.5042(14) 2.5073(10) 2.5078(13)
In—Gel (x2) 2.9789(9) 2.9552(14) 2.9401(12) 2.9051(8) 2.8757(10)
In-Ge2 (x2) 3.4512(10) 3.4039(15) 3.3660(13) 3.2896(9) 3.2324(11)
Gel-Gel 2.6063(14) 2.594(2) 2.5796(17) 2.5609(15) 2.5463(18)
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TbsRuyInGey DysRu,InGey HosRu,InGey ErsRuInGey

RE1-Gel (x2) 2.9289(4) 2.9182(8) 2.9011(8) 2.8931(11)
RE1-Ge2 2.9908(7) 2.9761(11) 2.9735(11) 2.9666(15)
RE1-Ge2 (x2) 3.0743(5) 3.0577(9) 3.0413(9) 3.0287(12)
RE1-Ru 3.1269(5) 3.1120(9) 3.0956(10) 3.0837(13)
RE1-In (x2) 3.3192(2) 3.3138(6) 3.3044(7) 3.3025(8)
RE1-Ru (x2) 3.3829(4) 3.3687(7) 3.3514(8) 3.3355(10)
RE2-Gel (x2) 2.9654(5) 2.9505(8) 2.9468(8) 2.9342(11)
RE2-Ru 3.0494(6) 3.0343(9) 3.0263(11) 3.0196(14)
RE2-Ge2 (x2) 3.0597(5) 3.0504(8) 3.0324(8) 3.0227(11)
RE2-Ru (x2) 3.1348(4) 3.1203(7) 3.1126(7) 3.1032(10)
RE2-Gel (x2) 3.1433(5) 3.1362(8) 3.1181(9) 3.1112(12)
RE2-Ge2 3.5055(6) 3.4955(9) 3.5013(11) 3.5009(14)
RE2-In (x2) 3.3874(2) 3.3828(6) 3.3654(7) 3.3612(8)
Ru-Ge2 (x2) 2.4582(4) 2.4545(7) 2.4520(8) 2.4518(10)
Ru-Gel 2.4985(8) 2.4927(11) 2.4866(12) 2.4876(17)
Ru-Ge2 2.5100(8) 2.5107(13) 2.5123(13) 2.5120(17)
In-Gel (x2) 2.8429(6) 2.8341(10) 2.8187(10) 2.8076(14)
In—Ge2 (x2) 3.1781(7) 3.1540(11) 3.1202(11) 3.1001(15)
Gel-Gel 2.5380(12) 2.5284(18) 2.5245(17) 2.513(3)




Table A6-12 Interatomic Distances (A) in SmyRhyInGey and TbsRhInGey

Sm4Rh,InGey

Sm1-Gel (x2) 2.9777(6) Sm2-Gel (x2) 3.1826(7)
Sm1-Ge2 2.9799(8) Sm2-In (x2) 3.4219(5)
Sm1-Ge2 (x2) 3.1028(7) Sm2-Ge2 3.554(9)
Sm1-Rh 3.1952(8) Rh-Ge2 (x2) 2.4964(5)
Sml-In (x2) 3.3891(5) Rh-Ge2 2.5207(9)
Sm1-Rh (x2) 3.4434(6) Rh-Gel 2.5342(9)
Sm2-Gel (x2) 3.0029(6) In-Gel (x2) 2.9013(8)
Sm2-Rh 3.0788(8) In-Ge2 (x2) 3.2141(8)
Sm2-Ge2 (x2) 3.1119(6) Gel-Ge2 2.5569(13)
Sm2—-Rh (x2) 3.1577(5)

TbsRhInGey

Tb1-Ge4 2.9166(9) Tb4-Gel (x2) 2.9531(7)
Tb1-Ge2 (x2) 2.9768(7) Tb4-Ge2 (x2) 3.0747(7)
Tb1-Ge3 2.9946(10) Tb4-Ge3 (x2) 3.1900(7)
Tb1-Ge3 (x2) 3.0261(6) Tb4-In1 (x2) 3.4209(3)
Tb1-Rh (x2) 3.3288(5) Tb4-In2 (x2) 3.4358(3)
Tb2-Ge2 (x2) 2.9205(6) Rh-Ge4 (x2) 2.4703(5)
Tb2-Gel (x2) 3.0622(7) Rh—-Ge4 2.5419(10)
Tb2-Rh 3.0761(7) Rh-Ge2 2.5524(10)
Tb2-Ge4 (x2) 3.0891(6) Rh—Rh (x2) 3.1481(8)
Tb2-Rh (x2) 3.1105(5) In1-Gel (x2) 2.8701(9)
Tb2-In2 (x2) 3.3826(3) In1-Ge3 (x2) 3.0700(9)
Tb2-Ge4 3.4498(9) In2-Gel (x2) 2.8177(9)
Tb3—-Ge3 (x2) 2.9634(6) In2—-Ge2 (x2) 2.8702(9)
Tb3-Gel (x2) 3.0687(7) Gel-Ge4 2.5958(12)
Tb3-Ge4 (x2) 3.0940(6) Ge2-Ge3 2.6192(12)
Tb3-Rh 3.2068(7)

Tb3—In1 (x2) 3.3673(3)
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Table A6-13 Estimated Fractional Percentages (mol %) of Phases in Arc-melted
“NdsM>InGe,” and “SmyM,InGes” Samples

Sample REM>InGe, RE,InGe, REM,Ge, REM.Ge,, REMGe

(nominal composition)

NdsFe,InGe, 73 20 7
Nd4Co,InGe, 91 9

Nd4Ru,InGe, 38 41 21

Nd,Rh,InGe, 42 18 11 29

Nd4Ir,InGey 46 33 9 12
SmyFe,InGey 100

Sm,Co,InGey 100

SmyNi,InGe, 88 12
SmuRu,InGey 100

SmuRh,InGey 95 5
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Figure A6-1 Powder XRD pattern for reaction with nominal composition YbsFe,InGe, at
800 °C. Unidentified peaks are marked by the red asterisks
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Figure A6-2 Powder XRD patterns for NdsM,InGe, (M = Fe, Co, Ru, Rh, Ir)
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Figure A6-4 (a) Agglomerate of large crystals resulting from reaction with nominal
composition “SmyFe;In,Ge,” in presence of excess In acting as flux. (b) Selected crystal
with four points chosen for EDX analysis. (c) EDX spectra revealing that these crystals
are SmsGes, confirmed by absence of Fe and In peaks.
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cut slabs

replace terminal RE by In
and remove intervening In

(Eu1-xCaxlalnzGes

Figure A6-5 Derivation of (Eu;_,Ca,);In,Ges from RE,InGe, following the same
procedure to draw structural relationships to RE4M;InGes and RE4RhInGey,
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